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Global hydrogen supply today & tomorrow

m slue = Today — petroleum upgrading, fertilizer, petrochemicals

B Green

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

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

~5X 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

IEA Net Zero Global Roadmap 2023 Update
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Observations of natural hydrogen on Earth

Deep mines &
boreholes

Soil

0.5 ppmv

10-1000s

Super-
saturated ppmv

% Concentrations

Surface observations of hydrogen concentrations >10% : : :
Density of observations in

eastern Europe and former
Soviet Union due to active
research efforts in this region

/R The more we look for
g oo U e hydrogen the more
8 (_P Inclusion gas ﬁ ; 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

* Thermal stress of organic matter

» Mechanoradical reduction of water

H + HO’ HO'+ H30* €aq

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

H, HO’ H,05 H30* HO® H  ea




Rethinking geologic hydrogen accumulation potential

Hydrogen generation is generally not
where oil and gas is found

Petroleum exploration is
not targeted at hydrogen

Mid-ocean
Ridge

Volcanic &
Magmatic
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WE havn’t ben Iokixng for: |
hydrogen in the right places with
the right tools
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Mineral exploration generally does
not look at gas composition

Hydrogen is consumed by
hydrocarbon forming reactions




Hydrogen discovery and production in Mali

3 7w T 6w 1 Quaternary sediments
.- - Algeria e Alluvium,

sand & claystone
Triassic-Jurassic sills

- Dolerites

X Paleozoic sediments

4 - Nioro Group (Cambrian)

Neoproterozoic sediments

| | Bakoye Group (Edicaran)

- Souroukoto Group (Tonian-Cryogenian)

IZ' Sotuba sub-Group

Archean-Paleoproterozoic basement

- Granite

- Undifferenciated metasediments

<\ Unconformity
o . w PQUIT
Cross section line

Bakoye Group

* Accidental gas explosion during
water well drilling in 1987

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

* Exploration campaign including

seismic, gravity, magnetic surveys
and coring

* Multiple stacked reservoirs
interbedded with doleritic seals

* The discovery well is still
producing, with the gas I 11

enerating electricit . Bamako Bourakebougou -
g g Y i @ . P _— N [ 1000

Dolerite

* Source of H, is not known 0

. The_ resource potential is 1000 ndifferenciated basement BakoyeGroup [ "
estimated to be 630 Bcm of H, 2000 | | a2
(Hydroma, 2021) -3000 — R L -3000

m 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 Tota'agnennuear'artl?otgra'Hz
by 2050 500

* Annual global production of natural hydrogen in aso | | @Bl <A

the subsurface estimated to be ~23 Mt/yr (Zgonnik 400 | | MGreen
2020)

[ Fossil Fuels

350

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

300

250

Mt H,/yr

Resource potential depends on: 200
150

Trapping efficiency

100

Residence time 50

Hydrogen consumption (biotic & abiotic) 2022 2030 2040* 2050

IEA Net Zero Global Roadmap 2023 Update

Exploration/production success




Geologic hydrogen resource model

Exploration &

Calculated & Hydrogen fluxto the Hydrogen production efficiency

:Enl::::: to ~roduced estimated from
petroleum systems

Residence time
estimated from
analogues (He & CO,)

Biotic & abiotic
consumption
estimated based
on observations

Trapping efficiency
estimated from
petroleum systems

Varies based on
depth & migration
distance

Hy:' rog~n o _ne -atiun yrfiux from
deep sources observations

Estimated based on

Ellis & Gelman, 2024




Geologic hydrogen resource model

Amount of Amount of H; produced  |[Amount of | Amount of | Amount of
H;in geologically; trapped and | H, leaked H, H,
reservoirs not consumed outof |consumed| removed
globally traps intraps | to meet
demand
My . AMp | Mg | Mg |dMp
—RLle(1-b)  CRAZR_
dt dt T, | T¢ dt
Surface flux of H,
My (1-¢)(1-b) My | ¢! b)"dM"
— — E — —
dt dt dt Amount of H, removed
from traps to meet

human demand

Shallow consumption

(1-b)*
H, endowment
‘:lm;l;r;:e%f / Anthropogenic production
2
Amount of H, A fH
Biotic/abiotic consumption in reservoirs mount of H,
(1-b) globally consumed locally
4

Never trapped
(1-¢

Deep consumption (1 — b)*™*
Trapped ()

H, generated geologically

Ellis & Gelman, 2024

& = trapping efficiency (fraction trapped)
b = total fraction of generated H, consumed
x = dictates the portion of shallow vs. deep
consumption of H,:

x =0 0% shallow & 100% deep

x =1100% shallow & 0% deep

Trap-related leakage (L) and consumption (c)
are time-dependent decay processes:
A is half-life

T is residence time
Mg(t) = Mg(0)e™*
dMg My

— L - IM, =
dt AMp T

Monte Carlo input parameters
* Generation of H,

* Trapping efficiency

* Residence time

* Leakage
e Consumption
¢ Consumption
* Shallow proportion
* Deep proportion




Model predicts subsurface flux of
hydrogen from <1 to ~1000 Mt/yr

Most probable value (p50) is ~20
Mt/yr

Estimated flux from volcanoes and
hydrothermal settingsis ~9.6 + 7.2
Mt/yr (Holand, 2002)

Other sources of subsurface flux
exist and are not quantified

Given the orders of magnitude
variability of the inputs and outputs,
agreement is quite good

Mumber of Runs

8000

Estimated hydrogen flux to the atmosphere

Surface Aux Distribution (dM/dt)
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Ellis & Gelman, 2024



Estimated global in-place hydrogen resource

Global in-place geologic hydrogen
. ° Model predicts the amount of in- P b P
¥ place hydrogen may range from 2000 | : i

10’s of thousands Mt to billions Mt

= °  Most probable amount (p50) is ~5 x
10% Mt (mean value is ~8 x 107 Mt) Key is understanding

“aw ©  Most H2 is likely inaccessible — too the potential to form
’ deep, too far offshore, too small accumulations
accumulations i) § a4

e 20 recovery (100,000 Mt) would
: supply all projected H2 demand
(~430 Mt/yr) for >200 years

& * Global proven natural gas reserves
7 A ~7257 Tcf (8.4 x 10%5 J); 100,000 Mt
of H2 (1.4 x 10%°))

168 10* 10° 10¢ 107 108 10° 10%

Mt H2 Ellis & Gelman, 2024




Estimated renewable hydrogen resource

* Geologic hydrogen is frequently referred to as a potentially renewable resource
* Most probable (P50) renewable amount ~5 Mt/yr for entire globe
* Thereis only a 20% chance (P10) of the renewable potential >29 Mt/yr

* Geologic accumulations of hydrogen are not likely to be substantially renewable

. NewScientist cnc—
Renewable resource potential The gold hydrogen rush: Does Earth

14000 PO0: 1 contain near-limitless clean fuel?

1P50:5 L P10:29 w
T Prospectors around the world are scrambling to find reserves of "gold hydrogen'; a naturally

| ' occurring fuel that burns without producing carbon dioxide. But how much is really out
12000 B there and how easy is it to tap into?
By James Dinneen

B4 31 January 2024
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Hydrogen system analogous to the petroleum system

Petroleum System Hydrogen System

Critical elements Essential components
* Source * Source
* Migration pathway * Migration pathway
* Reservoir * Reservoir
* Trap/seal * Trap/seal S
* Preservation * Preservation
* Timing * Timing
Petroleum system events chart
600 550 500 450 | 400 | 350 | 300 250 200 150 100 30 0 GEOLOGIC
PALEOZOIC MEsozoic | cen. | TV
Prec| cav | ORD [sit[DEV [ M [P [ # [R| R | CRET [TERT | ppomonsomd
E“M |L, E.lM,‘L E.‘L E.lM“L E. !L‘HL E.|M.|L E. ‘ L |E|0|M| SYSTEM EVENTS HYDROGEN
ROCK UNIT "STRUCTORAL

SOURCE ROCK

c:\g}gu.pgmﬂ P RESERVOIR ROCK
[, SEAL ROCK D
-ttt | OVERBURDEN ROCK HYTERR/
GENERAT \%“‘é‘,_m lON‘h CCUMULATION 5
HYDROGEN
vpite ——— [ ] I
boia el Deposition of Barnett Shale,
Ouchita lhlu&:ﬁng‘, formation of F-Jl'.u‘Nurlh Basin, Peak generation cccurred COMMENTS + .
and deposilion numerous reservoir rocks about 50 MA at maximum burial HYDROGEN SOURCE MANTLE
+  (MANTLE DEGASSING) _\_
1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | . - w = = .
SALIMNA BASIN MID COMNTINENT RIFT NEMAHA HIGH FOREST CITY BASIN

(Pollastro etal., 2003)




Hydrogen system model — play types

| Raimwater Natural Natural Stimulated :H’;‘;’
conce tual t es '1 Ill 1 accumulations generation generation s
3 ptual typ | \ \,
of exploitable H, <N b = = p =l
- . Fairy +y Hydrogen : B o =< Tl = p
resources [ - E I D O\ R

Microbial I '

: Sedimentary I
consumption rock layers Salt layer |

Water
infiltration ¢

Hydrogen system model based
on the petroleum system

Accumulation

Natural Natural Stimulated
. Component accumulations | generation | generation

| Source

#| Migration pathway

il Reservoir

| Trap/seal

f| Preservation * Global model only accounts for natural accumulations

* Natural and stimulate generation may be “renewable”

* Viability of natural and stimulated generation is unknown



T XK $

J olivine and/ 4 water — serpentine -+ hydrogen 4 methane - heat
% or pyroxene
‘ (oceanic crust

& ° Mechanisms that can generate the

Hydrogen sources

p:  large volumes of hydrogen :
| * Reaction of water with ultramafic rocks o ® ?
(e.g., serpentinization) - 8@ 024 @
\CuEiapEaa il B :_’L’f o e . _é _______ g ________

 Natural radiolysis of water
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* Deep-sourced hydrogen (primordial or

Generation (mmol/kg_ )

generated in the lower crust) "9
- Other potential mechanisms Y N O
* Other iron-containing lithologies (e.q., femperature (€) Lévyetal, 2013
banded iron formations)
* Thermal maturation of high maturity What are the generation rates (kinetics)?

organic matter What are the controls on rates?

* Other redox reactions (e.qg., pyritization) Are reactions catalyzed?
Diagnostic geochemical signatures?




Seals for hydrogen reservoirs

* Seal capacity is likely to be critical for forming clay as a function of kinetic diameter

and preserving hydrogen accumulations

» Kinetic diameter of hydrogen is smaller than
methane and close to helium

* Low-permeability seals (e.qg., evaporite
minerals) allow helium to be stored for long

Diffusion coefficients for gases through the Boom

le-08 { -

D (m?/s)

le - 10

"He . Ne H2 . Ar. CH4 . Xe.. . C2Hé6

time periods (100's of Myr) e Nem  a omox o
2.5 3.0 3.5 4.0 45
* The capillary entry pressure required to force e S dma 100
. . . . -o- DO —A— K14 - K17
helium gas through seals is similar to CO, T Jacops et 2017

* Mali accumulation is sealed by dolerite

* Seal capacity of other lithologies is not
well understood

What role does mineralogy play?

How does water effect seal capacity?
What is the capillary entry pressure?




depth (m)

Hydrogen migration and preservation

Temperature
Q)

Solubility in H20
(mol kg™)

H>

Trap geometry reactivity

0 1 00 200 300 0% 107 107 1
I 0 1 Lefeuvre et al., 2022
\||30 Q’Kmm
‘ . . L
1000 +- H'y| ri ﬁqutk‘” H: consumed by microbial activity
: : |F‘)|r|e]s‘s:l‘|r‘e‘: : Fault-dependant trap
| Microbial
2000 _:_: : : :_:_: :ﬁ H_‘F . Anticlinal trap Salt Clayay Seal
/ °c
aol I \& 11| 3ordersof  Clyyseal 100
o Al LI (. = e — R JR— JR— —
P NI i T
g N R magnlltUde
LTS U R I Low reactivity
4000 11 'J%:' ' (\H_' s N - Strong kinetic control
: : : \'J : ) \'ﬂ : : ]\ : : : No/low microbial activity
o | ‘(\ 11T | Few réactive oxydized species indentified
5000 -\ 2
DNy '%HH Sirlale-ohade fluid (Pyrite)
Lrrg Ty o | 'NgieTPhase T
Pl i® NIl I
6000 +—1 1 1% N — | — — — — 200°C
EERENE - NAW>NN I
\||\||1fn|u§|\ I
7000__\_II\_||1_?—H\\—4’_\___I_ L
I A W I Abiotic
I A I IR VIR I |
Pl HZ'CH4 \ S0l |- (el Moderate kinetic control
8000 1 = - b e | 1 —golubilit 10| Suffate carbonate, Hematite
: : : : : : : : : : : 1‘ O—IJIFJ y_ Radiolysis reduction possible under.specific conditions
L e Bazarkina et al., 2020 \
e e —h — o e = Source rock

Controls on biologic consumption?

Low-temp abiotic H2 reactions?

H2 phase behavior?

Serpentinization V' 300°C| H: concentration control by
b thermadynamic equilibrium

Modified from Truche et al., 2023



USGS geologic hydrogen prospectivity mapping

Produce a preliminary map of geologic

hydrogen prospectivity for the lower 48 - Ovrots Corcssirs
", TeIITs Coastipg— Partnerships

states of the US

Source and Maturity Map

Flux map SR Quality
Slicks/seeps Temperature
Inversion Timing Fetch map

Develop a hydrogen system model for
prospectivity mapping

Top Seal Isopach Map
TA | Fault sedl risk

TAll Pressure Analysis
Timing

ies Map
lsopach AVO/

Porosity/PermMNet/ Amplitudes
Net to Gross Provenance

Identify proxy data sets for each of the
essential components of the hydrogen
system

Top Reservoir Structure Map
Tectono-strat Timing

Velocity Sensitivity

Fault Analysis

Database Map

Account for uncertainty in data and the - DYk Pt b

Risk stafistics

Mo d e | Field Ancloaues

Credit: Royal Dutch Shell, AAPG Imperial Barrel Award




Conceptual mode

for natural hydrogen accumulation

Fe-rich
Rocks

Water
Availability

Radiogenic
Rocks

Temperature

Weighted
Sum

Weighted
Sum

Serpentinizatiun} ( Radiolysis ] ( Deep Sourced

Water Thermal Deep .
Availability | | Anomaly Faults * Some model inputs are not
implemented in the initial
= version of the map
[ ]

Due to data limitations and

Weighted
Sum

challenges with 3D

Prospectivity

Reservoirs Traps Seals Fa-u It. Seifn-lic
* Variable chance of sufficiency FrovmityT] [mAciuty
(COS) for inputs V
* Mappable data layers combine to — ——
produce interpreted maps
[ J

(

Net result is local H2 prospectivity

projection to 2D map
Mappable Data
[ H, Source } Migration
Potential Direction
[ Interpreted | S—— ¢ COSSC =1- ((I'COSSP) X (I'COSRD) X (l'COSDP))

P = COS¢c x COSpe x COSy,

Primary H,
Charge

Migration
Distance

Weighted
Sum

Mature Organic-
Rich Rocks

)

Weighted
Sum

H, Prospectivity



Chance of Sufficienc
Data compenent | Cosiow cosmid costigh| o | O
COSLow COS Mid COS High

| n U t S SPa: East Coast Magnetic Anomaly 0.7 0.8 0.9 no yes
p SP2: Surface Ultramafics 0.6 0.7 0.8 20 km no
Serpentinization SP3: Failed Rifts 0.7 0.8 0.9 no yes
SP4: Geophysical Anomalies 0.1 0.4 0.7 no yes
SPs: All Other Areas 0.0 0.1 5.5 no no
RDa: Uranium Deposits 0.1 0.2 0.3 10 km yes
RD2: Uranium Favorable 0.0 0.05 Gl 10 km yes
Source 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 0.3 20 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 DP3: High Heat Flow 0.5 0.7 0.9 +10 mW/m? no
DPy4: All Other Areas 0.0 0.1 a9 no no
RS1: Sedimentary Rocks 0.8 0.95 1.0 no no
SPUPPII RS2: Non-Sedimentary Rocks 0.7 0.8 0.9 no no
RS3: Sedimentary Basins 1.0 1.0 1.0 no no
SL1: Salt 0.0 0.1 0.2 no no
SL2: Sedimentary Rocks 0.6 0.8 e 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




; ;'*\’5
Limitations: w ' ﬁf‘ o |
* Only considering lateral (not vertical) \ ' 7L ke
migration \_| -
e
* Only considering lateral migration in |

......

sedimentary settings \\_,

. . S
* Using a regional “Top Basement” el ’::

"\ ‘- 2
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Hydrogen system components

Source Reservoir Seal Preservation
* Serpentinization-type Reactions .
(SP1, SP2, SP3, SP4, ...) e Sedimentary (RS1, RS2, RS3,...)
* Radiolysis of H,0 * Non-sedimentary (SL1,SL2,SL3, ...)

(RD1, RD2, RD3, RD4, ...)

* Cryptic “deep sources”
(DP1, DP2, DP3, DP4...)

e (W

|||||||||
rrrrrrrrr

N 30°N

12w 0 02 04 06 08 1 Sedimentary Rocks @ Crystalline Rocks

nrw 100°W W 0w new 0w o'W W

new 100°w a0*'w so'w

120w 1w 100°W 90°W W nw

Chance of Sufficiency (fraction)
0 02 l);ﬂ 06 08 1

A0°N

W0°N

2w

Gelman et al., 2025
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Geologic hydrogen prospectivity

Source COS Reservoir COS Seal COS

(B)

(A) , 4 3 (C)
SOURCE COS . RESERVOIR COS

SEAL COS

¥

130°W 125°W 120°W 15°W 110°W 105°W  100°W  95°W 90°W 85°W 80°wW 75°W

Prospectivity of Geologic Hydrogen

45°N

40°N

35°N

30°N

Median (P50) Prospectivity (fraction}

250 500 mi

T S

0 500 1,000 km o 0-

— Gelman et al., 2025

https://www.usgs.gov/publications/prospectivity-mapping-geologic-hydrogen




Geologic hydrogen prospectivity mapping status

* Prospectivity mapping of Alaska

* |n discussions with international
collaborators

* Canada
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* Brazil
* Colombia
* Finland LY

e Others...




Research needs

* Refinement of the hydrogen system model

* Development of surface and subsurface
exploration techniques for identification of
hydrogen flux

Petroleum

* 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 Geothtermal Minerals
Geophysics

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




Development of surface exploration techniques
for identification of hydrogen flux

* Remote sensing

- LiDAR

* Hyperspectral imaging
* Solls and soil gases

* Develop new technologies for low-cost sampling
for surface geochemistry

* Application of advanced geochemical techniques
(noble gases, bulk and clumped isotopes, etc.)

* Downhole gas characterization Surface observation complications
* Environmental DNA Temporal and spatial variability

Artificially generated hydrogen

Diffusion

l 3
T T

Efficient microbial removal

Cylindrical
l adsorption surface




Development of subsurface exploration tools for
detection of hydrogen system elements

* Numerical modeling for feasibility studies and
optimization of geophysical survey designs

* New technology for seismic imaging of hydrogen =

system components in low impedance contrast ] =

environments (e.g., crystalline rocks)

* Integrated geophysics for imaging H2 geology
(e.g., electromagnetics, gravity, magnetics, and
seismic)

» Artificial intelligence (Al) and machine learning
(ML) integration of data on multiple scales and
from multiple sources




Reactive transport modeling

H, Concentration — Advective Flux (H20) > 1e-14 m2/s
Low High — Advective Flux (H2) > 1e-14m2/s
| | —  Diffusive Flux (H2) > 1e-17m2/sec

Without hydraulic head scenario

- Z==3 1-5‘ =

A

10Mpa

TERRANTA




Summary

* Large quantities of natural hydrogen exist in the
subsurface

* The potential for economic accumulations of hydrogen
gas is unknown

* USGS has mapped the prospectivity of geologic
hydrogen resources across the lower 48 states of the US

* Ongoing work to map prospectivity of Alaska

* 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

Natural Hydrogen, LLC

 To develop efficient engineering approaches for hydrogen
production
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