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FEASIBILITY STUDY OF HEAVY OIL RECOVERY IN THE MIDCONTINENT
REGION (KANSAS, MISSOURI, OKLAHOMA)

By D. K. Olsen and W. 1. Johnson

ABSTRACT

This report is one of a series of publications assessing the feasibility/constraints of increasing
domestic heavy oil production. Each report covers a select area of the United States. The
Midcontinent (Kansas, Missouri, Oklahoma) has produced significant oil, but contrary to early
reports, the area does not contain the huge volumes of heavy oil that, along with the development
of steam and in situ combustion as oil production technologies, sparked the area's oil boom of the
1960s. Recovery of this heavy oil has proven economically unfeasible for most operators due to
the geology of the formations rather than the technology applied to recover the oil.

The geology of the southern Midcontinent, as well as results of field projects using thermal
enhanced oil recovery (TEOR) methods (cyclic steam, steamflooding, steam and combustion gas,
and in situ combustion) to produce the heavy oil, was examined based on analysis of data from
secondary sources. Analysis of the performance of these projects showed that the technology
recovered additional heavy oil above what was produced from primary production (often as small
as 0.3 BOPD/well) from the consolidated, compartmentalized, fluvial dominated deltaic sandstone
formations in the Cherokee and Forest City basins. The only projects producing significant
economic and environmentally acceptable heavy oil in the Midcontinent are in higher permeability
(> 500 mD), unconsolidated or friable, thick sands such as those found in south-central Oklahoma.
There are domestic heavy oil reservoirs in other sedimentary basins that are in younger formations,
are less consolidated, have higher permeability and can be economically produced with current
TEOR technology. Heavy oil production from the carbonates of central and western Kansas has
not been adequately tested, but oil production is anticipated to remain low.

The Midcontinent has an extensive, aging, light crude oil collection and transportation
pipeline network. Refineries are small, sweet, light oil refineries with little capacity to process
heavy oil. Significant expansion of Midcontinent heavy oil production is not anticipated because
the economics of 0il production and processing are not favorable.

FORMAT OF REPORT
This report is divided into four sections. The first part, chapter 1, provides a summary of
the findings of the study, an explanation of the reasons why the authors believe the oil resource
will remain undeveloped, and some background of previous studies. The second part, chapters 2
through 4, provides the geologic background for the heavy oil analysis that was undertaken. This




search was undertaken because numerous previous references reported large heavy oil resources

but their definition of "heavy oil" was broad and the geology of many of the oil bearing formations
was not as well defined as currently known. These chapters contain extensive bibliographies that
provide a listing where more detailed information can be obtained on a given geologic formation or
area. The third part, chapters 5 through 8, covers the economics ef production, potential of
horizontal drilling, environmental factors influencing oil development, and oil transport and
refining limitations. The fourth part, chapters 9 and 10, contains the conclusions and
recommendations and a tabular listing of average reservoir data for heavy oil reservoirs in Kansas,
Missouri, and Oklahoma. Emphasis of the report is not the reservoir database, since this is
secondary to defining the problems that limit development of the heavy oil resource.

OBJECTIVES OF RESEARCH
The objectives of this feasibility study were (1) to identify and investigate the known heavy
oil resources in the Midcontinent based upon publicly available information, (2) to screen this
resource for potential thermal or other EOR application to produce this oil, and (3) to evaluate
various economic factors/constraints that may impact the development of this resource. If the
study had determined that expansion of production of heavy oil in this area were economically
possible, recommendations would have been made to facilitate the production of this resource.
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CHAPTER 1

ASSESSMENT OF HEAVY OIL RECOVERY IN THE MIDCONTINENT
(KANSAS, MISSQURI, OKLAHOMA)

EXECUTIVE SUMMARY

The Midcontinent region (Kansas, Missouri, Oklahoma) has developed a reputation for
containing significant heavy oil. Major oil companies had millions of acres under lease during the
1960s and 1970s. The question continues to be asked "Why hasn't this heavy oil been developed
like the heavy oil reserves of California, where more than 70% of California's oil production is
heavy 0il?" The answer to this question lies in the geology of the Midcontinent heavy oil
reservoirs. Previous reports that indicated billions of barrels of heavy oil in Pennsylvanian age
formations in the Cherokee Basin were speculative and based upon considering the formations as
widespread blanket sands where heavy oil appeared in numerous wells. More recent U.S. DOE
supported studies indicate that these heavy oil resources are of the magnitude of hundreds of
millions of barrels. NIPER's analysis of the geology shows many of the fluvial dominated deltaic
reservoirs are highly compartmentalized, have complex internal architecture, and are fractured.
Aerial photos show surface fractures, which are an indication that shallow reservoir rock and
confining beds may also be fractured. Many previous TEOR operations (cyclic steam,
steamflooding, steam and combustion gas, and in situ combustion) provided only nominal oil
production above primary production (often < 0.3 bbl/well/day). Some oil recovery operations
repressurized the reservoir, and, in some instances, oil and produced water leaked to the surface.
In today's safety and environmentally conscious petroleum industry, the environmental problems
associated with shallow aquifer contamination or leakage to the surface are unacceptable/un-
economic risks.

Thermal recovery of heavy oil has been tested since the early 1960s in the Cherokee and
Forest City basins as well as other parts of the Midcontinent. This area was one of the original
areas where numerous petroleum companies tested heavy oil recovery technologies. Major TEOR
technologies have not changed since the early 1960s although efficiency in steam generation,
delivery of steam to the formation (insulated tubulars), heat management, emission control using
gas-fired rather than oil-fired steam generators, and treatment of emulsions in produced fluids has
significantly improved. The technology used in the field tests in the Midcontinent by many of
these early operators was basically the same as current technology. In the early years of TEOR,
results from operations were company secrets. In the last 15 years, thermal recovery with steam
has been commercialized and well documented. Many of the world's TEOR operators learned
from their TEOR pilots that they conducted in the Midcontinent and elsewhere and moved their
operations to fields with younger formations that are thicker, are unconsolidated or friable, have



more oil per acre, have more oil per acre foot, and thus are more amenable to economic thermal
heavy oil production.

Some of the results (lessons learned) from the early pilots are highlighted in this report.
During the course of this study, NIPER contacted operators and former operators of heavy oil
producing operations in the Midcontinent. The discussions indicated that major oil companies and
some independents learned from their pilot tests in the Midcontinent and other TEOR pilots
conducted throughout the world during the 1960s and 1970s. Some operators may not have had
access to or time to analyze all the literature which was available to the public or perhaps read only
the early speculative literature which did not specifically spell out the limitations of oil recovery
from tight, consolidated, fractured, compartmentalized formations typical of the Cherokee Basin
and much of the Pennsylvanian Age Midcontinent reservoirs. A number of smaller operators that
were contacted continue to cite early trade journal and government reports that expound on the
availability of the billions of barrels of heavy oil in the region. These reports were based on these
reservoirs being continuous formations rather then reflecting the actual geology and the results of
more recent U.S. DOE and state tunded studies.

The best estimates of heavy oil resources in sandstone reservoirs are those of Missouri, and
the least well known are those in Oklahoma. Economically recoverable heavy oil for the Cherokee
Basin is estimated at 5,000,000 bbl, whereas the estimated recoverable heavy oil from friable or
unconsolidated sand formations of south-central Oklahoma is estimated to be 40,000,000 bbl.
These are low recovery factors for consolidated sediments and higher (>30%) for unconsolidated
sands, but this is due to the geology of the reservoirs rather than the oil recovery process. Heavy
oil contributes to Midcontinent oil production, but not significantly. Although Missouri has the
highest percentage of heavy oil to total oil produced for any state in the Nation, the total annual
production is less than 20% of the daily heavy oil production of California.

This study has determined that heavy oil recovery from low-permeability, fluvial-dominated,
consolidated sandstone reservoirs such as those of the Cherokee Basin, with current technology
including that of horizontal wells, would be marginal or uneconomic (only a small fraction of the
resource is amenable to economic recovery). The steeply dipping, high-permeability (> 500 mD),
unconsolidated sands that are on the north side of the Arbuckle mountains in south-central
Oklahoma produce heavy oil by primary as well as by thermal methods. It is from these more
massive unconsolidated or friable sandstone formations that heavy oil has the best potential for
being economically produced. In these unconsolidated sands, TEOR on close spacing can supply
heat to reduce oil viscosity and gravity drainage can assist oil recovery. Neither recovery from nor
estimation of the volume of the resource of heavy oil in carbonate reservoirs of central and western
Kansas has been adequately tested, but oil production is anticipated to remain low. Current tests of



thermal heavy oil recovery from carbonate reservoirs are being conducted in Canada and Turkey
and will help to define the future potential for heavy oil production from carbonates.

The refineries in the Midcontinent (Kansas, Missouri, Oklahoma) are small volume, light,
sweet crude refineries constructed decades ago to process locally produced oil. They are not
designed to process heavy oil and have little hydrocracking and coking capacity. If heavy oil were
made available from outside the region, these refineries would quickly lose their efficiency and the
ability to process light oil because processing the heavy ends of crude (>1050 °F) limits their entire
operation. Many older, smaller, refineries closed during the last decade, and more refinery
abandonments are anticipated within the next decade. This is due to declining supplies of local
light sweet oil, economy of scale, and the fact that these plants have older, less: efficient units that
do not allow for an adequate economic rate of return to meet the demands imposed by higher
product quality and the necessary investment in upgrades to meet environmental regulations. The
pipeline network of the Midcontinent region could dilute a small volume of heavy oil with light
crude but only on a limited scale because there are no heated pipelines in the network.

Although these states contain heavy oil listed as resources, only a very small fraction is
amenable to economic recovery. The three states have been the site of over 30 years of field pilot
tests designed to recover heavy oil. With few exceptions, each project produced heavy oil, but in
only three projects was the rate of oil production high enough to continue expansion or continued
operation. One of these projects would probably be suspended in today's environmentally
conscious petroleum industry. Of the three projects deemed possibly economic, their geologic
setting and the oil recovery process combined to make the project a success. In most pilots the oil
recovery process worked but the geologic environment (internal architecture of the reservoir)
limited economic success.

The conclusions of the technical, historical, and economic analyses of previous heavy oil
recovery projects (1955 - 1990) conducted in shallow heavy oil Midcontinent reservoirs, include:

1. Economic thermal heavy oil production has been shown for the unconsolidated, dipping,
high-permeability reservoirs of south-central Oklahoma where the oil migrated into reservoirs
early, and extensive diagenesis of reservoirs has not occurred. Stripper production of heavy oil is
marginally economic in most of the Midcontinent (about 0.3 bbl/well/day).

2. Heavy oil is recoverable by thermal processes from shallow consolidated sandstone
reservoirs in the Midcontinent. In situ combustion, steamflooding (drive), cyclic steam, and steam
injection processes combined with injection of hot gases (Vapor Therm and others) were
technically successful thermal processes conducted in Midcontinent sandstone reservoirs during the
last 30 years. However, most of the technically successful projects were economically
unsuccessful.



3. Implementation of TEOR processes in thin fluvial deltaic consolidated sandstone heavy
oil reservoirs may not be economic, (see Table 1.1).

4. Only a site specific economic/engineering/geologic analysis can determine if the recovery
process chosen for a specific reservoir may be economic. A pilot test is required to customize the
process to determine site-specific constraints and technical and economic feasibility.

5. The most favorable facies for best recovery of incremental heavy oil in consolidated
sandstone deposited by a fluvial-dominated deltaic system in the Midcontinent is a trough-bedded
channel-fill facies. Poor heavy oil recovery results from implementing TEOR processes in more
compartmentalized, discontinuous-bedded, lenticular, upper pointbar, channel-fill sandstone
facies. There are more reservoir quality damaging diagenetic chaﬂges, including bedding boundary
permeability barriers, i upper facies sandstones than in trough-bedded, lower facies sandstones.
Reservoir analysis can help to determine where the better geologic facies for process
implementation may be located in a reservoir.

6. Fields with old stripper wells, wells with poor casing integrity, poorly plugged wells or
unknown wells are liabilities with TEOR processes or recovery processes that significantly
increase reservoir pressure. TEOR requires wells to be properly completed to accommodate heat
and pressure. Well spacing must be less than that of compartmentalization (usually less than
1 acre). TEOR well spacing in many unconsolidated sands in California oil fields is 1-1/4 or 5/8
acre spacing. East Texas field of East Texas was developed on 1-3/4 acre spacing.

TABLE 1.1. - Qil production from thermal heavy oil projects in the Midcontinent

Project Total

life, oil CDOR,!
Description Location Process yr barrels barrels Wells BOPD/W?3
U.S. DOE Bartlett, KS Fireflood NA? <l
Sun Ol fola, KS Fireflood 61,766 52 20 2.6
Sinclair Allen Co., KS 4 79,000 20 2.7
Carmel Energy Allen Co., KS 1.5 4,222 est 7.8
Carter Deerfield, MO Steam 4 6,752 4.6 16 0.29
Shell Vernon Co., MO 2 6,600 32 .28
Dotson Oil Vernon Co., MO 4 17,953 12.3 32 0.384
Jones-Blair Stotsbury Fld., MO 5 133,018 73 Na?
Carmel Energy Eastburn Fld., MO 550,000 95 est 1.32
Mobil Stephens Co., OK Fireflood +2 NA?
Shell Shovel-Tum Fld., OK NA2 20
Mobil Cox Penn, OK NA?
Currently operating (1992):
Mobil Stephens Co., OK Steamflood >4 NA? >250 est

1 CDOR - Calendar day oil recovery.
2 NA - Not available.
3 BOPD/W - Barrels of oil per day per well.



7. Injection pressures that exceed the reservoir fracturing pressure may cause environmental
problems at the surface or in the subsurface if injected fluids or formation fluids escape.

8. Development of old fields with horizontal wells must carefully consider the geology and
expected oil recovery to justify the increased expenditure. Horizontal wells for heavy oil recovery
in the Cherokee Basin do not look economical because of the geology of the reservoir.

This report illustrates some of the lessons learned by operators who moved their heavy oil
recovery operations to other parts of the world where the heavy oil is in reservoirs with
unconsolidated or friable sandstone. It also shows why light oil production operators in the
Midcontinent are marginally successful in drilling infill wells. Operators drilling infill wells
typically encounter reservoir pressure above that of surrounding old wells and obtain flush
production that rapidly declines to stripper levels, the results of reservoir compartmentalization.
Each of the TEOR operations analyzed produced heavy oil but it is these authors opinion after
looking at the Midcontinent and other U. S. Basins that there are much better reservoirs containing
heavy oil that can be more economically produced with current technology than those occurring in
the Midcontinent. The exception being the unconsolidated sand reservoirs in south central
Oklahoma. Itis in the unconsolidated sand formations and select consolidated formations where
additional domestic heavy oil production is possible.

BACKGROUND

Heavy crude oil is defined as having gas-free viscosity, >100 and <10,000 MPas
(centipoise, cP) inclusive at original reservoir temperature or a density of 943 kg/m3 (20° API
gravity) to 1,000 kg/m3 (10° API gravity) inclusive at 15.6° C (60° F) and atmospheric pressure
(Group, 1981). The current United States production of heavy oil is approximately 750,000 to
800,000 BOPD (Olsen, 1991) and accounts for 11% of the total daily oil produced (7.0 million
BOPD). The daily production of heavy oil by TEOR is 461,000 BOPD (Moritis, 1992). The
1984 National Petroleum Council report suggests that with 1984 technology that thermal oil
production would increase to about 1 million BOPD and 2 million with advanced technology by the
year 2010 (NPC, 1984). This essentially calls for more than doubling the domestic heavy oil
production or increasing TEOR at least threefold, a projection that is unprecedented in that it took
nearly 30 years to develop California's TEOR industry to its current level. The present and
projected energy situation in the United States is heavily oriented toward imported petroleum and
use of "clean" domestically mined coal. Extraction technology directed toward both light and
heavy oil production will become increasingly important to reduce the rate of decline of U.S. oil
production.



Structure and Scope of the Study

Recovery of heavy crude oil by steam is well established and successful method in several
areas of the world. Some heavy oil is known to exist in certain locations of the Midcontinent
region but the use of thermal methods to recover this oil has not commonly been applied. An
interest in expanding domestic oil production led to this feasibility study. Consequently, a
feasibility study was proposed to investigate the known heavy oil resources from available
informational sources in Kansas, Missouri and Oklahoma; screen them for potential thermal
applications; and evaluate various econcmic facets that may limit development of the resource.

The scope of this study includes (1) collect and compile a listing and description of heavy oil
resources from the Midcontinent using publicly available information, (2) determine the capabilities
of refineries in this area to refine additional heavy oil that may result form an increase TEOR
production , and (3) screen reservoirs data collected in determining the potential for applying
TEOR or other EOR techniques to recover additional heavy oil. As the project progresses, it was
realized that sufficient reservoir data (subsurface control and other data on these heavy oil deposits
were sparse and fragmentary resulting in wide ranging resource base estimates and were not
available to perform detail screening based on established screening criteria. Therefore, limited
geological information and experience of prior TEOR pilots were relied upon heavily in this study
to estimate recoverable resource and the constraints to production.

Most previous studies on heavy oil deposits in Kansas, Missouri, and Oklahoma have
concentrated on only a few counties in each state near or including outcrop areas of Cherokee
Group, Desmoinesian Stage, Middle Pennsylvanian System (age) heavy oil-impregnated
sandstones or in the Arbuckle Mountains of south-central Oklahoma. This study includes former
areas of investigation but also encompasses other heavy oil deposits and production that have been
reported or are being reported on an annual basis in these states. Accumulations of heavy oil in
producing and nonproducing accumulations in reservoir rocks from Cambrian through
Pennsylvanian age within several different sedimentary basins in the study area were examined.

Proprietary, DOE/industry-funded, and DOE-funded pilot-scale and full field-scale TEOR
projects for heavy oil recovery in the study area have been analyzed for causes of success or failure
of the project. Success and/or failure of selected processes and projects were compared to
successful TEOR projects in California, Canada, Venezuela, and Indonesia.

Chapters 2, 3 and 4 discussed the geology of the resource documented in the literature.
Some previous studies have considered heavy oil as oil with API gravity as <25° API while other
authors did not qualify their term of "heavy oil." Therefore, many of the formations analyzed in
this report were found to produce medium crude oil, >20° API and <30° API. The number of
reservoirs with medium gravity oil in the Midcontinent is at least twice that of heavy oil. To
evaluate the feasibility of recovering these resources by TEOR, information on depositional



heterogeneity's such as discontinuous compartments, clay distribution and laminated parallel
bedding, diagenetic heterogeneities (cementation, dissolution, clay deposition etc.) and structural
heterogeneities (dip angle, faults and fractures) were collected. The effects of these heterogeneities
on TEOR efficiency and oil recovery were evaluated.

Based on the results of previous EOR projects in Kansas, Missouri and Oklahoma, the
economics of TEOR projects in different parts of the projects area were studied in Chapter 5, the
geologic factors affecting the economics were also discussed. The advantages and disadvantages
of using horizontal and infill wells in recovering additional oil from heavy oil reservoirs in Kansas,
Missouri and Oklahoma were examined in Chapter 6, and the environmental considerations in
applying TEOR in the Mid-continent states we:e discussed in Chapter 7. Refining capacities and
the pipeline transportation network can have an in'pact on heavy oil recovery potential in a project
area and are discussed in Chapter 8. Chapter 9 summarized the important conclusions and
recommendations of this study. Finally, information on the heavy oil reservoirs in the Mid-
continent area and their properties were tabulated in Chapter 10.

Geology of Some Midcontinent Reservoirs

Since the authors contend that the major limiting factor in developing the heavy oil resources
of the Midcontinent is the geology of the reservoir and not the oil recovery process, an explanation
of some aspects of the geology of Pennsylvanian age (300 million years old), fluvial and deltaic
reservoirs in relation to thermal recovery of heavy oil is required. This analysis is not limited to
heavy oil since heavy and light oil reservoirs are found in the same reservoir rocks of the same age
and depositional environment, where during the course of time some of the light oil was water
washed, biodegraded or lighter hydrocarbons escaped to form a heavy oil. One example is the
Bartlesville sandstone, a Cherokee Group, Desmoinesian Series, Middle Pennsylvanian System
(age) fluvial-dominated deltaic deposit, commonly found as a reservoir rock for both heavy and
light oil in the study area.

Cherokee Group sandstones in the Cherokee and Forest City basins were deposited in a
fluvial deltaic environments as shown in Fig. 1.1 (Willhite, 1986; Pettijohn, Potter and Siever,
1972; Allen, 1965). These sandstones are dominated by channel filling, multi-storied,
discontinuous, fining-upward, multiple-pointbars deposited in channels cut into underlying older
Pennsylvanian and/or Mississippian rocks. Channels where these sandstones were deposited were
commonly no larger than about one-fourth mile in width at any given time. Many Cherokee Group
fields are much wider than one-fourth mile at present, due to lateral accretion of the pointbar
deposits as the stream meandered across the flood plain, but were probably no larger then about
one-fourth mile at any given time during their depositional history.
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FIGURE 1.1 - Fluvial and deltaic depositional environment showing geometry of meandering
channel deposits, multi-storied channel deposit (after Allen, 1965).

Many of the Pennsylvanian Cherokee sandstones that form current Midcontinent oil
reservoirs were deposited as fluvial deltaic reservoirs in lower alluvial valleys or on deltaic coastal
plains by swreams or distributaries whose channels cut into and were confined by unconsolidated
sediments. Many of the Midcontinent reservoirs were fluvial and had straight unbraided courses
(as opposed to the braided or meandering steams, Fig. 1.1) and had relatively little bedload and
thus are not massive or thick sands. Ultimate recovery of oil from reservoirs in Cherokee Group
sandstones is affected by facies type, small scale sedimentary structures, bedding boundary and
intergranular small-scale permeability barriers, and diagenetic changes, (internal architecture)
commonly identified as "heterogeneities”, within the sandstone body. The scale of the barriers is
shown in Fig. 1.2, A through F (Allen, 1965). With consolidated sediments, many of these small
scale barriers (low permeability bedding boundaries) may be sealing. In contrast, in
unconsolidated sands these small barriers may be breached by an oil recovery process producing
significant oil. The Tertiary age (65 to 5 million years in age) unconsolidated sands are the major
heavy oil producing reservoirs of California, Canada or Venezuela. The dynamics of channels
formation in unconsolidated sediments is well known and predictable based on modern hydrology
(Leopold, Wolman and Miller, 1964; Swanson, 1981, Swanson, 1981, Swanson, 1992;
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FIGURE 1.2 - Small scale permeability barriers found in pointbars (sediment deposited on the
inside of a meander loop) as part of fluvial deltaic deposit (from Allen, 1965). A.
Large scale trough bedded cross-stratification in vertical sections perpendicular
(upper diagram) and parallel (lower diagram) to flow. B. Large scale trough
bedded cross-stratification in horizontal and vertical section looking down current.
C. Large scale planar bedded cross-stratification in large scale ripple. D. Small
scale trough bedded cross-stratification in horizontal section. E. Small scale
trough bedded cross-stratification in section perpendicular to flow. F. Flat-bedded
sand in vertical section.

Pettijohn, Potter and Siever, 1972). Many of the features of pointbar deposits (sediment deposited
on the inside of meander loop) are shown in Fig. 1.3.

Lower sandstone facies (e.g., lower channel fill or pointbar) will probably have the largest
volume of economically recoverable oil during primary, waterflood, and/or EOR phases of
production. Upper sandstone facies (e.g., upper channel fill or pointbar) that are part of the oil
reservoir will contribute small quantities of oil throughout the productive life of the reservoir and
be produced on a less cost-effective basis. Figure 1.4 shows a conceptual model of progressively
increasing complexity of a Midcontinent stream channel illustrating the facies described. The
central injector, shown in Fig. 1.5 when completed open hole or perforated over the entire sand is
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FIGURE 1.3 - Pointbar deposit—common depositional environment for Pennsylvanian Age
petroleum reservoirs of the Midcontinent (Modified from Swanson, 1983).
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FIGURE 1.5 - Schematic cross section of a pointbar with steam injection into center well and
path of steam sweeping those continuous sands but much of the reservoir has
compartments uncontacted. For explanation of symbols see tigure 1.4.

exposed to numerous sand bodies but only the lower facies is connected to the producing well on
the left of the figure. Two sands (lower facies shown as "A" and a high permeability sand in an
upper facies "B" connect) are in communication between the injector and the producing well on the
right. The implication for fluid flow between the entire injector and producer(s) is that only a small
fraction of the reservoir is swept. Drilling infill wells between current injector and producing wells
will allow more contact between continuous sand bodies and may yield higher recovery.
Determination of the spacing necessary to contact and drain the sand bodies is critical. The
economics of infill drilling on close spacing must be carefully analyzed because oil production may
not be enough for payout and an economic rate of return.

Figure 1.4C shows two sand-filled stream channels typical of Midcontinent fluvial deltaic
upper point bar facies that commonly contain oil entrapped in discontinuous depositional
compartments. This compartmentalization is affected by both depositional conditions and
diagenetic changes. Depositional compartmentalization caused by sandstone lenses commonly
have spatial variation smaller than the prevailing Midcontinent oil tield well spacing (5, 10, 20, or
40) acres). Spatial variation of depositional compartmentalization may be 1 acre or less. Bedding

boundary and intergranular small scale permeability barriers are associated with depositional
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compartmentalization and may form sealing boundaries. Bedding boundary permeability barriers
are formed by early, partial to almost complete, cementation and/or compaction of very-fine-
grained sediment (e.g. very-fine grained sand, silt or clay) deposited along sand lenses boundaries
as shown in Fig. 1.2. Small-scale intergranular permeability barriers may be formed by
precipitation of diagenetic clays or by clay or shale pebbles deposited with sandstone grains.
Depositional compartmentalization and bedding boundaries and small-scale intergranular
permeability barriers are commonly noted as reservoir "heterogeneities," a generic non-specific
descriptive term.

A schematic of thin (a few inches to a few feet thick), laminated parallel bedded sandstone is
shown in Figs. 1.2, 1.3 and 1.4, which may be present in an upper facies of a point bar. If
parallel bedded sandstone has porosity, permeability, and oil saturation as good as that of lower
facies of a point bar, oil may be swept by secondary and EOR processes from this zone. Parallel
bedded sandstone may also act as a "thief" zone (zone where fluids can flow faster) for waterflood
or enhanced waterflood operations, creating a direct path between wells. Direct communication
(fluid flow path) is created because of the continuous permeability path between wells in parallel
bedded sandstone, in contrast to discontinuous permeability paths between wells in depositional
compartmentalized sandstone. If permeability is continuous between wells, the sweep efficiency
should be significantly higher. If permeability is discontinuous between wells, as with
depositional compartmentalized sandstone, sweep efficiency will be poor to nonexistent. This
"bypassed" or "unswept" oil in depositionally compartmentalized sandstone is often targeted by
infill wells. Drilled late in the life of a Cherokee Group sandstone field, an operator may complete
"good" oil producing wells. These wells commonly last a few days to a few weeks before they are
producing at stripper levels of 0.5 to 2 BOPD. These wells may be economical and pay out in
months to years, depending on the rate of decline. If the "good" oil producing well has been
completed in an upper facies, with extensive -depositional compartmentalization (highly
compartmentalized) in the oil reservoir, payout may be in a few months, years, or never depending
of the relationship of the well spacing to the size of compartments. Vertical infill wells for
development (recovery) of the "unswept" oil resource entrapped in depositional compartments may
not be economical.

Horizontal wells will encounter the same problems as vertical infill wells. Therefore,
horizontal well technology with present completion technology may not be the solution for
recovering depositionally compartmentalized oil when compartments are smaller than a certain size
or whose geometry is adverse. Well stimulation by hydraulic fracturing with a proppant will create
a vertical fracture (principal direction of tNE-SW in the Midcontinent), tending to be aligned
parallel to the direction of least principal stress, when implemented in reservoirs deeper than about
1,000 ft. These fractures, created by hydraulic fracturing, will contact a limited number of
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compartmentalized sandstone lenses or the same compartments in which a well is located. This
offers a temporary solution for increasing oil recovery since fracturing will have the same problems
as a vertical well perforated in upper point bar facies.

The lower trough horizontally cross bedded facies of Cherokee Group sandstones will have
the best potential for oil recovery. Trough cross bedded sandstone is generally fine- to medium-
grained cemented quartz sand with less depositional compartmentalization. These facies are more
continuous and less "heterogeneous” than the upper point bar facies. When waterflooding and
enhanced waterflooding are implemented in the lower facies, oil will be swept between wells from
injector to producer. This facies is preferentially swept by injected fiuids because the lower facies
has more continuous favorable porosity and permeability which allows for better sweep efficiency.
A direct path is sometimes developed in. lower channel fill or point bar facies reservoir rocks
because they have more permeable sands unevenly distributed across the reservoir aligned in the
direction of the source of sediments. This may be recognized by early breakthrough of injected
fluids in lower facies or thin parallel bedded the upper point bar facies. The lower channel fill
facies reservoir rock may have porosity, permeability, and oil saturation equal to or greater than
upper facies. Oil from an upper facies is sometimes produced by imbibition through secondary
and enhanced waterflooding. Wells producing small quantities (0.2 to 2 BOPD) of oil after 40 to
50 years of waterflooding are probably producing oil by imbibition or gravity drainage through
fractures from an upper facies.

Heavy Oil and Light Oil Reservoirs in the Same Depositional Environment

The difference between light oil reservoirs and heavy oil reservoirs is the gravity and
viscosity of the oil. Numerous operators in the Cherokee Basin and throughout the Midcontinent
make their living by drilling and producing light oil. They encounter nearly original reservoir
pressure when they drill these wells and obtain flush oil production. Oil production and pressure
decline rapidly and wells become strippers within waeks to months but there is usually enough
production to pay for operations. A major lessoi that can be learned from this study is that the
geology of the reservoir controls production in many of these Midcontinent reservoirs. The new
oil contacted by infield drilling is entrapped by depositional compartmentalization (internal
architecture as described by Johnson and Olsen, 1991; Willhite, 1986; and Walton, et al, 1986).
Discontinuous, channel-filling, multiple-stacked pointbar, fluvial deltaic sandstones with bedding
boundary and intergranular permeability barriers due to stream deposition and diagenetic changes
are the reservoir rock for both heavy and light oil reservoirs in much of the Midcontinent.
Production problems of incomplete drainage ("bypassed oil" or "unswept 0il") of light and heavy
oil reservoirs in Midcontinent fluvial deltaic sandstones are caused by depositional
compartmentalization (internal architecture).
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CHAPTER 2

HEAVY OIL OCCURRENCE AND INTEGRATED ANALYSES OF GEOLOGY
AND ENHANCED OIL RECOVERY PROCESS APPLICATIONS IN KANSAS
SUMMARY

Heavy oil is found in shallow low permeability (< 500 mD) consolidated sandstone
formations in southeastern Kansas and in carbonates in central and western Kansas. These
sandstones were principally deposited as meandering stream channels. They occur as narrow
elongated fields and are often found parallel to light oil reservoirs of the same geologic age. The
geologic age of most Midcontinent oil producing formations is Pennsylvanian (310 million years)
and older. Time has allowed for extensive diagenesis whereas many heavy oil producing sands of
California, Canada and Venezuela are tertiary (<66 million years) where far fewer changes to the
formation occurred. Reservoir rock is highly compartmentalized and fractured. Fracture alignment
is generally in a northeast-southwest direction with the secondary fractures in a perpendicular
direction. Surface fractures are an excellent indication that reservoir rock and confining beds are
also fractured. Small volumes of heavy oil (<0.3 BOPD) are obtained by primary production from
these sandstone reservoirs. TEOR methods, cyclic steam, steamflooding, steam and combustion
gas, and in situ combustion have proven that the oil can be recovered using close spaced wells
(< 250 ft) in sandstone reservoirs. The heavy oil of the carbonate reservoirs of central and western
Kansas have seen little development because of the difficulty in producing high viscosity oil from
tight carbonate formations even though they can have a high oil saturation. However, none of the
projects reported look to be economically and environmentally acceptable.

An analysis of published data indicates that many previous reports considered heavy oil as oil
up to 25° API. However, it is seldom defined within the report. Major companies had large
acreages under lease in southeast Kansas during the heavy oil boom of the 1960s. Shell had as
much as a million acres under lease. There has been a driving force for companies to lease
properties, and there has to be reasons for them to release the acreage. Much of the driving force
to lease acreage is the strong belief that in situ combustion could be widely applied, that steam
could also be used to recover heavy oil, and that the heavy oil belt of southeast Kansas, western
Missouri, and northeast Oklahoma was continuous. In situ combustion has proven to be one of
the most difficult EOR technologies to control. Steam has proven to be a very efficient oil recovery
process but not in tight, fresh water sensitive, fractured sandstone formations. Many times, well
spacing required for effective steam sweep of these Midcontinent reservoirs is less than one acre
and recovery may cost more than the original oil-in-place is worth. Although heavy oil shows up
in various fields and is behind casing in a lot of wells drilled to tap deeper light oil, the geology of
the Pennsylvanian sands is predominantly that of fluvial dominated deltaic deposits. These sands
are not large broad, widespread, blanket, sand deposits as originally believed. Analysis of major
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companies findings (geologic and thermal oil production) experience showed that better response
(economic oil production) could be achieved from thicker, unconsolidated or friable sandstone
formations, which were usually younger Tertiary in age. These formations are common in
California, Venezuela, Canada, and Indonesia, sites of the majority of current thermal heavy oil
production.

BACKGROUND

Prior studies on heavy oil occurrence in Kansas have concentrated on three southeastern
counties, Cherokee, Crawford, and Bourbon. Occurrences of heavy oil have been found in these
counties at shallow depths and in outcrop in some sandstones of the Cherokee Group,
Desmoinesian Stage, Pennsylvanian System (Figs. 2.1 and 2.2). This study takes into account
occurrences of heavy oil in reservoirs of all ages throughout the state of Kansas rather than
concentrating on the same areas that have been investigated thoroughly in the past for occurrences
of heavy oil. In Kansas, oil occurs and is being produced from reservoirs found in Precambrian
fractured basement rocks, as well as in sandstone and carbonates from Cambrian through
Pennsylvanian in age (Fig. 2.3) (Newell, et al., 1987). Descriptions of heavy oil impregnated
reservoir rocks will be given in order of age.
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FIGURE 2.1. - Southern Midcontinent Basins.
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FIGURE 2.2. - Formal Stratigraphic Classification of the Cherokee Group (from Staton, 1987).
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FIGURE 2.3. - Geologic Timetable and Kansas Rock Chart Showing the Various Producing
Zones Considered in this Report (from Newell et al., 1987).
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Drilling for petroleum in Kansas is reported to have started in 1860, only one year after
Colonel Drake's well first produced oil near Titusville, Pennsylvania. A site in the Forest City
Basin of eastern Kansas in Miami County near Paola was the location of the first efforts in Kansas
to find commercial oil production (Haworth, 1908; Jewett, 1954). By 1884, Paola was supplied
with gas piped in from a nearby field. Sporadic drilling found minor amounts of oil and gas, but
the first significant commercial oil field in Kansas was developed near Neodesha in 1893 (Owen,
1975). Light oil was of commercial value, gas was often flared due to low price, and heavy oil
was not commercial. ‘

Heavy oil is found in some Cherokee Group sandstones and limestones. Ockerman (1932)
described the occurrence of heavy oil in sandstones and limestones in eastern Kansas that were
being mined in open pit quarries for use by the highway department for paving roads (Figs. 2.4
and 2.5).

RESULTS AND DISCUSSION

INTRODUCTION

Geology of Paleozoic heavy oil producing formations will be discussed in this section
(Fig. 2.3). Over 60 heavy oil reservoirs that produce from sediments of Cambrian through
Pennsylvanian ages have been identified in Kansas. It is believed that all heavy oil reservoirs in
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FIGURE 2.4. - East Kansas Asphaltic Sandstone Outcrops and Quarries (from Okerman, 1932).
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FIGURE 2.5. - East Kansas Asphaltic Limestone dutcrop and Quarries (from Okerman, 1932).

the state have not been identified in this report because Goebel (1966) reported that over 100
reservoirs produce heavy oil in Kansas. Goebel did not define heavy oil, but his definition is
believed to be oil <25° API gravity. Evidence that all producing heavy oil reservoirs are not listed
in the Kansas Geological Survey Oil and Gas Production Reports is that a producing heavy oil
reservoir in eastern Paola Field was identified in a conversation and visit with Lester Town,
owner of Town Oil Company (1990). Because this heavy oil reservoir was not identified in
published data on oil and gas production records, it is believed, but difficult to prove, that other
heavy oil reservoirs exist in eastern Kansas, in known oil fields that are producing lighter API
gravity oil (Fig. 2.1). Reservoir rock descriptions are given in ascending order from oldest to
youngest, Cambrian to Tertiary.
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GEOLOGY
CAMBRIAN PERIOD
Reagan Formation

The Reagan Sandstone is a formation of Cambrian age that produces heavy oil in Kansas
(Fig. 2.6). Annual oil and gas reports compiled and published by the Kansas Geological Survey
list two oil fields that produce heavy oil from the Reagan Sandstone.

Reservoir quality rocks of the Reagan Sandstone average 40 feet (12 m) in thickness
(Fig. 2.7) (Goebel, 1968). The dominant types of Reagan Sandstone are quartzose sandstone,
dolomitic sandstone, quartz-glauconite sandstone, arkose and feldspathic sandstone. They were
deposited rapidly as a basal Paleozoic transgressive sandstone on a nearly flat surface sometimes
directly on Precambrian basement (Figs. 2.8 through 2.10). Precambrian basement is composed
of igneous, sedimentary, and/or metamorphic rocks which supplied much of the material found in
the Reagan (Figs. 2.11 and 2.12). These source rocks greatly influencing composition and texture
of the Reagan sandstone. Eolian (wind dominated transport) processes greatly influenced the
supply, rounding of quartz grains, and distribution of quartz, mica, and feldspar to offshore areas
where carbonate deposition was simultaneously occurring during deposition of sandstone. This
basal Paleozoic sandstone may range from fine to coarse grained quartzose, arkosic, or feldspathic
sandstone (McElroy, 1965 and Newell et al., 1987).
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FIGURE 2.6. - Time Stratigraphic Units-Cambrian and Ordovician Systems (from Cole, 1975).
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26



X WEST EAST X'

1 TOP LANSING 2 8 7 _TOPLANSING 8
TCT] PENNSYLVANIAN b
T ARBUCKLE =
—— — . ¥ o
PRECAMBRIAN
CAMBRIDGE ARCH REAGAN NOT
DEPOSITED
e UOKLE ‘ OR ERODED
/ XX
100 L .
LY/ /- REAGAN k5 I [ ]l e
<~ PRECAMBRIAN e — ] =
T 1 Bl ] -
ARBUCKLE ERODED OR NOT DEPOSITED ‘ 2 l F -

POTENTIAL REAGAN OIL ACCUMULATION IN
CONTACT WITH PENNSYLVANIAN SOURCE ROCK

FIGURE 2.9. - West-East Cross Section, Based on Logs of Kansas Sample Log Service,
Across Cambridge Arch Showing Relation of Lower Pennsylvanian Rocks to
Older Beds on Crest of Arch. Where Reagan is Absent, Arbuckle is in Direct
Contract with Underlying Precambrian (from Merriam, 1983).

2000\ ~ \

2000 1000

—2000 2000
3000
\—-\/J Q)

@Csooo 2000
on\go 2\
‘?\’/fm\\\——"\j 3 ;

FIGURE 2.10. - Regional Configuration Map on Top of Precambrian Basement Complex in
Kansas. This Map Shows Present Day Depth in Kansas (modified after
Merriam, 1983).

27



‘M
[ ] SEDIMENT [ _ INFERRED [_] GRANME
EXTRUSIVE ROCK
Ny QUARTZITE AND MAFIC IGNEOUS GRANODIORITE
- SCHIST OUTLIERS I COCK iy

FIGURE 2.11. - Map of Kansas Showing Generalized Precambrian Basement Rock-Type
Distribution Based on About 2,200 Wells (from Merriam, 1983).

SOUTH NORTH

- W W W W W W W W W W W W W W W W

7
S
““QIII)):):};)'

PENNSYLVANIAN CAMBRO-ORDOVICIAN CAMBRIAN REAGAN
ROCKS ARBUCKLE DOLOMITE SANDSTONE
=7

RICE
SUEA%Q%AN FORMATION PRECAMBRIAN IGNEQOUS

AND METAMORPHIC ROCKS

FIGURE 2.12. - Stratigraphic Diagram Showing Relationships Between Paleozoic Rocks and
Precambrian Rocks in Northwestern Kansas (from McElroy, 1965).

28



Oil accumulations in the Reagan sandstone are due, in part, to erosion or nondeposition of
the overlying Arbuckle Group (Figs. 2.8 and 2.9). Fractured basement rock in contact with the
Reagan formation sometimes produces oil because of migration downward into fractured rock that
offers porosity for entrapment. Reagan sandstone deposition and oil occurrence are associated
with buried Precambrian basement hills that offer structural highs for migration and oil
accumulation. Source rocks for oil found in Reagan sandstone are overlying Pennsylvanian shales
or nearby eroded Arbuckle dolomites on the flanks of structures or paleotopographic highs
(Walters, 1953; Newell et al., 1987).

CAMBRIAN-ORDOVICIAN PERIOD

Arbuckle Formation

Arbuckle Formation carbonate sediments make up the entire section of sediments with their
age crossing the Cambrian-Ordovician time boundary in Kansas and Oklahoma (Fig. 2.6). Most
Arbuckle reservoirs are found over the Central Kansas uplift and its southward extension, the Pratt
anticline (Fig. 2.1). Some Arbuckle carbonate reservoirs produce heavy oil in the southern
Cherokee and Sedgwick' Basins of southeastern Kansas. The annual oil and gas production
reports compiled and published by the Kansas Geological Survey list 27 oil fields that produce
heavy oil from the Arbuckle Formation.

The Arbuckle Group, composed mostly of light gray to white vuggy, cherty dolomite, has
been subdivided and correlated with equivalent surface outcrop exposures in adjacent states by
studying insoluble residues (Newell et al., 1987). This group includes rocks comprised of
dolomite, sandy or cherty dolomite and sandstone, which may have excellent porosity and
permeability. Oldest Arbuckle Group rocks, basal Arbuckle, in the subsurface are quartz
sandstone, sandy carbonates, or feldspathic, "granite wash" sandstone. Dolomite above the basal
sandstone may be sandy, gray to white or buff to light-brown in color having textural variations
from coarse to fine. Upper Arbuckle Group dolomite (Ordovician age) is generally sandier,
containing more chert distinguishing it from younger dolomite beds by the presence of oolites or
concentrically banded chert. These rocks have little or no shale except at the top, directly
underlying the Simpson Group (Cole, 1975).

Pre-Simpson uplift and erosion account for thin to absent Arbuckle carbonates locally and on
some basement structural highs, the Nemaha uplift, Cambridge arch, and Central Kansas uplift in
Kansas counties of Marshall, Pottawatomie, Riley, western Nemaha, eastern Washington, Chase,
Butler, Norton, and Decatur (Figs. 2.1, 2.8, 2.9, 2.13 and 2.14) (Newell, 1987, Jewett, 1951,
1954; Merriam, 1963). In some areas Arbuckle dolomite may be quite thick locally, but generally
thickens southward to a thickness in excess of 1,000 feet (Fig. 2.15)—along the Kansas-
Oklahoma state line (Cole, 1975).
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MIDDLE ORDOVICIAN PERIOD

Simpson Formation

The Simpson Formation is the lowest Middle Ordovician heavy oil producing reservoir (Fig.
2.6). Annual oil and gas production reports compiled and published by the Kansas Geological
Survey list two oil fields that produce heavy oil from the Simpson Formation.

Simpson production is primarily limited to south-central Kansas. Producing trends from
Simpson rocks may be found along the Pratt anticline, throughout the Sedgwick and Forest City
Basins, flanks of the Chautauqua arch, and along the periphery of the Central Kansas uplift (Figs.
2.1, 2.16, 2.17, and 2.18). Some oil reserveirs where Simpson production may be found
beneath the pre-Pennsylvanian unconformity are in Butler, Coffey, and Sumner counties in
southeastern Kansas (Fig. 2.19) (Jewett, 1954; Newell et al., 1987).

The basal unit of the long term North American continental Tippecanoe transgression is
known as the Simpson Group in the Midcontinent. This group of sediments was probably
deposited over most of the state, but erosion throughout various parts of the state resulted in
removal. Tectonic movement in Late Mississippian-Early Pennsylvanian Periods accounts for the
removal of this group over much of the Central Kansas uplift, the Nemaha uplift, and
Northwestern Kansas. The Simpson is not present in southeastern Kansas southeast of a line from
Cowley County to Miami County (Fig. 2.17) (Merriam, 1983). The broad northwest-southeast-
trending pre-Devonian (pre-Chatanooga) Chautauqua Arch caused the absence of the Simpson
group in this area (Figs. 2.16 and 2.18).
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Off the flanks of the Chautauqua arch the Simpson Group is thickest. It reaches a thickness
of 150 ft (45 m) in northeastern Kansas along the western flank of the Forest City basin and
eastern flank of the Salina basin. Maximum thickness in southern Kansas is 250 ft (75 m) in
Harper County near the Kansas-Oklahoma state line (Fig. 2.20) (Cole, 1975). It thickens
southward into Oklahoma where it is divided into several stratigraphic units (Ireland, 1965). Local
thicknesses in eastern Kansas in excess of 400 ft (125 m) are attributed to sinkholes that developed
in the underlying Arbuckle Group carbonate rocks (Newell et al., 1987).

In Kansas, the Simpson Group is a sand-shale sequence with minor carbonate beds. Light-
gray, quartz-rich sheet sandstones sometimes called the St. Peter or Wilcox sandstone are the main
reservoir rocks of the Simpson (Fig. 2.6) (Goebel, 1968). There may be more than one producing
sandstone reservoir present when oil accumulation is found. In the Forest City Basin, Simpson
shales are credited as the source beds for oil (Newell et al., 1985).

There are three geologic settings for oil accumulations in the Simpson: (1) the Simpscn is
truncated by the sub-Pennsylvanian unconformity forming structural-stratigraphic and stratigraphic
traps, occurring along the periphery of the Central Kansas Uplift and along the crest of the Nemaha
Uplift and Pratt anticline, (2) the Simpson is truncated by the pre-Chattanooga unconformity
forming structural-stratigraphic and stratigraphic traps, occurring in southeastern Kansas along the
subcrop trend on the northern flank of the Chautauqua Arch, and (3) structural traps where the
Simpson is found in a normal sequence below the Viola Formation and above the Arbuckle Group,
occur in the Forest City, Sedgwick, and southern Salina basins (Figs. 2.1, 2.16, and 2.18)
(Newell et al., 1987).

Viola Formation

The Viola Formation is the uppermost Middle Ordovician age reservoir rock to be discussed
in this section (Figs. 2.6 and 2.21). There are 4 reservoirs identified in the annual oil and gas
production reports compiled and published by the Kansas Geological Survey that produce heavy
oil in Kansas.

Viola production is distributed through south-central and northeast Kansas approximately the
same as the underlying Simpson Group. Oil and gas are produced on the Pratt anticline, but oil
production is dominant in other areas. Viola and the younger "Hunton" carbonates are the main
producing formations in the Forest City Basin (Fig. 2.1).
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FIGURE 2.20. - Isopach Map of the Simpson Group (from Cole 1975). Contour is in feet.
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FIGURE 2.21. - Generalized Stratigraphic Section of the Viola Limestone in South-Central
Kansas (from St. Clair, 1982).
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Pre-Pennsylvanian erosion in northwest Kansas, the northern part of the Nemaha uplift and
the Central Kansas uplift removed the Viola Limestone in these areas (figure 2.22). Pre-
Chattanooga erosion on the Chautauqua arch in southeastern Kansas also accounts for the absence
of Viola Limestone (Merriam, 1963). The Viola exceeds 300 ft in Jewell and Republic counties,
where it is thickest (Figs. 2.16, 2.19, and 2.23, Cole, 1975). It is fine- to coarse-grained
limestone and dolomite with variable quantities of chert. This formation is characterized by
dolomitic limestone in south-central Kansas. In the Forest City and eastern Salina basins it is
nearly all dolomite (Goebel, 1968, Cole, 1975). Intergranular, vuggy, moldic, and fracture
porosity are common in the Viola (Caldwell and Boeken, 1985; St. Clair, 1985). Taylor (1947),
Ver Wiebe (1948), and St. Clair (1985) have divided the Viola into informal subdivisions in
Kansas (Newell et al., 1987).

The most significant oil production from Viola carbonates in the Midcontinent occur in
Kansas. Elsewhere in the Midcontinent, it is not a major oil producing formation. Oil production
from the Viola is found in structural and stratigraphic traps in Kansas (Newell et al., 1987).

SILURIAN AND DEVONIAN PERIODS

Rocks of Silurian and Devonian age are not significant formations for oil production in
Kansas (Fig. 2.24). These rocks are commonly identified by drillers as "Hunton" in Kansas.
These rock that are identified as "Hunton" in Kansas are a misnomer because the name has been
applied to a group of limestones and dolomites sandwiched between overlying Chattanooga Shale
and underlying Maquoketa shale. The true Hunton Formation in the Midcontinent is a unit of
lower Devonian limestones deposited in the Ardmore and Anadarko basins in southern Oklahoma.
Rocks that are equivalent to these are missing in Kansas (Newell et al., 1987). One heavy oil
producing reservoir is listed in the annual oil and gas procuction reports compiled and published
by the Kansas Geological Survey. This may be accurate since these sediments are not major oil
producers in Kansas.

The zone between the Silurian and Middle Devonian that is missing in Kansas can be
recognized in a few localities by a zone that carries varying low percentages of sand grains. In
areas where this sand is not present, the unconformity is difficult to recognize (Merriam, 1963).
Hunton rocks in Kansas have been zoned by insoluble residues and microfossils. Where these
rocks can be differentiated by lithology, those of Devonian age are generally gray to brown, fine-
grained, crystalline dolomite or limestone with minor chert. Silurian age rocks are cherty, but
coarser-grained and slightly sandy dolomite with vuggy porosity (Merriam, 1963; Newell et al.,
1987).
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FIGURE 2.22. - Map of Kansas Showing Subsurface Distribution of Viola Limestone (Middle
Ordovician) (from Merriam, 1983).
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FIGURE 2.23. - Isopach map of Viola Formation (from Cole, 1975). Contour is in feet.
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Kansas producing trends for Silurian and Devonian rocks cover a broad east-west trend
through six counties in east-central Kansas (Marion, McPherson, Harvey, Reno, Butler, and
Sedgwick counties) in the northern part of the Sedgwick basin (Figs. 2.1 and 2.25). There is a
north-northeasterly producing trend in Morrison County exfending to the Kansas-Nebraska state
line, in the Forest City basin and on the adjacent Nemaha uplift. Silurian and Devonian rocks are
mostly limited to these areas of Kansas. Maximum thickness is in eastern Nemaha County where
it reaches approximately 650 ft (Fig. 2.26) (Jewett and Merriam, 1959; Newell et al., 1987).

MISSISSIPPIAN PERIOD

Seven heavy oil reservoirs in fields that produce from Mississippian age rocks were
identified. None of these reservoirs are major and qualify as between 10° and 20° API gravity.
Because of the large number of Mississippian oil fields in the state and the lack of oil gravity data
for all reservoirs in the annual oil and gas production reports by the Kansas Geological Survey,
there may be more heavy reservoirs in Kansas than those identified for this study.

Thickness of Mississippian rocks is largely dependent upon structural movement during late
Mississippian-early Pennsylvanian time (Figs. 2.27 through 2.30). These rocks are thin to absent
across structurally uplifted areas and local anticlines. They are thickest in synclines and basins
(Newell et al., 1987).

Kinderhookian, Osugian,Aand Meramecian rocks are older Mississippian rocks in Kansas.
They consist of sandstones with minor limestones, cherts, and cherty limestones that underlie
younger Mississippian rocks that are Chesteran age (Figs. 2.31 and 2.32). These older sediments
have been removed from the Central Kansas uplift and parts of the Nemaha uplift by late
Mississippian-early Pennsylvanian erosion, but are present over most of the rest of Kansas. Pre-
Chesteran-age Mississippian rocks in Kansas reach a thickness of approximately 1,400 ft in the
Hugoton basin where this section is preserved (Goebel, 1968; Newell et al., 1987).

Chesteran age Mississippian rocks are younger than those described above. They consist of
marine and nonmarine shales and sandstones with minor limestones, cherts and cherty limestones.
These rocks reach their maximum thickness of 500 ft along the Kansas-Oklahoma state line in the
Anadarko Basin. This thickness occurs in southwestern Kansas in Stanton, Grant, Haskell,
Morton, Seward, and Meade Counties (Goebel, 1968).

Mississippian oil production dominates along the flanks of the Nemaha uplift and western
side of the Cherokee basin. Gas and associated oil production are present in the Sedgwick and
Hugoton basins and on the Pratt anticline (Fig. 2.1). Significant gas is associated with oil
production on the flank of the Hugoton basin southwest of the Central Kansas uplift (Newell et al.,
1987). Most Mississippian production in the Midcontinent occurs at or near the top of the
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Mississippian section just below the sub-Pennsylvanian unconformity (Figs. 2.30, 2.33, 2.34,
and 2.35) (Adler, 1971). Solution weathering of Mississippian limestone commonly produces a
residual chert zone that is known as the Mississippian "Chat” by drillers. The "Chat" is thickest in
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FIGURE 2.33. - Structural Cross Sections in Eastern Kansas Showing Relation of Mississippian
Deposits to Younger and Older Units (from Merriam, 1983).
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FIGURE 2.34. - Map of Kansas Showing Generalized Distribution of Mississippian Units Below

Pennsylvanian Deposits. Area of Controversiai Cowley Formation is Shown in
South-Central Kansas (from Merriam, 1983).
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FIGURE 2.35. - Map of Kansas Showing Rocks Underlying Pennsylvanian Beds. Mississippian
Rocks are Present Except on Nemaha Anticline, Central Kansas Uplift,
Cambridge Arch, and Pratt Anticline, Where Rocks as Old as Precambrian
Underlie Pennsylvanian (from Merriam, 1983).
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the vicinity of the Central Kansas uplift and the Pratt anticline. Reservoir characteristics in the
"Chat" can be quite variable and difficult to predict. Mississippian "Chat" is difficult to distinguish
from the overlying basal Pennsylvanian conglomerate that also serves as an oil reservoir.
Mississippian oil fields are found on structural and combination structural-stratigraphic traps
(Adler, 1971; Newell, 1987).

PENNSYLVANIAN PERIOD

Morrowan and Atokan Groups

Sediments of the Morrowan and Atoka Groups were deposited during earliest Pennsylvanian
time (Fig. 2.3). Two oil fields (neither major) produce heavy oil from Morrow sediments in
Kansas. Morrowan and Atoka age sediments were either not deposited or eroded in the Cherokee
and Forest City basins (Figs. 2.1, 2.36, 2.37, 2.38, and 2.39). Therefore, eliminating a large part
of the state as having potential reservoirs in rocks of this age. These rocks are also primarily gas
reservoirs in southwestern Kansas. Ebanks et al. (1977) places the lower Warner sandstone in the
Cherokee Group, Pennsylvanian Period rather than placing it as a member of the Riverton
Formation, Atokan Group, Pennsylvanian Period as Wells and Anderson (1968) did in their heavy
oil sand study of southwestern Missouri. The lower Warner sandstone of Kansas will be treated
as a member of the Cherokee Group after Ebanks et al., (1977) in the discussion for Kansas in this
report.

Atoka sediments do not produce oil or gas in Kansas. Gas is produced from Morrow age
reservoirs in southwestern Kansas counties of Clark, Meade, Seward, Stevens, and Morton. Qil
is produced from Morrow age reservoirs northward of these counties in a triangular pattern with
the apex in Wallace county (Newell et al., 1987).

The embayment in which Morrow and Atoka sediments were deposited covers western
Kansas and Oklahoma, the Texas Panhandle, and eastern Colorado. These sediments wedge out
eastward and northward through Cheyenne, Kansosto, Clark, and Comanche counties Kansas
(Newell et al., 1987). Maximum thickness in Kansas is in excess of 500 ft (Roscoe and Adler,
1983). Morrow and Atoka sediments were deposited onto a pre-Pennsylvanian eroded surface
(Fig. 2.36). Prior to deposition of Pennsylvanian sediments, older rocks were uplifted and
eroded. As a result of this erosion, Pennsylvanian sediments were deposited on rocks that are
Mississippian through Cambrian periods in age.

Lower Morrow reservoirs, referred to as "Keys sandstones," were deposited as beach,
barrier-island, and offshore-marine sand bars (McManus, 1959; Adams, 1964; Khaiwka, 1973;
Franz, 1984; Roscoe and Adler, 1984). These rocks are lenticular, ranging from poor to well-
sorted, very fine- to coarse-grained, glauconitic, fossiliferous, clean quartz to feldspar-rich
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A. Morrowan and B. Desmoinesian and Atokan (from Merriam, 1983).
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Deposits (from Merriam, 1983). Not absent in southeast Kansas.
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sandstone commonly containing pore filling calcite, dolomite, quartz, and kaolinite or chlorite clay
minerals (Franz, 1984). Upper Morrow reservoirs were deposited by fluvial-deltaic systems
during a still-stand or minor regression. Stream-mouth bar, distributary-channel, and fluvial point-
bar sandstones have been identified as upper Morrow reservoir rock (Swanson, 1979; Franz,
1984). These coarse-grained, locally conglomeratic, cross-bedded sandstones commonly have
calcite cement, clay minerals, and plant fossils (Newell et al., 1987).

Upper Morrow lenticular sandstone oil and gas reservoirs range in thickness from
2 to 60 ft. Trapping mechanisms for Morrow age reservoirs are structural and structural-
stratigraphic. Multiple producing zones sometimes occur in Morrow age fields (Newell et al.,
1987).

Cherckee and Marmaton Groups

The Cherokee and Marmaton Groups are members of the Desmoinesian Stage, Middle
Pennsylvanian Period (Figs. 2.2, 2.3, and 2.40). There are 15 Cherokee Group and 4 Marmaton
Group reservoirs listed as heavy oil (10° to 25° API gravity) producers in the annual oil .and gas
production reports compiled by the Kansas Geological Survey. Only Iola field is a major field.

The Cherokee and Forest City basins east of the Nemaha uplift have large areas that produce
oil and gas from Cherokee Group and Marmaton Group sandstones. Another large area that
produces oil from these rocks is west of the Central Kansas Uplift, Oil reservoirs from these rocks
are also scattered across southwest Kansas and the Pratt anticline in south-central Kansas
(Figs. 2.1 and 2.41) (Newell et al., 1987).

The Cherokee Group was deposited prior to deposition of the Marmaton Group. The
Marmaton Group consists of repeated sequences (cyclotherms) of shale, lenticular sandstones, thin
coals, and minor limestones (Figs. 2.42 and 2.43). This sedimentary sequence is dominated by
fluvial-deltaic rocks with minor terrestrial and open-marine rocks. Major occurrences of oil in
eastern Kansas occur in marine bar deposits and meandering alluvial-stream deposits with
abundant lesser oil accumulations in distributary-channel and crevasse-splay deposits in successive
deltaic depositional systems (Fig. 2.44) (Rich, 1923; Rich, 1926; Bass, 1934; Huse, 1979; Harris,
1985; Newell et al., 1987). Oil and gas that commonly accumulates in updip areas of these
sediments are classified as combination structural-stratigraphic traps (Busch, 1959; Newell
et al., 1987).

Fining-upward, medium- to very-fine-grained, channel-filling, fluvial-deltaic sandstones up
to 116 ft in thickness are reservoirs for oil accumulations in eastern Kansas. These channel-filling
sandstones are commonly made up of five lithofacies, a lower facies composed of three lithofacies
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FIGURE 2.44. - Area of Low Gravity (18° to 22°), Oil and Tar Sands in Eastern Kansas (from
Goebel, 1966). Expansion of sand lens (Johnson and Olsen, 1993).

(Fig. 2.45) (1) basal conglomeratic sandstones, (2) crossbedded coarser sandstones and (3) an
upper facies composed of two lithofacies (a) rippled finer sandstone and (b) interbedded
sandstones, shales, and siltstones. These sandstones may be capped by conglomeratic sandstones.
Mineralogy of these sandstones is generally the same throughout eastern Kansas, dominantly
quartz with lesser amounts of feldspars, mica, and sedimentary and metamorphic rock fragments
(Woody, 1984; Walton et al., 1986; Worthington, 1982).

Cherokee Group sandstones are dominated by those deposited as channel-filling, multi-
storied, multiple-stacked, discontinuous, fining-upward, multiple-point-bar deposits in channels
cut into underlying older Pennsylvanian and/or Mississippian rocks. Channels where these
sandstones were deposited were commonly no larger than about 1,300 ft in width at any given
time. Many Cherokee Group fields are much wider than 1,300 ft at present, due to deposition and
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FIGURE 2.45. - Vertical Succession of Facies in Cherokee Fluvial Shoestring Sandstones.
Intervals Between Scour Surfaces Range Up to 45 ft. Thick, Commonly They
Are 30 ft. or Less (from Walton et al., 1986).

stacking of sand bodies as the stream meandered across the flood plain, but were probably no
larger than about 1,300 ft at any given time during their depositional history. The larger fields are
made up of multiple sand bodies (correlating as the same sandstone) that have filled in a stream
channel that was eroding while filling with multipie-point-bar sandstone deposits (Johnson and
Olsen, 1991).

Ultimate recovery of oil from reservoirs in Cherokee Group sandstones is affected by the
compartmentalization (internal architecture), small scale sedimentary structures, bedding boundary
and intergranular small scale permeability barriers, and diagenetic changes, commonly noted as
heterogeneities, within the sandstone body. Lower sandstone facies will probably have the largest
volume of economically recoverable oil during primary, waterflood, and/or enhanced oil recovery
phases of production. Upper sandstone facies that are part of the oil reservoir will contribute small
quantities of oil throughout the productive life of the reservoir, but will be produced on a less cost-
effective basis (Figs. 2.46 and 2.47) (Johnson and Olsen, 1991).

The upper facies of these sandstones commonly contain oil entrapped in discontinuous
depositional compartments. This compartmentalization is affected by both depositional conditions
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FIGURE 2.46. - Cross Section of Fluvial-Dominated Deltaic Channel Sand Showing Upper
Facies (Continuous and Discontinuous Between Wells) Compartment and Lower
Facies (More Continuous Sand) (from Johnson and Olsen, 1991).
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FIGURE 2.47. - Correlation of a Composite Log of Well KE-92 (GR-N Log-Lithology Log-Core
Analysis) with Well Log of WH-69, Eastburn Sandstone, Eastburn Field,
Vernon County, Missouri (from Johnson and Olsen, 1991).

and diagenetic changes. Depositional compartmentalization is caused by sandstone lenses with
spatial variation smaller than the prevailing well spacing (10, 20, 40, or 80 acres). Spatial
variation of depositional compartmentalization may be 1 acre or less. Bedding boundary and
intergranular small scale permeability barriers are associated with depositional
compartmentalization. Bedding boundary permeability barriers are formed by early, partial to
almost complete cementation of very-fine-grained sediment deposited along boundaries of sand
lenses. Small-scale intergranular permeability barriers may be formed by precipitation of
diagenetic clays or by clay or shale pebbles deposited with sandstone grains (Fig. 2.46).
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Depositional compartmentalization and bedding boundary and small-scale intergranular
permeability barriers are commonly noted as reservoir "heterogeneities”" (Johnson and Olsen, 1991;
Johnson and Olsen, 1993).

Diagenetic changes in Cherokee Group sandstone reservoirs affect oil recovery. These
changes occurred in three stages. During Stage 1, precipitation of calcite concretions and
spherulitic siderite resulted in nearly complete loss of porosity and permeability in scattered patches
within the sandstones. During Stage 2, chlorite was precipitated as grain coatings. Precipitation of
varying degrees of silica cement was inversely related to the presence of chlorite grain coatings,
chlorite coated grains were not well cemented. Sand grains coated with chlorite in lower facies
portions of channel-filling sandstone inhibited precipitation of silica cement, preserving part of the
primary porosity. In upper facies of these sandstones, the lack of chlorite coating and compaction
permitted extensive precipitation of silica cement, reducing porbsity and permeability. During
Stage 3, kaolinite, siderite, and dolomite-ankerite cements were precipitated in patches. Deposition
of these minerals with precipitation of carbonate cements caused additional reduction in porosity
and permeability. Secondary porosity was created during all three stages by dissolution of
feldspars, micas, and argillaceous rock fragments (Fig. 2.48) (Woody, 1984; Walton et al., 1986;
Worthington, 1982).

During diagenesis of these sandstones, fine- and very-fine-grained sediments were cemented
first while coarser sediments were coated with chlorite. This sequence of precipitation caused
finer-grained material at the bedding boundaries of upper facies sandstone to become cemented first
(Woody, 1984; Worthington, 1982). Oil migrated into these sandstones after these diagenetic
changes occurred. If hydrocarbons had migrated during or prior to diagenesis, limited alterations
in porosity and permeability would have occurred (Worthington, 1982). This cementation in upper
facies sandstone is a primary cause for depositional compartmentalization of oil in this facies.
Depositional compartmentalization of oil in upper facies sandstone is a primary cause that oil in this
facies is not swept during all phases of oil recovery. Diagenetic changes in reservoir rock affect
reservoir storage capacity for oil and ultimate oil recovery from both heavy and light oil reservoirs.
Sweep efficiency, thief zones (high permeability streaks), some depositional compartments, etc. in
light and heavy oil reservoirs are affected and/or created by diagenetic changes to reservoir rock
(Johnson and Olsen, 1991).

In western Kansas, the Cherokee Group, particularly in the upper part, becomes more marine
with limestone replacing fluvial deltaic sandstones. Cherokee Group sediments were deposited on
pre-Pennsylvanian erosional surface around the flanks and on the crest of the Central Kansas
uplift. These sediments pinch-out locally around the flanks of the Central Kansas uplift. In the
lower Cherokee Group, valley filling lenticular sandstones were deposited by rivers on the flanks
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FIGURE 2.48. - Diagenetic Sequence in Cherokee Sandstone Reservoirs. Evidence for the
second Period of Dissolution and the Relative Order of Formation of Kaolinite
and Ca-Ankerite is equivocal (from Walton et al., 1986).

of the Central Kansas uplift. Basal Pennsylvanian conglomerates that range in age up to
Missourian were deposited around uplifts. The oldest conglomerates are on the lower flanks of
uplifts, becoming progressively younger toward the crests of uplifts. Pre-Pennsylvanian uplifts
were the source for basal Pennsylvanian conglomerates. These conglomerates were deposited
directly on Precambrian and Arbuckle erosional surfaces around uplifts (Newell et al., 1987).

Marmaton and Cherokee limestones are oil productive across western Kansas. The
productive units of these limestones are regressive (upward-shallowing) components of
cyclotherms. Exposure to weathering during late development of cyclotherms altered and leached
high energy carbonate deposits such as oolitic limestones or mud-dominated carbonate buildups.
Dissolution of carbonates after burial of carbonates resulted in the formation of porosity which may
cause significant impact to local reservoir development in Marmaton and Cherokee limestones
(Caldwell, 1985; Daniels, 1985; Newell et al., 1987).

Cherokee Group "shoestring" sandstones in eastern Kansas are known by a variety of
names: Bartlesville (Bluejacket), Squirrel, Warner, Burgess, Lagonda, Cattleman, Burbank,
Cabanis, Riverton, upper Cherokee, Krebs, and Penn-Basal Conglomerate. These sandstones are
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productive from stratigraphic, structural, and structural-stratigraphic traps. A common range of
dimensions of these reservoirs is up to 55 ft in thickness, 1,000 ft to 2,000 ft in width, and as
much as 14 miles in length. Desmoinesian sandstones have been the most productive reservoirs in
the Midcontinent. Cherokee Group sandstones are the oldest oil exploration and exploitation plays
in the Midcontinent, having their beginning during the 1860s. Marmaton carbonates are also major
reservoirs in the Midcontinent (Fig. 2.49) (Newell et al., 1987).

Missourian Group

Missourian Group sediments were deposited during the upper Pennsylvanian Period
(Fig. 2.50). These reservoirs include those of the Lansing, Kansas City, and Pleasanton
Formations. There are 16 oil fields reported to have 'heavy oil production in the annual oil and gas
production report compiled and published by the Kansas Geological Survey.

Missourian age rocks are divided into Pleasanton, Kansas City, and Lansing groups, in
ascending order (Fig. 2.50). Pleasanton sediments are composed of shales and lenticular
sandstones. These sandstones were deposited by a fluvial deltaic system. Locally, in the
Cherokee and Forest City Basins of eastern Kansas, reservoirs in Pleasanton rocks are referred to
as Hepler and Knobtown sandstones (Fig. 2.1) (Newell et al., 1987).

THICKNESS AND PRINCIPAL LITHOLOGIES OF LOWER DESMOINESIAN
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FIGURE 2.49 - Thickness and Principal Lithologies of Lower Desmoinesian (Cherokee Group
Equivalent) Strata in the Midcontinent (from Harris, 1984).
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FIGURE 2.50 - Stratigraphic Column Missourian and Virgilian Series Pennsylvanian Period
(from Merriam, 1963).

Kansas City and Lansing groups are made up of cyclotherms with regressive limestones as
reservoir quality rocks (Figs. 2.42 and 2.43). In the subsurface in central and western Kansas,
these two groups are referred to as the Lansing-Kansas City. They are the dominant Missourian
age producing rocks in Kansas. The regressive limestones are grain-rich, shallowing-upward
porous reservoir rock. The grain-supported fabric of this rock is the result of high-energy marine
deposition near the top. These reservoir rocks were commonly exposed shortly after deposition,
enhancing the original porosity and permeability of the regressive limestone. Lansing-Kansas City
limestones produce on local, low relief structures (Fig. 2.51) (Watney 1980, 1984, 1986; Newell
et al., 1987).

0il production from Missourian reservoirs is widespread across western and central Kansas.
It is concentrated over the Central Kansas uplift, but it is more scattered in adjacent basins
(Fig. 2.1). These rocks also produce in southwest Nebraska, Oklahoma and Texas.
Accumulations of oil and gas are found in structural, stratigraphic, and structural-stratigraphic traps
in carbonates, sandstones and granite wash. Gas production is limited to extreme eastern Kansas
and southwestern Kansas on the flanks of the Cimarron arch (Newell et al., 1987).
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Virgilian Group

Reservoirs of the Virgilian Group are Upper Pennsylvanian in age (figure 2.50). Douglas,
Shawnee, and Wabaunsee Formations are reservoir rock for oil and gas fields in the Virgilian.
Five fields produce heavy oil (10° to 25° API gravity, none majo.) from these rocks according to
annual oil and gas production reports compiled and published by the Kansas Geological Survey.

The Virgilian Stage is made up of rocks in the Douglas, Shawnee, and Wabaunsee groups in
ascending order. These rocks are cyclotherms of limestones, shales, and minor sandstones (Figs.
2.42 and 2.43). Reservoir rock of the Shawnee and Wabaunsee groups are dominantly
shallowing-upward, regressive limestones. Shawnee and Wabaunsee reservoir rocks are
commonly in the Toronto, Topeka, and Howard limestones. Lenticular sandstones of the Douglas
Group are dominantly in southern and southeastern Kansas. Douglas Group limestones,
thickening from less than 50 ft in northwest Kansas to greater than 400 ft in southeast Kansas, are
also reservoir rock. Douglas Group rocks were deposited in a marginal marine system in southern
and southeastern Kansas. Thick sandstones of the Douglas Group pinch out northward onto a
marine shelf in the western Sedgwick basin where there are abundant stratigraphic traps (Newell et
al., 1987).

Oil and gas fields are found in Virgilian rocks associated with major structural features such
as the Central Kansas uplift, the Pratt anticline, and portions of the Nemaha uplift (Figs. 2.1 and
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FIGURE 2.51 - Preliminary regional structural map contoured on top of Lansing Group
(Missourian, Pennsylvanian) in Kansas. Contour Intervals are in feet (from
Merriam, 1963).
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2.39). Fields are present in the Sedgwick basin and western Kansas. Oil production is
concentrated in the northern portion of the Central Kansas uplift (Newell et al., 1987).

STRUCTURAL FEATURES

The Central Kansas uplift, Nemaha uplift, Humboldt fault system, Chautauqua arch, Pratt
anticline, Cherokee basin, Forest City basin, Sedgwick basin, Hugoton basin, and Salina basin are
major structural features and sedimentary basins in Kansas (Fig. 2.1). These features and basins
have little or no surface expression. These features were recognized from drilling of exploratory
tests for oil and/or gas as early as 1915. Since 1915, they have become defined and recognized as
separate and distinct subsurface features (Newell et al., 1987). The Bourbon arch, trending to the
northwest from Vernon County, Missouri into Kansas, separates the Cherokee and Forest City
. basins in eastern Kansas. It is a subsurface feature that extends from the Nemaha uplift in Kansas
to the Ozark Dome in 