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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 or any agency thereof.
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Carbon Sequesiration

Importance of Monitoring

* Ensures CO, storage
* Protects valuable assets

* Provides assurance to the community

Geochemical Monitoring

e Utilizes existing infrastructure
 Employs developed tools

* Provides source attribution

Figure from Balch et al., 2017
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Field Studies N=|arona:
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Samples
e Ogallala Fm. groundwater

e Santa Rosa Fm. groundwater

Co, v Santa Rosa Fm. ‘ Ogallala Fm. ] San Andres Fm.
Injection groundwater: groundwater: produced water:
1 well \ 12 wells
e San Andres Fm. produced water 10wels

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

Santa Rosa Fm. (~460 m / 1500 ft)

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

A
. e > > e e

No Scale Intended |

Figure from Miller et al., 2022
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Application of Field Results: GILD N=|rarona:
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Leakage Pathways
° Problem Defi nition Shallow Groundwater Aquifer

* Need for a low-cost,
easily implementable
monitoring strategy for
carbon storage reservoir
leak detection

Wellbore to
intermediate
formation

Wellbore to shallow
groundwater

Injection Well <

Geologic conduit to
intermediate
formation

* Proposed Solution
* Geochemically — WeAMYig,
Informed Leak g%
Detection (GILD) e GILD

Geologic conduit
® to shallow
9 L— 5¢.CO: Shale Interaction groundwater

$¢-CO: - formation interaction

Cap Rock

Brine (natural formation fluid) — @

5C.00; @- 5¢-CO: - Brine Partitioning Well to shallow

Standalone Pmpm!in Prior to Injection a q u ife r
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GILD Overview
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GILD

1) Assess fluid chemistry
and mineral
compositions of
monitoring formation

2) Simulate leakage
events with a
geochemical model

3) Identify CO, leakage
with a Bayesian Belief
Network (BBN)
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Leakage Event Simulation:
Geochemical Model

\

Fluid

Background

< Model Output >
T
| |

< Model Output >

}

[ Regression Curves ]

Std. Deviation: Residuals ]

[ Mean-predicted value ]

\/

ﬂntifying CO, Leakage: Bayesian Belief Netwch
|

< Multiple lon >
Concentrations *

Network

Observed Fluid

>

\

< Probability of CO, Leakagty

TL

Bayesian Belief Network

(BBN)

e Decision support tool

* Probabilistic inference from
multiple sources of
evidence

* Application for leak
detection - given
monitoring parameters,
compute the probabilities
of the presence of leakage
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Geochemical Modeling N=|anonat
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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) MAnorthite(g Annite(g) Phlogopite(g) |ipidolit-14A(g 15% porOSity 100 g rOCk, 25 g/Cm3 denSity
1 0 0 1 0 1 0 ]
> 0 5 1 0 1 ) 6 g of water in pores
3 0 0 1 1 0 0 25C
4 0 0 1 1 0 1 Fixed CO,(aq) from 0.00003-0.30003 mol/kg
2 . - . . : 0 Reaction time 2 hrs
6 0 1 0 0 1 1
. 0 1 0 i 0 o Reactive surface 1000 cm?/g
8 0 1 0 1 0 1 Rate mol/cm2/s
9 ! 0 ! 0 ! 0 Quartz 1.02E-18
10 L 0 L 0 L : Kaolinite 6.61E-18
11 1 0 1 1 0 0 ;
" 1 5 1 1 5 1 Calcite 1.55E-10
” 1 ) 5 5 ) 5 Albite 9.12E-17
14 1 1 0 0 1 1 Anorthite 7.08E-16
15 1 1 0 1 0 0 Annite 8.51E-18
16 1 1 0 1 0 1 Phlogopite 3.98E-17
17 1 1 1 1 1 1 Ripidolit-14A  3.02E-17
18 0 1 1 1 1 1

Rate constants from Palandri and Kharaka, 2014
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Geochemical Modeling N=|ramonat
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Fluid Variance Santa Rosa ground water samples
Na Ca Mg K Cl SO, Br HCO; TDS Charge
balance
ID Date pH  "TTTTTtTotooeeoeoes ML ----mmmmmmmm oo
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 9.07 612 242 2120 385 3860  -9.02%
Bl* May-14 82 1490 207 851 7.87 456 2030 459 4480  3.17%
Bl  Sep-15 88 1420 121 7.71 466 449 2060 2.17 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 211 113 484 458 2180 216 205 4350 3.54%
B1 Jul-17 7.7 1490 209 111 473 454 2160 211 449 4590 1.55%

Awerage 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=|ranons
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CO, = 0.30003 mol/kg, Scenario 17, all minor minerals, average fluid

End Point
2 hrs 30 days 200 years

1000 1000 T

500 |— —

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

+60 +80 +100 +120 0 +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 concentration remains at a high level for days, weeks, even months, making
it possible to detect this huge increase in a short monitoring period.

DEPARTMENT OF




Minimal Calcite is Needed
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2 hr

Calcite (g)

.99

.988

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

Time (min)

Minimal calcite (<2%) dissolution results
in high Ca?* concentration increase.
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Calcite (g)
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200 years
\

+50 +100 +150 +200
Time (yr)

Calcite reprecipitation due to
excessive CO, dissolution over time.




Geochemical Model Output Example N=[NAToNAL
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Sc 1-8 no calcite

= va [P Sc 9-16 with calcite
= . X * § g Sc 17 all minerals with calcite
* 4
=2 v = § ? os Sc 18 all minerals except calcite
_ 7 X g § #s Sc 19-25: Sc17 with fluid variance
29 <o # ¥ Sc 26-32: 5c18 with fluid vari
=g v § zi c 26-32: Sc18 with fluid variance
g . %
“8 4 i i .
(O § ::; %_ IHHHHHHTTTTT
P L
;- e it
[ % 2 L I I I |
x vz © 8- T
c bR RERRRERRR R |- ¥ R R
I I I I I I ez - Lo
- 1 11
000 005 010 015 020 025 0303z O | mem——— 000000000mT ™ H O O m e e
C[}z{mgl,l'kg} :% [TTTTTTTTTTTTITTTITTTITITTTITITITTTITTTI

1 4 7 10 14 18 22 26 30

Mineral Mix
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BBN for Leak Detection N=|anona
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* Upstream node
* CO, added concentration

o2
* Arrows MEGnE  om /
e Causal effect wmndis
« Downstream nodes oo Y — -
* Monitoring parameters S o 72 el S — =
(OsAn0mes 102 e il o] <L
* Bars of each node e Gorisamtoien s |
QUIIPEAET o DO2ASESH 128
* Probability of a particular range MLEELLEE D
QI8 0003
e Conditional probability
* Probability of downstream given
upstream

* Purpose
e Back inference

U.S. DEPARTMENT OF

NERGY



Single-Index BBN Example =|HanoNAL
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[
M M 3e-5100.03003 10,0 j—
+ m Q00000000 100 jm—
|n e'ln EX a exa e 00503 L0006] 100 e
Q00B0012003 100 j—
UI0B 0015000 100 j—
UISE00E0 100 —
N i L1800 0021003 100 j—
—_— Q21000024003 100 j—
1 o calote Q20000700 100 j—
070000300 100 j—
—_ 8 — —a— Caldte I ey
o
% w Mean_Ca_with Maan_Ca_no
[s] ] mi&naﬂiumig 2 — :a.sn;: 14.83]1 ?ﬁ —
g ik e 14804 0 14612 100
E 264010551855 100 el o0
=3 Response |iz=: o= i
& o A THAT 0.0 [ coets | 14578 10 14,5548 100 f—
m = THENT TR 00— Ye= 500 145671 10 14578 10.0 j—
MO 00 Mo s0g) 165500 145671 100 j—
1458510 14558 11.0 ju—
o — 10N LATLTET 10— EmiE W
ATLTET 910008 100 jmmm —
621 1210 14504 £0.025
Lo I

000 005 010 0415 020 025 030 ET
CO; (mglkg) T B

Crifical value

Probability of Detection

0 0.05 0.1 0.15 0.2 0.25 0.3
CO, Concentration (mol/kg)
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Other Indices for Single-Index BBN N=|amona:
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10 12

Ca?*, pH, and
HCO, are
selected as
e L indices for BBN

000 005 010 015 020 025 030 000 005 010 015 020 025 030
COs (mol’kg)

CO5 (mallkg)
Lr 1 r R e —)

pH
8
|
1000 2000

6
|
HCO, (mg/kg)

4
|

a
|

0 0.05 0.1 0.15 0.2 0.25 0.3

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

CO, Concentration (mol/kg)

——No calcite -~ Calcite
——No calcite -~ Calcite
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Example:
In progress:

coz
P——— 00500035 100 jm—
= 10.0 [
000S7217 00177152 00— Q08500005 100 j—
Q0177152 10 0022547 10.0 j— Q08s [
. . 2+ - Q022587 1000246275 1000 j— mﬁz&}g }ﬂ o L
[ O m I n I n a a n Q1248275 10 O (25E318. 10,0 QiE500ES 00 [ 20WleSn00ATEE 10
) ) 3 Q0258918 10 0. (265533 0 T | giaEn0215 0.0 - 000607538 1000118462 340 g8
00265533 10 00272588 :3— 021590245 100 — 00118962 000183833 330 jum §
0.0272588 1o 00279243 j— 024500275 100
f It- . d B B N d I d 00279243 s 0.02A5838. :%— 07ER0NE 100 j— i
or multi-inaex moael an e T
00253 700052

CO,(leakage) detection. e

mean_ S04 000126413 40 0.0025958

0.00112 ¥0.00084

00153514 50 0.0180907 1040

* Manuscript in preparation for pomzem:

Environmental Science & — \ /

HOO3

Technology. el

0018015 10 00344525
110 : ' :

S 7

n.mmnn.m.‘m jL
001539 100018835 457 mm—
Q016635 40 00177325 222mm & ©
00177325 50 0.01938 L]

Q0164 700011
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e Geochemical monitoring provides insight into groundwaters and target formation

reactions
* No significant dissolution of the storage reservoir
* No produced water migration detected in groundwaters

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

* The current model applies user input via licensed software and researcher knowledge
* The goal is to create a standalone version that can be used by groundwater observers
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Consiruction of BBN-Regression Results N=|Nanona.
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* Mean-predicted value from the

. ©02

QS 000E 100
0 Q03500085 100
2 Q077 edNTR A 00— 0085500095 100 j—

177152 10 1022547 100 j—
QES00125 0.0 -
gm;u‘fh&m??a mg— 0.125400.155 10.0 f—
ek e T T —
eve 10.0265533 o 0.0272588 10,0 o 0215500285 100 j—
0272568 0 (L 0Z7E43 1000 j— Q500275 100 j—
gmmmm gmmsa g p— QFE0005 100 j—

o —
- 0155 70087

* SD-standard deviation of —
residuals (geochemical model e

00153514 10 0.0160907 1040
11111111111111111

output-predicted values) 5

=
=
E
&
g
e
=
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=
B
ee
535
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¥
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* lon concentration-normally ===
distributed with mean and SD ~
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