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Bakken Oil Migration Model

Although all U.S. Bakken oil production is within the Bakken oil window, most Canadian Bakken production resulted from the migration of Bakken oils from the Bakken kitchen (fig. 32).
Petroleum geochemistry studies by Osadetz and others (1992), Burrus and others (1996), and Kreis and others (2005; 2006) have shown that oils generated from mature Bakken source rocks
migrated into structurally-trapped, porous conventional reservoirs of the middle sandstone member of the Bakken Formation and into reservoirs of the Madison Group (fig. 32). The migration
model for Bakken oils from the pod of mature source rock is consistent with the migration model (fig. 33) of LeFever and others (1991) and the hydrologic flow model (fig. 34) of Bachu and
Hitchon (1996). A hypothetical conventional assessment unit, the Middle Sandstone Member AU, was defined and assessed external from the area of the oil window and included in the USGS as-
sessment where oils generated within mature Bakken shale source rocks could migrate into conventional traps of the middle sandstone member (fig. 32; also see fig. 38).

Bakken “0Oil Window,” Bakken Production and Bakken-Sourced Qils, U.S. and Canada
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Williston Basin Hydrologic Flow Model
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Critical to the continuous assessment methodology is estimating a distribution of the effective drainage area, or cell size (fig. 35A), for the undiscovered area of each AU (fig. 35B). Both horizon-
tal and vertical well performances are considered here because both types of wells are used in the initial and infill development of Bakken resource plays (fig. 36). In this study, EIm Coulee field
was used as a model (fig. 37) in conjunction with the recent study by Cox and others (2008) to help develop a drainage distribution scenario for unexplored areas in the Bakken continuous re-
source plays. For example, an area of about 535 mi* at EIm Coulee contains about 600 Bakken producing wells, of which 3 to 4 percent are vertical. The resulting cell-size distribution used in
all Bakken continuous AUs except the Central Basin-Poplar Dome AU was: minimum = 80 acres; maximum = 800 acres; mode = 320 acres; mean = 400 acres.
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Horizontal and Vertical Well Patterns and Spacings ElIm Coulee Field, Montana
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Success and Estimated Ultimate Recovery for Continuous AUs

Success is defined in the USGS assessment methodology as a producing well making a minimum EUR of 2,000 bbls oil. Also, more than 450 drill-stem tests (DST) in the Bakken Formation
were evaluated to help estimate a historical success ratio; however, the DST records must demonstrate that the test is completed without any mechanical problems within the Bakken Forma-
tion before a well was classified as a success or failure. In most Bakken continuous AUs, the future success ratio was higher than the historical success ratio because of a greater chance for suc-
cess due to advanced drilling and completion techniques and increased knowledge and awareness of Bakken oil potential.

Estimated ultimate recovery (EUR) was generated for each well file recorded in the IHS Energy production (IHS Energy, 2007) file through June 2007, with the producing formation listed
as Bakken or Sanish/Bakken. Wells were clipped to the corresponding continuous AUs and a series of EUR distributions were generated. Multiple EUR distributions for each continuous AU
were evaluated with distributions generated for three main categories in all wells, only verticals wells, and only horizontals wells (see EUR distribution graphs below). For the Nesson-Little
Knife Structural AU, an EUR distribution was also generated for Sanish/Bakken vertical wells (see EUR graphs below, right side). EURs for each continuous AU were also generated as discov-
ery thirds, that is, equal thirds relative to sequential date of completion to aid evaluation relative to time, technology, and exploration strategy. EUR distribution graphs are shown below for
the two most explored AUs — the Elm Coulee-Billings Nose AU and the Nesson-Little Knife Structural AU — and a summary of the assessment input and output is listed below each series of
graphs. Boundaries and mean EUR for continuous AUs are shown in figure 38; the results of the USGS assessment for the Bakken Formation are shown in table 1.
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Assessment Summary: Elm Coulee - Billings Nose AU

Mean area: 1,735,000 acres Mean future success ratio: 89%

Historical success ratio: 95% Mean% area w/potential: 89%

Cell size (acres): 80/320/800 (Mean=400) EUR distribution: 2,000/80,000/2,000,000 bbls
Mean% area untested: 79% Mean EUR/cell = 137,000 bbls

Mean Technically Recoverable Resource = 410,000,000 bbls

Historical Exploration, Production, and Performance Analysis for Continuous AUs
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Bakken Verticals, Bakken Horizontals, and Sanish/Bakken Verticals
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Assessment Summary: Nesson - Little Knife Structural AU

Mean area: 2,321,000 acres Mean future success ratio: 92%

Historical success ratio: 85% Mean% area w/potential: 88%

Cell size (acres): 80/320/800 (Mean=400) EUR distribution: 2,000/90,000/4,000,000 bbls
Mean% area untested: 96% Mean EUR/cell = 200,000 bbls

Mean Technically Recoverable Resource = 909,000,000 bbls

Assessment of Undiscovered Technically Recoverable Oil and Gas Resources of the Bakken Formation, Williston Basin, Montana and North Dakota, 2008
R.M. Pollastro, L.N.R. Roberts, T. A. Cook, and M.D. Lewan; U.S. Geological Survey, Denver, CO 80225

Conventional Middle Sandstone Member AU

A hypothetical conventional AU, the Middle Sandstone Member AU, was defined external from the area of
the Bakken oil generation window (fig. 38) and assumes some potential for migration of oil from the Bakken-
source kitchen along structures into structural traps of the middle sandstone member. Assessment of the
Middle Sandstone Member AU was performed by analog from the USGS World Energy Assessment 2000 (U.S.
Geological Survey World Energy Assessment Team, 2000) and by using the size and numbers of grown dis-
covered fields in the middle sandstone member in the Canadian portion of the Williston Basin. A greater risk
was assigned to this AU relative to Canadian discoveries because of the lack of major structural pathways (that
is, fault systems), possible updip seals, and position of the AU relative to hydrologic flow and oil migration
models as compared to those to the north in Canada.
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Assessment Results

Table 1. Bakken Formation, Williston Basin Province assessment results.

[MMBO, million barrels of oil. BCFG, billion cubic feet of gas. MMBNGL, million barrels of natural gas liquids. Results shown are fully risked estimates.
F95 represents a 95 percent chance of at least the amount tabulated; other fractiles are defined similarly. TPS, total petroleum system; AU, assessment unit]

Bakken-Lodgepole TPS
EIm Coulee-Billings Nose AU 0il 374 410 450 410 118 198 332 208 8 16 29 17
Central Basin-Poplar Dome AU 0il 394 482 589 485 134 233 403 246 10 18 35 20
Nesson-Little Knife Structural AU 0il 818 908 | 1,007 909 260 438 138 461 19 34 64 37
Eastern Expulsion Threshhold AU 0il 864 971 | 1,091 973 278 469 191 493 20 37 68 39
Northwest Expulsion Threshold AU | 0il 613 851 | 1,182 868 224 411 154 440 16 32 64 35

Continuous
Oil Resources

Total Continuous
Resources 3,645 1,848 148
Middle Sandstone Member AU Oil 1 4 8 4 1 1 3 2 0 0 0 0

Total Conventional
Resources 4 2 0

Conventional
Oil Resources

Total Undiscovered
0il Resources

Acknowledgments

Dan Jarvie, Bob Coskey (Rose Petroleum), Julie LeFever and North Dakota Geological Survey, Steve Sonnenberg (Colorado School of
Mines), Jeff May, Wally Dow, and EOG Resources Bakken Team, Mark Williams (Whiting Petroleum), Mark Smith (University of British
Columbia), Jeff Kraus (ExxonMobil), Monte Bessler (Hohn Engineering), Mike Johnson, Bill Walker, and Al Powell (Headington Oil).

Bakken Formation, Williston Basin Province Assessment Team

Richard M. Pollastro (Bakken Formation Task Leader; pollastro@usgs.gov), Troy A. Cook, Laura N. R. Roberts, Christopher J.
Schenk, Michael D. Lewan, Lawrence O. Anna, Stephanie B. Gaswirth, Paul G. Lillis, Timothy R. Klett, and Ronald R. Charpentier.

~

Open-File Report 20081353
Sheet 3 of 3
Version 1.0

References Cited

Bachu, S., and Hitchon, B., 1996, Regional-scale flow of formation waters in the Williston Basin: American
Association of Petroleum Geologists Bulletin, v. 80, p. 248-264.

Baskin, D.K., 1997, Atomic H/C ratio of kerogen as an estimate of thermal maturity and organic matter
conversion: American Association of Petroleum Geologists Bulletin, v. 81, p. 1437-1450.

Brown, D.L., and Brown, D.L., 1987, Wrench-style deformation and paleostructural influence on sedimen-
tation in and around a cratonic basin, in Longman, M.W., ed., Williston Basin: Anatomy of a cratonic
oil province: Rocky Mountain Association of Geologists, p. 57-70.

Burchfield, B.C., and Stewart, J.H., 1966, “Pull-apart” origin of the central segment of Death Valley, Cali-
fornia: Geological Society of America Bulletin, v. 77, p. 439-442.

Burke, R.B., and Diehl, P.E., 1993, Waulsortian mounds of Conoco’s new Lodgepole well: North Dakota
Geological Survey Newsletter, v. 20, p. 6-17.

Burrus, J., Wolf, S., Osadetz, J., and Visser, K., 1996, Physical and numerical modeling contraints on oil
expulsion and accumulation in the Bakken and Lodgepole petroleum systems of the Williston Basin

(Canada-USA): Bulletin of Canadian Petroleum Geology, v. 44, p. 429-445.

Cox, S.A., Cook, D.M., Dunek, K., Daniels, R., Jump, C., and Barree, R., 2008, Unconventional resource
play evaluation: A look at the Bakken shale play of North Dakota: Society of Petroleum Engineers,
Paper No. 114171, 14 p.

Espitalie, J.J., Madec, M., Tissot, B., Mening, J.J., and Leplat, P., 1977, Source rock characterization
method for petroleum exploration: Proceeding of the 9th Annual Offshore Technology Conference, v.
3, p. 439-448.

Gerhard, L.C., and Anderson, S.B., 1988, Geology of the Williston Basin (United States portion), in Sloss,
L.L., ed., Sedimentary Cover—North American Craton; U.S.: Boulder, CO, Geological Society of
America, The Geology of North America, v. D-2, p. 221-241.

Gerhard, L.C., and Anderson, S.B., and Fischer, D.W., 1991, Petroleum Geology of the Williston Basin; in
Petroleum geology of interior cratonic basins, Leighton, M., Kolata, D., Oltz, D,. and Eidel, J., eds.:
American Association of Petroleum Geologists, Memoir 51, Chapter 29, p. 507-559.

Gerhard, L.C., Anderson, S.B., LeFever, J.A., Carlson, C.G., 1982, Geological development, origin, and
energy mineral resources of the Williston Basin, North Dakota: American Association of Petroleum
Geologists Bulletin, v. 66, p. 989-1020.

Green, A.G., Weber, W., and Hajnal, Z., 1985, Evolution of Proterozoic terranes beneath the Williston
Basin: Geology, v. 13, p. 624-628.

Hester, T.C., and Schmoker, J.W., 1985, Selected physical properties of the Bakken Formation, North
Dakota and Montana part of the Williston Basin: U.S. Geological Survey Oil and Gas Investigations

Chart 126, 1 sheet.

IHS Energy, 2007, U.S. Well Production File on CD-ROM, IHS Energy, Houston, Texas.

Kent, D.M., and Christopher, J.E., 2007, Geologic history of the Williston Basin and Sweetgrass Arch, in
Mossop, G., and Shetsen, 1., compilers, Alberta Geologic Society: Geologic Atlas of the Western
Canada Sedimentary Basin, Chapter 27. Available online at:
http://www.ags.gov.ab.ca/publications/ATLAS_ WWW/A_CH27/CH_27_F.shtml

Kreis, L.K., Costa, A., Osadetz, K.G., 2005, New perspectives on the hydrocarbon potential of the Bakken
and Torquay Formations, Southeastern Saskatchewan: Canadian Society of Petroleum Geologist 2005
Core Conference, Exploring Energy Systems, p. 134-177. Available online at:
http://www.cspg.org/conventions/abstracts/2005Core/kreis_l_hydrocarbon_potential_bakken_
torquay.pdf

Kreis, L.K., Costa, A., Osadetz, K.G., 2006, Hydrocarbon potential of Bakken and Torfquay Formations,
Southeastern Saskatchewan: in Gilboy, C.F., and Whitaker, S.G., eds., Saskatchewan and Northern
Plains Oil and Gas Symposium 2006: Saskatchewan Geological Survey Special Publication 19, p.
118-137.

Lash, G.G., and Engelder, T., 2005, An analysis of horizontal microcracking during catagenesis: Example
from the Catskill delta complex: American Association of Petroleum Geologists Bulletin, v. 89, p.
1433-1449.

LeFever, J.A., 2007, Exploration Frontiers in the Bakken Formation, Montana and North Dakota: North
Dakota Geological Survey, Geologic Investigation 49 (presented at 2007 Rocky Mountain Section,
American Association of Petroleum Geologists Meeting), 26 slides: Available online at:
https://www.dmr.nd.gov/ndgs/bakken/PDF/Exploration%?20Bakken%20Formation.ppt

LeFever, J.A., 2008, Structural contour and isopach maps of the Bakken Formation in North Dakota: North
Dakota Geological Survey Geologic Investigations no. 59, one CD-ROM.

LeFever, J.A., Martiniuk, C.D., Dancsok, E.F.R., and Mahnic, P.A., 1991, Petroleum potential of the middle
member, Bakken Formation, Williston Basin: Sixth International Williston Basin Symposium, Sas-
katchewan Geological Society Special Publication no. 11, p. 74-94.

Lewan, M.D., 1985, Evaluation of petroleum generation by hydrous pyrolysis experimentation: Philosophi-
cal Transactions of the Royal Society of London, series A., v. 315A, p. 123-134.

Lewan, M.D., 1993, Effects of thermal maturation on stable organic carbon isotopes as determined by hy-
drous pyrolysis of the Woodford Shale: Geochimica et Cosmochimica Acta, v. 47, no. 8, p. 1471-1479.

Meissner, E.F., 1978, Petroleum geology of the Bakken Formation, Williston Basin, North Dakota and
Montana, in Rehrig, D., The economic geology of the Williston Basin, Montana, North Dakota, South
Dakota, Saskatchewan, Manitoba: Billings, MT, Montana Geological Society, p. 207-227.

Montana Department of Natural Resources and Conservation, Board of Oil and Gas online data, 2008.
Available online at: http://bogc.dnrc.mt.gov/onlinedata.asp

Osadetz, K.G., Brooks, P.W., and Snowdon, L.R., 1992, Oil families and their sources in Canadian Willis-
ton Basin, (southeastern Saskatchewan and southwestern Manitoba): Bulletin of Canadian Petroleum
Geology, v. 40, p. 254-273.

Pitman, J.K., Price, L.C., and LeFever, J.A., 2001, Diagenesis and fracture development in the Bakken For-
mation, Williston Basin: Implications for reservoir quality in the Middle Member: U.S. Geological
Survey Professional Paper 1653, 19 p.

Pollastro, R.M., Cook, T.M., Roberts, L.N.R., Schenk, C.J., Lewan, M.J., Anna, L.O., Gaswirth, S.B.,
Lillis, P.G., Klett, T.R., and Charpentier, R.R., 2008, Assessment of undiscovered oil resources in the
Devonian-Mississippian Bakken Formation, Williston Basin Province, Montana and North Dakota,
2008: U.S. Geological Survey Fact Sheet 2008-3021, 2 p. Available online at:
http://pubs.usgs.gov/ts/2008/3021/

Smith, M.G., and Bustin, R.M., 2000, Late Devonian and Early Mississippian Bakken and Exshaw black
shale source rocks, Western Canada Sedimentary Basin: A sequence stratigraphy interpretation:
American Association of Petroleum Geologists Bulletin, v. 84, p. 940-960.

Sonnenberg, S.A., 2007, The emerging Bakken resource play: The Colorado Professional Geologist, v. 36,
no. 1, March, 2007, p. 10.

Sprain, J.C., 1997, Seismic expression of the Versippi Lodgepole field, Stark County, North Dakota, in
Innovative Applications of Petroleum Technology in the Rocky Mountain Area, in Coulson, E.,
Osmond, J.C., and Williams, E.T., eds.: Rocky Mountain Association of Geologists, Denver, CO, p.
87-92.

Thomas, 1974, Lineament-block tectonics; Williston-Blood Creek basin: American Association of Petro-
leum Geologists Bulletin, v. 58, p. 1305-1322.

U.S. Geological Survey World Energy Assessment Team, 2000, U.S. Geological Survey World Petroleum
Assessment 2000—Description and results: U.S. Geological Survey Digital Data Series DDS-60, four
CD-ROM set.

Walker, W.B, 2006, Elm Coulee oil field, Richland County, Montana: 14th Williston Basin Petroleum Con-
ference and Prospect Expo, Minot, ND. Available online at:
https://www.dmr.nd.gov/ndgs/wbpc/pdi/Bill_WALKER.pdf

/




