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Abstract
The Upper Devonian and Lower Mississippian 

Bakken Formation in the U.S. portion of the Williston Basin 
is a giant continuous (unconventional) oil resource. A recent 
U.S. Geological Survey assessment estimated a mean volume 
of undiscovered technically recoverable oil for the Bakken 
Formation at about 3.65 billion barrels of oil. The estimate 
is based on a geologic model and a methodology that defines 
different assessment units by accumulation type (conventional 
or continuous), structural control, fracture occurrence and 
prediction, lithology and petrophysical properties, formation 
thickness, underlying salt movement or dissolution, and level 
of thermal maturity and oil-generation capacity of Bakken 
source rocks.

The Bakken Formation consists of three informal mem-
bers: (1) lower shale member, (2) middle sandstone member, 
and (3) upper shale member. The lower and upper shale mem-
bers are rich in marine organic matter (as much as 35 percent 
by weight) and are the petroleum source rocks, whereas the 
middle sandstone member varies in depositional facies and 
lithology and locally exhibits good matrix porosity (as much 
as 14 percent) but with low permeability characteristic of tight 
reservoirs. Additional commingled production occurs locally 
from matrix porosity in the immediately underlying Sanish 
sand unit (informal name) of the Upper Devonian Three Forks 
Formation. Combined, the Bakken Formation and Sanish 
sand define the “Bakken composite continuous reservoir.” 
On a larger scale, thermally mature, organic-rich Bakken 
shale members also source oils produced from locally occur-
ring Waulsortian mounds or porous strata immediately above 
the upper shale member in the overlying Lower Mississippian 
Lodgepole Limestone. As a whole, elements of petroleum 
source, reservoir, seal, migration, and trap define the strati-
graphic and geographic character of a Bakken-Lodgepole 
Total Petroleum System.

The geographic extent of the continuous oil accumulation 
within the U.S. portion of the Bakken Formation is defined as 
the area in which the organic-rich shale members are thermally 
mature with respect to oil generation. The area of the oil-
generation window for the Bakken continuous reservoir was 
determined using a combination of the following: (1) contour 

mapping of both the hydrogen index (HI) and log-resistivity 
well data of the upper shale member, (2) calibration of HI to 
the transformation ratio from one-dimensional burial history 
models, and (3) calibration of HI to total organic content.

The area of the oil-generation window was divided into 
five continuous assessment units: (1) Elm Coulee-Billings 
Nose, (2) Central Basin-Poplar Dome, (3) Nesson-Little Knife 
Structural, (4) Eastern Expulsion Threshold, and (5) Northwest 
Expulsion Threshold. One hypothetical conventional assess-
ment unit, the Middle Sandstone Member, was defined exter-
nal to the area of oil generation.

Introduction
The Upper Devonian and Lower Mississippian Bakken 

Formation is a thin (as much as 160 ft; 49 m) but widespread 
unit within the central and deeper portions of the Williston 
Basin in Montana, North Dakota, and the Canadian Provinces 
of Saskatchewan and Manitoba (fig. 1). The first oil discover-
ies in the Bakken were in the early 1950s at Antelope field 
in McKenzie County, North Dakota (LeFever, 1991) on the 
Nesson anticline, one of the Williston Basin’s largest and most 
petroleum-productive structures (fig. 2). At Antelope field, 
vertical well penetrations produced oil from fractured Bakken 
strata on a secondary and oblique structure along the east flank 
of the Nesson anticline where there is thick, tight, porous 
sandstone within the middle sandstone member. Locally, 
production is commingled at Antelope with an underlying 
sandstone reservoir unit, the Sanish sand (informal name), 
of the Upper Devonian Three Forks Formation (fig. 3).

In 1995, as part of the U.S. Geological Survey (USGS) 
National Oil and Gas Assessment (NOGA) Project, the USGS 
assessed both conventional and continuous oil and gas resources 
of the entire United States (Gautier and others, 1995). In the 
1995 NOGA assessment, the Bakken Formation continuous 
accumulation was assessed for the first time by the USGS, 
resulting in an estimated mean for undiscovered technically 
recoverable resource volume of 151 million barrels of oil 
(MMBO). More recently, two significant discoveries—the 
Elm Coulee field, Richland County, Mont., in 2000, and the 
Parshall field, Montrail County, N. Dak., in 2006—have greatly 

Geologic Assessment of Technically Recoverable Oil  
in the Devonian and Mississippian Bakken Formation

By Richard M. Pollastro, Laura N.R. Roberts, and Troy A. Cook
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heightened the level of Bakken exploration, production, and 
resource potential. In these areas, the formation exhibits moder-
ate- to high-matrix-porosity reservoir zones within the middle 
sandstone member. The presence of these reservoirs, as well 
as both vertical and horizontal natural fractures throughout the 
formation, combined with the development of new horizontal 
technology and completion practice, have resulted in wells with 
estimated ultimate recoveries (EURs) up to about 2 MMBO 
(Pollastro and others, 2008a).

In April 2008, the USGS completed a new assessment 
of the undiscovered, technically recoverable oil and gas 
resources in the Bakken Formation (Pollastro and others, 
2008b); an assessment of the entire Williston Basin Province 
followed shortly thereafter in September 2008 (Anna and 
others, 2008). The general approach to the assessment was as 
follows: (1) define the total petroleum system (TPS) and each 
of its elements (source, reservoirs, traps, seals, pod(s) of active 
source rock, migration, and areas of undiscovered resource); 
(2) determine whether accumulations are conventional or 
continuous (unconventional); (3) define geologic assessment 
units (AU), which are the resource plays; (4) for continuous 
accumulations, define the geologic factors that might control 
differences in drainage area (cell size) and well performance 
expressed as estimated ultimate recovery (EUR); and (5) pro-
vide the input data required for the assessment in the form of 
a statistical distribution that reflects the geology (or geologic 
factors) and production characteristics for the AU.

The application of long-lateral, multi-stage fracture 
technology in horizontal well completions, combined with 
increased oil prices, have allowed the rapid development of 
the Bakken and adjacent units such as the underlying Three 
Forks Formation, particularly throughout North Dakota. Con-
sequently, contemporary knowledge and data on the Bakken 
and Three Forks Formations have increased significantly over 
time, even since the 2008 USGS assessment (LeFever and 
Nordeng, 2008; Pollastro and others, 2008a).

Williston Basin Tectonic Evolution  
and Petroleum Occurrence

The Williston Basin is a large, roughly circular intracra-
tonic depression that developed on the North American craton 
and along the southwestern edge of the Canadian Shield. Sedi-
ment deposition began during the Cambrian, but major basin 
subsidence and basin filling began during the Ordovician. 
The basin occupies a geographic area of about 300,000 mi2 
(770,000 km2) over portions of North Dakota, South Dakota, 
Montana, and adjacent Canadian Provinces of Manitoba and 
Saskatchewan (fig. 1). It is commonly viewed as a structur-
ally simple basin because of its nearly complete stratigraphic 
section, with most units thinning from basin center to basin 

edge, and the faults and other structural features commonly 
having only a small net displacement or movement. Detailed 
studies reveal, however, a more complex tectonic history due 
mostly to deformed underlying basement rocks and two major 
bounding structural fault systems responsible for much of the 
basin’s interior faults and lineaments, block-fault movements, 
sedimentation patterns, salt dissolution, fluid movement, and 
thermal history (Green and others, 1985; Brown and Brown, 
1987; Gerhard and Anderson, 1988). Consequently, each 
of these tectonic elements plays an important role in the 
generation, migration, and distribution of hydrocarbons, as 
discussed below.

The distribution of oil and gas production in the Williston 
Basin relative to the locations of major structures, such as the 
Nesson, Cedar Creek, Little Knife, Billings, and Antelope anti-
clines, and Poplar dome, is shown in figure 4. Most of these 
structures have Bakken production; one exception is the Cedar 
Creek anticline, where the Bakken is absent. Dynamic modi-
fications of these structures at all scales, and associated salt 
movement, have played a major role in both the depositional 
and petrophysical character (especially related to fractures) of 
the Bakken Formation.

The north- to south-trending Nesson anticline and 
northwest-trending Cedar Creek anticline are the most promi-
nent structural features in the Williston Basin (figs. 2 and 4). 
These structures are expressed at the surface and have produced 
large volumes of oil and natural gas from numerous strati-
graphic units. Little Knife anticline, Billings anticline, and Pop-
lar dome are less prominent and less productive (fig. 4). Most 
structural features, including Nesson, Cedar Creek, and Ante-
lope anticlines and Mondak homocline (fig. 2), are bounded 
by major faults that appear to be basement controlled (Gerhard 
and others, 1987; Gibson, 1995). Faults and fault blocks have 
undergone reactivation throughout the basin’s history (Thomas, 
1974), particularly during the Mississippian and the Cretaceous 
(Brown and Brown, 1987). In a detailed stratigraphic study of 
the Williston Basin using isopach maps, Flannery and Kraus 
(2006) showed clear evidence of periodic basement-block 
movement throughout the basin’s history.

Salt deposits ranging in age from Silurian to Jurassic are 
widespread throughout the Williston Basin of Montana and 
North Dakota, and several studies have linked dissolution of 
thick salt deposits and associated structural movements to petro-
leum reservoir development. For example, LeFever (2005a) 
and Sonnenberg and Pramudito (2009) suggested that favor-
able oil production from the Bakken Formation at Elm Coulee 
field, Montana, is partly due to salt dissolution and consequent 
collapse of overlying strata along the present-day limit of the 
Prairie Evaporite salt (fig. 5). They suggested further that frac-
tures and reservoir properties of the Bakken were enhanced by 
dissolution, collapse, and the consequent basinward salt-edge 
movement, followed by the migration of fluids, thus aiding in 
forming the Elm Coulee production “sweet spot.”
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Stratigraphy of the Bakken Formation
The Upper Devonian and Lower Mississippian Bakken 

Formation of the U.S. portion of the Williston Basin, Montana 
and North Dakota, is a highly organic-rich, siliciclastic rock 
sequence that is present only in the subsurface within the central 
and deeper portions of the basin. It overlies the Devonian Three 
Forks Formation and is overlain by the Mississippian Lodgepole 
Limestone (fig. 3). The Bakken extends throughout the subsur-
face of the Canada portion of the Williston Basin in Manitoba 
and Saskatchewan and is continuous with the black shale and 
gray siltstone members of the Exshaw Formation in Alberta. 
Maximum thickness is about 160 ft (49 m) within the U.S. 
portion of the basin (LeFever, 2008). Although this thickness 
appears to be a minimal part of the total stratigraphic section of 
16,000 ft (4,900 m) within the basin (fig. 3), it is a world-class 
petroleum source and reservoir rock with potential to produce 
exceedingly large volumes of undiscovered hydrocarbons 
(Pollastro and others, 2008a, b, c; Anna and others, 2008).

According to USGS geologic nomenclature, the Bakken 
Formation consists of three informal members: (1) lower shale 
member; (2) middle sandstone member, and (3) upper shale 
member. Upper and lower shale members are organic-rich, 
black marine mudstones of fairly consistent lithology and are 
the petroleum source rocks for oil produced from the formation. 
The middle sandstone member throughout the basin varies in 
thickness, lithology, and petrophysical properties; lithologies 
include sandstone, siltstone, dolomite, and mudstone (Smith and 
Bustin, 1996, 2000; LeFever and others, 1991; LeFever, 2007a, 
b). All three members are generally continuous throughout the 
Williston Basin, attaining total maximum thicknesses near the 
basin center in North Dakota and along the east flank of the 
Nesson anticline (Meissner, 1978; Webster, 1984, 1987; Hester 
and Schmoker, 1985; LeFever and others, 1991; Smith and 
Bustin, 1996, 2000; LeFever, 2008). There is a progressive thin-
ning toward and along the northern, southern, and eastern basin 
margins due to depositional onlap and (or) erosion. Each mem-
ber is easily distinguished on geophysical well logs, particularly 
gamma-ray and resistivity logs (fig. 6).

The geographic limits of the three members display an 
onlapping relation (fig. 5), in that an overlying younger member 
is of greater geographic extent than the immediately underlying 
member (Carlson and Anderson, 1965; Meissner, 1978, 1982; 
Webster, 1984, 1987; Hester and Schmoker, 1985; Smith and 
Bustin, 1996, 2000; LeFever, 2008). Thus, the limit of the 
upper shale member is interpreted as the maximum depositional 
limit for the Bakken Formation because the contact with the 
overlying Lodgepole Limestone is conformable (Heck, 1978). 
The maximum thickness of about 160 ft (49 m) is within a 
well-defined depocenter immediately east, and adjacent to, the 
Nesson and Antelope structures in western Montrail County, 

N. Dak. (fig. 5). LeFever (2008) reported anomalous thicknesses 
mostly in areas south and east of the depocenter, as is evident on 
detailed isopach interval maps of each member, but particularly 
that of the upper shale member (LeFever, 2008).

The lower shale member has the smallest geographic 
extent (fig. 5), with a well-defined depocenter along the east 
flank of the Nesson anticline. A thick section centered in 
McKenzie County is coincident with the Heart River fault 
(fig. 2), and anomalous thicknesses in circular areas along the 
depositional edge indicate both fault and salt tectonic control 
during lower shale deposition (LeFever, 2008). The member is 
a dark-brown to black, quartz-rich, fissile, organic-rich shale, 
reaches a maximum thickness of 56 ft (17 m) (LeFever, 2008), 
and has average total organic carbon (TOC) content of about 
10 weight percent (Price and others, 1984; Schmoker and 
Hester, 1983; Smith and Bustin, 1998). Thin laminae of silt-
stone, limestone, and sandstone are locally present at the base 
of the member, and lag deposits occur locally as well (Smith 
and Bustin, 1995).

The middle sandstone member is the thickest (as much 
as 90 ft; 27 m) member of the Bakken Formation with a much 
more diverse and complex lithology than either the upper or 
lower shale members (LeFever, 2008). This member, also 
referred to as the middle Bakken member (LeFever, 2005a; 
Smith and Bustin, 1995, 1996, 2000), has recently seen par-
ticular focus in exploration of the Bakken Formation. Since 
2001, oil discoveries with high production rates within the 
Bakken have identified local high matrix porosities within 
the middle sandstone member. In particular, good sandstone 
and dolomite porosity have been identified at Elm Coulee, 
Parshall, and Sanish fields (Walker and others, 2006; Canter 
and others, 2008; Sonnenberg and Pramudito, 2009).

Several studies have identified and mapped various 
lithofacies within the middle sandstone member: (1) Smith 
and Bustin (1998, 2000) recognized six lithofacies and three 
sub-units; (2) LeFever (2007a) identified and mapped seven 
lithofacies based on log-core correlations; and (3) Canter and 
others (2008) identified five facies, some having additional 
subfacies, to predict matrix and fracture porosities.

The upper shale member is organic-rich (as much as 
35 weight percent TOC) and exhibits laminated to massive 
bedding of silt-sized material (Meissner, 1978; Schmoker 
and Hester, 1983; Price and others, 1986; Smith and Bustin, 
2000). A lag unit containing conodonts, fish bones and teeth, 
and phosphatic grains is commonly at the base (Smith and 
Bustin, 1995, 1996, 2000). Isopach maps by LeFever (2008) 
show that the member has a broad, poorly defined depocenter, 
is generally less than about 30 ft (9 m) thick, and contains 
isolated pods of thicker (as much as 60 ft; 18 m) shale along 
the depositional margin, particularly along the boundary 
between Williams and McKenzie Counties, N. Dak. (fig. 5). 
These anomalously thick, roughly circular isolated pods of the 
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upper shale member in this area are probably related to salt 
tectonics and multistage dissolution of salt of the underlying 
Devonian Prairie Evaporite (Oglesby, 1988; LeFever and 
LeFever, 2005). For example, in the vicinity of the Dickinson 
Lodgepole Limestone mounds in Stark County, N. Dak., the 
member locally reaches its maximum thickness of about 60 ft 
(18 m) (LeFever, 2008).

Immediately underlying the Bakken Formation, local 
accumulations of a coarse-grained siltstone to fine-grained 
quartz sandstone and dolomite, informally referred to as the 
Sanish sand (figs. 3 and 7), are at the top of Upper Devonian 
Three Forks Formation in the central portion of the Williston 
Basin (Dumonceaux, 1984; Webster, 1984; LeFever, 1991). 

The Sanish sand is of particular importance because the dis-
covery well for the Bakken Formation at Antelope field, and 
subsequent wells at Antelope, include commingled Bakken 
and Sanish production. The unit was described as a discontinu-
ous unit with variable texture and composition and originally 
interpreted to represent a beach or nearshore marine deposit by 
Dumonceaux (1984). In 2006 and 2008, additional discoveries 
in the upper part of the Three Forks Formation were announced 
in the U.S. portion of the Williston Basin, which fostered exten-
sive exploration and development of the Sanish unit in conjunc-
tion with Bakken exploration, resulting in about 110 new wells 
producing from the Three Forks Formation (North Dakota 
Industrial Commission, 2009).
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Bakken-Lodgepole Total Petroleum 
System and Bakken Composite 
Continuous Reservoir

Current USGS assessments to estimate undiscovered 
oil and gas resources are based on the total petroleum system 
(TPS) assessment unit methodology (Klett and others, 2000; 
Magoon and Schmoker, 2000; Pollastro, 2007). The USGS 
defined ten TPSs in the U.S. portion of the Williston Basin 
(Anna and others, 2008) (fig. 3). The Bakken-Lodgepole 
TPS was defined on the basis of geographic and stratigraphic 
distribution of both known and undiscovered hydrocarbon 
accumulations sourced primarily by organic-rich marine shales 
of the upper and lower shale members of the Bakken Forma-
tion. Minor contributions of petroleum may be sourced from 
thinner organic-rich units of adjacent formations in close prox-
imity to these shale members; for example, organic-rich “false 
Bakken” strata of the Lodgepole Limestone (Montgomery, 
1996; LeFever, 2005b) almost immediately above the upper 
shale member of the Bakken Formation (fig. 6), can be 
identified on logs of some wells. Of the ten TPSs defined for 
the Williston Basin, the Bakken-Lodgepole TPS is the most 
prolific producer of hydrocarbons (Pollastro and others, 2008a, 
b, c; Anna and others, 2008).

Reservoirs of the Bakken Formation included in the 
Bakken-Lodgepole TPS are both continuous and conventional. 
The continuous reservoir is a composite of stratigraphic mem-
bers and units, whereas the conventional reservoir lies only 
within the middle sandstone member. Additional conventional 
reservoirs in the TPS are Waulsortian mounds (mud-rich car-
bonate buildups that lack an identifiable frame-building organ-
ism) of the Mississippian Lodgepole Limestone (Montgomery, 
1996; Sprain, 1997; Gaswirth and others, 2009).

Although no proven conventional Bakken reservoirs 
have been identified in the U.S. portion of the Williston 
Basin, porous, structurally trapped, and stratigraphic pinch-
out reservoirs are present in the middle sandstone member 
of the Bakken Formation in Saskatchewan and Manitoba, 
Canada. These Canadian Bakken reservoirs produce oil that 
has migrated north and northeast from thermally mature 
upper and lower Bakken shale member source beds into 
conventional traps (LeFever and others, 1991; Osadetz and 
others, 1992; Burrus and others, 1996; and Kreis and others, 
2005, 2006).

The continuous reservoir of the Bakken Formation, 
referred to in this study as the “Bakken composite continuous 
reservoir,” is defined stratigraphically as the entire Bakken 
Formation and also includes, where present, the underlying 
Sanish sand unit (fig. 7) (Pollastro and others, 2008a, b). The 
composite reservoir is sealed between two thick impermeable 
limestones of the overlying Lodgepole Limestone and under-
lying (pre-Sanish) Three Forks Formation.

Waulsortian mounds of the Lodgepole Limestone directly 
overlie anomalously thick sections of the Bakken Forma-
tion. The thick sections of the upper shale member (LeFever, 
2008) are along the depositional edge of the formation (fig. 5) 
and probably resulted from dissolution of salt in the underly-
ing Devonian Prairie Evaporite (Sprain, 1997; LeFever and 
LeFever, 2005). Therefore, the geographic boundary of the TPS 
is defined by the combination of all these petroleum system 
elements. The areal distribution of petroleum source rocks for 
the Bakken-Lodgepole TPS is best defined by the geographic 
extent of the upper shale member (fig. 5), the unit that repre-
sents the maximum depositional limit of the Bakken Formation. 
The area of thermally mature upper and lower shale member 
source rocks (defined in a later section of this report) is critical 
to the Bakken-Lodgepole TPS model. The boundaries of the 
Bakken-Lodgepole TPS are defined using the following geo-
logic and (or) geographic criteria: (1) to the east and southeast 
by the areal extent of the upper shale member as defined by 
LeFever (2008), (2) to the south and southwest by the extension 
of the “12-mile mound buffer zone” as defined by Burke and 
Diehl (1993), (3) to the west by the structural boundary of the 
Williston Basin, and (4) to the north by the U.S.-Canada border 
(fig. 8) (Pollastro and others, 2008a, b).

Fractures, Petrophysical Properties, 
and Bakken Oil Production

A composite fracture-matrix-porosity reservoir model 
is used in this study for the assessment of undiscovered, 
technically recoverable oil from the Bakken Formation. 
Micro-fractures, both vertical and horizontal, interpreted as 
the result of petroleum generation, were considered in the 
geologic model for defining the assessment units for the 
Bakken-Lodgepole TPS. Fractures are of particular importance 
to continuous (unconventional) reservoirs and constitute a major 
percentage of the effective porosity and permeability in shale 
reservoirs. Also, the greater the quantity, quality, length, and 
resulting interconnectivity of fractures in the Bakken, the greater 
the flow capacity of the reservoir. The Bakken Formation in the 
U.S. portion of the Williston Basin produces oil from an area 
where it is thermally mature with respect to oil generation. The 
middle sandstone member and the Sanish sand unit locally have 
measurable matrix reservoir properties (Meissner, 1978, 1991a; 
LeFever and others, 1991; Walker and others, 2006; Canter 
and others, 2008). Although matrix porosity from both units is 
a major contributing factor in establishing storage volume for 
high-volume Bakken wells, fracturing is also of major impor-
tance in establishing a viable Bakken reservoir (Meissner, 1978, 
1991b; Sperr, 1991; Nordeng, 2009). For example, Murray 
(1968) made a strong argument for long tensional (extensional) 
fractures as the major component in the development of good 
reservoirs in the Bakken/Sanish zone at Antelope field.
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High-volume commercial oil wells in the Bakken 
Formation require a combination of geologic factors. Most 
importantly, overpressuring conditions, high (>6 percent) 
matrix porosity in the middle sandstone member, and natural 
fractures maximize production from the formation. There 
are three dominant types of natural fractures in the forma-
tion: regional, tectonic, and expulsion (Meissner, 1978, 1984; 
Carlisle and others, 1992; LeFever, 1992, 2007a; Pollastro 
and others, 2008a). Such fractures, which are essential to hav-
ing an economic well, can be lithology dependent and differ 
in length, orientation, interconnectiveness, and abundance 
(Carlisle and others, 1992). In the “Bakken composite continu-
ous reservoir,” there are both vertical and horizontal fractures 
in all three of the members.

Several studies have stated that hydrocarbon genera-
tion related to the thermal maturation of organic matter in 
the Bakken played an important role in the development of 
the reservoir by creating overpressuring and microfractures 
(Meissner, 1978, 1991a, b; LeFever, 1992; Carlisle and others, 

1992; Pitman and others, 2001; Leonard and others, 2008; 
Pollastro and others, 2008a; Coskey and Leonard, 2009). Both 
vertical and horizontal microfractures are evident in cores of 
the lower and upper shale members of the formation (fig. 9). 
Meissner (1978, 1984, 1991a, b) (1) recognized a close asso-
ciation of fractures in the reservoirs with mature oil-generating 
source rocks and abnormally high reservoir fluid pressures, 
and (2) suggested a cause-and-effect relation where hydrocar-
bon generation caused abnormally high fluid pressures that 
resulted in the creation of vertical fractures within the reser-
voirs and some adjacent confining beds.

Lash and Engelder (2005) studied horizontal micro-
fractures in the Devonian Dunkirk Shale of western New 
York State and concluded that (1) they were the result of 
kerogen-to-bitumen and bitumen-to-oil generation, and 
(2) kerogen particle shape and shale or siltstone planar fabric 
are important to the formation of horizontal microfractures. 
In their model, elevated pore pressures are formed in organic-
rich, low-permeability laminated shale by a combination of 
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A B

Figure 9. Photographs of microfractures in cores of the Bakken Formation, Parshall field, Montrail County, N. Dak. A, Horizontal 
microfractures (solid arrows) in lower shale member in the EOG Resources, Long 1-01H well. B, Vertical microfractures(?) in upper 
shale member in the EOG Resources, Inc., Fertile 1-12H well. Scale bars on right of photograph equal 1 in. Photographs courtesy of 
North Dakota Industrial Commission (2009).

processes. These processes, including catagenesis, compaction 
disequilibrium, and hydrocarbon generation, elevated in-
place horizontal stress in excess of vertical stress that favored 
the propagation of horizontal microcracks. Microfractures 
formed by hydrocarbon generation are much different than the 
larger vertical fractures formed by local or regional tectonic 
stress, including wrench faulting, compression and extension 
events, recurrent fault-block movement, and salt dissolution 
and collapse.

Coskey and Leonard (2009) suggested that the high 
original organic carbon content of immature Bakken is, in 
part, kerogen supported. As kerogen matures to levels of oil 
generation, it becomes pliable, loses strength, and develops 
locally elevated pressure cells with the volumetric increase 
associated with the conversion to liquid hydrocarbons. The 
increased pressure induces the formation of microfractures. 
Oil is then expelled from the kerogen through microfractures, 
causing the shale to collapse and the shale bulk density to 
increase with increased thermal maturity through the oil matu-
rity window. Areas that recently entered the oil window are 
microfractured and retain overpressuring conditions, whereas 
areas where the Bakken is immature with respect to oil, the 
system is normally pressured and Bakken rocks are not micro-
fractured and impermeable, and thus act as updip barriers to 
oil migration.

Thermal Maturity, Oil Generation,  
and the Bakken Continuous  
Oil Accumulation

The Bakken Formation is an excellent example of a 
self-sourced, continuous shale-oil accumulation. A primary 
requirement for a continuous shale-oil accumulation is that the 
self-sourced shale reservoir is presently, or was at sometime 
in its burial history, within the thermal oil-generation “win-
dow” (Pollastro and others, 2003). Thus, the oil-generation 
window for the Bakken shale member source rocks, and the 
Bakken continuous oil accumulation, must be defined and then 
mapped as to their areal extent before continuous resource 
plays can be identified or assessed.

The hydrogen index (HI), from Rock-Eval pyrolysis, 
in conjunction with resistivity measured from geophysical 
well logs for both the upper and lower shale members of the 
Bakken Formation, were used as indicators of oil generation 
to aid in determining the extent and geographic area of the 
Bakken continuous oil accumulation in the U.S. portion of the 
Williston Basin, that is, the Bakken oil-generation window. 
The hydrogen index is determined in the routine analysis of 
organic-rich rocks from a combination of measurements and 
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is the amount of hydrocarbon (HC) generated (mg HC from 
Rock-Eval pyrolysis) relative to TOC (g) in the rock: that is, 
HI = (mg HC/g TOC) × 100. Thus, HI commonly decreases 
with increased thermal maturation of the hydrocarbon source 
rock; however, this may not always be the case over the entire 
range of HI for all kerogen types (Lewan and Ruble, 2002).

Shales are commonly characterized by low electrical 
conductivity because major constituents are nonconductive 
clay and pore water. Meissner (1978) determined that log 
resistivities through upper and lower shale members of the 
Bakken at depths generally less than 6,500 ft (1980 m) were 
low (<30 ohm-m), which is common to most shale. Logs from 
wells where the upper and lower shale members were deeper, 
however, commonly had anomalously high (>30 ohm-m to 
immeasurably high) resistivities. Meissner (1978) concluded 
that anomalously high resistivities in the shale members of 
the Bakken Formation represented the onset of hydrocarbon 
generation and consequent replacement of high-conductive 
(saline) formation water with nonconductive oil generated 
from organic matter. He further suggested that the “resistiv-
ity effect” may be interpreted as a measure of hydrocarbon 
generation and expulsion.

Schmoker and Hester (1983) and Hester and Schmoker 
(1985) later produced a series of contour maps, based on 
interpretations from well logs, that included the geographic 
limit, thickness, depth below surface, present-day temperature, 
and average density, resistivity, and neutron porosities of each 
of the Bakken members. In particular, average resistivity of 
the lower and upper shale members tended to be either high 
(>100 ohm-m) or low (<25 ohm-m). High resistivity is in a 
large, nearly continuous area of the central Williston Basin 
and is separated by a narrow transition area of low resistivity 
in both the eastern and northwestern parts (fig. 10). Schmoker 
and Hester (1983) and Hester and Schmoker (1985) (1) con-
cluded that in these impermeable shale members, the transition 
between the two resistivity domains corresponds to a transition 
from thermally mature shale to immature shale that has not 
generated oil and is indicative of a thermal maturity bound-
ary; and (2) suggested that in the central basin, (a) oil expul-
sion from the shale members should be greatest, and (b) the 
water saturation of the middle sandstone member should be at 
a minimum, which is supported by no water being recovered 
during drill-stem tests in that area (Meissner, 1978).

Hydrogen index data from the USGS Organic 
Geochemical Database (2007) for the Bakken shale members, 
most of which was generated from the studies by Leigh C. 
Price (USGS), were plotted and contoured for this study using 
both EarthVision and ArcGIS software. Similarly, well-log 
resistivity data measured in this study was combined with the 
data of Hester and Schmoker (1985) from the upper and lower 
shale members and then plotted and contoured using the same 
software. The resulting contour map of HI for the upper shale 
member is shown in figure 11A. Intervals where HI is high-
est (HI >600) indicate least mature or immature areas of the 
upper shale member source rock. Similarly, intervals where HI 
is lowest (HI <200), indicate where the upper shale member 

is highly mature to overmature. The pattern of darker green 
shaded intervals on the HI map of figure 11A, showing where 
the upper shale member is most thermally mature, indicates 
two well-defined oil-generation “kitchens”: (1) a north- to 
south-trending area through McKenzie and Billings Counties 
in western North Dakota, approximately along the axis of the 
Williston Basin, and (2) an east- to west-trending zone in the 
Poplar dome area of Montana. In addition, a similar contour 
map of HI generated for the lower shale member shows a 
similar maturity pattern (fig. 11B). Maps showing similar pat-
terns of HI for the upper and lower shale members were also 
published by Pollastro and others (2008a), LeFever (2008), 
and Coskey and Leonard (2009). The north–south trending 
pattern of mature Bakken shale members in western North 
Dakota coincides with the North American Central Plains 
(NACP) conductivity anomaly (Jones and Craven, 1990; 
LeFever and others, 1991; Nelson and others, 1993; Osadetz 
and others, 1992, 2002), a feature (fig. 11B) postulated to have 
once been an area of anomalously high heat flow resulting in 
high thermal maturity of Bakken source rocks (Coskey and 
Leonard, 2009).

The onset of oil generation, oil-expulsion windows, and 
calibration of HI to the transformation ratio (TR, the percent 
of hydrocarbons expelled) for the Bakken Formation were fur-
ther determined from one-dimensional (1-D) modeling at five 
wells in the Williston Basin (fig. 11A; table 1). The modeling 
of burial history and thermal maturity was performed using 
PetroMod1D (version 9.0) software of Integrated Exploration 
Systems (2005) GmbH (IES), Germany, and following the 
methods of Roberts and others (2008).

Burial history and timing of petroleum-generation pro-
files for the five modeled wells are shown in figure 12. The 
timing and extent of petroleum generation from the Bakken 
shale member source rocks at the five locations are sum-
marized in figure 13; time of maximum burial in all wells 
was estimated at about 50 Ma (Eocene) and is shown by the 
vertical dashed line in figures 12 and 13. Heat-flow values 
range from 54 mW/m2 near Parshall field, to 95 mW/m2 in the 
Robbins no. 1 well at Poplar field. Timing of the start, peak, 
and end of oil generation (transformation ratios of 0.01, 0.50, 
and 0.99, respectively) for Type II source rocks was calculated 
at a horizon in the middle of the source-rock intervals and 
summarized in figure 13.

The modeling indicates that the easternmost wells, 
wells 4 and 5, are in early stages of oil generation and have 
not reached peak generation. In contrast, oil generation has 
gone to completion in wells 1 and 2, and near completion 
(96 percent) in well 3. Calibration of the HI to the TR indi-
cates that an HI of about 650 approximates the start or onset 
of oil generation, that is, the beginning of the oil-generation 
window for Bakken shale member source rocks (Pollastro and 
others, 2008a). Thus, the HI = 650 contour line in figure 11A 
was used to map the outermost geographic limit of the Bakken 
continuous oil accumulation.
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Oil Expulsion Model and the  
“Expulsion Threshold”

Several studies discussed earlier in this paper suggest a 
relation between horizontal and vertical microfractures in the 
Bakken Formation and hydrocarbon generation (Meissner, 
1978, 1991a; LeFever, 1992, 2007a, b; Carlisle and others, 
1992; Pitman and others, 2001; Pollastro and others, 2008a; 
Coskey and Leonard, 2009). A hydrocarbon expulsion model 
was constructed from the relation between HI and TOC, in 
which a mean TOC of about 17 percent at an HI = 800 is 
decreased to about 12 percent at an HI = 300. The results show 
that the most distinctive change in TOC is within the interval 
range of HI = 650 to 400 (fig. 14). Because the onset of oil 
generation for the Bakken was approximated at an HI = 650, 

the range of HI from 650 to 400, where loss of TOC appears 
greatest, is interpreted as the range for primary oil expulsion. 
Thus, the range in HI from 400 to 650 and corresponding 
contoured intervals of HI will be referred to in this study as 
the “expulsion threshold.”

The area of the oil-generation window for the Bakken 
continuous oil accumulation, and corresponding Bakken 
composite continuous reservoir, was approximated using a 
combination of the resulting contour maps of both the HI and 
log-resistivity well data of the upper shale member. Because 
HI data were limited both in number and in the geographic 
distribution in the western and northwestern parts of the area 
underlain by the member, log resistivity data were used as a 
secondary maturity parameter to supplement and complete 
the geographic outline for the area of the Bakken oil-
generation window.
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Table 1. Identification and locations of wells used for one-dimensional models, Williston Basin, Montana and North Dakota.

[Locations shown on hydrogen index contour map of figure 11A. TD, total depth]

Well 
no.

Operator
Lease 
name

API 
no.

County, State
TD 

(feet)
Field

1 Colorado Oil Co., Inc. Robbins #1 25085053790000 Roosevelt County, Mont. 7,969 Poplar
2 Chevron USA, Inc. Rough Creek Unit #1 33053000260000 Mckenzie County, N. Dak. 12,050 Wildcat
3 Gas Producing Enterprises, Inc. BN #1 33025001120000 Dunn County, N. Dak. 14,460 Corral Creek
4 Conoco, Inc. Conoco-Fridley 15 #1 33025003870000 Dunn County, N. Dak. 13,080 Wildcat
5 Home Petroleum Corp. Tribal #1-1 33055000240000 Montrail, N. Dak. 14,275 Wildcat
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Figure 12. Generalized burial history curves at five well locations in the Williston Basin, Montana and North Dakota. Burial history 
model locations are shown on hydrogen index (HI) map of figure 11A. Well names, designations, and locations given in table 1. Colors 
on burial history curves represent calculated transformation ratios with respect to burial depth, time, and temperature (see color key). 
Bold line represents burial history of Devonian-Mississippian Bakken Formation. Dashed lines indicate maximum burial at about 50 Ma. 
A, Well no. 1 in high-maturity area of Poplar dome. B, Well no. 2 in high-maturity area of basin depocenter. C, Well no. 3 at eastern edge 
of depocenter along Nesson anticline. D, Well no. 4 along southeastern edge of “HI wall.” E, Well no. 5 along “HI wall” in Parshall field 
area. J, Jurassic; K, Cretaceous; Pg, Paleogene; Ng, Neogene; Ma, Mega-annum.
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Figure 13. Summary chart showing timing and extent of oil generation modeled from hydrous pyrolysis Type II kinetics (HP II) of 
Bakken Formation source rocks for five wells in the Williston Basin, Montana and North Dakota. Locations of wells are shown in 
figure 11A and burial history models are shown in figure 12. Well names, designations, and locations given in table 1. No oil was 
cracked to gas in any of the modeled locations. Estimates of heat flow and erosion also indicated. TR, transformation ratio (percent 
of hydrocarbons expelled); Ma, Mega-annum.

The area where log resistivity of the upper shale mem-
ber is >100 ohm-m was assumed to be the area of mature oil 
generation for the member. The lighter green shaded areas 
labeled as “resistivity transition zone” in figure 10, corre-
sponding to resistivity values between 25 and 100 ohm-m, are 
interpreted to represent the conversion of kerogen to bitumen 
in the upper shale member and not oil generation (saturation) 
from bitumen. Thus, the outermost geographic extent of the 
oil window, which represents the onset of oil generation for 
the Bakken continuous oil accumulation, was defined primar-
ily by the HI = 650 contour in figure 11A and (or) where log 
resistivity equals 100 ohm-m for the upper shale member in 
figure 10. Thus, the area where HI for this member is >650 
and resistivity is >100 ohm-m defines the oil-generation win-
dow for the Bakken Formation. The resulting oil-generation 
window for the upper shale member, which also represents 
the approximate geographic extent of the Bakken continuous 

oil accumulation, is shown in figure 15. This implies that 
oil is present within the Bakken composite reservoir every-
where within the boundary of the Bakken continuous 
oil accumulation.

Geologic Model and Continuous  
Assessment Units

The geologic model used to define continuous assessment 
units (AUs) for resource assessment of the Bakken Formation 
is based on the following: (1) levels of thermal maturity and 
generation capacity of the Bakken shale members from the HI 
and TR, (2) structural complexity of the basin, (3) lithofacies 
and petrophysical character of the middle sandstone member, 
and (4) presence of the Sanish sand of the upper part of the 
Three Forks Formation. Five continuous AUs were defined 
for the Bakken continuous oil accumulation (fig. 16). Two 
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AUs—the Eastern Expulsion Threshold AU and the Northwest 
Expulsion Threshold AU—were defined within the “expul-
sion threshold” parameters, where HI contours of the upper 
shale member are between 400 and 650 (fig. 11A). In these 
AUs, upper and lower shale member source rocks have great-
est generation and expulsion capacity, expulsion microfrac-
tures may be present, and dolomite and sandstone porosity 
within the middle sandstone member is well developed. The 
Eastern Expulsion Threshold AU is best represented by the 
Parshall field area, where several high-volume oil wells have 
been drilled. In contrast, the Northwest Expulsion Threshold 
AU (fig. 16) is mostly a hypothetical area for exploration. 
Although it is defined as being within the “expulsion thresh-
old window,” indicating greatest generation and expulsion 
capacity, few proven oil wells have produced from the Bakken 
Formation. In addition, the area of the AU is of high explora-
tion risk compared to its eastern counterpart because of (1) the 
presence of the Brockton-Froid fault zone (figs. 1 and 2), 
which is the primary conduit for the migration of Bakken oils 
generated in this area to Canadian conventional Bakken oil 
fields to the northeast; (2) the scarcity of geochemical data and 
poor and variable patterns of HI contouring over much of the 
AU; and (3) minimal knowledge of the depositional facies and 
petrophysical properties of the middle sandstone member.

The Nesson-Little Knife Structural AU (fig. 16) defines 
an area of primary hydrocarbon exploration and production 
due to major structural enhancement, thick sections of the 

Bakken Formation (depocenter of the formation), and the 
presence of the Sanish sand of the Devonian Three Forks 
Formation—all of which favor economic oil production. 
The western and northern boundaries of the AU were deter-
mined from a structure contour map generated on the top of 
the Bakken Formation that outlines the Nesson and Little 
Knife structures (Pollastro and others, 2008a). The eastern 
boundary was defined by the HI = 400 contour (fig. 11A) that 
also defines the western boundary of the adjacent Eastern 
Expulsion Threshold AU (fig. 16).

The Elm Coulee-Billings Nose AU (fig. 16) also was 
defined and incorporates the area of extensive exploration 
and production from Elm Coulee field, Montana, and the area 
along the northern part of the Billings anticline commonly 
referred to as the Billings nose upper shale member play 
of North Dakota. In this area, thickness and porosity of the 
middle sandstone member at Elm Coulee is anomalously high 
(Walker and others, 2006). The northern boundary of the Elm 
Coulee-Billings Nose AU is marked by the present-day disso-
lution edge of salt of the Devonian Prairie Evaporite (fig. 5) as 
outlined by LeFever and LeFever (2005) and Oglesby (1988), 
and the southern boundary is defined by the 5-ft-isopach 
contour of the Bakken Formation (fig. 16) (LeFever, 2008). 
A Central Basin-Poplar Dome AU (fig. 16) also was defined 
in the central portion of the Bakken continuous accumulation, 
where 1-D models of this study (fig. 13) indicate that there is 
little or no remaining oil-generation capacity of Bakken shale 
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source rocks. Thus, the conditions within the Central Basin-
Poplar Dome AU are where the HI >400 and the TR >0.8. In 
addition, the Central Basin-Poplar Dome AU describes an area 
of the basinal facies of the middle sandstone member of the 
Bakken Formation, which is mostly of poor reservoir quality. 
At this location, the middle sandstone member is mostly fine 
siltstone and shale (LeFever, 2007b).

Oil Migration Model

Although all U.S. Bakken oil production is within the 
Bakken oil window as defined in this study, most historic 
Canadian Bakken production resulted from the northerly 
migration of Bakken-generated oils from thermally mature 
Bakken shale source rock mainly in the U.S. portion of the 
Williston Basin (LeFever and others, 1991) (fig. 17). Petro-
leum geochemistry studies by Osadetz and others (1992), 
Burrus and others (1996), and Kreis and others (2005, 2006) 
showed that oils generated from mature Bakken source rocks 
migrated into structurally trapped, porous conventional 
reservoirs of the middle sandstone member and into carbon-
ate reservoirs of the Mississippian Madison Group in Canada. 
The migration model for Bakken oils from the pod of mature 
source rock (fig. 17) is consistent with the migration model 
of LeFever and others (1991) and the hydrologic flow model 
of Bachu and Hitchon (1996). A hypothetical conventional 
assessment unit, the Middle Sandstone Member AU (fig. 16), 
was defined and assessed outside the area of the oil window 
and included in the USGS assessment. In the geologic model 
for this AU, oil generated from mature Bakken shale source 
rocks is proposed to have migrated into conventional traps of 
the middle sandstone member of the Bakken Formation.

Assessment of Technically 
Recoverable Oil in the  
Bakken Formation

Continuous Assessment Units

USGS assessments of continuous-type accumulations 
are performed using the FORSPAN methodology (Klett and 
Charpentier, 2003) and require the following input parameters 
for each AU:

• Number of cells (interpreted from well history) that 
have tested the AU

• Number of cells that were “successful” (EUR >2 thou-
sand barrels of oil (MBO)

• Mean acreage of AU based on geologic uncertainty 
(estimated from GIS analysis with minimum and 
maximum)

• Estimated cell size (that is, effective drainage area)— 
A distribution reflecting inherent geologic uncertainty

• Percent of the area that is untested—An uncertainty 
distribution

• Percent of the area untested that has potential to add 
reserves—An uncertainty distribution

• Estimated future success ratio—An uncertainty 
distribution

• EUR for untested area—A distribution reflecting 
inherent geologic variability

Critical to the USGS continuous assessment methodology 
is estimating a distribution of the cell size, which corresponds 
to the effective drainage area for an individual well, for the 
area of each AU that has potential for undiscovered resources. 
Both horizontal and vertical well performance is considered 
here because current initial and infill development of Bakken 
continuous resource plays incorporates both types of wells. In 
this study, Elm Coulee field was used as a model (fig. 18), in 
conjunction with the results of Cox and others (2008), to aid in 
developing an effective drainage-size-distribution scenario for 
unexplored areas of the Bakken continuous AUs. The result-
ing cell-size distribution was used as input data for assessment 
of the Bakken continuous AUs, except for the Central Basin-
Poplar Dome AU: minimum = 80 acres; mode = 320 acres; 
maximum = 800 acres; and calculated mean = 400 acres. 
These cell sizes are in close agreement for effective drainage 
areas with both vertical and horizontal Bakken wells calcu-
lated by Cox and others (2008).

Assessment data input for EUR in each continuous AU 
was determined after constructing and evaluating a series 
of EUR distribution graphs from historical well production. 
Wells were grouped in corresponding continuous AUs using 
GIS; a EUR was generated for each well recorded in the IHS 
Energy production file (IHS Energy Group, 2007) through 
April 2007 with a producing formation listed as Bakken or 
Sanish/Bakken. An initial series of EUR distributions was 
generated for each of the AUs using the method of Cook 
(2003) for the following: (1) all wells, (2) verticals wells, 
(3) horizontals wells, and (4) Sanish/Bakken vertical wells 
for the Nesson-Little Knife Structural AU. Where sufficient 
well data were available, a series of EUR distribution graphs 
was also generated as discovery thirds—that is, graphs of 
equal thirds relative to sequential date of completion—to aid 
in evaluating resource development relative to time and the 
state of technology (Cook, 2003). Such graphs are particularly 
useful for evaluating continuous-type resource plays with long 
exploration and production histories and where there have 
been changes in well performance in response to changes in 
both conventional drilling and completion methods, increased 
knowledge of the geology and reservoir characteristics, and 
major advances in well-site technology.



Assessment of Technically Recoverable Oil in the Bakken Formation   23

Bowdoin

dome
Porcupine

dome

Bearpaw
uplift

Central
Montana

uplift

M
iles City

arch

Powder
River
Basin

M
anitoba escarpment

Bighorn M
ountains

Black
Hills
uplift

Si
ou

x u
pl

ift
Tr

an
sc

on
tin

en
ta

l
ar

ch

Canadian
Shield

MANITOBA

SASKATCHEWAN

NORTH
DAKOTA

Limit of
Bakken Formation

SOUTH
DAKOTA

CANADA

U.S.A.

MONTANA

WYOMING

IDAHO

Bow Is
land arch

Sw
ee

tg
ra

ss
 a

rc
h

Mature
Bakken Fm.

Shales

??

Brockton-Froid
fault system

100

100 Miles

200 Kilometers

500

0

N

Williston Basin

Figure 17. Area of thermally mature, oil-generating source rocks of the Bakken Formation and probable 
oil migration pathways in the Williston Basin.

For this report, an example from the Elm Coulee-Billings 
Nose AU, the most explored AU at the time of the USGS 
assessment, will be used to demonstrate the approach to the 
assessment of the Bakken Formation. EUR distribution graphs 
for the Elm Coulee-Billings Nose AU are shown in figures 19 
and 20. Wells with EURs <2 MBO (below defined minimum 
and considered unsuccessful tests) were removed from the 
distribution, but are counted as tested cells. The total num-
ber of tested cells for the Elm Coulee-Billings Nose AU was 
894, with 835 cells each having a total recovery of >2 MBO 
(table 2), thus resulting in a historical success ratio of 0.93. 
The distribution of all producing wells in the AU having EURs 
greater than the minimum (>2 MBO) is shown in figure 19A; 
median EUR is about 145 MBO and maximum EUR is about 
1,975 MBO. When the data are plotted in exploration-discov-
ery thirds, median EUR increases from about 100 MBO in 
wells of the early third, to 270 MBO in wells of the middle 
third, and then decreases to 120 MBO in wells of the late third 
(fig. 19B). This trend of highest median EURs in the middle 
third wells probably reflects the historical exploration trend 

within the AU and initial improvement in well performance 
due to the earliest wells representing vertical wells and early, 
short-lateral, and nonstimulated horizontal wells of the older 
upper shale play in the area along the northern part of the 
Billings anticline referred to as the Billings nose. The middle 
third wells likely represent those in the higher productive Elm 
Coulee field “sweet spot,” where the middle sandstone mem-
ber is thick and porous and where more recent state-of-the-art 
horizontal wells were completed using longer lateral and mul-
tilateral wells that also included multistage-induced fracture 
methods. Finally, the late third likely represents wells outside 
the Elm Coulee high-porosity “sweet spot” and along the outer 
edges of the field, where the middle sandstone is thinner with 
lower porosity, thus less productive.

The difference in well performance, expressed in terms 
of EUR, between vertical and horizontal well completions is 
clearly shown in the EURs distribution graphs of figure 19C 
for the Elm Coulee-Billings Nose AU. Median and maxi-
mum EUR for vertical completions are about 91 MBO and 
474 MBO, respectively, and for horizontal completions are 
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about 170 MBO and 1,975 MBO, respectively. The EUR 
distribution graphs for exploration discovery thirds of hori-
zontal and vertical wells in the Elm Coulee-Billings Nose 
AU are shown in figures 20A and B, respectively. Median 
EUR for early, middle and late discovery thirds for horizontal 
wells is about 130 MBO, 280 MBO, and 120 MBO, respec-
tively (fig. 20A). Similar to the explanation for the trend in all 
wells within the AU (fig. 19), the trend for horizontal wells 
represents the differences in exploration areas and stages of 
horizontal drilling practices within the AU. The early third 
distribution mostly represents the early horizontal wells of 
the Billings nose upper shale member play initiated in the 
late 1980s. The middle third includes mostly horizontal wells 
within the central Elm Coulee field “sweet spot” where the 
middle sandstone member is thickest and has high (as much as 
15 percent) dolomite porosity. The latest third likely represents 
horizontal wells drilled in the less favorable thinner and lower 
(<6 percent) porosity rim area of Elm Coulee field and might 
also represent some infill wells.

The trend established for vertical wells (fig. 20B) is much 
different than that of the horizontal wells (fig. 20A) within the 
Elm Coulee-Billings Nose AU. The median EURs for early, 
middle, and late discovery thirds are 88 MBO, 72 MBO, and 
105 MBO, respectively. For vertical wells, the EUR distribu-
tion is lowest for wells of the middle third and highest for the 
last historical third (fig. 20B). This trend is probably indicative 
of an initial decline in EURs for earlier (first and second third) 
vertical wells of the Billings nose area, North Dakota; higher 
EURs for late third vertical wells probably represent more 
advanced completions and wells drilled at Elm Coulee field, 
Montana, where production was typically higher.

Conventional Middle Sandstone  
Member Assessment Unit

A hypothetical conventional AU, the Middle Sandstone 
Member AU, was defined outside the mapped area of the Bak-
ken oil-generation window and Bakken continuous oil accu-
mulation (fig. 16) and assumes some potential for migration of 
oil from the Bakken source kitchen along structures into struc-
tural traps of the middle sandstone member. Assessment of 
this AU was performed based on sizes and numbers of grown 

discovered fields used by Henry (2000) in an assessment of the 
Bakken Sandstone AU in the Canadian portion of the Williston 
Basin, which is considered to be the geologic analog. A plot 
of the pool discovery year versus known oil-pool size through 
1996 for this Canadian analog is shown in figure 21. Known 
pool size of the Canadian middle sandstone member analog 
ranges from >0.5 to <4 MMBO. A greater geologic risk was 
assigned to the Middle Sandstone Member AU relative to the 
Canadian discoveries because of the lack of major structural 
pathways (that is, fault systems), possible updip seals, and its 
position relative to hydrologic flow and oil migration models 
(fig. 17) as compared to those in Canada.

Assessment Results
The USGS assessed undiscovered oil and associated gas 

resources in the five continuous (unconventional) AUs and one 
conventional AU for the Bakken Formation. A summary of the 
assessment input data for each of the five continuous AUs given 
in table 2. Recovery per cell (median, maximum, and mean), or 
EUR, for each of the continuous AUs is also listed in table 2. 
There is no geologic risk assigned to any of the continuous AUs. 
Results of the 2008 USGS assessment of undiscovered, techni-
cally recoverable resources in the U.S. portion of the Bakken 
Formation (Pollastro and others, 2008b) are shown in table 3.

For continuous oil resources, the USGS estimated a total 
mean resource at 3.65 billion barrels of oil (BB0), which 
combines means of 410 MMBO in the Elm Coulee-Billings 
Nose AU, 485 MMBO in the Central Basin-Poplar Dome 
AU, 909 MMBO in the Nesson-Little Knife Structural AU, 
973 MMBO in the Eastern Expulsion Threshold AU, and 
868 MMBO in the Northwest Expulsion Threshold AU. A 
mean resource of 4 MMBO was estimated for the conven-
tional Middle Sandstone Member AU.

The study predicts that the largest undiscovered oil vol-
ume in the Bakken Formation and highest mean EUR per cell 
for future discoveries are in the Eastern Expulsion Threshold 
AU and Nesson-Little Knife Structural AU (tables 2 and 3). 
Subsequent to the 2008 USGS assessment, these AUs have 
been the most successful areas for exploration and oil produc-
tion from the Bakken Formation in the U.S. portion of the 
Williston Basin (Pollastro and others, 2008a; Nordeng, 2010).

Table 2. Assessment input data and mean recovery per cell for U.S. Geological Survey assessment of continuous assessment units of 
the Bakken Formation, Williston Basin, Montana and North Dakota.

[MMBO, million barrels of oil]

Assessment unit 
(AU) name

Assessment 
unit area 

(mean acres)

Cell size in acres 
(minimum; mode; 
maximum; mean)

Historical 
success 

ratio

Future success 
ratio (minimum; 

mode; 
maximum; 

mean)

Total 
no. cells  

tested

Recovery  
per cell (MMBO)  

(median; 
maximum; 

mean)

Percent of  
untested area as 

potential reserves 
(minimum; mode; 
maximum; mean)

Elm Coulee-Billings Nose AU 1,735,000 80; 320; 800; 400 0.93 0.80; 0.92; 0.95; 0.89 894 0.08; 2.0; 0.14 80; 92; 95; 89
Central Basin-Poplar Dome AU 3,146,000 80; 200; 640; 307 0.42 0.50; 0.80; 0.92; 0.74 33 0.025; 2.0; 0.07 50; 80; 92; 74
Nesson-Little Knife Structural AU 2,321,000 80; 320; 800; 400 0.85 0.75; 0.92; 0.98; 0.88 237 0.09; 4.0; 0.20 75; 92; 98; 88
Eastern Expulsion Threshold AU 1,940,000 80; 320; 800; 400 0.67 0.70; 0.85; 0.96; 0.84 21 0.12; 5.0; 0.25 70; 85; 96; 83.7
Northwest Expulsion Threshold AU 3,512,000 80; 320; 800; 400 0.28 0.30; 0.75; 0.92; 0.66 32 0.65; 4.0; 0.16 30; 75; 92; 65.7
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Figure 21. Known pool size in millions of barrels of oil (MMBO) versus pool discovery year for conventional reservoirs 
in the middle sandstone member of the Bakken Formation, Canada, as of 1996.

Table 3. Summary of mean volumes of oil, gas, and natural gas liquids from the 2008 U.S. Geological Survey assessment of 
undiscovered, technically recoverable resources in the Bakken Formation, Montana and North Dakota.

[MMBO, million barrels of oil. BCFG, billion cubic feet of gas. MMBNGL, million barrels of natural gas liquids. Results shown are fully risked estimates]

Total petroleum systems (TPS)  
and assessment units (AU) 

Field type
Undiscovered, technically recoverable resource

Oil (MMBO) Gas (BCFG) NGL (MMBNGL)
Mean Mean Mean

Bakken-Lodgepole TPS
Continuous oil resources
Elm Coulee-Billings Nose AU Oil 410 208 17
Central Basin-Poplar Dome AU Oil 485 246 20
Nesson-Little Knife Structural AU Oil 909 461 37
Eastern Expulsion Threshold AU Oil 973 493 39
Northwest Expulsion Threshold AU Oil 868 440 35
 Total Continuous Bakken Formation resources 3,645 1,848 148

Conventional oil resources
Middle Sandstone Member AU Oil 4 2 0
 Total Conventional Bakken Formation resources 4 2 0
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Summary
The Bakken Formation is mainly a continuous-type 

oil accumulation of giant proportions in the U.S. portion of 
the Williston Basin, where thermally mature, organic-rich 
shale members of the Bakken generate, expel, and produce 
mostly oil from a fractured and porous composite reser-
voir consisting of shale, sandstone, siltstone, and dolomite. 
Production is greatest where (1) major structures and linea-
ments are abundant; (2) middle sandstone member is thick 
and matrix porosity is high; (3) additional reservoir storage 
is available in adjacent, porous Sanish sand of the Devonian 
Three Forks Formation; and (4) thermally mature shale 
member source rocks are between early and peak oil genera-
tion. This composite, continuous reservoir within the Bakken 
continuous oil accumulation, combined with conventional 
reservoirs in the middle sandstone member and Waulsortian 
mounds in the overlying Mississippian Lodgepole Limestone, 
define the Bakken-Lodgepole TPS. A summary of the 
Bakken-Lodgepole TPS is shown in the petroleum system 
events chart (fig. 22).

The area of the oil generation window for the Bakken 
Formation, which defines the area of the Bakken continu-
ous oil accumulation and reservoir, was determined using 

a combination of contour mapping of both the hydrogen 
index (HI) and log-resistivity well data of the upper shale 
member, calibration of HI to the transformation ratio (TR) 
from 1-D burial models, and calibration of HI to total organic 
content. The Bakken continuous oil accumulation was further 
subdivided into five continuous assessment units using a 
geologic model that generally assumed levels of thermal 
maturity and generation capacity of the Bakken shale mem-
bers from HI and TR, relation of HI and TR to potential 
fracturing and structural complexity of the Williston Basin, 
salt movement and dissolution, and lithofacies distribu-
tion and petrophysical character of the middle sandstone 
member. A sixth hypothetical conventional AU, a Middle 
Sandstone Member AU, was defined external to the area of 
oil generation.

For continuous oil resources, the USGS estimated a 
total mean resource at 3.65 BBO, which combines means of 
410 MMBO in the Elm Coulee-Billings Nose AU, 485 MMBO 
in the Central Basin-Poplar Dome AU, 909 MMBO in the 
Nesson-Little Knife Structural AU, 973 MMBO in the Eastern 
Expulsion Threshold AU, and 868 MMBO in the Northwest 
Expulsion Threshold AU. A mean resource of 4 MMBO was 
estimated for the conventional Middle Sandstone Member AU.
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Figure 22. Petroleum system events chart summarizing the geologic elements of the Bakken-Lodgepole Total Petroleum System.
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