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Kansas Mississippian Stratigraphic Column
(Maples, 1994)

Lower Carboniferous — Mississippian Subsystem
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Paleogeographic map
during the Osagean-Meramecian
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Mississippian Reservoirs
-- Long-term importance to
Kansas olil and gas production

Pre-Pennsylvanian Subcrop Map Percent of Total Oil Production 1915-2000
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Regional Structural Features-HorlzontaI Wells
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Horizontal Wells In Kansas
Permitted wells in blue; wells drilled in red; 2012 wells circled
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Higher gas:oll ratio in south-central and
southwest Kansas
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Mississippian Subcrops, Oil Production,
and Pennsylvanian Structural Lineaments

Mississippian
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http://www.kgs.ku.edu/DPA/Plays/ProdMaps/miss_sub_oil.html

Thickness of residual chert &

basal

included
in compliation

Pennsylvanian conglomerate

/

b

s-Basil

<
rod
/,

b\ B/

0
N

-

D, -~
e

¥

*Residual chert conglomerate — silt & sand matrix with chert
at basal Pennsylvanian unconformity,
not clean, low resistivity bedded chert

Watney, Guy, and Byrnes (2001)



Thickness of low resistivity* Mississippian strata
and structural lineaments important in deposition and later uplift

Wellington 50 ft C.1.
Field

*Low resistivity, <2 ohm-m, equivalent to “in situ” chert
“TRIPOLITE”" Watney, Guy, and Byrnes (2001)



Total Magnetic Field Intensity
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(B)

Isonl%ch map, top of productive

Glick Field

tripolitic chert reservoir
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Structural cross section through tripolitic, low resistivity chert pay
Mississippian reservoir in Glick Field
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Brecciated microporous
chert with complex
textures infilled by

crinoidal packstone

(tripolite
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Approximate Oil-Water Height Above
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West side Lithologies Within the Mississippian Oil Play
Hartner Field (Chert Embayment, South Central Kansas)
Barber Co.
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Structure Top Mississippian with oll and gas fields

- Interactive map for project area of DOE-CO2 project (DE-FE0002056)
- access to map layers and digital (LAS) logs and viewer
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Cored Well, Berexco Wellington KGS #1-32
Top Mississippian to Kinderhook Shale (410 ft)
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Wellington Field

Porosity Fence Diagram
Porosity Pay zone at top of the Mississippian
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MISSISSIppIan pay zone In
Berexco Wellington KGS #1-32

\ 4 Kansas Geological Survey HH-50406 Kansas Geological Survey HH-50406
Weatherford Wellington - KGS - No. 1-32 Well Weatherford Wellington - KGS - No. 1-32 Well
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Mississippian Pay Zone Mineralogy

Plain Light (10x
zoom)

Finely crystalline
subhederal
dolomite with
intercrystalline
porosity
(micropores)
Opaque
oxide/sulfide (?)
present and
secondary
replacive anhydrite
present

TS provided by Datta & Barker, KSU



WELLINGTON KGS #1-32
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230 ft gross thickness interval of primary caprock
in KGS #1-28 (injection well)

including lower Mississippian tight dark dolomitic siltstone —

illustrated by nuclear magnetic resonance log
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Arbitrary seismic impedance profile

distinct Mississippian pay and dark argillaceous siltstone facies in “Pierson Fm.”
also mid-Arbuckle tight, lower Arbuckle injection zone
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Summary of Kansas Mississippian Play

» Stratified reservoir with distinct pay lithofacies with contrasting
petrophysical properties that affect ability to produce from them.

— Dolomitic grainstone-packstones, tripolitic (microporous) chert, &
dolosiltite are primary pay lithofacies

Tripolites are distinct microporous chert lithofacies capping
shallowing upward cycles

Capillary pressure measurements indicated long (>40 ft) transition
zones that are lithofacies dependent

Southern shelf margin distinguished by complex stacking and
progradation into developing Arkoma and Anadarko basins

» Significant local and regional structure coupled with changes in sea
level affect --
— Shelf configuration and depositional facies, early & late diagenesis

— Pay compartmentalization by early and late structural movement




UIC Class | and Il wells
Stratigraphy
Hydrostratigraphy
Petrophysical properties

Controls on permeabillity —
Lithofacies, diagenesis,
fracturing

Preview western Kansas

portion of DOE-CO2 study/- -

Cotter Dolomite and
Jefferson City Dolomite

Roubidoux Formation

Arbuckle Group

LOWER ORDOVICIAN SERIES

ORDOVICIAN SYSTEM

U. CAMBRIAN SER.

CAMBRIAN SYS.

PALEOZOIC ERA




UIC Class | Dis

nosal Wells

e _ S—— s
‘ I I I | '
| |
| i
| f
.L N -
i T ————— - . ‘ - ‘ 3
\ | | | { | S -
l 1 ‘ | = [ \’ \, | “ | !
N \ I R ‘ m B N | e
= | S [ = I e [ | |
I \ | &==—p | S s
| | | ! - Ellis ‘ e N | I 73»\(‘ \
| ‘. ® ‘ —— ] L — | Johnson \
!‘*—- | ' | | r Jj E— k—**lw—**—%
ST T — \,‘ [ Ellsworth | | i ‘| \' ‘l \
|
L [ ‘
. “ ‘ ‘ Rush @ Barion ?;/ McPherson | b *‘ ;on ‘ | “ I
\ | ‘ s D
- Rice y | | \ | |
!'77_*'_ S T— —— — / 'g. / \‘ il “ !
|‘ “ Kearny Finney e | : N l]i ‘__ - |7 o L o J_ I
\ | / — | | ﬂ‘d ‘ | \ '
| 4 "'./.)% | [ . Butler ‘ | ‘
[ [ I \ \‘ <| | Reno I ‘J ‘ |
— f§ L — i B
I‘ I‘ X | e Pratt ‘A/ [ Sedgwlck ‘ \ 7_7 ‘
| & Grant | | ? Kingman - | |
| T L T kiowa | iy ..l S— |
|_ ~ _77’__77;‘ . | —7—1—7_7'_7_7,
|
N BN 7 e 4 R
Mont
? | | Seward | ‘ Harper  Cowley ‘ | ontgom | |
‘——fil_. SE— = 7‘7 e ) b - A ! e — I
Legend
A Active Class | Wells 0 10 20 40 % SDMiles VE
[ = m e
2009

® Plugged and Abandoned
©  Permitted

ﬂa’rn_lab



A) Structure map (subsea
elevation) on Arbuckle

B) Arbuckle cumulative oil
production (MMBO) by
county

Of the 31 counties in
which the Arbuckle has
been productive, over
70% of the production
has come from the 10-
county area coinciding
with the CKU.

OIL AND GAS FIELDS OF KANSAS

9
t{ ot y
- ot ;
80 |-
. a
s . il
o ~ L ‘/f {
a - : { { /
. :
I\
— Arbuckle horizontal
a0 00 ’tm 0.0 0.0 a0 a0 oo 00 00 00 | ag
oo n{iJ oo 5.5 os 0o 00 |ggh 00 LT &
— 00 Joo
x 0o
M =1
oo u.:E'IlS | = s w0 k22| oo o e 17
“"J wo1s | 2 00 09
00 oo [ap ! pms ! m0 ao | oo
N s | 28 | a0 [ .o =
a0 | ao r— a2l a0
— [ oo 18 oar oo oo
] [ 1039
a0 § oo | ao oo 2.0 o 15
= a1 | as | oo
90 [ 00 (oo [ 00 | a0 | o. 12 a0 168 184 oz | 00 | 00 | ao
[ MRS, FO00Y
110127 | | 12810254 [ 255 to 383




CLASS Il DISPOSAL WELL
GEOLOGIC CONSIDERATIONS TOP 10 FORMATIONS

FOR CLASS | DISPOSAL WELLS
* Arbuckle 1987 SWDW

Cedar Hills 820 SWDW
Lansing-KC 326 SWDW
Mississippian 264 SWDW
Granite Wash 104 SWDW
Glorietta 101 SWDW
Stalnaker 86 SWDW
Douglas 61 SWDW
Topeka 54 SWDW
Hunton 51 SWDW

Ken Cooper & Tom Hansen

Petrotek Engineering Corp. Bittersweet Energy, Inc.

CLASS Il DISPOSAL WELLS
KANSAS CORPORATION COMMISION

[=]
[=]
[=]
[=]
[=
[=]
[=]
[=]

10,331 enhanced oil recovery (EOR)
5,484 salt water disposal wells (SWDW)

O

76 Formations Used for Injection
Cooper/Hansen 2009 KDHE Seminar

K. Cooper and T. Hansen (2009)




Why is Class | injection technology so
safe for use in Kansas? (continued)

= Well developed UIC programs at both the State
and Federal levels (regulation, policy, and procedure)

@ Available injection zones with substantial
injectivity and other required properties

Depth - relatively large separation between USDW and injection
Thickness - relatively large, several hundred to 1,000 feet
Permeability - relatively high

Reservoirs cover large areas

Confinement - pervasive, thick, low permeability

Injection Pressure - mandated gravity flow

Natural Pressure Gradients - fluid stands below ground level

Often no cone of influence (fluid can naturally flow downward into
injection zones)

Cooper/Hansen 2009 KDHE Seminar

) K. Cooper and T. Hansen (2009)
Typical Class | well:

10 to 1000 gpm
(460 to 46,000 bbls/day)




Structural features and aquifer systems of
the mid-continent

| Ozark Plateaus
Sl Aquifer

(modified from Merriam, 1963; from Jorgensen et al. (1993).
Carr et al., AAPG Bulletin, v. 89, no. 12 (December 2005), pp. 1607-1627
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Precambrian structure, 18x vertical exag.

IHS (2009); KGS data; Adler and others (1971), modified after Bayley and Muehlberger (1968) D. Higley, USGS, 2012



Arbuckle Isopach
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Map of corrected BHT values in Arbuckle for
Kansas based on 19,161 points (Cl = 2°F)
overlain on structure top Arbuckle
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Total dissolved solids in Arbuckle brines
(color C.I. = 2500 ppm TDS)

h
Anticline 4 i2H
® Forest City [lii=:
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" Cherokee

05

¢ s' Basin
KGS Cutter #1 — g

| |
0 50 100 kilometers T & #1-28

All TDS concentrations more than 100,000 ppm are shown in red. Data were
derived from Arbuckle water samples from various sources (2929 records).

0 50 100 miles N Wellington KGS #1-32 Carr et al. (2005)
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wu | Areas of DOE-Funded CO, Investigations

GROLOGECAL
HIEYEY
The ey of s by the KGS and Partners
: & ' : -
L VS f} Horizontal Test in Arbuckle -- 1 '
2 S et IJ», _ Bemis-Shutts Field, Ellis Co. Westar Jeffrey
i :'.‘-,_ prin ;._'_-'..‘,-"f'-'- F Sy DE-FE0004566 1 Energy Center
‘u‘v - 5 (Vess-Murfin Drilling) 2010-2013 T S
o, L L1 = -
s s :l; }[‘ﬁ: e P El PR
Sunflower Electric" | ! T
.| Holcomb Station | i
L | Power plant - —_—
oF Cutter Field

Basement test

ReglonallAsSessment
i of deep salme ... !

Arbuckl@ aqm

’ Reglonal Arbuckle Salme Aqulfer & EOR-

CO2 Mississippian chert reservoir

Abengoa Bi°e“ergy Wellington Field (DE-FE0002056) Named Fields

(Colwich ethanol) g1 ded Jan. 2010-August 2013 B Oifieid
|
50 miles Small Scale Field Test @Wellington - Gas field
(DE-FE0006821)
(BEREXCO) Oil and gas field

Funded Oct 1, 2011-2015
http://www.kgs.ku.edu/PRS/petro/ogSheetMap.html



Arbuckle saline aquifer is an open system

Arbuckle Saline Aquifer Connected to Outcrop

Western Kansas

§ Original SIP = 435 psi
+3000 ft -E\ PreSent.

+2000 ft =

=

Colorado

1000 ft |-

Depth (ft)

+1000 ft =

Sea Level

Permian Hugoton Gas Field

ot B’

OKLAHOMA

Kansas
River
+950 ft

} HUGOTON |
FIELD

-1000 ft =

+1000 ft
Hugoton
i 435 psi
Sea Level

Pressure (psi)

Sorenson (2005)

L :
0 miles 100

Arbuckle exposure at base of Missouri
River, north-central Missouri —

Elevation 450 ft; surface exposures
located ~200 mi northeast

Assume hydrostatic gradient =

0.465 psi/ft

Bittersweet team, 2010

Map of the difference between estimated hydraulic head at

base of Arbuckle test interval and measured shut-in pressure




Lowest elevation of exposed Arbuckle strata
on west flank of Ozark Uplift is along Missouri River
at Jefferson City, MO (450 ft)

contour Top Arbuckl

e

P. Gerlach (2010)



Initial CO, Storage Capacity Estimate
(reported April 2011 for NATCARB) Deep Arbuckle Saline Formation

Storage Vs. Sources

Sources

Storage

CO2 Stationary Sources

() Sources By Total Count

(®) Sources By Total Emissions

Total Emissions of CO2 Sources, By Category
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P10 (top) and P90 (bottom)
storage volume CO, (million tonnes)

.769 tonne/m3
1 m3 =6.29 bbls

8.179 bbl/tonne CO2




Selection and correlation
of Digital Type Wells for DOE-CO2 project
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Quantitative Characterization of Arbuckle
In southern Kansas

Quantitative Reservoir Characteristics

Correlated to
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Example cross section of lower Arbuckle from top Roubidoux (datum) to
basement including new and old well data (insoluble residue logs, georeports,
and modern suite of logs managed as LAS files) — Bittersweet (Gerlach et al.)




Structural mapping and evaluation of faulting

Top Arbuckle Group
AN, V|

\
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50 miles

Contour interval = 100 ft
(80 km)

¢ Published faults have been compiled and new ones are under investigation

e Focus on quantitative assessment of CO, storage capacity of Arbuckle saline aquifer is within
dashed blue area




Web-based Interactive DOE-CO2 Project Mapper

Overlay of Oil and gas field outlines and
Top Arbuckle Group in study area of southern Kansas

Modeling Carbon Dioxide Sequestration Potential in Kansas
Study Area | Zoom to Location | Filter Wells | Label Wells | Download Wells | Printto PDF | Clear Highlight | Help &) cross Section Tools

Kansas Geological Sunvey
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Wellington Field

Layers Info Legend

@ Coal Bed Methane

@ Coal Bed Methane - Plugged and Abandoned
£ Dry and Abandoned

/ Enhanced Qil Recovery

‘;l/ Enhanced Oil Recovery - Plugged/Abandoned
F Gas

4% Gas - Plugged and Abandaned

‘ﬁ/ Injection

)51/ Injection - Plugged and Abandoned

< Intent

< Location
# il and Gas
% 0il and Gas - Plugged and Abandaoned

e O

‘o, 0il - Plugged and Abandoned

@ Other

&, Other - Plugged and Abandoned

/v, 5alt Water Disposal

™, Salt Water Disposal - Flugged and Abandoned
@ oS Waker Well

B WWCS Water Well - Plugged

and obtain map of
time on top of Arbuckle

‘ http://maps.kgs.ku.edu/co2/?pass=project ‘




Lower porous zone in Arbuckle Gerlach et al.
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Tilt angle map of the total magnetic field intensity in Kansas
overlain with isopachous contours of Arbuckle Group’s
Gasconade to Gunter Sandstone interval

Modeling Carbon Dioxide Sequestration Potential in Kansas
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Wellington Field Area

Landsat lineaments and gravity tilt angle map
Northeast trending surface lineament bisecting Wellington Field
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Wellington Field
3D Multicomponent 3D Seismic Survey & 2 Basement Tests

] | BEREXCO INC
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http://www.nobleenergyinc.com/fw/main/Home-4.html

Conventional 4.5 inch core from base Pennsylvanian shales to basement

Stratigraphic Column New Basement Test
Berexco Wellington KGS #1-32

Completed at Wellington Field

February 2011

(3550-5178 interval, 1628 gross ft, 1528 net feet)
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Wellington Field
well surface locations
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Y.axis 2300000

ground level

Topeka Limestone

r ——0read

Heebner Shale

Stalnaker Sandstone

Kansas City Limestone

Base Kansas City
Marmaton
CO2-

Cherokee
Mississippian
EOR

Chattanooga

T ——Simpson Shale

Arbuckle

\N

Wellington Field

1) Mississippian tripolitic
chert/dolomite reservoir
(20+ million barrels produced)
1) Arbuckle saline aquifer
2) Intervening caprocks

e Core and logs from KGS #1-
32 and logs from #1-28
obtained in Jan-Feb. 2011
e Using to assess --
e Integrity of caprocks
e Porosity types,
injectivity, and storage
e Model potential for
CO2-EORin
Mississippian saline
aquifer
e Sequestration in
Arbuckle




Prestack Depth Migration (PSDM) 3D Seismic Wellington Field
Mississippian Depth Migration (left) vs Mississippian Well Control (right)
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Prestack Depth Migrated
= Multicomponent 3D Seismic Volume in Wellington Field
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http://www.fairfieldnodal.com/index.html

Porosity

inversion
on intermediate
Top Arbuckle surface .
(worms eye view) PSDM In
| o (Petrel'™)
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Porosity Inversion & Structure
Depth-Migrated 3D Seismic at Wellington Field
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Arbitrary seismic impedance profile
distinct caprock, mid-Arbuckle tight, lower Arbuckle injection zone
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CO, injection zones in Arbuckle saline formation and Mississippian oil reservoir, and associated caprocks
-- Well profile in 2-way travel time of KGS #1-28 illustrating synthetic seismogram and seismic impedance (velocity x
density) and well log suite used to derive these seismic properties
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Arbuckle Group
Integration of logs, core, water, and DST analysis, core description,
links to core images via an LAS 3.0 file
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Nuclear magnetic resonance (Halliburton’s MRIL) log in Arbuckle Group
compared with core lithofacies, Arbuckle in Berexco Wellington KGS #1-32
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Arbuckle Hydrostratigraphy at Wellington Field
obtained from DST and perf & swab test

Zonation Evidence in Arbuckle and Mississippian Formation Brines
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Permeabillity profile of Arbuckle in cored well - #1-32
with concentrations of redox reactive ions (Fe?*, SO,%, CH,, NO;)

from KGS #1-32 & #1-28

TEAs vs. Permeability and Depth
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Lower and upper Arbuckle are not
In_ hydraulic communication
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Zonal fracturing in entire Arbuckle
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Surface location of basement test (#1-32 & 31-28)
drilled in Wellmgton Field durmg Jan-Feb 2011
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Cross section showing 20 ft interval of step rate test in lower Arbuckle injection zone
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Step-Rate Test Pressure-Time Plot

Source Well (#1-32) and Observation Well (#1-28) Pressures in 20 ft
Perforated Zone in Lower Arbuckle Injection Interval
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Flow units in the lower Arbuckle injection zone

Wells 3500 ft apart
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Possible use of apparent “m”, cementation exponent to indicate
greater abundance of fractures (m <2) and vugs (m>2), injection zone
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Dipole (Spectrali™) sonic
log interpretation at 5 =
lower Arbuckle injection | 7
zone 4900 to 5150 ft
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Core-Log integration of Wellington KGS #1-32 using wel
profile tool — INJECTION INTERVAL (4900-5200 ft)
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Core from Lower Arbuckle Injection Interval
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Middle Arbuckle - lower Jefferson
City Cotter
Baffle to barrier?

Middle Arbuckle - lower Jefferson City Cotterg!
Baffle to barrier?

whole core: phi 4.4
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Thin sections and photomicrographs by Robin Barker, KSU, 10-25-12



Thin Sections — Baffle Zone (Mid Arb.) — Lower Arbuckle Injection Zone
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MAXIMUM HORIZONTAL COMPRESSIVE STRESS (East-Northeast)

from microresistivity imaging and dipole sonic logs (KGS #1-32)
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Fracture Statistics: 5239°-3528°

Wellington KGS #1-32

There are 485 partial fractures in this pass with

random orientation.

© 2009 Halliburton. All Rights Reserved.
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Dynamic Simulation of CO,
Injection In Saline Aquifer,
Arbuckle Fm. in Wellington Field

Yevhen Holubnyak

GeoFest 2012
Lawrence, KS
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3D Volume Footprints for DOE-CO2 study
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Gross Extent of Seismic coverage verify
structure and use in Chester/Morrow EOR
Study

=112 mi N-S, 11 mi E-W

Pleasant Prairie Merge ~ 32.5 sq mi,
processed 1999, can be interpreted as is, bin
size 110’ x 110’

Eubanks Merge ~ 37.5 sq mi; 3 surveys
acquired 1996 — 2001, bin size 110’ x 110,
reprocessing underway

Cutter ~ 3.4 sq mi, acquired 2009, bin size
82.5 x 82.5, can be interpreted as is

« Adamson-Wide Awake (Shuck) ~ 81.5 sq mi,

acquisition /processing date unknown,
bin size 82.5’ x 110’, can be interpreted as is

Donated to DOE-CO2 project by industry members of
Southwest Kansas CO2-EOR Initiative

Managed by M. Dubois

Seismic data management and interpretation by D. Hedke
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KGS Cutter #1 well on Mississippian structural plateau
on local structural high
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Pleasant Prairie Time Slice —

Chester Incised Valley System, Faults

West side of field --
~800 ft reverse fault

at top of basement ~ W-E Time Section
.. Time Slice at top of Meramec

Interpretation by D. Hedke, 2012

: DOE-CO2 project
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Interpretation by D. Hedke, 2012
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Summary of Arbuckle Section of
Presentation

Many UIC Class | and Il wells successfully operating in the
Arbuckle in Kansas

Complex cyclical internal stratigraphic units important to
distribution of petrophysical properties

Hydrostratigraphy of Arbuckle includes flow (high
H\jectivity), baffle (low injectivity), and vertical barriers to
ow

Petrophysical properties of deep, thick, saline Arbuckle
aquifer are similar to shallower oil reservoirs characterized
by a layered pore network dependent on depositional
texture modified by karst, brecciation, and fracturing

Well logs, seismic, well tests, and core provide means to
distinguish and quantify fractures, connected and
unconnected vugs, and interparticle pores to define
permeable intervals and aid in selection of injection
Intervals.
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Presenter
Presentation Notes
Evaluate feasibility for miscible CO2-EOR  in the Mississippian tripolitic chert reservoir and CO2 sequestration potential in the underlying Arbuckle Group saline aquifer.
Activities at Wellington Field are being carried out through BEREXCO, a subcontractor, who is assisting in acquiring seismic, geologic, and engineering data for analysis. 
Activities in the regional study are carried out by Bittersweet Energy, Inc., who is characterizing the Arbuckle Group (saline) aquifer in southern Kansas 
IHR/Marty Dubois is managing the industrial partnership to prove up potential of CO2-EOR in select Chester/Morrow fields in SW Kansas 
Over 200 mi2 of donated 3D seismic is being reprocessed and depth converted in the Western Annex and 10 mi2 of new multicomponent 3D will be acquired to assist in choosing a well location. 
A basement test will be drilled in southwestern Kansas in early 2012 to augment two recently drilled basement tests at Wellington Field. 
Sunflower Electric Power Corporation in Hays has endorsed the project. 
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