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FEASIBILITY STUDY OF HEAVY OIL RECOVERY IN THE
APPALACHIAN, BLACK WARRIOR, ILLINOIS, AND MICHIGAN BASINS

By D. K. Olsen, V. Rawn-Schatzinger, and E. B. Ramzel

ABSTRACT

This report is one of a series of publications assessing the feasibility of increasing domestic

heavy oil production. Each report covers select areas of the United States. The Appalachian,

Black Warrior, Illinois, and Michigan basins cover most of the depositional basins in the Midwest

and Eastern United States. These basins produce sweet, paraffinic fight oil and are considered

minor heavy oil (10° to 20° API gravity or 100 to 10,000 cP viscosity) producers. Heavy oil

occurs in both carbonate and sandstone reservoirs of Paleozoic Age along the perimeters of the

basins in the same sediments where light oil occurs. The oil is heavy because escape of light ends,

water washing of the oil, and biodegradation of the oil have occurred over millions of years. The

Appalachian, Black Warrior, Illinois, and Michigan basins' heavy oil fields have produced some

450,000 bbl of heavy oil of an estimated 14,000,000 bbl originally in place.

The basins have been long-term, major light-oil-producing areas and are served by an

extensive pipeline network connected to refineries designed to process fight sweet and with few

exceptions limited volumes of sour or heavy crude oils. Since the fight oil is principally paraffinic,

it commands a higher price than the asphaltic heavy crude oils of California. The heavy oil that is

refined in the Midwest and Eastern U.S. is imported and refined at select refineries. Imports of

crude of ali grades accounts for 37 to >95% of the oil refined in these areas.

Because of the nature of the resource, the Appalachian, Black Warrior, Illinois and Michigan

basins are not expected to become major heavy oil producing areas. The crude oil collection

system will continue to degrade as fight oil production declines. Smaller refineries will close due

to lack of local, sweet fight oil, economies of scale and environmental constraints on operations

and product quality. Major refineries will refine increasing volumes of imported higher sulfur,

lower gravity crude oil from Canada and Venezuela. Select East Coast refineries will process

increasing volumes of light Mideast crude. The demand for crude oil will increase pipeline and

tankertransport of imported crude to select large refineries to meet the areas' liquid fuels needs.

EXECUTIVE SUMMARY

This report is one of a series of publications assessing the feasibility of increasing domestic

heavy oil production. Each report covers select areas of the United States. The Appalachian,

Black Warrior, Illinois, and Michigan basins discussed in this report were formed adjacent to the

rising Appalachian Orogeny. These basins were partof a massive basin covered by a large sea that
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extended between the Appalachian Uplift and the Cratonic Shield of Canada. Sediments of

Paleozoic Age (>300 million years ago) originated from the erosion of these two highlands to form

the elastic components, sandstones, and shales. Shallow marine deposition formed the carbonates,

limestones, dolomites, and evaporites. The rise of the Cincinnati Arch, Finlay Arch, Kankakee

Arch, Nashville Dome, and Wisconsin Dome in the middle Paleozoic separated the single basin

into their present basins. Over millions of years, the unconsofidated sediments have become

cemented. Most of the formations in the basins are composed of low-permeability, low-porosity

consolidated rock. Oil and gas in the Appalachian, Black Warrior, Illinois and Michigan basins are

found in Ordovician through younger age rock including Silurian, Devonian, Mississippian, and

Pennsylvanian. Most of the oils within these basins are sweet paraffinic with high API gravity.

Minor amounts of heavy oil have been discovered in four fields in the Michigan Basin (East Detroit

Field, Henson Springs Field, McCracken Mountain Field, and Sand Springs Field) and two fields

in the alinois Basin (Carlinville North and Omaha).

The basins have an extensive infrastructure supporting local, aging, rapidly declining

primary, and waterflood light oil production. The Appalachian, Black Warrior, Illinois and

Michigan basins produce small volumes of heavy oil (10" to 20° API gravity or 100 to 10,000 eP)

from consolidated reservoir rocks of Paleozoic Age. With cumulative heavy oil production of

450,000 bbl of an estimated 14,000,000 bbl originally in piace, the Appalachian, Black Warrior,

Illinois, and Michigan basins are very minor heavy oil producing areas. Because of the mature

state of exploration and production in these basins. However, discovery of small heavy oil

deposits are possible. The discovery of new, large heavy oil resources is unlikely. Significant oil

production by thermal recovery is unlikely because most of the reservoirs are carbonates.

Horizontal wells and infield wells are not expected to be drilled to recover heavy oil resources in

the Appalachian, Black Warrior, Illinois, and Michigan basins because of the small cumulative

production.

The Appalachian, Black Warrior, Illinois, and Michigan basins have been major sweet, light

oil producers with an extensive network of light oil collection and transportation lines going to

small predominantly light, sweet oil refineries. The heavy oil that is refined in the Midwest and

Eastern U.S. is imported and refined at select refineries. Imports of ali grades of crude oil account

for 37% into the Midwest and > 95% into the East Coast. The crude oil collection system will

continue to degrade as light oil productiondeclines and smaller refineries close due to lack of local,

sweet, light oil and economies of scale. Select major refineries in the area will refine increasing

volumes of imported higher sulfur, lower gravity crude oil from Canada, and Venezuela to meet

the regions' liquid fuels needs Select East Coast refineries will process increasing volumes of light

Mideast crude. The demand for crude oil will increase pipeline and tanker transport of imported
crude to select large refineries.



The potential environmental problems from implementation of limited thermal enhanced oil

recovery (TEOR) processes are minimal because of the anticipated very low heavy oil production

and the nature of the resource. Limited local development in these consolidated reservoirs may be

attempted if the price of heavy oil were to increase significantly. A significant volume of low pour

point paraffinic oil is known to exist in these basins. These reservoirs have not been included

because of lack of viscosity and reservoir data, thus an outline of their geology is presented in the

form of structure maps and stratigraphic columns along with references which can be used in

future studies to determine the magnitude of the resource and constraints to oil production.

OBJECTIVE OF THE STUDY AND STRUCTURE OF REPORT

The objectives of this feasibility study and report are (1) to investigate from secondary data

the heavy oil resources in the Appalachian, Black Warrior, Illinois and Michigan basins of the

Midwest and Eastern United States; (2) to screen this resource for potential enhanced oil recovery

applications; and (3) to evaluate various economic facets that may impact the development of this

resource. If the study determines that expansion of production of heavy oil is economically

possible with recent advances in technology, recommendations will be made to facilitate the

production of this resource.

As one of a series of reports on the feasibility of heavy oil recovery in the U. S., this study

analyzed the geologic settings of the Appalachian, Black Warrior, Illinois, and Michigan basins

heavy oil fields and found very limited heavy oil resources. This review of secondary publicly

available data attempts to list the constraints to heavy oil production, the transportatio_ network,

refining capabilities, environmental restrictions, and economic considerations that impact heavy oil

development. NIPER's analysis of the secondary field data is included in Table A-1.

Heavy oil is defined as having gas-free viscosity of > 100 and < 10,000 MPas (centipoiseo

cP) inclusive at original reservoir temperature or a density of 943 kg/m 3 (20' API gravity) to 1,000

kg/m 3 (10" API gravity) inclusive at 15.6° C (60 ° F) (Group, 1981). These Eastern U.S. basins

contain a large volume of paraffinic oil in old fields which are pressure depleted and whose fight

ends have been vented. Very little data was found on reservoirs with paraffinic low pour point oil

because of data bases rarely include oil viscosity. Therefore, the number of reservoirs that could

qualify as heavy oil may be significantly larger than reported herein. Several of the paraffinic low

pour point reservoirs, both clastic and carbonate, would be amenable to thermal oil recovery but

have not been included because of lack of published public data.



BACKGROUND AND DISCUSSION

The major U.S. petroleum basins are shown in Fig. I. The Appalachian, Black Warrior,

Illinois, and Michigan basins are the major sedimentary basins in the Eastern United States,

exclusive of the Gulf Coast. The geographic extent of these basins and their relationship to the

structural features and igneous and metamorphic rocks of the Eastem Unites States are shown in

Fig. 2. Deposition in these sedimentary basins is primarily shallow marine and fluvial-deltaic

clastics eroded from the rising mountain chains of the Appalachian Highlands. The uplift of the

Cincinnati Arch in the late Ordovician was a major factor in separating these sedimentary basins
into individual basins.

Appalachian Basin

The Appalachian Basin is the largest basin in the United States (Figs. 1 and 2) and extends

south from central New York to include the western two-thirds of Pennsylvania, eastern Ohio,

most of West Virginia, eastern Kentucky, part of western Virginia, and north-central Tennessee

(Landes, 1970; Bayer, 1982). The Appalachian Basin is bound on the east and south by the

Appalachian Highlands. lt is bound on the north by the Adirondack Uplift and on the west by the

Cincinnati Arch (Fig. 2) (Landes, 1970; Ingham, 1971). Oil and gas production has been from the

Paleozoic Age rocks forming the northeast to southwest trending basin (Landes, 1970; Patchen, et

al., 1989). Extensive fault zones along the Blue Ridge, Allegheny Front, and Brevard Fault

uplifted the Appalachian Mountain chain (Figs. 3 and 4) (Bayer, 1982; DeWitt andMilici, 1989).

Paleozoic sediments formed the broad, deep Appalachian Basin west of the mountains. The

thicknecs of Paleozoic strata ranges from 1,800 ft to 3,000 ft on the western flank of the basin

against the Cincinnati Arch to 40,000 ft thick in central Pennsylvania (DeWitt andMilici, 1989).

Stratigraphiccolumns for the Paleozoic rocks of the Appalachian Basin show the relationship

of widespread limestone and sandstone intervals in the northern Appalachian Basin (Figs. 5, 6,

and 7) and in the c¢ntral and southern part of the basin (Figs. 8, 9, I0, and 1I). Some of these

units can be correlated across most of the Appalachian Basin. The Middle Ordovician Black River

and Trenton limestones are the most continuous marker intervals in the Appalachian Basin (Figs.

6, 7, and 10, and 11) (Ryder, 1988; Landes, 1970). The Black River and Trenton Formations of

Ohio, Pennsylvania, West Virginia, Virginia, and New York correlate with the High Bridge and

Lexington limestones of Kentucky and the Stones River and Nashville Groups of Tennessee (Figs.

8 and 9) (Ryder, 1988; Landes, 1970).

Deeper Paleozoic rocks of Cambrian and Ordovician Age produce small quantities of

hydrocarbons in the Appalachian Basin. The Trenton and Black River Ordovician limestones and

their equivalents are the oldest producing units in the Appalachian Basin (Figs. 5 through 11). Oil
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FIGURE 2.. The _dlmenlary basins of the Eastern United Slates are outlined by dashed lines. Patterned
areas outline crys_alline rock, Precambrian basement and Paleozoic igneous and melamorphic
rocks. After Lnndes, 1970.



FIGURE 3.- The Appalachian Basin showing the relationship of hydrocarbon producing areas to regional

structure. After DeWltt and MllJci, 1989.



FIGURE4.- The distribution of Upper Paleozoic scdlmentsry rocks and structurg relntlouships for the
central ,_?pslachlan Basin. After Rice and Schwletering, 1988.
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• Designates present lhd prosgectlve reservoirs.

FIGURE 8.- StraUgrxphlc columns tor TeInessee. After Landes, I_7@.
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is also produced from the Upper Ordovician Moccasin limestone in Virginia (Landes, 1970). The

Middle and Upper Ordovician strata have a combined thickness of over 5, 500 ft in Pennsylvania,

West Virginia, and Virginia (Ryder, 1988).

In the more northern portion of the Appalachian Basin, oil production is primarily from

Devonian Age strata (Figs. 5, 6, 7, and 10) in New York, Pennsylvania, and less so in Ohio and

West Virginia. New York is a minor producer of oil, whereas Pennsylvania still ranks high in

production of high-quality, light, paraffinic oil from Upper Devonian, Mississippian, and

Pennsylvania rocks (Patchen, et al., 1989; Landes, 1970).

More productive intervals are found in the southern Appalachian Basin from various age

Paleozoic strata. Wells in eastern Ohio produce from Ordovician limestones, Silurian shales and

dolomites, shallow Mississippian sands (Brea Formation) and Pennsylvanian sands (Cow Run

Formation) (Patchen, et al., 1989). Production in West Virginia has been from Upper Devonian

sands, Mississippian sands and limestones, and Pennsylvanian sands. The main oil producing

formations in West Virginia are the Greenbrier limestones (Fig. 12) and the Cow Run and Dunkard

sandstones (Patchen, et al., 1989; Laades, 1970). In Virginia, oil is produced from Ordovician

Trenton and Moccasin limestones, and gas from Devonian and Mississippian strata (Patchen, et

al., 1989; Landes, 1970). Eastern Kentucky produces oil from Silurian Niagaran shales, Silurian

and Devonian dolomites, Mississippian (Greenbrier) limestones, and Pennsylvanian sandstones

(Lee and Breathit Formations, Fig. 12) (DeWitt and Milici, 1989; Landes, 1970).

Figure 3 shows the major oil and gas producing strata of the Appalachian Basin as they relate

to the structure of the thrust belt forming the Appalachian Mountain chain (DeWitt and Milici,

1989). Stmcttu'al developments in the central part of the Appalachian Basin occurred during Upper

Mississippian and Pennsylvanian periods, as shown in Fig. 12 (Rice and Schwietering, 1988).

During this period, the Cincinnati Arch was emergent, and Greenbrier limestones gave way to

sandstones and conglomerates (Fig. 10) (Rice and Schwietering, 1988; DeWitt and Milici, 1989).

Tennessee produces only minor amounts of oil compared to the other Appalachian Basin

states (Landes, 1970). The producing counties of Tennessee are in the north-central part of the

state near the Kentucky border and are in the portion of the southern end of the Appalachian Basin

between the Cincinnati Arch and the Nashville Dome of the Appalachian Highlands (Fig. 2)
(Landes, 1970).

The abundant oil produced in the Appalachian basin falls in the category of light oil. The

U.S. Geological Survey does not list any heavy oil fields in New York, Pennsylvania, Ohio, West

Virginia, Virginia, Kentucky, or Tennessee (Crysdale and Schenk, 1990). Kentucky has deposits

of tar with specific gravities below 10° API (McGrain and Ponsetto, 1981). These deposits are

not associated with any measurable amounts of heavy oil in the 10° to 20° API range. However,

the Appalachian basin contains significant low pour point paraffinic oil whose resource volume has

16
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FIGURE 12. - A correlation chart of Upper Paleozoic stratigraphy in the Central Appalachian Basin. After
Rice and Schwieteriag, 1988; Arkle, 1974; Englund, 1974; Rice, 1984; and Wanless, )975.
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not been determined because oil viscosity data is not continually compiled. Records for states in

this area are not as extensive and production is often listed only by county, not field or reservoir.

Black Warrior Basin

The Black WarriorBasin's oil and gas fields of Alabama andMississippi produce from rocks

of Ordovician, Devonian, Mississippian, and Pennsylvanian Ages (Figs. 13 through 15). The

CarterSandstone of the Parkwood Formation of Mississippian Age is the most prolific producer.

The Lewis Limestone in the Floyd Shale of lower Mississippian Age and the MillereUasandstone

and limestone and Gilmer sandstone of the Upper Parkwood Formation are also good producing

intervals (Epsman, 1987).

The stratigraphic column (Fig. 15) for the Black Warrior basin pinpoints the intervals of

major production (Epsman, 1987). The Pennsylvanian sandstones are widely distributed, but

much less productive. Potential for hydrocarbon reservoirs exists in the deeper partof the basin

where Pennsylvanian sandstones reach thicknesses of over 5,000 ft. (Epsman, 1987). Carbonate

reservoirs within the Black Warrior basin produce some hydrocarbons from Bangor and

Tuscumbia limestones of the Upper Mississippian. Devonian rocks have potential as hydrocarbon

reservoirs, but they have not been tested sufficiently. Most wells in the Black Warrior Basin do

not go deep enough to penetrate the Devonian sediments (Epsman, 1987). A single Middle

Ordovician Age reservoir produces in the Fairview Field from the Stones River Group of
limestones and dolomites.

The Black Warrior basin is a homocline extending beneath the Appalachian-Ouachita

structure (Beardsen, 1985; Epsman, 1987). Figure 16 shows the complex faulting in the Black

Warrior Basin in Alabama (Epsman, 1987). The trapping mechanism in this structural basin

(Fig. 16) is a series of northwest-southeast oriented fault systems (Beardsen, 1985; Epsman,

1987). A gently plunging anticline gives a secondary structural feature to aid in trapping (Epsman,

1987). These structural traps, combined with stratigraphic features of updip pinchout of sand

porosity, account for 46.9% of the reservoirs in the Black Warrior Basin (Epsman, 1987).

Stratigraphic traps of depositional and diagenetic porosity pinchouts account for 40.6% of the traps

(Epsman, 1987). Only 12.5% of the traps are strictly structural in nature (Epsman, 1987).

In Mississippi, the Black Warrior basin occupies the northern part of the Mississippi

Embayment (Fig. 14A) (Landes, 1970). Paleozoic hydrocarbon producing formations lie within

6,000 ft of the surface (Landes, 1970). The surface sediments are Cretaceous in age. The Central

Mississippian Salt Basin is far more productive than the portion of the Black Warrior Basin in

Mississippi (Landes, 1970). Production in the Black Warrior Basin is predominantly from

Mississippian Age sandstones equivalent to those in Alabama (Landes, 1970; Epsman, 1987).
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FIGURE 1:3. - Black Warrior Basin of Alabama and Mississippi showing oil and gas tlelds as of 1988.
After Hnlvatzis, 1989,
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FIGURE IS.. Strstisraphic columa of Me Black Warrior Bid,, showing oll and gas producla8 areas. After
Epsman, 1987.
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Drilling for oil and gas in the Black Warrior Basin began in 1909 (Masingill, !989). Gas

wells predominated in the early years. In 1970, new drilling encountered the Carter Sand of

Mississippian Age (Masingill, 1989). Oil produced from the Carter Sand led to further exploration

in the 1970s and 1980s. Production from depths of 1,300 to 2,500 ft was mainly from the Upper

Mississippian units of the Parkwood Formation (Masingill, 1989). Exploration in the 1980s has

centered around coal degasification projects which have been highly productive (Masingill, 1989).

In the 1980s, extensive tests were drilled in the Black Warrior Basin (Halvatzis, 1985,

1989). The Paleozoic sediments of the Black Warrior Basin accounted for 34% of ali exploratory

tests in the southeastern states in 1988 (Halvatzis, 1989). Limestones intervals at 6,000 ft or

less were the principal targets (Halvatzis, 1989). Figure 13 shows the extent of fields in the Black

Warrior Basin as of 1988 (Halvatzis, 1989). Specific gravities for fields in the Black Warrior

Basin, as reported by Alabama Geological Survey, range from 29" to 44° API (Epstmn, 1987).

Oil from the Black Warrior Basin is primarily light oil. The U.S.(_.S. list of major heavy oil

fields (Crysdale and Schenk, 1990) does not list any fields in the Black Warrior Basin as having

crude oils with gravities of 20° API or below. Heavy oil in the range of 12° Io 20° API is produced

from the Mid-Gulf Coast Basin in Mississippi and Alabama (Crysdale and Schenk, 1990). Heavy

oil production is from intervals in the Cretaceous and Tertiary in Mississippi and Alabama

(Crysdale and Schenk, 1990; Landes, 1970). Lighter oils are produced in the Black Warrior

Basin, predominantly from Paleozoic sediments (Masingill, 1989; Epsman, 1987).

In the late 1980s, five minor heavy oil deposits were discovered in the Black Warrior Basin

(Mississippi, 1989; Masingill, 1988). Amory Field is a gas production area and the heavy oil was

found in association with gas. Paraffmic Alabama ileitis--East Detroit and Henson Springs in

Lamar County, and Sand Springs in Fayette Countynhave tested heavy oil from the Carter

sandstone (Masingill, 1988). McCracken Mountain Field in Fayette County, Alabama, has tested

heavy oil from the MiUereUa sandstone (Masingill, 1988). Future exploration in these areas may

lead to new discoveries of heavy oil in the Black Warrior Basin, although major deposits are

unlikely.

Illinois Basin

The Illinois Basin is a regional downwarp covering most of Illinois, parts of western

Indiana, and northwestern Kentucky (Figs. 2 and 17). It is one of the largest intercratonic basins

in the U.S. (Leighton and Kolata, 1991). A cross section of the Paleozoic sediments forming the

Illinois Basin is shown in Fig. 18. The Paleozoic units (Fig. 19) range from 2,000 ft deep on the

margins of the basins to over 13,000 ft deep in the center of the basin (I.andes, 1970). The

deepest part of the basin is at the junction of the Wabash and Ohio Rivers (Landes, 1970).
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FIGURE 17. - The male part of the llllaols Bats;n, showing the fault zones and oii and gas exploration in

1984. After Gilbert et al., 1985.
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The Illinois Basin is highly productive from Mississippian and Pennsylvanian Age sediments

(Bally, 1980). During the Kaskaskia Sequence (Upper Ordovician through Mississippian), the

Illinois Basin received tidal influences, whereas the Michigan Basin, to the northwest, was isolated

(Leighton and Kolata, 1991; Oltz, 1991). During the Absaroka Sequence (Pennsylvania and

Lower Permian), rapid accumulation of deltaic sediments occurred at the continental edge margins

(Oltz,1991). Deposition within the Illinois Basin was shallow water deposits of multiple thin pay

units (Oltz, 1991; Leighton and Kolata, 1991). The rate of marine deposition within the basin was

two-thirds inch per thousand years (Swarm, 1968; Landes, 1970). Figures 17 and 18 emphasize

the shallow, gently dipping structure of the Illinois Basin. The La Salle anticline and related

structural features began to form in the late Mississippian (Landes, 1970). Faults in the western

Illinois Basin are shown in Fig. 20. The downwarping of the basin increased during the

glaciations of the Pleistocene (Landes, 1970). Oil production is from the southern part of the

Illinois Basin. Stratigraphic intervals which are productive from the Upper Ordovician to the

Upper Pennsylvanian are shown in Fig. 19 (Swarm, 1968; Landes" 1970).

Most oil produced from the Illinois basin is light, sweet, paraffinic oil. Two fields,

Carlinville North and Omaha, in southern Illinois produce heavy oil of 19° API and 20° API from

Pennsylvanian sediments (Crysdale and Schenk, 1990). Carlinville North produces from the

Pottsville, a consolidated sandy conglomerate with average porosity of 18%, average permeability

of 100 roD, and a net pay zone of 10 ft (Crysdale and Schenk, 1990). Omaha Field produces

heavy oil from an unnamed Pennsylvanian consolidated sandstone stratigraphically somewhat

above the Pottsville. The net pay thickness is 10 ft with an average porosity of 19% and average

permeability of 100 mD. Production of heavy oil (19 ° API) from Omaha Field has been less than

10,000 bbl (Howard, 1991).

In the early to mid 1980s, exploratory drilling on the eastern margin of the Illinois Basin in

Indiana and Kentucky was expanded (Gilbert, et al., 1985). These wells produce mainly light oils

(Gilbert et al., 1985). Most production was from the Mississippian Age Harrodsburg, Aux Vases,

Cypress and Saint Genevieve Formations in Indiana and from the Mississippian Aux Vases and

Big Lime and Devonian Clear Creek Formations in Kentucky (Gilbert et al., 1985; Oltz, 1991).

Production from the Big Lime Formation in Kentucky was gas (Gilbert et al., 1985).

Michigan Basin

The Michigan Basin is one of several intercratonic basins found in the northern United

States (Leighton and Kolata, 1991). Illinois and Williston basins (North and South Dakota and

Canada) are comparable in size and depositional characteristics. Geographically, the Michigan

basin occupies the entire upper peninsula of Michigan, eastern Wisconsin, and corners of northern

z
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FIGURE 20. - A structure map of the western two-thirds of the Illinois Basin. Contour Interval is S00 ft.
After Gilbert et a!.,1985.
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Illinois and Indiana and extends into Lake Superior and southern Ontario and Lake Huron

(Fig. 21) (Cohee and Landes, 1958; Landes, 1970). Structurally, the circular basin is bounded on

the north by Precambrian crystalline basement rocks (Fig. 22) (Landes, 1970), on the west by the

Wisconsin Arch, on the south by the Kankakee Arch, and by the Finlay Arch on the east (Cohee

and Lanes, 1958) (Fig. 21). Stratigraphically, hydrocarbons are found in Paleozoic rocks from

Ordovician to Pennsylvanian Age with 95% of the oil produced from Devonian Age rocks (Cohee

and Landes, 1958).

Oil is found in older Ordovician rocks of the Black River and Trenton limestones (Fig. 23).

This area of southern Michigan and Ontario produces oil and gas from crystalline limestones and

dolomites (Cohee and Landes, 1958).

Drilling in the Michigan Basin from 1968 to 1987 was dominated by exploration and

development of Middle Silurian Niagaran reefs. These wells produced predominantly light oil

from 30° to 60° API (Bricker and Henderson, 1985). Secondary targets were mainly in Devonian

Detroit River sour zone and Richfield zone (Fig. 23) (Bricker and Henderson, 1985).

Silurian Age rocks produce the only heavy oil found in the Michigan Basin (Crysdale and

Schenk, 1990). The Salina Formation produces some heavy oil from four fields in southern

Michigan: Dorr and Hopkins West fields in Allegan County, Pennfield Field in Calhoun County

and Zeeland Field in Ottawa County (Crysdale and Schenk, 1990). Lithologically, the heavy oil is

produced from dolomites and has a gravity of 17° to 20° API. To date, Dorr Field has produced

over 350,000 bbl of heavy oil. The net pay zones in Doff, Hopkins West, and Zeeland fields

average only 5 to 7 ft thick, and in Pennfield, 113 ft thick (Crysdale and Schenk, 1990). The

fields presently worked are small, but there is the potential for more heavy oil discoveries in

Silurian Age dolomites.

Hydrocarbons in the Michigan Basin are concentrated in the limestones and dolomites of

Middle Devonian Age in the central part of the basin (Cohee and Landes, 1958). The Detroit

River Group of Middle Devonian Age produces light oils from evaporite rocks in the center of the

Michigan Basin at depths of 1,000 to 2,000 ft (Cohee and Landes, 1958). Pay zones in the

dolomitic Lucas Formation of the Detroit River Group (Fig. 23) range from 100 to 200 ft thick

(Landes, 1970; Cohee and Landes, 1958).

In 1988, the exploration and development on the Michigan Basin shifted to Devonian Antrim

shale and Ordovician Prairie du Chien dolomites (Briker and Henderson, 1989). The wells drilled

in the Prairie du Chien were classed as gas plays (Bricker and Henderson, 1989). The Silurian

Niagaran reefs bordering the northern portion of the Michigan Basin are seen as the area for

development in the 1990s. Oil gravity in the Niagaran and Prairie du Chien Formations ranges

from low 60° to mid-70 ° API (Brinker and Henderson, 1989).
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FIGURE 21. - The Michigan Badn showing the distribution of Paleozoic rock units and the structure oi' the
u'ellonm. After Cram, 1971.
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FIGURE 23. - The strntigraphlc column of the Michigan Baudn showin I the oli and gas reservoirs. After
Lnndes, 1970; Michigan Geological Survey, 1964.
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Shallow wells in Mississippi Age Brea sandstones and Pennsylvania Age Parnasandstones

have produced some light oils and gas, but these are not highly productive areas in the Michigan

Basin (Cohee and Landes, 1958). Any future exploration for heavy oils in the Michigan Basin will

concentrate on the Silurian Age rocks on the southwestern edge of the basin. Discovery of heavy

oils to date does not suggest any majordeposits in the Michigan Basin.

CONSTRAINTS

Heavy oil is successfully being produced by cyclic steam, steamflood and in situ combustion

from principally unconsolidated or friable reservoirs in California, Canada, Indonesia, and

Venezuela. In the United States, TEOR is the largest enhanced oil producing technology

contributing 69% or 454,000 BOPD of the 656,700 BOPD total U.S. EOR production (Moritis,

1990). The consolidated nature of the heavy oil-bearing formations in the Appalachian, Black

Warrior,Illinois, and Michigan Basins limits economic productionbecause of the low porosity and

permeability as well as the thin pay zones. The oils in these basins are principally paraffinic,

unlike the asphaltic California heavy crudes, and thus command a higher price than asphaltic oils of

the same gravity.

Refining and Transportation

The crude oil transportation network in the Appalachian, Black Warrior, Illinois, and

Michigan Basins are dominated by collection fines for paraffinic fight oil and by major interstate

lines carrying crude oil to major ref'meries (Fig. 24). In states surrounding and within these

basins, a significant volume of imported oil is refined. The Petroleum Administration for Defense

Districts, PADDs, are shown in Fig. 25. The East Coast, which now relies 95% on imported

crude oils, has the second heaviest, high-sulfur stream of U.S. refining regions (Figs. 26-27,

Olsen and Ramzel, refining, 1991). Only California in PADD 5 ref'mes heavier, higher sulfur

crude oil. The refineries at Minneapolisand St. Paul, Minnesota rely heavily on Canadian crude

oils, and although much of it is imported as 20° to 25° API gravity, the composition is a light

diluent and heavy oil or bitumen or upgraded bitumen. The refineries near Chicago import not

only heavy crudes (with diluent added) from Canada, but also heavy crude from Venezuela and

other countries. Major heavy oil refineries include the Amoco oil refinery in Whiting, Indiana; the

Chevron refinery in Pert Amboy, New Jersey; and the Star Enterprise refinery in Delaware City,

Delaware. These refineries process significant volumes of heavy oil and large volumes of 20° to

25° API gravity imported crudes (American Petroleum Institute, monthly crude oil and petroleum

products listing, 1991). The Midwest has the second lightest, low sulfur throughput at present,

but it is moving steadily toward heavier, higher sulfur feeds. This region imported 37% of its oil

in 1990, versus only 20% 10 years ago (Benedict, 1991)
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The basins contain extensive infrastructures to support primary production and aging, rapidly

declining waterfloods to recover light oil. The light oil in these basins has become more sour due

to waterflooding that has supported this region for the past 40 years. Most of the refineries in

these basins are designed to process light crude oils, and addition of heavy oil would significantly

impact operation since they have limited capability to process heavy ends (Thrash, 1990: Thrash,

1991). Only those large, essentially dedicated refineries currently processing foreign heavier crude

oil or those with large coking capacity would be available to process any domestic heavy oil should

it become available from other areas. A separate heavy oil gathering system with heated pipelines

to transport oil to suitable refineries would require much larger production and better refining

economics to be justified, and this is not anticipated.

Environmental

The Appalachian, Black Warrior, Illinois, and Michigan Basins typify the U.S. oil patch. Oil

is a major industry only in specific communities. Increasing awareness of the environment is

becoming incorporated into the petroleum industry's mode of doing business. Since the level of

anticipated thermal oil recovery operations to produce heavy oil will be minimal for the near future,

water and air quality will not be significantly impacted. As the 1990 Clean Air Act mandates

cleaner gasoline and diesel fuels, refineries in the North East will have a significantly harder time to

transform both domestic and imported crudes into cleaner fuels. The trend of feed to these

refineries has been towards higher sulfur and lower API gravity crudes (Olsen and Ramzel, 1991).

Economics of Thermal Heavy Oil Production

The economics of heavy oil recovery in the Appalachian, Black Warrior, Illinois and

Michigan Basins was not analyzed because of the small resource. The 1990 costs of thermal

operations are reprinted as obtained from the assessed evaluation of thermal (steam) operations in

Kern County, California (Maples, 1990, Table 1, the cost of drilling and completing thermal wells,

and Table 2, yearly operating cost). Operators produce heavy oil on primary, even stripper

production, or by waterflooding of deeper reservoirs and produce paraffinic based heavy crude oil.

Because heavy oil is more viscous than light oil, the mobility ratios will be adverse to water.

Operators waterflooding reservoirs with heavy oil are probably at a lower oil to water ratio than

those waterflooding light oils, and their operating costs would be higher per barrel of oil produced.

For the shallow heavy oil operator, their production per well is usually classified as stripper wells

(< 10 BOPD), and most are producing between 0.25 and 2 BOPD. Since the operators continue to

operate, these wells were deemed marginally economical. The volume of oil produced is small and

the recovery efficiency is probably less than 5%. The royalties and tax liabilities within the middle

United States are listed in Table 3.

37



CONCLUSIONS

The Appalachian, _31ackWarrior, Illinois, and Michigan Basins are minor heavy oil

producing basins, and they do not seem destined to increase their role in supplying significant

heavy oil to the United States. Little of the heavy oil will be produced by TEOR. Thermal

methods to produce the low pour point paraffinic oil from reservoirs in these Basins are potentially

economic because paraffinic oil brings a premium price. Limitations to the development of low

pour point oils include the lack of knowledge of the extent of the resource and ownership by small

independent orJeratorswho do not have capital or experience in thermal oil recovery.
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TABLE 1. - Cost of drilling and completing thermal EOR wells (Maples, 1990-91)

NEW PRODUCING WELL COSTS

Weil denth, f| Steam wells. $ Iniectors. $

0 - 250 37,000
251 - 750 73,000 30,000

751 - 1,250 89,000
1,251 - 1,750 121,000 60,000
1,751 - 2,250 160,000 100,000
2,251 - 2,750 200,000
2,751 - 3,250 240,000

TABLE 2.- Yearly thermal steam operating cost ranges within each field/well (Maples, 1990-91)

piet_ _'ydic_rrt $ Steamflood. $

Cymric 20,000 27,500
Kern River 20,000 27,000
Midway-Sunset 18,000 26,000

Steam generator maintenance costs/BTU barrel equivalent of oil burned, in $
C_s fu_ =0.10 Oil fired = 0.20
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TABLE3 - Comparisons of economicfactors affectingoil productionfrom middle U.S.

Kansas I Oklahoma I Missouri2Michigan 3 Illinois I Kentucky 4 Ohio 5 Pennsylvania 6

Land owner royalty, % 12.5 12.5 12.5 12.5 12.5 12.5 12.5 12.5
Land surface disruption, Site Site Site Site Site Site Site Site

specinc specific spec_tac specific specinc specific specific spe_t'_c

Direct state tax, % 74.33 87.0 None 3yes None 6.0 5.0 6.0

State Severance Production tax

Productivity 1. Variable None 7None 6.6% None 4.5 $0.1/bbl None
1 .None

Vintage 2. New oil None Unknown Unknown None
& gas

Other 3. Tertiary Secotxlary 50% for Nooe None None
and tertiary EOR

Ad Valorem Tax 8yes Norte None Yes Yes 0.6-1 5-7 None

Corporate Income Tax 9yes Bye s yes Yes Yes 4.0-8.25 5.1-8.9 12.25

Corporate Franchise Tax l°Yes 1lye s None None Yes 100.0021 None

Effective Average Tax Rate, 9.7 7.4 Variable Variable 1.3 Variable Variable 10.2
% on oil & gas production

1 Kansas Inc., Strategic Analysis of the Oil and Gas Industry in Kansas, Arthur D. Little, Inc., Cambridge, Mass., April
1990.

2 Personal communication with K. Deason, Missouri Dept. of Natural Resources, and S. Evers, Missouri Dept. of Revenue,
July 1991.

3 Personal communication with Michigan government agency December 1991. Dept. of Natural Resources, December,
1991.

4 Personal communication with M. Harrod, Kentucky Dept. of Mines and Minerals, Oil and Gas section, E. Minns and D.
Cheek, Kentucky Dept. of Revenue, December, 1991.

5 Personal communication with F. Nicely, Ohio Dept. of Natural Resources, Oil and Gas, and B. Hsher, Ohio Corporate
Income Tax Division, J. Hatcher, Ohio Taxpayer's services, December, 1991.

6 Personal communication with S. Klimkos and S. Peterson, Pennsylvania Dept. of Revenue, December, 1991.

7 Gross lease revenue (N.B.- Does not discount transportation and marketing costs).
8 Gross lease revenue less marketing and transport costs.
5 Less than $25,000 at 2%, $25,000-$100,000 at 3%, $100,000-$300,000 at 4%, $300,000 and over at 5% on

corporate/individual oil/gas revenues.

6 An extraction tax is assessed at the rate of 6.5% for old wells and 4% for new wells.

7 Each state is attempting to mitigate declining oil production and declining revenues to the state and have or are
considerin 8 economic incentives for enhanced oil recovery.

8 Ad valorum tax levied on the economic value of each producing unit. Appraisal value calculated by applying present
worth factor to future revenue to derive a net worth for each lease.

9 Tax basis derived from apportioned revenue derived within state as determined by three factor formula that is equally
weighted. A two factor formula is available for qualifying companies. Rates are $0 - $25,000 at 4.5%, > $25,000 at
6.75%.

10 Of shareholder equity 0.1%, minimum of $20 and maximum of $2,500.

11 Of business and investment capita! 0.125%, minimum of $10 and maximum of $20,000.
12 Separate accounting for oil and gas income on ali taxable income.
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