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a b s t r a c t

Cement has been little investigated as a control for acid mine drainage, despite having advantages over
cheaper alternatives. Leaching column experiments (set up in triplicate) investigated the effect of
applying Portland cement slurries with three different water/cement (w/c) ratios (0.8, 1.0, 1.2) to pyrite-
bearing waste rock from Brukunga mine in southeastern Australia. After application of the cement,
leachate from the cemented columns showed a reduction in acidity compared to the control columns of
~85% and 100% for w/c ratios of 0.8 and both 1.0 and 1.2 respectively. This was due to direct neutralisation
of acidity by cement dissolution and encapsulation of the pyrite-bearing rock fragments by the cement
(as shown by a reduction in oxygen consumption rates of up to 70%). In columns with the higher w/c
ratios (1.0, 1.2), the cement slurry penetrated to the base of the columns and greatly decreased the
permeability. The greater coverage of the waste rock by the cement and increased contact time between
the leachate and cement meant that no acid drainage leached from these columns (pH 7e8, Fe, Al, Mn, Zn
and Cu concentrations rarely above detection limits). In columns with a w/c ratio of 0.8, the cement
slurry was mostly retained in the upper 30e50% of the waste rock, leaving a large fraction of the waste
rock below without any cement coverage. Leachate drained relatively quickly from these columns,
probably through a small number of pathways through the cement plug and carried relatively small
loads of acidity and metals from uncemented waste rock beneath the cement. Thus cement may be a
viable method for controlling acid mine drainage generation from waste rock dumps, and could be
applied with both lower and higher w/c ratios could be used to achieve an optimal balance between deep
penetration and surficial retention.

© 2017 Published by Elsevier Ltd.
1. Introduction

Acid mine drainage (AMD), which typically results from the
oxidation of sulfide minerals in waste rock and tailings at mine
sites, is an expensive environmental problem for the mining in-
dustry worldwide, as well as for governments managing historical
mining landscapes (McCarthy, 2011; Harries, 1997; Nordstrom,
2011). A wide range of technologies has been developed for treat-
ing acid mine drainage (Lottermoser, 2003; Johnson and Hallberg,
2005; Blowes et al., 2003), but if the source is not effectively
sealed from the atmosphere or from percolating water, then the
need for treatment can remain for hundreds of years (Evangelou,
1995; Nieto et al., 2007). Controlling acid mine drainage at its
source is challenging because the scale of the acid-generatingwaste
ephton).
deposits is often huge, in the order of millions of tons, and the cost
can be very high, especially for historical mining landscapes where
mine planning did not take AMD prevention into account (Davies
et al., 2011; Edraki et al., 2005; Nordstrom and Alpers, 1999).

A variety of techniques have been tested and/or employed to
control AMD at its source, including phosphate and silicate coatings
(Evangelou, 1995; Mauric and Lottermoser, 2011; Ji et al., 2012;
Kang et al., 2016) and the application of limestone (Lapakko et al.,
1997; Miller et al., 2003, 2009) and alkaline industrial waste
products such as fly ash (Canty and Everett, 2006; Perez-Lopez
et al., 2007; Guynn, 2007; Hamel et al., 2010; Skousen et al.,
2012), cement kiln dust (Doye and Duchesne, 2003; Duchesne
and Doye, 2005; Sahoo et al., 2013), green liquor dregs
(Ragnvaldsson et al., 2014) and bauxite residues (Doye and
Duchesne, 2003; Duchesne and Doye, 2005; Maddocks et al., 2004).

Portland cement is produced by the calcination of limestone
with a source of aluminosilicate (typically clay) at temperatures of
around 1450e1500 �C (Hewlett, 1998), and is widely used for
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geotechnical stabilisation inmining and civil engineering, as well as
in the encapsulation of hazardous wastes (Heinz, 1998; Sariosseiri
and Muhunthan, 2009; Kogbara et al., 2013; Sheshpari, 2015).
However, it has been rarely used or tested as a means of controlling
or neutralizing AMD (Ji et al., 2012; Northwest Geochem,
1996,,Shabalala et al., 2017), even though it contains a similar
amount of alkalinity as limestone, and (unlike limestone) forms a
hard paste upon hydration with considerable impermeability
(Banthia and Mindess, 1989; Claisse et al., 1999), which might be
put to good effect in controlling AMD.

Furthermore, Portland cements can be applied via a range of
different techniques including shotcreting, soilcreting and grout
injection (Northwest Geochem, 1996; Spence, 1987), and with a
wide range of water/cement ratios, which control the rheology of
the slurry and the eventual distribution of cement through a rock
mass (Axelsson and Gustafson, 2007; Heinz, 1998). Unlike clay
cover systems, which requirewaste rock surfaces to be accessible to
heavy vehicles, cement does not require compaction to set, and
therefore could be applied to steep slopes of waste rock dumps, as
well as being injected to encapsulate sulphide minerals buried
deeply.

Thus there is much scope for research on the application of
Portland cement to the problem of AMD. In this study, Portland
cement slurries with three different w/c (water/cement) ratios
were applied to sulphide bearingwaste rocks fromBrukunga, South
Australia, to test the effectiveness of Portland cement in controlling
AMD.

2. Materials and methods

2.1. Brukunga pyrite mine waste rocks

The Brukunga Pyrite Mine is located in the Adelaide Hills,
40 kms east of Adelaide in South Australia (Fig. 1). It was mined for
sulfur from pyrite and pyrrhotite between 1955 and 1972 and
produced around 8 million tonnes of waste rock, which remain
exposed to the atmosphere at the site (Fig. 1, Taylor and Cox, 2003).

The mine was focused on the Nairne Pyrite Member within the
shallow marine Cambrian Talisker Cal-siltstone; the sediments
have been subjected to intermediate grade metamorphism and are
now biotite-muscovite schists (Daily and Milnes, 1972) composed
of quartz, feldspars (plagioclase and orthoclase) and mica
(muscovite, biotite and phlogopite) (Ali, 2011). The ore consists of
disseminated pyrite and pyrrhotite as well as veins of these min-
erals parallel to the bedding. A variety of secondary minerals (jar-
osite, alunite, rozenite, halotrichite, gypsum and elemental sulfur)
has been identified at Brukunga (Agnew, 1994).

AMD produced by oxidation of sulphides in the waste rock
dumps, quarry walls and tailings has been treated since 1980 in a
lime neutralisation plant, which discharges neutral effluent from
the mine to the downstream environment (Government of South
Australia, Resources and Energy Group, 2014).

Approximately 90 kg of cobble-sized waste rocks were collected
from three locations at the Brukunga mine on 24th June 2014: the
southern waste rock dump, rubble beneath the high wall and a
small pyramid-shaped dump used as a control in a previous field
trial for cover techniques (Fig. 1).

2.2. Waste rock selection for leach columns

The rocks from each of the three different locations at the mine
were crushed and sieved into fractions of 2e4.75 mm,
4.75e13.2 mm and 13.2e26 mm at Federation University in Bal-
larat, Victoria. Twelve 4.73 kg samples of waste rocks were
assembled using the same proportions from each of the locations at
the mine site (57.5% from the southern waste rock dump, 21.5%
from the high wall and 21% from the small dump) and the same
proportions of each of the different grain size fractions (14% in the
2e4.75mm size fraction, 69% in the 4.75e13.2mm size fraction and
17% in the 13.2e26 mm size fraction).

2.3. Leaching columns

Twelve leach columns, 15.5 cm in diameter and 28e34 cm long,
were constructed from PVC pipe. A press-on cap with a tap was
used to seal the column at the base, and a screw-on cap at the top.
The 4.73 kg waste rock samples were poured from zip lock plastic
bags into the columns.

2.4. Leaching regime

For the first leaching event, a 1 L graduated cylinder was used to
pour enough deionized water into each column to fill it up to the
brim (around 4 L). The volume of water added was used as a
measure of the total void space in each column. For this initial
leach, the taps at the bases of the columns were initially closed,
allowingwater to sit in the columns for 24 h to allow for dissolution
of soluble salts that had accumulated since collection of the waste
rocks. After 24 h, the taps were opened to allow for collection of the
leachate in 1 L sample bottles.

The columns were subsequently leached with 1 L of deionized
water approximately every two weeks over around six months
(twelve times), and then kept dry for around 50 days, before the
columnswere leached onemore timewith 1 L of deionizedwater to
remove soluble salts.

Cement treatments (see section 2.5 below) were then applied to
9 of the 12 columns in 3 groups of 3 (triplicates), with 1 set of 3
columns used as a control group (Table 1). Leaching commenced
one week after the application of cement slurries; the columns
were then leached approximately every two weeks over the next 5
months (a further nine times), and subsequently allowed to dry for
around 50 days. Leaching every two weeks then resumed (nine
times over around 5months), before the columns were again left to
dry for around 50 days. Finally, the columns were leached every
two weeks for six weeks (three times) (see Fig. 2).

For each leaching application, the taps of the columns were
opened, so that the leachate would drain freely through the waste
rocks, and water was applied with pump action spray bottles to
simulate rainfall. One day was allowed for the leachate to drain
through the columns, before leachate samples were collected for
analysis. The first time that the columns were leached after appli-
cation of cement slurries, it was noted that rates of leachate
drainage through some of the cemented columns decreased,
therefore on this occasion, two days were allowed for leachate
drainage. After the second column leach following cement appli-
cation, rates of drainage had decreased even more, and so the time
allowed for leachate drainage was extended to one week for the
remainder of the experiment (Fig. 2). For those columns that
drained very slowly, some water was retained on top of the
cemented waste rock, and after each leachate sample was collected
from these columns, the water retained was emptied, and its
weight calculated from the difference between the weight of the
column before and after emptying.

2.5. Cement application

The cement used was Cement Australia's General Purpose
Cement, composed of 64.1% CaO, 19.7% SiO2, 5.3% Al2O3, 2.7% Fe2O3,
1.6% MgO, 2.8% SO3,0.7% K2O and 0.1% Na2O with an acid neutral-
izing capacity of 955 mg CaCO3 eq./g cement (see section 2.8). For



Fig. 1. Map of the Brukunga mine site with waste rock sampling locations: PY is the small pyramid shaped trial dump, SWRD is the southern waste rock dump and HW is the high
wall (adapted from Agnew, 1994).

Table 1
Cement slurries applied to leach columns.

Columns Treatment Cement Composition Water/Powder Ratio

1e3 Control e e

4e6 Cement 200 g water, 250 g cement 0.8
7e9 Cement 250 g water, 250 g cement 1.0
10e12 Cement 300 g water, 250 g cement 1.2
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each column to which a cement slurry was applied, dry cement
powder was weighed into a clean 2-L plastic beaker, mixed and
pounded with a wooden spoon to ensure any lumps were broken
up. The requisite mass of de-ionized water for the three w/c ratios
tested (0.8,1.0,1.2; Table 1) was weighed into a clean 500mL plastic
beaker and added to the dry cement powder. The mixture was
stirred vigorously to form a homogenous slurry, which was care-
fully poured over the rocks in the column, with the aim of achieving
a uniform coverage over the waste rocks at the top of the column
and as deep penetration as the rheological properties of the slurries
and the permeability of the rocks would allow.

2.6. Analysis of leachates

The pH, redox potential and temperature of leachate samples
were measured immediately following sample collection using TPS
brand pH, redox and temperature sensors connected to a TPS WP-



Fig. 2. Schedule used for oxygen consumption tests and column leaches. The time of cement application is marked with a dashed red line at 223 days. The upper bars in red are
oxygen consumption tests and lower bars in blue are column leaches. The greater thickness of the blue bars after 223 days indicates the increased time allowed for leachate
collection. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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80D meter, and conductivity was measured using a TPS k ¼ 10.0
type electrical conductivity sensor connected to a TPS AQUA-COND
meter. Before use, the pH sensor was calibrated with pH ¼ 4 and
pH ¼ 7 standards, the conductivity sensor was calibrated with a
2.76 mS/cm standard solution and the redox sensor was checked
using Zobell's solution.

Acidity and alkalinity titrations were completed within a few
days of sample collection using a Metrohm 888 Titrando autoti-
trator. Standards for alkalinity and acidity titrations were prepared
by diluting laboratory reagent grade 0.1 M NaOH and 0.1 M HCl
solutions from Chem-Supply Pty Ltd. to 1% inmilliQ water, and then
used to standardize the HCl and NaOH solutions for the alkalinity
and acidity titrations respectively. Acidity titrations to a pH
endpoint of 8.3 were carried out for leachate samples with pH < 5
using ~0.05 M NaOH. The sub-samples used for the titrations
ranged in volume from2ml to 25ml andwere diluted to 50mlwith
milliQ water, depending on the sample EC.

Alkalinity titrations to a pH endpoint of 3.5 were conducted on
samples with pH > 5, using ~0.1 M or ~0.05 M HCl for samples with
higher alkalinity and ~0.005 M HCl for samples with lower alka-
linity. Alkalinity titrations were conducted using 50 ml unfiltered
sub-samples of the collected leachates, except for the most alkaline
leachates collected sooner after cement application, where the sub-
sample volumes ranged from 1 to 10 ml and were diluted up to
50 ml with milliQ water. For the first leachate after cement appli-
cation, alkalinity determinations performed on filtered leachate
showed that unfiltered alkalinity was almost two times greater
than the filtered alkalinity. The solids collected on the filter paper
were white (not grey like cement) and most likely composed of
precipitated calcite; they fizzed when treated with dilute HCl and
saturation index (SI) calculations using PHREEQC (Parkhurst and
Appelo, 2013) indicated these waters were highly oversaturated
with respect to calcite (SI > 2.5).

Leachate sub-samples (~30 mL) were filtered through 0.45 mm
nylon membrane filters, preserved with 0.5 %v/v concentrated ni-
tric acid and stored at 4 �C. They were analysed for Fe, Al, Ca, Mg, Si,
Mn, Cu, Zn and total S reported as SO4

2� with a Perkin Elmer Optima
8000 ICP-OES after dilution with ~0.01 M nitric acid so that analyte
concentrations were within the working range. Standards and
quality control solutions were prepared from 1 g/L stock solutions
of the elements analysed. Typical detection limits for Ca, Mg, Al, Fe,
total S as SO4

2�, Cu, Mn, Zn and Si as SiO2 were 0.02, 0.13, 1.5, 0.24,
1.56, 0.01, 0.004, 0.019 and 0.14 mg/L respectively.

Na and K concentrations were determined using a Sherwood
Model 420 Flame Photometer using filtered and acidified sub-
samples ranging from 0.25 mle4.5 ml. These samples were
spiked with 0.5 ml of a 1 g/L Li stock solution to ensure each blank,
standard and sample contained 100 mg/L Li as an internal standard
and were diluted where necessary to a total of 5 ml. Detection
limits for Na and K were 0.1 and 0.2 mg/L respectively. Fe2þ con-
centrations were determined from leachate samples from six col-
umns, three times prior to the application of cements using the
phenanthroline method with a LaMotte Smart3 colorimeter.

Prior to the application of cement to the leaching columns, the
pH, EC and acidity of the leachates showed a low degree of vari-
ability, so only six of the thirteen leachate samples collected during
this period were analysed for each of the 12 columns. Total loads for
dissolved species in the leachate were calculated by scaling up the
loads calculated using the six measured samples.

Ion chromatography (IC) was used for sulfur analysis after
October 2015 in addition to ICP-OES, because sulfur analyses using
ICP-OES on alkaline leachate samples tended to be unstable and
yielded large charge balance errors, typically negative 20e40%. A
major cause of these errors was likely due to the presence of low
concentrations of hydrogen sulfide gas in the samples, resulting in
higher sulfur intensities in the ICP-OES analysis (Colon et al., 2008),
along with significant thiosulfate concentrations in some alkaline
samples, identified with ion chromatography (discussed below).
Charge imbalances in the first 2 or 3 leaches after cement appli-
cation were also due to the use of unfiltered samples for alkalinity
measurements, because calcite particles in the leachate dissolved
during titration and resulted in overestimation of the alkalinity.
This source of error was negligible after the 2nd or 3rd leach
following cement application, because the measured alkalinities
were very small compared to the sulfate concentrations.

In order to estimate the sulfate and thiosulfate concentrations of
the alkaline samples collected between 15th August 2015 and 25th
October 2015, these samples were treated with 1 drop of 35% H2O2

and re-analysed for total sulfur reported as SO4
2� by ICP-OES in

September 2016. The S2O3
2�/SO4

2� ratio for these samples was
estimated based on trends in the S2O3

2�/SO4
2� ratios measured for

the samples collected from the 8th November 2015 until the 9th
August 2016, which were analysed using IC. Charge balance errors
computed using the estimated S2O3

2� and SO4
2� concentrations

based on the repeat analyses for total S were much lower than for
those obtained using the original analyses.

Both sulfate and thiosulfate were analysed with a Metrohm
Basic 883 Ion Chromatograph with a Metrosep A Supp 5e150/4.0
anion separation column. An eluent with 4 mmol/L Na2CO3 and
1 mmol/L NaHCO3 with 10% acetone was used, and standards and
quality control solutions were prepared from 1 g/L stock solutions
using dried analytical grade Na2SO4 and Na2S2O3 salts.10% dilutions
of the 1 g/L stock solutions were analysedwith the ICP-OES to check
the equivalence of the standards used for the IC with those used for
ICP-OES. The 100 mg SO4

2�/L solution was measured as 95 mg/L
SO4

2� while the 100 mg/L S2O3
2� solutionwas measured as 172 mg/L

SO4
2� (100 mg/L S as S2O3

2� is equivalent to 171 mg/L S as SO4
2�).

Charge balance errors and saturation indices for all of the
leachate samples were calculated using PHREEQC with the llnl.dat
geochemical database. For over 90% of the leachate samples ana-
lysed (327 of 357), charge balance errors were within ± 10%.

2.7. Oxygen consumption tests

If sulfidic materials are oxidizing in a sealed container, the rate
of decrease of partial pressure of oxygen gas may be useful as a
quantitative indicator of the rate of sulfide oxidation, provided no
other significant consumers or producers of oxygen are present
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(Hollings et al., 2001; Lee et al., 2003; Song and Yanful, 2010).
The change in partial pressure of O2 over time can be converted

into the molar rate of O2 consumption using the ideal gas law
(Zumdahl, 1998):

V :dPO2=dt ¼ dnO2=dt:R:T (1)

where V is the volume of air in the container, dP O2/dt is the rate of
change of partial pressure of O2 per unit time, dn O2/dt is the rate of
change of O2 gas concentration in moles per unit time, R is the
universal gas constant, and T is the temperature in degrees Kelvin.

The rate of O2 consumption thus calculated can then be used to
calculate the rate of SO4

2� production using the stoichiometry of
sulfide oxidation:

FeS2 þ 3:5O2 þ H2O/Fe2þ þ 2SO4
2� þ 2Hþ (2)

For each mole of pyrite oxidized, 3.5 mol of O2 are consumed,
and 2 mol of SO4

2� are produced, so that the rate of SO4
2� production

can be calculated from the rate of O2 consumption:

dnSO4=dt ¼ dnO2=dt:2=3:5 (3)

Oxidation of Fe2þ to Fe3þ may also contribute to the O2 con-
sumption; colorimetric analyses showed that >90% of dissolved Fe
in the leachates was Fe3þ.

Fe2þ0:5O2ðgÞ þ 2Hþ/Fe3þ þ H2O (4)

This requires an additional 0.25 mol of O2 per 2 mol of SO4
produced, so that the relationship between SO4 production and O2
consumption becomes:

dnSO4=dt ¼ dnO2=dt:2=3:75 (5)

The rate of SO4
2� production calculated in this way can be

compared with measured loads of SO4
2� from the leachate analyses.

Oxygen consumption rates of the waste rocks in the leach col-
umnsweremeasured using six PASCO PASPORT Oxygen gas sensors
(PS-2126A) with two PASCO Xplorer GLX dataloggers. Fifteen to
seventeen measurements were completed on each column prior to
the application of cements, and a further twenty measurements
were completed on each column after the application of cements
(Fig. 2).

Before each O2 consumption measurement, the column was
sealed by screwing on the cap tightly and closing the tap at the
bottom. The oxygen gas sensor was inserted carefully into the hole
in the column lid with a rubber stopper ring to ensure a tight seal,
so that no significant gas exchange occurred between the atmo-
sphere and the column air space.

The O2 consumption tests were generally performed for a
duration of around 24 h (minimum 12 h, maximum 60 h), and the
logger was set to take measurements every 5 min for this duration.
In order to complete the O2 consumption measurements on the
twelve columns using six O2 sensors, the tests on the control col-
umns and columns with cement with a w/c ratio of 1.0 were
completed at the same time, and the tests on the columns with w/c
ratios of 0.8 and 1.2 were one or two days later (depending on the
duration of the first set of tests).
2.8. Analyses of cement powder and leached cement

To determine the chemical composition of the Portland cement
used, the CaO, SiO2, MgO, Al2O3 concentrations were determined
using an Olympus DELTA-6000-C pXRF system and a sample of the
cement prepared as a pressed pellet. A cement sample of known
composition from Proficiency Testing Australia, prepared in the
same manner, was also analysed, and the results used for calibra-
tion. Na and K concentrations in the Portland cement were deter-
mined with flame photometry, using 20% conc. HCl (2.4 M) and
heat to digest the cement as described in Junsomboon and
Jakmunee (2011). The acid neutralizing capacity of the dry
cement powder wasmeasured by digesting 2.0 g of cement in 60ml
of 1 M HCl on a hotplate at 90 �C for 2 h and performing a back-
titration using ~0.05 M NaOH on an aliquot of the partially neu-
tralised HCl (AMIRA International, 2002).

To identify any secondary minerals that formed within the
cement during leaching, three cement samples were taken from
one column (column 10, w/c ¼ 1.2) 460 days after the cement was
applied, ground to fine powder using a mortar and pestle, and
analysed using a Siemens D5000 Diffractometer. Cu Ka radiation
was used at 45 kV and 30 mA, over a 2q range from 4� e 70�, with a
step size of 0.02� and a 1 s time step.

3. Results and discussion

3.1. Oxygen consumption rates and leachate chemistry prior to
cement application

Initial O2 consumption rates prior to the first leach of the col-
umns were low (Fig. 3b), likely due to lack of water or accumulated
oxidation products on the sulfide mineral surfaces, inhibiting
further sulfide oxidation (Jerz and Rimstidt, 2003). The first flush of
the columns removed much of these oxidation products, and thus
the leachate carried large loads of acidity (~13 g CaCO3 equivalent)
and concentrations of SO4

2�, Fe, Al, Mg, Ca, Cu, Mn and Zn much
higher than average levels measured once regular leaching
commenced.

After the first leach, the O2 consumption rates increased over
the first 100 days (Figs. 3b), as did the concentrations of acidity,
SO4

2� and Fe (Fig. 3c and d, 4a). Total loads of acidity ranging from
50 to 65 g CaCO3 equivalent were produced by the leach columns
for the period after the first leach and prior to the application of
cement at 223 days (Table 2).

The significant concentrations of Si, Al, Mg, Ca, Na and K in the
leachate (Fig. 4a, b, c) are due to acid attack on silicate minerals in
the waste rocks: phlogopite and biotite release K, Mg, Al and Si, and
plagioclase releases Ca, Na, Al and Si.

3.2. Effects of cement application on waste rock permeability

After cement application, the columns with w/c ¼ 0.8 cement
addition continued to drain at around the same rate as the control
columns; >90% of the applied 1 L of water was collected within
minutes of application (~5 L/hr). In contrast, the columns with w/
c¼ 1.0 and w/c ¼ 1.2 cement additions drained slowly (4e17 ml/h).

The variability in permeability between the columns was due to
differences in the penetration of the cement through the waste
rocks. The higher w/c ratio (less viscous) cement slurries had
penetrated all the way through the waste rocks and plugged the
columns at the outlets (Fig. 5b and c), explaining the observed low
permeability. In contrast the more viscous (w/c ¼ 0.8) cement
slurries were retained within the upper 30e50% of the waste rock
mass (Fig. 5a), but left sufficient voids that water could flow quickly
through the column via a reduced number of fluid pathways, as
shown by the relatively fast rates of drainage through these col-
umns (Fig. 3a).

Over the months following cement application, the rates of
drainage in the columns with w/c ¼ 1.0 and w/c ¼ 1.2 cements
decreased over time, as reflected by decreasing weights of leachate
being collected (Fig. 3a). This decrease in permeability was prob-
ably due initially to increasing degree of cement hydration (Banthia



Fig. 3. Leach column results. a. Mass (kg) of leachate sample collected b. O2 consumption rates. Total S as SO4
2� (g/L), d. Acidity (g/L CaCO3 eq), e. pH. Data from the first flush at

0 days is omitted. Plotted values for each set of three columns are medians and the error bars mark the minimum and maximum values measured from each set of three columns.
Lines are broken for the ~50 day dry periods (see section 2.4). Red dashed lines at 223 days mark the time at which cement slurries were applied. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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and Mindess, 1989), and later to precipitation of secondary min-
erals, such as calcite (CaCO3), gypsum (CaSO4.2H2O), ettringite
(Ca6Al2(SO4)3(OH)12$26H2O), thaumasite (Ca3Si(OH)6(CO3)(SO4)$
12H2O) and Fe(OH)3 (Fig. 5d, Mikhail et al., 1981; Claisse et al., 1999)
in pore spaces in the columns.

3.3. Effects of cement application on leachate chemistry

The divergence in permeability between columns with higher
and lower w/c ratio slurries also manifested in the leachate
chemistry (Table 3). The columnswith cement applied at the lowest
water/cement ratio (0.8) continued to produce acidic leachate, but
exhibited a small increase in pH of around 0.3 units and the acidity
was reduced by around 85% compared to the leachate from the
control columns (Fig. 3d and e, Table 3). This reflected the relatively
high viscosity of the cement slurry applied, such that it was
retained in the upper part of the waste rock (section 3.2). The
applied water quickly bypassed a significant fraction of the waste
rock and incorporated acidity only from the uncemented waste
rocks beneath, resulting in much reduced acidity, metal and total S
loads (Table 3, Fig. 3c, d, f).
In contrast, themuchmore extensive distribution of cement and

the lower permeabilities of the columns with higher w/c ratios
resulted in very different leachate chemistry. These leachates
initially had a very high pH of around 12 (Fig. 3e), high Ca (0.8e1 g/
L) and alkalinity (Figs. 4b and 3d) and were highly oversaturated
with respect to calcite (Fig. 4e), due to the rapid leaching of the
small percent of calcium hydroxide produced by cement hydration
(Taylor, 1997, p. 190). Within a few months, pH and alkalinity of
these columns decreased to 7e8 and 20e50mg/L CaCO3 equivalent
respectively (Fig. 3d and e). Ca concentrations remained at a rela-
tively high level (~0.6 g/L, Fig. 4b) as did total S (~2 g/L, Fig. 3c),
indicating that the cement was neutralizing sulfuric acid generated
from pyrite oxidation in the waste rocks, and being depleted of
calcium in the process.

Metal concentrations (Fe, Al, Cu, Mn and Zn) in leachate from
the columns with high w/c ratios were only rarely above detection
limits (Fig. 4a), due to four factors. The extensive distribution of
cement through these columns resulted in decreased pyrite
oxidation due to direct encapsulation of a large fraction of pyrite-



Fig. 4. Leach column results. a. Fe, Al, Zn, Mn, Cu (mg/L). b. Ca, Na, K (mg/L), c. Si, Mg (mg/L), d. Saturation indices for jarosite and Fe(OH)3, e. Saturation indices for calcite, gypsum,
ettringite and thaumasite. Values below method detection limits were plotted as 0. Plotted values for each set of three columns are medians and the error bars mark the minimum
and maximum values measured from each set of three columns. Lines are broken for the ~50 day dry periods (see section 2.4). Red dashed lines at 223 days mark the time at which
cement slurries were applied. Saturation indices for jarosite calculated using the method detection limit of 0.2 mg/L for K, for samples collected prior to cement addition, which
were not analysed for K. Saturation indices for ettringite and Fe(OH)3 were calculated using 50% of the method detection limits for Al (0.75 mg/L) and Fe (0.12 mg/L) respectively,
when measured values were below the detection limits. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Average hydrogen ion activity as pH and median annual mass fluxes of Ca, Mg, Al, Fe, S as SO4

2�, Si as SiO2, Cu, Mn, Zn and acidity for leachates samples calculated from loads
measured from leachates collected over 223 days prior to application of cement slurries.

Columns pH S as SO4
2� (g/yr) Fe

(g/yr)
Al (g/yr) Ca (g/yr) Mg (mg/yr) SiO2 (mg/yr) Cu (mg/yr) Mn (mg/yr) Zn (mg/yr) Acidity

(g/yr)

1e3 2.36 92.0 25.1 4.1 1.7 549 493 37 496 1507 99.7
4e6 2.40 94.0 27.4 3.8 1.6 464 413 35 482 1487 102.9
7e9 2.37 86.0 23.9 3.9 1.5 503 404 32 485 1483 95.9
10e12 2.38 84.0 23.7 3.7 1.4 429 349 30 449 1370 100.4
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bearing waste rock surfaces with cement (Fig. 5d, discussed further
in section 3.4). Secondly, the rate of acid attack on the silicate
minerals in thewaste rock was greatly reduced due to the increased
pH of the pore waters (Acker and Bricker, 1992; Gudbrandsson



Fig. 5. Penetration of cement through the columns as shown by cross sections. a. w/c ¼ 0.8, b. w/c ¼ 1.0 and c. w/c ¼ 1.2, d. Close-up of boxed area in (c), showing secondary mineral
precipitates concentrated along waste rock/cement boundaries.

Table 3
Average hydrogen ion activity as pH andmedian annual mass fluxes of Ca, Mg, Al, Fe, S as SO4

2�, Si as SiO2, Cu, Mn, Zn, and acidity calculated from analyses of samples collected
from leach columns over 360 days after the application of cement slurries.

Columns Group w/c ratio pH S as SO4
2� (g/yr) Fe (g/yr) Al (g/yr) Ca (g/yr) Mg (mg/yr) SiO2 (mg/yr) Cu (mg/yr) Mn (mg/yr) Zn (mg/yr) Acidity

(g/yr)

1e3 Control n.a 2.29 93.2 26.0 3.8 1.4 778 591 40 195 589 92.1
4e6 Cement (w/c ¼ 0.8) 0.8 2.57 14.9 1.6 0.4 1.7 99 191 3.6 17.3 50.1 10.9
7e9 Cement (w/c ¼ 1.0) 1.0 7.9 26.2 0.0 0.0 9.1 3.3 301 0.07 0.21 0.56 �2.5
10e12 Cement (w/c ¼ 1.2) 1.2 8.1 27.9 0.0 0.0 9.5 0 77 0.06 0.13 0.13 �3.7
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et al., 2014), as shown by the very low levels of Mg released by
biotite/phlogopite dissolution in the leachates from these columns
(Fig. 4d). Thirdly, Fe2þ, Fe3þ and Al3þ have very low solubility at
neutral to moderately alkaline pH and are removed by hydroxide
precipitation (Stumm and Morgan, 1996, Chapter 6); red/orange
ferric hydroxides are abundant in the cemented columns (Fig. 5d).
Finally Cu, Mn and Zn were likely removed by sorption to the
aforementioned Fe and Al hydroxides (McDonald et al., 2006;
Langmuir, 1997, Chapter 10), and to the cement matrix (Haselbach
et al., 2014).

The very different leachate chemistries also resulted in different
secondary mineral assemblages. The acidic leachates characteristic



Fig. 6. Total measured S loads over 360 days after the application of cements
compared against loads computed from measured O2 consumption rates over the same
period using equations (1) and (5) (section 2.7). Encircled outliers are from the col-
umns with the lowest water/cement ratio (0.8). Blue line indicates an ideal case where
the mass of S released is equal to the mass of S oxidized. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 4
Rates of depletion of Ca and Si from the cements.

Total Ca, Si (g)
in 250 g of
cement
added to
column (see
section 2.5)

Total Ca, Si
load from
leachates (g)
after 360
days
(Table 3)

% Ca, Si from
cement
depleted in
first year

Ca Si Ca Si Ca Si

Control n.a n.a 1.3 0.59 n.a n.a
Cement (w/c ¼ 0.8) 114 22.9 1.7 0.19 1.5% 0.8%
Cement (w/c ¼ 1.0) 114 22.9 9.1 0.30 7.9% 1.3%
Cement (w/c ¼ 1.2) 114 22.9 9.5 0.07 8.2% 0.3%
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of the control andw/c¼ 0.8 columnswere saturatedwith respect to
jarosite ((K,Na)Fe3(SO4)2(OH)6) (Fig. 4d). The switch in leachate
chemistry from acidic to alkaline that occurred upon cement
application, especially for the columns with high w/c ratios,
resulted in conversion of jarosite to Fe(OH)3 (Fig. 4d), and increased
the Na and K concentrations of the leachate (Fig. 4b). The higher
pHs and concentrations of Ca, SO4

2� and alkalinity in these leachates
resulted in saturationwith respect to calcite, gypsum, and briefly to
thaumasite and ettringite after cement application (Fig. 4e). The
precipitation of thaumasite immediately after cement application
in the w/c ¼ 1.0 and 1.2 columns is also indicated by the extremely
low Si concentrations at this time (Fig. 4c). XRD analyses of three
cement samples obtained from column 10 (w/c ¼ 1.2) at 460 days
after cement application confirmed the presence of calcite and
gypsum.

3.4. Effect of cement application on sulfide oxidation

The O2 consumption rates of the cemented columns declined
compared to the controls after cement application (Fig. 3b), indi-
cating that the cement caused a substantial drop in the rate of
pyrite oxidation. The reduction in O2 consumption and pyrite
oxidation rates was gradual for the w/c ¼ 0.8 columns, which for
the first 6 months after cement application had relatively high O2
consumption rates (Fig. 3b), probably because the limited cement
penetration in these columns (Fig. 5a, section 3.2) left a large
fraction of waste rock uncemented and free to oxidise. O2 con-
sumption for these columns then decreased significantly over time
(Fig. 3b), indicating decreasing permeability of the cement to O2;
which may be partly due to an increase in the degree of cement
hydration and partly due to secondary mineral precipitationwithin
the cement matrix (section 3.2). The O2 consumption rates
approximately one year after cement application were around 50%
of those measured in the control columns (Fig. 3b), reflecting the
fact that 30e50% of the waste rocks were actually covered by
cement (Fig. 5a). This indicates that the rates of sulfide oxidation in
the cement-covered rocks at the top of the columns were probably
very small, since the bulk of the observed O2 consumption is likely
to be occurring in the uncemented waste rocks beneath. The
measured S mass flux from the columns was much less than the
rate of SO42- production from pyrite oxidation calculated from the
oxygen consumption rates (Fig. 6), indicating that the cement
capping caused leachate flows to be concentrated along few fluid
conduits, transporting pyrite oxidation products from a small
fraction of the uncemented waste rock surfaces.

In the columns with higher w/c ratios (1.0 and 1.2), the total
reduction in O2 consumption and pyrite oxidation was greater
(50e70%) and more sudden (Fig. 3b) because of the much deeper
and more extensive distribution of cement through the waste rocks
in these columns (Fig. 5b and c). The increased contact time be-
tween the leachate and waste rock surfaces due to the lower
permeability of the columns resulted in a similar S mass flux as the
rate of SO4

2� production by pyrite oxidation, as evidenced by a good
fit between measured S loads and those computed from the O2

consumption rates (Fig. 6).
In laboratory-scale batch testing of the effectiveness of a range

of coating agents in inhibiting sulfide oxidation, Ji et al. (2012)
demonstrated that cement achieved the best effect, but remarked
that cement may not be appropriate for field application because of
the difficulty of distributing it to small pore spaces and deep voids
within waste rock and tailings. However, the present study showed
that cement application can significantly reduce sulfide oxidation
rates and acidity generation even when not distributed deep into
the waste rock, because it seals fluid pathways, so that a consid-
erable fraction of the acid-producing waste rock is no longer in
contact with water seeping through the material.

3.5. Rates of cement deterioration

The leachates from the cemented columns with w/c ratios of 1.0
and 1.2 have much greater Ca concentrations than those from the
control columns, but similar Si concentrations to the controls
(Fig. 4b and c, Table 4). This reflects incongruent dissolution of the
Portland cement, whereby Ca depletion is favored and the Ca/Si
ratio of the cement decreases over time (Harris et al., 2002). The
leachates from the cemented columns with w/c ¼ 0.8 have Ca
concentrations similar to those in the leachates from the control
columns, indicating much lower rates of cement dissolution
(Fig. 5b, Table 3). This is probably due to the limited contact time
between the leachate and the cement resulting from both the faster
rates of drainage in these columns (section 3.2) and the lesser
dispersion of the cements compared to the columns with higher w/
c ratio cements (Fig. 5aec).

Because Ca is the major soluble component of the cement, the
rate of calcium depletion may indicate the effective longevity of the
cements. The total loads of Ca measured in the leachates over 360
days of leaching amount to 1.5% of the total Ca mass originally
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present in the cements for the w/c ¼ 0.8 columns, and around 8%
for the columnswithw/c ratios of 1.0 and 1.2 (Table 4). If these rates
of Ca loss remain constant, the Ca of the cements will be consumed
after around 12.5 years for the columns with w/c ratios of 1.0 and
1.2 and 67 years for the columns with w/c ratios of 0.8 (Table 4).

These values are only indications of cement longevity, because
there are several complicating factors. Firstly, rates of Ca loss and
sulfide oxidation are unlikely to remain constant in the long term.
Over time the sources of both Ca and S decrease, and this could
cause dissolution rates to decrease.

Secondly but conversely, cement deterioration may expose py-
rite surfaces and result in increased sulfide oxidation and acidity
production over time, which in turn is likely to drive increased
cement dissolution, such that leaching of both Ca and S would
increase.

Thirdly, the rate of cement dissolution indicated by leaching of
Ca is an underestimate of the true rate because some of the Ca
released from the cement is retained within the columns in sec-
ondary Ca-bearing minerals such as calcite, gypsum, ettringite and
thaumasite (section 3.3). Nonetheless, retention of Ca in these
secondary minerals probably contributes to the lower permeability
and lower sulfide oxidation rates of the cemented waste rock.
Similarly, whilst the cement remains sufficiently alkaline, the sol-
ubility of iron will remain low at the sulfide mineral/cement
interface, which will continue to be enriched with Fe(OH)3, also
contributing to the lower permeability and lower sulfide oxidation
rates in the cemented waste rocks.

Finally, because some of the Ca in the leachate may originate
from plagioclase weathering, as occurs in the control columns, the
actual rates of cement dissolution may be lower than indicated by
the Ca loads, although the rate of plagioclase weathering is likely to
be very small in the columns with high w/c ratios (see section 3.3).

Therefore, the long-term trajectories of the rates of cement
deterioration and sulfide oxidation are uncertain and longer term
studies are necessary to obtain realistic estimates of the longevity
of the cement treatments.

3.6. Field application of cement to waste rock piles

The results of this study demonstrate that applying Portland
cement as a slurry to AMD-producing waste rock is effective in
controlling AMD generation in different ways. High w/c ratios can
be employed to achieve deep penetration of a waste rock dump,
whereas slurries with lower w/c ratios can be used to cap the dump
at the surface, sealing fluid pathways and minimizing infiltration.
The technique of grout thickening, whereby the w/c ratio is
decreased during the course of grout application (Axelsson and
Gustafson, 2007), could be used to achieve an optimal balance
between volume and density of the cement cap and to minimize
water use.

4. Conclusions

A range of cement slurries was applied to acid mine drainage
producing waste rocks in columns subjected to periodic leaching
over 590 days, greatly diminishing acidity and metal loads (Fe, Al,
Cu, Mn and Zn) and substantially reducing sulfide oxidation and S
release.

For the cement applications with the lower w/c ratio of 0.8, the
cement slurries were more viscous and cement was largely
retained as a cap within the upper 30e50% of the waste rock pro-
files. The result of this cement coveragewas little change in the bulk
permeability of the waste rock and leachate remaining acidic, but
with greatly reduced total S and acidity loads (by ~85%). The
reduction in O2 consumption rates (30e50%) was consistent with
the coverage of cement through thewaste rocks, indicating that the
sulfide oxidation rate of the cement covered rocks was probably
very small. The greater reduction in acidity loads than oxidation
rates was likely due to the cement sealing fluid conduits and
allowing only a small fraction of the waste rock surface areas to
contribute to acidity loads.

For cement applications with a higher w/c ratio of 1.0 and 1.2,
the cement slurries infiltrated the entire column depth, so the
cement was distributed throughout the waste rocks, but concen-
trated at the base. The cement coverage reduced oxygen con-
sumption rates by 50e70% and greatly decreased the permeability
of the columns and the leachates were alkaline to neutral with zero
acidity. Measured sulfur loads corresponded well with sulfur loads
computed using oxygen consumption rate measurements, indi-
cating that sulfatewas being removed from the columns at a similar
rate to the rate at which sulfate was being produced by pyrite
oxidation.

Rates of cement deterioration indicated by Ca loads were much
lower for the fast-draining columns with the lower w/c ratio (0.8)
cements than for those columns with higher w/c ratios (1.0 and
1.2), which were less permeable. If the Ca mass fluxes from the
cemented columns measured over approximately one year
remained constant into the future, then the cements would likely
remain effective for decades, although there aremany uncertainties
and longer term studies are necessary to obtain realistic estimates
of the longevity of the cement applications.

In practice, both low and high w/c ratio slurries could be used
together to achieve an optimal balance between penetration and
dense coverage to minimize AMD generation from waste rock
dumps.
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