;‘*é Us S Northwestern University DEEPS lecture
‘ May 21st, 2025 - Evanston, IL, USA

science for a changing world

An overview of research on emerging subsurface energy technologies at
the U.S. Geological Survey

/]

Carbfix second generation CO, injection site Iceland basalts 2024

Matthew M. Jones

Research Geologist
U.S. Geological Survey

Geology, Energy & Minerals
(GEM) Science Center

Reston, VA, USA

Disclaimer: This information is preliminary or provisional and is subject to revision. It is being provided to meet the need for timely best science.
The information has not received final approval by the U.S. Geological Survey (USGS) and is provided on the condition that neither the USGS

U.S. Department of the Interior ! A ¢ - : h
nor the U.S. Government shall be held liable for any damages resulting from the authorized or unauthorized use of the information.

U.S. Geological Survey




Introduction
U.S. Geological Survey (USGS)

- Science agency within Our Mission What We Do
Department of Interior since 1879

» Objective and impartial science
to policymakers & stakeholders
(public, resource managers, etc.)

*Non-partisan, non-regulatory

» Positions: Geoscientists, . . : .
hydrologists, biologists, analysts, The USGS monitors, analyzes, and The USGS is a primary Federal source

technicians, data scientists, etc. predicts current and evolving Earth- of science-based information on
system interactions and delivers ecosystems, land use, energy and
* Research in a Federal agency actionable information at scales and mineral resources, natural hazards,
compared to academic setting timeframes relevant to decision water use and availability, and
- Talk today: scientific makers. updated maps and images of the
observations not policy/advocacy Ea;’fl}."s e
public.

F—J.'_/ USGS from https://www.usgs.gov/about/about-us/who-we-are
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An overview of research on emerging subsurface energy technologies at
the U.S. Geological Survey

USGS-ERP Vision

“The Energy Resource Program (ERP) delivers the science
necessary to inform decision making as the world’s energy
landscape evolves.”

Lecture outline
1. Take stock of the current U.S. energy landscape
2. New roles for the subsurface in energy
a. Geologic energy storage
b. CO, mineralization and critical minerals
3. Other emerging USGS energy research and final thoughts
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Evolving energy landscape

Part 1: What is the current U.S. energy “portfolio”?
How do we produce & consume energy?
How are greenhouse gas (GHG) emissions trending?
Which new technologies are ascendent?

Pointers for students

-note the sourcing of energy data

-try to conceptualize “scale” and units of quantitative measure
-at intermission, brief peer discussion

-at end, time for detailed questions/discussion
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EVOlVing energy |andscape units and scale

. . Power = rate that energy | Watts
Electric power production — U.S. is transferred | KW, MW, GW, Tw)
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Figure: modified from Gaffney and others (2025)
Data source: U.S. Energy Information Agency “EIA” (Department of Energy)



Evolving energy landscape

Emissions by major sector — U.S.
y J * recent U.S. GHG emissions reduction primarily

from electrical power generation transition
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Figure: modified from Gaffney and others (2025)
Data source: U.S. Environmental Protection Agency “EPA”



Evolving energy landscape
Annual solar photovoltaic (PV) net electric generation - USA
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Evolving energy landscape
Monthly solar photovoltaic (PV) net electrical generation - USA

* “intermittency”: variable power output
» seasonal to daily intermittency
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Evolving energy landscape
Solar PV power intermittency

California net grid load = electric demand — (solar + wind production) | i)
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a USGS Figure: modified from U.S. Energy Information Agency (2023)
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Evolving energy landscape
Solar PV power intermittency

California net grid load = electric demand — (solar + wind production)
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Evolving energy landscape
Solar PV power intermittency

California net grid load = electric demand — (solar + wind production) | £:.)
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Evolving energy landscape
Solar PV power intermittency

California net grid load = electric demand — (solar + wind production) é’-’\
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Evolving energy landscape
Solar PV power intermittency

California net grid load = electric demand — (solar + wind production) é’-’\
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Can Battery Energy Storage Systems (BESS)
overcome solar intermittency?
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EVOIVi ng energy Iandscape Battery energy storage for California ISO (grid)
Renewable power intermittency

Solar ®Wind ®Geothermal ®Smallhydro ®Large hydro ®=Batteries @Demand

1. Diurnal (daily) intermittency
+ Batteries
» Require critical minerals (Ni, Li, graphite, etc.)
2. Seasonal intermittency
* More challenging?
3. Stochastic intermittency (aperiodic weather events)
* More challenging?
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800 r
700 E
600 F

W
(=]
(=]

GWh/day supply or demand
=y
=)
S
T

“ /
300 : / o
y o \
/\ 8 "/\~/\/~ i s
200 RV O Tw 200
: \ \ (TEEEET) EasmsEEEEREEN
O Eammam mamBsmmsmEEsS
nms
100 sfana®nnnns Rasnans 5
= <+ <+ <+ 9w o = =W w w w w w <+ T F F w w ¢ w W = 5 S o b ok W A S ok W o o o N 3 o E
(S I T TR I, B o B o B 1 &8 a4 a4 a4 4 da o aagassdasgsasasasassa £ 3 SIS IS SIS IS S
- O F © ®» 3 1 F 3 B S A F 8BS AT OX S A FETBS AT SRS o= = Q S 33333
w333 E === ==¢ 1 88 Q8 0 3 8l D = QO oo S S ostc@aaBan & q - s n & &
- t F F F F F F F F F < AWV W A A A A A m A A S Sc s o@aadd
Date

Figures modified from Jacobson and others (2025) Renewable Energy



Evolving energy landscape
Electrical grid

Challenge: can energy storage address the daily to seasonal
intermittency of renewable energy to:

1) maintain stable electric grids
2) further reduce GHG emissions from U.S. electricity production

Reliable
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Clean

lenewable treng?
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Evolving energy landscape Annual exports: liquified natural gas
All Energy Consumption by Source — U.S.
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Talk outline
1. Take stock of the current U.S. energy landscape

U.S. energy landscape: main observations
« Exponential growth in renewable electricity (solar + wind) is occurring

« Growing volumes of oil and gas are being produced to meet energy demands
of the U.S. and global trading partners

* Energy storage may be a key emerging technology to handle the scale-up of
intermittent renewable energy AND natural gas distribution for export

+ U.S.s 2023 CO, emissions [4.9 Gigatons CO,/yr] have decreased ~18% from
mid-2000s peak [~6.1 Gigatons CO,/yr] (U.S. EPA, 2025)

CO, capture, utilization, and sequestration (CCUS) and atmospheric CO,
removal (CDR) may be important mitigation technologies (IPCC ARG, 2023)

2 USGS



Geologic energy storage

Part 2: Can geologic energy storage promote energy
security in the U.S. and enable decarbonization?

USGS ERP Geologic Energy Storage task
- Leads: Marc Buursink & Matt Merrill e
- Members: Sean Brennan, Colin £
Doolan, Joao Gallotti, Joe East, Phil j
Freeman, Brian Varela, Peter s
Warwick, Ashton Wiens, and myself = ™
2 USGS
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Geologic energy storage: reservoirs
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The role of underground natural gas storage (UGS)
Reliable seasonal energy delivery

Summer Well head Wi nter Well head

* Energy cost stability: purchasing & injection
during low demand months

Casing A Casing

Natural gas Natural gas

* Reduces required interstate pipeline capacity
for natural gas transmission

- Energy security: buffer from economic & A A
geopolitical shocks

Aquitansand reservoir, Germany https://www.uniper.energy/hystorage

" " | Required pipeline capacity if no UGS
The New York Times

Europe Braces for a Winter Without Russian Gas

Demand

Underground storage sites around the continent have been fully stocked with
emergency gas supplies.

Nov 1, 2022 2
https://www.nytimes.com/2022/11/01/business/europe-energy-crisis.html GE,
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Some gas storage terminology
U.S. Underground Natural

-Base gas + working gas = maximum total gas stored Gas Storage Capacity
*Natural gas units (billion cubic feet; BCF) in the United States —  Hydrocarbon reservoir
*Pressure-depleted oil and gas (hydrocarbon) reservoirs hold Saltcavern
greatest storage capacity in the United States 30001 Aquifer reservoir
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Motivation for USGS Energy Storage Assessments

Given the growing need to increase underground gas storage capacity:

 How can the USGS accurately predict natural gas storage “resources”

in depleted gas reservoirs nationally?
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Can existing UGS facility data predict storage resource capacity
for possible future development?

Setting

| Aquifer reservoir
M Hydrocarbon reservoir 600
I salt cavern

(409) awnjop se9 Bunjiop

@
& Q dat : PHMSA (2022
r,/ ata source: ( )
s USGS State fig. Jones and others (2024)



Sidebar — scale: natural gas units and fluid “compressibility”

a

1 standard cubic foot (SCF)

of natural gas
1ft

1 atm
25°C —
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Can existing UGS facility data predict storage resource capacity
for possible fyture development?

N - a [T Gas Storage Fields . . .
— Gas Pipelines EIA Michigan: a hub for natural gas storge

Setting S
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Michigan Basin UGS infrastructure

Silurian Niagara Group pinnacle reef rock reservoirs

» ~70% of current Ml UGS capacity
- ideal finger-like UGS setting (permeability, seals)
« historically produced 2 trillion SCF of natural gas

B Lake B
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' Oil and Gas reservoirs

Gr. — Group; Carb. — carbonate; Evap. — evaporite

Marie

7] Gas Storage Fields
Michigan Stray play
Berea Sandstone play
Antrim Shale
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Gas Storage Methodology

Predicting new UGS capacity from existing gas storage
facilities in the Michigan Basin

Working gas volume - f(geology & other reservoir parameters)?
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> A ¢
= .Q'/
Data Sources €5 %
Qo
Methodology g,- 8 E'; 7
. < 22 s
Find: existing UGS Primary data sources n t
facility dat * PHMSA - U.S. Pipeline & Hazardous Materials — 8_
acliity data Safety Administration (U.S. DOT) T &’
. . o .
. o : : . * Nehring Associates Database L
Match: U'GS facility data .Wlth historical and USGS Comprehensive Predicted Capacity>
oil & gas reservoir dataset Resource Database BCF
(Carolus and others, 2018) calculated from USGS reservoir
PHMSA data (2022) databases and modeling
_ Underground Gas Storage facility Hydrocarbon reservoir datasets (historic)

Working gas capacity Name of Reservoir & Field

Maximum storage

° Thickness
pressure (psi)

Latitude / Longitude

Depth of Reservoir Porosity

Name of Reservoir & Field

Gas production stats Discovery pressure

Latitude / Longitude

Oil production stats Lithology & more...
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c
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Depth of Reservoir



Theoretical natural gas storage capacity vs. reported data

Methodology

Find: existing UGS
facility data

Match: UGS facility data with historical

oil & gas reservoir dataset

Apply: storage calculations and compare to
existing UGS facility capacity data

sl
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Gas Production
Method 1

Volumetrics
Method 2

TGVnatgas,sc = OGIP,, =

Material Balance
Method 3

Pressure

Produced gas volume

~gas out =gas in

sgi * ¢* Areargs * Net Pay
FVFnatgas

~gas production per change
in reservoir pressure

Initial reservoir pressure

Reservoir depletion pressure



USGS natural gas storage assessment

Performance of governing equations _ Method 1 _ Method 2
« Statistically significant correlations, generally high r? %
+ Limitations of input data (grouping, production records, etc.) £”] %
* Linear modeling (combinations of reservoir variables) e . .
provides high r2 2% “
%20 : 20 ’
% )‘. -"..o ‘e *
Working gas volume - f(geology & other reservoir parameters)? & L& oL
A ’ Toigl gas pr04duucti0n (BDgF} ¥ ! Voruometric p:taodiction (IIBJ(DZF} ”
=y \;\&/ 20, Method 3 | ... Linear model
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USGS natural gas storage assessment
Methodology

Find: existing UGS
facility data

Match: UGS facility data with historical
oil & gas reservoir dataset

Apply: storage calculations for reservoirs and
compare to existing UGS facility capacity data

Calibrate: storage capacity in unconverted reservoirs
based on comparison

Assess: storage capacity in conventional gas reservoirs using
calibration equations

2 USGS



Example calculations Michigan Basin natural gas storage resources

h Bay

Sheboygan

aukee

Racine
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aukegan

Chicago

Gary

0

25 50

100 Miles

South Bend

Marie

[ Gas Storage Fields
Michigan Stray play

I Berea Sandstone play

- Niagaran reservoirs

I Clinton
[/ Trenton Black River
Prairie du Chien

Lake
Huron

Goderi

Province of Ontario, Esri, HERE, Garmin, FAO, NOAA, USGS,
IgEco EPA, NPS

Cleveld

2 USGS

geospatial data: State of Michigan Department of
Environment, Great Lakes, and Energy (EGLE) (2024)

Michigan Stray

(Mississippian Sandstones)

Berea

Sandstone

USGS Anticline
pla

Niagaran
(northern trend)

Niagaran
(southern trend)

Clinton

Trenton
Black River

Prairie du Chien
(Ordovician Sandstone Gas)

USGS 1995 Oil and Gas Play Name (Gautier and others, 1995)

Working gas volume (BCF)
500 1000 1500 2000

StorageStatus

. Undeveloped
I Active Storage

Jones and others (2024)



Example calculations Michigan Basin natural gas storage resources

Working gas volume (BCF)
500 1000 1500 2000

* the USGS is conducting a national play
assessment for underground natural gas
storage resources

0
Highlights Michigan Stray
. . (Mississippian Sandstones)
- equations based on different parameters and
statistics from gas reservoirs can accurately Berea |
predict natural gas storage volumes Sandstone
USGS Anticline I

Niagaran
(northern trend)

Prairie du Chien
(Ordovician Sandstone Gas)

* large undeveloped gas storage resources Niagaran -

remain in Michigan, U.S. (southern trend)

» subsurface stores of natural gas can help Clinton I

ensure grid stability and bolster against StorageStatus

“shocks” in global energy markets Trenton B Undeveloped
Black River I I Active Storage

E._]
aUSGS | |
USGS 1995 Oil and Gas Play Name (Gautier and others, 1995)J
ones and others (2024)



Can traditional geologic energy
storage be decarbonized?

* ~30 Megatons of CO,/yr = emissions from annual natural gas storage/combustion cycle in Michigan



Decarbonization of geologic energy storage
H, storage opportunities?

THE PARTING OF WATER

Green hydrogen is key to decarbonizing the world. But the costly, finicky devices
that make it need dramatic improvement

23 JAN 2025 - 2:00 PMET - BY ROBERT F. SERVICE

“Coupling of power-to-gas processes with

underground gas storage could effectively allow
surplus electricity to be stored for later use.”

- Hellerschmied and others (2024) Nature energy

https://www.science.org/content/article/will-new-generation-water-splitting-devices-help-
green-hydrogen-replace-fossil-fuels
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https://www.science.org/content/article/will-new-generation-water-splitting-devices-help-green-hydrogen-replace-fossil-fuels
https://www.science.org/content/article/will-new-generation-water-splitting-devices-help-green-hydrogen-replace-fossil-fuels

Decarbonization of geologic energy storage
H, storage opportunities?

» Gases produced from low-emission electricity can be

stored and might help decarbonize THE PARTING OF WATER
Green hydrogen is key to decarbonizing the world. But the costly, finicky devices
*H, (and NH;) molecular energy storage can far exceed B0 ke it nced i WTPRANRNONER:
energy storage duration of existing batteries =
*“Green” H, can be produced from electrolysis from : — ‘ n—
https://www.science.org/content/article/will-new-generation-water-splitting-devices-help-
renewable energy green-hydrogen-replace-fossil-fuels

Renewable
city

*USGS also research occurrence of geologic hydrogen
(Gelman and others, 2025)

electri

Challenges

* leakage risks, transport, early technology is expensive,

: . . . . \
potential geomicrobiological interactions, and many more! Section Elsctiolysis

electrical current
Nickel and e & seen below chamber

* Limit warming to 1.5°C by 2050 requires production of Steelcaayts ¢ ,
327 million tons of green H, per year (IEA, 2023) H, _jHﬁ o, L”O
y 8 :’ 2
* H, blending into energy supply requires additional |\ /
underground storage capacity (Lackey and others, 2023) H 01‘ :
2 Cathode Porous  Anode

separator

2 USGS


https://www.science.org/content/article/will-new-generation-water-splitting-devices-help-green-hydrogen-replace-fossil-fuels
https://www.science.org/content/article/will-new-generation-water-splitting-devices-help-green-hydrogen-replace-fossil-fuels

Decarbonization of geologic energy storage
H, storage opportunities?

Solar ®Wind = Geothermal

, o _ batteries
1. Diurnal (daily) intermittency
+ Batteries
cbe(\ » Require critical minerals (Ni, Li, graphite)
“\;6‘0 2. Seasonal intermittency

3. Stochastic intermittency (aperiodic weather events)

Sat. May 25, 2024

mSmall hydro ®Large hydro ®Batteries @Demand

Grid demand and supply (GW)

Ime of day
Figure modified from Jacobson and others (2025) Renewable Energy

nergy demand

H, pro h and

H, withdrawal &

subsurface storage

Wind speeds

combustion

: :
ZUSGS & ]
()

Summer-

Fall

Winter
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How can we predict the H, storage resources of depleted
gas reservoirs in the United States?

Scenarios
* pure H, injections
* blends of H, and methane (CH,)

USGS



H, underground storage

+ Established technique to quantify pore volume in depleted gas
reservoirs for new storage
» Gas production, volumetrics, pressure history

«  What about substituted fluids (H,, CO,, He) that differ from number of moles mrT—
extracted fluid (natural gas)? press(ure \ temrjerature primperEneyTEIor
+ Non-ideal gas behavior in subsurface: equations of state required PV = nRT Ideal gas behavior
* Fluid properties are a function of pressure and temperature ( nRT
« NIST publishes equations of state for different fluids volimg  &as constant 1 =
U.S. National Institute for Standards and Technology -
See RefProp software: https://www.nist.gov/srd/refprop P V

» Different Z-factors for different molecules at different pressures
and temperatures!

|\/||_|2 = Pu2 res * Non-ideal gas behavior

I \ nRT

Z(P,T) = W;’: 1

mass of H, that might be
stored in reservoir

density of H, at reservoir pressures and temperatures

Y

= USGS see Jones and others (2024)


https://www.nist.gov/srd/refprop

Potential new roles for depleted hydrocarbon reservoirs?

development

[ satt

H, storage calculation Michigan Pinnacle Reefs luld density Michigan ges reservoirs
o,
* Pinnacle reefs low risk of H, leakage — sealed by % :
evaporites 1000 W h 2" | storage fluid
b "+ A - e Natural Gas
* ~4.5 metric megaton storage for 100% H,, 148 \;4' y *"! *+ " |+ Carbon dioxide
. = H ¢ Hydrogen
TWh of chemical energy £ 3 d « CH,H, blend
B 2000 by T N (80%/20%)
* Michigan used 121 TWh for electricity in 2023 - F% | Gasplay
U.S. EIA, 2023 T b o
( ] ¥ o ¥
¥ o R
*Finite pore volumes for storage may create use so00] § % i .
competition in future (natural gas, H,, CO,, wastewater) i f% v,
A+
WGV, Mass WGE +: 1;; P .
Fluid BCF Mt TWh 0 250 500 750
Natural Gas (100% vol.) 2,490 49 644 Fluid density (kg / m”) Jones and ofhers (2024)
H./CH, (10%/90% vol.) 2310 39 555 B Lake B
H,/CH_‘ (2()%/80% vol ) 2220 34 493 Capac fieldl Berlin Ray Lenox Chesterfield St. Clair I Ontario Q‘% garb.
= : - - - A-2 Carb. At Carb.
[ I, (100% vol.) 1,910 45 148 N
Jones and others (2024) :_11 Earb' ‘/—/\M‘rgﬁ;__rgjﬁ; ___________ Giton ~
. . —mﬁ& Pinnacle reefs : i L\mesk?neand Dolomite
C\Ibg(/es\c“ft\f;riing gas volume at surface conditions Clinton : Area of shoal . 4 ]wu‘ ft i gr‘I’UP Il Aanyarte

Y

2 USGS

WGE - working gas energy
Mt — metric megatons
TWh — terawatt hours

Grammar and others (2009) (modified from Burgess & Benson, 1969)

mi -
VERTICAL EXAGGERATION x100 Niagara

Group

I:, Reefal
l:l Dolomite



Potential new roles for depleted hydrocarbon reservoirs?
H, storage calculation Michigan Pinnacle Reefs

Existing short-term battery

Long-term storage potential (Michigan) storage (California)

* 148 TWh of H, energy storage resource - 11.5 GW battery power capacity as of

» ~40% turbine efficiency = ~60 TWh of electrical power January 2025 (California Independent
(half of annual electrical demand in Michigan)
WOV Mass WGE System Operator (CAISO))
Fluid BCF M W * 16 TWh Annual energy storage capacity
Eazr:ll CIZS/(/[;)OO// Voll') jﬁg 42 ?:: « Assuming max. capacity output
o/ AL (10767507 vol.) § ’ discharge 365 days/yr for 4 hours/day
H,/CH,4 (20%/80% vol.) 2,220 34 493
[ s (100% vol.) 1,910 45 148 ]
CO, (100% vol.) 4,510 230 0
Jones and others (2024)
B Lake B'
Capac field l Berlin Ray Lenox Chesterfield St. Clair I Ontario

Salina y
Group - Anhydrite

[ satt

Area of shoal
developmen!

° 8
=

R
C
77,
o3,
7

mi
VERTICAL EXAGGERATION x100
Grammar and others (2009) (modified from Burgess & Benson, 1969)


https://www.caiso.com/documents/key-statistics-dec-2024.pdf
https://www.caiso.com/documents/key-statistics-dec-2024.pdf

Potential new roles for depleted hydrocarbon reservoirs?
H, storage test

Y
\

\

» Successful storage of 10% H,:90% CH,

(methane) in depleted gas reservoir in

Austria (Hellerschmied and others, 2024)

* 84% H, recovery after 285 days

* Risks remain to be fully studied

* Only a matter of time until a pilot H,
storage project in U.S.?

USGS

*Recent research initiative from U.S.
Department of Energy SHASTA initiative
https://ledx.netl.doe.gov/sites/shasta/

nature energy

Article https://doi.org/10.1038/s41560-024-01458-1

Hydrogen storage and geo-methanation
ina depleted underground hydrocarbon
reservoir
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Intermission breather

Think-pair-summarize exercise (~2-3 minutes)

-what caught your attention from the U.S. energy portfolio and
energy storage sections?

-write down any fundamental questions or differing perspectives

-up next: geologic and mineral-based CO, management and
associated critical mineral resources



Geologic carbon management

“
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Part 2b: USGS research of geologic strategies for
sequestering or removing anthropogenic CO, emissions

*Global CO, emissions growth is slowing
but no emissions peak yet

*To reach net-zero CO, and avoid the worst
outcomes from climate change and ocean
acidification requires CO, sequestration
and removal (IPCC ARG, 2023)

Difficult-to-abate emissions (steel making,m
cement production, air travel, etc.)

t zero

USGS

gas emissions (stylised pathway)

I Emissions: Non-CO, GHGs
Emissions: Fossil CO,

Emissions: Managed land

CDR: Removals on managed land
CDR: Other removals

Net GHG emissions

- — = Net CO, emissions

2010

=

Figure from IPCC AR6 Working Group Il Full Report (2023, p. 1263)

CDR — carbon dioxide removal



Geologic carbon management

International Energy Agency (IEA, 2023): C £C5Iobally
© today (37 Gt CO Jyr
IEA Net Zero Roadmap invokes 6 Gigatons (Gt) G>3~' v 2y )
- Coal = natural gas? ,/
of CO, removal per year by 2050 . - Renewables? O~
D ~“Green” hydrogen? C
Long-term, how can CO, be removed or sequestered - 0&0
durably? 2 N
C 6\' /”
1. Subsurface storage of CO, in geologic % &
formations as a gas (in supercritical state) »
« “CO, sequestration” GEJ
2. Reaction of CO, with minerals ~ - Geologic CO, storage?
o “C02 mineralization” O , = COZ mineralization?
O //q |
CO, removal per year
%USGS figure adapted from Dr. M. Mazzatti (ETH Zurich)



Geologic carbon management
1) USGS research: geologic CO, storage

Overview of Geological Storage Options

1. Depleted oil and gas reservoirs "
2. Use of CO, in enhanced oil and gas recovery o
3. Deep saline formations - (a) offshore (b) onshore
4. Use of CO, in enhanced coal bed meth:

stratigraphic
trapping

! =4
A=
£
2
=
o
o
o
g
Q.
Q
g
AT 2 Solubility
rrrrTr . t i
Produced oil or gas A P
j = i inera
Injectedc CO, ] a0l
= ‘ 0,2 1 10 100 1000 10,000

Time since injection stops (years)

Figures from Benson and Cole (2008)

» Geologic storage resource questions: where, how much, and risks?

2 USGS



Geologic carbon management

1) USGS research: CO, storage

*Energy Independence and Security Act 2007
directed USGS to assess CO, storage potential

in the saline aquifers of the U.S.

*National assessment results published in 2013
+ ~3,000 Gt CO, technically accessible storage

resource in U.S.

2023 U.S. emissions = 5 Gt CO,

*Theoretically 100s yrs storage capacity

CO0, storage resource type and class

Symbol Name P Fa P Mean
Storage resource estimated from geologic models
By, Buoyant trapping storage resource 19 31 110 44
Rl Residual trapping class 1 storage resource 97 140 200 140
R2g, Residual trapping class 2 storage resource 2,100 2,600 3,300 2,700
R3, Residual trapping class 3 storage resource 58 120 230 130
T4, (total) Technically accessible storage resource 2,300 3,000 3,700 3,000
Storage resource estimated from petroleum production volumes
KRR, Known recovery replacement storage resource 11 13 15 13

2 USGS

60°N

100°W 90°W 80°W 0°W

S T 0 om0 SNKLOMETERS

0 2B0MILES
s s

N Eastern
Mesozoic

Rift Basins.

Base map from Jarvis

EXPLANATION and others (2008)

750 1,000KILOMETERS CGIAR-Consortium  —

for Spatial Information
SRTM 90m Database

ssessed area

[ Evaluated area 0 250 500 MILES
I I I

U.S. Geological Survey Geologic Carbon Dioxide Storage Resources Assessment Team (2013)



Geologic carbon management

1) USGS research: CO, storage

=
s

Y

» Carbon capture and storage (CCS) capacity
growth accelerating

» near ~0.1 Gt CO,/yr CCS capacity in 2024 globally
« 0.3 Gt/yr capacity in development (Global CCS

Institute, 2024)

* IEA (2023) net-zero targets are ~1 Gt/yr by 2030

and ~6 Gt/yr by 2050
Risks and concerns

» Corrosion, leakage, variable costs, nascent
technology, etc.

* Not all areas of U.S. have subsurface geology for

CO, storage resources

USGS

| SPSTa TR
i h
e~ K

\{\ &

Early Development

Advanced Development

In Construction

@ Operational

Global CCS Institute (2024) Ny

CO, Capture Capacity - (million tonnes per annum)

Global CCS capacity

400

Early Development

Advanced Development

300 In Construction

. Operational

200

100

2010 201 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Timeline (years)

Global CCS Institute (2024)



Geologic carbon management
2) USGS research: CO, mineralization

The primary geologic carbon sink

» Silicate mineral weathering (Urey, 1952; Berner & others, 1983)

Step 1: CaSiO; , + 2 CO, + H,0 > 2 HCO, + Ca?* + SiO,

Initially, 2 moles of CO, consumed per 1 mole of silicate mineral weathered, produces alkalinity (bicarbonate)

Step2:  2HCO, + Ca?* « CaCO,, + CO, + H,0

1 mole of CO, released per 1 mole of carbonate mineral precipitated

Full reaction: CaSiO;  + CO, > CaCoO;, , + SiO,

1 mole CO, consumed per 1 mole of silicate mineral weathered, once 1 mole of carbonate mineral is precipitated

2USGS Technological rationale: can silicate weathering be accelerated to remove CO,?



Geologic carbon management
2) USGS research: CO, mineralization

Mafic!

Mg, Fe, Ca-rich silicate minerals
Which common minerals react on relevant timescales?

wollastonite CasSio; + CO, — CaCO,

olivine Mg,SiO, + 2CO, — 2MgCQO, + Si0O,
pyroxenes CaMgsi,O, + 2CO, — CaMg(CO,), + 25i0,
serpentine polytypes Mg,5i,0(OH), + 3CO, — 3MgCO, + 25i0, + 2H,0
brucite Mg(OH), + CO, —= MgCO,; + H,0

and basaltic glass

from National Academies (2019)

\V
W

USGS



Geologic carbon management

2) USGS research: CO, mineralization

In subsurface, CO, injection into basalts

Orange Mountain Basalt, New Jersey

Martinsville No 1 Core

Feltville Fm. ft
550

Mudstone:
low permeability

751 - 760 ft Martinsville No. 1

> 600

Pillowed flow

Vesicular (bubbles)
lava flow boundary i 650
700
750

Vesicular (bubbles) 800

Flow Top:
vesicular to rubbly,
and/ or brecciated

Flow interior:
low permeabity,
cap rock (seal)

Flow bottom

lava flow boundary if- 850

900

950

1000 low premeability

1050
1100 Flow bottom

Flow Top:

high permeability,
target injection
zone

Flow interior.

Passaic Fm.

1150 10w permeability

. Injective flow top

Fig. from Goldberg and others (2010)

Mudstone:

Fm. - geologic formation



Geologic carbon management
2) USGS research: CO, mineralization

More rapid and secure trapping of CO, (weeks to years) than in traditional saline aquifers

structural &

<
o . .
S stratlgrgphlc
p trapping
iy residual CO,
8 trapping
S | mineral
=4 k .
3 > trapping
—_
=
(@]
o
(@]
§=
Qo
© " mineral
- trapping
1 10 100 1000 10,000 0.1 1 10 100 1000

time since injection stops (years)

Fig. from Kelemen and others (2019) based on IPCC (2005)

2 USGS



Geologic carbon management
2) USGS research: CO, mineralization

Does it work? Carbfix, Iceland Wallula, WA, USA

*Few injection sites with this technology 8 ~ Water b

*Wallula, Washington, U.S. CO:
*Pacific Northwest National Laboratory EE

*1000 tons of CO, injected into Columbia dissolved
River Basalt (McGrail and others, 2017) €Cs

*Successful mineralization and plans to
redrill these basalts for potential larger
scale injections in 2025 (megatons CO,)

«Carbfix projects in Iceland

caprock floof basalt

supercritical
. . . 616)
‘Dissolve CO, in water for highest =

reactivity (95% in < 2yrs)

*Massive expansion of operations planned
with new Coda terminal (2026-31)

Disclaimer: Any use of trade, firm, or product names is for

Carbonate

- , . minerals
‘ué USGS descriptive purposes only and does not imply endorsement | BerzirzliileRzele] S
by the U.S. Government.

Y

Basaltic rocks
Snaebjornsdaéttir and others (2020)




Geologic carbon management

Disclaimer: Any use of trade, firm, or product names is for descriptive

Carbfix COda terminal plans Iceland purposes only and does not imply endorsement by the U.S. Government.
J

Maritime transport

The COz will be exported from industries with
carbon capture capabilities across North
Europe. There, the CO2 will be compressed
and transported by specifically designed gas
carriers in a cold liquid form. Overall, the CO2

emissions related to the transport and Ca rbfix

storage operations account for less than 4%

ofthe total co:tobe pemanenty - Phage 4: 3 million tons of CO,/year
mineralised by the Coda Terminal.
Iceland emissions 1.5 million tons of CO,/year

Nation of Iceland CO, net-zero by 20297
Q3 4 &

Phase1l Phase 2 Phase 3
700 thousand tonnes of CO: per year. One ship in 1,4 million tonnes of CO: per year. Two ships in 2] million tonnes of CO: per year. Five ships in
operation. 2027 operation. 2029 operation. 2030

modified from Carbfix.com-(accessed January 2025)




G eo I Og i c ca rbo nm a n ag e m e nt *Led previously by Madalyn Blondes now at Carbfix

2) USGS research: CO, mineralization % yﬁgms,,

2019 USGS CO, mineralization feasibility study
Carbon Dioxide Mineralization Feasibility
in the United States

2023 Congressional request to USGS

* Assess CO, mineralization resources of the
U.S. and “sources of alkalinity”

*Assessment objectives questions are similar to
original CO, saline aquifer storage assessment

*Where, how much, and how quickly can
CO, be reacted with minerals for removal?

*Settings:

*Subsurface injection (basalts, peridotites)

*Mafic mine tailings (mine wastes)

0 150 300 450 600 KILOMETERS

Y

Scientific Investigations Report 2018-5079
v
‘éUSGS Blondes and others (2019)




Geologic carbon management
2) USGS research: CO, mineralization national assessment

Priority subsurface
assessment targets

*Columbia River Basalt
*Snake River Basalt
Hawaiian basalts

CAMP Basalts (Central
Atlantic Magmatic Province)

*Subsurface results
publication estimate: 2026

Composition
B uitramafic
B Mafic

B Metamafic
[ Metaultramafic { ;

Cy
N :
0 100 200 400 Miles S /N'\ N
Lo 1l Esri, Garmin, FAO, NOAARYSGS 5RAY”
& (\

% USGS Jones and others (in prep.)

Preliminary Information-Subject to Revision.




Interdisciplinary science of CO, mineralization

Energy gases + water + minerals § Columbia River Basalt, WA Ni-rich peridotite.samples
! (August 2024) in cores from Minnesota

Thin section of carbonated basalts
(Wallula, WA)

photo: Kadie Steup
(GEMSC Summer 24 intern)



Critical minerals: a byproduct from CO, mineralization?

Carbon negqative injective mining

* Olivine mineral group
*Highly reactive in low pH, CO, rich fluids
*Rich in Ni and Co (critical minerals key for electrification)

Maflc minerals _ A —— _ I
sio, cations HCO, Carbonate minerals

Mg2+ ‘ 3
b" —>

2(=q)

critical minerals

% ®

MINER Project: USGS-Pacific Northwest National Lab collaboration (ARPA-E program)
*PNNL collaborators: Quin Miller, Nabaijit Lahiri, Todd Schaef, Heath Stanfield

*https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/supercritical-co2-based- \;?/
;__;USGS mining-carbon-neqative-critical-mineral-recovery

Pacific
Northwest

NATIONAL LABORATORY


https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/supercritical-co2-based-mining-carbon-negative-critical-mineral-recovery
https://arpa-e.energy.gov/programs-and-initiatives/search-all-projects/supercritical-co2-based-mining-carbon-negative-critical-mineral-recovery

What are critical minerals — how
do they govern electrification?



Critical minerals: a byproduct from CO, mineralization?

What are critical minerals?

The Energy Act of 2020 defines “critical minerals”
as minerals, elements, or materials, that:

1)are essential to U.S. economy or national
security

2)have a supply chain vulnerable to disruptions

3)serve an essential function in manufacturing
of significant products in the U.S.

Y
\

\

2 USGS

Methodology and Technical Input for the 2021 Review and
Revision of the U.S. Critical Minerals List

c000@®

||||||||||||||||||

Open-File Report 2021-1045 Nassar and Fortier (2021)




Critical minerals: a byproduct from CO, mineralization?

Critical minerals and electrification: batteries

e

GRAPHITE LITHIUM

Graphi 3 Lithium has a long history in
S a common

liant on foreign sources
nite L
foreign sources for lithium.

https://www.usgs.gov/media/images/critical-mineral-commodities-renewable-energy

Mn (28%)

Li-ion “NMC” battery £
(Nickel-Manganese-Cobalt) —_—
Li (11%) Li (11%) Li (11%)

Nickel (Ni)

» added in USGS update
(Nassar and Fortier, 2021)

Mn (17%

LA SGS LCO - lithium cobalt oxide
a U NCA - Lithium Nickel Cobalt Aluminum Oxide LCO battery NeAhattery N;‘:gjrlyl
modified from British Geological Survey (2021)

)
u (1%
NMC-622 NMC-811
battery battery


https://www.usgs.gov/media/images/critical-mineral-commodities-renewable-energy

Critical minerals: a byproduct from CO, mineralization?
Critical minerals in batteries

“The final challenge facing the Ni industry is a positive
one: potential rapid increases in demand as a result of
the transition to a carbon-neutral economy using EVs,
renewable energy, and energy storage batteries...
One key component of this is the lithium-ion battery,
which, despite its name, actually contains more Ni
than it does Li...”

Nickel Mine Production (Mt Ni/year)
w

-Mudd and Jowitt (2022) Economic Geology

1 4= Historical

0 T T T T T T
1990 2000 2010 2020 2030 2040 2050

adapted from Elshkaki and others (2017) by Mudd and Jowitt (2022)

Y
\

\

USGS



Critical minerals: a byproduct from CO, mineralization?
Critical minerals in batteries

Projections of rising demand for Nickel mining

» exact demand is a function of metal recycling, rate of
EV adoption, battery energy storage utilization, etc.

* minimizing adverse surface environmental effects from

new and historic Ni mining operations is important

* only one active Ni mine in the U.S.! (Eagle Mine, MI)

U.S. battery capacity increased 66% in 2024

Qumulative U.S. utility-scale battery power capacity (2011-2025) @ Breakout of EV and hybrid sales
digawats (GW) planned percentage
50 \capacity 10%
45 i
40 - 8% -
25 U.S. grid battery growth electric
30 6%
2024 operating

;5) capacity 26 GW 4%

o, plug-in
1 2% hybrid
10 0% == -

. 2014 2019 2024

eia

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

U.S. EIA (2025b)

U.S. car sales

U.S. EIA (2024)

Nickel Mine Production (Mt Ni/year)

1 Historical

0 T T T T T T
1990 2000 2010 2020 2030 2040 2050

adapted from Elshkaki and others (2017) by Mudd and Jowitt (2022)



Critical minerals: byproduct resources from CO, mineralization?
Olivine-hosted nickel

Mafic minexals blcarbonate Carbonate minerals

2 Olivi ,Si0,] cations
; | MgCO,.
°9’ . 34»@

Si0,,,

+ olivine is highly reactive with CO, PR @ e
+ olivine is also enriched in Ni & other metals (Co, Cr, etc.) o ®a

* olivine can be concentrated in mafic-ultramafic mine waste

- ophiolitic peridotite massifs (>50% olivine, 100s-1000s km?3) 4.000

* Twin Sisters Dunite, Washington (>90% olivine, 190 km3) 2500

* theoretically, 0.001% recovery would equate to millions of 3000

. . Commonly 0.2-0.4 wt.% Nickel in olivine

tons of nickel for batteries .

60001 72,000 g'_
-

2000 F
s.L.

-« Country rocks o
é -2000 £
L Serpentinite 1,000 g
AP=-0.1g/cm3 Country rocks
-6000 L g 1000 2POOMETRES AJ= 32x10%mu/cm? 2,000
L 4000  BOOO FEET
10000 3,000

Thompson and Robinson, GSA Bulletin (1975)

35 40 45 50 55 60 65 70 75 80 85 90
= Barnes and others (2023) Fo mol pet ( Mg )
‘!‘ USGS M‘g +Fe olivine

Preliminary Information-Subject to Revision.



Carbon negative nickel mining?

ARPA-E MINER Program research (funding from U.S. Department of Energy)
« Can CO, be utilized (CCUS) to:

 extract Ni & other metals from new mafic mineral targets?

Subsurface Water

- offset or negate emissions from Ni production?

* recover remaining mineral value from tailings?
gissolved
Surface mine waste tailings COs

Mg** w Vi 1 i

= n
Co+* -HCO3"

Carbonate
minerals

T - _ X = '
> USG Belvidere Asbestos Mine, Vermont Department of Environmental Conservation Basaltic rock
- https://dec.vermont.gov/geological-survey/vermont-geology/Belvidere modified from Snaebjérnsdoéttir and others (2020)



https://dec.vermont.gov/geological-survey/vermont-geology/Belvidere

Critical minerals: byproducts from CO, mineralization?

Ranking targets

125°W

120°W 115°W 110°W 105°W 100°W

Bearpaw Xeno

45N s o

6untain oStiIIwater

PR IR

0 125250 500 Milé;é
T |

% 1f
"1 .0 250 500 _ “#000 Kilometers

95°W

920°W

0 250 500 1,000 Kilometerss ) &'Q\ .

40°N

30°N

25°N

T T T T T T
175°W  170°W  165°W  160°W  155°W  150°W  145°W  140°W  135°W

Preliminary Information-Subject to Revision.

T T T T
95°W 20°W 85°W 80°W 75°W

e 550 Sample Type
@ Core
2N Q@ A -2 O Surface
So " . .
{igau LIthOlOgles
Il Uitramafic
18on} : ‘ |-18°N Mafic (surface)
160°W 156°W

MCR — midcontinent rift Hafe ( supsurace)
VF - volcanic field Jones et al. (in prep.)

CAMP — Central Atlantic Magmatic Province

Carbon negative injective mining
« Samples analyzed from ~20 sites in U.S.

* Measured for olivine mineral abundance
using X-ray diffraction (XRD)

* Measured for major (Mg, Ca) and trace
elements (Ni, Co, etc.)

’ & B ¢
Ashton Wiens Kadie Steup
(Research Statistician)  (Undergraduate Intern) :
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Critical minerals: byproducts from CO, mineralization?

Ranking targets

Exploration vector design

Statistical relative scoring of geologic units for amenability

Divalent cation score i, (x) = f(MgO + CaO + FeO)

Nickel score U, (x) = f([Ni])
Olivine score U3 (x) = f([Olivine])
Fuzzy logic sets: ngio(ppm)
. z —min(z)
f(Z) - max(z)—min(z) 4000
3000
.U(Z) = U1 X Uy X U3 2000
1000
Sample B

Preliminary Information-Subject to Revision.

ZUSGS

(200ppm, p,=0)

Pacific
Northwest

nnnnnnnnnnnnnnnnnn

Olivine score
(CO,-reactivity)
XRD measurement (less common)

Ideal target
(closer to 1)

Nickel score
(metal recovery)

Poor target
(closer to 0)




Critical minerals: a byproduct from CO, mineralization?

Ranking Targets
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Preliminary Information-Subject to Revision.

Key takeaways

Altered Peridotite * DUNite and peridotite lithologies score with
the highest potential for coupled CO,

mineralization and nickel resources

* Picrobasalts, like in Hawaii, score

reasonably well and have vesicular texture
ideal for subsurface injection of CO,

* This exploration vector is being “upgraded”

to apply to large geochemical sample sets



Additional emerging energy research topics at USGS (ERP)

» Geothermal (3D temperature maps)

Geologic hydrogen

Coal waste reuse and more

USGS Geothermal Resource Assessment

Lithium for batteries from brines (Andrew Masterson)
Frontier U.S. oil and gas resources

SCIENCE ADVANCES | RESEARCH ARTICLE

GEOLOGY

Evaluation of the lithium resource in the Smackover
Formation brines of southern Arkansas using
machine learning

Katherine J. Knierim‘*, Madalyn S. Blondesz, Andrew Mastersonz, Philip Freemanz,
Bonnie McDevitt?, Amanda Herzberg?, Peng Li?, Ciara Mills*, Colin Doolan?, Aaron M. Jubb?,
Scott M. Ausbrooks?, Jessica Chenault®

Global demand for lithium, the primary P of lithit

Copyright © 2024 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original US.
Government Works.
Distributed under a
Creative Commons
Attribution License 4.0
(CCBY).

ies, greatly exceeds known supplies, and

this imbalance is expected to increase as the world transitions away from fossil fuel energy sources. High concen-
trations of lithium in brines have been observed in the Smackover Formation in southern Arkansas (>400 milli-
arams per liter). We used published and newly collected brine lithium concentration data to train a random forest

EXPLANATION
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Conclusions
Subsurface geology and U.S. energy portfolio

USGS

science for a changing world
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* Increasing natural gas and renewable energy production is displacing coal
consumption and decreasing national CO, emissions

Matthew M. Jones, PhD

* Energy storage and critical minerals key to sustaining growth rates for emerging Research Geologist

renewable energy sources .
U.S. Geological Survey

» Subsurface energy stores of natural gas can ensure grid stability and bolster against .

« ” s Geology, Energy & Minerals
shocks” in global energy markets Science Center

* Many subsurface CO, management technologies beginning to “scale-up,” others in Reston, Virginia

pilot project/test phases mmiones@usgs.qov

» CO, mineralization may provide an untapped resource of critical minerals like nickel
from the subsurface and mine wastes (“CO, utilization” in CCUS)

6o, * Mafic minerals cations Picarbonate  Carbonate minerals
' Olivine [(MgFe), SiO,] 5 i
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% . Co


mailto:mmjones@usgs.gov

Conclusions
Federal science

USGS

RS

*USGS Energy Resource Program meets congressional and administration science for a changing world

requests for info on emerging resources in energy geology

*Key role of federal research “ecosystem”

*Interior - USGS, Bureau of Land Management (BLM), Bureau of

Ocean Energy Management (BOEM);
*Energy - EIA, National Labs, ARPA-E;
*EPA;

Commerce — NIST, National Oceanic and Atmospheric
Administration (NOAA);

*National Science Foundation (NSF)

*Future of energy, as always, is unpredictable
*Not discussed today: policy, economics and geopolitical

considerations — major driver of energy market and innovation
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Research Geologist
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Conclusions
careers in energy geology

Opportunities for Earth Scientists

» Subsurface geology will be key to meeting energy demands of the U.S.
for decades to come and beyond

» Classic geoscience skills are finding new applications (minerals
matter!) — carbon management and beyond
» Advice and cautions for emerging technologies:

» at some level, remain a generalist

* learn to self-train and enjoy research

» seek out opportunities in applied energy & mineral geology & geospatial data

» seek out positions in organizations/institutions that nurture your long-term
development as a scientist

* scrutinize business/science/funding models

» don’t be afraid to reach out to those in the field!

USGS

science for a changing world

RS

Matthew M. Jones, PhD

Research Geologist
U.S. Geological Survey

Geology, Energy & Minerals
Science Center

Reston, Virginia
mmjones@usgs.gov
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Conclusions

Acknowledgments (USGS is collaborative science!)

» USGS colleagues - Madalyn Blondes (now at Carbfix),
Marc Buursink, Ashton Wiens, Maggie Sanders, Sean
Brennan, Naomi Becker, Jared Foeppel, Joao Gallotti,

Zahra Jafari, Denise Levitan, Matt Merrill, Jennifer

=
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Nedzweckas, Clint Scott, Peter Warwick and others
* USGS - GEMSC summer intern Kadie Steup

» Greg Lackey and SHASTA Group (U.S. Department of
Energy - National Energy Technologies Laboratory)

« Autumn Haagsma, Bill Harrison & colleagues (Michigan
Geologic Survey - MGRRE)

* H. Todd Schaef, Quin Miller, Nabajit Lahiri, C. Heath
Stanfield, Matt Villante (PNNL)

USGS

Websites

Energy & Minerals-centric USGS links
*Energy and Minerals Mission Area | USGS

*Energy Resources Program | USGS

*Mineral Resources Program | U.S. Geological Survey

*Carbon Mineralization | USGS

*Geologic Energy Storage | USGS

*Carbon and Energy Storage, Emissions and Economics
(CESEE) | U.S. Geological Survey

*Geology, Energy & Minerals Science Center | USGS

Other federal agencies

*U.S. Energy Information Administration — EIA

*ARPA-E | U.S. Department of Energy



https://www.usgs.gov/mission-areas/energy-and-minerals
https://www.usgs.gov/programs/energy-resources-program
https://www.usgs.gov/programs/mineral-resources-program
https://www.usgs.gov/index.php/centers/geology-energy-and-minerals-science-center/science/carbon-mineralization#:%7E:text=Carbon%20dioxide%20%28CO2%29%20can%20react%20with%20silicate%20rocks,option%20for%20rising%20CO2%20concentrations%20in%20the%20atmosphere.
https://www.usgs.gov/centers/geology-energy-and-minerals-science-center/science/geologic-energy-storage#overview
https://www.usgs.gov/centers/gemsc/science/carbon-and-energy-storage
https://www.usgs.gov/centers/gemsc/science/carbon-and-energy-storage
https://www.usgs.gov/centers/geology-energy-and-minerals-science-center
https://www.eia.gov/totalenergy/data/browser/
https://arpa-e.energy.gov/
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