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Achieving net-zero emissions will require large-scale change across all sectors of 
the economy, and efforts to drive this transition are intensifying. Over the past 
several years, through the Climate Innovation 2050 initiative, the Center for 
Climate and Energy Solutions (C2ES) has engaged closely with leading companies 
across diverse sectors to examine challenges and solutions to decarbonizing the 
U.S. economy by 2050. As we lay out in Getting to Zero: A U.S. Climate Agenda, 
reaching net zero will require large-scale change, but it will also require us to 
address a number of discrete and urgent challenges.1 To inform policymakers 
considering these near- and long-term questions, C2ES launched a series of 
“Closer Look” briefs to investigate important facets of the decarbonization 
challenge, focusing on key technologies, critical policy instruments, and cross-
sectoral challenges. These briefs explore policy implications and outline key 
steps needed to reach net zero by mid-century.

SUMMARY
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Hydrogen 
Underground: 
The Prospects and Policy of 
Subsurface Hydrogen 

Subsurface hydrogen could become a 
scalable source of clean, cost-competitive 
hydrogen—but its commercial potential 
remains unproven. Estimates suggest global 
accumulations could reach 5.6 trillion tons, 
but the recoverable portion is unknown, and 
no economically significant resource has been 
publicly demonstrated. We see this as a high-
reward opportunity worth testing.

 
Promising geologic settings occur across 
much of the United States, from the Great 
Lakes to Texas, and covering parts of the 
Appalachians and the Coast Ranges. This 
overlap with America’s existing strengths in 
geoscience and drilling positions the country to 
lead early development, provided the resource 
proves commercially recoverable. 

 
Early cost modeling suggests subsurface 
hydrogen could be cost-competitive with 
conventional steam methane reforming. If 
validated at scale, it could become one of the 
lowest-cost clean hydrogen pathways available.

 
Significant uncertainty remains: no large-
scale accumulation has been proven, and 
stimulated production must accelerate natural 
reactions by 10,000 to 100,000 times to be 
commercially viable. We should treat subsurface 
hydrogen as a promising but unproven bet, not a 
guaranteed solution.​

 
We are calling on Congress to fund a 
dedicated Department of Energy research 
and demonstration program, expand geologic 
data collection and access through programs 
such as Earth MRI, and clarify federal permitting 
requirements. These modest, near-term 
investments would help determine the viability 
of subsurface hydrogen while supporting 
responsible private-sector development.
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Glossary
Accumulation: A buildup of hydrogen gas that has migrated into a 
reservoir and become trapped there over time. 

Iron oxidation: A chemical reaction in which ferrous iron (Fe²⁺) 
loses electrons and becomes ferric iron (Fe³⁺). In certain water–rock 
reactions, the released electrons help convert hydrogen derived from 
water into hydrogen gas. 

Migration pathway: The route that hydrogen gas takes as it moves 
through faults, fractures, or permeable rock layers in the subsurface. 

Permeability: A measure of how easily fluids or gases can flow 
through a rock; high permeability means that fluids and gases can 
move through it easily. 

Porosity: The amount of empty space, or pore space, within a rock 
that can hold gases or fluids.

Prospectivity: The likelihood that an area contains the geologic 
conditions needed for a potentially recoverable resource. Prospectivity 
indicates where further exploration may be warranted; it does not 
confirm that a resource exists. 

Radiolysis: A chemical process in which radiation released by 
naturally occurring radioactive elements breaks apart water molecules, 
producing hydrogen gas. 

Recoverable resource: The portion of an accumulation estimated to 
be extractable using existing (or reasonably foreseeable) technology at 
a cost that makes economic sense. 

Reservoir (geologic): An underground rock layer that has enough 
open space (porosity) to store hydrogen and is permeable enough to 
allow the hydrogen to be extracted. 

Seal (geologic): A layer of dense, impermeable rock that sits above a 
reservoir and prevents hydrogen gas from escaping upward. 

Suture zone: A boundary where sections of Earth’s crust have collided 
and joined together; these zones can act as pathways for gas to 
migrate upward from deep sources. 

Ultramafic rock: A type of rock that is very low in silica and rich in iron 
and magnesium; a key source rock for hydrogen generation through 
iron oxidation. 
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Executive Summary
From petroleum refining to fertilizer production, hydrogen is a foundational input 
for some of the most important industrial sectors in the United States. Global 
demand for hydrogen has reached 100 million metric tons per year, which is 
almost entirely supplied by carbon-intensive methods.2 Expanding access 
to cleaner, cost-competitive hydrogen sources is an economic and strategic 
endeavor that could strengthen the U.S. production base while opening new 
markets in aviation, maritime shipping, long-haul trucking, and other sectors. 
Subsurface hydrogen gas is a prospective resource. While most subsurface 
hydrogen is too deep, too diffuse, or otherwise inaccessible for commercial 
production, certain natural accumulations or engineered systems may offer a 
scalable source of low-carbon hydrogen. Promising geologies span much of 
the United States, extending from the Great Lakes to Texas, and covering parts 
of the Appalachians and the Coast Ranges in the west up to Alaska. While the 
resource is highly uncertain, its potential scale, early cost estimates, and overlap 
with U.S. strengths in geoscience, drilling, and subsurface engineering make it a 
high-reward opportunity worth validating. 
This report examines the origins, resource potential, extraction pathways, costs, 
challenges, and policy needs associated with subsurface hydrogen. It focuses 
on two broad pathways: exploration for naturally accumulated hydrogen and 
stimulated production designed to induce or accelerate hydrogen generation 
underground. Natural hydrogen exploration seeks reservoirs where hydrogen 
has been generated, migrated, accumulated, and trapped over geologic 
time. Stimulated production attempts to create hydrogen in place by altering 
subsurface conditions. 
The evidence base remains preliminary. Global accumulation estimates suggest 
very large potential resources, but the recoverable portion is unknown. Cost 
estimates are similarly uncertain, although early modeling suggests a potential 
for competitive hydrogen prices.
Subsurface hydrogen may become a significant low-carbon energy resource, 
a niche opportunity, or prove less commercially viable than early estimates 
suggest. However, the investment needed to test that question is modest 
relative to the potential reward, and the resulting data, methods, and field 
experience would retain value across adjacent subsurface resource sectors. 
For that reason, policymakers should act now to expedite the assessment of 
subsurface hydrogen with coordinated research, better data, and regulatory 
clarity. Targeted federal actions include:

•	Coordination of Federal Research, Development, and Demonstration 
(RD&D): Coordinated research, development, and field validation 
led by the U.S. Department of Energy (DOE) in partnership with U.S. 
Geological Survey (USGS), national laboratories, state geological surveys, 
universities, industry, and international partners. 

•	Improvement of Geologic Data Infrastructure: Improved geologic data 
infrastructure through Earth Mapping Resources Initiative (EarthMRI)-
style data acquisition and Critical Mineral Assessments with AI Support 
(CriticalMAAS)-style data processing.

•	Regulatory Clarity: Clearer permitting pathways for exploration, 
stimulation, and demonstration projects that maintain safeguards for 
groundwater, well integrity, induced seismicity, waste management, 
financial assurance, and closure. 
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Introduction 
Most hydrogen produced today is made through steam methane reforming 
(SMR), a natural gas-based process involving the unabated release of 
greenhouse gases. In the United States, where nearly all hydrogen is produced 
through SMR, each kilogram of hydrogen results in an estimated 10–12 
kilograms of carbon dioxide. With domestic production of about 10 million tons 
of hydrogen in 2019, this implies annual emissions of about 100 million tons of 
carbon dioxide.3 

Clean hydrogen production pathways, including electrolysis and SMR paired 
with carbon capture, can significantly reduce the emissions associated with 
hydrogen production. However, these pathways have faced persistent cost 
premiums and other barriers that limit market demand and slow the growth of 
new applications that depend on clean hydrogen.4 

A growing body of research is interrogating a so-far unproven option for 
clean hydrogen production: the extraction of hydrogen gas from underground 
resources. While hydrogen has been detected across the United States, often 
incidentally, no economically recoverable resource has yet been demonstrated 
(Figure 1). Researchers are now developing a better understanding of 
hydrogen generation, migration, and accumulation, while advances in adjacent 
technologies are creating new possibilities for exploration and production. 
These developments suggest that subsurface hydrogen could expand the 
portfolio of clean hydrogen production pathways and potentially become a cost-
competitive energy resource. 

FIGURE 1: KNOWN OCCURRENCES OF SUBSURFACE HYDROGEN IN THE CONTINENTAL 
UNITED S TATES

This map layer is sourced from the USGS Interactive Application to Explore Geologic Hydrogen Data  
(https://energy.usgs.gov/hydrogen/ ). Shown are known hydrogen occurrences within the conterminous United States with 
values greater than 1 mol % from Zgonnik (2020; https://doi.org/10.1016/j.earscirev.2020.103140), the U.S. Geological Survey 
Energy Geochemistry Database (2019; https://certmapper.cr.usgs.gov/data/apps/geochem-db/ ), and Brennan and others 
(2021; https://doi.org/10.5066/P9TR93E3). 

https://energy.usgs.gov/hydrogen/
https://doi.org/10.1016/j.earscirev.2020.103140
https://certmapper.cr.usgs.gov/data/apps/geochem-db/
https://doi.org/10.5066/P9TR93E3
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In this report, subsurface hydrogen refers to free hydrogen gas (H2) occurring 
naturally or produced within geological formations beneath Earth’s surface. 
Other forms of naturally occurring hydrogen (e.g., trapped in mineral inclusions 
or dissolved in groundwater) are not commercial prospects and therefore are 
excluded in this report.5

This report examines subsurface hydrogen across five key areas: (1) the 
geologic origins of subsurface hydrogen, (2) resource scale, (3) production 
techniques and their challenges, (4) attributes, and (5) public policy approaches 
that can expedite understanding and potential exploitation of subsurface 
hydrogen resources. 

Origins of Subsurface Hydrogen
Subsurface hydrogen has existed since Earth’s formation; it is actively produced 
and consumed through dynamic natural processes. The three sources believed 
to be the primary origins of subsurface hydrogen include iron oxidation, 
radiolysis, and degassing from deep sources in the lower crust or upper mantle. 

Iron Oxidation 
One of the primary ways subsurface hydrogen forms is through chemical 
reactions between water and iron-rich rocks. When water contacts ferrous  
iron under the right conditions, hydrogen splits from the water molecules  
as a free gas while other minerals are formed. Box 1 describes the process  
in greater detail. 

Settings and Source rocks
Mantle-derived “ultramafic” rocks, especially olivine-rich formations, are the 
primary targets for water-rock reactions because they are rich in Fe2+. In 
the United States, relevant geologies include exposed ultramafic belts in the 
Appalachians and across the West (e.g., Coast Ranges and Sierra Nevada 
foothills), as well as buried mantle-derived rocks such as the Midcontinent 
Rift (covering parts of Kansas, Nebraska, Iowa, Minnesota, Wisconsin, and 
Michigan), Southern Oklahoma Aulacogen (Texas and Oklahoma), and Reelfoot 
Rift (Arkansas, Missouri, Tennessee, and southern Illinois).6 Magnetite-rich 
banded iron formations, which are indicative of past oxidation and may also 
contribute to new hydrogen generation, are especially relevant in parts of 
Minnesota, Michigan, and Wisconsin.7

Although hydrogen occurrences associated with water-rock reactions have 
been documented, no large-scale, commercially recoverable underground 
accumulation has yet been demonstrated.8 Commercial relevance therefore 
depends not only on source rocks and reaction conditions, but also on migration 
pathways, reservoirs, seals, and preservation conditions that prevent hydrogen 
from escaping or being consumed by natural processes (see section: Natural 
Hydrogen Exploration). 
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Box 1: Hydrogen Production through Iron Oxidation
When water (H2O) contacts minerals like olivine and pyroxene, it oxidizes the ferrous iron (Fe2+) they 
contain. The oxidation of Fe2+ to Fe3+ provides the electrons needed to reduce the hydrogen ions in 
water to molecular hydrogen gas. The process forms new minerals, including serpentine, magnetite, 
and brucite (Figure 2). 

FIGURE 2: FORMATION OF HYDROGEN AND OTHER MINER AL S FROM WATER AND FERROUS IRON

Olivine and water react to form hydrogen gas and minerals (e.g., serpentine, brucite, and/or magnetite) in varying quantities, depending on conditions. 
Source: Adapted from Qingwang Yuan et al., “Stimulated Geologic Hydrogen: From Mechanistic Control to Engineered Rock Transformation.”9

The mineral composition and characteristics of the rock (i.e., its mineralogy) play an important role. 
They help determine the availability of ferrous iron and the pathways through which that iron oxidizes 
and forms hydrogen. Magnetite formation is generally considered the dominant hydrogen-generating 
pathway, as it reflects substantial conversion of Fe²⁺ to Fe³⁺. Other pathways do exist with varying 
yields. For instance, Fe³⁺-rich serpentine formation can also contribute to hydrogen generation, while 
brucite formation may temporarily retain iron as Fe²⁺ (meaning it does not oxidize and yield H2) and 
preserve future hydrogen-generation potential.10 Refining the interpretation of source rock mineralogy 
is critical to locating iron-rich rocks with a higher chance of commercial relevance. 

Temperature, pressure, salinity, pH, and silica activity further influence reaction rates and hydrogen 
yield. For example, the temperature range of 200–300 degrees C appears to be ideal for hydrogen 
production. Lower-temperature reactions that favor brucite and serpentine formation (below 150–200 
degrees C) are much slower (on geologic timescales of tens of thousands of years), but can still allow 
for hydrogen accumulation where migration, trapping, and consumption conditions are favorable.11 
The instability of these minerals at higher temperatures (above 350 degrees C) may prevent reactions 
altogether; however, some research indicates that olivine oxidation at temperatures exceeding 1000 
degrees C may still produce small amounts of hydrogen during the formation of alternative mineral 
assemblages.12 The effects of alkalinity and silica activity on hydrogen production appear very site- 
and mineral-specific.13 As hydrogen-specific models advance, the collection and interpretation of 
these geophysical and geochemical data will be instrumental for locating potential resources. 

Radiolysis
Radiolysis is a chemical process in which naturally occurring radioactive decay 
splits water molecules and produces hydrogen gas. The reaction occurs as 
follows. Radioactive elements such as uranium, thorium, and potassium emit high-
energy particles. When those particles interact with water in pores, fractures, or 
fluid inclusions in rocks, they can break water molecules apart, forming hydrogen. 
Unlike iron oxidation, radiolysis does not require iron-rich minerals or high-
temperature water-rock reactions. It can occur wherever water and radioactive 
minerals coexist, including relatively low-temperature surface environments.14 
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Settings and Source Rocks
Radiolytic hydrogen is most commonly associated with continental rocks 
containing radioactive elements, including granites and granitoids enriched 
in uranium and thorium. These settings are widely distributed and produce 
hydrogen over long periods. The process, however, is slow and diffuse, 
so meaningful accumulation requires millions of years of isolation and 
preservation.15 Potential settings for radiolytic hydrogen occur across much 
of the central United States, which is underlain by the continent’s ancient, 
geologically stable core.16

Geochemical indicators—like helium-4 from uranium and thorium decay and 
argon-40 from potassium decay—can help identify radiolytic systems. However, 
co-occurrence of hydrogen with helium or argon does not by itself demonstrate 
a recoverable resource.17 As with iron oxidation through water-rock reactions, 
commercial relevance depends on whether hydrogen can migrate, concentrate, 
and remain trapped beneath an effective seal rather than recombining, 
diffusing, or being consumed.18

Deep-Seated Degassing
Hydrogen may also originate from deep crustal or mantle sources and migrate 
upward through faults, fractures, and other permeable pathways. The underlying 
source mechanisms remain under study and may include residual primordial 
hydrogen, mantle water-rock reactions, and high-temperature equilibrium 
processes that stabilize hydrogen under reducing conditions. Regardless of 
origin, the defining characteristic of this system is vertical migration from deep 
crustal or mantle environments toward the surface.19

Potential observations of this source have been inferred from geochemical 
signatures and structural context. Exploration interest is highest where deep-
crustal faults or suture zones acting as migration pathways intersect with 
reservoirs and seals capable of trapping gas.20 Ancient sedimentary basins—
also known as cratonic basins—that host major fault systems may be more 
favorable than highly permeable or tectonically active settings that promote 
seepage rather than accumulation.21 In the United States, potential settings 
include western regions associated with high-heat flow (e.g., associated with 
geothermal fluids) and suture zones concentrated in the western and central 
interior of the country.22
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Estimated Resource Size of 
Subsurface Hydrogen
The volume of subsurface hydrogen that is recoverable for commercial 
purposes depends on two highly uncertain variables: how much subsurface 
hydrogen exists, and how much, if any, can be extracted economically. While 
significant scientific and commercial milestones must be met before recoverable 
volumes are meaningfully understood, a growing body of research has begun 
to estimate how much hydrogen might be stored in the subsurface (global 
accumulation), how much new hydrogen is produced (global generation) or 
reaches the surface per year (flux), and how much hydrogen is produced 
from case studies of known sites where estimates are inferred from well tests, 
simulations, or volumetric analogies.23 

Global Accumulation
Ellis and Gelman provide an initial frame of reference for the total volume of 
hydrogen that may exist in subsurface accumulations. Using their mass-balance 
model, they estimate a most probable value of 5.6 trillion tons. Although the 
recoverable portion remains unknown, the authors note that two percent of this 
amount would contain roughly twice the energy of Earth’s proven natural gas 
reserves.24 

Their model is most sensitive to how long hydrogen persists in reservoirs before 
being consumed (primarily by microorganisms), followed by annual generation 
rate and trapping efficiency (Table 1). The influence of these inputs is instructive 
in understanding hydrogen’s expected subsurface dynamics. 

At Yanartaş in Antalya, Turkey, gases from a methane-rich gas seep containing hydrogen have fueled flames for at least 
2,500 years. 

Source: MykolaIvashchenko | iStock
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TABLE 1: REL ATIVE INFLUENCE OF INPUT S ON MODELED ACCUMUL ATION ES TIMATES

Input factor Midpoint Value Relative influence 
on predicted 
resource potential

Explanation

Residence 
time due to 
consumption in 
reservoir

1.4 million years Largest If hydrogen survives longer in 
reservoirs before being consumed, 
the predicted global value is much 
higher. If it is consumed quickly by 
microbes or further chemical reactions, 
predicted values are much lower.

Hydrogen 
generation rate

500 million tons 
per year

Large If Earth generates more hydrogen, 
predicted resources are higher. In this 
model, it matters less than residence 
time.

Trapping 
efficiency

1 percent Meaningful The fraction of hydrogen produced 
that is prevented from escaping to 
the surface, for example by entering a 
reservoir and being retained beneath 
an effective seal.

Residence time 
due to trap 
leaking

50 million years Small How long trapped hydrogen remains 
stored before escaping over geologic 
time.

Consumption 
fraction

95 percent Very small How much hydrogen is lost during 
subsurface migration.

Shallow 
proportion

99 percent Very small The fraction of consumed hydrogen 
that occurs in the shallow subsurface 
driven by biotic consumption.

Deep 
proportion

1 percent Very small The fraction of consumed hydrogen 
that occurs deeper in the subsurface 
driven by abiotic consumption.

Input factors are variables used to calculate modeled hydrogen accumulation. Midpoint values represent the study’s selected 
central or median input values used in the model calculations, not necessarily the numerical midpoint of the minimum and 
maximum inputs used. Relative influence is based on C2ES’s interpretation of the study’s weighted-value analysis. Adapted 
from Table 1 in Geoffrey S. Ellis and Sarah E. Gelman, “Model Predictions of Global Geologic Hydrogen Resources.”25 

Generation/Flux
Hydrogen flux is sometimes used as a proxy for the maximum viable 
accumulation rate, but it cannot be used to determine stored volumes without 
assumptions on trapping, losses, and residence time (Table 1).26 

Ellis and Gelman estimate most probable values for the amount of hydrogen 
which migrates from the subsurface into the atmosphere each year (24 million 
tons) and the amount of newly generated hydrogen which successfully migrates 
into subsurface reservoirs each year (5 million tons).27 Compared with current 
global hydrogen demand of roughly 100 million tons per year, these figures 
suggest that economically relevant production will likely depend more on finding 
sizable accumulations or engineering much faster reaction rates than relying on 
natural generation alone. Flux estimates compiled and harmonized by Franke et 
al. underscore this point further, with significantly lower rates from other studies 
and scopes of analysis.28 
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Known Sites
Known occurrences of subsurface hydrogen around the world demonstrate that 
these hydrogen systems exist, but they have not yet demonstrated significant 
commercial-scale potential. 

Modeled and measured flow rates from 26 sites compiled from the literature by 
Franke et al. show that the highest flow rate cited, stemming from a continuous 
seep in the Philippines, releases an estimated 808 tons of hydrogen per year.29 
While this is roughly the amount of hydrogen a large ammonia plant would use 
in about two days, natural surface outgassing should not be conflated with the 
size or producibility of potential subsurface accumulations.30 

Considering that most known sites were discovered accidentally, a central 
question is whether dedicated exploration can find higher-flow, higher-
concentration accumulations that accidental discovery has missed.

Commercial Production
Successful production of subsurface hydrogen on a commercial scale will 
depend on project-specific combinations of flow rate, gas composition, location, 
end use, and any potential co-products. To date, no significant commercial 
recoveries have been publicly demonstrated. 

Representations from subsurface hydrogen developers generally describe 
future production goals as tens of thousands of tons per year on a given site. 
While today’s SMR plants can produce well over 100,000 tons of hydrogen per 
year with 99.9 percent purity, minimum viable production levels are ultimately 
specific to individual projects and offtaker requirements.31 If a hydrogen offtaker 
requires high purity, as would be the case for most established applications, 
separating hydrogen from low concentration gas streams will add significant 
capital and energy costs. However, prospective revenue from co-production 
of helium from the gas stream and critical minerals from produced water could 
provide subsurface hydrogen projects with an opportunity to overcome some of 
those costs.32 

Demand for reliable, cost-effective energy produced near the point of use 
could create early markets for subsurface hydrogen. The United States Air 
Force Office of Energy Assurance, for example, has partnered with industry 
to evaluate whether locally sourced subsurface hydrogen could support on-
base power generation and help meet a congressional mandate for 99.9 
percent energy availability at critical military sites by 2030.33 Remote mines 
present another potential market. Many depend on diesel transported over 
long distances, and some are located in formations that may also be suitable 
for subsurface hydrogen production. Where favorable geology coincides with 
mine-site demand, local hydrogen production could reduce fuel costs and 
improve energy resilience.34

Today, researchers and technology developers are piloting a range of 
approaches in the pursuit of subsurface hydrogen. These approaches fall 
into two high-level categories: natural hydrogen exploration and stimulated 
production (Figure 3). 
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FIGURE 3: PRODUC TION APPROACHES FOR SUBSURFACE HYDROGEN 

Natural hydrogen production well
Injection

(water/heat)
Production

(H₂ recovered)

NATURAL EXPLORATION STIMULATED PRODUCTION

Reservoir (trapped H₂)

Iron-rich source rock

Accelerated iron oxidation generates H₂ in place

Faults and fractures

Deep-seated 
degassing

Radiolysis

Natural radiation

Iron oxidation

Hydrogen gas WellGeologic seal

Simplified schematic of subsurface hydrogen generation and accumulation. Natural hydrogen exploration (left) targets sealed 
reservoirs where naturally generated hydrogen has accumulated. Stimulated hydrogen production (right) seeks to generate 
hydrogen underground through engineered processes.

Natural Hydrogen Exploration
Natural hydrogen exploration is motivated by the possibility that hydrogen has 
been generated, migrated, concentrated, and trapped in underground reservoirs 
that remain undiscovered. The central uncertainty is not whether hydrogen 
exists in the subsurface, but whether producible accumulations can be found 
and developed for economically viable uses. 

Over a century of oil and gas exploration provides a general framework for 
discovery, in which progressively narrower assessments of opportunities, such 
as basin, play, lead, and prospect, are used to locate potential resources based 
on what is known about the hydrocarbon formation.35 

For subsurface hydrogen, a “play” is a class of settings that share common 
geologic conditions such as the hydrogen generation mechanism, migration 
pathways, suitable reservoir rocks, effective seals, and conditions that allow 
hydrogen to accumulate rather than escape, get consumed, or react into other 
compounds. A “prospect” is a more localized target where those conditions 
appear to coincide and can be tested with geologic, geophysical, and 
geochemical data.

A USGS hydrogen prospectivity (play-level) map released in 2025 was based 
on a continental-scale study to identify regions of interest for more detailed 
assessment. The map evaluates three primary geologic components: whether 
source rocks are present for iron oxidation, radiolysis, or deep-seated 
degassing; whether reservoir rocks have sufficient porosity to store hydrogen; 
and whether seal rocks are present to avoid the loss of subsurface hydrogen. 
Locations rated highest for chance of sufficiency (a measure of how viable a 
given system is for hydrogen production) were generally those where iron and 
radiolytic rock sources coincide (Figure 4).36 It is a play-level screen, not a 
resource estimate or drill-target map, and does not seek to estimate volumes, 
depths, specific traps, consumption rates, or migration outside the model’s 
sedimentary-basin framework.37 Although some higher-resolution gravity, 
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magnetic, seismic, and geochemical data exist, limited and uneven spatial 
coverage prevented their use at the continental scale. Broader coverage is 
needed for more detailed regional and prospect-scale assessment. 

FIGURE 4: CONTINENTAL CHANCE OF SUFFICIENCY

The USGS prospectivity map uses chance of sufficiency values for source, reservoir, and seal components to measure 
prospectivity (P), where higher P values (blue) signal subsurface conditions that may be more viable for hydrogen. Source: 
Sarah E. Gelman, Jane S. Hearon, and Geoffrey S. Ellis, Prospectivity Mapping for Geologic Hydrogen, ver. 1.2, January 22, 2025, 
U.S. Geological Survey Professional Paper 1900 (Reston, VA: U.S. Geological Survey, 2025), https://doi.org/10.3133/pp1900.

Challenges for Natural Hydrogen Exploration
Exploration for subsurface hydrogen faces several known challenges, including 
a nascent understanding of subsurface hydrogen systems, fragmented geologic 
data, pilot funding constraints, and conventional commercial barriers related to 
production, distribution, and storage. 

More research is needed to develop and refine exploration tools that identify 
where hydrogen may form, migrate, accumulate, leak, or be consumed. Existing 
geochemical and geophysical datasets may be useful, but researchers are still 
learning to apply them to hydrogen systems and translate them into prospective 
drilling targets. 

Data availability and access pose a major dual challenge. Relevant datasets 
are often spread across federal and state agencies, universities, and private 
companies. A stepwise search for critical data may require sourcing information 
from many places. An exploration company may need to combine USGS data, 
state geologic maps, local geochemistry records, university core samples, and 
privately held seismic data to evaluate a single prospect. Where seismic data are 
unavailable, new collection can be expensive. This fragmented data environment 
adds time, uncertainty, and cost to exploration. Some of the highest-value data 
are collected by private firms and remain proprietary.

https://doi.org/10.3133/pp1900
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Natural hydrogen exploration also lacks the proven commercial track record 
that supports oil and gas investment. Several theories help explain why large 
hydrogen reservoirs, if they exist, have not already been discovered—and 
commercially utilized—during hydrocarbon exploration. Oil and gas exploration 
has often focused on settings less favorable for hydrogen, and petroleum 
source rocks may act as hydrogen sinks because migrating hydrogen can be 
incorporated into organic matter and hydrocarbon products during petroleum-
forming reactions.38 Historically, the analytical instruments used in petroleum 
exploration were not designed to detect hydrogen, and past analyses may have 
missed or misclassified it.39 

Private capital may become harder to secure if early exploratory drilling does 
not validate producible accumulations, or if success is defined only by large 
accumulations rather than project-specific commercial uses. Some experts 
worry that prospecting could outpace the scientific understanding needed to 
guide it, echoing lessons from geothermal energy, where early unsuccessful 
projects chilled investment before the resource base and development methods 
were better understood.40 

Even if hydrogen is discovered, transportation and storage may limit commercial 
value. Natural accumulations cannot be sited selectively near demand centers 
or infrastructure. Because hydrogen is small, diffusive, and costly to move, 
remote reservoirs could face significant delivered-cost penalties. Storage 
and distribution easily amplify the delivered cost of hydrogen from the cost of 
production.41 

Stimulated Production
Stimulated production seeks to create hydrogen in place by altering subsurface 
conditions. Like natural hydrogen exploration, the early stages of stimulated 
production development have yet to demonstrate commercially relevant results. 
If successful, stimulated production could allow operators to influence reaction 
conditions in known geologies. Its potential repeatability and siting flexibility—
meaning it could be developed closer to infrastructure and demand—would be 
additional assets but remain unproven. The heterogeneity of reactive formations 
may require site-specific stimulation methods and further field testing is needed 
to determine where it can work reliably. 

Induced Water-Rock Reactions
Most stimulated concepts seek to induce or accelerate water-rock reactions in 
iron-rich formations. Execution is complex but the premise is simple: expose 
suitable rocks to water under favorable temperature, pressure, flow, and 
chemical conditions, then recover the generated hydrogen through production 
wells. As Figure 5 illustrates for Texas, prospective areas can be screened by 
identifying where suitable rocks occur at depths and temperatures favorable 
for induced water-rock reactions. Compared with natural low-temperature 
reactions which may alter only about one percent of rock volume per 10,000 
years, economically viable stimulated systems may need to accelerate reactions 
10,000 to 100,000 times faster.42 
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FIGURE 5: S TIMUL ATED HYDROGEN POTENTIAL IN TE X AS

This map from the University of Texas Bureau of Economic Geology shows the distribution of source rocks at favorable depths 
and temperatures to support induced water-rock reactions. Source: S. J. Saleh et al., Sweet Spot Maps for Geologic Hydrogen 
and Helium in Texas, version 4 (2026), https://doi.org/10.26153/tsw/62911.

Technology Landscape
Different techniques to induce hydrogen production are being designed and 
tested by companies, universities, and public research entities. As many 
approaches are proprietary and overlapping, this report groups them into 
three broad categories: mechanical or electrical stimulation to create reactive 
surface area and flow paths, heat stimulation to bring formations into favorable 
temperature ranges, and water or steam circulation to sustain water-rock 
reactions and recover generated hydrogen.

Mechanical and electrical stimulation techniques seek to fracture or weaken 
iron-rich rock so water can reach more reactive mineral surfaces. This 
technique is most commonly compared with enhanced geothermal systems 
and, in some respects, hydraulic fracturing. However, stimulated hydrogen 
approaches may require smaller fracture networks that maximize water-rock 
contact while avoiding large fractures that channel fluids too quickly from 
injection to production wells, limiting the reaction with the surrounding rock. 
High-voltage electric currents or pulses are being tested to create these 
microfracture networks and may be paired with water injection to facilitate 
hydrogen-generating reactions.43 

https://doi.org/10.26153/tsw/62911


CENTER FOR CLIMATE AND ENERGY SOLUTIONS  Page  17Hydrogen Underground: The Prospects and Policy of Subsurface Hydrogen

Heat stimulation seeks to accelerate water-rock reactions that would otherwise 
occur over tens of thousands of years by raising iron-rich formations into the 
temperature range most favorable for hydrogen-producing reactions. The 
introduced heat could be delivered through technologies such as heater wells, 
which are already used today for oil recovery. Although laboratory experiments 
indicate that hydrogen generation can begin immediately after favorable 
conditions are reached, the time needed to heat the formation and recover the 
hydrogen through a production well remains uncertain and has not yet been 
established through field demonstrations.44 

Water and steam circulation approaches bring reactive fluids into contact with 
rocks containing ferrous iron. In this method, water serves both as a reactant 
and as a transport medium that can help move generated hydrogen toward a 
production well.45 The engineering objective is to improve contact between 
water and reactive minerals while managing flow paths, temperature, pressure, 
fluid chemistry, and rock permeability.46 Catalysts may offer another means 
of accelerating hydrogen-generating reactions in iron-rich rocks. Laboratory 
studies suggest that nickel, aluminum, palladium, and spinel-bearing minerals 
introduced with water or occurring naturally may promote mineral dissolution 
and iron oxidation, potentially favoring reaction pathways that generate more 
hydrogen.47 Developers are also investigating the injection of carbon dioxide 
(e.g., dissolved in water). Dissolved carbon dioxide can acidify water and 
accelerate mineral dissolution, while carbonate formation releases heat and may 
create reaction-induced fractures that increase permeability.48 These effects 
are not uniformly beneficial. Carbon dioxide can inhibit hydrogen generation 
or react with hydrogen to form methane, and carbonate precipitation can coat 
reactive surfaces or obstruct fluid pathways.49 Further research is therefore 
needed to determine under what conditions and practices the benefits of carbon 
mineralization outweigh the competing reactions. 

Challenges
Characterizing mineralogy at the intended reaction depth can be a significant 
challenge, presenting uncertainty for both the potential generation rate and 
generated hydrogen volume. Surface samples may not represent rocks one to 
two kilometers below ground, core samples provide information only for discrete 
intervals along individual boreholes, and mineralogy can vary over distances 
of just a few meters. No established geophysical tool can yet map the relevant 
mineralogy throughout the entire volume targeted for stimulation. 

Another challenge beyond rock characterization is achieving adequate 
contact between water and iron-rich rocks with very low porosity. Ferrous iron 
availability is a primary limiting factor, meaning production can stall if accessible 
reactive iron is depleted or poorly connected to flowing water.50 Broader 
mineralogy also influences whether ferrous iron is converted into hydrogen-
generating minerals (see Box 1).

Laboratory experiments have improved understanding of how temperature, 
pH, salinity, and other conditions influence reaction rates, but many use ideal 
laboratory conditions, like powdered or grain-sized olivine.51 These favorable 
surface-area conditions do not reflect natural subsurface environments. A key 
field question is whether fluid circulation and removal of reaction products can 
overcome limited reactive surface area underground.52 

A successful system must create enough permeability and damaged rock 
volume for water to contact reactive minerals while, in the case of separate 
injection and production wells, avoiding short-circuiting between the two. 
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Maintaining permeability may be difficult if silica-rich layers, secondary mineral 
precipitation, or fracture filling reduce access to fresh mineral surfaces.53 Some 
reactions may create additional porosity as minerals dissolve, expand, and 
weaken the rock, but commercial systems must manage the balance between 
self-propagating permeability and fracture clogging.54

Hydrogen recovery and containment also pose technical and environmental 
challenges. Stimulated systems must balance hydrogen generation with fluid 
circulation, produced-water management, hydrogen separation, and losses from 
dissolution, migration, trapping, leakage, microbial consumption, or chemical 
reactions. Fugitive hydrogen emissions could erode the climate benefits of the 
extracted hydrogen because of its effects as an indirect greenhouse gas.55 
These challenges point to the need for better modeling, sensing, stimulation 
methods, geochemical controls, and field validation before stimulated 
subsurface hydrogen can be treated as a reliable energy source.56 

Considering these challenges, an alternative ex situ pathway also deserves 
attention. This approach would accelerate water-rock reactions in crushed, 
iron-bearing mine tailings rather than underground. Tailings offer larger reactive 
surface area and can be characterized more directly than heterogeneous 
formations at depth, potentially reducing some geological and stimulation 
uncertainty. While this aboveground approach would operate outside the 
working definition of subsurface hydrogen, it is relevant as an adjacent 
technology and possible early application at mine sites.57 

Induced Microbial Production
Induced microbial production is separate from induced water-rock reactions. 
It seeks to stimulate subsurface microbiomes with injected nutrients and other 
materials, so they produce hydrogen under favorable geologic conditions. 
End-of-life oil reservoirs may be attractive because they already have wells, 
reservoir data, surface access, and operating history (see Box 2). Key technical 
challenges include sustaining hydrogen production at useful rates, co-produced 
gas separation, and satisfying hydrogen concentration demands for specific 
end-use scenarios. 

Core drilling provides physical rock samples that can help characterize subsurface geology. 

Source: Adrian Wojcik | iStock
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Box 2: Industry Snapshot: Stimulated Hydrogen 
Techniques
Companies are exploring different ways to stimulate hydrogen generation in the subsurface, including 
adding heat, circulating water through reactive rock, and using microbial pathways. The following 
examples briefly summarize three real-world approaches being piloted today. 

GeoKiln Manufactured Subsurface Hydrogen 

GeoKiln’s method of heat stimulation, which it calls Manufactured Subsurface Hydrogen, is designed 
to use electric subsurface heaters placed in iron-rich rock to trigger or accelerate hydrogen-generating 
reactions in situ. Instead of injecting water into the formation, the company’s approach is to identify 
formations with existing water and sufficient ferrous iron and bring them to ideal reaction temperature 
ranges where generated hydrogen could be collected through producer wells above or near the heated 
zone. 

GeoRedox Advanced Weathering Enhancement

GeoRedox’s approach, called Advanced Weathering Enhancement, is a proprietary chemo-mechanical 
method designed to stimulate hydrogen production by injecting water into ferrous iron-bearing 
rocks. Rather than hydrofracking in the conventional oil-and-gas sense, the company seeks to use 
hydrodynamic erosion to break hard mineral grains away from the rock face, create grain-scale reactive 
material, and bring water into contact with ferrous iron-bearing minerals. 

Eclipse Energy Biotechnology 

Eclipse Energy’s process adapts concepts from microbial enhanced oil recovery and anaerobic 
hydrocarbon biodegradation to convert end-of-life oil fields into hydrogen-producing assets. The 
process uses an injection well to introduce proprietary biotechnology into a nearly depleted oil 
reservoir. The existing or augmented subsurface microbial community is then developed to enhance 
hydrocarbon conversion to hydrogen, which would then be extracted through production wells. 
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Attributes and Advantages
Cost
The primary appeal of subsurface hydrogen as a prospective resource is the 
potential for more cost-competitive clean hydrogen. According to the limited 
technoeconomic literature, subsurface hydrogen could have low production 
costs under favorable conditions (Figure 6). This potential is highly uncertain, as 
technoeconomic analyses and other cost assessments at this stage must make 
assumptions about flow rate, purity, and other variables that have not been validated 
in the field. 

FIGURE 6: TECHNOECONOMIC ANALYSES OF LE VELIZED COS T OF  
HYDROGEN ($/kg H2 )

$0 $2 $4 $6 $8

Study or scenario

Electrolysis [a]

Nuclear or renewable electricity
$4.10 $7.10

Steam methane reforming [b]

SMR with carbon capture $1.64

SMR $1.06

Subsurface hydrogen [c]

Stimulated hydrogen (ARPA-E)
$0.75 $1.45

Natural hydrogen (ARPA-E)
$0.44 $0.58

Natural hydrogen (Zhang et al.)
$0.14 $5.33

Stimulated hydrogen (Mathur et al.) $0.92

Natural hydrogen (Mathur et al.) $0.54

Natural hydrogen (Lin et al.)
$2.46 $6.82

Natural hydrogen (Musa et al.)
$1.99 $3.13

[a] Source data: U.S. Department of Energy, Pathways to Commercial Liftoff: Clean Hydrogen.58

[b] Source data: Case 1 and 2 from U.S. Department of Energy, National Energy Technology Laboratory, Comparison of Commercial, 
State-of-the-Art, Fossil-Based Hydrogen Production Technologies.59

[c] Source data: U.S. Department of Energy, “April H2IQ Hour: Geologic Hydrogen”; Kaiqiang Zhang et al., “Techno-Economic Viability 
of Natural Hydrogen”; Yash Mathur et al., “Techno-Economic Analysis of Natural and Stimulated Geological Hydrogen”; Ning Lin et al., 
“Natural Hydrogen Techno-Economics and Valuation”; Mohammed Musa et al., “Techno-Economic Assessment of Natural Hydrogen 
Produced from Subsurface Geologic Accumulations.”60

Natural hydrogen cost estimates range from roughly $0.14 to $6.82 per kilogram 
at the point of production. Low estimates assume high flow rates, high hydrogen 
concentration, long well life, and favorable U.S. drilling costs.61 Higher cost estimates 
reflect smaller production scales, field-specific conditions, or production-decline 
risk.62 Across studies, the dominant variables are reservoir productivity, hydrogen 
purity, project scale, decline or recharge behavior, exploration success, and 
compression costs. 
Stimulated hydrogen estimates are more preliminary. Mathur et al. report a base case 
of $0.92 per kilogram, while DOE’s preliminary design-screening analysis estimates 
roughly $0.75 to $1.45 per kilogram across well configurations and depths.63 These 
results depend on assumptions about flow rate, hydrogen concentration, water 
containment, stimulation cost, source-rock productivity, restimulation frequency, and 
recovery efficiency. Field studies underscore this challenge, as pilot-scale systems 
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may need orders-of-magnitude improvements over natural background generation 
rates to become commercially meaningful.64 
The largest uncertainty across the reviewed cost estimates is a lack of validated, 
real-world cost and performance data. Absent these data, modeled estimates 
should serve as preliminary indications for the specific high-purity, high-flow cases 
they evaluate rather than representative of every potential commercial project. The 
cost of delivered hydrogen could also be significantly higher than these modeled 
values. Transportation costs are not reflected in Figure 6 and can add significantly 
to the cost of hydrogen; the mode of transport, delivery distance, and infrastructure 
availability are also key factors. Additionally, a lack of flexibility to co-locate with 
hydrogen offtakers could represent a significant and limiting disadvantage for the 
cost of delivered subsurface hydrogen. 

Lifecycle Emissions
The primary limitation of today’s legacy SMR systems is their high emissions 
intensity of about 10–12 kg CO2e/kg H2. Producing lower-emitting hydrogen is 
critical to unlocking new markets that will require clean hydrogen (e.g., sustainable 
aviation and marine fuels) and improving existing products’ trade competitiveness 
and sustainability. The prospective value of subsurface hydrogen as a competitive 
alternative to other hydrogen pathways is highly dependent on lifecycle greenhouse 
gas emissions. 
The lifecycle emissions of subsurface hydrogen production techniques are an 
underdeveloped area of study. Brandt’s 2023 prospective lifecycle assessment of 
natural hydrogen extraction estimated baseline emissions of about 0.37 kg CO₂e/kg 
H₂, primarily from fugitive emissions and embodied emissions from steel and cement 
used in drilling and well construction.65 That result suggests potentially lower 
emissions not just compared to SMR, but of any production method (Figure 7). 
FIGURE 7: HYDROGEN PRODUC TION LIFECYCLE EMIS SIONS (kg CO2e/kg H2 )

0.00 2.00 4.00 6.00 8.00 10.00 12.00

SMR (e)

SMR with >90% Carbon Capture (d)

Electrolysis (c)

Methane Pyrolysis (b)

Geologic Hydrogen (a)

[a] Production and purification of naturally accumulated hydrogen by Adam R. Brandt, “Greenhouse Gas Intensity of Natural Hydrogen 
Produced from Subsurface Geologic Accumulations.”66

[b],[c],[d],[e] Adapted from DOE Pathways to Commercial Liftoff 2024. Values for (c) based on different renewable energy and grid 
electricity mixes and assume no more than 20 percent grid power.67

Subsurface hydrogen’s emissions and broader sustainability profile should become 
clearer as future studies incorporate technologies and methods that advance 
from the lab to the field. Stimulated production methods, fugitive emissions risks, 
and water consumption profiles are key factors to evaluate as more data become 
available. 
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Policy Considerations
Subsurface hydrogen production is highly uncertain at this stage. However, 
the relatively modest investments needed to validate the resource potential, 
together with the cross-sector benefits those investments would provide for 
critical minerals and geothermal development, more than justify near-term 
policy support.

Coordinate Research, Development, and Demonstration 
(RD&D)
Federal innovation policy should shoulder early risks that private markets 
cannot, build the knowledge base needed for later investment, and align policy 
support with real commercialization timelines. Today, subsurface hydrogen 
sits in the “Research & Development” and “Prototyping & Demonstration” 
stages of the technology innovation process, where the most effective policies 
mitigate science, engineering, and financing risks with sustained resources and 
intentional knowledge management.68

FIGURE 8: KE Y RISKS ACROS S THE INNOVATION PROCES S

From the C2ES Innovation Policy Matrix: A Framework to Accelerate US Technology Leadership

Congress should authorize and fund a dedicated subsurface hydrogen 
research, development, and demonstration program at the U.S. Department of 
Energy. Multi-year appropriations should be sufficient to support competitive 
awards, national laboratory research, university and state geological survey 
partnerships, and pre-commercial field validation while maintaining a focused, 
limited-term federal role.

The program’s structure should prioritize effective knowledge exchange used in 
similar programs (Box 3). Program authorization should direct DOE to designate 
a program lead, identify participating agencies, convene regular interagency 
coordination meetings, establish an expert advisory panel, and report publicly 
on program progress and future research needs. Program implementation 
should be coordinated with the USGS, national laboratories, state geological 
surveys, universities, industry, Tribal and state governments, and international 
partners. 
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Immediate research needs should be informed by recent investigations into the 
challenges, uncertainties, and scientific gaps of subsurface hydrogen, including 
reviews funded by DOE and the National Energy Technology Laboratory (NETL), 
and work related to the International Energy Agency (IEA) Hydrogen Technology 
Collaboration Programme Task 49. Table 2 summarizes several research focus 
areas based on this work that a dedicated subsurface hydrogen research, 
development, and demonstration program could address. 

The program should build on early learnings within the USGS, Advanced 
Research Projects Agency-Energy (ARPA-E), the United States Air Force 
Office of Energy Assurance, and the national labs to pair laboratory and 
modeling work with field validation. This is an important activity to mitigate 
engineering and financing risks at the prototyping and demonstration phase 
of the technology innovation process. Expected priorities would include 
public-private field projects in diverse geologic settings, including resource 
characterization programs for natural hydrogen and field pilots for stimulated 
hydrogen production where concepts are technically ready. These projects 
should be structured to build in part on the early research under ARPA-E, 
which in 2024 awarded $20 million in funding across 16 projects to advance 
stimulated hydrogen technologies.71 Data on drilling, coring, reservoir behavior, 
stimulation approaches, production rates, hydrogen losses, separation needs, 
and monitoring methods can feed back into research priorities to help determine 
which concepts warrant further investment. 

To maximize the public value of federal support, Congress should require 
competitive, merit-based awards and the publication of nonproprietary data, 
methods, and results. The program should preserve appropriate protections for 
confidential business information, but federally funded field data, environmental 
monitoring results, resource assessment methods, and lessons from 
unsuccessful pilots should be made available where possible. Strong knowledge 
management is especially important for subsurface hydrogen, where the 
highest-value outcome of early RD&D may be learning which concepts do not 
work, and where cost barriers for companies to obtain the most consequential 
data (e.g., well logs) underscore the importance of sharing relevant data 
obtained with the assistance of public funds. 

Box 3: Methane Hydrate R&D Program
The Methane Hydrate Research and Development Act of 2000 provides a useful legislative model for 
coordinating federal research on an emerging subsurface resource.69 The law directed the DOE, in 
consultation with other federal agencies, to establish a methane hydrate research program, whereby 
designated agency representatives meet regularly to review progress and recommend future activities. 
The law directed the DOE to establish an expert advisory panel, disseminate program data and 
information, and report annually to Congress. 

Since passage of the Methane Hydrate Research and Development Act of 2000, DOE’s National Energy 
Technology Laboratory has led a coordinated research program with universities, industry, international 
partners, national laboratories, the USGS, and other federal agencies to improve understanding 
of methane hydrates’ resource potential, production approaches, and environmental implications. 
The work has significantly advanced our scientific understanding of gas hydrates and their future 
recoverable resource potential as the United States and other countries (e.g., China, Japan, and 
Canada) continue progress with field trials.70 
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TABLE 2: PRIORIT Y RESE ARCH AND QUES TIONS 

Pathway Research Need Key Questions

Natural hydrogen Resource 
generation

Which geologic settings can produce hydrogen at 
meaningful rates or volumes? How much hydrogen can 
a given volume of rock generate over time?

Migration and 
retention

How does hydrogen move through the subsurface? 
How much hydrogen is retained, lost, or consumed 
along migration pathways?

Reservoir 
characterization

Which rock types can serve as effective reservoirs? 
How do porosity, permeability, and sealing capacity 
affect hydrogen storage? Does hydrogen occur as free 
gas or dissolved in water? Under what conditions can 
it be recovered?

Exploration data 
interpretation

How should near-surface exploration data be 
interpreted? Does hydrogen observed in soils or 
gas seeps reflect deeper hydrogen systems and 
accumulations?

Stimulated 
hydrogen

Favorable 
production 
conditions

What subsurface conditions are most favorable for 
induced hydrogen production, including pressure, 
temperature, flow rate, and fluid composition? To 
which types of iron-bearing rocks can stimulated 
production be successfully applied?

Injection and 
recovery 
optimization

How can fluid injection and recovery be optimized 
to maximize the stimulated reservoir area while 
minimizing hydrogen losses? Can stimulation methods 
be used to recover mineral co-products?

Stimulation 
performance and 
risk

How do reservoir stimulation techniques affect 
hydrogen production performance and induced 
seismicity risk?

Biological 
consumption

How can yield losses caused by microbial activity be 
avoided or reduced?

Field validation Which engineered approaches perform best in real 
geologic settings? What field pilots are needed to 
validate modeled behavior and generate data for 
technoeconomic and lifecycle assessments?

Sources: Giuseppe Etiope et al., “Understanding the Resource Potential of Natural Hydrogen on Earth: Scientific 
Gaps, Uncertainties and Recommendations,” Earth-Science Reviews 275 (2026): 105413, https://doi.org/10.1016/j.
earscirev.2026.105413; Mengwei Liu et al., “Geologic Hydrogen: From Natural Occurrences to Anthropogenic Generation: 
A Review of Fundamentals, Potential, Challenges and Prospects,” Earth-Science Reviews 274 (2026): 105338, https://doi.
org/10.1016/j.earscirev.2025.105338; and interviews with industry experts.

Improve Domestic Geologic Data Infrastructure
As demand for minerals and other subsurface resources has grown sharply, 
much of the United States still lacks modern geologic, geophysical, and 
geochemical data detailed enough to characterize domestic resource potential. 
That information gap raises exploration risk for private investors, limits 
communities’ ability to assess local impacts, and limits the information that 
policymakers have at their disposal to make energy, economic, and national 
security decisions regarding the U.S. resource base. Systematic geologic data 
collection and processing address this knowledge gap. As pre-competitive 
public infrastructure, the availability of these data would lower the cost of 
subsurface hydrogen resource development, support permitting and land-use 

https://doi.org/10.1016/j.earscirev.2026.105413
https://doi.org/10.1016/j.earscirev.2026.105413
https://doi.org/10.1016/j.earscirev.2025.105338
https://doi.org/10.1016/j.earscirev.2025.105338
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decisions, and create durable value across multiple sectors including mineral 
development, groundwater management, infrastructure siting, and emerging 
subsurface energy resources. 

Public investments in pre-competitive geologic mapping by the USGS and state 
geological surveys have produced measurable economic and societal benefits. 
A 2025 study by the American Geosciences Institute found that geological 
mapping returns seven to ten times its cost, underscoring the economic and 
strategic value of public investment.72

Data Acquisition
Congress should expand existing data acquisition efforts, like the Earth Mapping 
Resources Initiative (Earth MRI), to include geologic data relevant to subsurface 
hydrogen resource assessments. Congress should also expand the base of 
publicly available subsurface data by conditioning access to some federal 
resources on the eventual release of data generated by supported projects. 

The USGS launched Earth MRI in 2019 to modernize U.S. surface and 
subsurface mapping with the collection of geologic, geophysical, geochemical, 
and topographic data relevant for critical mineral resource assessments.73 
In 2021, the Infrastructure Investment and Jobs Act codified the initiative 
and authorized $320 million in funding for the period of FY22–26.74 Since its 
formation, national coverage of publicly accessible, high-resolution magnetic 
and radiometric geophysical surveys has nearly quadrupled to support a marked 
increase in critical mineral claims.75 

Earth MRI’s airborne magnetic and radiometric surveys can already provide 
valuable information on prospective ferrous iron and radiolytic source rock 
systems for subsurface hydrogen. Drill core samples can supplement these 
data. Earth MRI has already characterized thousands of submitted drill core 
samples for critical minerals. In the near term, a congressional expansion of 
Earth MRI to include subsurface hydrogen resources would permit the USGS 
to expand its analysis of core samples to include hydrogen source minerals like 
olivine. A broader scope of work may also place a greater emphasis on gravity 
data collection to further help resolve subsurface hydrogen basins and source 
rocks. 

Beyond the Earth MRI program, Congress should also prioritize the public 
availability of well log and seismic data by conditioning access to some public 
resources on their eventual release.76 These data are often expensive and 
proprietary in the private sector domain. Obtaining seismic data can be a 
significant financial barrier and their availability would provide critical insights 
into faults, fracture systems, basin architecture, and migration pathways relevant 
to subsurface hydrogen systems. Well log data, which according to researchers 
and subsurface hydrogen developers can cost over $1 million per well, are 
important for ground-truthing reservoir and seal characterization. Congress can 
help preserve and disseminate these data while protecting legitimate proprietary 
information with time-bound data release schedules for projects making use of 
new federal leases, grants, or loan guarantees. Importantly, these data would 
also support critical mineral exploration and improve characterization of heat 
flow, faults, fractures, reservoirs, and fluid pathways for enhanced geothermal 
development.77 
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Data Processing and Usability
The United States has a large inventory of geologic information, but much of it 
remains difficult to use because it is embedded in scanned maps, reports, and 
other legacy formats. The challenge is not only data availability, but also the lack 
of interoperable, analysis-ready datasets that can be combined across geologic, 
geophysical, and geochemical domains. Congress should ensure that public 
agencies are equipped to take advantage of modern data science, artificial 
intelligence (AI), and machine learning tools to convert legacy information into 
usable digital datasets, identify patterns across large and complex geologic 
records, and develop new analytical tools that support resource assessment, 
hazard planning, and responsible subsurface development. 

Critical Mineral Assessments with AI Support (CriticalMAAS) was a project 
developed by the USGS in collaboration with the Defense Advanced Research 
Projects Agency (DARPA). The 18-month pilot used AI and machine learning 
tools to accelerate parts of the resource assessment workflow. Before ending in 
January 2025, CriticalMAAS tested software for automated map georeferencing, 
feature extraction, data collation, and conversion of raw or legacy geologic 
information into more usable derivative products.78 CriticalMAAS was successful 
as a proof of concept. To fully apply AI to USGS mineral assessments, additional 
resources are required to improve machine-learning models, scale map-
processing pipelines, and develop human–machine interfaces that allow expert 
feedback and human-in-the-loop workflows.79 

Congress should provide sustained funding for a CriticalMAAS 2.0 with the goal 
of broadening its assessments to subsurface hydrogen, geothermal, and other 
resources beyond critical minerals, and developing more predictive modeling 
with the integration of 3D subsurface data. 

High-quality prospectivity analysis for subsurface hydrogen depends on the 
integration of source rock data, geochemistry, gravity and magnetic data, 
seismic data, sediment thickness, and other regional datasets. The lack of 
high-resolution national datasets is a limitation in the USGS continent-wide 
subsurface hydrogen prospectivity mapping; the integration of regional-level 
gravity and magnetic datasets could significantly improve this work. As no 
single dataset can confirm a hydrogen system, the federal government should 
also support integrated interpretation tools to improve public prospectivity 
analysis. Continuing and making available CriticalMAAS-style software tools, 
in collaboration with DOE and the national laboratories, could improve public 
prospectivity analysis and support modeling, validation, and data-integration 
workflows for hydrogen, geothermal, and critical mineral applications. This 
is the kind of foundational data infrastructure the federal government is well 
positioned to provide, especially where benefits extend across multiple 
subsurface resource sectors.

Regulatory Clarity
While state governments can be proactive by clarifying regulatory authorities, 
permitting, and property rights in the context of subsurface hydrogen, Congress 
has an important role to play in clarifying federal authorities and permitting 
expectations. Congress should provide the Secretary of the Interior the statutory 
authority to issue federal subsurface hydrogen leases.80 To expedite exploratory 
and testing activities, the Department of the Interior can develop new National 
Environmental Policy Act categorical exclusions modeled on existing exclusions 
for oil, natural gas, and geothermal energy. 



CENTER FOR CLIMATE AND ENERGY SOLUTIONS  Page  27Hydrogen Underground: The Prospects and Policy of Subsurface Hydrogen

Subsurface hydrogen does not yet fit neatly into a single federal or state 
permitting regime. Natural hydrogen exploration may be governed largely by 
state drilling and well-construction rules, with federal review where projects 
involve federal lands, federal permits, or federal funding. Stimulated hydrogen 
projects may face more complex review if water, additives, or other fluids trigger 
underground injection control requirements.

State treatment of subsurface hydrogen is inconsistent. Nebraska is home to 
one of the first U.S. wells drilled specifically to explore for natural hydrogen. 
Operationally, the state has treated natural hydrogen as an oil-and-gas 
well permitting issue regulated by the Nebraska Oil and Gas Conservation 
Commission in the absence of explicit rules and regulations referencing 
hydrogen.81 Other states have recently updated rules specifically to 
accommodate natural hydrogen. In 2024, Iowa updated its state codes on oil, 
gas, and other minerals to broaden the definition of “gas” to include naturally 
occurring hydrogen, and in 2026 passed a law updating shared subsurface 
rights to accommodate the same.82 Michigan (Box 4) is currently examining 
regulatory readiness by evaluating existing authorities for exploration, 
production, transportation, storage, and leasing of state-owned subsurface 
rights.

Policymakers should clarify federal subsurface hydrogen leasing and permitting 
expectations and, as states begin to evaluate their own rules, seek to align 
federal and state standards for groundwater protection, well integrity, seismicity 
monitoring, waste handling, financial assurance, plugging, abandonment, and 
closure.83 

BOX 4: Michigan Exploration and Preparedness 
Initiative
Michigan’s 2026 executive directive created a statewide initiative to assess “geologic hydrogen” 
permitting authority, legal barriers, leasing issues, infrastructure readiness, workforce implications, 
environmental impacts, and the potential use of existing oil and gas infrastructure.84 

State agencies are required to: 

•	 assess permitting authority, legal impediments, appropriate permitting frameworks, technical 
research needs, emissions impacts, and the potential use of oil and gas wells and infrastructure 
for hydrogen production, storage, and monitoring

•	 evaluate legal and administrative issues related to leasing state-owned subsurface rights and 
resource stewardship

•	 assess workforce, business formation, economic, and mobility implications

•	 evaluate suitability of existing energy infrastructure, including natural gas pipelines, for 
hydrogen blending, transport, or dedicated use. 

This model could help other states prepare before exploration activity accelerates.
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Conclusion
Subsurface hydrogen is at an early stage of scientific understanding and 
commercial development. It could ultimately contribute to decarbonization, while 
advances in subsurface characterization could also benefit related industries. 
However, both natural and stimulated hydrogen must meet critical milestones 
before they can be considered commercially viable sources of low-carbon 
hydrogen. Natural hydrogen exploration must still demonstrate that producible 
accumulations can be found to support project-specific uses at a competitive 
delivered cost. Stimulated production must show that known hydrogen-
generating reactions can be accelerated and controlled at reservoir scale. Both 
pathways face significant uncertainty.

Nevertheless, the potential reward justifies near-term public action. The 
United States has relevant strengths in subsurface science, drilling, geologic 
data, national laboratories, and industrial hydrogen markets to maximize return 
on this investment. Targeted investment in coordinated research, improved data 
infrastructure, and clear regulatory pathways could help determine whether 
subsurface hydrogen is a scalable low-carbon energy resource. These are 
no-regrets investments: even if subsurface hydrogen proves less commercially 
viable than early estimates suggest, the resulting data, methods, and field 
experience would have durable value for critical minerals, enhanced geothermal 
development, and other subsurface energy systems.

Archived drill cores preserve physical records of subsurface geology and can be reexamined for minerals, pore structures, and 
other characteristics relevant to hydrogen prospectivity.

Source: LYagovy | iStock
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