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1. Background
e Prior project components and preliminary results
e Conceptual model for storage and mineralization in Hawaii basalt
* Key characteristics of Hawaii basalt related to CO, disposal
e Site geological model based on previous work
2. Current project
e Task updates
o Downhole Sampling, Logging, Pumping, and Flow Tests (UH)
o Geophysical Characterization and Monitoring of Subsurface Reservoirs (UH, LBNL)
o Reactive Transport Modeling of CO, Mineralization in Basalt (LBNL)
o Laboratory Measurement of Basalt Reaction Kinetics (RITE, LBNL)
o Reservoir Modeling of meteoric infiltration and thermohaline convection (LBNL)
3. Broader significance and outlook
e Other targets in Hawaii
e Vision for the future
* General questions for storage and mineralization in basalt
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Large-scale carbon storage potential of saline volcanic basins (LBNL lead)

Geochemical characterization of archived fluid samples and implications for mineralization
Hydrologic modeling of thermohaline circulation and subsurface temperatures

Basin scale flow and reactive transport modeling of CO, injection

Laboratory experiments to constrain kinetics of mineralization using basalt minerals
Development of TOUGH+ module for CO, hydrate trapping

Inversion of water level and tidal data for deep permeability

oOuhewWNRE

Contents lists available at ScienceDirect

International Journal of Greenhouse Gas Control

journal homepage: www.elsevier.com/locate/ijggc

Opportunities for large-scale CO5 disposal in coastal marine volcanic basins
based on the geology of northeast Hawaii

Donald J. DePaolo ™ , Donald M. Thomas ©, John N. Christensen , Shuo Zhang .
Franklin M. Orr °, Kate Maher ", Sally M. Benson °, Nicole Lautze ¢, Zigiu Xue ©, Saeko Mito °
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Concept for large scale CO, disposal
The concept is based on the subsurface geology and hydrology of the NE portion of the island
of Hawaii, for which there is direct information available from previous drilling and coring
N njection Key characteristics:
I, el Sea level (1) Lower temperatures make CO, less

_ Fresh water lens ——_—

~N e ———————— thermocline ———- buoya nt

=

(2) Large formation thicknesses (>3 km)
and heterogeneity provide structural

trapping

(3) Pure CO, could potentially be injected
from onshore wells into submarine

- basalt
« 50 km

5 km _Salt water & brine

Volcanic rocks
Basalt and/or andesite

v

(4) Dissolution, capillary, and mineral

Schematic concept of near-shore geological and thermal structure of large oceanic trappln.g, as well as CO_Z_hyd rate
volcanic edifices like those of Hawaii formation, could contribute to

immobilizing CO,
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Field test site — Northeast Hawaii

Existing 3540’ deep well drilled and cored as part of an NSF project in 1999 — 2006 (HSDP2)
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Growth of Hawaiian volcanoes is sufficiently systematic
that facies models have been developed
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HSDP2 Generalized Lithology

0 —
. . . Mauna Loa subaerial tholeite
After eruption ceases the volcanoes continue to subside B 11ouna Kea subaerial alkalic
and the shoreline moves upslope toward the summit |
Mauna Kea subaerial tholeite
| 100,000 years ago; more 1000
5L Model 2 extensive pillow basalt E Mauna Kea near-shore lava
HSDP2 Hyaloclastite
0 =N B H Predominantly
— . Mauna Kea submarine
e n hyaloclastite
=< 2
g . 2
S Oceanic crust = 2000 H
S .10 a
k] . 2
- intrusive Upper mantle
-15 7 i
I ' ) Mauna Kea submarine
20 40 km pillow basalt and
-20 hyaloclastite w/minor
intrusive rocks
3000 H
| Total depth Feb. 2007
! 1 3519 meters
y U.S. DEPARTMENT OF : ! |
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Subaerial
lava flows

Clastic,
glassy

Mostly
pillow
basalt
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Basaltic rocks are geologically young (< 1 Ma) and

oratory

HSDP2 Generalized Lithology
0 —

Mauna Loa subaerial tholeite

Mauna Kea subaerial alkalic

Mauna Kea subaerial tholeite

1000
Mauna Kea near-shore lava

- Predominantly
Mauna Kea submarine
hyaloclastite

2000

Depth (mbsl)

Depth (meters)

Mauna Kea submarine
pillow basalt and
hyaloclastite w/minor
intrusive rocks

|
Total depth Feb. 2007 = == =
| 3519 meters
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reactive, enhancing mineralization potential
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Temperature (°C) HSDP2 Generalized Lithology
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bathymetry, and volcano growth models
500 - North-south cross section
04 — Sea level
Mauna Loa

Mauna Kea
Subaerial lava flows

Bathymetry of
- =-NE Hawaii

-500

-1000

Hyaloclastite
-1500 (low perm)

920 kg/m?

s ——— —— —— — —
— — — — —

-2000

Elevation above sea level (m)

3 & . "
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N 1000 kg/m?
-3500 T T T T |
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(Current) Project FE0032245: Tasks and Schedule

Downhole fluid sampling, logging, pumping, and flow tests (UH)

Geophysical Characterization and Monitoring of the Subsurface Reservoirs (UH, LBNL)
Reactive Transport Modeling of CO, Mineralization in Basalt (LBNL)

Laboratory Measurement of Basalt Reaction Kinetics (RITE, LBNL)

o U A W N

Reservoir Modeling of meteoric infiltration and thermohaline convection (LBNL)

Schedule modifications (all tasks now in progress)

June 2023 Dec 2023 June 2024 Dec 2024 June 2025

‘ Apr 2024 Oct 2024

ﬁ ﬁ ﬁ Pending extension ———
Sub. ROE Today

.,_-.'-"‘""""'.,:.__. U.S. DEPARTMENT OF H
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Winch will be skid-mounted

From
Comprobe
website

e A custom winch equipped with L inoo mbs|
e 6000 meters of 3/16" 4
Ty conductor cable is being <—
e : delivered to the site.

Flowmeter, fluid sampler, and a

: | =
ERag, pressure-temperature tool will

HSDP2 drill site and existing well
19°42°47" N, 155°03'16.3" W

Hawaii County, HI

USGS TM Hilo 7.5 minute quadrangle

be run individually or in a string,
while flowing the well, pumping,
or stagnant.

Not to scale

3350 m to total depth

% U.S. DEPARTMENT OF
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Subsurface Reservoirs

2183000
* Passive seismic imaging will take advantage of local and

teleseismic events to image the inferred volcanic stratigraphy. 2182000

* Seismic survey is composed of two almost-perpendicular
geophone lines, each 5 km in length; average spacing is 50m,
requiring 200-250 geophones.

2181000

2180000

* Magseis Fairfield ZL and 3-axis geophones with a 5Hz corner
frequency deployed simultaneously for 3-4 months, starting
winter 2024 or spring 2025, depending on instrument availability
from Earthscope PASSCAL.

2179000

2178000

* A magnetotelluric station will also be deployed at the well site to SAHne

. . . . 3 LRy Geophone Aray
determine if MT could be used as a monitoring tool for CO, : BNV S T — = southem geophone transect

2176000 o ! g . == east west geophone transect

injection. A e 7 * HSDPSite

e
o
o
o
=
(o]
o

* The closest station to the well site from the Hawaiian Volcano 2175000
Observatory Network is being used to analyze teleseismic events
(13/year) for single-station receiver-function analysis. Ambient

282000
283000
284000
285000
286000
287000
288000
289000
290000
291000
292000

noise wavefields can yield information on near-surface structure l“’)o"“ HZ rioke

and will also be used in conjunction with the seismic array that Auto-correlation functionsat |
. . HV.NAGD with ambient-noise 3 ;
will be deployed later this year. data in 2022. At 15 Hz (¢), | w
reflections are observed around I 1"
2.5-6 s, which are related to the ‘ ‘ ‘ J

structure at 3-8 km depth. ‘i | . |

o

!
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4. Reactive Transport Modeling of CO, Mineralization in Basalt (LBNL)
Bhavna Arora and Dipankar Dwivedi
Work to date...
+ 5km >
1. Adapting previous models to . suface  «  fracture spacing: 5 m
new thermodynamic database e T *  volume fraction of
. SR : L fractures: 0.05
and mineralogy
2. Preliminary parameter sensitivity - 'km Permeabilities and porosity
analvsis * subaerial lava: fracture
Y SssEsssssises R 1mD, matrix 1mD
— ———1 - — = : S i - .
Code: TOUGHREACT 4.173 eco2n EE === Shiiiioriiiiiiiiiiin e EEamaa * hyaloclastite: fracture
: e 2 km 1mD, matrix 1mD
Thermo database: Soltherm o « pillow lava: fracture x-
(Palandri, 2015) e 100mD, vy, z 1mD, matrix
. . . . . “na 0.1mD
Kinetics - still under review: T s - Porosity of fracture: 0.1,
Palandri and Kharaka (2004) porosity of matrix: 0.1
Hermanska et al (2022) ok

Preliminary computational grid for initial
parameter testing; radial symmetry

gE, |.S. DEPARTMENT OF :
(7)) EN ERGY Fossil Energy and Carbon Management Program Review, Pittsburgh, August 2024 13
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No olivine, High-Ca, low Na, Mg

4. Reactive Transport Modeling of CO, Mineralization in Basalt (LBNL)

UNIVERSITY
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SYSTEM

No O|IV|ne, seawater porewater* 7% ollvme, seawater
[0}
70 . _40°C . 70 . . 40 °C . . 7 . . 40 °Cc . .
Total injected Total injected Total injected
| [ = —Gaseous i | [ = —Gaseous i - — -G
60 Aqueous 60 Aqueous 60 A:j:cc:z: 1
S N Mineralized S N Mineralized ——— Mineralized
gso— gso— g 50f —
oN o~ ‘-:\‘ ’/¢/ .
& aol ] S 4o} ] S 4o} o No residual -
5 S . 5 | ) - 5
E 301 x S~ . € 30 /// __________ ] = 30l / CO, after |
g g DTN . g ; -l é / 200 years,
< 20t il < 201 ! 1 -/ 1
S -] S ] < 20 '/ 100%
’ Bt e [ e e T , H H
10f /s = wof /1 e : N/ mineralized |
LT e - LT e 7 - = SN
0 i L L L 0 _-—'—'_-_.-— L L L 0 e X Nn e g ’
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
Time (years) Time (years) Time (vears)
Gas saturation in matrix at 500 years Gas saturation in matrix at 500 years Gas saturation in matrix at 500 years
k (fracture)=100 mD, 40 °C k (fracture)=100 mD, 40 °C k (fracture)=100 mD, 40 °C
0.3
- 0.25
500 0.25 -500 -500
A-1000 -1000 0.2 -1000 '
E 02 B B
= -1500 = -1500 —-1500
£ 0.15 < 015 ¢
22000 22000 @ -2000
-2500 -2500 -2500
-3000 0.05 -3000 0.05 -3000
0 0
1000 2(?00 3000 4000 1000 2000 3000 4000 1000 2000 3000 4000
Distance (m) Distance (m) Distance (m)
These results from Shuo Zhang, Tsinghua U.
B U.S. DEPARTMENT OF Fossil Enerav and
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Closed-system experiments performed at RITE

Pressure _rMagnetic
gaugel mortar
A Sampling tube 1. 15g solid with 300g fluid
R——&
Gas— B 2. Fluid has seawater Na, Cl, Mg (no Ca, Fe, Si ...)
N Filter 3. Fluid sampled at varying intervals, 10 samples
Gas AT X ° per experiment up to maximum of 275 days
) | Pump ‘ / Heater I:J
Water & Rock Sampling bottle 4. Time correction made to account for decreasing
Syringe pump Mini reactor system fluid volume from sampling
(500D, ISCO) || (600 mL Model 4563, Parr)

' ’ _ 5. Fluids measured for Ca, Mg, Fe, Si, Al, and trace
- & | elements Mn, Sr, Ba

— ;~ A ’g&f‘f 6. 2 experiments at 80°C and 100 bar CO,
1 v g Hyaloclastite (63 — 150 um)
wg 450 W N Pillow basalt (63 — 150 pum)
( /&469 ) 1504 pum 7. Measured Mg/Ca to estimate contribution of
d®21 K \  — lsherbrand® olivine (OL: Mg/Si = 1.7; rock: Mg/Si = 0.25)

=Fistierbrari , : ,
— 8. Geometric surface area is about 1 m?/kg

= I e — 9. TOUGHREACT simulations to evaluate effects of
' secondary mineral formation

FWY US DEPARTMENTOF ' | Fossi| Energy and Carbon Management Program Review, Pittsburgh

‘ ) ENERGY Carbon Management August 2024 ’ P
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Box#  B0670 | Box#  B0960
fl [, sy pmmimae | B e
e o7 RunonBottomorsen norss | | el 83 unonBottomorgox Roscs
Distance to Bottom Ru  10.6 Distance to Bottom Ru 9.3
.09 .. "“‘(’.‘%,:;,w”ﬁ"“'" w: m:li;"m .
Hya Io_ ST L v)n‘n)%1)\{;:1r>rm‘m>‘nw»;n'uurrm« e T e umg!:;w-ﬁ.uun}nn; BOX UNIT: Wﬂliﬁ;‘{hnlh pe: BOX UNIT: PI | |OW
C|aStIte THrenanane e oo bedding st i B0670a WOLIIS o B0960a basalt
= | UNIT; M mmems | ynT.
1.9.::::1; Uo0275 Logged By: U0321
2-mineral experiments Pillow basalt experiment .
1076 - . - P . . 3 12 : . ; P : , PlllOW basalt
Cation rel t ] i .o )
O er ke solid ] | Py oat | preliminary estimate
Olivine is s ' PB = o 4 g 754 at 20— 25 days 5 x
. . . 3 —o— CRR so;raxg coz 2 -8 .
dissolving rapidly g GRR 80plag N2 s e 1 10° mol/kg solid/s
. . 13 £
in pillow basalt, PR I / .
. = F ] = i .
but not (so far) in 2 g Hyaloclastite
° @ . . -
the hyaloclastite 2. 50 1 estimateis 3x 10~
+ 107 E E .
g | ' _ mol/kg solid/s
& Cation releasz rate at 20 days based on 1
o Si: 6.2 x 10" mol/kg solid/
Mg: 4.3x 108 m::m(g zglidf: 1 Ox S lOW@I" th an
I T - S w = w pillow basalt

Time (days) Time (days)
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F’g/' ) EN ERGY Fossil Energy and Carbon Management Program Review, Pittsburgh, August 2024 16
Carbon Management




.
: A
frrereer III|

Lawrence Berkeley

N (I AN\ National Laboratory

6. Reservoir Modeling of meteoric
infiltration and thermohaline convection

Infiltration — convection — permeability
model can match observed temperature
and salinity profiles in HSDP2 well 0
-500
-1000
£
P | < -1500
0.02 0.04 %
w(-) Q
-2000
10.03
0.025 -2500
0.02
ﬂ 0.015
0.01
MmaHnw-- - Moan annual groundwater recharge, in inchos 0.005
b R i ~3000 0
W 0 20 ) 40 50 100 150 200 300 ‘ 4 5
T (m) »x10%
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Model permeability structure at HSDP2 well site

—— T T T T T T

Subaerial basalt flows

Hyaloclastite

Pillow basalt + Hyaloclaétite

=5

Origin of artesian aquifers at
>2000 m depth?

17
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. . storage formatlons bn th_e«ﬂarﬂs of"rhe

2/3 of Hawaii % AR SN Hawauan Islands
emissions are ' |
from Oahu
(5 Mton/y)
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. o . Co,
Near - shore storage injection sites in the Hawaiian imoorted
Islands, if proven to have gigaton+ storage capacity could b Ft)anker
become destination storage facilities for countries around y

the Pacific with poor storage geology.

CDR approaches that extract either HCI or CO, from seawater
can benefit from near-shore storage facilities. HCl could be

disposed of in basalt and could be combined with CO, disposal.
HCl or CO,
DAC can be done anywhere and requires storage. Wind and from
solar energy are potentially available. seawater
hydrolysis

Existing H, generation plants in Hawaii produce pure CO,
streams but need storage.

CO, from DAC, H,
generation, and

BECCS (?)
SR U.S. DEPARTMENT OF i
_. EN ERGY Fossil Energy and Briefing for FECM February 2022 19
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BECCS could also make sense in Hawaii but would need
storage.
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1. What is the likely range of vertical permeability in submarine volcanic sections?

2. What is a likely range of horizontal permeability, how much interconnected pore space is
typical, and on what length scales?

3. How efficient is capillary trapping in basalt?

4. Can mineralization rates be adequately estimated? What is the tradeoff between CO,
density (low-T; high-P) and mineralization rates?

5. Can storage capacity be estimated? Are glass-rich horizons effective seals? Are they self-
sealing?

6. How effective is hydrate formation as a CO, trapping mechanism?

7. Does the combination of characteristics and multiple trapping mechanisms ensure
permanent storage?

£ ny, U.S. DEPARTMENT OF -
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