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Topics Discussed
• Geochemistry of geologic sequestration: Understanding 

CO2-brine-mineral interactions in the Frio & at ZERT
• Natural and introduced (tracer) chemicals & isotopes to 

track the injected CO2 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



Geologic storage of CO2

A- Huge volumes of CO2 require storage for  long time; CO2 will displace 
huge volumes of formation water . What is the fate of displaced br ine?

B- CO2 is a non toxic compound, but will cause asphyxiation if its 
concentration is > 13% in air .

C- CO2 is buoyant (density=0.5-0.8 gm per  ml) and reactive in solution as 
a result of lowered pH.

D. CO2 is an excellent solvent for  organics, including BTEX and PAHs. 
Used in EOR and cleanup of sites contaminated with organics.

Storage Forms
1- CO2 as supercritical fluid (T=31°C; P= 74 bar) has a density lower than 

water; buoyancy transport (hydrodynamic and residual trapping).
3- CO2 is moderately soluble in brine lowering pH and forming aqueous 

species like H2CO3, HCO3
- and CO3

—2 (solution trapping)
3- Precipitates as carbonate minerals (calcite, dolomite, magnesite and 

siderite) (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



10 m(-4,0)

5B

5A

W6

W7

W8

1A

2A

3A

4A
4B

3B

2B

1B

(-3,1)

(-4, -1)

Ground -water 
gradient

17 °

(-3,0)

Monitoring Wells

Depth = 3 m
Depth = 1.5 m
Installed 2008 
Depth ~ 3 m
Gridpoints

ZERT - "B" wells - water samples

5.5

6.0

6.5

7.0

7.5

07/07 07/10 07/13 07/16 07/19 07/22 07/25 07/28 07/31 08/03 08/06 08/09 08/12 08/15

p
H

 .

well 1B

well 2B

well 4B

well 5B

CO2 start

CO2 stop

7/18 rain
2.4cm
7/19 rain
2.8cm
8/7 rain
.56cm
8/8 rain
1.6cm

ZERT - "B" wells - water samples

200

300

400

500

600

700

800

900

1000

1100

1200

1300

1400

07/07 07/10 07/13 07/16 07/19 07/22 07/25 07/28 07/31 08/03 08/06 08/09 08/12 08/15

al
ka

lin
ity

 (m
g

/L
 a

s 
H

C
O

3 
@

 p
H

 4
.5

) 
  .

well 1B

well 2B

well 4B

well 5B

CO2 start

CO2 stop

7/18 rain
2.4cm
7/19 rain
2.8cm
8/7 rain
.56cm
8/8 rain
1.6cm

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

7/7/08 7/10/08 7/13/08 7/16/08 7/19/08 7/22/08 7/25/08 7/28/08 7/31/08 8/3/08 8/6/08 8/9/08 8/12/08 8/15/08

F
e 

(m
g

/L
)

1B

2B

4B

5B

1A

2A

4A

CO2 start CO2 stop

2B

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

7/6 7/11 7/16 7/21 7/26 7/31 8/5 8/10 8/15

mm mm
g

/L

benzene

toluene

ethyl-benzene
m-p-xylene

o-xylene

ZERT Site



Frio Brine Pilot Site
• Injection intervals: Oligocene 

fluvial and reworked 
sandstones, porosity 24-34%, 
permeability 2.5-4.4 Darcys

• Steeply dipping 11 to 16o

• Seals - several thick shales
• Depth 1,500 and 1,657 m
• Brine-rock system, no 

hydrocarbons
• 150 and 165 bar, 55 -65°C, 

supercritical CO2

Hovorka, 2007

Oil production

Fresh water (USDW) zone
protected by surface casing

Injection zones:
First experiment 

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

2006: Frio “Blue”

Industrial Industrial 
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I

Benson & Cook, 2005; 
IPCC, 2005

3- Precipitates as carbonate minerals (calcite, dolomite, magnesite & siderite) (mineral trapping).
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Frio I (Fe & Mn)
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Important Mineral-Water-Gas Interactions in Frio

CO2 (gas) + H2O Û H2CO3
o ------ (1)

H2CO3
o Û HCO3

- + H+ ------ (2)

CO2 (gas) + H2O + CaCO3 Û Ca++ + 2HCO3
- ------ (3)

H+ + CaCO3 Û Ca++ + HCO3
- ------ (4)

H+ + FeCO3 Û Fe++ + HCO3
- ------ (5)

4Fe(OH)3 + 8H2CO3 Û 4Fe++ + 8HCO3
- + 10H2O + O2 ------ (6)

2Fe(OH)3 + 4H2CO3 + H2 Û 2Fe++ + 4HCO3
- + 6H2O    ------ (7)

Feo + 2H2CO3 Û Fe++ + 2HCO3
- + H2 ------ (8)

2H+ + CaMg(CO3) 2 Û Ca++ + Mg++ + 2HCO3
- ------ (9)

0.4H+ + Ca.2Na.8Al1.2Si2.8O8 + 0.8CO2+ 1.2H2O Û

.2Ca++ + .8NaAlCO3(OH)2 + 0.4Al(OH)3+2.8SiO2 -- (10)
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Concentrations of DOC in Frio I brine 

Frio I
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Supercritical CO2 is an excellent 
solvent for organics:

Used for EOR and remediation of 
sites contaminated with organics

Kolak and Burruss, 2006

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

Kolak and Burruss, 2006



Compound 06FCO2-232 06FCO2-309 06FCO2-326 06FCO2-355 06FCO2-361 Grease Extract

ng/liter ng/liter ng/liter ng/liter ng/liter ng/mg grease

Naphthalene 139 870 114 467 0 1

1 Methylnaphthalene 54 559 312 244 0 3

2 Methylnaphthalene 151 434 271 268 0 2

Biphenyl 43 185 103 101 0 2

 Dimethylnaphthalenes 1481 2234 1161 1857 0 20

Acenaphthylene 0 65 57 50 0 0

Acenaphthene 211 156 100 175 0 0

 Trimethylnaphthalenes 92 0 106 0 70

Fluorene 732 366 657 394 0 0

dibenzothiophene 111 86 70 117 0 0

Phenanthrene 1099 591 549 958 0 44

Anthracene 0 0 0 0 0 0

 Methylphenanthrenes 0 0 0 0 0 267

3,6-dimethylphenanthrene 0 0 0 0 0 470

Fluoranthene 13 20 18 21 0 0

Pyrene 16 33 3 51 0 0

Benzo[a]anthracene 0 0 0 0 0 0

Chrysene 0 0 0 0 0 0

PAH  Concentrations in Frio II samples
Analyses by W. Orem
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Frio formation water at saturation with CH4

Gas 1”C” 2”C” 3“B” 4"B"

He 0.0077 0 0.01 0.012
H2 0.040 0.19 0.92 0.30

Ar 0.041 0 ND 0.061
CO2 0.31 96.8 2.86 0.22

N2 3.87 0.037 1.51 2.46

CH4 93.7 2.94 94.3 96.8

C2H6+ 1.95 0.005 0.12 0.13

Gas 1”C” 2”C” 3“B” 4"B"

He 0.0077 0 0.01 0.012
H2 0.040 0.19 0.92 0.30

Ar 0.041 0 ND 0.061
CO2 0.31 96.8 2.86 0.22

N2 3.87 0.037 1.51 2.46

CH4 93.7 2.94 94.3 96.8

C2H6+ 1.95 0.005 0.12 0.13

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

Cross section of the Frio Formation showing injection and monitoring 
wells, C- and B-sands, shale layers, and perforation zones.

B perforated for subsurface monitoring

Near surface monitoring
Soil CO2, PFTs, and shallow 

groundwater wells
No leakage detected

B perforated for subsurface monitoring



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



• 50% of drinking water in USA is from GW
• 95% of rural America is dependant on GW
• GW use increased from 13x1010 L/day in 1950 to 

33x1010 L/day in 2000
• Once GW is contaminated, remediation is very 

costly or impossible

Impor tance of Protecting Ground Water



• 50% of drinking water in USA is from GW
• 95% of rural America is dependant on GW
• GW use increased from 13x1010 L/day in 1950 to 

33x1010 L/day in 2000
• Once GW is contaminated, remediation is very 

costly or impossible

Impor tance of Protecting Ground Water

Greenpeace International, 2008
Emily Rochon (lead author)



• 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.

• Results showing that some of the injected CO2 migrated from Frio “ C”
to “ B” add a cautionary note. A good barrier cap(s), and properly 
cemented abandoned wells nearby would prevent CO2 escape and 
CO2 & brine leakage to potable GW sources.

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

• Need for development of an integrated multiphase transport code 
capable of predicting mineral-brine-petroleum-gas interactions in the 
subsurface.

Kharaka et al., 2006, Geology, v. 34, p. 577-580.
Kharaka et al., 2009, Appl. Geochem., v. 24,  p.1106-1112.

Summary and Conclusions



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

Global Warming and Terror
In January, 2004, David King (Britain’s 
Science Adviser) generated a slight stir 
when he wrote in Science that "climate 
change is the most severe problem that 
we are facing today--more serious even 
than the threat of terrorism" .
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injection  & 

observation wells

Jul 23-Aug 2, 2004

MDT tool 
(Schlumberger)

injection wellJune 3, 2004

Sampling toolSampling site                                Sampling date

Frio I CO2 Field sampling

U-tube observation wellMarch 20, 2007

U-tube and Kusterobservation & 
injection well

Oct 9-10, 2006

U-tubeobservation & 
injection wells

Sep 25-Oct 2, 2006

surface sampling 
(N2), Kuster

injection  & 

observation wells
Sep 6-12, 2006

Sampling toolSampling site                                Sampling date

Frio II CO2 Field sampling
Tracers added to the Frio fluids

Tracers added to Frio Fluids

1- Dye tracers, fluoresciene & 
Rhodamine WT.

2- Perfluorocarbon gases (PFTs). 
3- SF6 
4- Noble gases. 
5- Tagged CH4.
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Potential CO2 & Brine Migration and leakage Paths
1- Faults and fracture systems

2- Improperly sealed abandoned wells
3- Rock unconformities

4- Basin margins

One coal power plant emits 8 million tons of CO2/yr. Inject in reservoir 30 m thick; 
porosity 20%; saturation 50%; CO2 density = 0.6 gm/ml.
After 50 yrs, CO2 and displaced brine impacts 40 km radius.

Shale cap



NUMERICAL MODELING

Geochemical transport code 
TOUGHREACT (Xu et al., 2006).
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Solid line: simulation

Symbols: Observations
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Frio results: Observation well
Xu et al., 2006



Brine/CO2 volume ratio at reservoir conditions

18O shift18O shift Brine/CO 2
Date* Brine CO 2 volumeratio

10-5-04 0 0 ® ¥
10-6-04 0.37 32 43
10-6-04 0.69 32 23
10-6-04 0.77 32 21
10-6-04 1.22 32 13
10-7-04 2.24 32 7.1
11-3-04 1.43 32 11
11-3-04 1.74 32 9.1
4-4-05 11.2 22 0.97
5-4-05 11.7 22 0.93
6-4-05 11.9 22 0.92 

18O shift18O shift Brine/CO 2
Date* Brine CO 2 volumeratio

10-5-04 0 0 ® ¥
10-6-04 0.37 32 43
10-6-04 0.69 32 23
10-6-04 0.77 32 21
10-6-04 1.22 32 13

18O shift18O shift Brine/CO 2
Date* Brine CO 2 volumeratio

10-5-04 0 0 ® ¥
10-6-04 0.37 32 43
10-6-04 0.69 32 23
10-6-04 0.77 32 21
10-6-04 1.22 32 13
10-7-04 2.24 32 7.1
11-3-04 1.43 32 11
11-3-04 1.74 32 9.1
4-4-05 11.2 22 0.97
5-4-05 11.7 22 0.93
6-4-05 11.9 22 0.92 

                        d18Of
CO2 - d

18Oi
CO2                 

Xbrine/XCO2 =   _______________________                      (1) 
                        d18Oi

H2O - d18Of
H2O 

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 “i” and “f” are the initial 
and final  �ì values for brine and CO2, and X is 
the atomic oxygen in  the subscipted component.
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Hovorka et al., 
2004




