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Projects around the world have started development of H, wells
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The earth continuously produces subsurface H, from geological processes

Rainwater Hydrogen is a carbon-free fuel, but manufacturing it is dirty and expensive. Some researchers ® Hydrogen
\ believe cheap, vast, and potentially renewable sources of natural hydrogen sit underground. ® Water
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E. Hand, Science 379, 630-636, (https://doi.org/10.1126/science.adh1477) (Feb. 2023).
@AR PAE | ways 2025 G. Ellis, S. E. Gelman, Science Advances 10, eado0955, (https://doi.org/10.1126/sciadv.ado0955) (Dec. 2024).



What geologic processes can we control?

©® Radiolysis of water

® “"Deep earth” sources

® Iron-based mineral oxidation

@AR PAE  wmays, 2025 5



L
Understanding & controlling reaction conditions necessary for economical GeoH, production

Serpentinization produces hydrogen

Water Hydrogen
MgFe?*SiO, + H,0 — (Mg, Fe?*),Si,O-(OH), + (Mg, Fe?*)(OH), + Fe?*Fe3*O, + H,
Olivine-type rocks Serpentine Brucite Magnetite
Temperature
dependence Role of pH Silica activity

<200°C
Less Ha
200°- 300°C

Maximum r* | . g { - Brucite formation
H: )
| : and dissolution

>400°C

Accelerating L @« Sustaining

Optimizing hydrogen production ‘ Reaction consumes reactants,
requires understanding and finding methods to increase
controlling the factors that the available reactive surface
influence reaction kinetics and extent of the reaction

Olivine

Natural catalysts Thermodynamic Reaction-induced
constraints fracturing

@AR PAE  mays, 2025 Q. Yang, Texas Tech University (2024) 6



Conceptually: It is an easy problem

Drill a well Maybe put something into the well Take H, out of the well

@AR PAE  mays, 2025 )



In reality: It is can be a very complex and difficult problem

Where to drill? What do we put down? H, separation?
What configuration? Chemical/Mechanical/Thermal? Produced water?

@AR PAE  wmays, 2025



Extract natural H,, or stimulate production using the Earth as a reactor

Natural hydrogen extraction targets existing Stimulated production injects fluid into iron rich-
reserves of subsurface hydrogen that have rock, causing hydrogen-generating reactions, this
migrated through the subsurface and been hydrogen is collected and returned to the surface,
trapped under a caprock, like natural gas like enhanced geothermal
\
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g \\\\\\ ARPA-E focused on stimulated production
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Understanding the reaction

» Can the oxidation of Fe(ll) to Fe(lll) be catalyzed in situ?

» This is an equilibrium reaction

»  How important is the equilibrium? Fe (Il) + H,O
> Can it be shifted?
> (note — at pressure the equilibrium [H,],, is below solubility) I
> What is the impact of mineralogy? Fe (IIl) oxides & H.,

> Impact of trace elements? Microstructure?

» Are there other H, forming reactions to be developed?

ARPA
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ARPA-E GeoH, Program
Stimulation and Engineering




Program goals: Answering the major questions needed to unlock GeoH,

How much surface area is needed to sustain H, production? What are methods to increase reaction
surface area?

What mineralogy is best at catalyzing H, production? What kind of chemical environment or conditions
are needed for optimal production?

What kind of microbes consume H, and can how does suppressing them effect production?

Can we use existing oil and gas or geothermal technologies to extract produced H,, or will we need to
iInvent new methods?

What can experiments done on rocks and cores tell us about potential risks and reservoir conditions
over time?

A

Plae What models and/or monitoring techniques can support the development of geologic H, technologies?

@AR PAE  wmays, 2025 12



Project overview (Stimulation)

NER |-
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= Eden
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~J PennState

Surface area
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& T EXAS
The University of Texas at Austin

Catalysts

[[E, KOLOMA
TEXAS TECH

UNIVERSITY.

Microbiology

Self propagating fracture networks
Electric reservoir stimulation via fracturing

CO,-based fracturing and reservoir creation

Accelerated mineral and reaction conditions parameter study

Mineral-hosted catalysts in Midcontinent Rift rocks

Geochemical and microbial models in different rock systems

Metal ion catalysts with biological stimulation methods

@AR PAE  wmays, 2025
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Project overview (Engineering and Support)

l \ rrrrrr "BERKELEY LAB  Cyclic fluid injection and seismicity risk

TEXAS Foams for higher efficiency H, extraction

Industrial oil and gas applied to geologic H, systems

Production and extraction

m Reservoir management and risk mitigation
AIIM Laboratory experiments and simulations for reservoir conditions

Rock-to-reservoir characterization

COLORADO SCHOOL OF

° L ‘3 MINES Economical geophysical characterization methods

.}‘@ Mineralogy and reaction conditions modeling for projects

Argon ne o Develop a life cycle analysis via the GREET model

NATIONAL LABORATORY

Modeling and monitoring

@AR PAE  wmays, 2025 14



ARPA-E additional selected high risk GeoH, projects through ~ Y!SI®N

A A D D I S Geologic ammonia from wastewater

ENERGY

O O O
—Ogo— 0 S m Geologic H, powering He separation

Fortescuem Processing iron ore tailings for H, production
and waste iron ore valorization

@AR PAE | Mays, 2025 These projects have been selected for award negotiations and have not yet been awarded. 15
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ARPA-E GeoH, Program
Tantalizing Results




Program progress: Answers are coming in

Impact of surface area and depth of reaction work coming together. A number of different rock cracking
approaches yielding results — more to come

HUGE impact of ore composition/mineralogy seen. Good progress on identifying catalysts and impact
of reaction conditions.

L_,_J Ability to partition hydrogen gas out of aqueous phase at high pressure demonstrated! Several other
separation methods in development

What can experiments done on rocks and cores tell us about potential risks and reservoir conditions

> .
. over time?

A

Plae What models and/or monitoring techniques can support the development of geologic H, technologies?

@AR PAE  wmays, 2025 17



Addis Energy | Spin off from MIT GeoH, project and selected for

VISI®N

OPEN 2024

> Focuses on NH, production in subsurface
> H, component comes from iron oxidation

> Injection of N source with additives into Fe containing
ultramafic ores

» Low T/P formation possible when N source is a nitrate

> N, gas can be converted at high T with concurrent
geothermal energy recovery

»  Estimated cost of production ~$200 per tonne of NH,

&

@ ARPAE  mays, 2025 Y. Gao, et al., Joule, 101805, (https://doi.org/10.1016/j.joule.2024.12.006) (Jan. 2025)
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MIT | Catalysis of the oxidation reaction

wv Hydrogen production
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ARPA-E GeoH, Program
Technoeconomic Modeling




TEA follows the stages of well development: early exploration to production

DOE Data Sources
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I
TEA follows the stages of well development: early exploration to production

Exploration, Site Drilling Completion & Production
Planning & Construction Stimulation

5oex ® A, qes i ®

@AR PAE  wmays, 2025 22



Key activities in Production

Exploration, Site Planning & Drilling Completion & Stimulation Production
Construction

5 o ® A,

Production Process

Gathering & Injection System Pumping Subsurface Reaction Recovery

Not Required for Natural Hydrogen Extraction

ARPA 23



Preliminary Results of TEA

Cost per kg H, by Well Design and Depth ;KM Dept:
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GeoH, is potentially the cheapest & cleanest form of H, production

Water electrolysis

Fossil with CCS

Fossil

Geologic

Levelized cost of H, production

01234

56 78 9101112131415
$USD/kg hydrogen

Water electrolysis

Fossil with CCS

Fossil

Geologic

Estimated carbon intensity

0 2 46

8 101

2141618202224 26283032

kg CO.e/kg hydrogen

@AR PAE  Mmays, 2025

*Geologic H, estimates are based on ARPA-E analysis, project input, and source cited below
A. Patonia, M. Lambert, N. Lin, M. Shuster, The Oxford Institute for Energy Studies (2024)




The Future
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Natural Hydrogen: An Overlooked
Potential Energy Resource

Geoffrey Ellis

Research Geologist
U.S. Geological Survey




Global hydrogen supply today & tomorrow

mBlue = Today — petroleum upgrading, fertilizer, petrochemicals

B Green

= Future —energy for hard-to-abate sectors — aviation, steel
manufacturing, industrial heating, mining

Meeting this demand with blue and green hydrogen is
likely to be expensive and mineral intensive

>4X Growth

B Fossil Fuels

* Hydrogen is viewed exclusively as a medium for energy
storage and transport not a primary energy resource

What is the resource potential of natural hydrogen?

2022 2030 2040* 2050

FUTURE

Natural?
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Observations of natural hydrogen on Earth

Deep mines &
boreholes

~

0.5 ppmv /
PP Pros =
RO 10-1000s
{ /
Super-saturated % Concentrations

Surface observations of hydrogen concentrations >10%

!
e . %%
¢ }eg’ ? W: __ Active research efforts
4 in this region
9 Q 2
’ The more we look
% o s U . for hydroggn the
8 A o more we find it

’\‘, Agueous gas

Modified from Zgonnik, 2020 and Prinzhofer & Deville, 2015




Observations of natural hydrogen on Earth

Median hydrogen concentration by geologic setting

More than 30 distinct generation
mechanisms

Reaction of water with ultrabasic rocks
(i.e., serpentinization)

Natural radiolysis of water

Deep-sources of hydrogen (primordial
or generated in the lower crust)

Other mechanisms

High diffusivity and reactivity of
hydrogen probably means that
accumulations cannot form

* High thermal stress of organic matter

* Mechanoradical reduction of water

olivineand/ -4 water — serpentine - hydrogen -+ methane - heat
or pyroxene
(oceanic crust
minerals)




Rethinking geologic hydrogen accumulation potential

Hydrogen generation is generally not where Petroleum exploration is not
oil and gas is found targeted at hydrogen
Volcanic & Mid-ocean Volcanic & Hydrothermal
Magmatic Ridge Magmatic \
PNt T ‘:Ef_% 1
. R gl Y » -

Pennsylvanian rocks

We haven'’t been looking fof
hydrogen in the right places with
the right tools

Jurassic rocks Glacial deposits

» s 8.000-
Lithosphere l -
: Subducting ¢ i
: " \\ - e o L e o B S P'e?ao&f'a" i

Lo S

Mineral exploration generally Hydrogen is consumed by
does not look at gas composition hydrocarbon forming reactions




Hydrogen discovery and productlon in Mali

TW 7w TT Tow 1 Quaternary sediments
i Algeria e Alluvium,
Bakoye Group S, sand & claystone

Triassic-Jurassic sills

- Dolerites

X Paleozoic sediments

- Nioro Group (Cambrian)

Neoproterozoic sediments

| | Bakoye Group (Edicaran)

- Souroukoto Group (Tonian-Cryogenian)

E Sotuba sub-Group

Archean-Paleoproterozoic basement

- Granite

- Undifferenciated metasediments

* Accidental gas explosion during
water well drilling in 1987

»\Mauntama i Niger

Cote ) \ /
d Ivoire/

* Reoccupied as a gas well in 2012
and produced >97 % H,

* Exploration campaign including
seismic, gravity, magnetic surveys
and coring

* Multiple stacked carbonate and A\ Unconformity
pe . . . . = e » FQUlt
siliciclastic reservoirs interbedded , Cross section line
with doleritic seals I 11
* The discovery well is still 1000 — Wmno Doumisthoneon -
y S Bougou#6 F1F2 N 1000
producing, with the gas - g ' = L2
. .. Sotuba sub-Group
generating electricity - -
. Indifferenciated basement
* Source of H, is not known 2000 —}- 2000
-3000 — — -3000
oy 50 km m
Vertical exaggeration: x10

(Maiga et al., 2023)




What could the global hydrogen resource potential be?

Context

* Annual global demand projected to be ~430 Mt/yr
by 2050

* Annual global production of natural hydrogen in

the subsurface estimated to be ~23 Mt/yr (Zgonnik
2020)

* If we could find and produce all of this, it would
only meet ~5% of global demand

Resource potential depends on:

* Trapping efficiency

Residence time

Hydrogen consumption (biotic & abiotic)

Exploration/production success

Mt H,/yr

500

450

400

350

300

250

200

150

100

50

Total annual natural
H2 generation

W Blue

B Green

[ Fossil Fuels

-

2022 2030

2040* 2050

IEA Net Zero Global Roadmap 2023 Update



Geologic hydrogen resource model

Hydrogexs4itiX to the Hydrogen
» Box model for global hydrogen resources " simosohere Mipisiuces
> Inputs constrained by known hydrogen X |
behavior (e.g., estimated annual production, :
etc.) and analogues (e.g., petroleum, helium, e / i
etC.) ur’;i‘pt/ior;“}/
» Assume steady state today L et L
» In-place hydrogen amounts may range from
thousands to billions of Mt with median Globaln-place geologic hycroger
prediction of ~5 million of Mt

» Most hydrogen is likely inaccessible — too deep,

too far offshore, too small accumulations e POl s o

» Afew percent recovery would still supply all ~ accumulation processes

projected H, demand (>400 Mt/yr) for 100’s of
years




Hydrogen system analogous to the petroleum system

Petroleum System Hydrogen System

Critical elements Essential components Not completely analogous
Need to adapt for hydrogen

* Source e Source

Migration pathway Migration pathway

Kansas § H: Occurrences

Reservoir * Reservoir
Trap/seal * Trap/seal
Preservation * Preservation
Timing * Timing
Petroleum system events chart g q
600 550 500 450 400 350 300 250 200 150 100 50 0 GEOLOGIC «'.A'- HYDROGEN
PALEOZ0IC MESOZOIC [ cen. | JME g == "STRUCTURAL
& CRESY
prec| caM | orD [sit|pev [ m[p [ P [R[ Jur [ crer [rerr S— B '
E‘MlL, E|M,‘L E‘|L‘ E.|M.|L. E,[L.HL. E.‘M.lL. E. ‘ L. |E|O|M| SYSTEM EVENTS — —d;
ROCK UNIT T RESERVOIR: / //
5~ (METASEDIMENTS)' g D
b SOURCE ROCK NSt .
e B RESERVOIR ROCK ;
SEAL ROCK a $
QVERBURDEN ROCK § £
3
GV ERT Nt o 1Y HYDROGEN SOURCE
© (MANTLE DEGASSING) 3 MANTLE
e R s, gl v COMMENTS Sl OIS AS T TR o
! and deposition numerous resenvoir rocks about 50 MA at maximum burial
' ‘\ . & 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

(Pollastro et al., 2003)



Hydrogen system model — play types

\ § RRRE Natural Natural Stimulated :*\f/ycz“?ge”
\ N accumulations generation generation .
3 conceptual types \ L \
of exploitable H, N S °
\ =y \ Fairy Hydrogen QN;,"- »
resources A7 = (= -
Water Coﬂ;%r%%;lon ( Sedimentary

infiltration rock layers

Hydrogen system model based

Accumulation
on the petroleum system

Natural Natural Stimulated
Component accumulations | generation | generation

| Source

4| Migration pathway

Modified from Hand, 2023

| Reservoir

| Trap/seal

: * Global model only accounts for natural accumulations
Preservation

 Viability of natural and stimulated generation is unknown

» Focus of exploration and USGS activity is on accumulations
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USGS geologic hydrogen prospectivity mapping

* Map geologic hydrogen prospectivity
across the United States

Focus map

ARC Gis/

Openworks Concessions
Partnerships

&
a'g‘v Source and Maturity Map

* Develop a hydrogen system model for . I
Inversion Timing Fetch map
p ro S p e Ct IVIty m a p p I n g 1T'/ct>\p| SFZCL:IIHI:ZS‘O:S(Mup
TAll Pressure Analysis
* Identify proxy data sets for each of the o
’ EZ;(:;?" Facies Map AVO/
essential components of the hydrogen il
system i
Velocity Sen;;nvny
o Fault Analysis

Database Map

Account for uncertainty in data and the
model S Falos vy

Risk statistics
Field Analoaues

Credit: Royal Dutch Shell, AAPG Imperial Barrel
Award



Conceptual mode

for natural hydrogen accumulation

Fe-rich
Rocks

Water
Availability

Radiogenic
Rocks

Temperature

Water
Availability

Thermal
Anomaly

Deep

Faults ®

Some model inputs are not

Weighted
Sum

Weighted
Sum

implemented in the initial
version of the map

Weighted
Sum

Serpentinizatiun} ( Radiolysis ] ( Deep Sourced

Due to data limitations and

Weighted
Sum

challenges with 3D
projection to 2D map

J
Prospectivity

Variable chance of sufficiency
(COS) for inputs

Mappable data layers combine
produce interpreted maps

(

Net result is local H, prospectivity

Mappable Data
R
[ Interpreted ) o ¢ COSSC =1- ((1'COSSP) x (1'COSRD) x (1'COSDP))

P = COSg. X COSge X COSqg,

Primary H,
Charge

Migration
Distance

Weighted
Sum
Traps
Charge
Potential Weighted
M sum
Potential
Emplaced H,

Mature Organic-

Rich Rocks Gelman et al., 2025

)

Fault
Proximity

Seismic
Activity

Weighted
Sum
Preservation
Potential

Reservoirs Seals

to

Weighted
Sum
H, Prospectivity



Chance of Sufficienc
D a t a Component Layer Migration
COS Low COS Mld COS High

I n U t S SPa: East Coast Magnetic Anomaly 0.7 0.8 0.9
p SP2: Surface Ultramafics 0.6 0.7 58 >0 km no
Serpentinization SP3: Failed Rifts 0-7 o 0.9 no yes
SP4: Geophysical Anomalies 0.1 0.4 0.7 no yes
SPs5: All Other Areas 0.0 0.1 55 no no
RDa: Uranium Deposits 0.1 0.2 0.3 10 km yes
RD2: Uranium Favorable 0.0 0.05 ol 10 km yes
Radiolysis RD3: Precambrian Craton 0.5 0.7 0.9 100 km no
RD4: Accreted Terranes 0.1 0.2 0.5 100 km no
RDs5: Young Granitoids 0.1 0.2 03 >0 km no
DPa: Surface Faults 0.1 0.2 0.3 10 km yes
DP2: Suture Zones 0.2 0.5 0.8 40 km yes
Deep Sources .
P DP3: High Heat Flow 0.5 Lo/ 0.9 +10 mW/m? no
DP4: All Other Areas 0.0 0.1 65 no no
RSa: Sedimentary Rocks 0.8 0.95 1.0 no no
PYPPMPR B RS2: Non-Sedimentary Rocks 0.7 0.8 0.9 no no
RS3: Sedimentary Basins 1.0 1.0 1.0 no no
SLa: Salt 0.0 0.1 0.2 no no
SL2: Sedimentary Rocks 0.6 0.8 Q6 no no
SL3: Non-Sedimentary Rocks 0.2 0.5 0.8 no no
Gelman et al., 2025 SL4: Sedimentary Basins 0.1 0.3 0.5 no no

L A o T e i . R e o . B e By g Ay e S0 2 2 P C Ry LT



Hydrogen system components

Source Reservoir Seal Preservation

* Serpentinization-type Reactions
(SP1, SP2, SP3, SP4, ...) * Sedimentary (RS1, RS2, RS3,...)
*  Radiolysis of H,0 * Non-sedimentary (SL1, SL2, SL3, ...)
(RD1,RD2,RD3,RD4, ...)
* Cryptic “deep sources”
(DP1, DP2, DP3, DP4...)

wrn{(g

........
vvvvvvvvv

N

Serpentinization COS  — #w| Crystalline Rocks

nw 100w wo'w so'w

new 100°W o'W ww

120°W

Chance of Sufficiency (fraction)
0 0.2 Dvl 06 08 1

N N

Gelman et al., 2025

F

2w

Sedimentary Basins

™| Radiolysis COS T = e o
noew 0 2% 500 1,000 mi
P e S A Y

0 500 1,000 2,000 km




Geologic hydrogen prospectivity

Source COS Reservoir COS Seal COS

(B)
RESERVOIR COS

(C)
SEAL COS

Gelman et al., 2025




Geologic hydrogen prospectivity mapping status
* Prospectivity mapping of Alaska

* In discussions with international
collaborators T
* Canada - zix;fgf;;a-'

Australia I N P R &%

* Brazil

* Colombia
* Finland LS.

e Others...




\ MORE HEAT
MORE MORE MORE TROP MORE STRAT ' TRAPPED

HYDROGEMN METHANE OZOMNE WATER VAPOR
0-25% ol KMathans |fatimea LZ0ne oeacursor MMora waber vapo
BIMIESIONS neraased from less ewroduction in woaducad in |
oichresd LH available I plivird siralosphans |

H, EMISSIONS FROM
LEAKAGE, VENTING, PURGING .

“Clean” Hydrogen Value Chain
Ocko and Hamburg, 2022



Global hydrogen cycle

OH Radicals 18 Photochemical 34.3

¢SS s|los

Tg H, year

Data from Price et al., 2007

Biofuels 4.4

Biomass Burning 10>
Fossil Fuels 18.3 >
Ocean N; Fix 6 0>

Geologic ?




Research needs

* Refinement of the hydrogen system model

* Development of surface and subsurface
exploration techniques for identification of
hydrogen system components

* Development of modeling tools for
hypothesis testing and evaluating hydrogen
system concepts

* Engineering approaches for efficient
production of hydrogen from the subsurface

* Integration of Geology, Geochemistry, and
Geophysics

* Much of the needed expertise and
technology exists in petroleum,
geothermal, and mineral resource fields

Geothermal

Petroleum

Minerals



Summary

» Large quantities of natural hydrogen exist in the subsurface

* The potential for economic accumulations of hydrogen gas
is unknown

* Resource exploration and prospectivity mapping is active
around the globe

* Research is needed:

* To better understand the processes that lead to the accumulation
of hydrogen in the subsurface

* To identify effective exploration techniques and strategies

* To develop efficient engineering approaches for hydrogen
production

* To better understand the natural global hydrogen cycle
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Open Task >

Task 49: Natural Hydrogen

2024-2026

Task Manager: Dr Eric C. Gaucher / Dr Olivier Sissmann General Secretary: Dr Omid Haeri Ardakani

Brief Description

2, is planned for the next rs. The aim of the working group is t se awareness of the state of resea and industrial exploration of this new e

https://lwww.usgs. gov/centers/central energy-resources-science-center/science/geologic- hydrogen T

e recom E ns for the development of researct -h is absolutely n ary, and nd funding agen

— 4 USGS - Latest Earrhquakgs X ill also promote best practice in exploration and pr on and provide fee impro 2 s of successful drilling. A recurring
<
‘ SCIENCE PRODUCTS NEWS CONNECT ABOUT A lumes tha n be produced. Ourr group will promote the development of numerical models for a g i ,as a result,

sional profiles) of our group means tl are at the forefront of ¢ t elopments and report on them. Our group is

science for a changing world . .
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