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Abstract
Serpentinite, the hydrated ultramafic lithology formed during serpentinization of mantle peridotites, is increasingly rec-
ognized as a strategic yet heterogeneous geomaterial for construction, carbon-management, and energy-related pathways. 
This review synthesizes knowledge by linking geological origin, serpentine polymorph assemblage, accessory phases, 
alteration degree, and structure–property–reactivity relationships to application performance. Rather than cataloguing uses, 
it evaluates serpentinite pathways according to mineralogical control, processing intensity, evidence maturity, functional 
advantage, scalability, and environmental or occupational risk. Emphasis is placed on how lizardite, chrysotile, antigorite, 
brucite, magnetite, microstructural heterogeneity, and serpentinization degree govern surface reactivity, Mg accessibility, 
porosity evolution, mechanical competence, dissolution behavior, carbonation kinetics, and fiber-related constraints. These 
controls explain serpentinite’s established use as dimension stone, aggregate, and refractory or ceramic feedstock, while 
supporting process-sensitive pathways such as magnesium-silicate binders, low-carbon construction products, Mg recov-
ery, adsorption media, radiation-shielding concretes, and engineered porous materials. The review assesses its relevance 
to climate and energy systems, particularly permanent CO₂ sequestration by mineral carbonation and abiotic hydrogen 
generation through serpentinization-driven redox reactions. Additional opportunities, including enhanced rock weather-
ing, magnesium-chemical production, thermal-management materials, and quarry-residue valorization, are evaluated as 
lithotype-specific and risk-governed options. Practical deployment remains constrained by mineralogical heterogeneity, 
carbonation and Mg-extraction kinetics, activation-energy demand, water and reagent requirements, Ni–Cr mobility, and 
potential chrysotile or elongated mineral-particle occurrence. Future progress requires polymorph- and texture-resolved 
databases, pilot-scale validation, integrated techno-economic and life-cycle assessment, and risk-aware resource alloca-
tion. Overall, serpentinite is best understood as a fit-for-purpose geomaterial platform whose value depends on coupling 
mineralogical qualification with controlled processing and environmental governance.
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Introduction

Serpentinite has transitioned from a rock chiefly discussed 
within metamorphic petrology to a strategically important 
geomaterial for selected construction, environmental, car-
bon-management, and energy-related applications (Segal 
2024, Carmignano et al. 2020). This relevance reflects an 
uncommon combination of attributes concentrated in a 
single natural resource: widespread occurrence in ophiolite 
belts, high magnesium-silicate content, structurally bound 
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hydroxyl groups, and strong responsiveness to thermal and 
chemical activation. Together, these features support both 
conventional bulk uses and engineered reactivity in appli-
cations where serpentinite offers a clear mineralogical or 
functional advantage (Ivanova et al. 2022, Şaşmaz et al. 
2024, Ahmad et al. 2025, Evans 2004, Evans et al. 2013). 
However, serpentinite should not be treated as a universally 
applicable raw material. Its value depends on the specific 
lithotype, serpentine polymorph assemblage (lizardite, 
chrysotile, and antigorite), degree of alteration, accessory 
phases, processing route, and environmental risk profile. 
In parallel with circular-economy strategies, serpentinite 
quarry fines and processing residues are increasingly being 
reconsidered as secondary resources rather than unavoid-
able wastes, but only where lithology-specific risks are 
identified and managed (Cavallo 2018).

From a mineralogical standpoint, serpentinite is inher-
ently heterogeneous. It is typically dominated by serpentine-
group phases, mainly lizardite, chrysotile, and antigorite, 
with variable contributions from brucite and magnetite, 
alongside remnants of olivine, pyroxenes, and spinel, and 
in some settings, secondary carbonates (Evans et al. 2013, 
Eberhard 2021, Pereira et al. 2025, Lu 2025). This variabil-
ity is not a minor descriptive feature; it is a controlling factor 
for density–porosity structure, thermal stability and dehy-
droxylation behavior, magnesium release during activation 
or leaching, surface charging and hydroxyl availability, and 
ultimately adsorption and carbonation performance (Evans 
2004, HUANG et al. 2026, Ray et al. 2025). Although ser-
pentine polymorphs share broadly similar bulk chemistry, 
their structural differences strongly influence reaction path-
ways and extraction response. This has been demonstrated 
in magnesium-recovery and leaching studies where activa-
tion enhances Mg availability and where polymorph iden-
tity affects yields and process sensitivity (Fedoročková et al. 
2012, Beglaryan et al. 2023). At an applied level, polymorph 
assemblage and the presence of brucite are particularly 
influential because they regulate both Mg accessibility and 
surface hydroxyl density, with measurable consequences 
for reactivity and sorption after processing (Fedoročková et 
al. 2012, Beglaryan et al. 2023). Recent characterization of 
serpentinites in the northern Semail Ophiolite, UAE, further 
highlights Mg-rich resources accompanied by elevated Ni–
Cr signatures, underscoring both their potential value and 
the need for risk-informed deployment (Sami et al. 2026).

Within this mineralogical framework, the present review 
focuses on serpentinite applications for which the link 
between geological characteristics, processing response, 
and functional performance is especially important. In 
traditional geomaterials practice, serpentinite has a long 
record as dimension stone, aggregate, filler, and industrial 
feedstock for refractory and ceramic products. Ceramic 

processing studies have demonstrated the conversion of 
serpentinite-derived wastes into forsterite-rich refractory 
materials (Cheng et al. 2002, Ramezani et al. 2018, Nemat 
et al. 2016, Cavallo et al. 2021). Broader utilization routes, 
including concrete-related products, agglomerated stone, 
ceramics, and fillers, have been reviewed with explicit 
attention to constraints associated with naturally occurring 
asbestos (Cavallo 2018). Importantly, serpentinite can also 
be positioned in higher-value ceramic systems. Cordieritic 
ceramics, for example, can be engineered from blends con-
taining serpentinite/olivinite combined with aluminosili-
cate and Mg-bearing additives, enabling useful trade-offs 
among porosity, mechanical strength, and thermal expan-
sion (Ramezani et al. 2018, Thomaidis and Kostakis 2015). 
More recent work emphasizes that deliberate control of 
mineral transformation during firing, particularly the devel-
opment of forsterite and enstatite, can improve sintering 
behavior and mechanical performance in magnesia–silicate 
ceramics (Vakalova et al. 2022). These examples show that 
serpentinite is already an established geomaterial, but also 
that successful value upgrading depends on controlled pro-
cessing rather than on rock abundance alone.

A second major focus of this review is serpentinite’s 
role in carbon mineralization and permanent CO₂ storage 
(Steinthorsdottir 2025, Al Kalbani et al. 2024). Magnesium-
silicate-rich serpentinite can react with CO₂ to form stable 
carbonate phases; however, both laboratory and field evi-
dence indicate that practical implementation depends on 
overcoming kinetic barriers, especially limited Mg libera-
tion and the development of passivating silica-rich layers. 
Consequently, pretreatment and process intensification—
such as mechanical comminution/grinding, thermal activa-
tion or calcination/dehydroxylation, and chemical activation 
through acid leaching, alkali/ammonium-salt treatment, 
intercalation, or exfoliation—are commonly required (Al 
Kalbani et al. 2024, Hamedi et al. 2025, Krevor and Lack-
ner 2011, Sanna et al. 2014). Direct aqueous mineralization 
under flue-gas-relevant conditions has been demonstrated 
using finely ground and heat-activated serpentinite residues, 
where CO₂ uptake increases with enhanced Mg availabil-
ity (Hamedi et al. 2025, Godard et al. 2022, Pasquier et al. 
2014). Pilot-scale evaluation of serpentinite tailings exposed 
to cement-plant flue gas further supports feasibility of scale-
up, while highlighting the operational importance of pre-
treatment strategy, dissolution management, and solids 
handling (Kemache et al. 2016). Indirect carbonation also 
remains an active innovation space; recyclable ammonium-
salt approaches, for instance, have been proposed to couple 
Mg extraction with carbonate precipitation while improving 
reagent circularity (Wang et al. 2024). These studies posi-
tion serpentinite as a promising platform for mineral-based 
decarbonization, but only where activation energy, water 
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demand, solids handling, and process integration are explic-
itly considered.

Closely linked to carbonation, serpentinite has rel-
evance for magnesium recovery and chemical production, 
with downstream implications for MgO, Mg(OH)₂, related 
magnesium compounds, and intermediates used in indirect 
carbonation routes. Thermal activation and calcination can 
substantially enhance Mg dissolution during acid leaching 
(Fedoročková et al. 2012, Taheri and Larachi 2025, Chen 
et al. 2023), and polymorph-dependent structural contrasts 
can translate into meaningful differences in extraction 
performance (Beglaryan et al. 2023). In addition, waste-
to-product approaches have been advanced for serpentinite-
related residues. Construction ceramics incorporating high 
proportions of serpentine extraction wastes have been pro-
duced with immobilization of hazardous components and 
improved product performance, illustrating a practical cir-
cular pathway when appropriately engineered (Mymrin et 
al. 2020). Thus, Mg recovery and residue valorization are 
treated in this review not as isolated chemical processes, but 
as part of a broader structure–process–product framework 
in which impurity control, silica-residue management, and 
risk governance determine feasibility.

Beyond ceramics, carbonation, and Mg recovery, ser-
pentinite is considered here only where a clear functional 
mechanism links its mineralogy to performance. Serpen-
tinite-bearing aggregates are being explored for radiation-
shielding concrete because they can combine adequate 
density with chemically bound water; experimental studies 
indicate promising shielding behavior while drawing atten-
tion to durability, microstructural evolution, and long-term 
stability (Dąbrowski et al. 2022, Wu et al. 2025), consis-
tent with broader syntheses of serpentine-group minerals in 
concrete technologies (Jain et al. 2023). For environmental 
remediation, engineered processing, particularly activation 
and exfoliation, has been shown to generate mesoporous, 
hydroxyl-rich serpentinite surfaces capable of efficient bind-
ing of divalent heavy metals (Diab et al. 2025b). Serpen-
tinite also shows potential in thermal management, where 
packed-bed thermal energy storage assessments report 
favorable thermophysical performance provided operating 
temperatures remain within stability windows that avoid 
irreversible deserpentinization (Alami 2025). These exam-
ples are included because they illustrate mineralogically 
controlled functionality; they are not presented as evidence 
that serpentinite is broadly suitable for all advanced-mate-
rial applications.

Another focused dimension of the review is serpentinite’s 
connection to geologic hydrogen systems. Serpentinization 
is widely recognized as a principal abiotic mechanism for 
H₂ generation in ultramafic rocks, driven by oxidation of 
Fe(II)-bearing phases coupled with magnetite formation, 

particularly where fluid access sustains reaction progress 
(Isah et al. 2025, Kim 2025). Regional evaluations identify 
Arabian ophiolite serpentinites as prospective targets for 
hydrogen exploration (Saidy et al. 2024). Field observations 
from the northern Semail Ophiolite in Ras Al Khaimah, 
UAE, additionally report natural hydrogen anomalies linked 
to fault-controlled migration pathways and alkaline springs 
within active carbonation settings (Pasquet et al. 2024, 
Cherkose et al. 2026). In this review, geologic hydrogen is 
therefore treated as a serpentinite-hosted resource-system 
problem rather than simply another application category. 
The key issue is not merely whether serpentinite is present, 
but whether source rocks, fluid pathways, reaction condi-
tions, migration routes, and potential trapping systems are 
sufficiently developed.

Serpentinite valorization must also be approached with 
explicit attention to environmental and occupational con-
straints, especially where fibrous serpentine varieties occur. 
Risk-focused analyses emphasize that reuse pathways 
should avoid chrysotile-bearing materials unless robust 
control measures and regulatory compliance can be assured 
(Cavallo 2018). Recent work further documents the gen-
eration of elongated mineral particles during mining and 
crushing, reinforcing the need for integrated petrographic 
screening, dust and exposure control, and long-term envi-
ronmental monitoring as core elements of responsible 
practice (Obminski and Świątkowska 2026). In engineered 
pathways, risk reduction can also be supported through 
immobilization strategies such as high-temperature ceramic 
incorporation of serpentinite extraction residues (Mymrin et 
al. 2020). Therefore, environmental risk is not treated in this 
review as a separate concluding concern, but as a cross-cut-
ting criterion that determines which serpentinite lithotypes 
are suitable for which end uses.

On this basis, the review develops a focused structure–
property–function framework for serpentinite. Rather than 
presenting an exhaustive catalogue of all possible uses, it 
evaluates selected conventional and emerging pathways 
according to five linked criteria: mineralogical control, pro-
cessing intensity, evidence maturity, functional advantage, 
and environmental or occupational risk. The central synthe-
sis question is how geological origin, serpentine polymorph 
assemblage, accessory phases, degree of serpentinization, 
thermal evolution, surface activation, and environmental 
constraints govern performance across realistic deployment 
pathways. This approach is necessary because serpentinite 
exhibits strong mineralogical and textural variability, lead-
ing to markedly different behavior when used as construc-
tion aggregate, refractory or ceramic precursor, carbonation 
feedstock, magnesium source, environmental adsorbent, 
radiation-shielding component, thermal-energy-storage 
medium, or hydrogen-related host rock.
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The novelty of this review lies in integrating previ-
ously fragmented research domains—petrology, industrial 
mineral processing, environmental materials science, car-
bon mineralization, and emerging energy-resource stud-
ies—into a unified but deliberately bounded geomaterials 
perspective. By linking mineralogical characteristics with 
processing routes, reactivity, durability, scalability, and 
environmental governance, the review identifies realistic 
technological pathways while clarifying the constraints 
that limit broad deployment. Although the synthesis is 
globally relevant, the United Arab Emirates is used as a 
focused geological case study. The northern Semail Ophi-
olite contains extensive Mg-rich serpentinite resources 
characterized by elevated Ni–Cr signatures relevant to both 
resource evaluation and environmental screening (Sami et 
al. 2026), while the same belt has recently attracted atten-
tion due to serpentinization-related hydrogen anomalies 
and exploration interest (Pasquet et al. 2024, Cherkose et 
al. 2026). This combined perspective highlights serpenti-
nite as a strategic but heterogeneous geomaterial platform 
whose future applications depend on coupled control of 
mineralogy, processability, evidence maturity, and risk-
aware utilization.

Review methodology and synthesis framework

This review was designed as a structured critical narra-
tive synthesis rather than a formal meta-analysis, because 
the literature on serpentinite is distributed across several 
fields with different experimental designs, terminology, per-
formance metrics, and scales of validation. The reviewed 
studies span metamorphic petrology, mineralogy, geochem-
istry, industrial mineral processing, construction materials, 
carbon mineralization, magnesium recovery, environmental 
remediation, geologic hydrogen, thermal management, and 
sustainability assessment. Accordingly, the objective was 
not to provide a simple catalogue of serpentinite applica-
tions, but to critically evaluate how geological origin, ser-
pentine polymorph assemblage, accessory phases, alteration 
state, texture, Mg accessibility, surface reactivity, and envi-
ronmental constraints determine the suitability of serpenti-
nite for different resource pathways.

The review was guided by three linked questions: (i) 
which mineralogical and textural characteristics control 
serpentinite properties and reactivity; (ii) how these char-
acteristics are modified by processing routes such as com-
minution, thermal activation, acid leaching, exfoliation, 
carbonation, and sintering; and (iii) which applications are 
supported by mature evidence, which remain process-sen-
sitive or pilot-scale, and which should be treated as emerg-
ing concepts requiring further validation. This structure was 
used to avoid treating serpentinite as a uniform material and 

to emphasize that its technological value depends on lithot-
ype-specific qualification.

Relevant literature was identified through searches in 
major scientific databases and publisher platforms, includ-
ing Scopus, Web of Science, ScienceDirect, SpringerLink, 
Wiley Online Library, MDPI, Taylor & Francis, and Google 
Scholar. Searches were conducted using combinations of 
the following keyword groups: “serpentinite,” “serpentine 
minerals,” “lizardite,” “chrysotile,” “antigorite,” “serpen-
tinization,” “ultramafic rocks,” “magnesium extraction,” 
“mineral carbonation,” “CO₂ sequestration,” “enhanced 
weathering,” “low-carbon binders,” “magnesium silicate 
hydrate,” “M–S–H,” “refractory ceramics,” “radiation 
shielding concrete,” “adsorption,” “heavy metals,” “geo-
logic hydrogen,” “natural hydrogen,” “thermal activation,” 
“asbestos,” “fibrous minerals,” “Ni–Cr mobility,” and 
“United Arab Emirates ophiolite.” Searches were comple-
mented by backward and forward citation tracking of key 
papers. The literature search covered foundational publica-
tions and recent studies available up to June 2026.

Studies were included when they directly addressed ser-
pentinite, serpentine-group minerals, serpentinite-bearing 
rocks, or serpentinite-derived products in relation to min-
eralogical controls, physicochemical properties, process-
ing behavior, engineering performance, environmental 
risk, carbon mineralization, Mg recovery, geologic hydro-
gen, or sustainable utilization. Priority was given to studies 
that included mineralogical characterization, geochemical 
data, processing conditions, performance measurements, 
scale-up information, or environmental and occupational 
constraints. Studies were excluded when they focused on 
unrelated Mg-silicate materials without a clear serpentinite 
link, when serpentinite was only mentioned incidentally, or 
when application claims were not supported by mineralogi-
cal, experimental, or process-based evidence.

The selected literature was organized into thematic 
groups corresponding to the structure of the review: geolog-
ical origin and serpentinization; serpentine polymorphs and 
accessory phases; structure–property relationships; tradi-
tional geomaterial uses; construction materials and low-car-
bon binders; advanced functional applications; metallurgy 
and Mg chemistry; agriculture and land systems; carbon 
capture, utilization, and storage; geologic hydrogen; elec-
trochemical and energy-material concepts; thermal manage-
ment; techno-economic and sustainability assessment; and 
the UAE case study. Within each group, evidence was eval-
uated using the synthesis criteria summarized in Table S1. 
These criteria were used to distinguish established applica-
tions, such as dimension stone, aggregates, and refractory 
or ceramic systems, from process-sensitive pathways, such 
as Mg recovery, low-carbon binders, adsorption materials, 
and mineral carbonation, and from early-stage concepts, 
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such as serpentinite-derived electrochemical composites 
and osmotic-energy analogues.

This methodology allowed the review to move beyond 
descriptive reporting by comparing application pathways 
according to controlling mineralogical variables, process-
ing intensity, evidence maturity, functional advantage, scal-
ability, and risk. In particular, the synthesis emphasizes that 
serpentinite valorization is feasible only when the func-
tional benefit of the material exceeds the additional burden 
of activation, impurity control, environmental management, 
and occupational safety. Therefore, the review adopts a fit-
for-purpose framework in which serpentinite is assessed not 
simply as an abundant rock, but as a heterogeneous geo-
material whose deployment must be guided by mineralogi-
cal screening, process-specific qualification, and risk-aware 
resource allocation.

Geological origin, mineralogy, and 
classification of serpentinite

Serpentinization of ultramafic rocks

Serpentinite is produced by hydration and metasomatic 
alteration of ultramafic protoliths—most commonly dunite, 

harzburgite, lherzolite, and pyroxene-bearing peridotites—
during interaction with aqueous fluids across a wide spec-
trum of geological settings (Fig. 1A). In mechanistic terms, 
serpentinization is a coupled fluid–rock reaction in which 
primary olivine and pyroxenes are progressively replaced 
by serpentine-group minerals (lizardite, chrysotile, and anti-
gorite). The reaction commonly generates or co-precipitates 
brucite and magnetite, with the final assemblage controlled 
by silica activity, temperature, and the bulk composition of 
the reacting system (Klein et al. 2013, Klein et al. 2022, 
Katayama et al. 2010). A defining geochemical outcome is 
the formation of hyperalkaline, strongly reducing fluids. In 
Fe-bearing lithologies, oxidation of Fe(II) during secondary 
mineral growth can release H₂, and this hydrogen can subse-
quently drive abiotic reduction of dissolved carbon species 
to CH₄ where catalytic surfaces and thermodynamic condi-
tions are favorable (Fig. 1A) (Sleep et al. 2004, McCollom 
and Bach 2009, McCollom et al. 2020, Preiner et al. 2018). 
These interlinked redox and mineralogical transformations 
are now widely recognized as among the most consequen-
tial alteration pathways for mantle-derived ultramafic rocks, 
exerting first-order control on evolving geochemistry, per-
meability development, and long-term reactivity (Klein et 
al. 2013, Klein et al. 2022, McCollom et al. 2020, McCol-
lom and Donaldson 2016).

Fig. 1  Origin, mineralogy, textures, and functional significance of ser-
pentinite. A Serpentinite formation through hydration of ultramafic 
protoliths, producing serpentine minerals with brucite and magnetite 
and generating alkaline reducing fluids. B Structural and morphologi-
cal differences among serpentine polymorphs (lizardite, chrysotile, 
antigorite). C Progressive textural evolution during serpentinization, 

including mesh and bastite fabrics, chrysotile veins, accessory min-
erals, and fracture-controlled fluid pathways. D Geochemical charac-
teristics and processing routes linking Mg-rich serpentinite to appli-
cations such as Mg recovery, adsorption, carbonation, and advanced 
functional materials
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In the UAE segment of the Semail Ophiolite, available 
evidence indicates that serpentinization was commonly 
polyphase, reflecting superposed oceanic and tectonic epi-
sodes rather than a single alteration event. In the Daftah 
area, chrysotile occurs both as disseminated material and as 
vein-hosted phases, consistent with late, low-grade altera-
tion promoted by deformation and focused fluid flow during 
tectonic emplacement, overprinting earlier peridotite hydra-
tion (Heikal et al. 2024). Geochemical constraints from the 
Jabal Mundassah–Malaqet serpentinites likewise support 
derivation from mantle peridotites that experienced serpen-
tinization under subduction/fore-arc fluid–rock interaction 
prior to Late Cretaceous obduction, implying tectono-meta-
somatic overprinting superimposed upon earlier ocean-
floor alteration signatures (Sami et al. 2026). Considered 
together, these UAE studies support a two-level framework 
in which serpentinites archive both (i) ocean-floor hydration 
processes and (ii) later deformation-driven metasomatism 
during ophiolite emplacement (Sami et al. 2026, Heikal et 
al. 2024).

Serpentinization systems may further evolve toward 
carbonate precipitation when CO₂-bearing fluids infiltrate 
serpentinite, or when serpentinization-derived alkaline 
waters mix with seawater or meteoric fluids. This coupling 
is exemplified by the Upper Cretaceous Qahlah Formation 
(UAE), where shallow-marine seepage and carbonate pre-
cipitation have been linked to serpentinization-influenced 
fluids sourced from the underlying ophiolitic substrate 
(Eickmann et al. 2021). The same fluid–rock–carbon link-
age underpins modern concepts of long-term carbon fixa-
tion in ultramafic terranes and provides a direct mechanistic 
connection between natural serpentinization and engineered 
mineral carbonation strategies (Pasquier et al. 2014, Eick-
mann et al. 2021). From an applied perspective, serpenti-
nization history is not simply descriptive; it exerts a strong 
control on subsequent technological performance by regu-
lating mineralogical disorder, brucite abundance, fracture 
and vein networks, and Mg accessibility (Fig. 1A). Across 
carbonation and Mg-extraction workflows, the activation 
state and structural disorder of serpentine minerals are 
repeatedly identified as primary determinants of Mg release 
and reaction kinetics. Thermal activation and dehydroxyl-
ation are therefore widely treated as enabling pretreatments, 
yet their energetic cost and the possibility of recrystalliza-
tion into less reactive phases demand careful optimization 
of temperature windows, residence times, and downstream 
handling (Balucan et al. 2013, Balucan and Dlugogorski 
2013, Dlugogorski and Balucan 2014). Consequently, a 
clear practical implication follows: the geological pathway 
of serpentinization and subsequent overprinting imposes 
measurable constraints on reactivity, and should be incorpo-
rated explicitly into resource screening and process design 

for carbon mineralization and magnesium recovery technol-
ogies (Pasquier et al. 2014, Balucan et al. 2013, Balucan and 
Dlugogorski 2013, Dlugogorski and Balucan 2014).

Mineralogical classes: lizardite, chrysotile, and 
antigorite

Serpentinite is classified mineralogically by the dominant 
serpentine polymorphs—lizardite, chrysotile, and antigorite 
(Fig.  1B). Although these phases share a broadly similar 
ideal composition, (Mg, Fe)3Si2O5(OH)4, they differ fun-
damentally in crystal structure, habit and fabric, thermal 
stability, and the engineering/environmental constraints that 
accompany their use (Carmignano et al. 2020, Evans et al. 
2013). All serpentine minerals exhibit a 1:1 (T–O) layer 
structure, comprising a tetrahedral silicate sheet bonded to 
an octahedral, brucite-like sheet. The key distinction among 
polymorphs lies in how lattice misfit between these sheets is 
accommodated—through curvature, modulation, and varia-
tions in stacking—resulting in contrasting crystallography 
and characteristic microtextures (Fig.  1B) (Evans 2004, 
Diab et al. 2025a, Diab et al. 2025b, Shemy et al. 2025). 
These differences are not merely descriptive: they influence 
dehydroxylation pathways, the tendency toward disorder 
or amorphization during activation, and the accessibility of 
Mg in leaching and carbonation processes (Beglaryan et al. 
2023, Dlugogorski and Balucan 2014).

Lizardite is typically the predominant low-temperature 
serpentine polymorph in many massive serpentinites and 
commonly forms platy to cryptocrystalline aggregates 
(Fig.  1B). Petrographically, it is classically expressed as 
mesh textures replacing olivine and bastite textures replac-
ing orthopyroxene—features widely used to interpret 
replacement mechanisms, reaction progress, and fluid path-
ways during serpentinization (Tarling et al. 2022, Wang 
2026, Wicks and Whittaker 1977). In the UAE, geochemi-
cal–mineralogical constraints from the Jabal Mundassah–
Malaqet serpentinites indicate intergrown lizardite and 
antigorite, supporting lizardite as a major framework com-
ponent within the northern Semail Ophiolite serpentinites 
(Sami et al. 2026). From an applied standpoint, lizardite-
rich serpentinite commonly exhibits lower thermal stabil-
ity and comparatively easier dehydroxylation, which can 
affect calcination response and the reactivity achieved after 
activation—parameters that are central to designing Mg 
extraction and carbonation routes (Dlugogorski and Balu-
can 2014).

Chrysotile is distinguished by its fibrous habit, making it 
especially significant for two reasons: it often records defor-
mation-assisted fluid flow, and it can impose occupational 
and environmental constraints on serpentinite valorization 
(Fig.  1B). Chrysotile commonly occurs in fracture- and 
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vein-controlled networks, including cross-fiber and slip-
fiber forms, or as more massive fibrous aggregates, reflect-
ing localized permeability creation and focused fluid access 
during late-stage serpentinization or tectonic overprinting 
(Evans 2004, Kim 2025, Wicks and Whittaker 1977, Zhao 
et al. 2024). In the UAE Wadi Daftah serpentinite, detailed 
characterization documented cross-fiber, slip-fiber, and 
mass-fiber chrysotile habits associated with distinct fracture 
and shear settings, reinforcing chrysotile as a mineralogi-
cal marker of fluid–deformation coupling and, simultane-
ously, as a phase requiring explicit screening where fibrous 
morphologies occur (Heikal et al. 2024). Practically, the 
presence of chrysotile—or more broadly, elongated mineral 
particles—requires systematic petrographic and mineral-
ogical assessment as part of responsible resource appraisal 
prior to construction use or industrial processing (Cavallo 
2018, Obminski and Świątkowska 2026).

Antigorite is generally the most structurally ordered and 
thermally stable serpentine polymorph, commonly associ-
ated with higher temperature serpentinization, recrystallized 
fabrics, and frequently foliated or tectonized serpentinites 
(Fig. 1B). Phase relations syntheses consistently place anti-
gorite in a higher-temperature stability field than lizardite 
and chrysotile, which has direct implications for selecting 
thermal activation windows and for refractory-oriented 
processing where high-temperature behavior is critical 
(Dlugogorski and Balucan 2014, Cox et al. 2021, Viti et al. 
2018). The industrial importance of polymorph identity is 
further supported by extraction studies demonstrating that 
the dominant serpentine phase can significantly influence 
magnesium dissolution efficiency and leaching response, 
confirming polymorphism as a process-relevant variable 
rather than a purely crystallographic distinction (Beglaryan 
et al. 2023).

In natural bodies, serpentinite rarely contains a single 
end-member polymorph. More commonly, lizardite–anti-
gorite assemblages, localized chrysotile vein systems, and 
overprinting parageneses reflect multistage hydration fol-
lowed by tectono-metasomatic modification. This pattern 
is well illustrated in the UAE through lizardite–antigorite 
coexistence in the Jabal Mundassah–Malaqet serpentinites 
and the chrysotile overprint described from Wadi Daf-
tah (Sami et al. 2026, Heikal et al. 2024). Consequently, a 
robust mineralogical classification should be implemented 
as an integrated scheme that considers: (i) the dominant 
polymorph assemblage, (ii) accessory phases (e.g., brucite, 
talc), (iii) diagnostic textures and microstructures (pseudo-
morphic replacement versus vein-related fabrics), and (iv) 
paragenetic sequence. These factors jointly determine both 
reactivity (activation, dissolution, carbonation) and risk pro-
file (fibrous phases and particle-release potential) (Cavallo 
2018, Wicks and Whittaker 1977).

Textural evolution, alteration degree, and 
associated accessory phases

Serpentinite textures provide reliable petrographic evidence 
of protolith identity and alteration because serpentinization 
proceeds through pseudomorphic replacement and fracture- 
or vein-controlled precipitation (Fig.  1C). The principal 
fabrics are mesh texture, formed by olivine replacement 
while commonly preserving the original grain framework, 
and bastite texture, produced by orthopyroxene replace-
ment. Since the work of Wicks and Whittaker, these fab-
rics and their transitional forms have been used to interpret 
serpentinization pathways, replacement mechanisms, and 
reaction progress in ultramafic rocks (Wicks and Whit-
taker 1977). Evidence from the UAE sector of the Semail 
Ophiolite supports this interpretation. Sami et al. (Sami et 
al. 2026) described massive and foliated serpentinites in 
the Jabal Mundassah–Malaqet area containing altered oliv-
ine relics, well-developed mesh fabrics, and preserved Cr-
spinel. These features indicate a mantle-peridotite protolith 
affected by multistage alteration and variable deformation. 
More broadly, persistent chromite/spinel and incomplete 
replacement textures constrain serpentinization intensity, 
fluid access, and deformation-related modification of earlier 
fabrics (Sami et al. 2026, Wicks and Whittaker 1977).

Textural evolution is closely linked to serpentinization 
degree, ranging from partial replacement of peridotite to 
near-complete transformation into serpentinite (Fig.  1C). 
Increasing alteration generally produces more pervasive 
microfracturing and veining, higher structural-water con-
tents, and greater serpentine ± brucite abundance. These 
changes regulate permeability, fluid accessibility, reactive-
surface exposure, and the availability of Mg-bearing phases 
for carbon mineralization and Mg extraction. Because 
matrix porosity is commonly limited, connected fractures, 
veins, and replacement fronts provide the main pathways 
for fluid circulation and localize dissolution and precipita-
tion. Accordingly, engineered carbonation depends on rock 
volume, fracture connectivity, and dissolution–precipitation 
kinetics along accessible transport pathways (Steinthorsdot-
tir 2025). Late-stage overprinting is particularly important 
where fibrous serpentine develops. At Wadi Daftah, Heikal 
et al. (Heikal et al. 2024) showed that chrysotile occurs in 
tension gashes, shear-related slip surfaces, and localized 
metasomatic replacement zones, demonstrating strong con-
trol by deformation and transient fluid conduits. Serpen-
tinite fabric is therefore dynamic: early mesh and bastite 
textures may be obscured or reworked by repeated hydra-
tion, veining, deformation, and Mg–Fe–Si redistribution. 
Such overprinting creates heterogeneity that affects techno-
logical performance and risk screening where fibrous habits 
occur (Heikal et al. 2024).
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Accessory minerals are also fundamental to charac-
terization and performance assessment. Common phases 
include brucite, magnetite, Cr-spinel, talc, chlorite, sul-
fides, tremolite/actinolite, and secondary carbonates 
(Fig. 1C). In UAE serpentinites, magnetite and talc occur 
with chrysotile-bearing zones at Wadi Daftah, whereas Cr-
spinel remains a key relict phase in the Jabal Mundassah–
Malaqet rocks (Sami et al. 2026, Heikal et al. 2024). These 
minerals record fluid chemistry and alteration conditions 
and influence engineering and environmental behavior. 
Magnetite affects density and magnetic response; brucite 
contributes to alkalinity buffering and Mg availability; and 
amphiboles and other fibrous phases are important occu-
pational and environmental considerations. Accessory 
assemblages may also influence trace-element behavior, 
especially Ni–Cr mobility, linking petrography to risk-
aware resource evaluation.

The Cabo Ortegal ultramafic massif in northwestern 
Spain provides a complementary example of continued 
fluid–rock interaction. There, serpentinite progressively 
transforms into carbonated serpentinite, talcose serpenti-
nite, and talc-rich rock through low-temperature hydro-
thermal alteration involving SiO₂- and CO₂-rich fluids. 
This evolution is accompanied by mineralogical and geo-
chemical redistribution, including variations in potentially 
toxic Cr, Ni, and Co. Talc-rich domains, carbonate phases, 
and chrysotile-bearing zones increase within-outcrop 
heterogeneity, complicate predictions of physical and 
mechanical behavior, and constrain commercial utiliza-
tion and environmental suitability. This example demon-
strates that talc formation, carbonation, fibrous-mineral 
occurrence, and trace-element mobility should be treated 
as coupled criteria in lithotype-specific serpentinite evalu-
ation (Pereira et al. 2025).

Modern analytical studies further show that serpentinite 
fabrics are intrinsically multiscale. Reactive interfaces 
and transport pathways are controlled by vein networks, 
microfractures, replacement fronts, magnetite distribution, 
and residual primary grains. Super-resolution analysis 
of X-ray CT datasets has reconstructed grain shapes and 
complex vein architectures, strengthening links between 
microstructure and transport–reactivity models (Omori 
et al. 2023). This complexity affects adsorption, dissolu-
tion, and carbonation because reaction progress depends 
on pathway continuity and accessible reactive surfaces. 
Engineered activation and exfoliation therefore target 
microstructural opening through surface-area generation 
and delamination to improve serpentinite-derived sorbents 
(Diab et al. 2025b). Thus, multiscale characterization 
directly links geological evolution, material heterogeneity, 
processing response, functional performance, and environ-
mental risk.

Geochemical fingerprints and engineering 
significance

The geochemical signature of serpentinite integrates two 
coupled controls: (i) the primary composition and melt-
depletion history of the ultramafic protolith and (ii) second-
ary modification during hydration, redox evolution, and 
fluid–rock interaction (Fig.  1D). Accordingly, whole-rock 
geochemistry is indispensable not only for tectonic discrimi-
nation (e.g., depleted versus refertilized mantle; mid-ocean-
ridge versus supra-subduction environments), but also for 
engineering evaluation because it constrains Mg resource 
potential, impurity loads (notably Ni–Cr–Fe–Al), and the 
likely abundance of reactive phases such as serpentine and 
brucite (Fig. 1D). In the UAE segment of the Semail Ophio-
lite, Sami et al. (Sami et al. 2026) reported that the Jabal 
Mundassah–Malaqet serpentinites are characterized by high 
MgO, very low Al₂O₃ and TiO₂, and elevated Ni and Cr, 
consistent with a highly depleted dunite–harzburgite pro-
tolith and a supra-subduction-zone (fore-arc) affinity. From 
an applications perspective, the same signature is double-
edged: it implies a strong Mg-bearing feedstock suitable 
for chemical valorization (Mg extraction and carbonation), 
while simultaneously highlighting the need for impurity-
aware processing and risk-informed screening where Ni–Cr 
mobilization may become relevant under aggressive leach-
ing or long-term weathering conditions (Sami et al. 2026).

Geochemical constraints translate directly into process-
ability. High MgO contents combined with structurally 
bound hydroxyls make serpentinite attractive for magnesium 
recovery and for manufacturing Mg-based products (e.g., 
Mg(OH)₂ and Mg salts), provided that dissolution kinetics 
are sufficiently accelerated and dissolved impurities can be 
managed (Fig. 1D). Auyeshov et al. (2025) demonstrated an 
operationally relevant flowsheet for producing high-purity 
magnesium hydroxide from serpentinite via acid leaching 
followed by purification, explicitly addressing the recurring 
challenge of impurity carryover in serpentinite-derived Mg 
solutions. Similarly, El-Sayed et al. (El-Sayed et al. 2023) 
emphasized acid leaching as a foundational step in produc-
ing purified magnesium compounds from serpentinite and 
provided kinetic and process insights for hydrochloric-acid 
leaching applicable to chemical-process design. Together, 
these studies reinforce a practical conclusion: whole-rock 
and mineral chemistry should be treated as primary screen-
ing criteria when selecting serpentinite for Mg-chemical 
valorization, because they govern reagent choice, purifica-
tion requirements, and the attainable product quality (Auye-
shov et al. 2025, El-Sayed et al. 2023).

The same mineral–chemical framework also underpins 
serpentinite’s performance in adsorption and remediation 
(Fig. 1D). Diab et al. (2025b) showed that reagent-assisted 
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exfoliation of Mg-rich serpentinite using potassium salts 
can expose hydroxyl-bearing reactive surfaces, increase 
accessible porosity, and substantially improve Cd²⁺ and Pb²⁺ 
uptake relative to untreated serpentinite. This supports an 
applied interpretation in which “geochemical fingerprint-
ing” is not merely a tectonic tool; it is a functional guide 
for identifying serpentinite as a reactive precursor, because 
Mg-rich compositions, hydroxylated layers, and brucite-like 
domains can be strategically leveraged through controlled 
modification to create effective sorbents for water-treatment 
applications (Diab et al. 2025b).

Thermal response adds another engineering dimension 
that is tightly linked to polymorph identity and composi-
tion. Dlugogorski and Balucan (2014) synthesized evidence 
that serpentine polymorphs differ substantially in dehy-
droxylation behavior and in the reactivity of the resulting 
activated solids, with antigorite generally decomposing 
at higher temperatures than lizardite and chrysotile. They 
further emphasized that activation is often optimized when 
partial dehydroxylation and structural disorder are achieved, 
whereas excessive heating that promotes recrystallization 
toward forsterite and enstatite may reduce carbonation per-
formance and modify dissolution behavior. This aligns with 
experimental evidence that calcination can enhance Mg 
dissolution (Fedoročková et al. 2012) yet requires careful 
tuning to balance reactivity gains against energy cost and 
phase evolution (Fedoročková et al. 2012, Dlugogorski and 
Balucan 2014).

In more specialized contexts, serpentinite-derived altera-
tion products can also yield functional microstructures with 
properties beyond conventional geomaterials use (Fig. 1D). 
Lee et al. (2024) reported that serpentinite-hosted deep-sea 
hydrothermal vent precipitates, dominated by aligned lay-
ered hydroxide nanocrystals, can support selective ion trans-
port and osmotic energy conversion across concentration 
gradients. While distinct from aggregate or cement-related 
applications, this example demonstrates—under natural 
conditions—how serpentinite-associated brucite/layered 
hydroxides and their nanoscale architectures can generate 
emergent functionalities relevant to membrane-like selec-
tivity and energy-harvesting concepts (Lee et al. 2024).

Overall, serpentinite is best assessed through an inte-
grated descriptor set—protolith type, serpentinization 
degree, dominant polymorph assemblage, texture and vein 
architecture, accessory phases, and whole-rock geochemi-
cal signature—because these variables collectively deter-
mine suitability across aggregate applications, ceramic/
refractory processing, Mg extraction and Mg-product man-
ufacture, carbon mineralization, adsorption/remediation 
systems, and emerging advanced uses. In particular, Ni–Cr 
enrichment and polymorph-dependent thermal behavior 
should be treated as first-order constraints in engineering 

decision-making, as they influence both processing effi-
ciency (activation and leaching performance) and responsi-
ble deployment (impurity management and risk screening).

Structure–property relationships governing 
serpentinite performance

Mineralogical controls on density, porosity, and 
mechanical behavior

Serpentinite performance as an engineering material is con-
trolled foremost by mineral assemblage and microstructural 
state, including the relative proportions of serpentine poly-
morphs, brucite, magnetite, residual olivine/pyroxenes, sec-
ondary carbonates, and vein-related phases (Fig. 2; Table 1). 
Because serpentinization converts dense, anhydrous mantle 
silicates into hydrous phyllosilicate minerals and is com-
monly accompanied by veining, microcracking, and strain 
localization, it typically produces systematic changes in 
bulk density, elastic properties, porosity, and failure mode. 
This is consistent with ultramafic rock datasets showing 
wide spreads in density, porosity, elastic modulus, and 
unconfined compressive strength across dunite–serpentinite 
suites, where more strongly serpentinized rocks commonly 
exhibit lower mechanical competence and greater internal 
disturbance than less altered counterparts (Fig. 2) (Al Kal-
bani et al. 2024). Comparable trends have been documented 
in serpentinite used as dimension/building stone. Reported 
variability in density, ultrasonic velocity, and compressive 
strength reflects differences in mineralogy (including acces-
sory phases), fabric (massive versus foliated), and altera-
tion intensity (Fig. 2). These outcomes underline a practical 
requirement: serpentinite intended for architectural use 
must be qualified by integrated petrographic and petrophys-
ical testing rather than by lithologic name alone (Visalli et 
al. 2025).

Mineralogical controls remain decisive after processing 
into fired or bonded products. In serpentinite/olivinite-con-
taining ceramic mixtures, changes in blend composition can 
strongly shift density, open porosity, shrinkage behavior, 
and compressive strength, indicating that the sintering path-
way is highly sensitive to the Mg-silicate fraction and its 
transformation reactions (Fig. 2; Table 1) (Thomaidis and 
Kostakis 2015). Similarly, heat-treated serpentines enriched 
in chrysotile, lizardite, or antigorite can show contrasting 
hydration behavior and strength evolution in magnesium 
silicate binder systems, demonstrating that polymorph iden-
tity and activation response influence performance beyond 
bulk (Ivanova et al. 2022). In concrete technology, miner-
alogy also governs the interfacial transition zone: serpen-
tinite aggregates may produce a wider and more porous 
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aggregate–paste contact region than baryte-bearing refer-
ences, implying that shielding benefits can coexist with 
microstructural discontinuities that require mitigation 
through mix design and durability-oriented optimization 
(Dąbrowski et al. 2022).

3.2. Surface chemistry, Mg availability, and 
reactivity

In reactive applications—adsorption, dissolution-based 
processing, and carbonation—serpentinite behavior is con-
trolled by surface chemistry and by the extent to which 
Mg becomes structurally accessible (Fig. 2; Table 1). Key 
reactive motifs include Mg–OH groups, Si–OH sites, edge 
hydroxyls, and Si–O–Mg linkages, which together determine 
acid–base response, surface charge development, adsorption 
affinity, dissolution kinetics, and carbonation rates (Fig. 2). 
In many natural serpentinites, reactivity is limited by low 
accessible surface area and restricted exposure of reactive 
sites; therefore, chemical activation and delamination are 
often used to open the lamellar structure, introduce mesopo-
rosity, and increase the density of hydroxyl-bearing surface 
functionalities. Comparative modification routes indicate 
that acetate-assisted exfoliation can yield stronger textural 
development and higher divalent-metal uptake than nitrate-
based approaches, consistent with a structure–function 
enhancement via improved site accessibility and transport 
through newly created pore networks (Diab et al. 2025b).

Mg accessibility is equally central to leaching and 
Mg-recovery workflows, where dissolution is frequently 
impeded by silica-rich residues and passivating layers 
(Fig. 2; Table 1). Thermal activation within moderate high-
temperature windows has been shown to disrupt chryso-
tile-rich lattices, increase acid reactivity, and improve Mg 
extraction efficiency (Auyeshov et al. 2024a, 2024b). This 
aligns with broader interpretations that reactivity depends 
less on total MgO content than on the fraction of Mg ren-
dered accessible through controlled disordering and partial 
dehydroxylation; conversely, excessive heating that drives 
recrystallization toward less reactive products can reduce the 
effective reactive fraction (Dlugogorski and Balucan 2014). 
Collectively, these findings support a structure–accessibility 
framework: performance is governed by the coupled acces-
sibility of surface sites, pore architecture, and hydroxyl 
chemistry under the relevant operational conditions.

Effects of weathering, carbonation, and fracturing

Weathering, carbonation, and deformation modify serpen-
tinite by reshaping surface area, permeability structure, 
mineral assemblage, porosity, and mechanical integrity 
(Fig.  2; Table  1). Because matrix porosity is often lim-
ited, reaction progress and fluid circulation are frequently 
controlled by fractures, veins, and cataclastic domains, 
which act as principal transport pathways and reaction 
loci (Fig.  2). Field-based characterization of fractured 

Fig. 2  Conceptual diagram of structure–property relationships in serpentinite, illustrating how mineralogy, surface chemistry, alteration, and het-
erogeneity control density, reactivity, mechanical behavior, and engineering performance
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serpentinite systems shows that deformation architecture 
can co-vary with mineralogical reactivity (notably ser-
pentine ± brucite abundance), thereby governing both fluid 
access and carbonation potential at the scale relevant to 
feasibility assessment (Steinthorsdottir 2025). Natural and 
experimental carbonation analogues reinforce the primacy 
of structural openness. Lizardite-dominated serpentinite, 
for example, can show substantial carbonation capacity, 
with magnesite precipitation focused on exposed surfaces 
and within fractures where reactive transport is sustained 
(Fig. 2) (Lacinska et al. 2017). In tectonically active envi-
ronments, carbonation can also alter mechanical behavior: 
modeling and field-constrained interpretations indicate that 
carbonation in creeping faults promotes talc and magnesite 
formation, with consequences for frictional properties and 
rheological evolution (Klein et al. 2013, Klein et al. 2022). 
Carbonation therefore has a dual engineering implication—
it can increase CO₂ fixation while simultaneously modify-
ing rock mechanics.

Weathering and deformation also intersect directly with 
environmental safety and industrial handling. Fiber-release 
potential is strongly dependent on microstructural class 
and deformation style; grinding and release experiments 
indicate increasing hazard potential from massive pseudo-
morphic serpentinite to foliated serpentinite, and further to 
cataclastic serpentinite where fibrous veins are pervasive 
and more readily liberated (Fig.  2; Table  1) (Marzini et 
al. 2024). In cementitious systems, carbonation and inter-
facial porosity carry additional implications for transport 
properties and durability: serpentinite aggregates may 
widen the porous contact zone and increase vulnerability 
unless matrix design is specifically optimized (Dąbrowski 
et al. 2022).

Implications of heterogeneity for industrial 
qualification

A defining characteristic of serpentinite is multiscale hetero-
geneity, and this heterogeneity is the principal reason why 
industrial qualification must be rigorous (Fig. 2; Table 1). 
Variations in protolith, polymorph assemblage, alteration 
degree, fracture density, carbonatization, accessory phases, 
and the distribution of fibrous minerals mean that serpen-
tinite is seldom a uniform raw material. Consequently, 
integrated workflows combining petrography, mineralogy, 
geochemistry, and petrophysical testing are widely recom-
mended for evaluating serpentinite suitability as building/
ornamental stone and for anticipating durability and safety 
constraints (Fig.  2) (Visalli et al. 2025). The same issue 
arises in processing and extractive contexts, where serpen-
tinite can be either beneficial or problematic depending 
on the target application. In nickel sulfide beneficiation, 
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serpentine-rich Mg-silicate gangue may hinder flotation 
because of its softness and tendency to generate ultrafine 
hydrophilic particles, illustrating how a property advan-
tageous for some engineered uses can be detrimental to 
separation efficiency (Yin et al. 2024). For traceability and 
deposit selection, provenance-oriented frameworks likewise 
emphasize that reliable “fingerprinting” requires combined 
petrographic, mineralogical, and geochemical evidence 
rather than reliance on a single index or bulk parameter 
(Sideridis et al. 2025).

Environmental qualification must be treated as a core 
component, not an afterthought. Because fiber-release 
potential is deformation-dependent (Marzini et al. 2024), 
and because serpentinite used as stone may host chrysotile 
and/or amphiboles in veins or mixed fabrics, screening and 
handling controls must be tailored to the intended applica-
tion and the material’s microstructural class (Visalli et al. 
2025, Marzini et al. 2024). At minimum, industrial quali-
fication should therefore include: (i) serpentine polymorph 
identification, (ii) petrographic/structural classification, (iii) 
density–porosity–strength testing, (iv) geochemical screen-
ing for Mg, Ni, Cr and associated elements, and (v) appli-
cation-specific tests (e.g., carbonation kinetics, adsorption 
performance, durability metrics, or thermal response). In 
serpentinite systems, heterogeneity is not a secondary com-
plication—it is the controlling factor that determines both 
value and risk (Fig. 2).

Traditional applications of serpentinite as a 
geomaterial

Dimension stone, ornamental stone, and 
architectural uses

Serpentinite has long been valued as an ornamental and 
dimension stone, largely because of its characteristic green 
to dark-green coloration, attractive veining, and excellent 
polishability—properties that have supported its wide-
spread commercial marketing under the broader “green 
marble” category (Fig. 3; Table 2) (Punturo et al. 2023). Its 
cultural and archaeological significance is well established, 
yet recent syntheses stress that successful use in monu-
ments, conservation, façade cladding, and interior architec-
tural elements depends on rigorous material qualification. 
This is because serpentinite performance is highly sensi-
tive to lithotype, fabric (massive versus foliated), alteration 
degree, and weathering response; therefore, petrographic, 
mineralogical, geochemical, and petrophysical datasets 
must be integrated to predict durability and compatibility in 
service environments (Fig. 3) (Punturo et al. 2023). Prove-
nance-oriented studies further indicate that serpentinite and 
ophicalcitic equivalents were historically employed across 
a spectrum of uses, from practical stone implements and 
low-grade architectural components to higher-status archi-
tectural contexts where carbonate-cemented or otherwise 

Fig. 3  Traditional applications of serpentinite as a geomaterial, including dimension stone, aggregates, road-base materials, and refractory/ceramic 
feedstock
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Table 2  Representative quantitative performance indicators for serpentinite in geomaterial, construction, binder, ceramic, shielding, and catalytic, 
applications
Application 
domain

Representative 
system

Quantitative indicators Performance meaning Ref.,

Dimension stone 
and architectural 
use

Serpentinite used 
as natural stone

Bulk density: 2597–2838 kg m⁻³; water 
absorption: 0.1–0.7%; UCS: 24.2–
119.6 MPa; natural-stone thresholds: 
density ≥ 2560 kg m⁻³, UCS ≥ 69 MPa, water 
absorption ≤ 0.2% for exterior and ≤ 0.6% 
for interior use

Shows that serpentinite can meet 
stone-use requirements, but perfor-
mance varies strongly with lithotype, 
fabric, alteration, and veining.

(Visalli et al. 
2025, Punturo et 
al. 2023)

Crushed stone, 
aggregate, and 
fill

Serpentinite aggre-
gate and geotech-
nical fill

Quantitative qualification should include 
density, water absorption, UCS/crushing 
resistance, abrasion resistance, particle-size 
distribution, and NOA/fiber screening

Supports use only after material test-
ing; massive low-fiber lithotypes are 
preferable for open aggregate and fill 
uses.

(Chenget al. 
2002, Jain 
et al. 2023, 
Obminskia and 
Świątkowska 
2026, Marzini et 
al 2024, Punturo 
et al. 2023)

Serpentinite-
bearing concrete

Serpentinite aggre-
gate in concrete, 
including shield-
ing concrete

Key variables include aggregate water 
absorption, porosity, ITZ width, chloride 
migration, carbonation depth/rate, and 
strength retention

Serpentinite aggregate can provide 
functional value, especially for shield-
ing, but may increase ITZ porosity 
and transport sensitivity unless mix 
design is optimized.

(Dąbrowskiet al. 
2022, Jain et al. 
2023, Scrivener 
et al. 2004, Stro-
even 2022)

Thermally 
activated Mg–
silicate binder 
precursor

Heat-treated anti-
gorite, chrysotile, 
and lizardite

Heating range: 550–800 °C; optimum acti-
vation reported near 700 °C for antigorite 
and 650 °C for chrysotile/lizardite; ANC: 
7.7 meq g⁻¹ for antigorite and 19.6–19.7 
meq g⁻¹ for chrysotile/lizardite

Confirms that binder reactivity is 
polymorph-dependent and controlled 
by activation temperature.

(Ivanova et al. 
2022, Dlugogor-
ski and Balucan 
2014, Bernard 
2022, Sreeniva-
san et al. 2024)

Serpentinite-
derived M–S–H 
binders

Hydrated heat-
treated serpentine-
group minerals

7-day compressive strength: 0.5–2.2 MPa; 
longer-term strength reported up to ~ 8 MPa 
depending on precursor and curing

Supports M–S–H as a feasible but 
slower-strength, application-specific 
binder, not a universal Portland 
cement replacement.

(Ivanova et al. 
2022, Bernard 
2022, Sreeniva-
san et al. 2024, 
Marsiske et al. 
2023)

CO₂-aware 
construction 
products

Activated serpenti-
nite residues used 
as reactive Mg–
silicate solids

Carbonation performance depends on acti-
vation temperature, particle size, Mg acces-
sibility, fluid chemistry, and CO₂ exposure 
conditions

Supports carbonation-linked construc-
tion concepts, but performance must 
be evaluated with carbonation kinetics 
and activation-energy demand.

(Pasquier et al. 
2014, Kemache 
et al. 2016, 
Lacinska et al. 
2017)

Forsterite/
enstatite ceramic 
and proppant 
products

Serpentinite + sil-
ica additives

Silica additives: 20–30 wt%; firing 
temperature reduced by 50–70 °C from 
1300–1350 °C to 1250–1280 °C; pressed-
specimen strength up to 440 MPa; proppant 
bulk density 1.58–1.62 g cm⁻³; breaking 
pressure up to 52 MPa

Strong quantitative support for con-
trolled ceramic valorization through 
phase engineering, especially for 
forsterite–enstatite systems.

(Thomaidis and 
Kostakis 2015, 
Vakalova et al. 
2022, Kalaitzi-
dou et al. 2022)

Construction 
ceramics from 
serpentinite 
waste

Serpentine extrac-
tion waste + glass 
waste + clay–sand 
mix

Serpentinite waste up to 70 wt%; flexural 
strength up to ~ 57 MPa; water absorption 
0.28–17.61%; As and Pb leaching reduced 
by 19× and 102×, respectively

Demonstrates waste immobilization 
and circular construction potential, but 
only under controlled firing and leach-
ability verification.

(Mymrin et al. 
2020)

Magnetite–
serpentine 
radiation-proof 
concrete

Composite shield-
ing concrete

Room temperature: compressive strength 
42.0 MPa, LAC 0.236 cm⁻¹; at 800 °C: 
compressive strength 12.2 MPa, LAC 
0.189 cm⁻¹; LAC at 800 °C retained 80.9% 
of room-temperature value

Confirms shielding functionality but 
also shows high-temperature strength 
loss and the need for service-condition 
testing.

(Wu et al. 2025)

Serpentine/
magnetite-
doped shielding 
ceramics

Ceramic bodies 
with serpentine 
or magnetite 
additives

Additive levels: 0, 10, 20, and 30 wt%; 
tested γ-ray energies: 81–383 keV

Shows that serpentinite-derived 
phases can improve radiation attenua-
tion in fired ceramics, especially when 
combined with high-density additives.

(Oto et al. 2024)

Catalytic precur-
sor/solid-base 
catalyst

K₂MgSiO₄-bearing 
catalyst from 
serpentinite

KOH impregnation: 5, 10, and 20 wt%; 
thermal treatment: 500, 700, and 900 °C

Demonstrates serpentinite as a 
process-dependent catalytic precursor, 
not an intrinsically active catalyst.

(Ballotin et al. 
2016)
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mechanically reinforced varieties were available (Sideridis 
et al. 2025).

Industrial case evidence confirms that serpentinite occu-
pies a mature commercial niche rather than being confined 
to “heritage stone” usage. For instance, in Taiwan, serpen-
tinite exploitation included an established dimension-stone 
stream directed to building-decoration markets alongside 
crushed-rock production (Cheng et al. 2002). However, 
the same body of evidence supports a qualified approach to 
selection: mechanical durability may vary markedly among 
serpentinite lithotypes (Punturo et al. 2023), and deforma-
tion-related fabrics—especially where fibrous veins are 
abundant—can increase the likelihood of releasing hazard-
ous elongated mineral particles during quarrying, cutting, 
and finishing (Marzini et al. 2024). Consequently, safe 
and durable architectural deployment requires application-
specific testing and risk screening, rather than reliance on 
appearance-based grading alone (Marzini et al. 2024, Pun-
turo et al. 2023).

Crushed stone and aggregate in civil construction

Serpentinite also has a long-standing role as crushed 
stone in regions where ultramafic rocks are abundant and 
quarry economics are favorable (Fig. 3; Table 2). A rep-
resentative industrial example is the large-scale crushed 
serpentine/serpentinite production documented in Taiwan, 
where material was supplied predominantly as a flux for 
iron-making while dimension-stone production proceeded 
in parallel (Cheng et al. 2002). Although flux use is not a 
structural application, it demonstrates serpentinite’s sus-
tained position as a commercially relevant crushed-rock 
commodity. Within civil construction, serpentinite aggre-
gates have been investigated for concrete. A recent synthe-
sis of serpentine/serpentinite in concrete highlights both 
performance opportunities and durability limitations that 
depend strongly on lithotype, processing, and mix design 
(Fig. 3) (Jain et al. 2023). In radiation-shielding concretes, 
serpentinite can be attractive because structurally bound 
hydroxyls contribute to neutron attenuation; yet micro-
structural evidence shows that serpentinite aggregates 
may generate a wider and more porous aggregate–paste 
contact zone than baryte-bearing references, potentially 
increasing transport sensitivity (e.g., chloride ingress, 
carbonation progression) if the paste system is not opti-
mized (Dąbrowski et al. 2022). Thus, serpentinite can be 
beneficial in specialized concretes, but it demands dura-
bility-focused qualification that explicitly accounts for its 
intrinsic mineralogical and textural variability (Dąbrowski 
et al. 2022, Punturo et al. 2023).

Road base, embankment, and geotechnical fill 
applications

Serpentinite-derived crushed rock has also been used or 
considered for road base layers, embankment fills, subbases, 
and other geotechnical earthworks, particularly where local 
availability reduces cost. However, the most defensible posi-
tion is conditional rather than universal (Fig.  3; Table  2). 
Recent assessments emphasize that earthworks in serpenti-
nite-bearing terrains can disturb fibrous phases and elevate 
exposure potential during excavation, crushing, grading, 
transport, and compaction (Marzini et al. 2024, Punturo et 
al. 2023). This concern becomes more pronounced where 
serpentinite is foliated or cataclastic and hosts abundant 
fibrous veins, because deformation fabrics increase fiber 
accessibility and facilitate liberation during comminution 
(Marzini et al. 2024). Additional occupational and environ-
mental evidence indicates that mining and crushing opera-
tions can generate respirable elongated mineral particles 
and associated contaminants, supporting the need for inte-
grated exposure assessment and monitoring in crushed-rock 
and fill scenarios (Obminski and Świątkowska 2026).

Accordingly, serpentinite may be suitable for subbase, 
embankment, and engineered fill applications—especially 
where quarry logistics are favorable—only after systematic 
mineralogical identification, geotechnical characterization, 
weathering-performance evaluation, and explicit NOA/
fiber-risk screening (Fig. 3). In general, massive and weakly 
deformed serpentinite is typically less problematic than foli-
ated, cataclastic, or strongly weathered serpentinite, which 
may combine reduced engineering competence with higher 
airborne-fiber potential (Marzini et al. 2024, Punturo et al. 
2023).

Industrial stone in refractory and ceramic systems

Among serpentinite’s most technically established tradi-
tional applications is its use as a raw material for refractory 
and ceramic production, particularly for forsterite-rich and 
other Mg-silicate products (Fig. 3; Table 2). A clear demon-
stration is the conversion of waste serpentine cutting into 
synthetic forsterite refractories, showing that serpentinite 
residues can be upgraded into refractory feedstocks rather 
than disposed ((Cheng et al. 2002). This interpretation 
is consistent with work on chromite-mine wastes, where 
serpentine-rich residues were processed into refractory and 
ceramic products with refractoriness appropriate for iron- 
and steel-industry environments (Nemat et al. 2016). More 
recent studies focused on upgrading serpentinized by-prod-
ucts from magnesite beneficiation confirm that refractory 
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performance depends strongly on initial mineralogy and 
on controlled phase evolution toward forsterite; optimiza-
tion of firing protocols and targeted additives (including 
nanoscale modifiers) can substantially improve strength 
and refractory behavior (Fig. 3) (Kalaitzidou et al. 2022). 
Serpentinite utility also extends beyond classical refracto-
ries. Serpentinite-bearing formulations have been applied 
to cordierite ceramics (Thomaidis and Kostakis 2015), and 
natural serpentinite can serve as a precursor for magnesia–
silicate ceramics and ceramic proppants when sintering is 
guided through phase-control strategies (notably forster-
ite–enstatite transformation routes) (Vakalova et al. 2022). 
Broader resource-valorization reviews similarly identify 
forsterite and high-MgO ceramics, cordierite systems, and 
vitroceramics as principal targets for serpentinite-derived 
ceramic, while reiterating that NOA screening is essential 
where fibrous phases may be present (Cavallo 2018).

Beyond refractories and structural ceramics, serpenti-
nite-derived Mg phases have supported additional indus-
trial products. MgO sourced from serpentinite has been 
employed as a precursor in magnesium potassium phos-
phate matrices designed for radioactive waste immobiliza-
tion, illustrating that serpentinite can underpin higher-value 
Mg-based materials under controlled processing (Kulikova 
et al. 2020). Serpentinite has also been upgraded into cata-
lytic solids: alkali impregnation followed by thermal treat-
ment can generate K₂MgSiO₄-bearing basic catalysts used 
in biodiesel synthesis, reflecting the same industrial logic of 
transforming abundant Mg-silicates into value-added ther-
mal products (Ballotin et al. 2016). Overall, the validated 
literature supports serpentinite as a long-established—and 
still relevant—industrial geomaterial for architectural stone 
markets, crushed-rock supply chains, and, most robustly, 
refractory and ceramic systems. Across all traditional uses, 
however, applicability must be governed by lithotype vari-
ability, durability response, and explicit risk-aware han-
dling where fibrous phases may occur (Fig.  3) (Cavallo 
2018, Cheng et al. 2002, Nemat et al. 2016, Obminski and 
Świątkowska 2026, Marzini et al. 2024, Punturo et al. 2023, 
Kalaitzidou et al. 2022).

Serpentinite in construction materials and 
low-carbon binders

Serpentinite as mineral filler and aggregate in 
concrete systems

Research on serpentinite in cementitious materials has 
focused mainly on two implementation routes: (i) use as 
coarse and/or fine aggregate, and (ii) more selective incor-
poration as a mineral filler or as a solid constituent derived 

from quarrying/mining residues (Fig. 4A; Table 2). Collec-
tively, the literature indicates that serpentinite can be used in 
concrete when local resource availability, radiation-shield-
ing requirements, or circular-economy drivers provide a 
clear rationale; however, outcomes are strongly governed 
by lithotype variability, alteration degree, and mixture 
design (Fig. 4A) (Dąbrowski et al. 2022, Jain et al. 2023).

Shielding concretes provide one of the most application-
specific demonstrations. Serpentinite aggregate can enhance 
neutron attenuation because of its hydrogen-bearing miner-
alogy, yet microstructural observations indicate that dura-
bility may be sensitive to how serpentinite interacts with 
the cement paste at the aggregate surface (Dąbrowski et al. 
2022). This behavior aligns with established interfacial tran-
sition zone (ITZ) concepts: local packing density, bleeding/
water redistribution, and porosity gradients near the aggre-
gate can produce a more porous contact zone unless coun-
tered through mixture optimization (Scrivener et al. 2004, 
Stroeven 2022). Consequently, serpentinite aggregate is 
best framed as a candidate for specialized concretes (e.g., 
shielding and potentially certain high-temperature service 
scenarios) where its mineralogical functionality is valu-
able, provided that durability-oriented qualification and 
targeted mix-design measures (grading control, paste qual-
ity, and transport-property management) are implemented 
to limit ITZ-related permeability vulnerabilities (Fig.  4A) 
(Dąbrowski et al. 2022, Jain et al. 2023).

For filler-type or waste-derived incorporation, the evi-
dence base is smaller than for aggregate use, but it remains 
technically promising within a waste-valorization logic. 
Serpentine/serpentinite residues are repeatedly discussed 
within broader substitution strategies for construction mate-
rials, contingent on mineralogical screening and safety 
constraints (Fig. 4A; Table 2) (Jain et al. 2023). In paral-
lel, immobilization-oriented construction studies illustrate 
that serpentine-rich extraction wastes can be converted into 
stable ceramic construction products rather than remaining 
long-term disposal burdens, supporting the general feasibil-
ity of serpentinite-bearing residues as construction feed-
stocks when properly engineered (Mymrin et al. 2020).

Thermal activation and production of reactive 
magnesium–silicate phases

Thermal activation is the step that most clearly shifts 
serpentinite from a largely inert geological material to 
a reactive precursor suitable for Mg-based construc-
tion chemistries (Fig.  4A; Table  2). Controlled heating 
removes structurally bound hydroxyls, destabilizes the 
layered structure, and generates disordered or metastable 
Mg–Si phases (often grouped under “metaserpentine”), 
which typically show much higher chemical reactivity 
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than the parent serpentine minerals (Fig.  4A) (Ivanova 
et al. 2022, Dlugogorski and Balucan 2014). Activa-
tion responses are highly dependent on the temperature 
window and the downstream chemical route. Thermo-
acid studies report pronounced increases in Mg extrac-
tion efficiency and acid reactivity after heating within 

approximately 600–750  °C, with strong enhancement 
commonly observed toward the upper end of this range. 
Complementary activation studies likewise identify tem-
perature conditions around ~ 700–750 °C as particularly 
effective for improving performance prior to acid-based 
extraction workflows (Auyeshov et al. 2024a, 2024b).

Fig. 4  Applications and valorization pathways of serpentinite. A Use 
in construction and low-carbon binder systems, including aggregates 
and fillers in concrete, thermally activated Mg–Si phases, M–S–H 
binders, and carbonation-based CO₂-aware construction. B Advanced 

functional applications, including radiation-shielding materials, cata-
lytic and photocatalytic supports, functional ceramics and composites, 
and engineered porous or hybrid materials
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Polymorph identity introduces an additional control. 
Binder-oriented experiments indicate that antigorite-, chrys-
otile-, and lizardite-rich serpentines do not reach maximal 
“chemical activity” at the same temperature, reinforcing the 
need to tailor activation protocols to mineralogy and to avoid 
over-firing that promotes extensive recrystallization toward 
forsterite/enstatite, which may reduce reactive accessibility 
depending on the intended application (Fig. 4A) (Ivanova et 
al. 2022, Dlugogorski and Balucan 2014). For low-carbon 
construction concepts, this implies that calcined serpenti-
nite should not be treated merely as an inert filler: under 
optimized activation, it can supply reactive Mg–Si species 
that participate in hydration/neutralization reactions and can 
further harden through carbonation under CO₂ exposure.

Serpentinite-derived binders and M–S–H cement 
systems

A direct binder pathway from activated serpentinite involves 
formation of magnesium–silicate hydrate (M–S–H), a mem-
ber of low-pH Mg-based binder families (Fig. 4A; Table 2). 
Controlled hydration of thermally treated serpentine-group 
minerals has been shown to yield magnesium silicate bind-
ing phases, with performance governed strongly by precur-
sor structure, degree of activation, and the resulting balance 
between reactive Mg and silicate species (Fig. 4A) (Ivanova 
et al. 2022). Broader syntheses of M–S–H binders emphasize 
that mechanical development, microstructural densification, 
and durability are controlled by variables including Mg/Si 
ratio, precursor reactivity, alkalinity and carbonate chemistry, 
and curing regime (Fig. 4A). These reviews position M–S–H 
as a credible low-carbon binder family, while also noting that 
kinetics and strength evolution can differ substantially from 
Portland cement systems (Bernard 2022, Sreenivasan et al. 
2024). Low-pH M–S–H formulations are also discussed for 
chemically demanding or immobilization-related contexts 
where low alkalinity and chemical stability are advanta-
geous, supporting niche adoption rather than direct one-to-one 
replacement of ordinary Portland cement in all structural set-
tings (Marsiske et al. 2023). Accordingly, serpentinite-derived 
M–S–H systems are best presented as feasible but application-
specific binders: they offer value in Mg-rich and low-pH envi-
ronments and in specialized construction/immobilization uses, 
but generally require careful control of activation level, water 
demand, and curing conditions to achieve robust performance 
(Ivanova et al. 2022, Sreenivasan et al. 2024).

Opportunities for clinker reduction and CO₂-aware 
construction

Serpentinite’s low-carbon relevance in construction can be 
framed through two complementary strategies (Fig. 4A).

(i)	 Clinker and virgin-resource reduction via substitution 
and residue valorization. Where quality and safety con-
straints are satisfied, serpentinite and serpentine-rich 
residues can contribute to circular construction schemes 
by partially substituting conventional aggregates and/
or supporting alternative construction solids, thereby 
reducing demand for virgin raw materials and, in some 
cases, lowering embodied impacts associated with pri-
mary extraction (Fig. 4A) (Mymrin et al. 2020, Jain et 
al. 2023).

(ii)	 CO₂-aware construction via Mg-silicate carbonation. 
Independent of conventional concrete mixing, activated 
serpentinite residues can mineralize CO₂ under aque-
ous, flue-gas-relevant conditions to form Mg-carbonate 
products, demonstrating a route in which serpentinite-
derived solids act as reactive CO₂ sinks and potential 
precursors for carbonation-cured or mineralized con-
struction products (Fig.  4A) (Pasquier et al. 2014). 
Carbonation analogues further show that serpentinite 
can display substantial reactivity under controlled con-
ditions, with reaction progress commonly localized on 
exposed surfaces and along fracture networks—fea-
tures that are conceptually aligned with carbonation-
cured material design (Lacinska et al. 2017).

Overall, the validated evidence supports a balanced inter-
pretation: serpentinite offers credible opportunities for 
substitution-driven clinker reduction, Mg–Si binder devel-
opment, waste valorization, and carbonation-linked con-
struction concepts (Fig. 4A). At the same time, constraints 
remain—such as ITZ porosity and transport sensitivity in 
concretes, activation-window dependence, and typically 
slower strength evolution in Mg–Si systems relative to Port-
land cement. For these reasons, serpentinite is best posi-
tioned as a strategic geomaterial for targeted low-carbon 
binders, clinker-reduction schemes, CO₂-reactive products, 
and circular construction routes, rather than as a univer-
sal replacement for Portland cement (Ivanova et al. 2022, 
Dąbrowski et al. 2022, Jain et al. 2023, Sreenivasan et al. 
2024).

Serpentinite in advanced functional 
applications

Radiation-shielding materials and protective 
concrete

One of the most mature “functional” uses of serpentinite is 
in radiation-shielding materials, particularly protective con-
cretes and shielding blocks, and more recently in radiation-
attenuation ceramic bodies (Fig. 4B; Table 2). The continued 
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interest stems from a useful combination of properties: mod-
erate bulk density, the presence of structurally/chemically 
bound water (as hydroxyls), and Mg-silicate mineralogy. 
Together, these attributes can improve fast-neutron attenu-
ation and, when coupled with high-Z constituents, support 
photon shielding performance as well (Fig. 4B) (Dąbrowski 
et al. 2022, Wu et al. 2025, Jain et al. 2023).

Performance is strongly controlled by the mineralogical 
class and fabric of the serpentinite aggregate. Dąbrowski et 
al. (Dąbrowski et al. 2022) emphasized that serpentinite-
based concretes exhibit wide variability in both attenu-
ation and mechanical behavior, reflecting differences in 
polymorph assemblage (e.g., antigorite-rich versus lizard-
ite/chrysotile-rich) and in aggregate quality metrics such 
as water absorption, porosity, and crushing/impact indices 
(Fig. 4B). Their work also highlighted a recurring durabil-
ity challenge: serpentinite aggregates may produce a wider 
and more porous aggregate–paste contact zone, increasing 
transport sensitivity (including chloride migration and car-
bonation) unless mixture design is deliberately optimized 
(Dąbrowski et al. 2022).

Thermal performance further reinforces the need for 
service-condition qualification. In magnetite–serpentine 
radiation-proof concretes, elevated-temperature exposure 
can affect mass loss, ultrasonic pulse velocity, mechanical 
properties, and shielding performance, indicating that both 
hydrous-phase stability and temperature-driven changes in 
the cementitious matrix may influence long-term function-
ality (Fig. 4B) (Wu et al. 2025). Consistent with this, the 
broader synthesis by Jain et al. (Jain et al. 2023) frames ser-
pentine/serpentinite as a frequent candidate aggregate group 
for biological shielding, while underscoring that outcomes 
depend on replacement level, curing/exposure regime, and 
durability-critical transport properties (Jain et al. 2023).

Beyond cementitious systems, serpentinite-containing 
ceramics also show potential. Oto et al. (2024) reported that 
magnetite- and serpentine-doped ceramic bodies can exhibit 
enhanced gamma and fast-neutron attenuation relative to 
undoped references, supporting the view that serpentinite-
derived phases can contribute to shielding in fired materials 
where microstructure and additive synergy are engineered 
(Fig. 4B) (Oto et al. 2024). Overall, the literature supports 
serpentinite as a credible functional component in protective 
construction, provided that aggregate mineralogy, porosity/
ITZ development, and temperature-dependent stability are 
treated as first-order design constraints (Dąbrowski et al. 
2022, Wu et al. 2025, Jain et al. 2023, Oto et al. 2024).

Catalytic and photocatalytic support roles

Serpentinite is being explored as a low-cost precursor or 
support for selected catalytic systems because it is abundant, 

Mg-rich, and can be substantially modified by heat treat-
ment and chemical activation (Fig.  4B; Table  2). In its 
natural state, however, serpentinite should not be regarded 
as a high-activity catalyst. Its catalytic relevance depends 
mainly on processing steps that alter phase assemblage, 
surface hydroxyl chemistry, defect density, and acid–base 
character. A representative example is the preparation of a 
K₂MgSiO₄-bearing solid-base catalyst from serpentinite 
through calcination followed by alkali impregnation, which 
was successfully applied in transesterification reactions rel-
evant to biodiesel production (Fig. 4B) (Ballotin et al. 2016). 
This demonstrates that serpentinite can serve as a precursor 
for engineered catalytic solids when its Mg–silicate frame-
work is chemically transformed and functionalized.

The mechanistic basis for this behavior is consistent with 
activation studies showing that calcination in the approxi-
mately 600–750  °C range disrupts the layered serpentine 
structure, modifies defect chemistry and surface functional-
ity, and promotes formation of more reactive Mg–silicate 
phases. At higher temperatures, recrystallization toward 
forsterite-related products may also occur, meaning that 
the activation window must be selected according to the 
intended catalytic or support function (Auyeshov et al. 
2024a, 2024b). These transformations can increase basic-
ity, expose reactive surface sites, and provide a stable min-
eral-derived host for catalytically active species. Therefore, 
serpentinite is most appropriately described as a process-
dependent catalytic precursor rather than as an intrinsically 
active catalyst.

For photocatalytic applications, the evidence base 
remains more limited than for adsorption, ceramics, or 
mineral carbonation. The available serpentinite-specific 
evidence mainly supports its role as a surface-engineered 
support material rather than as a standalone photocatalyst. 
Intercalation and exfoliation can transform serpentinite 
into mesoporous nanosheets with increased surface area, 
accessible hydroxylated sites, and improved surface reac-
tivity—properties that are potentially useful for dispersing, 
anchoring, or stabilizing photoactive oxides and hybrid 
catalytic components (Fig. 4B) (Diab et al. 2025b). Com-
parative modification routes further show that potassium 
acetate produces stronger mesoporosity and higher acces-
sible site density than potassium nitrate, confirming that 
surface development is highly processing-sensitive (Diab et 
al. 2025b).

Accordingly, serpentinite-derived catalytic and photocat-
alytic materials should be classified as an emerging, activa-
tion-dependent pathway. The strongest evidence currently 
supports serpentinite as a precursor for solid-base catalysts 
and as a mineral support or scaffold for hybrid catalytic 
systems after appropriate thermal or chemical modifica-
tion. Further studies are still needed to verify photocatalytic 
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performance, long-term stability, regeneration behavior, 
and scalability under realistic operating conditions. Thus, 
serpentinite is best positioned as an emerging support/pre-
cursor platform for catalytic and photocatalytic composites, 
rather than as an established standalone catalyst family.

Functional ceramics, specialty fillers, and high-value 
composites

A well-established route for upgrading serpentinite into 
higher-value products is its conversion into functional 
ceramics and composites, particularly through forster-
ite–enstatite and cordierite-related processing strategies 
(Fig.  4B; Table  2). For magnesia–silicate ceramics and 
ceramic proppants, sintering challenges are often linked to 
difficult-to-densify forsterite; however, silica additions can 
promote enstatite formation and improve densification and 
strength, enabling more advanced products from serpenti-
nite-based feedstocks (Vakalova et al. 2022). Serpentinite 
also participates effectively in cordieritic and specialty 
ceramic bodies. Mixtures incorporating serpentinite/olivin-
ite can be formulated to tailor density, porosity, mechanical 
performance, and thermal expansion behavior, supporting 
diversified ceramic design beyond classical refractories 
(Thomaidis and Kostakis 2015). Resource-valorization 
syntheses further identify serpentinite wastes as promising 
ceramic precursors and specialty fillers where phase evo-
lution is carefully controlled through firing protocols and 
additives, while simultaneously emphasizing the neces-
sity of strict screening where fibrous phases could occur 
(Cavallo 2018, Kalaitzidou et al. 2022).

Serpentinite-derived magnesium phases additionally 
support chemically specialized composite systems. MgO 
produced from serpentinite has been used as a component 
in magnesium potassium phosphate matrices for immobi-
lization applications, demonstrating a pathway from Mg-
silicate rock to functional Mg-based composite chemistries 
(Fig. 4B) (Kulikova et al. 2020). High-loading incorporation 
of serpentine extraction wastes into construction ceramics 
also illustrates a circular route in which potentially hazard-
ous residues are converted into engineered solids through 
high-temperature immobilization and glassy-matrix devel-
opment (Mymrin et al. 2020).

Emerging roles in engineered porous and hybrid 
materials

An emerging direction is the use of serpentinite as a pre-
cursor for engineered porous and hybrid materials after 
exfoliation, nanoscale restructuring, and surface func-
tionalization (Fig.  4B). In this context, serpentinite is 
not treated as a ready-made advanced material, but as 

a layered Mg-silicate starting material whose porosity, 
accessible surface area, and reactive-site density can be 
improved through controlled processing. The strongest 
direct evidence for this concept comes from intercalation-
assisted exfoliation using potassium salts, which produces 
mesoporous nanosheets with increased surface accessibil-
ity and greater exposure of hydroxyl-bearing functional 
sites. This microstructural opening significantly enhances 
adsorption performance toward divalent heavy metals, 
demonstrating that porosity engineering can convert 
serpentinite into a more reactive sorbent platform under 
laboratory conditions (Diab et al. 2025b). However, the 
extension of serpentinite-derived porous materials beyond 
adsorption into broader hybrid or multifunctional systems 
should be considered at an early stage. The available 
evidence supports the feasibility of producing reactive, 
high-surface-area Mg-silicate nanosheets, but additional 
studies are still required to verify their long-term stabil-
ity, regeneration behavior, scalability, and performance in 
continuous-flow or real wastewater systems (Diab et al. 
2025b). Therefore, serpentinite-derived porous materials 
are best described as laboratory-promising engineered 
sorbents and precursor platforms, rather than mature mul-
tifunctional materials.

The broader relevance of serpentinite-associated Mg 
systems to porous functionality is also supported by obser-
vations from serpentinite-hosted hydrothermal environ-
ments. Lee et al. (Lee et al. 2024) reported brucite-rich 
lamellar precipitates with aligned nanocrystals and porous 
architectures capable of selective ion transport and osmotic 
energy conversion. These findings show that serpentiniza-
tion-related Mg hydroxide systems can naturally generate 
ordered, transport-active nanostructures (Fig. 4B) (Lee et 
al. 2024). Nevertheless, this example should be interpreted 
as a geomimetic analogue rather than direct evidence that 
bulk serpentinite itself functions as an osmotic-energy 
or membrane material. Its main value is conceptual: it 
demonstrates that Mg-hydroxide architectures associated 
with serpentinization can inspire the design of synthetic 
ion-selective or membrane-like materials. Taken together, 
chemical exfoliation and thermal activation demonstrate 
that serpentinite can be transformed into porous, reactive, 
and potentially hybridizable Mg-silicate materials when 
appropriately processed (Diab et al. 2025b, Auyeshov et 
al. 2024a, 2024b). At present, the most defensible applica-
tion pathway is the development of nanosheet-based sor-
bents and mineral-derived supports for hybrid composites. 
Broader roles in membrane-like, ion-selective, or energy-
relevant materials remain emerging and require targeted 
synthesis, performance validation, durability testing, and 
scale-up assessment before they can be considered techno-
logically mature.
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Metallurgy and industrial chemistry

Serpentinite has a long-standing industrial role that extends 
well beyond construction and remediation, particularly in 
high-temperature metallurgy and the production of magne-
sium chemicals (Fig. 5; Table 3). The industrial rationale is 
clear: serpentinite is an abundant Mg–Si lithology that can 
enter high-temperature value chains as a bulk crushed-rock 
commodity (including flux-related uses) and can also be chem-
ically upgraded—typically after activation and leaching—into 
MgO, Mg(OH)₂, and dissolved Mg salts, while generating 
silica-rich co-products (Fig. 5). Whether these pathways are 
technically and economically viable depends strongly on 
mineralogical state (polymorph assemblage and brucite abun-
dance), activation conditions, and the effectiveness of impu-
rity management across the process chain (Fedoročková et 
al. 2012, Cheng et al. 2002, Dlugogorski and Balucan 2014, 
Auyeshov et al. 2025, Auyeshov et al. 2024a, 2024b).

7.1. Flux in ironmaking/steelmaking and related 
high-temperature processes

A traditional metallurgical entry point for serpentinite is 
its use as a flux or flux-related crushed-rock input in high-
temperature processing (Fig.  5; Table  3). Cheng et al. 
(Cheng et al. 2002) provided a clear industrial example, 
documenting large-scale production of crushed serpentine 
rock supplied mainly as a flux material for ironmaking, 
operating alongside a separate dimension-stone stream that 
targeted building-decoration markets (Cheng et al. 2002). 
This demonstrates that serpentinite can serve as a commer-
cial crushed-rock commodity in metallurgical value chains 

where local availability and process compatibility justify 
its use. From a process perspective, flux suitability is con-
trolled by bulk composition and by thermal behavior during 
heating (Fig. 5). Hydrous Mg-silicate phases dehydroxylate 
and undergo phase transformation, so variability in serpen-
tine polymorph assemblage, brucite content, and accessory 
minerals can influence devolatilization, dusting tendency, 
and phase evolution during furnace feeding. For this reason, 
thermochemical and phase-evolution insights developed 
in serpentine activation research remain directly relevant 
even when Mg extraction is not the objective, because they 
inform how serpentinite behaves during rapid heating and 
high-temperature handling (Dlugogorski and Balucan 2014, 
Auyeshov et al. 2024a, 2024b).

Magnesium chemicals production via thermal 
activation and leaching

A major industrial-chemistry route treats serpentinite as a 
feedstock for magnesium chemicals, including Mg(OH)₂ 
and MgO, as well as soluble Mg salts such as MgCl₂ and 
MgSO₄ (Fig. 5; Table 3). In practice, these flowsheets com-
monly combine thermal activation—used to destabilize the 
serpentine structure and increase Mg accessibility—with 
acid leaching and downstream precipitation and purification 
steps (Fig.  5). The mechanistic basis is well established: 
activation increases defect density, disrupts the layered 
lattice, and enhances Mg dissolution kinetics during acid 
attack (Fedoročková et al. 2012, Dlugogorski and Balucan 
2014, Auyeshov et al. 2024a, 2024b).

Thermal activation must be treated as a windowed pro-
cess rather than a generic “calcination” step. Synthesis and 

Fig. 5  Industrial processing pathways of serpentinite, illustrating its use as a metallurgical flux and as a feedstock for magnesium chemicals 
through thermal activation, acid leaching, downstream purification, and valorization of silica-rich residues into industrial by-products
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Application 
domain

Process/system Representative quantitative values Performance meaning Ref.,

High-tempera-
ture metallur-
gical use

Serpentinite as flux-
related crushed rock 
and furnace feedstock

Brucite decomposition: 350–450 °C; 
serpentine dehydroxylation/lattice 
destruction: 600–725 °C; structural 
transformation completed around 
750–800 °C; mass loss at 750–800 °C: 
13.34–13.92 wt%

Quantifies why serpentinite behavior 
in high-temperature systems depends 
on volatile release, polymorph assem-
blage, and phase transformation.

(Cheng et al. 
2002, Dlugogor-
ski and Balucan 
2014, Auyeshov 
et al. 2024a, 
2024b)

Thermal acti-
vation before 
Mg extraction

Zhitikarinsky ser-
pentinite activated at 
105–800 °C and dis-
solved in 1.0 M H₂SO₄ 
at 80 °C

Mg conversion to sulfate solution: 40.0% 
at 105 °C, 46.6% at 600 °C, 72.9% at 
660 °C, 82.3% at 725 °C, 86.3% at 
750 °C, and 81.16% at 800 °C

Demonstrates that Mg accessibil-
ity increases strongly after activa-
tion, with optimal performance near 
725–750 °C, while over-heating can 
reduce reactivity.

(Fedoročková 
et al. 2012, 
Dlugogorski and 
Balucan 2014, 
Auyeshov et al. 
2024a, 2024b)

Polymorph-
controlled Mg 
leaching

Serpentinites domi-
nated by chrysotile/
lizardite or antigorite; 
100–200 μm particles; 
8–10% HCl at 95 °C

Mg extraction up to ~ 97% for chryso-
tile–lizardite serpentinites after 30 min 
quiescence; antigorite-rich samples 
generally < 70%

Confirms that Mg recovery depends 
on serpentine polymorph identity and 
not only on bulk MgO content.

(Beglaryan et al. 
2023)

MgSO₄ pro-
duction from 
serpentinite 
waste

Sulfuric-acid leaching 
of powdered serpenti-
nite processing waste

168.65 g MgSO₄ from 100 g waste after 
30 min, approximately 70% of theoreti-
cal yield; little increase between 30 and 
180 min

Supports Mg-salt recovery, while 
showing that prolonged leaching may 
not always improve yield significantly.

(Auyeshov et al. 
2025)

High-purity 
Mg(OH)₂ 
production

H₂SO₄ leaching, puri-
fication with thermally 
activated serpentinite 
at 750 °C for 1 h, 
followed by NaOH 
precipitation

Mg(OH)₂ purity ≥ 99.5%; preliminary 
production estimate about USD 495 t⁻¹ 
Mg(OH)₂

Demonstrates a technically promising 
Mg-chemical route, but still requiring 
scale-up, impurity control, and full 
techno-economic validation.

(Auyeshov et al. 
2025)

Silica-rich 
residue 
valorization

Residues after serpen-
tinite acid leaching and 
Mg recovery

Insoluble residue after leaching contains 
approximately 34.53–36.45 wt% Si and 
residual Mg decreasing from 3.31 to 
2.39 wt% across 30–180 min tests

Shows potential for silica-rich 
co-products, but qualification must 
include amorphous content, fineness, 
pozzolanic behavior, and trace-metal 
leachability.

(Auyeshov et al. 
2025, El-Sayed et 
al. 2023, Auye-
shov et al. 2024a, 
2024b)

ERW tempera-
ture sensitivity

Olivine soil-column 
analogue for Mg-sili-
cate weathering

Weathering rate higher at 32 °C than at 
19 °C and 4 °C; estimated CO₂ capture 
at 32 °C about 115 t CO₂ km⁻² yr⁻¹ at an 
amendment rate of 12.7 kg m⁻²

Supports cautious extrapolation to ser-
pentinite: soil temperature, hydrology, 
and cation retention strongly control 
real ERW performance.

(Hartmann et al. 
2013, Beerling 
et al. 2020, Ren-
forth et al. 2015, 
Iff et al 2024)

ERW commi-
nution-energy 
constraint

Fine grinding of olivine 
for soil weathering 
analogue

Grinding to ≤ 1 μm may require approxi-
mately 1.5 GJ t⁻¹ electrical energy to 
enable dissolution over 1–5 years

Highlights why serpentinite ERW 
must include particle-size optimiza-
tion and life-cycle energy accounting.

(Beerling et al. 
2020, Renforth et 
al. 2015)

Mg-silicate 
amendment 
and trace-
metal risk

Olivine pot experi-
ment as cautionary 
analogue for ultramafic 
amendments

Olivine doses: 1,630–204,000 kg ha⁻¹; 
highest dose increased plant growth 
by 15.6% and plant K by 16.5%; Mg 
and Ni bioavailability and plant uptake 
increased at all doses

Demonstrates the dual benefit–risk 
pattern relevant to serpentinite: Mg 
release and plant response may occur 
together with Ni mobilization.

(Levy et al. 2024, 
Dupla et al. 2023, 
Suhrhoff 2022, 
Ten et al. 2012)

Direct 
serpentinite 
agronomic 
testing

Greenhouse evalua-
tion of serpentinite as 
soil remineralizer/Mg 
fertilizer

Experimental design: 7 treatments, 4 
replications, 2 crops — corn and com-
mon bean — and 2 contrasting soils

Provides direct controlled evidence 
for serpentinite as a Mg source, but 
not universal proof of field-scale 
agronomic suitability.

(Viana et al. 
2021, Viana et al 
2024)

Oil palm Mg 
fertilization

Ground serpentine/
serpentinite rock 
compared with ground 
magnesium limestone

Reported MgO content: ground ser-
pentine 29.20 wt%, ground magnesium 
limestone 18.2 wt%; digestion tests used 
5 mL HNO₃ + 10 mL HCl for 1–16 h

Supports serpentinite as a Mg-rich 
amendment source, while emphasiz-
ing dissolution-rate and management 
dependence.

(Mathews et al. 
2022)

Table 3  Representative quantitative indicators for serpentinite in metallurgy, Mg-chemical production, enhanced weathering, and agricultural land 
systems
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experimental evidence show that Mg extraction benefits 
from lattice disordering and dehydroxylation at interme-
diate temperatures, whereas excessive heating that drives 
extensive recrystallization toward stable high-tempera-
ture Mg-silicates such as forsterite-rich assemblages can 
reduce chemical reactivity for certain downstream extrac-
tion schemes (Fig.  5; Table  3) (Dlugogorski and Balucan 
2014, Auyeshov et al. 2024a, 2024b). This yields a practical 
design rule for Mg-chemical production: the activation pro-
tocol should be selected to maximize Mg accessibility while 
avoiding over-firing unless the target product is itself a fired 
Mg-silicate ceramic.

Leaching response is also mineralogically sensitive. 
Fedoročková et al. (Fedoročková et al. 2012) demonstrated 
that calcination substantially increases Mg dissolution com-
pared with untreated serpentine, confirming thermal activa-
tion as a core enabling step in Mg recovery routes (Fig. 5; 
Table 3) (Fedoročková et al. 2012). In addition, polymorph 
identity can significantly affect extraction performance; 
different dominant serpentine minerals can yield differ-
ent dissolution behavior under comparable leaching con-
ditions, indicating that feedstock qualification should be 
polymorph-resolved rather than treating serpentinite as a 
uniform source (Beglaryan et al. 2023).

In industrial settings, purification is often the decisive 
constraint for product-grade outputs, because dissolved 
liquors may carry Ni, Cr, Fe, and other impurities that 
must be controlled (Fig. 5). Auyeshov et al. (2025) demon-
strated a route for producing high-purity Mg(OH)₂ from 
serpentinite that explicitly highlights impurity removal as 
a key step in achieving specification-compliant magnesium 
chemicals (Auyeshov et al. 2025). This constraint is particu-
larly relevant for ophiolitic serpentinites that may exhibit 
elevated Ni–Cr signatures. For example, Sami et al. (Sami 
et al. 2026) reported Ni–Cr enrichment in depleted mantle-
derived serpentinites from the UAE sector of the Semail 
Ophiolite, implying that impurity tracking must extend 

from early characterization to leach-liquor purification and 
residue management (Sami et al. 2026). In parallel, stone-
focused syntheses emphasize that serpentinite variability 
and trace-element burdens require careful screening when 
valorization pathways involve processing fines and residues 
(Punturo et al. 2023).

Silica products as by-products of serpentinite 
leaching

A characteristic feature of serpentinite leaching is that Mg 
extraction is coupled to the generation of silica-rich residues, 
commonly involving amorphous silica or silica gel–like 
products (Fig. 5; Table 3). This silica formation is not only 
a waste-management issue; if purity, particle size, and sur-
face chemistry are controlled, silica-rich solids may become 
valuable co-products (Fig. 5). At the same time, silica pre-
cipitation can hinder Mg recovery by forming passivating 
layers or gel phases that restrict mass transfer and slow dis-
solution. Mechanistic studies indicate that silica formation 
is inherent to serpentine dissolution chemistry and therefore 
must be managed deliberately. Acid–structure interaction 
investigations describe transformation of silicate fragments 
toward amorphous silica during leaching and highlight dif-
fusion and product-layer constraints consistent with passiv-
ation-controlled kinetics (Fig.  5) (Auyeshov et al. 2024a, 
2024b). Thermal activation further modifies this behavior 
by disrupting the original lattice and altering dissolution–
precipitation pathways during subsequent acid treatment, 
which can improve Mg liberation but also reshape silica-
residue characteristics (Fedoročková et al. 2012, Auyeshov 
et al. 2024a, 2024b).

From a valorization standpoint, silica-rich residues 
may be evaluated as fillers and, only after rigorous test-
ing, as potential supplementary cementitious candidates 
(Fig. 5; Table 3). Appropriate qualification should include 
assessment of amorphous content, fineness, pozzolanic 

Application 
domain

Process/system Representative quantitative values Performance meaning Ref.,

Deployment 
qualification 
for land use

Serpentinite ERW/Mg-
fertilizer screening

Required monitored variables: particle 
size, Mg release, soil pH, alkalinity, 
crop Mg uptake, soil/plant Ni–Cr, 
leachate chemistry, and fibrous-mineral 
occurrence

Confirms that agricultural use should 
remain lithotype-specific, monitored, 
and risk-governed rather than broadly 
generalized.

(Swoboda et al. 
2022, Levy et al. 
2024, Dupla et al. 
2023, Viana et al. 
2021, Viana et al. 
2024, Mathews et 
al. 2022, Dietzen 
et al. 2018, 
Suhrhoff 2022, 
Ten et al. 2012)

Table 3  (continued) 



1 3

402  Page 26 of 51 Environmental Earth Sciences (2026) 85:402

performance, and trace-element leachability. Because ser-
pentinite commonly contains elevated Ni and Cr—particu-
larly in depleted mantle-derived lithotypes—residue and 
silica-product qualification must include impurity account-
ing and environmental compliance as part of responsible 
deployment (Sami et al. 2026, Punturo et al. 2023). In 
addition, occupational and environmental safety consider-
ations remain critical: where fibrous phases may be pres-
ent, grinding and handling of serpentinite fines can increase 
elongated-particle release potential, requiring strict screen-
ing and dust-control measures across comminution and sol-
ids management (Marzini et al. 2024). Overall, serpentinite 
upgrading is most appropriately treated as a coupled Mg–Si 
process system. Routes with the strongest industrial logic 
are those that maximize recovery of Mg into high-value 
chemical products, convert silica-rich residues into saleable 
co-products or demonstrably inert solids, and maintain strict 
control of Ni–Cr burdens and fibrous-phase risks through-
out the full process chain (Auyeshov et al. 2025, Marzini et 
al. 2024, Punturo et al. 2023).

Serpentinite in agriculture and land systems

Serpentinite, together with other ultramafic Mg-silicates, 
has potential relevance to agroecosystems through two 
linked but evidence-dependent functions: enhanced rock 

weathering (ERW) as a pathway for alkalinity generation 
and possible CO₂ removal, and soil remineralization as a 
slow-release source of magnesium that may partially substi-
tute conventional Mg fertilizers and, in acidic soils, provide 
a liming-like alkalinity benefit (Fig. 6; Table 3). However, 
these applications should be considered emerging and risk-
sensitive rather than broadly established. Compared with 
many basaltic ERW feedstocks, serpentinite requires more 
stringent feedstock qualification because ultramafic litholo-
gies can contain elevated Ni–Cr inventories and, depending 
on lithotype and deformation fabric, may include fibrous 
phases that impose handling, exposure, and regulatory con-
straints (Hartmann et al. 2013, Beerling et al. 2020, Swo-
boda et al. 2022, Levy et al. 2024, Dupla et al. 2023).

8.1. Enhanced rock weathering and soil alkalinity 
management

Enhanced rock weathering accelerates natural silicate disso-
lution by applying finely ground reactive rocks to soils. As 
dissolution proceeds, base cations such as Mg²⁺ are released 
and alkalinity is generated, which can be transported as dis-
solved inorganic carbon, predominantly bicarbonate, and/
or stored in solid carbonate phases (Fig. 6; Table 3). When 
implemented with acceptable life-cycle emissions, this pro-
cess can contribute to net atmospheric CO₂ removal (Hart-
mann et al. 2013, Beerling et al. 2020). For serpentinite, 

Fig. 6  Conceptual framework for serpentinite use in agriculture and 
land systems, illustrating enhanced rock weathering for CO₂ removal, 
soil alkalinity management and slow-release Mg fertilization, agro-

nomic performance evidence, and key constraints related to Ni–Cr 
release and particle-size–dependent risk requiring controlled, lithot-
ype-specific deployment
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however, ERW should be framed as a conditional opportu-
nity rather than a mature field-scale technology. Much of the 
current ERW evidence base is derived from basalt, olivine, 
or broader silicate-rock systems, and these findings provide 
useful analogues but not direct proof of large-scale serpen-
tinite performance. A recurring observation across ERW 
studies is that weathering rates under soil and field condi-
tions are often substantially lower than laboratory kinetic 
estimates and are sensitive to temperature, hydrology, soil 
pH, soil–water chemistry, and biological activity (Fig.  6; 
Table 3). A soil-column study using olivine quantified dis-
solution behavior and demonstrated that grinding energy 
can, under certain assumptions, dominate net CO₂ removal 
accounting, emphasizing the need for integrated life-cycle 
evaluation alongside geochemical performance (Renforth et 
al. 2015). More recent soil-column work confirmed a strong 
temperature dependence of silicate dissolution, with higher 
dissolution rates at 32  °C than at 19  °C and 4  °C, while 
reiterating that field trials are essential for defining realistic 
performance bounds (Iff et al. 2024).

Although the same Mg-silicate weathering logic applies 
to serpentinite, its deployment requires additional environ-
mental and occupational screening. Serpentinite powders 
may increase Ni and Cr fluxes during weathering, and cer-
tain lithotypes may host chrysotile or other elongated min-
eral particles that influence safe handling, dust management, 
and acceptable deployment design (Levy et al. 2024, Dupla 
et al. 2023). Therefore, serpentinite should not be treated 
as a generic ERW material. It is more appropriately con-
sidered a lithotype-specific Mg-silicate amendment whose 
CO₂-removal potential must be evaluated together with dis-
solution kinetics, comminution energy, trace-metal mobil-
ity, and exposure risk (Hartmann et al. 2013, Beerling et al. 
2020, Swoboda et al. 2022, Levy et al. 2024, Dupla et al. 
2023, Renforth et al. 2015, Iff et al. 2024).

Serpentinite as a slow-release Mg fertilizer and 
liming-substitute component

Magnesium is an essential plant macronutrient, central 
to chlorophyll formation and multiple enzymatic func-
tions, and Mg deficiency is common in acidic, sandy, or 
highly weathered soils (Fig.  6; Table  3). In this context, 
silicate rock powders have been discussed as remineraliz-
ing amendments that can replenish base cations and sup-
port broader soil-function benefits (Swoboda et al. 2022). 
Within this framework, serpentinite has direct but still 
limited agronomic evidence as a Mg source. A greenhouse 
study reported that serpentinite met relevant legal compo-
sitional requirements in the tested context and supplied Mg 
adequate to support the growth of corn and common bean, 
with several performance indicators comparable to those of 

dolomitic limestone treatments (Fig. 6) (Viana et al. 2021, 
Viana et al. 2024). In plantation nursery conditions, ground 
serpentinite has also been evaluated as a magnesium source 
for oil palm seedlings, where results indicated improved 
plant Mg status relative to no-Mg controls and responses 
comparable to alternative Mg amendments under the tested 
management regime (MATHEWS and KAWADING 2022).

These studies support the potential of serpentinite as a 
slow-release Mg amendment under controlled conditions, 
but they do not by themselves establish universal agronomic 
suitability. Agronomic performance depends on particle size 
and surface area, which control dissolution rate; soil pH 
and soil CO₂, which influence carbonate-system buffering 
and mineral dissolution; and hydrology, which determines 
whether alkalinity is retained in soil solution or exported 
(Fig. 6; Table 3). In acidic soils, Mg-silicate dissolution can 
provide a liming-like pH benefit. For olivine, incubation 
studies have shown pH elevation sufficient to mitigate Al 
toxicity, while also highlighting differences from agricul-
tural lime in CO₂ emission behavior and carbonate-system 
responses (Dietzen et al. 2018). This soil-chemistry logic 
can be extended cautiously to Mg-silicates more broadly, 
while recognizing that serpentinite weathering kinet-
ics, trace-metal inventories, and fibrous-phase risks are 
more variable and lithotype-dependent than those of many 
basaltic materials (Swoboda et al. 2022, Levy et al. 2024). 
Accordingly, serpentinite is best positioned as a potential 
Mg amendment for carefully selected Mg-deficient acidic 
soils, particularly where nutrient supply and pH correction 
are both desired. Its use should remain conditional on feed-
stock testing, trace-metal assessment, and crop/soil moni-
toring rather than being presented as a direct substitute for 
conventional Mg fertilizers or agricultural lime in all set-
tings (Swoboda et al. 2022, Viana et al. 2021, Viana et al. 
2024, MATHEWS and KAWADING 2022, Dietzen et al. 
2018).

Critical constraint: Ni–Cr release and lithotype/
particle-size dependence

The principal constraint for serpentinite in agricultural 
deployment is the potential mobilization of Ni and Cr, and 
locally Co, during weathering, especially when applied as 
fine powders (Fig. 6). Environmental assessments of ERW 
explicitly identify trace-metal release, monitoring, and miti-
gation as major determinants of acceptable deployment, 
particularly for ultramafic feedstocks and small particle 
sizes that accelerate dissolution (Fig. 6; Table 3) (Levy et 
al. 2024, Dupla et al. 2023, Suhrhoff 2022). Work on oliv-
ine amendments provides a relevant cautionary analogue. 
Pot experiments showed that while olivine can increase 
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bioavailable Mg, it may also increase bioavailable Ni and 
plant Ni uptake (Ten Berge et al. 2012).

The implication for serpentinite is practically important: 
finer particle sizes that improve Mg release and alkalinity 
generation can simultaneously increase trace-metal fluxes. 
Therefore, serpentinite use is inherently feedstock-specific 
and particle-size-specific rather than a generic ERW or 
remineralization intervention (Levy et al. 2024, Dupla et 
al. 2023). This constraint is particularly important in food-
chain contexts, where soil-to-plant transfer of Ni and Cr 
must be evaluated before any field-scale deployment. In 
addition, where serpentinite contains chrysotile or other 
elongated mineral particles, agricultural spreading may 
introduce dust and inhalation concerns that are not captured 
by soil geochemistry alone. Thus, safe use requires com-
bined mineralogical, geochemical, agronomic, and expo-
sure-risk assessment (Levy et al. 2024, Dupla et al. 2023, 
Suhrhoff 2022, Ten Berge et al. 2012).

Practical, evidence-aligned deployment logic

A technically defensible deployment strategy for ser-
pentinite as an ERW amendment and Mg source must be 
explicitly risk-governed and lithotype-resolved. Feed-
stock qualification should include mineralogical screening, 
including assessment for fibrous phases where relevant; 
quantification of total and potentially bioavailable Ni–Cr; 
and baseline leach testing aligned with established ERW 
monitoring and mitigation frameworks (Fig.  6; Table  3) 
(Swoboda et al. 2022, Levy et al. 2024, Dupla et al. 2023). 
Dose and particle-size design should avoid unnecessarily 
fine powders unless field response data justify the trade-off. 
Deployment studies should quantify Mg delivery, soil pH 
response, alkalinity generation, trace-metal mobilization, 
crop uptake, and net CDR performance, while also account-
ing for life-cycle emissions and comminution energy, con-
sistent with evidence that grinding energy can materially 
affect net benefit (Beerling et al. 2020, Renforth et al. 2015).

Field monitoring, reporting, and verification should track 
soil pH, exchangeable Mg, crop response, and Ni/Cr con-
centrations in soil, drainage water, and plant tissues dur-
ing trials, reflecting both the agronomic evidence base and 
the environmental emphasis on trace-metal control (Fig. 6; 
Table  3) (Levy et al. 2024, Viana et al. 2021). The most 
defensible near-term use cases are Mg-deficient acidic soils 
where both nutrient supply and liming-like benefits are valu-
able. Sensitive food-chain contexts should be avoided unless 
robust field evidence demonstrates acceptably low metal 
transfer and exposure risk under local soil, crop, and cli-
matic conditions (Dupla et al. 2023, Dietzen et al. 2018). In 
summary, serpentinite can support agricultural applications 
as a slow-release Mg amendment and as a possible ERW 

material contributing to alkalinity generation and potential 
CO₂ removal. However, these uses should be treated as 
lithotype-specific, monitored, and risk-governed pathways, 
not as mature or universally deployable agricultural tech-
nologies. Responsible deployment must explicitly manage 
Ni–Cr mobility, particle-size effects, life-cycle emissions, 
and, where relevant, fibrous-mineral hazards (Fig. 6) (Swo-
boda et al. 2022, Levy et al. 2024, Dupla et al. 2023).

Serpentinite in carbon capture, utilization, 
and storage

Fundamentals of serpentinite carbonation

Carbonation of serpentinite involves the reaction of Mg-
bearing serpentine minerals with CO₂ to produce stable 
magnesium carbonate phases together with silica-rich prod-
ucts. Because the carbon becomes incorporated into solid 
carbonate minerals, serpentinite is widely considered an 
attractive feedstock for permanent geological CO₂ storage 
rather than temporary sequestration (Fig. 7; Table 4). This 
principle has been consistently emphasized in both early and 
contemporary studies of mineral carbonation targeting Mg-
silicate minerals such as serpentines and olivines (Lacinska 
et al. 2017, Maroto-Valer et al. 2005, Olajire 2013, Nisbet 
et al. 2024).

A critical control on carbonation efficiency is not the 
total MgO content alone, but the availability of reactive 
Mg²⁺ released from the silicate lattice. In serpentinite, this 
depends on several mineralogical and structural factors 
including serpentine polymorph type, degree of structural 
disorder, abundance of brucite, accessibility of reactive 
surfaces, and the effectiveness of fluid–rock interaction 
(Fig.  7; Table  4). Experimental investigations of Oman–
UAE ophiolitic ultramafics show that carbonation com-
monly occurs preferentially along external surfaces and 
fracture networks, highlighting the combined influence of 
mineralogy, texture, and permeability architecture on reac-
tion progress (Lacinska et al. 2017). Mechanistic analyses 
further demonstrate that carbonation kinetics are governed 
by dissolution rates and by the morphology of secondary 
carbonate precipitates, which may either maintain reactive 
pathways or progressively restrict them through passivation 
and pore clogging (Dlugogorski and Balucan 2014, Nisbet 
et al. 2024, Neil et al. 2024). Thermodynamically, serpen-
tinite carbonation is favorable because Mg-carbonate min-
erals such as magnesite and hydrated Mg-carbonates are 
stable over geological timescales. Consequently, once the 
reaction proceeds sufficiently, mineral trapping provides 
a robust mechanism for long-term CO₂ storage (Farough 
and Karrasch 2019, Olajire 2013).
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Ex situ mineral carbonation: kinetics, activation, 
and process intensification

In ex situ mineral carbonation, serpentinite is mined or 
collected, mechanically processed, and reacted with CO₂ 
under controlled conditions (Fig. 7; Table 4). This approach 
enables optimization of particle size, temperature, pressure, 
fluid composition, and reaction time. However, a central 
challenge is that natural carbonation of serpentine minerals 
is intrinsically slow because magnesium is strongly bound 
within the layered crystal structure and because silica-rich 
reaction products may form passivating barriers that inhibit 
further dissolution (Fig. 7) (Pasquier et al. 2014, Dlugogor-
ski and Balucan 2014, Maroto-Valer et al. 2005, Olajire 
2013). To overcome these kinetic limitations, several pro-
cess-intensification strategies have been developed. These 
include mechanical activation to increase surface area and 
defect density, thermal activation to induce controlled dehy-
droxylation and structural disorder (forming more reactive 
“metaserpentine”), and indirect chemical routes in which 
magnesium is first extracted into solution prior to carbon-
ate precipitation (Dlugogorski and Balucan 2014, Olajire 
2013).

For serpentinite residues, heat pretreatment has been 
shown to substantially enhance aqueous carbonation per-
formance under flue-gas-relevant conditions, demonstrating 

that activation represents a key lever for improving con-
version efficiency (Fig. 7; Table 4) (Pasquier et al. 2014). 
Indirect carbonation approaches using recyclable ammo-
nium salts or sulfate-assisted extraction separate magne-
sium dissolution from carbonate precipitation, thereby 
mitigating kinetic constraints, although they introduce 
additional complexity related to reagent management and 
process integration (Farough and Karrasch 2019, Wang et 
al. 2024). Overall, the literature consistently indicates that 
ex situ serpentinite carbonation is technically feasible, but 
that successful implementation depends on appropriate pre-
treatment and optimized reaction engineering to overcome 
intrinsic kinetic barriers (Fig. 7) (Pasquier et al. 2014, Wang 
et al. 2024, Dlugogorski and Balucan 2014).

In situ carbonation in fractured ultramafic 
formations

In situ carbonation involves the injection of CO₂-bearing 
fluids directly into reactive mafic or ultramafic forma-
tions, where dissolution of Mg-bearing host minerals and 
precipitation of carbonate phases occur within the subsur-
face (Fig.  7; Table  4). For serpentinite-bearing systems, 
the key controls are fracture permeability, connected fluid 
pathways, reactive surface availability, mineral dissolution 
rates, carbonate precipitation geometry, and the evolution 

Fig. 7  Conceptual overview of serpentinite carbonation pathways for 
CO₂ sequestration, showing (1) mineralogical controls on carbonation 
reactions, (2) ex situ mineral carbonation processes and kinetic barriers, 

(3) in situ carbonation through subsurface CO₂ injection in fractured 
ultramafic rocks, (4) global serpentinite resources and sequestration 
potential, and (5) scale-up, energy, and techno-economic constraints
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Table 4  Representative quantitative indicators for serpentinite carbonation and permanent CO₂ sequestration pathways
Carbonation 
pathway/control

Representative 
system

Quantitative indicators Performance meaning Ref.

Theoretical carbon-
ation capacity

Ideal serpentine, 
Mg₃Si₂O₅(OH)₄

Theoretical CO₂ capacity: 0.476 g CO₂ g⁻¹ 
serpentine, equivalent to 476 kg CO₂ t⁻¹

Defines the upper stoichiometric limit; 
practical uptake is lower because of Mg 
accessibility, passivation, kinetics, and 
process losses.

(Steinthors-
dottir 2025, 
Al Kalbani 
et al. 2024, 
Pasquier et 
al. 2014, 
Dlugogorski 
and Balucan 
2014)

Pretreatment 
intensity for reactive 
carbonation

Activated Mg-
rich serpentine/
serpentinite 
feedstocks

Reported pretreatment examples include 
grinding to < 37 μm, heat treatment up to 
~ 650 °C, and carbonation conditions up to 
125 atm, 185 °C, and 6 h

Shows why activation improves reactiv-
ity but can impose major energy and 
cost penalties.

(Dlugogor-
ski and Bal-
ucan 2014, 
Maroto-
Valer et al. 
2005)

Direct aqueous 
carbonation under 
flue-gas conditions

Heat-activated 
serpentinite min-
ing residue

Finely ground, heat-activated serpentinite 
residue contacted with industrial flue gas in 
aqueous systems

Demonstrates technical feasibility 
of direct flue-gas mineralization, but 
performance depends on activation, 
Mg dissolution, gas–liquid transfer, and 
solids handling.

(Pasquier et 
al. 2014)

Pilot-scale aqueous 
carbonation

Serpentinite tail-
ings in cement-
plant flue gas

18.7 L reactor; flue gas 14–18 vol% CO₂; 
solid/liquid ratio 150 g L⁻¹; 22 ± 3 °C; 
2–10 bar

Confirms movement beyond laboratory 
scale under industrial-gas conditions.

(Kemache 
et al. 2016)

Pilot-scale CO₂ 
uptake and carbon-
ate formation

Same serpenti-
nite-tailings pilot 
process

CO₂ dissolved: 72.5% with liquid recircula-
tion vs. 77% with fresh liquid; captured 
CO₂: 0.215 g CO₂ g⁻¹ residue with recircu-
lation and 0.211 g CO₂ g⁻¹ residue without 
recirculation; total capacity ≈ 0.47 g CO₂ g⁻¹ 
residue; carbonate-form efficiency < 9%

Shows that CO₂ dissolution and total 
uptake can be significant, but carbon-
ate precipitation and process efficiency 
remain limiting.

(Kemache 
et al. 2016)

Indirect carbonation 
with recyclable 
ammonium sulfate

Serpentine + 
(NH₄)₂SO₄ 
sulfation–leach-
ing–carbonation 
route

Roasting 390–480 °C; optimum 420 °C, 
2 h; (NH₄)₂SO₄/serpentine mass ratio 3; 
leaching 80 °C, 1 h, liquid/solid ratio 1; 
Mg extraction 76%; CO₂ storage capacity 
204 kg CO₂ t⁻¹ serpentine

Provides quantitative support for indi-
rect carbonation, but also shows process 
dependence on reagent recycling, roast-
ing, leaching, and mass-transfer control.

(Wang et al. 
2024)

Hydromagnesite 
production route

Serpentinite 
converted to 
hydrated Mg-car-
bonate products

Finnish Mg-silicate deposits estimated 
as sufficient to store 10 Mt CO₂ yr⁻¹ for 
200–300 years in one regional assessment

Demonstrates the scale potential of 
Mg-rich serpentinite resources and 
stable carbonate-product formation, but 
regional estimates require site-specific 
validation.

(Farough 
and 
Karrasch 
2019)

Laboratory in 
situ carbonation 
analogue

Oman–UAE 
lizardite-domi-
nated serpentinite 
cores

Core length 3 cm; 70 °C; 100 bar CO₂; 
246 days; wet supercritical CO₂ or CO₂-
saturated brine

Provides controlled evidence for frac-
ture- and surface-controlled carbonation 
under subsurface-relevant conditions.

(Lacinska et 
al. 2017)

In situ carbonation 
performance

Same serpentinite 
core experiment

Approximately 0.7 g CO₂ captured by 
~ 23 g serpentinite; equivalent to ~ 30 kg 
CO₂ t⁻¹ rock and ~ 3% carbonation over 
about half a year; adjusted net value may 
be ~ 2% after accounting for recycled 
carbonate

Demonstrates mineral-trapping feasi-
bility but also shows slow bulk-rock 
conversion and strong dependence on 
fractures, veins, and accessible reactive 
surfaces.

(Lacinska et 
al. 2017)

Scale-up and 
techno-economic 
sensitivity

Serpentinite-res-
idue carbonation 
of raw flue gas

Modeled process based on laboratory mass 
balance; flue gas around 18 vol% CO₂; key 
sensitivities include rock transport, treat-
ment efficiency, energy requirement, and 
carbonate by-product value

Indicates that feasibility is controlled not 
only by CO₂ uptake, but also by energy 
demand, logistics, process integration, 
and marketable carbonate products.

(Pasquier et 
al. 2016)
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of permeability during reaction. Because serpentinite com-
monly has low matrix porosity, effective in situ carbonation 
depends strongly on fracture, vein, and grain-boundary 
networks that provide access for CO₂-rich fluids (Fig.  7) 
(Lacinska et al. 2017, Nisbet et al. 2024).

Experimental carbonation studies using wet supercritical 
CO₂ and CO₂-rich fluids show that lizardite-dominated ser-
pentinite can carbonate preferentially along fractures, grain 
boundaries, and exposed surfaces, indicating that fractured 
serpentinite can act as a reactive mineral-trapping medium 
when fluid access is maintained (Lacinska et al. 2017). 
However, this evidence should be interpreted as proof of 
geochemical feasibility rather than confirmation of mature 
field-scale deployment. The broader proposal that perido-
tite and serpentinized ultramafic formations may serve as 
large-capacity mineral storage reservoirs remains techni-
cally promising, but it requires site-specific validation of 
injectivity, permeability persistence, reaction rates, moni-
toring capacity, and long-term storage security (Kelemen 
and Matter 2008). Recent syntheses emphasize that suc-
cessful in situ mineralization depends on maintaining a 
balance between carbonate precipitation, which provides 
permanent CO₂ storage, and preservation of permeability 
and injectivity, which allows continued fluid circulation 
(Fig. 7; Table 4). Excessive carbonate or silica precipitation 
can clog fractures, reduce flow, and self-limit the reaction 
system (Nisbet et al. 2024, Neil et al. 2024). This permeabil-
ity–reaction feedback is one of the main reasons why in situ 
serpentinite carbonation should be treated as an emerging, 
reservoir-controlled technology rather than a universally 
deployable storage solution.

Natural analogues further illustrate the coupled nature 
of carbonation, fluid flow, and rock-property evolution. 
Carbonation within creeping fault zones can generate talc–
magnesite assemblages and silica–carbonate rocks through 
dissolution–precipitation reactions, while simultaneously 
modifying rock mechanics, frictional behavior, and rheol-
ogy (Klein et al. 2013, Klein et al. 2022). Therefore, in situ 
carbonation should be viewed not only as a CO₂-storage 
mechanism, but also as a subsurface rock-transformation 
process in which reaction progress, permeability evolu-
tion, mechanical behavior, and monitoring requirements are 
strongly linked (Klein et al. 2013, Klein et al. 2022, Nis-
bet et al. 2024). Overall, fractured serpentinite formations 
represent promising candidates for permanent mineral trap-
ping, but practical deployment requires integrated geologi-
cal characterization, reactive-transport modeling, injectivity 
testing, and pilot-scale field validation before large-scale 
implementation can be justified.

Serpentinite as a feedstock for permanent CO₂ 
sequestration

Serpentinite is widely recognized as a promising feedstock 
for permanent CO₂ sequestration, as carbonation converts 
gaseous CO₂ into thermodynamically stable carbonate min-
erals over geological timescales (Fig. 7; Table 4). Both ex 
situ and in situ approaches have been investigated. Pilot-
scale aqueous carbonation of serpentinite tailings using 
industrial flue gas provides clear proof-of-concept beyond 
laboratory-scale experiments (Kemache et al. 2016). In 
addition, techno-economic analysis of serpentinite-residue 
carbonation processes treating industrial flue gas streams 
supports feasibility under realistic process conditions, while 
highlighting the importance of energy optimization and 
integration with existing industrial infrastructure (Pasquier 
et al. 2014).

The permanence of this approach derives from the for-
mation of stable Mg-carbonate minerals such as magne-
site and hydrated magnesium carbonates (Fig. 7; Table 4). 
Experimental process schemes have demonstrated the engi-
neered production of hydromagnesite from serpentinite 
feedstocks, confirming the stability and practicality of these 
reaction products (Fig.  7) (Farough and Karrasch 2019). 
Experimental carbonation studies on Oman–UAE ophiolitic 
serpentinites further show that reaction capacity and kinet-
ics depend strongly on mineralogy and fracture-controlled 
surface accessibility (Lacinska et al. 2017). Consequently, 
serpentinite should be considered a highly promising but 
geologically heterogeneous feedstock, requiring deposit-
specific characterization and process-specific qualification 
(Lacinska et al. 2017, Nisbet et al. 2024).

Challenges in scale-up, energy demand, and techno-
economic feasibility

Despite its strong scientific basis, serpentinite carbonation 
remains constrained by scale-up, energy demand, process 
integration, and techno-economic feasibility. In ex situ pro-
cesses, substantial energy input may be required for com-
minution, thermal activation, and solids handling. Although 
these treatments can significantly enhance Mg accessibility 
and carbonation kinetics, they also increase capital and oper-
ational costs (Fig. 7; Table 4). Additional process constraints 
include reagent recovery, liquid–solid separation, water 
management, residue handling, and integration with exist-
ing industrial operations (Pasquier et al. 2014, Dlugogorski 
and Balucan 2014, Pasquier et al. 2016). Thermal activation 
illustrates the central trade-off: controlled dehydroxylation 
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can improve magnesium release and reaction efficiency, but 
the associated energy demand can reduce or even offset the 
net benefit unless the process is coupled with waste heat, 
low-carbon energy, or other industrial synergies (Dlugogor-
ski and Balucan 2014, Pasquier et al. 2016).

For this reason, the most credible near-term ex situ path-
ways are likely to involve serpentinite mine tailings, quarry 
fines, and pre-ground industrial residues, where part of the 
comminution burden has already been incurred and where 
carbonation can be incorporated into circular process-
ing flowsheets (Olajire 2013, Pasquier et al. 2016). Such 
residue-based routes may improve feasibility by reducing 
grinding costs, lowering disposal liabilities, and enabling 
co-location with CO₂ point sources. However, their practi-
cal viability still depends on feedstock consistency, activa-
tion requirements, water availability, product handling, and 
the ability to maintain acceptable life-cycle performance 
under realistic operating conditions (Pasquier et al. 2014, 
Dlugogorski and Balucan 2014, Pasquier et al. 2016).

For in situ carbonation, the cost and risk profile differs 
substantially from ex situ processing. Major requirements 
include drilling, injection infrastructure, reservoir character-
ization, reactive-transport modeling, monitoring, and man-
agement of permeability evolution during continued CO₂ 
injection (Fig. 7; Table 4). Recent comprehensive reviews 
indicate that mineralization in mafic–ultramafic reservoirs 
is promising but remains pre-commercial in many contexts, 
with key uncertainties related to injectivity, reaction-driven 
clogging, permeability loss, and long-term monitoring of 
mineral-trapping performance (Nisbet et al. 2024). A recent 
technical assessment by the International Energy Agency 
Greenhouse Gas Programme similarly emphasizes the need 
for integrated field trials, monitoring frameworks, and site-
specific validation before subsurface mineralization tech-
nologies can be deployed at large scale (IEAGHG 2025).

Overall, serpentinite carbonation offers a promising route 
for permanent CO₂ storage because of the abundance of 
Mg-rich ultramafic rocks and the long-term stability of car-
bonate products. However, large-scale deployment should 
be considered conditional rather than established. Progress 
depends on reducing activation and comminution costs, 
improving reaction efficiency, managing water and reagent 
requirements, maintaining injectivity and permeability 
in subsurface systems, and integrating carbonation into 
broader industrial value chains (Fig. 7) (Nisbet et al. 2024, 
Pasquier et al. 2016, IEAGHG 2025). Therefore, serpenti-
nite carbonation is best framed as a technically credible but 
site- and process-dependent carbon-management pathway 
that requires further pilot-scale validation, techno-economic 
optimization, and life-cycle assessment before widespread 
implementation.

Serpentinite and the geologic hydrogen 
opportunity

Hydrogen generation in serpentinite-bearing terranes is 
intrinsically tied to serpentinization, the hydration of oliv-
ine- and pyroxene-dominated ultramafic rocks during inter-
action with water (Fig. 8; Table 5). As reaction progresses, 
ferrous iron in primary silicates is oxidized, commonly with 
concomitant magnetite formation, while water is reduced to 
molecular hydrogen. The resulting fluids are typically alka-
line and strongly reducing, and under favorable geochemi-
cal and structural conditions they may contain H₂-rich gas 
phases and associated reduced species (Fig.  8A; Table  5) 
(Klein et al. 2013, Klein et al. 2022, Sleep et al. 2004, 
McCollom and Bach 2009, McCollom et al. 2020). This 
coupled redox mechanism is widely recognized as a prin-
cipal abiotic pathway for geologic hydrogen in ultramafic 
provinces and ophiolite belts, forming the scientific basis 
for recent evaluations of hydrogen prospectivity across Ara-
bian ophiolitic systems (Saidy et al. 2024, Liu et al. 2025). 
However, this should be interpreted as evidence of genera-
tion potential rather than proof of economically recoverable 
hydrogen resources.

Crucially, hydrogen prospectivity is not guaranteed by 
the mere presence of serpentinite. Productivity is governed 
by multiple interacting controls: (i) protolith composition 
and Fe availability, which define redox capacity and poten-
tial H₂ yield; (ii) temperature regime, which influences 
reaction pathways and kinetics; (iii) serpentinization stage 
and degree, including the distribution of brucite and mag-
netite and the buffering behavior of the rock–fluid system; 
and (iv) fracture-network geometry and connectivity, which 
determine sustained water supply, reactive transport, and 
gas migration efficiency (Fig.  8A; Table  5) (Klein et al. 
2013, Klein et al. 2022, McCollom and Bach 2009, McCol-
lom et al. 2020, Liu et al. 2025). These constraints sup-
port the contemporary “resource system” view of geologic 
hydrogen, in which viable accumulations require generation 
rates that exceed physical leakage and chemical or micro-
bial consumption, together with effective migration path-
ways and credible trapping or sealing conditions that limit 
rapid dissipation (Liu et al. 2025).

Structural architecture commonly emerges as the deci-
sive variable at exploration scale. In the northern Semail 
Ophiolite of Ras Al Khaimah, UAE, near-surface gas obser-
vations indicate spatially variable hydrogen anomalies and 
implicate faults as preferential migration corridors, consis-
tent with fracture-controlled transport from serpentinized 
source domains (Pasquet et al. 2024). In parallel, regional 
perspectives for Arabia suggest that ophiolites overlain by 
sedimentary cover may, in principle, provide a favorable 
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association of serpentinized source rocks and potential 
sealing units, a configuration more conducive to reten-
tion than open, rapidly venting outcrop settings (Saidy et 
al. 2024). Nevertheless, such settings require site-specific 
testing because the presence of source rocks and poten-
tial seals does not by itself confirm sustained generation, 

migration efficiency, or commercial accumulation. On this 
basis, exploration in serpentinite-bearing provinces is best 
framed within a source–migration–trap logic, using indica-
tors that jointly evaluate reaction potential and containment. 
Key indicators include: (i) mapped exposure or geophysical 
evidence of ultramafic or serpentinized bodies; (ii) fault and 

Fig. 8  A Serpentinite-related geologic hydrogen system illustrating 
H₂ generation during serpentinization and the controls of protolith 
composition, temperature, reaction progress, and fracture connectivity 
within a source–migration–trap framework. B Energy-materials path-

ways from serpentinite, including thermally activated Mg–Si precur-
sors for electrochemical composites and geo-inspired brucite-lamellar 
nanostructures for ion-selective and osmotic-energy devices
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Application Representative quanti-
tative values

Interpretation for the review synthesis Evidence maturity Ref.,

Geologic 
hydrogen

H₂ occurrence 
in the north-
ern Semail 
Ophiolite, Ras 
Al Khaimah, 
UAE

H₂ up to 87 vol% in 
bubbling springs; up to 
88 vol% after air cor-
rection; alkaline blue 
pools around pH ~ 9

Supports active H₂ generation/migra-
tion potential in serpentinite-bearing 
ophiolites, but not by itself commercial 
accumulation.

Emerging exploration 
evidence

(Pasquet et 
al. 2024, Liu 
et al. 2025)

Source–
migration–
trap controls

Key measurable indica-
tors: H₂ concentration, 
H₂/N₂ ratio, pH, fault/
fracture association, 
temporal gas vari-
ability, leakage/sink 
assessment

Reinforces that serpentinite presence 
alone is insufficient; resource significance 
requires generation-rate, migration, trap-
ping, and monitoring data.

Emerging/resource-system 
screening

(Saidy et 
al. 2024, 
Pasquet et 
al. 2024, Liu 
et al. 2025, 
Cherkose et 
al. 2026) 

Geophysi-
cal targeting 
beneath cover

Magnetotelluric phase-
tensor anisotropy used 
to infer serpentiniza-
tion/fracture fabrics

Useful as a targeting tool, but not direct 
confirmation of H₂ accumulation. Requires 
integration with gas measurements, hydro-
geochemistry, structural mapping, and 
subsurface validation.

Early exploration workflow (Cherkose 
et al. 2026a, 
Cherkose et 
al. 2026b) 

Electro-
chemical 
materials

Serpentinite-
derived mag-
nesium iron 
silicate battery 
precursor

Calcination/sintering 
at 900 °C; sulfidation 
layer about 20 nm; 
charge plateaus around 
2.4 V and 2.8 V; Mg²⁺ 
concentration after first 
charge 611 ppb

Shows that serpentinite-derived Mg–Fe 
silicate can participate in electrochemi-
cal reactions after strong processing and 
surface modification.

Early-stage device/material 
evidence

(Momčilović 
et al. 2016, 
Ranđelović 
et al. 2017, 
Zhao et 
al. 2023, 
Shi and Yu 
2016)

Discharge 
capacity of 
sulfidized 
serpentinite-
derived 
material

Initial discharge capaci-
ties: 28.1 mAh g⁻¹ at 
700 °C, 35.6 mAh g⁻¹ 
at 800 °C, 46 mAh g⁻¹ 
at 900 °C; 65.45 mAh 
g⁻¹ for MFS-S-900 at 
75 °C

Provides direct quantitative evidence, but 
capacities remain early-stage and require 
cycling, conductivity, and device-level 
validation.

Early-stage/proof-of-concept (Zhao et al. 
2023)

Osmotic-
energy 
concepts

Serpentinite-
hosted 
hydrothermal 
precipitates

Selective transport of 
Na⁺, K⁺, H⁺, and Cl⁻; 
layered hydroxide 
nanopores span mil-
limeters in hydrother-
mal-vent walls

Demonstrates natural ion-selective 
transport in serpentinization-related Mg-
hydroxide architectures; should be framed 
as geomimetic inspiration, not a bulk-
serpentinite device.

Early-stage/inspiration-based (Lee et al. 
2024)

Packed-
bed TES

Serpentinite 
as sensible-
heat storage 
rock

Thermal capacity up 
to 3450 kJ m⁻³ K⁻¹ at 
500 °C; recommended 
operating limit around 
500 °C; irreversible 
deserpentinization near 
600 °C

Supports serpentinite as a low- to mid-
temperature TES medium, conditional on 
thermal stability and cyclic durability.

Early to moderate (El Alami 
2025, Kata-
yama et al. 
2010, Amiri 
et al. 2024)

Thermal 
stability

Serpentine 
dehydroxyl-
ation during 
heating

Principal dehydroxyl-
ation commonly around 
600–700 °C, depending 
on polymorph

Explains why TES operation and 
thermal products must avoid or control 
dehydroxylation/deserpentinization.

Established thermal constraint (El Alami 
2025, 
Dlugogorski 
and Balucan 
2015, 
Auyeshov 
et al. 2024a, 
2024b, 
Amiri et al. 
2024)

Table 5  Representative quantitative indicators for serpentinite-related geologic hydrogen, electrochemical/osmotic-energy, and thermal-manage-
ment pathways



1 3

Page 35 of 51  402Environmental Earth Sciences (2026) 85:402

fracture systems capable of sustaining water–rock reaction 
and transmitting gas; (iii) surface expressions such as hyper-
alkaline waters, alkaline springs or pools, and evidence of 
active carbonation; and (iv) geophysical signatures that may 
capture alteration, anisotropy, and fracture-controlled con-
ductive pathways (Fig. 8A; Table 5). These indicators are 
useful for screening and prioritization, but they should be 
followed by direct geochemical measurements, temporal 
monitoring, and subsurface validation before resource sig-
nificance is inferred.

The UAE provides convergent observations consistent 
with several of these criteria. Shallow-marine seepage linked 
to serpentinization-influenced fluids has been documented 
in the Upper Cretaceous Qahlah Formation, confirming the 
presence of alkaline, ophiolite-sourced fluid systems (Eick-
mann et al. 2021). More directly, Ras Al Khaimah obser-
vations associate hydrogen anomalies with fault structures 
and alkaline pools accompanied by active carbonate min-
eralization (Pasquet et al. 2024). At depth, magnetotelluric 
phase-tensor approaches have been proposed to delineate 
electrical anisotropy patterns consistent with serpentiniza-
tion and aligned fracture networks in UAE ophiolitic blocks, 
providing a plausible geophysical workflow for identifying 
hydrogen-generating domains beneath cover (Cherkose et 
al. 2026). However, such geophysical interpretations should 
be considered targeting tools rather than direct confirmation 
of hydrogen accumulation, and they require integration with 
gas measurements, hydrogeochemistry, structural mapping, 
and drilling or subsurface validation.

Overall, serpentinite is increasingly conceptualized as 
part of a broader class of reactive ultramafic geological 

systems capable of hydrogen generation, alkaline-fluid pro-
duction, and, under suitable boundary conditions, carbonate 
mineral trapping (Fig. 8A). The current evidence supports 
geologic hydrogen as a scientifically credible but still 
emerging exploration opportunity in serpentinite-bearing 
terranes. The priority is therefore to move beyond occur-
rence-based reporting toward quantified generation-rate 
constraints, temporal monitoring of hydrogen flux, evalua-
tion of leakage and consumption pathways, and integrated 
environmental-risk assessment (Pasquet et al. 2024, Liu et 
al. 2025). For the UAE, the combined evidence for active 
serpentinization, fault-controlled migration, alkaline hydro-
chemical signatures, and emerging geophysical targeting 
tools justifies systematic evaluation. However, any com-
mercial framing should remain contingent on demonstrable 
generation rates, effective containment, recoverable accu-
mulations, and environmentally responsible development 
pathways.

Advanced electrochemical and energy 
materials from serpentinite

(i) Battery and electrochemical-material precursors 
from serpentinite-derived Mg–Si phases

Although serpentinite does not possess intrinsic electronic 
conductivity, it has been explored as an early-stage Mg–Si 
precursor platform that can be transformed through thermal 
and chemical processing into phases of potential relevance 
for electrochemical materials design (Fig. 8B; Table 5). The 

Application Representative quanti-
tative values

Interpretation for the review synthesis Evidence maturity Ref.,

Building-
envelope/
porous 
ceramic 
products

Serpentinite-
based heat-
insulation 
ceramics

Forsterite synthesis 
starts near 600 °C; for-
sterite content reported 
above 70% in serpenti-
nite–diatomite porous 
ceramic compositions

Supports engineered porous ceramic prod-
ucts, not raw serpentinite as conventional 
insulation.

Niche/engineered ceramic 
pathway

(Il’Ina 2013)

Thermal-
mass/
insu-
lation-
adjacent 
use

Dense ser-
pentinite or 
serpentinite-
derived 
ceramic 
components

Quantitative evaluation 
should report thermal 
conductivity, volu-
metric heat capacity, 
porosity, density, cyclic 
stability, and dust/fiber 
release

Use is system-dependent; most defensible 
as thermal mass or engineered porous 
ceramic, not as primary insulation.

Niche/application-specific (Thomaidis 
and Kostakis 
2015, 
Vakalova et 
al. 2022, El 
Alami 2025, 
Dlugogorski 
and Balucan 
2015, Klem-
czak et al. 
2024, Urban 
et al. 2011, 
Il’Ina 2013)

Table 5  (continued) 



1 3

402  Page 36 of 51 Environmental Earth Sciences (2026) 85:402

rationale is not that natural serpentinite functions directly as 
a battery or supercapacitor material, but that activation treat-
ments can liberate magnesium into soluble streams suitable 
for producing Mg(OH)₂ or MgO, while also generating 
disordered Mg–Si phases, commonly described as metaser-
pentine, together with silica-rich residues (Fig. 8B). These 
products may subsequently be incorporated into porous 
frameworks, functional fillers, or hybrid architectures when 
combined with conductive matrices.

Thermal activation is the principal enabling step in this 
transformation pathway. Calcination destabilizes the origi-
nal 1:1 serpentine lattice through progressive dehydroxyl-
ation and structural disordering, producing more reactive 
magnesium–silicate phases and, at higher temperatures, 
more crystalline assemblages such as forsterite (Fig.  8B; 
Table  5). Temperature-resolved activation studies demon-
strate a characteristic sequence in which low-temperature 
heating primarily removes adsorbed water, intermediate-
temperature treatment promotes lattice breakdown and max-
imizes chemical reactivity for downstream processing, and 
further heating drives recrystallization toward stable Mg-
silicate phases that may reduce dissolution reactivity (Dlu-
gogorski and Balucan 2014, Auyeshov et al. 2024a, 2024b). 
These observations show that activation conditions must be 
carefully controlled when serpentinite is used as a precursor 
for functional or electrochemical composite materials.

Electrochemical investigations provide preliminary 
evidence that serpentinite-derived minerals can influence 
behavior within composite electrode systems (Fig.  8B). 
Experiments involving serpentinite and forsterite powders 
incorporated into carbon paste electrodes have shown mea-
surable electrocatalytic responses during cyclic voltam-
metry relative to unmodified electrodes (Momčilović et al. 
2016). A related voltammetric investigation further demon-
strated that electrodes modified with serpentinite powder 
exhibited enhanced electrocatalytic performance compared 
with conventional carbon paste systems (Ranđelović et al. 
2017). These results should be interpreted cautiously. They 
do not establish serpentinite as a direct battery electrode 
material or as a mature electrochemical technology. Rather, 
they indicate that serpentinite-derived phases can act as 
functional modifiers within composite electrode architec-
tures, where they may influence surface chemistry, adsorp-
tion behavior, ion interaction, and electrochemical response.

Serpentinite may also serve as a raw material for produc-
ing magnesium compounds with broader electrochemical 
relevance. Dissolution–precipitation processing routes can 
convert activated serpentinite into Mg(OH)₂ or MgO, and 
magnesium recovery efficiency is strongly controlled by 
activation-induced changes in mineral structure, dissolution 
behavior, and silica-residue formation (Fig. 8B) (Auyeshov 
et al. 2024a, 2024b). In electrochemical engineering, MgO 

and Mg(OH)₂ can be used as basic supports, stabilizing 
additives, protective components, or constituents of hybrid 
materials. However, translation of serpentinite-derived 
phases into battery, supercapacitor, or electrocatalytic sys-
tems requires integration with conductive frameworks such 
as carbon networks, conductive polymers, or metallic scaf-
folds because magnesium silicate and hydroxide phases 
have intrinsically low electronic conductivity (Zhao et al. 
2024, Zhao et al. 2023, Shi and Yu 2016).

From a materials-design perspective, serpentinite-
derived products are therefore best regarded as supporting 
structural or chemical components within hybrid electro-
chemical materials rather than as stand-alone active phases. 
MgO- or Mg(OH)₂-rich domains may provide alkaline or 
high-surface-area scaffolds for stabilizing catalytic or elec-
troactive species, while silica-rich residues generated dur-
ing serpentinite processing may serve as porous supports 
for dispersing active materials (Fig. 8B). Where chemical 
exfoliation or delamination is possible, serpentinite-derived 
nanosheets may also provide two-dimensional mineral sup-
ports for immobilizing redox-active phases. In all cases, 
however, conductive backbones and engineered interfaces 
remain essential for achieving meaningful electrochemical 
performance (Zhao et al. 2023, Shi and Yu 2016). Accord-
ingly, this pathway should be classified as early-stage 
and composite-dependent, requiring further validation of 
charge-storage behavior, rate capability, cycling stability, 
conductivity enhancement, and scalability before any bat-
tery- or supercapacitor-related application can be consid-
ered technologically mature. 

(ii) Ion-selective and osmotic-energy concepts 
inspired by serpentinization-hosted brucite lamellar 
architectures

A separate emerging research direction involves geomimetic 
energy-harvesting concepts inspired by serpentinization 
environments, particularly ion-selective transport across 
naturally formed nanostructures associated with ultramafic 
hydrothermal systems (Fig.  8B; Table  5). Experimental 
observations from serpentinite-hosted deep-sea hydrother-
mal settings demonstrate that mineral precipitates generated 
during serpentinization can form interconnected nanoporous 
architectures capable of selective ion transport. In these sys-
tems, hydrothermal precipitates contain nanoscale channels 
with variable surface charge that permit selective transport 
of ions such as Na⁺, K⁺, H⁺, and Cl⁻, enabling conver-
sion of ionic concentration gradients into electrical energy 
through osmotic-energy harvesting mechanisms (Lee et al. 
2024).

A key structural feature of these systems is the forma-
tion of brucite-rich lamellar walls composed of aligned 
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nanocrystals that generate ordered nanoporous channels 
(Fig.  8B). These lamellar structures act as confined ion-
transport pathways and resemble, at a conceptual level, 
the functional principles used in engineered nanofluidic 
membranes for salinity-gradient or “blue-energy” conver-
sion technologies (Lee et al. 2024). However, this evidence 
should not be interpreted as showing that bulk serpentinite 
itself is an ion-selective membrane or an osmotic-energy 
device. Instead, it demonstrates that serpentinization-related 
Mg-hydroxide systems can naturally generate nanoscale 
architectures with charge-regulated transport behavior. The 
engineering implication is therefore conceptual and geomi-
metic. Serpentinization-hosted brucite lamellae provide a 
natural analogue for designing synthetic Mg(OH)₂-based 
or layered hydroxide frameworks with controlled nanoscale 
porosity and surface charge. Magnesium derived from ser-
pentinite processing streams could, in principle, be used 
to synthesize analogous lamellar hydroxide architectures 
through controlled precipitation, templating, or hybrid-
membrane fabrication routes (Fig. 8B). Once produced and 
stabilized within engineered supports, such structures may 
be investigated for ion-selective transport, salinity-gradient 
energy harvesting, or related nanofluidic functions (Lee et 
al. 2024).

At present, however, this pathway should be treated as 
early-stage and inspiration-based rather than as a demon-
strated serpentinite utilization technology. The strongest 

evidence supports natural ion-selective behavior in serpenti-
nite-hosted hydrothermal precipitates, while the translation 
to scalable devices remains unproven. Future work should 
therefore focus on reproducible synthesis of serpentinite-
derived or serpentinite-inspired Mg-hydroxide lamellae, 
membrane integration, ion-selectivity testing, power-den-
sity evaluation, durability, fouling resistance, and scale-up 
assessment. Thus, serpentinite’s role in osmotic-energy con-
cepts is best framed as a source of Mg-rich precursors and 
geomimetic design principles, not as a ready-to-use energy 
material.

Water–energy systems and thermal 
management

Packed-bed thermal energy storage using 
serpentinite as a rock medium

Natural rocks are increasingly investigated as sensible-heat 
storage media in packed-bed thermal energy storage (TES) 
systems because they are relatively inexpensive, widely 
available, and mechanically robust compared with many 
engineered granular storage materials (Fig.  9; Table  5) 
(Amiri et al. 2024). Within this category, serpentinite has 
been proposed as a candidate storage medium because ophi-
olitic regions can provide large volumes of Mg-rich rock 

Fig. 9  Thermal-management applications of serpentinite. A Packed-
bed thermal energy storage with temperature stability constraints. B 
Thermal transformations of serpentine polymorphs during heating. C 

Building-envelope uses via thermal mass and Mg-silicate ceramics. D 
Key deployment priorities including durability, mineralogical screen-
ing, and dust control
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and because its volumetric heat capacity may support ther-
mal-energy storage under appropriate operating conditions. 
However, serpentinite should be considered a temperature-
sensitive TES candidate rather than a universally stable rock 
filler, because serpentine-group minerals undergo dehy-
droxylation and structural transformation when exposed to 
elevated temperatures (Fig.  9) (Dlugogorski and Balucan 
2014, Auyeshov et al. 2024a, 2024b).

Experimental assessment of serpentinite in packed-bed 
TES systems has been reported by El Alami et al. (Alami 
2025), who evaluated serpentinite as a granular storage 
medium in a packed-bed configuration using high-tempera-
ture heat-transfer fluids such as air. The results indicate that 
serpentinite can function as a natural-rock storage medium 
under tested conditions, provided that thermal stability con-
straints are respected and system design accounts for min-
eralogical transformation thresholds (Alami 2025). The key 
implication is that serpentinite can be considered for TES 
only where operating temperatures remain below ranges that 
induce substantial dehydroxylation or deserpentinization. 
Structural water loss and mineral transformation may mod-
ify porosity, increase dust generation, and reduce mechani-
cal integrity during repeated thermal cycling (Alami 2025, 
Dlugogorski and Balucan 2014). These thermal constraints 
are closely linked to serpentine mineralogy. Serpentine 
polymorphs exhibit distinct thermal decomposition behav-
iors, and thermogravimetric and differential thermal analy-
ses commonly place the principal dehydroxylation reactions 
in the approximate range of 600–700 °C or slightly higher, 
with characteristic peak temperatures varying among lizard-
ite, chrysotile, and antigorite (Fig. 9) (Dlugogorski and Bal-
ucan 2014). From an engineering perspective, this behavior 
suggests that serpentinite is most defensibly positioned as a 
low- to mid-temperature TES medium, whereas higher-tem-
perature operation would require sufficient thermal margins 
and extensive validation of cyclic stability under repeated 
heating and cooling (Alami 2025, Dlugogorski and Balucan 
2014).

Current research therefore highlights several priorities 
for serpentinite-based TES systems: long-term cyclic sta-
bility under realistic airflow and heat-transfer conditions, 
assessment of attrition and dust formation during thermal 
cycling, mineralogical monitoring of polymorph-dependent 
transformations, and evaluation of post-cycling mechanical 
integrity and particle durability (Alami 2025, Amiri et al. 
2024). Addressing these factors is essential before serpenti-
nite can be considered a mature TES medium for extended 
industrial operation. At present, the evidence supports ser-
pentinite as a promising but application-specific natural-
rock TES filler, with feasibility governed by operating 
temperature, mineralogical composition, particle durability, 
and safety screening.

Thermal insulation and thermal-mass roles in niche 
building-envelope applications

Serpentinite is not generally considered a conventional 
insulation material because its intrinsic thermal conduc-
tivity is typically higher than that of specialized insulating 
materials such as mineral wool, polymeric foams, or other 
highly porous insulation products (Fig.  9; Table  5). Con-
sequently, its most realistic contributions within building 
envelopes are system-dependent and niche-oriented, rather 
than as a primary insulation material. One potential role is 
as a thermal-mass component, for example in dense stone 
cladding, masonry blocks, or interior surfaces that can mod-
erate indoor temperature fluctuations through heat storage 
and delayed release. Such thermal-mass strategies may be 
relevant in hot or arid climates, where passive temperature 
damping can contribute to thermal comfort and reduce cool-
ing demand, although their effectiveness depends on full 
envelope design rather than on serpentinite alone.

A more technically defensible pathway involves engi-
neered ceramic or composite building products derived 
from serpentinite. When serpentinite is thermally processed 
to produce Mg-silicate ceramic phases such as forsterite–
enstatite or cordierite-related assemblages, these phases can 
be incorporated into controlled-porosity matrices where 
thermal behavior, mechanical durability, and chemical sta-
bility are adjusted through formulation and firing conditions 
(Fig. 9; Table 5). More broadly, building-physics analyses 
emphasize that envelope performance depends on inte-
grated system design, including thermal-bridge mitigation, 
geometry-dependent heat-flow pathways, moisture behav-
ior, and the overall envelope configuration, rather than on 
the intrinsic conductivity of a single material component 
(Klemczak et al. 2024, Urban et al. 2011). In serpentinite-
focused construction reviews, serpentinite-containing prod-
ucts are therefore more commonly discussed for specialized 
functional roles, particularly radiation-shielding concretes, 
than for conventional insulation applications (Jain et al. 
2023).

The most plausible “insulation-adjacent” route is through 
serpentinite-derived porous ceramics rather than direct use 
of untreated serpentinite. Serpentinite- or olivinite-bearing 
compositions have been used in cordierite ceramic sys-
tems in which density, porosity, mechanical performance, 
and thermal expansion can be controlled through formula-
tion and firing conditions (Fig. 9) (Thomaidis and Kostakis 
2015). Similarly, magnesia–silicate ceramics and ceramic 
proppants derived from serpentinite can be engineered 
through phase-control strategies involving forsterite and 
enstatite development to improve densification and mechan-
ical strength (Vakalova et al. 2022). Earlier studies also 
describe porous heat-insulation ceramics produced from 
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serpentinite-based formulations, illustrating that Mg-silicate 
ceramic processing can create products with thermal-man-
agement relevance when porosity and phase assemblage 
are deliberately controlled (Il’Ina 2013). However, these 
examples should be interpreted as evidence for engineered 
ceramic product development, not as evidence that raw ser-
pentinite is itself a conventional insulation material.

For both TES and building-product applications, durabil-
ity and safety considerations remain critical. Where serpen-
tinite contains chrysotile veins or other elongated mineral 
particles, strict mineralogical screening and dust-control 
procedures are required. Applications that generate airborne 
dust must be avoided or carefully managed through appro-
priate processing, encapsulation, and handling protocols 
(Fig. 9; Table 5) (Marzini et al. 2024, Punturo et al. 2023). 
Taken together, the most defensible thermal-management 
roles for serpentinite currently include its use as a packed-
bed TES filler operated below critical dehydroxylation 
temperatures and as a precursor for engineered ceramic or 
composite materials in which phase evolution, porosity, and 
durability are deliberately controlled. In both cases, success-
ful deployment depends on mineralogical characterization, 
controlled processing, cyclic or service-condition testing, 
and rigorous management of potential fibrous-phase haz-
ards (Vakalova et al. 2022, Marzini et al. 2024, Il’Ina 2013).

Techno-economic and sustainability 
assessment

Before evaluating techno-economic and sustainability 
constraints, the major serpentinite application pathways 
reviewed above are compared according to evidence matu-
rity, controlling mineralogical variables, functional advan-
tages, principal limitations, and deployment implications. 
This synthesis highlights that serpentinite valorization is 
not governed by abundance alone, but by lithotype-specific 
mineralogy, processing intensity, environmental risk, and 
the degree to which each application has progressed from 
laboratory demonstration to realistic deployment (Table 6).

Resource availability and value-chain positioning

Serpentinite occurs widely in ophiolite belts and ultramafic 
massifs and typically enters the economy through two par-
allel resource streams: primary quarried products (dimen-
sion stone and crushed rock) and large-volume secondary 
outputs such as quarry fines, cutting sludge, beneficiation 
tailings, and mine wastes (Fig. 10). This dual supply pro-
file is strategically important because secondary streams are 
already partially comminuted, thereby reducing the com-
minution burden—often the most energy-intensive unit 

operation—for many higher-value and reactive applications 
(Cavallo 2018, Pasquier et al. 2016). From a value-chain 
perspective, serpentinite can be placed into four broad mar-
ket lanes. The first is conventional construction (aggregates 
and stone), where demand is high but margins are low and 
logistics typically dominate feasibility. The second is its role 
as an industrial mineral feedstock for refractory and ceramic 
manufacture, where controlled firing and phase evolution 
can convert Mg–Si raw stone into higher-value engineered 
products (Fig. 10) (Cheng et al. 2002, Nemat et al. 2016). 
The third lane is serpentinite as a reactive feedstock in Mg 
recovery and mineral carbonation, where its Mg-rich chem-
istry is exploited for chemical products and permanent CO₂ 
mineral trapping (Pasquier et al. 2014, Pasquier et al. 2016). 
The fourth lane comprises engineered functional materi-
als—including adsorption media, shielding concretes, and 
specialized composites—where property engineering rather 
than bulk tonnage is the primary value driver (Dąbrowski et 
al. 2022, Diab et al. 2025b). A first-order techno-economic 
constraint across all lanes is logistics and proximity. High-
volume, low-margin uses such as aggregates and fill gener-
ally remain viable only when transport distances are limited. 
In contrast, higher-value niche products—such as ceramic 
proppants, functional adsorbents, and specialized shielding 
concretes—can sustain longer supply chains if they deliver 
a clear performance premium (Fig. 10) (Cavallo 2018, Jain 
et al. 2023). For carbon-management roles, proximity to 
CO₂ point sources and availability of low-cost water and 
energy frequently dominate feasibility, and thus strongly 
shape the most attractive deployment geographies (Pasquier 
et al. 2014, Kemache et al. 2016, Pasquier et al. 2016).

Processing cost versus functional performance

Across serpentinite-based technologies, cost–performance 
trade-offs are typically governed by three coupled drivers: 
comminution, activation (thermal and/or chemical), and 
separation/purification (Fig. 10). In conventional stone and 
aggregate applications, processing costs are relatively low, 
but performance is constrained by heterogeneity in texture, 
porosity, alteration state, and, where relevant, occupational 
and environmental constraints associated with dust and 
elongated mineral particle release (Fig. 10). Consequently, 
petrographic and durability qualification, together with risk 
screening, becomes central to performance assurance and 
responsible handling (Dąbrowski et al. 2022, Marzini et al. 
2024, Punturo et al. 2023).

In refractory and ceramic value chains, costs increase 
substantially because calcination and sintering are intrin-
sic to product formation; however, performance gains 
can be substantial when phase evolution is controlled 
to develop targeted Mg-silicate assemblages such as 
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forsterite–enstatite or cordierite-related products (Fig. 10). 
In this lane, serpentinite is not valued as a rock per se 
but as a compositionally suitable precursor whose firing 
behavior can be engineered to deliver high-temperature 
and mechanical functionality (Cheng et al. 2002, Nemat et 
al. 2016, Vakalova et al. 2022, Kalaitzidou et al. 2022). For 
carbon-utilization and Mg-recovery routes, the dominant 
cost is often activation energy because both Mg liberation 
and serpentine carbonation are kinetically hindered under 
mild conditions. Thermal activation and/or high-energy 
milling are therefore used to increase Mg accessibility, but 
these steps can dominate operating cost unless integrated 
with waste heat, co-product recovery, or existing industrial 
infrastructure that lowers marginal energy and handling 
burdens (Pasquier et al. 2014, Dlugogorski and Balucan 
2014, Pasquier et al. 2016).

In engineered environmental and functional-material 
pathways, the limiting costs often shift from comminu-
tion to chemical modification, effluent handling, and post-
treatment washing and solids management. Exfoliation 
and functionalization can markedly improve sorption per-
formance, yet reagent cost, water demand for purification, 
and spent-material handling frequently determine scalabil-
ity (Diab et al. 2025b). For this reason, many deployment 
concepts converge toward “moderate activation” strategies 
that unlock reactive sites and porosity without introduc-
ing chemical or energy inputs that overwhelm the value 
created.

Life-cycle assessment and sustainability framing for 
serpentinite-based products

Life-cycle assessment (LCA) of serpentinite-based products 
should explicitly recognize that serpentinite participates in 
both conventional and reactive value chains. Methodologi-
cally, LCA should follow established standards for goal and 
scope definition, inventory analysis, impact assessment, and 
interpretation (ISO 14040:2006) (Fig. 10). For construction 
products, LCA and environmental product declaration prac-
tice are commonly aligned with construction product cat-
egory rules such as EN 15,804. In conventional aggregate, 
stone, and fill uses, the dominant footprint contributors are 
typically quarrying, crushing, hauling, and dust manage-
ment; accordingly, the strongest sustainability lever is often 
transport minimization together with responsible waste and 
dust governance (Fig.  10) (Cavallo 2018, Punturo et al. 
2023). For thermal products such as refractories and ceram-
ics, firing and calcination usually dominate energy and 
emissions, and sustainability hinges on kiln efficiency, fuel 
source, substitution benefits relative to alternative ceramics, 
and—importantly—the ability to utilize secondary streams 
rather than primary quarried stone (Cheng et al. 2002, 
Nemat et al. 2016, Kalaitzidou et al. 2022).

For low-carbon binders and carbonation-driven products, 
the LCA logic becomes more nuanced because serpenti-
nite can enable CO₂ uptake while simultaneously requir-
ing energy-intensive activation steps. Net benefit depends 

Fig. 10  Techno-economic and sustainability framework for serpen-
tinite, showing resource flows, value-chain positioning, processing 
cost–performance controls, life-cycle and risk-based sustainability 

assessment, and circular-economy/industrial-symbiosis pathways for 
primary and secondary serpentinite streams
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on system boundaries and on explicit accounting for CO₂ 
source and compression energy, water use, reagent loops 
and recovery, residue handling, and product fate, with acti-
vation energy often constituting the pivotal determinant 
of net performance (Fig.  10) (Pasquier et al. 2014, Kem-
ache et al. 2016, Dlugogorski and Balucan 2014, Pasquier 
et al. 2016). Finally, sustainability framing must integrate 
environmental-health governance as a co-equal dimension 
with emissions and energy. Where chrysotile-bearing lithot-
ypes or elevated Ni–Cr signatures are present, sustainability 
requires life-cycle control of airborne dust, waste classifica-
tion, and safe end-use assignment rather than relying on car-
bon and energy metrics alone (Obminski and Świątkowska 
2026, Marzini et al. 2024, Punturo et al. 2023). In practi-
cal terms, serpentinite sustainability should be evaluated as 
LCA plus risk governance, not LCA in isolation.

Circular-economy potential and industrial symbiosis

Serpentinite exhibits strong circular-economy potential 
because substantial volumes are generated as wastes or low-
value by-products, including quarry fines, cutting sludge, 
beneficiation tailings, and dust fractions (Fig.  10). Circu-
lar pathways are most compelling where they can consume 
large secondary volumes, reduce disposal burdens and dust 
liabilities, and deliver products with stable demand. Dimen-
sion-stone waste valorization has been explicitly highlighted 
as a practical opportunity, provided that waste composition 
is consistent and that asbestos-bearing veins are excluded 
through appropriate screening (Fig.  10) (Cavallo 2018). 
Ceramic and refractory routes can also absorb significant 
quantities by transforming serpentinite-derived wastes into 
forsterite-rich products, cordieritic bodies, and engineered 
Mg-silicate ceramics, effectively converting fines and resi-
dues into durable high-temperature commodities (Cheng et 
al. 2002, Nemat et al. 2016, Thomaidis and Kostakis 2015, 
Vakalova et al. 2022, Kalaitzidou et al. 2022).

Industrial symbiosis becomes particularly powerful 
when serpentinite resources co-locate with CO₂-producing 
industries such as cement, steel, or refining operations 
and where waste heat can be harnessed to offset activation 
energy (Fig. 10). Pilot-scale mineralization using industrial 
flue gas and process-level energy/economic evaluations of 
serpentinite-residue carbonation support the conclusion that 
the most attractive sites are those where serpentinite supply, 
CO₂ point sources, and industrial infrastructure coincide 
(Pasquier et al. 2014, Kemache et al. 2016, Pasquier et al. 
2016). Symbiosis can also be strengthened by co-product 
platforms, for example where Mg recovery to Mg(OH)₂ 
contributes additional revenue streams and improves overall 
system economics when purification and residue handling 
are appropriately engineered (Auyeshov et al. 2025).

A realistic circular strategy must remain selective because 
not all serpentinite wastes are suitable for open-loop reuse. 
Naturally occurring asbestos risk, compositional variability, 
and trace-element release potential can restrict certain appli-
cations and necessitate fit-for-purpose allocation (Fig. 10). 
In practice, lower-risk massive lithotypes can be routed into 
controlled aggregate and stone markets; fines and tailings 
are often more appropriately directed to enclosed, regu-
lated industrial uses such as ceramics, engineered binders, 
or carbonation reactors; and higher-risk fibrous fractions 
should be excluded from reuse or immobilized via compli-
ant hazardous-waste pathways and high-temperature stabi-
lization where appropriate (Mymrin et al. 2020, Obminski 
and Świątkowska 2026, Marzini et al. 2024, Punturo et al. 
2023).

The United Arab Emirates as a case study

The United Arab Emirates (UAE) provides a focused geo-
logical case study for applying the structure–property–func-
tion framework developed in this review because it exposes 
well-preserved segments of the northern Semail Ophiolite 
in the Oman–UAE Mountains. In this setting, serpentinite 
forms an important component of altered mantle peridotites 
and has recently been examined in three convergent research 
directions: mineralogical–geochemical characterization 
of UAE serpentinites, documentation of serpentinization-
influenced seepage and carbonate formation in the strati-
graphic record, and assessment of serpentinization-related 
natural hydrogen prospectivity (Fig. 11) (Sami et al. 2026, 
Pasquet et al. 2024, Eickmann et al. 2021). The UAE case is 
therefore not presented as a fully developed serpentinite-uti-
lization model, but as a geographically constrained example 
showing how mineralogical variability, resource potential, 
decarbonization opportunities, hydrogen exploration, and 
environmental risk must be evaluated together.

Geological distribution, geochemistry, and 
mineralogy of serpentinite

In the UAE, serpentinite is concentrated within the moun-
tainous belt of the northern and eastern Emirates, where the 
Hajar Mountains expose ophiolitic crustal and mantle units 
(Fig. 11). A regional synthesis of the country’s geology and 
geography notes that this mountain environment occupies 
most of Fujairah, much of Ras Al Khaimah, and parts of 
Sharjah, including the Dubai (Hatta) and Ajman (Masfut) 
enclaves, thereby delineating the principal zone of ophi-
olitic exposure in the UAE (Feulner 2023). At the locality 
scale, serpentinite occurs as altered mantle peridotite within 
the Semail Ophiolite and is particularly well described in 
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the Jabal Mundassah–Malaqet area near Al Ain, where both 
massive and foliated serpentinite bodies have been reported 
(Sami et al. 2026). Complementing these exposures, chrys-
otile-bearing serpentinite has also been documented at Wadi 
Daftah within the UAE ophiolite belt, confirming that ser-
pentinite occurs across structurally distinct ophiolitic set-
tings and is not confined to a single exposure style (Heikal 
et al. 2024). Independent stratigraphic evidence further sup-
ports the regional significance of serpentinization-related 
processes. The Upper Cretaceous Qahlah Formation at Jebel 
Huwayyah, near Al Ain, preserves seepage signatures and 
carbonate features consistent with ophiolite-sourced alka-
line fluids influencing shallow-marine sediments soon after 
obduction and during subsequent intervals (Fig. 11) (Eick-
mann et al. 2021).

Recent studies have strengthened constraints on the 
mineralogy and geochemistry of UAE serpentinites. In the 
Jabal Mundassah–Malaqet system, serpentinites include 
massive and foliated lithotypes dominated by intergrown 
lizardite and antigorite, with relict Cr-spinel and altered 
olivine preserved locally. These features are consistent 
with an altered mantle protolith and a multistage serpenti-
nization history (Fig. 11) (Sami et al. 2026). Whole-rock 
data are characterized by high MgO, very low Al₂O₃ 
and TiO₂, and elevated Ni and Cr, supporting derivation 

from a highly depleted refractory ultramafic protolith 
with fore-arc/supra-subduction-zone affinity (Sami et 
al. 2026). From an applied perspective, this composi-
tion is important because it indicates Mg-rich feedstock 
potential, but also highlights the need for impurity-aware 
screening where Ni–Cr mobility may become relevant 
during weathering, crushing, leaching, or other process-
ing routes.

Mineralogical variability in the UAE is not limited to liz-
ardite–antigorite assemblages. At Wadi Daftah, chrysotile 
occurs in multiple structurally controlled habits, including 
slip-fiber, mass-fiber, and cross-fiber forms (Heikal et al. 
2024). This observation is important because it shows that 
asbestiform serpentine can occur locally within UAE serpen-
tinite bodies. Therefore, any applied use involving quarry-
ing, cutting, comminution, aggregate production, chemical 
activation, or residue handling must include mineralogical 
screening for fibrous phases and exposure-aware handling 
protocols (Heikal et al. 2024). Overall, UAE serpentinites 
illustrate why serpentinite cannot be assessed only by bulk 
chemistry or regional abundance. Lithotype, deformation 
fabric, polymorph assemblage, accessory phases, Ni–Cr 
inventory, and fibrous-mineral occurrence must all be con-
sidered before assigning a material to a specific utilization 
pathway.

Fig. 11  UAE serpentinite framework showing ophiolite distribution, lithological variability, natural carbonation analogues, resource uses, hydro-
gen pathways, remediation potential, circular-economy integration, and environmental risk controls
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Resource context, decarbonization opportunities, 
and emerging utilization pathways

Although UAE-focused serpentinite studies have so far 
concentrated more strongly on mineralogical–geochemical 
evolution and emerging energy significance than on detailed 
production statistics, serpentinite clearly occurs within a 
regionally important hard-rock province dominated by ophi-
olitic lithologies that support construction-stone and aggre-
gate supply chains across the northern Emirates (Fig.  11) 
(Feulner 2023). At the same time, the UAE case demon-
strates that serpentinite should not be treated as equivalent 
to more compositionally uniform aggregate rocks. The con-
trast between massive and foliated serpentinite, together 
with the confirmed occurrence of chrysotile-bearing zones, 
highlights the need for lithotype-specific classification, 
mineralogical screening, durability testing, and risk-aware 
qualification before any large-scale geomaterial use (Sami 
et al. 2026, Heikal et al. 2024).

Beyond conventional resource use, the UAE provides a 
scientifically valuable setting for research on mineral car-
bonation and CO₂ sequestration because reactive ultramafic 
rocks coexist with preserved natural analogues of carbon-
ate formation. Evidence from the Qahlah Formation at Jebel 
Huwayyah records shallow-marine seepage influenced by 
serpentinization-derived fluids, together with associated 
carbonate features and hardgrounds, demonstrating that 
serpentinite-linked carbonate mineralization is preserved 
in the UAE stratigraphic record (Fig.  11) (Eickmann et 
al. 2021). This strengthens the rationale for treating UAE 
ultramafic terrains as natural reference systems for under-
standing alkaline fluid flow, carbonate precipitation, and 
long-term mineral trapping. However, this evidence should 
be interpreted as support for geological and process-screen-
ing studies rather than direct proof of immediate engineered 
CO₂-storage feasibility. Any future engineered carbonation 
assessment in the UAE would still require site-specific eval-
uation of reactive rock volume, fracture permeability, water 
availability, CO₂-source proximity, monitoring capacity, 
and environmental risk.

In parallel, the UAE represents a scientifically relevant 
regional example for ophiolite-hosted geologic hydrogen 
assessment. Field measurements from the northern Semail 
Ophiolite in Ras Al Khaimah have identified hydrogen 
anomalies and suggest that faults and lineaments may act 
as preferential migration pathways, consistent with a struc-
turally controlled source–migration framework in serpenti-
nite-bearing terranes (Fig. 11) (Pasquet et al. 2024). These 
findings are consistent with broader Arabian assessments 
that identify serpentinite-rich ophiolites as prospective 
exploration settings where reactive source rocks, fracture 
systems, fluid circulation, and potential trapping conditions 

are sufficiently developed (Saidy et al. 2024). However, the 
presence of hydrogen anomalies and favorable geological 
indicators should be treated as evidence for exploration 
potential rather than confirmation of commercial accumu-
lations. Demonstrating resource significance would require 
repeated gas monitoring, generation-rate estimates, assess-
ment of leakage and consumption pathways, subsurface 
validation, and evaluation of trapping or sealing conditions.

Geophysical methods may support this screening process. 
Magnetotelluric phase-tensor analysis has been proposed as 
a targeting tool for the UAE, with anisotropic conductivity 
patterns interpreted as possible indicators of serpentiniza-
tion and aligned structural fabrics beneath cover (Cherkose 
et al. 2026). This approach is promising as part of an inte-
grated exploration workflow, but it should not be regarded 
as direct evidence of hydrogen accumulation. Instead, geo-
physical targeting should be combined with structural map-
ping, gas measurements, hydrogeochemistry, and, where 
justified, subsurface testing.

From an applied materials perspective, prospects for 
UAE serpentinite-derived environmental remediation 
media remain at an early stage. At present, this pathway 
is best regarded as a feedstock-screening and laboratory-
development opportunity rather than a mature application 
chain. Nevertheless, the Mg-rich chemistry and mineral-
ogical characteristics documented for UAE serpentinites 
provide a basis for selecting low-fiber lithotypes for activa-
tion studies and for evaluating adsorption performance in 
parallel with trace-element stability, leachability, and safety 
constraints (Fig. 11) (Sami et al. 2026, Heikal et al. 2024). 
Similarly, Mg-chemical valorization and carbonation-linked 
industrial pathways may be promising where suitable low-
risk serpentinite streams, CO₂ sources, energy, water man-
agement, and processing infrastructure are co-located, but 
these remain conditional on techno-economic and environ-
mental validation.

Taken together, these features position UAE serpentinite 
at the intersection of quarry-resource utilization, decarbon-
ization research, Mg-chemical valorization, environmental-
material development, and geologic hydrogen exploration. 
The most defensible near-term strategy is not broad, undif-
ferentiated use of serpentinite, but integrated value-chain 
screening. Such a strategy would link lithotype-qualified 
quarry streams, especially fines and secondary materials 
where available, to controlled CO₂-reactive, Mg-chemical, 
ceramic, or environmental-material pathways in locations 
where reactive feedstock, CO₂ sources, utilities, water-
management options, and infrastructure are co-located. This 
approach is consistent with broader circular-economy and 
mineralization frameworks, which emphasize proximity, 
process integration, risk governance, and coupling of paral-
lel value streams as central determinants of feasibility.
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Environmental risk management and safe 
utilization in the UAE context

The UAE case study underscores that serpentinite utiliza-
tion must be explicitly risk-governed. Chrysotile occurrence 
modes documented at Wadi Daftah demonstrate that serpen-
tinite bodies cannot be assumed uniformly suitable for open 
construction use without prior mineralogical screening and 
exposure-aware handling protocols (Heikal et al. 2024). In 
parallel, elevated Ni and Cr levels reported for the Jabal 
Mundassah–Malaqet serpentinites are geologically expected 
for depleted ultramafic rocks, but they become environmen-
tally relevant during crushing, weathering, chemical leach-
ing, carbonation, or residue handling where mobility and 
exposure pathways may increase (Sami et al. 2026).

Accordingly, serpentinite utilization in the UAE should fol-
low a fit-for-purpose classification approach. Massive, lower-
risk lithotypes may be candidates for controlled geomaterial, 
ceramic, carbonation, Mg-chemical, or advanced-material 
applications after appropriate qualification. In contrast, chrys-
otile-bearing, highly fractured, strongly foliated, cataclastic, 
or strongly weathered serpentinites should be excluded from 
open dust-generating uses unless rigorous exposure controls, 
compliant handling procedures, and monitoring protocols can 
be demonstrably implemented (Sami et al. 2026, Heikal et 
al. 2024). Screening should include serpentine polymorph 
identification, petrographic assessment of fibrous phases, tex-
tural classification, geochemical quantification of Ni–Cr and 
other trace elements, leachability testing where weathering 
or chemical processing is expected, and application-specific 
durability or performance testing.

In practical terms, UAE serpentinite should be managed 
as a heterogeneous resource rather than a single commodity. 
Lower-risk materials may be directed toward controlled indus-
trial value chains, while higher-risk fibrous or trace-metal-
sensitive fractions should be avoided, isolated, or routed only 
to enclosed and regulated processing pathways where immo-
bilization or compliant disposal can be ensured. This risk-
governed approach allows the UAE case study to illustrate the 
broader conclusion of this review: serpentinite valorization is 
feasible only when mineralogical qualification, process design, 
environmental safety, and end-use allocation are treated as 
linked decision steps rather than separate considerations.

Research gaps and future perspectives

Need for mineral-specific and texture-specific 
performance databases

A central gap in the field is the absence of standardized, 
mineral- and texture-resolved performance databases that 

explicitly link serpentinite attributes to application out-
comes. Many contributions still treat serpentinite as a sin-
gle, broadly defined material class, despite well-established 
variability driven by serpentine polymorph assemblage 
(lizardite–chrysotile–antigorite), degree of serpentinization, 
brucite abundance, fracture density, and deformation style. 
This heterogeneity is especially consequential in hazard and 
engineering contexts, where massive, foliated, and cataclas-
tic serpentinites can exhibit markedly different fiber-release 
potential and durability-critical petrophysical behavior 
(Marzini et al. 2024, Punturo et al. 2023).

Future databases should therefore be designed as inte-
grated, multi-parameter resources that combine mineral-
ogy (XRD, Raman, FTIR), texture and structural class 
(petrography and deformation state), petrophysics (density, 
porosity, UCS, wave velocities), geochemistry (Ni–Cr and 
trace elements), reactivity metrics (dissolution, activation 
response, carbonation rates), and—where relevant—emis-
sion or release indices. The broader geochemical commu-
nity has already demonstrated the scientific and practical 
value of mineral-specific rate databases used in reactive-
transport and geochemical modeling, including comprehen-
sive internally consistent dissolution-rate compilations and 
derivative tools for rate calculation and model integration 
(Heřmanská et al. 2022, Heřmanská et al. 2023, Oelkers and 
Addassi 2025, Oelkers and Addassi 2025). A comparable 
database architecture tailored to serpentinite would directly 
address the persistent disconnect between “rock name” 
and “engineering performance,” enabling fit-for-purpose 
qualification across construction, carbonation, Mg recovery, 
adsorption, and risk-governed reuse.

Bridging laboratory reactivity with pilot-scale 
deployment

A second enduring gap is the mismatch between laboratory 
demonstrations and pilot-scale performance. Laboratory 
studies commonly rely on idealized particle sizes, simplified 
fluids, short residence times, and controlled impurity levels, 
whereas pilot and industrial deployments must accommo-
date feedstock variability, realistic process fluids, solids-
handling constraints, and continuous operation. This scale 
dependence is particularly pronounced in mineral carbon-
ation, where field-relevant performance depends not only on 
chemistry but also on permeability evolution, precipitation 
geometry, and the preservation of fracture-controlled access 
pathways (Pasquier et al. 2014, Lacinska et al. 2017, Nisbet 
et al. 2024).

Pilot-scale aqueous carbonation provides a clear illustra-
tion: once systems move beyond bench scale, operational 
variables that may be underemphasized in batch tests—
including water management, liquid recirculation, solids 
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handling, and product separation—often become dominant 
determinants of outcome (Kemache et al. 2016). Techno-
economic evaluations similarly show that feasibility is fre-
quently controlled by energy demand, comminution and 
activation cost, and integration with existing industrial 
streams rather than conversion yield alone (Pasquier et al. 
2016). Comparable bridging work is needed for remedia-
tion and binder routes, where high laboratory performance 
obtained by exfoliation or thermal activation must be trans-
lated into pilot evidence addressing reagent recovery, efflu-
ent treatment, durability of spent solids and final products, 
and the consequences of realistic feedstock heterogeneity 
(Ivanova et al. 2022, Diab et al. 2025b).

Integrating geology, materials science, and 
environmental engineering

A third gap is that serpentinite research remains fragmented 
across disciplinary silos. Geological studies emphasize dis-
tribution, textures, and alteration histories; materials science 
studies focus on activation, phase control, and performance 
optimization; and environmental work concentrates on 
exposure pathways and risk. In practice, serpentinite valo-
rization requires a unified framework because performance 
is co-governed by mineralogy and microstructure together 
with processing conditions, while hazard profiles depend 
strongly on deformation state, weathering, and dust-genera-
tion pathways during quarrying and comminution (Marzini 
et al. 2024, Punturo et al. 2023).

This integration is particularly critical in geologic hydro-
gen and in situ carbonation contexts. In these systems, ser-
pentinite must be treated as a reactive rock mass in which 
fracture networks, fluid flow, and reaction kinetics are cou-
pled, and where success depends on system-scale behav-
ior rather than isolated batch reactivity. Systems-oriented 
hydrogen syntheses emphasize a source–migration–trap 
framework and monitoring-based evaluation, rather than 
single-criterion screening approaches (Pasquet et al. 2024, 
Liu et al. 2025). Carbonation syntheses similarly emphasize 
coupled thermo–hydro–mechanical–chemical feedbacks and 
the evolution of permeability and reaction fronts, rather than 
interpreting reactivity solely from short-duration laboratory 
experiments (Nisbet et al. 2024, Neil et al. 2024, IEAGHG 
2025). A coherent cross-disciplinary workflow would there-
fore align geological qualification, engineered processing, 
and risk governance as a single decision pathway.

Strategic priorities for serpentinite valorization in 
arid-region economies

In arid-region economies, including the UAE, serpenti-
nite valorization must be framed by constraints that often 

dominate at scale. Water availability is a primary limiting 
factor because many promising processing routes—aque-
ous carbonation, acid leaching, and intensive washing after 
modification—are water-intensive. Scalable deployment in 
arid settings will therefore favor closed-loop water recy-
cling, brine-tolerant chemistries where feasible, and dry 
or semi-dry process concepts when compatible with target 
products and performance requirements (Pasquier et al. 
2014, Kemache et al. 2016).

A second priority is co-location with industrial infra-
structure. Feasibility improves strongly when serpentinite 
resources, CO₂ point sources, and utilities are geographi-
cally aligned, especially when serpentinite is accessible as 
comminuted secondary streams such as quarry fines and tail-
ings that reduce grinding penalties and lower entry costs for 
reactive applications (Cavallo 2018, Pasquier et al. 2016). 
Third, feedstock selection must be explicitly risk-governed 
because serpentinite is not a uniform commodity. Massive, 
lower-release lithotypes may be suitable for controlled appli-
cations after qualification, whereas foliated or cataclastic 
serpentinites and chrysotile-veined materials require strict 
control or exclusion from open dust-generating uses (Marzini 
et al. 2024, Punturo et al. 2023). Fourth, the most credible 
scaling pathway lies in value-chain coupling and circularity, 
particularly through industrial symbiosis in which serpen-
tinite wastes and by-products are integrated into ceramics, 
binders, and carbonation processes embedded within mining 
and construction supply chains under compliant governance 
(Cavallo 2018, Pasquier et al. 2016). In summary, the field 
must transition from treating serpentinite as merely an abun-
dant rock to treating it as a qualified, fit-for-purpose resource. 
Achieving this requires mineral- and texture-resolved data-
sets, rigorous pilot-scale validation, integrated cross-disci-
plinary workflows, and arid-region deployment strategies 
that are explicitly designed around water constraints and risk 
governance (Sami et al. 2026, Marzini et al. 2024, Punturo et 
al. 2023, Pasquier et al. 2016).

Conclusions

Serpentinite is increasingly recognized as a multifunctional 
geomaterial rather than merely a hydrated ultramafic rock 
or low-value industrial stone. This review demonstrates that 
its performance is fundamentally controlled by polymorph 
assemblage, degree of serpentinization, accessory phases, 
and microstructural heterogeneity, which together govern 
density, porosity, mechanical behavior, Mg accessibility, dis-
solution kinetics, carbonation efficiency, and environmental 
risk. The literature confirms a dual technological significance 
for serpentinite. It remains an established material in con-
ventional applications such as dimension stone, aggregates, 



1 3

402  Page 48 of 51 Environmental Earth Sciences (2026) 85:402

and refractory/ceramic products, while also showing strong 
potential in emerging fields including low-carbon bind-
ers, magnesium-chemical production, mineral carbonation, 
adsorption systems, shielding materials, catalytic supports, 
and engineered porous composites. Its Mg-rich composition 
and hydroxyl-bearing structure are central to these opportuni-
ties, particularly in decarbonization and advanced materials 
design.

At the same time, serpentinite cannot be treated as a uniform 
resource. Application feasibility is strongly lithotype-depen-
dent, and responsible utilization requires explicit consider-
ation of mineralogical variability, activation response, and 
safety constraints. Chrysotile occurrence, elongated mineral 
particles, and possible Ni–Cr mobility remain critical limi-
tations that must be addressed through rigorous screening, 
controlled processing, and fit-for-purpose allocation. Overall, 
serpentinite has substantial promise for sustainable construc-
tion, carbon management, environmental remediation, and 
energy-related technologies. Future progress should priori-
tize polymorph-resolved characterization, pilot-scale valida-
tion, and integrated techno-economic and environmental-risk 
assessment to translate this geological resource into safe, 
scalable, and high-value applications.
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