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Introduction
Wastes from the extraction and bene3ciation
of sul3de-bearing hard rock ores and coal de-
posits may contain signi3cant quantities of
sul3de minerals, particularly pyrite, which are
susceptible to oxidative dissolution in the
presence of water and oxygen, giving rise to
the formation of acid rock drainage (ARD). In
order to be e2ectively managed, the long-term
acid generating potential of mine wastes 3rst
need to be accurately and reliably charac-
terised using simple, robust and precise test-
ing procedures. Whilst the chemical oxidation
of pyrite occurs at a relatively slow rate, the for-
mation of ARD is greatly accelerated in the
presence of naturally-occurring acidophilic
micro-organisms (Bryan 2006, Johnson and
Hallberg 2005).

Typically, predictions of the acid generat-
ing potential of mine wastes are based on static
and kinetic chemical tests (INAP 2009, Smart
et al. 2002, Price 2009). Static chemical tests,
such as acid base accounting (ABA) and net acid
generation (NAG), provide an indication of the
absolute potential of a material to generate acid
over geographical time, but do not take into ac-
count reaction kinetics. These tests are thus

mainly used as initial screening tests, whereby
materials are classi3ed in accordance with uni-
versally accepted criteria. Kinetic tests are de-
signed to provide information on the time-re-
lated acid generating potential of a material.
The most common kinetic tests include hu-
midity cell tests and leach column tests, both
of which provide long-term dynamic weather-
ing data. A major drawback of these standard
kinetic tests is the time required to generate
meaningful data, which may o1en run into
years. Furthermore, standard kinetic tests do
not take microbial activity into account-this
despite the fact that microbial colonisation of
sul3de-bearing waste rock or tailings is in-
evitable (Bryan 2006). Finally, both humidity
cells and leach column tests are carried out
using a large particle size distribution of het-
erologous ore which limits reproducibility.

In an attempt to address the short-com-
ings of standard humidity and leach column
tests, a microbial shake 4ask test was devel-
oped by Duncan and Bruynesteyn (1979) and
subsequently modi3ed and re3ned in a more
recent study by Hesketh et al. (2010a). This
paper extends the application of the biokinetic
shake 4ask tests to a range of sul3de-bearing
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mine wastes from di2erent sources and ori-
gins, and demonstrates its role in both validat-
ing and enhancing the results from standard
static chemical tests.

Methods
Chemical static and biokinetic shake 4ask tests
were carried out on the following mine waste
samples:

Untreated copper sul3de tailings: Sample•
represented typical tailings from the 4ota-
tion of porphyry-type copper sul3de ores,
with the sul3de minerals comprising
mainly pyrite (≈ 7 % by mass) and minor
quantities of chalcopyrite (≈ 0.5  % by
mass).
Desulfurised copper sul3de tailings: Sam-•
ple prepared from the untreated copper
sul3de tailings in a two-stage batch desul-
phurization 4otation process, as de-
scribed in Hesketh et al. (2010b).
Copper sul3de waste rock: Sample of•
waste rock prepared from a blend of low-
grade porphyry copper sul3de and com-
plex base-metal sul3de ores. The sul3de
minerals comprised mainly pyrite
(≈ 2.6 %) and no carbonate minerals were
detected by XRD.
Nickel-pyrrhotite 4otation tailings: Sam-•
ple prepared from a low-grade nickel sul-
3de (pentlandite) ore in a laboratory-scale
batch 4otation cell (Chimbganda et al.
2013). Pyrrhotite was identi3ed as the
major sul3de mineral and calcite as the
major carbonate. The ore also contained
relatively reactive silicate minerals, such
as olivine (≈ 4 %).
Gold tailings: Sample prepared through•
the crushing and screening of a Wit wa -
ters rand gold ore. Mineralogical analysis
indicated that pyrite is the major sul3de
mineral (≈ 1 %) and calcite the major car-
bonate mineral.
Coal waste slurry: Two samples of fresh•
ultra-3ne thickener under4ow procured
from two di2erent coal processing plants

in the Middelburg area, South Africa. Sam-
ple 1 was screened into various size frac-
tions, prior to further testwork. The coal
slurry samples contained 25–40  % ash-
forming minerals, comprising mainly
quartz and kaolinite with minor quanti-
ties (<5 %) of pyrite, calcite, dolomite and
sulfate minerals.
Untreated coal discard: Sample generated•
at a South African power station, through
the destoning of a low-grade coal by
means of an experimental X-ray sorter.
The discard had an ash content of 56.4 %.
Desulfurised coal discard: Sample pre-•
pared from the untreated coal discard
sample in a two-stage 4otation process as
described by Kazadi Mbamba et al. (2012),
using oleic acid to recover coal in the 3rst-
stage 4oat and xanthate to remove sul3de
minerals in the second 4otation stage.
The desulfurised tailings comprised 36 %
of the feed discards, and had an ash con-
tent of 82.4 %.

Static tests were conducted on all samples
using both the ABA and NAG test methodolo-
gies. The ABA test measures the net acid pro-
ducing potential (NAPP), which represents the
balance between the maximum potential acid-
ity (MPA) and the acid neutralising capacity
(ANC). The MPA was based on the total LECO
sulfur concentration in the case of the wastes
from the processing of hard-rock ores, and the
sul3de sulfur content (as determined by the
standard ISO 157: 1996 method) in the case of
coal wastes. ANC was determined empirically
in accordance with the method proposed by
Skousen et al. (1977). NAG tests were conducted
according to the method described by Smart
et al. (2002). This method measures the acid
forming potential, by allowing both the acid–
forming and neutralising reactions to occur si-
multaneously, using H₂O₂ as an oxidant. The
waste samples were subsequently classi3ed
using a slightly modi3ed version of the com-
bined ABA/NAG classi3cation system, pro-
posed by Smart et al. (2002).
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Biokinetic tests were carried out on all
waste samples in accordance with the standard
batch method described in Hesketh et al.
(2010a). In this test, 7.5 g of sample, with a par-
ticle size of <150 µm, is added to a basal salts
medium at pH 2.0, prior to inoculation with an
active, mixed microbial bioleaching culture.
The prepared 4asks are subsequently main-
tained at 37 °C on an orbital shaker at 150rpm
for a period of approximately 90 days. In order
to better present an open 4ow-through sys-
tem, a dynamic (semi-continuous) version of
the standard batch biokinetic test was also car-
ried out on selected samples under circum-
neutral pH conditions. In these tests, the initial
pH of the basalt salts medium was adjusted to
a value of 6 prior to the introduction of the
waste sample. This was followed by intermit-
tent removal and replacement of 90 % of the
supernatant during the course of the shake
4ask test.

Results
Static test results for the wastes from the pro-
cessing of hard-rock ores (table 1 and 3g.1) in-
dicate that the untreated sul3de tailings and

waste rock samples investigated are all classi-
3ed as acid generating. The low-sulfur copper
tailings sample, generated through the desul-
furisation 4otation of the copper sul3de tail-
ings, is classi3ed as non-acid forming.

The results of standard batch biokinetic
tests (3g. 2) yielded the same results as the
static tests in terms of classi3cation i.e. all un-
treated mine waste samples tested were net
acid generating, under conditions of microbial
activity, whilst removal of the sul3de by means
of 4otation e2ectively removed the long-term
ARD risk.

The biokinetic test results also show that
the acid neutralising reactions occur more rap-
idly than pyrite oxidation, with the pyrite-
bearing wastes becoming net acid consuming
in the initial leach stages. This neutralising ca-
pacity is, however, generally short-lived (<15
days) for wastes that have not been desulfu-
rised, and the acidi3cation observed in the bio-
kinetic tests thus ultimately exceeds that pre-
dicted by the static tests (3nal biokinetic pH
values are lower than the NAG pH values). This
is particularly the case for the pyrrhotite-bear-
ing nickel sul3de tailings which, despite the

Table 1 Static ARD test re-
sults for wastes from hard-

rock ore processing

(kg/t H2SO4) 

Fig. 1 Static ARD classi-ca-
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relatively high ANC, exhibited acid generating
behaviour a1er the 3rst day. This can be attrib-
uted to the relatively rapid kinetics of
pyrrhotite oxidation in comparison to that of
pyrite (Janzen et al. 2002).

Static test results for the coal waste sam-
ples (tab.2  and 3g. 3) indicate that the un-
treated coal discards are acid forming, the coal
waste slurry 1 potentially acid forming, and the
coal waste slurry 2 and the desulfurised coal
discards both non-acid forming.

In accordance with Miller (2008), the stan-
dard NAG test may overestimate the acid gen-
erating potential of samples with relatively low
acid generating potential (i.e. those falling in
the PAF region of the graph), due to organic
acid e2ects. However, biokinetic tests (3g. 4)
con3rmed that samples classi3ed as either
acid forming or potentially acid forming on
the basis of static chemical tests are also acid
generating under conditions of microbial
colonisation. In agreement with the static
chemical tests, biokinetic tests indicate that
coal waste slurry 2 and the desulfurised coal
discards are both non-acid generating. A com-
parison of the leach behaviour of the -75 µm
fraction of coal slurry waste 1 under biotic and
abiotic conditions con3rms, furthermore, that
microbial activity plays a signi3cant role in
acid generating behaviour. As in the case of the
wastes from hard-rock ore processing, the bio-
kinetic test results indicate that, although the
samples classi3ed as PAF and AF are initially
acid consuming, this acid neutralising capac-
ity is consumed relatively rapidly. This is of rel-
evance when considering a tailings deposit
where soluble fractions are transported away
from the waste material, and thus are not

Fig. 2 Batch biokinetic test results for wastes
from the processing of hard-rock ores
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available to neutralise acid generated through
the oxidation of pyrite over the longer term.

Dynamic biokinetic leach tests on the two
size fractions of coal waste slurry 1 (3g. 5) con-
3rm that these samples eventually become net
acid generating under conditions of microbial
colonisation in a semi-continuous 4ow sce-
nario, even when using a leach solution with a
relatively mild circum-neutral pH (6). Miner-
alogical analysis of the leach residues indicated
incomplete oxidation of pyrite over the 87 day

biokinetic test period, particularly in the case
of the coarser size fraction.

Conclusions
This study has demonstrated that the bioki-
netic test can be used to both validate and en-
hance the results of simple static tests, provid-
ing valuable additional information on the
e2ect of microbial activity and the relative ki-
netics of the acid forming and neutralising re-
actions under stagnant and dynamic 4ow con-
ditions. Such information provides a measure
of the potential for conditions that promote
bioleaching to be established and, ultimately,
assists in the implementation of waste man-
agement strategies that are e2ective in both
the short and long-term. The advantages of the
biokinetic test over other conventional kinetic
tests include its relatively simple and inexpen-
sive methodology. The biokinetic test also de-
livers meaningful results pertaining to the
long-term ARD generating potential of both
3ne and coarse wastes in a relatively short pe-
riod of time (< 3 months for wastes from hard-
rock ore processing, and 4–5 months for coal
processing wastes).
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