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This study presents the first quantitative evaluation of natural hydrogen prospectivity in Italy, developed within
the EU-funded NHEAT—Natural Hydrogen for Energy trAnsiTion—project. It integrates geological, geochemical,
and geophysical data through a reaction-specific workflow, and introduces a semi-quantitative hydrogen pro-
spectivity index to classify and rank potential exploration target areas, primarily based on source rocks. The
results identify Tuscany as the top-priority region, where granitoid-hosted hydrothermal systems are associated
with documented Hy emissions. The Voltri Massif shows moderate potential linked to active serpentinization,
while the Northern Apennines may potentially preserve fossil Ha. In the Ivrea—Verbano Zone, granitoids of
Calabria and Sardinia, and in the Western and Central Alps, Ha could be generated from low-temperature sec-
ondary oxidation reactions. The Po Basin may sustain organic-related Hy production. This national-scale
assessment highlights Italy as a natural laboratory for diverse hydrogen systems and provides a transferable
workflow for identifying and developing natural hydrogen resources worldwide.

1. Introduction

The energy transition, driven by the dual imperative of mitigating
climate change and strengthening energy security, demands the rapid
deployment of low-emission technologies and diversification of clean
energy sources. European and national strategies, such as the European
Green Deal [1] and the REPowerEU Plan [2], identify hydrogen as a key
energy carrier. However, current roadmaps focus almost exclusively on
green hydrogen despite limitations related to renewable power avail-
ability, water resources, and production costs [3,4]. In contrast, natural
hydrogen, also known as white, native, or geological hydrogen, forms
spontaneously in the Earth's subsurface, offering low extraction costs,
zero direct COy emissions, and compatibility with existing energy in-
frastructures [5-7]. Despite these advantages, its potential remains
poorly explored and is mostly absent from current energy transition
strategies (Fig. 1).
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Several abiotic reactions in the Earth's crust and upper mantle
generate Hy, with a global flux estimated at roughly 40 to >64 Mt y !
[9]. After formation, natural Hp can migrate by advection along
high-permeability structural pathways until it is effectively trapped
beneath very low-permeability seals such as salt, anhydrite, and clay
[10,11]. Hy losses from reservoirs may occur via molecular diffusion
driven by concentration gradients, advective leakage along dry or
water-saturated fractures, or consumption by biotic and abiotic re-
actions [12-14]. Large uncertainties remain regarding subsurface Hy
residence times [9,14], but a global mass-balance model by Ellis &
Gelman [11] suggests that approximately 5.6 x 10° Mt of H, may be
preserved in the subsurface over geological timescales. A few accidental
discoveries of economically significant subsurface Hy accumulations,
such as those in Mali and Albania [15,16], demonstrate that substantial
concentrations can indeed be preserved and exploited. These examples
emphasize the necessity of systematic, geology-based exploration
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strategies to identify hydrogen-prone settings rather than relying on
chance discoveries.

To address this challenge, several pre-exploration workflows have
been proposed to integrate geological, geophysical, and geochemical
datasets for mapping Hy-favorable areas. Early frameworks by Moretti
et al. [17] and Lévy et al. [18] outlined basin-scale screening criteria
based on reactive lithologies and surface gas evidence, delivering sys-
tematic but largely qualitative approaches. Building on these founda-
tions, Donzé et al. [19] developed a probabilistic model calibrated on
the Bulqizé massif (Albania), combining geothermal, magnetic, and
hydrogeochemical indicators of serpentinization. Despite this method-
ological advance, the applicability of that model remains limited to
ophiolitic contexts.

As a key novelty, this study, primarily focused on Hj-generating
mechanisms, extends the probabilistic framework of Donzé et al. [19] to
a broader range of geological settings, including thermogenic degrada-
tion of organic matter and hydrothermal alteration of Fe-rich igneous
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rocks. In the proposed approach, indicators of Hy genesis are divided
into two categories: conditions and evidence. Greater weight is assigned
to conditions, as they are essential for Hy production—most funda-
mentally, the presence of source rocks at depth. By contrast, direct and
indirect evidence (e.g., shallow H, emissions) may be absent even where
subsurface accumulations exist. The model also introduces the distinc-
tion between active and fossil serpentinization, reflecting the different
conditions required for the formation and preservation of Hy accumu-
lations in these two cases.

This framework introduces an Hy Prospectivity Index coupled with a
data completeness factor, providing the guidance for efficient explora-
tion planning that identifies where additional data collection is needed
and where exploration efforts should be prioritized. The approach is
tested using Italy as a case study, where the geological setting is favor-
able for multiple Hy generation processes—and yet a comprehensive,
national-scale evaluation of Hy prospectivity is still lacking. Developed
within the NHEAT project of national relevance (PRIN PNRR 2022), this

Fig. 1. The role and value chain of natural hydrogen in the energy transition (modified after [8]). The figure illustrates processes capable of generating H, in
significant quantities and their integration within the broader hydrogen value chain.



G. Schirripa Spagnolo et al.

study supports national-scale evaluations of natural Hy potential and the
identification of high-priority exploration targets. Our reaction-specific
workflow model, based on reproducible and editable matrix-based
computations, can be easily applied to other geological contexts or Ha-
generating mechanisms. Since the framework mainly focuses on
generation-related indicators, it can be readily updated as new geolog-
ical information and refined criteria for Hy accumulation and
preservation—processes that remain only partially constrained in the
literature—become available, thereby progressively improving the
identification of hydrogen-prospective targets.

2. Potential natural hydrogen source in Italy

Several natural processes are known to generate Hy, including ser-
pentinization, hydrothermal alteration of Fe-rich igneous rocks, oxida-
tion of Fe-rich sedimentary rocks such as banded iron formations (BIFs)
and siderite deposits, thermal decomposition of organic matter, mantle
degassing, magmatic activity, fracture-induced reduction of water, and
radiolysis [20-26]. These processes are, however, highly site-specific,
and their local significance depends on the presence, abundance, and
spatial distribution of suitable reactive lithologies. A detailed under-
standing of the lithological framework is therefore essential to reliably
assess the potential of Hy generation in a given area. Italy lacks extensive
iron-rich sedimentary rocks such as BIFs and siderite deposits, although
minor Fe-rich deposits may contribute marginally (e.g., Ref. [27,28]).
Likewise, Hy generated by radiolysis of water is not considered in this
work, as it is typically associated with U-, Th-, and K-bearing minerals
hosted in Archean-Proterozoic terranes, which are absent in Italy [21,
25,29,30]. Nonetheless, radioactive elements occur in accessory phases
such as zircon, apatite, and monazite within the Tuscan and Calabrian
granites [31-33] and in U-bearing ores related to hydrothermal alter-
ation of Upper Carboniferous-Lower Permian acidic volcanic rocks in
the Southern Alps [34]. Furthermore, U-bearing lignites are exposed in
Central Italy and Sardinia, where radioactive decay could cause radi-
olysis of organic matter [35]. Although these deposits contain appre-
ciable U3Og concentrations [34,35], their relatively young age suggests
a negligible contribution to Hy generation. The Italian geological
framework is characterized by widespread ophiolitic complexes,
geothermal and volcanic systems, abundant granitoid intrusions, and
sedimentary basins. Within this context, such lithological and structural
settings would be expected to host processes including serpentinization,
hydrothermal alteration of Fe-rich igneous rocks, organic matter
degradation, and, to a lesser extent, volcanic activity (Table 1), all
recognized as potential sources of Ha.

Serpentinization is the reaction of ultramafic rocks with water that
forms serpentine, magnetite, and occasional brucite, while releasing Hj,
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CHy4, and hyperalkaline fluids [46-49]. Hy is generated through the
reduction of water coupled with the oxidation of Fe?* in olivine and
orthopyroxene [22,36,50,51]. Serpentinization proceeds most effec-
tively under hydrothermal conditions (150-300°C) typical of oceanic
lithosphere, but it also occurs in continental environments such as
ophiolitic massifs, orogenic peridotites, and Archean greenstone belts
[10,16,37,52]. Similarly, the interaction between hydrothermal fluids
and other Fe?*-bearing minerals, such as amphiboles (e.g., arfvedsonite,
riebeckite) and biotite, can generate Hy through oxidation of ferrous
iron and formation of magnetite at rates comparable to those of ser-
pentinization [38-40]. A related process is hematitization, defined as
the low-temperature (<150°C) oxidation of magnetite to hematite
(a-Feo03), which can occur in both hydrothermally altered granites and
serpentinites [41,53]. In addition, the thermal cracking of overmature
organic matter within coalfields or organic-rich shales can generate H,
whereas microbial processes such as fermentation and nitrogen fixation
may also contribute, although most biologically produced Hs is typically
consumed by concurrent microbial reactions [42,43,54]. Finally,
mantle-derived H; associated with volcanic activity, or produced
through the reduction of magmatic gases such as HsS and SO, may be
locally significant in Italy due to the presence of active volcanic systems
[44,45]. However, the technical and regulatory challenges of exploring
in high-risk volcanic zones (e.g., Campania, Lazio, Sicily) currently limit
their exploitation potential. The following sections therefore focus on
the aforementioned Hj-generating processes, excluding those related to
volcanic activity, starting from the characterization of the rocks and the
corresponding geological and geochemical settings in which these pro-
cesses occur.

3. Italian geological and geochemical setting

After identifying the processes most relevant to Hy production in
Italy, the geological, tectonic, and magmatic evolution of the region is
summarized to assess their influence on the subsurface generation,
migration, accumulation, and preservation of natural Hy. The present-
day structural, geological, and magmatic framework of Italy results
from the convergence between the European and Adriatic-African plates
during the Alpine orogeny (Mesozoic-Present), superimposed on the
older Hercynian one [55,56]. The subduction and collision stages of the
Alpine cycle led to the closure of the Alpine Tethys Ocean, the opening
of the Tyrrhenian back-arc basin, and the buildup of the Alps and the
Apennines orogens (Fig. 2). This long-lived orogenic evolution produced
a strongly heterogeneous lithosphere, in which (ultra)mafic, granitoid,
sedimentary, and volcanic rocks of different ages coexist and are
affected by a dense network of faults and active geothermal-magmatic
processes (Fig. 2b). Such lithological and structural heterogeneity

Table 1
Principal natural hydrogen generation processes and their relevance in Italy.

Process Main reactions Typical H; yield Occurrence in Italy Exploration relevance Key

references

Serpentinization Olivine/pyroxene + H,0 — High (up to Ophiolitic complexes (both in the Alps and High [22,36,37]

serpentine + magnetite + Hy thousands of Apennines)
(150-300°C) ppmv)

Hydrothermal Alteration of Fe** minerals Moderate to high Granitoid intrusions, geothermal fields (Tuscany, High [38,39]
alteration of Fe-rich (biotite, amphibole) — Fe®* Sardinia) [401;
rocks phases + Hp

BIF oxidation/ Magnetite — hematite + Hy Low to moderate Minor Fe-rich deposits (local occurrences) Low [27,41]
hematization

Thermogenic or Thermal cracking or Moderate to high Po Plain, Apennine foredeep basins, coalfields in Moderate [14,42,43]
microbial fermentation of organic matter Sardinia
degradation

Radiolysis of water or o, B, y decay of U-Th-K minerals ~ Moderate to high Accessory U-Th-K minerals in Tuscany and Low [29,30,34,
organic matter — Hj + oxidants Calabria. U-bearing ores in Southern Alps 35]

(Novazza and Val Vedello) and in Sardinia

Volcanic/mantle
degassing

Reduction of H,S, SO, in Variable, locally
magmatic gases or direct mantle  high
release

Active volcanic areas (Campania, Lazio, Sicily)

Low — limited by
technical and regulatory
constraints

[44,45]
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Fig. 2. a) The map of the Mediterranean area showing the main orogenic belts, basins, and subduction zones. The study area shown on panel b is marked in black. b)
Map of the tectonostratigraphic units of Italy (WGS84/UTM 32 N; modified by “Carta Geostrutturale dell’Italia 1:1000000” of ISPRA [57].

exerts a primary control on potential H, systems because it governs both
the sources of Hy (e.g., rock types prone to Ha-producing reactions) and
the pathways and traps for Hy migration and accumulation. In this
framework, mafic and ultramafic rocks that are capable of producing Hy
through serpentinization in Italy include ophiolitic bodies derived from
the Tethys Ocean, mainly exposed in the Western—-Central Alps and in
the Northern-Central Apennines (Fig. 2b). In the Apennines, serpentinite
bodies are generally weakly metamorphosed or unmetamorphosed [49,
58-61], whereas they often record high-pressure metamorphism in the
Alpine belt ([62,63]; Fig. 2b). Igneous rocks rich in Fe-bearing minerals,
formed during both Hercynian and Alpine orogenic cycles, represent an
additional potential source of Hj. Intrusive rocks include Hercynian
granitoids widely exposed in the Eastern and Southern Alps that, in some
cases, underwent Alpine metamorphism [64]. Hercynian granitoids also
occur in Sardinia and Calabria [65,66]. Younger magmatism, associated
with the Alpine subduction, emplaced tonalite-granodiorite intrusions
mainly along the Insubric Line (Fig. 2b), between 32 and 28 Ma [67,68].
In Tuscany, subduction-related granitoid intrusions, associated with
Tyrrhenian back-arc crustal thinning, occurred between 8 and 1 Ma
[69-71]. Concerning volcanic rocks, late Paleozoic acidic volcanics,
related to late Hercynian stages, crop out mainly in the Alps [72].
Instead, volcanic rocks exposed in Sardinia, Sicily, and the Apennines
are related to Alpine magmatism ([45,68,73]; Fig. 2b) and range from
basaltic to more alkaline compositions. Alpine-cycle magmatism is still
active in southern and central Italy and is expressed by
high-temperature fluid manifestations, such as volcanic plumes,

fumaroles, and boiling pools where intense CO5 fluxes
(~2.1 x 10! mol/y; [74,75]) are accompanied by CHy4, N, and noble
gases [76,77]. Although Hj, is typically a minor constituent of the dry gas
fraction (<0.1 vol%), localized enrichments have been documented in
the Larderello geothermal area (2.5-6.4 vol%; [78,79]) and near active
volcanic centres such as the Solfatara (1.25 vol%; [80]), Ischia (up to
4.2 vol%; [81]), Vesuvio (1.2 vol%; [82]), and Pantelleria (13 vol%;
[83]; Table S2). In Italy, natural gas emissions are not limited to
magmatic and hydrothermal provinces: cold gas emissions from soils,
vents, or aquifers are widespread in non-volcanic settings [84,85]. These
manifestations are multi-component systems, where Hj is either absent
or present only in trace amounts (Tables S1-S2). For instance, gas dis-
charges along the Apennine thrust front are dominated by CHy4-rich
fluids of thermogenic or microbial origin [86,87], whereas those in
Sardinia consist of CO,-N, or CO,-CH4 mixtures. In both cases, Hy
contents are negligible (<0.04 vol% [85,88,89]; and references within;
Table §2), likely due to oxidation and dilution with other carrier phases.

Gas-geochemical datasets are most comprehensive in Central-
Southern Italy ([85], and references therein), owing to the volcanic
monitoring activities, and in Tuscany [78,79,84,90-92] due to
geothermal exploration. Conversely, in other regions, particularly in the
Northern Apennines and the Alps, fluid geochemical information re-
mains more limited and spatially localized ([93-99]; Table S2). This
uneven coverage limits our ability to assess the national distribution of
H, occurrences and to evaluate resource potential at basin and regional
scales. Nevertheless, the Italian geological framework hosts multiple,
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physically plausible sources and reservoirs for Hp, which warrant
detailed investigation in the following sections.

4. Integrated workflow

The proposed workflow combines geological, geochemical, and
geophysical data with spatial analysis and semi-quantitative weighted
scoring to identify areas with potential for natural Hy generation and
preservation across Italy. Considering the selected Hy-generating re-
actions, the workflow consists of three main steps.

(i) integration of geological, geochemical, and geophysical datasets
within a GIS framework,
(ii) identification of evidence and condition indicators for each Ho-
generating processes, and
(iii) semi-quantitative estimation of Hy prospectivity to prioritize
exploration targets.

4.1. Step 1: data compilation and GIS-based integration

Geological, geochemical, and geophysical data were integrated into
QGIS to build thematic maps correlating rock types, structural trends,
geothermal conditions, and gas-emission data. Geological inputs, such
as rock and fault mapping, are derived from the Geological Map of Italy
(1:1,000,000 scale; ISPRA [57]) and from the Structural Model of Italy
(1:500,000 scale; MASE [100]). Building on the previous identification
of the most relevant Hj-generating processes for the Italian context
(Table 1), we select the associated potential hydrogen generation rocks
(H>-GR; modified after [18]).

- Hy-GR1: mafic and ultramafic rocks (peridotites, serpentinites, gab-
bros, and basalts), capable of generating Hy through the water-rock
interaction involving Fe?'-bearing minerals (active or fossil
serpentinization);

- Hy-GR2: Fe-rich igneous rocks (granitoids and rhyolites) potentially
affected by hydrothermal alteration;

- Hy-GR3: organic-rich sedimentary rocks, where thermogenic degra-
dation of the organic matter may produce Hj.

We exported and examined polygon attribute tables of Hp-GR1 and
H,-GR2 in QGIS software to determine their areal extension across the
Italian territory. For Hy-GR3 rocks, we used locations of productive
hydrocarbon wells from the MASE database [101] as proxies for po-
tential subsurface Hy co-generation. The second GIS layer includes lo-
cations where Hj has been detected in near-surface soil gases [93,99], in

Table 2
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the dry fraction of gas emissions (e.g., mofettes and fumaroles), and in
dissolved gas of springs and wells ([84,85], and references therein),
supplemented with updated records from Gherardi et al. [92], Leila et al.
[78], Granieri et al. [79], de Freitas et al. [99], and the unpublished
National Institute of Geophysics and Volcanology (INGV) database (see
Tables S1 and S2). Regarding geophysical data, we integrated the Earth
Magnetic Anomaly Grid (EMAG2v3; [102]) and mapped surface
heat-flow contours derived from the geothermal map of Della Vedova
et al. [103], available through the GeothermCatalog of the Institute of
Geosciences and Earth Resources, National Research Council of Italy
(IGG-CNR).

4.2. Step 2: reaction-specific evidence and condition indicators

For each selected process, specific indicators—evidence and
conditions—were identified to reflect the distinct geological and
geochemical signatures of different Hp-generating processes (Table 2),
based on an extensive review of the literature. Table 2 illustrates that
some indicators are common to all processes, whereas others are specific
to individual mechanisms. For serpentinization, fossil and active sys-
tems are distinguished because they are characterized by different in-
dicators. The most critical one is the target source rock type and its
degree of serpentinization: peridotites or peridotites with low grades
(<20%) of serpentinization containing olivine, which could generate H;
nowadays in active systems, versus highly (>70%) or fully serpentinized
rocks, which could have produced substantial quantities of Hy in the
past, now potentially preserved in the subsurface, in fossil systems. In
areas where both peridotites and highly serpentinized rocks are present,
a unique classification is not possible; therefore, Hy prospectivity is
evaluated considering both active and fossil systems.

We define evidence as direct or indirect indicators supporting Hj
production (e.g., reactive lithologies, H, and CH4 anomalies, alkaline
springs, etc.). The absence of such evidence does not necessarily exclude
the possibility of a subsurface reservoir. Conditions, instead, correspond
to geological, thermal, and geochemical prerequisites for, primarily, Hy
formation (e.g., presence of target rock at depth, adequate heat flow,
etc.; Table 2) and, secondarily, its preservation (favorable structural
architectures for Hy accumulation and preservation; Table 2).

4.3. Step 3: semi-quantitative calculation of Hz prospectivity index

To translate the conceptual framework defined in Section 4.2 into a
reproducible analytical tool for identifying the most promising areas for
potential future Hy exploration, we implement a semi-quantitative
approach, fully described in Appendix A.

In the first step, we separately quantify the evidence and condition

Evidence and conditions for active and fossil systems, such as serpentinization, and for active hydrothermalism and thermogenic degradation of organic matter. “v/*

indicates applicable and “n/a” not applicable indicators.

Serpentinization Serpentinization Hydrothermalism  Degradation of organic
(active) (fossil) matter
Evidence
Target rock exposure at the surface v v v n/a
Alkaline springs indicating ongoing water-rock reactions v n/a v n/a
CH,4 emissions as proxy of ongoing serpentinization v n/a n/a n/a
H, emissions as a potential indicator of seepage from a deep resource v v v v
H, trapped in fluid inclusions indicating fossil H, generation n/a v n/a n/a
Hydrocarbon wells indicating the occurrence of kerogen at depth n/a n/a n/a v
Magnetic anomalies consistent with serpentinite bodies at depth. n/a v n/a n/a
Conditions
Target rocks at depth (from geophysical data or geological interpretations) v v v v
Volume estimates (reactive mass available) v v v n/a
High heat flow supporting reaction kinetics v n/a v n/a
Total Organic Compounds (TOC, wt%) n/a n/a n/a v
Thermal maturity of kerogen expressed as vitrinite reflectance (R, %) n/a n/a n/a v
Favorable structural architecture (reservoir rocks, sealing horizons). In the v v v v

fossil system it also includes the tectonic history
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scores (E and C) for each investigated area (see equation (1) in Appendix
A). These scores are calculated as normalized weighted averages of the
values (Vi) assigned to each indicator applicable to the selected H-
generating process (defined by the indicator flag Fi) in the study area.
The weights (Wi) assigned to each indicator reflect its relative geological
importance within the Hy-generating processes (see Tables A.1 and S3,
Ranking Criteria). To account for heterogeneous data coverage,
completeness factors (CF, and CF.) were introduced as the ratio of the
evidence or conditions available for the study area to the total number of
evidence or conditions applicable to the investigated process (see
equation (2) in Appendix A). Previous parameters (E and C, CF. and CF.)
are then summed using the o weight (see Appendix A) to obtain the score
and completeness factor of all indicators (i.e., I and CF; see equations (3)
and (4) in Appendix A).

At this point, the Hy Prospectivity Index (Hy_index) is computed as
the product of I, CF, and Tr (see equation (5) in Appendix A), where Tr is
a binary geological filter for target rock at depth (Tr = 0 when potential
source rocks are absent, resulting in a null index; Tr = 1 where they are
present; see Table S3). The resulting E, C, CF, and H,_index values for all
investigated areas are reported in Table S3 and used to classify hydrogen
prospectivity into four classes: > 0.75 = High; 0.50-0.75 = Moderate;
0.25-0.50 = Low; < 0.25 = Very Low/Uncertain.

The product of I, CF, and Tr (see Equation (5) in Appendix A), where
Tr is a binary geological filter for target rocks at depth (Tr = 0 when
potential source rocks are absent, resulting in a null index; Tr = 1 when
they are present).

Sensitivity tests, performed by varying the adopted weights (a and
Wi) across all Hy-generation processes and selected areas, demonstrate
the stability of the highest-prospectivity regions and thus confirm the
robustness of the proposed semi-quantitative approach (see Appendix A
and Table S3). Table S3 reports all input values (indicator list, Wi, Vi),
intermediate results (E, C, I, CF), final scores (Ho_index), and sensitivity
tests facilitating reproducibility and enabling application of the model to
other geological settings or Hp-generating mechanisms.

4.4. Hj production and energetic basis of the volumetric threshold

The Hj generation and energy assessment provides the quantitative
basis for a volumetric threshold that will be adopted for our ranking
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criteria of the semi-quantitative framework, directly constraining the
potential scale and economic significance of natural Hy systems
(Appendix A). The volume of reactive lithologies is the main control on
Hj yield. Stoichiometric estimates indicate that, theoretically, a 100 km?®
peridotite body with 10% FeO could generate ~310 Mt H, if fully ser-
pentinized. Similarly, a 100 km® biotite-rich granite could yield
85-120 Mt of H; depending on the oxidation state of biotite (see
Appendix B for details; [39,104]). Assuming complete reaction and full
gas retention, these values correspond to 14-38 EJ (x3900-10,
500 TWh) of energy, equivalent to 2-6% of current global annual energy
demand ([3]; see Appendix C for energy conversion assumptions).

Under more realistic—though still optimistic—conditions (10-80%
reaction progress; 10% trapping efficiency; strongly inhibited biotic/
abiotic consumption; [11]), the amount of recoverable H; is prelimi-
narily estimated to range from 3 to 25 Mt for peridotites and 1 to 10 Mt
for granitic systems (Appendix B). To relate geological potential to
economic feasibility—and in line with the targets of the European
Hydrogen Strategy (10 Mt Hy yr~ ! by 2030)—a reference volumetric
threshold of 100 km? of reactive rock was adopted (Appendix B; Fig. 3).
This volume corresponds to a theoretical sustainable Hy production
(>0.5 Mt Hy yr’l) over an operational lifetime of about 20 years, a scale
that is considered sufficient to justify capital investment and ensure
long-term economic feasibility [105,106]. Given the uncertainties
associated with several processes (reaction progress, trapping efficiency,
and preservation), this threshold should be regarded as a first-order
screening based on geological criteria for identifying areas where
hydrogen production may be economically significant. To evaluate and
guarantee the presence of a recoverable resource, more detailed,
site-specific analyses will subsequently be required.

4.5. Method limitations

The main limitation of the proposed approach lies in the fact that the
selection of indicators, the associated threshold, and the Wi assignment
are based on the still limited understanding of natural hydrogen systems,
particularly with respect to migration pathways, trapping efficiency,
and preservation potential. In addition, only a few natural hydrogen
reservoirs have been identified worldwide to date, which limits the
calibration of the model across all Hp-generating processes. These

Fig. 3. Molecular hydrogen generation potential as a function of reaction progress for a 100 km® rock volume. Dark lines represent H, production (Mt), whereas lighter
lines indicate the corresponding equivalent energy yield (TWh, LHV). Serpentinization (green) produces up to three times more H, than granite alteration
(blue = total; orange = partial) under comparable reaction progress. H; estimates were derived from stoichiometric calculations using compositional data from Leong
et al. [104] and Murray et al. [39]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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aspects should therefore be considered when interpreting the results.
Despite these limitations and the present inability to reliably predict
subsurface Hy accumulations, the proposed approach provides a prac-
tical framework for identifying areas where additional data collection is
needed to improve hydrogen prospectivity assessment, for prioritizing
exploration targets, and for supporting reservoir discovery efforts.

International Journal of Hydrogen Energy 266 (2026) 156933
5. Italian hydrogen potential: results and discussion

Mafic-ultramafic (H2-GR1) and Fe-rich igneous rocks (Hy-GR2) are
the primary Hp-generating lithologies in Italy, together covering
approximately 10% of the national surface area (Fig. 4).
Mafic-ultramafic rocks (Ha-GR1) include both Tethyan-derived ophio-
lites (serpentinites, gabbros, basalts, eclogites, and peridotites) and
basaltic lavas. Ophiolites are discontinuously preserved along the Italian
peninsula, in the Western Alps (~1300 kmz), Central Alps (~300 kmz),

Fig. 4. a) The map of H,-generating rocks in Italy (WGS84/UTM 32 N) with also the locations of hydrocarbon productive wells (MASE database; [101]) and surface
heat flow (mW/m?) contour lines by Della Vedova et al. [103]. b) Pie chart of Italian H-generating rocks with their superficial areas (km?) and their percentage
coverage of the Italian territory.
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Ligurian Alps (~700 km?), Northern Apennines (Liguria, Emilia, and
Tuscany regions, ~800 km?), and Southern Apennines (Calabria region,
~150 km?). Instead, basaltic lavas are mainly exposed in Sardinia
(~1700 km?), Sicily (~1800 km?), and the Eastern Alps (~500 km?).
Collectively, these units cover approximately 8000 km?, corresponding
to about 3% of the Italian territory. Fe-rich mafic lithologies such as
gabbros and basalts, although not directly involved in serpentinization,
may contribute to Hy generation through oxidation of Fe-bearing min-
erals, a process that can occur alongside serpentinization.

Fe-rich igneous rocks (Hp-GR2), including granites, metagranites,
and peralkaline rhyolites, are mainly exposed in the Alps, Sardinia, and
the Calabrian arc, covering an overall area of about 22,000 km?,
equivalent to 7% of the Italian surface. Particularly Fe-enriched per-
alkaline rhyolites (pantellerites) occur on Pantelleria Island [107],
where the highest Hy concentrations in Italy have been measured (up to
13 vol%; Table S2). However, since regions with exposed rhyolites
coincide with high-risk volcanic areas, where both technical and regu-
latory constraints severely limit exploitation, they are excluded from the
following discussions.

5.1. Active serpentinization

5.1.1. Evidence

Fresh peridotites are widely exposed in the Lanzo (~80 km?) and
Voltri (~110 kmz) massifs (Table 3; Fig. 5). The Lanzo Massif is a large
ultramafic body (~150 km?) with a peridotite core composed mainly of
lherzolite and, subordinately, harzburgite and dunite, surrounded by a
serpentinized shell (Bourdier et al., 1978; [112,113]). The Voltri Massif,
instead, hosts meter-to kilometer-scale discontinuous bodies of perido-
tite within strongly foliated serpentinites (e.g., Ref. [114]). Minor
exposed peridotite bodies are also preserved in the Ivrea Verbano Zone
(IVZ; ~30 km? Table 3) and in the Ligurian-Emilian Apennines
(~50 km? [19,110,112,115]). Notably, these peridotite bodies host
podiform or layered chromitites (in the IVZ) and Cr-rich spinel (in the
Emilian Apennines), which may act as catalysts for Hy generation [19,
110].

Several alkaline and hyperalkaline springs were documented in the
Voltri Massif, where they are associated with ultramafic rocks ([94,95,
97,98,116,117]; Fig. 5). Hp and CH4 were documented in hyperalkaline
springs both in the Voltri Massif [95] and the Northern Apennines ([99];
Figs. 5 and 6; Table 3). The §'3C and &%H isotopic signatures of CHy
dissolved in these springs indicate an abiotic origin [95,99], providing
additional evidence of ongoing serpentinization.

The absence of reported alkaline or hyperalkaline springs as well as
H, emissions in the Lanzo Massif and IVZ likely reflects differences in
tectonic evolution and/or depth of serpentinization, or, alternatively,
may result from the lack of detailed hydrogeological investigations.

5.1.2. Conditions
The IVZ presents extensive peridotite bodies extending from the

Table 3
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surface to depths of 10-15 km, as revealed by recent 3-D seismic and
crustal models indicating a tilted ultramafic lens several tens of kilo-
meters long [109,118]. The Lanzo and Voltri Massifs, although lacking
dedicated geophysical surveys, likely host significant peridotite volumes
at depth, as suggested by interpretative cross-sections showing
well-defined ultramafic layers [108]. In the Ligurian Apennines,
confined lenses of ophiolites occur at depths of 5-7 km [111], whereas
in the Emilian and Tuscan Apennines they are closer to the surface
(0.5-1 km; [61,110]). However, the tectono-metamorphic evolution of
these regions suggests that these ophiolitic rocks are extensively ser-
pentinized [49,119]. Although advanced serpentinization reduces
olivine abundance, relict olivine grains may nevertheless remain reac-
tive and participate in active serpentinization [110].

Ultramafic rocks in the Alps and the Ligurian-Emilian Apennines,
though widespread both at the surface and at depth, are associated with
low heat flow (<100 mW/m?) and normal geothermal gradients
(~30 °C/km) (Fig. 5; Table 3), limiting serpentinization at shallow
levels where optimal temperatures (100-350°C, peak > 200°C;
[120-122]) are rarely reached. However, under such low temperature
conditions, Hy could be produced by the ongoing oxidation of
Fe?*-bearing secondary minerals within serpentinites, including brucite
and magnetite [51].

In contrast, the Tuscan Apennines display much higher heat flow
(>400 mW/m?) and intense hydrothermal circulation, especially in the
Larderello and Monte Amiata geothermal fields (Fig. 5). Despite the
limited availability of detailed geophysical data, most ultramafic do-
mains exhibit a favorable structural architecture for Hy migration and
trapping. This is primarily due to the pervasive faulting, which enhances
fluid circulation, and the juxtaposition of high- and low-permeability
rocks, which promotes fluid accumulation [61,98,108,123].

5.2. Fossil serpentinization

5.2.1. Evidence

Fossil serpentinization refers to ancient hydration of ultramafic
rocks, for example, in mid-oceanic ridges or in subduction zones [46,
63]. Hy produced by such processes may be preserved in deep reservoirs
where structural and stratigraphic conditions are favorable. In the
Alpine domain, both the Lanzo Massif and the Valmalenco—located
close to the Insubric Line—include approximately 70 km? of exposed
serpentinites. Moreover, Aosta Valley and Voltri Massif expose about
225 and 470 km?, respectively—the largest serpentinite areas in Italy
(Table 4). All these rocks in the Alpine domain are characterized by a
high degree of serpentinization (60 - 80%; [126,128]) up to full ser-
pentinization in the Voltri Massif [129]. Conversely, the Ivrea—Verbano
Zone, although underlain by deep peridotite bodies, has minimal ser-
pentinite outcrops characterized by a very low degree of serpentiniza-
tion (<20%; [126]). In the Apennines, ultramafic rocks characterized by
a strong degree of serpentinization (>70%; [49,59,110]) cover about
110 km? in the Ligurian and Emilian regions, over 130 km? in Tuscany,

Evidence and conditions for active serpentinization in target areas indicating whether each selected area satisfies the ranking criteria defined in the semi-quantitative

H, Prospectivity Index framework (Appendix A and Table S3).

Target area Evidence Conditions
Target Rock H, CH,4 Alkaline Target Rocks at Volume Heat Active magmatic/ Favorable
exposure emissions emissions springs depth estimates Flow hydrothermal structural
(Peridotite) (vol %) (vol %) (Peridotite) (km®) (mW/ system architecture
(km?)! m2)°
Lanzo Massif 80 N.d. N.d. N.d. Yes >100° 60 No Yes
Ivrea-Verbano 30 N.d. N.d. N.d. Yes >100° 70 No Yes
Voltri Massif 110 < 0.0012 16 - 19° Yes* Yes >100° 80 No Yes
Ligurian- 50 <0.002° 8.9° Yes® Yes <« 10078 70 No Yes
Emilian
Apennines

N.d. = no data; 1) Structural Model of Italy at scale 1:500,000 ([100]1; 2) [95]; 3) [99]; 4) [941; 5) [108]; 6) [109]; 7) [110]; 8) [111]; 9) [103].
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Fig. 5. Maps of Northern (panel a) and Southern Italy (panel b) showing potential Hp-generating rocks and H, measurement sites (Tables S1 and S2; [93,99])
(WGS84/UTM 32 N). Maps also include surface heat flow (mW/m?) contour lines by Della Vedova et al. [103] and the locations of hydrocarbon productive wells
(MASE database; [101]).
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Fig. 6. Maps of Sardinia (panel a) and Central Italy (panel b) showing potential Hy-generating rocks and H, measurement sites (Tables S1 and S2; [93,99])
(WGS84/UTM 32 N). Maps also include surface heat flow (mW/m?) contour lines by Della Vedova et al. [103] and the locations of hydrocarbon productive wells

(MASE database; [101]).

Table 4

Evidence and conditions for fossil serpentinization in target areas indicating whether each selected area satisfies the ranking criteria defined in the semi-quantitative

H, Prospectivity Index framework (Appendix A and Table S3).

Target area Evidence

Conditions

Target rock exposure H, emissions H; in fluid Magnetic Target rock at depth Volume Favorable structural
(Serpentinite) (km?)! (vol %) inclusions anomalies (nT)° (Serpentinites) estimates (km®)  architecture

Lanzo Massif 70 N.d. Yes® c.a. 100 Yes > 100'° No

Voltri Massif 470 < 0.001% N.d. c.a. 200 Yes >100'2 No

Aosta Valley 225 N.d. Yes” c.a. —20 Yes >100'3 No

Valmalenco 70 N.d. Yes® c.a. 100 Yes > 100 No

Ligurian-Emilian 110 0.04% N.d. ca. 15 Yes >100'2 Yes

Apennines
Tuscan Apennines 130 6.4% N.d. ca. 0 Yes >100'° Yes
Calabrian arc 45 < 0.0005° N.d. ca.-10 Yes < 100%° Yes

N.d. = no data; 1) Structural Model of Italy at scale 1:500,000 (ISPRA); 2) [95]; 3) [99]; 4) [79]; 5) INGV dataset (see Table 52); 6) [113]; 7) [124]; 8) [125]; 9) Earth
Magnetic Anomaly Grid-EMAG2v3; 10) Geological Map of Torino Ovest at scale 1: 50,000 (ISPRA); 11) [126]; 12) [111]; 13) [127]; 14) Geological Map of Valmalenco
at scale 1:25,000, Montrasio et al., 2005; 15) [61]; 16) Brandt and Schenk, 2021.

and approximately 45 km? in Calabria (Table 4). Beyond H, emissions
already discussed in the previous section, additional indicators of fossil
serpentinization include: (i) measurements of Hy trapped within fluid
inclusions as evidence of past serpentinization events and (ii) magnetic
anomalies as indirect evidence of serpentinite bodies at depth.

Micro-Raman spectroscopy performed on fluid inclusions within
veins collected in serpentinite outcrops of the Lanzo Massifs, Aosta
Valley, and Valmalenco reveals the occurrence of serpentinization-
derived Hy in brines [113,124,125,130]. A recent paleomagnetic
investigation by Siravo et al. [126] in the Ivrea-Verbano Zone (IVZ)
revealed a low to very low degree of serpentinization, consistent with
limited magnetite formation. Conversely, aeromagnetic anomaly maps
by Caratori Tondini et al. [131] and Meyer et al. [102]; EMAG2v3)
display particularly high magnetic anomalies (>100 nT) in correspon-
dence with the Lanzo and Voltri massifs, suggesting the presence of large
serpentinite bodies at shallow depths (<4 km).

To date, no studies have documented Hy trapping within fluid
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inclusions in the Apennines. Considering magnetic anomalies, Donzé
et al. [19] reported that ophiolites of the Northern Apennines display
average anomalies of 11 nT weaker than those observed in analogous
settings such as the Hy-rich chromite mine of Albania (above 20 nT).
However, the lenticular geometry of serpentinite bodies in the Apen-
nines enclosed within sedimentary successions likely attenuates or ob-
scures regional magnetic signatures, explaining the relatively weak
anomalies observed in these areas.

5.2.2. Conditions

In the Alpine domain, the Voltri Massifs, Lanzo Massif, Aosta Valley,
and Valmalenco exhibit wide surface exposures of serpentinites, indi-
cating extensive fossil serpentinization that, nowadays, likely continues
at depth [62,108,111,127]. These ophiolites record multiple serpenti-
nization episodes initially related to oceanic hydrothermal alteration
and subsequently to subduction-related metamorphism (e.g., Ref. [113,
124,130,132]). Multiple serpentinization phases linked to oceanic and
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subduction metamorphism [113,124,130,132], followed by exhuma-
tion, likely modified or partially disrupted the original lithological or
structural architecture, suggesting that part of the Hy generated during
past serpentinization may have been lost [133]. The Ivrea-Verbano
Zone, despite hosting deep peridotitic units, shows negligible serpenti-
nization and only minor or negligible surface serpentinite [126], indi-
cating minimal H, generation and little to no potential for fossil Hy
preservation.

In the Apennine domain, the Ligurian-Emilian, Tuscan, and Cala-
brian ophiolites record Jurassic serpentinization of Alpine Tethys ul-
tramafic rocks (ca. 150 Ma; [119]). Serpentinites in these regions form
ultramafic lenses enclosed within rocks of contrasting permeability,
such as pelitic or carbonate formations [134,135]. Although discontin-
uous and fragmentary, the geometry of these serpentinite
lenses—volumetrically significant, particularly in the Tuscan Apennines
[61,134]—provides favorable conditions for Hy preservation.

Overall, in the Alpine domain, most of the Hy produced during past
serpentinization was likely lost as a result of the erosion of sedimentary
cover during the orogen building, limiting the preservation of ancient
reservoirs. In contrast, the Apennine ophiolites retain the geological and
structural prerequisites for economically attractive Hy preservation.

5.3. Hydrothermal alteration of iron-rich intrusive and volcanic rocks

5.3.1. Evidence

Biotite-rich granitoids and metagranitoids, emplaced during the late
stages of the Hercynian orogeny and later overprinted by Alpine
deformation and, locally, metamorphism, are widely exposed across the
Western, Central, and Southern Alps (~7000 km?) (e.g., Ref. [136]).
Several Alpine-age granitic plutons, including the Adamello
(~675 kmz), Bergell (~250 kmz), and Biella (~40 kmz), were emplaced
in the surroundings of the Insubric Line about 30 Ma ago ([137-139];
Fig. 5). These intrusions are notably biotite-rich (13-20 vol%), partic-
ularly in the Adamello pluton [140]. Limited soil-gas measurements
near these granitoids detected minor Hj of likely biological rather than
abiotic origin [93]. In Sardinia, late Hercynian granitoids (~300 Ma)
cover ~5500 km? and contain 5-30 vol% magnesium-rich biotite.
However, such a composition is less favorable for Hy generation ([141];
Table 5), as testified by low Ha (0.02 vol%) concentrations detected in
thermal springs (Table 5 and S2). In the Calabria-Peloritani Arc
(~3500 km?), Hercynian granitoids affected by Alpine metamorphism
and post-orogenic extension show intense biotite alteration (up to 27 vol
%) to clay minerals and Fe-oxides, potentially producing Hj, though
only trace amounts have been detected in surface fluid surveys (Table 5
and S2). Trace Hy concentrations detected in Sardinian and Calabrian
granitoids are associated with crustal >He/*He signatures (R/Ra. be-
tween 0.3 and 0.02; see Table S2), suggesting an abiotic origin. Addi-
tionally, recent granitoid intrusions (~90 kmz), emplaced between 8.4
and 5 Ma in the Tuscan Archipelago (Elba, Montecristo, Giglio) and less
than 5 Ma in mainland Tuscany (Montecatini, Gavorrano, Campiglia)
[69,143], are enriched in Fe-biotite (5-10 vol%) [144,145]. Despite

Table 5
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their small outcrop extent, these granitoid intrusions are characterized
by larger subsurface volumes overlained by low-permeability meta-
morphic units [146,147], creating favorable conditions for hydrogen
traps. Extensional faulting promotes the interaction between these
plutons and hydrothermal fluids, leading to widespread replacement of
Fe-biotite by phlogopite, chlorite, and titanite [145,148]. Geochemical
analyses of hydrothermal fluids from the Larderello geothermal region
show significant concentrations of Hy (Table 5 and S3), associated with
CH4 and CO, exhibiting abiotic isotopic signatures [78,82].

5.3.2. Conditions

The volumetric cut-off for Fe-rich granitoid bodies is widely excee-
ded across all investigated regions due to the large subsurface extent of
these plutons (Table 5). However, high heat flow and active hydro-
thermal circulation are essential for Hy generation via biotite alteration.
In this framework, Tuscany stands out for its exceptionally high heat
flow—up to 400 mW/m>?—exploited in the Larderello geothermal field
above a granitoid intrusion 6-23 km wide and exceeding 20,000 km® in
volume [69,142,149]. Although Leila et al. [78] attributed the Hp
detected at Larderello to serpentinization, hydrothermal alteration of
biotite-rich granitoids remains a plausible source, as shown by the
Fe-biotite to Fe-chlorite transformation observed in analogous Tuscan
granites [145,150]. Elsewhere, granitoid regions show normal
geothermal gradients (~30 °C/km) and moderate heat flow
(<100 mW,/m?), confining hydrothermal reactions to depths that are
economically unfeasible (Figs. 5 and 6). Nonetheless, structural evi-
dence indicates generally favorable settings for gas migration and
localized entrapment. Low-temperature weathering of Fe-rich granitoids
may further contribute to Hy generation [51], implying that ancient
plutonic complexes in the Alps, Sardinia, and Calabria could act as
long-term, low-grade H; sources.

5.4. H»-GR3: organic-rich rocks

5.4.1. Evidence

The H2-GR3 group comprises organic matter-rich rocks (coal, shale,
and bituminous carbonates). In Italy, exploitable coal reserves are
generally absent with the exception of the Sulcis Basin, which contains
both mineable and deeper (i.e., at 1-2.5 km of depth) coal seams [151].
Italy is the most hydrocarbon-endowed country in southern Europe,
with discovered reserves of 1840 million barrels of oil and about 30
trillion ft> of gas. Roughly 75% of Italian oil production comes from the
Val d’Agri field (Southern Apennines), while most gas production occurs
in the Adriatic foreland [152].

Major kerogen-rich source rocks in Italy are thrust-related, folded
Mesozoic carbonates such as the Villafortuna-Trecate and Gaiano (Po
Basin), Val d’Agri (Southern Apennines), and Gela (Sicily) hydrocarbon
reservoirs. Two other important source rock types are: (1) Oligo-
Miocene shales deposited in the foredeep wedges of the Southern Alps
and the Apennines (e.g., Cortemaggiore, Luna, and Gagliano fields),
which form small gas accumulations; and Plio-Pleistocene turbidites

Evidence and conditions for hydrothermal alteration of granites in target areas indicating whether each selected areas satisfies the ranking criteria defined in the semi-

quantitative Hy Prospectivity Index framework (Appendix A and Table S3).

Target area Evidence Conditions
Target rock exposure Alkaline H, emissions Target rocks at Volume Heat flow Active magmatic/ Favorable
(Fe-rich granitoids) springs (vol %) depth (Fe-rich estimates (mW/ hydrothermal system structural
(km?)* granitoids) (km®) m?)° architecture
Alps 7000 N.d. N.d. Yes > 100 40-70 No Yes
Sardinia 5500 No <0.052 Yes > 100 50-90 No Yes
Calabrian- 3500 No <0.0001? Yes > 100 50 Yes Yes
Peloritani
arc
Tuscany 90 Yes 6.4 Yes > 100* 400 Yes Yes

N.d. = no data; Data from: 1) Geological Map of Italy at 1:1,000,000 scale (ISPRA); 2) update [85] dataset (see Table S2); 3) [79]; 4) [142]; 5) [103].
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deposited in late Apennine foredeeps (Po Basin and Adriatic Sea), which
are biogenic gas sources [152].

Low Hj concentrations (<0.01 vol%) together with abiotic CH4 and
®He/*He ratios indicating mixing between crustal and mantle compo-
nents (i.e., R/Ra. between 0.45 and 1.3) have been measured across
these regions enclosing organic-rich rocks ([85,153]; see also Figs. 5 and
6 and Table S1-S2).

5.4.2. Conditions

Due to the difficulty of estimating the volume of organic matter-rich
rocks, recent works recommend focusing on total organic carbon (TOC)
data [18,43]. Reporting a strong linear correlation between H; genera-
tion and TOC, Moretti et al. [43] demonstrated that rocks with TOC
exceeding 40 wt%, such as those in the Sulcis and Po basins, exhibit
significant Hy generation potential. Hy -GR3 can generate H, under
anoxic conditions through thermogenic dissociation of C-H bonds at
high temperatures (x~200-600°C) during late thermal maturation via
aromatization, polycondensation, or metathesis mechanisms [43,154,
155]. Using paleotemperature indicators such as vitrinite reflectance
(Ro, %), Hy generation is inferred to initiate during the early maturity
stage of kerogen (R, > 0.6%), accelerate under overmature conditions
(R, > 1.5%), and reach a maximum generation rate at R, values around
3.5% [155]. Kerogen-rich Mesozoic carbonates in Italy have generally
experienced from middle to late maturity (R,% > 0.7; [156]), with
maximum R,% values of 1 in Sicily [157], 1.4 in the Val d’Agri Basin
[158], and 3.3% in the Po Basin[159], the latter approaching the
inferred Hy yield peak [155]. By contrast, Sulcis coal and the
organic-rich shales of the Adriatic foreland exhibit early mature and
immature thermal stages, respectively (R, < 0.7%; [151,160]). In
addition to high-temperature thermogenic processes, low-temperature
(<200°C) oxidation of coal, due to its interaction with oxygen (usually
air), can also produce significant amounts of Hy (Wang et al., 2017;
[43]). Consequently, the shallow coal seams of the Sulcis Basin, char-
acterized by TOC values exceeding 40 wt%, could locally generate Hj,
which, however, will easily escape into the air. Given Italy's dense well
network, we recommend systematic monitoring of Hy concentrations in
organic-rich regions—particularly those at a late-maturity stage—to
better quantify the national Hy generation potential associated with
organic matter.

6. Semi-quantitative synthesis of Italian hydrogen prospectivity

In the previous sections, both direct and indirect evidence of natural
H, in Italy, as well as the main geological and thermal conditions con-
trolling its generation and preservation, were qualitatively discussed
(Tables 3-6). These analyses, performed for each geological process,
provided the conceptual basis for a methodological transition: the con-
version of descriptive parameters into weighted numerical indicators,
subsequently integrated within a semi-quantitative assessment grid
(Table S3). Based on H, index outcomes, we define distinct Hy pro-
spectivity classes, which range from high (>0.75) to moderate (0.5-0.7),

Table 6
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low (0.25-0.5), and very low (<0.25).

In the case of active serpentinization, the highest scores are obtained
for the Voltri ultramafic Massif, where the combination of significant
peridotite volumes (both exposed and at depth) and the presence of
hyperalkaline fluids ([94,95,97,98,116,117]; Fig. 5) results in a mod-
erate potential (Hy_index ~ 0.72; Moderate class; Table 7). The other
ultramafic complexes of the Alps, the Lanzo Massif and the
Ivrea-Verbano Zone, are characterized by a low prospectivity
(Hy_index & 0.43; Table 7), due to the lack of direct evidence (CF = 0.74)
that reduces the final score. Future target hydrogeochemical analyses
are critical to better constrain Hy prospectivity in these regions. The
Ligurian-Emilian Apennines, where hydrogeochemical data are avail-
able (CF = 1), display a moderate potential (H_index = 0.52) lower than
the Voltri Massif, due to the limited occurrence of fresh peridotite at
depth. Overall, active serpentinization in Italy could occur in Alpine
ultramafic complexes under relatively low-temperature conditions,
allowing Hy generation but with low efficiency (Table 3 and S3).

The Hj index increases when fossil serpentinization systems are
considered. In this context, serpentinites of the Northern Apennines
show higher prospectivity (Hy_index =~ 0.83; High class; Table 7) than
those of Voltri, Lanzo, Valmalenco, and Aosta Valley (Hy-index ~ 0.51 to
0.63; Moderate class; Table 7), reflecting the more favorable structural
configuration of the Apennines that potentially allows the long-term
preservation of Hy generated in the past.

Our H,_index calculation reveals that the most significant contribu-
tion in absolute terms derives from hydrothermal alteration of Fe-rich
intrusive rocks, which represent the highest Italian potential for Hy
exploration. The Tuscany region is characterized by an Hy_index of 1.00
(High class; Table 7), supported by direct evidence of Hy emissions (up
to 6 vol% in fumarolic gases), extremely high heat flow
(>400 mW m~2), and the presence of still-hot Fe-bearing granitic in-
trusions (Larderello, Mt. Amiata). The Alps, Sardinia, and Calabria
display moderate to low values (Hy.index ~ 0.46-0.60; Table 7),
consistent with the presence of extensive Fe-rich granitoids and favor-
able lithologies but cooler present-day thermal regimes and limited Hy
emissions. In these regions, natural hydrogen generation appears
possible but subdued.

Thermogenic degradation of organic matter exhibits high pro-
spectivity in the Po Basin due to the high concentration of Total Organic
Compounds (TOC) and the late mature thermal stage (Hy_index ~ 0.77;
Table 7), as indicated by data available for the Gaiano Field.

Overall, the semi-quantitative synthesis outlines a dual prospectivity
pattern for Italy (Fig. 7). Tuscany stands out as the most favorable area
under active conditions, representing a natural laboratory for investi-
gating hydrogen generation associated with hydrothermal alteration of
Fe-rich granitoids. The Voltri Massifs show a good balance between
evidence and geological conditions, combining active and fossil poten-
tial, whereas the Ligurian-Emilian-Tuscan Apennines are a good target
for preserved reservoirs of Hy derived from past serpentinization events.
The Po Basin is a target area to investigate the potential preservation of
Hj, produced from the thermogenic degradation of the organic matter.

Evidence and conditions for thermogenic degradation of organic matter in target areas, indicating whether each selected area satisfies the ranking criteria defined in

the semi-quantitative Hy Prospectivity Index framework (Appendix A and Table S3).

Target area Evidence Conditions

H, emissions (vol ~ Hydrocarbon Target rocks at depth (organic Total Organic Compounds  Thermal maturity Favorable structural
%) wells® matter-rich rocks) (Wt%) (Ro %) architecture
Sulcis Basin <0.0002! No Yes 467 0.77 No
Po Basin <0.015% Yes Yes 12 to 46° 0.4-3.3° Yes
Val d'Agri <0.0073 Yes Yes 5° 0.6-1.4'! Yes
Basin
Adriatic < 0.0002* Yes Yes 1to 6 0.2-0.6° Yes
foreland
Sicily < 0.0001° Yes Yes 1to 14.5% 0.6-1'2 Yes

1) [161]; 2) [153]; 3) INGV database (see Table S2); 4) [88]; 5) [162]; 6) MASE database [101]; 7) [151]; 8) [159]; 9) [163]; 10) [160]; 11) [158]; 12) [157].
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Table 7
Summary of hydrogen prospectivity classes in Italy.

Process Target area Completeness Factor (CF) H,_index Prospectivity class

GR1a - Active serpentinization Voltri Massif 1 0.72 Moderate
Ligurian-Emilian Apennines 1 0.52 Moderate
Ivrea-Verbano Zone (IVZ) 0.74 0.43 Low
Lanzo Massif 0.74 0.43 Low

GR1b - Fossil serpentinization Ligurian-Emilian-Tuscan Apennines 0.91 0.83 High
Lanzo Massif 0.91 0.63 Moderate
Valmalenco 0.91 0.63 Moderate
Voltri Massif 0.91 0.55 Moderate
Aosta Valley 0.91 0.51 Moderate
Calabrian Apennines 0.91 0.39 Low

GR2 - hydrothermal alteration of Fe-rich intrusive rocks Tuscany 1 1 High
Calabrian-Peloritani Arc 1 0.60 Moderate
Sardinia 1 0.60 Moderate
Alps 0.77 0.46 Low

GR3 - Thermogenic degradation of organic matter Po Basin 1 0.77 High
Adriatic Foreland 1 0.42 Low
Val d'Agri 1 0.42 Low
Sicilian fields 1 0.42 Low
Sulcis Basin 1 0.34 Low

Fig. 7. The summary map of target area prioritization for hydrogen exploration. CF = completeness factor.

Moreover, the large Alpine ultramafic massifs (Lanzo, Voltri, and Calabria define promising contexts to better understand Hy production
Ivrea-Verbano) as well as Fe-rich plutons of the Alps, Sardinia, and from low-temperature oxidation of Fe?*-bearing secondary minerals (e.
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g., magnetite, serpentinite, and chlorite).

7. Robustness and implementation of the semi-quantitative
approach

The proposed workflow has been calibrated on well-known areas in
Italy, where it was possible to verify the internal consistency among
modelled scores. Specifically, areas with higher H,_index values corre-
spond to regions where all or most indicators are favorable for hydrogen
potential (e.g., the Northern Apennines and the Tuscan geothermal re-
gion, which exhibit both the highest value of Hy_index and the most
elevated H; concentrations in shallow fluids; see Table S3). In contrast,
areas with lower Hy_index values correspond to regions where Hy gen-
eration is geologically impossible or highly unlikely (e.g., the Calabrian
arc and the Ivrea Verbano Zone, which show the lowest Hy_index values
due to the absence of suitable volumes of source rocks at depth; see
Table S3). These results confirm the robustness and reliability of the
proposed approach.

This study represents an initial pre-exploration step toward identi-
fying Ha-producing systems. As new systems are discovered and the
understanding of natural hydrogen systems improves, the model can be
further constrained through enhanced calibration and the integration of
newly available geological evidence/assessment criteria, thereby sup-
porting the progressive refinement of target prioritization over time.

8. Conclusions

This study introduces a novel pre-exploration workflow that in-
tegrates conceptual geological knowledge with weighted, reaction-
specific evidence and condition indicators to obtain a numerical
Hy_index that quantifies exploration prospectivity. By enabling spatial
prioritization of areas where conditions for, primarily, Hy generation
and, secondarily, preservation coexist, this framework provides a robust
and transferable tool for sustainable subsurface Hy exploration consis-
tent with the UN 2030 Agenda (SDG 7).

Applied to Italy—where no national-scale Hy prospectivity assess-
ment previously existed—the workflow highlights significant and
spatially diverse potential. Over 30,000 km? of exposed rocks were
identified as suitable Hy sources, including ~8000 km? of ultramafic
complexes with potential H, derived from active or fossil serpentiniza-
tion and ~22,000 km? of Fe-rich igneous bodies with hydrothermal
reduction potential. Widespread hydrocarbon systems further indicate
buried organic matter capable of thermogenic Hy generation. This
spatially resolved analysis reveals the potential coexistence of active
generation zones and fossil reservoirs. This distinction is critical, as it
implies fundamental differences in the type and scale of the required
exploration strategies. Active serpentinization systems represent a
continuous and potentially renewable process, whereas fossil reservoirs
rely on structural and stratigraphic trapping conditions capable of pre-
serving Hy over geological timescales.

Primary exploration targets identified by the semi-quantitative
workflow include: (1) Tuscany, the top-priority region combining
large granitoid volumes with active hydrothermal activity; (2) the Voltri
Massif, with favorable conditions for both active and fossil serpentini-
zation; (3) the Ligurian, Emilian, and Tuscan serpentinites, offering
strong preservation potential for fossil Hy; (4) the Po Basin, which could
preserve Hy generated from the thermogenic degradation of organic
matter; and (5) the Ivrea-Verbano and Lanzo ultramafic rocks, together
with the granitoids of Calabria, Sardinia, and the Western and Central
Alps, ideal settings for studying Hy generation under low-temperature
secondary oxidation reactions.

Rather than a single, dominant hydrogen province, Italy's pro-
spectivity is distributed across a network of localized opportunities
controlled by distinct lithological, thermal, and tectonic factors. From an
operational perspective, two priority actions emerge for advancing
exploration in these target areas.
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- Expand geochemical analysis of both shallow, especially across ul-
tramafic complexes in the Alps and Northern Apennines, and deep
fluids, exploiting the dense well network of Italy.

- Develop high-resolution 3D geological models to delineate reactive
rock volumes and identify potential traps.

Our national-scale synthesis converts complex geological constraints
into decision-ready insights that de-risk early decisions, optimize allo-
cation of capital and field efforts, and support scenario planning. The
proposed semi-quantitative workflow is transferable to other regions,
contributing to the global energy transition by integrating natural
hydrogen into broader decarbonization strategies alongside geothermal
resources and existing gas infrastructures.
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