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Geochemistry of geologic sequestration: Understanding
CO2-brine-mineral interactions in the Frio & at ZERT

Natural and introduced (tracer) chemicals & isotopes to
track the injected CO, and to monitor leakages

Environmental implications of results from Frio, ZERT &
other field sites (mobilizations of metals and organics)

Safe & long-term storage of CO2 (concerns about
groundwater contamination and seismicity)

Major gaps and future research directions
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(hydrodynamic and residual trapping).

(solution trapping)
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(mineral trapping).




MSU — Geotechnical, O2,
CO2 (isotope) Lidar, soil
microbes.

LBNL — Eddy Covariance,
Soil Gas Chamber,
Modeling

LANL — EC, Stable
Isotopes Gas & Water
PNNL — Soil & Hydrology,
Tracers

LLNL — Gas Stable
Isotope, Soil Microbes,
Hyperspectral,

NETL — Background
Charaterization, Tracers
(sorption tubes)

USGS, WVU,LBNL, EPRI —
Groundwater Chemistry



ZERT - "B" wells - water samples
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Fresh water (USDW) zone
protected by surface casing

Injection zones:
First experiment

2004: Frio “C” & “B”
Second experiment
2006: Frio “Blue”

Oil production

-~

Frio Brine Pilot Site

Injection intervals: Oligocene
fluvial and reworked
sandstones, porosity 24-34%,
permeability 2.5-4.4 Darcys
Steeply dipping 11 to 16°
Seals - several thick shales
Depth 1,500 and 1,657 m

Brine-rock system, no
hydrocarbons

150 and 165 bar, 55 -65°C,
supercritical CO,



Frio | chemical data from observation well during CO2 injection

—e—pH

6.9 e HcO3| T 3500

9 e
6.7 VA 3000
N \/\ r/\ / F 2500
6.3 2000

o
6.1 \ } 1500
A——N—t

59 1 r 1000
5.7 B/A\—@—M\JMV 500
55 T T T 0
4-Oct-04 5-Oct-04 6-Oct-04 7-Oct-04 8-Oct-04

i
o —— (B:gH Thetk
L Valve

Sliding End Packer

Inlet filter: 40 cm sintered
stainless steel

Alkalinity HCO3 (mg/L); EC (x10 mS/cm)

pH

Frio Il - Observation Well; U-tube

75 1000
5 I 900
I 800
6.5
I 700
B0 fe====c=sccc=tecdecccccgmfaccsad M acoccsossas L cam
5.5 I 500
I 400
5.0
300
457 o—indlinepH | O | [T O
- 200
40 | —&—benchpH N
) - 100
—— Tubing pressure
3.5 T T T T T T O
9/25/06 9/26/06 9/27/06 9/28/06 9/29/06 9/30/06 10/1/06 10/2/06 10/3/06

Observation Well Tubing Pressure (PSIA)




pH values at:
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Computer Simulations

To understand
gas-water-mineral
Interactions and
multi phase fluid transport

Benson & Cook, 2005
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Fe (mg/L)

Frio | (Fe & Mn)
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Important Mineral-Water-Gas Interactions in Frio

CO, gy + HOU H,CO e (1)
H,CO,°U HCO; +H* s 2)
CO, gy + H,O+ CaCO, U Ca™* +2HCO; - (3)
H*+CaCO,U Ca™+HCO; e (4)
H*+FeCO, U0 Fe**+HCO; - (5)
4Fe(OH), + 8H,CO,; U 4Fe* + BHCO, + 10H,0 + O, ------ (6)
2Fe(OH), + 4H,CO, + H, U 2Fe** + 4HCO; + 6H,O0  ------ (7)
Fe° + 2H,CO, U Fe**+2HCO; +H, - (8)
2H*+ CaMg(CO,), U Ca™ + Mg** + 2HCO; ~  ---—-- (9)

0.4H* + Ca,NagAl, ,Si, ;Og + 0.8CO,+ 1.2H,0 U
2Cat++ + .8NaAlICO,(OH), + 0.4AI(OH),+2.8Si0, -- (10)

Eh-pH diagram for selected Fe species



FRIO-II, September, 6 — October 9, 2006
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Concentrations of DOC in Frio | brine

DOC (mg/L)

Organics in Oil-Field Water
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Supercritical CO2 is an excellent
solvent for organics:
Used for EOR and remediation of
sites contaminated with organics

Concentrations of aliphatic
compounds and PAHSs in
supercritical CO2 extracts
from ground coal samples

Kolak and Burruss, 2006



PAH Concentrations in Frio Il samples

Analyses by W. Orem

Compound

Naphthalene
1 Methylnaphthalene
2 Methylnaphthalene
Biphenyl
Dimethylnaphthalenes

Acenaphthylene
Acenaphthene
Trimethylnaphthalenes
Fluorene

dibenzothiophene
Phenanthrene
Anthracene
Methylphenanthrenes
3,6-dimethylphenanthrene

Fluoranthene
Pyrene
Benzo[a]anthracene
Chrysene

06FC0O2-232 06FCO0O2-309

ng/liter

139
54
151
43
1481

211

732

111
1099

13
16

06FCO2-326 06FCO0O2-355 O06FCO02-361
ng/liter ng/liter ng/liter ng/liter
870 114 467 0
559 312 244 0
434 271 268 0
185 103 101 0
2234 1161 1857 0
65 57 50 0
156 100 175 0
92 0 106 0
366 657 394 0
86 70 117 0
591 549 958 0
0 0 0 0
0 0 0 0
0 0 0 0
20 18 21 0
33 3 51 0
0 0 0 0
0 0 0 0

Grease Extract
ng/mg grease

44

267
470

o O O O




Near surface monitoring
Sail CO2, PFTs, and shallow
groundwater wells
No leakage detected

Cross section ofthe Frio Formation showing njection and monitoring
wells, C- and B-sands, shale ayers, and perforation zones.

B perforated for subsurface monitoring

Perfluorocarbon tracers (PFT)
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(Phelps et al., 2006).

Chemical Composition of Frio Gases
Frio formation water at saturation with CH,

GaS 1IIC" 2"C" 3HBM 4IIBII

He 00077 0 001 0.012
H, 0040 019 092 030
Ar 004 0 ND 0.061

CO, 031 968 286 022
N, 387 0037 151 246
CHy, 937 294 943 968
CHst 195 0005 012 013



Wells et al., 2007 (AG, v. 22, p. 996-1016)
W. Pearl Queen field, NM (2090 t CO2) Leakage at 0.009% per year

PDCH concentrations
measured over 54 days



e 50% of drinking water in USA Isfrom GW
e 95% of rural Americais dependant on GW

 GW useincreased from 13x10° L/day in 1950 to
33x10%° L/day in 2000




e 50% of drinking water in USA Isfrom GW
e 95% of rural Americais dependant on GW

 GW useincreased from 13x10° L/day in 1950 to
33x10%° L/day in 2000




Injection of CO2 into the Frio was straight forward and successful, and
results from Frio & ZERT indicate new geochemical tools for tracking
Its transport & intrusion into shallow groundwater.

add a cautionary note.

Detailed site characterization and a comprehensive MMV program are
needed to minimize groundwater contamination and other
environmental impacts in seismically active California.




"an increase of two or three
degrees wouldn't be so bad for a northern
country like . We could spend less on
fur coats, and the grain harvest would go up”




Tracers added to Frio Fluids

1- Dye tracers, fluoresciene &
Rhodamine WT.

2- Perfluorocarbon gases (PFTSs).

3- SF6

4- Noble gases.

5- Tagged CH4.




Siltstone




NUMERICAL MODELING

Geochemical transport code
TOUGHREACT (Xu et al., 2006).



Frio results: Observation well
Xu et al., 2006




The isotopic mass balance equation for a closed
system and no isotopic exchange with minerals
is given by: (Clark and Fritz, 1997):

where the superscripts “" and ‘" are the initial
and final 1 values for brine and CO2, and X is
the atomic oxygen in the subscipted component
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Hovorka et al.,
2004






