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Abstract: Mismanagement of mine waste rock can mobilize acidity, metal (loid)s, and other
contaminants, and thereby negatively affect downstream environments. Hence, strategic long-term
planning is required to prevent and mitigate deleterious environmental impacts. Technical frameworks
to support waste-rock management have existed for decades and typically combine static and kinetic
testing, field-scale experiments, and sometimes reactive-transport models. Yet, the design and
implementation of robust long-term solutions remains challenging to date, due to site-specificity in
the generated waste rock and local weathering conditions, physicochemical heterogeneity in large-scale
systems, and the intricate coupling between chemical kinetics and mass- and heat-transfer processes.
This work reviews recent advances in our understanding of the hydrogeochemical behavior of mine
waste rock, including improved laboratory testing procedures, innovative analytical techniques,
multi-scale field investigations, and reactive-transport modeling. Remaining knowledge-gaps
pertaining to the processes involved in mine waste weathering and their parameterization are
identified. Practical and sustainable waste-rock management decisions can to a large extent be
informed by evidence-based simplification of complex waste-rock systems and through targeted
quantification of a limited number of physicochemical parameters. Future research on the key
(bio)geochemical processes and transport dynamics in waste-rock piles is essential to further optimize
management and minimize potential negative environmental impacts.
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1. Introduction

1.1. A global Environmental Perspective on Mine Wastes

Mineral resource extraction and ore processing operations around the world produce significant
amounts of waste, predominantly wastewater and non-profitable solid residues, i.e., waste rock and
tailings. While technical innovations in mining and processing techniques have increased the overall
efficiency of extraction, the great majority of raw material moved to access mineral ores is still discarded
as waste (e.g., up to 99% for precious metals). As a result, several gigatons of mine waste are produced
around the world each year [1,2], and this number is expected to grow as increasingly lower-grade
and larger-scale deposits are being mined to keep up with exponentially growing global demand for
mineral resources.

In the absence of economic incentive or technical ability to re-utilize and re-valorize mine
wastes [3–6], they are often stored on-site indefinitely. The impacts of these mine wastes, even when
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properly managed in engineered storage facilities, can be wide-ranging and include ecological,
hydrological, geotechnical, climatic, and environmental aspects pertaining to the quality of natural
habitat, i.e., the atmosphere, ground- and surface-water, and soils. High-profile mine waste catastrophes
are well-known by the public (e.g., tailings dam failures in Canada [7], Hungary or Brazil [8]),
but deterioration of environmental quality from mining waste more often occurs gradually [9,10] and
can even linger unnoticed for years or become apparent until decades after mine closure. An example
thereof is acid rock drainage (ARD); the weathering of sulfidic mine waste that leads to acidic drainage
with high metal concentrations [1,11] (the term acid mine drainage is increasingly substituted by acid
rock drainage to indicate that acidic drainage can originate from sources other than mines). Acid rock
drainage is an environmental problem of global scale and deterioration of water quality from acid rock
drainage which may persist for decades to millennia.

To minimize detrimental environmental impacts from mine wastes, mine sites are required to abide
by legislative environmental quality standards during the entire mining cycle, i.e., from exploration
and development to decades past closure [12,13]. To this end, effective long-term waste management
strategies need to be developed [14,15]. Wastewater quantity and quality predictions are a critical
component of these strategies, as some form of treatment is usually required before wastewater can be
released to receiving downstream environments, and most wastewater treatment requirements are
long-term. Drainage from on-site mine waste critically contributes to wastewater quantity and quality,
and the processes underlying mine waste weathering and drainage in practical, industry-relevant
settings thus need to be quantitatively understood.

Prediction of drainage quantity and quality from mine wastes requires knowledge on the local
geology and weathering climate, as well as the mine waste’s mineralogy, geochemistry, hydrogeology,
et cetera. While local weathering conditions and the geology at a mining site are typically well-known,
the properties of waste materials relevant to environmental management are usually unknown at early
mine development stages and can hardly be determined a priori from theoretical calculations or by
extrapolation of laboratory test results [13]. There can be a significant lag time between waste placement
and onset of ARD, the composition of waste varies from mine site to mine site and can be highly
heterogeneous even within sites, especially in complex geological settings. Therefore, the prediction of
mine wastewater quality and quantity poses a major challenge for scientists and practitioners at sites
around the world.

1.2. Waste Rock as Unique Class of Mine Waste

Mine waste rock and tailings are typically the two major waste types at mine sites, regardless
of the mineral commodity (e.g., coal or base/precious metals), deposit type or extraction method
(surface or open-pit mining versus in-situ or underground mining) [14]. Waste rock—distinct from
other overburden spoil—consists of excavated low-grade bedrock that has been transported away
to access profitable ore and is typically composed of relatively coarse, granular broken rock in the
size range of sands to boulders. In turn, tailings are a composite slurry of (process) water and finely
ground residuals that remain after ore comminution and beneficiation, which can contain secondary
precipitates and processing reagents such as blasting agents or extraction chemicals [16]. For many
types of ores, waste rock can behave in a geochemically contrasting way when compared to tailings,
due to the following critical differences between tailings and waste rock:

1. The finer-grained nature of tailings materials compared to coarser-grained waste rock may
yield elevated exposed mineral surface area (which can, depending on the mineralogy, increase
geochemical reaction rates), whereas the wider particle size range and textural properties of waste
rock give rise to quite unique (non-uniform) hydrodynamic behavior, and,

2. Storage practices for waste rock and tailings materials create distinct conditions that alter the
controls of certain geochemical processes and physical transport mechanisms. Namely, waste
rock is mostly placed in tall stockpiles that are porous, hydraulically unsaturated, and therefore
relatively exposed to atmospheric conditions (i.e., mostly oxic environments) [16]. In contrast,
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tailings slurries are often pumped into tailings ponds, where particulates settle under limited
ambient exposure (i.e., fully saturated, inundated tailings that can exhibit sub-oxic, reducing
conditions [17], although tailings may also be stored as backfills or dry stacks).

At the same time, similar minerals, geochemical reactions, and physical transport processes can
occur in waste rock and tailings: the conceptual hydrogeochemical model is often comparable for
waste rock and tailings [2]. The dimensions of industrial-scale waste-rock piles and tailings facilities
are also comparable (i.e., hundreds of tons of material): once in place, both materials are prohibitively
expensive to move and therefore are practically stored indefinitely. In this review, we will discuss a
conceptual hydrogeochemical framework that largely applies to both types of mine waste, but, in our
discussion, place emphasis on waste rock.

1.3. Scope of This Review

In recent years, the understanding of processes controlling mine waste dynamics has critically
increased due to, e.g., breakthroughs in mineral characterization at nanoscales and in-situ geophysical
characterization to long-term field studies and applications of big data and mechanistic numerical
models. This work presents an overview of the key hydrogeochemical and physical processes
relevant to water quantity and quality from mine waste rock and ultimately sustainable wastewater
management. Novel insights into the geochemical and mineralogical characteristics of waste rock,
the in-situ assessment of mass- and heat transfer processes in large waste-rock piles and emerging
applications of advanced reactive-transport modeling are presented. Previous reviews on select aspects
of mine wastes are listed in Table 1. Certain processes discussed in this work also receive attention
in the context of hydrometallurgy and bioleaching/biomining, where often the opposite objective is
targeted, i.e., acceleration of mineral dissolution to mobilize and recover valuable metals (e.g., in heap
leaching [4,18–20]) rather than stabilizing wastes to prevent mobilization (e.g., through covers and
barriers [4,21–23]). This review is structured as follows: major geochemical mobilization reactions
(i.e., oxidation and dissolution) and relevant attenuation processes (i.e., sorption and secondary mineral
formation) are introduced in Section 2. Section 3 outlines relevant physical transport processes in
waste-rock piles and their parameterization in heterogeneous systems. In Section 4, we discuss the
couplings between physical and chemical processes and upscaling phenomena, as well as the role of
numerical modelling in resolving such couplings for practical long-term predictions.

Table 1. Reviews on various aspects of mine waste rock: weathering mechanisms, microbial interactions,
characterization of physicochemical (bulk) properties, management, and reclamation.

Title: Year Reference

Molecular (bio-)oxidation mechanisms

A review: Pyrite oxidation mechanisms and acid mine drainage prevention 1995 [24]
Leaching mechanisms of oxyanionic metalloid and metal species in alkaline solid

wastes: a review 2008 [25]

The mechanisms of pyrite oxidation and leaching: A fundamental perspective 2010 [26]
A review of the structure, and fundamental mechanisms and kinetics of the leaching

of chalcopyrite 2013 [27]

Principles of sulfide oxidation and acid rock drainage 2016 [28]
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Table 1. Cont.

Title: Year Reference

Bioleaching: metal solubilization by microorganisms 1997 [29]
Geomicrobiology of sulfide mineral oxidation 1997 [30]

Heavy metal mining using microbes 2002 [31]
Microbial communities in acid mine drainage 2003 [32]

The microbiology of acidic mine waters 2003 [33]
The bioleaching of sulphide minerals with emphasis on copper sulphides—A review 2006 [34]
The microbiology of biomining: development and optimization of mineral-oxidizing

microbial consortia 2007 [35]

Heap bioleaching of chalcopyrite: a review 2008 [20]
Biomining-biotechnologies for extracting and recovering metals from ores and

waste materials 2014 [36]

Microbial ecology and evolution in the acid mine drainage model system 2016 [37]
Recent progress in biohydrometallurgy and microbial characterization 2018 [38]

Mine waste characterization and treatment techniques

The environmental impact of mine wastes—roles of microorganisms and their
significance in treatment of mine wastes 1996 [39]

Acid mine drainage remediation options: a review 2005 [22]
Acid mine drainage (AMD): causes, treatment, and case studies 2006 [40]

Passive treatment of acid mine drainage in bioreactors using sulfate-reducing bacteria:
critical review and research needs 2007 [41]

Geochemistry and mineralogy of solid mine waste: essential knowledge for predicting
environmental impact 2011 [15]

Remediation of acid mine drainage-impacted water 2015 [42]
Mineralogical characterization of mine wastes 2015 [43]

Characteristics and environmental aspects of slag: a review 2015 [44]
A critical review of acid rock drainage prediction methods and practices 2015 [45]

Acid rock drainage prediction: a critical review 2017 [46]
Acid mine drainage: prevention, treatment options, and resource recovery: A review 2017 [47]

Environmental indicators in metal mining 2017 [48]
Environmentally sustainable acid mine drainage remediation: research developments

with a focus on waste/by-products 2018 [49]

A review of recent strategies for acid mine drainage prevention and mine tailings
recycling 2019 [23]

Waste rock management

The geochemistry of acid mine drainage 2003 [2]
Sustainable mining practices 2005 [50]

Mine wastes: past, present, future 2011 [1]
Hydrogeochemical processes governing the origin, transport, and fate of major and

trace elements from mine wastes and mineralized rock to surface waters 2011 [51]

Management of sulfide-bearing waste, a challenge for the mining industry 2012 [52]
Acid mine drainage: challenges and opportunities 2014 [53]

Waste-rock hydrogeology and geochemistry 2015 [16]
Hydrogeochemistry and microbiology of mine drainage: an update 2015 [54]

Geochemical and mineralogical aspects of sulfide mine tailings 2015 [17]
Mine waste characterization, management, and remediation 2015 [14]

The mine of the future—even more sustainable 2017 [55]
Mining waste and its sustainable management: advances in worldwide research 2018 [56]

Guidance for the integrated use of hydrological, geochemical, and isotopic tools in
mining operations 2020 [13]

2. Geochemical Processes in Mine Waste Rock

The exposure of previously buried geological material to atmospheric conditions triggers oxidation
reactions and allows for water to infiltrate and percolate the waste rock (i.e., drainage) which can
transfer dissolved solutes into the environment. In this section, major geochemical processes that
affect drainage chemistry are discussed. On the broadest level, mine waste drainage pH is determined
by the balance between acid-producing and acid-neutralizing (buffering) reactions, whereas solute
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concentrations are controlled by their waste-rock grade and solubility [16,51,54,57]. In addition,
attenuation processes such as adsorption and secondary mineral formation [2] may reduce the mobility
of solutes through (temporary) internal retention in the waste rock, as discussed below.

2.1. Acid-Producing Reactions

2.1.1. Metal-Sulfide Mine Waste

The majority of exploited chalcophile-metal ore deposits (e.g., Cu-, Zn-, Pb-bearing ores) are
sulfide-type. While many mined chalcophile-metal deposits have undergone significant oxidative
alteration of the ore zones prior to mining, sulfide minerals can remain abundant in the generated
waste. Of the sulfide minerals in waste rock, pyrite (FeS2) is typically the most abundant. Other major
phases include chalcopyrite (FeCuS2), covellite (CuS), sphalerite (ZnS), pyrrhotite (FeS), arsenopyrite
(FeAsS), and galena (PbS). Because of their economic and environmental importance, the crystal
structures, chemical compositions, physical properties, and phase relations of major sulfides have been
well-established and previously reviewed [58]. The oxidative dissolution of a generalized metal sulfide
(MexSy) is illustrated in Figure 1a: this reaction consumes water and oxygen and produces protons,
metal and sulfate ions, and heat.

The reaction pathway for FeS2 oxidation has been studied extensively [26,59–61] and occurs via
an electrochemical mechanism wherein electron exchange takes place on specific surface sites of the
mineral [62]. Its overall congruent dissolution can be simplified by the equation:

FeS2 +
7
2

O2 + H2O→ Fe2+ + 2H+ + 2SO2−
4 (1)

Under oxic conditions, dissolved ferrous Fe2+ rapidly oxidizes into ferric Fe3+ which can act as an
additional oxidant:

Fe2+ +
1
4

O2 + H+
→ Fe3+ +

1
2

H2O (2)

FeS2 + 14Fe3+ + 8H2O → 15Fe2+ + 16H+ + 2SO2−
4 (3)

Due to the capability of Fe3+ ions to break metal sulfide bonds more effectively than protons [59], the
Fe3+ reaction speeds up FeS2 oxidation by orders of magnitude and forms an important (auto)catalytic
feedback (Equation (3) versus Equation (1); Figure 1a). Because FeS2 is naturally abundant in many
chalcophile metal ores, Fe3+ also serves as an oxidant to other metal sulfides, e.g.,:

CuFeS2 + 16Fe3+ + 8H2O → Cu2+ + 17Fe2+ + 16H+ + 2SO2−
4 (4)

ZnS + 8Fe3+ + 4H2O → Zn2+ + 8Fe2+ + 8H+ + SO2−
4 (5)

PbS + 8Fe3+ + 4H2O → Pb2+ + 8Fe2+ + 8H+ + SO2−
4 (6)

The kinetics of abiotic sulfide oxidation by Fe3+ allow for much faster sulfide oxidation than by
oxygen alone, so that the above equations for sulfide oxidation with Fe3+ are more commonly used
than those with oxygen, e.g.,:

CuFeS2 + 4O2 → Cu2+ + Fe2+ + 2SO2−
4 (7)

ZnS + 2O2 → Zn2+ + SO2−
4 (8)

PbS + 2O2 → Pb2+ + SO2−
4 (9)
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higher solubility in acidic conditions, such as Cu, Ni, Zn, Co, and Mn [133], but some can remain in 
elevated concentrations at near-neutral values, mostly because their oxyhydroxides precipitate at pH 
between 6 and 10. Oxyanionic elements such as As, Se, and Mo exhibit elevated mobility at near-
neutral pH, which has been demonstrated in a variety of hornfels, carbonate [126], and sedimentary 
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Figure 1. Schematic grouping of key geochemical reactions (not balanced) that control mine waste-rock
drainage quality. The oxidative dissolution of sulfide minerals is the major acid-producing reaction
(a), which has been extensively studied for pyrite and other major sulfides. Galvanic interactions
(b) can promote the preferential dissolution of sulfide minerals (Section 2.5). Additional reactions
(c) can introduce metals and other solutes into the waste rock drainage without directly affecting
drainage pH. The dissolution of carbonates, Fe/Al-(oxy)hydroxides, and silicates (simplified, generalized
stoichiometries; (d) consumes protons and thereby perform a net-buffering action.

Finally, ferrous Fe3+ is very insoluble under oxic and near-neutral conditions and readily
precipitates as Fe3+-(oxy)hydroxide to release additional acidity:

Fe3+ + 3H2O → Fe(OH)3 + 3 H+ (10)

The overall reaction equation for pyrite oxidation (combining Equations (2), (3), and (10)) is
therefore often summarized as:

FeS2 +
15
4

O2 +
7
2

H2O → Fe(OH)3 + 2H2SO4 (11)

Despite the catalytic effect of Fe3+ on sulfide oxidation, the rates of the abiotic reactions described
above are relatively slow, especially at low pH [16,63]. Sulfide oxidation reactions are catalyzed by a
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variety of Fe- and S-oxidizing bacteria that metabolically tap into the energy released during Fe and S
oxidation [64]. Major chemolithotrophic bacteria involved in sulfide oxidation reactions include both
acidophilic and neutrophilic iron and sulfide oxidizing species, e.g., ferrooxidans and thiooxidans
species in the Thiobacillus, Leptospirillum, and Ferrobacillus genera [33,65,66]. The role of microbial
sulfide mineral oxidation in controlling mine waste weathering rates has been well-established and the
geomicrobiology of mine wastes previously reviewed [30,33,67,68] (Table 1).

Because oxidation of sulfidic minerals involves the transfer of many electrons from each sulfur
atom to an aqueous oxidant, various intermediate sulfur species can exist (i.e., polysulfides, thiosulfate,
and elemental sulfur) [59,69–71]. For major sulfides, (a)biotic oxidation pathways, intermediate reaction
products, and corresponding kinetics have been characterized in a variety of settings, i.e., under
ambient conditions versus at elevated temperatures to optimize leaching [27,72–79]. Various kinetic
models exist for pyrite oxidation [2], but the oxidation mechanisms and kinetics for less-abundant
sulfides remain comparatively underexplored (e.g., molybdenite (MoS2) [72,80]). The exact reaction
mechanisms and kinetics of sulfide oxidation vary with weathering conditions (e.g., as shown for
pyrite [75,81–83]). Yet, (hydro)metallurgical and geochemical studies often reveal similar overall rate
dependencies (e.g., on dissolved oxygen and Fe concentrations or mineral surface area) and may
deploy comparable kinetic models [84–86].

Metal sulfide minerals are rarely pure, especially in waste rock: e.g., Fe, Cu, or As, may be
readily substituted by a range of (trace) metals in solid-solutions: As, Co, and Ni can be present
in pyrite with up to several weight percent and sulfosalts typically contain a range of metalloids
including As, Sb, Bi, and Se. Mineralogical impurities have a demonstrated effect on abiotic weathering
kinetics [87], and even though microorganisms in mine waste appear quite tolerant to otherwise
harmful metals [88], impurities may also affect biotic oxidation rates through inhibitive effects or
shifts in community structure and functional diversity [89]. Finally, select other non-sulfur minerals
may also oxidize to produce acidity, e.g., selenide, arsenide, telluride, and antimonide minerals. Due
to their natural scarcity (typical abundances are <%� of that of S), these metalloids tend to occur at
trace levels in sulfides rather than as distinct phases [90] and are usually not relevant to the overall
acid-producing capacity.

2.1.2. Coal Mine Waste

In addition to metal-sulfides waste rock, coal mine wastes can also be a major source of ARD [91–97].
Sulfur can occur in coal in three main forms: (i) inorganic sulfides, including authigenic minerals
such as detrital pyrite, (ii) organically bound sulfur, including mercaptan, (di)sulfide and heterocyclic
compounds, and (iii) inorganic sulfates, particularly in weathered coals [98,99]. Because of the
relative abundance of inorganic sulfide compared to other forms of sulfur in coal waste rock, acidity
production is typically attributed to pyritic material, even though pyrite concentrations in coal vary
regionally [100–102]. While undesirable for the prevention of coal waste drainage acidification,
oxidative de-pyritization (or desulfurization) as a major coal ore beneficiation objective has been
extensively studied [103,104], including pathways [105] and kinetics [106–108].

An important difference between metal ore wastes versus coal wastes is that metal ore waste
typically contains negligible organic carbon, whereas coal wastes can have several wt% organic
carbon [93,98]. This organic material can, in the aqueous phase, subsequently ligate aqueous solutes
and mineral surfaces and thereby alter the mobility of metals in coal waste-rock drainage, depending on
the nature of the ligands and minerals (see Section 2.4.1). Organic matter may oxidize to induce oxygen
depletion and alter the Fe2+/Fe3+ equilibrium (Equation (2)) as well as those of other redox-sensitive
elements (e.g., Mn, As, S) [109]. Subsequent shifts in the microbial community structure to favor Fe
and S reducers [110,111] may lead to net alkali generation (i.e., acid-neutralization) and in fact, certain
acid–rock drainage prevention or remediation strategies rely on the purposed addition of organic
matter to induce oxygen depletion [112–114].
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2.2. Acid-Buffering Reactions

When present and abundant in waste rock, the dissolution of carbonate minerals (e.g., calcite,
dolomite, ankerite), Al- and Fe-(oxy)hydroxides (e.g., gibbsite, ferrihydrite, respectively) and silicate
minerals (e.g., feldspars, chlorites, smectites, micas, and amphiboles) consumes protons and introduces
alkalinity that offsets acidity produced by sulfide oxidation [2,16]. The following (simplified) equations
illustrate these reactions:

CaCO3 + H+
→ Ca2+ + HCO−3 (12)

[Fe/Al]OOH + 3H+
→ [Fe/Al]3+ + 2H2O (13)

CaSiO3 + 2H+ + H2O→ Ca2+ + H4SiO4 (14)

CaAl2Si2O8 + 8H+
→ Ca2+ + 2Al3+ + 2H4SiO4 (15)

The acid-neutralizing dissolution reactions of carbonates, oxides and silicates accelerate at
decreasing pH, in accordance with their solubility, creating a so-called buffering sequence for acid–rock
drainage [16,115]: carbonates buffer acidity until they are typically depleted at pH < 6, Al- and
Fe-(oxy)hydroxides dissolve to buffer acidity at pH < 4–5 and pH < 3–4, respectively, and the
dissolution of aluminosilicates only significantly contributes to acid-buffering capacity at pH < 3.
Carbonate dissolution neutralizes protons through the carbonate equilibrium, but dissolution of
Fe-rich carbonate (e.g., siderite (FeCO3)) also introduces dissolved ferrous Fe that upon oxidation
and hydrolysis (Equation (10)) releases surplus protons, reducing the net-neutralizing action [2,46].
Acid-buffering minerals dissolve simultaneously alongside progressing sulfide oxidation when they
are naturally co-located in the waste-rock matrix [115]. In addition, they may also be intentionally
mixed, blended, or added to sulfide-rich waste material as an active or passive acid–rock drainage
remediation strategy [116–118].

A wealth of information is available on the molecular mechanisms, kinetics, and pH-dependencies
of dissolution reactions of carbonate minerals [119–121], Fe-(oxy)hydroxides [122,123], and silicate
minerals commonly encountered in waste rock [124–126]. The kinetics of carbonate dissolution are
typically rapid compared to sulfide oxidation (i.e., far from equilibrium [127]), whereas the dissolution of
silicates is orders-of-magnitude slower [2]. This introduces important ramifications as to the timescales
required for effective acid-neutralization, for instsance when transport times are fast or experimental
durations short (e.g., static tests; Section 2.6.1). In addition to consuming protons, dissolution of
carbonate, oxide, or aluminosilicate minerals introduces additional solutes to a leachate, including
Ca, Mg, Mn, Al, and Fe, and possibly metal impurities if present at considerable levels [128,129].
Mobilization of such solutes and its effect on drainage quality must be considered if these neutralizing
materials are to be employed to prevent or remediate acid drainage [13]. Similar to sulfide oxidation,
mineralogical heterogeneities (Section 2.5) strongly affect the efficacy of acid-neutralizing reactions.
In contrast to sulfide-dominated acid-production, acid-neutralization can be governed by many
minerals: prediction of the extent and timing of neutralization therefore requires characterization of
the complete mineral assemblage.

2.3. The Geochemistry of Neutral Drainage

While the environmental impacts of ARD have received extensive attention, neutral to alkaline
drainage can also compromise water quality: neutral rock drainage (NRD), also referred to as
contaminated neutral drainage (CND; [129,130]) or metal leaching (ML; [131,132]), is the mobilization
of hardness (mostly Ca and Mg), major ions such as sulfate and chloride, metal(oid)s, and other
contaminants that are mobile under near-neutral, non-acidic conditions. Most metallic cations show
higher solubility in acidic conditions, such as Cu, Ni, Zn, Co, and Mn [133], but some can remain in
elevated concentrations at near-neutral values, mostly because their oxyhydroxides precipitate at pH
between 6 and 10. Oxyanionic elements such as As, Se, and Mo exhibit elevated mobility at near-neutral
pH, which has been demonstrated in a variety of hornfels, carbonate [126], and sedimentary [134]
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waste-rock types. Cations and oxyanions generally show inverse behavior in mine drainage in the
sense that cations tend to adsorb or precipitate in near neutral and alkaline conditions, while oxyanions
tend to do more so under (slightly) acidic conditions (see Section 2.4.1). Despite a growing awareness
of its potential environmental impacts, there is currently no standardized definition of neutral mine
drainage [132]. Table 2 lists examples of reported NRD cases, illustrating how neutral drainage
composition can be widely different across sites (slightly acidic versus alkaline, and negligible versus
elevated concentrations of sulfate, metal(loid)s, and other (non-metallic) contaminants). NRD from
waste rock can arise in different situations:

(i) Sulfide oxidation in the presence of sufficient acid-buffering or weathering of non-acid generating
minerals (i.e., low-sulfide waste rock such as carbonates and silicates [135]), dissolution of
salts [136];

(ii) Insufficient treatment of ARD (e.g., abandoned mine sites using passive ARD treatment), where
the pH is successfully increased to near-neutral but certain contaminants remain present at
elevated concentrations;

(iii) Within reclaimed ARD-generating mine wastes, where the rate of acid generation is decreased to
levels that can be buffered by neutralizing minerals, but still allows for the leaching of metals.

Contaminant loads in neutral drainage can be controlled by their occurrence in sulfidic minerals
as well as carbonate or silicate phases, or through the dissolution of (secondary) salts and oxides
(Figure 1). For instance, elevated As levels in high-alkalinity drainage have been mostly attributed
to the oxidation of arsenopyrite or As-bearing pyrite that had been neutralized [137,138] but may
also originate from natively As-rich carbonate phases in the absence of Fe-oxides [128]. With the
increased interest in the development of rare earth element (REE) mines, there is an increasing interest
in REE geochemistry and ecotoxicity [139–141]. REE-bearing minerals can be found in many different
geological settings (although not necessarily at economic concentrations), and REEs can be found
as trace contaminants in other minerals. Therefore, they might represent an accessory contaminant
in mine drainage from non-REE operations. Indeed, they are found in many ARD cases [142,143]
but most REE deposits are within geological settings that are not prone to ARD generation, such as
pegmatites, carbonatites, and peralkaline igneous deposits, as well as within placers and clays ([144]
and references therein). Upon their release in near-neutral mine waters, REE concentrations are mostly
controlled by secondary precipitation and sorption phenomena (Section 2.4) [145–148]. However,
significant knowledge gaps remain as to the fate of REE released from mine wastes.

Table 2. Examples of neutral rock drainage (NRD) chemistries reported at different mine sites around
the world.

Antamina,
Peru [128]

Hitura,
Finland
[149,150]

Lac Tio,
Canada

[130]

Beaver
Brook,

Canada
[151]

Greens
Creek,
United

States [152]

Giant Mine,
Canada

[153]

pH 6.5–8.5 6.1–7.0 6.5–7.5 5.7–8.6 6.5–8.5 6.7
Ni (mg/L) N/R 0.2–14.3 0.1–8.8 N/R 0–1 0.029
Zn (mg/L) 0.1–80 25–660 N/R N/R 0–150 0.027
Mn (mg/L) 0.001–0.2 4.7–8.9 N/R N/R 0–35 0.446
Co (mg/L) N/R 0.05–7.2 N/R N/R N/R <0.007
As (mg/L) 0.001–1.0 N/R N/R 0–2.3 0–0.03 4060
Se (mg/L) 0.001–0.2 N/R N/R N/R 0–0.02 <0.03
Sb (mg/L) 0.001–0.2 N/R N/R 0–26 0–0.06 11.9
Mo (mg/L) 0.0–1.0 N/R N/R N/R 0–0.02 0.07
SO4 (g/L) 0.1–2 2.1–5.2 0.1–3.5 0.075–0.9 2–8 0.5
Ca (mg/L) 50–600 200–450 10–70 9–231 400–800 313

N/R: not reported.
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2.4. Attenuation Processes

Attenuation processes can retain solutes in the waste-rock matrix and thereby influence drainage
quality [51,115,154]. Solute-specific attenuation through adsorption or secondary mineral formation
can lead to apparent discrepancies between the elemental composition of bulk waste rock and observed
drainage loads. A quantitative assessment of relevant attenuation mechanisms, informed by robust
mineralogical analyses and/or geochemical equilibrium modeling, can help predict such discrepancies
and optimize waste rock management.

2.4.1. Adsorption

Geochemical adsorption refers to the reversible attachment of aqueous solutes to mineral surfaces
(schematic in Figure 2a). While adsorption is highly surface- and solute-specific, the general relevance
of adsorption for mine waste drainage quality has been widely acknowledged [2]. Field and laboratory
waste-rock studies have demonstrated that sorption can be a dominant attenuation mechanism for
various mine waste-relevant solutes, from metal cations [155] to metal(oid) oxyanions [128].Minerals 2020, 10, x FOR PEER REVIEW 12 of 38 
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Figure 2. Schematic of key geochemical attenuation processes in mine waste rock: adsorption
(a) and secondary mineral formation (b). Through adsorption, (hydrated) ionic or ligated solutes
and complexes adsorb to mineral surface groups (-M-(x)) through covalent bonding or electrostatic
interaction. Secondary minerals form on mineral surfaces or spontaneously in solution through
(co-)precipitation of cationic and anionic aqueous solutes. The occlusion of mineral surfaces by
secondary mineral precipitation is referred to as passivation or armoring (c), discussed in Section 2.5.

Adsorption can involve relatively strong covalent binding (inner-sphere) or weaker electrostatic
attraction between aqueous ions and oppositely charged mineral surfaces (outer-sphere). In both cases,
adsorption is governed by the solute’s aqueous speciation as well as characteristics of the mineral
surface (e.g., pH-dependent surface charge). The aqueous speciation chemistry for major inorganic ions
in mine waste drainage has been previously reviewed (e.g., for Cu [156] and Zn [157]). Because most
solutes present in mine drainage have an aqueous speciation that is strongly dependent on the solution
chemistry, and because the surface characteristics of minerals present at a site may equally vary with the
drainage type (i.e., acidic versus neutral versus alkaline), the many geochemical reactions underlying
adsorption typically require modeling to be resolved and quantified. Geochemical equilibrium models,
informed by thermodynamic and kinetic parameters for these reactions, are frequently used to study
and predict net-attenuating effects under practice-relevant conditions [132]. However, even with
thermodynamic databases supplying equilibrium or stability constants for aqueous complexation
and hydrolysis reactions, the complete aqueous speciation of mine drainage may be challenging to
predict, in particular for complex solutions that seasonally vary [115]. Evolving solution chemistries
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can induce desorption reactions, whereby previously adsorbed solutes may be re-introduced into the
drainage [2]. Even though Lewis acid–base interactions and aqueous complexation reactions for major
solutes are part of established geochemical equilibrium models, relevant aqueous ligands and potential
competitive solutes need to be experimentally determined to inform such models. This may be
especially challenging for e.g., coal waste-rock drainage [158,159] where a variety of organic acids can
occur. Furthermore, significant temperature variations can occur within waste-rock piles (Section 3.3)
and the ionic strengths of waste rock leachates can be unusually high, so that these aspects must be
considered in aqueous speciation modeling.

The modes of surface binding are documented for major waste-rock solutes and detailed adsorption
models exist for various mineral surfaces (e.g., multi-layer models, charge-distribution multi-site
complexation model [160]). Yet, the application of quantitative sorption models in drainage predictions
is scarce. This may be because the sorption properties of less-abundant solutes remain poorly studied
(e.g., Mo [161]) and stability constants deduced in laboratory studies may not be representative for
variable field conditions. Furthermore, the data required to inform sorption models, i.e., mineral
surface characteristics such as sorption-site density or solution chemistry, is typically unavailable
(or semi-quantitative at best) for large, heterogeneous waste-rock piles. Finally, the surface properties of
waste rock may evolve as weathering progresses, e.g., through precipitation of amorphous secondary
Fe-oxide coatings with elevated sorption capacity. As a result, adsorption modeling for waste rock
often relies on estimated parameters, adoption of synthetic idealized phases (e.g., hydrous ferric
oxide [128]), or extrapolation of generalized behavior (the Irving-Williams series) in stable drainage
types. Adsorption is often considered a precursor for secondary mineral formation (Section 2.4.2) but
the contribution of adsorption versus that of secondary minerals to overall attenuation remains to be
quantitatively resolved.

2.4.2. Secondary Mineral Formation

Secondary minerals in waste rock are considered those minerals that form after the waste material is
disposed (Figure 2b), i.e., distinct from primary minerals and oxidation products native to the excavated
(ore) material. Major secondary mineral phases in mine waste have been reviewed previously [2]
and include (oxy)hydroxides, (hydroxy)sulfates, (hydroxy)carbonates, and phosphates, or arsenates,
depending on the waste-rock primary mineralogy. Specific secondary phases encountered at many
mine sites include Fe-oxides (e.g., ferrihydrite, goethite, and lepidocrocite), the Fe-sulfates jarosite and
melanterite, as well as gypsum (CaSO4) [2,54,115].

Secondary mineral precipitates are typically composed of different polymorphs of variable
hydration: water-soluble salts may initially precipitate as hydrated or hydroxy-phases but recrystallize
into more stable forms as the precipitates age, accelerated by evaporation and drying of the waste
rock. The physical and hydrological conditions of waste-rock piles (size, particle size, hydraulic
retention time; discussed in Section 3) have a strong impact on the geochemical water-rock interaction
and therefore occurrence of secondary minerals. Secondary minerals often occur as distinct rims or
coatings on weathered host particles, but their occurrence is not necessarily related to the waste-rock
composition in their direct vicinity: mixing of different drainage types within heterogeneous waste-rock
piles [162] (Section 3.1) or generally rapid infiltration rates compared to slow precipitation rates may
facilitate secondary mineral precipitation seemingly unrelated to the local waste-rock composition [163].
While certain secondary phases readily precipitate (e.g., Fe-(hydroxy)oxides [2,16]), others may take
decades to precipitate and crystalize to detectable levels [115]. The bulk mineralogy and drainage
pH of waste-rock piles can indicate whether certain secondary mineral classes are likely to occur
(e.g., secondary phosphates and carbonates are unstable at drainage pH< 4 [164]; secondary phases
such as scorodite may be stable even under strongly acidic conditions [165]. Thus, secondary minerals
typically exhibit a widely different stability under oxic versus anoxic or acidic versus neutral drainage
conditions [2]. Their controls on long-term drainage quality may thus be difficult to quantify for
heterogeneous waste-rock piles with seasonally and spatially variable drainage signatures. For instance,
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re-dissolution of secondary minerals under gradually acidifying drainage conditions or due to the
reductive dissolution of Fe-oxides, have both been invoked to explain spikes in loading rates on the
timescales of years [115].

Secondary minerals are often qualitatively inferred from chemical equilibrium modeling
(i.e., mineral saturation indices) rather than unequivocally identified analytically [115,165]. Yet, mineral
stability constants obtained in controlled laboratory experiments may not apply under field
conditions, and secondary mineral occurrence is dictated by their precipitation kinetics more than
by geochemical saturation (e.g., slower crystal growth rates occur under low degrees of saturation
whereas high precipitation rates may be sustained by spontaneous nucleation at high oversaturation).
The identification, let alone quantification, of secondary minerals in waste rock, e.g., with X-Ray
diffraction (XRD), remains challenging for dispersed and poorly crystalline phases. Yet, even secondary
phases with low overall bulk abundance can be substantial attenuating sinks: e.g., the scarce but
rapidly precipitating wulfenite (PbMoO4) has been shown to present an important control on Pb and
Mo drainage levels [161,166,167]. For successful drainage management, it is thus critical that the
secondary mineral assemblage is quantified and monitored over time.

2.5. Mineral Reactivity

The generation of acidic and metal-bearing drainage from waste rock is the result of mineral-water
interaction, and thus the nature of the fluid and the minerals themselves. The relative resistance
to oxidation of common sulfide minerals in mine waste has been discussed: based mostly on field
observations, pyrrhotite is considered the most reactive, followed by galena, sphalerite, bornite,
pentlandite, arsenopyrite, marcasite, pyrite, and chalcopyrite [45,168,169]. The reactivity of potentially
neutralizing minerals also influences mine drainage quality, e.g., calcite is considered to be 180 times
more reactive than the most reactive silicate (wollastonite). In addition to its mineral composition
(or overall sulfide grade), overall waste-rock reactivity is determined by additional petrographic
and mineralogical factors that include crystallinity and morphology [24,170,171], surface defects
and heterogeneities, and reduced liberation (i.e., reduced exposure to oxygen and fluids) caused by
inclusion in primary minerals (occlusion) or secondary mineral precipitation (passivation or armoring;
Figure 2c) [163,172–175].

Small-scale mineral features of waste rock are typically unknown in practice, since determining
them requires more advanced analytical techniques that can be costly to apply to sufficient samples
for a realistic assessment [45]. These factors, however, may explain why predictive laboratory testing
does not always match field results (Section 2.6.1) [129,176]. For instance, occluded (unliberated)
sulfides in silicates are less likely to oxidize, and both chemical and mineralogical acid–base accounting
tests may thus overestimate potential acid generation, especially waste that has been exposed over
times such that the exposed sulfides have oxidized. Further, sulfide oxidation may be slowed by the
formation of secondary mineral rims of Fe-(oxyhydr)oxides, sulfates, or even secondary carbonates
such as smithsonite, whereas sulfides that do not contain iron, such as stibnite, may oxidize more
rapidly because they do not develop Fe-oxide rims [151]. Such passivation may thus occur selectively
on specific minerals but also throughout the waste-rock matrix [177], and extensive precipitation can
even reduce pore space and thereby alter the hydraulic properties of waste rock (Section 4). Deliberate
sulfide passivation has also been proposed as an active acid drainage prevention technique [178,179],
e.g., using metal-organic complex formation and passivation of sulfides [180,181]. Finally, the contact
of two sulfidic phases in waste rock can result in electron exchange (galvanic interaction) that
causes one phase to corrode more rapidly than the other (Figure 1b). For instance, the leaching
of chalcopyrite can be enhanced through association with pyrite [182]. Galvanic interactions can
substantially increase the leaching of one or both of the minerals that constitute the galvanic cell:
galvanically promoted dissolution has been reported in laboratory and field studies with mine waste
rock [163,183–185]. Even though mineral occlusion, passivation, and association are known to critically
determine waste-rock reactivity [115,186], and techniques such as electron microscopy and automated
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mineralogy (e.g., MLA, QEMSCAN) now allow for such parameters to be quantified with increasing
ease, few waste-rock studies and drainage prediction models have given consideration to mineralogical
and petrographic aspects (e.g., through refinement of kinetic rates) [187–190], given the cost of a
representative assessment at full scale (Sections 2.6 and 3.4).

In general, the grain size of primary minerals is inversely correlated with reactivity, and thus
finely-crushed tailings are expected to be more reactive in terms of sulfide oxidation and carbonate
dissolution than coarse waste rock fragments. On the other hand, larger pore spaces and unsaturation
of waste rock may result in a higher ingress of oxygen and periodic wetting and drying of mineral
surfaces, which may increase reactivity (Section 3.2). The nature of the water interacting with the waste
rock also affects reactivity. Oxygen-rich, slightly acidic meteoric water interacting with recently blasted
waste rock will encounter freshly broken minerals surface, and possibly highly reactive mineral dust
from blasting. Porewater reaching the lower portions of a waste-rock pile may be oxygen depleted,
and Fe3+ may act as an oxidant under acid conditions in the absence of dissolved oxygen (Equation (3)).
Under anoxic conditions at the bottom of a pile, or if the waste rock is submerged, Fe-(oxyhydr)oxides
are susceptible to reductive dissolution, resulting in release of elements of concern that were attenuated
by adsorption or co-precipitation. Waste rock submerged in a marine environment is unlikely to
generate acidic drainage, given the strong buffering capacity of seawater, although the availability of
ligands may increase the solubility of some metals [191].

2.6. Characterization of Bulk Waste-Rock Reactivity

While the geochemical reactions in weathering waste rock are universal on a molecular level, there
is typically large variability in the weathering conditions and waste-rock composition and grain sizes
across mine sites. As a result, sulfide oxidation and bulk weathering rates reported from laboratory and
field experiments vary by orders-of-magnitude across sites (Table 3). Because it is virtually impossible
to resolve all molecular-scale mineralogical heterogeneity, waste-rock reactivity or weathering rates are
typically presented through representative bulk parameters such as drainage loads (i.e., net sulfate
leaching) or oxygen consumption or heat production rates [192–194]. Similarly, the estimation of the
acid-producing versus acid-neutralizing nature of waste-rock material is often based on bulk laboratory
tests (static testing or acid–base accounting (ABA)) rather than (or complementary to) microscale
mineralogical analyses.
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Table 3. Selection of waste-rock weathering rates reported for mine sites around the world, including field studies, laboratory experiments, and numerical modeling.

Reported Rate [Varying Units] Waste-Rock Type Mine [Main Ore
Product] Method of Estimation Rate in g S per kg Waste

Rock (Bulk) per Year * Reference

Laboratory studies

5 ± 1 × 10−7 [mol O2 m−3 s−1] up to 1.5% sulfides Aitik, Sweden [Cu] Oxygen consumption 0.3 [195,196]
up to 7 × 10−8 [mol O2 kg−1 s−1] up to 6 wt% py Doyon, Canada [Au] Oxygen consumption up to 40 [192]

6 to 60 [mg SO4 kg−1 wk−1] <0.5 wt% S Cluff Lake, Canada [U] Sulfate mass-loading 0.3 to 3 [183]

1 × 10−12 to 4 × 10−11 [kg O2 kg−1 s−1] 0.6 – 1.4% S Duluth Complex, USA
[Cu, Ni] Drainage loading 1.8 to 52 [197]

Field experiments

3 × 10−9 to 1 × 10−7 [kg O2 m−3 s−1] Reactive (>3% S) Antamina, Peru [Cu, Zn] Oxygen consumption 0.1 to 3.4 [198]
6 × 10−11 to 4 × 10−10 [kg O2 m−3 s−1] Unreactive (<0.5% S) Antamina, Peru [Cu, Zn] Oxygen consumption 0.002 to 0.01 [198]
up to 3 × 10−3 (±87%) [kg S kg−1 yr−1] Reactive (1.6% S) Antamina, Peru [Cu, Zn] Sulfate mass-loading 3 [115]
up to 4 × 10−4 (±20%) [kg S kg−1 yr−1] Unreactive (0.5% S) Antamina, Peru [Cu, Zn] Sulfate mass-loading 0.4 [115]

1 × 10−7 [kg S m−3 s−1] Reactive (>10% S) Antamina, Peru [Cu, Zn] Heat production 1.8 [194]
2 × 10−7 [kg O2 m−3 s−1] Reactive (>10% S) Antamina, Peru [Cu, Zn] Oxygen consumption 6.7 [194]
0.05 to 0.3 [g S kg−1 yr−1] Mixed (0.5–1.6%S) Antamina, Peru [Cu, Zn] Heat production 0.05 to 0.3 [199]

1 × 10−8 to 1 × 10−10 [kg O2 m−3 s−1] 0.6 vol% Sulfides Aitik, Sweden [Cu] Oxygen consumption 0.002 to 0.2 [200,201]
1 × 10−9 to 1 × 10−10 [mol O2 kg−1 s−1] Up to 6 wt% py Doyon, Canada [Au] Heat and oxygen profiles 0.58 to 5.8 [192]

3 to 100 [mg SO4 kg−1 wk−1] <0.5 wt% S Cluff Lake, Canada [U] Sulfate mass-loading 0.05 to 1.7 [193]
7 to 70 [mg SO4 kg−1 wk−1] <0.5 wt% S Cluff Lake, Canada [U] Oxygen consumption 0.12 to 1.2 [193]

8 × 10−8 to 2 × 10−7 [kg Py m−2 s−1] Mixed (~3 wt% S) Rum Jungle, Australia [U] Thermal profiles 0.15 to 0.36 [202]

Numerical modelling

0.004–0.4 [kg O2 m−3 yr−1] Mixed (6–0.1% S) Doyon, Canada [Au] Simulated 0.004 to 0.4 [203]
0.02 [kg Py m−3 yr−1] Mixed (0.1% Py) Doyon, Canada [Au] Simulated 0.006 [204,205]
0.15 [kg Py m−3 yr−1] Mixed (0.05% Py) Nordhalde, Germany [U] Simulated 0.04 [204,205]

5 ± 1 × 10−7 [mol O2 m−3 s−1] up to 1.5% sulfides Aitik, Sweden [Cu] Calibrated to
measurements 0.3 [195]

1 × 10−7 to 5 × 10−10 [kg O2 m−3 s−1] 0.1 to 1 wt% - Adopted 0.005 to 0.9 [206]
up to 292 [kg O2 m−3 day−1] 3.5% Questa, USA [Mo] Simulated up to 0.08 [207]

* Conversion performed using the stoichiometry of Equation (11) and bulk waste rock density and porosity values provided in the corresponding references.
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2.6.1. Static and Kinetic Testing

Static tests aim to quantify the acid-generating and acid-neutralizing capabilities of bulk mine
waste materials [45]: paste-pH, acid-base accounting (ABA), and net acid generation (NAG) tests are
common waste-rock classification methods. The detailed procedures, advantages, and shortcomings
of static tests have been reviewed [45,46,132,208]. In brief, ABA is based on a determination of the
total sulfur, sulfide, and carbon content of a waste-rock sample. The acid-producing potential (AP)
is calculated by multiplying the sulfur or sulfide content by a stoichiometric factor [132], typically
differing with sulfide reactivity (Section 2.5) [209,210]. Acid-neutralization potential (NP) is typically
determined by titration with HCl (Sobek method [132,211,212]), although such NP determination
has been repeatedly revised [213–215] and equally deploys correction factors [45,216–218]. Both AP
and NP typically have units of kg CaCO3 per ton waste rock and ultimately aggregate unresolved
mineralogical heterogeneity into bulk waste-rock properties. From AP and NP, a net-neutralizing
potential (NNP = AP–NP; kg CaCO3/ton waste rock) or neutralizing potential ratio (NPR = NP/AP;
unitless) can be calculated. Although different, site-specific cut-off values to assess acid-production
risks are used, it is often assumed that NNP < −20 kg CaCO3/ton or NPR < 1 indicate potential net
acid-generating material, whereas material with NNP > 20 kg CaCO3/ton or NPR > 3 is non-acid
generating [132]. Considerable uncertainty remains associated with these NNP or NPR classification
criteria and unexpected drainage acidification in high NPR materials, as well as non-acidic drainage
from high-sulfide materials [219], have been reported. Being practical and cost-efficient, ABA analyses
continue to be widely used and optimized, e.g., through (i) corrections for oxidation steps that dissolve
organic material, (ii) corrections for samples with abundant forms of S other than sulfide [220], and (iii)
improved determination of silicate NP [221,222].

Static testing is often complemented by kinetic testing to overcome the discrepancy between
conditions for (short-term) laboratory testing on crushed, sieved samples and the long-term behavior
of coarser waste rock observed in the field. Examples of kinetic tests include laboratory humidity cell
tests with artificial wetting- and drying cycles [129,132], column tests [68], as well as field cell tests of
a variety of sizes [128,177]. The benefits and limitations of humidity cell tests have been previously
reviewed [176,223]. Kinetic tests can be used to predict long-term weathering dynamics, investigate
specific geochemical processes, and test possible reclamation scenarios [175]. While long-term kinetic
testing (i.e., months to years) is comparably expensive, kinetic tests are generally performed after static
testwork has identified critical or uncertain samples. Field-based kinetic tests range from small (<1 m3)
to large-scale (thousands of m3) experiments with waste-rock barrels, pads, or test piles, and although
field tests can account for site-specific climatic conditions, they usually cannot be established until
advanced stages of mine operation.

Several multi-scale field research programs with a combination of static and long-term kinetic
tests have been conducted/completed recently, e.g., at the Aitik [195,200,224], Diavik [225–228],
and Antamina [115,166,177,199,229,230] mines. These programs have investigated waste-rock
weathering dynamics and drainage quality evolution in small-scale laboratory tests, meso-scale
columns, and up to full-scale field experiments. A key advantage of such programs is the
opportunity to investigate geochemical reactions and transport processes under quasi-controlled
conditions across a range of scales, thereby providing a means to verify the reliability and accuracy
of static tests for model parameterization (Section 4.2) and practical industrial-scale predictions.
Additional multiscale investigations will be crucial to address remaining knowledge gaps, improve our
conceptual understanding of waste rock weathering processes, and inform practical drainage quality
prediction models.

2.6.2. Macroscale Geochemical Heterogeneity

Full-scale waste-rock piles, especially in complex geological settings [231], may exhibit a high
degree of geochemical heterogeneity, arising from the mixing of different waste-rock materials and
depositional practices (i.e., push- versus end-dumping [232]). On the one hand, such heterogeneities
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can complicate the development of predictive water quality models when the location and nature
of more reactive waste materials is unknown. However, strategic placement of different materials
(e.g., co-location or blending of acid-producing and acid-neutralizing materials) can also be an
effective strategy to mitigate acid drainage risks [233]. Geochemical material heterogeneity can
cause unpredictable weathering dynamics [115,234–236] and representative sampling is critical to
characterize the spatial distribution of mineral reactivity that can significantly affect the overall drainage
signature of composite systems. Relevant geological, lithological, and alteration units must be sampled
relative to the amounts and particle size of each material [45,132]: inadequate sampling can contribute
to substantial variability or incorrect assessment of waste-rock reactivity. Sampling and analysis
of waste-rock properties or material heterogeneity must be fit-for-purpose to inform the deployed
prediction model: generalization and extrapolation from static tests may be insufficient when done in
lieu of appropriate kinetic testing, as illustrated by the wide range of weathering rates observed in the
field (Table 3).

Thus, bulk waste-rock parameters can be used to aggregate variability in mineralogical composition
of waste rock but static test results or bulk weathering indicators may not reflect in-situ sulfide oxidation
rates and acid-generation in spatially heterogeneous systems, e.g., when retention by secondary minerals
is insufficiently quantified. More accurate predictions of waste-rock drainage dynamics in full-scale
systems may be achieved when static tests, detailed mineralogical analyses and targeted kinetic tests
are effectively combined.

3. Physical Transport Processes

In addition to the geochemical weathering and attenuation processes discussed above, waste-rock
drainage quality and quantities are controlled by the transport of gas, water, and heat through porous
waste-rock piles: aqueous transport controls the ultimate export of solubilized solutes from the
waste-rock pile, and gas transport can affect weathering rates through controlling oxygen supply
required to sustain sulfide oxidation.

3.1. Aqueous Transport

Water flow within waste-rock piles is highly site-specific and varies with climate, (internal) pile
structure, and hydrogeological waste-rock properties. At the macroscale (Figure 3), drainage of a
waste-rock pile can be described by a water balance [16]:

P = E + R + G−R + ∆S (16)

in which P is precipitation, E is evapo(transpi)ration, R is runoff, G is groundwater exchange, R is
reaction, and ∆S is change in internal storage (i.e., infiltration or drainage). Modern waste-rock piles
are preferably placed onto relatively impermeable or lined surfaces to minimize interaction with
groundwater if present at the site. Further, the highest oxidation rates listed in Table 3 indicate that
water consumption by weathering reactions is maximally on the order of 0.01–0.1 kg H2O m−3 year−1,
and thus only relevant to the water budget for tall piles stored at very dry conditions (<200 mm year−1).
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Evaporation has been investigated for engineered waste-rock covers [237,238] but less for bare
waste-rock piles [239]. Near-surface water and energy balances have been used to estimate evaporation
rates for waste-rock piles by combining rainfall gauging, soil-water characteristic curves and suction
measurements, in-situ moisture sensors, scintillometry, and eddy covariance measurements or surface
heat mapping [240]. Evapo(transpi)ration rates inferred from local meteorological measurements
are poorly representative for the quite unique, coarse-textured nature of waste rock and empirical
relationships to estimate evaporation (e.g., Penman-Monteith) must be calibrated for such surface
properties [241]. Water and energy balancing at various mine sites have indicated that evaporation may
be the dominant component (i.e., >70%) of the water balance of waste-rock piles [241,242]. A comparison
of twelve waste-rock piles [240] indicated that effective evaporation was lower for bare waste-rock
piles compared to covered or vegetated piles. However, evaporation rates from waste-rock piles
strongly differ from variability in local climatic conditions (wind speed, insolation [243]), slope aspects,
as well as surface waste-rock properties (particle size, roughness, albedo). Further study is required
to resolve the controls on evaporative fluxes posed by thermal gradients [239,244] (e.g., quantifying
surface heating using infrared cameras) versus those of vapor pressure versus diffusive gradients [245]
(e.g., mapping of saturation and the evaporative ‘drying front’ [246]).

Surface runoff from waste-rock piles may be deliberately minimized to avoid erosion on the
pile batters, in which case it is typically insignificant for the water balance. Yet, certain reclamation
strategies rely on maximizing runoff from compacted (subsurface) cover layers to limit percolation
into underlying reactive material [236,247]. Material compaction (e.g., in traffic surfaces) can facilitate
surface runoff and ponding, especially under flashy precipitation patterns. Eventually, the non-runoff

or evaporated fraction of precipitation will infiltrate the unsaturated waste-rock pile. Downward
propagation of precipitation forms a wetting front that becomes drainage constituting the base seepage.
Changes in internal water storage can be significant when drainage fronts successively migrate through
unsaturated waste rock as a result of seasonal precipitation patterns or during so-called wetting-up
phases in newly deposited piles [225,229,248].

At the porescale (Figure 3), the drainage flow regime from a waste-rock pile is the result of
infiltration through a typically large range of grain and pore sizes. Particle sizes in waste rock
can vary from greater than 1-m boulders to sub-millimeter clay-sized fractions (i.e., wide particle
size distributions and porosity ranges) [16]. Such variability must be accounted for conceptual
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hydrological models aimed at capturing waste-rock flow dynamics and parameters such as hydraulic
conductivity can be highly non-uniform across poorly-sorted heterogeneous waste-rock piles [229,249].
Infiltration is often (conceptually) separated into a slower matric flow component, in which water
flows under capillary and gravity forces as described by Richards’ equation, and a faster macropore
(or non-capillary, preferential) flow component, which is more rapid and channelized [250]. Wetting
fronts move according to kinematic velocity under dominantly matrix flow conditions but can travel
hundreds of times faster than the average velocity as a result of preferential flow [251]. Preferential
flow phenomena have been extensively studied and reviewed [252,253], including in mine waste
rock [249,254–256].

Tracer tests with internal or externally applied conservative solutes can be used to identify
and quantify preferential flow phenomena. Calibration of hydraulic parameters from tracer tests is
often preferred over conventional field tests (e.g., infiltrometer, permeameter), which are challenging
for large-scale systems and boulder-sized particles. Approaches to describe non-uniform flow in
unsaturated porous media exist include advanced dual-domain (dual-porosity, dual-permeability)
models that have meanwhile been applied to waste rock [229,230]. While preferential flow will be
critical for the prediction of water quantity hydrographs and flushing dynamics, water quality may be
dominantly controlled by matrix flow that facilitates longer contact times with finer-grainer particles
with elevated reactive surface areas and thus solute mobilization [16]. Finally, freeze-and-thaw cycles
may completely alter the hydrological regime in waste-rock piles and can thereby critically affect
drainage dynamics [257,258]. The cryohydrogeology of waste-rock piles is strongly coupled to the
thermal regime through phase transitions (Section 3.3) and has been described by model approaches
that include the Clapeyron equation or Soil-Freezing Characteristic Curves [259]. Thus, waste-rock
flow dynamics are highly site-specific and further research is required to optimize and parameterize
hydrological models for full-scale waste-rock systems.

3.2. Gas Transport

Oxygen consumption from sulfide oxidation and CO2 production from carbonate dissolution may
induce poregas pressures and compositions that differ from atmospheric conditions, particularly in large
waste-rock piles with reactive material [194,198,199,260]. In smaller-scale (laboratory) experiments
with less-reactive waste rock, poregas variations are typically neglected yet rarely experimentally
determined. Gradients in poregas composition and pressure trigger gas transfer through diffusion
and advection, respectively (Figure 3), which affect internal poregas distributions and the generally
outward transport of CO2 versus inward replenishment of O2. The contribution of dissolved oxygen
transport in percolating water is usually negligible (low solubility) [16] and convection as a combined
heat and gas transfer mechanism is discussed below.

Molecular diffusion typically dominates gas transport in low permeability waste-rock
systems: the controls of oxygen diffusion on sulfide oxidation rates have been estimated from
mass-balance calculations (Fick’s laws) [192,194,261], and more advanced modeling of combined gas
advection-diffusion with spatially-discretized diffusion parameters [262]. In addition to diffusion,
pressure gradients can result in advective gas transport in porous media [263]. Estimates of advective
gas transport using e.g., pneumatic heads and Darcy’s law for gas, have shown that barometric
fluctuations can be relevant for gas transport particularly through more permeable coarse rubble zones
at the bases of waste-rock piles [194,243,264,265].

Both diffusive and advective gas transfer are strongly controlled by the properties of the waste rock,
including its permeability, degree of porewater saturation, and spatial heterogeneity therein [194,266].
Various empirical and semi-empirical formulae to estimate diffusivity and permeability from particle
size distributions or porosity ranges exist [267–269] but these often invoke tortuosity or constrictivity
parameters that are poorly defined [266]. Typical effective permeability and gas-diffusivity ranges for
waste rock have been reviewed [16] and vary orders of magnitude between and within sites [194].
As a result, gas transfer is usually only quantitatively constrained for waste-rock piles, even though
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oxygen supply may be rate-limiting in full-scale prediction models. Site-specific field determination of
gas transport properties, especially in dual-porosity media, is particularly challenging for full-sized
waste-rock systems across large areal extents. Further research is therefore required to assess the
applicability and practicality of in-situ sensing or gas injection tracer tests for such parameterization,
considering that a quantitative understanding of gas transport limitations can be used to better assess
weathering rates and optimize drainage quality predictions.

3.3. Heat Transport

Exothermic sulfide oxidation (e.g., 1000–1500 kJ·mol−1 for pyrite [270]) can cause internal
temperatures in waste-rock piles to rise to tens of degrees above average ambient temperatures,
e.g., up to 65 ◦C at some sites [204]. Thermal profiles have been measured in a large number of
waste-rock piles [204,226,271,272], often by means of instrumented boreholes [194]. Heat transfer
from reactive ‘hotspots’ in waste-rock piles is dominated by convective heat transfer, the basis of the
so-called ‘chimney effect’ [206,273] (Figure 3). Convection is the combination of conduction (heat
diffusion) and advection (bulk fluid flow); radiative transfer and viscous dissipation are typically
assumed negligible in waste rock. Natural convection arises from buoyancy forces in waste-rock piles
generated by oxidation reactions that produce heat and alter the density of the poregas (e.g., through
water vapor [206]). Temperature gradients caused by internal heating trigger upward convection
against the downward diffusive transport of oxygen into a waste-rock pile. Mass transfer estimates
and modeling studies have shown that convective heat and gas transfer can sustain high waste-rock
weathering rates [204,274]. The onset and strength of convective transport is determined by the
temperature gradient (local atmospheric temperature versus the spatial distribution of reactive waste
rock [236,273]) and waste-rock permeability. As a result, parameterization of heat transfer properties is
not straightforward [16] and effective heat transfer properties vary widely as a function of porewater
saturation and porosity [204,236,266,272]. Further work is required to relate heat transfer mechanisms
to waste-rock properties and pile construction methods, and thereby help quantify the contribution of
convection to overall weathering rates and ultimately drainage quality.

3.4. Physical Heterogeneity

Physical heterogeneity within waste-rock piles induces variations in their hydrogeological
properties (water, air, and heat transport). In-situ investigation of temperature, poregas composition,
moisture distribution, infiltration, and solute transport can help assess these heterogeneities on practical
scales [275–277], e.g., by mapping flow channeling or diversion along structural features such as
intermittent traffic surfaces or tipping benches. Recent improvements in our ability to measure in-situ
properties at increasing resolution have helped characterize heterogeneity for improved drainage
quality predictions and numerical models (Section 4.2).

Soil moisture sensing techniques have been recently reviewed [278]. Point measurement techniques
provide precise measurements of hydrogeological properties but are challenging to extrapolate to larger
areas because of the waste-rock heterogeneities. Previous work on the hydrogeological properties
of waste-rock piles have used point measurements of water content, for instance using time-domain
reflectometry (TDR) sensors [16,279,280], frequency-domain (FDR) sensors [281], and soil water
potential sensors [282,283], or by oven-drying discrete waste-rock samples taken at several depths in
boreholes [162,163]. Remote sensing techniques offer larger scales of investigation, but often at the
expense of lower resolutions that might be inadequate to discriminate the internal fine structure of
waste-rock piles. Nevertheless, electrical resistivity techniques (ERT; [275,281]), ground penetrating
radar (GPR; [284–286]), electromagnetic induction (EMI; [284,287]), fibre optic distributed temperature
sensing (FO-DTS; [288]), or oxygen/hydrogen isotopic signatures [162] have all been applied successfully
to investigate hydrogeological dynamics in waste-rock piles. In addition, basal lysimeters are often
used to record internal mixing and drainage at the bottom of waste-rock piles [115,280,282]. In addition
to direct sensing and measurement techniques, physical and geochemical heterogeneity in waste-rock
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piles may be reverse-engineered from truck movement and placement records [289]. Ideally, multiple
of the aforementioned methods are combined to gain a more comprehensive understanding of the
overall hydrogeological behavior of heterogeneous waste-rock piles.

3.5. Coupling Between Geochemical Reactions and Physical Transport

The overall waste-rock drainage from a composite, heterogeneous waste-rock pile often reflects
the mixed aggregate signal of individual reaction-infiltration pathways, each resulting from a sequence
of interacting processes. The drainage composition arising at each individual pathway results from
exposure to a usually wide range of physicochemical properties and the transport time of the infiltrating
fluid. Even with a perfect description of the spatial heterogeneity in relevant properties (Section 3.4),
prediction of such a fluid composition constitutes a challenging task, due to the coupled nature of the
physicochemical processes described above [16,290]. Figure 4 schematically illustrates the different
physical transport processes and geochemical reactions controlling waste-rock drainage quality and
quantity and how they interact.
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physical transport processes. Solid arrow lines indicate interactions or a control-hierarchy between
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and gas pressure and that of site geology and communition method on waste-rock particle sizes, as
indicated by the asterisks.

A selection of these couplings has been previously investigated [16,205,266]. Many processes
and associated feedbacks operate virtually simultaneously. For instance, sulfide oxidation produces
acidity that induces carbonate and silicate weathering and secondary mineral precipitation, all of
which affect pH and the subsequent progress of oxidation [172]. Sulfide oxidation may undergo
orders-of-magnitude acceleration under acidifying conditions, due to a fractional-order rate dependence
on proton activity and due to increased oxidation by ferric ion. At the same time, sulfide oxidation
is an exothermic reaction: the reaction rates of sulfide oxidation may increase by several factors
between every 10 ◦C increase in temperature, as per Arrhenius’ relation [194]. Temperature also
impacts geochemical reactions rates through minor changes in equilibrium and gas solubility constants,
and fluid properties such as density and viscosity that can affect transport rates [266]. While some
couplings thus enforce controls on magnitudes of percentages or fractions at most, others impose
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orders-of-magnitude influences. The task at hand is to assess the strength of the coupling, and many
feedback mechanisms remain poorly quantified. One example is the cryo-hydrogeological feedback
between latent heat, gas, and fluid flow behavior and reaction rates: ice is approximately 3.8 times
more heat conductive than water at 0 ◦C and in cold climates, gas migration through partially frozen
waste-rock piles can maintain oxidation reactions and control freeze–thaw dynamics [257,258].

The intricately coupled processes in waste rock can exert both positive and negative feedbacks
towards poorer drainage quality (Figure 4). As detailed above, sulfide oxidation releases heat and
acidity, both of which accelerate oxidation (Equation (1)) and induce a convective supply of oxygen
that can accelerate oxidation (‘chimney effect’, Section 3.3). For such positive feedback loops, small
parameter variability can yield significant reinforcing perturbations in long-term predictions. In contrast,
drainage quality deterioration may also be lessened by negative feedbacks that decelerate the oxidation
process. For instance, waste-rock weathering rates can be lowered by mineral surface passivation
and pore clogging, a decreased microbial activity at elevated temperatures, or reduction of oxygen
replenishment by mass transport limitations [194]. Finally, while certain feedbacks operate directly or
on comparatively short time-scales (e.g., flow channeling and preferential flow), others can require
years to become relevant (e.g., progressive dissolution of reactive grain sizes [291,292] or secondary
mineral precipitation that affect reactive surface area [290,293] and porosity/permeability [266]).

Processes and their feedbacks can be accounted for in different layers of complexity. Firstly,
they are dependent on the molecular-scale to mineral-scale physical chemistry, i.e., passivation,
porosity, and grain size evolution. Secondly, large heterogeneous systems can display feedbacks that
are controlled by the large-scale structural make-up of the waste-rock pile (e.g., local oxygen content
and oxidation rates that vary with infiltrating precipitation fronts through compacted layers). The
scale of the studied system and according prediction model thus will determine which processes and
feedbacks need to be considered and parameterized.

4. Practical Waste-Rock Drainage Predictions

Prediction of drainage type, amount, and timing is required to reduce or prevent the potential
detrimental environmental impacts of waste-rock weathering [132]. Such prediction is typically
required already during mine planning/permitting stages, in which full-scale waste-rock storage
facilities do not yet exist. Drainage quality and quantity predictions for long-term planning need to
integrate a combination of geochemical and physical transport processes, while geochemistry and
mineralogy determine the occurrence, abundance, and reactivity of potential solutes and hydrogeology
determines their transport and mobility [51], and both are highly interconnected as discussed above.

The scope of investigation required to inform drainage predictions differs based on the cost-benefit
context or engineering problem at hand. For instance, static test results and mass-balance estimates
may suffice for shorter-term, smaller-scope problems (‘black box’ models), but long-term and full-size
water management strategies for entire mine sites require comprehensive data sets and/or coupled
reactive-transport models [13,294]. Experience is required to identify what data is needed for the
practical problem at hand and how prediction model outcomes can be interpreted or not (“all models
are wrong, some are useful” [295]). The development of mine waste-rock drainage models typically
includes baseline scenarios and multiple (conceptual) prediction models that are iteratively updated as
data becomes available during operation [296].

4.1. Scaling Phenomena

Direct extrapolation of waste-rock properties from small-scale and short-duration experiments
into long-term prediction models for full-size systems can lead to erroneous drainage quantity and
quality estimates because smaller-scale static tests of kinetic experiments do not reflect the complex
or variable weathering conditions in the field and extent of material heterogeneity encountered in
full-scale piles. In addition, many physicochemical processes have undetectable impacts below certain
spatiotemporal dimensions [297]: e.g., convection does not exist in humidity cell tests. So-called
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scaling factors have been proposed to facilitate the use of laboratory parameters onto practice-relevant
waste-rock systems [130,298], but these are often semi-empirical correction factors based on limited
mechanistic evidence and remain poorly verified across different mine sites.

Upscaling phenomena arise when small-scale processes are extrapolated onto larger scales over
orders-of-magnitude, without accounting for changes in continuity or heterogeneity in the studied
system. Upscaling of drainage predictions must therefore address the difference between micro- versus
macroscale parameters for kinetic or transport processes [299]: the task at hand is to identify which
processes undergo relevant scale transitions that are not captured by model parameters (e.g., the onset
of thermal convection or transitioning out of a uniform Darcian flow domain).

As discussed in Section 3.4, quantification of spatial heterogeneity in waste-rock piles is pertinent
for successful drainage predictions. However, the degree of system heterogeneity may increase
with its spatial dimensions [235], and further study (e.g., using variogram models) is required to
assess for which parameters and to which extent increasing heterogeneity causes scaling phenomena.
An opportunity to investigate scale transitions in waste-rock piles may be provided by dimensionless
numbers: quantities relating the spatiotemporal scales of physicochemical processes. Examples include
the Damköhler number (transport versus reaction timescales) and Rayleigh number (buoyancy-driven
flow; convection), which has been used to assess waste-rock weathering dynamics in piles of
various dimensions [206]. Future work on upscaling phenomena is required to improve drainage
prediction models.

4.2. Reactive-Transport Models (RTMs)

Reactive transport modelling can be used to quantify the physicochemical processes and
interactions between reactive fluids and engineered or geological porous media and has been applied
for coupled geochemical and transport phenomena from the micrometer scale to the watershed
scale [290,300]. In contrast to the geochemical (aqueous-phase) equilibrium models described above
(Section 2.4.1), reactive-transport models (RTMs) are based on mass and energy conservation relations
and process-based equations that describe transport (hydraulic advection and dispersion, diffusion,
convection) as well as chemical reactions across solids, liquids, and gases [135,231,266,301]. As such,
RTMs can account for time-discretized mass and heat transport as well as surface complexation,
liquid-gas partitioning, mineral dissolution and precipitation reactions and various biogeochemical
reactions [290,292]. Reactive-transport models have been widely deployed for the investigation
of waste-rock weathering processes [135,203,296,302] and environmental impact assessment of
(abandoned) mines [303], using codes like MIN3P [304], PHREEQC [305], Hytec [306], Geochemist’s
Workbench [136], Toughreact [307], Crunchflow, or PFlotran [308].

Due to a typically modular approach, RTMs allow for the incremental inclusion of processes
and their interactions [290] and constitute powerful investigative tools. They offer the possibility
to quantitatively assess the relevance of certain processes through sensitivity analyses and can be
used to investigate the effects of potential engineering solutions to mitigate risks associated to poor
drainage quality, such as co-disposal techniques [235] and fluid control layers or covers [135,231,309].
While the versatility of RTMs may be their prime advantage, it also constitutes a limitation:
the choice and parametrization of the considered processes. An immediate drawback is that multiple
descriptions or solutions of a problem can yield the same drainage composition, which is referred to as
non-uniqueness [310]. Setting-up an RTM requires modelling choices, ranging from the selection of
relevant processes (heat generation, phase-changes, permeability evolution), solid phases, and their
reactive properties (kinetic reactions) to the physical description (flow behavior, physical heterogeneity).
While the challenge of such selections increases with the scale of the studied problem, the description
of individual subcomponents alone can be difficult (e.g., the initial waste-rock mineralogy can
consist of multiple (amorphous) phases present at levels below analytical detection limits for which
thermodynamic or kinetic data is unavailable). In addition, RTMs often rely on mathematical
equations for physical or chemical processes that simplify potential feedbacks or aggregate unresolved
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heterogeneity (e.g., through adoption of bulk-averaged parameters) [297]. For instance, the dependence
of modelled waste-rock hydraulics on measurable parameters (e.g., matric suction) is often modeled
with Van Genuchten relations [250,311,312], which are dependent on particle size [313] and therefore
prone to change over time.

With increasing computational power and availability of big data, it has become possible
to represent large-scale pile dynamics with stochastic [234,235] or (fully-) coupled process-based
RTMs [227,301]. Emerging applications for mine waste-rock systems include dual-continuum
approaches [230]. In contrast, relatively few applications of reactive-transport models with
fully-coupled thermo-hydro-chemical descriptions (e.g., thermally-driven gas migration) have
been performed on large heterogeneous 3D waste-rock systems. A primary challenge in
reactive-transport drainage prediction models is not only to identify the processes that are relevant
in the studied waste-rock domain, but also to accurately parametrize them: more advanced
models for large heterogeneous piles are inherently more difficult to experimentally parametrize.
Mechanistic reactive-transport models can be parameterized practically through synoptic sampling
(e.g., tracer-tests [51]), and they have the potential to inform practical optimization of the design
and management or waste-rock piles, or the mitigation of poor drainage quality. While RTMs
have proven crucial to assess process-relevance and waste-rock weathering dynamics under various
conditions [231], their development and verification is also laborious. In order to justify and establish
their use for practical predictive purposes and management decision-making, it is critical that the
relative sensitivities of the model inputs and outputs are translated into actual design parameters.

5. Concluding Remarks

In this review, we discussed critical hydrogeochemical processes affecting the weathering of
mine waste rock and its potential environmental impacts. Geochemical and mineralogical reactions,
in addition to water, air, and heat transport, are all of key importance in determining waste-rock
weathering rates and thus drainage quality as well as quantity. The research reviewed here has been
instrumental in providing an understanding of the controls on these individual physicochemical
processes, as well as their coupling. Studying the mobility of mine waste pollutants and the underlying
mechanisms from the micro- to the macroscale remains important, as expanding mining operations
around the world pose increasing potential environmental risks: forward-thinking in the design of
long-term dumps that could pose potential leachate quality problems is critical. An improved and
quantitative understanding of the factors controlling mine waste-rock drainage dynamics, paired with
a growing ability to map in-situ heterogeneity in full-scale systems and the power to harness large-scale,
high-resolution data in practical models, will allow engineers and practitioners to develop more robust
prediction models and sustainable management decisions. Continuing research can facilitate optimized
waste management and thereby prevent waste-rock related environmental deterioration in the future.
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