Monitoring Geological CO, Sequestration using Perfluorocarbon Gas Tracers and Isotopes
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ABSTRACT

The Frio Brine Field Test, Phase |, demonstrated the relatively straight forward
method of CO, injection and its rapid transport to the monitoring well. Our field
monitoring methodologies, especially measurements of conservative
perfluorocarbon gas tracers (PFTs), pH, alkalinity, gas compositions and stable
isotopes proved to be sensitive for tracking the injected CO,. Multiple PFT tracer
suites were introduced via an injection well at three separate times during the Frio
Test. The use of PFT suites provided data for identification of multiple
breakthroughs at a monitoring well 30 meters up-dip. Travel times for each
injection varied between 50.3 and 51.7 hours. The travel time data have
application for validation of subsurface flow models used to support this field test.

The tracking of brine-rock-CO, interactions was later confirmed by laboratory
determinations, including dissolved Fe, Mn, and Ca, and isotopes, especially 5'¢0
values of brine and CO,, 3'3C values of DIC and CO, and #’Sr/*Sr in the brines.
The 580 values for brine and CO, proved a valuable tool for calculating the
brine/CO, ratios which demonstrated that supercritical CO, comprises ~50% of
fluid in Frio sandstone ~6 months after cessation of injection. Chemical data
coupled with geochemical modeling indicate rapid dissolution of minerals,
especially calcite and iron oxyhdroxides caused by low pH of the brine in contact
with the injected supercritical CO,. Rapid mineral dissolution could have important
environmental implications with regard to creating pathways in the rock and well
cements that could facilitate leakage of CO, and brine.
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RESULTS AND DISCUSSION OF ISOTOPIC ANALYSIS

Fluid samples obtained from the injection and monitoring wells before CO, injection show a Na-Ca-Cl type brine
with 93,000 mg/L TDS at near saturation with CH, at reservoir conditions (Table 1).

Following CO, breakthrough, samples showed:
« Sharp drops in pH (6.5-5.7) (Figure 2).

« Pronounced increases in alkalinity (100-3,000 mg/L as HCO,) and Fe (30-1,100 mg/L) (Figure 2 and 3).

« Significant shifts in the isotopic compositions of DIC, H,0, and CH, (Figure 4, 5, and 6).

Geochemical modeling indicates that brine pH would have dropped lower, if not for the buffering by dissolution of
carbonate and iron oxyhydroxides. This rapid dissolution of carbonate and other minerals could ultimately create
pathways in the rock seals or well cements for CO, and brine leakage.

Dissolution of minerals, especially iron oxyhydroxides, could mobilize trace metals and organic compounds

(Figure 3).

Shifts in the 3'80 values for brine and CO, samples indicate that supercritical CO, comprised ~50% of pore-fluid
volume ~6 months after the end of injection (Kharaka et al., 2006a, 2006b) (Figure 6).

Table 1: Chemical composition of Frio gases. Note
that prior to CO, injection the Frio brine is at
saturation with CH,. Even after breakthrough of
CO, in the brine, the gas is still CH, rich. Migration
of CO, into the Frio B-sand was not obvious with
these data.
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Figure 3: Concentrations of Fe (+, ¢, A) and Mn
(X, O, ) in Frio brines from June, 2004 to April,
2005. Sharp increases in metal content during
October 6, 2004, at the time of CO, breakthrough.
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Figure 2: Electrical conductance (EC), pH, and alkalinity of
Frio brines from the monitoring well determined on site during
CO, injection. Note the sharp drop in pH and increase in
alkalinity with the breakthrough of the CO, on 10/6/04.
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Figure 4: Two different sources of CO, were used in the Frio
injection. This plot demonstrates that the resulting carbon
isotope signal measured in CO, gas sampled from the
monitoring well can mimic the “mixed” signal from the two
sources if no other exchange process is involved. § 1*C
compositions as of January 2006 have now leveled off at about
-38 per mil (data not shown).
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Figure 5: Carbon isotope compositions of
dissolved inorganic carbon (DIC) plotted against
sample date for brines from the injection and
monitoring wells. The arrow denotes the date of
CO, breakthrough,10/6/04. At Frio brine
temperatures the DIC should be roughly 4-5 per
mil enriched in 13C relative to the injection gas
(see Figure 4). Samples collected after 1/1/05
where taken from the B-sand, which contains CO,
that is similar to the naturally occurring C-sand
CO,, and is why the DIC reflects initial values.
The DIC from the injection well continues to be
influenced by the isotopically light injection CO,.
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Figure 6: Oxygen isotope shifts in the brine and CO, reflect
exchange toward an equilibrium partitioning (Acpy.4120 = 8180¢0y-
580, ,0), which at Frio brine temperatures of roughly 67°C, is
approximately 33 per mil. As the volume of CO, increases
during injection its mass of oxygen begins to dominate the total
in the system so the magnitude of the shift becomes
increasingly greater for the brine. Hence the brine/CO, mass
ratio drops.

180/180 shifts in brine due to interaction with CO,

Use mass balance to estimate mass ratios of brine/CO,
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Requires no assumption about attainment of equilibrium

Values range from >105 @ 10/6/04 to <50 @ 11/3/04
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RESULTS AND DISCUSSION OF PERFLUORCARBON ANALYSIS

Multiple PFT injections exhibited similar retention times compared to the isotope data (Table 2).
PFTs were identified in both the Frio C and B-sands at 6 and 15 months post-injection (Figure 7a-c).
The presence of PFTs in the C-sand implied that residual CO, remained in the formation long after the CO,
plume migrated updip.

The observed ratio of individual PFTs changed compared to injection ratios. The ratio change was likely
due to differential sorption (Dietz, 1986; Dugstad et al., 1992, 1993; Sullivan et al., 1998), partitioning
(Whitley et al., 1999; Dugstad et al, 1992, 1993), and diffusivity (Wilke and Lee, 1955; Hyduck and Laudie,

1974) of each PFT.

PFTs in the B-sand implied migration through the formation or more likely through the well bore.

+ The dominant PFTs seen in the B-sand were PMCH and PTCH.

« ltis likely that the leading edge of the CO, plume mobilized in-situ particulates in the C-Sand (Figure 3),
which clogged pathways to the B-Sand so that PFTs injected later were not observed in the B-sand.

Table 2: Summary of PFT injections.

Injection #

PFT Travel
Time (hours)
G

Injection time (hours | Injection
after CO2 start and Duration
date) (hours) (MS)

Peak Arrival Time
(hours and date)

#1 PMCH/PTCH
#2 PECH

#3 PMCP/PDCH
#4 PMCH/PTCH
#5 oPDCH

#6 PDCB

2(13:26, 10/4/04) 4 54 (17:34, 10/6/04) 50 49
19 (7:00, 10/05/04) n/a n/a n/a
103 (18:19, 10/8/04) 157 (00:34, 10/11/04) 52 49
120 (11:37, 10/9/04) 0.5 173 (16:34, 10/11/04) 51 53
163 (7:00, 10/11/04) n/a n/a n/a
222 (18:00, 10/11/04) n/a n/a n/a

Modified from McCallum et al., 2005
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Figure 7a-c: The plots show the mean value (dot) and
the range of values (bar) for each PFT in the Frio C-
sand (red) and B-Sand (blue).

Figure 7a: PFT concentrations for samples collected
in April of 2005 (6 months post-injection). A total of 2
samples were analyzed from the C-sand and 2
samples from the B-sand.
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Figure 7b: PFT concentrations for samples
collected in January of 2006 (15 months post-
injection). A total of 4 samples were analyzed
from the C-sand and 6 samples from the B-sand.
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Figure 7c: Combined plot of PFT concentrations for
samples collected in April of 2005 and January of 2006. A
total of 6 samples were analyzed from the C-sand and 8
samples from the B-sand.
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