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https://newsroom.posco.com/en/poscto-establiskhydrogenrproduction-capacityof-5-million-tons/



Hydroger; The race to a cheap/clean source

@ Hydrogen

2020

87 million tonnes

>96% of hydrogen from fossilfugly2 840 2 F G KA &
FAoOmM: KERNRISY WINBSYQ

IEA: Net Zero by 2050)A Roadmap

2050

538 million tonnes
306 million tonnes Green
198 million tonnes Blue
+ other

requires a compound
Oil and Gas average annual

Market $26000 billion ANGR) I clean

hydrogen production
of 66% between no
and 2030, and 23%
between 2030 and
2050

Market $3001000 billion

-



Hydroger; The race to a cheap/clean source

LCOH, USD/kg H,

Grey

Blue

Green
(2018)

Jescription of hydroden abels

i Green Produced via a zero/low-carbon energy source (wind, solar, hydro power, nuclear etc.)
% Blue Produced from a fossil source combined with carbon capture and storage (CCS).
_ Produced from fossil fuels without CCS (and thus CO2 emitting).

The hydrogen trajectoryKPMG Globahbme.kpmq

COST is critical


https://home.kpmg/xx/en/home/insights/2020/11/the-hydrogen-trajectory.html

Natural (Gold) Hydrogen

Available online at www.sciencedirect.com

SdenceDirect

journal homepage: www.alsevier.com/locate/he
Discovery of a large accumulation of natural )
hydrogen in Bourakebougou (Mali) e

Alain Prinzhofer *°, Cheick Sidy Tahara Cissé ”, Aliou Boubacar Diallo "

® GEO4U, Rua Tavares Bastos 123, Catete, 22221-030, Rio de Janeiro, Brazil
® PETROMA, Mali

MAURITANIA Estimated-
Bourakébougou MALI $1/ Kg |‘£

I

BURKINA NGER

Bamako FASO
500 miles
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Hydrogen (and helium) generated in the crust

A Hydrogen from two sources:

1) Reaction between irofiich rocks and water
Serpentinization ( = hydration)

3FeSiQ + 2HO = 2Fg0, + 3SiQ(aq) @ o

2) Radiation splitting water molecules
Radiolysis

HOSER e O H HOHO HO(H, )
(linking helium and hydrogen)

First identified in the
MdcnQa I yR
ocean crust
hydrothermal systems
AY UKS Mot

https://www.centauri-dreams.org/2021/07/02/radiolytieh2-powering-subsurfacebiospheres/


http://www.dailygalaxy.com/.a/6a00d8341bf7f753ef013488a0a343970c-pi

Old continental crust is Ferroush

, > 30%

O H,>10%
@ H.>1%

o H,<1%

Sherwood Lollar et al., 2014

A Precambrian
(>541Ma) continental
crust

A Exposed (blue) and
buried (green) =
>70% of continental
crust surface area



ALL \WATEE

1.386 billiond

~ 10.6 million k™

Precambrian (saline) water

~ 11 million km

http://water.usgs.gov/edu/gallery/globalvater-volume.html



Gold hydrogen generation rate is known

LETTER

The contribution of the Precambrian continental A The hydrogen production
lithosphere to global H, production rate of the Precambrian

Barbara Sherwood Lollar’, T. C. Onstottz, G. Lacrampe—Coulomne' & C. 7. Ballentine® .
crust is only recently

doi:10.1038/nature14017

Table 2 | Estimates of Hz production from water-rock reactions known

Systemn H. production (10** molyr=*)  Reference

Ocean crust 08t 1.3 Ref. 7

Ocean crust 1.9 Ref. 6 —_ 0 "
Ocean crust 19 Ret.& A ~30% of the production

Slow-spreading ridges 167 Ref. 8

via radiolysis

. PCEaN crust .
Continental Precambrian radiolysis This study
ontinental Precambrian hydration 0.2t0 1.8 This stud

reactc

_ _ — A Average age of
The table shows global estimates of Ha production from water=rock alteration reactions (in units of

10 molyr~!) from marine lithosphere and H. production estimates from radiolysis and hydration of COntlnental ( :rUSt ~2( ;a
mafic/ultramafic rocks from Precambrian continental lithosphere derived in this study. Estimates
made using conservative assumptions. For details of all calculations see Methods. Volcanic, mantle-

derived or microbial sources of Ha are not incorporated.

Sherwood Lollar et al., 2014



Continental hydrogen generated in 1Ga

A Continental Hgeneration rate = 0.3®.27x10! moles H/year
A (up to 500,000 tons/year)

A Average age of continental crust is ~2 Billion years (2Ga).

0 KS SYSNHé& FTNRBY M .AfftA2y &S| Nk
U Equivalent to 170,000yrs of present day oil production

A Even a small proportion is valuable if trapped and accessible



Where is the (Gold).H- global occurrence of seeps
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Discoveries of H2 >10%

Free gas

¥ Coal basins [10]

¥ Faults (3]

v Ceysers, hot springs, etc, [12)
¥ Hydrocarbon fields [16]

¥ 1gneous [5)

)

' Kimberlites {2]

! Orebodies [27]
Precambrian [10]

o~

' Rift zones [4]

¥ Salt deposits [12]

) Sediments and Metamorphic [26)

? Serpentinization [25]

¥ Volcanic [17)

Gas in inclusions

Y Coal basins (12]
Vlgneous [23)

¥ Kimberlites [6)

¥ orebodies 21)
¥ Precambrian [11]
¥ salt deposits [7]

Contents lists avallable at Sclencelirect

Earth-Science Reviews

] » journal homepage: www.alseviar. com/ocata/earsciray
# 5
& a0y
= The occurrence and geoscience of natural hydrogen: A comprehensive 7))
‘ review —
? Viacheslav Zgonnik
L |
A Seeps and gas shows:
¥

V' Sediments and Metamorphic (4]
1 Ultrabasic [3]
V Volcanic [8]

Dissolved gas
i Aquifers [54)
Y Water from hydrocarbon fields [15]

A Gas phase #>10%
observed widely



Where is the (gold) hydrogert, ®vhat we need to know

A Preservation in the deep crust on geological timescales ?

A Mechanism/controls on release from the deep crust ?
A Rate of release

A Gas phase formation ?
A Geological trapping structures ?

A Preservation in the trapping structure ?




“He and Et related genesis and migration
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LETTER

doi:10.1038/nature

14017

The contribution of the Precambrian continental
lithosphere to global H, production

Barbara She od Lollar', T. C. Onstott?, G. Lacrampe-Couloume' & C. J. Ballentine’

Helium and Hydrogen

BOTH

A Produced- by slow dispersed processes in the
terrestrial crust

A Released from site of production

A Transported- to the shallower crust

A Focussed by shallow migration and gas phase
formation

A Trapped- within accessible geological structure

BUT
A H,is NOT conservative
A Controls on helium accumulation the starting

point for a hydrogen exploration strategy.



Helium¢ Enabler of Innovation and $Billion Industries

WORLDWIDE HELIUM DEMAND 2015

Controlled Atmosphere

2%

Diving
6%

- LIQUID_HYDRS
uiliG ___NO_sm

Science &
Welding ‘ Engineering
5% . = : 6%

Fiber Optics
Electronics &
Analysis & \ Semiconductors
Spectrometry "\ 11%

15%




A'(very) brief history.of helium

A First discovery of commercial helium
= Dexter, Kansas 1903.

A Since then: ey -
A Hugoton-Panhandle (KS, OK, TX), A i ] Lot <1

A LaBarge field (WY); and

A Cliffside (Storage) (TX)

Have been main suppliers of the
worl dos hel i um.

MAJOR GAS FIELDS OF THE U.S.

A Discoveries all incidental to
hydrocarbon exploration

. Helium content less than 0.3% . Helium content 0.3% or greater

—— WELCOME 10 ——

L UGOTON ' Helium content of major gas fields in the

NATURAI. GAS CAPITAL

U.S. Only a small number of gas fields
contain the minimum concentration
(>0.3%) of helium necessary to make
recovery commercially viable.




The Need f
|

imary Helium Ex

Risks to Helium Supply
Production of helium worldwide in 2020, by country
A Limited number of operating fields =
(single point of failure) N
bt e e rom "
A Algeria/Qatar: a waste product of LNG - ol *
(hydrocarbon footprint/ market reliance) . #
United States (from Cliffside Field) 13 <
A Russiaz Amur z 35% global production planned o m. .
(political risk) b R
poland |1
Canadat |3
Tota (rounded) 140
.
@ Additional Information Show source @

Qatar quumed Natural Gas (LNG) plant
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— The Helium Exploration Checklis

Stage
Source

Maturation

Primary
migration

Secondary
migration

Entrapment

Trap integrity
& longevity

Petroleum System
Organic matter

Burial and heating
Pressure driven (phase
change)

Buoyancy driven

Structural traps

Capillary failure, fracture
failure, tectonic destruction of
trap

DiDanabalan et al., 2022

Helium System
U and Th decay

Time to accumulate

Heat and pressure
(tectonism) zNitrogen?

Buoyancy or dissolved in
Groundwater

Exsolution (Sweptor contact
with existing phase in traps) +
Structural traps

Capillary failure, fracture
failure, tectonic destruction
of trap, filled to spill.




— The Helium Exploration Checklist

DiDanabalan et al., 2022

Petroleum System Heium System
U and Th decay

Source Organic matter

Maturation Burial and heating Time to accumulate

Primary Pressure driven (phase Heat and pressure

migration change) (tectonism) zNitrogen?
Secondary Buoyancy driven Buoyancy or dissolved in
migration Groundwater

Entrapment Structural traps Exsolution (Sweptor contact

with existing phase in traps) +
Structural traps

Trap integrity  Capillary failure, fracture Capillary failure, fracture
& longevity failure, tectonic destruction of failure, tectonic destruction
trap of trap, filled to spill.




Precambrian Crystalline Basement
= Helium Source Rocks

LETTER

Deep fracture fluids isolated in the crust since the
Precambrian era

G. Holland"?, B. Sherwood Lollar®, L. Li*, G. Lacrampe- Couloume®, G. F. Slater* & C. J. Ballentine'

A Some of the most ancient
Isolated fluids on Earth

doi:10.1038/nature12127

LETTER

The contribution of the Precambrian continental
lithosphere to global H, production

Barbara Sherwood Lollar!, T. C. Onstott?, G. Lacrampe -Couloume' & C. J. Ballentine®

A Helium and nitrogen
rich (up to 30% helium)

- Covered Precambrian rocks
@ HHe>s
O HyHe<s
@ HoHe<1

© H/He<o0.01




2390m underground, Timmins,
VMS deposit, Canada

A Noble gas accumulation ages from X
RSSLI YAYS FNI Ol dzNB

y & e d e
NN AXo aK2g UGUKFG az2ys 1
o t ’ can retain their fluids on Ga timescales.
. @
A Saline fracture fluids from freely LETTER
discharging boreholes . _ _
Deep fracture fluids isolated in the crust since the
(tO ~10,000ft) Precambrian era

R I h I n C 4 N G. Holland"?, B. Sherwood Lollar?, L. Li’+, G. Lacrampe-Couloume®, G. F. Slater® & C. J. Ballentine'
A iIch in H 2 H 41 He, 2
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— The Helium Exploration Checklis

DiDanabalan et al., 2022

Stage Petroleum System Helium System
Source Organic matter U and Th decay
Maturation Burial and heating Time to accumulate

Primary
migration

Pressure driven (phase
change)

Heat and pressure
(tectonism) zNitrogen?

Buoyancy driven )
migration Groundwater
Entrapment Structural traps Exsolution (Sweptor contact
with existing phase in traps) +
Structural traps
Trap integrity  Capillary failure, fracture Capillary failure, fracture

& longevity failure, tectonic destruction of failure, tectonic destruction
trap of trap, filled to spill.




Mantle flux (4He atoms m'2 5'1 X 10'10)

? S — | .

LETTER

Prodigious degassing of a billion years of
accumulated radiogenic helium at Yellowstone

J. B. Lowenstern', W. C. Evans', D. Bergfeld' & A. G. Hunt?

doi:10.1038/nature12992

10° 7

® Sano et al.,, 1986 L]
103

m Torgersen, 2010

103 -
102 -
10

1-

e

Helium released
102 s from Yellowstone
Crustal flux (4He atomsm2s1x 10'10) totals 138Cf/M a




— The Helium Exploration Checklist

Danabalan et al., 2022

Stage Petroleum System Helium System
Source Organic matter U and Th decay
Maturation Burial and heating Time to accumulate
Primary Pressure driven (phase Heat and pressure

change)

Secondary
migration

Buoyancy driven Buoyancy or dissolved in

Groundwater

Entrapment Structural traps Exsolution (Sweptor contact
with existing phase in traps) +

ructural traps

Trap Integrity  Capillary failure, fracture Capillary failure, fracture
& longevity failure, tectonic destruction of failure, tectonic destruction
trap of trap, filled to spill.




Hugotont Panhandle Giant Natural G@&Eidd/ |
P —

A CH, dominated‘He>0.3%

United States of America

A Groundwater key
component of focussing
and/or transport

Hugoton-Panhandle

S 1 -

I Hugoton-Panhandle : A *He Concentratlon -

ot INBdzy Rg F i NI

- Structural Provinces at reservoir P, T and salinit

R A CH essential for gas phase
Dm0 formation

Hugoton-Panhandle giant gas field (Ballentine & Sherwood Lollar, 2002) 24



Tanzania !
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100 km
e —

Rukwa Basin, Tanzania

A Source Rock +

A Primary Migration +
A Geological Traps=
A Exploration Target

DanabalarPhD Thesis 2017
Danabalan et al., 2022

AP, Rukwa= 138 BCfHe
A Alone, would supply world
consumption for 14yrs



“He and K The role of Nin forming a gas phase

Distance from Precambrian Contact

Diffusion Only

Diffusion and N, solubility

Unit 3

Unit 2

N, gas pool

Unit 1

R r
He + N, He + N, ;\+N2

He + N

2 He+N,

« ~ > ~ — Crystalline Basement-~ > —

He + N,

« — > ~ ~ Crystalline Basement-~ ~> —»

N, concentration in pore water

A Consider Naccumulating in the
groundwater with*He.

A With typical N/4He basement flux
ratios of 2050, the nitrogen solubility
limit can be exceeded.

A The N gas phase is a sink for thde
(and H) and buffers any further
change in théHe water
concentration.

AX I YSOKIyYyAayYy (2
observed primary*He + N gas fields.

Cheng et al., 2020 PhD thes
Cheng et al., Nature, in Rev



“He and K The role of Nin forming a gas phase

T=499 % ~
60 I 60 60
1
|
|
40 40 H 401 .
. Deadwood Basal Aquifer
1
|
=S 201 20, 201
g !
= |
< |
5 0 0 0
o)
©
0
g
8 _20 - + + + + + _20 L + + + + + _20 = + + + + +
O
©
©
e
E 40+ + + + + + 40+ + + + + + 40 F + + + + +
[s]
=) Crystalline Basement
60+ + + + + + 60 T + + + + + -60 | + + + + +
-80 + + + + + + -80 + + + + + + -80 F + + + + +
-100 } + + + + 2100 + + | + + 2100 4 4 4 4+ "
0 0.005 0.01 0.015 0.02 0.025 0 0.5 1 1.5 2 25 107 107 1073
‘He degas (c:m3 STP/cm?® HZO) N2 degas (cm3 STP/cm® HZO) Degassed bubbles (VgN|)

Cheng et al., 2020 PhD thesi:
Cheng et al., Nature, in Revie



“Hec¢ How Much is Still in the Basin ?

Loss = 81 94
t t t

Water =13 0

In situ production = 44 mol/ m?

Gas = 6%

_ E——
4

£t ©

Basement Flux = 800 mol/ m?

Post Belly river aquitard
Belly river aquifer

Colorado Shale aquitard

.| Viking aquifer

Mannville aquifer
Riedon aquitard
Shaunavon aquifi

Watrous aquita:

Mississippiafi aquifer

Bakken Foymation

Devonian Complex

Ordo-Silurian Aquifer

eadwood Upper aquitard

Deadwood Basal aquifer

« —~ >~ —~ Crystalline Basement-~ <>~

Loss =93 0
t ¢t
\-\ N
Gas = 6%
Water=1 %

In situ production = 5 mol/m?

L\ L\ L\\

<~ >« ~ Crystalline Basement- ~ <> —

Basement Flux = 800 mol/ m?

Deadwood Basal aquifer

A 81% He lost through
diffusion

A 13% He dissolved in the
water column

A 6% of all He fluxed from
basement is a gas phase
In the Deadwood

Cheng et al., Nature, in Review



H, potential- The Williston Basin, USA/Canada

/ sediment Surface area 150,000km
o = 0.1% of Archean crust by area
accommodation /
3 Has received, at steaebtate:
S lingsedments 0.1%+*170,000PDOP/G&lZ0 PDOP

H, ] § Subsidence

K H, H, H, 1f 6% in gas phase then:
6% * 170 PDOPX PDOP

al EA YdzY X

U Reference: Archean crust has generatgeeglivalent to 170,000yrs of present day oll
production (PDOP) in 1Ga (1XPDOP ~ $2 trillion)



Trapping structure efficiency: The Paradox Basin, USA |

A Hydrocarbon sample

A 7 different stratigraphic units

o [uTAH
ARIZONT

110° 109° 108°

Tyne et al, In Press

Paradox Formation (evaporite)

P

A A Basin defined by thick evaporite unit (Paradox Formai
| A Abundant Hydrocarbon and G@eposits

A Sampled multiple locations across the basin

Mesa Verde

Manos

Dakota

Burro Canyon

Morrison

Summerville

Entrada

Navajo

Kayenta

Wingate

Chinle

Monekopi

Honaker Trail

= Paradox @ %

Pinkerton
Molas
Uncompahgre

Uplift Ouray
D| Elbert- McCrackena
Lynch ‘Aneth

€ Ignacio

IP€

After Kim et al.. 202



Trapping structure efficiency: The Paradox Basin, USA |

0 0
MF 15500
EF*
500 |-
-{ 2000
. . C-MF
o_diffusion o}
@
1000 |- hrough the
B . CF‘—‘1500 e
s aradox Evaporite$  §zisw}
g g8
=) o 8
1500 — HTF‘ ‘_3
- 1000 3= 2000 |-
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2000 |-
= 2500 |-
| [ PTF*| 500
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| \ OF*
2500 |- M‘f:,; 3000 |-
- N IF
L IERPENTT R T T T )
10°% 10® 104 10 2 10° 102 107

[4H €]water (C mgfgwater}

Tyne et al, In Press

<3000

2500

CF*

2000

HTF*

1500

- PF
& 2 1000

OFfcr500

|
|
1 PR 1 T |

101

0% 10* 10* 103 10?2 107t 10°

[4He]water (Cmgfgwater)

(w) 1uswaseq wolj aaueisiq

Basement Fluxes

mmol *He/m?/ yr
—_— 0
1.47
—_— 14.7
70

Vertical diffusion
model: insitu
production and
diffusion between
formation

Basement'He

flux required



Gold hydrogem preservation in reservoir?

e | TN 50 Rmess
: |

B 1 v
— _';::U“ - H, production rate (molecules kg'yr™)
- rust fau
_ 5} _
@ Sub-circular
depressions 1.1e" f.3e"

@ Sub-salt target fields
> Hydrocarbon fields

Where has the Hydrogen gone in Magde?

LN o

Magee 1 (2,696 m)

Pacific Oil & Gas 1992
63.1 Mscfd from 4.5 m sst
Shale 0.5-0.8% TOC

Nitrogen 43.61%
Methane 30.58%

Ethane 5.96% 49.09%
Propane 1.94%

Butane+ 1.66%

Carbon dioxide 0.58%
Hydrogen 0.03%

Argon 0.46%

Helium 6.23%

2=

Mt Kitty 1 (2,295 m)
Santos 2014 (Central
Petroleum tenement)

420 Mscfd from

weathered/fractured granite

Nitrogen 61%

Methane 130/(]18%

Ethane 4%

Hydrogen 11%

Helium 9%




% mol vol

Gold hydrogeiq biological sinks

H, preserved in deep mine fluids in South Africa and Canada

100 Major gas concentrations in deep mine fluids

80 A

60 A

40 A

Y= Y= Y= Y= N 4

ein
ein
ein
ein
ein
ein
00
00
00
00
(o]0]
(o]0]

g o g o o 2 2.
Q'Q‘Q‘Q'Q'GJGJ ————————————
S £ 8§ 28 cccc e cc e ¥ N¥N¥N¥N¥V¥
OO0 UVoo g gLLeeLgeea
k £2299 9%
(I R o R o
- |
Canadian Shield f

Witwatersrand Basin, South Africa

Compiled from Sherwoodollaret al., 2006

He
N2
CH4
C2+
H2
02

H, Is preserved, but cell counts

low:

A Sulfatereducers (Alkane
oxlidising, autotrophic)

A Methanogens, primarily CO
redUCerS(Methanobacteriumcurvum

bryantii, aarhusensgMethanosarcinaryantii)

A Cell counts below detection
limit at ionic strength >1.9 M

Lollaret al., 2019; Telling et al., 2018/ilpiszesket al., 2020



Shallow EPreservation? S Africa

eeeeeeeeeeeeeeee

wé||f‘0fn‘ = ‘ “ Locatlons Of Sampled 4 He _ N2 Major gas concentrations in boreholes

100 A I He

rich boreholes in the vicinity N.

of Welkom, Free State, South _ A
Africa. s

Surface springs only
v exhibit helium, nitrogen S FcfzgzeogR o33

SY e = and methane

= T A Modelling shows:

iy ) Confirmation of radiolytic

Stochastic Bayesian model o 1 :
O Y “IRREENE hydrogen production

efficiency;
Result € @ ar & o o ‘h\r\‘“gsPQO c;-ﬁ 946 ,\h\\i y
: : P sity Likelihood — Po sit
Prior ]ggr)‘oswy A Function ste p(‘I’) Postenor porostty - .
p

A i) Consistent with ALL

J_ﬁ :# NEREERELEY s, methane derived from dee|

- C S T meme 4202406 37 hydrogen converted to

4202 48 20 o methane
Iterative sampling using MCMC No-U-Turn 04 AP Kar()lyte et al’ 2021

algorithm RN

L S R LS S e



Sao Francisco Basin, Brazil

Shallow EPreservation:

O_
D(enozok(over | . ]
Neoproterozoic cratonic cover 0 .S?O/T 5\0(\ < H drocarbon eX Ioratlon We”S
L] 1001 & &7 VS
; 0] tatherian and Mesoproterozoic cover | 6‘;;@?/ /0/ ‘ Ny é(: P Y Abiotic In the Neo rOterOZOIC Sao
. 150 / Carbonate reduct Mix. )
L =" S arbonate reduction y & . ) . .
[T ik é-m@’ wioavial | £ &7 Francisco Basin, Minas Gerais,
Brasiliano marginal beits g -250 : N 1 ,§ BraZII, Sample tlght gas
ot & 301 femenision évap'o}mc ot f reservoirs rich in methane,
A Amazonian Craton 5-350 p ] = S § 1 1
TRL Transbrasiliano Lineament % -400 p%_1 22)12 2(:318 2029 Pt D-I- + © § ?I\Iazt)lvaenzyg;(l)larer]n (5’ nltrOgen
RP  Rio dela Plata Craton | PTRA_-W? 5 : N .
y SF Sao Francisco Craton e E-;Eig t +*
M0 a0 s 6 | 4 2 o ) _ ]
57C... (% VPDB) Multlple I|ne§ t?f el\jndence are
consistent with a basement
source for the hydrogen.
Data suggests that a significant

SSW NNE
Cretaccous 13 1 17 g amount of the basement
hydrogen has been consumed
by microbial methanogenesis.

Sediments
Flude et al. Submitted




