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Mine tailings, produced at rates exceeding 10 billion tonnes annually, constitute the world’s largest industrial
waste stream. Catastrophic failures have caused loss of life, contamination, and long-term ecological harm,
underscoring the need for sustainable and systematic management strategies. Yet they also represent an un-
tapped resource for sustainable construction. Unlocking this potential requires activation techniques capable of
generating reactive phases, as well as decision frameworks that can guide their responsible deployment.
Therefore, this study introduces a mineral-based mechanical activation framework that supports informed
evaluation of the activation behaviour and valorisation potential of mine tailings. The framework classifies
minerals by their potential cementitious contribution following mechanical activation and their susceptibility to
amorphisation, based on intrinsic mineralogical attributes. Case studies on multi-mineral mine tailings demon-
strate broad consistency with the proposed framework: silica-alumina contributor group-dominated tailings
tend to enhance pozzolanic reactivity, oxide contributor group-dominated tailings generally show limited
response, and unsuitable mineral group-dominated tailings largely remain inert under mechanical activation.
The framework provides a basis for mechanical activation as a systematic, design-informed decision strategy
rather than an ad hoc empirical practice, grounded in the mineralogical fingerprint of mine tailings. Its
mineralogical basis also offers a transferable conceptual basis for evaluating other industrial residues, providing
a generic template for resource-efficient valorisation. The framework supports a shift in tailings utilisation away
from a linear take-make-dispose paradigm toward more knowledge-driven evaluation and utilisation strategies,
enabling more systematic assessment across waste streams and alignment with circular-economy and net-zero
targets. Illustratively, enabling a ~ 15% substitution across 1 million tonnes of cement would valorise ~ 0.15
Mt of residues and avoid ~ 0.09-0.12 Mt CO,.

1. Introduction

The global transition toward net-zero is accelerating the demand for
critical minerals, driven by the rapid deployment of electrification and
digital infrastructure. (OECD., 2018; Vidal et al., 2013). Metals such as
copper, lithium, cobalt, and nickel have become indispensable to low-
carbon technologies ranging from electric vehicle batteries and renew-
able energy systems to smart grids and data centers (Jasansky et al.,
2023; Nguyen et al., 2021; Anglo American, n.d.). Between 2000 and

2023, global mineral production increased by more than 70%, and
projections suggest that meeting the material demands of the energy
transition could require up to 6 billion tonnes of metal by 2050 (Reichl
and Schatz, 2025; ,World Gold Council, n.d.; OECD., 2024; Copper de-
mand set to soar 70% by, 2050). This unprecedented expansion of
mineral extraction, however, comes at a steep environmental cost:
mining generates vast quantities of solid waste, with current estimates
indicating ~ 90 billion tonnes of waste rock and 8 billion tonnes of
tailings annually, contributing to a cumulative global volume exceeding
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640 billion m> (Humphreys, 2020; Global Tailings Portal, n.d.). Tailings
that are rich in sulphides and heavy metals pose long-term risks to
ecosystems and public health, primarily through acid mine drainage,
groundwater contamination, and particulate emissions. (Concas et al.,
2006; Budianta, 2021; Li et al., 2024; Lottermoser, 2011; Serbula et al.,
2017; Afif et al., 2008). Despite reliance on tailings storage facilities
(TSFs), catastrophic failures such as the Brumadinho disaster underscore
the urgent need for alternative, sustainable management strategies
(Piciullo et al., 2022; Islam and Murakami, 2021; Chronology of major
tailings dam failures, n.d.).

A parallel sustainability challenge lies in cement production, which
contributes ~ 8% of global anthropogenic CO2 emissions, primarily
from limestone calcination and clinker production (CBS News, n.d.). In
this dual context, valorising mine tailings in cementitious matrices has
gained prominence as a synergistic solution; simultaneously mitigating
mining’s environmental burden and reducing the carbon footprint of
construction materials (CBS News, n.d.; Kinnunen et al., 2022; Scrivener
et al., 2018). Such valorisation strategies of this kind hold direct rele-
vance for industry stakeholders and policymakers, providing actionable
pathways to integrate utilisation of tailings into broader decarbonisation
efforts. Yet, despite growing interest, implementation remains frag-
mented. Mine tailings exhibit extreme variability in mineralogy, particle
size, and chemical composition due to differences in ore type, extraction,
processing route, and environmental exposure (Lottermoser, 2010;
Gonzalez-Diaz et al., 2022; Falagan et al., 2017; Fashola et al., 2016; Hu
et al., 2017; Nascimento et al., 2023). Tailings nominally derived from
similar metal extraction processes can behave inconsistently in binder
systems (Lottermoser, 2010), as variations in ore mineralogy and pro-
cessing routes lead to diverse results across studies (Saberi and Vriens,
2025; Lindsay et al., 2015; Nascimento et al., 2025) and hinder scal-
ability. The root cause of these inconsistencies lies in the absence of a
standardized, mineralogically informed framework for evaluating tail-
ings in binder applications. To address this gap, a classification taxon-
omy is defined based on structural state, chemical composition, fineness,
and toxicity, aligned with international standards (e.g., Code of Federal
Regulations (CFR) (40 CFR § 261.24, n.d.), Waste Classification Tech-
nical Guidance WM3 (Agency et al., 2021), ASTM C618 (ASTM
International., 2023), ASTM C1866 (ASTM International., 2020), and
BS EN 450-1 (British Standards Institution, 2012). This taxonomy pro-
vided a first-stage screening method, distinguishing tailings with
intrinsic reactivity, latent pozzolanic potential, inert character, or un-
suitability without pretreatment. However, for tailings with activation
potential, chemical and physical metrics alone are insufficient; bridging
the taxonomy with mineralogical insight becomes necessary to capture
the mechanisms that govern reactivity. In particular, the type, propor-
tion, and structural characteristics of constituent minerals ultimately
control both the reactivity of tailings and the effectiveness of activation
strategies. Despite this importance, the relationship between mineral-
ogical composition and activation effectiveness remains insufficiently
understood, and a mineral-based perspective systematically linking
mineral properties with activation behaviour is largely absent in studies
addressing heterogeneous materials such as mine tailings.

Among the activation techniques proposed to enhance the reactivity
of mine tailings, mechanical activation has emerged as a promising low-
carbon approach. However, the effectiveness of this process is highly
mineral-dependent. In the absence of a clear mechanistic understanding
of how mineralogical composition governs activation behaviour, me-
chanical activation has often been applied empirically, leading to
inconsistent outcomes across studies. For example, quartz- or hematite-
rich tailings typically exhibit only limited reactivity (Wang et al., 2023;
Liu et al., 2022), while those dominated by muscovite or kaolinite can
develop significant pozzolanic activity after milling (Wang et al., 2022;
Yao et al., 2019; Yao et al., 2020; Tian et al., 2024). This variability
highlights a fundamental knowledge gap: unlocking the reactivity of
mine tailings requires understanding how the mineralogical character-
istics of their constituent phases influence their response to activation.
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Mine tailings are inherently complex multimineral assemblages
composed of multiple coexisting mineral phases. In such heterogeneous
systems, interactions among mineral phases may have an influence on
the activation behaviour and can give rise to synergistic or antagonistic
effects depending on mineralogical composition and relative phase
abundance. These interactions may affect processes such as the effi-
ciency of mechanical energy transfer during milling, fracture behaviour
and structural breakdown, the extent of amorphisation, dissolution
tendencies, and the resulting surface reactivity of the activated material
(Balaz, 2008). Consequently, interpreting the activation behaviour of
heterogeneous mine tailings requires understanding the structural
characteristics and activation responses of the individual mineral phases
that constitute these systems.

In this context, the primary aim of the present study is to develop a
mineralogical framework capable of explaining the mechanisms gov-
erning mechanical activation in mine tailings from a mineral-level
perspective. To achieve this, the study proposes a mineral-based me-
chanical activation framework that systematically links mineral prop-
erties with activation behaviour. By integrating crystallographic
structure, bonding topology, interlayer bonding characteristics, hard-
ness, cleavage, and mineral-specific behaviour under milling, the
framework systematically classifies minerals according to both their
functional contribution to cementitious matrices and their susceptibility
to structural breakdown during mechanical activation. Therefore, the
study introduces a mineralogical perspective that is currently lacking in
the literature on mine tailings in cementitious systems and provides a
foundation for interpreting activation behaviour in a more mechanistic
and consistent manner. Establishing this mineral-level understanding
represents a necessary step toward transforming mechanical activation
from an empirical trial-and-error practice into a mechanistically guided
strategy for the valorisation of heterogeneous mine tailings.

Ultimately, this framework reconceptualises mechanical activation
not as a generic treatment but as a tailored, mineral-specific engineering
tool for valorising heterogeneous mine tailings. Consequently, it sup-
ports circular-economy objectives and can contribute toward net-zero
strategies by enabling a more systematic approach to the valorisation
of mine tailings in sustainable binder systems. In practical terms, the
framework provides a structured basis that can support regulators,
standards bodies, and industry practitioners in systematically evaluating
valorisation pathways.

2. Database development and methodology

This study is based on a comprehensive literature-derived database
designed to represent the existing body of research on the utilisation of
mine tailings in cementitious systems. Relevant publications were
sourced from major scientific databases, including Scopus, ScienceDir-
ect, Springer, and Taylor & Francis, using a unified keyword strategy.
The search scope was deliberately defined to ensure broad and repre-
sentative coverage of the relevant literature.

As illustrated in the PRISMA-style flow diagram (Fig. 1), the litera-
ture identification and screening process followed a multi-stage refine-
ment procedure. The initial search identified more than 5000
publications addressing mine tailings in cementitious systems.
Following title and abstract screening, studies that did not meet the
defined scope of the research were excluded, leaving 849 articles for
full-text eligibility assessment. After applying predefined inclusion and
exclusion criteria, a curated database of 175 peer-reviewed journal ar-
ticles was established. This curated database encompasses a wide range
of studies examining different utilisation pathways for mine tailings,
including direct use and various treatment approaches such as me-
chanical, thermal, and chemical activation.

For the purposes of the present study, which focuses specifically on
mechanical activation, this database was further refined through two
additional selection criteria: studies were required to report the miner-
alogical composition of the tailings (e.g., via X-ray diffraction (XRD) or
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Fig. 1. PRISMA-style flow diagram of study selection and refinement process.

Rietveld analysis) and to include experimental evaluation of mechanical
activation prior to cementitious application. Applying these criteria
resulted in a final dataset of 19 studies.

This outcome reflects a broader limitation within existing literature.
While mechanical activation of mine tailings has been widely explored,
the majority of studies do not provide mineralogical characterization at
a resolution sufficient to enable phase-specific interpretation of activa-
tion behaviour. Consequently, the relationship between mineralogical
assemblage, mechanochemical response, and resulting cementitious
reactivity remains insufficiently constrained, and current approaches to
mechanical activation design remain largely empirical, with limited
mineralogical and mechanistic grounding. In addition, milling condi-
tions and activation parameters are often reported inconsistently,
limiting meaningful cross-comparison between datasets. The resulting
dataset of only 19 studies therefore highlights the broader scarcity of
mineralogically interpretable mechanical activation datasets within the
current literature.

Nevertheless, the selected studies collectively encompass a broad

range of mineral phases commonly encountered in mine tailings,
enabling evaluation of the proposed framework across diverse miner-
alogical contexts.

The selected studies were used to assess the capability of the pro-
posed mineral-based framework. The framework was developed based
on representative mineral phases commonly occurring in mine tailings
systems identified within the broader literature dataset. This enabled
evaluation of how different mineralogical assemblages influence acti-
vation outcomes in cementitious systems by comparing expected
mineral-level responses with reported experimental performance.

3. From classification to activation: Unlocking the reactivity of
mine tailings through mineralogical insights and activation
strategies

Mine tailings, owing to their chemically rich composition, exhibit
strong similarities with cement and supplementary cementitious mate-
rials (SCMs), making them promising candidates for use in binder
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systems. However, their chemical, physical, and mineralogical charac-
teristics vary widely with ore type, extraction and processing methods,
geographical origin, and environmental exposure (Lottermoser, 2010;
Gonzalez-Diaz et al., 2022; Falagan et al., 2017; Fashola et al., 2016; Hu
et al., 2017; Nascimento et al., 2023). This heterogeneity yields tailings
that may be amorphous, partly amorphous, or predominantly crystal-
line, often resulting in inconsistent performance when used directly or
even after activation. While chemical composition provides an initial
indication of whether a tailing can act as a reactive precursor or merely
as an inert filler, its actual response to activation is governed primarily
by mineralogical assemblage. Hence, unlocking the latent reactivity of
mine tailings requires a mechanistic understanding of how different
mineral phases respond to activation.

To address this, the present study introduces a mineralogical evalu-
ation stage within the activation decision-making process, establishing a
framework that connects initial classification with mineral-specific
activation strategies (Fig. 2). The resulting framework follows five
structured stages that integrate chemical, physical, and mineralogical
data into a coherent evaluation pathway. In the first stage, raw tailings
are screened against established environmental thresholds and compo-
sitional benchmarks derived from existing standards commonly used in
the evaluation of supplementary cementitious materials (SCMs), since
mine tailings intended for cementitious applications are ultimately
evaluated according to their ability to function as reactive or supple-
mentary binder constituents within cementitious systems. Environ-
mental and toxicity-related limitations were evaluated based on CFR (40
CFR § 261.24, n.d.) and WM3 (Agency et al., 2021), oxide-based
compositional classifications were referenced from ASTM C618 (ASTM
International., 2023), amorphous phase criteria were informed by
ASTM C1866 (ASTM International., 2020), and silica-related composi-
tional benchmarks were adopted from BS EN 450-1 (British Standards
Institution, 2012). Physical parameters related to particle size and pro-
cessability were also incorporated into the screening stage.

This initial screening stage assigns tailings to taxonomy groups that
distinguish between materials suitable for direct use, those requiring
activation, and those unsuitable due to chemical deficiencies or envi-
ronmental constraints. Accordingly, the taxonomy stage functions as a
preliminary classification and valorisation-screening approach prior to
detailed mineralogical evaluation and activation-oriented assessment.

It should be emphasised that the compositional and physical
thresholds incorporated into the preliminary screening stage are not
intended to function as strict universal suitability boundaries for mine
tailings. Given the highly heterogeneous nature of mine tailings systems,
the framework intentionally does not treat these criteria as definitive
acceptance or rejection limits. Instead, they are used to support pre-
liminary taxonomy-based grouping prior to the mineralogical evalua-
tion stage, which constitutes the central interpretative component of the
framework.

Tailings identified as requiring activation to enhance or unlock their
reactivity are subsequently subjected to a mineralogical evaluation to
establish their compatibility with specific treatment strategies. This in-
volves determining the dominant mineral phases and their relative
abundances, thereby defining the mineralogical basis for activation. On
this basis, the tailings are evaluated against the proposed framework to
identify the most appropriate activation pathway. Importantly, the
framework evaluates tailings according to their existing chemical,
physical, and mineralogical condition at the time of assessment,
regardless of whether these characteristics originate from fresh pro-
cessing conditions or prolonged environmental exposure and
weathering.

Within the mechanical activation framework, minerals are classified
according to two criteria: their functional contribution to the cementi-
tious matrix and their activation response and structural susceptibility to
mechanical breakdown. They are grouped into three main categories:
Si-Al contributors (subdivided into energy-responsive and energy-
intensive), oxide contributors (subdivided into carbonates-reactivity
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via calcination and low-reactivity oxides), and unsuitable phases
(including sulfide-bearing minerals and structurally resistant minerals).
This classification is grounded in intrinsic mineral attributes such as
bond topology, structural connectivity, Mohs hardness, and cleavage,
which collectively govern susceptibility to mechanical activation.

Finally, the activated tailings are evaluated for their functional
contribution within cementitious matrices, thereby connecting initial
taxonomy-based screening to targeted activation outcomes. By embed-
ding mineralogical insights into activation pathways, the framework
links raw material classification with likely functional behaviour and
provides a basis for more systematic interpretation of mine-tailings
valorisation.

In practical mine-tailings applications, the framework supports first-
stage screening and interpretation using relatively accessible charac-
terisation data. Bulk chemical composition provides an initial assess-
ment of environmental constraints and overall oxide chemistry,
including the presence of sulphur-bearing phases, potentially toxic ele-
ments, and the relative abundance of major oxides such as SiO», Al;Os3,
Fey03, CaO, and MgO. This preliminary screening stage enables differ-
entiation between tailings potentially suitable for direct utilisation,
those requiring activation-oriented assessment, and those potentially
unsuitable because of environmental or compositional limitations. In
this way, the framework allows preliminary differentiation of the gen-
eral valorisation category and activation potential of the tailings before
proceeding to mineralogical evaluation of activation behaviour. How-
ever, bulk chemistry alone is insufficient to evaluate activation poten-
tial, since chemically similar tailings may exhibit fundamentally
different mechanochemical behaviour depending on their mineralogical
assemblage. Consequently, modal mineralogical analysis represents the
key interpretative stage of the framework, enabling differentiation be-
tween minerals potentially responsive to mechanical activation (e.g.,
layered aluminosilicates) and structurally resistant phases such as
quartz or dense oxides. Particle-size distribution is incorporated as an
additional engineering parameter related to grinding demand and pro-
cessability, providing practical insight into the degree of comminution
likely required prior to utilisation. In this way, the framework introduces
a “mineralogical fingerprint” perspective that support preliminary
grouping and prioritisation of tailings according to their likely activa-
tion behaviour and potential valorisation pathway before detailed
laboratory-scale validation. Although detailed experimental validation
remains necessary, this approach supports the preliminary identification
of tailings with greater potential for specific valorisation pathways.

4. Mineralogical and mechanistic background

Mechanical activation represents a versatile pathway for enhancing
the reactivity of mine tailings that would otherwise remain largely inert,
by inducing structural disorder, increasing surface area, and altering
particle morphology (Balaz, 2008). The application of mechanical en-
ergy through grinding or milling destabilises the crystal structure of
minerals, disrupts long-range atomic order. This process can induce
partial or complete amorphisation, generating phases with enhanced
solubility and higher reactivity of oxides (SiO2, Al,03, Fe;O3, MgO) that
can participate in cementitious hydration reactions (Balaz, 2008;
Avvakumov et al., 2002; Boldyrev, 2006). Beyond structural changes,
the process also reduces particle size and increases specific surface area
(SSA), both of which accelerate dissolution kinetics and enhance reac-
tivity even in minerals that resist amorphization (Balaz, 2008; Avva-
kumov et al., 2002). However, the response of mechanical activation is
highly variable and depends largely on the structural and bonding
characteristics of the dominant mineral phases, as well as the specific
energy demand required to induce such transformations (Feng et al.,
2024). Therefore, understanding the response of heterogeneous mine
tailings to mechanical activation and to enhance its efficiency, it is
essential to conduct assessments at the mineral level.

Mechanical activation is not a single-step phenomenon but a
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complex, multi-stage process. The input of mechanical energy induces
lattice disorder, defect accumulation, and amorphization, while also
increasing surface area and altering morphology. These structural and
microstructural transformations evolve through sequential stages,
whose predominance depends on the energy intensity and mineral
structure. Consequently, the enhanced reactivity observed cannot be
attributed to a single factor such as defect formation but arises from the
interplay of multiple structural and process-related parameters (Balaz,
2008; Avvakumov et al., 2002; Boldyrev and Tkacova, 2000). In liter-
ature, these transformations are collectively referred to as the mecha-
nochemical response (Balaz, 2008; Juhasz and Opoczky, 1990).

The parameters governing this response can be grouped into two
categories: Processing parameters governing mechanical activation
including; mill type, rotational speed, grinding duration, grinding mode,
and atmospheric environment and intrinsic mineral attributes including;
hardness, cleavage, bond topology, and structural connectivity. The
following subsections examine these parameters individually, estab-
lishing the mineralogical foundation for the framework presented in this
study.

4.1. Processing parameters governing mechanical activation

Structural transformations during mechanical activation are gov-
erned not only by the intrinsic crystal structure of minerals but also by
milling parameters (e.g., mill type, rotational speed, grinding duration,
grinding mode, and grinding media type) and environmental conditions
(e.g., oxidising or reducing atmosphere, temperature, pH, and CO»
availability) (Balaz, 2008). These parameters determine both the in-
tensity and the mechanism of energy transfer to the mineral, directly
influencing the interplay between particle fracture, defect accumula-
tion, lattice distortion, amorphization, and agglomeration (Balaz, 2008;
Boldyrev and Tkacova, 2000). Although processing conditions may
significantly influence the extent and efficiency of mechanochemical
transformation, they modify rather than fundamentally redefine the
intrinsic mineralogical activation tendency associated with different
mineral systems.

Mill type dictates the dominant energy transfer mechanism, thus the
mode of defect accumulation. Rotational speed and grinding duration
control the energy input’s intensity and continuity; however, exceeding
the optimal duration can trigger particle re-agglomeration (Balaz,
2008). Grinding mode also alters outcomes; dry grinding typically in-
duces higher lattice strain and crystal distortion, while wet grinding,
though less structurally disruptive, often promotes greater increases in
surface area. This is largely due to the dissolution of alkali ions in the
liquid phase, which raises the pH and accelerates mineral dissolution
and reprecipitation processes (Avvakumov et al., 2002). Atmospheric
conditions are equally critical. Inert environments mainly facilitate
defect formation, while oxygen enables oxidative phase transformations
(Avvakumov et al., 2002; Pourghahramani and Akhgar, 2015). Addi-
tionally, initial particle size and grinding time critically affect surface
area development and the threshold for agglomeration
(Pourghahramani, 2006). Specific surface area increases rapidly during
initial grinding due to particle fracture, but prolonged milling promotes
re-coalescence of high-energy particles through van der Waals and
electrostatic interactions, ultimately reducing effective surface area
(Balaz, 2008; Juhasz and Opoczky, 1990).

These mechanisms are clearly reflected in the literature. For hema-
tite ground for nine hours, a planetary ball mill achieved ~ 85%
amorphisation and significant lattice strain while a vibratory mill pro-
duced only 58-60%, and a tumbling mill reached ~ 70% despite lower
surface area gains (Pourghahramani, 2006). These outcomes reflect the
energy transfer characteristics of each mill: planetary mills generate
high rotational speeds and strong impact-shear forces, vibratory mills
deliver lower energy impacts with limited shear, and tumbling mills,
though low in impact energy, promote defect accumulation through
prolonged friction (Balaz, 2008; Pourghahramani, 2006). In ilmenite,
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rotational speed and grinding mode were decisive; amorphisation
advanced slowly at 300 rpm but was accelerated at 450 rpm (Wei et al.,
2009). Moreover, dry grinding achieved 95% amorphisation within 150
min, compared with 69% under wet conditions, although the alkalisa-
tion of the wet medium increased dissolution rates and intensified sur-
face reactions (Ebadi and Pourghahramani, 2019). Similar trends were
reported for pyrite, where grinding under argon increased defect den-
sity, while milling in air induced oxidative secondary phases
(Pourghahramani and Akhgar, 2015). Re-agglomeration tendencies
have been reported in long-term grinding of hematite, where prolonged
energy input eventually promotes particle coalescence despite initial
surface area gains (Pourghahramani, 2006). In gibbsite, the specific
surface area rose from 1.4 to 70.36 m2/g within 180 min but declined to
57.63 m2/g after 240 min due to re-agglomeration, sintering under
moist conditions and the collapse of mesopores smaller than 16 nm (Alex
et al., 2014).

To sum up, processing parameters are not merely supportive condi-
tions but decisive, interdependent variables in mechanical activation.
Mill type, speed, mode, atmosphere, and duration collectively govern
the dynamic balance between fragmentation, defect accumulation,
amorphisation, and agglomeration. Even for the same mineral, varia-
tions in these parameters can yield markedly different structural out-
comes. This variability highlights a gap in the systematic optimisation of
processing conditions and underscores the need to treat milling pa-
rameters not as constant but as critical design variables that can be
systematically adjusted to enhance reactivity while minimising un-
wanted effects such as over-agglomeration or energy inefficiency.

4.2. Intrinsic mineral attributes governing mechanical activation

4.2.1. Mohs hardness and cleavage

In addition to milling parameters, intrinsic physical properties of
minerals strongly influence their response to mechanical activation.
Among these, hardness and cleavage act as key modifiers of effective
energy demand by controlling resistance to stress and the efficiency of
stress propagation along weak planes (Juhasz and Opoczky, 1990; Deer
et al., 2013). Mohs hardness provides a relative measure of resistance to
scratching or indentation and reflects the force required to initiate
disruption of atomic bonds (Deer et al., 2013) whereas cleavage de-
scribes the tendency of a mineral to split along crystallographic planes of
weakness; in minerals lacking cleavage, fracture governs irregular
breakage (Deer et al., 2013). Together, these properties determine how
mechanical energy is absorbed, transmitted, and dissipated within a
mineral lattice (Juhasz and Opoczky, 1990; Deer et al., 2013).

Mohs hardness, ranging from 1 (talc) to 10 (diamond), provides only
a relative scale of softness and hardness, as the increments between
integers are non-linear. For example, the indentation resistance between
quartz (7) and corundum (9) is far greater than that between calcite (3)
and fluorite (4) (Deer et al., 2013). Absolute hardness measurements,
such as Vickers or Knoop tests, quantify indentation resistance in GPa
(Balaz, 2008; Juhasz and Opoczky, 1990; Deer et al., 2013), but Mohs
hardness still broadly correlates with bond strength and the force
required for lattice disruption. In mechanical activation, low-hardness
minerals accumulate defects and disorder at relatively low milling in-
tensities, whereas high-hardness minerals mainly dissipate energy
through brittle fracture and microcracking, limiting amorphisation
(Balaz, 2008; Juhasz and Opoczky, 1990).

Cleavage further modifies this response. Minerals with perfect
cleavage (e.g., micas, halite, calcite) split smoothly along defined
planes, enabling efficient stress propagation and lowering the energy
input required for particle reduction (Deer et al., 2013). Minerals with
imperfect cleavage (e.g., feldspars, amphiboles) require greater energy
input and exhibit mixed cleavage—fracture behaviour. Non-cleavable
minerals (e.g., quartz, olivine) resist splitting entirely; applied stress is
dissipated by conchoidal fracture, an energetically costly process (Deer
etal., 2013). For example, quartz shows conchoidal fracture with curved
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shell-like surfaces, reflecting both its high hardness and resistance to
lattice collapse (Balaz, 2008). The energy required to cause cleavage will
also be influenced by factors such as the presence of defects, micro-
cracks, and grain boundaries. Fig. 3 illustrates the effect of hardness and
cleavage on the mechanical activation behaviour of minerals.

In summary, hardness defines the baseline resistance of a lattice to
applied stress, while cleavage governs the efficiency of stress release
along weak planes. Minerals with low hardness and perfect cleavage (e.
g., micas, calcite) undergo rapid disruption at low energy input, whereas
hard, non-cleavable minerals (e.g., quartz, olivine) demand high en-
ergies that are mostly consumed in fracture rather than amorphisation.
These attributes therefore define the mineral-specific energy thresholds
that critically shape mechanochemical response and underpin activation
outcomes.

4.2.2. Bond topology and structural connectivity

Although processing parameters such as mill type, powder-to-ball
ratio, and milling environment, together with intrinsic physical prop-
erties like hardness and cleavage, influence the extent of structural
change during mechanical activation, the decisive control lies in crys-
tallographic attributes, specifically bond topology and structural con-
nectivity (Balaz, 2008; Juhasz and Opoczky, 1990; Butyagin, 1994).
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Other factors, including atomic packing density (notably in non-
silicates) and the lattice’s ability to accommodate defects, may modu-
late behaviour, but it is topology and connectivity that ultimately
determine whether a structure delaminates, disorders, amorphises, or
merely accumulates defects (Balaz, 2008; Avvakumov et al., 2002;
Juhasz and Opoczky, 1990). These attributes govern weak planes,
interlayer forces, and three-dimensional cross-linking, thus defining the
mechanochemical response (Juhasz and Opoczky, 1990).

Bond topology refers to the arrangement of structural units within a
mineral (Deer et al., 2013). In contrast, structural connectivity describes
the density and strength of bonds, including interlayer interactions and
polyhedral compactness (Deer et al., 2013). Together, these attributes
account for the diverse mechanochemical responses of minerals; some
structures amorphise readily, while others resist collapse and accom-
modate stress through defect formation.

In general, minerals are divided into silicates and non-silicates (Deer
etal., 2013). Silicate minerals are further classified into six groups based
on the degree of polymerization of SiO4 tetrahedra; nesosilicates (iso-
lated tetrahedra), sorosilicates (double tetrahedra), cyclosilicates (ring
structures), inosilicates (single and double chains), phyllosilicates (sheet
structures), and tectosilicates (three-dimensional frameworks) (Deer
et al., 2013). Phyllosilicates (e.g., talc, kaolinite, muscovite) consist of

Influence of Hardness and Cleavage on Mechanical Activation Behaviour
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Fig. 3. Effect of mineral hardness and cleavage on mechanical activation behaviour. (a) Layered crystal structure of muscovite illustrating basal cleavage planes
parallel to the (001) crystallographic direction, visualised using VESTA software (Momma and Izumi, 2011). (b) Schematic representation of mineral cleavage types
based on the number and orientation of cleavage planes, adapted from Rygel (Rygel, 2010), via Wikimedia Commons, licensed under Creative Commons Attribu-
tion-ShareAlike 3.0 (CC BY-SA 3.0). (c) Schematic illustration of cleavage fracture propagation across polycrystalline grains, showing the formation of cleavage
facets within individual grains under tensile stress, based on concepts described in Gonzalez-Veldzquez (Gonzalez-Velazquez, 2018). (d) Mohs hardness scale and
cleavage properties of representative minerals, compiled from (Mindat.org. (n.d.). Mindat mineral database. Retrieved August 2, 2025). (e) Three-dimensional
framework structure of quartz illustrating the absence of preferred cleavage planes, visualised using VESTA software (Momma and Izumi, 2011). (f) Conchoidal
fracture observed in quartz. Photograph adapted from St. John (St. John, J., 2021), licensed under Creative Commons Attribution 2.0 (CC BY 2.0).
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two-dimensional layers with weak interlayer bonding, rendering them
highly susceptible to delamination and amorphisation (Juhdsz and
Opoczky, 1990). Inosilicates form chain-like tetrahedral arrangements
(single-chain pyroxenes, double-chain amphiboles) with stronger
bonding (Balaz, 2008; Juhasz and Opoczky, 1990). Sorosilicates show
limited disorder, mainly dissipating energy through fracture (Juhdsz
and Opoczky, 1990), while cyclosilicates form stable ring frameworks
with moderate to high resistance (Deer et al., 2013). Nesosilicates,
though isolated, are stabilised by dense cation coordination (e.g.,
olivine, garnet), limiting lattice degradation (Balaz, 2008; Juhasz and
Opoczky, 1990). Tectosilicates (quartz, feldspars) have fully inter-
connected frameworks that absorb energy mostly by fracture rather than
amorphisation (Balaz, 2008; Juhasz and Opoczky, 1990). Fig. 4 illus-
trates the structural classification of silicate minerals and their relative
susceptibility to mechanical activation as governed by SiO4 tetrahedral
connectivity and framework rigidity.

However, non-silicate minerals further expand this structural hier-
archy with distinct topological motifs. Carbonates comprise planar CO3
groups linked by cations and usually fragment/develop defects under
milling; amorphisation is rare without calcination (Deer et al., 2013).
Oxides and hydroxides adopt dense 02 /OH™ packing (e.g., rutile,
spinel, corundum), strongly resisting collapse (Deer et al., 2013). Sul-
fides, structurally analogous but less covalent, may undergo surface
oxidation and form secondary phases depending on milling atmosphere
and duration (Deer et al., 2013). Corundum exemplifies the upper bound
of structural resistance (Deer et al., 2013).
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Bond topology (e.g., sheet, chain, framework) provides only a gen-
eral tendency; layered structures amorphise more readily, whereas
three-dimensional frameworks are generally more resistant (Balaz,
2008; Avvakumov et al., 2002; Juhdsz and Opoczky, 1990). However,
mechanochemical processability also depends on structural connectiv-
ity, density of linkages, bridging configurations, cation type, and void
filling. As emphasized by Balaz (2008) (Balaz, 2008) and Juhasz and
Opoczky (1990) (Juhasz and Opoczky, 1990), even minerals within the
same topological class can exhibit markedly different mechanochemical
responses. For instance, albite (a tectosilicate) amorphises more easily
than quartz owing to Na®™ and Al-Si disorder, while epidote (a sor-
osilicate) resists collapse due to compact Al-O linkages (Balaz, 2008).
Similarly, though all phyllosilicates are layered, interlayer bonding
differs (Deer et al., 2013). Talc is disrupted by van der Waals forces,
kaolinite is stabilised by hydrogen bonds, and montmorillonite shows
complex behaviour due to exchangeable cations and interlayer water By
contrast, illite and micas (muscovite, biotite) resist activation because of
strong K' interlayers (Avvakumov et al., 2002; Juhész and Opoczky,
1990; Deer et al., 2013). In inosilicates, cross-linking by Ca2" and Mg2™
strengthens chains, so pyroxenes and amphiboles mainly accumulate
defects rather than collapse (Juhdsz and Opoczky, 1990; Deer et al.,
2013). On the other hand, carbonates, built from planar CO3~ groups
stacked by ionic bonds, typically fragment under stress, developing
defects rather than fully amorphising; calcination is usually required
(Balaz, 2008; Avvakumov et al., 2002; Juhasz and Opoczky, 1990).
Nesosilicates like olivine and garnet, though isolated tetrahedra, are

¢) Inosilicates (Double Chains)
(e.g., Tremolite)

d) Sorosilicates (Double Tetrahedra)
(e.g., Zoisite)

tetrahedra
. Ge—e——sa——ap  forming
-+ double chains

g) Tectosilicates (3D frameworks)
(e.g., Quartz)

o Sio,

Resistant to milling-induced
amorphisation

Phyllosilicates Inosilicates Inosilicates
(Layered (Single Chains) (Double Chains)
Structures)

i MeichanicaliActivationiSusceptib

Sorosilicates Cyclosilicates Nesosilicates Tectosilicates
(Double (Ring Structures) (Isolated Tetrahedra)(3D frameworks)
Tetrahedra)

Fig. 4. Atomic structures of representative silicate minerals classified according to SiO4 tetrahedral connectivity: (a) phyllosilicates (e.g., muscovite), (b—c) inosi-
licates with single and double chains (e.g., diopside; tremolite), (d) sorosilicates (e.g., zoisite), (e) cyclosilicates (e.g., tourmaline), (f) nesosilicates (e.g., olivine), and
(g) tectosilicates (e.g., quartz). The arrangement reflects decreasing susceptibility of these structures to milling-induced amorphisation from left to right. Atomic
structures were visualised using VESTA software (Momma and Izumi, 2011); mineral classification and examples follow the mineralogy rein (

Source OpenGeology.org. (n.d.). , 2025).
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stabilised by dense cation coordination (Fe?t, Mg2*, Ca2™), so energy is
consumed in cracking and defect formation with minimal amorphiza-
tion. (Deer et al., 2013). Fayalite may show increased solubility under
high-energy milling in alkaline media, but not full amorphisation
(Juhasz and Opoczky, 1990). Oxides and sulfides, with dense packing
and strong bonds, resist strongly; energy input produces defects and
cracks rather than collapse. In sulfides, milling can cause surface
oxidation and generate secondary phases such as elemental sulfur, sul-
fates, or oxides depending on atmosphere and duration (Balaz, 2008).
Corundum exemplifies the highest resistance, with 02~ ions close-
packed and Al3™ filling all octahedral sites (Deer et al., 2013).

In summary, considering topology and connectivity together reveals
fundamental insights in mechanochemical resistance. Layered silicates
with weak interlayers (e.g., talc, swelling smectites) are the most sus-
ceptible. Kaolinite, stabilised by hydrogen bonding, shows somewhat
greater resistance, while illitic and muscovitic/biotitic phyllosilicates
with K™ interlayers are progressively more stable within the phyllosili-
cate family. Beyond phyllosilicates, chain silicates exhibit higher
robustness through Ca®* and Mg?* cross-links. At a comparable or
slightly higher level, carbonates generally fragment and develop defects
rather than amorphise. Framework silicates (quartz, feldspars) and
nesosilicates (olivine, garnet) show substantially greater resistance,
while oxides and sulfides with dense ionic or covalent packing represent
the upper bound, with corundum at the extreme. Although these pat-
terns derive from pure mineral phases, exceptions remain, and actual
behaviour depends strongly on mineralogical context and processing
conditions.

MECHANICAL ACTIVATION
RESPONSE POTENTIAL
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Collectively, bond topology and structural connectivity explain why
some minerals collapse under milling while others resist, defining the
limits of mechanochemical response. Ultimately, whether mechanical
activation yields amorphisation or merely defect accumulation reflects
the interplay of crystallography with processing conditions. The inte-
gration of these dimensions provides the mineralogical foundation of the
activation framework, showing that heterogeneous tailings must be
understood as mineral assemblages whose dominant phases play a pri-
mary role in governing collective behaviour. This integrated perspective
offers a systematic and mechanistically informed basis for the valor-
isation of mine tailings and supports sustainable binder design.

5. Results and discussion
5.1. Mineral-based mechanical activation framework

Mine tailings typically consist of heterogeneous mineral assemblages
in which multiple phases coexist and interact during mechanical pro-
cessing. In such systems, mineral-mineral interactions may influence
fracture propagation, energy dissipation during milling, amorphisation
behaviour, and dissolution processes (Balaz, 2008). Consequently, un-
derstanding the intrinsic activation response of the constituent mineral
phases provides a fundamental basis for interpreting the behaviour of
heterogeneous tailings systems. Within this context, a mineral-based
mechanical activation framework (Fig. 5) was developed to classify
common minerals in mine tailings according to two criteria: their po-
tential contribution to cementitious matrices and their susceptibility to
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Fig. 5. Mineral-based mechanical activation framework classifying mine-tailings minerals based on Mohs hardness, cleavage characteristics, and their potential
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structural breakdown.

Specifically, the framework first differentiates minerals by the type
of products they can yield in cementitious systems upon amorphization
such as reactive silica and alumina, metal oxides, or potentially dele-
terious sulfide-derived phases. It then ranks them internally according to
degree of transformation and the energy required under milling. By
integrating reactive contribution and amorphisation potential, the
framework seeks to identify the minerals most effective within cemen-
titious matrices, thereby opening a pathway for interpreting and
enhancing the performance of mine tailings under mechanical activa-
tion. The mineral groups and representative phases considered in this
framework reflect mineralogical constituents widely reported in mine
tailings literature and are selected to represent the dominant mechanical
activation response patterns relevant to cementitious applications.

The first category, “Silica-Alumina Contributors”, contains minerals
rich in silica and/or alumina that can transform into reactive forms and
promote calcium silicate hydrate (C-S-H) and calcium aluminosilicate
hydrate (C-A-S-H) formation. This group is divided into subgroups
according to energy demand. The first subgroup, “Energy-Responsive
Si-Al Contributors”, includes phyllosilicates and aluminium hydrox-
ides/oxyhydroxides, all characterised by weakly bonded, low-
connectivity frameworks. Aluminium hydroxides such as gibbsite,
boehmite, and diaspore act primarily as alumina sources, whereas sili-
cate minerals such as kaolinite, talc, and montmorillonite provide
reactive silica upon breakdown. From a mechanical perspective, these
minerals typically exhibit low hardness values (Mohs 1-2.5) and perfect
cleavage, features that facilitate delamination and disordering under
milling. Reactivity spans from highly responsive talc to more resistant
muscovite. The second subgroup, “Energy-Intensive Si-Al Contribu-
tors”, can also provide reactive silica and/or alumina but exhibits
stronger crystal frameworks that demand higher milling energy. Typical
members include chain silicates such as wollastonite and diopside,
which are moderately responsive, and more rigid amphiboles with
stronger bonding. At the most resistant end are feldspars and quartz,
whose fully polymerised three-dimensional frameworks hinder
amorphisation, while fayalite remains largely inert under dry milling
but may respond under wet or alkaline conditions. These minerals
generally fall within the mid-to-high Mohs hardness range (5-7) and
exhibit limited cleavage, features that reflect their greater resistance and
the higher energy demand required for effective activation.

The second main group, “Oxide Contributors”, includes minerals that
yield reactive oxides when structurally deformed. It is divided into two
subgroups. The first, “Carbonates — Reactivity via Calcination”, com-
prises minerals such as calcite and dolomite, show limited mechano-
chemical response because of their dense carbonate lattices. Milling may
induce minor defect formation but does not liberate CO5. True reactivity
only develops after calcination, which produces highly reactive oxides
such as Ca0, MgO, or FeO. The second subgroup, Low-Reactive Oxides,
includes iron- and titanium-bearing minerals such as hematite, magne-
tite, ilmenite, and goethite. Their close-packed lattices confer low
amorphisation potential; when they do respond to mechanical activa-
tion, the transformation pathway predominantly generates/exposes Fe-
oxide/Ti-oxide phases (e.g., Fe3O3, Fe304, TiO2). Among these, ilmenite
and goethite are relatively more defect-prone and show greater Fe-oxide
release under milling, while hematite and magnetite exhibit the highest
lattice persistence.

The third main group, “Unsuitable Minerals”, comprises phases that
either generate harmful by-products or resist structural breakdown to
such an extent that they cannot be valorised by mechanical activation.
Two subgroups are distinguished. The first subgroup, “Sulfide-Bearing
Minerals” (e.g., pyrite, galena, sphalerite), are mechanically unstable
yet chemically problematic: while their lattices fracture easily under
milling, this process releases sulphates and heavy metals (Pb, Zn, Fe)
that severely compromise cementitious performance. Although their
metallic bonding frameworks readily collapse under impact, the
resulting products are detrimental to both durability and environmental
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safety. The second subgroup, “Structurally Resistant Minerals”, includes
phases such as corundum (Al;03), anatase (TiO), epidote, and andra-
dite. Their tightly bonded three-dimensional networks, dominated by
strong ionic or covalent linkages, confer very high hardness (Mohs 6-9)
and minimal or no cleavage, making them resistant to delamination or
disordering. Even under intensive milling, these frameworks remain
largely intact, preventing meaningful amorphisation. Despite containing
potentially useful elements such as Si, Al, or Ti, their rigid crystal lattices
lock these components in inaccessible forms, rendering the minerals
unsuitable for cementitious utilisation.

To sum up, the mineral-based mechanical activation framework
reframes tailings valorisation as a more systematic and mineralogically
informed approach rather than a purely empirical practice. By jointly
considering cementitious contribution and amorphisation potential, it
identifies when milling alone is appropriate (energy-responsive phyllo-
silicates and Al-hydroxides), when complementary routes are required
(energy-intensive silicates and carbonates that become reactive only
after calcination), and when materials should be excluded on durability
or environmental grounds (sulfide-bearing and structurally resistant
phases). Grouping minerals into energy-responsive and energy-intensive
categories also enables a relative energy budgeting approach, allowing
practitioners to anticipate whether simple milling suffices or whether
complementary treatments are required. Operationally, the framework
can be implemented using routine characterisation (XRD and X-ray
fluorescence (XRF), together with hardness and cleavage proxies) to
triage heterogeneous tailings into process pathways and inform binder
design.

5.2. Mineral-specific response to mechanical Activation: Crystallographic
and energetic considerations

While the framework outlined above establishes a mechanistically
informed basis for interpreting the behaviour of heterogeneous tailings,
its validity ultimately depends on the response of individual minerals
under actual milling conditions. Mine tailings are mineral assemblages,
and the overall reactivity of the system is dictated by the crystallo-
graphic and energetic characteristics of the dominant phases. In het-
erogeneous systems, interactions among coexisting mineral phases may
also influence the activation behaviour. This section therefore verifies
the framework by examining mineral-specific behaviours reported in the
literature, with particular attention to how structural topology, bonding
strength, Mohs hardness, and cleavage influence amorphisation path-
ways. By analysing representative studies across the main mineral
groups, Si—Al contributors, oxide contributors, and unsuitable phases,
the proposed categories introduced in Section 5.1 are evaluated against
empirical evidence. It is also evident that milling parameters exert a
decisive influence on mineral responses. Comparative studies on the
same mineral, conducted under varying milling times, intensities, and
media, have reported markedly different degrees of amorphisation and
reactivity. The multi-mineral datasets summarised in the accompanying
tables demonstrate that the observed variability stems from differences
in experimental conditions rather than from fundamental discrepancies
in mineral behaviour. Accordingly, milling parameters have been
explicitly incorporated into both the tables and the discussion in this
section, ensuring that mineral behaviour is interpreted considering
process conditions as well as intrinsic crystallographic attributes. The
aim is to refine the classification, identify mineral-specific exceptions,
and establish a mechanistic foundation for linking crystallography with
cementitious matrix reactivity.

5.2.1. Silica-Alumina Contributors

The group of Silica-Alumina Contributors comprises minerals con-
taining silica and/or alumina that are capable of generating reactive
phases through amorphisation under milling. Within this category, two
subgroups can be distinguished: energy-responsive phases, which un-
dergo rapid disordering under low-intensity milling, and energy-
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intensive phases, which require substantially higher energy input owing
to the rigidity of their crystal frameworks. Table 1 summarises repre-
sentative studies of these minerals, including structural characteristics,
milling parameters, amorphisation behaviour, and cementitious
contributions.

The energy-responsive Si-Al minerals group comprises phyllosili-
cates and aluminium hydroxides/oxyhydroxides, which are charac-
terised by layered or sheet-like architectures with interlayer interactions
ranging from van der Waals forces and exchangeable cations to
hydrogen bonding and, in some cases, K™-bridged 2:1 layers of higher
rigidity (Deer et al., 2013). Functionally, the amorphous domains
generated from these structures serve as accessible sources of reactive
silica and alumina. Representative studies highlight the mechanistic role
of structural topology, cleavage quality, and bond strength in deter-
mining activation. Talc (Mohs 1), with weak van der Waals interlayers,
undergoes pronounced amorphisation after only 30 min of ultra-
centrifugal milling, yielding metastable amorphous silica (Andri¢
et al.,, 2014). Kaolinite, with a hydrogen-bonded 1:1 layered frame-
work, has been found to require ~ 60 min of planetary milling to induce
substantial structural disorder; nevertheless, the activated phase has
exhibited high pozzolanic performance, with strength activity indices
exceeding 90% (Baki et al., 2022).

Aluminium hydroxides have been reported to respond efficiently to
mechanical activation. Gibbsite (Mohs 2.5-3), with perfect cleavage and
hydrogen-bonded layers, has reached ~ 95% amorphisation after 240
min of milling, accompanied by Al-OH bond breakdown and increased
dissolution; the disordered phase has been identified as a source of
reactive alumina (Alex et al., 2014). Muscovite, although representing
the upper resistance boundary of this subgroup due to strong K™ bridges
and high structural connectivity, has nevertheless shown reduced crys-
tallinity (~15% after 160 min) and significant dehydroxylation, with
the resulting phases consuming portlandite and forming C-A-S-H gels
(Baki et al., 2022; Yao et al., 2019).

Energy-intensive Si-Al minerals include chain silicates and frame-
work silicates, which have been reported to require substantially greater
milling intensities due to their rigid crystal structures. Among these,
wollastonite and diopside are comparatively easier to activate owing to
their single-chain connectivity, whereas feldspars and quartz represent
the opposite extreme with highly polymerised three-dimensional
frameworks (Juhdsz and Opoczky, 1990; Deer et al., 2013). Fayalite, a
Fe-rich olivine, shows comparable resistance under dry milling but has
been reported to partially disorder in wet or alkaline environments
(Juhasz and Opoczky, 1990; Deer et al., 2013).

Wollastonite (Mohs 4.5-5, Ca—O bonds) and diopside (Mohs 5.5-6.5,
Mg-O bonds), both single-chain inosilicates, have been reported to un-
dergo near-complete amorphisation under prolonged low-energy mill-
ing (100 rpm), requiring approximately 317 h and 512 h, respectively
(Murouchi et al., 2021). These phases have nevertheless yielded reactive
silica and released Ca and Mg species, which have been shown to
contribute to cementitious hydration (Murouchi et al., 2021). Feldspars
have displayed variable reactivity depending on framework distortion.
Microcline (Mohs 6-6.5) has been reported to undergo near-complete
amorphisation within ~ 120 min of planetary milling, facilitated by
weaker Si-O-Al linkages and structural distortions introduced by Al
substitution and K interstitials (Alyosif et al., 2023). Albite has shown
extensive amorphisation within ~ 90 min under similar conditions,
yielding reactive silica, alumina, and Na (Alyosif et al., 2023). These
activated feldspars have been observed to contribute reactive silica and
alumina, though generally with lower efficiency than phyllosilicates.
Quartz (Mohs 7, 3D Si-O-Si network) has consistently been reported as
the most resistant mineral. Limited disorder has been observed only
after ~ 300 min of milling at 500 rpm, while near-complete amorph-
isation has been achieved within 60 min at 800 rpm, though often
accompanied by contamination from the milling media (Gobindlal et al.,
2021; Kweon et al., 2025). Activated quartz has primarily contributed
surface-derived reactive silica rather than bulk transformation, aligning
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with its framework classification.

Fayalite (Fe-rich nesosilicate, Mohs 6.5-7, no cleavage, isolated SiO4
tetrahedra linked by Fe2*) has been shown to exhibit strongly condition-
dependent behaviour. During dry milling, activation has generally been
limited: even after extended grinding, studies have observed only partial
disordering, with structural robustness maintained due to particle
agglomeration, localized heating, and the absence of a reactive medium
(Balaz et al., 2008; Sepeldk et al., 2012). By contrast, wet and alkaline
milling have repeatedly been reported to accelerate breakdown through
hydroxide-induced cleavage of Fe—O and Si—O bonds, releasing Fe2™" and
silicate (Sepeldk et al., 2012). For example, Planetary dry milling at 450
rpm has produced ~ 83% amorphisation within 30 min (Balaz et al.,
2008), while attritor milling under wet conditions yielded ~ 88%
after 120 min (Balaz et al., 2008). Nutating milling experiments have
further demonstrated the role of water: ~43% disorder was observed
after 10 min under dry conditions, whereas the introduction of water
triggered rapid amorphisation in the same timeframe (Nadirov and
Mussapyrova, 2020). Although different milling systems impart vary-
ing levels of specific energy, direct comparison is challenging due to
limited quantitative energy data (e.g., kWh/kg). Nevertheless, the
extent of amorphisation suggests that a critical energy threshold must be
exceeded to initiate Fe-O and Si-O bond breakage. These trans-
formations have been consistently associated with portlandite con-
sumption and secondary C-S-H formation, confirming fayalite as an
energy-intensive but environmentally responsive phase (Balaz et al.,
2008; Sepelak et al., 2012; Nadirov and Mussapyrova, 2020).

In summary, phyllosilicates and hydroxides with weak interlayer
bonds have been consistently shown to undergo rapid amorphisation
and to enhance pozzolanic reactivity via portlandite consumption and
C-S-H/C-A-S-H formation. In contrast, chain silicates, feldspars, and
quartz have demonstrated the need for substantially higher milling in-
tensities, while fayalite has highlighted the accelerating influence of wet
and alkaline environments. Together, these results confirm the mecha-
nistic link between crystallographic attributes, energy demand, and
pozzolanic activation, providing a robust empirical basis for the sub-
grouping of Si-Al contributors.

5.2.2. Oxide-Contributors

The second group, defined as Oxide Contributors, consists of min-
erals whose reactivity derives from their ability to generate CaO, MgO,
or FeO once structurally destabilised. Two subcategories can be distin-
guished: “Carbonates-Reactivity via Calcination”, whose reactivity
emerges only after thermal decomposition and “Low-Reactive Oxides”,
comprising dense Fe- and Ti-bearing oxides that exhibit strong resis-
tance to amorphisation. Representative studies on minerals from both
subgroups are summarised in Table 2.

Within the carbonates-reactivity via calcination subgroup, minerals
such as calcite, dolomite, magnesite, and siderite have consistently been
reported to resist oxide formation during milling, reflecting the stability
of their CO%’ frameworks. For example, calcite (Mohs 3) shows only
minor crystallinity loss during short-duration milling (e.g., ~4%
reduction at 250-550 rpm), and although defect accumulation and
partial polymorphic transformation to aragonite have been observed
under extended high-energy milling, no reactive CaO is produced in the
absence of calcination (Pesenti et al., 2008; Bankowska-Sobczak et al.,
2024). Thermal activation of calcite, on the other hand, has been shown
to cause CO; release and the formation of reactive CaO as the primary
oxide phase (Ban et al., 2021; Jiménez et al., 2022). Dolomite (Mohs
3.5-4) has shown pronounced lattice distortion under high-intensity
milling (1820 rpm, 2 h), yet no CaO or MgO was generated (Kristof
and Juhasz, 1993). Under thermal conditions, decomposition of dolo-
mite has been reported to result in CO3 release, yielding CaO and MgO as
the final reactive oxide products (Olszak-Humienik and Jabtonski,
2015). Similar behavior has been reported for magnesite and siderite,
where milling produced only micro strain or limited disorder (Olszak-
Humienik and Jabtonski, 2015; Zuo et al., 2024), while calcination
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Table 1

Summary of representative studies on minerals classified as “Silica-Alumina Contributors” within the proposed mechanical activation framework, including crystallographic characteristics, milling conditions, degree of

amorphisation, and contribution to cementitious systems. Abbreviations: Si-Al, silica—alumina; C-S-H, calcium silicate hydrate; BPR, ball-to-powder ratio; rpm, revolutions per minute.

Ref Mineral Proposed Amorphization Potential Factors Energy Requirement Milling Milling Conditions Degree of Structural Contribution to Cement
Classification Factors Duration Distruption Systems
Bond Topology Structural Mohs Cleavage
Connectivity Hardness Quality
(Andric¢ et al., Talc Energy- Layered Silicates Van der Waals 1 Perfect 30 min Ultra-centrifugal milling ~ Extensive amorphisation Reactive silica (SiO,)
2014) Responsive Si- interlayers (Retsch ZM-1, (strong loss of crystallinity)
Al Contributors 10,000-20,000 rpm,
high-intensity, dry
milling)
(Baki et al., Montmorillonite  Energy- Layered Silicates Exchangeable cation 1-2 Perfect 40-60 Planetary ball milling Extensive amorphisation Reactive silica (SiO) and
2022) Responsive Si- + H,0 interlayers min (500 rpm, high-energy, (strong loss of crystallinity) alumine (Al,O3)
Al Contributors dry milling)
(Baki et al., Kaolinite Energy- Layered Silicates H-bonded interlayers  2-2.5 Perfect 60 min Planetary ball milling Extensive amorphisation Reactive silica (SiO2) and
2022) Responsive Si- (500 rpm, high-energy, (strong loss of crystallinity) alumina (Al>O3)
Al Contributors dry milling)
(Alex et al., Gibbsite Energy- Non-silicate (Al- H-bonded layers 2.5-3 Perfect 240 min Planetary milling (400 ~95% amorphisation (loss of Reactive alumina
2014) Responsive Si- oxyhydroxide) rpm, high-energy, dry crystallinity, OH bond (Al,03)
Al Contributors milling) breaking, structural water
release)
(Alex et al., Boehmite Energy- Non-silicate (Al- H-bonded layers 3-4 Perfect 240 min Planetary milling (400 Extensive amorphisation Reactive alumina
2014) Responsive Si- oxyhydroxide) rpm, high-energy) (strong loss of crystallinity) (Al>03)
Al Contributors
(Taskin et al., Diaspore Energy- Non-silicate H-bonded layers 6.5-7 Perfect 60-75 Planetary ball milling Nearly 95% amorphisation Reactive alumina
2009) Responsive Si- (Hydroxide, min (600 rpm, high-energy, (Al;03)
Al Contributors a-AlO(OH)) tungsten carbide, dry
milling)
(Yang et al., Illite Energy- Layered Silicates Weak K" interlayer 1-2 Perfect 120 min Planetary ball milling Extensive amorphisation Reactive silica (SiO5) and
2005) Responsive Si- bonds (600 rpm, high-energy, (strong loss of crystallinity) alumine (Aly03)
Al Contributors dry milling)
(Yao et al., Muscovite Energy- Layered Silicates Strong K™ interlayer 2.5 Perfect 160 min Planetary ball milling Extensive amorphisation Reactive silica (SiO2) and
2019) Responsive Si- bonds (500 rpm, high-energy, (relative crystallinity | to alumina (Al,03);
Al Contributors dry milling) 14.99%, strong formation of amorphous
dehydroxylation) C-S-H gel incorporating
APP* and K*
(Murouchi et al., ~ Wollastonite Energy- Single-chain Single chains cross- 4.5-5 Perfect 2 h and Conventional ball Partial amorphization at 2 h, Reactive amorphous
2021) Intensive Si-Al silicate linked by Ca** 317 h milling (100 rpm, low- Extensive amorphisation at silica (SiO,) and Ca
Contributors energy, dry, alumina 317 h release
vessel, zirconia balls)
(Murouchi et al.,  Diopside Energy- Single-chain Single chains cross- 5.5-6 Good 2 h and Conventional ball Partial amorphization at 2 h, Reactive amorphous
2021) Intensive Si-Al silicate linked by Ca*"/Mg?" 512h milling (100 rpm, low- Extensive amorphisation at silica (SiO2) and Mg
Contributors energy, dry, alumina 512 h release
vessel, zirconia balls)
(Alyosif et al., Albite Energy- Framework 3D Si-O-Al 6-6.5 Perfect 90 min Planetary ball milling Extensive amorphisation Reactive amorphous
2023) Intensive Si-Al Silicate framework (400 rpm, high-energy, (strong loss of crystallinity) silica (SiO5), alumina
Contributors tungsten carbide, dry (Al,03), and Na release
milling)
(Alyosif et al., Microcline Energy- Framework 3D Si-O-Al 6-6.5 Perfect 120 min Planetary ball milling Extensive amorphisation Reactive amorphous
2023) Intensive Si-Al silicate framework with (400 rpm, high-energy, (strong loss of crystallinity) silica (SiO5), alumina
Contributors limited channel voids tungsten carbide, dry (Al,03), and K release
due to Al- milling)
substitution
(Wei et al., Plagioclase Energy- Framework 3D Si-O-Al 6-6.5 Perfect 8h Planetary ball milling Extensive amorphisation Reactive amorphous
2009) Intensive Si-Al silicate framework with (300 rpm, moderate- (strong loss of crystallinity) silica (SiO»), alumina
Contributors limited channel voids (Al,03), and Ca release

(continued on next page)
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Table 1 (continued)

Ref Mineral Proposed Amorphization Potential Factors Energy Requirement Milling Milling Conditions Degree of Structural Contribution to Cement
Classification Factors Duration Distruption Systems
Bond Topology Structural Mohs Cleavage
Connectivity Hardness Quality
due to Al- energy, dry milling,
substitution agate media)
(Kweon et al., Quartz Energy- Framework 3D Si-0-Si 7 No 180 min Planetary ball milling Partial amorphisation Limited surface-derived
2025) Intensive Si-Al silicate framework (200-800 rpm, ZrO, jar reactive silica
Contributors and balls, BPR 40:1, dry)
(Gobindlal et al., Quartz Energy- Framework 3D Si-0-Si 7 No 600 min Planetary ball milling Gradual amorphisation with Limited surface-derived
2021) Intensive Si-Al silicate framework (Retsch PM100, 500 extended milling reactive silica
Contributors rpm, ZrO- jar and balls,
dry)
(Balaz et al., Fayalite Energy- Nesosilicate Isolated SiO4 6.5-7 No 30 min Planetary ball milling Nearly 83% amorphisation Reactive silica (SiO5) and
2008) Intensive Si-Al tetrahedra linked by (450 rpm, high-energy, Fe release
Contributors Fe*' tungsten carbide jar and
balls, dry milling)
(Balaz et al., Fayalite Energy- Nesosilicate Isolated SiO4 6.5-7 No 120 min Attritor milling (1500 Nearly 88% amorphisation Reactive silica (SiO,) and
2008) Intensive Si-Al tetrahedra linked by rpm, high-energy, Fe release
Contributors Fe** stainless-steel balls, wet
milling)
(Balaz et al., Fayalite Energy- Nesosilicate Isolated SiO4 6.5-7 No 10 min Nutating milling (900 Nearly 43% amorphisation Reactive silica (SiO) and
2008) Intensive Si-Al tetrahedra linked by rpm, moderate-energy, (dry mode); when water was Fe release
Contributors Fe?t stainless steel balls, dry added, surface area increased
and wet milling) sharply and amorphisation
accelerated
(Nadirov and Fayalite Energy- Nesosilicate Isolated SiO4 6.5-7 No 45 min Planetary ball milling Partial amorphisation; Reactive silica (SiO2) and
Mussapyrova, Intensive Si-Al tetrahedra linked by (400 rpm, high-energy, crystallinity strongly Fe release
2020) Contributors Fe?* steel jar and balls, dry decreased

milling)

Note: Cleavage terminology follows standard mineralogical nomenclature used to describe preferential crystallographic fracture behaviour. Structural disruption descriptors reflect the terminology reported in the original
mechanochemical studies.
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Table 2

Summary of representative studies on minerals classified as “Oxide Contributors” within the proposed mechanical activation framework, including crystallographic characteristics, milling conditions, degree of
amorphisation, and contribution to cementitious systems. Abbreviations: rpm, revolutions per minute.

Ref Mineral Proposed Amorphization Potential Factors Energy Requirement Milling Milling Conditions Degree of Structural Disruption Contribution to
Classification Factors Duration Cement Systems
Bond Structural Mohs Cleavage
Topology Connectivity Hardness Quality
(Kristof and Juhasz, Dolomite Oxide Contributors Non-silicate CO%~ groups with 3.5-4 Perfect 2h Planetary ball milling Significant amorphization; lattice No new product
1993) — Carbonates- (Carbonate) Ca”/Mngr (AGO 1, 1820 rpm pot / distortion (006 planes) but no formed; only minor
Reactivity via linkages 890 rpm axle, high- bond rupture / no phase formation  structural changes
Calcination (alternating, intensity, steel balls,
anisotropic) water-cooled)
(Krist6f and Juhdsz, Magnesite ~ Oxide Contributors Non-silicate CO3~ groups with 3.5-45 Perfect 2h Planetary ball milling No major amorphisation; minor No new product
1993) - Carbonates- (Carbonate) Mg?* linkages (AGO I, 1820 rpm pot / lattice strain, no phase formation formed; only minor
Reactivity via (uniform, compact) 890 rpm axle, high- structural changes
Calcination intensity, steel balls,
water-cooled)

(Zuo et al., 2024) Siderite Oxide Contributors Non-silicate CO3~ groups with 3.5-4.5 Perfect 120 min Planetary ball milling Very limited amorphisation; No new product
— Carbonates- (Carbonate) Fe?" linkages (500 rpm, high-energy, crystal structure largely retained; formed; only minor
Reactivity via (uniform, compact) zirconia jar, dry milling) only minor lattice distortion structural changes
Calcination

(Pesenti et al., 2008)  Calcite Oxide Contributors Non-silicate CO3~ groups with 3 Perfect 100 h Planetary ball milling Partial transformation to aragonite ~ No reactive phases
— Carbonates- (Carbonate) Ca®**** linkages (200 rpm, dry, 25 steel (~40%); crystallite size reduced to  formed; calcite/
Reactivity via (uniform, stable) balls, 20 min milling + 60 < 50 nm; lattice defects aragonite retained
Calcination min pause) introduced; no complete (CaCO3)

amorphisation

(Pesenti et al., 2008)  Calcite Oxide Contributors Non-silicate CO%~ groups with 3 Perfect 150 min Vibrating cup milling Peak broadening with nanoscale No reactive phases

— Carbonates- (Carbonate) Ca* linkages (1100 rpm, dry, —20 °C, 3 domain size; microstrain formed; only calcite
Reactivity via (uniform, stable) min milling + 5 min increased; calcite structure largely  retained (CaCOs)
Calcination pause) retained; no aragonite detected

(Bankowska- Calcite Oxide Contributors Non-silicate CO%~ groups with 3 Perfect 30 min Planetary ball milling Slight loss of crystallinity (~4% No new product
Sobczak et al., — Carbonates- (Carbonate) Ca* linkages (Pulverisette, 250-550 decrease), no aragonite formed formed; calcite
2024) Reactivity via (uniform, stable) rpm, dry, ball:sample = retained (CaCO3)

Calcination 5:1)
(Wei et al., 2009) Ilmenite Oxide Contributors Non-silicate Close-packed 0%~ 5-6 No 4h Planetary ball milling Partial amorphisation (crystallite Reactive Fe and Ti
— Low-Reactive (Oxide) lattice with Fe/Ti (300 rpm, moderate- size | by 50%, lattice strain 1 by release
Oxides cations energy, dry milling, agate 50%)
media)

(Ebadi and Ilmenite Oxide Contributors Non-silicate Close-packed 0%~ 5-6 No 150 min Planetary ball milling Nearly 95% amorphisation (dry Reactive Ti release
Pourghahramani, — Low-Reactive (Oxide) lattice with Fe/Ti (450 rpm, high-energy, milling, 150 min); nearly 68.6% (TiO22, dissolution),
2019) Oxides cations stainless steel, dry vs wet amorphization (wet milling, 150 Fe ion release

milling) min)

(Basturkcu et al., Goethite Oxide Contributors Non-silicate Close-packed O? 5-5.5 No 2h Eccentric vibratory ball Dehydroxylation; partial loss of Reactive Fe release
2017) — Low-Reactive (Oxide) layers with milling (960 rpm, high- crystallinity; transformation of

Oxides Fe3*—OH linkages intensity, steel balls, dry goethite to hematite
milling)

(Pourghahramani Hematite Oxide Contributors Non-silicate Close-packed 0%~ 5.5-6.5 No 9h Vibratory ball milling 81.73% amorphisation Reactive Fe release
et al., 2008) — Low-Reactive (Oxide, Fe,03, lattice with Fe®* (1000 rpm, 8 mm

Oxides trigonal) cations amplitude, dry milling, air
atmosphere)

(Pourghahramani Hematite Oxide Contributors Non-silicate Close-packed 0%~ 5.5-6.5 No 9h Tumbling ball milling (60 80.3% amorphisation Reactive Fe release
et al., 2008) — Low-Reactive (Oxide, Fe,03, lattice with Fe>* rpm, dry milling, air

Oxides trigonal) cations atmosphere)
(Pourghahramani Hematite Oxide Contributors Non-silicate Close-packed 0%~ 5.5-6.5 No 9h Planetary ball milling 85.47% amorphisation Reactive Fe release

et al., 2008)

— Low-Reactive
Oxides

(Oxide, Fe,03,
trigonal)

lattice with Fe>*
cations

(axle 100 rpm, drum 200
rpm, dry milling, air
atmosphere)

Note: Cleavage terminology follows standard mineralogical nomenclature used to describe preferential crystallographic fracture behaviour. Structural disruption descriptors reflect the terminology reported in the original
mechanochemical studies.
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resulted in the release of CO5 and the formation of reactive MgO and Fe-
oxides (Hou et al., 2021; Pan et al., 2000). Collectively, these findings
confirm that carbonate minerals contribute to cementitious reactivity
only after calcination, which converts defect-enriched precursors into
highly reactive oxide phases.

In the low-reactive oxides group, dense iron- and titanium-bearing
oxides such as ilmenite, goethite, and hematite exhibit high resistance
due to their close-packed 0%~ lattices, but mechanical activation can still
induce partial disorder and enhance dissolution, leading to the release of
reactive FeyOs, Fe304, and TiO5 phases. Ilmenite (Mohs 5-6) has been
reported to undergo substantial amorphisation (90-95%) within
90-150 min of planetary milling at 450 rpm, accompanied by enhanced
Ti and Fe release, while lower disorder (~69%) was observed under wet
milling (Wei et al., 2009; Ebadi and Pourghahramani, 2019). Goethite
(Mohs 5-5.5) shows only partial crystallinity loss under vibratory
milling, but progressive dehydroxylation triggers incipient hematite
formation, indicating that OH groups act as weak points under stress
(Falagan et al., 2017). Hematite (Mohs 5.5-6.5, trigonal Fe;O3 with a
close-packed Fe-O framework) has been reported to amorphise

Table 3
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gradually under dry milling, with the extent depending on the mill type:
after 9 h, amorphisation reached ~ 85.47% in a planetary mill (axle 100
rpm, drum 200 rpm), ~80.3% in a tumbling mill (60 rpm), and ~
81.73% in a vibratory mill (1000 rpm, 8 mm amplitude) (Wang et al.,
2022).

Carbonate minerals confirm the necessity of calcination, since mill-
ing alone induces only defects or minor polymorphic changes without
generating reactive oxides. In contrast, ilmenite and, to a lesser extent,
goethite and hematite demonstrate that dense oxides can undergo
defect-induced amorphisation, promoting the release of reactive Fe and
Ti species. Collectively, these findings support their framework classi-
fication as Oxide Contributors with contributions to cementitious sys-
tems governed by oxide generation via thermal or mechanical activation
pathways.

5.2.3. Unsuitable Minerals

The final category, designated as “Unsuitable Minerals”, encom-
passes minerals whose response to mechanical activation either pro-
duces deleterious by-products or remains negligible due to exceptional

Summary of representative studies on minerals classified as “Unsuitable Minerals” within the proposed mechanical activation framework, including crystallographic
characteristics, milling conditions, degree of amorphisation and contribution to cementitious systems. Abbreviations: rpm, revolutions per minute.

Ref Mineral Proposed Amorphization Potential Energy Requirement Milling Milling Degree of Contribution
Classification Factors Factors Duration  Conditions Structural to Cement
Bond Structural Mohs Cleavage Disruption Systems
Topology  Connectivity =~ Hardness  Quality
(Hu et al., 2002) Galena Unsuitable Non- Cubic ionic 2.5 Perfect 260 min Planetary ball Partial Oxidation
Minerals- silicates lattice milling (200 amorphisation; product
Sulfide (Sulfides) rpm, powder: crystallite size PbSO,4 formed
Bearing ball = 1:25, decreases, lattice
Minerals stainless steel distortions
jar and balls, increase
inert
atmosphere)
(Aram et al., Sphalerite ~ Unsuitable Non- Cubic ionic/ 3.5-4 Perfect 180 min Planetary ball ~ Extensive Zn?* and
2021) Minerals- silicate covalent milling (450 amorphisation Fe®" release
Sulfide (Sulfide, lattice rpm, high- (up to ~ 90.3% and sulfur
Bearing ZnS) energy, dry; ~75% wet vacancies
Minerals stainless-steel at 180 min) formed (H,S
balls, ball: release)
powder 15:1;
wet and dry
modes)

(Pourghahramani  Pyrite Unsuitable Non- Cubic Fe-S, 6-6.5 No 100 min Planetary ball ~ ~70% Defect-rich
and Akhgar, Minerals- silicate lattice mill (400 amorphisation amorphous
2015) Sulfide (Sulfide, rpm, stainless pyrite (no

Bearing FeS,, steel balls, Ar new phase
Minerals cubic) atmosphere, formed)
ball: powder
20:1)
(Zheng et al., Pyrite Unsuitable Non- Cubic Fe-S, 6-6.5 No 120 min Planetary ball ~ Partial Fe*t
2020) Minerals- silicate lattice mill (400 amorphisation dissolution,
Sulfide (Sulfide, rpm, 15 sulfate
Bearing FeS,, stainless steel formation
Minerals cubic) balls @20
mm)
(Tang et al., Pyrite Unsuitable Non- Cubic Fe-S, 6-6.5 No 24 h Planetary ball ~ Crystallite size Sulfur
2025) Minerals- silicate lattice mill (YXQM- reduced, lattice vacancies and
Sulfide (Sulfide, 1L, MITR, strain increased, Fe?*
Bearing FeS,, 300 rpm, peak enrichment
Minerals cubic) agate jar, broadening, formed
ball: powder
20:1)
(Sen et al., 1999) Anatase Unsuitable Non- Close-packed 5-6 Perfect 100 h Vibrational No Formation of
Minerals- silicate 0% lattice ball milling amorphisation; metastable
Structurally (Oxide) with Ti** (SPEX 8000, phase TiO, (II) and
Resistant cations 1000 rpm, transformations TiO, (B), with
Minerals dry, Al,O3 jar  to metastable minor rutile
and ball) TiO, (II) and

TiO2 (B)

Note: Cleavage terminology follows standard mineralogical nomenclature used to describe preferential crystallographic fracture behaviour. Structural disruption
descriptors reflect the terminology reported in the original mechanochemical studies.
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Table 4

Summary of literature studies investigating the cementitious performance of mechanically activated mine tailings and their evaluation using the proposed mineral-based mechanical activation framework. Abbreviations:

SSA, specific surface area; XRD, X-ray diffraction; C-S-H, calcium silicate hydrate; AFt, ettringite; rpm, revolutions per minute.

TAILINGS PROPERTIES CEMENTITIOUS MATRIX PERFORMANCE OF TREATED TAILINGS MINERAL-BASED ASSESSMENT
Ref Tailings Taxonomy Chemical Physical Structural Minerals Optimum Optimum Effects of Results Mineral- Assessment of
Type Group Composition Properties State Replacement Activation Activation based Activation
(%) Level Duration Mechanical Effectiveness
and Milling Activation
Conditions Group of
Minerals
(Wang et al., Lead-zinc Limited Si0,: 27.35 Particle Crystalline Dolomite 30% with cement 2hdry SSA 1 (%331) Compressive Carbonates- HIGHLY
2022) Latent Al,03: 3.32 size: 59.71 grinding in D50 | (%91.4) Strength 1 Reactivity via SUITABLE
Pozzolanic Fe;03: 6.43 pm planetary ball  Diffraction peak Strength Calcination
Tailings CaO: 22.78 Muscovite mill, 300 rpm intensities of Activity Index 1 Energy-
S03: 1.35 crystalline phases ~ The binding Responsive Si-
| (significantly) energies of AI-O Al Minerals
Quartz and Si-O bonds Energy-
| Intensive Si-Al
Porosity | Minerals
Riebeckite Energy-
Intensive Si-Al
Minerals
Calcite Carbonates-
Reactivity via
Calcination
(Yao et al., Gold Latent Si0,: 72.86 SSA: 233.2 Crystalline Muscovite 30% with cement 80 min dry SSA 1 (threefold) Compressive Energy- HIGHLY
2019) Pozzolanic Al,03: 13.68 m?/kg grinding in Relative Strength 1 Responsive Si- SUITABLE
Tailings Fep03: 1.11 planetary ball  crystallinity after C-S-H Content Al Minerals
CaO: 1.06 Microcline mill 80 min grinding: tCa Energy-
SO3: 0.16 Muscovite: 37% (OH), Intensive Si-Al
(l %63) Consumption 1 Minerals
Albite Microcline: Ettringite Energy-
48.7% (| %51.3) Formation 1 Intensive Si-Al
Albite: 61.1% (J Pozzolanic Minerals
Quartz %38.9) Activity Index 1 Energy-
Quartz: 80.9% (| (%25.9) Intensive Si-Al
%19.1) Porosity | Minerals
(Yao et al., Iron Latent SiO4: 62.04 SSA: 103 Crystalline Quartz 30% with cement 40 min dry SSA 1 (464.1%) Compressive Energy- HIGHLY
2020) Pozzolanic Al,03: 5.8 m?/kg grinding, Strength 1 Intensive Si-Al ~ SUITABLE
Tailings Fe;03: 22.06 milling Amorphization C-S-H Content 1 Minerals
CaO: 4.27 Muscovite conditions levels after (6.8-fold)Ca Energy-
S03: 0.91 not reported mechanical (OH), Content | Responsive Si-
activation: (%69.6) Al Minerals
Amphibole Stilpnomelane Ettringite Energy-
>~ 51% Formation 1 Intensive Si-Al
Muscovite = Microstructure Minerals
Stilpnomelane 65% Compactness 1 Energy-
Pozzolanic Responsive Si-
Activity Index 1 Al Minerals
(%72.7)
(Tian et al., Vanadium- Partly SiO4: 43.55 D50: 70.73 Partly- Mica 30% with cement 50 min SSA 1 (2.7-fold) Compressive Energy- HIGHLY
2024) Titanium Pozzolanic Al,03: 10.99 pm amophous dry grinding, D50 | (%82) Strength 1 Responsive Si- SUITABLE
Iron Tailings Fe;03: 12.04 milling Reactive Si** + Activity Index 1 Al Minerals
CaO: 15.95 Hornblende conditions AIP** content 1 (%32.6) Energy-
SO3: NA not reported (2.9-fold) Porosity | Intensive Si-Al
Amount of AFt 1 Minerals

(continued on next page)
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Table 4 (continued)

TAILINGS PROPERTIES CEMENTITIOUS MATRIX PERFORMANCE OF TREATED TAILINGS MINERAL-BASED ASSESSMENT
Ref Tailings Taxonomy Chemical Physical Structural Minerals Optimum Optimum Effects of Results Mineral- Assessment of
Type Group Composition Properties  State Replacement Activation Activation based Activation
(%) Level Duration Mechanical Effectiveness
and Milling Activation
Conditions Group of
Minerals
Chlorite C-S-H Energy-
formation 1 Responsive Si-
Al Minerals
Plagioclase Energy-
Intensive Si-Al
Minerals
Quartz Energy-
Intensive Si-Al
Minerals
Diopside Energy-
Responsive Si-
Al Minerals
Epidote Structurally
Resistant
Minerals
Ilmenite Low-Reactive
Oxides
(Wang et al., Molybdenum Latent SiO2: 59.66 D50 = Crystalline Quartz 15% 45 min dry SSA 1 (= %940) Compressive Energy- HIGHLY
2025) Pozzolanic Al;03: 9.02 0.25-0.3 Molybdenum grinding, D50 | (=2 %90) Strength 1 Intensive Si-Al SUITABLE
Tailings Fe;03: 12.89 mm Tailings Powder milling Flexural Minerals
CaO: 5.04 Biotite with cement and conditions Strength | Energy-
SO3: 1.84 40% not reported Porosity 1 Responsive Si-
Molybdenum Shrinkage | Al Minerals
Microcline Tailings Sand C-S-H Content Energy-
with sand tCa Intensive Si-Al
(OH), Minerals
Hematite Consumption 1 Low-Reactive
Oxides
Chlorite Energy-
Responsive Si-
Al Minerals
(Shi et al., Iron Partly- SiO,: 32.76 D50 < 300 Partly- Quartz 20% iron tailings 2.5 hdry SSA 1 (511 m?%/ Compressive Energy- HIGHLY
2024) Pozzolanic Al,03: 6.90 um amorphous powder and 50% grinding, kg) Strength 1 Intensive Si-Al SUITABLE
Tailings Fe;03: 16.92 iron tailings sand  milling D50 | (= 15um)  Flexural Minerals
CaO: 21.70 Albite with cement conditions Toughness 1 Energy-
S03: 9.50 not reported Pore Diameter | Intensive Si-Al
C-S-H Content Minerals
Calcite tCa Carbonates-
(OH), Reactivity via
Consumption 1 Calcination
Muscovite Chloride Energy-
Permeability 1 Responsive Si-
(Very Low) Al Minerals
Microcline Energy-
(small Intensive Si-Al
amount) Minerals
Magnetite Low-reactive
(small Oxides
amount)

(continued on next page)
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Table 4 (continued)

TAILINGS PROPERTIES CEMENTITIOUS MATRIX PERFORMANCE OF TREATED TAILINGS MINERAL-BASED ASSESSMENT
Ref Tailings Taxonomy Chemical Physical Structural Minerals Optimum Optimum Effects of Results Mineral- Assessment of
Type Group Composition Properties  State Replacement Activation Activation based Activation
(%) Level Duration Mechanical Effectiveness
and Milling Activation
Conditions Group of
Minerals
(Wang et al., Copper Slag Partly SiO4: 31.69 D50: 37,3 Partly- Fayalite Up to 20% with 40 min, wet SSA 1 Compressive Energy- HIGHLY
2023) Pozzolanic Al,03: 5.51 pm amorphous cement grinding, D50 | (%95.2) Strength t Intensive Si-Al SUITABLE
Tailings Fe,03: 49.03 milling Fayalite Content C-S-H Content Minerals
CaO: 4.92 Magnetite conditions 1 1Ca Low-Reactive
S03: 0.98 not reported (OH), Oxides
Corrundum Consumption 1 Structurally
Porosity | Resistant
Pore Diameter | Minerals
Microstructure
Density
(Wang et al., Copper Slag Partly SiO4: 31.70 D50: 15.71 Partly- Magnetite 20% with silica 1 h, wet SSA 1 Compressive Low-Reactive HIGHLY
2023) Pozzolanic Al,03: 5.50 pm amorphous fume grinding, D50 | (%75) Strength 1 Oxides SUITABLE
Tailings Fey03: 49 Fayalite milling Fayalite Content Flexural Energy-
CaO: 4.90 conditions | (%20.6) Strength 1 Intensive Si-Al
SO3: 1 not reported C-S-H Content t Minerals
CH
Consumption 1
Microstructure
Density t
Pore Refinement
1
(Mahajan and Copper Slag Partly SiO,: 24.12 Particle Partly- Magnetite 10-15% with 510 min, dry SSA 1 (%40) Compressive Low-Reactive SUITABLE
Muhammad, Pozzolanic AlyO3: 5.29 size > 90 amorphous cement grinding, D50 | (%63) Strength 1 Oxides
2024) Tailings Fe;03: 63.13 pum (approx. Fayalite milling Fayalite Content C-S-H Content Energy-
CaO: 3.40 60%) conditions 1 (%3.4) 1Ca Intensive Si-Al
S03: 0.07 not reported The difference in (OH), Minerals
Quartz the amorphous Consumption 1 Energy-
content was Porosity | Intensive Si-Al
found to be Minerals
minimal.
(Cheng et al., Iron Latent SiO4: 75.23 SSA: 138 Crystalline Quartz 40% with cement 3,5 h dry SSA 1 (1371%) Compressive Energy- SUITABLE
2016) Pozzolanic Al,03: 2.64 m?/kg grinding in D50 | (%92.45) Strength 1Ca Intensive Si-Al
Tailings Fe;03: 11.31 D50: SYM-Cement Crystallinity of (OH), Minerals
CaO: 1.47 124.727 Hematite test bal mill, Si0, | Consumption 1 Low-Reactive
S03: 0.08 um 48 rpm C-S-H Content t Oxides
Albite Pozzolanic Energy-
Activity Index 1 Intensive Si-Al
Porosity | Minerals
Edenite Energy-
Intensive Si-Al
Minerals
(Wang et al., Iron Latent SiO2: 62.26 SSA: 235 Crystalline Quartz 10% with cement 2 h wet D50 (median Compressive Energy- SUITABLE
2023) Pozzolanic Al,03: 4.78 m?/kg grinding in particle size) | Strength 1 Intensive Si-Al
Tailings Fe;03: 14.37 D50: 149.6 planetary (98.5%) C-S-H Content Minerals
Ca0: 7.76 pm Cordierite mill, 400 rpm SSA 1t (591.5%) tCa Energy-
SO3: 0.48 The total (OH), Intensive Si-Al
crystallinity | Consumption 1 Minerals
(62.33%) Porosity |
Amorphous

(continued on next page)
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Table 4 (continued)

TAILINGS PROPERTIES CEMENTITIOUS MATRIX PERFORMANCE OF TREATED TAILINGS MINERAL-BASED ASSESSMENT
Ref Tailings Taxonomy Chemical Physical Structural Minerals Optimum Optimum Effects of Results Mineral- Assessment of
Type Group Composition Properties State Replacement Activation Activation based Activation
(%) Level Duration Mechanical Effectiveness
and Milling Activation
Conditions Group of
Minerals
Calcite degree 1 Carbonates-
(37.67%) Reactivity via
The binding Calcination
energy of Si |
(0.22%), Al |
(0.13%), and Ca
1 (0.06%)
(Cheng et al., Iron Latent Si0,: 78.69 NA Crystalline Quartz 30% with cement 3hdry SSA 1t (1979.0 Compressive Energy- SUITABLE
2024) Pozzolanic Al,03: 2 grinding, m?/kg) Strength | Intensive Si-Al
Tailings Fe,03: 6 planetary D50 | (7.49 pm) Elastic Modulus Minerals
CaO: 2.87 Hematite mill, 360 rpm | Low-Reactive
SO3: NA C-S-H Content t Oxides
Albite Porosity | Energy-
Intensive Si-Al
Minerals
(Li et al., 2022) Iron Partly SiO,: 24.28 D50: 47.63 Partly- Quartz 40% with cement 2 h wet SSA 1 Compressive Energy- SUITABLE
Pozzolanic Al,03: 5.81 pm amorphous grinding in D50 | (%97.7) Strength 1 Intensive Si-Al
Tailings Fe;03: 23.74 planetary ball C-S-H Content Minerals
Ca0: 12.69 Calcite mill with tCa Carbonates-
SO3: 1.58 zirconia balls, (OH), Reactivity via
280 rpm Consumption 1 Calcination
Hematite Porosity | Low-Reactive
Oxides
Magnetite Low-Reactive
Oxides
(Herndndez- Gold and Latent SiO2: 67.20 D50: 15,55 Crystalline Quartz 15% with cement 140 min dry Crystallinity | Compressive Energy- SUITABLE
Ramos et al., Silver Pozzolanic Al,03: 3.99 pm milling in (max Strength 1 Intensive Si-Al
2024) Fe,03: 2.27 planetary ball reduction,19%) C-S-H Content 1 Minerals
CaO: 24.70 Calcite mill with Quartz peak Strength Carbonates-
S03: 0.12 steel balls, intensity | Activity Index: Reactivity via
400 rpm D50 | (15.55 pm 79-87% Calcination
— 0.91 pm)
(Guetal., 2022) Iron Latent SiO,: 75.24 SSA: 41.68 Crystalline Quartz 10% with cement 3.5hin SSA t (%5219) Compressive Energy- SUITABLE
Pozzolanic Al,03: 3.66 mz/kg planetary D50 | (%96.6) Strength 1 Intensive Si-Al
Tailings Fe,03: 6.38 mill, 390 rpm  XRD: Diffraction C-S-H Content Minerals
CaO: 4.05 Cordierite peaks |, peak tCa Energy-
SO3: 0.05 broadening 1 (OH), Intensive Si-Al
Consumption 1 Minerals
Pozzolanic
Activity Index:
%74.5
Microstructure
compactness 1
(Agrawal and Zinc Limited Si0,: 40.4 SSA: 230 Crystalline Dolomite 5% with cement 80-90 min, SSA 1t (%19.6) Compressive Carbonates- UNSUITABLE
Gupta, 2022) Latent Al,03: 3.99 mz/kg milling D50 | Strength | Reactivity via
Pozzolanic Fe,03: 4.61 conditions Flexural Calcination
Tailings Ca0: 16.9 Quartz not reported Strength | Energy-
SO3: NA Abrasion Intensive Si-Al
Resistance 1 Minerals
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Table 4 (continued)

TAILINGS PROPERTIES CEMENTITIOUS MATRIX PERFORMANCE OF TREATED TAILINGS MINERAL-BASED ASSESSMENT
Ref Tailings Taxonomy Chemical Physical Structural Minerals Optimum Optimum Effects of Results Mineral- Assessment of
Type Group Composition Properties State Replacement Activation Activation based Activation
(%) Level Duration Mechanical Effectiveness
and Milling Activation
Conditions Group of
Minerals
Corrundum Drying Structurally
Shrinkage | Resistant
Dynamic Elastic Minerals
Modulus |
Energy
Absorption
Capacity |
(Guetal., 2023) Iron Latent Si03: 62.25 SSA: 187 Crystalline Quartz 10-20% with 2.5hdry SSA t (%780) Compressive Energy- UNSUITABLE
Pozzolanic Al,03: 4.78 mz/kg cement grinding, D50 | (%88.9) Strength 1 Intensive Si-Al
Tailings Fe;03: 14.37 D50: 144 planetary ball ~ No pozzolanic Porosity | Minerals
Ca0: 7.76 pm mill with activity Particle Packing
SO3: 0.47 steel balls, 60 1
rpm
(de Castro et al., Iron Latent Si04: 27.41 SSA: 5.83 Crystalline Goethite 30-40% with SONNEX I- SSA 1t (%33.62) Compressive Low-Reactive UNSUITABLE
2021) Pozzolanic Al,03: 3.35 mz/g (39.2%) cement 4205 ball D50 | (%41) Strength 1 Oxides
Tailings Fe;03: 63.27 Hematite mill, low No significant Flexural Tensile Low-Reactive
CaO: 4.12 D50: 22 pm (36.1%) energy pozzolanic Strength 1 Oxides
SO3: NA Quartz milling, activity Water Energy-
(21.7%) 14,000 turns Absorption | Intensive Si-Al
Porosity | Minerals
Gibbsite (2%) Carbonation Energy-
Depth 1 Responsive Si-
C-S-H Content 1 Al Minerals
Kaolinite (very low) Energy-
(<1%) Responsive Si-
Al Minerals
Magnetite Low-Reactive
(<1%) Oxides
(Liu et al., Iron Partly SiO4: 35.34 D50: 273.6 Partly- Quartz 30% with cement 1 hdry SSA 1 (%583.33) Long Term Energy- UNSUITABLE
2022) Pozzolanic Al,O3: 8.47 pm amorphous grinding, D50 | (%95.25) Compressive Intensive Si-Al
Tailings Fe,03: 17.65 300 rpm Strength t Minerals
CaO: 25.14 Calcite C-S-H Content 1 Carbonates-
SO3: 1.65 (very low)Ca Reactivity via
(OH), Content |} Calcination
Andradite (very low) Structurally
Porosity | Resistant
Drying Minerals

Shrinkage |
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structural resilience. Two subgroups can be distinguished: “Sulfide-
Bearing Minerals”, which undergo structural degradation under milling
but release sulphur species and heavy metals that compromise both
durability and environmental safety; and “Structurally Resistant Min-
erals”, which are characterised by highly stable crystallographic
frameworks. Representative studies for both are summarised in Table 3.

In sulfide-bearing minerals subgroup, sulfide minerals such as
galena, sphalerite, and pyrite have been consistently reported to un-
dergo structural degradation under milling; however, their trans-
formation products, sulfates, sulfur volatiles, and heavy-metal ions
(Pb%*, Zn2™", Fe2* /Fe3™), render them incompatible with cementitious
systems (Juhasz and Opoczky, 1990; Pourghahramani and Akhgar,
2015; Hu et al., 2002; Zheng et al., 2020). For example, galena (PbS,
Mohs 2.5) has shown progressive but incomplete amorphisation under
extended milling, accompanied by defect accumulation and the release
of elemental sulfur and PbSO4 (Hu et al., 2002). sphalerite (ZnS, Mohs
3.5-4) has demonstrated unusually rapid amorphisation, with amor-
phous fractions approaching 90% under dry milling, yet this response
has been linked to sulfur volatilisation and Zn leaching (Aram et al.,
2021). pyrite (FeSy; Mohs 6-6.5) has been reported to show greater
resistance to mechanical activation due to its tightly bonded cubic Fe-S,
framework. Planetary milling at 400 rpm achieved ~ 70% amorphisa-
tion after 100 min (Pourghahramani and Akhgar, 2015), while other
studies reported only partial disordering after 20-120 min, with
broadened diffraction peaks, sulphur vacancy formation, and defect-rich
surfaces but no complete amorphisation (Zheng et al., 2020; Pour-
ghahramani and Akhgar, 2015). Even prolonged milling up to 24 h
induced only partial collapse with crystallite size reduction and lattice
strain (Tang et al., 2025). Overall, sulfide-bearing minerals respond to
milling primarily through defect generation and sulphur vacancy for-
mation, processes that invariably lead to the release of heavy metals and
sulphur species, thereby confirming their environmental unsuitability
for cementitious use.

On the other hand, structurally resistant minerals subgroup com-
prises minerals with highly stable crystallographic frameworks,
including anatase, corundum, epidote, and andradite. These phases,
although chemically benign, possess high hardness, poor cleavage, and
densely interconnected networks that resist amorphisation. Anatase
(TiO2; Mohs 5.5-6) exemplifies this subgroup, showing crystallite size
reduction from ~ 120 nm to 13 nm after 100 h of vibrational milling
without amorphisation (Sen et al., 1999). Instead, it undergoes poly-
morphic transformation to metastable TiO5 (II) and TiO» (B) with minor
rutile formation, a response attributed to its stable Ti-O bonding, which
accommodates strain through structural reorganisation rather than lat-
tice breakdown. Similar behaviour has been reported for corundum,
epidote and andradite, which remain largely crystalline and inaccessible
under practical milling conditions (Balaz, 2008; Juhasz and Opoczky,
1990).

In summary, the unsuitable minerals classification captures two
mechanistically distinct limitations: sulfide-bearing minerals, which are
mechanically activated but yield environmentally hazardous by-
products, and structurally resistant minerals, which remain inert even
under intensive milling. Together, these subgroups reinforce the
framework’s rationale that either chemical incompatibility or structural
intractability precludes effective utilisation of such minerals in cemen-
titious systems through mechanical activation.

5.3. Empirical verification of a mineral-based mechanical activation
framework for mine tailings using literature-derived data

Unlike single-mineral systems, mine tailings are multiphase mineral
assemblages whose responses to mechanical processing are often non-
linear. In such heterogeneous systems, interactions among coexisting
mineral phases may influence the activation behaviour and can lead to
synergistic or antagonistic effects depending on mineralogical compo-
sition and relative phase abundance. Yet their activation behaviour is
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largely governed by the dominant mineral phases, making knowledge of
individual mineral responses essential for anticipating heterogeneous
performance. On this basis, a mineral-based mechanical activation
framework was developed to classify minerals according to both their
reactivity potential and their capacity to contribute to cementitious
performance once activated. This section evaluates literature studies
from the compiled database in which mechanically activated mine
tailings were incorporated into cementitious matrices, to assess the
framework’s validity.

Building on the mineral-level analysis presented in the previous
sections, the framework was further evaluated using quantitative
cementitious performance indicators reported in experimental studies
where mechanically activated mine tailings were incorporated into
cementitious matrices. Table 4 summarises empirical investigations in
which mine tailings underwent mechanical activation prior to cemen-
titious use. In each case, the tailings’ mineralogical composition was
interpreted through the framework and the applied activation judged as
“highly suitable”, “suitable”, or “unsuitable”. The assessment is partly
inferential, since most studies lack quantitative phase-abundance data;
where necessary, dominant phases were deduced from reported
cementitious performance indicators, including strength development,
pozzolanic activity indices, Ca(OH) 5 consumption, and the type of hy-
dration products formed (e.g., C-S-H, C-A-S-H). Secondary milling
parameters such as grinding duration, atmosphere, and energy input
were also considered, as they strongly influence activation efficiency.

Despite these limitations, the comparative analysis shows broad
consistency between framework-based interpretations and reported
experimental outcomes. The observed alignment suggests that the
framework provides a useful mineralogically informed basis for inter-
preting the reactivity of heterogeneous tailings and guiding the selection
of mechanical activation strategies.

5.3.1. Mineralogical variability and processability constraints governing the
mechanical activation of heterogeneous mine tailings

This section summarizes literature in which mine tailings with
varying mineralogical compositions are mechanically activated and
incorporated into cementitious matrices, to evaluate the applicability of
the proposed mineral-based mechanical activation framework in inter-
preting the activation potential.

Based on the proposed framework, studies in which the activation of
mine tailings is assessed as highly suitable typically involve tailings rich
in energy-responsive Si-Al minerals such as muscovite, biotite, chlorite,
and stilpnomelane. These phases undergo substantial structural degra-
dation under milling, releasing reactive silica and enhancing pozzolanic
performance. For example, lead-zinc tailings (Wang et al., 2022), con-
taining calcite, dolomite, quartz, riebeckite, and muscovite, showed
partial amorphisation after 2 h of milling and corresponding pozzolanic
activity gains were reported. Similarly, gold mine tailings (Yao et al.,
2019), containing muscovite, albite, microcline, and quartz exhibited
large reductions in crystallinity (e.g., muscovite 63%, microcline 51%,
albite 38.9%) after 80 min were noted, accompanied by a 25.9% in-
crease in pozzolanic index. Likewise, iron tailings (Yao et al., 2020),
dominated by muscovite and stilpnomelane, amorphization levels of
65% and 51%, were reported accompanied by a 6.8-fold increase in
C-S-H formation and a 69.6% decrease in Ca(OH) 5 after 40 min of
milling. On the other hand, vanadium-titanium iron tailings (Tian et al.,
2024), containing mica and chlorite, a 2.9-fold increase in reactive Si
and a 32.6% higher activity index were reported, largely attributed to
the reactivity of these phyllosilicates. In summary, these results consis-
tently demonstrate that phyllosilicate-rich tailings are the most energy-
responsive and provide reliable pozzolanic improvements under milling,
confirming the robustness of the framework.

A notable exception has been observed in fayalite-rich tailings,
particularly copper slag, where processability has been reported to
depend strongly on milling conditions. Dry grinding has generally been
found to be ineffective due to localized heating and agglomeration,
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whereas wet grinding has been shown to prevent agglomeration, create
defect-rich surfaces, and promote dissolution of Fe-O and Si-O bonds,
thereby releasing reactive Fe?™ and silicate species. For instance, in
copper slag (Wang et al, 2023) containing fayalite, quartz, and
magnetite, only 40 min of wet grinding has been reported to markedly
reduce fayalite peak intensities. This effect, attributed to surface disso-
lution and depolymerization rather than mechanical disruption alone,
has been shown to enhance amorphization and pozzolanic reactivity, as
confirmed by higher Ca(OH) , consumption and C-S-H formation.
Similarly, in another study (Wang et al., 2023) on fayalite-magnetite
slag, a 20.6% reduction in fayalite has been observed after 1 h of wet
grinding, with released silica contributing to hydration reactions. In
contrast, prolonged dry grinding (510 min) of fayali-
te-magnetite-quartz slag (Mahajan and Muhammad, 2024) has been
reported to yield only a 3.4% reduction in fayalite and negligible
amorphization, with limited pozzolanic gain. This contrast underscores
the decisive role of milling parameters in determining activation out-
comes. Overall, these results confirm that fayalite is highly suitable
under wet grinding, fully consistent with its classification.

Studies deemed suitable for mechanical activation have typically
involved tailings dominated by energy-intensive Si-Al minerals such as
quartz, albite, and microcline. Due to their stable lattices, these phases
have been shown to exhibit limited amorphization and only moderate
pozzolanic gains unless subjected to intense milling. For example, in iron
tailings with quartz, albite, edenite, and hematite, increased C-S-H and
Ca(OH) 3 consumption has been reported after 3.5 h of dry grinding
(Cheng et al., 2016), while in another study on quartz-albite-hematite
tailings, improvements in C-S-H have been observed after 3 h at 360
rpm, though effectiveness remained limited (Cheng et al., 2024). In iron
tailings with quartz, calcite, hematite, and magnetite, strength and hy-
dration improvements have been reported after 2 h of high-intensity wet
grinding (Li et al., 2022), reflecting the surface reactivity of quartz but
only moderate overall enhancement. In gold-silver tailings (quartz and
calcite), 140 min of high-energy dry grinding has been shown to reduce
crystallinity by ~ 19% and raise the strength index to 79-87%, yet
crystalline persistence constrained activation (Hernandez-Ramos et al.,
2024). Likewise, in quartz—cordierite tailings, 3.5 h of dry grinding at
390 rpm has been reported to yield strength and hydration gains, but
inert corundum further limited reactivity (Gu et al., 2022). Collectively,
these findings demonstrate that quartz- and feldspar-rich tailings
respond effectively only under very high-energy conditions, yet the
reactivity gains remain modest relative to phyllosilicate-rich systems.

According to the framework, studies classified as “not suitable” for
mechanical activation typically contain tailings dominated by mineral
phases from the ‘oxide contributor’ or ‘unsuitable’ groups, such as
dolomite, hematite, magnetite, goethite, corundum, and andradite.
Since these minerals respond poorly to mechanical activation, applying
this treatment to tailings where they are dominant has generally been
found to be ineffective and of limited benefit. For example, in zinc
tailings (Agrawal and Gupta, 2022) containing dolomite, quartz, and
corundum, 80-90 min of milling was reported to result in poor
cementitious performance, with reductions in strength attributed to
inert corundum and insufficient energy to activate quartz. Likewise, in
iron tailings (Gu et al., 2023) dominated by quartz, 2.5 h of dry grinding
at 60 rpm in a planetary mill did not produce pozzolanic activity;
although improvements in compressive strength and particle packing
were noted, the applied energy was inadequate to induce quartz reac-
tivity. In another case, iron tailings (de Castro et al., 2021) rich in
goethite (39.2%), hematite (36.1%), and quartz (21.7%) showed
negligible pozzolanic activity and minimal C-S-H formation after low-
energy milling, as the dominance of low-reactivity oxides outweighed
the limited contribution of gibbsite and kaolinite. In short, tailings
dominated by corundum and other low-reactivity oxides consistently
fail to respond to mechanical activation, thereby verifying the frame-
work’s classification of these phases as low-reactivity.

Overall, although chemical composition serves as the primary
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criterion for assessing the cementitious performance of mine tailings,
their response to activation and the choice of the most effective treat-
ment are ultimately governed by mineralogical composition. This study
has demonstrated broad consistency between the proposed mineral-
based framework and experimentally reported activation behaviour in
heterogeneous tailings systems. Through this approach, the framework
redefines activation potential as a design parameter rather than a know-
how approach, providing a mechanistically informed decision-support
tool for reducing reliance on energy-intensive trial-and-error activa-
tion routes and enabling resource-efficient valorisation pathways.

6. General discussion

This study introduces the first mineral-based framework for evalu-
ating the mechanical activation of mine tailings, reframing activation
not as an empirically driven approach but as a more knowledge-based
and systematic design approach. The framework classifies minerals ac-
cording to their potential contribution to cementitious matrices and
their response to mechanical activation, grounding this classification in
crystallographic and physical attributes that govern susceptibility to
amorphisation. This mineral-level perspective represents a step-change
in the field: it transforms mechanical activation from a generic treat-
ment into a targeted engineering tool, thereby addressing the funda-
mental source of inconsistency across prior studies. Beyond
cementitious applications, the framework’s mineralogical grounding
renders it transferable to other mineral-based residues, offering a widely
applicable approach for valorisation.

The applicability of the framework has been supported through two
complementary levels of literature-based evaluation. First, literature
data on individual minerals confirmed that structural attributes and
bonding topology reliably dictate mechanochemical response. Phyllo-
silicates and hydroxides, for example, showed rapid amorphisation and
strong pozzolanic activity, while quartz and feldspars required sub-
stantially higher energy input, and sulfide-bearing minerals produced
deleterious by-products. Second, case studies on heterogeneous mine
tailings revealed that performance outcomes could be anticipated by
reference to the dominant mineral phases. Tailings rich in phyllosilicates
consistently delivered significant pozzolanic improvements under mill-
ing, whereas quartz- or oxide-dominated systems yielded only modest
gains. Even condition-dependent cases such as fayalite-rich slags aligned
with the framework, confirming that mineralogical composition pri-
marily governs activation response and that the framework provides a
mechanistically informed basis for interpreting the behaviour of het-
erogeneous mine tailings, thereby guiding decision-making in both ac-
ademic research and industrial practice. Nevertheless, in heterogeneous
tailings systems, interactions among coexisting mineral phases may
introduce synergistic or antagonistic effects that influence the activation
behaviour, adding an additional layer of complexity when interpreting
activation responses in real tailings assemblages.

From an industrial perspective, the implications are significant.
Targeted activation strategies within the framework reduce reliance on
unsystematic approaches, support energy budgeting, and avoid pro-
cessing routes that are either inefficient or environmentally hazardous.
In practice, this can save substantial energy costs, improve reproduc-
ibility, and accelerate the deployment of low-carbon binders. Moreover,
by aligning existing specifications such as ASTM C618 (ASTM
International., 2023); ASTM C1866 (ASTM International., 2020); BS
EN 450-1 (British Standards Institution, 2012); CFR (40 CFR § 261.24, n.
d.) and WM3 (Agency et al., 2021) thresholds, the framework estab-
lishes a structured pathway for potential integration into future stan-
dards on the utilisation of mine tailings. This facilitates cross-industry
collaboration between the mining and construction industries, creating
pathways for resource efficiency, reduced carbon emissions, and the
advancement of circular economy principles. In this sense, the frame-
work can support broader net-zero and circular-economy transition
strategies.
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At the same time, the analysis highlights critical areas for future
development. Milling parameters such as mill type, rotational speed,
duration, and atmosphere exert decisive influences on mechanochem-
ical outcomes, often equal in magnitude to mineralogical factors. The
lack of standardisation in reporting and optimising these parameters
remains a barrier to comparability and scalability. Similarly, the
development of transferable quantitative activation -criteria and
decision-guiding thresholds remains challenging under the current state
of the literature, where mechanochemical datasets are often generated
under substantially different mineralogical and processing conditions.
More systematic and mineralogically resolved datasets generated under
comparable experimental frameworks will therefore be essential for
advancing toward more quantitative and mechanistically interpretable
activation design strategies. Beyond this, bridging the gap between
laboratory studies and practical deployment requires pilot-scale vali-
dation and assessment of technology readiness levels (TRLs), ensuring
scalability and industrial feasibility.

This work establishes a mineral-level framework for the valorisation
of mine tailings by mechanical activation. By moving beyond compo-
sitional averages and empirical trials, it provides a mechanistic basis for
interpreting activation behaviour and guiding the selection of suitable
processing routes. Its applicability has been evaluated through mineral-
level analysis and heterogeneous tailings case studies, demonstrating its
relevance for both scientific understanding and industrial application.

7. Conclusion

Chemical composition serves as the primary criterion for assessing
the cementitious performance of mine tailings, but the activation
response and choice of treatment are ultimately governed by mineral-
ogical composition. This study introduced and evaluated the first
mineral-based mechanical activation framework, demonstrating that
crystallographic attributes such as bond topology, structural connec-
tivity, hardness, and cleavage can be systematically translated into
reactivity outcomes. Both single-mineral studies and heterogeneous
tailings case analyses confirmed the decision-making competency of the
framework, establishing that phyllosilicate-rich residues consistently
exhibit enhanced pozzolanic reactivity, while quartz-, feldspar-, and
oxide-dominated systems respond only under high-energy conditions,
and sulfide-bearing phases are unsuitable.

Framework verification was undertaken using a rigorously curated
subset of the literature-derived database developed in this study,
comprising 19 investigations that report mechanical activation of mine
tailings with sufficient mineral-specific detail to enable mineral-specific
interpretation. The framework enables a knowledge-based, design-ori-
ented strategy for mechanical activation offering a paradigm change in
the valorisation of mine tailings. Its mineralogical basis provides a
transferable conceptual framework for evaluating other mineral-derived
residues and a scientific foundation for developing comparable miner-
alogically informed evaluation tools across diverse waste streams.
Importantly, the framework not only advances academic understanding
but also aligns with practical needs: when embedded into future
standardisation pathways (e.g., ASTM C618 (ASTM International.,
2023), BS EN 450-1 (British Standards Institution, 2012), it can
contribute to the development of more comparable classification ap-
proaches for mine tailings in relation to conventional SCM systems and
can support industry decision-making toward more resource-efficient
valorisation strategies.

Equally, the framework provides a foundation upon which future
pilot-scale validation and technology readiness level (TRL) advance-
ment can be built, supporting scalability and energy-efficient deploy-
ment. The integration of mineralogical insights with empirical
verification also provides a basis for future cross-industry collaboration,
circular economy integration, and potential contributions toward net-
zero targets. More broadly, the framework highlights how mineralog-
ical insights can support the development of more structured and
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systematic waste valorisation pathways.
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