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Who Should Attend:

1 Geologists and engineers who are characterizing late Paleozoic reservoirs to
optimize oil and gas recovery.

1 Geoscientists exploring for new fields and extensions in the greater Midcontinent.

Objectives:
— Describe oil and gas plays and reservoir characterization in the context of tectonic/structural

framework, sequence stratigraphy, and lithofacies distribution.
lllustrate integrated geomodel development using core descriptions and analyses, wireline
log analysis techniques, well tests, 3D seismic, and production histories.
Effectively integrate recent analogs and surface exposures to define and model reservoir
heterogeneity and design appropriate recovery technologies.
Highlight case studies of carbonate, sandstone, and chert reservoirs ranging from
Mississippian (Lower Carboniferous) through Lower Permian age.
Integrate reservoir characterization in the context of reservoir systems and hydrocarbon
accumulation — re-exploration and exploitation.

Provide tools and insights for efficient prospecting and development for
remaining oil and gas resources.
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Integrated Approaches to Modeling Late
Paleozoic Petroleum Reservoirs in the
Greater Midcontinent

Content:

Regional structural/tectonic framework during the late Paleozoic.
Variations in sequence stratigraphy and reservoir architecture of late
Paleozoic strata in the Midcontinent.
Common reservoir lithofacies and their Recent analogs.
Petrofacies and pore typing approach to quantitative reservoir analysis and
modeling petroleum reservoirs, roles of diagenesis.
Case studies based on integrated geo-engineering modeling of
Mississippian, Pennsylvanian, and Permian reservoirs:

carbonate ooid and grainstone shoals

phylloid algal mounds and related lithofacies

incised valley and estuarine sandstones

Low resistivity, often low permeability spiculitic bioclastic buildups that comprise
shelf and shelf margin environments.

Schedule

9:00-10:00 — 1. Approach to Modeling Late Paleozoic
Petroleum Reservoirs.

10-12 noon - 2. Regional structural and tectonic framework during the late
Paleozoic and significance to reservoir systems.

— ~10:30-11:00 -- Break —
Noon-1:00 pm — Lunch

1:00-3:00 pm -- 3. Sequence stratigraphy and reservoir architecture of late
Paleozoic strata in the Midcontinent.

— ~3:00-3:15 — Break —

3:00-4:30 pm -- 4. Reservoir lithofacies and Petrofacies.
4:30-5:00 pm — 5. Wrap-up & Summary.
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Take Home Points of Short Course

Basement structures and tectonic events affecting them are
important in defining location and properties of reservoirs.

Process-based field, outcrop, and Recent analogs provide more
appropriate, accurate interpolation of reservoir properties.

Late Paleozoic reservoirs are dominated by depositional fabric
selective diagenesis.

Establishing petrofacies and pore types is essential to accurate
calculations of water saturations, volumetrics, ROIP, establishing
permeability correlations and predicting fluid flow.

Infill locations and new pays within oil and gas fields remain
significant targets for IOR in mature regions; requires
comprehensive, integrated approach.

Re-exploration and exploitation of mature producing areas can be
substantially benefited by access to and mining of large data sets —
digital and electronic data — logs, production, core/samples and
descriptions, in an integrated and quantitative manner.

9:00-10:00 — 1. Approach to Modeling Late
Paleozoic Petroleum Reservoirs.

1 Overview:

— Similarities of Kansas and North-Central
Texas petroleum geology and business

— Similar resources remaining in conventional
reservoirs

— Perspective and insights from Kansas
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TX-OK-KS are Mature Oil and
Provinces
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Oil and Natural Gas Production in the United States
(Derived from Mast, et al, 1998)
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Independents Drive Domestic Oil and Gas Business

Mature fields, conventional oil and gas fields
Commodity price significant impact oil and gas production

Production responds to favorable economics &
technologies

New technologies driven by price & opportunity

Profit margin on marginal wells has improved (average
production of Kansas well ~3 BOPD/well)

The future of domestic oil and gas industry:

— Re-explore and redevelop old fields (eliminate current constraints)

— Develop unconventional oil and gas resources

— Ultilize carbon dioxide sequestered from power plants, ethanol
plants, cement plants, and other industries; Store air/gases for wind
generation; participate in linked energy systems
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» Kansas crude oil production is actually increasing (slightly) compared to
continued decline in U.S. production

* Average well produces ~3 BOPD (100 BPM).
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Figure 1.--Map showing distribution of oil or gas well samples
preserved in Kansas by total sample depth

Kansas is a
mature oil

o
e

and gas
producing
province with
an extensive
database
documenting
geology and
production.
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Qil and Gas Fields in Kansas
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I Gas Storage
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New Online Interactive Oil and Gas Map
http://maps.kgs.ku.edu/oilgas/index.cfm
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Oil Production in 2007

Qil Production, 2007

[
Grown Doniphary
Cheyenne s eatur con — Smith Towal COUBAC | Washinglon| Marshall | Nemaha| ST P

I -‘.IG’:.)_'.T-'J\.

\, Poltoramiomie | Jackson
Cla \
oy | iley ™\, Liemeraan |

Hoageman

il [ vy [ Uplift
i | oy | | « I aha Up
|~

Ciroanwood |WHCd80N

goton BEBATT | e |
- Hugow = yotdline
B@ﬂéﬂg

\ .,
Moricn | Slewens | sawarg | M3 i

Coman Harpad

1 ] .
0 500001 1.000,001 1500001 2000001 Mo

No
production to o ] 10 than
500,000 1,000,000 1,500,000 2,000,000 2500000 2500000

Change in Oil Production, 2006 to 2007

™~
e |

Brown  Donipharp
e | POV | Washinglon| Marshal | Nemahm| S o
A::r::u-.-’\

o B = { Pottawnsomie | Jackson | Tk
Shendsn | Graham B Dsborm Michioll Clay | Piley™, | —
| N et HEREman ol

Ottawa - 2
| oo s

} b B fbaunsas

] [icirsson. { I

Saine

MePheoon | Maron | chase
i Cofioy |Andarson
= Hodgoman |
Hamamon | Wasmy Finney ! |
CGisanwood |Wbodson | Allen | ag,
= Foea

. 1w Neo
Feagkall Ailscn sho
Em

Stanion | Grant | - |
- Clark Sumnar c | Moat- | Labote
- | Comancha |Chaitiugua| Gomey
| | 1 | L

Dacraasas in Productio
- ]
2 “ 75000 ™ son
Price, technolo opportunit

» Deeper Hugoton Embayment

* Pratt Anticline

« Central Kansas Uplift

« Shallow marginal oil in Eastern Kansas

PART 1. INTRODUCTION



AAPG Southwest Section Short
Course-Watney

Shallow gas in Niobrara chalk

Gas Production, 2007
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Many fields in core producing areas — official
reporting by field and leases that comprise fields
- much information in digital form

OIL AND GAS FIELDS
EAT BEND QUADRANGLE IN KANSAS

FIELD | Hugolon Gas Area

Production (MCF)
100000030000

Giant gas field

* Mature gas asset
* Enhance gas recovery options

* Reservoir modeling =

forecasting response to
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Reservoir modeling (Petrel) to target remaining gas
resources in Panoma Field (Lower Permian Council
Grove Group), southwest Kansas

Horizontal
drilling
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Dubois et al. (2007)

Pleasant Prairie Field, Southwestern Kansas
Hugoton Embayment

Kansas Oll and Gas
Slatewide View | Zoombe Location | Flle Wells | Label Wells | Cles Highilght | Help

Expectation of customers to provide web services to deliver
basic information about wells, leases, fields, geologic data
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Natural gas infrastructure
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Kansas Well Activity

Kansas Wells
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Texas Drilling Statistics 20,000
Oil & Gas Wells Completed
Drilling il Gas Total Total Average
Permits Wells Wells Holes Holes  Rotary Rig
Year Issued  Completed Completed Drilled” Plugged  Count
1960 15,601 9 666 2011 17,342 8 8RY 604
1965 14227 7207 2,383 14,433 8838 425 H
1970 11,034 49037 1,796 9438 8310 302 i
1975 20,293 7,004 3,396 14,3493 10,960 539 H
1876 22,683 7348 4,108 15,378 8232 653 o
1977 26,189 8 4,399 16,577 8129 T8 3
1878 26,050 8,132 5,383 17,188 7,396 855 =
1979 29241 8487 5319 17,509 6658 o
1980 39,442 12,322 533 21427 6,673 889
1981 47 240 15,827 5454 26,200 9,054 1318
1982 41,224 16,206 6273 27,648 10,435 200
1983 45 550 15,941 5,027 26,882 11,681 TOE
1584 7,507 18,716 5,489 30,2598 13,393 849
1885 30,878 16,543 4 605 27124 14,478 &T7
1986 15,894 10373 3,034 18,707 15,451 an
1987 15,207 1327 2542 13,121 13,186 23
1968 13493 6441 2,665 12,261 12,566 217
1988 12,756 4914 2760 10,054 11,228 206
1900 14033 5593 32,804 11,231 10,290 8 ’ Average Rig Count
1991 12,494 6,025 2,755 11,295 13,089 315
1902 12,089 5031 2537 9408 11,423 251
1993 11,612 4,646 3,295 9,969 11,562 263
1984 11,248 3962 3,553 9,709 13,657 274 '
1995 11244 4344 arre 9,785 11,081 251 E
1996 12,869 4,081 4,060 o747 10,901 283 H
1997 13933 4402 4,594 10,778 9,336 358 4
1998 0,385 4509 4,907 11,067 8951 302 E
1900 8430 2040 3566 6,658 7,011 226 3
2000 12,021 3m 4,580 8,854 7219 343 7
2001 12,227 3,082 5,787 10,005 8,023 462 o
2002 9,116 3,268 SAT4 8717 8,343 338
2003 12,864 am 6,338 10,420 8720 448
2004 14700 3446 7118 11,587 8,391 506
2005 18,914 3454 [RLTS 12,864 7im 662
2006 18,952 4761 8534 13,854 7504 T46
2007 19,994 5,084 BB43 20,819 6,802 a34q
‘inciudes ol & pas wells & dry holes; does nol incluge 3enice wels.

Julo7 2674 “Note: The mast recent .
28.78 5 | 12 months of production Texas Qil Production 2007-2008
dala is prefiminary and
28.00 . subyect fo revision,  The
2882 mast recent month of ,__Q——O—O——"‘"_—.—’_-._‘__ -—
2818 dala is incomphete and 4 _-‘\“Q
— may underestimate the
29.28
- final and complete fatal;
2.0 - a production adustment
2748 factor of 1.0714 has
20.34
2834

) stimate of final crud o
. st L o Q0T Aug Sep Oct Nev Dec Jan  Feb  Mar
2150 0. ol produchon.

2045

Texas Qil Production 1996-2007 Texas Crude Qil Reserves

3 4 800
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e, 4200

.9 t + 1 t + + t y 4 000 + + ¥ N i i i 4 i i
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# Source: U5, Energy Information Administration (EIA). Reserve estimates for 1885 and after exclude federal offshore
* Source: Railroad Commission of Texas, December Active Oil Well Counts

** Source: Texas Comp of Public Account price is average net taxable price (S/bil. ) and excludes federal offshore production
Source for 2001 and after is (EIA) and wellhead price is West Texas Intermediate spot average
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Permian Basin cumulative oil production

discovered by year
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Figure 9. Permian basin cumulative oil production discovered by year. Bars show years in which reservoirs were discovered, with
the height of bar indicating volume of oil produced by those reservoirs through 2000. Data are for the significant-sized reservoirs
having cumulative production of greater than 1 million bbl (1.59 x 10° m*) through 2000.

(Dutton et al., 2005)

(a) , ‘ (b) .
Cumulative production Production in 2000
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Silurian ‘lOrdo:lman 0.03%, Devonian 29 19
4% /8% 3% /
Devonian + Pennsylvanian .

3%
Mississippian
0.05%~—__

8%

Wolfcampian
: 4%
Pennsylvanian

13% /

I

Waolfcampian /
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Figure 10. Permian basin production by geologic age: (a) cumulative production through 2000; (b) production in 2000.

DUTTON ET AL 571

Remaining oil reserves in the Permian Basin that will be produced

through 2015 is estimated at 3.25 billion bbls (Dutton et al., 2005).
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Co-generation, Ethanol Production and CO2 Enhanced
Oil Recovery Model for Environmentally and

Economically Sound Linked Energy Systems

USEP Russell Ethanol Plant e Products

-_.---—.—,';-'.Z.'.—'."._;-'".: ----- ] _.___JE.‘

Raw Materials Input

o

Annual Impacts are Shown [l =™

Dubois, White, Carr (2002)

Energy storage for Wind Power
Generation T

As of August 2007 http://www.kcc.state.ks.us/energy/wind.htm
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Compressed Air Storage for Suited
for Wind Power Generation

http://www.seco.cpa.state.tx.us/re_wind-reserve.htm
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Overview Map
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National Assessment of Oil and Gas Fact Sheet

Assessment of Undiscovered 0il and Gas Resources of the
Bend Arch-Fort Worth Basin Province of North-Central Texas
and Southwestern Oklahoma, 2003
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Mean Undiscovered Conventional Gas Resources
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(USGS, 2003) L

Figure 1. Bend Arch-Fort Worth Basin Province within the boundary outlined in red and primary
structural elements of north-central Texas and the southwestern corner of Oklahoma.

Figure 3. Map shewing majer structural elemants (black lines), @il (green dots] and gas (red dets)
waell production, location of Newark East Field, and boundary of USGS Bend Arch-Fort Worth
Basin Province (gray line). Red lines show present-day limit of Barnett Shale (Mapel et al.. 1979}
and purple lines are sastern limit of Woodford Shale (Comer, 1991}, Blus line approximates the

boundary of the Barnett-Paleozoic Total Petreleum System. (USGSv 2003)
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indicatas not applicable]

Table 1. Bend Arch-Fort Worth Basin Province Assessment Results.
[MMBQ, million barrels of oil. BCFG, billion cubic feet of gas. MMBNGL, million barrals of natural gas liquids. Results shown are fully risked estimates. For gas fields, all
liquids are included under the NGL (natural gas liquids) category. F95 denotes a 95 percent chance of at least the amount tabulated. Other fractiles are definad similarly.
Fractiles are additive under the assumption of perfact pasitive correlation. TPS is Total Petraleum System. AU is Assessment Unit. CBG is coalbed gas. Gray shading
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and Assessment Unis (ALY
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Assessment of
Undiscovered Oil and
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Permian Basin
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Fact Sheet 2007-3115 [Rsalllates

cited in
(USGS, 2007) short

Course
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Explanation
Contour interval: 2,000 ft
Top Precambrian structure
Fault
[~ Precombrian subcrop
[ permian basin project area
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Cuterop section

o Core

http://www.netl.doe.gov/technologies/oil-gas/Petroleum/projects/EP/ResChar/15509.htm
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Paleozoic
Total
Petroleum
System in
Bend Arch-

Fort Worth
Basin
Province

Pollastro et al. (1997)
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Events chart for Miss-Penn Barnett-Paleozoic
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OVERBURDEN ROCK

RATION

GENERRTY S aATION o CcuMULATION

COMMENTS

Peak generation occurred
about 50 MA at maximum burial

1 1 1 1

Figure 5. Events chart for Mississippian-Pennsylvanian Barnett-Paleozoic Total Petroleum
System (TPS) of the Bend Arch-Fort Worth Basin Province, Texas, showing TPS elements and
timing of trap formation and hydrocarbon generation. Also see stratigraphic chart of Figure 4.
Hydrocarbon generation models were summarized and modified from Jarvie et al. (2001).

(Palastro, 2003)

Evolving Concepts of Oil and
Gas Reservoir Characterization

Increasingly quantitative, refined, integrated and multidisciplinary, 3D to
find subtle accumulations of remaining oil and gas in our mature areas

Increasingly more quantitative information and software to process it —
new Kansas rule enacted to require copies of electronic logs (image and
LAS) to be submitted to the state (industry driven)
Stratigraphic classification

— Lithology and lithofacies

— Petrofacies

— Mechanical stratigraphy

— Seismic signature/attributes

— Genetic units and sequence stratigraphy

Sequence stratigraphy and reservoir continuity and conformance
Scalable depositional sequences (Possamentier) -- sequence boundaries,
flooding surfaces, and maximum flooding surfaces

Key to defining, correlating, and mapping fundamental temporally distinct
units and to develop high-resolution paleogeography.

When have topography in subsurface units (such as along shelf margins,
depositional topography, or erosional relief), filling and progradation of
units is not a simple matter to resolve.
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Petroleum Reservoir
Characterization

1 Definition
— Reservoir characterization is the broad discipline of the
process of describing and distributing properties of pores and
fluids that comprise a petroleum reservoir, a geomodel, that is
used for efficient exploitation of the oil and gas resources.

Modern reservoir characterization is multidisciplinary.

Geologists develop geomodels expressed as maps, cross
sections, and now increasingly 3D models to capture structure,
lithofacies, seismic attributes, statistical properties of reservaoir.

Engineers/geoscientists integrate fluid data to refine the
geomodel and possibly build a reservoir simulation.
Geophysicists ascertain interwell-scale reservoir geometries and
use seismic to empirically interpolate reservoir properties
(attribute mapping).

PORE TO RESERVOIR

Data Scales (meters)

0° 10° 0’ 0.001 . \ 100k 1,000k
SEM/ Pore Bodies & Throals

— Thin- n —
lay Properties & Pores in-sectio Core & core analysis Plays & Basins

Pore Scale “Welllogs Field Production
eliogs & Plays

\ Well tests
Core/Matrix Scale p - Byrnes, circa 2002

Problem or Opportunity

» 12+ orders of scales in reservoir characterization
* Appropriate application of new technologies to suite reservoir complexity
» “Devil is in details”: solution beyond beyond rules of thumb, thickness, and
structure
* Risk management and rapid, but measured/calculated response to:
* changing economic conditions and opportunities, e.g., gas price
* advent of new technologies
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Petroleum Reservoir
Characterization

1 Geological Analysis -- Geological
analysis is derived from data obtained
from wells that are drilled to tap oil and
gas.

1 Data types -- sample cuttings, cores,
wireline logs, fluid tests and analyses
acquired during drilling. Well logs,
calibrated with rock properties.

Reservoir Flow Units

1 Reservoir flow units are the primary elements of the
reservoir that have sufficient pore space (porosity) to
store hydrocarbon and ability to transmit hydrocarbon
(permeability).

Defining flow units and correlating them between wells is
accomplished using geological, geophysical, and
engineering data, which becomes the essence of a
successful geomodel and an important objective of
reservoir characterization.

Related “net pay” is an economic and technical definition
applied to flow units as cut-offs of key properties, e.g.,
defining cutoffs of Vsh, phi, k, BVW, Sw.
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Reservoir flow units (continued)

The measured parameters and rock descriptions are
observed in depth profiles in each well; Used to classify
and subdivide the reservoir interval.

The stratigraphic divisions that delineate discrete episodes
of deposition are important in recognizing potential flow
units.

1 Lithofacies, pore types, and core analysis further aid in
defining and characterizing flow units.

Flow units reflect modification of depositional fabrics by
diagenetic overprinting and structural deformation.
Flow unit definition is verified by well test, production,
volumetrics, material balance, and simulation.

Flow unit definition is refined through time with need
(cost/benefit).

Refining flow units is an iterative process

Fatton #4-3
Typewireling log
5
DPH
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Reservoir flow units (continued)

1 Well-log and core data are fundamental for defining flow
units, but well tests and production data and, more
recently, seismic attributes are included.

Digital log, core, test, and seismic data are ideally used
in software to integrate and quantitatively analyze them.

Lithofacies represent a combination of rock texture,
dominant constituent particles, and pore space.

Petrofacies extends the lithofacies definition to include
pore type and quantitative attributes/parameters used to
establish unigueness.

Petrofacies classification aids in systematizing and
classifying flow units and making results more robust.

Petrofacies is a key ingredient to
successful reservoir characterization.

» Cross plot of porosity vs.
= permeability for the sandstone
S ’ interval in earlier figure.

* As porosity increases

— GRISS permeability generally increases,
but scatter in this correlation is
roughly three orders of magnitude.

100

» Scatter is this example is closely
related to shale context, i.e., a
ol change in lithofacies, as indicated
here by the magnitude of the
natural gamma ray (GR).

10 —=

* When sample shaliness is
considered the correlation
between porosity and permeability
greatly improves (Bhattacharya et
al., 2008).

In situ Klinkenberg Permeability (mD)
1

1 _ 4 * Petrofacies — using lithofacies to
10 12 14 16 18 20 22 24 classify pore type and physical

) i properties, e.g., log response and
In situ Porosity (%) k.
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Pore types in vuggy carbonates

VUGGY PORE SPACE

SEPARATE-VUG PORES

(VUG-TO-MATRIX-TO-VUG CONNECTION)

TOUCHING-VUG PORES
{(VUG-TO-VUG CONNECTION)

GRAIN-DOMINATED FABRIC | MUD-DOMINATED FABRIC

GRAIN- AND MUD-DOMINATED FABRICS

EXAMPLE TYPES EXAMPLE TYPES

Intragrain =
microparesity

PERCENT SEPARATE-VUG POROSITY

S ]
Lesizis i)

5]
X

Htina

Miciolractures

Fig. 7. Geological/petrophysical classification of vuggy pore space based on vug interconnection. The volume of separate-vug
pore space is important for characterizing the pore-size distribution

Fig.15, Continuum of rock
fabrics and associated po-

. s 1000
rosity-permeability trans-
forms. A Class fabrics rang-
ing from 0.5 - 4 defined by o

class-average and class-
boundary porosity-permea- | §
bility transforms. B Fabric % 0
continuum in nonvuggy g
limestone. C Fabric continu- §
um in nonvuggy dol

ALz

20
Interparticle Porosity (%)

o1

1000

Interparticle Porosity (%)

'~ 500-100 ju 100-20 um

Crystal Size |,/ Crysial Suze,
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Inferparticle Porogity (%)

ng
content
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Carbonate Reservoir Characterization
By F. Jerry Lucia (1999)

Rock fabrics
and
permeability in
carbonates

where k is proportional
to crystal and grain
size, grain sorting, and
extent that vugs are
touching

Carbonate Reservoir
Characterization
By F. Jerry Lucia (1999)
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Cumulative frequency plots
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Cumulative percentage of occurrence

0.02 0.04 0.06 0.08 0.10
"Irreducible™ bulk volume water, ¢

Geomodeling

Maps are used to depict the structural elevation, thicknesses
and reservoir properties and are the fundamental basis for a
geomodel.

Geomodels are increasingly being refined by continued
improvements in well logging tools (formation imaging, NMR)
and 3D seismic.

Computer hardware and software are increasingly user-
friendly with interoperability to facilitate distributing reservoir
properties into a 3D volumes.

Integration with engineering is facilitated — material balance,
volumetrics, test, and performance used to validate and refine
the model.

A refined and validated reservoir model is then suited for use
in targeting additional oil and gas recovery.

Geomodels are as good as geological framework and
concepts employed in them.

PART 1. INTRODUCTION
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Kansas’ version of Geoengineering modeling — web-
based tools — “doing simple reservoir modeling
versus none at all”

Well Level Analysis Gemini Field Level Analysis

Applets User/Project Applets
Module

Well Profile Volumetrics
Module Module

PfEFFER KGS Server Cross Section
Module i Module
apache - jserv

Material
d Balance

Module
KGS Database & Files b
Synthetic _
“b PVT Module

Seismic —~ —
—
Module o

DST Module Java Servlets

&
q

Fluid
® 284,772 lines Java code Cata|og
+ 908 files KHAN Rock
« Level 2 compliant code s livl .

and documentation Saszocrﬁft?crnon Catal()g

navigator Tables and AletS
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Rock & Fluid Characteristics
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