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This project was funded by the United States Department of Energy, National Energy Technology
Laboratory, in part, through a site support contract. Neither the United States Government nor any
agency thereof, nor any of their employees, nor the support contractor, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or
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commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does
not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States Government orany agency thereof.
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Carbon Sequestration

Importance of Monitoring

* Ensures CO, storage
* Protectsvaluable assets
* Providesassurance to community

Geochemical Monitoring

* Samplingreservoir fluid through existing
infrastructure

* Employing developedtools to observe relevant
reactions

* Providessource attribution, distinguish between
different types of geologicfluids, like deep and

shallow formation fluid.

Figure from Balch etal., 2017

U.S. DEPARTMENT OF

NATIONAL
ENERGY
TECHNOLOGY
LABORATORY

Crosswell
Seismic

Temperature/




Field Studies N=[rerens:
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Samples
e Ogallala Fm. groundwater

e SantaRosa Fm. groundwater

Santa Rosa Fm. Ogallala Fm. San Andres Fm.
groundwater: groundwater: produced water:
1 well 10 wells 12 wells

CO,
Injection

e San Andres Fm. produced water

U

: | Ogallala Fm. (~45-55 m / 150-180 ft) [ ;

{ San Andres Fm. (~1630 m /5300 ft) |

A
> o > > —» >

No Scale Intended |

Figure from Miller et al., 2022
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Application of Field Results: GILD N=|uanona:
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Leakage Pathways
° L Shalow Grouedwot e hquiler n
* Problem Definition Wellbore to

intermediate
formation

* Need fora low-cost,
easily implementable
monitoring strategy for
carbon storagereservoir
leak detection

Wellbore to shallow
groundwater

Geologic conduit to

* Proposed Solution intermediate

. cALLY formation
* Geochemically ™ e

Informed Leak ‘8; Geologic conduit

. - to shallow
© = ©
Detection (GILD) ) o AP groundwater
u > $o-Lh - formation inferacion Beine [natursl Formation Buid) = (1))
> i ()= 50O, BinsParbioning € Well to shallow

MMWLI'I-ﬂﬂ‘&'JﬂIW aqUifer
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GILD Overview N=|ranona
TL |0y

/ Leakage Event Simulation: \

GILD Geochemical Model Bayesian Belief Network
1) Assess fluid chemistry |( oy )+ ( vinerlassembiages )+ | 2%8a™ || (BBN)

[CO,]

and mineral J / Decision support tool
compositions of \_ ( Model Output ) e Probabilistic inference from
monitoring formation ! multiple sources of

2) SlmU Iate Iea kage ﬂntifying co, I.eakagiz Bayesian Belief Netwm evidence
events with a ( Modelouput ) * Application for leak
geochemical model [ Regresiona.wes ] detection - given

3) Identify CO, leakage sw.Dewaﬁonmrediaedvame ] monitoring parameters,
with a Bayesian Belief \M‘umple‘.on/ I compute the probabilities
Network (BBN) (e s >i Network of the presence of leakage

K < Probability of CO, Leakagty
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Pore space filled with
reservoir fluid

Sandstone

Fixed CO2(aq) present
in the fluid

@
15% porosity 100 g rock, 2.5

g/cm3 density
6 g of water in pores

25C
Fixed CO,(aq) from 0.006—0.306 mol/kg
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Sandstone minerals: quartz 80 g, kaolinite 10 g, multiple Mineral variance
minor minerals
Carbonate Feldspar Mica Chlorite |
No. Calcite(g) Albite(g) PAnorthite(g Annite(g) Phlogopite(g) |ipidolit-14A(g
1 o 0 1 o 1 o Reactiontime 2 hrs
2 0 0 1 0 1 1 Reactive surface 1000 cm?/g
3 0 0 1 1 0 0
4 0 0 1 1 0 1
5 0 1 0 0 1 0
6 0 1 0 0 ! 1 Rate mol/cm2/s
u 0 : 0 - 0 0 Quartz 1.02E-18
8 0 1 0 1 0 1
5 1 5 1 o 1 0 Kaolinite 6.61E-18
10 1 0 1 0 1 1 Calcite 1.55E-10
11 1 0 1 1 0 0 Albite 9.12E-17
12 1 0 1 1 0 1 Anorthite 7.08E-16
13 1 1 0 0 1 0 Annite 8.51E-18
14 1 L 0 0 1 ! Phlogopite 3.98E-17
L ! ! 0 ! 0 0 Ripidolit-14A  3.02E-17
16 1 1 0 1 0 1
17 1 1 1 1 1 1
18 0 1 1 1 1 1

Rate constants from Palandri and Kharaka, 2014
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Fluid variance Santa Rosa ground water samples
Na Ca Mg K Cl SO, Br HCO; TDS Charge
1D Date pH  ~"TTtommmmmmmmeemes mg/lL-----------c-------- balance
Santa Rosa Fm. groundwater - depth of 460 m
Bl Jun-13 80 1410 265 126 4.88 440 2200 372 4460  -0.38%
Bl Jan-14 91 1090 973 907 612 242 2120 385 3860  -9.02%
B1* May-14 82 1490 207 851 7.87 456 2030 459 4480  3.17%
Bl  Sep-15 88 1420 121 771 466 449 2060 217 3950  6.17% 32 scenarios

Bl May-16 95 1450 375 132 4.60 488 2010 224 389 4350 -0.04%
Bl Nov-16 84 1470 211 113 4.84 458 2180 216 205 4350 3.54%
B1 Jul-17 77 1490 20.9 111 473 454 2160 211 449 4590 1.55%

Average 85 1400 148 881 539 427 2110 217 377 4290 0.71%

17 all minerals 1 1 1 1 1 1
18 all except calcite 0 1 1 1 1 1
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Ca?* Change over Time N=Jsrona
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CO, = 0.3 mol/kg, Scenario 17, all minor minerals, average fluid
End point
2 hrs " riom 30 days 200vyears

1000 1000 I I T

ca'™ in fluid (mg/kg)
ca™ in fluid (mg/kg)
ca*" in fluid (mg/kg)

+60 +80 +100 +120 o] +5 +10 +15 +20 +25 +30 0 +50 +100 +150 +200
Time (min) Time (day) Time (yr)

Rapid and significant Ca+ concentration increases only hours after the reaction.
The concentrationremains at a high level for days, weeks, even months, making
it possible to detect this huge increase in a short monitoring period.
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Minimal Calcite is Needed

2 hr

.998

.996

.994

.992

Calcite (g)

.99

.988

.986 ! ' :
0 +20 +40 +60 +80 +100 +120

Time (min)

Minimal calcite (<2%) dissolution results
in high Ca?* concentrationincrease.
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200 vyears
= T T |
125
12
115
1.1
105
1
a5 | | ]

a +50 00 +150 +200
Time: (yr)

Calcite reprecipitation due to
excessive CO, dissolution over time.
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Sc 1-8 no calcite
S | v [P Sc 9-16 with calcite
= L% % § vl Sc 17 all minerals with calcite
* 4
=2 v § § o8 Sc 18 all minerals except calcite
= v § g § 3o Sc 19-25: Sc17 with fluid variance
n * . . .
% § — ¢ ? 511 Sc 26-32: Sc18 with fluid variance
L el
E . § " 43
&o | 0~ B ] T
o~ g i S - TITTI AT
o o
& T o 7 \
>< o © 84 I
o AR RRERRERERRR|: N S A
T T T T T T T |s - Lo
* oo I 1 |
0.00 005 010 015 020 025 030|%= O - =—————— 000000000mD " L 0L Ol oy e
C[}z(mgykg} ﬁ%; [TTTTTTTTTTITTTTTTITITTTTITITITTITTITITT
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Mineral Mix
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BBN for Leak Detection N=|ranona
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e Upstream node
* CO, added concentration

* Arrows T 7
* Causal effect i
Gimeame 110
* Downstreamnodes S | 1 -
* Monitoring parameters wh“%mi g,;s.’: OTER0NE 145 oo
n.crmm:n.cm 10:2 - 1223&1*52% .1‘11_2 :
* Bars of each node e B nﬂmnw;ﬁnmmm1 50 |
o . L.037E243 o 0 (2RSSR 126
* Probability of a particularrange Qmonas 1
.. cee 0068 7003
* Conditional probability
* Probability of downstream given
upstream

* Purpose
* Backinference
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Single index BBN example N=[reriena:
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Single index (Ca%*) example B

-9 | ____g,—g —e— No calkdite -5

%’w B /g,/g-’g/H —u— Caldite :

E o

@S Response

° I T : : I : curve

000 005 010 015 020 025 0.30
CO; (mg/kg)

S
s

1L

L

Hersoaap suppuun

0 0.05 0.1 0.15 0.2 0.25 0.3
CO, Concentration (mol/kg)

——No calcite —— Calcite



Other Indices for Single Index BBN N=|ranoa

TL TECHNOLOGY
LABORATORY

2500
L
\
i
?

. . P - Ca?, pH, and
4 HCO3- are chose
14 as indices for

| | ! | I ! | B B N .
000 005 010 015 020 025 030 000 005 010 0.15 020 025 0.30
CO, (molkg) CO; (molkg)

pH
|
HCO, (mg/kg)
1000
|
hY
@

0
L

1 1 1 1 L
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
CO, Concentration (mol/kg) CO, Concentration (mol/kg)

—#—No calcite —#— Calcite —8—No calcite 4 Calcite
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Example:
In progress:

 Combining Ca?*, pH and HCO; i R i SR e
for multi-index BBN model and s -
CO,(leakage) detection. —

* Manuscriptin preparationfor ﬁ?ﬁ% =
Environmental Science & —
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Conclusions N=|ranona
TL | AE0RatoR

* Geochemical monitoring provides insight into groundwaters and target formation
reactions

* Geochemical-statistical models (GILD) can provide CO, leakage detection via robust
statistical analysis

* The current model applies userinputvialicensed software and researcher knowledge
* Goalistocreate a standaloneversionthat can be used by groundwater observers

Ogallala Fm. (~45-55 m / 150-180 ft)

San Andres Fm. (~1630 m / 5300 ft)

g > > -+ e -




NETL
RESOURCES

VISITUS AT: www.NETL.DOE.gov

@NETL_DOE

@NETL_DOE

@NationalEnergyTechnologyLaboratory

Contact: Wei Xiong, wei.xiong@netl.doe.gov

S. DEPARTMENT OF

NERGY




Supplemental Slides




Construction of BBN-Regression Results N=|MAToNAL
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* Mean-predicted value from the S
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