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Team 1 Hydrocarbon Potential Evaluation Team
 Summary of Knowledge

(With respect to ANWR & the Definition of an A)
Introduction

This document serves as a summarization of the research that Team 1 has done regarding its task of determining the ‘potential’ of ANWR with respect to hydrocarbons. Team 1 took it upon itself to determine both the estimated volume of hydrocarbons in ANWR, and the value of these hydrocarbons in the global market. The results you will see here include the following:

· Formation of Hydrocarbons

· Geologic History

· Hydrocarbon Reservoirs

· Value of Hydrocarbons

· Sources used

Enjoy!


-Team 1

Formation of Hydrocarbons 
Formation of Hydrocarbons

Information from Petroleum Geology for Geophysicists and Engineers by Richard Selley

Five Major Types of Hydrocarbons

Kerogen- Kerogen is a fine-grained, amorphous organic matter. It is not soluble to normal petroleum solvents, like carbon disulfide. Its chemical compositioin is 75% C, 10% H, 15% other (sulfur, oxygen, nitrogen, etc.). It is very important in the formation of hydrocarbons because it is what generates oil and gas. Source rocks must contain significant amounts of kerogen.

Asphalt- Asphalt is a solid at surface temperatures. It is soluble to petroleum solvents. It is produced by the partial maturation of kerogen or the degradation of crude oil.
Crude Oil- Crude oil is a liquid at surface temperatures. It is soluble to normal petroleum solvents. It has four main groups of organic compounds: paraffin, naphthalene, aromatics, and resins. 

Natural Gas- Is a hydrocarbon gas. The major natural gases are methane, ethane, propane, and butane.

Condensates-These are hydrocarbons transitional between gas and crude oil.

Five Parameters for Hydrocarbon Accumulation

1. Source rocks are required to generate hydrocarbons. Generally, has greater than .5% organic matter (kerogen) by weight.

2. Reservoir rocks are required to store hydrocarbons.

3. Seal or cap rocks are present to prevent the upward escape of hydrocarbons from reservoir.

4. Traps occur where the source, reservoir and seal are arranged in a way that the hydrocarbons can move from the source to the reservoir.

5. Source rock must have been heated sufficiently for oil (greater than 60ºC) and gas (greater than 150ºC)

Three Phases of Alteration of Organic Matter

Diagenesis- Diagenesis occurs at the surface at normal temperatures. The organic matter goes under bacterial decay, oxidation, dehydration and decarboxylation. The resultant is kerogen. The porosity decreases 60% to 40%.

Catagenesis- Temperatures increase to 250ºC and kerogen generates oil or gas. The porosity decreases to 10%.

Metagenesis- Occurs at 250ºC right when the kerogen is going to change into oil or gas.

Catagenesis is the most important stage, and is different for the three different types of kerogen.

Three Types of Kerogen

Type I (Algal)- It is very rich in hydrogen, low in oxygen and contains lipids. It generates oil and is present in oil shales.

Type II (Liptinic)- It is made from algal detritus, phytoplankton and zooplankton. It has aliphatic compounds and more hydrogen than carbon. It can generate oil or gas.

Type III (Humic)- It has more carbon than hydrogen, and is rich in aromatic compounds. It is produced form lignin in higher woody plants. It generates gas.

Type I and Type II are usually found in marine environment and Type III is found in continental environments. That is why there is the generalization that marine produces oil and continental produces gas.

Migration of Hydrocarbons

Primary migration of hydrocarbons is the movement of oil and gas from source rock to permeable carrier beds. Secondary migration is the movement from permeable carrier beds to the reservoir beds. Secondary migration occurs through porous rocks due to buoyancy and capillary and regional pressure gradients.
The Geologic History of ANWR


The purpose of this section is to provide everyone with a basic understanding of how ANWR came about, geologically speaking. This information is important in understanding why hydrocarbons are where they are, and is also important in understanding its current geological condition (such as seismic activity, how that impacts exploitation, and so forth). The information is very brief, and the sources used are at the conclusion. 
Geographic Placement
The 1002 area of the Arctic National Wildlife Refuge is a 1.5-million-acre area in northeastern Alaska. It is bounded on the east by the Canning and Staines Rivers, on the north by the Beaufort Sea, on the east by the Aichilik River and the Canadian border, and to the south by Brooks Range, and is roughly 105 miles east-west and 16-40 miles north-south.

Most of the 1002 area lies within the Arctic Coastal Plain physiographic province, a marshy area that slopes gradually towards the Arctic Ocean on the north. A small part along the southern margin that constitutes less than 5% of the total area lies within the Arctic Foothills physiographic province, a series of hills and ridges that descend from more than 500 m in the Brooks Range to 300 m in elevation to the northern foreland. The area is treeless, tundra covered, and 99% wetland. 

Topographically speaking, it is comprised of foothills (95% of area), river flooded plains (25%), hilly coastal plains (22%), lagoons and oceans (5%), thaw lake plains (5%) and mountains (less than 1%). It also has beaches, low steep cliffs, barrier islands, shallow lagoons, and river deltas form the coast of the 1002 area, with hills rising to more than 300 m in the south. Many rivers and stream flow between these hills towards the Arctic Ocean.

History

The geologic history of ANWR is briefly as follows:

· "Development of Devonian to Triassic south-facing (in present-day coordinates) passive continental margin."

· "Northern Part- margin rifted in Jurassic to early cretaceous time for an unknown parent continent"

· "Coeval with the North, and arc-continent collision occurred in the south, producing and organic land  mass and adjacent foreland basin."

· "As the foreland basin filled, continuing deformation resulted in a foreland fold and thrust belt."

· "Youngest foreland basin sediments, where fold and thrust belt intersects and overrides the earlier formed rift margin and when the deformation and related sedimentation continues to present."

· More geologically complex that anywhere in Northern Alaska.

· Part of the North Slope geologic provinces.

· Petroleum-prospective rocks are restricted to mostly the Mississippi and younger rocks.

· same as in Prudhoe Bay and Mackenzie Delta region of Canada

The plate that ANWR rests upon is part of small continental fragment call Artic Alaska micro plate. Historically, most hypotheses regarding plate tectonics hold that Cretaceous rifting and the opening of the oceanic Canadian basin of the Artic ocean is what gave rise to the eventual positioning of ANWR.

Tectonic Activity

The North Slope and its continental shelves, Brooks Range and the northeaster part of Siberia are considered to form the Arctic Alaska microplate, a small lithospheric plate with boundaries that are not clearly known. One hypothesis for the plate tectonic history of northern Alaska suggests that the region was originally next to the Canadian Arctic Islands. Creation of oceanic crust in the Canada basin during the Jurassic and Early Cretaceous caused the microplate to rotate 60 degrees counter clockwise, placing it in its current position.

Surface Geology

Nearly all of the surface of the 1002 area is covered by a thin layer, less than 30 m thick, of unconsolidated, frozen silt- to gravel-sized sediments of nonmarine origin. They originated from the erosion of the Brooks Range during the late Cenozoic.

The surface exposures of rock formations inside the 1002 area are mostly restricted to deposits of the Sagavanirktok, Jago River, and Canning Formations of Tertiary age. There are some smaller outcrops of Hue Shale, pebble shale unit, and Kingak Shale from the Cretaceous and the Jurassic. To the east of the Sadlerochit Mountains, in the southern border of the 1002 area, some of the oldest exposures, of limestones from the Mississippian Lisburne Group, are found.

Subsurface Structure

Tectonics

During the rifting that separated northern Alaska from the Canadian Arctic Island, the Barrow arch, a structural high, was formed. The northern side of the Barrow arch formed the continental margin, while the southern flank received the thrust of the formation of the Brooks Range orogen.

The part of the 1002 area located to the south and east of the Marsh Creek anticline and north of 69-degrees is the Brooks Range orogen. The Brooks Range is more than 1000 km long and up to 300 km wide, and the distribution and character of its major structures is not symmetrical. Deformations in this region occurred during the Cenozoic era, forming both east-northeastward and eastward structures. Parts of Jurassic to Cretaceous shales, Mississippian shales, and of a horizon in the pre-Mississippian basement rocks were separated from their source due to extreme folding and compression.

The structure of the Brooks Range is formed by a series of broad anticlines with a core of pre-Mississippian rocks and younger rocks deformed on the borders. To the north of the Brooks Range, the structure, called thin-skinned deformation, is composed of numerous folds and faults developed in rocks of Cenozoic and Mesozoic age. Several broad domes are present in pre-Mississippian rocks in that area.

Stratigraphy

The stratigraphic record of the North Slope is divided into three sequences: Franklinian, Ellesmerian and Brookian.

The Franklinian sequence comprises a thick succession of mainly sedimentary rocks with a minor amount of igneous rocks of Cambrian to Devonian age that lie beneath the pre-Mississippian unconformity, where a gap in the geologic record exists. 

Two separate layers of rock are present in northern Alaska. The shallow marine carbonates are composed of rocks of Proterozoic age and rocks of Lower Devonian age, separated by unconformities where Silurian strata are missing. They are composed of quartzite (metamorphic rock consisting of quartz grains, formed by recrystalization of sandstone), argillite compact rock derived from mudstone or shale, product of weak metamorphism), and basalt (dark-colored igneous rock), with intrusions of sandstone (the consolidate equivalent of sand, with 85-90% quartz), and shale (fine-grained sedimentary rock, formed by clay, silt or mud). The deeper marine layers include quartzite, conglomerate, phyllite (metamorphic rock, finer than schist), argilite, limestone (sedimentary rock formed by calcium carbonates), and granite (light-colored, coarse-grained igneous rock). The compression, uplift and erosion of this sequence during the Ellesmerian orogeny formed the pre-Mississippian unconformity.

The Ellesmerian sequence is hundreds of meters thick, and is composed of layers of marine and nonmarine sedimentary rocks of Middle Devonian to Triassic age, that rests on top of the pre-Mississippian unconformity. The lower unit of this sequence is the Endicott Group, which, in the 1002 area, consists of Mississippian coal-bearing sandstone, conglomerate, and shale of the Kekiktuk Conglomerate and Kayak Shale, of Devonian and Mississippian age. The Kekiktuk Conglomerate is a proven oil-bearing reservoir. Large amounts of limestone and dolomine of the Lisburne Group were deposited in the North Slope up to a thickness of 500 to 1000 meters during the Mississippian and Pennsylvanian. It is separated from the overlying Sadlerochit Group by an unconformity formed during the Middle Pennsylvanian to Early Permian in when sea level fell.

Water resources

Ice: The North Slope is covered in snow from October to May of every year, and while snow might fall during any month, the precipitation during the summer is mainly rain. In spring, melting snow is the main source of water for lakes and streams in that region, and water stored in snowdrifts is released slowly and provides water for them during the summer. In the 1002 area, the depth of the snow increases considerably away from the coast.

Ice: Around mid-September, water bodies freeze across the North Slope, with an average maximum thickness of 1.80 m at the end of winter. By the middle of January, the ice is thick enough to support a loaded C-130 Hercules or a D-8 tractor.

Ground water: There is very little liquid ground water in the coastal plain, but there is ground ice underlying the surface, which can't be used as a water supply.

Thermal Maturity

Thermal maturity is the level of alteration of the organic matter in a given sedimentary rock due to high temperatures. It gives the absolute maximum temperature to which the rock has been exposed. When there is no igneous source of heat, the maximum temperature measured is just a product of burial heating. Therefore, the thermal maturity of a rock can be used to determine the uplift it has suffered, and this can show broad patterns of geologic structure in a studied region.

The tectonic makeup of Alaska is very complex and there is little stratigraphic correlation between areas. There, thermal maturity is used to determine the structure of basins and the deformations they have.

Thermal maturity indicators:
The most common available data for Alaska comes from vitrinite reflectance and conodon color alteration.

Vitrinite is organic matter composed of remains of woody plants that is found in classic sedimentary rocks. It originated in terrestrial environments. During burial heating, vitrinite loses volatile compounds and the carbon turns into graphite, increasing its reflectively. This reflectively is proportional to the temperature reached, is not influenced by pressure or common chemical reactions, and doesn't return to the original state after it has reached a given level. For heating periods greater than 1,000 years, the reflectance of vitrinite depends only on the maximum temperature reached and not in the time.

Conodons are teeth-like fossils of primitive fish that existed from the Cambrian to the Triassic. They were deposited in marine environments, and are found in carbonates and loose classic sedimentary rocks. Conodons are composed of layers of apatite (calcium fluoride phosphate Ca5F(PO4)3) and organic matter. When conodons are buried and the temperature rises, the organic matter is carbonized and its color changes from light yellow to black, then to white and finally to clear. There are established standards between the color of conodons and the temperature they were subject to.

Regional thermal maturity patters:
Tertiary basins of interior Alaska: The low thermal maturity of surface rocks show that the basins are at their maximum burial depth and they have suffered no uplift.

Aleutian Arc: The rocks mature with depth, being under mature at the surface. This shows that the basins are near their maximum burial depth.

Colville basin (North Slope): At the surface, the thermal maturity of rocks increases from the coast at the north to the Brooks Range origin at the south.

Yukon-Koyukuk basin, Kuskokwin flysh (sandstone+schist) belt: There is a nearly concentric thermal maturity pattern, showing greater uplift at the basin margins. The basin as a whole suffered uplifting and deformation.

Kandik basin (east-central Alaska): The basin shows uplifts and a fold and thrust belt, placing younger mature rocks over older immature rocks.

Petroleum Systems

The petroleum systems- meaning where the areas in which petroleum is likely to be found coupled with information on what type of hydrocarbons are present and with which geologic features-  found in the North Slope include:

Ellesmerian:

Source rocks: type II kerogen
 
- Shublik Formation (gas)
 
- Kingak Shale (gas)
 
- Pebble shale unit

Reservoir rocks:
 

- Endicott Group
 

- Sedlerochit Group (quartz-rich conglomerate sandstone)
 

- Kuparuk River Formation of Jamison
 

- Lisburne Group (carbonate)

Overburden (to mature source rocks):
 

- Brookian sequence (deltaic deposits)

Type of hydrocarbons:
 
- Low gravity (med to heavy hydrocarbons)
 
- High sulfur content

Torok-Nanushuk (North East North Slope):

Source rocks: type III kerogen
 

- Torok Formation
 

- Pebble shale unit

Reservoir rocks:
 
-Nanushuk Formation

 (sandstones, derived from formation of     Brooks Range)

Overburden (Brookine sequence):
 
- Colville Group (shales)
 
- Sagavanirktok Formation

Types of hydrocarbon:
 

- High gravity (med to light hydrocarbons)
 

- Low sulfur content

Hue-Sagavanirktok (Point Thomson to Canadian border):

Source rocks: type II kerogen
 
- Hue Shale

Other rocks (either overmature or with type III kerogen -gas prone-)
 
- Shublik Formation
 
- Kingak Shale
 
- Pebble shale unit

Reservoir rock:
 
- Sagavaniktok Formation
 
- Canning Formation

That concludes the brief overview of the geologic history of ANWR.

Sources
Johnson, M.J. & Howell D.G. (1999). Thermal Maturity of Sedimentary Basins in Alaska - An Overview. Thermal Maturity of Sedimentary Rocks in Alaska: Digital Resources. U.S. Geological Survey Bulletin 2142.

Chapter GG  Geographic and Geologic Setting
by Kenneth J. Bird
in the USGS Open File Report 98-34
Hydrocarbon Reservoirs


This section deals with the actual reservoirs of hydrocarbons: where they are, and how much is there. This is the core of Team 1’s task in Mission 2007. 

Methods of Assessment
Brief procedure to determine the amount of oil and gas in a certain trap:
1. Determine the range of drainage area. Drainage area is from where oil and gas flow to the trap.

2. Find out the loss of oil and gas during migration. This process is generally more complex for gas because gas can move more freely and can be absorbed by oil and water.

3. Compare the volume of the trap with the volumes of oil and gas and determine the remaining amount of oil and gas in the trap.

The article "Concepts for Estimating Hydrocarbon Accumulation and Dispersion" describes this process in more detail. It was included in "AAPG Memoir" published by AAPG in 1984. This is brief and easy to understand. You can find this book in Lindgren Library (the code is TN870.5.P477) Team1 also has a copy of it.

For the real calculation, some geological information on the region is needed. We can get some factors from that information and estimate the amount of petroleum resource in a specific trap.

However, this procedure is actually a simplification of the real process, and the point is that it deals the process of formation and migration of oil and gas as if it were an event that happened in a moment. So, actually the geological factors in the calculation should be able to reflect the difference made by the time taken for formation and migration. It takes the assumption that it is possible to make this simplification, and we should think about its validity.

Division in plays/ historical setting
Methods of Determining Probabilities

The Plays
This is where the information regarding specific plays in ANWR’s 1002 area is.

The Oil and Gas Resource Potential of the Arctic National Wildlife Refuge 1002 Area, Alaska - USGS Open File Report 98-34, 1999
The total area considered for study in the 1999 hydrocarbon potential assessment of the ANWR 1002 Area by the USGS considers Federal lands, Native lands, and State waters up to the 3-mile boundary under Federal jurisdiction.

Only potential accumulations larger than 50 million barrels of oil (MMBO) in-place were considered. Smaller accumulations of hydrocarbons were not included in the assessment because it is non-economic to produce them.

Technically recoverable oil is not evenly distributed through the territory. Nearly 80 percent of the resources are expected to be concentrated in the north-west undeformed area of the 1002 area.

	Region
	95-percent probability
	5-percent probability
	Mean

	Undeformed area
	3.4 BBO
	10.2 BBO
	6.4 BBO

	Deformed area
	0 BBO
	3.2 BBO
	1.2 BBO

	1002 area*
	4.3 BBO
	11.8 BBO
	7.7 BBO

	Total assessment area
	5.7 BBO
	16.0 BBO
	10.4 BBO



BBO: Billion barrels of oil
*: excluding State and Native areas

Source: BIRD, K. (1999). Geographic and Geologic Setting. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

It is expected to find most of the oil in several accumulations of over 100 million barrels (the size of already developed accumulations in north Alaska), not on a single large reservoir.

Geologic Setting:
The oil- and gas-bearing geologic units found in Prudhoe Bay and the Mackenzie Delta in Canada exist in the ANWR 1002 area. The petroleum prospective rocks are mostly in Mississippian and younger strata.

Plays:
	Topset Play:
Source: HOUSEKNECHT, D.W. & SCHENK, C.J. (1999). Topset Play. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

Source: The most likely hydrocarbon source rocks are Hue Shales in the Hue-Thompson petroleum system, and Tertiary mudstones in the Canning-Sagavanirktok petroleum system. It is also possible that hydrocarbons generated in the Shublik formation of the Ellesmerian petroleum system migrated and accumulated in the Topset play.

Reservoir: Sandstones in the Topset reservoir were deposited in both marine-shelf and non-marine environments and are the best reservoir rocks in the 1002 area. Their porosity commonly ranges between 20 to 30%, and their permeability between 500 and 1,000 millidarcies.

Traps: There are several types of traps in the Topset play. Anticlines with four-way closure are few but they are the largest structures observed in the play; they are located just north of the trend of the Marsh Creek anticline and farther north in the 1002 area. Growth anticlines, product of the rollover of strata and rotational growth folding, appear on the edges of Eocene and Oligocene shelves; many have four-way closure. Growth faults are the most common structure in the area, and their presence increases towards the north-east. There are also up-dip shelf-edge pinchouts and stratigraphic lenses, but they are difficult to detect using existing seismic data.

Timing: The generation of oil in the Hue Shale unit probably occurred 40 Ma in the southern border of the Topset play, migrated northward through time, and occurred 10 Ma in the northern boundary. The generation of oil in the Canning Formation probably started 10 Ma in the north and east of the play and continues to the present.

Reservoir thickness: Minimum: 50 feet; median: 150 feet; maximum: 500 feet.

Trap depth: Minimum: 1,000 feet; median: 5,000 feet; maximum: 10,000 feet.

Water saturation: 5%, corresponding to fine- to very fine-grained sandstone.

Number of prospects: (Number of traps with four-way closure, capable of holding hydrocarbons) Minimum: 40; median: 80; maximum: 125.

Types of Hydrocarbons: Mean total volumes of in-place resources: 15,447.05 Million Barrels of Oil; 4,259.66 Billion Cubic Feet of associated-dissolved and non-associated Gas; 35.33 Million Barrels of Natural Gas Liquids from all types of Gas. Comparison to other plays: Oil is the dominate resource with a relativistic factor of 1.959. It is the type of petroleum of most significance in this play.



	Turbidite Play:
Source: HOUSEKNECHT, D.W. & SCHENK, C.J. (1999). Turbidite Play. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

Source: The most likely hydrocarbon source rocks are Hue Shales in the Hue-Thompson petroleum system, and Tertiary mudstones in the Canning-Sagavanirktok petroleum system. Turbidite rocks (sedimentary deposits from turbid currents) are ideally placed to receive oil migrating from Hue-Thomson and Canning-Sagavanirktok petroleum systems since they are directly in contact or a short distance above these source rocks.

Reservoir: The sandstones in the Turbidite play are of moderate to good reservoir-quality. The best ones are amalgamated channel facies, which are a concentration of relatively clean (clay-free) sandstone. They can be very thick but relatively narrow and thus hard to detect. Their porosity is usually between 10 and 20%, and their permeability between 100 and 500 millidarcies.

Traps: The traps in the Turbidite play are hard to define because of their stratigraphic nature. There are two major indicators of the presence of traps, mounds and channels. In both of them, it is inferred that sandstones are encased in mudstones, therefore forming a stratigraphic trap.

Timing: The potential rocks of this play are Paleocene and Eocene aged turbidite facies. Formation in the Hue Shale probably started 40 Ma (late Eocene), and more recently in the Canning Formation.

Reservoir thickness: Minimum: 50 feet; median: 120 feet; maximum: 400 feet.

Trap depth: Minimum: 7,000 feet; median: 12,500 feet; maximum: 18,000 feet.

Water saturation: 6%, corresponding to very fine-grained sandstone.

Number of prospects: Minimum: 25; median: 60; maximum: 100.

Types of Hydrocarbons: Mean total volumes of in-place resources: 5,328.05 Million Barrels of Oil; 4,665.20 Billion Cubic Feet of associated-dissolved and non-associated Gas; 272.50 Million Barrels of Natural Gas Liquids from all types of Gas. Comparison to other plays: Oil is the dominate resource with a relativistic factor of 1.299. The three resources in this play, however, have similar comparative ratios so they are all fairly significant as petroleum resources in the Turbidite play.



	Wedge Play:
Source: HOUSEKNECHT, D.W. & SCHENK, C.J. (1999). Wedge Play. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

Source: The most likely hydrocarbon source rocks are Hue Shales in the Hue-Thompson petroleum system, and Tertiary mudstones in the Canning-Sagavanirktok petroleum system. It is also possible that hydrocarbons generated in the Shublik formation of the Ellesmerian petroleum system migrated and accumulated in the Wedge play. This play is ideally placed to receive oil migrating from Hue-Thomson and Canning-Sagavanirktok petroleum systems because hydrocarbons formed in lower strata may migrate along the erosional surface at the base of the Wedge play, directly on top of which lie the reservoir rocks.

Reservoir: The nature of the sandstones in the Wedge play is unknown. It is possible that sediments eroded from the Staines tongue of the Sagavanirktok Formation deposited in the wedge, but their structure is uncertain. There is no direct evidence for the quality of the reservoirs, but it is inferred that it may be intermediate between turbidite and Topset sandstones because of the close relationship between their depositional environments. There are no samples available, but from similarities with the Turbidite play, the porosity was given the values: minimum: 10%; median: 18%; maximum: 30%.

Traps: Traps are thought to be stratigraphic, consisting of mudstones embedded and/or overlying reservoir rocks.

Timing: The potential rocks of this play are Paleocene and Eocene aged turbidite facies. Formation in the Hue Shale probably started 40 Ma (late Eocene), and more recently in the Canning Formation.

Reservoir thickness: Minimum: 50 feet; median: 100 feet; maximum: 400 feet.

Trap depth: Minimum: 5,000 feet; median: 9,000 feet; maximum: 14,000 feet.

Water saturation: 4%, corresponding to fine-grained sandstone.

Number of prospects: (All traps were counted based on the assumption that they are all stratigraphic and don't need four-way closure to hold oil) Minimum: 10; median: 15; maximum: 35.

Types of Hydrocarbons: Mean total volumes of in-place resources: 1,677.69 Million Barrels of Oil; 864.32 Billion Cubic Feet of associated-dissolved and non-associated Gas; 19.94 Million Barrels of Natural Gas Liquids from all types of Gas. Comparison to other plays: Oil is the dominate resource with a relativistic factor of 1.639. Oil is the predominate resource in this play, but there are relatively significant amounts of Gas as well.



	Thomson Play:
Source: SCHENK, C.J. & HOUSEKNECHT, D.W. (1999). Thomson Play. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

Source: The Thompson play is formed by porous sandstones composed of carbonate clasts of Franklinian age. The source of hydrocarbons is considered to be the Hue Shale of the Hue-Thomson petroleum system and the Shublik Formation of the Ellesmerian petroleum system. They are in close proximity to the reservoir rocks, so migration of oil to them could have easily happened. Hydrocarbons are present in the Point Thomson area, immediately west of the play, so there is a high probability for the presence of hydrocarbons in this region.

Reservoir: The reservoir rock for this play is the Thomson sandstone, from the early Cretaceous, which lies directly over the Lower Cretaceous unconformity. It contains large quantities of carbonates, and is very uniform in character. The depositional environments probably range from trenches to shorelines. The porosity is thought to have a minimum value of 10% and a maximum value of 30%.

Traps: There are several types of traps in the Thomson play, all related to the method of deposition of the sandstones over the Mikkelsen High. The sandstones could have been deposited as blocks, as it is observed in the Kuparuk River Field in Prudhoe Bay. It could also have been deposited in the valleys formed by the channels that drained the Mikkelsen High during the Lower Cretaceous, or as a sheet of sediments resulting from a rise in sea level that caused marine sediments to be deposited over terrestrial strata.

Reservoir thickness: Minimum: 40 feet; median: 120 feet; maximum: 340 feet.

Trap depth: Minimum: 12,000 feet; median: 15,000 feet; maximum: 18,000 feet. They provide an estimate for the hydrocarbon proportion in the play (90% oil, 10% gas)

Water saturation: 6%

Number of prospects: Maximum: 15.

Types of Hydrocarbons: Mean total volumes of in-place resources: 805.10 Million Barrels of Oil; 1,332.28 Billion Cubic Feet of associated-dissolved and non-associated Gas; 111.51 Million Barrels of Natural Gas Liquids from all types of Gas. Comparison to other plays: NGL is the dominate resource with a relativistic factor of 1.679. Compared to the amounts of NGL in other plays, this play has NGL as its predominate resource.



	Kemik Play:
Source: SCHENK, C.J. & HOUSEKNECHT, D.W. (1999). Kemik Play. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

Source: The Kemik play is composed of sandstones deposited in a shallow marine environment. The Kemik Sandstone is a lithic arenite, with chert and quartz as the main lithic grain types. It was probably formed from the the Ivishak Formation, the Lisburne Group and the Kekiktuk Formation. Hydrocarbons probably migrated into this rocks from the Hue Shale of the Hue Thomson petroleum system. There are traces of hydrocarbons in Kemik Sandstone in several outcrops, indicating that they either migrated through or have been stored in these rocks.

Reservoir: The Kemik Sandstone may be coarser-grained in the north of the 1002 area, indicating a near-shore marine depositional environment, than it is on the south, where it is a fine-grained shallow-marine sandstone. The sandstone is probably present as valley fills and depositions from rivers and estuaries. There may also be little reservoir-type sandstones as much of the area was thought to be a lagoon during the depositional time; this increases the risk associated with the play. The porosity is estimated by the values: minimum: 10%, median: 16%, maximum: 26%.

Traps: Traps in the Kemik Play are possibly large stratigraphic structures from the pinch-out of the Kemik Sandstone to the north of the outcrop belt. They could also be valley-fill reservoirs with overlying mudstones. There is also the possibility of finding structural traps created when the Kemik Sandstones were involved in the displacement of normal-faulting.

Reservoir thickness: Minimum: 40 feet; median: 70 feet; maximum: 180 feet.

Trap depth: Minimum: 12,000 feet; median: 15,000 feet; maximum: 18,000 feet.

Water saturation: 6%, corresponding to very fine-grained sandstone.

Number of prospects: Minimum: 15; median: 24; maximum: 40.

Types of Hydrocarbons: Mean total volumes of in-place resources: 173.78 Million Barrels of Oil; 305.38 Billion Cubic Feet of associated-dissolved and non-associated Gas; 25.59 Million Barrels of Natural Gas Liquids from all types of Gas. Comparison to other plays: NGL is the dominate resource with a relativistic factor of 1.717. Compared to the amounts of NGL in other plays, this play has NGL as its predominate resource.



	Undeformed Franklinian Play:
Source: KELLEY, J.S., GROW, J.A. & NELSON, P.H. (1999). Undeformed Franklinian Play. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

Source: There are no known source rocks in the Franklinian sequence, so any hydrocarbons would have to come from overlying younger formations. The Cretaceous Hue Shale and the Canning Formation of the Brookian Sequence, which lies directly on top of Franklinian rocks, are the most probable source rocks and seals for this play. It could also have been charged from the Triassic Shublik Formation to the west.

Reservoir: The predominant rock type in this play is the Proterozoic Katakturak Dolomite (Sedimentary rock with more than 90% mineral dolomite, CaMg(CO3)2) , which dips uniformly to the south. Good reservoirs in the Undeformed Franklinian Play could exist in fractured carbonates with increased porosity due to dissolution of minerals. This porosity, along with porosity due to fracture of the rocks, is probably of Cretaceous age. It ranges from 8 to 20%, with a median of 14%.Because of the poor quality of the seismic data available for the Franklinian rocks, it is difficult to assess this play.

Traps: There are only two possible locations in the Undeformed Franklinian play where a fault could have caused a fold capable of holding hydrocarbons. Other possible traps are buried hills with heights that range from 100 to 400 feet. Stratigraphical and structural traps are also possible bit there are not observable with the current seismic data.

Reservoir thickness: Minimum: 50 feet; maximum: 300 feet.

Trap depth: Minimum: 13,000 feet; median: 17,000 feet; maximum: 21,000 feet.

Water saturation: 2%, corresponding to carbonates.

Number of prospects: Minimum: 6; median: 12; maximum: 24.

Types of Hydrocarbons: Mean total volumes of in-place resources: 286.71 Million Barrels of Oil; 740.46 Billion Cubic Feet of associated-dissolved and non-associated Gas; 71.37 Million Barrels of Natural Gas Liquids from all types of Gas. Comparison to other plays: NGL is the dominate resource with a relativistic factor of 2.20. Compared to the amounts of NGL in other plays, this play has NGL as its predominate resource.



	Deformed Franklinian Play:
Source: GROW, J.A., POTTER, C.J., NELSON, P.H., PERRY, W.J. & KELLEY, J.S. (1999). Deformed Franklinian Play. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

Source: There are no known source rocks in the Franklinian sequence, so any hydrocarbons would have to come from overlying younger formations. The Cretaceous Hue Shale and the Canning Formation of the Brookian Sequence, which lies directly on top of Franklinian rocks, are the most probable source rocks and seals for this play. It could also have been charged from the Triassic Shublik Formation to the west, or footwall source rocks (rocks beneath a fault) of the Hue Shale and Canning Formation could have charged the hanging walls (rocks above a fault).

Reservoir: The predominant rock type in this play is the Proterozoic Katakturak Dolomite (Sedimentary rock with more than 90% mineral dolomite, CaMg(CO3)2), like for the Undeformed Franklinian play. Because of the intense faulting and folding in this area, fractured carbonates reservoirs are probable in this play, facilitating the formation and access to potential reservoirs. The values for porosity range from 8 to 20%, with a median of 14%.

Traps: On the top, the Brookian Turbidite and the Hue Shale are the most likely seals. Most of the prospects mapped in this play were bounded by faults and needed sealing faults to achieve a significant size, but studies of carbonate reservoirs have shown that faults in carbonate rocks are not good seals, giving a low probability of trap formation. There are a few four-way closures mapped on this play.

Reservoir thickness: Minimum: 160 feet; median: 300 feet; maximum: 800 feet.

Trap depth: Minimum: 9,000 feet; median: 10,500 feet; maximum: 13,000 feet.

Water saturation: 2%, corresponding to carbonates.

Number of prospects: Minimum: 5; median: 12; maximum: 20.

Types of Hydrocarbons: Mean total volumes of in-place resources: 130.55 Million Barrels of Oil; 1,213.86 Billion Cubic Feet of associated-dissolved and non-associated Gas; 66.18 Million Barrels of Natural Gas Liquids from all types of Gas. Comparison to other plays: NGL and Gas are the dominate resources with relativistic factors of 1.507 and 1.589. Compared to other plays, Oil is not very significant in this play, although there is a greater quantity of it than both NGL and Gas.



	Thin-Skinned Thrust-Belt Play:
Source: PERRY, W.J., POTTER, C.J. & NELSON, P.H. (1999). Thin-Skinned Thrust Belt Play. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

Source and Reservoir: The Thin-Skinned Thrust-Belt Play consists of a region of Brookian strata within the thin-skinned thrust belt. When the Brookian rocks lie directly on the pre-Mississippian basement, the region is composed of Cretaceous Hue Shales or mud-rich Paleocene rocks; when Ellesmerian or Beaufortian rocks are present, it lies between the Kingak and pebble shale interval. The structures in this play are younger than the generation of hydrocarbons, but they may have been charged from the undeformed area, or Tertiary source rocks could have generated hydrocarbons.

Traps: Seismic profiles show several four-way closures in this play, and anticlinal and overlapping structures in two dimensions that could form prospective traps if they present four-way closure.

Reservoir thickness: Minimum: 90 feet; median: 130 feet; maximum: 700 feet.

Trap depth: Minimum: 1,000 feet; median: 4,000 feet; maximum: 12,500 feet.

Water saturation: 6%, corresponding to very fine-grained sandstone.

Number of prospects: Minimum: 17; median: 40; maximum: 60.

Types of Hydrocarbons: Mean total volumes of in-place resources: 2,883.88 Million Barrels of Oil; 2,749.66 Billion Cubic Feet of associated-dissolved and non-associated Gas; 28.51 Million Barrels of Natural Gas Liquids from all types of Gas. Comparison to other plays: Oil is the dominate resource with a relativistic factor of 1.275. This play also contains relatively large quantities of gas as well, at a factor of .851.



	Ellesmerian Thrust-Belt Play:
Source: GROW, J.A., POTTER, C.J., NELSON, P.H. & PERRY, W.J. (1999). Ellesmerian Thrust-Belt Play. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

Source: Source rock prospects for this play include the Shublik Formation, Hue Shale, and Canning Formation, charging the reservoir rocks from footwall source rocks (rocks beneath a fault) to hanging wall reservoirs (rocks above a fault). From vitrinite reflectance mapping, it was concluded that most of this play lies below the oil generation window, making this a 100% gas play.

Reservoir: Potential reservoirs for the Ellesmerian Thrust-Belt play only include the sandstones of the Ivishak and Sag River Formations, Kekiktuk Conglomerate, and carbonates in the Lisburne Group because the Jurassic and Lower Cretaceous rocks of the Ellesmerian formation (Kingak Shale, Kemik Sandstone, and Pebble Shale) are too thin. The mean value for porosity is 11%.

Traps: The subsurface continuations of the Sadlerochit Mountains, two anticlines dipping to the east, are large prospect traps in this play. There are four others, and they all require cross faults for closure, as well top seals. Possible top seals are the Kingak Shale, Hue Shale or silstones of the Canning Formation.

Reservoir thickness: Median: 300 feet; maximum: 1,500 feet.

Trap depth: Minimum: 2,000 feet; maximum: 17,000 feet.

Water saturation: 3.5%, corresponding to an intermediate between fine sands and carbonates.

Number of prospects: Minimum: 4; maximum: 8.

Types of Hydrocarbons: Mean total volumes of in-place resources: 0 Million Barrels of Oil; 1,167.65 Billion Cubic Feet of associated-dissolved and non-associated Gas; 23.76 Million Barrels of Natural Gas Liquids from all types of Gas. Comparison to other plays: Gas is the dominate resource with a relativistic factor of 1.716. There is no Oil resource in this play, but there are the largest Gas resources of all the plays.



	Niguanak-Aurora Play:
Source: GROW, J.A., POTTER, C.J., NELSON, P.H. & PERRY, W.J. (1999). Niguanak-Aurora Play. In The Oil and Gas Resource Potential of the 1002 Area, Arctic National Wildlife Refuge, Alaska. By ANWR Assessment Team, U.S. Geological Survey Open-File Report 98-34.

This play is composed of two very large structures, the Aurora dome and Niguanak high, located to the north-east of the 1002 area. The uncertanties of the structures present caused the play to be assessed in two scenarios: one with two large prospects, one for each structure, and another with multiple prospects inside each structure.

Source: Lower Cretaceous Pebble shale, Hue shale and the Tertiary Canning Formation, all of the Brookian sequence, may occur around over and on the flanks of the two structures that compose the play, and may have charged them.

Reservoir: The internal deformations in these two structures make it difficult to determine their composition, but the high densities and velocity values measured suggest that they are composed mainly of Franklinian rocks, with some components of Beaufortian and Ellesmerian rocks. The porosity has a minimum value of 5%, a mean of 10% and a maximum of 20% for both scenarios.

Traps: The north-verging Niguanak thrust fault system separates the Aurora dome on the north and the Niguanak dome on the south. There may be stacked thrust sheets of rock within both structures where hydrocarbons could be trapped in basement carbonates or sandstones of the Franklinian, Beaufortian and/or Ellesmerian origin.

Reservoir thickness: Minimum: 50 feet; median: 150 feet; maximum: 300 feet (both scenarios).

Trap depth: Minimum: 2,000 feet; maximum: 17,000 feet.

Water saturation: 2.5%, corresponding to carbonates.

Number of prospects: Many prospect scenario: Minimum: 1; median: 10, maximum: 20. Two-dome scenario: 2.

Types of Hydrocarbons: Mean total volumes of in-place resources: 1,107.04 Million Barrels of Oil; 1,178.96 Billion Cubic Feet of associated-dissolved and non-associated Gas; 51.49 Million Barrels of Natural Gas Liquids from all types of Gas. Comparison to other plays: Oil is the dominate resource with a relativistic factor of 1.185. Compared to other plays, there are also large volumes of both NGL and Gas as well in this play.




Summary
	Data Table of Hydrocarbon Potential for the 1002 Area

	Report
	Summary
	Probabilistic Hydrocarbon Potential Estimates

	
	
	Billion barrels of Oil
	Trillion ft^3 of Gas

	
	
	5%
	50%
	95%
	5%
	50%
	95%

	USGS Open File Report 98-34, 1998
Economically Recoverable 
	
	11.799 
	7.668 
	4.254 
	10.85 
	2.94 
	0 

	USGS Open File Report 98-34, 1998
Technically Recoverable 
	
	16 
	10.3 
	5.7 
	
	
	

	DNR Resource Appraisal Simulation, 1986 
	Summary 
	26.52 
	3.77 
	.08 
	43.62 
	8.64 
	.71 

	EIA DOE Potential Oil Production, 2000 
	
	.25/year 
	
	.80/year 
	
	
	


“Probabilistic recovery” refers to how much can hope to be extracted in terms of a probability of success rather than in absolute terms. 

Economically recoverable- how much can be extracted from the ground using standard technology and ‘economic’ methods of extraction.

Technically recoverable- how much can be extracted using existing technology, despite the cost. 
Placement in a Global Setting
The purpose of this table is to give an idea of what the reserves of ANWR look like compared to the reserves of the World in general.

	
	Proven Reserves
	Production

	Region
	Natural Gas (billion standard cu m)
	Crude Oil (m. b)
	Natural Gas (million standard cu m)
	Crude Oil (1000 b/d)

	North America
	6898
	27646
	722924
	7256.1

	Latin American
	7507
	111173
	139750
	9125.4

	Eastern Europe
	57493
	79190
	760950
	9038.7

	Western Europe
	6955
	18268
	290640
	5933.2

	Middle East
	71546
	698906
	243840
	18655.4

	Africa
	13207
	93550
	138730
	6459.5

	Asia and Pacific
	14118
	38434
	292070
	7176.1

	ANWR
	301.9
	11790


As shown by the values above, the values for ANWR pale in comparison to the value of the world in general.
Value of Hydrocarbons 
A major component in determining the ‘potential’ of a region is to determine its economic potential: the value of what is there.

The price of the hydrocarbon’s in the world market is a crucial determining factor in the ‘value’ of the ‘potential’ for the ANWR region, as this is the factor that will ultimately make the distinction between drilling or not drilling in a cost-benefit analysis.

According to the Bloomberg energy prices, the current value of hydrocarbons are:

	 PETROLEUM ($/bbl)

	[image: image1.png]



PRICE*
CHANGE
% CHANGE
TIME
Nymex Crude
31.09
-0.06
-0.19
23:32
IPE Crude
29.09
0.1
0.34
11/11
Dated Brent $
28.72
-0.06
-0.21
11/11
WTI Cushing $
31.15
0.27
0.87
11/11

	


	NATURAL GAS ($/MMBtu)
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PRICE*
CHANGE
% CHANGE
TIME
Nymex Henry Hub
4.91
0.04
0.92
23:31
Henry Hub $
4.52
0.09
2.03
11/11
New York City Gate $
5.1
0.03
0.59
11/11

	


As the numbers above demonstrate, there are different types of oil and natural gas that sell for different prices. These prices are, however, very near each other, and so in the long run can be considered the ‘same price.’

According to the OPEC tables of ‘global oil trends’ the lowest value of oil is around $20 a barrel and the highest value peaks nearer to $35 a barrel. This figure is subject to change due to political events, fluctuating oil reserves/ production, and to the health of the oil market at the time. A concrete formula for the ‘future value of oil’ has not yet been found: as a result, an applet is being made that will return the ‘value’ of ANWR if inputted a range of prices and volumes.
Coupled with the volume estimates of the previous section, the value of ANWR comes out to be:
	Hydrocarbon Value for the 1002 Area

	Report
	Summary
	Probabilistic Hydrocarbon Potential Estimates

	
	
	Billion barrels of Oil
	Trillion ft^3 of Gas

	
	
	5%
	50%
	95%
	5%
	50%
	95%

	USGS Open File Report 98-34, 1998
Economically Recoverable
	Billions of barrels of oil
	11.799
	7.668
	4.254
	10.85
	2.94
	0

	
	Higher end 
	Value, in billions of dollars

	
	
	412.97
	268.38
	148.89
	61.17
	16.57
	0

	
	Current Value
	366.83
	238.40
	132.27
	54.61
	14.80
	0

	
	Lower End
	294.98
	191.7
	106.35
	44.45
	12.05
	0

	Average:
	
	358.26
	232.83
	129.17
	53.41
	14.47
	0

	USGS Open File Report 98-34, 1998
Technically Recoverable
	
	16
	10.3
	5.7
	
	
	

	
	Higher End
	Value, in billions of $
	
	
	

	
	
	560
	360.5
	199.5
	
	
	

	
	Current Value
	497.44
	320.23
	177.21
	
	
	

	
	Lower End
	400
	257.5
	142.5
	
	
	

	Average:
	
	485.81
	312.74
	173.07
	
	
	


	Values used for the above price estimates

	Oil ($/barrel)
	Natural Gas ($/MMBtu)

	Higher End
	$35
	Higher End
	$5.5

	Current Value
	$31.09
	Current Value
	$4.91

	Lower End
	$25
	Lower End
	$4


The above tables give an idea of how much revenue can be expected from ANWR, bearing in mind that it is a probabilistic estimate and should be treated carefully.
Sources Used

The sources being used so far are primarily the articles and figures from the American Petroleum Institute (which provides information on the US market and production), documents from the Alaska Department of Energy (for information directly related to Alaska), and the OPEC reports (both the yearly and the monthly) which give information on global oil trends, figures etc. It is believed that although these sources may have a slight bias (in order to promote their own bureaucracy), their figures would be more accurate as they would be subject to the scrutiny of the international community. 

Books:
Demaison, G. J. (1984). The Generative Basin Concept. In G. J. Demaison and R. J. Murris (Eds.), Petroleum Geochemistry and Basin Evaluation, AAPG Memoir 35 (pp. 1-14). Tulsa: The American Association of Petroleum Geologists.

Lerche, I. (1990). Basin Analysis. Quantitative Methods. 2 vols. San Diego: Academic Press, Inc.

Levorsen, A. I. (1967). Geology of Petroleum. San Francisco: W. H. Freeman and Company.

CD-Roms:
Threlkeld, C. N., Obuch, R. C. & Gunther, G. L. (Compilers). (2000). Organic Geochemistry Data of Alaska. USGS Digital Data Series DDS-59. Version 1.0. 

Articles:
Johnsson, M.J., Evans, K.R. & Marshall, H.A. (1999). Thermal Maturity of Sedimentary Rocks in Alaska: Digital Resources. U.S. Geological Survey Bulletin 2142. Bull2142.pdf.

Johnsson, M.J. & Howell D.G. (1996). Generalized Thermal Maturity Map of Alaska. Thermal Maturity of Sedimentary Rocks in Alaska: Digital Resources. U.S. Geological Survey Bulletin 2142. MapI2494.pdf.

U.S. Geological Survey. Arctic National Wildlife Refuge, 1002 Area, Petroleum Assessment, 1998, Including Economic Analysis. <http://pubs.usgs.gov/fs/fs-0028-01/fs-0028-01.htm>.

GIS data:
Elevation model mosaic for Alaska (300 m) http://agdc.usgs.gov/data/usgs/erosafo/300m/300m.html
1002 boundary polygon http://agdc.usgs.gov/data/projects/anwr/datahtml/1002bnd.html
Landcover map for Greater 1002 http://agdc.usgs.gov/data/projects/anwr/datahtml/vegtm30.html
Hydrography for Greater 1002 http://agdc.usgs.gov/data/projects/anwr/datahtml/1002.dlg.hyd.html
Costan bathymetry for Alaskan coasts http://agdc.usgs.gov/data/projects/anwr/datahtml/lnosbath.html
Geologic maps of Alaska (thermal maturity and sedimentary basins) http://agdc.usgs.gov/data/usgs/geology/index.html
Mineral Terrains of Alaska http://imcg.wr.usgs.gov/data.html
Federal Geographic Data Committee: http://www.fgdc.com
Links to Clearinghouses: http://clearinghouse4.fgdc.gov/registry/clearinghouse_sites.html
Entry point to Geospatial Data Clearinghouse: http://130.11.52.184/FGDCgateway.html
Data Servers: http://130.11.52.184/servlet/FGDCWizard/search
Alaska Geospatial Data Clearinghouse - Datasets: http://agdc.usgs.gov/data/index.html
Geography Network - Downloadable Data: http://www.geographynetwork.com/data/downloadable.html
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