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Abstract

Kansas currently has no large-scale source of CO, available to support an active CCUS industry, yet oil fields in Kansas offer substantial reserves
potentially recoverable by CO,-EOR (~ 2 billion bbls). Oil fields in southern Kansas also overlie a deep (>1,200 m), thick (150 to 300 m) Arbuckle saline
aquifer that could greatly increase CO, storage capacity in these fields. Operation of overlying fields could also serve to monitor, verify, and account
(MVA) for CO; that is injected and aid in achieving cost-effective management of commercial scale CO, storage (10's millions of metric tons) in the
saline aquifer while reducing uncertainty. A multi-disciplinary investigation funded by DOE and cost share from industry partners is evaluating the CO,
storage capacity in five oil fields and establishing regional storage capacity of the deep saline Arbuckle aquifer. Regional 3D seismic, digital well logs,
potential fields, and remote sensing data are being used to build geomodels and conduct simulations at additional sites potentially best suited for



commercial scale CO, storage. Together field and site studies will serve to calibrate the regional model. CO; will be injected on a small scale in a
Mississippian reservoir and the underlying Arbuckle saline aquifer in one of these fields, Wellington Field, Sumner County, Kansas. Drilling, coring, and
seismic acquisition in Wellington and more recently at Cutter Field in Stevens County, Kansas has added new information about the complex
hydrostratigraphic units that comprise the Arbuckle and characteristics of the overlying caprock. Geomodeling and reservoir simulations of Morrow and
Chester sandstone reservoirs in southwestern Kansas, and the Osage-Meramec dolomitic chert reservoir at Wellington Field are focused on evaluating the
efficacy of CO,-EOR. This extended knowledge is being applied to gain a Class VI permit to inject CO, into the Arbuckle at Wellington Field.
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ABSTRACT

Kansas currently has no large scale source of CO2 available to support an active CCUS industry, yet ol
fields in Kansas offer substantial reserves potentially recoverable by CO2-EOR (~ 2 billion bbls). Qil
fields in southern Kansas also overlie a deep (>1200 m), thick (150 to 300 m) Arbuckle saline aquifer
that could greatly increase CO2 storage capacity in these fields. Operation of overlying fields could also
serve to monitor, verify, and account (MVA) for CO2 that is injected and aid in achieving cost-effective
management of commercial scale CO2 storage (10's millions of metric tons) in the saline aquifer while
reducing uncertainty.

Amulti-disciplinary investigation funded by DOE and cost share from industry partners is evaluating the
CO2 storage capacity in five oil fields and establishing regional storage capacity of the deep saline
Arbuckle aquifer. Regional 3D seismic, digital well logs, potential fields, and remote sensing data are
being used to build geomodels and conduct simulations at additional sites potentially best suited for
commercial scale CO2 storage. Together field and site studies will serve to calibrate the regional
model.

CO2 will be injected on a small scale in a Mississippian reservoir and the underlying Arbuckle saline
aquifer in one of these fields, Wellington Field, Sumner County, Kansas. Due to all drilling, coring,
and seismic acquisition in Wellington and at Cutter Field in Stevens County, Kansas has added new
information about the complex hydrostratigraphic units that comprise the Arbuckle and characteristics
of the overlying caprock. Geomodeling and reservoir simulations of Morrow and Chester sandstone
reservoirs in southwestern Kansas, and the Osage-Meramec dolomitic chert reservoir at Wellington
Field are focused on evaluating the efficacy of CO2-EOR. This extended knowledge is being applied to
gain a Class VI permit to inject CO2 into the Arbuckle at Wellington Field. The information obtained and
methodologies applied in the CO2-EOR projects will assist industry in implementing optimal carbon
management. Combining the oil field and underlying saline aquifer will help to minimize uncertainty and
risk aided by the knowledge gained from field development and the fact that the accumulation of oil
attest to the integrity of overlying sealing strata.

Background To Project DE-FE0002056

The project funded by U.S. Department of Energy and cost share partners is
focused evaluating the potential for CO2-EOR in Mississippian and lower
Pennsylvanian sandstone and chert reservoirs and CO2 storage potential in
the thick Arbuckle Group saline aquifer that underlies these reservoirs in
southern Kansas.

The study is a collaborative, multi-disciplinary effort between the KGS,
Geology Departments at Kansas State University and The University of
Kansas, BEREXCO, INC., Bittersweet Energy, Inc. Hedke-Saenger
Geoscience, Ltd., Improved Hydrocarbon Recovery (IHR), Anadarko,
Cimarex, Merit Energy, GloriOil, Dawson-Markwell Exploration, and Noble
Energy.

The project has three areas of focus: 1) collection of seismic and drilling data
at Wellington and Cutter oil fields and modeling CO2-EOR and sequestration
of CO2, 2) characterization of CO2 storage potential in 25,000 square mile/
33-county area of southern Kansas, and 3) perform static and dynamic
modeling for CO2-EOR of Shuck, Eubank North, and Pleasant Prairie South
fields in southwestern Kansas using existing well, production, and seismic
data contributed by industry partners.

The primary DOE program goals are to develop data and methodologies to
use that data tailored to Kansas that will support industries' ability 1) to
accurately estimate CO2 storage capacity in the reservoirs studied and 2)
convey metrics to define economics and information to assess risk in
deploying CO2 projects in Kansas.
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Extensive regional database with digital logs and . data being used to estimate
regional carbon storage capacity. Data (maps, logs, georeports) are accessible using projects interactive mapper and will be

Benefits of this program to DOE and stakeholders
interested in CO2 utilization in Kansas

1) identify CO2 storage capacity to aid in sizing resources that are needed for industrial
sources of CO2;

2) provide efficient, proactive public access to the data and results derived from the
study using latest information technology, e.g., project's interactive map and Java web
applications;

3) utilize new comprehensive data collected from the project at Wellington (Sumner
County) and Cutter fields (Stevens County) to refine fundamental understanding of the
interaction of CO2 with the rocks, brine, and oil;

a. Characterize and quantify properties in ~500-1000 ft thick Lower Ordovician Arbuckle
saline aquifer

4) systematic structural and stratigraphic analysis in Kansas:

a. identify and digitize key wells to develop consistent stratigraphic nomenclature and
classification and digital lithologic control for the subsurface,

b. refine stratigraphic correlations and resulting maps,

c. incorporate donated regional 3D seismic information, reprocess state-wide gravity-
magnetics maps, and conduct remote sensing to identify structures, verify faults and flexure,
and conductrisk analysis.

5) evaluate commercial scale CCUS feasibility and assess risks at five oil fields and 8
regional sites.
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Relevance of Carbon Capture Utilization
and Storage in Kansas

* Coal-fired power plants to produce for yearsin Kansas
—  Need to address problem of CG, emissions
* DOE efforts to develop carboncapture, utilization, and storage (CCUY infrastructure

— Kansas participating in that effort
of the Mi
* CO,-EOR-proven & reliable technology (utilization)
— Potential applications in many depleted KS fields

* Deep saline aquifi have ial to /dispose of large volumes of CO,

—  Arbuckle saline aquifer in KS
* Isdeep and thick - suitable for supercritical CO, injection
*  Underlies a large area in south-central KS
* Kansas centrally located to major CO, emitting states and cities
+ Co, ion has the ial of
CO2-EOR
Government incentives
Value of CO, as commodity

Infrastructure
ion of and i Kscoz

ing a major industry in KS

2 billion barrels of recovered oil demands
670 — 1,050 MMT net CO2
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Kansas is poised to utilize and large amount of CO2 for enhancing oil recovery from existing fields. Five fields are being
characterized and modeled to evaluate efficacy of the recovery process. Topics addressed include: 1) efficiency to sequester the
CO2, 2) best practices tailored to Kansas to monitor and verifying the CO2, 3) managing the CO2 plume and risks.

Current Pipeline Infrastructure

Oil-bearing formations favorable for €0 -EOR, onchars lower 48 states
(Source: ARI dizaggregated database. Vientex Velocity Suite Database)

CO.-EOR Potential —
MGA o] in the MGA Region e;.“_; CLINTON
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* Kansas holds more than 750 million barrels of technical CO2-
EOR potential.

¢ Kansas has by far the largest oil resources in the MGA region.

¢ Economic results based on Hall Gurney field suggest an after-
tax project IRR of about 20%.

¢ Kansas ...would have access to the significant volumes of
ethanol-based CO2 in Nebraska, which produces
approximately 6 million metric tons per annum.

Dermand (MMT)

TOTALS 2,000 670 - 1.050 6,200 - 12,400

Study conduced for the Midwest Governor’s Association indicated that Kansas is on the top of the states in this region in terms of
utilizing the Co2 for enhanced oil recovery and that industrial sources of Co2 are available in the region. Study was conducted by
the Clinton Climate Initiative.
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Major accomplishments and project completion

1) Provide interactive maps and documentation to access information on the distribution and rock
properties of the Lower Ordovician Arbuckle Group in southern Kansas covering approximately 33
counties in 25,000 mi2 area. Success measured in >3000 wells scanned, >2000 wells digitized wells
correlated. Prepare final estimate of CO2 storage capacity for the deep saline aquifer within 30
percent)

2) Develop static and dynamic models of carbon dioxide injection within the Arbuckle Group saline
aquifer and the overlying Mississippian siliceous dolomite oil reservoir at Wellington Field (Sumner
County, Kansas) based on drilling two 5200 ft deep basement tests, 1620 ft of coring, logging, and
extensive testing and analysis. Acquired, processed, and interpreted 12 mi2 of multicomponent 3D
seismic.

3) Evaluate CO2 sequestration potential in Arbuckle Group saline aquifer and CO2-EOR in four fields
in southwestern Kansas (Calibration site for storage and evaluate suitability of site for CO2 injection).

4) Dirill, core, test 7500' basement test at Cutter Field, Stevens County, KS; acquire 10 mi2 of
multicomponent 3D seismic.

5) Simulate CO2-EOR @ four fields -- Cutter, South Pleasant Prairie, Eubanks North, and Shuck fields
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metric tons (680,000 MCF) of CO2 into the Arbuckle saline aquifer; (2) demonstrate the application
of state-of-the-art MVA (monitoring, verification, and accounting) tools and techniques to monitor
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assurance of storage with MVA hility Dy This is the clearest indication to date that the lowest hydrostratigrahic unit (proposed injection et 2823005 1 ; 73
Pending Class VI permit and DOE i Permeability profile from Coate’s permeabilty algorithm of the nuclear magnetic resonance log showing three basic zone) in the Arbuckle Group is hydraulically isolated from the upper units and from the iz
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geomodel and simulations

3D Petrel geomodel depicting the key stratigraphic intervals at Wellington Field. Porosity is illustrated for the Mississippian oil reservoir
and the Arbuckle with brigher blues as higher porosity. Proposed injection zone in the Arbuckle is the lower Gasconade Dolomite to

Gunter Sandstone interval. The log columns are scaled in gamma ray, the more red the more clay content.

The extensive monitoring methods are listed along the right side of the figure to verify and account for the location of the CO2 plume.

Monitoring methods are also being evaluated to determine best and most cost efficient technologies for Kansas.
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into the Arbuckle saline aquifer

1) Suitable injection zone, caprock, and isolation from USDW

a. Arbuckle highly stratified, three distinct and at least locally isolated
hydrostratigraphic units

b. Even if mid-Arbuckle zone is considered as a permeable medium,
significant amount of the CO2 is predicted to be trapped in or near the injection
zone due to decreased velocity of CO2 travel through less permeable medium --

3 N _ a & 8 0 12 1 16 1’ 0 H Completed at Wellington Field 7 il i
Arbuckle aquifer saline aquifer el i B ST Wells ft apart s PO DU AT NP IO JUPORD o SR SRy | P rob zlof1 ! residual and solubility trapping
KGS#1-32 | v @ KGS #1-28 | Top Arbuckle =~ hnletoitg ool Sonic | Lower Migsissippian . . ebruary : c. Modeled pressure increase (~395 psi) is insignificant and caprock/shales
P L u Peemiie ‘a P g argillacecpis d Conventional 4.5 inch core from base Pennsylvanian shales to will not experience dangerous stress levels. Modeled pressure under caprock is
DR oomowo om0 SOEECEICEE N\ Al ' 2020909090922 =FEEER S el small porés .
an

70,000 tonnes of CO2 will be injected into the deep saline Arbuckle Group P i
saline aquifer and the Mississippian oil reservoir. The Mississippian is Wellington Field
underpressured relative to the Arbuckle and will act as a pressure trap for any [ =, OITAG |
leakage of Co2 from the Arbuckle test. Estimates of capacity of Co2 storage at

Wellington Field is ~30 million metric tons.
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Multiple Crackle breccia zones in upper peritidal cycles — possibly dissolved evaporites. Breccia pores have also
been enhanced through dissolution on the Lower Arbuckle — Gasconde Dolomite interval, which serves are the

injection zone. Figure above shows pore types from well log response in the injection interval sets, which

compares closely to the core.
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Scheffer, 2012; Lorenz and Cooper, 2011

Many of the fractures in the Arbuckle are zonal, and specific to beds and their mechanicaltextural properties that they exhibit. The
zonal fracture units are meter-scale, part of the peritidal dolomite/siliceous bedsets that comprise the Arbuckle. The highest

permeability correspns to grain-supported clean carbonate and, in particular, the crackle breccia zones that are believed to Mid Arbuckle barrier/|

lower Jefferson City-Cotter
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Draft Underground Injection Control (UIC)
Program Class VI Well Site Characterization
Guidance for Owners and Operators

http://water.epa.gov/type/groundwater/uic/class6/upload

GS_Site_Char_Guidance_DRAFT_FINAL_031611.pdf

Demonstrating the
protection of the USDW
(U.S. Drinking Water) is
cal to a successful
Class VI Geosequestration

slightly greater than 10 psi. Pore pressure will dissipate to near pre-injection
pressure.

d. Arbuckle fluid level is 600 ft below the USDW and pressure of injection
would not force brine from Arbuckle into the USDW.
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3) Simulation results indicate that area of review is within 1000 ft of the
injection well, Wellington KGS #1-28

a. free phase will penetrate slightly into middle of Arbuckle containing
barriers

b. baffles in middle Arbuckle will obstruct vertical flow and smaller pores to
trap the free phase CO2

¢. CO2 plume will contract soon after (3-6 months) cease injection

4) Underpressurization of the upper Mississippian is throughout the area
around Wellington Field

a. supports the hydraulic isolation of the upper Mississippian from units
above and below including the Arbuckle injection zone

b. underpressurization supports no transmissive faults in the immediate area

c. natural or induced differential pressures insufficient to mobilize ancient
faults

d. adds addition assurance that the Mississippian is a pressure trap for any
CO2 that might leak from the underlying Arbuckle.

e. Results are consistent with stable isotope data that indicates the
Mississippian and Arbuckle hydrostratigraphic units are isolated.

5) The primary and secondary caprock are most adequate for this small
scale test injection based on a combination of geomechanical
measurements and modeling, capillary entry pressure, and continuity of
the combined caprocks based on seismic imaging.
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7 Geomodeling and reservoir simulations of Morrow and Chester sandstone

.

upscaled to white e, reservoirs in southwestern Kansas, and the Osage-Meramec dolomitic chert reservoir
104t celis + DOE investigated Chester valey fil at Wellington Field are focused on evaluating the efficacy of CO2-EOR.
for simulation. fields located within pink rectangles.

Horst blocks at Cutter, Victory-
Eubank and Pleasant Prairie are
faulted on south and west flanks
Horst blocks on north sides of
regional NW-+rending lineaments

Lower Gasconade to Gunter Ss.

R . - This extended knowledge is being applied to gain a Class VI permit to inject CO2
e into the Arbuckle at Wellington Field.

R The information obtained and methodologies applied in the CO2-EOR projects will

assistindustry in implementing optimal carbon management.
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Structure in southwest Kansas near the Anadarko Basin is rather complex with notable fault systems. Both Mississippian and

Pennsylvanian oil and gas fields in the area are clearly controlled by these some of these faults that provided conduits for hydrocarbon

migration and traps for accumulation. The new Cutter KGS #1 well that was drilled into the basement encountered oil shows through

the lower ic and ing testing will ine the nature of the brines and the oil shows. The knowledge provided by this

er Saturation | | e: /| new data regarding the hydrocarbon system (conduits for fluid migration, timing of migration, reservoirs and seals) is providing a basis
| for understanding the storage of carbon dioxide in this region.

Combining the oil field and underlying saline aquifer will help to minimize
uncertainty and risk aided by the knowledge gained from field development and the
fact that the accumulation of oil attest to the integrity of overlying sealing strata.

Example of geomodel from Chester incised valley fill at Eubank Field.
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