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What are ‘inherent isotope tracers’?
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Current Verification Method

Monitoring well

Injection well

CO, and reactive
tracer sequestered into
carbonate minerals Remaining water has lower
amount of CO, and reactive
tracer, but same amount of non-
reactive tracer

CO, dissolved in water
spiked with reactive and

non-reactive tracers \
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Injection well Monitoring wells

CarbFix2
storage
reservoir
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90%

W

Gas-charged
fluids denser than
reservoir fluids
and sink

75%
background

10%

500 1000
Distance from CarbFix2 injection well (m) Data from Ratouis et al.. 2022
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Sampling and method

2014 tracer te: >
97% background fluid &

(Ratouis et al.

Mixing ratio of injectate and background
~ monitoring wells

No baseline samples collected prior to injection;

reinjection of brine water Fate of injected CO,

Proof of Concept: Carbfix2 Capture Tower

Increase in 3C
Gas Inlet *—-----}
]

Water relative to 12C

CO,PHey,
P PRy p——

Reduction in CO,

Gas inlet relative to *He

To injection well
130/1zcc02

THE UNIVERSITY of EDINBURGH

School of GeoSciences Stwart Giifillan@ed.ac.uk

Inherent Tracer Verification Method

In]an well Monitoring well

12C preferentially
sequestered into
carbonate minerals

-]
%0 oa %0

Remaining
CO, enriched
in *C and He
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Summary

Current CO, mineralisation verification uses injected reactive and non-reactive tracers
Our method uses inherent 5'*C, as a reactive tracer and *He as a non-reactive tracer

Combining inherent CO,/°He and 8'*C, can quantify amount of CO, dissolution in
Carbfix capture tower

Monitoring well data exhibit CO, loss relative to *He, which can be explained by
combination of CO, mineralisation and mixing with background fluids

Our estimates of magnitude of CO, mineralisation are in line with previous work

Carbfix reinject CO, produced from the geothermal field, which has similar inherent
fingerprints to the background fluids

Methodology could be more effective if CO, originated from a more distinctive source

School of GeoSciences Stuart Gilfillan@ed.ac.uk



The Jizan (Southwest Saudi Arabia) subsurface CO, GeO|Og|C Seﬁmg
mineral storage pilot project: Update and outlook

- Red sea Is a growing ocean,
opened as a rift starting 30 mya

Eric H. Oelke Mouadh Addassi, A - N E Y - 25-30 myo basaltic rocks
Abdirizak Omar®, Abdulkader M.  Afifi’, s X %) X exposed 20 km from both Arabian
Hussein Hoteit®, Thomas Finkbeiner®, Niccolo N \ A e and African coasts

Menegoni®, Antoine Delaunay’, Jakub {

Fedorik, Zeyad T. Ahmed?, Noushad

Kunnummal?, Sigurdur R. Gislason?, Grimur

Bjornsson?, Davide Berno® Serguey V.

Arkadakskiy

of estand, St

Fluid
concentrations
over time

Mineral
Saturation
states
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Oelkers et al. (Submitted)
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CDR Example - CO, Mineralization

b H I H I Mineral carbonation reaction typically take a source of Mg Forsterite weathering
Carbon Mineralization Potentia and ranstom itinco a secondary carbonate mineral e mo o s
Sources: (Forsterite) (Water) (Serpentine) (Brucite) 6
Assessment at a proposed Carbon T o Sy S S
Mg(or),

Dioxide Removal (CDR) Hub in Forsere,M,5i0, o o

MESOL SCOL SO MBSO - MO,
Qu - I ec Ca a Ia Serpentine, Mg;Si:0s(OH), (Fort) (W) (Sepaiod) Mool (17
e ? n AMESOL 500 O -MpSIOWOME < $MECO;
(Forsaie) O (Bl Ot 19
These minerals are typically contained in mafic to S g
ultramafic lithologies. Mgs FersSi0 + 1 360 = 0.SMesSia0s O} - 0 IMg(OH) + 0 067Fes0 0087 Hs
Fobumne s Bk Mgt
Rates are dependant on temperature and surface area. L
Conveniently the mining industry produces large amount
of crushed to pulverised rocks exposed to the Mo 601+ L9C0:+ 0200 MO, + 0150, - $10: ~0.1CHH
Snpoepbii: e Magnestc  Magtie Quars

" Assessmen sed e W

Bart De Baere', Julien Declercq, Rhys John Savage®
Nwsp, 2 iIsometric
Date Teh of July 2025

Renard Mine, Quebec

| Carton Mineraic: .
COR] Hul: in Quesec, Cansca

The Renard Mine - Mineralogy

Semi-quantitative XRD was carried out on six kimberiite and processed kimberiite samples at the University of
British Columbia (UBC) in Vancouver as part of Golder (2011b).

10 kimberlite dykes - Renard 1t0 10

The Renard 2 and Renard 3 kimberlite pipes
have been mined by open pit and

In 2022, ten samples of processed kimberlites were studied by XRD at the University of Québec in Rimouski
underground methods,

(UQAR).

The presence of carbonates in the form of calcite was confirmed in all samples studied {1 to 9 %)
Key Feedstock Stockpile:

This finding corroborates the carbonate correction applied using carbonate content derived from ABA results.
Modified processed kimberlite from dense
media separation, contains coarse and fine
processed kimberlite

Minerals i interest to carbon H

a serpentine group minerals [Mgs;Si,0,(OH].] identified in all samples studied, reaching up to 55 % of a processed

CDR Fredstock

i
e Decripion | Tarmsna | e a Olivine group minerals such as forsterite were identified in two kimberlite samples (6 1o 8 %) studied by Golder (2012)
oy e i ) ; ) o }
Mottt | i | . |00 | a Smectite group minerals were identified in most samples studied, with abundances between approximately 10 and
merODKC) | PhaPwcemsd | S10z8sem | oo n 20%
. g
i3l ASSSSMent 3t 3 proposed Carbon Dioxide Removas | Carbon Mineralzation Patentisl Assessment at 8 pr Catbon Dioxde Removal
2 o e D p R —— —
. " . . . H Key results:
Theoretical Maximum Carbon Mineralisation Potential The Renard Mine Carbon ! R
: : rocessed kimberlite samples originating from
feotion of th eoretical carb ot . | bosed bl dot et mineralisation pOtenﬂal Renard 2 and 3 have a median / mean carbon
uantification of the maximunm theoretical carbon mineralization potential based on available data, correc H2and S hee
‘% itz ’e: Sm‘ il c;nlenl X feation potent . col Carbon Mineralization Potential Statistics (uncorrected ineralzation potential on the rder of 240 kg COs/
; existing car rinenal » 5
VP 9 and corrected for carbonate content) based on samples Teorected far LHBOnNELe coniten!

from Renard 2 and Renard 3 kimberlite pipes. - Processed or unprocessed kimberlite samples from
Renard 2 and 3 hold the highest carbon
mineralization potential among all the kimberlite

Quantify the carbon mineralization potential (Cpoerua: eXpressed in kg CO, t7) uses the modified Steinour formula
(Renforth 2019) to correct for any existing carbonate content

s pipes at the Renard Mine.
z | Some kimberlite units appears to have a lower
_ Meoy (o Co0correies | o MO0 50 s
Cpotential = oo X (" oo ¥ Pitugat Vit * i, .) x 10 '{ 0 ‘ carbon mineralization potential as compared to the
0 . . -~ other kimberlite units. This may be attributable to the
) [ = -~ higher proportion of country rock xenoliths and,
In Québec the carbonate content is typically determined as follows: E g | | s gl i el
(1) MA310-CS 1. 0. Volatilized C total and S analysed by LECO (infrored). oo The mean / median carbon mineralization potential
(2) Non-carbonate carbon is quantified by repeated addition of HCI (50%) to decompose and evolve o associated with country rock from Renard 2 and
carbonates as CO; The sample residue is measured for total C content. 3 Renard 3 is on the order of 50 kg CO,/t, corrected for
3 carbonate content.
(3) The difference between total C content and non-carbonate carbon content is used to quantify the &
= i Blidart A oha A NARLA WA bl e sl a PRasartal

4 fnEE AL e (Quebec) B 4R (W% (Renard Mine) ZEBIIf/F5E
9
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1, Introduction—CO, Geological Storage

1) EAG ) ) o )
‘), Prague Goldschmidt2025 conference @ ..ﬁ' L k2
POkl i

VERSITY OF TECKNOLOGY

Dissolution storage refers to the

process of CO, dissolving in

g ® Dissolution Storage
3 geological formation fluids.
Solubility and dissolved storage capacity of CO, in brine: 1o s .
Y * g In the initial stage of storage, the proportion of
From micro visual reactor to basin sealing £ storage gradually increased from 10%
;. to around 25%;
in Zhej iang Province RRRTR  Structural Storage @ It reduces the risk of free CO, migration and
continuously supplies ions for mineralization
storage;
. * i 1000 ® It is an important fulcrum for maintaining the
> y Y
Zhiyan Pan Annual changes in the contribution of safety and long-term effectiveness of storage.

each storage mechanism

panzhiyan@zjut.edu.cn
Zhejiang University of Technology, Hangzhou, China

2025.07. 09, Prague, Czech Republic modd for wi ulc ranges of temperatures and pressures is absent.

The cdlculdtl()n accuracy of geological storage capacity is insufficient.

4 uqu..xd’k'i

e

1, Experiments and Methods—Volume Expansion Factor

°

Fused ailica capillary reactor with static coupling (o Ramaa Spectroscopy for
i ity valine vulimse expansioa factor determination apparatus

AN

3. Results and Discussion—Storage Capacity Assessment # « Summary

TAsy = Bsy + Rlsy + R2sy + R3sy + Dy |

» A research platform for in-situ online high temperature and pressure solubility

Buoyant Trapping ‘Storage formation i Residual Trapping Dissolved Trapping

Resource Calculation pore volume (SFr) Resource Calculation Resource Calculation
Buoyant trapping Residual trapping pore Geological fluid experiments was setup, which combines a micro visible Fused silica capillary reactor
pore volume (Bpy) volume (Rpy) characteristics (Gpe)

with Raman spectroscopy.
Solubity calculation
(2] » The volume expansion factor and solubility of CO, in petroleum model compounds,

and the solubility of CO, in brine were determined.
\ohnmelD > R

Storage efficiency (Bsz) . ) . . - . )
» Using collected real deep brine samples, we obtained CO, solubility data for various

Buoyant trapping N Technically accessible >
Storage vl (B storsgevoume— [ | E-— sorage voune (TAR | . . .
- deep brine types and established a solubility model.

=
€0 Density 0.

g route [ria] [w -

Storage resource (Bsa) Storage weenrch R | R3]

Injectivity category
Pore volume allotment (R1,R2.R3)

Storage efficiency

Buoyant trapping

» A model for assessing CO, geological storage capacity was developed and applied to

Techaically accessible |
storage resource (TAsz)

estimate the potential in Zhejiang Province.

CO, geological storage capacity assessment model

& 5 S bhRA RS

SMERE SRR - AR IR R AR HYR T (B 6) o RUETERYSARGZK
JRAJREZR B A FIRVESE - HA N ZEaA A bk > g a MR - FESREE
Nmabaith MK RE AR o BRI A S TR A T ) Rt ~ Ay
D ﬁl%’rﬁ? (Ca/Fe/Po/As) B ~ HUEFLISEZER « COLKAERNE ~ 3K
ERHE ~ IEE R TS T DR R S LB E SRRV b e il -
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CO, storage site CO,SO,NO, O, reactions and metal
mobilisation

Pearce J.K.'?', Dawson G.W.2, Kirste D.2Brink F.* Southam G. 2, Paterson D.5, Hall, N.6, Heath, R.5, Greer, D., and Golding S.D.?
1 Gas and Energy Transition Research Centre, University of Queensland, QLD, Australia *Corresponding author: j.pearce2@uq.edu.au

2 School of the University of Qi QLD, Australia * Department of Earth Sciences, Simon Fraser University, BC, Canada

4 Centre for Advanced Microscopy, ANU, ACT, Australia 5 Australian Synchrotron, ANSTO, Clayton, VIC, Australia

6CTSCo Pty Ltd, Brisbane, QLD 4000, Australia

Introduction Methods and results
+ A demonstration site in the Surat Basin, Australia (Fig. 1) was undergoing an
environmental impact assessment. The reservoir is in a deep, brackish, unpotable part of
the Precipice Sandstone. However, the broader formation is an aquifer of the Great
Artesian Basin, therefore stakeholders are sensitive to potential environmental impacts
to groundwater.

The initial CO, source was the Millmerran coal fired Power plant, with the CO, stream
expected to contain SOx, NOx and O,

Figure 5: Reaction
rig. (Pearce, J.K. et
al. 2015 SO,
Impurity Impacts on
Experimental  and
Simulated  COy
Water-Reservoir

Rock Reactions at

. Carbon  Storage
« Core characterisation reservoir and seals including: Conditions.

+ Reservoir - Precipice Sandstone « Mineral content Chemical Geology,

« Precipice -quartz rich sandstone trace & content and 399,65-86.)

amounts of reactive minerals eg. siderite,
sulphides (Fig. 2, Fig. 3)

Upper reservoir higher quantities of reactive
minerals e.g. calcite, feldspars

Porosity and pore throats, permeability

CO,-water-rock experimental reactions at reservoir conditions
Characterisation of water quality and chemistry over time
Geochemical modelling predictions

« Seal or cap-rock complex — Evergreen
Formation
« Evergreen Formation interbedded sandstones,
mudstones; feldspar and clay rich, or Figure €
Synchroton
carbonate cemented, clays e.g. chiorite XFM images
g Fm — seal and SEM
cements, coal, sandstone, range grainsizes images of
(Fig. 4) metals in
Fgure 1. Map of the Suat Basi in . Predicted interaction of the Moolayember Fm i
ueensiand, Australia. The red circle and red
wi i it si
star indicate the positons of the wWest i the COzplume as it sinks Formation core
Wandoan 1 well and West Moonie 1 well sample

drilled for the feasibility study.

Further info. e.g. - Pearce et
al., (2023). Impure CO,
storage reactions of
sandstone, mudstone and
carbonate cemented cores.
experimental CO, SO, NOy
0, reaction metal mobilisation
and fate. International Journal
of Coal Geology
277104352104352.  hitps:

tom

Utho- | Sequence
S99 | Siratigraphy | Stratigraphy

|Age (Ma))
Syst
Series.

H
Upper Precipice
Evergreen Fm Seals

04352
Pearce et al., (2025). Pure

3 . e - L s —~
% 2 €O, and impure COSO-~
. § NO-0, reactions with carbon Figure 7: SEM image  Figure 8: Change in dissolved ions during CO,SO-NO-O,
o= fecicd <3 storage site underlying seals. examples of Moolayember experimental reactions with different mineralogy cores. These are
2 coaly mudstones and Formation samples before examples from the Precipice Sandstone. Ca, Fe, Pb, As efc.
Figure 2: A general stratigraphic column and _,,g carbonate cemented and after CO,SO,NO-O, released to formation water. CO, was added at time 0.
the West Wandoan 1 weil log. sandstones. Science of The reaction, and left Fe-Cr

Core examples

WW1 1174 24m W1 115670 m

B j.pearce2@uq.edu.au
0 Julie Pearce

Gas and Energy Transition Research Centre

6 HTFIBHLIEE

[ uq.edu.au

Total Environment
963 178391 178391. hitps//do
L.org/10 1016/ scitotenv 2025

178301

Figure 3: QEMSCAN

mineral images
showing some
examples from the
lower Precipice
Sandstone  reservoir,
and the upper Precipice
Sandstone.

W1 115621 m

oxides, clays and mixed

carbonates  precipitated

after reaction.

Released element concentrations varied with rock core
mineral content (e.g. Figure 8), subset of samples shown
Precipice Ss — lower pH, dissolved Pb was higher from
mudstone (baffle) or minor minerals,
Dissolved As i from

with precipitation and adsorption

In upper reservoir or underlying seals: carbonate mineral
dissolution, higher pH therefore less silicate mineral
dissolution

initially,

From CO, experiments, core leaching and core characterisation
constructed mineral scripts with metals in specific minerals
Batch models used to validate reactive surface areas, reacting
minerals, mineral metal compositions etc.

Upscaled subsequently, inclusion of adsorption processes in
RTM

Metals mainly from carbonate mineral dissolution siderite and
calcite, with a minor contribution from sulfides and chlorite.
Mineral precipitation predicted in upper Precipice provides sink
for trace metals with additional adsorption
With injected O, itation F
metals

removed

Conclusions

Figure 4: QEMSCAN mineral
images showing examples of
core  samples from  the
Moolayember Formation (purple

v

v

These included sandstones,
mudstones,  siderite filled >
fractures, coal layers. Total

digests aiso_showed elements
including Li, Ba, Sr, K. Mg, V, Zn,
REE, Fe, Pb, P and S were
relatively  elevated in the
Moolayember Formation
underlying the reservoir

¥

v

v

required multi-pronged approach

carbon storage in a range of reservoir types
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CREATE CHANGE

Figure 9: Reactive transport
model. Predicted
concentrations of Pb (ppb) in
the plume at the West Moonie
1 injection well site, 3, 10, 50
and 100 yrs after injection.

experiments, models

Metals generally hosted In several minerals. Sulphides often contained the highest metal content, but
carbonates more easily dissolvedand were the main sources.

Precipitation Fe-(hydrjoxides etc. with SO,-0,-NO-CO, reaction sequestered metals from waters in
experiments.

Experiments used in predictive and upscaled reactive transport models to assess changes in the
reservoir, impacts predicted - restricted to the plume in this case.

Predicted ankerite precipitation and adsorption in longer term mineral traps CO, and metals -top
reservoir/ base cap-rock (consistent with natural analogue observations)

Mineral trapping in complex seals not quartz fich reservoir. Outcomes may be different in other reactive
reservoirs e.g. basalts, carbonate reservoirs.

Methods applicable to other storage areas. Future need for more reservoir appraisals to accelerate
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OF QUEENSLAND

AUSTRALIA




2. HEKABERHSRERE -

PR TGRSR EIRBA AN - H A B P9 S AE (Hydrogen) F1EH %= H SR (Shale
oil/gas) » FTAHL R R R E G R ETRAIBA PR ET S - EGUHRERFREE ER O A4
HIBTFE > SRS FLIREZ E R E B AR )RR DU BE & SR [ it R A8
WES@EE RN asURe) it - I B E RS S S AR R R
RSt BEEA) - fEARERINITE L - FEFOMRE B PR RE R - )2
AR D R R BRI - AT E SRR (B A R TOC) »
AR S A R ARAE -

IMEGUHRENR - WEEMR - WERE - RS EA e A5t g AR
SREVAET] > FUSHASRIMTEEE M AR = - BEA1 - S RERYRA St 2 i B 1 (]
7) > R ARENREIRHVEY) - W@E%Li%%%%%°%%%ﬁ%%@%ﬁ%ﬂ%
ﬁ@wwmmw RN AT REHE— 2D R S SRR A E A -

%

Structural Evolution of Type Il Kerogen
H2 generation via demethylation, aromatization and condensation
Bitumen & NSO

0il & minor HC gas
Open system: CH4 & H2

- 7 e Closed system: CH4 >> H2
; g\ L+
o \/ Condensate - Dn
y gas
{ \;‘l i i 9758 55 oo
s P TS S P
3 o~y > b -
e AP LS
o -t 2o S N
A RN
Immature 0il window b

Gas window

Behar & Vandenbroucke (1987)

(CxHy
d temperature and time

Saudi Aramco: Publc n

Natural H2 Occurrence
e o

¢ R 2
u-n-. S5 ey e e A L
e . Lo, RE

=
C resource potential of organic-rich
=] shale and coal?

* Cans hﬂ( or coal be the source rock of

‘CO?’,H?@W:: o umulation in the subsurface?
cart

eet spot in shale and

7 SREELATRYIERIAYTE
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1A E I ER B E2 (Interfacial Geochemistry)fy i (& 8) °

HEHAC AR - BRI R AS RS B -
PERYBTSE - Hiarhii e AV RR O RS
IR 2 (Overpressure) °

ZEV NP e E ALY (A
S Em T

> i e

» IRHTRE ~ IBEERE) -

Research background

80
FL* 2 i
2 6
=
E so
@
a
& 40
3
2
T 30 === - Bulk Water
@
a
5 20 —— Brucite
a "
—— Calcite
10
—e— Quartz
0
0 5 10 15 20 25
0.1 MPa &27°C Pore diameter (nm)

XA PR (FLIS) BT

G HEMHBI R AA S - EH A E
SRR R E AR R R
BN AR A FERGEVE T (MR P e IR SO H]
& H VR Ry R LB PRI B T SR AR ALY

Water’s dielectric permittivity in nanoconfinement

«Strong dependence of
dielectric permittivity on
pore size

$

First-order control on mineral
solubility, ion speciation,
and accompanying transport
phenomena that underly
many Earth system
applications

Research background

® Preliminary research indicates that China's shale oil -
resource potential is as high as 200.88 billion tons,

g —,c\\ ﬁ(é ,Ij

and development.

® Shale oil existsin
three states:
free, adsorbed,
and dissolved.

£ & B3

The occurrence of shale the pore space  Distribution of continental shale oil plays in china (Pang.ct.al 2023)

Different

shale oil.

Occurrence state of shale oil revised (Xu.ct.al 2022)

N
" tree shale oll

Samples

® Oil shale reservoirs primarily consist of microfractures ranging from 50 to 300 nm in diameter, as
well as those on a nano to millimeter scale. They provide the main storage space for shale oil.

® The anisotropy and heterogeneous permeability of shale reservoirs affect the flow and migration of

Lojafiicliodapl o]

Different patterns of shale oil migration (Gao.ct.al 2024)

@ Yoy

and their

of P different

the Wufeng-Longmaxi (Ordovician- [A 3
silurian) shales, Sichuan Basin

Ro = 2.4% (over-mature stage)

Blocky filled
fractures

ion of oil and gas are a|so dlfferent

the Shahejie (Eocene) shales,
Bohai Bay Basin

Ro = 0.8% (mature stage)

Fibrous filled
| fractures

8 /rEHER LT
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3. ABERRUERCHIIUREE

8 1 URR) o O e % 0 B 5 e Bl L f B = e 1

fie(TIC) ~ 48 4%(TN) >

>Z‘

IBAEAT HERR(TOC) ~ KA

s PR ERIR- 13[RI i R AE R - Jﬁté%%a A DUFE R D AR Y
A B URYACOR SR 5T _E(E 9) -

River sediments: do they come from?

Rock sources

S
Comy e
sas !sg //
&I & .i \ ooy
) Sl Primary + €O, + NO(laydolrdIu
Silicate
The chemical weathering of rocks consumes atmospheric CO,

+ It forms the soil -clay minerals and oxides- and dissolved ions

Rivers are integrating weathering and erosion processes over large surface areas
« River sediments and river solutes should in principle be complementary resen

River sediments are a window into critical zone processes

V. Rock sources
V. Water-rock interactions
J Grain-size effects

J Geological history of
Source rocks

J. Life signature
J Timescales and rates

J/ Metal contamination

{Lithological Control [

""'llH\é

CR (v SEl V- ST Y (SRRt
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(e RV E AR R ER(E A TR - e mlE e B33 - B RS
e AOfAG - A AR o I RS IR ESEE T o 2085(Ca) » $E(Mg) » #1(K)
$M(Na)Zf - (EEEmE LT nMEEEAER O R T Y & kb - #EmEE —S1b
BRI TR ©
4. HhFRAE SR (o B e R R BER SR R AT

AR ELEE - FREMREER - REh{E A E N E R FH A E & -
E A NTEYIRAS RK i SUsk BRI EK - AT K 6 10 F16°H » DR R
ey bR R ERET © MM 2 T2 [F{iz 22 (Rare Earth Element, REE)#E{ 5347 » R3]
IKEG TSR B A PRERAV AR © [FIIL R AT IE R HY BV BB R i B B T - AnHi(Li)
$1(Pb) ~ HI(N) ~ #H(Sr) ~ BEMe)sEM LT RTE - I MURHIT 7 (YIRS (= BRI E A
15[ 10) -

Different methods for paleoaltimetry
» Paleobotany (CLAMP)

W Y

Kali Gandaki Jajarkot Conclusion

» Stable isotope based paleoaltimetry

SENCKENBERG NATURE RESEARCH 08.07.2025

87Sr/86Sr ratio is a tracer of continental weathering

In a catchment, we may expect that
Humid/warm period:

A higher proportion of silicate weathering
Continental relative to carbonate weathering, so

Rivers

0.7136

G o Cold/dry periqd: B )
A low proportion of silicate weathering,
Ocean weathering solution 87Sr/8Sr is lower
0.70917

Allegre et al., 2010 EPSL

weathering solution &7Sr/88Sr ratio is higher

10 $i ' Y B S fok e B2 B e Rt i B
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9]

— & bbRFLRE(Carbon Dioxide Removal, CDR)
FH IPCC(Intergovernmental Panel on Climate Change, FUfE A =S LEFI R B )
TEF R RRRIRBENTF —SAEMRAVTTAE 11) > Wk AMEEFEE ~ FEih s
o FEGE S BT S R(OAB)IFT(E 12) - 58 R A A LT Fi
TH&E  FEHCEEERRE - DU TR S ARRAVRER -

f EIPEAEAE A $ % CDR EfTHHRER#HL - 1127 I1SO 14064 2351 « TR Ky
AT UL S AR E - SR T RV A TR AR IR (L (Ocean Tron
Fertilization, OIF) ~ J&3%&5H % (Macroalgae harvesting) - B3 i 5 I8 (OAE)E /574 »
%ﬁ*ﬂﬁﬁffﬁ%fﬁﬂiﬁ%qﬂﬁ@:’%{ bl - AH ATERIE RO A RRAYET S - AIAEYIATTAE
PEAIFERE - BRIV ESRIR ISR L SER R DA IR A s -

« All biotic marine CDR methods
that involve aerobic respiration

Ideas about the Ocean’s role in carb ke 8 @Xorag lead to marine O, loss many
eas about the Ocean’s role in carbon uptake & storage L L L L L times larger than the O, gain

4 %‘i’f" r associated with reduced
e PR sy | Warming
* Abiotic (geochemical) methods
and emissions avoidance can
reduce ocean deoxygenation.
* Macroalgae farming &
harvesting has the potential to

En}

Side effects (i): marine O, inventory

— wistorical
1—orF

© | maser
MESpR
ME&H

A0, (Pmol)
1
°

—20. 4w 7% L
' one P2 revert ocean deoxygenation.
4 2 I |+ Oxygen should be one of key
-200.  -100. 0 variables of mCDR monitoring!
ACqtm (PgC) (Oschlies et al., ERL 2025)

W= a0
Two unique pathways to immob| for 10,000+ years
rm——— ..‘..._....._._....m D e

Equatic’s CDR approach is recognized by
ICROA and ICVCM

In May 2024, EcoEngineers and Equatic published the MRV
iant with the ISO 14064-2:2019 standard

,@\ International e “Electrolytio “Direct Air T
standard for Capture and otal Carbon
Seawater h — Drawdowncge - Emissionscoze
quantification, r]:\| Mineralisation” Ocean ] Removalco,,
monitoring = Sequestration

and reporting i protocol
METRIC ubl\shed in
\@/ rg:ﬂi:‘i 1s0 RI 4 nggg;d in Total Carbon Removal is measured within a closed system. Sensors

record the composition of (a) the influent stream, the retained solids, and
the effluent stream, and (b) all other inputs into the project boundaries.

Equatic is the only ocean v Publish an 1SO14064 MRV methodology Drawdown is the sum of the total dissolved CO, and the total solid CO,
. . - sourced from the atmosphere that is permanently stored.
CDR company to: v Directly measure carbon removed before discharge B P 4

v' Receive recognition by Isometric and Puro, the two Emissions includes the net embodied CO, emissions from material and
. B " e energy use (e.g., the emissions factor of electricity of a particular grid)
international registries for voluntary CDR credits

ucoavis

11 Z&{ERFZER(CDR)&RE
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Other efficiency considerations

* Neoat)=ADIC(t) / Adlk assumes no other losses of alkalinity
* In reality, alkalinity can be lost by several mechanisms
* These are currently poorly constrained

COR efficiency: metric of net CO; removnl, eonsidering Subduction/mixing

emissions How much alkalinity stays
in the upper ocean?

Efficiency = nel €O, removal / gross €O, removal

OAE efficiency: melric of gross €O, removal, per unit atkalinity
added to seawater

leoylt) = ADIC{)/BATK

We (likely) cannot measure ADIC| ly, 50 We estimite it
with Jnown AAlk and efficiency fagie

Indirect impacts

R - ~ N~ = no
- - pump
Dissolution kinetics . frk;:;::;e::d i;h;w no clear effect at realistic levels of
!‘ﬁ @ 'Y . ?lssoluuon is slower than Vexpcctedr due to impurities, incomplete ‘ . H o postive global Alkalnity:PIC correlation suggests
lissolution, and slow reaction kinetics m"w“‘ bean’
« Dissolution in sediments is slower than expected, and MRV is often . N"’ may be:ah impact o W -
inconclusive (incongruent dissolution, mineral precipitation, etc.) m::iels P ized in glo! 8
St = = Altered biological pump
i} Mineral sinking @ e No clear Impact on community organic C,but <.::N may
*  Only modeled data 9 D increase, potentially affecting ecosystem dynamics
+ Published results vary widely (Stokes settling velocity vs @ e *  Models do not include all mlmnt‘pvrocesns that could
turbulence models) - = impact carbon cycling (e.g., Ni toxicity)

i o S 3 . . v Experiments suggest negligible impact, but
Models of mineral dissolution do not constrain losses; . I more research needed for model improvement.
more observations needed

s« EJMEEA  Applicability: stability of alkalinity NS fabontosea

Increasing risk of secondary precipitation

Requirements to OAE feedstocks

12
1. Applicability 2. Abundance 3. Environmental safety "
- Fast alkalinity release - Available at scale - Low impact on food web
- High release efficiency - Producable atscale - Meglectable release of harmful = P

10
- Stable alkalinity over time - Lower energy costs elements (e.g. Ni**) - %
- Practical surface characeteristics

* 9
8 5
o 2 o
6 500 1000 1500 2000 2500 3000 3500 4000 o etk e

added alkalinity [umol kg™']

Ca + HCO3 NaOH Ca0 +500
-, " . Impacts of Alkalinity Additions
2500
int 3 - * . + No change in Carbon Partioning with respect to the controls
alinity ¢ ...
£ L
E
g 15001 + Higher omega or greater nucleation area did not result in precipitation
£ of CaCO,
+ 500 umol/kg & g 10001 * Loss of alkglinity to hydroxides instead of CaCO,?
<
el + Thus far patterns in PIC and POC in the treatments are determined
ol strongly by the organisms and not alkalinity addition.
R R LI R LI R—
Day = High variance in this dataset - We may need longer experiments to see

patterns develop from the addition of alkalinity & use isotopes!!

[

el PSR (OAE)
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Amnovel design for continuous measurement of CO: from de

vemineralization of petrogenic organic carbon e
; Bautin g Lin'. Pei-Ling Wang?. Rick Chen?, Jui Fen Tsai1, and Jhen Nin Chen’ — - : el
® et e

<« Introduction = Workflow

P

N
Reaction Process between Residual Oil and supercritical CO,

Experiments examining
€0, Sequestration via

Reservoirs
i, Zheng

ey analysis of stress impact on the geochemical
of CO, with sedi Y rocks

man R. Kivi, Alsfeh Vafae!, Dragan Grgic?, Wohamad Moum, THMc4cCs
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7.  GeoGPT JEF]
GeoGPT {E B Al T EJFEFH(

14) - 81 ChatGPT [Fig o AZUFE SR > EiEsn(bs

EASREAS 7 EL B J7 B FE 5K » AHREE ChatGPT » GeoGPT FE ({5 il & 5 ] L ~
iV B BR R ERAR B HUMTRE & A BRI AL - I N BT S e —HHEE 8
ALTH - [E91 > GeoGPT i ] &R HEHSURL K BEmT TR - E ALTphl I AT DU HRAR

R - PR -

GeoGPT 0 ® 8 @ A
What is a sequence
boundary?

© search cc d

© Thinking completed (1

Okay, let try to figure ol a

Is based on the

First, from the geological definitions given in

everal of the search results snippets, It seems

GeoGPT

that seque ratigraphy Is a ke

One result mentions that sequenc

' Key Characteristics of Sequence
Boundaries:

by unconformities or their correlative surfaces.

Another snippet specifically define:

1. Definition:

h A sequence boundary is an

unconformity (erosion surface) or its

& correlative conformity (non-erosional

types of seq J surface) that separates distinct

P packages of sedimentary strata. It
forms during periods of relative sea-
level fall, leading to subaerial exposure
and erosion of previously deposited
sediments.2 5

boundary as an unconformity charac

ubaerial exposure and erosion assoclated
tream rejuvenation, along with shifts in facies
and coastal onlap

There's also mention ¢

hatindarias: Tuna 1 and Tune

GeoGPT-R1-Preview

2. Formation Processes:
Subaerial erosion (e.g., river
incision, weathering) during sea-
level lowstands.
Basinward ¢ ||, iin sedimentary
facies (coastai/shoreline deposits

GeoGPT-R1-Preview

14 GeoGPT [ FH (&2 S0ER)

o®s @&

GeoGPT

GeoGPT-R1-Preview

19

o0®8 & A

What are future
research directions in
sequence stratigraphy?

GeoGPT 088 & A

Practical Applications &
Examples:

« In the Pearl River Mouth Basin,
sequence boundaries in the Miocene
Zhujiang Formation are identified via
seismic reflection patterns, such as
offlap foreset beds and turbidite fans.

 Studies integrating stable isotopes
(6"°C, §"0) and spectral gamma-ray
logs use sequence boundaries to
correlate stratigraphic units across
basins.

« In lacustrine settings (e.g., Mahu Sag),
sequence boundaries divide fan-delta
and alkaline lake deposits, reflecting
regressive phases.3

v

GeoGPT-R1-Preview
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