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Abstract In the present study, the potential use of the
industrial waste residues, such as coal fly ash and clinker
dust, was evaluated in inhibiting acid mine drainage
generation from pyrite-rich wastes using non-saturated
column experiments. Two columns (B and C) were filled
with a mixture of industrial residues over pyrite-quartz
sand (PS), while one column (A) used as the control was
solely filled with PS. Artificial irrigation was maintained
in each column by pouring Milli-Q water (pH 6.5). The
leachate chemistry and the precipitation of neo-formed
phases in the columns were examined. Based on the pH
and concentration of SO4

2− in the effluent collected over
a period of time, it can be inferred that pyrite dissolution
was dominant in column A. In columns B and C, the
addition of industrial waste produced a near neutral to
alkaline leachate. At this pH, Fe released from pyrite

oxidation was immediately depleted by precipitating into
Fe-oxyhydroxide phases that likely coated the pyrite
grains (termed as microencapsulation) which inhibited
oxidation. This was supported from the scanning electron
microscope observation and the geochemical modeling
results. In addition, the precipitation of other neo-formed
phases such as calcium carbonate and gypsum, along
with the pozzolanic reactions of industrial wastes, pos-
sibly increased the cementation of fly ash particles lead-
ing to the development of a compact material, which
prevented further oxidation by restricting infiltration
and oxygen contact to the pyrite surface. This occurred
best in column B; thus, it produced better quality of
leachates than column C, though at the end both col-
umns showed a significantly decreased concentration of
Fe (up to 99.9 %) and other metals such as Cu, Cr, Pb,
Zn, and Mn (lower values than the WHO permissible
limits of drinking water) compared to control.

Keywords Acid mine drainage . Fly ash . Pyrite
oxidation . Secondary precipitate .

Microencapsulation

1 Introduction

Acid mine drainage (AMD) is one of the biggest envi-
ronmental problems facing the mining industry globally
(Akabzaa et al. 2007). AMD occurs when sulfide min-
erals, mainly pyrite associated with mining wastes or
overburden as a consequence ofmining, gets oxidized in
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the presence of atmospheric moisture (Lottermoser
2007; Sahoo et al. 2012a). The detailed mechanism of
pyrite oxidation was suggested by Singer and Stumm
(1970). In brief, pyrite is initially oxidized by atmo-
spheric O2, releasing Fe2+, SO4

2−, and H+. The Fe2+

thus produced is further oxidized by O2 into Fe
3+. Under

acidic condition (pH <3), Fe2+ is rapidly oxidized by
Thiobacillus ferrooxidans to Fe3+, which oxidizes pyrite
at a much faster rate than O2 (Singer and Stumm 1970).
The resulting acidic drainage from pyritic materials reacts
with country rocks (containing ferromagnesian and alu-
minosilicate minerals) and may contribute significant
amounts of Fe, Al, SO4

2−, and toxic metals to the drainage
that leads to the contamination of surface and groundwater
bodies and threats living beings (Equeenuddin et al. 2010;
Nordstrom and Alpers 1999; Ji et al. 2007; Pelo et al.
2009). Thus, the control of AMD production from such
sources has been a major challenge in the recent years.

Several strategies have been focused to prevent the
generation of AMD from sulfide-bearing materials
(Kleinmann 1990; Evangelou 1995; Johnson and
Hallberg 2005). The most common approaches are
the creation of oxygen barrier using soil and water
cover to minimize the penetration of oxygen into sul-
fide residues (Yanful et al. 2000; Vigneault et al. 2001;
Vandiviere and Evangelou 1998) or the use of bactericides
to inhibit bacterial action (Kleinmann 1998). However,
these techniques are effective on short term and need high
maintenance cost. In contrast, a recently proposed tech-
nology, i.e., microencapsulation, in which the coating of
pyrite grains with a substance blocks transport of oxi-
dants to the grain surface is relatively effective and a
promising technique to reduce the rate of oxidation
(Evangelou 2001). Several types of coatings have been
proposed including inorganic coating such as ferric
phosphate (Nyavor and Egiebor 1995) and ferric
hydroxide-silica (Zhang and Evangelou 1998) and or-
ganic coating such as phospholipids (Kargbo et al.
2004), oxalic acid (Belzile et al. 1997), humic acids
(Ačai et al. 2009), and polyethylene polyamine (Cai
et al. 2005). These coatings have been found to be
effective in inhibiting pyrite oxidation in the laboratory,
but their field application is restricted due to high re-
agent cost and further deleterious impacts on the envi-
ronment. For example, some organic reagents, such as
polyamine, oxalic acid, and iron 8-hydroxyquinoline, are
toxic to aquatic life, while inorganic reagent, such as
PO4, leads to eutrophication. In addition, these materials
are not self-healing and permanent; thus, they require a

long-term commitment to site management. In compar-
ison, coating of pyrite with inorganic coating such as Fe-
oxyhydroxides by means of locally available waste ma-
terial such as fly ash would be more effective due to its
low cost and self-healing capacity (Tasse et al. 1997;
Pérez-López et al. 2007a). This material is also able to
bind with inert solid particles and make a hardened mate-
rial by forming some neo-formed phases (Pérez-López
et al. 2007b, c). Furthermore, the use of site-specific and
easily availability waste material in preventing AMD is
twice beneficial from an environmental point of view.

Tertiary coal deposits in many parts of the world,
rich in Fe sulfide minerals in the coal seams and inter-
calated sedimentary strata, pose a significant threat to
the environment by generating AMD (Perry and Brady
1995; Campbell et al. 2001). Jaintia Hills coalfield in
the northeastern state of Meghalaya, India is one of
them. The Jaintia Hills coalfield is the major coal-
producing zone in the state of Meghalaya, India, where
the coal seams and associated strata contain significant
amounts of pyrite that is responsible for the generation
of AMD in the area (Sahoo et al. 2012a, 2013). The
AMD from this coalfield is contaminating surrounding
water bodies which may affect the human and livestock
population (Sahoo 2011). Thus, there is an urgent need
to control the AMD production in the Jaintia Hills.

The main aim of this study is to investigate the
utilization of the mixture of fly ash and clinker dust
to inhibit the oxidation of pyrite in coal mine wastes.
The idea is to produce alkaline pH and subsequent
precipitation of Fe-oxyhydroxides and to verify the
effectiveness of Fe-oxyhydroxide coating on sulfide
surface along with precipitation of other neo-formed
phases in inhibiting oxidation process.

2 Materials and Methods

2.1 Collection of Materials

The sulfide-rich samples used in this study were col-
lected from the coal dumping site of the Jaintia Hills
coalfield, Meghalaya. The sample was air dried and
ground to a particle size of 100–500 μm. Industrial
waste residues, fly ash and clinker dust, were obtained
from the Captive power plant (15 MW) of Meghalaya
and Jaintia Cement Factory, respectively. The fly ash
sample was sieved to particle size <75 μm and dried at
100 °C prior to the experiment. Quartz sands (<1 mm)
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were collected from a river bed and were cleaned with
1 M HCl prior to the experiments in order to produce
clean materials.

2.2 Material Characterization

Elemental analysis, mineralogical characterization, and
surface morphology were carried out using an XRF
spectrometer (Philips PW 2400), an X-ray diffractome-
ter (Rigaku MiniFlex, Cu Kα radiation), a scanning
electron microscope with an energy-dispersive spectros-
copy (EDS) (JEOL SEM 5800), and an optical micro-
scope. Acid-producing potential of sulfide residues was
calculated by multiplying 31.25 with the weight percent
of pyritic sulfur (Perry 1998).

Sulfide-rich waste contains high concentrations of S
(50.33 % SO3) and Fe (42.94 % Fe2O3) besides other
elements in much lower quantities (Table 1). Pyrite is
the major mineral phase in the sulfide waste and occurs
as nodules, in the form of octahedral, framboidal, and
porous (Fig. 1). The acid-producing capacity of this
sulfide waste is 880 kg CaCO3/t, which is classified as
potentially acid generating based on the acid–base
accounting criteria (Sobek et al. 1978).

The chemical compositions of fly ash (FA) and clinker
dust (CD) are given in Table 1. The ash is silicoaluminous

with 46.3 % SiO2, 27.6 % Al2O3, 5.7 % Fe2O3, and
0.95 % CaO and trace amounts of Cu, Cd, Cr, Mn, Zn,
and Pb. Themineralogy of ash includes quartz, anhydrite,
and hematite as the dominant phases. CD is rich in CaO

Fig. 1 Direct image of nodule pyrite (a), SEM image of octahe-
dral (b) and framboidal pyrite (c), and petrographic image of
porous pyrite

Table 1 Chemical composition of sulfide waste, clinker dust,
and fly ash

SW CD FA

Major element (wt%)

Al2O2 0.65 5.3 27.6

Fe2O2 42.9 2.0 5.70

SiO2 3.74 21.9 46.3

MgO 0.07 2.97 0.30

CaO 0.09 62.5 0.95

Na2O 0.21 0.4 0.67

K2O 0.46 0.7 0.46

SO3 50.3 0.9 –

Minor elements (mg/kg)

Cu 43.4 1.8 106

Cd 5.5 0.3 87

Cr 44 10.2 61

Mn 180 16.7 80

Zn 103 1.4 220

Pb 45 0.7 119

SW sulfide waste, CD clinker dust, FA fly ash

Fig. 2 Experimental design: non-saturated column filled with
pyrite-quartz sand (a), pyrite-quartz sand with fly ash (FA)-clin-
ker dust (CD) at the top (b), and pyrite-quartz sand
homogenously mixed with FA–CD
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(62.5 %) and SiO2 (21.9 %) with minor amounts of
Al2O3 (5.26 %), MgO (2.97 %), and Fe2O3 (2 %) along
with trace amounts of Cu, Cd, Cr, Pb, and Mn (Table 1).
Major mineral phases in CD are quartz and calcite. Al-
though the toxic element concentrations can be high in
fly ash, these elements are released in much lower con-
centrations than the concentration in AMD (Sahoo 2011).
In addition, the alkaline pH generated from the fly ash
mixture favors the depletion of these metals by precipi-
tation or co-precipitation with Fe-oxyhydroxideminerals.
Thus, utilization of this ash will not contribute to increase
the contamination levels of the AMD.

3 Experimental Setup

Pyritic-bearing wastes in the Jaintia Hills are often high-
ly permeable and non-saturated, where regular diffusion
of atmospheric O2 favors oxidation of large amounts of
pyritic materials. In order to represent this condition in the
laboratory, pyritic-bearing wastes were mixed with inert

quartz sand, to simulate a porous mixture, and leached in
non-saturated columns. The presence of quartz sand not
only increases the permeability, but also stimulates the
oxidation condition.

The experimental setup consists of three individual
columns (A, B, and C), each 30 cm in length and 6 cm
in diameter. Each column was filled with a mixture of
300 g of quartz sand and 30 g of pyrite. Column Awas
kept solely with pyrite-quartz sand (PS). In column B,
a mixture of industrial residue (150 g of FA and 10 g
CD) was loaded on top of the PS, whereas in column C,
the same amount of industrial residue, as in the case of
column B, was mixed homogeneously with PS. The
proportion of above materials was fixed based on pre-
liminary tests. The bottom of each column was loaded
with sharp grains of quartz sand (1.4–4 mm) in order to
facilitate the flow of the leachate. Each column had one
inlet and one outlet. The schematic representation of
the leaching columns is shown in Fig. 2. In order to
simulate the precipitation, first 100 ml of Milli-Q water
(pH 6.5) was manually poured at the beginning of the
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experiment, and then, 25 ml of water was added in
3 days interval. The output leachates were collect-
ed at the end of every 3 days. The residence time
of the first leachate is 3 days; thereafter, it might
have changed. The water movement was manually
observed in each column after pouring the input
solution. All the experiments were carried out at
22 °C in an oxygen-saturated atmosphere and con-
tinued over a period of 42 days.

The pH was measured in the leachate immedi-
ately after collection using ion-selective electrodes
(ORION model 1260). The leachate samples were

subsequently filtered through 0.45-μm Whatman
filter papers, acidified to pH <2 with suprapure
HNO3, and stored at 4 °C. Concentrations of
metals such as Fe, Mn, Zn, Cr, and Pb in the
leachates were measured by an atomic absorption
spectrophotometer (PerkinElmer Analyst 300). The
SO4

2− concentration was measured by turbidimetric
method (APHA 1995). The analytical errors were
within ±10 % for all ions. After the experiments
had terminated, the reacted pyrite and the neo-
formed phases were collected from the columns
and indentified by SEM-EDS.
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4 Geochemical Modeling (PHREEQC)

The saturation indices (SI) of various Fe-oxyhydroxides
and calcium carbonate phases from the leachates were
calculated using PHREEQC geochemical code (Parkhurst
and Appelo 1999). The SI was calculated based on the
following equation: SI=log (IAP/Ks), where IAP is
the ion activity product of the dissolved components
in the solution and Ks is the theoretical solubility
product. H-jarosite data base was accessed from
MINTEQ.dat file, while other Fe-oxyhydroxides and cal-
cium carbonate phases were already in the PHREEQC.dat
file (Parkhurst and Appelo 1999). An SI value of zero
indicates that the mineral is in equilibrium in the solution
and may either precipitate or dissolve. A positive SI value
signifies that solution is supersaturated, while a negative SI
indicates that the solution is undersaturated (Parkhurst
and Appelo 1999).

5 Results

5.1 Leachate Chemistry

The pH of the leachates remained nearly constant during
the entire time in column A (control) and column B,
while in column C, there was initial decrease in pH
followed by gradual increase till the 12th day and
remained more or less constant thereafter (Fig. 3a). In
the control column, the mean value of the leachate pH
was 2.2, whereas in treated columns, this value in-
creased to 8.2 and 7.8 in columns B and C, respectively.

The concentrations of SO4
2− and Fe (Fig. 3b, c) in-

creased more than double from 1,046 and 305 mg/L to
2,486 and 810 mg/L, respectively, with time in the leach-
ate of column A. This is in contrast with those generated
from columns B and C. Concentration of SO4

2− gradually
decreased in both columns B and C until steady state
was attained after approximately 21 days. However,
SO4

2− concentration was higher in the leachate from
column B than column C up to 15 days and remained
unchanged thereafter. This indicates oxidation of py-
rite being rapid within these 15 days in column B as
compared to column C. The concentration of Fe in
columns B and C is totally depleted after about
15 days than in column A, though the initial concen-
tration was higher in column C than column B.

Further, concentrations of Mn, Zn, Pb, Cu, and Cr in
the leachates (Fig. 4) of column A ranged from 12.2 to

1.6, 5.2 to 0.6, 1.14 to 0.2, 1.25 to 0.47, and 1.45 to
0.56 mg/L, respectively. Similar to Fe, these metal
concentrations are much lower in the leachates of col-
umns B and C compared to column A. Despite all three
columns having similar amount of sulfide waste, the
addition of FA and CD produced an improvement in
the quality of the leachates in columns B and C.

6 Discussion

6.1 Column A

The leachates generated from this column yielded a
highly acidic pH along with higher concentrations of
Fe and SO4

2−. This indicates continuous oxidation of
pyrite from sulfide wastes in non-saturated porous media
with continuous diffusion of atmospheric oxygen. The
leachates are chemically similar to the typical acid mine
discharge, and the oxidation process in this column can
be related with the natural oxidation of sulfide residue of
the Jaintia Hills. A very high proportion of metals (Ni,
Cu, Pb, Mn, and Zn) in the leachates is due to the
oxidation of pyrite from sulfide wastes. The

Fig. 5 Scanning electron micrographs of ferricopiapite (a),
jarosite (b), other Fe-oxyhydroxides (c), calcium carbonate (d),
and gypsum (e)
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concentrations being highest at the beginning may be
due to fast dissolution of Fe-sulfate salts (Hammarstroma
et al. 2005). These salts are easily formed as sulfide
oxidation products in a dry environment and can imme-
diately return to solution in contact with water because of
their high solubility (Hammarstroma et al. 2005). Thus,
they can temporarily control the leachate chemistry. Pre-
cipitation of secondary sulfate minerals such as
ferricopiapite (Fe2+Fe4

3+(SO4)6(OH)2) was also observed
in this column by SEM (Fig. 5a). Further, PHREEQC
saturation index calculations show the solutions were

saturated with respect to jarosite (Fig. 6), which was also
identified by SEM (Fig. 5b). However, the precipitation of
this phase only retains a very low proportion of metals.
This may be due to a highly acidic pH which favors high
mobility of metals in solution (Onundi et al. 2010).

6.2 Column B

The leachates from column B remained alkaline through-
out in contrast to that of column A (Fig. 3a). This is due to
the effect of calcium carbonate and calcium hydroxide

Fig. 7 Scanning electron
microscope images of pyrite
grain before (a) and after the
experiment (b)

Fig. 6 Saturation index (SI) of jarosite, Fe(OH)3(a), ferrihydrite, and goethite calculated using the PHREEQC code (Parkhurst and Appelo 1999)
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(Canty and Everett 2006), which are caused by the
interaction of CaO in clinker dust and water in the
environment (reactions 1 and 2). Dissociation of these
two compounds increases the pH. However, with
time, the pH slightly decreased (Fig. 3a), which may
be due to the dissolution of carbonic acid along with
depletion of lime. As the experiment is conducted in
the atmospheric condition, it is expected that CO2

dissolves in the alkaline water and forms carbonic
acid (reaction 3) which further dissociates into bicar-
bonate and carbonate ions (reaction 4) until the equi-
librium exists between the dissolved CO2 and H2CO3.

CaO sð Þ þ CO2→CaCO3 sð Þ ð1Þ

CaO sð Þ þ H2O→Ca OHð Þ2 sð Þ ð2Þ

CO2 gð Þ þ H2O↔CO2 aqð Þ↔H2CO3 ð3Þ
H2CO3↔Hþ þ HCO3↔Hþ þ CO3

2− ð4Þ

The calcium carbonate and calcium hydroxide com-
pounds not only increase pH, but also neutralize the
resultant acidity (reactions 5 and 6) produced due to
pyrite oxidation (Bulusu et al. 2007):

Ca OHð Þ2 aqð Þ þ H2SO4→Ca2þ þ SO4
2− þ 2H2O ð5Þ

CaCO3 aqð Þ þ H2SO4→Ca2þ þ SO4
2− þ CO2 gð Þ þ H2O

ð6Þ

Under alkaline pH conditions when pyrite oxidizes,
the released Fe rapidly precipitates as poor Fe-
oxyhydroxide phases such as ferrihydrite and goethite
(Yee et al. 2006). Since the point of zero charge of the
Fe-oxyhydroxide colloid (Schick 2001) and pyrite
(Bebie et al. 1998) is near about 9 and 1.4, respectively,
it is expected that the Fe-oxyhydroxide colloid, which
has a positive surface charge, is attracted to the nega-
tively charged pyrite surface forming a thin layer on
pyrite surface. In addition, these Fe-oxide phases are not
soluble at alkaline pH. So, they encapsulate the pyrite
grain completely with time and forbid any contact be-
tween the oxidant and pyrite surface and subsequently
inhibit the oxidation process. This mechanism is termed
as microencapsulation/passivation (Evangelou 1995).
This causes a decrease in the pyrite oxidation with time
as shown by the decrease of Fe and SO4

2− concentration

with time (Fig. 3b, c). The Fe-oxyhydroxide coating on
pyrite grain is observed by SEM-EDS analysis (Fig. 7).
The EDS pattern of the pyrite grain after the experiment
shows a progressive enrichment of Fe compared to the
pattern before the experiment. An increase in Fe with
respect to S indicates that an excitation zone is much
more superficial and it does not penetrate into the pyrite

Fig. 8 Saturation index (SI) of gypsum, calcite, and agaronite in
columns B and C using the PHREEQC equation (Parkhurst and
Appelo 1999)
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grain (Pérez-López et al. 2007b). Thus, the phases cov-
ering the pyrite grains are Fe bearing. Calculation with
PHREEQC also shows the leachates are supersaturated
with respect to Fe-oxyhydroxide phases such as
Fe(OH)3(a), ferrihydrite, and goethite (Fig. 6). Very low
concentrations of the metals (Mn, Zn, Pb, Cr, and Cu)
were observed in the leachates of this column, which
comply with theWHO drinking water quality stipulation
(WHO 1993). This low concentration may be due to the
alkaline pH and precipitation of various Fe-oxyhydroxide
phases, which scavenge the metals because of their high
sorption capacity (Sahoo et al. 2012b; McGregor et al.
1998). Perez-Lopez et al. (2007a) also demonstrated that
the addition of fly ash on pyrite-rich residues increased
leachate pH that leads to precipitation of secondary Fe
phases and significantly decreases concentrations of
metals from the leachates.

Furthermore, during the experiment, amorphous calci-
um carbonate (ACC) and gypsum also precipitated as
other neo-formed minerals that were indentified
(Fig. 5d, e). ACC is a poorly ordered phase which imme-
diately precipitates due to continuous diffusion of atmo-
spheric CO2 and the high concentrations of Ca and then
transforms to crystalline polymorphs, such as calcite, ara-
gonite, and vaterite (Rodriguez-Blanco et al. 2012). The
PHREEQC calculation shows the leachates are saturated
with respect to carbonate phases, such as aragonite and
calcite, and gypsum (Fig. 8). The intense precipitation of
ACC at the top layer of fly ash occurred asmassive cement
with ash particles leading to the formation of a hard crust
or hardpan. This resulted in a decrease (qualitative) in the
movement of water in the column and an increase in time
of contact of water with the mineral grains. Further, gyp-
sum is developed at the interface between the fly ash and
pyrite sand zone. The detailed role of neo-formed phases is
shown in a schematic drawing (Fig. 9a).

Additionally, the presence of clinker dust may also
activate the pozzolanic reactions, where CaO is
converted to Ca(OH)2 in the presence of water and
then react with silica and aluminum oxide to produce
cementitious materials such as calcium silicate gel
(reaction 7) and calcium aluminate gel, which is capa-
ble of binding inert solid particles and leads to form a
hardened material (Palamo et al. 2007).

2SiO2 þ 3Ca OHð Þ2→3CaO˙2SiO23H2O ð7Þ

Precipitation of neo-formed phases and the calcium
silicate hydrate at the interface can develop a hardpan,
which over time becomes harder like cement and forms
a physical barrier to water flow. This is observed with
an increase in time for the input solutions to flow inside
the column. Many authors previously reported the
formation of hardpan in the contact zone of alkaline
substance and acid-producing waste (Chermak and
Runnells 1997; Ding et al. 2002; Pérez-López 2007b,
c). This hardpan can favor isolation of mine waste from
weathering, create a physical barrier to ingress of water
and atmospheric oxygen into the pyrite waste, and
hinder further pyrite oxidation.

6.3 Column C

Like column B, the leachates of column C are of near
neutral to alkaline pH except the first three samples and
low Fe and SO4

2− concentrations. Leachates are super-
saturated with respect to Fe-oxyhydroxide phases
(Fe(OH)3(a), goethite, and ferrihydrite in this column
(Fig. 6), which leads to the removal of Fe, SO4

2−, and
other metals.Moreover, these phases inhibit the oxidation
processes by forming a coating on the pyrite grain

Fig. 9 Scheme showing the
Fe-oxide coating on pyrite
grains and precipitation of
neo-formed phases at the in-
terface in columns B (a) and
C (b)
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(microencapsulation). In addition, other neo-formed sec-
ondary minerals (e.g., calcium carbonate and gypsum)
were also formed in the void zones. However, the pre-
cipitation of calcium carbonate was of less extent com-
pared to column B. It is also observed from the SI index
values (Fig. 8), as the alkaline material is mixed
homogenously with the pyrite mixture. As such, no hard-
pan was formed in this column (Fig. 9b); thus, easy water
movement occurred in this column, which further oxi-
dized pyrite. This may be the cause for higher concentra-
tions Fe and SO4

2− in the leachates of this column com-
pared to column B. Although the leachate quality im-
proved with time and complied with WHO drinking
water quality stipulation (WHO 1993), the absence of
hardpan in this column can allow further oxidation; thus,
the process used in this column is comparatively less
effective in mitigating AMD than column B.

7 Conclusions

In this study, the effectiveness of the mixture of industrial
wastes (fly ash and clinker dust) in inhibiting pyrite oxida-
tion and resultant AMD generation from a pyrite-rich mine
residue has been demonstrated by column leaching exper-
iments. The application of industrial wastes to the pyrite-
rich residues in columns B and C decreased the pyrite
oxidation by releasing alkaline solution and removing
SO4

2−, Fe, and other metals, viz. Mn, Zn, Pb, Cu, and Cr,
from the solution which resulted from the pyrite oxidation.
Inhibition of pyrite oxidation is a consequence of Fe-
oxyhydroxide coating on pyrite surface and precipi-
tation of neo-formed phases at the interface and sur-
faces leading to hardpan formation, which act as a
physical barrier to water flow and diminish the oxy-
gen diffusion to the entire column, thereby resulting
in an improvement in the quality of the leachate.
Although by the end of the experiment the leachate
quality was almost alike in both columns, hardpan
formation only occurred in column B; therefore, the
technique used in column B would be more effective
to mitigate the AMD generation than column C.
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