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Abstract - One transformative, inexpensive (~$0.5-1/kg), and low-carbon energy source is natural hydrogen produced 
by serpentinization and other geochemical processes. Global data on its accumulation, migration, and geological 
mechanisms have been collected in the present study. Temperature, pressure, and mineralogy all affect the rate at which 
hydrogen is generated. While very limited hydrogen is produced at low temperatures (0.01-1 mmol/kg), significant 
production (1-100 mmol/kg) is made possible by ideal hydrothermal conditions (200-315° C), with extremely high 
rates (100-360 mmol/kg) possible under extreme experimental conditions. The evaluation of Indonesia's enormous 
potential, situated within the vast East Sulawesi Ophiolite Belt, is a primary focus. The country's tectonic environ-
ment offers the three necessary components for a significant hydrogen play: a steady geochemical engine, a large 
supply of source rock, and efficient migration routes. Consequently, Indonesia stands poised to emerge as a potential 
leader in the regional hydrogen economy. To realize this potential, specific exploration and regulatory support must 
be initiated, and technical issues related to gas purity must be resolved. This work presents the scientific and financial 
justification for prioritising natural hydrogen in the global energy transition.
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Introduction

In alignment with the 2020 Paris Agreement, 
nations worldwide have committed to reducing 
atmospheric carbon emissions to mitigate rising 
global surface temperatures (Times of India, 
2025), while natural hydrogen is increasingly 
viewed as a potential contributor to achieving 
a net-zero carbon future, prompting growing 
interest in its scientific foundations, economic 
viability, and ongoing global exploration efforts 
(Singh, 2025).

Beyond the established categories of green 
and blue hydrogen, a promising alternative has 
emerged, also referred to as natural hydrogen. This 
form of hydrogen is generated through geochemi-
cal processes within the earth's subsurface, such 
as serpentinization, radiolysis, and the oxidation 
of iron-rich minerals (CSIRO, 2024). Natural 
hydrogen offers significant economic advantages, 
with production costs estimated between USD 
0.5 and 1 per kilogram, making it the most cost-
effective hydrogen source currently identified 
(Rystad Energy, 2024). In comparison, green 
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of transport, and the characteristics of the geo-
logical media it passes through. As a result, there 
remain significant gaps in scientific understanding 
regarding how natural hydrogen behaves below 
the Earth's surface.

Hydrogen Diffusivity in Crystalline And Sedi-
mentary Rocks 

Several key factors, including mineral com-
position, rock texture, and surrounding envi-
ronmental conditions, influence the migration 
of hydrogen through crystalline rocks. In fine-
grained volcanic materials such as natural glasses, 
hydrogen diffusion can occur at extremely fast 
rates. This rapid diffusion has significant impli-
cations for hydrogen degassing processes, par-
ticularly in hydrothermal systems and submarine 
environments where hydrogen may be released 
from deeper mantle sources. In contrast, coarser 
crystalline rocks like granite, especially those 
found in ancient continental interiors, tend to pre-
serve hydrogen over extended geological periods. 
These rocks often contain textural features that 
allow hydrogen to be stored within fluid inclu-
sions, maintaining elevated concentrations over 
billions of years (Bourdet et al., 2023; Hutchinson 
et al., 2024). As a result, these granitic terrains 
represent an important reservoir of hydrogen in 
continental geological settings.

Hydrogen diffusivity in sedimentary rocks 
is strongly influenced by environmental vari-
ables such as temperature, pressure, and salin-
ity. When temperature increases, the ability of 
hydrogen to migrate through the rock typically 
becomes greater. However, increases in pressure 
and salinity can substantially hinder this move-
ment, in some cases reducing the diffusivity by 
several magnitudes (Hoskin and Sundeen, 1985; 
Demouchy, 2010; Li and Chou, 2015; Speciale et 
al., 2020; Liu et al., 2022). These environmental 
factors play a crucial role in determining whether 
a rock formation facilitates or restricts hydrogen 
movement. Their influence is especially important 
when evaluating sedimentary basins for hydrogen 
resource development or underground storage 
potential, as they control not only the speed but 

hydrogen production costs range from USD 3 to 8 
per kilogram, while blue hydrogen costs between 
USD 1 and 2 per kilogram (International Energy 
Agency/IEA, 2021).

In addition to its economic benefits, natural 
hydrogen production is environmentally advan-
tageous. Studies suggest that its greenhouse gas 
emissions can be as low as one-third of those 
associated with green hydrogen, positioning it as 
a low-emission energy source (Zgonnik, 2020). 
These attributes, cost-effectiveness and low car-
bon intensity, highlight the potential of natural 
hydrogen as a sustainable and economically viable 
energy solution for the global transition toward 
clean energy.

Methods

This paper is mainly based on an analytical 
review of previous studies and global case data on 
natural hydrogen. In some cases, the description 
of geochemical formation processes, documen-
tation of occurrences in various geological set-
tings, and economic viability analysis have been 
attempted. These efforts aim to establish a com-
prehensive understanding of natural hydrogen 
generation mechanisms, to correlate its potential 
occurrences with relevant geological settings, and 
to determine its viability as an alternative to syn-
thetic hydrogen. This review provides additional 
information and underscores the need to explore 
this resource in Indonesia.

Natural Hydrogen Occurrences and Migration
Natural hydrogen in the shallow subsurface 

exists in several forms, including as free gas in 
surface seeps, dissolved in groundwater, and 
trapped within fluid inclusions in rock formations. 
Its migration occurs through various processes 
such as molecular diffusion and fluid-driven 
advection (Farver, 2010; Zgonnik, 2020). The 
movement of hydrogen from underground res-
ervoirs to the surface, and eventually into the 
atmosphere, is influenced by multiple factors, 
including the source of the hydrogen, the mode 
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also the spatial extent of hydrogen transport 
across different geological layers.

In most sedimentary rocks, the time required 
for hydrogen to traverse a single meter is typi-
cally measured in years. This duration becomes 
even longer in formations with low permeabil-
ity, such as salt deposits or dense clays, where 
hydrogen moves much more slowly (Bagreev et 
al., 2004; Vinsot et al., 2014; Keshavarz et al., 
2022). Variability in temperature and the chemical 
composition of groundwater throughout the year 
introduces additional complexity to the system. 
For instance, after intense rainfall, fresh water 
may infiltrate saline aquifers, reduce salinity, and 
enable these formations to shift from acting as hy-
drogen barriers to becoming migration pathways. 
On the other hand, drying conditions can reverse 
this effect. Laboratory experiments support these 
observations, showing that breakthrough times 
for hydrogen vary substantially depending on 
the amount of water present in the rock. This 
variation is particularly evident in rocks with 
tiny pore spaces, where moisture content can 
significantly accelerate or delay hydrogen trans-
port (Strauch et al., 2023). Understanding these 
dynamic interactions is essential for predicting 
how natural hydrogen behaves in both shallow 
and deep geological environments.

Faults and Fractures
There are several documented examples of 

natural hydrogen seeps that demonstrate steady 
and continuous release of hydrogen to the Earth's 
surface over thousands of years. These seeps have 
been observed in locations where deep geological 
faults intersect rocks that are rich in hydrogen-
producing minerals, such as serpentinized crys-
talline basement rocks (Hosgörmez, 2007). In 
addition to these consistent emissions, there are 
also cases of episodic hydrogen releases that have 
been linked to tectonic activity. These periodic 
pulses are often associated with processes such 
as the movement of groundwater triggered by 
seismic activity, the effects of recent fault move-
ments, and the migration of carbon dioxide within 
the subsurface (Firstov and Shirokov, 2005). In 

tectonically active areas, the relationship between 
rock stress, fault permeability, and fluid flow is 
dynamic. Fault systems in such regions are con-
tinually evolving, and changes in their structure 
can either enhance or restrict the movement of 
hydrogen through the crust.

On a larger spatial scale, the dominant mecha-
nism for hydrogen movement is fluid-driven 
advection through fault zones that cut across 
thick layers of the Earth's crust. Hydrogen-rich 
fluids are capable of migrating long distances 
along these structural pathways, leading to natural 
surface emissions that have been observed and 
recorded in multiple parts of the world. Notable 
case studies include hydrogen seeps documented 
in Mali, Brazil, and the northern Pyrenees, 
where geologic investigations have linked these 
phenomena to fault-controlled transport systems 
(Prinzhofer et al., 2018). Faults and fractures 
serve as efficient channels for hydrogen migration 
over both short and extended timeframes. They 
allow gases to move upward from deep sources 
toward the surface, facilitating their escape into 
the atmosphere. These findings highlight the 
crucial role of large-scale structural geology in 
enabling the transport and release of natural hy-
drogen from deep within the earth crust.

Understanding and Modelling Subsurface Hy-
drogen Migration

Subsurface hydrogen migration is governed 
by a series of interconnected physical and chemi-
cal processes that are often difficult to distinguish. 
The concept of causal pathways, sequences of 
cause-and-effect relationships, can be used to 
unravel these interactions. Causal inference 
methods, as described by Pearl (2009), allow 
researchers to assess the independent effect of 
variables in complex systems. This is particularly 
important in subsurface environments, where sur-
face flux measurements may reflect a combination 
of biological activity, geochemical reactions, and 
fluid dynamics. For example, microbial hydrogen 
consumption can produce short-term fluctuations, 
while deeper and slower geological processes 
such as serpentinization or changes in salinity 
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and pH drive long-term hydrogen supply (Runge 
et al., 2019).

To accurately assess these causal mecha-
nisms, observational data must often be decom-
posed using physical constraints and statistical 
regularization. This can include the definition 
of relevant variables, specification of functional 
relationships, identification of noise distributions, 
and consideration of time delays and aggregation 
in the data (Runge et al., 2019). These methods 
become especially valuable when integrated with 
computational fluid dynamics (CFD) simula-
tions, allowing modelers to remove irrelevant 
or redundant variables. Focusing solely on the 
dominant physical drivers significantly reduces 
the computational burden of large-scale simula-
tions without compromising accuracy.

The natural movement of hydrogen through 
geological formations is influenced by both 
long-term and transient processes. In stable, deep 
crystalline rocks such as Archean or Proterozoic 
Cratons, hydrogen production via water radiolysis 
may continue over millions of years. However, 
in the overlying sedimentary basins, migration 
pathways are often controlled by localized fac-
tors. These include microbial interactions in soil, 
fluid advection along fault zones, and temporary 
entrapment in fine-grained layers such as shales 
or evaporites. Environmental variability plays 
a key role in modulating system behaviour. For 
instance, a saline aquifer may initially act as a bar-
rier to hydrogen flow but can become a transport 
medium when diluted by meteoric water during 
periods of high rainfall.

The migration of hydrogen within porous 
geological media occurs through three primary 
mechanisms: advection in the gas phase, advec-
tion in solution, and molecular diffusion. Each 
mode becomes dominant under specific pres-
sure and temperature conditions, typically when 
solubility thresholds are exceeded. According to 
Hutchinson et al. (2024), pore throat diameter ex-
erts a major control on the migration mechanism. 
In formations with larger pores, such as sand-
stones, advective transport dominates, whereas 
in tighter formations like shales or evaporites, 

diffusion becomes the prevailing process. Cap-
illary entry pressure can also inhibit gas-phase 
flow, halting Darcy-type advection until buoyancy 
forces exceed this threshold.

Incorporating these complex dynamics into 
reservoir-scale models presents significant 
technical challenges. High-resolution models 
with numerous grid blocks are computationally 
expensive due to the volume of equations that 
must be solved simultaneously. 

Natural Hydrogen Potential
Natural Hydrogen Hotspots

As an upper-bound estimate, it can be con-
sidered that, on average, peridotite can provide 
approximately 2-4 kg of H₂ per cubic meter upon 
oxidation. With an estimated 1,012 peridotites in 
Earth's upper crust (top 7 km), there is a total of 108 
Mt of hydrogen that could be theoretically gener-
ated from the subsurface (Kelemen, 2011). To put 
this in perspective, such an amount would provide 
a supply of 1000 Mtpy of H2 for 100,000 years 
(Osselin, 2022). As a lower-bound estimate, Smith 
(2005) estimated the potential hydrogen production 
from the Samail Ophiolite in Oman. With a total 
volume of ultramafic rock around 125,000 km3, of 
which only 50% is serpentinized, it could provide 
approximately 260 Mt of hydrogen, exceeding the 
current world demand for one year (IEA, 2021).

From another angle, combining data from 
various studies, it has been estimated that the 
natural hydrogen being formed on Earth could 
account for approximately 85% of the current 
human-made production (Zgonnik, 2020). This 
estimate also has much uncertainty, and it does 
not consider the hydrogen already formed and 
stored underground or the potential of stimulated 
H₂ production. Therefore, these values might 
also underestimate the actual potential of natural 
hydrogen resources.

In particular, underwater subduction zones, 
where water supply is constant and iron exposure is 
frequent due to plate movements, are coupled with 
natural hydrogen production (Moretti et al., 2023). 
Fossil oceanic spreading centres (ophiolites) and 
suture zones, representing the complete subduction 
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of an ocean basin where continents collided, are 
also promising targets for hydrogen prospecting 
(Merdith et al., 2020 and Liu et al., 2023). On land, 
hydrogen seeps can often be identified by the cre-
ation of circular structures known as "fairy circles", 
which can serve as points of interest for natural 
hydrogen exploration (Myagkiy et al., 2020).

One of the investigated fairy circles is first 
in Bourakébougou (Mali) since 2011. This 
natural reservoir has a diameter of more than 8 
km. Prinzhofer and co-workers investigated this 
reservoir, confirming the presence of up to five 
stacked layers of high-purity hydrogen on an old 
cratonic basement mainly composed of pyroxene, 
and proposed that its industrial exploitation could 
be cheaper than the cost of synthetic hydrogen 
(Prinzhofer et al., 2018). In another fairy circle 
of 500 m diameter in Brazil, gas flows of up to 
178,000 m³ of the release of H2 per day were 
estimated (Prinzhofer et al., 2018). 

In Chimaera (Turkey), uninterrupted hydrogen 
flows have been detected for over 2,000 years 
(Hosgormez et al., 2008). In Aragon (Spain), 
the presence of a significant deposit of natural 

hydrogen beneath the Pyrenees Mountain range 
has been confirmed (Lefeuvre et al., 2021). Le-
feuvre and colleagues studied a 10 × 10 km grid, 
taking and analyzing over 1,000 in situ samples 
to identify different hydrogen hotspots in the re-
gion. A company called Helios Aragon has been 
established to exploit this deposit, aiming for an 
annual extraction of 5.5 x104 to 7 x 104  metric 
tons per year of pure hydrogen, comparable to 
the production from a current steam methane 
reforming plant (Collodi et al., 2017). It can 
also be seen in Figure 1 below, which explains 
the distribution of natural hydrogen exploration 
potential in the world.

Natural Hydrogen Potential in Indonesia
Indonesia possesses significant potential for 

natural hydrogen production, primarily due to its 
extensive ultramafic rock formations, which cover 
approximately 2.7 million hectares, making it one 
of the largest such areas globally (Kadarusman et 
al., 2004). These ultramafic rocks, rich in minerals 
like peridotite and dunite, are integral components 
of ophiolite complexes. Based on Figure 2, it can 

Figure 1. Detail of known natural hydrogen deposits and fairy circles. Fairy circles can be found in regions around the world 
with diverse diameters, locations, and densities of quartz (Source: Blay-Roger et al., 2024). The black box indicates the 
location of natural hydrogen potential in Indonesia, which is the subject of this paper.
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be observed that the East Sulawesi Ophiolite (ESO) 
is recognized as one of the three largest ophiolite 
complexes worldwide, extending from Gorontalo 
Bay through the East and Southeast Arms of Su-
lawesi (Kadarusman et al., 2004; Surono, 2012).

Recent surveys by Indonesia's Geological 
Agency have identified natural hydrogen occur-
rences in regions like Morowali and Tojo Una-
Una in Central Sulawesi areas characterized by 
extensive ultramafic rock distributions (Geological 
Agency, 2024). These findings suggest that Indone-
sia's unique geological landscape offers promising 
opportunities for sustainable and clean energy de-
velopment through natural hydrogen exploration.

One of the most promising locations for natural 
hydrogen exploration in Indonesia is the Ampana 
Basin, located in Central Sulawesi. This region 
is geologically situated within the East Sulawesi 
Ophiolite Belt, known for its abundance of ultra-
mafic rocks, which are critical to hydrogen genera-
tion through serpentinization processes. Based on 
preliminary assessments by Indonesia’s national oil 

company, The Ampana Basin may contain theo-
retical gas reserves of up to 113 trillion standard 
cubic feet (TSCF), making it a potentially strategic 
natural hydrogen site gas sampling, and field ob-
servations have revealed that this subsurface gas 
mixture contains up to 20 -35% natural hydrogen, 
co-existing with methane as a major secondary 
component (Sanjaya et al., 2024).

As illustrated in Figure 2, Sulawesi pos-
sesses a complex structural geology, marked by 
extensive structural geology (black lines) and the 
distribution of ultramafic rock formations (blue 
areas). Geological investigations have identi-
fied fault structures such as the Balantak Fault 
as key migration pathways for hydrogen from 
deep serpentinized ultramafic rocks toward the 
surface, where seeps have been observed. Similar 
to hydrogen systems found in Mali and Oman, 
this tectonically active setting and its ophiolitic 
basement suggest that the Ampana Basin may 
be part of a larger regional hydrogen system that 
is both naturally replenishing and economically 

Figure 2. Ultramafic (Ophiolitic) Outcrops Map and post collision structural framework of Sulawesi Island and surrounding 
area. The black line gives an idea of structural geology modified from Satyana (2006), while the blue mark indicates the 
presence of an ultramafic outcrop.
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viable (Prinzhofer et al., 2018). Given Indonesia's 
commitment to clean energy transitions and the 
vast extent of its ultramafic terrain, the Ampana 
Basin could represent a cornerstone in Southeast 
Asia's emerging hydrogen economy.

Potential Formation
Various geological formations are capable of 

producing molecular hydrogen through a range of 
subsurface geochemical processes, including ser-
pentinization, radiolysis, and iron oxidation. These 
reactions are often associated with specific rock 
types, particularly ultramafic and iron-rich litholo-
gies, which serve as primary hydrogen sources due 
to their mineralogical composition and reactiv-
ity. In addition to their geochemical properties, 
the distribution and accessibility of these rocks, 
especially within ophiolitic belts and tectonically 
active regions, play a critical role in determining 
the viability of natural hydrogen reservoirs. The 
following are the types of natural hydrogen source 
rocks that are summarized in Table 1.

Natural Hydrogen Analogues
Analogues - Natural Seeps

Arguably, the best place to start developing 
understanding about natural hydrogen systems 
is by examining known examples of naturally 
occurring seeps and producing drillholes. Some 
continental examples have been linked to the 
production of hydrogen from serpentinization 
of ultramafic or ophiolitic complexes (Gaucher, 

2020; Zgonnik, 2020). Other diffusive seeps 
located in intracratonic settings have been at-
tributed to fluid-rock chemical interactions such 
as the oxidation of Fe²⁺-rich minerals and litholo-
gies in underlying rocks or radiolysis of water as 
outlined above (Prinzhofer et al., 2018; Guelard 
et al., 2017; Gaucher, 2020). 

Figure 3 illustrates that hydrogen concentra-
tions reach a peak within subcircular depressions, 
thereby confirming their status as active hydrogen 
seepage sites. The formation of these features 
is thought to result from diagenetic processes, 
where hydrogen increases rock porosity through 
chemical dissolution as it migrates towards the 
surface. If this hypothesis is correct, it suggests 
that hydrogen can migrate from deep-seated con-
duits, such as fault zones, through this process. 

Diffusive seeps have generally been con-
firmed and characterized through the deploy-
ment of soil gas chemistry monitoring sensors, 
which indicate that hydrogen fluxes tend to vary 
spatiotemporally. In the case of the circular to 
subcircular topographic depressions, hydrogen 
is present within the depressions, but absent in 
the areas outside of and surrounding the depres-
sions (Larin et al., 2014; Zgonnik et al., 2015; 
Prinzhofer et al., 2018; Moretti et al., 2021). 
At this stage there are no direct soil gas data 
indicating an active hydrogen flux at the circular 
structures documented in South Australia; how-
ever, gas analyses from drillholes drilled in the 

Table 1. Classification of Geological Formations Contributing to Natural Hydrogen Generation  and Its Occurrence Potential

Rock Type Formation Mechanism Global Location Potential Potential Location in Indonesia

Ultramafic Rocks (e.g. pe-
ridotite, dunite)

Serpentinization: hydration 
and oxidation of olivine 
and pyroxene, releasing H2

Samail Ophiolite (Oman), New 
Caledonia, Pyrenees (Spain), Turkey

East Sulawesi Ophiolite, Morowali, 
Tojo Una-Una (Sulawesi)

Iron-rich Silicate Rocks 
(e.g. fayalite-bearing rocks)

Oxidation of Fe²⁺ in silicates
 by water, forming magnetite 
and H2

Kansas (USA), Witwatersrand Basin 
(South Africa), Russia

Potentially in Sulawesi ultramafic 
belts

Radioactive Rocks (e.g. 
granites, metamorphic 
basement rocks)

Radiolysis of water due to natural radioac-
tive decay of U, Th, K

Canadian Shield, Fennoscandian 
Shield (Finland), South Africa

Possibly in ancient crystalline base-
ment areas

Ophiolite Complexes Combination of serpentinization and fault-
driven fluid flow

Oman, New Caledonia, the Alps, and 
the Zagros Mountains

East and Southeast Sulawesi (East 
Sulawesi Ophiolite Belt)

Nickel/Carbon-rich Ultra-
mafic Rocks

Catalytic enhancement of serpentinization 
at low temperatures

Peridotite zones in Oman, Eastern 
Europe

Areas within nickel-rich ultramafic 
zones in Sulawesi

Banded Iron Formations 
(BIFs)

Oxidation of Fe2+ in iron-rich sedimentary 
layers under anoxic conditions, producing H₂

Kaapvaal Craton (South Africa), 
Pilbara (Australia), Canadian Shield

Possible analogues in pre-Tertiary 
formations in Kalimantan or Papua 
(requires further study)
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1920s-30s on Kangaroo Island (American Beach 
Bore 1) and Yorke Peninsula (Ramsay Oil Bore 
1) provide alternative evidence that a hydrogen 
resource may be present in these locations (Ward 
1932a, 1932b, 1941).

A recent study by Frery et al. (2021) demon-
strated that a series of similar circular structures, 
spatially related to The Darling Fault in The North 
Perth Basin, Western Australia, are natural hydro-
gen seepages. In this location, The Darling Fault 
juxtaposes Precambrian ultramafic and mafic 
rocks and Proterozoic Fe-rich granite of The 
Yilgarn Craton against layered Permo-Mesozoic 
sedimentary rocks which include multiple aqui-
fers and aquitards.

Analogues - High Hydrogen Fluxes in Drill-
holes and Mines

There are also numerous examples of ground-
water, oil and gas drillholes and mines intersect-
ing significant hydrogen fluxes or accumulations 
in a range of cratonic settings, including Russia 
(Larin et al., 2014); Brazil (Prinzhofer et al., 
2019); Bourakebougou, Mali (Prinzhofer et al., 
2018); northeastern Kansas, USA (Coveney et al., 
1987; Guelard et al., 2017); The Witwatersrand, 
South Africa; Canada; and Finland. A number 
of authors have noted the similarity between the 
development of the hydrocarbons industry and the 
current state of knowledge about natural hydro-
gen. A possible analogue and reasonable starting 
point to developing an exploration strategy, then, 

might be the petroleum systems (source-migration 
pathway-reservoir-seal-preservation) approach that 
underpins hydrocarbon exploration (Magoon and 
Dow, 1994).

Exploitation of Geological Hydrogen
The extraction of natural hydrogen can be 

carried out by adapting technology currently em-
ployed for natural gas extraction (ENGIE Innova-
tion, 2023). Briefly, once the potential reservoir 
is confirmed by seismic techniques, a drilling rig 
is used to penetrate rock layers, while pipes are 
employed to facilitate the drilling. 

The continuous circulation of mud helps 
control the temperature and pressure throughout 
the drilling process. During this process, various 
issues can occur, such as the loss of recirculated 
mud through infiltration into the rock, mud con-
tamination, or pipe blockages. These problems 
can be minimized by selecting an appropriate 
drilling path and periodically checking the qual-
ity of the recirculated mud during drilling. Once 
the gas reservoir is reached, the pipes are lined 
with dense concrete to minimize gas migration 
and ensure structural integrity (Gold Hydrogen, 
2023). It is especially important to ensure the 
structural integrity of the installation by respect-
ing the concrete drying times and operating with 
caution due to the reactive and diffusive nature of 
hydrogen. A leak at low depths can be dangerous 
due to the potential to form flammable and explo-
sive mixtures with O₂.. High-pressure valves are 
employed to control the extraction and maintain 
pressure within the reservoir. 

Once the pipes are in place, extracting hydro-
gen becomes relatively straightforward (ENGIE 
Innovation, 2023). Extraction occurs through 
pipelines installed in the perforated rock, us-
ing the pressure of the pressurized hydrogen 
(usually >500 bar) to fill tanks for small-scale 
distribution. However, there are currently no 
companies dedicated to this enhanced or stimu-
lated extraction of hydrogen, making it difficult 
to provide details. 

Hydrogen possesses high molecular diffusiv-
ity, which makes large-scale storage of synthetic 
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Figure 3. Examples of natural hydrogen seeps from shallow, 
circular to subcircular topographic depressions (aka 
fairy circles) and associated measured surface hydrogen 
concentration in Russia and Mali (Source: Larin et al., 2014; 
Prinzhofer et al., 2018).

PUBLISHED IN IJOG



Analytical Review of Natural Hydrogen Sources and Occurrence 
for a Sustainable Hydrogen Future in Indonesia (A. Mardianza et al.) 

463

hydrogen a major challenge (Tarhan and Çil, 
2021). Cryogenic tanks and pipelines are used 
for small-scale distribution and immediate con-
sumption. Alternatively, underground geological 
structures like salt caverns are being investigated 
as large-scale hydrogen storage facilities (Zivar et 
al., 2021). These are cavities formed by the disso-
lution of salt deposits in thick salt beds or domes 
deep underground (Aftab et al., 2022). They can 
provide secure and isolated storage environments, 
as the salt walls act as natural barriers against 
leakage (Lankolf et al., 2022). 

Moreover, the plasticity of salt enables the 
caverns to withstand high pressures without 
collapsing, creating an ideal environment for hy-
drogen storage (Watkins et al., 2022). Efforts are 
underway to locate suitable natural salt deposits, 
and countries like Poland are starting to develop 
an industry around this concept (Tarkowski, 
2017). Overall, large-scale hydrogen storage 
is a subject of significant industrial interest. 
Since natural hydrogen is stored in geological 
traps, the discovery of natural hydrogen deposits 
could not only provide the value of the hydrogen 
within them, but also the value of the reservoir 
itself. 

One drawback of natural hydrogen can be its 
purity. Although deposits with very high purity 
have been found, impurities are frequently present 
(Neal and Stanger, 1983), including gases such as 
nitrogen, methane, or unreacted CO2, as well as 
moisture. The purity of natural hydrogen largely 
depends on the quality of the water that reached 
the reactive rock. Water often contains particles, 
carbonates, and CO2 that can produce organic 
impurities through Fischer-Tropsch mechanisms, 
as the pressure, temperature, and composition 
of the rock favour such reactions (Peter, 1989). 
Therefore, processing this gas may require the use 
of desiccants and separation of light gases using 
membranes, cryogenic distillation, or pressure 
swing adsorption (Adhikari and Fernando, 2006). 
While separation costs could rapidly increase the 
production cost of natural hydrogen from some 
locations, certain impurities (e.g., CH4) could also 
have market value.

Natural Hydrogen Reservoirs Worldwide
Recent investigations into natural hydrogen 

reservoirs also highlighted the occurrence of 
methane that influences its purity and downstream 
processing requirements. The following presents 
a representative case study of a natural gas well 
exhibiting a promising concentration of hydro-
gen, which may serve as a reference for further 
geochemical and reservoir analyses.

Table 2 provides a comparative overview of 
natural hydrogen concentrations from multiple 
sites across the globe. These samples represent 
various geological settings, predominantly associ-
ated with serpentinized ultramafic and mafic rock, 
revealing the natural occurrence of molecular 
hydrogen in differing concentrations, along with 
co-produced gases like methane.

From the table, it is evident that most hy-
drogen-rich samples are linked to ophiolitic and 
ultramafic systems undergoing serpentinization, 
a geochemical process that facilitates hydrogen 
production. These findings support the growing 
interest in serpentinite-hosted hydrogen systems 
as potential sources of clean energy and under-
score the variability in hydrogen yield across 
different geological contexts.

This compilation of studies in Table 3 reveals 
how diverse experimental settings and method-
ologies affect hydrogen production rates. Figure 
4 further demonstrates the large variability in 
experimental H2 yields across the temperature 
range, including within the commonly favorable 
serpentinization window of 200-320 °C. This 
variability highlights the combined influence 
of temperature, mineralogy, pressure, and ex-
perimental conditions on H₂ generation. These 
findings provide a basis for predicting hydrogen 
production under natural conditions and guiding 
exploration using thermodynamic indicators and 
mineral reactivity patterns.

Discussion

This study confirms Indonesia’s significant 
potential as a natural hydrogen hotspot, which 
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Sample name Country
H2 CH4 Rock type

and main features Mafic-Ultramafic System
mL/kg mL/kg

Chim Per 1 Turkey 16.180 0.002 Serpentinized harzburgite 
(Chimaera seep site) Tekirova ophiolite

Tek Per Turkey 11.200 0.180 Serpentiniz. dunite (Cirali beach, 3 km 
from Chimaera) Tekirova ophiolite

CEDB105B Brazil 10.200 0.266 Heavily altered chromitite Pilar de Goias, G. Belt

MSK 2 Greece 12.100 1.520 Chromitite in serpentinised harzburgite-
lherzolite, thrust Othrys ophiolite

MET 2 Greece 4.560 0.274 Chromitite with interstitial serpentine and 
magnetite Othrys ophiolite

MK 1 Greece 0.092 0.008 Basalt Othrys ophiolite
Austin Creek USA 15.7 % 15.8 % Ultra-basic springs (serpentinization) Ophiolite
Camp Spring USA 50.9 % 7.4 % Ultra-basic springs (serpentinization) Ophiolite

Bahla, 97 Oman 81 -97 % 0.9-2.2 % Gas seeps on the surface at Ain Al-Waddah. Ophiolite

Nizwa, 99 Oman 22 -99 % 4% Bubbles in springs (Fe²⁺ oxidation by water) Ophiolite

Mt. Lanat Philippines 45.6 % 53.8 % Burning gas in peridotites of the Zambales 
ophiolite complex Ophiolite

Nagsasa Philippines 58.5 % 38.7 % Free gases seep on the surface Ophiolite

Penneshaw Australia 68.6 % 4.68 %
Reaction of water with ferrous compounds 
or magmatic (from high-temperature 
reactions)

Precambrian rocks

Minlanton Australia 84 % NA Gas from a well drilled into Precambrian 
metamorphic rocks. Precambrian rocks

Les Tiogaux France 14.1 % NA Gas from a mofetta (gas seep) Geyser

Wittelsheim France >50 % NA Main component of the gas in a potash 
deposit Salt deposits

Ampana Basins, 
Tojo Una-Una Indonesia 20 -35 13.4 % Ultramafic rocks serpentinization Ophiolite melange

Bahodopi, Morowali Indonesia 9 % 16.9 % Ultramafic rocks serpentinization Ophiolite melange

Table 2. Hydrogen and Methane Concentrations in Natural Gas Samples from Various Geological Settings Worldwide and 
Its Occurrence Potential and Its Occurrence Potential

is fundamentally supported by its unique geo-
logical conditions. The extensive East Sulawesi 
Ophiolite Formation (ESO) provides an ideal 
environment for hydrogen production through 
serpentinization of ultramafic rocks. Tangible 
evidence of this potential was found in the 
Ampana Basin, where methane gas samples 
showed hydrogen concentrations of up to 35%. 
The combination of abundant source rocks, 
active formation processes, and efficient migra-
tion pathways forms a highly promising natural 
hydrogen system.

Despite the promising outlook, the exploi-
tation of natural hydrogen in Indonesia faces 
technical challenges, particularly regarding gas 
purity due to the presence of impurities such 
as methane and nitrogen. The presence of these 
gases requires purification technology that can 
impact production costs, although some impuri-
ties, such as methane, also have potential market 
value. Therefore, moving forward requires more 
focused exploration efforts, including extensive 
geophysical and geochemical surveys, pilot 

drilling projects, and the development of a sup-
portive regulatory framework. By overcoming 
these challenges, Indonesia can elevate its status 
from theoretical potential to proven reserves, 
positioning it as a leader in the emerging global 
clean energy frontier. 

The data presented in Table 3 reveal vast 
variability in the hydrogen generation rates. 
This demonstrates that natural hydrogen is 
highly dependent on specific environmental 
conditions. The rates can be broadly categorized 
as follows:
•	 A low generation rate is commonly associ-

ated with low-temperature and low-pressure 
conditions, with generation rates of 0.01 - 1 
mmol/kg. This phenomenon has been proven 
by a number of studies like McCollom and 
Donaldson (2016), Neubeck et al. (2011), and 
Okland et al. (2014).

•	 A moderate to high generation rate that is 
associated with hydrothermal conditions 
(200 -300°C) is considered the optimal con-
dition for serpentinization. This condition 
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Table 3. Summary of Previous Studies on Natural Hydrogen Generation Under Various Experimental and Geological 
Conditions

Study H2 Conditions Mineral/Grain Size Method

Leshounova (1991) 37.42 cm³/kg 100oC; 8 MPa Limestone Experimental
Abrajano et al. (1988) 8.4 vol. % 110 -125°C Zambales ophiolite (LFE-1) Isotopic Analysis
Abrajano (1988) 42.3 vol. % 110 -125°C Zambales ophiolite (LFE-2) Isotopic Analysis
Abrajano (1988) 42.6 vol. % 110 -125°C Zambales ophiolite (LFE-3) Isotopic Analysis

Neal and Stanger (1983) 0.1-99 vol. % 20 -50°C Ultramafic rocks
Mass spectrometry and gas chro-
matography

Jeffrey and Kaplan (1988) 2.7-8.0 vol. % 50°C Granite Drilling method experiments
Berndt et al. (1996) 25 mmol/kg 400°C, 500 bar Olivine and pyroxene (60 µm) Lab experiment

Berndt et al. (1996) 158 mmol/kg 300°C, 500 bars
Olivine
(30-80 µm)

Lab experiment

Berndt et al. (1996) 1.7 mmol/kg 300°C, 500 bars Olivine Lab experiment

Grozeva et al. (2017) 22 mmol/kg 200-300°C, 350 bars Forsterite, <44 µm Lab experiment

Grozeva et al. (2017) 65 mmol/kg 300°C, 350 bars Harzburgite (63-125 µm) Lab experiment
Huang et al. (2019) 119 mmol/kg 300°C, 3 kilobars Peridotite (< 30 µm) Lab experiment
Huang et al. (2019) 79.6 mmol/kg 300°C, 3 kilobars Olivine (<30 µm) Lab experiment
Huang et al. (2019) 244 mmol/kg 300°C, 3 kilobars Olivine (>250 µm) Lab experiment
Jones et al. (2010) 12 mmol/kg 200°C, 300 bars Olivine (100um) Lab experiment
Marcaillou et al. (2011) 14 mmol/kg 300°C, 300 bars Peridotite (~1 µm) Lab experiment
Mayhew et al. (2018) 0.04 mmol/kg 55°C, low pressure Peridotite (53-212 µm) Lab experiment
Mayhew et al. (2018) 0.3 mmol/kg 100 ◦ C, low pressure Peridotite (53-212 µm) Lab experiment

McCollom and Seewald (2007) 74 mmol/kg 300°C, 350 bars Olivine (fine powder) Lab experiment

McCollom and Donaldson 
(2016)

0.2 mmol/kg 90°C, near-surface Olivine (53-212 µm) Lab experiment

McCollom et al. (2020) 105 mmol/kg 230 °C, 350 bars
Olivine (80%) and pyroxene (20% )
(38-212 um)

Lab experiment

Miller et al. (2017) 12 mmol/kg 100°C, low pressure Dunite (53-212 µm) Lab experiment
Miller et al. (2017) 18.9 mmol/kg 200 °C, 300 bars Dunite (30-63 µm) Lab experiment

Neubeck et al. (2011) 0.5-1.5 mmol/kg 30-70 °C, low pressure Olivine (0.250 and 0.500 mm) Lab experiment
Okland et al. (2014) 0.012 mmol/kg 25°C, low pressure Dunite (<63 µm) Lab experiment
Fauguerolles (2016) Not quantified 250-350 °C, 50 MPa Harzburgite Experimental

Huang et al. (2020)
Order of magnitude de-
crease (pyroxene)

311-500 °C, 3 kbar Olivine + pyroxene/spinel Experimental

Huang et al. (2023) 67-89 vol% 300 °C, 2.2-3.4 kbar Olivine, peridotite Experimental
McCollom et al. (2020) Sharp pH-dependence 200-230 °C Olivine + orthopyroxene Experimental
Vega et al. (2024) 9-13 vol% 80-245 °C Olivine sand (250-355 µm) Experimental
Zhang et al. (2015) Variable, less from basalt 300-500 °C, 1-3 kbar Mixed:peridotite, basalt Experimental

Albers et al. (2019) 200-350 mmol/kg 25-400 °C Cratonic/peridotite Modeling

McCollom and Bach (2009) 360 mmol/kg NA Peridotite, pyroxenite Thermodynamic Modeling
Klein et al. (2013) 200-340 mmol/kg NA Olivine Geochemical Modeling

Klein et al. (2013) 50 -150 mmol/kg NA Olivine Modeling

Donval et al. (1997) 13 mmol/kg NA NA
MOR (Rainbow hydrothermal field at 
Mid-Atlantic ridge)

Charlou et al. (2002) 16 mmol/kg NA NA
MOR (Rainbow hydrothermal field at 
Mid-Atlantic ridge)

Kelley et al. (2005) 15 mmol/kg NA NA
MOR (Lost City Hydrothermal 
Field)

Etiope (2024) 0.72 mmol/kg NA Dunite Extraction

generally can produce up to 1 -100 mmol/kg 
hydrogen, according to Jones et al. (2010) 
and McCollom and Seewald (2007).

•	 Very high generation rates typically occur 
under high-pressure and high-temperature 
experimental conditions or are predicted by 
thermodynamic models. This category can 

produce up to 100̶360 mmol/kg hydrogen, 
as proven by Berndt et al. (1996), Huang et 
al. (2019), and McCollom and Bach (2009).

This variability is systematically controlled 
by a suite of geological and chemical factors. 
The rate of hydrogen generation is determined 
by a complex interaction of the following key 
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Figure 4. Experimental H2 yields during ultramafic serpentinization as a function of temperature and mineral composition.

Aspect Parameter Impact

Temperature Low temperature (<100°C) Reactions are extremely slow with minimum production of hydrogen.  (e.g. McCollom and Donaldson, 
2016: 0.2 mmol/kg).

Optimal temperature (200 ̶ 315°C) Geochemical reactions proceed at an optimum rate with significant production of hydrogen. 
(e.g. Berndt et al., 1996: 158 mmol/kg).

Very high temperature (>400°C) Stability fields of minerals change, and hydrogen rates can actually decrease (as indicated in Huang 
et al., 2023).

Pressure Reaction enabler High pressure helps keep water in a supercritical state at high temperatures, facilitating the water-
rock interaction.

Mechanism controller High pressure and confining stress can reduce rock permeability and fracture networks.

Mineralogy Rock type Ultramafic rocks (e.g. dunite, harzburgite) are richer in iron-bearing olivine than mafic rocks like 
basalt. 
(e.g. Zhang et al., 2015).

Iron content Rocks with higher initial Fe²⁺ content have a higher potential hydrogen yield.

Grain Size and Surface Area Finely crushed or powdered samples in experiments react much faster due to a vastly increased 
surface area for reaction.

Fluid 
chemistry

pH Serpentinization drives fluids to highly alkaline conditions (pH > 10), which can passivate mineral 
surfaces and slow the reaction (McCollom et al., 2020).

Salinity High salinity can significantly reduce hydrogen diffusivity and may also affect reaction kinetics.

Catalyst The presence of certain minerals can catalyse reactions. 
(e.g., nickel-rich ultramafic rocks).

Time NA Geological processes operate over millions of years. Continuous reaction over a vast volume of rock 
(e.g. the entire Samail Ophiolite) can produce enormous quantities of hydrogen. 

Huang (2019) [3 kbar]
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parameters summarized in Table 4 below.
•	 The crucial point is that the hydrogen genera-

tion rate depends on the reaction kinetics of 
the system. Consequently, exploration efforts 
should concentrate on areas where these fac-
tors are optimized in order to identify loca-
tions with high-flux natural hydrogen.

•	 The geological source can be identified by 
focusing on regions with abundant, fresh, or 
partially serpentinized ultramafic rocks, such 
as ophiolites and greenstone belts.

•	 The reaction engine can be identified by 
detecting areas with a sustained heat source 
within the optimal temperature range of 200 

Table 4. Summary of Factors Controlling the Rate of Natural Hydrogen Generation During Serpentinization
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-315°C, typically generated by deep-seated 
tectonic activity or radioactive decay.

•	 The geological plumbing system can be 
mapped by identifying fault and fracture 
systems that act as conduits for the migration 
and accumulation of water and hydrogen.

•	 Surface indicators of an active system at 
depth can be identified through the presence 
of direct evidence, including "fairy circles" 
or hydrogen seeps.

Conclusions

This review highlights the vast potential of 
natural hydrogen as a clean, economically vi-
able, and geologically abundant energy resource. 
Through the analysis of various global forma-
tions and geological mechanisms, particularly 
serpentinization, this study affirms the continuous 
and natural generation of hydrogen in the Earth's 
subsurface. Compared to conventional hydrogen 
production methods, natural hydrogen offers su-
perior cost advantages, with production estimates 
as low as USD 0.50 per kilogram, and minimal 
carbon emissions, making it a strong candidate 
for sustainable energy systems. However, the 
presence of impurities such as methane, nitrogen, 
and oxygen necessitates the implementation of 
purification technologies, which may affect cost 
and feasibility in certain settings. The Indonesian 
Archipelago, due to its complex tectonic struc-
ture and the presence of ultramafic rocks, holds 
promise as a natural hydrogen hotspot. Neverthe-
less, further geophysical exploration, regulatory 
frameworks, and technological investments are 
required to unlock this potential. As the world 
seeks low-carbon energy pathways, integrating 
natural hydrogen into Indonesia’s energy portfo-
lio could significantly contribute to both national 
and global sustainability goals. 

This study emphasizes Indonesia's significant 
potential due to its extensive ultramafic terranes, 
which serve as the source rock, located in a 
tectonically active region that acts as the engine 
and potential conduit for hydrogen generation. 

The documented hydrogen seeps in Sulawesi, 
which contain 20 -35% hydrogen, demonstrate 
that these systems are not only theoretically ca-
pable of producing hydrogen but are also actively 
generating and leaking hydrogen in the present 
day. The next step is to identify where the gener-
ated hydrogen has accumulated in commercially 
viable quantities. 
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