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Introduction 

Oil and gas production from North Dakota has increased dramatically since the successful 

development of the Bakken Formation in Mountrail County (See Fig. 1).  Recent assessments of the 

technically recoverable oil in the Bakken Formation point to a significant undeveloped resource within 

the Williston Basin (Pollastro and others, 2008, Bohrer and others, 2008).  Even though the presence of 

oil in the Bakken has been known since the earliest days of oil production, it has not been generally 

drilled as a primary target.  Advances in horizontal drilling and well stimulation technologies coupled 

with rising prices for oil has dramatically increased drilling in the North Dakota portion of the basin.   

 

Figure 1.  A map of North Dakota in which the extent of the Bakken Formation is shown in white and 

Mountrail County is highlighted in yellow. 

Basin Centered Petroleum Accumulations 

Conventional oil and gas reservoirs are localized accumulations of petroleum that consist of 

porous and permeable reservoir rocks overlain by impermeable cap rocks or seals that are folded, 

faulted or stratigraphically positioned so as to be capable of collecting (trapping) oil and gas.   Oil and 

gas in conventional reservoirs originates in organic-rich source beds.  The petroleum produced by these 

beds migrates, sometimes many miles, laterally and upwardly through water-filled pores before 

entering porous and permeable reservoir rocks within a trap.   

The accumulation of oil and gas into conventional reservoirs is due, in large part, to differences 

in density that exist between oil, gas and water.  Because petroleum is less dense than water, buoyancy 
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drives petroleum upward through water-filled fractures and pores in the overlying rock until it 

encounters an impermeable seal or cap rock that forms a trap in which oil and gas accumulates.  

Reservoir pressures within these accumulations are usually close to the pressure exerted by a water 

column that is equal to the depth of the reservoir.  The change in pressure with increasing depth is 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άƘȅŘǊƻǎǘŀǘƛŎέ ƎǊŀŘƛŜƴǘ ŀƴŘ can be used to estimate the reservoir pressure for most 

conventional fields in the Williston Basin.   

Lƴ ŎƻƴǾŜƴǘƛƻƴŀƭ ǊŜǎŜǊǾƻƛǊǎΣ ǘǊŀǇǇŜŘ ƻƛƭ ŀƴŘ Ǝŀǎ άŦƭƻŀǘǎέ ƻƴ ǳƴŘŜǊƭȅƛƴƎ ǿŀǘŜǊ-saturated rocks 

across fairly sharp oil or gas/water contacts.  Mapping out these oil/water contacts is the traditional 

method by which oil field boundaries are established.  Together with the geometry and total pore 

volume that is present in the reservoir, reasonably good estimates of the total volume of oil in a 

conventional field can be made from these field boundaries.   

The Lodgepole oilfields near Dickinson, North Dakota are excellent examples of conventional 

petroleum reservoirsΦ  /ƘŜƳƛŎŀƭ άŦƛƴƎŜǊǇǊƛƴǘǎέ ƻŦ ǘƘŜ ƻƛƭ ƛƴ ǘƘŜǎŜ ŦƛŜƭŘǎ ƛƴŘicates that the underlying 

Bakken Formation served as the source of the petroleum produced from these mounds.  The fields 

contain permeable rocks that are surrounded by impermeable rocks.  The original pressures within the 

fields were close to hydrostatic and there is a well defined oil-water interface.  These features are typical 

of conventional reservoirs and are the only examples of conventional reservoirs that are producing 

Bakken generated oil (Pers. Comm., Price, 1993).   

Unlike conventional reservoirs, άŎƻƴǘƛƴǳƻǳǎέ ƻǊ άōŀǎƛƴ ŎŜƴǘŜǊŜŘέ ǇŜǘǊƻƭŜǳƳ ŀŎŎǳƳǳƭŀǘƛƻƴǎ do 

not form through buoyancy.  Instead, oil and gas is injected into a reservoir that usually includes the 

source rock and the rocks close to the source.  This frequently results in abnormally high formation 

pressures in the reservoir and the formation of a petroleum accumulation surrounded by water-

saturated rock.  In many respects, the rocks surrounding continuous-type accumulations are much like 

cap rocks or seals found overlying conventional reservoirs.  In both cases, the migration of petroleum by 

buoyancy must be stopped before petroleum can accumulate.  In order to do this some force must be 

present that counteracts buoyancy.  The surface tension that exists between droplets of oil and the 

water that is present in the subsurface is one such force.  Surface tensions exist whenever immiscible 

fluids, such as oil and water, are in contact. 

 

The force associated with the surface tension between water and either oil or gas increases as 

the size of the pore throat that the oil or gas is moving through decreases.  In other words, small pore 
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throats tend to prevent buoyancy in the same way that surface tension prevents a needle from sinking 

in a glass of water.  In general, small pore throats are associated with rocks containing small crystals 

and/or mineral grains such as shale, siltstone and finely crystalline or chalky limestone and dolostone. 

Even though the sealing rock may be porous, surface tension between migrating oil or gas and 

water originally present in the seal prevents oil in the reservoir from moving through the small pore 

throats that make up the seal.  Consequently, finer grained rocks block the migration of oil or gas until 

there is enough pressure on the petroleum to overcome the restraining surface tension and force the oil 

and gas into the pore space of the rock next to the source.  In this way over-ǇǊŜǎǎǳǊŜŘ ƻƛƭ άŎƘŀǊƎŜǎέ ŀ 

reservoir that acts both as reservoir and seal.  The accumulation acts a bit like a balloon in that the 

original water in the pore space surrounding the source rock is pushed outward by the petroleum 

generated in the source rocks, with the surface tension between the petroleum and water acting as the 

skin of the balloon.  One consequence of this is that fluid pressures within these reservoirs are 

substantially higher than would be expected if hydrostatic conditions prevailed.   

After oil generation begins, available pore space in the source and surrounding rock fills with oil 

or gas as petroleum is forced into the space previously occupied by water.  If the rock that the oil is 

being forced into is permeable or heavily fractured the oil may migrate through buoyancy and end up in 

a conventional reservoir.  If however, there is no buoyant route for oil to escape from the source beds 

then this oil must displace water originally present in the rocks above, below or within the source. 

The absence of a true petroleum/water interface in continuous petroleum accumulations makes 

it difficult to define field boundaries or estimate the total volume of oil or gas that may be present.  

Continuous petroleum accumulations typically cover very large areas so that wells drilled into them are 

ŀƭƳƻǎǘ ƴŜǾŜǊ ǘǊǳƭȅ άŘǊȅέΦ  IƻǿŜǾŜǊΣ ōŜŎŀǳǎŜ ǘƘŜ ǇŜǘǊƻƭŜǳƳ-bearing rocks have little permeability, 

economic success frequently depends on the presence of naturally occurring  fractures or the creation 

of new fractures formed by injecting highly pressurized water (hydrofracing) into the reservoir after 

drilling.  In either case, fractures substantially enhance oil flow from these rocks.   

Petroleum within the Bakken is properly considered a continuous petroleum accumulation for 

the following reasons: 

1) The Bakken is a regionally extensive, organic-rich source rock;  

2) The Bakken has a burial history that has resulted in temperatures sufficient to convert organic 

matter into petroleum;  
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3) The overlying and underlying rocks are sufficiently thick, widespread and impermeable so as to 

isolate the accumulation; 

4) There are overlying and/or underlying rocks that are sufficiently permeable and porous to 

accumulate economic quantities of oil or gas. (i.e. Bakken Petroleum System which includes the 

middle member of the Bakken Formation, Three Forks Formation, and the Lodgepole Formation; 

Price and LeFever, 1994); and,  

5) Abnormally high formation pressures indicate that petroleum has been injected into these rocks 

ŀƴŘ ǘƘŀǘ ǘƘŜ άŎƘŀǊƎŜέ Ƙŀǎ ƴƻǘ ŜǎŎŀǇŜŘ ǘƘǊƻǳƎƘ ǇŜǊƳŜŀōƭŜ ȊƻƴŜǎΣ ŦǊŀŎǘǳǊŜǎ ƻǊ ŦŀǳƭǘǎΦ   

 

Petroleum accumulations, such as the Bakken, cover large areas with poorly defined margins.  

9ŎƻƴƻƳƛŎŀƭƭȅ ǇǊƻŘǳŎǘƛǾŜ ŀǊŜŀǎ ƻǊ άǎǿŜŜǘǎǇƻǘǎέ ŀǊŜ ƻŦǘŜƴ ǊŜǎǘǊƛŎǘŜŘ ǘƻ ƭƻŎŀƭƛȊŜŘ ƎŜƻƭƻƎƛŎ ǎŜǘǘƛƴƎǎΦ  ¢ƘŜ 

combination of very large regions containing this type of accumulation coupled with spotty areas of 

marginally higher permeabilities and fractures makes the determination of the size of the economic 

resource difficult.  Nevertheless, virtually every study that has focused on the Bakken Petroleum System 

has concluded that the resource is enormous with total in place volumes of oil that are in the range of 

10s to 100s of billions of barrels.  By conventional standards this resource is not only enormous but the 

reason for its existence is also profoundly different than the mechanisms that govern conventional oil 

and gas accumulations.  

 

History of Bakken Oil Production 

 

Dow (1974) and Williams (1974) recognized the Bakken as a tremendous oil source within the 

Williston Basin. These papers suggest that the Bakken was capable of generating 10 billion barrels of oil 

(BBbls). Webster (1982, 1984) analyzed additional samples and concluded that the Bakken may have 

produced approximately 92 BBbls of oil. Schmoker and Hester (1983) estimated that the Bakken was 

capable of generating a total of 132 BBbls of oil in North Dakota and Montana.   Price (2000, 

unpublished) estimated that the Bakken was probably capable of generating 413 BBbls of oil.  Various 

numerical methods place the total amount of oil generated by the Bakken to be between 32 BBbls and 

300 BBbls of oil respectively (Price and others, 1984; Meissner and Banks, 2000; Flannery and Kraus, 

2006 and Flannery, 2006).  In 2008, the United States Geological Survey  (USGS) used a standardized 

assessment regime that concluded that the Bakken Petroleum System in the entire Williston Basin 

contains an undiscovered 3.65 BBbls of oil, 1.85 trillion cubic feet of natural gas, and 148 million barrels 
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of natural gas liquids that are technically recoverable with current technologies (Pollastro and others, 

2008).  The North Dakota Department of Mineral Resources (Bohrer and others, 2008) estimates that 

there are 2.3 BBbls of oil in place (OIP) within the North Dakota portion of the Williston Basin.   

 

Oil and gas production from the Bakken Formation provides an excellent case study of 

the successful development of a significant natural resource through the application of ever 

more sophisticated drilling and stimulation technologies.  The history of Bakken development 

spans almost 60 years and is witness to several important advances in drilling, completion and 

stimulation techniques.  Each of these advances has significantly increased the productive 

acreage and value of the formation.  Probably the most conspicuous advance came with the 

development of tools that allows precise directional drilling and the modern horizontal well 

bore.  The significance of this is that horizontal well bores open up much larger sections of an 

oil-bearing formation and by virtue of increasing the collection capacity of a single well allows 

for larger volumes of oil to be produced.  This is especially important when attempting to 

produce oil from formations such as the Bakken and Three Forks in which oil naturally seeps 

into the well bore at very slow rates.  However, horizontal s alone are frequently inadequate to 

allow for enough oil to be produced at rates that justify the cost of drilling and completing a 

well, a problem that is often overcome by increasing the natural seepage of oil by inducing 

fractures in the rock.  This is done by pumping a water and sand slurry into the formation at 

pressures high enough to cause the oil-bearing rock to fracture (hydrofracing).  The increased 

flow of oil through the network of fractures can substantially increase oil production.  

Hydrofracing has been used to stimulate well production since the earliest days of Bakken 

production.  However, over time and the introduction of horizontal drilling the size of these 

stimulation efforts has increased dramatically.  The reason for this is that larger hydrofracs 

produce more fractures and result in a substantial increased well productivity.  More recently, 

very large fracture stimulation efforts have been joined by stimulation efforts that include 

multiple stages of hydrofracing.  In the staged hydrofracture method, sections of the horizontal 

well bore are isolated and individually stimulated on a section by section basis.  This allows for 

better control and yields in a more uniform distribution of fractures along the horizontal well 

bore.   
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Figure 2.   Historic distribution of Bakken tests, significant discoveries and technologic advances in the 

Williston Basin. 

 

Antelope Field 

Oil production from the Bakken was first established on the Antelope Anticline in 1953 when Stanolind 

Oil and Gas Corp. drilled and completed the #1 Woodrow Starr (SWSE Sec. 21, T152N, R.94W).  The well 

was drilled to a total depth of 12,460 feet, plugged back and cased to 10,675 feet.  The well was 

perforated between the depths of 10,528 to 10,556 feet and stimulated with 4,900 pounds of sand and 

120 bbls of crude oil.  The well came on line on December 6, 1953 with an initial production (IP) of 536 
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barrels per day of 44o API gravity oil and 770 cubic feet of gas per barrel.  Casing problems in the #1 

Woodrow Starr forced the well to be plugged and abandoned after 55 months of production during 

which 279,254 barrels of oil and 108 barrels of water were produced.   The majority of the wells in 

Antelope Field were drilled during the 1950's and 1960's (Fig. 3).  A total of 44 wells were drilled during 

that time with an average IP of 217 barrels of oil per day with one outstanding well producing 890 barrels per 

day (LeFever, 1991).  

 

 

 

 

 
Figure 3. Bakken/Sanish producing wells drilled between 1953 and 1960 in the Antelope Field, McKenzie 
County.  This map, as well as those to follow, includes an overlay of the regional structures in the 
Williston Basin.  The heavy rectangle on the small map outlines the location of the following maps.  
Mountrail County is shown in yellow and the portions of North Dakota in which the Bakken Formation is 
absent are presented in gray.    
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Figure 4. Structure map of Antelope Field with wells and relative production indicated (modified from 

Murray, 1968).  

The success of wells drilled in the Antelope Field depended upon naturally formed fracture networks in 

the Bakken and Three Forks (Sanish) Formations to supply enough oil to the  to be economic.  Murray 

(1968) found that production from the Bakken/Sanish Pool in the Antelope Field is strongly influenced 

by tectonic fractures.  These fractures probably opened through tensile failure along the most tightly 

flexed portion of the steeply dipping northeastern limb of the Antelope Anticline (Fig. 4).  The presence 

ƻŦ ŦǊŀŎǘǳǊƛƴƎ ŀǇǇŜŀǊǎ ǘƻ ƘŀǾŜ ŀƭƭƻǿŜŘ ŦƻǊ ǘƘŜ ƻǘƘŜǊǿƛǎŜ άǘƛƎƘǘέ ǊŜǎŜǊǾƻƛǊ ǊƻŎƪ ƛƴ ǘƘƛǎ ŦƛŜƭŘ ǘƻ ȅƛŜƭŘ ƻƛƭ ŀƴŘ 

gas at commercial rates.  Original formation pressures in this field were significantly above the typical 

near hydrostatic pressures present in other reservoirs in this field and in the Williston Basin in general.  

Meissner (1978) considered oil maturation and subsequent source rock compaction to be the primary 

cause of the abnormally high pressures generally found in the Bakken.   

 

Oil production from vertical wells in the Antelope Field is restricted to localized geologic conditions that 

resulted in natural fracture systems.  The recognition that structurally related fracture systems are a 

necessary component of a successful Bakken well became the dominant exploration model until the 

mid-1990s.    

 
Early Vertical Bakken Discoveries  

 
Between 1960 and 1975 production outside of the Antelope Field was established in a few wells 

(Fig. 5).  Of particular significance was the discovery of the Bakken/Three Forks Pool in the 

Elkhorn Ranch Field on the eastern flank of the Billings Anticline.  This discovery was made in 1961 

after Shell Oil drilled the Government 41X-5-1 well in Billings County (NENE  Sec. 5, T143N, 

R101W).  The well was drilled to a total depth of 13,018 ft and was plugged back to a depth of 

10,738 ft.  A drill stem test that covered 109 feet of the lower Lodgepole, Bakken and Three 

Forks Formations recovered gas and heavily oil cut mud with shut in pressures of about 6,600 

pounds per square inch (psi).   The well was perforated in the upper Bakken shale between 

10,682 and 10,692 ft depth and in the upper Three Forks between 10,705 and 10,715 ft depth.    

4,000 gallons of acid were used to stimulate the well.  The initial production rate was reported 

to be 136 barrels of 43.4 o API gravity oil with a gas to oil ratio (GOR) of 1230 cubic feet of gas 
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per barrel of oil.  Seven months later the well was hydrofraced with 20,000 gallons of acid and 

9,000 pounds of sand.  Production following stimulation was reported to be 48 bbls/d.  The well 

was abandoned in August of 1964 after producing 57,840 bbls. of oil.   

 

¢ƘŜ ά.ŀƪƪŜƴ CŀƛǊǿŀȅέ 
 

The second phase of Bakken activity occurred in the late 1970's along the depositional limit of the 

Bakken Formation.  Along this trend, only the upper Bakken is present.  Drilling was concentrated where 

the Bakken thinned over structural features.  Enhanced fracturing of the shale was expected in these 

settings based on the idea that fracture density increased as the thickness of the upper Bakken shale 

decreased (Sperr, 1991). 

 

At least 26 fields have been established along this trend that extends from the Estes/Mondak area to 

Little Knife (Fig. 7).   In addition, most of the fields have multiple pays associated with these structures.     

 

¢ƘŜ ά.ŀƪƪŜƴ CŀƛǊǿŀȅέ IƻǊƛȊƻƴǘŀƭ 5ǊƛƭƭƛƴƎ 
 

Drilling methods changed significantly in 1987 after Meridian Oil, Inc. drilled the first horizontal Bakken 

well.  Meridian drilled and completed a vertical well in March 1986 for 217 BOPD. (#21-11 MOI-Elkhorn; 

NWSE Sec. 11, T143N, R102W).  This well established the presence of a fracture trend that was exploited 

with the first horizontal well into the Bakken.   A 2,600 ft. long lateral was drilled from the vertical well 

into an 8-foot-thick section of the upper Bakken shale.   Initial production from the completed lateral 

was 258 BOPD and 299 MCF of gas (LeFever, 1991). Horizontal drilling continued along a northwest-

southeast trending strip of land that is ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ ά.ŀƪƪŜƴ CŀƛǊǿŀȅέ (Fig.7 and Fig. 8).   The 

άCŀƛǊǿŀȅέ is some 200 miles long and 30 miles wide and lies along the updip feather edge of the upper 

shale.   Horizontal drilling along the Bakken Fairway peaked in 1992 before slowing late in the 1990s and 

essentially ending by 2000 (Lefever, 2000).   
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Figure 5. Bakken producers drilled between 1961 and 1975 (green circles) proving that Bakken 

production is possible outside of the Antelope Field. Wells drilled before 1961 are in yellow. 
 



12 
 

 
 

Figure 6.  Vertical Bakken producing wells that were drilled from 1976 to 1985 are shown as green 
circlesΦ  ²Ŝƭƭǎ ŘǊƛƭƭŜŘ ōŜŦƻǊŜ мфтс ŀǊŜ ƛƴ ȅŜƭƭƻǿΦ  aƻǎǘ ƻŦ ǘƘŜ ǇǊƻŘǳŎǘƛƻƴ ǿŀǎ ŦƻǳƴŘ ƛƴ ǘƘŜ ά.ŀƪƪŜƴ 
CŀƛǊǿŀȅ ά near the southwestern limit of the Bakken Formation.  On this map and the ones that follow, 
ǘƘŜ ǇƻǊǘƛƻƴ ƻŦ ǘƘŜ .ŀƪƪŜƴ ǘƘŀǘ ƛǎ ŎƻƴǎƛŘŜǊŜŘ άƳŀǘǳǊŜέ ƻƴ ǘƘŜ ōŀǎƛǎ ƻŦ RockEval® data is shaded in light 
blue (See Nordeng and LeFever, 2009).   
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Figure 7.  aŀǇ ƻŦ ǿŜǎǘŜǊƴ bƻǊǘƘ 5ŀƪƻǘŀ ǎƘƻǿƛƴƎ ǘƘŜ ƭƻŎŀǘƛƻƴ ƻŦ ǘƘŜ ά.ŀƪƪŜƴ CŀƛǊǿŀȅέΦ  Fields in light 

blue contain wells with significant Bakken production.  The fields in black do not contain any significant 

Bakken production (Modified from LeFever, 1991). 
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Figure 8.  Bakken producers drilled between 1986 and 1995 (green circles).  Wells drilled before 
1986 are in yellow.  Many of the wells drilled during this time are horizontal wells.   
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Figure 9.   Bakken producing wells drilled between 1996 and 2005 (green circles). Wells drilled before 

1996 are in yellow).   
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Elm Coulee 

Elm Coulee Field developed after oil was first produced from the middle member of the Bakken 

Formation in 1996.   This production was established in the Kelly/Prospector #2-33 Albin FLB following 

an unsuccessful test of the deeper Birdbear (Nisku) Formation.  Subsequent investigations by Dick 

Findley found significant porosity in the middle member of the Bakken (Brown, 2006).  Porosity maps 

outlined a northwest-southeast trending stratigraphic interval containing an unusually thick dolomitized 

carbonate shoal complex within the middle member of the Bakken Formation.  Horizontal wells through 

the shoal complex in 2000 resulted in the discovery of the giant Elm Coulee Field in eastern Montana.  

As with the previous Bakken producing fields, production at Elm Coulee depends on fracturing but in this 

case the productive fractures are found in the middle member of the formation.   Since its discovery, 

more than 600 horizontal wells have been drilled in the 450-square-mile field from which more than 90 

MBbls of oil have been recovered.  The productive portions of the reservoir contains between 3 and 9 

percent porosity with an average permeability of 0.04 md.  A pressure gradient in the Bakken of 0.53 

psi/ft indicates that the reservoir is overpressured.  Stimulation of the lateral is routine and includes 

various sand-, gel- and water-fracturing methods.  Initial production from these wells ranges between 

200 and 1900 BOPD (Sonnenberg and Pramudito, 2009).   

Parshall Field 

Michael Johnson noted that wireline logs of the Bakken Formation in Mountrail County 

resembled those from Elm Coulee.  Even though the shales in the Bakken appeared incapable of 

generating oil, free oil recovered in DSTs and some minor production lead Johnson to pursue a Bakken 

play in Mountrail County (Durham, 2009).  In 2005, EOG Resources demonstrated with the #1-24H 

Nelson-Farms (SESE Sec. 24, T156N, R92W) that horizontal drilling coupled with large scale hydraulic 

fracture stimulation of the middle Bakken Formation could successfully tap significant oil reserves along 

the eastern side of the Williston Basin in Mountrail County (Fig. 10).  In the following year, EOG 

Resources drilled the #1-36 Parshall and #2-36 Parshall which resulted in wells with initial production 

rates in excess of 500 BOPD.  Subsequent horizontal drilling in the Parshall Field coupled with staged 

fracture stimulation has resulted in several wells with IPs in excess of 1,000 BOPD.   Currently the field is 

producing an average of about a million barrels of oil per month from 119 wells (see Fig. 12).  This 

discovery has focused significant attention on the oil potential of the Bakken Formation in the Williston 

Basin.  The discovery also raises an important question regarding the interpretation of conventional 

measures of organic maturity in exploration.   
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Figure 10 .  Bakken producers drilled since 2005 in green. Wells drilled before 2005 are in yellow. 



18 
 

 

 
 

  

Figure 11.  A map of Bakken producers.  The initial production rates are scaled to the size and color of 

the circle.  The initial production rate shown here is the average daily production rate obtained from no 

fewer than 60 days and no more than 90 days of production.  The Parshall Field is located where the 

cluster of large orange circles (1000+ BOPD) are plotted in eastern Mountrail County. 
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Figure 12.  Monthly oil production from the Parshall Field, Mountrail County, North Dakota.   Data is 

from the North Dakota Industrial Commission (NDIC).   

 

Geologic History of the Bakken Source System in North Dakota 

The Bakken Source System consists of the Three Forks, Bakken and lower Lodgepole Formations.  

These rocks were deposited over roughly 10 million years during the Late Devonian and Early 

Mississippian periods. At this time, North Dakota was situated in the tropics, very near the equator 

along the margin of an ancient sea that covered what would eventually become North America.  During 

this time, what was to become the Williston Basin, was part of a tectonically active trough-like 

depression known as the Elk Point Basin.  The Elk Point Basin more or less followed the trend of this 

ancient seacoast (See Fig. 13).  The interaction of fluctuating sea-levels with differential subsidence 

resulted in variations in seawater circulation and water depth within the Williston Basin that are 

reflected in the various lithologies found in the Three Forks, Bakken and lower Lodgepole Formations.   

 



20 
 

 The Three Forks Formation (Upper Devonian) includes sediments deposited in a broad epeiric 

sea that extended well into the interior of North America along the coast of a Late Devonian landmass 

(Fig. 13).   The formation consists of clean and argillaceous micrite and dolomicrite containing varying 

amounts of silt, sand, and anhydrite. These sediments were deposited during periods of fluctuating sea-

levels within a gradually subsiding sub-basin, which covers Mountrail, Dunn and Eastern McKenzie 

counties (Fig. 14).   

  
 

Figure 13.  Paleogeographic reconstruction of North America during the Late Devonian showing 
the position of North Dakota outlined in black.  The equator in this image runs diagonally from the lower 
left to upper right and passes almost through North Dakota.  The depth of seawater in this illustration is 
suggested by shades of blue in which deep waters are dark blue and shallower waters are shown as 
lighter shades of blue.  The general distribution of land masses and highlands are also shown in shades 
of green and brown  (Blakey, 2005).   
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Figure 14.  Detailed stratigraphic nomenclature for the Bakken Source System (Christopher, 1961; 
LeFever, 2008; Murphy and others, 2009). 
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Figure 15.  Isopach map of the Three Forks Formation in North Dakota.  Mountrail County is outlined by 

the heavy line. 

The Three Forks conformably overlies the Birdbear Formation and is conformably overlain by 

the lower Bakken member in the central portion of the basin.   Along the margins of the basin, the 

formation is unconformably overlain by a progression of younger strata that include the middle and 

upper members of the Bakken Formation and the Lodgepole Formation. 

The lower portion of the Three Forks Formation consists of massive, faintly bedded to 

brecciated rocks containing locally abundant anhydrite in the form of nodules and vug-filling cement. 

These features suggest deposition and/or early diagenesis in an arid, restricted shallow marine or 

sabkha environment in which a combination of evaporation and poor mixing with normal marine waters 

elevated the salinity of the waters from which the lower portion of the Three Forks were deposited. 

Sediments deposited later in Three Forks time do not contain anhydrite suggesting that the 

climate became more humid and/or normal open marine waters once again circulated through the 

Williston Basin.  The upper Three Forks differs from the lower portion in the frequency and detail of 

primary sedimentary structures.  In general, the upper half of the Three Forks (above Unit 3) consists of 
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thin layers of reddish or greenish clay-sized material alternating with thin layers of light tan silt to very 

fine-sand sized material.  Sometimes these layers contain ripple cross-laminations.  Intraformational 

breccias are common and suggest that several episodes of subaerial exposure occurred locally during 

deposition.  Near the end of Three Forks time, sea level dropped enough for the formation to experience 

widespread erosion.  This resulted in an unconformity between the Three Forks and the overlying 

Bakken Formation that can be traced along the margins of the basin.  Closer to the center of the basin, 

erosion is difficult to document because the contact between the Three Forks and Bakken Formations 

appears conformable. 

Deposition of the Bakken Formation began when rising global sea-levels drove shorelines 

landward further isolating the Williston Basin from terrigenous sediment sources.  In addition, the basin 

subsided at a rate that outstripped the rate of infilling by sediment transported into the basin and 

sediment generated by carbonate producing organisms within the basin (Lineback and Davidson, 1982).  

Increasing water depths and continued subsidence of the Williston Basin in North Dakota formed a 

depression centered in western Mountrail County (Fig. 16) in which bottom water circulation from the 

open ocean diminished to the point that an oxygen-stratified water column formed (Webster, 1984; 

Smith and Bustin, 1997; 2000).  Oxygenated surface waters together with equatorial inputs of solar 

energy generated massive amounts of organic matter in the upper part of the water column.  This 

organic matter or some fraction of it filtered down into the oxygen deficient or anoxic bottom waters 

and accumulated as organic-rich sediments that gave rise to the organic-rich shale that make the upper 

and lower members of the Bakken Formation world-class source beds.     

The Bakken Formation consists of an upper and lower organic-rich shale separated by a mixed 

carbonate-clastic middle member.  Occasionally, organic-rich beds are present near the base of the 

LodgepoƭŜ CƻǊƳŀǘƛƻƴ όάCŀƭǎŜ .ŀƪƪŜƴέύ ŀƴŘ within the middle member and the underlying Three Forks 

Formation.  The middle member of the Bakken contains a variety of rock types including heavily 

cemented limestone, and mixtures of siltstone, silt and mud-sized dolostone, and fine-grained 

sandstones.   
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Figure 16.  Isopach of the Bakken Formation illustrating the maximum extent of the formation in 
North Dakota.  The depocenter of the formation is suggested by the thickest accumulation of Bakken 
rocks in the western part of Mountrail County, North Dakota (heavy black outline). 

 

The Bakken Formation records the interaction of basin subsidence and at least two episodes of 

rising sea level. Following deposition of the intertidal Three Forks Formation, rising sea levels and 

tectonic subsidence within the Williston Basin created an oxygen-stratified water column (Webster, 

1984; Smith and Bustin, 1997; 2000).  Large amounts of organic-rich hemipelagic mud accumulated 

throughout the deeper parts of the basin forming the lower Bakken shale.   

The middle member of the Bakken Formation is relatively lean with respect to organic carbon.  

This suggests that the end of lower Bakken shale deposition came as falling sea-levels and the return of 

well oxygenated bottom waters formed a mixed clastic-carbonate assemblage of lithologies.  Textures 

and trace fossils suggest that sea levels within the Williston Basin initially fell during middle Bakken time 

(Smith and Bustin, 1997; 2000).  This resulted in a generally upward shoaling succession of fine-grained 

to mud-sized clastic and carbonate sediments that in the deeper parts of the basin is capped by a clean, 

fine-grained cross-stratified sandstone or grainstone.  This sandstone unitΣ ƻǊ άŎƭŜŀƴ ƎŀƳƳŀ-Ǌŀȅέ ōŜƴŎƘ 



25 
 

(Lithofacies 3) on logs appears to mark a sea level lowstand that preceded the second phase of rising 

sea-levels that completed the deposition of the Bakken Formation (See Appendix II for detailed 

descriptions).     Rising sea levels during the waning stages of middle Bakken deposition produced a 

succession of generally fining upward clastic and carbonate sediments. The apparent return of oxygen 

stratification and possible sediment starvation within the Williston Basin resulted in a second phase of 

organic-rich, hemipelagic mud accumulation that forms the upper Bakken shale.  

The return of oxygenated bottom waters to the Williston Basin marks the end of Bakken 

deposition and the beginning of normal marine carbonate sedimentation that buried the Bakken 

Formation beneath a series of shallow marine platform deposits of the Lodgepole Formation.   

Source Rock Maturation 

 Meissner in a landmark paper published in 1978 analyzed the petroleum potential of the Bakken 

Formation.  He recognized several significant factors related to the accumulation of oil in Bakken and 

adjacent formations.  One of these was the recognition that the resistivity of the Bakken Shale increased 

sharply in those portions of the Bakken that were at temperatures in excess of 160o F ( 71o C).  He 

attributed the change in resistivity to the expulsion of electrically conductive water by electrically 

insulating oil during oil generation.  Meissner assumed that this oil was generated in place and that the 

ƻǊƎŀƴƛŎ άƳŀǘǳǊƛǘȅέ ƻŦ the formation could be gauged by the resistivity of the Bakken shales.  He used 

this resistivity-ōŀǎŜŘ άƳŀǘǳǊƛǘȅέ ǘƻ ƳŀǇ ǘƘŜ ŜȄǇŜŎǘŜŘ distribution of oil within the Bakken.  Meissner 

also recognized that the elevated resistivities seemed to correspond with very high formation pressures.  

He argued that abnormally high pressures are an expected product when oil is generated in rock with 

little permeability.  He also noted that in some Bakken wells the original formation pressures were close 

to the lithostatic pressure exerted on the formation by the weight of the overlying rock.  Citing basic 

mechanical properties, Meissner argued that these pressures could be capable of spontaneously 

generating fractures within the Bakken and adjacent formations.  Meissner proposed a pore scale model 

of oil generation from kerogen that would explain the change in rock resistivity he observed.  One of the 

interesting elements of this model is the expectation that an oil generating shale would lose porosity 

during the conversion of kerogen to oil. 

 

Oil Generation Rates 
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 Producing petroleum from kerogen requires sufficient time and temperatures to accommodate 

the chemical reactions that are involved in this transformation.  These reactions are very complex and 

involve a variety of individual organic compounds and reaction pathways.  Consequently, most attempts 

at predicting oil generation rates make use of very simplified models.   

 The Lopatin (1971) method evaluates source rock maturity through the calculation of the so-

called Time-Temperature Index (TTI).  The TTI is probably the simplest way to incorporate the burial 

history of a basin with temperature and time to evaluate the petroleum generating potential of a basin.  

The method assumes that for every 10o C rise in temperature the rate of oil generation doubles and that 

ǘƘƛǎ άǊŀǘŜέ ŀŎŎǳƳǳƭŀǘŜǎ ǿƛǘƘ ǘƛƳŜ ό²ƻƻŘΣ мфууύΦ  Lƴ ǘƘƛǎ way, source rocks that have experienced 

maturation at lower temperatures over extended time periods could be expected to have the same 

generation potential as a source rock that matures at higher temperatures for shorter periods of time.   

Even though the method, at best, is limited to rough estimates of oil generation potential it does 

provide a means of determining oil generation potential from archived rock type and depth data 

ƻōǘŀƛƴŜŘ ŦǊƻƳ ŘǊƛƭƭƛƴƎΦ  ¢ƘŜ ŦƻƭƭƻǿƛƴƎ ƳŀǇ ƛǎ ŀƴ ǳǇŘŀǘŜ ƻŦ bƻǊŘŜƴƎΩǎ όнллуύ ¢¢L ƳŀǇΦ  ¢ƘŜ updated map 

ƛƴŎƻǊǇƻǊŀǘŜǎ DƻǎƴƻƭŘΩǎ όtŜǊǎΦ /ƻƳƳΦΣ нллфύ ǎǳƎƎŜǎǘƛƻƴ ǘƘŀǘ ǘƘŜ ǇǊŜ-glacial surface temperature in 

North Dakota was on average closer to 15o C rather than the 4oC used in the original map.  The TTI map 

presented here (Fig. 17) suggests that oil generation is possible further to the east than was originally 

proposed and that the central part of the basin (i.e. McKenzie County) is probably super-mature.   The 

updated TTI map shows that rapid oil generation (TTI~ 65) is possible along the western border of 

Mountrail County in relatively close proximity to the Bakken production in Mountrail and Dunn 

Counties. 
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Figure 17.  A TTI map using the Lopatin (1971) method.  The map is constructed with the same data as 
was used in the North Dakota Geological {ǳǊǾŜȅΩǎ DŜƻƭƻƎƛŎŀƭ LƴǾŜǎǘƛƎŀǘƛƻƴ bƻ см ŜȄŎŜǇǘ ǘƘŀǘΣ ŀ мрo C 
surface temperature is used in place of the original 4o C surface temperature. The onset of oil generation 
is usually associated with a TTI of 15, intense oil generation with a TTI of ~65 and the end of oil 
generation with a TTI of > ~165. 

Most analytical solutions to the question of reaction kinetics in source rocks recognize that 

these reactions are sensitive to temperature and time.  Most chemical reaction rates vary with 

temperature according to the Arrhenius equation as follows:  

    K = A e ςE/RT 

Where: 

K = reaction rate (M/T) 
!Ґ άŦǊŜǉǳŜƴŎȅ ŦŀŎǘƻǊέ ǿƘƛŎƘ ƛǎ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ƴǳƳōŜǊ ƻŦ Ŏƻƭƭƛǎƛƻƴǎ ǘƘŀǘ ƻŎŎǳǊ ǇŜǊ ǳƴƛǘ    
time. 
E = Activation energy which is the energy barrier that must be exceeded for a reaction 
to occur 

 R = Gas constant 
 T = Temperature (K) 

 

In the case of a constant reaction temperature, the amount of material that has reacted is given by 

multiplying the instantaneous reaction rate by time.  Geologic systems rarely allow such simplifications, 

so in these systems the instantaneous rate is integrated with respect to the change in temperature 
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caused by subsidence and the time over which subsidence occurred.  Fortunately, Wood (1988) solves 

this integral.     

To illustrate the impact ǘƘŀǘ ǊŜŀŎǘƛƻƴ ƪƛƴŜǘƛŎǎ Ƙŀǎ ƻƴ ƻƛƭ ƎŜƴŜǊŀǘƛƻƴ ƭŜǘΩǎ ŎƻƴǎƛŘŜǊ ŀ ǎƛƳǇƭŜ ƳƻŘŜƭ 

ƛƴ ǿƘƛŎƘ ŀƴ ƛƴƛǘƛŀƭƭȅ Ŧƭŀǘ ƭȅƛƴƎ ǎƻǳǊŎŜ ōŜŘ ƛǎ ŀƭƭƻǿŜŘ ǘƻ άǘƛƭǘέ ǎƻ ǘƘŀǘ ŜŀŎƘ Ǉƻƛƴǘ ƻƴ ǘƘŜ ǎƻǳǊŎŜ ōŜŘ 

subsides at a different rate.  If we also assume that the temperature at 11,000 ft. is 140o C, the surface 

temperature is constant at 4oC and the temperatures between the surface and 11,000 feet varies 

according depth.  Assume that the kerogen is uniform , has an activation energy of 204 kj/mol and a pre-

exponential factor (A) of 1X1027 interactions per million years.  The Arrhenius equation predicts that a 

unit mass of kerogen will decrease along the black sigmoidal line in Figure 18 with  the relative rate of oil 

generation following the lavender line.  This diagram shows that differential subsidence of a 

homogeneous source bed should reach a critical depth/temperature that corresponds with a rapid 

ŘŜŎǊŜŀǎŜ ƛƴ ǎƻǳǊŎŜ ǊƻŎƪ ƪŜǊƻƎŜƴ  ŀƴŘ ǘƘŜ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŀ άǇǳƭǎŜέ ƻŦ ƻƛƭΦ  !ǘ ŘŜǇǘƘǎ ŀōƻǾŜ 

this critical region temperatures are too low to rapidly transform kerogen into oil and at depths below 

this region the amount of reactive kerogen is essentially gone.    

The theoretical concepts presented above are consistent with MeissnerΩs notions concerning oil 

generation within the Bakken Formation.  HoweverΣ ƛǘΩǎ unclear whether the generation of a petroleum 

άǇǳƭǎŜέ ŘǳǊƛƴƎ ōǳǊƛŀƭ ŀƴŘ ǘƘŜ ǊŜǇŜǊŎǳǎǎƛƻƴǎ ƻŦ ǘƘƛǎ ǇǊƻŎŜǎǎ ŀǊŜ Ŧǳƭƭȅ ŀǇǇǊŜŎƛŀǘŜŘΦ  hƴŜ ǎƛƎƴƛŦƛŎŀƴǘ 

implication is that the generation rates suggested in Figure 18 are operating today.  Therefore if this 

model is correct then oil generation within shallower portions of the Bakken must be geologically 

άȅƻǳƴƎέΦ    

To test the idea that oil generation within the Bakken is largely restricted to a critical 

temperature/depth region requires an independent measure of oil generating potential.  The RockEval® 

method is one popular solution to this end.  The RockEval® method is essentially an artificial maturation 

experiment in which pyrolysis provides data sensitive to the kinetics of the organic matter present in the 

sample tested.   
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Figure 18.   A schematic diagram illustrating the decline in the reactive kerogen content (dark line) and 
the relative rate of oil generation (lavender line) for a source bed that is tilted over the course of 360 
million years to a maximum depth of 11,000 ft.  The kerogen in the source rock has an activation energy 
of 204 kJ/mole and a άŦǊŜǉǳŜƴŎȅέ ŦŀŎǘƻǊ ό!ύ ƻŦ м · мл 27 interactions per million years.  The temperature 
at 11,000 feet is assumed to be 140 oC and at the surface 4oC.  Temperatures between these extremes 
are assumed to be linearly proportional to depth.   

 

RockEval® Analysis 

RockEval® analysis involves placing small samples (~0.1g) into an oven containing an inert 

(helium) atmosphere.  The sample is heated through a standardized set of temperatures and heating 

rates during which thermally vaporized hydrocarbons and carbon dioxide are measured.  The mass of 

three components are obtained during a typical RockEval® pyrolysis.  These include the mass of free 

hydrocarbons (S1ύΣ Ƴŀǎǎ ƻŦ ǇƻǘŜƴǘƛŀƭ ƻǊ άŎǊŀŎƪŀōƭŜέ ƘȅŘǊƻŎŀǊōƻƴǎ ό{2) and the mass of organically bound 

oxygen (S3).  Additionally, the temperature (Tmax) that generates the maximum amount of crackable ( S2 ) 

ƘȅŘǊƻŎŀǊōƻƴǎ ǇǊƻǾƛŘŜǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ ƪŜǊƻƎŜƴΩǎ ƭŜǾŜƭ ƻŦ ǘƘŜǊƳŀƭ ƳŀǘǳǊƛǘȅΦ  
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S1 provides direct evidence of past hydrocarbon generation whereas S2 provides a measure of 

the remaining hydrocarbon generation potential of the sample.  Unfortunately, the hydrocarbon mass in 

S1 is frequently in error because samples lose hydrocarbons during transport and storage or are 

contaminated during drilling and handling.    Because of the uncertainty in the values of S1, these data 

are not discussed further here.  The values for S2 and S3 are not as susceptible to these problems, 

primarily because the organic matter involved (kerogen) is stable under near surface conditions and is 

less susceptible to contamination. 

 

 

Figure 19.  Location map showing the wells from which samples of the Bakken Formation have been 
analyzed by the RockEval® method.   The contour lines represent the surface of the Bakken Formation or 
where absent, the Three Forks Formation.  The outlined area is the part of North Dakota that is 
presented as detail maps. 
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RockEval® data has been collected by a number of workers in the Williston Basin.  Many of these 

data are available through the USGS and the North Dakota Geological Survey (NDGS).  In this report, the 

RockEval® data has been filtered to include only the analyses from the upper Bakken shale.  An average 

value is used for each location in which there is more than one analysis available.  The map in Figure 19    

presents the distribution of RockEval® data used herein.  

The S2 and S3 values along with the weight percent of total organic carbon (TOC) are useful tools for 

evaluating the original source of the organic matter that is preserved as kerogen in a source rock.  It is 

common practice to normalize S2 and S3 to the total organic carbon content of the sample through the 

calculation of Hydrogen and Oxygen Indices as follows (HI and OI respectively):  

HI = 100 X S2 (HC in mg/g) / weight % Total Organic Carbon 

OI = 100 X S3 (CO2 in mg/g) / weight % Total Organic Carbon 

The HI value represents the amount of carbon within a sample that is capable of being thermally 

converted into hydrocarbons.  High hydrogen indices are an indication that a source rock has the 

potential to generate hydrocarbons.    The Oxygen Index (OI) is an estimate of the amount of organically 

bound oxygen that is present within a source rock.   A cross-plot of the hydrogen index against the 

oxygen index is frequently used to determine whether a particular kerogen is prone to generating gas 

(Type III), oil and or gas (Type II), or oil (Type I).  In the case of the kerogen within the upper Bakken 

shale the HI vs OI plot suggests that the kerogen is oil prone Type I and/or Type II kerogen (Fig. 20).   

Changes in RockEval® parameters with increasing organic maturity 

 If the original kerogen within the Bakken Formation is assumed to be homogeneous then 

regional variations in the HI should be expected to reflect variations in the rate of oil generation (See Fig. 

21).   The plot of HI versus depth for the data in this report shows that the average HI index of the upper 

.ŀƪƪŜƴ ƛǎ ǊƻǳƎƘƭȅ Ŏƻƴǎǘŀƴǘ ōŜǘǿŜŜƴ рΣлллΩ ŀƴŘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ уΣрллΩ ŘŜǇǘƘ όCƛƎΦ ннύΦ  .ŜȅƻƴŘ урллΩ IL 

decreases significantly with increasing depth.  This is consistent with the idea that oil generation within 

the Bakken consumes the kerogen bound organic carbon that measured is by the HI. 

The depression in the HI in the upper Bakken (see Figs. 22, 23, and 24 ) suggests  that kerogen 

maturity roughly coincides with the regional structural depression that is mapped on the top of the 

Bakken Formation (see Fig. 19). If the change in HI is caused by oil generation then the first derivative of 

the HI surface would locate where and how rapidly, in a relative sense, the Bakken Formation is 
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currently generating oil.  The HI slope (first derivative) map (Figure 25) shows that the largest lateral 

changes in HI roughly rim the deepeǎǘ ǇƻǊǘƛƻƴǎ ƻŦ ǘƘŜ ōŀǎƛƴΦ  hƴ ŜƛǘƘŜǊ ǎƛŘŜ ƻŦ ǘƘƛǎ άǊƛƳέ ǘƘŜ ŎƘŀƴƎŜ ƛƴ IL 

is much less.  Furthermore, the pattern of HI slope and Tmax contours are remarkably similar.  

Superimposition of the Tmax map with the HI slope map shows that the largest changes in HI correspond 

with Tmax values of between 435o and 440o C (Fig. 26).  Tmax values near 435oC are considered significant 

because this is a critical temperature that has been associated with maximum oil generation rates from 

Type I and Type II kerogens.  If this is so then the correspondence of Tmax values near 435oC with the 

highest rates of change (slope) in the HI index would support the idea that there is restricted zone of oil 

generation within the Bakken that rims the basin.  Therefore, ǘƘƛǎ άǊƛƳέ ŀƴŘ ǘƘŜ ƛƴŦŜǊǊŜŘ ȊƻƴŜ ƻŦ ƻƛƭ 

generation would lie between slow rates of oil generation in less thermally mature kerogen from slow 

rates of oil generation in thermally mature though partially exhausted kerogen.   
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Figure 20.  A modified Van Krevelen diagram showing one method of determining kerogen type using 

RockEval® data.  This diagram suggests that kerogen within the Bakken Formation is oil prone Type I or 

Type II.  The labeled lines reflect the change in OI and HI that is followed for different kerogen types 

during maturation.  Maturation drives the OI and HI values towards zero along the lines for each 

kerogen type.    
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CƛƎǳǊŜ  нмΦ  ! Ǉƭƻǘ ƻŦ ǘƘŜ Ƴŀǎǎ ƻŦ άŎǊŀŎƪŀōƭŜέ ƘȅŘǊƻŎŀǊōƻƴǎ ό{2) versus the total organic content (TOC) of 
the sample.  This diagram is partitioned with respect to the oil generation potential based on S2 content 
and TOC content (Dembicki, 2009).  The diagram suggests that the Bakken tends to have either excellent 
source rock potential or poor source rock potential.  This could reflect regional variations in original 
kerogen quality or the variation could be due to an originally excellent kerogen being modified by oil 
ƎŜƴŜǊŀǘƛƻƴ ǎƻ ǘƘŀǘ ƛǘ ƴƻǿ Ǉƭƻǘǎ ƛƴ ǘƘŜ άtƻƻǊέ ŦƛŜƭŘ όaŀǘǳǊŀǘƛƻƴ 9ŦŦŜŎǘύΦ   
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Figure 22.  Hydrogen Index (squares) plotted against depth for 505 wells from which samples of the 
upper Bakken were analyzed using RockEval®.  When the RockEval® data for the entire Williston Basin 
ŀǊŜ ƎǊƻǳǇŜŘ ƛƴǘƻ мΣлллΩ ŘŜǇǘƘ ƛƴǘŜǊǾŀƭǎ ŀƴŘ ŀǾŜǊŀƎŜŘ όŘƛŀƳƻƴŘǎύ ǘƘŜ ŘŜŎǊŜŀǎŜ ƛƴ IL ǿƛth increasing 
depth is readily apparent (heavy black line).   This is the expected behavior of a more or less 
ƘƻƳƻƎŜƴŜƻǳǎ ƪŜǊƻƎŜƴ όғ ϤурллΩύ ǘƘŀǘ ƛǎ ǳƴŘŜǊƎƻƛƴƎ ƻƛƭ ƎŜƴŜǊŀǘƛƻƴ όҔϤурллΩύΦ   
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Figure 23.  A map of the RockEval® determined HI for samples taken from the upper Bakken shale.  
Elevated hydrogen indices are presented as yellow and light green with the lower hydrogen indices 
shown as shades of purple and blue (modified from LeFever, 2008) 
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Figure  24.  The 1st derivative or slope map of the HI in Figure 23.  This map illustrates the lateral change 
in HI in which slow rates of change are presented as shades of blue and purple and rapid rates of change 
in shades of green, yellow and orange. 
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Figure 25.  Map of the Tmax values measured in the upper Bakken shale.  Less mature kerogens are 
indicated by the lower values of Tmax and are presented in shades of dark to light green which represent 
Tmax values that range from 400o C to 435oC.  Mature kerogens are represented by the contours 
presented as shades of orange (435o C to over 450oC) (modified from LeFever, 2008).   
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Figure 26.  A composite map that includes contours (color filled) that show the location of the largest 
change in HI (>0.16) together with contour lines representing the Tmax values for the upper Bakken shale 
that are >435o C.   
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Maturation and Compaction 

hƴŜ ƻŦ ǘƘŜ ŦǳƴŘŀƳŜƴǘŀƭ ŜƭŜƳŜƴǘǎ ƻŦ aŜƛǎǎƴŜǊΩǎ (1978) model involves changes in the texture of 

the Bakken source rocks during maturation.  Figure 27 illustrates the main concepts involved.  The 

source rocks within the Bakken source system contain on average about 11% kerogen.  During 

maturation oil generation expels interstitial water.  Because the rocks above and below the oil 

generating shales have very low permeabilities, high pressure is needed to expel the fluids.  With time 

and oil generation, pore space within and adjacent to the Bakken source rocks become completely 

saturated with highly pressurized oil (Coskey and Leonard, 2009).  At the same time the conversion of 

solid kerogen into moveable liquid petroleum results in compaction of the source beds. 

¢Ƙƛǎ ǇŀǊǘ ƻŦ aŜƛǎǎƴŜǊΩǎ ƳƻŘŜƭ ƛǎ ŎƻƴǎƛǎǘŜƴǘ with porosity measurements obtained from 128 

wells that have digital LAS logs on file with the NDIC.  The wells were segregated on the basis of whether 

or not the wells surface location is greater or less than the 435oC Tmax contour in Figure 28.  Wells within 

ǘƘƛǎ ŎƻƴǘƻǳǊ ƛƴǘŜǊǾŀƭ ŀǊŜ ŎƭŀǎǎŜŘ ŀǎ άƳŀǘǳǊŜέ όƻǊŀƴƎŜ Ŧƛƭƭύ ǿƘŜǊŜŀǎ ǘƘƻǎŜ ǿŜƭƭǎ ƻǳǘǎƛŘŜ ǘƘŜ ŎƭƻǎŜŘ 

ŎƻƴǘƻǳǊ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ άƛƳƳŀǘǳǊŜέόōƭǳŜ ŦƛƭƭύΦ  CǊŜǉǳŜƴŎȅ ŘƛŀƎǊŀƳǎ ŎƻƴǎǘǊǳŎǘŜŘ ŦǊƻƳ ǇƻǊƻǎƛǘȅ ǊŜŀŘƛƴƎǎ 

recorded by neutron and compensated density wireline logs (see Figure 29 and Table 1) indicate that 

within the upper Bakken, immature shales to contain, on average, 9% more porosity than mature shales.   

¢Ƙƛǎ ǊŜǎǳƭǘ ƛǎ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ aŜƛǎǎƴŜǊΩǎ ŎƻƴǘŜƴǘƛƻƴ ƻŦ ŀ ǊŜŘǳŎǘƛƻƴ ƛƴ ǇƻǊƻǎƛǘȅ ŎŀǳǎŜŘ ōȅ ǘƘŜ ŎƻƴǾŜǊǎƛƻn 

of kerogen into oil and gas.  However, it is also possible that part of the porosity reduction may be 

caused by solid volume reductions caused by simple burial, clay mineral diagenesis or changes in log 

readings resulting from other forms of diagenesis.  

 Various lines of evidence substantiate the basic idea that oil production from the Bakken Source 

System is closely related to the kinetics of kerogen conversion (Price and LeFever, 1994).  The kinetics 

are related to the subsidence and thermal history of the basin as well as the amount and specific 

kerogen types that are in the source rocks of the Bakken Formation.   Current data suggests that there is 

an active oil generation zone that roughly rings the basin and that this zone is associated with 

decreasing shale porosities.  The combination of oil generation and the loss of porosity provide the 

impetus to drive fluids from the source shales and into potential reservoirs such as the middle Bakken, 

Three Forks and possibly Lodgepole Formations.    
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Figure 27. Schematic diagram illustrating the mechanism proposed by Meissner  (1978) for maturation 

induced overpressures.   


