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Abstract
Stockpiles containing sulfide minerals are subject to oxidation reactions when exposed to atmospheric conditions, which 
can result in the formation of acid mine drainage (AMD). Reactive waste rock has limited re-use potential due to the con-
tamination risk associated with the generated drainage water. The re-use of reactive waste rock could lead to a significant 
reduction in the volume of waste rock as it mitigates the environmental impact of mine waste deposition. Acid mine drainage 
generation rate depends on sulfide weathering kinetics which are controlled by many parameters such as the mineralogy 
and the particle size. Fine fractions of waste rock have higher specific surface areas and degree of liberation of sulfides, 
resulting in greater reactivity than the coarse fractions. The objective of this research was therefore to evaluate the potential 
of re-use by controlling particle size using the sieving method. Two different potentially acid-generating waste rocks were 
divided into six fractions and subjected to both static and kinetic tests. Prediction of the geochemical behavior using static 
test did not consider the liberation of the minerals, and the long-term prediction was therefore overestimated. Results of the 
kinetic columns showed there was less oxidation of the sulfide minerals in the coarse fractions than in the fine fractions. 
Additionally, the distribution of sulfidic minerals and neutralizing minerals with particle size is influencing the potential of 
the re-use of the reactive waste rock.

Keywords Waste rock geochemistry · Acid mine drainage (AMD) · Waste rock valorization · Kinetic test · Mine waste 
management · Circular economy

Introduction

Waste rock is non-economic material produced by blast-
ing and typically stored in stockpiles that can reach several 
dozens of meters in height and exceed a hundred hectares 
in surface (Amos et al. 2015; Vriens et al. 2020a,; Dimech 
et al. 2022). These piles can contain hundreds of millions 
of cubic meters of waste rock, with particle sizes ranging 

from micrometers to meters (Aubertin 2013). Stockpiles are 
heterogeneous structures that are mainly controlled by the 
construction method (e.g., end-dumping, push-dumping), 
the mine sequencing, and the physical and chemical com-
position of the waste rock (Fala et al. 2003, 2013; Lapakko 
et al. 2006; Lahmira et al. 2017). This internal heterogene-
ity poses significant challenges for waste rock management, 
particularly regarding the geochemical stability (Lahmira 
et al. 2017; Martin et al. 2017).

Stockpiles are often left exposed to atmospheric condi-
tions until their reclamation at mine closure (Molson et al. 
2005; Amos et al. 2015; Vriens et al. 2020a). The presence 
of sulfide minerals can therefore lead to the generation of 
acid mine drainage (AMD) (Blowes et al. 2014; Amos et al. 
2015), characterized by low pH and high concentrations 
of dissolved metal(loid)s and sulfate (Amos et al. 2015). 
The intensity of AMD generation of waste rock depends 
on several factors such as the transport mechanism of gas 
and water (Chi et al. 2013; Lahmira et al. 2014; Bao et al. 
2020), mineralogical composition (Parbhakar-Fox et al. 
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2013), particle size distribution and specific surface area 
(Smith et al. 2013a, b; Erguler and Kalyoncu Erguler 2015), 
climatic conditions (Neuner et al. 2013; Vriens et al. 2019a, 
b), and microbiological mechanisms (Nordstrom et al. 2015; 
Blackmore et al. 2018).

Waste rock is traditionally stored on-site indefinitely in 
the absence of technical ability to re-use (Vriens et al. 2020). 
Reclamation techniques aim to reduce the risk of AMD, but 
they are often implemented at the end of mining opera-
tions which can involve the need to manage drainage water. 
Although management methods such as desulfurization can 
effectively reduce the risk of AMD for tailings regarding 
their deposition (Benzaazoua and Kongolo 2003; Alam and 
Shang 2012; Ait-Khouia et al. 2021), flotation processes are 
limited by particle sizes (Derycke et al. 2013) and therefore 
not applicable to waste rock. Furthermore, waste rock piles 
are very large structures which make them difficult to man-
age, and the reclamation is complex because of their steep 
slope, the vegetation establishment, and the control of the 
water balance (Martin et al. 2017).

Large quantity of waste rock can be strategically man-
aged by combining economic efficiency with environmental 
sustainability using a circular economy approach (Aznar-
Sánchez et al. 2018). Non-acid-generating waste rock can 
be re-used for various applications such as the construction 
of mine haul roads (Laverdière et al. 2023), dam structures, 
drainage inclusions (Saleh-Mbemba et al. 2019), backfilling 
(Li et al. 2019), and cover systems for the reclamation of 
tailing storage facilities (Kalonji Kabambi et al. 2017; Pabst 
et al. 2017). The re-use of waste rock reduces both the vol-
ume deposited on the site and the needs of material, in which 
extraction can have significant environmental and economic 
impacts (Tayebi-Khorami et al. 2019). However, waste rock 
is often acid generating, which may prevent their re-use.

A promising approach involves segregating and sieving 
(removing) some fractions of the waste rock to control its 
reactivity, a method demonstrated for uncertain to non-acid-
generating waste rock by Elghali et al. (2018, 2019). This 
method is based on the principle that finer particles exhibit 
greater oxidation rate in comparison with the coarser frac-
tions (Hollings et al. 2001) and higher contaminant release 
rates (Lapakko et al. 2006; Erguler et al. 2014). This can 
be attributed to the specific surface area of the waste rock, 
which is inversely proportional to particle size, but also 
to the specific surface area of the sulfide minerals (Holl-
ings et al. 2001; Lapakko et al. 2006; Erguler and Kaly-
oncu Erguler 2015). Additionally, the proportion of sulfide 
minerals exposed to oxidation is higher in the fine samples 
compared to the coarse samples, due to different degrees of 
liberation (Erguler and Kalyoncu Erguler 2015).

Specifically, particle size smaller than 0.25 mm contrib-
uted substantially (i.e., more than 80%) to oxidation and 
neutralization reactions in waste rock from various mining 

sites, such as the Aitik Cu mine (Strömberg and Banwart 
1999) and the Hillsboro mining district in Sierra Coun-
try (Munroe et al. 1999). Other findings showed that fine 
fractions (< 2.5 mm) in waste rock can contain a higher 
quantity of sulfide minerals (Smith et al. 2013a, b), often 
in liberated form (Elghali et al. 2018), and thus can be 
more reactive. These findings underline the significance 
of targeted particle size removal as an effective means of 
managing acid-generating waste rock.

Waste rock reactivity is impacted by high physico-
chemical variability (Marescotti et al. 2010; Lahmira et al. 
2016; Wilson et al. 2022) and their mineralogy (Smith 
et al. 2013a, b; Vriens et al. 2019a, b; St-Arnault et al. 
2020). Determining the potential for waste rock re-use and 
selecting the fraction are site-specific. The objective of 
this research was to evaluate the contribution of different 
fractions of waste rock to acid generation and to determine 
the fraction size that could be re-used without environ-
mental risks. Effective management of reactive waste rock 
could indeed reduce the contaminant load, and thereby 
contribute to the development of novel sustainable mine 
waste management practices. Two different potentially 
acid-generating waste rocks with different mineralogies 
were tested in the laboratory. A total of 12 weathering 
column tests were performed to assess the geochemical 
behavior of various waste rock fractions.

Materials and methods

Site description and waste rock sampling

Two waste rocks from two different gold mine sites located 
in the Abitibi-Temiscamingue region, in Canada, were 
studied in this research: Canadian Malartic (open-pit 
mine) and LaRonde (underground mine). Around 400 kg 
of waste rock was sampled from each site in the waste 
rock piles and sent in hermetic barrels to Polytechnique 
Montreal laboratory. The selection of the maximum size 
fraction was guided by practical considerations, as remov-
ing large boulders and large particles is a common practice 
when repurposing waste rock for construction, such as in 
mine hauls road (e.g., maximum particle size of 40 mm; 
Thompson et al. 2019) or cover systems (Kalonji Kabambi 
et al. 2017). Waste rock was truncated to a maximum par-
ticle size of 37.5 mm to respect a ratio of 8 between the 
largest particle size and the diameter of the laboratory col-
umns. Samples were dried in the laboratory and homog-
enized using the quartering technique (ASTM C702 2018). 
Subsequently, samples were stored in hermetically sealed 
buckets prior to testing.
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Canadian Malartic

Canadian Malartic mine is one of the largest open-pit gold 
mines in Canada and is located in the city of Malartic, Quebec 
(Helt et al. 2014). The operation started in 2011, and most of 
the produced waste rock is deposited in the waste rock pile 
which currently has a height of 60 m. The total amount of 
waste rock generated by the end of the operations is estimated 
to be approximately 624 Mt, and the final stockpile is expected 
to cover a surface of approximately 264 hectares (Mine Cana-
dian Malartic 2020). Canadian Malartic mine is re-using the 
waste rock for different purposes, such as tailings dam con-
struction. A portion of the waste rock was repurposed and 
incorporated as inclusions in the tailing impoundment (James 
et al. 2013). Large-scale test benches have been constructed 
to assess the potential for re-use of non-reactive waste rock 
as cover material (Mine Canadian Malartic 2020). However, 
the long-term prediction of most of the waste rock regarding 
acidification is uncertain. Currently, the reclamation plan for 
the waste rock pile includes the installation of a low perme-
ability layer and a topsoil to enhance vegetation growth.

LaRonde

The LaRonde complex is a gold-rich volcanogenic mas-
sive sulfide deposit exploited since 1988 which also pro-
duces copper and zinc. The LaRonde complex hosts five 
historic underground mines and a number of small open 
pits. The complex comprises the LaRonde mine and the 
LaRonde Zone 5 mine (LZ5). The samples were collected 
from the LaRonde mine sector in this study. At the LaRonde 
mine, a large part of the produced waste rock is re-used for 
backfilling the underground mine, and the rest (≈1 Mt or 
1.4  Mm3; Agnico Eagle 2021) is stored in two piles. The 
mine is planning to re-use most of the waste rock to stabi-
lize the access and the slopes of the tailing storage facility 
and for its reclamation (Agnico Eagle 2021). Identifying 
which fraction generates more AMD could be beneficial for 
enhancing the planning and the design for re-use.

Physical properties

Waste rock samples (400 kg for Canadian Malartic and 
LaRonde) were separated in 14 size fractions in the labora-
tory using mechanical sieving (37.5, 25, 19, 14, 10, 4.75, 
3.35, 2.36, 2.0, 1.4, 1.0, 0.85, 0.425, 0.25, and 0.075 mm; 
ASTM D6913 2021). The results were fitted using the Fred-
lund model (2000). The particle size distribution of LaRonde 
(LR) and Canadian Malartic (CM) waste rock samples col-
lected at a maximum particle size of 37.5 mm were similar 
with a characteristic diameter d10 = 0.1 mm (dx correspond-
ing to x% passing on the particle size distribution curve) 
and a coefficient of uniformity Cu = d60/d10 ≈ 130 (Fig. 1).

The specific gravity of particles smaller than 4.75 mm 
was measured using the D854 ASTM (2014) standard, and 
the specific gravity of particles larger was measured using 
C127 ASTM (2015). Higher specific gravity typically indi-
cated greater sulfide mineral contents as those minerals 
have a higher density than the gangue (Amar et al. 2020). 
CM waste rock specific gravity was between 2.69 and 2.76 
(Fig. 2). LR specific gravity tended to decrease with increas-
ing particle size, varying from 3.00 in the fine fraction 
(< 1 mm) to less than 2.90 in the coarse fraction (> 1 mm).

Mineralogical and geochemical characterization

The total sulfur and carbon contents (%S and %C) were ana-
lyzed using an induction furnace (ELTRA CS-2000). Four-
teen particle size fractions (< 0.25, 0.25, 0.425, 0.85, 1.0, 
1.4, 2.0, 2.36, 3.35, 4.75, 10, 14, 19, 25, 37.5 mm) for each 
waste rock were analyzed. Specifically, the fine fraction [0; 
4.75 mm] of the waste rock was subdivided into four distinct 
fractions for further characterization and testing. Each sub-
fraction was separated by approximately 1-mm intervals and 
designated as C1 to C4. The larger particle fraction [4.75; 
37.5 mm] was labeled as fraction C5, and the entire range 
of fractions [0; 37.5 mm], i.e., the original material, was 
referred to as C6. The mineralogical semi-quantification of 
the major mineral phases (± 1% precision) was determined 
by X-ray diffraction (XRD) using the Rietveld method for 
the weathering column fractions (C1 [0; 1 mm], C2 [1.00; 
2.36 mm], C3 [2.36; 3.35 mm], C4 [3.35; 4.75 mm], C5 
[4.75; 37.5 mm]).

Mineralogy was reconciled using bulk chemical composi-
tion by inductively coupled plasma atomic emission spec-
trometry (ICP-AES) following a four-acid digestion with 

Fig. 1  Particle size distribution of LR (circle) and CM (diamond) 
waste rock samples. PSD curve is described using Fredlund (2000) 
model
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 HNO3/Br2/HF/HCl and induction furnace (%S and %C). The 
reconciliation was done using the main elements (Al, Ba, C, 
Ca, Cu, Fe, K, Mg, Mn, Na, S, Zn, Ti), and the root-mean-
square deviation (RSMD) was calculated for the reconcili-
ated XRD with ICP-AES results. The generalized reduced 
gradient method was used to minimize the RSMD until the 
solver reached a solution. A constraint of ± 3% of XRD val-
ues was considered in the solver to reach the solution, but 
manual adjustments were exceptionally made for certain 
minerals. The chemical composition and the mineralogy of 
the total fraction C6 [0; 37.5 mm] were then reconstituted by 
calculating the weighted average of C1 to C5 results.

Acid base accounting

Acid base accounting (ABA) tests were performed for the 
weathering column fractions C1 to C6. The neutralization 
potential (NP) was calculated based on the total carbon con-
tent by the standard carbonate NP (CNP) method assum-
ing carbon solely originated from  CaCO3 (Price 2009). The 
acid-generating potential (AP) was calculated based on 
the total sulfur content. Mineral reconciliation was used to 

correct the AP by approximating the contribution of S from 
sulfide minerals and excluding consideration of S contrib-
uted by sulfate minerals. The neutralization potential ratio 
(NPR = NP/AP and NPR = NP/AP) was then calculated to 
evaluate the potential of acid generation of the three tested 
waste rocks. The material was considered potentially acid 
generating (PAG) if NPR < 1, non-PAG if NPR > 2, and 
uncertain for NPR between 1 and 2 (Price 2009).

Weathering column tests

A total of eight small weathering columns (i.e., four for 
each waste rock) and four larger columns (i.e., two per waste 
rock) were set up in the laboratory (Fig. 3). Each column 
contained different and complementary fractions: C1 [0; 
1 mm], C2 [1.00; 2.36 mm], C3 [2.36; 3.35 mm], C4 [3.35; 
4.75 mm], C5 [4.75; 37.5 mm], and the total fraction C6 
[0; 37.5 mm]. The larger columns were set up to ensure 
a ratio of at least 8 between the column’s inner diameter 
and the maximum particle size diameter and limit border 
effects (Peregoedova 2012). One kilogram of waste rocks 

Fig. 2  Specific gravity of CM 
and LR by fractions (with stand-
ard variations) and calculated 
for the total fraction (dashed 
bar)

Fig. 3  Configuration and 
experimental setup of weather-
ing small column tests C1 to C4 
and the large column tests C5 
and C6
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was placed dry and loose in the small columns at a porosity 
of around 0.4. For the large columns, 55.3 kg was placed dry 
(w = 3%) and loose at a porosity varying between 0.25 and 
0.41 (depending on the particle size distribution).

The columns were left open and exposed to the atmos-
pheric conditions in the laboratory. Multiple wetting–drying 
cycles were applied to all the columns. Cycle duration varied 
with the size of the columns and the observed geochemical 
behavior. Twenty cycles for a duration of 140 to 175 days 
were applied to the small columns, while the larger column 
tests were conducted for 15 cycles of around 30 days and 
lasted 461 days. At the beginning of each wetting–drying 
cycle, distilled water (0.40 L for the small columns, i.e., a 
solid/liquid ratio of 0.40, and 19 L for the larger columns, 
i.e., a solid/liquid ratio of 0.35), was added on the top of 
the columns and left in contact with the samples for 4 h. 
The distilled water has a pH between 5.5. and 6.0 due to the 
equilibrium with atmospheric  CO2. The valve at the bottom 
was subsequently opened to collect the leachates.

Leachates were analyzed for pH, redox potential (ORP), 
electrical conductivity (EC), and temperature using Hanna 
HI5222 Benchtop Meter. Alkalinity and acidity were 
determined by manual titration using 0.02 N  H2SO4 and 
0.02 N NaOH. The composition of the leachate (Al, As, 
Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, 
Na, Ni, Pb, S, Se, Si, Sr, Te, Ti, and Zn) was analyzed by 
ICP-AES (Perkin Elmer Optima 3100 RL) after filtration 
(0.45 µm) and acidification (50% volumes/volumes  HNO3). 
Sulfate concentrations were determined by turbidimetric 
method using Hach DR3900 (Clesceri et al. 1998) and were 
compared to S concentrations from ICP-AES. A blank was 
analyzed for each analysis. Duplicates were analyzed at a 
frequency of one randomly selected sample for every ten 
samples. Sulfate calibration was performed using a working 
set of 0, 10, 30, 50, and 70 mg/L solution prepared by using 
a standard solution of 100 ± 1 mg/L. Cumulative normal-
ized loadings (mg/kg) of sulfate and other elements were 
calculated, and the release rate was determined using linear 
regression after five cycles. A geochemical speciation model 

(Visual MINTEQ 4.05) was used to assess the potential dis-
tribution of elements among different phases (solid, aqueous, 
or gaseous phases) and to investigate chemical equilibrium 
and potential precipitation of secondary minerals in the col-
lected leachates (Plante et al. 2010).

Results

Preliminary chemical characterization

The 14 particle size fractions for each waste rock were 
analyzed for sulfur content and carbon content. All waste 
rocks showed a significantly greater sulfur content than 
carbon contents. The specific gravity results were gener-
ally correlated with the sulfur content results for LR waste 
rock (Pearson correlation coefficient (PCC); ρ = 0.87; 
p-value = 6E − 5), but no correlation was observed between 
specific gravity results and the sulfur content for CM 
(PCC < 0.1; p-value > 0.7).

The sulfur content of the entire waste rock sample [0; 
37.5 mm] was 1.8%. Sulfur content in CM waste rock was 
relatively uniform and around 2% (± 1%) in all fractions, 
with slightly greater sulfur content in the fine fractions [0; 
0.250 mm] and [0.250; 0.425 mm] with 2.3% and 2.7%, 
respectively (Fig. 4a). These two fractions constituted 
only 16.8% of the total mass of the sample (Fig. 1) and 
accounted for 21.2% of sulfur mass in the CM waste rock 
(Fig. 5a). Sulfur in CM waste rock was primarily con-
centrated in the coarse fraction (> 4.75 mm), constitut-
ing around 64% of the total sulfur content (Fig. 5a). The 
carbon content was relatively uniform and around 0.5% 
in all fractions except for fraction [0; 0.250 mm] where 
%C = 0.9%, suggesting a greater neutralization potential 
of the finest fraction. However, this fraction represented 
only a small amount of the entire waste rock, and most of 
the carbon (57%) was in fact associated with the coarse 
fraction > 4.75 mm (Fig. 5b). In LR waste rock (Fig. 1), 
the whole sample [0; 37.5 mm] sulfur content was 3.6%. 

Fig. 4  Sulfur and carbon con-
tent of (a) CM and (b) LR
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Sulfur was enriched (48.9%; Fig. 5b) in the fraction pass-
ing the sieve size of 4.75 mm, and sulfur content tended 
to decrease with increasing particle size (Fig. 4b). For 
example, sulfur was around 6 to 8% in the smallest frac-
tions [0; 0.250 mm] and [0.250; 0.425 mm]. Sulfur content 
was less than 3% in the fractions greater than 1.00 mm 
(Fig. 4b). No significant variation of the carbon content 
was observed in the different fractions of LR waste rock 
which was generally between 0.2 and 0.4%. The majority 
(54.6%) of the carbon was contained in the coarse frac-
tions greater than 4.75 mm (Fig. 5b).

Both waste rocks showed a similar particle size dis-
tribution. The fraction [0; 4.75 mm] constituted 38% of 
the sample mass for both waste rocks. However, signifi-
cant differences in S distribution were observed. In LR 
waste rock, 49% of the total sulfur was contained in the 
[0; 4.75 mm], while in CM waste rock, 36% of the total 
S content was contained in the same fraction. Sieving the 
fine fraction of LR could enable the separation of the more 

reactive fraction, which contained half of the total sulfur 
from the less reactive coarse fraction.

Static tests results

CM waste rock

Total sulfur concentrations in fractions C1 to C5 varied from 
1.1 to 1.9% (Fig. 6a). Fe and S concentrations in C6 were 
2.6% and 1.8% respectively. Fe and S concentrations were 
slightly lower in the fraction C2 [1.00; 2.36 mm], with 2.5% 
and 1.1%, respectively, but there was no clear trend with par-
ticle size (Table A.1). Based on XRD quantification results, 
pyrite  (FeS2) was the primary sulfide mineral, and no other 
sulfide mineral was detected by XRD analysis. Mineralogi-
cal reconciliation of XRD, ICP-AES, and induction furnace 
measurements (RSMD < 0.1; see “Methodology section” for 
details) indicated a concentration of pyrite of 2.7% in the 
total fraction C6, with a maximum of 3.3% in fraction C1 

Fig. 5  Particle size distribu-
tion normalized to (a) total %S 
and (b) total %C. For example, 
40% of the total sulfur content 
is passing the sieve size 2 mm 
for LR

Fig. 6  S and C content of the weathering columns, AP and NP and potential of acid generation for (a) S from sulfide minerals and C content of 
CM; (b) AP and NP of CM; (c) NPR of CM; and (d, e, f) same for LR
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and a minimum of 2.1% in fraction C2. Zn concentrations 
(44 and 78 ppm) and Cu concentrations (28 to 42 mm) were 
limited, indicating a maximum chalcopyrite and sphalerite 
content of less than 0.01%. The concentrations of Ba, com-
monly associated with sulfur, ranged from 440 to 1434 mm, 
which may indicate the presence of some sulfate minerals 
such as barite  (BaSO4 < 0.3%).

Carbon and calcium concentrations were 0.6% and 1.9% 
in the total fraction C6 and were relatively uniformly dis-
tributed in all fractions C1 to C5. C and Ca concentrations 
were slightly greater in the fine fraction C1 (0.7% and 2%, 
respectively; Table A.1). Calcite  (CaCO3) was identified 
as the primary carbonate mineral in CM waste rock, repre-
senting up to 4.7% in fraction C1. Some ankerite (Ca (Fe, 
Mg, Mn)  (CO3)2) was also detected by XRD, particularly 
in column C5. Thus, mineralogical reconciliation sug-
gested the presence of traces of ankerite (< 0.5%) in all 
fractions (Table A.2). Silicates mainly consisted of quartz 
(27.5–38.0%), plagioclase (37.0–41.8%), micas (5.3–6.5%), 
k-feldspar (4.5–5.5%), and chlorite (2.1–3.6%), which were 
relatively uniformly distributed (no trend with particle size).

AP was between 35 and 59 kg  CaCO3/t, and NP between 
41 and 64 kg  CaCO3/t (Fig. 6b). AP was higher in the fine 
fraction C1 (55 kg  CaCO3/t) and in the coarse fraction C5 
(59 kg  CaCO3/t). NP was slightly higher in finer fractions 
C1 [0; 1.00 mm] and C2 [1.00; 2.36 mm] than in coarser 
fractions. Overall, NPR of the whole waste rock (C6) was 
around 0.9, and the acid generation potential was therefore 
classified as PAG (Fig. 6c). However, fractions C1 to C2 
were individually classified as uncertain (NPR between 1.2 
and 1.3).

In summary, the sulfur content in CM waste rock frac-
tions C1 to C5 exhibited some variation but was generally 
within the range of 1.1 to 1.9%, primarily in the form of 
pyrite. Carbon and calcium contents were consistent, in the 
form of calcite as the main carbonate minerals. The fine 
fraction C1 was enriched in carbonate minerals compared to 
the coarser fractions. The waste rock was classified as PAG, 
with some uncertainty in fractions C1 and C2.

LR waste rock

In LR whole waste rock (C6), Fe and S concentrations 
were 6.6% and 3.6%, respectively. Sulfur concentrations 
were the highest in the fraction C1 (6.3%; Fig. 6d). Ele-
mental concentrations of Fe, Cu, and Zn in LR showed 
similar trends with greater concentrations in C1 and 
smaller (and relatively constant) concentrations in C2 to 
C5. For example, Fe content was 8.1% in C1, but between 
6.0 and 6.3% in fractions C2, C3, C4, and C5. Pyrite 
 (FeS2) was the primary sulfide mineral in LR waste rock, 
with around 10% in C1 (10%), and between 4 and 5% in 

C2 to C5. LR waste rock also contained traces of zinc (140 
to 2453 ppm) and copper (160 to 977 ppm), which also 
tended to decrease as particle size increased. Mineralogi-
cal reconciliation (RMSD < 0.2) indicated the presence of 
traces of sphalerite, ZnS (0.1 to 0.4%), and chalcopyrite, 
 CuFeS2 (0.1 to 0.3%) in all fractions C1 to C5, although 
they were not detected by XRD results (most probably 
because of ~ 1% detection limit).

Carbon content was 0.4% in the whole waste rock frac-
tion C6 [0; 37.5 mm], with similar values in fractions C2 
to C5. Carbon content was slightly higher in concentra-
tions in C1 (~ 0.5%). Calcite was identified as the main 
carbonate mineral, with the highest content in C1 (3%) 
and the lowest content in C5 (2%). Some ankerite was also 
detected by XRD in LR waste rock (< 0.7%).

Although Al, Mg, Ca, and Na contents were lower in 
fraction C1, no specific trend was observed in the XRD 
analysis for the non-sulfide gangue minerals within frac-
tions C2 to C6. Silicates mainly consisted of quartz 
(31.4–41.0%), plagioclase (17–31%), micas (8.0–16.6%), 
chlorite (6.5–10.5%), and k-felspar (0.5–1.1%), which 
were showing slightly variation in the fine fraction C1 
(Table  A.2). Secondary minerals such as jarosite and 
gypsum were detected by XRD in C1, C2, C3, and C4, 
suggesting prior oxidation of the fractions < 4.75 mm. 
The highest jarosite content was observed in fraction C1 
(1.5%), which is correlated with the observation of the 
highest K content (1.6%).

AP of LR waste rock was higher than the NP 
for all the fractions (Fig.  6e). The total fraction AP 
C6  (105 kg   CaCO3/t), which included 20% of the fine 
fractions C1, was in between C1 (182 kg  CaCO3/t) and 
C2 (85 kg  CaCO3/t). AP in LR waste rock increased with 
decreasing particle size, with the highest AP calculated 
in sample C1 (182  kg   CaCO3/t) followed by C2, C3, 
C4, and C5 (84–87 kg   CaCO3/t). Among all the frac-
tions, the fine fraction C1 [0; 1.00 mm] had the high-
est NP (38 kg   CaCO3/t) compared to C2 to C6 (25 to 
31 kg  CaCO3/t). However, NPR were lower than 0.4 for 
all fractions. Consequently, LR waste rock fractions were 
all classified as PAG (Fig. 6f).

In summary, sulfur content in LR waste rock fraction C1 
was greater than in fractions C2 to C5, in the form of pyrite, 
but also, traces of chalcopyrite and sphalerite were detected. 
Carbon and calcium contents were consistent, in the form of 
calcite as the main carbonate minerals. The fine fraction C1 
was enriched in carbonate minerals compared to the coarser 
fractions. LR waste rock was classified as PAG, regardless 
of the fraction size.
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Weathering columns

As significantly larger sample masses were used in the large 
columns C5 and C6 than in the small columns C1 to C4, the 
results could not be compared directly (see more detailed 
analysis in the next section).

CM waste rock

The pH of the original material C6 [0; 37.5 mm] was slightly 
neutral to alkaline (between 7 and 8) in the first 280 days 
and then progressively decreased to reach pH 6.5 at the 
end of the test (Fig. 8a). pH in all CM waste rock small 
columns < 4.75 mm (C1 to C4) was initially slightly alka-
line ~ 9, then decreased to 7.5 after nine cycles (59 days), 
and remained near neutral until the end of the tests (Fig. 7a). 
pH was also initially alkaline (pH = 8.5) in the large column 
C5 [4.75; 37.5 mm] during the first 250 days (nine cycles) 
but then decreased to 7 and remained neutral for the rest of 
the duration of the test (461 days; Fig. 8a).

Sulfate concentrations, which result from sulfide oxida-
tion, were one order magnitude greater in the original mate-
rial C6 [0; 37.5 mm] at 150 mg/L compared to the con-
centration in C5 [4.75; 37.5 mm] which was only 10 mg/L 
(Fig. 8b). Sulfate concentrations thus followed a downward 
trend as particle size increased: concentrations were highest 
in the fraction C1 during the test (40–460 mg/L), followed 
by C2 (7 to 40 mg/L) and by C3 and C4 with similar values 
(~ 10 mg/L; Fig. 7b).

Iron and zinc concentrations were relatively small in all 
CM column tests (below 0.5 mg/L; Fig. 7c and d). In the 
whole waste rock fraction C6, iron and zinc remained close 
to 0.1 mg/L (Fig. 8c and d). For the small column fractions 
C1 to C4, iron and zinc concentrations were below the detec-
tion limit after three to four cycles. The higher concentra-
tions of iron and zinc in C1 to C4 during the initial three 
to four cycles suggested that oxidation products were dis-
solved, thus indicating that (limited) pyrite oxidation may 
have occurred prior to the laboratory testing. Iron and zinc 
are produced by the oxidation of sulfides and should there-
fore follow relatively well sulfate concentrations and the 
decreasing pH (Jambor et al. 2005). However, near-neutral 
pH may explain that most iron has precipitated in the form 
of oxyhydroxide minerals (Amos et al. 2015) and the high 
mobility of zinc at near-neutral pH can explain the concen-
trations in the leachate (Cravotta III 2008). Part of zinc con-
centrations could also be attributed to laboratory distilled 
water quality (average zinc concentration of 0.08 mg/L). Zn 
concentrations are total concentrations (Figs. 7d and 8d) and 
were not corrected for these elevated initial concentrations 
in the distilled water.

Calcium and magnesium mostly originated from the dis-
solution of carbonates and, possibly, to a lower extent, of 
silicates such as andesine or chlorite. Ca and Mg concen-
trations generally followed relatively well the variations of 
sulfates, i.e., an initial rapid and significant decrease during 
the first three cycles, their stabilization depending on the 
particle size, until the end of the test. Calcium and magne-
sium concentrations in the whole fraction C6 (~ 60 mg/L 
and ~ 7  mg/L) were half an order of magnitude greater 
than those in coarse fraction C5 (~ 12 mg/L and 1 mg/L; 
Fig. 8e and f). Calcium and magnesium concentrations are 
likely controlled by the fine fraction, with C1 (~ 70 mg/L 
and ~ 5 mg/L) exceeding concentrations in C2, C3, C4, and 
C5 (~ 10 mg/L and ~ 1 mg/L, respectively; Fig. 7e and f).

Overall, the pH in all columns was initially above 7 and 
gradually decreased to around 7 by the end of the tests. Neu-
tral pH led to the precipitation of oxyhydroxides, therefore 
explaining the low concentrations of iron measured in the 
leachates. Sulfate concentrations were the highest in the 
fine fraction C1 [0; 1 mm] and in the whole fraction C6 [0; 
37.5 mm], indicating the significant impact of the fine frac-
tions on the concentrations of products coming from the 
oxidation processes. Calcium and magnesium concentra-
tions followed a similar pattern, suggesting that fine frac-
tions also contribute more to the neutralization processes 
than the coarse fractions.

LR waste rock

pH remained neutral during the first 190 days in the large 
columns C5 and C6, but a decreasing pH was observed 
from day 226 which reached slightly acidic values (~ 6.5) 
by the end of the experiment of the large columns (461 days; 
Fig. 10a). However, pH remained near neutral for the dura-
tion of the test (175 days) in the small LR columns C1 to 
C4 (Fig. 9a).

Sulfate concentrations decreased with increasing particle 
size. Sulfate concentrations were greater in the total frac-
tion column C6 (200 mg/L) in comparison with the coarse 
fraction C5 (55 mg/L; Fig. 10b). Specifically, sulfate con-
centrations were one to two orders of magnitude greater in 
the column containing fine fraction C1 (1400 mg/L) than in 
the other small columns C2 to C4 (10 to 60 mg/L after day 
20; Fig. 9b).

In the large columns C6 and C5, the trends of iron 
and zinc concentrations differed from sulfate concentra-
tions (Fig. 10c and d). The concentrations of iron and zinc 
increased during the test, with higher levels observed in the 
coarse column C5 (0.9 mg/L and 2.1 mg/L, respectively) 
compared to C6 (0.1 mg/L and 1 mg/L, respectively). In the 
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large column C5, iron increased as the pH decreased and sta-
bilized around 0.9 mg/L after 310 days (Fig. 10a). Iron con-
centrations were below the detection limit (< 0.006 mg/L) 
in all the small columns C1 to C4 after 120 days. Zinc con-
centration was on average 0.5 mg/L in column C1 (which 
is equal to the mean acceptable concentration of Quebec 
regulation) and 0.1 mg/L for C2, C3, and C4 (Fig. 9). The 
maximum concentration of 2 mg/L was observed in the large 
column C5 [4.75; 37.5 mm], which exceed the maximum 
acceptable concentration of Quebec regulation of 1.0 mg/L. 
Zinc is highly mobile under near-neutral pH conditions, 
and its mobility is increasing as pH is decreasing (Cravotta 
2008).

Calcium and magnesium mostly originated from the 
dissolution of carbonates and possibly, to a lower extent, 
of silicates such as anorthite  (CaAl2Si2O8), actinolite 
 (Ca2(Mg,Fe)5Si8O22(OH)2). Calcium and magnesium con-
centrations from the large columns were doubled in C6 
(70 mg/L and 2 mg/L, respectively) compared to the coarse 
fraction C5 (35 mg/L and 1 mg/L). The concentration of 
calcium was greater in the fine fraction C1 (700 mg/L), fol-
lowed by the fraction C2 (40 mg/L) > C3 (30 mg/L) > C4 (2
0 mg/L), suggesting that there is a greater carbonate dissolu-
tion from the fines. The same trend with fraction size was 
observed for magnesium concentrations (Fig. 9f).

In summary, the pH decreased gradually but remained 
around neutrality in all the columns, despite the acid-gen-
erating potential of all fractions (Fig. 6e). The steady con-
centrations of calcium and magnesium measured in the lea-
chates indicate that neutralization processes may have been 
able to maintain the pH near neutrality and that carbonates 
were not depleted yet at the end of the column tests. Similar 
to CM waste rock, sulfate concentrations were the highest 
in the fine fraction C1 [0; 1 mm] and in the whole fraction 
C6 [0; 37.5 mm], indicating that the fine fractions had the 
most influence on oxidation processes. Calcium and mag-
nesium concentrations followed a similar pattern to a lesser 
extent, suggesting that the fine fractions also contributed 
more to the neutralization processes.

Results analysis and discussion

Effect of particle size and sulfur distribution 
on sulfate release rates

The cumulative mass-normalized sulfate release rates were 
used to compare column results from different scales (Bou-
zahzah et al. 2014). Cumulative mass-normalized sulfate 
release rates were calculated from the fifth cycle (using lin-
ear regression) when the geochemical behavior was stabi-
lized, to ensure that the sulfate release rates were indicative 
of sulfide weathering rates and not from the dissolution of 
prior products (Plante et al. 2011). The reaction products 
(here sulfates) were assumed entirely flushed in the leachate 
and not retained as secondary minerals salts. Simulations 
conducted with VMINTEQ after the fifth cycle showed 
that saturation indexes were negative for secondary prod-
ucts of sulfates (e.g., gypsum, jarosite), thus confirming the 
assumption of sulfate products (e.g., ranging between − 1.2 
and − 3.2 for gypsum in all columns; for more details, see 
Supplementary data).

The sulfate release rate in fraction C1 (mg/kg/day) con-
sistently exceeded the rates in fractions C2 to C5 (Table 1). 
More specifically, the release rates of the fractions of CM 
and LR followed the order: C1 > C2 > C3 > C4 > C5. In the 
case of CM waste rock, where sulfur distribution did not 
significantly change with fraction size (~ 2%), the normal-
ized sulfate release rate was greater in C1 (9.5 mg/kg/day) 
compared to C2 to C5 (0.2–1.2 mg/kg/day), by an order of 
magnitude. Consequently, particle size was controlling the 
sulfide weathering rate due to their liberation (exposure). 
Specifically, fraction C1 [0; 1.00 mm] of LR waste rock was 
enriched in sulfur (~ 6%), in comparison to all the other frac-
tions C2 to C5 (~ 3%). The sulfate release rate was more 
than one order of magnitude greater in C1 (44.6 mg/kg/day) 
compared to C2 to C5 (0.6–1.1 mg/kg/day). Therefore, the 
sulfate release rates were controlled by particle size to a 
greater extent, but also by sulfur content distribution.

Table 1  Cumulative normalized to mass sulfate release rates and normalized to mass of S

Laboratory columns CM LR

Cumulative normalized 
sulfate release rates
(mg/kg/day)

Cumulative normalized to S 
sulfate release rates
(mg/kg S/day)

Cumulative normalized 
sulfate release rates
(mg/kg/day)

Cumulative normalized 
to S sulfate release rates
(mg/kg S/day)

C1 [0; 1.00 mm] 9.5 528 42.9 681
C2 [1; 2.36 mm] 1.0 91 1.1 37
C3 [2.36; 3.35 mm] 0.4 24 0.9 30
C4 [3.35; 4.75 mm] 0.4 29 0.8 27
C5 [4.75; 37.5 mm] 0.1 5 0.6 21
C6 [0; 37.5 mm] 1.2 67 1.6 42
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Sulfate release rates were also normalized with sulfur 
content to allow comparison of CM and LR waste rock. The 
observed rate in fraction C1 was greater in the LR waste rock 
(681 mg/kg of S/day) in comparison to CM waste rock (528 mg/
kg of S/day). This variation can be attributed to distinct intrinsic 

characteristics of the mineralogy such as different specific sur-
face areas of the fraction C1 (i.e., the crystal size of the pyrite 
or the crystal type; Evangelou and Zhang 1995), a possible gal-
vanic effect at the interfaces between pyrite and chalcopyrite or 
sphalerite in LR waste rock, where chalcopyrite and sphalerite 
were here only identified by mineral reconciliation (Kwong et al. 
2003; St-Arnault et al. 2020), or variations in the degree of libera-
tion of the sulfide minerals between the waste rock (Elghali et al. 
2018; Mafra et al. 2020). In the coarse fractions, the cumulative 
sulfate release rates normalized to the mass of S did not show 
significant variations between fractions C2 to C5. For example, 
the sulfate release rates normalized with sulfur in LR waste rock 
had no significant change between C2 and C5 (37 to 21 mg/kg S/
day). This could indicate a relatively similar sulfide exposition 
between these fractions. However, a significant change in the 
sulfate release rates normalized to pyrite was observed for CM 

Table 2  Cumulative normalized sulfate release rates in the small and 
large cells and prediction

Fractions Cumulative normal-
ized sulfate release 
rates (mg/kg/day)

CM LR

C6 [0; 37.5 mm] estimated 2.2 8.9
C1–C4 [0; 4.75 mm] estimated 2.2 8.5
C6 [0; 37.5 mm] measured 1.2 1.6

Fig. 7  Evolution of pH (a), sul-
fates (b), iron (c), zinc (d), cal-
cium (e) and magnesium (f) 
concentrations in CM waste 
rock columns C1 to C4

Fig. 8  Evolution of pH (a), 
sulfates (b), iron (c), zinc (d), 
calcium (e) and magnesium 
(f) concentrations in CM waste 
rock columns C5 and C6
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waste rock, which can be attributed to a significant decrease in 
the sulfide exposition when increasing particle size.

Overall, results indicated that particle size primarily controlled 
sulfate release rates. However, several other factors including 
sulfur distribution and mineralogy contributed to reactivity to a 
lesser extent. The sulfate release rates normalized to S showed 
a more significant decrease in CM compared to LR waste rock.

Scaling up and estimating overall reactivity using 
fractions at an intermediate scale

Results of each complementary waste rock fraction were 
used to predict the cumulative normalized sulfate release 
rates (mg/kg/day) of the entire waste rock sample with 
respect to its PSD. Specifically, the results from the comple-
mentary fractions C1 to C4 (small scale; 1 kg) and fraction 

C5 (larger column; 55.3 kg) were combined using a sum of 
weight based on the particle size distribution curve (Table 2) 
and compared to C6 [0; 37.5 mm]. Calculated sulfate release 
rates for CM and LR were twice and six times greater, 
respectively, than the one measured in column C6. The con-
tribution of the small fractions [0; 4.75 mm] accounted for 
more than 95% of the estimated reactivity, even if fraction 
[4.75; 37.5 mm] accounted for more than 60% of the total 
mass.

Prediction models for contaminant loads typically use 
laboratory experiments, such as humidity cells (ASTM 
D5744–18 2018) and/or kinetic column tests (Bouzahzah 
et al. 2014), to scale up to field results (Plante et al. 2014) 
and ultimately to full-scale waste storage facilities (Vriens 
et al. 2020a). However, the prediction of waste rock reac-
tivity at a larger scale remained a great challenge given 

Fig. 9  Evolution of pH (a), 
sulfates (b), iron (c), zinc (d), 
calcium (e) and magnesium  (f) 
concentrations in LR waste rock 
columns C1 to C4

Fig. 10  Evolution of pH (a), 
sulfates (b), iron (c), zinc (d), 
calcium (e) and magnesium (f) 
concentrations in LR waste rock 
columns C5 and C6
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the particle size exceeding 1 m and the impracticability of 
conducting laboratory test respecting such dimensions and 
column diameter ratio (e.g., ratio of 8 between maximum 
particle size and the diameter of a column). Testing the 
fine fraction, which is assumed to control AMD and impact 
more the geochemical behavior of waste rock, represents a 
conservative approach. Yet, there is no standard method for 
scaling laboratory release rates to larger particles and full-
scale waste rock piles. The measured sulfate release rate is 
also sometimes normalized by the sulfur content and specific 
surface area, to predict water quality in waste rock at field 
scale (Vriens et al. 2020; Bailey et al. 2023;). Significant 
variations in estimated mass load, ranging from two to three 
orders of magnitude, were also observed, attributed to the 
lack of consideration for physical and mineralogical hetero-
geneity in humidity cell (Bailey et al. 2023). Large-scale 
experiments tend to yield lower mass loadings of contami-
nants compared to small-scale experiments such as kinetic 
column tests or humidity cells, even when dealing with simi-
lar waste rock (Vriens et al. 2020a). These differences are 
often attributed to the differences in water and liquid ratio, 
which can influence rate differences at varying scales (Plante 
et al. 2014) and the heterogeneity of the waste rock. In this 
research, the ratio of solid/liquid in the small weathering 
columns and the large columns was similar (~ 0.4). How-
ever, the size of the columns and the flushing rates and fre-
quencies were different (small; weekly and large; monthly). 
Typically, lower flushing rates tend to increase secondary 
mineral precipitations, potentially reducing the mobility of 
reaction products (Sapsford et al. 2009). Furthermore, only 
by increasing column dimension, the sulfate release rates can 
be reduced (Erguler et al. 2014).

In summary, testing the small fractions (here C1 to C4) 
can help determine the contribution from specific frac-
tions and define a potential diameter where the reactivity is 
decreasing. However, the use of the small fractions to predict 
the geochemical behavior of larger particles or whole waste 
rock can lead to overestimations of the reactivity. Laboratory 
results are sensitive to the flushing rates and frequencies, the 
solid/liquid ratio, the particle size, and the column dimen-
sions (Erguler and Kalyoncu Erguler 2015).

Challenges in controlling AMD generation 
by sieving

In this study, increasing the fraction sizes proved beneficial 
in reducing the normalized sulfate release rate. In the esti-
mation of the sulfate release rate, the fraction [0; 4.75 mm] 
accounted for more than 95% of the overall sulfate release 
rates. Sieving fine particles at 4.75 mm could therefore be 
beneficial to reduce the sulfate release rates (i.e., the oxida-
tion and potential for AMD generation). Particularly, in CM 
waste rock, the sulfate release rate was 0.1 mg/kg/day in the 

coarse fraction C5 [4.75; 37.5], whereas it reached 1.2 mg/
kg/day (i.e., 12 times greater) in the total sample C6 [0; 
37.5 mm] (Table 3), demonstrating promising outcomes for 
re-use potential. Similarly, within LR waste rock, the sulfate 
release rate in C6 (1.6 mg/kg/day) was three times greater 
than in C5 (0.5 mg/kg/day). While promising outcomes for 
re-use potential were observed in CM waste rock (e.g., low 
metal concentrations), the complexity of the physicochemi-
cal process in waste rock challenges the assumptions that 
coarser fractions inherently produce lower contaminant 
loads.

Several studies have demonstrated that contaminant loads 
do not systematically decrease with increasing particle 
sizes (Parbhakar-Fox et al. 2013). The contaminant loads 
can indeed be controlled by multiple physicochemical phe-
nomena such as galvanic effects (Kwong et al. 2003), or 
precipitations of secondary minerals (Herbert 2003), and 
are highly specific to the studied material (Lapakko et al. 
2006). In this study, sieving the fine fractions also showed 
effects on neutralization products, particularly regarding cal-
cium and magnesium release rates (Table 3). For the studied 
waste rock, the total fraction C6 exhibited higher calcium 
and magnesium rates than the coarse fraction C5. This can 
be partly attributed to lower acid production as evidenced 
by the lower sulfate release rates of C5 for CM waste rock. 
However, the pH observed in LR leachates from C5 was 
slightly lower than the pH (Fig. 8b) from the total fraction 
C6. This could indicate that the fine fractions are likely to 
exert influence in pH neutralization, potentially impacting 
water quality as lower pH can increase the concentration of 
metals (e.g., iron) in the leachates (Cravotta III 2008). Car-
bonate minerals in the fine fraction [0; 4.75 mm] are likely 
more liberated compared to the coarser fraction, potentially 
influencing the neutralization processes in LR waste rock.

Sieving fine particles in LR waste rock resulted in higher 
zinc and iron release rates (Table 2), and higher metal con-
centrations (Fig. 10b and c) were observed in the LR C5 
coarse fraction. Secondary mineral precipitations can control 
contaminant release rates (Jönsson et al. 2006). For example, 

Table 3  Release rates of elements from sulfide mineral oxidation and 
neutralization minerals

Release rates
(mg/kg/day)

CM LR

C5 [4.75; 
37.5 mm]

C6 [0; 
37.5 mm]

C5 [4.75; 
37.5 mm]

C6 [0; 
37.5 mm]

Sulfate 0.1 1.2 0.6 1.5
Iron 0.001 0.001 0.005 0.0008
Zinc 0.001 0.001 0.01 0.004
Calcium 0.1 0.5 0.3 0.7
Magnesium 0.008 0.05 0.01 0.03
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precipitations of iron oxyhydroxide minerals can enhance 
sorption capacity and control metal concentrations (Biswas 
et al. 2022). For example, zinc tends to adsorb to lepidocroc-
ite and other iron species (Herbert 2003). The geochemical 
speciation model performed on LR leachates revealed that 
there was no significant difference in the positive satura-
tion indexes calculated between columns C5 and C6 for iron 
oxyhydroxides minerals (e.g., goethite, lepidocrocite, ferri-
hydrite). Additionally, simulations showed that no second-
ary zinc mineral phases were expected to precipitate (nega-
tive saturation index) under the measured temperature, Eh, 
and pH conditions in both columns C5 and C6. Therefore, 
secondary mineral precipitations, specifically iron oxy-
hydroxides, were identified as controlling factors for zinc 
concentrations in LR leachates. The observed higher sulfate 
release rates in C6 (three times greater than C5) suggested a 
proportional release of iron (i.e., pyrite oxidation products 
of 2 mol of sulfates and 1 mol of iron), and thus, because pH 
was near neutrality, a greater formation of iron precipitate 
retained in the column C6. Therefore, zinc adsorption was 
assumed to be greater in C6 than in C5, which was also con-
firmed by a lower concentration of zinc in the C6 leachates. 
However, the stability of zinc adsorbed on precipitates in 
C6 can remain a significant concern, as a slight decrease in 
pH may result in a substantial release of zinc from the solid 
(Jönsson et al. 2006).

In general, the sulfate release rates were significantly 
reduced in the coarse fraction C5 than in the fraction C6 for 
the studied waste rock, suggesting a potential improvement 
in water quality. Nevertheless, the neutralization processes 
in the LR waste rocks were unable to stabilize pH, result-
ing in a progressive decrease over time and an increase in 
metal concentrations for both fractions (Fig. 10). Secondary 
mineral precipitations can be the main process controlling 
zinc concentrations.

Potential for developing circular economy 
approaches

The results of this research have shown that the sieving of 
reactive waste rock represents a promising strategy for circu-
lar economy approaches by separating a non-reactive coarse 
fraction and a more reactive fine fraction. The fraction for 
re-use could be determined using kinetic tests by fractions, 
such as previously described in this study. Alternative char-
acterization techniques such as automated mineralogy and 
computed tomography could also complement kinetic tests 
to optimize the selection of the critical diameter of re-use 
(Elghali et al. 2018, 2019; Ait-khouia et al. 2023). Poten-
tial applications within the mining industry include the use 
of non-reactive waste rock in cover systems for reclama-
tion purposes, such as an evaporation barrier (Pabst et al. 
2018; Sylvain et al. 2019), or in civil engineering, such as 

the production of concretes amended with mine waste (Taha 
et al. 2021). The remaining non-reactive waste rock could 
be stored in piles, separately from the reactive fine fractions, 
thus reducing both the size of the storage facilities and the 
cost of reclamation.

The separated reactive fine fractions of waste rock could 
be desulfurized similar to tailings (Amar et al. 2020). Such 
an approach is usually not applicable to waste rock (Demers 
and Pabst 2021) but could be adapted to the fine fraction of 
waste rock, provided the maximum particle size does not 
exceed 10 mm for most operation units for physical separa-
tion techniques (which was the case in this study) (Amar 
et al. 2021; Masindi et al. 2022). The non-reactive fine waste 
rock could be re-used in cover systems for reclamation pur-
poses similar to tailings (Rey et al. 2016; Kalonji Kabambi 
et al. 2017; Demers and Pabst 2021). The separation of the 
coarse and the fine fractions of waste rock, combined with 
innovative desulfurization and recovery processes of the 
fines, and their re-use in various applications, would sig-
nificantly reduce (and potentially completely eliminate) the 
volume of mine waste that needs to be disposed of on the 
surface and reclaimed, enhance resource utilization, and 
decrease the footprint associated with waste disposal (Ait-
Khouia et al. 2021).

Discussion

In this study, only two types of waste rock with similar PSD 
but different geochemical characteristics were used. The 
results showed the importance of mineralogy on the geo-
chemical behavior, and more waste rock should be tested 
as the potential of re-use of waste rock is site-specific. This 
study was performed on a small and intermediate scale; how-
ever, geochemical behavior tends to differ from a larger scale 
in the field due to the liquid/solid ratio (Plante et al. 2011), 
the particle size (which can reach 1 m at the field scale), 
precipitation/dissolution of secondary minerals (Vriens et al. 
2020), sorption phenomena (Plante et al. 2010), and temper-
ature (Bailey et al. 2023). Standard static tests did not reveal 
any significant reduction in the NP between the fractions C5 
and C6 for both waste rock (e.g., 22 and 26 kg  CaCO3/ton 
in C5 and C6 for LR, respectively; Table A.1). The same 
observation was made for the AP between fractions C5 and 
C6 for CM (43 kg  CaCO3/ton and 48 kg  CaCO3/ton in C5 
and C6). Static tests assume complete liberation of both C 
and S, leading to inadequate assessment of the impact of 
sieving the fine fraction on the potential for acid generation, 
particularly for coarse particles.

The saturation index for gypsum calculated using 
VMINTEQ was negative, therefore indicating no (or very 
limited) precipitation (also see Supplementary data). The 
precipitation of gypsum is more frequently observed in col-
umn tests compared to humidity cells due to the quantity 
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of water and the flush frequency (Morin and Hutt 1998). 
The column tests were conducted on waste rock that did 
not generate acid prior to testing. Pre-oxidized waste rock 
may be the only material available on-site for re-use. Future 
work involves conducting column tests on material that is 
already generating acidity. Sieving of the fine fractions could 
be beneficial for the water quality. However, some uncertain-
ties remained unclear regarding the presence of secondary 
minerals or acid salts, such as jarosite, which could dissolve 
and consequently sustain acid generation in the absence of 
sulfide oxidation (Nordstrom and Alpers 1999).

Conclusion

This experiment investigated the potential of re-use of two 
acid-generating waste rocks by controlling the particle size 
(sieving) to reduce the reactivity. Static and kinetic tests 
were performed for six fractions, and fraction [0; 1.00 mm] 
showed the highest sulfate release rates for all the waste 
rocks studied. Particle size predominantly influenced the 
sulfate release rates, which was decreasing as particle 
size increased for both waste rocks [0; 1.00 mm] > [1.00; 
2.36 mm] > [2.36; 3.35 mm] > [3.35; 4.75 mm] > [4.75; 
37.5 mm]. This reduction was predominantly attributed to 
the particle size (i.e., degree of liberation of the sulfides) 
but also the distribution of the sulfide minerals (e.g., greater 
content of sulfide minerals in LR sample [0–1 mm]). There-
fore, static and kinetic testing of waste rock should be done 
by a fraction to fully identify the contribution of fractions 
on the overall reactivity.

The combined cumulative sulfate release rates of the 
small columns C1 to C4 [0; 4.75 mm] and the large columns 
C5 [4.75; 37.5 mm] to predict the rates of the total sample 
[0; 37.5 mm] were performed, and the cumulative sulfate 
release rates were overestimated. Extrapolate results from 
small-scale tests [0; 4.75 mm] to assess waste rock behavior 
for larger fractions remained a challenge, yet this approach 
remained conservative.

The present study also highlighted the importance of siev-
ing the fine particles [0; 4.75 mm] of reactive waste rock 
to reduce the risks of acidic effluent from the whole waste 
rock mass. The coarser particle sizes C5 [4.75; 37.5 mm] 
showed lower sulfate release rates than the total sample 
C6 [0; 37.5 mm] in the studied waste rocks. However, the 
complexity of physicochemical processes such as liberation 
of the carbonate minerals and secondary mineral precipita-
tions in waste rock challenges the assumption that coarser 
fraction inherently shows lower contaminant loads. A thor-
ough geochemical characterization by fractions specific to 
each waste rock remains therefore strongly relevant for many 
studies. Further research in this direction holds promise for 

cost-effective management of reactive waste rock, with the 
potential to selectively reduce contaminant load, thus con-
tributing to the emergence of novel sustainable practices.
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