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ABSTRACT

Utah oil fields have produced over 1.33 billion barrels (211 million m®) of oil and hold
256 million barrels (40.7 million m®) of proved reserves. The 13.7 million barrels (2.2 million
m?) of production in 2002 was the lowest level in over 40 years and continued the steady decline
that began in the mid-1980s. However, in late 2005 oil production increased, due, in part, to the
discovery of Covenant field in the central Utah Navajo Sandstone thrust belt (“Hingeline”) play,
and to increased development drilling in the central Uinta Basin, reversing the decline that began
in the mid-1980s. The Utah Geological Survey believes providing play portfolios for the major
oil-producing provinces (Paradox Basin, Uinta Basin, and thrust belt) in Utah and adjacent areas
in Colorado and Wyoming can continue this new upward production trend. Oil plays are
geographic areas with petroleum potential caused by favorable combinations of source rock,
migration paths, reservoir rock characteristics, and other factors. The play portfolios include
descriptions and maps of the major oil plays by reservoir; production and reservoir data; case-
study field evaluations; locations of major oil pipelines; identification and discussion of land-use
constraints; descriptions of reservoir outcrop analogs; and summaries of the state-of-the-art
drilling, completion, and secondary/tertiary recovery techniques for each play.

The most prolific oil reservoir in the Utah/Wyoming thrust belt province is the eolian,
Jurassic Nugget Sandstone, having produced over 288 million barrels (46 million m®) of oil and
5.1 trillion cubic feet (145 billion m®) of gas. Traps form on discrete subsidiary closures along
major ramp anticlines where the depositionally heterogeneous Nugget is also extensively
fractured. Hydrocarbons in Nugget reservoirs were generated from subthrust Cretaceous source
rocks. The seals for the producing horizons are overlying argillaceous and gypsiferous beds in
the Jurassic Twin Creek Limestone, or a low-permeability zone at the top of the Nugget. The
Nugget Sandstone thrust belt play is divided into three subplays: (1) Absaroka thrust —
Mesozoic-cored shallow structures, (2) Absaroka thrust — Mesozoic-cored deep structures, and
(3) Absaroka thrust — Paleozoic-cored shallow structures. Both of the Mesozoic-cored structures
subplays represent a linear, hanging wall, ramp anticline parallel to the leading edge of the
Absaroka thrust. Fields in the shallow Mesozoic subplay produce crude oil and associated gas;
fields in the deep subplay produce retrograde condensate. The Paleozoic-cored structures
subplay is located immediately west of the Mesozoic-cored structures subplays. It represents a
very continuous and linear, hanging wall, ramp anticline where the Nugget is truncated against a
thrust splay. Fields in this subplay produce nonassociated gas and condensate. Traps in these
subplays consist of long, narrow, doubly plunging anticlines. Prospective drilling targets are
delineated using high-quality, two-dimensional and three-dimensional seismic data, forward
modeling/visualization tools, and other state-of-the-art techniques. Future Nugget Sandstone
exploration could focus on more structurally complex and subtle, thrust-related traps. Nugget
structures may be present beneath the leading edge of the Hogsback thrust and North Flank fault
of the Uinta uplift.

The Jurassic Twin Creek Limestone play in the Utah/Wyoming thrust belt province has
produced over 15 million barrels (2.4 million m®) of oil and 93 billion cubic feet (2.6 billion m®)
of gas. Traps form on discrete subsidiary closures along major ramp anticlines where the low-
porosity Twin Creek is extensively fractured. Hydrocarbons in Twin Creek reservoirs were
generated from subthrust Cretaceous source rocks. The seals for the producing horizons are
overlying argillaceous and clastic beds, and non-fractured units within the Twin Creek. The
Twin Creek Limestone thrust belt play is divided into two subplays: (1) Absaroka thrust —



Mesozoic-cored structures and (2) Absaroka thrust — Paleozoic-cored structures. The Mesozoic-
cored structures subplay represents a linear, hanging wall, ramp anticline parallel to the leading
edge of the Absaroka thrust. Fields in this subplay produce crude oil and associated gas. The
Paleozoic-cored structures subplay is located immediately west of the Mesozoic-cored structures
subplay. It represents a very continuous and linear, hanging wall, ramp anticline where the Twin
Creek is truncated against a thrust splay. Fields in this subplay produce nonassociated gas and
condensate. Traps in both subplays consist of long, narrow, doubly plunging anticlines.

The Jurassic Navajo Sandstone Hingeline play is the only petroleum play in the central
Utah thrust belt. The 2004 discovery of Covenant field in the Hingeline (central Utah thrust belt)
changed the oil development potential in the play from hypothetical to proven. The original oil
in place is estimated at 100 million barrels (15.9 million m®); the estimated recovery factor is 40
to 50%. Traps in the central Utah thrust belt include anticlines associated with latest Jurassic
through early Tertiary thrust imbricate and duplex structures, positioned near Middle Jurassic
extension faults. The Navajo Sandstone reservoir was deposited in an extensive dune field that
extended from present-day Wyoming to Arizona. The principal regional seal for the Lower
Jurassic Navajo producing zones consists of salt, gypsum, mudstone, and shale of the overlying
Jurassic Arapien Shale. Hydrocarbons were likely generated from Mississippian source rocks in
Late Cretaceous to early Tertiary time. Future exploration in the central Utah thrust belt should
focus on Paleozoic-cored, blind, thrust structures east of the exposed Charleston-Nebo and
Pahvant thrusts. The lack of associated gas at Covenant field suggests the possibility that gas-
charged traps may be present in the play area because the gas may have been driven off early
during migration from sediment or thrust-plate loading.

Oil and associated gas production in the Laramide-age Uinta Basin is mostly from the
Paleocene and Eocene Green River and Colton/Wasatch Formations, which were deposited in
and around ancestral Lake Uinta. The Conventional Northern Uinta Basin and Deep Uinta Basin
Overpressured Continuous plays cover the northern Uinta Basin and have a dominantly northern
sediment source. The Conventional Northern Uinta Basin play typically has drill depths ranging
from 5000 feet (1500 m) to a maximum of 10,000 feet (3000 m). The play is divided into two
subplays: (1) Conventional Bluebell subplay, and (2) Conventional Red Wash subplay. The
Deep Uinta Basin Overpressured Continuous play is where the lower 2500 to 3000 feet (750-900
m) of the Green River and intertonguing Colton Formations has a pressured gradient >0.5
pounds per square inch/foot (11.3 kPa/m); fracturing is also a key reservoir property. The
Conventional Southern Uinta Basin play has a dominantly southern sediment source and is
divided into six subplays: (1) conventional Uteland Butte interval, (2) conventional Castle Peak
interval, (3) conventional Travis interval, (4) conventional Monument Butte interval, (5)
conventional Beluga interval, and (6) conventional Duchesne interval fractured shale/marlstone.
The source rocks for the Uinta Basin plays are kerogen-rich shale and marlstone of the Green
River Formation. Most of the oils are characterized as yellow or black wax. The Conventional
Northern Uinta Basin and Deep Uinta Basin Overpressured Continuous play areas are being
explored for Mesaverde Group and Mancos Shale gas reservoirs. The deeper drilling could
result in the discovery of new oil fields in the overlying Green River Formation.

The Mississippian Leadville Limestone, a shallow, open-marine, carbonate-shelf deposit,
is a major oil and gas reservoir in the Utah/Colorado Paradox Basin, having produced over 53
million barrels (8.4 million m®) of oil and 845 billion cubic feet (23.9 billion m®) of gas. Most
Leadville production is from the Paradox fold and fault belt in basement-involved structural traps
with closure on both anticlines and faults. The seals for the Leadville producing zones are the



overlying clastic beds of the Molas Formation and evaporite beds within the Paradox Formation,
both Pennsylvanian in age. Hydrocarbons in Leadville reservoirs were likely generated from
source rocks in the Paradox Formation and migrated into traps, primarily along fault planes and
fractures. The Leadville Limestone has heterogeneous reservoir properties because of
depositional facies with varying porosity and permeability, diagenetic effects, and fracturing.
The early diagenetic history of the Leadville sediments, including some dolomitization (finely
crystalline) and leaching of skeletal grains, resulted in low-porosity and/or low-permeablility
rocks. Most of the porosity and permeability associated with Leadville hydrocarbon production
at Lisbon field was developed during later, deep subsurface dolomitization (coarsely crystalline
replacement and saddle [hydrothermal?] dolomite) and dissolution. Relatively low-cost surface
geochemical surveys, hydrodynamic analysis, and epifluorescence techniques may identify
potential Leadville hydrocarbon migration patterns and oil-prone areas.

The most prolific oil and gas play in the Paradox Basin is the Pennsylvanian Paradox
Formation play. The Paradox Formation has produced over 500 million barrels (80 million m®)
of sweet, paraffinic oil and 650 billion cubic feet of gas (18 billion m*) from more than 70 fields.
The main producing zones are referred to as the Desert Creek and Ismay. The Paradox
Formation play is divided into four subplays: (1) fractured shale, (2) Blanding sub-basin Desert
Creek zone, (3) Blanding sub-basin Ismay zone, and (4) Aneth platform Desert Creek zone. In
Pennsylvanian time, the Paradox Basin was rapidly subsiding in a subtropical arid environment
with a shallow-water carbonate shelf on the south and southwest margins of the basin that locally
contained carbonate buildups, commonly phylloid-algal mounds.  Trap types include
stratigraphic, stratigraphic with some structural influence, combination stratigraphic/structural,
and diagenetic. The Paradox Formation has heterogeneous reservoir properties because of
depositional lithofacies with varying porosity and permeability, carbonate buildup (mound) relief
and flooding surfaces (parasequence boundaries), and diagenetic effects. Mapping the Ismay-
zone lithofacies delineates very prospective reservoir trends that contain productive carbonate
buildups around anhydrite-filled intra-shelf basins. Mapping also indicates a relatively untested
lithofacies belt of calcarenite carbonate deposits south and southeast of Greater Aneth field.
Fractured-shale beds in the Pennsylvanian Paradox Formation are oil productive in the Paradox
Basin fold and fault belt (northern Paradox Basin) of southwest Utah. The Cane Creek shale of
the Paradox Formation is composed of marine carbonate, evaporite, and organic-rich shale beds.
The Cane Creek is a fractured, self-sourced oil reservoir that is highly overpressured — an ideal
target for horizontal drilling.

Production-scale outcrop analogs provide an excellent view of reservoir petrophysics,
facies characteristics, and boundaries contributing to the overall heterogeneity of reservoir rocks.
They can be used as a “template” for evaluation of data from conventional core, geophysical and
petrophysical logs, and seismic surveys. When combined with subsurface geological and
production data, these outcrop analogs can improve (1) development drilling and production
strategies such as horizontal drilling, (2) reservoir-simulation models, (3) reserve calculations,
and (4) design and implementation of secondary/tertiary oil recovery programs and other best
practices used in the oil fields of Utah and vicinity. The Jurassic Nugget/Navajo Sandstone was
deposited in an extensive dune field that extended from Wyoming to Arizona. Outcrop analogs
are found in the stratigraphically equivalent Navajo Sandstone of southern Utah which displays
large-scale dunal cross-strata with excellent reservoir properties and interdunal features such as
oases, wadi, and playa lithofacies with poor reservoir properties. The best outcrop analogs for
Twin Creek reservoirs are found at Devils Slide and near the town of Peoa, Utah, where fractures



in dense, homogeneous non-porous limestone beds are in contact with the basal siltstone units
(containing sealed fractures) of the overlying units. Outcrop analogs in the Tertiary Green River
Formation for the Deep Uinta Basin Overpressured Continuous play in central Utah, provide
good examples of deposits shed off the western highlands into Lake Uinta. An outcrop analog
for the major oil reservoirs in the Conventional Northern Uinta Basin play is exposed along
Raven Ridge in the northeastern Uinta Basin; these exposures display landward to lakeward
facies transitions. Outcrop analogs for the major oil reservoirs in the Conventional Southern
Uinta Basin play are well exposed in Willow Creek, Indian, and Nine Mile Canyons in the south-
central Uinta Basin. Depositional environments include isolated fluvial, stacked channel, and
distributary-channel channels; shallow-water mudflats; shallow open-lacustrine environments;
and deeper offshore. Fractures can be observed in the Green River Formation in Indian Canyon
and throughout the surface exposures in the Duchesne field along the Duchesne fault zone. The
shallow marine, Mississippian Leadville Limestone is a major oil and gas reservoir in the
Paradox Basin of Utah and Colorado. Excellent outcrops of Mississippian Leadville-equivalent
rocks are found in the Madison Limestone along the south flank of the Uinta Mountains, Utah,
and in the Redwall Limestone in the Marble Canyon area of Grand Canyon National Park,
Arizona. These formations contain zones of solution breccia, fractures, and facies variations.
Hydrocarbons in the Pennsylvanian Paradox Formation are stratigraphically trapped in carbonate
buildups (or phylloid-algal mounds). Similar carbonate buildups are exposed in the Paradox
along the San Juan River of southeastern Utah. Reservoir-quality porosity may develop in the
types of facies associated with buildups such as troughs, detrital wedges, and fans, identified
from these outcrops.

Land-use constraints within oil plays are a critical concern to current and potential
operators exploring and developing petroleum resources in Utah and vicinity. Land
classification maps and land ownership acreage summaries for Utah’s major oil-producing
provinces portray multiple types of surface and/or mineral ownership. These maps and
summaries will help guide petroleum companies in planning exploration and land-acquisition
strategies, pipeline companies and gas processors in planning future facilities and pipeline
extensions, and government agencies in decision-making processes.  Substantial land,
environmental, regulatory, and mineral leasing information is available on all of the federal Web
sites involved in oil and gas leasing and/or regulation. To a lesser extent similar information is
available on most state Web sites. We have compiled locations and documented the major land
and mineral ownership types in each oil-producing province; identified the federal, state, county,
and other private and non-profit agencies involved in the environmental analysis, leasing, and
development of oil and gas resources; and provided an overview and listing of pertinent data,
documents, and research tools that might be helpful in understanding the oil and gas industry,
primarily in Utah, but also in Arizona, Colorado, and Wyoming. The major plays in the oil-
producing provinces encompass nearly 15.1 million acres (6.1 million ha) and include almost all
of the potential oil- and gas-bearing land in Utah. Mineral ownership and management,
including leasing, is divided primarily among federal, state, and private interests. Private
interests also include Native American Reservation lands and may include Native American
mineral ownership outside an Indian Reservation. Mineral ownership patterns vary among the
provinces and dominant ownership is somewhat different in each area. Federal ownership is
multifaceted in that while the mineral estate is managed by the BLM, the overlying surface estate
might be managed by other federal agencies. The surface estate may be privately owned,
creating a split estate, which is very common in the Western U.S.



Horizontal drilling in Utah thrust belt fields targets the heterogeneous Twin Creek
Limestone and Nugget Sandstone reservoirs. Fractures and lithologic variations create potential
undrained compartments ideally suited for horizontal drilling, particularly in the Watton Canyon
Member of the Twin Creek. Horizontal wells should generally be drilled perpendicular to the
dominant orientation of open fractures, and above and parallel to the low-proved oil or oil/water
contacts. Horizontal drilling programs at Pineview, Lodgepole, and Elkhorn Ridge fields, Utah,
and Painter Reservoir and Ryckman Creek Fields, Wyoming, in the thrust belt successfully
extended the productive life of the fields. These fields were at an advanced stage of depletion
when the horizontal drilling began. At Painter Reservoir field a tertiary, miscible nitrogen-
injection program is being conducted to raise the reservoir pressure to miscible conditions.
Supplemented with water injection, the ultimate recovery will be 113 million bbls (18 million
m®) of oil (a 68 percent recovery factor over a 60-year period). Condensate production is
common in Absaroka thrust - Mesozoic-cored deep structures. In retrograde condensate
reservoirs, the fluid changes from a single-phase rich gas to a two-phase gas and liquid mixture
when the pressure drops below the dew-point pressure. Without pressure maintenance, the
retrograde condensate remains in the reservoir and wells are less productive. The Nugget
Sandstone in Anschutz Ranch East field on the Utah/Wyoming border is a major retrograde
reservoir where pressure maintenance operations (using an injection of nitrogen and wet gas)
have successfully maximized recovery. At Covenant field in the central Utah thrust belt, wells
are drilled to the Navajo Sandstone from three pads and deviated to avoid rugged topography.
Future Covenant secondary and tertiary recovery programs may include nitrogen injection and/or
a carbon dioxide flood.

In the Uinta Basin, the Northern Conventional Uinta Basin and Deep Uinta Basin
Overpressured Continuous plays current production practices (in the Altamont-Bluebell-Cedar
Rim field trend) will leave a significant amount of oil unproduced. Identifying which beds
actually contribute to the production and the role that naturally occurring fractures play in the
reservoir, remains a major trend-development problem. A major resource potential may be in
recompletions of the current wells. Well completions typically consist of perforating 40 or more
beds. As a result, many of the beds may never have received adequate stimulation. We
recommend using cased-hole logs to identify by-passed oil and selectively stimulating individual
beds to recover significant amounts of additional oil.

In the Altamont-Bluebell-Cedar Rim field trend, staging acid treatments over smaller
(500-foot [150 m]) intervals and greatly increasing the amount of diversion material used has
been shown to be effective for maximizing production. A bed-scale completion technique could
be effective in older wells nearing depletion where a larger staged completion is no longer
economical. Therefore, in older wells it is recommended that treatment of a few individual beds
be attempted using a dual packer tool. This way, only the few beds with remaining oil potential
are acidized, reducing the size of the treatment needed, and providing more effective stimulation
of the beds with remaining potential. Hydrochloric acid has been the recommended treating
fluid although many operators have begun to use a proppant stimulation. Good diversion is also
critical to treating the entire interval and a high-enough pumping rate must be maintained to
carry the diverting agent. A pumping rate between 8 and 12 barrels per minute (1.3-1.9 m*/min)
with proper gelling agents in the fluid will divert the fluid to the perforated intervals, and
maintain a reasonable well-head-treating pressure. High-rate hydraulic fracture treatments
should be considered on newer wells. The dual-burst, thermal-decay time and dipole-shear
anisotropy logs are reliable tools for evaluating remaining hydrocarbon potential and fracture



density in a cased-hole well that has been producing oil for many years. This type of data can be
used to identify potentially productive beds that are not perforated in older wells, eliminate the
acidizing of previously perforated beds that have little to no potential, and determine if the acid-
fracture treatment is hydraulically fracturing the formation.

Secondary and tertiary recovery methods have not been attempted in the Deep Uinta
Basin Overpressured Continuous play area. Fractures, the dominant reservoir property, can
cause early breakthrough of any injected fluid or gas which can then move beyond the intended
secondary recovery unit. Secondary and tertiary recovery methods generally require a high
density of wells to be effective. The Deep Uinta Basin Overpressured Continuous play area has
been developed with two wells per section (as of November 2008) and in many areas at least one
of those wells has already been plugged and abandoned. As a result, any secondary or tertiary
recovery method would require a significant amount of additional deep drilling.

Best practices used in oil fields of the eastern Uinta Basin consist of conversion of all
geophysical well logs into digital form, running small fracture treatments, fingerprinting oil
samples from each producing zone, running spinner surveys biannually, mapping each producing
zone, and drilling on 80-acre (32-ha) spacing. These practices ensure that induced fractures do
not extend vertically out of the intended zone, determine the percentage each zone contributes to
the overall production of the well, identify areas that may be by-passed by a waterflood, and
prevent rapid water breakthrough.

In the Conventional Southern Uinta Basin play, optimal drilling, development, and
production practices consist of: (1) owning drilling rigs and frac holding tanks; (2) perforating
sandstone beds with more than 8% neutron porosity and stimulating with separate fracture
treatments; (3) placing completed wells on primary production using artificial lift; (4) converting
wells relatively soon to secondary waterflooding to maintain reservoir pressure above the bubble
point and maximize oil recovery; (5) developing waterflood units using an alternating injector —
producer pattern on 40-acre (16-ha) spacing (as of 2008 some 8-spot, 20-acre [8-ha]) pilot areas
have shown to be successful); and (6) recompleting producing wells by perforating all beds that
are productive in the waterflood unit.

In the Paradox Basin, wells in Leadville fields were drilled with air or fresh-water mud to
the top of the Pennsylvanian salt, after which a natural brine or salt-base mud was typically used
to total depth. These wells were completed by perforating at four shots per foot and acid
stimulation of porosity zones. A thick hydrocarbon column at Lisbon field contains a gas cap
and oil ring. Associated gas was reinjected into the gas cap to maintain reservoir pressure and
maximize the oil recovery. Horizontal drilling technology was not readily available when
Lisbon field and other Leadville fields were discovered and developed. If horizontal technology
had been available, Leadville fields could have been developed with fewer wells (especially in
environmentally sensitive areas), and would have resulted in a greater ultimate oil recovery.
Lithologic variations due to facies changes, diagenetically increased porosity zones due to
dolomitzation, and fractures create potential undrained compartments ideally suited for
horizontal drilling in the Leadville-producing fields. Drilling techniques should include new
wells, and horizontal, often multiple and stacked, laterals from existing vertical wells.

The most prolific oil and gas play in the Paradox Basin is the Pennsylvanian Paradox
Formation play. The Paradox Formation Play is divided into four subplays: (1) fractured Cane
Creek shale, (2) Blanding sub-basin Desert Creek zone, (3) Blanding sub-basin Ismay zone, and
(4) Aneth platform Desert Creek zone. Three significant late-term development practices were,
or could be, employed in the later development of fields in the Paradox Formation play to
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enhance the ultimate recovery of oil: (1) horizontal drilling, (2) waterflooding, and (3) CO,
flooding. Horizontal drilling techniques include new wells and horizontal, often multiple,
laterals from existing vertical wells. Depositional lithofacies are targeted in both the Ismay and
Desert Creek zones where, for example, multiple buildups can be penetrated with two opposed
sets of stacked, parallel horizontal laterals. Other targets include multiple zones of diagenetically
enhanced or fractured intervals. Horizontal drilling has increased the probability of encountering
the near-vertical fractures, has resulted in numerous new field discoveries, and has greatly
improved the success rate in the Cane Creek shale.

In the eastern Paradox Basin, Colorado, optimal drilling, development, and production
practices consist of increasing the mud weight during drilling operations before penetrating the
overpressured Desert Creek zone; centralizing treatment facilities; and mixing produced water
from pumping oil wells with non-reservoir water and injecting the mixture into the reservoir
downdip to reduce salt precipitation, dispose of produced water, and maintain reservoir pressure
to create what amounts to as a low-cost waterflood.

Waterflooding is the most common type of secondary oil recovery technique in the
Paradox Basin. Depth, drive mechanisms, and water, oil, and gas saturations are major factors to
determine candidate reservoirs for waterflood programs. Water-drive reservoirs are usually not
good candidates for waterflooding. The drive mechanisms for most Paradox reservoirs are
solution gas, gas expansion, fluid expansion, or pressure depletion. The waterflood program in
the Aneth unit of Greater Aneth field now uses horizontal laterals in a line-drive injection pattern
which improves both areal and vertical sweep efficiencies over vertical wells.

Carbon dioxide (CO,) flooding is relatively low risk, significantly increases oil recovery,
and extends the life of a field by 20 to 30 years. Ultimate oil recovery may increase by over 40%
with CO, flooding (8 to 16% due to CO, flooding alone). Carbon dioxide miscibility needs to be
attainable over a major portion of the reservoir; that includes widespread good injectivity and
reservoir connectivity. Prospective CO, flooding candidates should first perform well during
waterflood programs. If production water cut reaches 98%, especially during waterfloods,
operators likely lose the ability to borrow capital against future production and CO; flooding
becomes uneconomic. It is also important to recognize that CO, prices fluctuate in response to
crude oil prices. Carbon dioxide sources include McEImo Dome field in southwest Colorado,
drilling locally, and emissions from coal-fired power plants. Carbon dioxide flooding began in
the McEImo Creek unit of Greater Aneth in 1985. The production response was between one
and two years through a water-alternating-gas program. QOil production increased from 5500
barrels of oil per day (BOPD) to 6500 BOPD (880-1030 m*/d) peaking after a ten-year period.
Incremental recovery from CO, flooding is estimated at 33 million barrels of oil (5.3 million m®)
or an incremental recovery efficiency of 9.3%. Horizontal wells in the Aneth unit may also be
used for CO, flooding; however, horizontal laterals need to be oriented parallel to fault/fracture
zones to prevent rapid breakthrough.
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EXECUTIVE SUMMARY

Utah oil fields have produced over 1.33 billion barrels (211 million m®) of oil and hold
256 million barrels (40.7 million m®) of proved reserves. The 13.7 million barrels (2.2 million
m?) of production in 2002 was the lowest level in over 40 years and continued the steady decline
that began in the mid-1980s. However, in late 2005 oil production increased, due, in part, to the
discovery of Covenant field in the central Utah Navajo Sandstone thrust belt (“Hingeline”) play,
and to increased development drilling in the central Uinta Basin, reversing the decline that began
in the mid-1980s. The overall objectives of this study are to (1) continue adding new
discoveries, (2) increase recoverable oil from existing field reservoirs, (3) prevent premature
abandonment of numerous small fields, (4) increase deliverability through identifying the latest
drilling, completion, and secondary/tertiary recovery techniques, and (5) reduce development
costs and risk.

To achieve these objectives, the Utah Geological Survey produced play portfolios for the
major oil-producing provinces (Paradox Basin, Uinta Basin, and thrust belt) in Utah and adjacent
areas in Colorado and Wyoming. This research is partially funded by the Preferred Upstream
Management Program (PUMPII) of the U.S. Department of Energy, National Energy
Technology Laboratory (NETL) in Tulsa, Oklahoma.

A combination of depositional and structural events created the right conditions for oil
generation and trapping in the major oil-producing provinces (Paradox Basin, Uinta Basin, and
thrust belt) in Utah and adjacent areas in Colorado and Wyoming. Oil plays are specific
geographic areas having petroleum potential due to favorable source rock, migration paths,
reservoir characteristics, and other factors.

Major Plays
Jurassic Nugget Sandstone Thrust Belt Play

The most prolific oil reservoir in the Utah/Wyoming thrust belt province is the Jurassic
Nugget Sandstone, having produced over 288 million barrels (46 million m®) of oil and 5.1
trillion cubic feet (145 billion m®) of gas. The Nugget Sandstone was deposited in an extensive
dune field (an eolian environment) which extended from Wyoming to Arizona, and was
comparable to the present Sahara in North Africa or the Alashan area of the Gobi in northern
China. Playas, mudflats, or oases developed in interdune areas. Traps form on discrete
subsidiary closures along major ramp anticlines where the Nugget is extensively fractured.
Hydrocarbons in Nugget reservoirs were generated from subthrust Cretaceous source rocks. The
seals for the producing horizons are overlying argillaceous and gypsiferous beds of the Jurassic
Twin Creek Limestone or a low-permeability zone at the top of the Nugget Sandstone.

The Nugget Sandstone has heterogeneous reservoir properties because of (1) cyclic
dune/interdune lithofacies with better porosity and permeability in certain dune morphologies,
(2) diagenetic effects, and (3) fracturing. Identification and correlation of barriers and baffles to
fluid flow, and recognition of fracture set orientations in individual Nugget reservoirs in the
thrust belt is critical to understanding their effects on production rates, petroleum movement
pathways, horizontal well plans, and pressure maintenance programs.

The Nugget Sandstone thrust belt play is divided into three subplays: (1) Absaroka thrust
— Mesozoic-cored shallow structures, (2) Absaroka thrust — Mesozoic-cored deep structures, and
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(3) Absaroka thrust — Paleozoic-cored shallow structures. Both Mesozoic-cored structures
subplays represent a linear, hanging wall, ramp anticline parallel to the leading edge of the
Absaroka thrust. Fields in the shallow Mesozoic subplay produce crude oil and associated gas;
fields in the deep subplay produce retrograde condensate. The Paleozoic-cored shallow
structures subplay is located immediately west of the Mesozoic-cored structures subplays. The
subplay represents a very continuous and linear, hanging wall, ramp anticline also parallel to the
leading edge of the Absaroka thrust. The eastern boundary of the subplay is defined by the
truncation of the Nugget against a thrust splay. Fields in this subplay produce nonassociated gas
and condensate. Traps in these subplays consist of long, narrow, doubly plunging anticlines.

Prospective drilling targets in the Nugget Sandstone thrust belt play are delineated using
the following: high-quality, two-dimensional and three-dimensional seismic data, forward
modeling/visualization tools, well control, dipmeter information, surface geologic maps, and
incremental restoration of balanced cross sections to assess trap geometry. Determination of the
timing of structural development, petroleum migration, entrapment, and fill and spill histories are
critical to successful exploration. Future Nugget Sandstone exploration could focus on more
structurally complex and subtle, thrust-related traps. Nugget structures may be present beneath
the leading edge of the Hogsback thrust and North Flank fault of the Uinta uplift.

Jurassic Twin Creek Limestone Thrust Belt Play

The Jurassic Twin Creek Limestone in the Utah/Wyoming thrust belt province has
produced over 15 million barrels (2.4 million m®) of oil and 93 billion cubic feet (2.6 billion m®)
of gas. The Twin Creek Limestone was deposited in a shallow-water embayment south of the
main body of a Middle Jurassic sea. Traps form on discrete subsidiary closures along major
ramp anticlines where the low-porosity Twin Creek is extensively fractured. Hydrocarbons in
Twin Creek reservoirs were generated from subthrust Cretaceous source rocks. The seals for the
producing horizons are overlying argillaceous and clastic beds, and non-fractured units within
the Twin Creek. Most oil and gas production is from perforated intervals in the Watton Canyon,
upper Rich, and Sliderock Members of the Twin Creek Limestone. These members have little to
no primary porosity in the producing horizons but exhibit secondary porosity in the form of
fracturing.

The Twin Creek Limestone thrust belt play is divided into two subplays: (1) Absaroka
thrust — Mesozoic-cored structures and (2) Absaroka thrust — Paleozoic-cored structures. The
Mesozoic-cored structures subplay represents a linear, hanging wall, ramp anticline parallel to
the leading edge of the Absaroka thrust. Fields in this subplay produce crude oil and associated
gas. The Paleozoic-cored structures subplay is located immediately west of the Mesozoic-cored
structures subplay. The subplay represents a very continuous and linear, hanging wall, ramp
anticline also parallel to the leading edge of the Absaroka thrust. The eastern boundary of the
subplay is defined by the truncation of the Twin Creek against a thrust splay. Fields in this
subplay produce nonassociated gas and condensate. Traps in both subplays consist of long,
narrow, doubly plunging anticlines.

Jurassic Navajo Sandstone Hingeline Play

The Jurassic Navajo Sandstone Hingeline play is the only petroleum play in the central
Utah thrust belt. The 2004 discovery of Covenant field in the central Utah thrust belt changed
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the oil development in the Utah Hingeline from hypothetical to proven. Traps in the central Utah
thrust belt include anticlines associated with latest Jurassic through early Tertiary thrust
imbricate and duplex structures, positioned near Middle Jurassic extension faults. The principal
regional seal for the Lower Jurassic Navajo producing zones consists of salt, gypsum, mudstone,
and shale of the overlying Jurassic Arapien Shale. Hydrocarbons were likely generated from
Mississippian source rocks. The source rocks began to mature after loading by overriding of
thrust plates during Late Cretaceous and early Tertiary time. Hydrocarbons were generated,
expelled, and subsequently migrated into overlying traps, primarily along fault planes.

The Navajo Sandstone reservoir was deposited in same dune field as the Nugget
Sandstone that extended from Wyoming to Arizona. The Navajo at Covenant field has 424 feet
(139 m) of net pay, an average of 12% porosity, up to 100 millidarcies of permeability, an
average water saturation of 38%, and a strong water drive. The original oil in place is estimated
at 100 million barrels (15.9 million m®); the estimated recovery factor is 40 to 50%.

Future exploration in the central Utah thrust belt should focus on Paleozoic-cored, blind,
thrust structures east of the exposed Charleston-Nebo and Pahvant thrusts. The lack of
associated gas at Covenant field suggests the possibility that gas-charged traps may be present in
the play area because the gas may have been driven off early during migration from sediment or
thrust-plate loading.

Uinta Basin Plays

Oil and gas production in the Laramide-age Uinta Basin is mostly from the Paleocene and
Eocene Green River and Colton/Wasatch Formations. In early late Paleocene time, a large lake,
known as ancestral Lake Uinta, developed in the basin. Deposition in and around Lake Uinta
consisted of open- to marginal-lacustrine sediments that make up the Green River Formation.
Alluvial redbed and floodplain deposits that are laterally equivalent to, and intertongue with, the
Green River form the Colton/Wasatch.

The U.S. Geological Survey defines two assessment units within the Green River Total
Petroleum System in the Uinta Basin: the Deep Uinta Overpressured Continuous Oil Assessment
Unit (Deep Uinta Basin Overpressured Continuous play in this report) and the Uinta Green River
Conventional Oil and Gas Assessment Unit. The Conventional Oil and Gas Assessment Unit
can be divided into plays having a dominantly southern sediment source (Conventional Southern
Uinta Basin play) and plays having a dominantly northern sediment source (Conventional
Northern Uinta Basin play).

The Conventional Northern Uinta Basin and Deep Uinta Basin Overpressured
Continuous plays cover the northern Uinta Basin. The Conventional Northern Uinta Basin play
typically has drill depths ranging from 5000 feet (1500 m) to a maximum of 10,000 feet (3000
m). The play is divided into two subplays: (1) Conventional Bluebell subplay, and (2)
Conventional Red Wash subplay. The Deep Uinta Basin Overpressured Continuous play is
delineated where the lower 2500 to 3000 feet (750-900 m) of the Green River and intertonguing
Colton Formations are overpressured (gradient >0.5 pounds per square inch/foot [11.3 kPa/m]).
The most rapid increase in reservoir pressure and most of the high-volume, overpressured oil
production typically occurs at depths ranging from 11,000 to 14,000 feet (3400-4300 m).

In the Conventional Bluebell subplay, sandstone reservoirs typically have low porosity (8
to 12%) and low matrix permeability (0.01 to 10 millidarcies [mD]). Sandstone reservoirs in the
Conventional Red Wash subplay have higher porosities (8 to 20%) and significantly higher
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matrix permeabilities, commonly 50 to 500 mD. In the Deep Uinta Basin Overpressured
Continuous play, production is fracture controlled in reservoir rocks which typically have very
low (< 0.1 mD) matrix permeability. The reservoirs are fractured lenticular sandstone, shale, and
marlstone deposited in the lacustrine and alluvial environments of Lake Uinta.

Fields in the Conventional Northern Uinta Basin play and Deep Uinta Basin
Overpressured Continuous play produce crude oil with associated gas. Production from the
Conventional Bluebell subplay cannot be accurately separated from the Deep Uinta Basin
Overpressured Continuous play. The largest fields in the Conventional Red Wash subplay have
produced 155.9 million barrels (24.8 million m® of oil and 474.6 billion cubic feet of gas
(BCFG) (13.4 BCMG). The Deep Uinta Basin Overpressured Continuous play has produced
nearly 300 million barrels (50 million m®) of oil and 500 BCFG (14 BCM) primarily from three
large fields — Altamont, Bluebell, and Cedar Rim.

The Conventional Northern Uinta Basin play and Deep Uinta Basin Overpressured
Continuous play areas are also being explored for Mesaverde Group and Mancos Shale gas
reservoirs. The deeper drilling for gas could result in the discovery of new oil fields in the
overlying Green River Formation.

The Conventional Southern Uinta Basin play is divided into six subplays: (a)
Conventional Uteland Butte interval, (b) Conventional Castle Peak interval, (c) Conventional
Travis interval, (d) Conventional Monument Butte interval, (¢) Conventional Beluga interval,
and (f) Conventional Duchesne interval fractured shale/marlstone.

The source rocks for the crude oil produced from the Uinta Basin plays are also found in
the Green River Formation and consist of kerogen-rich shale and marlstone, which were
deposited in nearshore and offshore open-lacustrine environments. Most of these oils are
characterized as yellow or black wax. Production from the Deep Uinta Basin Overpressured
Continuous play is dominantly yellow wax, while most of the oil production from the
Conventional Northern Uinta Basin play and Conventional Southern Uinta Basin play is black
wax.

Mississippian Leadville Limestone Paradox Basin Play

The Mississippian Leadville Limestone is a major oil and gas reservoir in the
Utah/Colorado Paradox Basin, having produced over 53 million barrels (8.4 million m®) of oil
and 845 BCFG (23.9 billion m®) of gas. Most Leadville production is from the Paradox fold and
fault belt.

The Leadville Limestone is a shallow, open marine, carbonate-shelf deposit. Local
depositional environments included shallow-marine, subtidal, supratidal, and intertidal. Solution
breccia and karstified surfaces are common. Most oil and gas produced from the Leadville is
found in basement-involved structural traps with closure on both anticlines and faults. The seals
for the Leadville producing zones are the overlying clastic beds of the Molas Formation and
evaporite beds within the Paradox Formation, both Pennsylvanian in age. Hydrocarbons in
Leadville reservoirs were likely generated from source rocks in the Paradox Formation.
Hydrocarbons were then expelled and subsequently migrated into traps, primarily along fault
planes and fractures.

The Leadville Limestone has heterogeneous reservoir properties because of depositional
facies with varying porosity and permeability, diagenetic effects, and fracturing. ldentification
and correlation of depositional facies in individual Leadville reservoirs is critical to
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understanding their effect on production rates and paths of petroleum movement. The early
diagenetic history of the Leadville sediments, including some dolomitization (finely crystalline)
and leaching of skeletal grains, resulted in low-porosity and/or low-permeablility rocks. Most of
the porosity and permeability associated with Leadville hydrocarbon production at Lisbon field
was developed during later, deep subsurface dolomitization (coarsely crystalline replacement and
saddle [hydrothermal?] dolomite) and dissolution.

Lisbon, Big Indian, Little Valley, and Lisbon Southeast fields are found on sharply folded
anticlines that close against the Lisbon fault zone. Salt Wash and Big Flat fields, northwest of
the Lisbon area, are found on unfaulted, east-west- and north-south-trending anticlines,
respectively. The unfaulted structures probably developed from movement on deep, basement-
involved faults that do not rise to the level of the Leadville. These and other faults affecting the
Leadville probably reflect the reactivation of pre-existing, Precambrian-age faults during the
Laramide orogeny or later.

New prospective drilling targets in the Leadville Limestone Paradox Basin play should be
delineated using high-quality, two- and three-dimensional seismic data, forward
modeling/visualization tools, well control, dipmeter information, and surface -geologic maps to
access trap geometry. Relatively low-cost surface geochemical surveys, hydrodynamic analysis,
and epifluorescence techniques may identify potential Leadville hydrocarbon migration patterns
and oil-prone areas.

Pennsylvanian Paradox Formation Paradox Basin Play

The most prolific oil and gas play in the Paradox Basin is the Pennsylvanian Paradox
Formation play. The Paradox Formation has produced over 500 million barrels (80 million m®)
of sweet, paraffinic oil and 650 BCFG (18 billion m®) from more than 70 fields. The main
producing zones are referred to as the Desert Creek and Ismay. The Paradox Formation oil play
area includes nearly the entire Paradox Basin. The Paradox Formation play is divided into four
subplays: (1) fractured shale, (2) Blanding sub-basin Desert Creek zone, (3) Blanding sub-basin
Ismay zone, and (4) Aneth platform Desert Creek zone.

In Pennsylvanian time, the Paradox Basin was rapidly subsiding in a subtropical arid en-
vironment with a shallow-water carbonate shelf on the south and southwest margins of the basin
that locally contained carbonate buildups. In the Blanding sub-basin, Ismay-zone reservoirs are
dominantly limestones composed of small, phylloid-algal buildups; locally variable, inner-shelf,
skeletal calcarenites; and rare, open-marine, bryozoan mounds. Desert Creek-zone reservoirs are
dominantly dolomite comprising regional, nearshore, shoreline trends with highly aligned, linear
facies tracts. On the Aneth platform, Desert Creek reservoirs include shallow-shelf buildups
(phylloid algal, coralline algal, and bryozoan buildups [mounds]) and calcarenites (beach, dune,
and oolite banks). Here, the Desert Creek and Ismay zones are predominately limestone, with
local dolomitic units.

Phylloid-algal mound lithofacies in both the Ismay and Desert Creek zones contain large
phylloid-algal plates and skeletal grains that create bafflestone or bindstone fabrics. Bryozoan
buildup lithofacies are represented by bindstone, bafflestone, and packstone fabrics. Calcarenite
lithofacies include grainstone and packstone fabrics containing oolites, coated grains, hard
peloids, bioclastic grains, shell lags, and intraclasts.

Traps in the Blanding sub-basin and Aneth platform regions include stratigraphic,
stratigraphic with some structural influence, combination stratigraphic/structural, and diagenetic.
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Many carbonate buildups appear to have developed on subtle anticlinal noses or structural
closures. Vertical reservoir seals for the Paradox producing zones are shale, halite, and anhydrite
within the formation; lateral seals are permeability barriers created by unfractured, off-mound
(non-buildup) mudstone, wackestone, and anhydrite. Hydrocarbons in Paradox Formation
reservoirs were generated from source rocks within the formation itself during maximum burial
in the Late Cretaceous and early Tertiary. Organic-rich units, informally named the Cane Creek,
Chimney Rock, Hovenweep, and Gothic shales, are composed of black, sapropelic shale and
shaley dolomite.

The Paradox Formation has heterogeneous reservoir properties because of depositional
lithofacies with varying porosity and permeability, carbonate buildup (mound) relief and
flooding surfaces (parasequence boundaries), and diagenetic effects. The extent of these factors,
and how they are combined, affect the degree to which fluid flow barriers are created.
Identification and correlation of depositional lithofacies and parasequences in individual Paradox
reservoirs is critical to understanding their effect on water/carbon dioxide injection programs,
production rates, and paths of petroleum movement. The typical early diagenetic events
occurred in the following order: (1) early marine cementation, (2) post-burial, replacement,
rhombic dolomite cementation due to seepage reflux, (3) vadose and meteoric phreatic
diagenesis including leaching/dissolution, neomorphism, and fresh-water cementation, (4)
mixing zone dolomitization, (5) syntaxial cementation, and (6) anhydrite
cementation/replacement.  Post-burial diagenesis included additional syntaxial cementation,
silicification, late coarse calcite spar, saddle dolomite cementation, stylolitization, additional
anhydrite replacement, late dissolution (microporosity development), and bitumen plugging.

Mapping the Ismay zone lithofacies delineates very prospective reservoir trends that
contain productive carbonate buildups around anhydrite-filled intra-shelf basins. Lithofacies and
reservoir controls imposed by the anhydritic intra-shelf basins should be considered when
selecting the optimal location and orientation of any horizontal drilling for undrained reserves.
Projections of the inner shelf/tidal flat and mound trends around the intra-shelf basins identify
potential exploration targets. Pervasive marine cement may be indicative of “wall” complexes of
shallow-shelf carbonate buildups suggesting potential nearby carbonate buildups, particularly
phylloid-algal mounds. Platform-margin calcarenites in the Desert Creek zone are located along
the margins of the larger shallow shelf or the rims of phylloid-algal buildup complexes.
Lithofacies mapping indicates a relatively untested belt of calcarenite carbonate deposits south
and southeast of Greater Aneth field.

Fractured-shale beds in the Pennsylvanian Paradox Formation are oil productive in the
Paradox Basin fold and fault belt (northern Paradox Basin) of southwest Utah. Jointing and
fractures are controlled by regional tectonics, and salt movement, dissolution, and collapse. In
the fold and fault belt, the Cane Creek shale of the Paradox Formation is composed of marine
carbonate, evaporite, and organic-rich shale beds. The Cane Creek is a fractured, self-sourced oil
reservoir that is highly overpressured — an ideal target for horizontal drilling. Fracture data in the
Cane Creek show a regional, northeast to southwest, near-vertical, open, extensional fracture
system.

Outcrop Analogs for Major Reservoirs

Utah is fortunate in that it has representative outcrop analogs for each major oil play.
Production-scale outcrop analogs provide an excellent view, often in three dimensions, of

XXXVili



reservoir petrophysics, facies characteristics, and boundaries contributing to the overall
heterogeneity of reservoir rocks. Outcrop analogs can be used as a “template” for evaluation of
data from conventional core, geophysical and petrophysical logs, and seismic surveys. When
combined with subsurface geological and production data, outcrop analogs can improve
development drilling and production strategies, reservoir-simulation models, reserve
calculations, and design and implementation of secondary/tertiary oil recovery programs and
other best practices used in the oil fields of Utah and vicinity.

Thrust Belt

The prolific thrust belt Jurassic Nugget/Navajo Sandstone oil reservoir was deposited in
an extensive dune field that extended from Wyoming to Arizona. Outcrop analogs are found in
the stratigraphically equivalent Navajo Sandstone of southern Utah. The Navajo in the Glen
Canyon National Recreation Area and San Rafael Swell displays large-scale dunal cross-strata
and interdunal features such as oases, wadi, and playa lithofacies. Navajo interdune lithofacies
have significantly poorer reservoir characteristics than the dune lithofacies and in a reservoir
represent potential barriers to flow. Identification and correlation of dune/interdune lithofacies
in individual Nugget reservoirs in the thrust belt is critical to understanding their effects on
production rates and paths of petroleum movement.

The best outcrop analogs for Jurassic Twin Creek Limestone reservoirs are found at
Devils Slide and near the town of Peoa, Utah. Closely spaced rhombic and rectilinear fracture
patterns developed on bedding planes and within dense, homogeneous non-porous (in terms of
primary porosity) limestone beds of the Rich and Watton Canyon Members. The reservoir’s
upper contact with the basal siltstone units (where fractures are sealed) of the overlying members
set up the Rich and Watton Canyon for hydrocarbon trapping and production. Thin-bedded
siltstone within the Rich and Watton Canyon Members, also observed in outcrop, creates
additional reservoir heterogeneity. Identification and correlation of these barriers and baffles to
fluid flow, and recognition of fracture set orientations in individual Twin Creek reservoirs is
critical to understanding the effects of these parameters on production rates, petroleum
movement pathways, and horizontal well plans.

Uinta Basin

Outcrop analogs in the Tertiary Flagstaff Member of the Green River Formation for the
Deep Uinta Basin Overpressured Continuous play are found in central Utah. The outcrops
provide good examples of deposits shed off the western highlands into the western arm of Lake
Uinta. It is believed that the depositional settings observed in central Utah are similar to the
setting in the northern Uinta Basin where sediments were shed off the Uinta Mountains north of
the basin. Many of the proximal conglomerates observed in outcrop, were deposited in water by
fan deltas extending into the lake. Other exposures of medial facies include interbedded shale,
sandstone, and limestone deposited in a marginal-lacustrine environment. The distal facies of
the Flagstaff Limestone is composed of open-lacustrine shale and limestone. There are no
outcrops of the Green River deposits shed off of the Uinta Mountains, and, therefore, no direct
outcrop analog for the Deep Uinta Basin Overpressured Continuous play.

An outcrop analog for the major oil reservoirs in the Conventional Northern Uinta Basin
play is exposed along Raven Ridge in the northeastern Uinta Basin; these exposures display
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landward to lakeward facies transitions. Several locations offer excellent exposures of shoreline
deposits that serve as reservoirs, and bay-fill deposits that provide organic-rich source rock for
the play.

Outcrop analogs for the major oil reservoirs in the Green River Formation in the
Conventional Southern Uinta Basin play are well exposed in Willow Creek, Indian, and Nine
Mile Canyons in the south-central Uinta Basin. The Uteland Butte interval exposed in Nine Mile
Canyon is a dolomitized ostracod and pellet grainstone and packstone deposited in shallow-water
mudflats, pelecypod-gastropod sandy grainstone, commonly interbedded with silty claystone or
carbonate mudstone deposited in shallow open-lacustrine environments, and dark-gray kerogen-
rich carbonates deposited in deeper offshore environments. The Castle Peak interval is exposed
in the western portion of Nine Mile Canyon as interbedded carbonate, shale, and sandstone. The
primary reservoir rocks are isolated channel deposits. The secondary reservoirs in the Travis
interval and the primary reservoirs in the Monument Butte and Beluga intervals are distributary-
channel deposits. The Monument Butte interval typically contains amalgamated stacked channel
deposits, whereas in the Travis and Beluga intervals, the distributary channels are generally
isolated individual channels. The Duchesne interval represents the maximum rise and eventual
waning stages of ancient Lake Uinta and is well exposed in Indian Canyon south of the town of
Duchesne.

Fractures can be observed in the Green River Formation in Indian Canyon and
throughout the surface exposures in the Duchesne field along the Duchesne fault zone. Any
fractured outcrop in the upper and saline members can be considered a reservoir analog.

Paradox Basin

Excellent outcrops of Mississippian Leadville Limestone-equivalent rocks are found
along the south flank of the Uinta Mountains, Utah (Madison Limestone), and in the Marble
Canyon area of Grand Canyon National Park, Arizona (Redwall Limestone). They provide
production-scale analogs displaying the facies characteristics, geometry, distribution, and the
nature of boundaries which contribute to the overall heterogeneity of Leadville reservoir rocks.
These formations are fine to coarse crystalline, cherty limestone with some dolomite. Limestone
units commonly contain numerous caverns, sinkholes, and local zones of solution breccia and
vugs. Some sections can have high heterogeneity due to development of stylolites, jointing, and
fractures. Elsewhere, possible carbonate buildups, shoals and banks, and mud mounds are also
found in the Madison and Redwall.

In the Paradox Basin, hydrocarbons are stratigraphically trapped in heterogeneous
reservoirs within carbonate buildups (or phylloid-algal mounds) of the Pennsylvanian Paradox
Formation. Carbonate buildups are exposed along the San Juan River of southeastern Utah.
Reservoir-quality porosity may develop in the types of facies associated with buildups, such as
troughs, detrital wedges, and fans, identified from these outcrops. If these facies are in
communication with mound-reservoir facies in actual reservoirs, they could serve as conduits
facilitating sweep efficiency in secondary/tertiary recovery projects. However, the relatively
small size and the abundance of intermound troughs over short distances, as observed along the
river, suggests caution should be used when correlating these facies between development wells.
Facies that appear correlative and connected from one well to another may actually be separated
by low-permeability facies which inhibit flow and decrease production potential. These outcrop
analogs also demonstrate that there are various targets and risks when considering horizontal
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drilling in the Paradox Basin. Before selecting the optimal location, orientation, and type of
horizontal well, the distribution, both laterally and vertically, of phylloid-algal mounds and other
associated facies must be carefully evaluated.

Land Classification

This land classification summary was prepared using a format tool called hypertext
markup language (HTML). HTML is used to provide the reader with internet access to the Web
sites and documents discussed or listed in this report.

The objectives of this summary are to compile maps and document the major land and
mineral ownership types in each of the four oil-producing provinces Utah and where they extend
into Arizona, Colorado, and Wyoming; to identify the federal, state, county, and other private
and non-profit agencies involved in the environmental analysis, leasing, and development of oil
and gas resources; and to provide an overview and listing of pertinent data, documents, and
research tools that might be helpful in understanding the oil and gas industry, primarily in Utah,
but also in parts of Arizona, Colorado, and Wyoming. Surface ownership data for each state
were acquired primarily in GIS format from resources available on the Internet.

The four oil-producing provinces in this study (Utah/Wyoming thrust belt, Central Utah
thrust belt — Hingeline, Uinta Basin, and Paradox Basin) encompass nearly 15.1 million acres
(6.1 million ha) and include almost all of the potential oil- and gas-bearing land in Utah, as well
as lands in adjacent parts of Arizona, Colorado, and Wyoming. Surface and mineral ownership
is divided primarily among federal, state, private, and Native American interests. Nearly 8.6
million acres or 57% of the land is federally owned and administered by the U.S. Bureau of Land
Management (BLM) and several other federal agencies including the U.S. Forest Service
(USFS), National Park Service, U.S. Fish and Wildlife Service, Department of Defense (DOD),
and U.S. Bureau of Reclamation. BLM or public lands, constitute the largest ownership entity in
the four oil-producing provinces with 42.6% of the total acreage. Other major land designations
include state lands, private or fee lands, and Native American Reservation lands.

State lands, including state parks and wildlife reserves, comprise 8.2% of the total land in
the four provinces and include 1.25 million acres (510,000 ha). Each state has its own agency or
agencies that administer its respective lands, and commissions or divisions that administer oil
and gas development. There are no state-owned lands in the Arizona part of the Paradox Basin
province. For Colorado, state agencies involved in oil and gas development include the
Colorado State Land Board and the Colorado Oil and Gas Conservation Commission. In Utah,
state lands are administered by either the Utah Division of Forestry, Fire, and State Lands or the
Utah School and Institutional Trust Lands Administration. Oil and gas development in Utah is
administered by the Utah Division of Oil, Gas and Mining. In Wyoming, state lands are
administered by the Wyoming Office of State Lands and oil and gas development is administered
by the Wyoming Oil and Gas Conservation Commission. Web site and contact information for
all of these entities is contained in the body of this report and in the appendices.

Privately owned lands or fee lands comprise 23.1% of the oil provinces and encompass
nearly 3.5 million acres (1.4 million ha). These lands are owned by individuals, corporate or
legal entities, or a sovereignty in the case of an Indian tribe. In each case, oil and gas rights or
leases are negotiated with the mineral-estate owner(s) and surface access, if required, is
negotiated with the surface owner. Where an Indian tribe owns the mineral estate, leases are
usually negotiated with the tribal business committee. Numerous royalty owners associations
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have been formed to pool information and lease management among groups of individual royalty
owners. The most prominent of these non-profit organizations is the National Association of
Royalty Owners.

Native American Reservation lands comprise 11.5% of the oil provinces and include 1.7
million acres (690,000 ha) of land within an established Indian Reservation. These lands are
held in trust by the U.S. government and administered by the Bureau of Indian Affairs (BIA).
Also, within some reservations, tribal members own land individually; these are referred to as
allotted lands. Because of the complexity of Indian land ownership, only designated reservations
lands are shown on the maps. Native American Reservation lands in the Uinta Basin province
are within the Uinta & Ouray Indian Reservation, which is headquartered in Fort Duchesne,
Utah. Native American Reservation lands in the Paradox Basin province are Navajo Nation
lands whose offices are in Window Rock, Arizona, and Ute Mountain Indian Reservation lands
whose tribal offices are in Towaoc, Colorado. Native American Reservation lands in the Central
Utah thrust belt-Hingeline province are Paiute Indian Reservation lands whose tribal office is in
the town of Joseph, Utah.

In an attempt to make the administrative effort more responsive to individual tribal
interests, the BIA has developed a set of rules regarding Tribal Energy Resource Agreements,
which offer federally recognized tribes a new alternative for overseeing and managing energy
and mineral resource development on their lands. All of the rules and regulations pertaining to
oil and gas development on BIA-administered tribal lands are posted on the BIA Web site.

Mineral ownership patterns vary among the oil provinces, and dominant ownership is
somewhat different in each province although federal ownership is dominant overall. Federal
ownership is multifaceted in that while the mineral estate is managed primarily by the BLM, the
overlying surface estate might be managed by other federal agencies. The surface estate may
also be privately owned, creating a split estate, which is common in the Western U.S. The
BLM, in consultation with numerous oil and gas, ranching, and other organizations, has
established a set of guidelines for dealing with split mineral estate issues.

All federal agencies are governed by laws, which provide mandatory management
direction to the agencies; regulations, which are promulgated by each agency and are subject to
public review; and policies, which further complement the laws and regulations. Policies are
internal documents that have no external review requirement.

Two key laws influence BLM’s planning efforts: the Federal Land Policy and
Management Act of 1976 (FLPMA), and the National Environmental Policy Act of 1969
(NEPA). The BLM National Planning Handbook outlines a process that meets the requirements
of both NEPA and FLPMA for the development of planning decisions. An interdisciplinary
team established to work on planning projects ensures that the BLM is complying with other
laws, regulations, and policies associated with particular resources and uses of the public lands.
Together, NEPA and FLPMA, as well as the associated regulations, form the basis for BLM’s
planning process. The BLM’s planning handbook is a BLM policy that encompasses the
requirements of NEPA and FLPMA laws and regulations.

BLM lands are managed on a national level by federal regulations, on a state level by the
statewide administration of federal regulations and state policies, and on a local level by field
offices, which are responsible for the day-to-day management and resource planning for federal
lands within their areas of responsibility. Public lands are available for oil and gas leasing only
after 