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Benefit to the Program

 Goal-
— Predict geologic CO, storage capacity within +30%
 Project benefits --

— Refine CO, storage capacity of the Arbuckle saline aquifer
(currently 9-75 billion tonnes, 200 yrs. KS emissions)

— Regional characterization integrated with Interactive Project Mapper
and NATCARB

— Efficacy of CO, storage at Wellington and Cutter fields

— Validate structural, stratigraphic, and well based analysis using
regional 3D seismic, gravity-magnetics, and remote sensing

— CCUS feasibility and risk at five oll fields and eight regional sites

— Resolve heterogeneity in ~500-1000 ft thick Lower Ordovician
Arbuckle saline aquifer

— Evidence for geologic conditions best suited for CO, management



Project Overview:
Goals and Objectives

Characterize the Lower Ordovician Arbuckle Group in 25,000 mi? area
(Predict CO, storage within £30 percent)
— Success -- Scan, digitize, and correlate key wells; New correlations for key
parameters; Storage and risk evaluation maps
Model carbon dioxide injection within the Arbuckle Group saline aquifer and
the overlying Mississippian siliceous dolomite oil reservoir at Wellington Field
(Sumner County, KS) (Calibration site for CO, injection and storage)
— Success — Dirill, core (1528 ft), and test in two 5200’ basement tests; acquire,
process, interpret 12 mi2 of multicomponent 3D seismic; model for CCUS
Evaluate CO, sequestration potential in saline aquifer and CO,-EOR in four
southwestern Kansas fields (Calibration site for CO, injection and storage)
— Success — Dirill, core (1024 ft), test 7700’ basement test at Cutter Field, Stevens
County, KS; acquire 10 mi? of multicomponent 3D seismic , LIDAR/remote sensing

— Simulate CO,-EOR @ four fields -- Cutter, South Pleasant Prairie, Eubanks North,
and Shuck fields



Wellington Field
Site of proposed Small Scale Field Test

Top Mississippian Structure, 10 ft C.1.
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Technical Status

Evaluate CO, sequestration potential in Arbuckle Group saline aquifer and
CO,-EOR in four fields in southwestern Kansas

Seismic blocks are color | Eaxin | i A
coded by operator

Southwest Kansas (~120 mi? of 3D seismic) | / g v s | 7o
CO2 Consortium .
(Western Annex) . = |”%

T22E-AITW, T2E5-RIEW. lis-rfusw

T27S-R3IW | Ters

FRIBWEE  T28S-R3sw | T ;?w T285-R33W | giges!

.
TIES-RITW| T2I5-RI6W T235-Risw] T

| . KEARNY| NS > .
. KEAF I
TRa5-RITW Jaas-masw, T2es rasw] Taagfaaw! T2es maw ’musy‘w TaagAdw] Tad R3gW T295-R35W L T2QS R3S TzQSl
| ]
71

" . -
THS-RITW, T?S RW% ?555!-!“ TISS-RIIW| TES-RIZW, T25-RMIW] (125
Laki 1 z\ ' '
. AN SUNRTAAN e RN | - Victory
! . | s’ -, -
- R Ta6sRI2W nss.[l\nw T4 . v Az =
/ /A [

./.
i}

1 A — —
ms-ﬁ:uw,! T275-RA2W !Srs’«xm T2 ( 3 ':‘i l, ‘
| 722 742, 777,888 | JsReew [ s TRACT TSR TJ'aaw 71
THS-RITW 'rm.n.w\“m.usm i ] R > | sty 12t |
- GRANT 1 V. HASKELL |
_ : A -' o
T205-RITW Tmauw: rgf‘..:.asw ' ms‘ugmm 31w T2¢ s ‘ﬁ %
VXA (- W ‘' “31“' T2

Es%\{r?%u:lzw \‘J:%‘-hglw T

-

T05-RITW nsaam:‘ H“.
Chester/Morrow : %;E h ,
Sandstone (IVF) & MSRITW| TIE I 15 M rs.maw J’Unw ™ smﬁa— 31w Tl

. ..-.ma srw.m ) ms&\‘ .us-a ﬂ-;
Deep saline Arbuckle MST ;Em P«. Yt s

aquifer ( o ’
Bp " B g

ft:
KANSAS Py
GEOLOGICAL ARV Y
SURVEY

= a1 T
— 11 s (¥
The University of Kansas

D




Southwest Kansas CO,-EOR Initiative

Integrated Multi-Discipline Project for CO,-EOR Evaluation
Static Model
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Engineering:
PVT and fluid analysis, recurrent
histories, dynamic modeling

Dynamic Model

Petrophysics:
Core K-Phi, corrected porosity,
free water level, J-function
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CO, EOR Projections — Pleasant Prairie South Field

Assumptions:

1. Convert WIW to CO,, IW

2. Oilwells as is

3. Inject 5 mmcfd CO,, not
exceeding bhp 2600 psi
4. Continuous CO,, no WAG

5. Injection = production
6. No optimization

Projections:
OIL (mmbo)

Cumulative 2011
NFA cum. 2026
CO2 case cum.

4.48
4.64
6.59

EUR 6.59

Comparison NFA to 500 MCFD
FIELD-PRO

mmbo

: - : : : =

H : : H H T

g L RN L L H +& phase B
/ : : : <

0y NFA - EUR

o Nt Ve e 4.64 mmbo

Increment. CO2

1.95

Cum. 2012-2026

CO2

CO2 injected (mmcf)

CO2 produced (mmcf)
Y CO2 sequestered (mmcf)

2.11

23.7
13.2
10.5

mm tons

1.38
0.77
0.61

Gross utilization (mcf/bo)
Net utilization (mcf/bo)

11.2
5.0

Assume 56%
CO, is recycled

»
>

13 years injection

RF as f (OOIP)

Secondary 15.8%

Primary 15.8%

CO2 13.3%
45.0%
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@ North Chester Sequence Stratigraphy

-Influence of stru_ct_g_rally controlled fall Iing_s during deposition?

correlation lines are works
in progress...
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Pleasant Prairie structural block
Fault orientation - right lateral component along restraining bend

| SW NE
Arbitrary Profile A-A’, SW — NE - Morrow to Basement
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Arbuckle Time Structure
(Pleasant Prairie Field)

bomatic [06 - 10°
Caontour Color
012+

Fault bounded

orthogonal
structural block:

-Regional NW-trending
lineament

-Paleo Arbuckle karst
(Ordovician)

Hedke (DOE/KGS-CO2)

* Meramec age

karst partly
defines Chester
incised valley
location
Intersecting
with NW-
trending
Arbuckle karst
trend with
north-trending
fault
corresponding
with location of
Chester IVF



Subsea structure on top of

Mississippian Meramec
(mostly Ste. Gen.)

Chester incision and fill predated post-
Mississippian — pre-Middle Pennsylvanian
Ouachita structural events

However, traps in valley fill sand pools

sprung by Ouachita events.

No channel deflection
Ubiquitous fractures in Chester IVF

cores.

» Antecendent paleogeomorphology —
stepwise subsidence and slope to south
controlled regional drainage

o Horst blocks : Cutter, Victory-Eubank
and Pleasant Prairie
(faulted on south and west flanks)

» Horst blocks : north sides of regional
NW-trending lineaments

e  Contour Interval: 25 (smoothed)

* White line: Chester incised valley axis

* Pink Rectangles. Chester valley fill fields
(DOE investigated)

Youle (DOE/KGS-CO2)
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Lower Gasconade Dolomite, 7420-50 ft
-Equivalent to injection interval at Wellington Field (225 miles east)
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Lower Gasconade, 7427 ft

(core depth 3 ft high to log)

Cutter EGS 1 (15-189-22T8D) T: 31S R: 35W 5: 1
Latitude: 37.381 Longitude: -101.0722 Flevation (GL): 2026.0 Depth: 6048.0
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Lower Gasconade, 7433 ft

Cutter KGS 1(15-182-22T8D T: 31S R: 35W S: 1
Latitude: 37.381 Longitude: -101.0722 Flevation (GL): 2926.0 D

00000000
00000000
000000000

(core depth 3 ft high to log)
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Gray-brown, packstone with
guartz sandstone, cm sized vugs
interconnected cut across core,
saddle dolomite, very porous
breccia
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Interactive map
-Compare control well with well to be classified

File Well Status Symbols |

COUNTY: SEW, =

Filter Wells By:
Latitude: 37.406 Longitude: -100.981
) Show All Wells () Show Well Symbols Only (l
® Show Well Name
® Show Wells with LASFiles ) oy imber 35 318 315 315
[l 349 23 B 3297 3
Step 1: Select Wells in Map
() Reference Well: Click Well Symbol in Map (View Data Only)
(®) Edit Tops Well: Click Well Symbol in Map
Reference Well
Seward Count
Hame: Tucker "M 1
1517521772 Status: O&G
Lat: 37.0285967 Long: -100.9511037
Depth: 9050.0 GL: 2870.2 DF: [T 325 T 325 T az5 T 325
R 34V R 33W |k 32% R 3IW
-- 700+ ft of Proterozoic arkose below Arbuckle
Step 2: Load "Reference” Well Data by KGS Icon. r
Load Well Data Clear Well Data - SW t- f S d C t
Log ASCHI Standard (LAS) Files: T 335 T 335 7 RS EEE]
R 34 R 33 R 329 R 317
0: 1042653286.las
e
2
CR OHM NPHI DPHI PE Sonic Tops GED
YES VES YES VES YES YES YES MO
Edit Tops Well
Edit Tops Well HELEN SLEEPE!
Name: HELEN SLEEPER A" 1
15-175-20550 Status: OIL
Lat: 37.14648 Long: -100.64299 g g:% Tn g;vsl
Depth: 8370.0 GL: 2722.0 KB: 2737.0 DF:
Step 3: Load "Edit Tops" Well Data by KGS Icon.
Load Well Data Clear Well Data
B 355 T 3535 T 355 T 3565
B 34W B 2 . R 32W R 31w
Log ASCII Standard (LAS) Files: 4 T M1
0: 1042553285.las @OLES 3
e
-

GR OHM NPHI DPHI PE  Sonic Topa GED
YES YES YES  YES §o N YES No

Step 4: Plot Cross Section Data
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File Depth Scale Help k I

SW-NE Structural Cross Section of

Start Depth End Depth
“ 2822.2| [ -5186.8]

T —— Lower Paleozoic in Seward County

Datum

8] By Log Depth 8] By Horizon O] By Elevation
rHorizon:

Reference Well: Click on Selected Top in Profile Plot to Datum By or Copy & Past Edit Top Well: Click on Profile Plot to Add New Top or Select Top To Evaluate or Modify
Depth (elev): Depth (log): | |—Horimn : ‘ ’—Dﬁpﬂ\ (elev): ‘ ’—Deplh (log): ‘ ’—Hanmn

Ref Well: |—4sa4‘e7 ‘ ’—7354‘% -5036.67 175867

rHeader Information:

Name: Tucker 'M' 1
15-175-21772 Status: &G
Lat: 37.0285967 Long: -100.9511037

Depth: 9050.0 Elev (GL). 2870.2
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Digital LAS File Curve Data |
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rEdit Well:

rHeader Information:

Name: HELEN SLEEPER "A"1
15-175-20550 Status: OIL
Lat: 37.14648 Long: -100.64299

Depth: 8370.0 Elev (GL): 2722.0
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~Type of LAS Track to Display

- Single [ Expanded

Default Track Order

[»

Digital LAS File Curve Data

0 Lith ology - Gamma Ray

(@) LAS - Reference - GR,5P,CAL Logs -

() LAS - Induction Resistivity Logs
() LAS - Litho-Density - PE, NPHI, DPHI
(@) LAS - Litho-Density - NPHIRHOB, PE Logs

() LAS - Rhomaa-NPHI Curves




Drilling, Coring, and Seismic Data at Cutter and Wellington
Western Calibration for Regional CO, Storage Assessment

Modeling Carbon Dioxide Sequestration Potential in Kansas Kansas Geological Survey

Study Area | Zoom to Location | Filter Wells | Label Wells | Download Wells | Print to PDF | Clear Highlight | Help () Cross Section Tools
[d " bﬂfg.ﬁn_ : A, | Layers | Info ‘ Legend
+ b‘_‘_ o s
v Layer Transparency

[+ Cil & Gas Wells*

[ I Horizontal Wells since 2010 @
Owwcs water Wells*

[¥I Modeling Areas

Sec-Twp-Rng* @} ®
Oil & Gas Fields ~ @1 J——®
[ITopographicMap @} ®
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Risk Assessment —

Correlation between high Plains Aquifer Isopach
and Surface Low In Southwest Kansas

Modeling Carbon Dioxide Sequestration Potential in Kansas

Study Area | Zoom to Location | Filter Wells | Label Wells | Download Wells | Print to PDF | Clear Highlight | Help ®) Cross Section Tools

Regional modeling site outhne
g ne

Surface DEM — gray scale
High Plains Isopach — 25 ft C.I.
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Coarse Grid Simulations - Arbuckle Saline Aquifer
Improve Assessment of CO, Sequestration Capacity
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Geomodel input format for coarse
grid simulation prior to final regional
assessment

Grid Cell Size: 330 ft, Col: 56, Row: 73,
total cells: 4088

* Info on Grids in Zmap based on
stratigraphic divisions, lithofacies,
and pore types

« Parameters assigned by fuzzy logic
correlations from core and log data
from Cutter and Wellington fields --

e Phi

« K and relative permeability
» Capillary pressure for
supercritical CO,



Improved permeability estimation in Wellington #1-32:
-micro, meso, and mega groups defined

-core FZI and irreducible water saturation (from MRI log)

-permeability computed from FZI value
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Fuzzy Partitioning Systems
for Electrofacies Classification

Logic block

Rule-based
unit :
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Finol et al. (2001)

INFERENCE

Output

Defuzzifier ¥ Facies F,

ENGINE

- Previously trained with a priori
information (training well data).

- Inference procedure:

1. Obtain individual confidences
for each lithology and property.

2. Combine the confidences from
all properties for each lithology
(mean operator).

3. Decide on the lithology with the
highest confidence.

OUTPUT

Fig. 1. Permeability and facies prediction.
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] - Suggested lithology column.

- Relative confidences.

- Absolute maximum confidences.

Bosch et al., in press
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Accomplishments to Date

KGS Milestone 1.2: Acquire/analyze seismic, geologic and engineering data -
Wellington field -- COMPLETED

KGS Milestone 1.3: Develop initial geomodel for Wellington field -- COMPLETED

KGS Milestone 1.4: Locate and initiate drilling of Well #1 at Wellington field --
COMPLETED

KGS Milestone 2.1: Complete Well#1 at Wellington - DST, core, log, case, perforate,
test zones -- COMPLETED

KGS Milestone 2.2: Complete Well#2 at Wellington - Drill, DST, log, case, perforate,
test zones -- COMPLETED

KGS Milestone 2.3: Update Wellington geomodels - Arbuckle & Mississippian — 90%

KGS Milestone 2.4: Evaluate CO, Sequestration Potential of Arbuckle Group Saline
Aquifer - Wellington field — 85%

KGS Milestone 3.1: CO, sequestration & EOR potential - Wellington field — 85%
KGS Milestone 3.2: Characterize leakage pathways - Risk assessment area — 85%

KGS Milestone 3.3: Risk assessment related to CO,-EOR and CO,-sequestration —
70%

KGS Milestone 3.4: Regional CO, Sequestration Potential - 33 Counties — 50%
30



Summary

 Key findings
1. Initial estimates of CO, P10 & P90 Arbuckle aquifer storage are 8.8 and
75.5 billion metric tons.

2. Core, logs, seismic, DST, geochemical and microbial analysis, and step-
rate test at Wellington Field indicate that lower Arbuckle is a primary
Injection interval (~150 ft thick) overlain by widespread thick (400 ft)
baffle/barrier in mid Arbuckle.

3. Geochemical and microbial analyses indicate that upper and lower
portions of the Arbuckle saline aquifer are not in hydraulic
communication.

4. Thick (~120 ft) primary caprock in lower Mississippian (“Pierson Fm.”)
augments the Chattanooga Shale and Simpson Group in south-central
Kansas.

e Future Plans
— Complete geomodels and simulations in SW Kansas fields and Wellington

— Refine regional CO, storage estimates from quantitative analysis of LAS log files
and static and dynamic modeling at 10 sites

— Complete project by Febuary 2014 31
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ORGANIZATIONAL STRUCTURE

Modeling CO,; Sequestration in Saline Aquifer and Depleted Oil Reservoir to Evaluate Regional CO,
Sequestration Potential of Ozark Plateau Aquifer System, South-Central Kansas

ey DOE project -- DE-FE002056

W. Lynn Watney - Joint PI

UNIVERSITY OF KANSAS

Kansas Geological Survey KU Department of Geology
Co-Principal Investigators Co-Principal Investigators
Kerry D. Newell -- stratigraphy, geochemistry Evan Franseen --sedimentology, stratigraphy
Jason Rush -- Petrel geomodeling and data integration Robert Goldstein -- diagenesis, fluid inclusion
Richard Miller -- geophysics David Fowle -- reactive pathways, microbial catalysis
John Doveton-- log petrophysics and core-log modeling Jennifer Roberts -- reactive pathways, microbial catalysis
Jianghai Xia -- gravity-magnetics modeling & interpretation George Tsoflias -- geophysics

Marios Sophocleous --geohydrology
Grad Research Assistants

Key Personnel Aimee Scheffer (graduated) -- biogeology & geochemistry
John Victorine -- Java web app development Breanna Huff -- biogeology

David Laflen -- manage core & curation Christa Jackson -- biogeology and geochemistry

Mike Killion -- modify ESRI map service for project Ayrat Sirazhiev (graduated) -- geophysics

Jennifer Raney -- asst. project manager Yousuf Fadolalkarem -- geophysics

Debra Stewart, Dan Suchy -- data management Brad King -- diagenesis

Yevhen 'Eugene’' Holubnyak, Petroleum Engineer
Fatemeh "Mina" FazelAlavi, Engineering Research Assistant

SUBCONTRACTS

Wellington Field access, drilling, coring, completion Tom Hansen, Principal, Wichita, Geological Supervision - regional data, Arbuckle hydrogeology
and testing, modeling and simulation Paul Gerlach -- regional data acquisition, 2 yrs.

Key Personnel Larry Nicholson -- regional data acquisition, 2 yrs.

Dana Wreath - manager, reservoir and production engineer Anna Smith -- regional data acquisition, 2 yrs.

Randy Koudele - reservoir engineer Ken Cooper, Petrotek Engineering, Littleton, CO- engineer, well injection, hydrogeology

Bill Lamb - reservoir engineer John Lorenz, Scott Cooper, FractureStudies, Edgewood, NM -- core fracture study

Selsmic and Geochemical Services LOGDIGI, LLC, Katy, 7X - wireline log digitizing
Co-Principal Investigators David G. KOGER, Dallas, TX - remote sensing data and analysis
Saugata Datta -- reactive pathways and reaction constants Weatherford Laboratories, Houstor, TX -- core analyses
Abdelmoneam Raef -- seismic analysis and modeling CMG - Simulation Services, Calgary, Alberta --greenhouse gas simulation and software
Halliburton, L/beral, KS -- wireline logging services

Grad Research Assistants Hedke-Saenger Geoscience, LTD., Wichita, KS - geophysical acquistion, interpret & design
Robin Barker (graduated) Susan E. Nissen, Mclouth, KS -- Geophysical Consultant, volumetic curvature
Derek Ohl - seismic analysis and modeling Lockhart Geophysical, Denver, CO -- acquis & interpret 2D shear wave, gravity & mag
Randi Isham -- seismic Fairfield Industries, Inc., Denver, CO -- 2D, 3D multicomponent seismic processing
Brent Campbell - agueous geochemistry Paragon Geophysical Services, Wichita, KS -- 3D seismic acquisition

Echo Geophysical, Denver, CO -- 3D seismic processing

Martin Dubois, IHR, LLC -- team lead, geomodeling Noble Energy, Houston, TX; Denver, CO -- collaborating co., fields adjoining Wellington
John Youle, Sunflower Energy -- core and depositional models
Ray Sorenson, consultant -- data acquisition and advising
Eugene Williams, Williams Engineering -- reservoir modeling




Gantt Chart

Abbreviated Gant Chart
DE-FE-0002056

Task 1.

Task 2.

Task 3.

Task 4.

Task 5.

Task 6.

Task 7.

Task 8.

Task 9.

Task 10.

Task 11.

Task 12.

Task 13.

Task 14.

Task 15.

Task 16.

Task 17.

Task 18.

Task 19.

Project Management and Reporting

Characterize the OPAS

Geomodel of Mississippian Chat & Arbuckle Group - Wellington field

Preparation, Drilling, Data Collection and Analysis - Test Borehole #1

Preparation, Drilling, Data Collection and Analysis - Test Borehole #2

Update Geomodels

Evaluate CO2 Sequestration Potential in Arbuckle Group Saline Aquifer - Wellington field

Evaluate CO2 Sequestration Potential by CO2-EOR in Depleted Wellington field

Characterize leakage pathways - Risk assessment area

Risk assessment related to CO2-EOR and CO2-sequestration in saline aquifer

Produced water and wellbore r 1t plans - Risk 1t area

Regional CO2 Sequestration Potential in OPAS - 17 Counties

Regional Source-sink relationship

Technology Transfer

Extend Regional Study of Ozark Plateau Aquifer System (OPAS) to the Western Border of Kansas — “Western Annex”

Collect and Analyze Existing Data for Developing Regional Geomodel for Arbuckle Group Saline Aquifer in Western Annex

Acquire (New) Data at a Select Chester/Morrow Field to Model CO2 sequestration Potential in the Western Annex

Update Geomodels and Conduct Simulation Studies

Integrate results with larger 17+ county OPAS project
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GEOCHEMICAL AND MINERALOGICAL CHARACTERIZATION OF THE ARBUCKLE AQUIFER: STUDYING MINERAL REACTIONS AND ITS
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and Wichita State University
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