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Abstract: It is essential to develop effective mine waste management approaches and mine site
reclamation techniques to curtail the adverse effects of mining processes on the natural environment.
This study focuses on the use of partially desulphurized tailings as a moisture-retaining layer in
an insulation cover with capillary barrier effects (ICCBE). Tailings were obtained from a nickel
ultramafic ore processing plant at a mining company located in a continuous permafrost region of
northern Québec, Canada. The geochemical response of tailings at two different sulphur contents
(0.4 and 0.8 wt%), with and without ICCBEs, was tested by applying eight freeze-thaw and wetting
cycles. Desulphurization of the tailings allowed to reduce the content of sulphide minerals by about
90%, from ~22 wt% to around 1.2–2.2 wt%. Column kinetic geochemical tests showed that Ni
leaching was significantly reduced to concentrations ranging between 0.01–0.22 mg L−1 compared to
0.63–1.92 mg L−1 from the raw tailings (thanks to the desulphurization process). Zinc release was
maintained around 0.04–1.72 mg L−1 compared to 0.4–3.69 mg L−1 from the raw tailing. Although
all the columns produced leachates displaying circumneutral to slightly alkaline pH, the columns
with ICCBE are expected to prevent acid mine drainage generation longer than the other columns
due to reduced sulphide content and a constantly high degree of saturation maintained by capillary
barrier effects.

Keywords: insulation cover with capillary barrier effect (ICCBE); desulphurized tailings; acid mine
drainage; freeze and thaw cycles; environmental performance; cold climates; permafrost regions;
metal mining

1. Introduction

Metals and minerals extracted from the earth through mining significantly contribute
to the economy of many countries worldwide. However, mining operations, alongside
positive economic impact, produce substantial volumes of solid wastes that can pose
environmental risks to the natural environment. The main waste products produced
from mining operations include waste rocks (WRs) and tailings (produced during ore
processing) [1].

These WRs and tailings sometimes contain sulphide minerals (such as pyrite, arsenopy-
rite and pyrrhotite), which are unstable in atmospheric conditions (react with oxygen) and,
upon receiving water, produce acidic leachates (known as Acid Mine Drainage or AMD).
AMD is characterized by low pH and can contain elevated elemental concentrations of
metals and metalloids [1–4]. Different technologies have been developed to avoid contami-
nation from AMD generating wastes, and the selection of the most appropriate technology
for a given site is a function of many factors such as the climatic conditions, material
properties and availability, topography, mine waste reactivity, and in situ thermal and
hydrogeological conditions [2,3,5,6].

For mine sites located in northern areas close to the Arctic, factors such as climate
change, the presence of permafrost, remoteness, the availability of materials, and harsh
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climatic conditions can make the design and construction of reclamation scenarios more
difficult and expensive than for mines in temperate climates [7]. Few alternatives are
available to reclaim mine sites located in Arctic conditions. While some methods are
only a transfer from those used in the South, one technique called insulation covers
was explicitly proposed for Arctic conditions that aim at maintaining the mine tailings
frozen and below a target temperature to prevent sulphide mineral reactivity [6,8–12].
More recently, a new alternative was proposed to improve the performance of Arctic
reclamation scenarios against climate change: the insulation cover system with capillary
barrier effects (ICCBEs) [8,10,13,14]. ICCBEs could reduce the time for which the tailings
are above freezing temperature and control oxygen fluxes when the tailings are unfrozen.
The moisture-retaining layer (MRL) is the main component of such a cover system that
maintains a high degree of saturation (Sr) and significantly restricts oxygen flux from
reaching the acid-generating tailings. The MRL is usually constructed from fine-grained
silty materials [15,16].

It can be challenging in Arctic regions to find the fine-grained materials required to
build the MRL [10]. The possibility of producing desulphurized tailings through a non-
selective froth flotation process in processing plants on-site [4,17,18] makes desulphurized
tailings an attractive and potential alternative to natural fine-grained cover materials [17,19].
Aubertin et al. [20] and Bussière et al. [16,17], for instance, have reported CCBEs with an
MRL made of low sulphide tailings as an effective technique to restrict AMD generation.

The setup tested in the present study consists of columns representing an ICCBE. The
columns were subjected to the artificial field inspired climatic conditions (temperature
and precipitation) to test the hydrogeological behaviour of ICCBEs constructed from
desulphurized tailings and non-acid generating waste rocks and assess their potential for
preventing acid-generating tailings from receiving oxygen flux, thus AMD generation. The
details on the desulphurization of the tailings are reported in Benzaazoua et al. [18].

The columns were subjected to freeze-thaw cycles whereupon the columns were frozen
at the temperature conditions inspired by the observed soil temperature conditions at the
Raglan Mine site [10]. The hydrogeological results from the columns showed a constant
high Sr (≥85%) and oxygen fluxes through ICCBEs lower than 5.5 × 10−3 mol/m2/day [10].
Such high Sr and oxygen fluxes have been reported effective for CCBEs to limit AMD
generation [21–25]. Notwithstanding the good hydrogeological performance of the tested
ICCBEs, questions remain concerning the potential of the desulphurized tailings used as
MRL to generate contaminants.

Indeed, before using any material in an engineered cover, it is crucial to demonstrate
that the material used would not generate environmental problems in the short and
long term. This study’s primary objective consists of validating the hypothesis that the
desulphurization of Raglan Mine’s tailings is a viable option to produce clean tailings
that can be used as MRL in ICCBEs. The specific objectives aim at (i) characterizing
the environmental behaviour of ICCBEs made from desulphurized tailings and non-acid
generating WRs using laboratory column experiments; (ii) evaluating the impact of two
sulphur contents in desulphurized tailings as MRL in ICCBEs on leachate quality and
(iii) comparing the environmental behaviour of ICCBEs made from desulphurized tailings
and non-acid generating WRs with only desulphurized tailings and fresh AMD generating
tailings under same experimental conditions. The tailings obtained from the Raglan Mine
were desulphurized and characterized for their physical, mineralogical, and chemical
composition and environmental behaviour [10,18]. The hydrogeological behaviour of the
tailings under the same experimental conditions has been reported by Lessard et al. [10].
Therefore, this article focuses explicitly on desulphurized tailings’ geochemical behaviour
(with and without ICCBEs) and compares it with the original (or raw) tailings using
column experiments.
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2. Materials and Methods
2.1. Materials

Raw tailings and WRs were sampled from Raglan Mine, located at the extreme limit
of Northern Quebec, Canada. Four mine sites typically provide the Ni-sulphide ores; ore
mixes are made and processed in the mill using froth flotation. Approximately 1.3 MT of
tailings are produced yearly from the processing plants at Raglan Mine. The two samples
of desulphurized tailings are designated as DST1 and DST2 here, and that of raw (original)
tailings as RT. More details about the location of sampling and the concentrator’s overall
flow-diagram can be found in Benzaazoua et al. [18].

2.2. Methods

Two samples of tailings were desulphurized in the lab using the froth flotation process
(see Benzaazoua et al. [18] for details). Briefly, a Denver D-12 lab flotation machine with
a cell volume of 2.5 L was used with a rotor-stator speed of 1500 rpm and airflow of
2.25 L min−1. A programmed system with a spatula was used to remove the froths mechan-
ically. Potassium amyl xanthate (KAX-51; purity of 95 wt%) and Sodium isobutyl xanthate
(SIBX) were used as Collectors, Methyl isobutyl carbinol (MIBC) was used as Frother,
hydrated copper sulphate as Activator; and sodium hydroxide (NaOH) as pH regulator.

The desulphurized tailings and WR particles smaller than 300 µm were characterized
for grain-size distribution using a Malvern Instruments Mastersizer S laser particle size
analyser. WR particles larger than 300 µm were characterized by mechanical sieving as
described by ASTM D422 [26], details in Coulombe [27].

Mineralogical characterization was performed using optical microscopy first and then
by both scanning electron microscopy (SEM; Hitachi S-3500 N, Japan) coupled with Energy
Dispersive Spectrometry (EDS; Silicon Drift Detector X-Max 20 mm2 from Oxford, UK)
microanalysis, and X-ray diffraction (XRD; Bruker AXS Advance D8, Billerica, MA, USA;
XRD precision ±1%; [28]).

The inductively coupled plasma atomic emission spectroscopy (ICP-AES; Perkin
Elmer 3000 DV, Überlingen, Germany) for trace metal in particular and fusion, whole-rock
analyses by borate fused disc, were used to determine the major and minor elemental
composition of the desulphurized tailings. Analyses of total inorganic carbon (C) and
sulphur (S) concentrations were also carried out using an induction furnace equipped with
a dedicated infrared (IR) analyser (Eltra CS 2000, Haan, Germany) with a ±0.05 to 0.1 wt%
precision [29].

After the experiment, DST1, DST2, and RT columns (Table 1) were partially dismantled
by cutting a disc of 0.5 m thickness from the top (most weathered) and the bottom (consid-
ered the least weathered) of the column for complementary chemical and mineralogical
analyses following the methods mentioned above.

Table 1. Designation and details of columns.

Column Designation Details

ICCBE-DST1 Column with ICCBE: ~0.50 m support layer from non-acid generating WRs, 0.70 m MRL layer from
DST 1, 0.40 m protective layer from non-acid generating WRs. Total height 2.10 m and 0.14 m diameter.

ICCBE-DST2 Column with ICCBE: ~0.50 m support layer from non-acid generating WRs, 0.70 m MRL layer from DST 2,
0.40 m protective layer from non-acid generating WRs. The total height of 2.10 m and 0.14 m diameter.

DST1 Column without ICCBE: 0.70 m single layer of DST 1. The total height of 0.80 m and 0.14 m diameter.
DST2 Column without ICCBE: 0.70 m single layer of DST 2. The total height of 0.80m and 0.14 m diameter.

RT Column without ICCBE: 0.70 m single layer of RT. The total height of 0.80 m and 0.14 m diameter.

Additionally, due to complexity in the interpretation of the higher sulphate leaching,
the materials from the top and the bottom of the columns were also analysed using X-ray ab-
sorption near edge structure (XANES) spectroscopy at the Soft X-ray Microcharacterization
Beamline (SXRMB; 06B1–1) facility at Canadian Light Source Inc. (CLSI), Saskatchewan
(Canada) for fingerprinting and analyses of the crystal chemistry of sulphide and all other
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sulphur minerals, following the method proposed by Moncur et al. [30]. Briefly, a sample
of ~5 g from the top and each column’s base was freeze-dried under vacuum at −45 ◦C
and pulverized with an agate mill. A portion of the powdered sample was then placed on
a copper plate using copper tape before transferring the sample into the vacuum chamber
of the SXRMB facility. A Si(111) crystal monochromator was used to collect the spectra in
triplicate for each sample (6 samples × 3 replicates) under the total electron yield mode.
The spectra were also collected for the reference materials in duplicates such as gypsum,
cobalt sulphate, ferrous sulphate, jarosite, and nickel sulphate. Reference spectra for the
thiosulphate, native sulphur, pyrite, pyrrhotite, and pentlandite were provided by the
researchers at UWaterloo, Canada databank. The ATHENA (part of the IFEFFIT software
suite [31]) was used for data processing, analysis, and interpretation. According to the
first derivative maxima, all spectra were calibrated to the theoretical S8 K-edge energy (E0;
2472.0 eV). Linear combination fitting of normalized spectra was constrained by fixing E0
values to calibrated energies and limiting total reference spectra to four.

The desulphurized tailings’ AMD generation potential was determined from their
neutralization potential (NP) and acid generation potential (AP). The NP of the samples
was determined using the modified method of Sobek et al. [32], as proposed by Lawrence
and Scheske [33], and the AP was calculated by multiplying sulphur content with 31.25 kg
CaCO3/ton (sulphur as sulphide content after sulphates subtraction). The AMD generating
potential was then determined according to the widely used net neutralization potential
(NNP = NP–AP) and neutralization potential ratio (NPR = NP/AP) criteria.

2.3. Environmental Performance of ICCBEs

For evaluating the overall environmental performance of the ICCBEs constructed
from the desulphurized tailings (DST) and the WRs, the ICCBEs were implemented in
columns. The columns were subjected to freeze-thaw cycles and leaching experiments by
applying cyclic temperature changes to assess freeze-thaw cycles’ effects. The effects of
such experimental conditions on the hydrogeological and thermal behaviour of the ICCBEs
are reported in Lessard et al. [10].

2.3.1. Experimental Design

The ICCBE columns (Figure 1) were constructed from high-density polyethylene
(HDPE) with an internal diameter of 0.14 m, a wall thickness of ~0.022 m, and a height of
2.20 m. The columns were filled with a coarse-grained support layer (or capillary break
layer; CBL) at the bottom (1.0 m) utilizing crushed non-acid generating WRs followed
by a 0.70 m thick desulphurized tailings as MRL and a protective layer (PL) of 0.40 m
thickness made from the same crushed non-acid generating WRs, with a 0.10 m headroom
for flushing. One column for each of the two desulphurized tailings was constructed.

The crushed rock layers (CBL and PL) were compacted to a porosity of approximately
0.25. Whereas a porosity of 0.36–0.40 was achieved for the desulphurized tailings. The
initial unfrozen volumetric water content (θu) was 0.36 in desulphurized tailings MRL
(Sr between 90–100%). Two more columns without ICCBE, each at height 0.80 m with
0.14 m diameter containing only DST 1 and DST 2, were also tested to understand the
desulphurized tailings’ geochemical behaviour better. A control column (H: 0.80 m, ∅:
0.14 m) containing highly sulphidic raw tailings (RT) was also subjected to the same
experimental conditions. The details of the columns and their designation are given in
Table 1.

Due to the critical height of the ICCBE columns, two detachable parts for the facilita-
tion of the installation and instrumentation were joined with Victaulic® joints. The junction
between two parts of the columns was located above the capillary break at the MRL’s
bottom to avoid any disturbance to this critical (MRL) layer (Figure 1). The columns’ base
was concealed with customized polyethylene support for compatibility to hold a porous
ceramic plate. The outflow of the leachate and gas purge valves were installed at the base
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of the columns. A 0.254 m Styrofoam insulation was used around the columns to minimize
lateral heat transfers along the column wall.
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Figure 1. ICCBE based column configuration and instrumentation (Left), and Styrofoam insulated columns placed in the
temperature-controlled chamber (Right).

Columns were instrumented with different sensors to measure the temperature, volu-
metric water content, oxygen concentration, and suction. The results from sensors will not
be presented and discussed here because this article focuses on the columns’ geochemical
behaviour (see Lessard et al. [10] for details).

2.3.2. Experimental Approach

The column experiments were intended to test: (i) ICCBEs for their potential to
control oxygen migration (which ultimately controls AMD generation), (ii) evolution of
temperature throughout the columns upon exposure to freeze-thaw cycles, and distribution
of θw within the ICCBEs, and (iii) effect of using desulphurized tailings with two different
sulphur contents as MRL on elemental leaching and water quality of ICCBEs. Since (i) and
(ii) are discussed in Lessard et al. [10], this article focuses on (iii).

Before starting the experiments, the columns were exposed to a 5 ◦C controlled
environment for 27 days following a typical testing sequence (Figure 2), beginning with
a 7-day rinse with two volumes of 1.6 L of deionized water each at 24 h intervals. At the
end of the rinse period, the collected leachates were analysed for pH, Eh, EC, acidity, and
alkalinity before chemical characterization using ICP, following the methods and protocols
previously mentioned in Section 2.2 above.

After the flush, the columns were exposed to a 5 ◦C temperature for another 10 days
before subjecting them to the F–T cycle of 20 days (10-day freezing and 10-day thawing).
The F–T cycles were performed by exposing the columns to temperature conditions inspired
by those at the Raglan Mine site [10]. A proportional-integral-derivative (PID) controlled
industrial grade freezer was used to maintain the temperatures of −13 ◦C (for freezing)
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and 5 ◦C (for thawing), as applied by Boulanger-Martel et al. [8,34] before. A total of eight
such leachings and F–T cycles were performed over a period of a year.
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3. Results and Discussion
3.1. Physical, Mineralogical, and Chemical Characteristics of the Materials

The particle size distribution of RT, DST, and crushed WRs, along with the coefficient
of curvature (CC) and coefficient of uniformity (CU) are presented in Table 2. According to
the USCS soil classification [35], the RT and DST were classified as low plasticity silts (ML,
similar to other hard rock mine tailings; [15]), and the WRs were classified as well-graded
gravel (GW) after the crushing.

Table 2. Grain size distribution of desulphurized tailings and waste rocks.

Material D10 (mm) D30 (mm) D50 (mm) D60 (mm) CC
a CU

b Classification c

RT 0.00256 0.0084 0.0238 0.0398 0.69 15.6 ML d

DST1 0.0028 0.0095 0.0268 0.0430 0.75 15.3 ML d

DST2 0.0026 0.0086 0.0243 0.0395 0.71 15.0 ML d

WRs * 0.104 3.4 8.0 10.0 11.14 96.2 GW e

* after Coulombe [27]; a CC = Coefficient of curvature; b CU = Coefficient of uniformity; c USCS soil classification after McCarthy [35];
d ML = low plasticity silts; e GW = well-graded gravel.

The difference between particle sizes of DST (and RT) and WRs resulted in a signif-
icant difference between hydraulic conductivities of tailings and WRs (ksat = 1.1 × 10−7

and 3.4 × 10−3 m/s, respectively; [10]). A difference greater than three-order in ksat
values of the two materials is recommended to create significant capillary barrier ef-
fects, which allows maintaining a high Sr (>85%) and restricting the oxygen migration
(<5.5 × 10−3 mol/m2/day) through the materials [10,36].

A significant difference was also observed in the mineralogical composition of RT, DST,
and WRs (Table 3). The primary sulphide minerals included pyrrhotite and pentlandite
with traces of pyrite and chalcopyrite and non-acid generating gangue minerals [18]. After
the desulphurization, the sulphide minerals were reduced from 21.8 wt% to 1.2 and 2.2 wt%
in DST1 and DST2, respectively, along with enriched non-sulfidic non-acid generating
gangue minerals (actinolite, clinochlore, and lizardite). The WRs were composed of non-
sulfidic and non-acid generating gangue minerals (actinolite, albite, anorthite, clinochlore,
and epidote).

The availability of reactive mineral surfaces was observed to be a function of the
particle size distribution of the DST. Smaller particle sizes contained higher available
reactive minerals (pyrrhotite and pentlandite) in free form, whereas sulphide minerals were
predominantly mixed with gangue (non-sulfidic) minerals in larger particles, as indicated
by QEMScan [18]. Pyrrhotite and pentlandite were often occurring as intergrowth particles
or inclusions within lizardite.

The DSTs’ chemical composition (Table 4) revealed that the tailings contained only
0.4–0.8 wt% total sulphur (Stot), indicating minimal sulphide content. However, enriched
Al, Fe, Ca, Mg, and Na were mainly due to high non-sulfidic gangue mineral content within
the DST. All the measured Stot was primarily associated with pyrrhotite and pentlandite by
QEMScan previously performed on the DST by Benzaazoua et al. [18].

The tailings’ physical, mineralogical, and chemical composition indicates that the
DSTs would not be highly reactive and would be suitable material for the MRL because of
their geochemical and hydrogeological properties [10].
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Table 3. Mineralogical composition of the tailings and WRs.

Mineral
(% by Weight) Chemical Formula RT a DST1 DST2 WRs b

Actinolite Ca2(Mg,Fe)5Si8O22(OH)2 14.0 29.75 30 33.6
Albite NaAlSi3O8 – 2.76 3.86 14.4

Anorthite CaAl2Si2O8 – – – 11.2
Calcite CaCO3 – 2.17 2.17 –

Chalcopyrite CuFeS2 0.46 0.25 0.25 –
Chamosite (Fe,Mg)5Al(Si3Al)O10(OH,O) 8.0 – – –
Clinochlore (Mg,Fe)5Al(Si3,Al)O10(OH)8 – 26.48 26.12 14.7

Dolomite CaMg(CO3)2 1.90 – – –
Epidote Ca2(Fe,Al)Al2(SiO4)(Si2O7)O(OH) – – – 17.5

Hornblende (Ca,Na,K)2(Mg,Fe2+,Fe3+,Al)5[Si6(Al,Si)2O22](OH,F)2 7.17 – – –
Lizardite Mg3Si2O5(OH)4 32.0 31.81 30.9 –
Magnetite Fe3O4 5.0 2.56 2 –
Orthoclase KAlSi3O8 – 1.37 1.3 –
Pentlandite (Fe,Ni)9S8 1.2 0.29 0.4 –

Pyrite FeS2 0.14 – – –
Pyrrhotite Fe1-xS (x = 0–0.17) 20.0 0.64 1.55 –

Quartz SiO2 1.0 1.60 1.12 8.3
Rutile TiO2 – 0.30 0.3 0.5
Talc Mg3Si4O10(OH)2 7.0 – – –

Titanite CaTiSiO5 2.13 – – –
a after Benzaazoua et al. [18]; b after Coulombe [27].

Before desulphurization, the tailings contained 3.9–8.1 wt% S distributed in pyrrhotite
with some residual pentlandite and chalcopyrite traces, and a net-neutralization poten-
tial (NNP) varying between −95 and −224 kg CaCO3/ton [18], indicating a strongly
acid-generating material. The desulphurization process reduced the sulphur content to
0.4–0.8 wt% and the NNP to 2.8–13.5 kg CaCO3/ton [18]. Hence, the AMD generating po-
tential of DST (Table 4) remained in the uncertain region (−20 < NNP < 20 kg CaCO3/ton).
It is worth mentioning that Benzaazoua et al. [18] recalculated the AP of the tailings by
taking into account the liberation of pyrrhotite and reported an NNP > 20, indicating that
the tailings were non-acid generating.

Table 4. AMD potential and chemical composition of the tailings and WRs.

Property RT a DST1 DST2 WRs b

AP (kg CaCO3 ton−1) 255.63 14.44 25.16 N.D.
NP (kg CaCO3 ton−1) 27.49 28 28 26.66

NNP (kg CaCO3 ton−1) −223.96 13.56 2.84 N.D.
NPR (−) 0.11 1.94 1.12 N.D.

Chemical composition (mg kg−1)
Al 15,580 33,010 30,160 65,300
As <5.0 5.83 <5.0 <10
Ca 10,120 33,790 30,060 64,900
Cr 1817 1840 1789 180
Cu 1353 861.5 1024 170
Fe 124,700 83,260 77,570 72,900
K 550 1950 1840 N.D.

Mg 168,700 151,900 141,800 41,200
Mn 771 1199 1219 1080
Na 1730 3780 4030 10,700
Ni 2372 1042 1398 170
S 39,750 4039 8041 N.D.
Ti 917 2118 1940 N.D.
Zn 58 78.14 69 70

a after Benzaazoua et al. [18]; b after Coulombe [27]; N.D. = not detected. −: This is to represent that this parameter doesn’t have any unit.
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3.2. Quality of Leachates

The leachates from the DST columns with and without ICCBEs and the RT column
always maintained a circumneutral to slightly alkaline pH (Figure 3). The Eh (0.2–0.55 V)
along with such pH conditions also suggest that the reactivity of sulphide minerals shall be
negligible and favourable for the precipitation of secondary minerals [37], thus resulting
in low concentrations of elements of concern (such as Al, Cu, Fe, Ni, Pb, and Zn; Table 5
and Figure 3). The concentrations of these elements of concern were always lower than
the acceptable concentrations outlined in the Québec Environmental Discharge Standard
Limits for effluents from Mining Industries (Directive 019, D019). The permissible average
limit for both Ni and Zn in D019 is 0.5 mg L−1. Only Zn surpassed the outlined limits after
the fifth cycle from ICCBE-DST2 (Figure 3). Similar spikes were also observed in the Fe
concentration (but lower than the provincial regulatory limits), indicating that the column
underwent some increase in sulphide reactivity at these instances.

Minerals 2021, 11, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 3. Physicochemical characteristics of the leachates from the columns with and without ICCBE and RT (Ni, Stot, Zn 
and Mg on the secondary y-axis). 

A clear and concerning difference was observed for Ni and Zn concentrations from 
RT than DST (regardless of ICCBE). Nickel always showed a descending pattern and con-
centrations higher than the D019 limits. Zinc concentrations also showed similar patterns 
and remained above the D019 permissible limits. Pronounced leaching of Ni and Zn, sim-
ilar Fe leaching patterns, and dip in Eh indicate higher sulphide reactivity in the RT col-
umn. 

The elements not presented in Table 5 and Figure 3 (such as As, Ba, Be, Bi, Cd, Co, 
Cr, Li, Mn, Mo, Pb, Sb, Te, and Ti) were all below their respective detection limits. The 
evident difference in EC of the leachates from DST and RT also suggests higher reactivity 
in the RT column. However, after the fourth cycle, the difference diminished, and the EC 
from DST1, DST2, and RT became almost equal. This also shows that the ionic activity 
slows down in RT, probably due to secondary mineralization, which resulted in a slight 
rise in pH with time and reduced mobility of elements. 

However, the addition of non-acid generating WRs in ICCBE columns (ICCBE-DST1 
and ICCBE-DST2) indicates that the WRs provide additional acid buffering minerals, re-
sulting in more stable pH and EC conditions throughout the experimental duration (Fig-
ure 3). 

  

Figure 3. Physicochemical characteristics of the leachates from the columns with and without ICCBE and RT (Ni, Stot, Zn
and Mg on the secondary y-axis).

A clear and concerning difference was observed for Ni and Zn concentrations from
RT than DST (regardless of ICCBE). Nickel always showed a descending pattern and
concentrations higher than the D019 limits. Zinc concentrations also showed similar
patterns and remained above the D019 permissible limits. Pronounced leaching of Ni and
Zn, similar Fe leaching patterns, and dip in Eh indicate higher sulphide reactivity in the
RT column.

The elements not presented in Table 5 and Figure 3 (such as As, Ba, Be, Bi, Cd, Co, Cr,
Li, Mn, Mo, Pb, Sb, Te, and Ti) were all below their respective detection limits. The evident
difference in EC of the leachates from DST and RT also suggests higher reactivity in the RT
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column. However, after the fourth cycle, the difference diminished, and the EC from DST1,
DST2, and RT became almost equal. This also shows that the ionic activity slows down in
RT, probably due to secondary mineralization, which resulted in a slight rise in pH with
time and reduced mobility of elements.

However, the addition of non-acid generating WRs in ICCBE columns (ICCBE-DST1
and ICCBE-DST2) indicates that the WRs provide additional acid buffering minerals,
resulting in more stable pH and EC conditions throughout the experimental duration
(Figure 3).

Table 5. Minimum and maximum concentrations of elements in the leachates from columns.

Property
ICCBE-DST1 ICCBE-DST2 DST1 DST2 RT

Min Max Min Max Min Max Min Max Min Max

pH (–) 7.83 8.32 7.84 8.24 7.33 9.33 6.46 8.41 7.1 8.4
Eh (mV) 258 557 234 548 144 414 181 488 109 368

EC (mS cm−1) 3.86 9.53 3.9 8.59 1.89 11.86 2.71 14.03 3.18 35.6
Chemical composition (mg L−1)

Al 0.01 0.04 0.01 0.06 0.01 0.09 0.01 0.06 0.01 0.026
Ca 338 599 348 613 4.88 40 9.95 83 214 443
Cu 0.00 0.03 0.02 0.24 0.25 3.23 0.19 2.90 0.97 4.85
Fe 0.02 0.07 0.01 0.06 0.01 0.01 0.01 0.03 0.02 0.08
K 4.54 8.80 4.11 10.40 57.50 188 66 232 24.8 464

Mg 169 387 146 409 8.31 102 18.20 173 361 2180
Na 52 1750 46 1660 180 2380 341 2850 25.4 5250
Ni 0.09 0.17 0.10 0.22 0.00 0.05 0.01 0.20 0.63 1.92
Stot 803 1990 848 1920 588 1740 1010 2120 736 9490
Si 52.30 110 56.30 104 7.82 47.40 6.77 45 10.20 47
Zn 0.07 0.43 0.17 1.72 0.05 0.31 0.04 0.80 0.44 3.69

−: This is to represent that this parameter doesn’t have any unit.

However, due to the mineral composition of WRs, the leachates from ICCBE columns
were also more enriched with Ca, Mg, Si and Fe. The steadily decreasing Ni from ICCBE
columns compared to increasing from the columns with only DSTs during the experiment
also favour the construction of ICCBEs utilizing the WRs and DSTs.

3.2.1. High Sulphate Leachates

Sulphate, along with heavy metals and metalloids, is usually considered indicative
of sulphide reactivity in the mine waste materials [1]. However, the sulphate concen-
trations in all the columns (regardless of desulphurization and ICCBE) had been main-
tained at elevated levels while the metals were significantly lower in the tested materials
(Figure 3). Although there was a significant difference between the sulphate concentra-
tions produced by the DST and RT (maximum concentration of 2.1 g L−1 vs. 9.4 g L−1,
respectively), the sulphate concentrations from DST were expected to maintain around
100–1000 mg L−1, similar to what was observed for example by Benzaazoua et al. [18]
and Larochelle et al. [38] from similar tailings. Lessard et al. [10] also reported that the
oxygen flux through the DST within ICCBE configuration (ICCBE-DST1 and ICCBE-DST2)
was close to 5.5 × 10−3 mol m−2 day−1, which indicates a sound performing cover system
to control oxygen migration [22–24] and, consequently, inhibition of AMD generation.
Therefore, the XANES spectra were used to fingerprint the sulphide and other sulphur
species within the weathered tailings.

The XANES treated spectra for samples from the top and the base of the DST1, DST2,
and RT columns, along with reference minerals’ spectra, are presented in Figure 4. The
XANES spectra clearly show that the top samples were more depleted and oxidized (with
taller and broader peaks in the oxidation zone) than the bottom samples. Therefore, the
bottom samples were assumed to have a geochemical composition closer to the original
(fresh) tailings.
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Figure 4. Normalized S K-edge XANES spectra of the samples from the top and bottom of the DST1,
DST2, and RT columns and reference minerals including NiSO4, Na2SO4, gypsum, ZnSO4·7H2O,
ferrous sulphate, jarosite, sodium thiosulphate (Na2S2O3), pentlandite, pyrite, pyrrhotite, and native
sulphur (S0).

The XANES spectra (Figure 4) indicate that the DST and RT were predominantly
enriched with different sulphate sulphur species, with broad peaks between 2.480 keV
and 2.485 keV. The samples produced peaks that coincide with pyrrhotite and pentlandite
(highlighted with red lines at about 2.470 and 2.471 keV, respectively). The presence of
sulphate minerals varied between samples, higher sulphates in top (most depleted) samples
compared to bottom (least depleted) samples. The most suitable sulphate candidates (with
coinciding peaks) could include Na2SO4, gypsum, NiSO4, iron sulphate, ZnSO4·7H2O, and
jarosite. The predominant presence of sulphate species in the DST, in large, explains the
high sulphate leaching from the columns.
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3.2.2. The Efficiency of DST vs. RT to Control Ni and Zn Leaching

To further validate the idea that the desulphurization of the tailings is a viable option
to produce clean tailings that can be utilized as MRL in ICCBEs, the results from the column
leaching experiments were used to calculate the efficiency of the DST against RT in terms
of leachability of the two primary contaminants of interest, Zn and Ni (Figure 5).
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DST, alone or when included in ICCBE, leached less Ni than RT (Table 5). Nickel
concentrations from the DST columns (with and without ICCBEs) ranged from 0.01 to
0.22 mg L−1, which was considerably lower than 0.63–1.92 mg L−1 from RT. Moreover,
the average leached Ni concentrations from the DST columns (Table 6) ranged from
0.12 to 0.14 mg L−1 (ICCBE columns) and 0.02–0.07 mg L−1 (DST columns) compared
to 1.1 mg L−1 from RT. Nickel showed a descending trend from the ICCBE columns and an
ascending trend from the DST columns throughout the experiment. Showing that, despite
the initially higher Ni leaching probably due to higher sulphide reactivity and due to a
contribution from the crushed WRs used as PL and CBL, columns with ICCBEs have the
tendency to reduce Ni leaching over time.

On the other hand, Zn release from the DST columns with ICCBEs was higher
than the RT at some instances, with concentrations ranging from 0.07 to 1.72 mg L−1

(Table 5, Figure 3). On the contrary, DST columns without ICCBEs leached lesser Zn
(0.05–0.79 mg L−1) than RT (Table 5). On average, the concentration of Zn was 0.27 and
0.90 mg L−1 from ICCBE-DST1 and ICCBE-DST2, respectively, 0.15 and 0.23 mg L−1 from
the DST1 and DST2 columns, respectively, compared to 1.13 mg L−1 from RT (Table 6).
However, by recalculating the average concentration excluding the first flush (with highest
concentrations from all the columns), the average Zn leaching from ICCBE-DST2 and RT
was ~0.77 mg L−1 from both of these columns. Although there was no Zn associated
mineral detected by XRD and SEM in any of the sampled materials, Éthier [39] determined
through Electron Probe Microanalysis on RT that Zn was present as trace substitution
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in pyrrhotite grains. Therefore, it is expected that Zn is either hosted by other sulphide
minerals (such as pyrrhotite [39] and sphalerite [40] in untraceable concentrations) or by
Zn-sulphates as indicated by XANES spectra (Figure 4). Furthermore, the solid chemical
characterization (Table 4) also showed that the DSTs contained higher solid Zn than the RT
(DST1 > DST2 > RT), which can be in agreement that Zn indeed is locked in other minerals
(especially sulphides) that, upon desulphurization or stimulus experimental conditions
(such as rigorous flushing), becomes available and thus leaches more actively. However,
columns with DST2 produced more Zn pronounced leachates, probably due to higher
sulphide content and their reactivity, which also lead to instability of Zn in PBL, thus
resulted in higher Zn leaching from ICCBE-DST2, despite using desulphurized tailings
in MRL.

Table 6. Cumulative total concentration, average leached concentrations and total depletion of Ni and Zn from the columns.

Sample
Element Ni (mg L−1) Zn (mg L−1)

Total Cycles Total Average Depletion (%) Total Average Depletion (%)

ICCBE-DST1
8 Cycles 1.00 0.12 0.004 2.15 0.27 0.08

7 Cycles * 0.90 0.13 – 1.88 0.27 –

ICCBE-DST2
8 Cycles 1.15 0.13 0.004 7.10 0.89 0.27

7 Cycles * 1.01 0.14 – 5.38 0.77 –

DST1
8 Cycles 0.12 0.01 0.002 1.19 0.15 0.27

7 Cycles * 0.11 0.02 – 0.95 0.14 –

DST2
8 Cycles 0.55 0.07 0.006 2.37 0.30 0.36

7 Cycles * 0.53 0.08 – 1.58 0.23 –

RT
8 Cycles 8.77 1.10 0.05 9.08 1.13 0.78

7 Cycles * 6.85 0.98 – 5.39 0.77 –

* Excluding first rinse.

Because concentrations of Zn from ICCBE-DST2 were slightly above (and just below
DST2) the regulatory criteria (0.5 mg L−1) at some instances, Zn (as well as Ni) depletion
factor was calculated using the normalized total leached concentrations based on the sam-
ple’s weight (including PL and CBL in case of ICCBE columns) and the recovered leachate
volume. The depletion factors for both elements from all the columns are given in Table 6,
which shows that regardless of the tailings’ type and the column configuration, the deple-
tion of Ni and Zn was very low, probably due to the low reactivity of sulphide minerals
due to low-temperature experimental conditions [3] and well-maintained physicochemical
conditions throughout the experiment. Therefore, it is important to pay special attention to
the materials’ selection for the construction of ICCBEs because the duration of Zn and Ni
leaching could be potentially long.

4. Conclusions

This study was performed to characterize the environmental behaviour of the ICCBEs
constructed in columns with desulphurized tailings and non-acid generating WRs. The
columns were tested under controlled laboratory conditions inspired by the mine site’s
temperature and precipitation conditions.

The pH of the leachates from all the columns remained circumneutral to slightly
alkaline. Although ICCBE-DST2 leached higher (or equal) Zn compared to RT at some
instances, all other DST columns produced less Zn compared to RT on average. The DST2
columns with and without ICCBEs were less efficient in reducing Zn and Ni leaching
because DST2 contained higher residual sulphide minerals and the PL and CBL were
constructed from the WRs that contained roughly an equivalent solid content of Zn as of
DST and 170 mg kg−1 of Ni. The experimental results favour the use of DST to construct
ICCBEs to prevent environmental contamination overall. Furthermore, the combination of
desulphurized tailings (as MRL) with non-acid generating WRs (as PL and CBL) to create
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ICCBE further improves the system’s acid buffering capacity and also reduces the AMD
generation risks by providing additional non-acid generating gangue minerals, resulting in
better leachate quality. However, the minerals in WRs (upon dissolution) can also increase
metal leaching. Therefore, the materials for the construction of ICCBEs must be selected
carefully to reduce environmental contamination risks.

Finally, it is worth mentioning that to understand better the long-term behaviour
of the materials and the proposed utilisation of DSTs and non-acid generating WRs for
the construction of ICCBEs, the study of short- and long-term evolution of geochemical
behaviour is underway through reactive transport modelling. Furthermore, the effects of
absorption and adsorption would also be studied to determine their effect on Ni and Zn
leaching, for instance.
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