Owverview of a CO>

sequestration field test
in the West Pearl Queen
reservoir, New Mexico

Rajesh J. Pawar, Norm R. Warpinski, John C. Lorenz,
Robert D. Benson, Reid B. Grigg, Bruce A. Stubbs,
Philip H. Stauffer, James L. Krumhansl, Scott P. Cooper,
and Robert K. Svec

ABSTRACT

Carbon dioxide (CO5) sequestration in geological formations is the
most direct carbon management strategy for reducing anthropo—
genic CO; emissions into the atmosphere and will likely be needed
for continuation of the global fossil-fuel—based economy. Storage of
CO; into depleted oil reservoirs may prove to be both cost effective
and environmentally safe. However, injection of CO; into oil res-
ervoirs is a complex issue, spanning a wide range of scientific, tech-
nological, economic, safety, and regulatory issues. Detailed studies
about the long-term impact of CO, on the host reservoir are
necessary before this technology can be deployed. This article pro-
vides an overview of a U.S. Department of Energy—sponsored proj-
ect that examines CO, sequestration in a depleted oil reservoir. The
main objectives of the project are (1) to characterize the oil reser-
voir and its sequestration capacity; (2) to better understand CO,
sequestration-related processes; and (3) to predict and monitor
the migration and ultimate fate of CO; after injection into a de-
pleted sandstone oil reservoir. The project is focused around a
field test that involved the injection of approximately 2090 tons
(2.09 million kg) of CO; into a depleted sandstone reservoir at the
West Pearl Queen field in southeastern New Mexico. Geophysical
monitoring surveys, laboratory experiments, and numerical simu-
lations were performed in support of the field experiment. Re-
sults show that the response of the West Pearl Queen reservoir
during the field experiment was significantly different than pre-
dicted response based on the preinjection characterization data.
Furthermore, results from a 19-month bench-scale experiments
of CO; interaction with the Queen sand were not able to be fully
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reproduced using the latest numerical modeling algorithms, sug-
gesting that the current models are not capturing important geo-
chemical interactions.

INTRODUCTION

Among the most direct methods to sequester CO5 is its injection
into geological formations. Deep saline aquifers, uneconomic coal
seams, and depleted gas reservoirs are potential options; however,
depleted oil reservoirs are available for immediate deployment of
this technology. Depleted oil reservoirs have distinct advantages
over other geological storage options.

¢ Knowledge base: A large number of oil reservoirs have already
been extensively characterized. Most of the characterization
information for oil fields in the United States and elsewhere is
publicly available. Additionally, the use of CO, in enhanced oil
recovery (EOR) operations for more than three decades has re-
sulted in information on interactions between CO> and reservoir
rock and fluids that could be useful in estimating capacity and
predicting the long-term fate of CO».

¢ Infrastructure: A major advantage of oil and gas reservoirs is that
numerous wells have been drilled in these fields. A large per-
centage of these wells have the potential to be converted to
injection and/or monitoring wells. In addition, CO,-EOR op-
erations have also resulted in pipeline infrastructure for trans-
porting CO,, most extensively in the Permian Basin in west
Texas.

¢ Economics: Depleted oil reservoirs have the potential for in-
cremental oil recovery that can considerably improve the overall
economics for CO,; sequestration projects.

There are also some disadvantages to depleted oil reservoirs.
Based on the initial estimates, these reservoirs have lesser capacity
compared to saline aquifers. In addition to the existing wells, these
reservoirs have a large number of abandoned wells. In some cases,
the locations of these wells are unknown. Depending on the quality
of abandonment, these wells may become potential future path-
ways for escape of CO; from the reservoir.

Before geological sequestration of CO, can be used on large
scales, confidence in this technology needs to be ensured by ad-
dressing safety issues, developing a proper regulatory regime, and
better evaluating the overall economics. Ensuring confidence re-
quires undertaking projects with specific sequestration-related ob-
jectives. In the case of oil reservoirs, this would require projects that
are not typical (e.g., oil production-driven) EOR projects. Current
industrial EOR reservoir strategies, which include uniform flood
sweep, optimized placement of wells, inhibition of viscous finger-
ing, and minimizing CO5 injection (Mungan, 1992), are based on
economic goals that are not well aligned with sequestration goals.
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Sequestration goals are targeted to enhance sequestra-
tion volume and duration of CO; in geological for-
mations. In the past, there have been few economic
incentives and minimal research-and-development
support to understand the physical and chemical inter-
actions and ultimate fate of injected CO> in oil-pro-
ducing reservoirs during EOR sweeps.

Our project aims to provide important elements of
the science and technology base that will be necessary
to properly evaluate the safety and efficacy of long-term
CO; sequestration in depleted oil reservoirs. The re-
sults and data generated in this project will be valuable
in assessing other geological reservoirs. The ultimate
goal of the project is to predict the migration and long-
term fate of CO5 in sandstone oil reservoirs. Although
the ultimate goal of such studies is to improve our
understanding of the main sequestration mechanisms
and resultant reservoir processes, a complete assess-
ment of geological sequestration will require several
similar test programs to assess different geological set-
tings. The project is a multiorganizational effort that
includes United States national laboratories, academia,
and industry. The primary partners include the Los
Alamos National Laboratory, Sandia National Labora-
tories, Strata Production Company, the New Mexico
Institute of Mining and Technology, and the Colorado
School of Mines. The project combines a small-scale
field-injection experiment with geophysical monitor-
ing, numerical simulation, and laboratory experiments,
with the following objectives:

* characterization of the oil reservoir and its capacity
to sequester CO;

e characterization of the interactions of CO, with
reservoir fluids and rocks

¢ assessment of the ability of geophysical techniques
to monitor

The project is divided into three phases:

* Phase I consisted of preinjection activities, includ-
ing characterization of the reservoir, calculation of
expected CO, injection and migration behavior,
acquisition of baseline geophysical surveys, prepa-
ration of the injection well, and acquisition of legal
permits for injection.

 Phase II consisted of activities pertaining to the in-
jection and soaking of CO5 in the reservoir; these
included the design of the field-injection test, pre-
paration of surface injection facilities, injection of
CO,, measurement of reservoir pressure changes, ac-

quisition of geophysical surveys, postsoaking CO,
production, and refinement of computer-simulation
models.

 Phase III consisted of activities related to predicting
CO; migration and its interaction with the reservoir
rocks and fluids, including acquisition of postsoak
geophysical surveys, venting of CO, from the reser-
voir, monitoring gas and liquid production, collec-
tion and analysis of gas and liquid samples, iteration
of computer-simulation models, and integration of
the results, analyses, and data from the project.

We are currently continuing work in phase III,
monitoring CO; migration in the reservoir, and are in-
tegrating the data acquired to understand CO, migra-
tion. This study provides details of the preinjection
characterization activities and the field experiments.
Details of the integration of data and modeling results
and CO> migration will be published at a later date.

FIELD SITE

We chose the West Pearl Queen depleted oil reservoir
for the field test. It is located in southeastern New
Mexico (Figure 1) and is operated by the Strata Pro-
duction Company (SPC) of Roswell, New Mexico.
This field had some distinct advantages, including

* no economic and technical restrictions of an EOR
operation

e opportunity and freedom to observe the response
of the reservoir without the concerns of early
breakthrough or degradation of production reser-
voir features

* availability of offset wells for monitoring instead of
production of oil

e ability of varying soak times beyond industry EOR
standards

The field has produced about 250,000 bbl (39,746 m?)
of oil since 1984. Production from the field has slowed
in recent years. No secondary or tertiary recovery op-
erations have been applied in the field, which made this
field an attractive field site because the interpretation
of field experiment results would not have the complica-
tions related to the prior enhanced recovery operations.

Figure 2 shows a site map with the locations of
wells in the field. The field is primarily located in
Sec. 27, 28, and 33, T19S R34W. Strata Production
Company has drilled five wells in the field. Of the
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five wells, currently, only Stivason Federal 5 is ac-
tively produced. Wells Stivason Federal 1 and Stivason
Federal 3 have been recently converted into produced-
water disposal wells. Well Stivason Federal 2 has been
shut in. Well Stivason Federal 4, which has been shut
in since 1998, was chosen as the CO5-injection well
for the field experiment. Production from Stivason
Federal 5 was stopped during the field experiment, and
the well was available for monitoring and for cross-well
surveys. Figure 2 also shows other wells in the area. Of
these, only well Sun Pearl 2 is completed in the Queen
Formation.

Figure 2. Structure-contour (subsea-
depth) map of the West Pearl Queen field
based on well picks at the top of the
Shattuck Member of the Queen Forma-

10 mi NM 18

PREINJECTION CHARACTERIZATION

Preinjection characterization of the field included sev-
eral activities. The goal was to characterize the reser-
voir geology, reservoir-flow dynamics, and the poten-
tial response of reservoir rock to CO; injection.

Geology
Several techniques and data sources were used to char-

acterize reservoir geology. Prior to this project, data
available to characterize the reservoir geology were

tion. It is significantly different from the
structure map based on seismic data
presented later (Figure 8). This figure
shows the locations of the wells pertinent
to this study, including the production
and water-injection wells, the central CO,-
injection well, and the monitor well.

A\

SPC Wells

a - Stivason Federal 1
b - Stivason Federal 2
¢ - Stivason Federal 3
d - Stivason Federal 4

e - Stivason Federal 5
Other Operator Wells

f - Sun Pearl Federal 1
g - Sun Pearl Federal 2
h - West Pearl Federal 1

=

33 - 34

® Producer

& Salt-water-disposal well
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limited and primarily consisted of logs, including gamma
ray, neutron porosity, density porosity, and dual latero-
logs (resistivity). In addition, results of core analyses,
which consisted of porosity and permeability mea-
surements for well Stivason Federal 1, were also avail-
able. No seismic surveys were acquired for the field
prior to this project; hence, several activities were per-
formed to further characterize the reservoir structure
and geology. We were successful in obtaining actual core
from the reservoir. A detailed analysis using the core,
historic logs, and outcrop was performed. In addition,
several geophysical surveys were acquired, including
dipole sonic logs for wells Stivason Federal 4 and
Stivason Federal 5; a cross-well survey between wells
Stivason Federal 4 and Stivason Federal 5; and a high-
resolution, three-dimensional, nine-component surface
seismic survey. The surface seismic survey employed
about 1000 source and receiver locations and covered
an area of 1 mi® (2.6 km?) around well Stivason Federal 4.
The survey was repeated during the field experiment to
monitor CO; migration. Both the repeat survey and the
baseline survey were used to interpret the structure.
The surveys had uniform azimuth and offset distribu-
tion and provided high-resolution coverage. Because
time-lapse effects are subtle, the surveys were designed
to maximize the signal-to-noise ratio of the data and its
repeatability. In processing, surface-consistent linear
processes were used, thereby preserving the integrity
of the signal between the baseline and monitor surveys.

The West Pearl Queen field reservoir is in the
Permian—age Shattuck Member of the Queen Forma-
tion. Itis a sandy, shaly, and evaporitic unit deposited in
ephemeral flood-plain fluvial environments at the mar-
gin of the Permian Basin (Holley and Mazzullo, 1988S;
Malicse and Mazzullo, 1990; Mazzullo et al., 1991). The
average depth of the reservoiris about 4500 ft (1371.6 m).
The average gross thickness of the reservoir is about
40 ft (12.2 m). Analysis of core shows three basic li-
thologies. About 80% of the available core consists of
poorly cemented, oil-stained sandstone with 15-20%
porosity and highly variable permeability up to 200 md
(2 x 10~ 3 m?). Itis a cross-bedded to massive, arkosic,
and fine- to very fine-grained sandstone. Qil staining
and laboratory measurements indicate high porosity, and
the three zones composed of this facies probably con-
stitute the primary reservoirs. Several nonreservoir li-
thologies separate the zones of good reservoir properties.
One common facies consists of thinly bedded sand-
stone to siltstone. The other common facies consists
of laminated to massive, very fine-grained, light-gray
sandstones.

Geophysical logs show that the reservoir is divided
into three main high-porosity zones (Figure 3). In cer-
tain locations, one of the zones is further divided into
two zones. Mineralogical analysis of the core shows that
the good reservoir is a fine-grained, friable sandstone
containing a preponderance of quartz, with lesser amounts
of detrital K-feldspar and Na-rich plagioclase grains. The
formation is cemented by prominent overgrowths of
very pure euhedral, diagenetic K-feldspar and Mg-rich
calcite (Figure 4). Any clays that may have been initially
present were apparently obliterated by the diagenetic
processes that gave rise to the K-feldspar and carbonate
mineral overgrowths.

A P-wave tomogram from the cross-well survey is
shown in Figure 5. In addition to the tomogram, de-
rived velocity logs (red) and measured velocities using a
dipole sonic log (black) are also shown. The West Pearl
Queen Formation is the low-velocity zone between
4500- and 4600-ft (1371.6- and 1402.1-m) depth. The
individual productive zones in the reservoir cannot be
distinguished with the cross-well survey.

Asmentioned earlier, both sets of three-dimensional
surface seismic surveys were used to interpret the geo-
logical structure. Cross-equalization of the baseline and
monitor seismic surveys was a critical part of the anal-
ysis. Figure 6 shows the reservoir interval on the base-
line survey and both the matched and unmatched
monitor surveys. Subtle differences are observed above
the reservoir on the unmatched survey, and these dif-
ferences were removed on the cross-equalized survey.
The Queen Formation was interpreted as a trough be-
tween 740 and 758 ms, representing the Seven Rivers—
Queen lithofacies change from carbonate to siliciclastic
rocks. The time-structure map and edge-detection maps
created from the P-wave seismic data on the reservoir
interval characterize a sand-filled incised paleochannel
and some paleohighs associated with the dome struc-
ture, as originally interpreted from the well data. The
depth-structure map of the West Pearl Queen reservoir
differs significantly from the time-structure map, show-
ing an anticlinal structure to the east of the CO--
injection well (Figure 7). Figure 8 shows the RMS (root-
mean-squared) amplitude map. Both the cross-well
survey and RMS amplitude map show that the res-
ervoir is heterogeneous between wells Stivason Federal
4 and Stivason Federal 5.

Outcrops of the Shattuck Member sandstones ap-
proximately 50 mi (80 km) to the west but in the same
position several miles landward of the Goat Seep reef
contain two prominent and consistent fracture sets, but
neither core nor well tests indicate the presence or
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Figure 3. Comparison of core data and wire-line-log data for well Stivason Federal 1. Poor gamma-ray differentiation of units
reflects the high potassium-feldspar content of the sandstones. Large sections of the core were missing by the time of this study, but
records of the porosity and permeability data were found for some of the missing intervals. The three high-porosity zones depicted
that both the neutron and density porosity logs (right scale) have been used in the modeling effort. A 10-12-ft (3-3.6-m) depth shift

exists between the core and wire-line data.

influence of natural fractures in the subsurface reser-
voirs of the West Pearl Queen field. Similarly, the seis-
mic data do not show the presence of any major faultsin
the reservoir, suggesting that there are no structural
complications that would compartmentalize or divert

injected CO,.

Laboratory Experiments

To characterize the reservoir rock and fluids and to
understand the impact of CO, on reservoir rock prop-
erties, two separate types of laboratory experiments
were performed.

1. Static experiments: These experiments were per-
formed to characterize the geochemical interactions
between reservoir rock, formation brine, and COs,.
Injection of CO, leads to lowering the pH of for-
mation brine and may initiate geochemical reac-
tions. The geochemical reactions could either lower

1 - 3 i #
\ i i A

/

Figure 4. Scanning electron microscopy photograph of a West
Pearl Queen reservoir rock sample prior to being exposed to CO,.
Calcite cements and potassium feldspars are fresh and unaltered.
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formation porosity and permeability by precipitating
new minerals or increase porosity and permeability
by dissolving mineral phases. In the long term, geo-
chemical interactions can lead to chemical fixation
of CO; in the form of a stable mineral phase. It is
crucial to determine what types of geochemical re-
actions are occurring as well as what the kinetics of
the reactions are. These questions were addressed by
a combination of laboratory experiments and nu-
merical modeling. The laboratory experiments were

m

w Baseline Survey

670

700

730
Monitor Survey (unmatched)

670
700
730
Monitor Survey (matched)
670
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730
Figure 6. Cross section showing the West Pearl Queen res-
ervoir based on the baseline and matched and unmatched moni-
tor three-dimensional seismic survey.

13,000 ft/s Figure 5. Tomogram of
I P-wave (center) and derived
18,000 ft/s and measured log velocities
I (sides) for preinjection cross-
23,000 ft/s well survey between wells
Stivason 5 Stivason Federal 4 and Stiva-

=

son Federal 5.
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relatively short term (months) and were most ap-
plicable to predicting what changes might have hap-
pened in the field experiment time frame. During
the experiments, a few tenths of a gram of sandstone
was placed in a stainless-steel autoclave with 3 mL of
formation brine, and subjected to 700 psig (4.8 MPa)
of CO; pressure at 40°C. After 19 months, both the
fluid and rock samples were examined. The present-
day indigenous brine is essentially a sodium (52 ppt)-
chloride (109 ppt) brine, with lesser amounts of

Subsea Depth (ft)

--764
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- 780
- 788
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--812
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- -844
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--868

Cl=4ft
1000 ft

Figure 7. Depth-structure map of West Pearl Queen reservoir
based on seismic two-way traveltimes converted to depth using
the log-derived velocity model.

Stivason
Federal 5
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RMS Amplitude ments suggested that dawsonite might not form

-7 during the field test. Early formation of clays was

-6 relatively slow compared to the duration of the field

— l Stivason 5 test. These results indicate that the probable geo-
Stivason

chemical alterations during the field test will not
affect reservoir transport properties.

2. Flowthrough experiments: These experiments were
performed with samples from the reservoir core rep-
resenting several possible producing zones (Table 1)

| Federal 5

Federal 4

-0 to test for porosity, permeability to brine, and rela-
tive permeability to brine and CO, (the relative
$ TR permeability measured in these experiments did not

include three-phase relative permeability in the pres-
ence of oil). As can be seen from Table 1, the per-
meability varied from high to low within a short
distance. Figures 10 and 11 represent the relative per-

Figure 8. Root-mean-squared (RMS) amplitude map of the
West Pearl Queen reservoir. Variability in the amplitude rep-
resents heterogeneity in the reservoir.

dissolved potassium (1.6 ppt), magnesium (3.1 ppt),
calcium (also 3.1 ppt), sulfate (1.8 ppt), and bicar-
bonate (0.12 ppt). Post-test fluid analysis showed
that the dissolved Ca levels had increased by 23%,
and that of Mg had increased by 35%. Dissolved sili-
con (not silica) dropped from 12.3 to 3.6 ppm,
whereas aluminum concentration increased from
0.05 to 0.33 ppm. Considering the amounts of alkali
metals (Ca, Mg) initially present in the brine relative
to the amounts of silicon and aluminum, it would be
reasonable to surmise that most of the short-term
changes in the formation chemistry would involve
the removal of the carbonate minerals. In fact, all of
the calcite and virtually all of the more Mg-rich dolo-
mitelike phase were removed during the course of
the experiment. Diligent examination of the sam-
ples, however, also revealed some etching of the
plagioclase feldspars, as well the beginning of clay
precipitation (Figure 9). The K-feldspars were not
affected by the treatment. The laboratory experi-

meability curves for core plugs at 4510.5 ft (1374.8 m)
depth. Each of these measurements was performed
at 114°F (45.5°C) and at two pore pressures, 500
and 2000 psig (3.4 and 13.8 MPa). The differences
in the two figures are primarily caused by differ-
ences in pressure. The difference in pressure results
in large differences in the density of CO5, solubility
of water in CO5 and CO5 in brine, and surface ten-
sion between the phases. Figure 12 shows changes
in porosity and permeability with time because of
the effects of two-phase flow of brine and CO,.
The figure shows porosity and permeability versus
pore volumes of fluid injected. It is interesting to
note that, with time, porosity increased, whereas
permeability decreased. A possible explanation for
this could be that geochemical reactions with CO,
have freed cemented fines that migrated and got
stuck in pore throats, thus reducing the permeabil-
ity. In each of the tests, the irreducible brine satu-
ration was between 60 and 70% when using CO,
to reduce brine saturation in a core 100% saturated
with brine. Figure 13 shows the amount of brine

Figure 9. Scanning electron
microscopy photographs of
West Pearl Queen reservoir sand-
stone after 19 months exposure
to high-pressure CO, gas. The
potassium feldspars (left) have
not been affected, whereas the
sodium and calcium feldspars
have started to etch (middle), and
authigenic clays derived from
dissolution of these components
have started to form (right).

-

Unaffected
K-feldspars
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Table 1. Rock Properties from West Pearl Queen Reservoir
Core Samples

Permeability to

Core Depth (ft) Brine (md) Porosity (%)
4508.9 <<1

4510.5 160 21.7
4511.2 15.8 18.1
4513.0 2.62 14.0
4532.5 117 20.5
4532.7 <1

produced because of CO, injection during a labo-
ratory core-flooding experiment. After 4000 cm?
(244 in.3) of CO, (at reservoir conditions) had been
injected, 0.62 PV (pore volume) of brine was left
behind in sample 4532.5.

Numerical Simulations

Two types of numerical simulations were performed,
including flow simulations and geochemical reaction
simulations. The overall goal of numerical simulations
is to predict the long-term migration and the fate of
CO3 in the reservoir. The goal of the preinjection nu-
merical simulations was to characterize the reservoir-
flow dynamics, as well as the geochemical interactions.
Results of these simulations were used to understand
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Figure 10. Relative permeability curve for core plug 4510.5

at 500 psig (3.45 MPa). The relative permeability to CO, de-
creases slightly as brine saturation increases.
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Figure 11. Relative permeability curve for core plug 4510.5
at 2000 psig (13.8 MPa). At higher pressures, the relative
permeability to CO, decreases significantly as brine saturation
increases.

the laboratory experiment results and to predict field
experiment behavior.

1. Reservoir-flow simulations. These simulations were
performed to characterize the overall flow behavior
of the reservoir. Preinjection simulations were also
used to determine whether the proposed amount of
CO; could be injected in the target interval given the
operational and regulatory constraints. The regula-
tion required the injection to be performed at a rate
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Figure 12. Change in core porosity and permeability during
CO, injection in laboratory experiments. Permeability decreased
by more than 50%, possibly because of growth and migration of
clays, whereas porosity, initially increasing by several percent
because of dissolution, stabilized.
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Figure 13. Amount of brine produced during CO, injection
in laboratory experiment for core 4532.5 (20 cm® [1.22 in.’]
~1 PV). The core was initially saturated with brine. Even after
injection of almost 200 PV of CO,, a significant amount of brine
(~0.63 PV) is left behind in the core.

such that the bottom-hole pressure does not exceed
the rock-fracturing pressure. Based on the prevailing
lithostatic pressure gradient, 0.64 psi/ft (14.5 kPa/m),
and depth of the injection interval, this pressure was
determined to be about 2900 psi (19.9 MPa) at the
bottom hole. In addition, the simulations were also
used to determine the possible migration of CO,
after injection. A numerical model for the reservoir
was developed based on the geological characteriza-
tion. At the time the preinjection simulations were
performed, geophysical surveys were not acquired;
hence, only the data based on log and core analysis
were used to develop the flow model. The numerical
simulations were run using Eclipse, Schlumberger’s
oil reservoir simulator. The flow model was validat-
ed through matching the historic production data
and then used to perform CO5-injection simula-
tions. These simulations were performed using the
compositional module. Compositional simulations
consider thermodynamic interactions between the
hydrocarbon components present in the reservoir.
Several simulation runs were performed to charac-
terize the reservoir response to varying injection
conditions. The simulations were run to model the
injection as well as subsequent soak and venting op-
erations of the field experiments. The simulation
results indicated that CO, could be injected in the
reservoir at a rate of 100 t/day (100,000 kg/day)
without exceeding the bottom-hole pressure con-
straint. It was also estimated that the CO, plume
would reach the monitoring well (Stivason Federal 5)
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during the 6-month soak period. Simulation of the
venting operation suggested that about half of the
injected CO> could be produced from the reser-
voir in the first 6 months of venting.

. Geochemical simulations. Two types of numerical

models were used to characterize the geochemical
interactions. The first model, REACT, was used to
predict the most stable configuration of the system
after equilibrium has been achieved along a reaction
path with the steady addition of CO;. The second
numerical model, FLOTRAN (flow and transport
simulator) (Lichtner, 2001), was used to explore both
short- (months) and long (more than 1000-yr)-term
geochemical behavior. The model REACT was used
to study a system containing minerals and brine with
compositions similar to the reservoir rock and brine
and in proportions closer to what may be present in
the reservoir (Table 2). Model predictions showed

that this system could result in precipitation of large
amounts of dawsonite [NaAlCO3(OH)] (Figure 14).
In addition, kaolinite would be formed from the re-
action of albite. The brine-to-mineral ratio was varied
to more closely reflect the conditions in the laboratory
experiments mentioned earlier. This system predicted
reaction products similar to the ones observed in the
laboratory experiments, including the early appear-
ance of some clay, the disappearance of calcite, and
the partial early attrition of albite (Figure 15). How-
ever, the results of the model, having a more forma-
tionlike rock-to-brine ratio, suggest that the appear-
ance of clays in the laboratory experiments should
not be taken as a potential indicator that they would
appear either throughout the long term in a seques-
tration setting or in the short term in a field test. The
most important part of these calculations is the ubig-
uitous prediction that significant amounts of daw-
sonite will accompany the breakdown of feldspars.

Table 2. Proportion of Brine and Minerals Used for REACT
Simulations

Component Weight (kg)
Brine 1.0
K-feldspar 1.9
Quartz 103
Albite 25
Anorthite 12.5
Calcite 0.15
Co, 0.6
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Figure 14. Calculation of minerals that would be formed be-
cause of CO, reaction with West Pearl Queen reservoir sand-
stone and brine using a mineral-to-brine ratio similar to that
found in the actual reservoir.

Simulations with FLOTRAN were used to match ob-
servations of the laboratory experiment after 19 months.
To match the experiment results, values of the kinetic
constants at 25°C, kos (mol/cm? s), and the mineral
surface areas (m?%/g) were varied. Values of surface areas
and the reaction parameters were obtained from litera-
ture ( Rimstidt and Barnes, 1980; Knauss and Wolrey,
1986; Fetter, 1999; and Xu et al., 2003). Table 3 lists
the allowed mineral phases and the associated vari-
able parameters used to generate the best fit to the ex-
periment. The initial water/rock ratio was set to 3.16.
Similar to REACT simulations, this system also re-
sulted in the formation of dawsonite. To match the labo-
ratory observations, the formation of dawsonite and
chalcedony had to be suppressed (to allow formation
beidelite-Na, which may be the clay mineral observed
in the SEM images in Figure 9), and the kinetic rate
constant, kys, for K-feldspar had to be reduced from
10~ t0 10~ (mol/cm?s). Figure 16 shows the pre-
and postexperiment major ion brine chemistry for both
the laboratory experiment and the simulated experi-
ment. Most of the experimental results are captured in
this simulation; however, we were not able to lower the
total AI3* in solution to the levels seen in the experi-
ment. In addition, the simulations predict slightly more
aqueous SiO5 than that seen in the experiment. This
model was used to predict the long-term geochemical
behavior by performing a 1000-yr simulation. For this
model, the water/rock ratio was changed to 0.176,
closer to that expected in the field. Figure 17 shows
the time history of mineral formation and dissolution
throughout 1000 yr. The results show that quartz, do-
lomite, and kaolinite precipitate. Initially, calcite pre-

cipitates, but after 50 yr, it dissolves slowly. Potassium-
feldspar remains unaltered, whereas beidelite-Na initially
precipitates until approximately 50 yr and then rapidly
dissolves. Total porosity in the simulation dropped from
0.15 to 0.146, which implies that significant changes
in the porous medium will not occur. The fugacity of
CO, dropped from 48.26 to a value of 0.31 after 1000 yr.
This means that the pure-phase CO; has been converted
into both minerals (calcite, dolomite, and kaolinite) and
aqueous carbonate species.

FIELD EXPERIMENT

The central part of the project was the characterization
of field response to CO, through a field experiment.
The field experiment consisted of three steps: injec-
tion, soak, and venting. The total duration of the test
from the beginning of the injection to the initial venting
was about 11 months. Details of each of these steps
follow.

Injection

The injection consisted of 2090 t (2.09 million kg) of
CO,, throughout a period of 50 days, between Decem-
ber 20, 2002, and February 11, 2003. As mentioned ear-
lier, CO; was injected through well Stivason Federal 4.
Based on preinjection characterization, the expected
rate of injection was about 100 t/day (100,000 kg/day).
This rate was estimated based on the bottom-hole pres-
sure upper-limit constraint of 2900 psi (19.9 MPa).
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Figure 15. Calculation of minerals that would be formed be-
cause of CO, reaction with West Pearl Queen reservoir sand-
stone and brine using a mineral-to-brine ratio similar to that
used in the laboratory experiment.
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Table 3. Best-Fit Parameters Used for FLOTRAN Simulations of the Bench-Scale Experiment for All Mineral Phases Allowed in the

Simulation

Surface Area Log ks Initial Volume Fraction  Initial Volume Fraction ~ Final Volume Fraction

(cm?/g) (mol/[cm? s]) Bench Scale Field Scale Field Scale (pH = 6.6)

Albite 6 x 10° 10 0.07 0.136 0.125
Anorthite 6 x 10° 10 ' 0 0.007 0.0
Quartz 5 x 10° 1079 00.129 0.587 0.591
Si0, amorphous 1 x10° 10136 0 0 0
K-feldspar 3 x 10° 10" 0.042 0.118 0.119
Magnesite 3 x 10° 10" 0 0 0
Kaolinite 3 x 10° 10" 0 0 1.18 x 1072
Dolomite-dis 3 x 10* 10182 0.0001 425 x 107* 1.85 x 1073
Calcite 3 x 10° 1028 0.00043 153 x 10 ° 382 x 107
Beidelite-Na 3 x 10° 10" 0 0 0
Gypsum 1 x10° 10" 0 0 0

During injection, the surface injection pressure quickly
reached 1400 psi (9.6 MPa). Based on the surface pres-
sure, the bottom-hole pressure was estimated to be about
2900 psi (19.9 MPa), and the surface injection pressure
was not increased above this value. The injection rate
was about 200 bbl/day, which translated to 40 t/day
(40,000 kg/day). This rate was significantly lower than
the preinjection estimates. The surface injection pres-
sure remained constant throughout injection, and the
rate of injection could not be increased. Figure 18
shows the pressure, injection rate, and cumulative in-

Figure 16. Comparison of
FLOTRAN results with geochemi-

jected CO, during the experiment. We also deployed a
passive seismic monitoring technique during injec-
tion. A receiver array was deployed in well Stivason
Federal 5, and the microseisms generated during injec-
tion were recorded. Analysis of the data did not show
any significant microseismic events, suggesting that the
injection rate was not high enough to cause any sig-
nificant fracturing. The lower-than-expected injection
rate suggests that the reservoir permeability was lower
than estimated, and that the reservoir pressure was
higher than expected.

3 Initial brine (measured)
B Brine after 19 months (experiment)
[ Initial brine (model)

B Brine after 19 months (model)

cal laboratory experiment re- 1.00E+01
sults after 19 months. Dawsonite
and chalcedony formation had 1.00E+00
to be suppressed to make the =
model (“model”) match the lab- 2 1.00E-017
oratory results (“measured” and g
“experiment”). = 1.00E-02+
]
=
E 1.00E-03
3
g 1.00E-04
O OB
1.00E-05 -
1.00E-06 +
'BX
S
174

5

’ N \ ’
S < O N _0@ O
%\

Overview of a CO, Sequestration Field Test in the West Pearl Queen Reservoir



1.E+00
f+ #++ FFFFF A+
LEol 39 ®%000092222020 00000
=)
2
EI.E—Ozf %xxxxxxxxxxxxxxxx
% MOseOEOEOIOIOIOIOIOIOIOEOGEOSE S OY
> 4|‘: guEEEEEEEEEEEEER
1E-03 1u ¥
' i
: |
1.E-04 +—
0 250 500 750 1000
Time (yr)
Soak

At the end of injection, a downhole pressure monitor
was deployed in the injection well, and the well was
shut in for 6 months. The pressure in the reservoir
was monitored intermittently. The measured reservoir
pressure is shown in Figure 19. As can be seen from the
figure, the pressure near the injection well did indeed
reach 2900 psi (19.9 MPa). The pressure reached an
asymptotic value after the initial drop-off, indicating
that steady state was reached. The equilibrium pres-
sure value was about 1700 psi (11.7 MPa), which was

Figure 17. FLOTRAN predictions of
geochemical reaction products after
1000 yr. Most changes occur within the

o + X m e

+

— - — Beidellite-Na
""" Anorthite

Calcite first 150-200 yr, when kaolinite and
Dolomite-dis | dolomite precipitate while anorthite dis-
Kaolinite solves. Beidellite-Na initially precipitates
K-Feldspar but then dissolves.

Albite

Quartz

significantly higher than earlier predictions. Carbon di-
oxide was allowed to soak for 6 months, at the end of
which, another three-dimensional, multicomponent
seismic survey was acquired. As mentioned earlier, this
monitoring survey had the same attributes as the base-
line survey.

Venting
After acquisition of the postinjection seismic survey,

CO, was vented from well Stivason Federal 4. The well
was connected to a separator and a fluid collection
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Figure 18. CO,-injection parameters
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facility to monitor the amounts of fluids produced, as are plotted in Figure 21. The gas production rates
well as to collect periodic samples for chemical ana- were significantly lower than the CO5-injection rates.
lyses. In addition, gas samples from well Stivason Fed- During the first 3 months of venting, only 17% of the
eral 5 were also collected for chemical analyses. During total injected CO, was produced. The amounts of oil
the initial venting period, well Stivason Federal 4 pro- and water produced during venting and subsequent
duced fluids (gas and liquids) without any pumping. production phase were similar to production from the
This period lasted for 9 days. After 9 days, the well well during the pre-experiment days when it was
stopped flowing, at which point a pumping unit had to actively produced. Figure 22 is a plot of the overall
be installed to produce the well further. The well has gas compositions of the samples collected from well
been on continuous production since that time and is Stivason Federal 4 during the venting and subsequent
currently on production. Figure 20 shows the amount production operations. Figure 23 shows the trend in %
of gas produced from the well for the first 3 months of CO3 in the gas produced from Stivason Federal 4 until
venting and production. The daily rates of production December 2004. Similarly, Figure 24 shows a plot of
of oil and water for the first 3 months of production the gas composition of the samples collected from well
. . 100
Figure 20. CO, production from well
Stivason Federal 4 during the postsoak 90
venting operation. Open-flow rates dimin-
ished rapidly during the first 200 h or 80 1
9 days of venting, after which, it would 70 -
not flow. A pump was subsequently in- =
stalled on the well, and production reached & 60
near equilibrium about 1 month after £
venting first began. =
S 401
30 4
20
10 h._¥
0 - \
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Stivason Federal 5. The pre-COs-injection gas from the
reservoir had less than 1% CO,, whereas the gas samples
collected from well Stivason Federal 4 during the vent-
ing operation was in the range of 95-99 mol% CO,
through June 2004. The last two samples taken in Oc-
tober and December 2004 had 87.9 and 89.9 mol%
CO,, respectively. Samples from well Stivason Federal 5
do not show any presence of CO;, which indicates that
CO; had not migrated to well Stivason Federal 5 until
December 2004. The oil and water production data
from well Stivason Federal 5 and Sun Pearl 2, which are
the only two actively producing wells from the West
Pear] Queen reservoir interval, indicate that produc-
tion from these wells has not been affected after the
CO;-injection experiment.

Geophysical Monitoring

As mentioned earlier, we used a time-dependent, three-
dimensional seismic survey to monitor the CO, plume
in the reservoir. So far, only the P-wave data have been
processed, whereas interpretation of the S-wave data
is still in progress. The P-wave seismic difference vol-
ume shows time-lapse amplitude anomalies in the res-
ervoir interval east and southeast of the injection well.
Figure 25 is a map of the RMS amplitude difference
between the baseline and matched monitor survey over
the West Pearl Queen reservoir interval. The contours
that are overlain are the West Pearl Queen reservoir
depth structure with a contour interval of 4 ft (1.22 m).
The interpreted CO, distribution is highlighted and

100.00 Figure 22. Composition of gas
produced from well Stivason
Federal 4 during CO, venting
10.00 - operation, showing the dramatic
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N3 —e— November 22, 2003 injection.
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—— October 15, 2004
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contained in the thicker, higher quality sands near the
crest of the subtle anticline. The extent of the CO-
plume as shown in the figure is consistent with ob-
served CO, migration, based on production response
from the wells in the vicinity, as well as the gas com-
position analyses from well Stivason Federal 5. The
plume is also consistent with the reservoir structure
and sand continuity between wells Stivason Federal 4
and Stivason Federal 5. Analysis of seismic data also
shows that CO5 has not migrated to formations other
than the West Pearl Queen reservoir.

SUMMARY AND CONCLUSIONS

The observations and experimental results show that
extensive reservoir characterization is necessary to un-
derstand and predict the impact of CO, injection on
storage reservoirs. The response of the West Pearl Queen

January 14, 2004
October 6, 2003

August 1, 2004 February 17, 2005

April 23, 2004 November 9, 2004

Time

reservoir during the field experiment was significantly
different than expected based on the preinjection char-
acterization.

First, the observed CO5-injection rate was much
lower than the estimates based on earlier characteriza-
tion work. This indicates that the permeability of the
reservoir to CO5 injection is significantly different than
the laboratory values measured on core samples prior to
this project. The static and dynamic laboratory experi-
ments showed that geochemical interaction between
CO, and West Pearl Queen sandstone could result in
the migration of fines and decreased permeability, al-
though more research is necessary to confirm that per-
meability changes observed in cores and in the field are
the result of the same process. Second, the log analyses
indicated that West Pearl Queen reservoir is continu-
ous between the injection well (Stivason Federal 4) and
the monitoring well (Stivason Federal 5). Numerical
simulations with models based on the log analyses
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Stivason
Federal 5

indicated that response of CO, injection in well
Stivason Federal 4 would be observed in well Stivason
Federal 5 in about 6 months. However, the observed
production response during the field experiment as
well as the geologic interpretation based on the seismic
data imply that the reservoir is not continuous between
the two wells. Comparison of the structure contours in
Figure 2 (which were generated from well-log picks)
and the structure interpreted from geophysical data
(Figure 7) suggests that the reservoir geologic hetero-
geneity is not completely captured with analyses based
on the log data alone. This project clearly demonstrates
the importance of capturing the interwell heterogeneity
for monitoring purposes. Third, the rate of produc-
tion and the cumulative production during the initial
3 months of venting were significantly lower than ex-
pected. This indicates possible formation damage near
the wellbore. It is also possible that the injected CO,
dissipated away from the wellbore during the soak pe-
riod into porosity not connected to the monitoring and
production well.

Geophysical monitoring using P-wave analysis of
the three-dimensional multicomponent seismic data
shows an anomaly that may indicate the presence of
CO5. We are currently analyzing S-wave data to sup-
port this conclusion. This study shows the applicability
of the surface seismic method for detecting a CO,
plume, although the amount of CO> injected was small
and individual zones were thin.

The laboratory experiments also provided some
valuable results. Although dawsonite is a potential geo-
chemical reaction product in sandstone reservoirs, this
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Figure 25. A map of RMS (root-mean-
squared) amplitude difference between
baseline and monitor three-dimensional,
multidimensional surveys. The differ-
ence between the pre- and postinjection
maps is taken as an indication of the
probable location of the injected CO,.

-1

-1

Depth Structure Overlay
Top of Queen

Cl=4ft

mineral was not formed during the laboratory experi-
ments. Understanding the kinetics of dawsonite forma-
tion is critical for sequestration in sandstone reservoirs
for two reasons. First, dawsonite is an important sink for
COs, and second, its formation can also lead to irrevers-
ible and potentially damaging changes in reservoir prop-
erties such as permeability and porosity.

The results described in this study provide a basis
that can be used to perform further studies to evaluate
depleted oil reservoirs as a sequestration option. Qur
conclusions, combined with those of additional obser-
vations in this and other similar studies, should allow
predictions on the long-term fate of CO5 in depleted
sandstone oil reservoirs.
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