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Introduction

Oil and gas production from North Dakotashincreased dramatically since the successful
development of the Bakken Formation in Mountrail Cou(®ee Fig. 1) Recent assessments of the
technically recoverable oil in the Bakken Formation point to a significant undeveloped resource within
the Williston BasinRollastro and other,s2008,Bohrer and others2008). 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 dglland 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 sealareéhfdlded,
faulted or stratigraphically positioned so as to be capable dlecting (trapping) oil and gas.Oil and
gas in conventional reservoirs originates in orgarth source beds The petroleum produced by these
beds migrates, sometimes many ites, laterally and upwardly through watélied pores before
enteringporous 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 betweenilp gas and water. Because petroleum is less dense than water, buoyancy



drives petroleum upward through watdilled fractures and pores in the overlying rock until it
encounters an impermeable seal @ap rock that forms a trap in which oil and gas acalates.
Reservoir pressures within these accumulations are usually close to the pressure exeeedatsr
column that is equal to the depth of the reservoir. The change in pressure with increasing depth is
NEFSNNBR (2 |a GKS ok BNE®ta éstimate heé resBriblr résSusé for noyt R

conventional fields in the Williston Basin.

Ly O2y@Syiarazylt NBASND2ANBS (NI LisuRted®racks | YR 3
across fairly sharp oil or gas/water contacts. Mapping dwisé 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 ail in a

conventional fiedl can be made from these field boundaries.

The Lodgepolmilfields near DickinsonNorth Dakota are excellereaxamplesof conventional
petroleum reservosd I KSYAOIf aFAy3SNLINR vidataséthataieundeflyBg 2 A £ A
Bakken Formatio served as the source of the petroleum produced from these mounds. The fields
contain permeable rocks that are surrounded by impermeabliks The original pressures within the
fields were close to hydrostatic and there is a well definedvailer interface. These features are typical
of conventionalreservoirsand are the only examples of conventional reservoirs that are producing

Bakken generated ofPers. Comm., Pric&993).

Unlike conventional reservoirg, O2 Y U Ay dz2 dzié¢ 2NJ aol AAy OSd6d SNBRE
not form through buoyancy. Instead, oil and gas is injected into a reservoir that usually includes the
source rock ad the rocks close to the sourceThis frequently results in abnormally higbrmation
pressures in the reservoir and the formation of a petroleum accumulation surrounded by -water
saturated rock. In many respecthe rocks surrounding continuottgpe accumulations are much like
cap rocks or seals found overlying conventional resies. 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 tengiat exists between droplets abil 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 thepore 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 associaith 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 pesent in the seal prevents oil in the reservoir from moving through the smadl por
throats that make up the sealConsequently, finer grained rocks block the migration of oil or gas until
there is enough pressure on the petroleum to overcome the resimgisurface tension and force the oil
and gas into the pore space of the rock next to the source. In this wayldieB & 3 dzZNS R 2 A f & OK
reservoir that acts both as reservoir and sedlhe 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 presswighin these reservoirs are

substantiallyhigherthan 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 spagreviously 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 frorsotiree 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 estimathe 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
FfyY2aid ySOSNI GNUzZ & & RNE ¢ @ -bearing b&Di@neDlittleopSrddabiidyS (1 K S
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 substantialbhance oil flow from these rocks.

Petroleumwithin the Bakken is properly considered a continuous petroleum accumulation for

the following reasons:

1) The Bakken is a regionally extensive, orgaickt source rock
2) The Bakken has a burial history that lmasulted in temperatures sufficient to convert organic

matter into petroleum



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 arefisigntly permeable and porous to
accumulate economic quantities of oil or gas. 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) Abnamally high formation pressures indicate that petroleum has been injected into these rocks
FYR GKFIG GKS aOKFNHSé KlFra y2i Sal0lF LISR (§KNRdIAK

Petroleum accumulations, such as the Bakken, cover large areas with pooigd@hargins.
902y 2YAOlIfte LINBPBRdAzOGADBS NBF&A 2N aagSSiallRiaas | NE
combination of very large regions containing this type of accumulation coupled with spotty areas of
marginally higher permeabilities arfdactures 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 &éine 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
(BBbI3. Webster (1982, 1984) analyzed additional samples and concluded that the Bakken may have
produced approximatel®2 BBbls of oil. Schmoker and Hester (1983) estimated that the Bakken was
capable of generating a total of 132 BBbIs of oil in North Dakoth Montana. Price 200Q
unpublished) estimated that the Bakken was probably capable of generating 413 BBbls\¢dr@lis
numerical methodglace thetotal amount of oil generated by the Bakken to between 32 BBbls and
300 BBbls of oil respective(fPrice and dters, 1984; Meissner and Bani00; Flannery and Kraus
2006 and Flanneny2006). In 2008the United States Geological SurvéySGSused a standardized
assessment regime that concluded that the Bakken Petroleum System in the entitowiliasin

contains an undiscovered 3.65 BBbls of oil, 1.85 trillion cubic feet of naturadrghd48 million barrels
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of natural gas liquids that are technically recoverable with current technologies (Polésirothers
2008). The North Dakota Deparént of MineralResourcesBohrer and others2008) estimateghat
there are 2.3Bblf oil in place (OIP) withithe North Dakota portion of the Williston Basin.

Oil and gas production from the Bakken Formation proviaegxcellent 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 advancedlimgddompletion and
stimulation techniques. Each of these advances has significantly increased the productive
acreage and value of théormation. Probably the most conspicuous advance came with the
development of tools that allows precise directionailllhg and the modern horizontal well
bore. The significance of this is that horizontal well bores opemuph larger sections of an
oil-bearing formation and by virtue of increasing the collection capacity of a single well allows
for larger volumes obil 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 t
allow for enough oil to be produced at rates that justify the costiofiing 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 samdy into the formation at
pressues high enough to cause the-biéaring rock to fractur€hydrofracing). The increased
flow of oil through the network of fractures can substanfialincrease oil production.
Hydrofracinghas been usedo stimulate wdl production since the earliest days of Bakken
production. However, over time anithe introduction of horizontal drilling the size of these
stimulation efforts has increased dramaticallyThe reason for this is that larger hydrofracs
producemore fractuesand result in asubstantial increastwell productivity. More recently,
very large fracture stimulation efforts have been joined by stimulation efforts that include
multiple stages of hydrofracing. In the stagegtrofracturemethod, sections of théorizontal
well bore are isolated and individuakyimulatedon a section by section basis. Thikws for
better control and yieldsin a more uniform distribution of fractures along the horizontal well

bore.
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Figure2. Historic distribution oBakken tests, significant discoveries and technologic advances in the
Williston Basin.

Antelope Field

Oil production from the Bakken was first established oa Bntelope Anticlinen 1953when Stanolind

Oil and Gas Corp. drilled and completed the #1 WowadStarr (SWSE Sec. 21, T15RMN4W). The well
was drilled to atotal depth of 12,460 det, plugged back and cased to 10,675 feet. The well was
perforated between the depths of 10,528 to 10,556 feeid stimulated with4,900 pounds of sand and

120 bbls of crude ail The well came on line on December 6, 1953 with an initial produ@if®)rof536



barrels per day of 44API gravity oil and 770 cubic feet of gas parrél. Casing problems in th&l
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 watare produced. The majority of the wells in
Antelope Field were drilled during the 1950's and 196Big.3). A total of 44 wellsvere drilled during

that time with an average IP &17 barrels obil per day with one outstanding wedtoducing890 barrelgper
day(LeFever, 1991).
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Figure 3. Bakken/Sanish producing wells drilled between 1953 and 1966 Antelope Field, McKenz
County. This map, as well as those to follow, includes an overlay of the regional structures
Williston Basin. The heavy rectangle on the small map outlines the location of the following
Mountrail County is shan in yellow and the portions of North Dakota in which the Bakken Formati
absent are presented in gray



R94 W

ANTELOPE SANISH POOL
McKENZIE CO., NORTH DAKOTA

T
LA\
%

N

\
K-ooez-

N

31

WELL SYMBOLS

® Good Sanish Well
® Mediocre Sanish Well
® Poor Sanish Well

Very Poor Sanish Well
¢ Sanishdry on D.S.T

36

31

NZGl L

N€EGL 1



Figure 4. Structure map of Antelope Field with wells and relative production indicated (modified from
Murray, 1968).

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

the Bakken and Three Forks (Sanifloymations to supply enough oil to the to be economic. Murray

(1968) found that production from the Bakken/SanRbolin the Antelope Feld 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 Anteldp#icline(Fig.4). The presence

2F FNI OlGdzNAY3I | LIISIENBE (G2 KIFIGS Fff26SR F2NJ 6KS 20K
gas at commercial rates. Original formation pressures in this field were significantly aboypitize

near hydrostaticpressues present in other reservoirs in this field aimdthe Williston Basiiin 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 th&ntelope Field is restricted tlocalizedgeologic conditions that
resulted innatural fracture systems. The recognition that structurally related fracture systems are a
necessarycomponent of a successful Bakkell became the dominanéxploration 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 discovetigeoBakken/Three Forks Pool in the

Elkhorn Ranch Fietsh the eastern flank of the Billings Anticlind his discovery was made in 1961
after Shell Oil drilled the Government 45XL well in Billings County (NENE Sec. 5, T143N,
R101W). The well was lieid 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 initialyrtion rate was reported

to be 136 barrels of 43.4API gravity oil with a gas to oil ratio (GOR) of 1230 cubic feet of gas



per barrel of oil. Seven months later the well was hydrofraced with 20,000 gallons of acid and
9,000 pounds of sand. Producti@mllowing stimulation was reported to be 48 bbls/d. The well

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

¢CKS . F11SY CIFIANBI &¢

The second phase of Bakken activitycurredin the late 1970'salong the depositional limit of the
Bakken Formation. Along this trend, only the upper Bakken is pre&wiiling was concentrated where
the Bakken thinned over structural feature€nhanced fracturing of the shale was expected in these
settings based on the idethat fracture density iosreased as the thickness of the uppgakken shale

decreasedSperr, 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.

¢KS a.F11S8Sy CILANBLIe&é | 2NART 2y i1t S5NRffAY3

Drilling methodschangedsignificantly in 1987 after Meridian Oil, Inc. drilled fimst horizontal Bakken

well. Meridian dilled and completed a vertical well in March 1986 for 217 BOPD:1#210-Elkhorn

NWSE Sec. 11, T143N, R102Whis well established the presence of a fracture trend that was exploited

with the first horizontal well into the BakkenA 2,60 ft. long lateral was drilled fronthe vertical well

into an 8-foot-thick section of the upper Bakken shaldnitial production from the completed lateral

was 258 BOPD and 299 MCF of dgaf-¢ver 199). Horizontal drilling continuedlong a northwest

southeast trending strip of landhat isSNE ¥ SNNBR (2 | & ({AgS and Fig. Bl B¢ CI A NE
a ClI A Nedsom 200 miles long and 30 miles wide anddlesg the updip feather edge of the upper

shale Horizontal drilling along the Bakken Faignaeaked in 199Before slowing late in the 1990s and

essentially endingpy 2000(Lefever, 2000)
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Figure 6.Vertical Bakken producing wells that were drilled from 1976 to J@@&shown agreen
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blue (See Nordeng and LeFever, 2009).
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Elm Coulee

Elm CouleeField developed after oil was first produced from the middle member of the Bakken
Formation in 1996. This production wastablished in the Kelly/Prospector 83 Albin FLB following

an unsuccessful test of the deep®&irdbear (Nisku) Formation. Subsequemvestigations by Dick
Findley found significant porosity in the middle memioérthe Bakken (Brown, 2006)Porosity maps
outlined anorthwestsoutheast trenihg stratigraphic interval containing an unusually thick dolomitized
carbonate shoal complex withithe middlemember of the Bakken Formation. Horizontal wells through
the shoal complex in 2000 resulted in the discovery of the giant EIm Coulee Field in eastern Montana.
As with the previous Bakken producing fields, production at EIm Coulee depefid&tming 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 #&)-squaremile field from which more tha®0
MBblsof oil have been recoved. The productive portions of the reservoir contains between 3 and 9
percent porosity with an average permeability of 010dl. A pressure gradien the Bakkerof 0.53

psi/ft indicates that the reservoir is overpressdr Stimulation of the laterakiroutineand includes
various sand gel and waterfracturing methods. Initial production from these wells ranges between
200 and1900 BOPSonnenberg and Pramudito, 2009).

Parshall Field

Michael Johnson noted that wireline logs of the Bakken Foromatin Mountrail County
resembled those from EIm Coulee. Even though shales in theBakken appearedncapable of
generating oilfree oil recoveredn DSTs and some minor production lead Johnson to pursue a Bakken
play in Mountrail County (Durham, 2009)in 2005, EOG Resouradsmonstrated withthe #1-24H
NelsonFarms (SESE Sec. 2456N, R92V) that horizontal drilling coupled with larggcalehydraulic
fracture stimulation of the middle Bakken Formation could successfully tagisamt oil reservesilong
the eastern side of the Williston Basin in Mountrail Counifig. 10) In the following year, EOG
Resources drilled th&1-36 Parshall and#2-36 Parshall which resulted in wells with initial production
rates in excess of 50BOPD Subsequent horizgal drilling in the Parshaklieldcoupled with staged
fracture stimulation has resulted in several wells with IPs in exces@dBOPD Currently the field is
producing an average of about a million barrels @fper month from 119 wells (seEig 12). This
discovery has focused significant attention on the oil potential of the Bakken Formatibe Williston
Basin The discovery also raises an important question regarding the interpretation of conventional

measures of organic maturity in expéion.

16
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Figurel2. Monthly oil production from the Parshall Field, Mountrail County, North DakDtatais
from the North Dakota Industrial Commissi@¥DIC)

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 itrdpecs, 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 Willist@asinwas part of a tectonically active trougdike
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 fluctusgéiatpvek 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.
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The Three Forks Formation (Upper Devonian) includgiseats depositedn a broad epeiric
seathat 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 8t, sand, and anhydrite. These sediments were deposited during periods of fluctuating sea
levels within a gradually subsiding shbésin whichcovers Mountrail, Dunn and Eastern McKenzie

counties (Fig. 14).

Figure 13.Paleogeographic reconstructiai 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 thistitusisa
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 bown Blakey,2005).
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Figue 14. Detailed stratigraphincomenclaturefor the Bakken Source Systd@hristopher, 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 meagjithebasin,the
formationis unconformably overlain by a progression of youngeatst 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 anhydritehe form ofnodules and vgHilling cement.
These features suggest deposition and/or early diagenesis in an arid, restricted shallow marine or
sabkhaenvironment in which a combination of evaporation and poor mixing with normal marine waters

elevated the salinity oftte waters from which the lower portion of the Three Fonere deposited.

Sediments deposited later in Three Forks time do not contain anhydrite sugg#eit the
climate became more humiand/or normalopenmarine waters once again circulated throutie
Williston Basin The upper Three Forkiffers from the lower portion in the frequency and detail of

primary sedimentary structuredn general, theupper half of theThree Forkgabove Unit 3tonsists of
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thin layers of reddish or greenish claizedmaterial alternating with thin layers of light tan silt to very
fine-sand sized material. Sometimes these layers containerig@sslaminations. rtraformational

breccias are common and suggest that several episodeshaferialexposure occurred lodglduring
deposition Near the end of Three Forks tinsea levebropped enough for thédormationto experience
widespread erosion. This resulted in an unconformity between the Three Forks and the overlying
Bakken Formation that can be traced along thargins 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 glseallevels drove &orelines
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 prodngiorganisms within the bas{hinebak 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 circulationtfieom
open ocean diminished to the point that an oxyeg&matified water column formed (Webster, 1984;
Smith and Bustin, 199 2000). Oxygenatedurface waters together with equatorial inputs of solar
energy generated massive amounts of organic matter im tipper 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 organiich sediments that gavase to the organigich shalethat make the upper

and lower nembers of the Bakken Formation worldass source beds.

The Bakken Formation consists of an upper and lower orgaificshale separated by raixed
carbonateclasticmiddle member. Occasionallyrganicrich beds are presenhear the base of the
Lodgepd S C2NXI GA2Yy ¢ awihinfthéd Siddle Imembéryariddhe bngeRying Three Forks
Formation. Th middle member of the Bakken contains a variety of rock types including heavily
cemented limestone, and mixtures of siltstone, silt and rsimd dolostone, and fingyrained

sandstones.
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Bakken Absent

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 vestern 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 Forksrmation, risingsea évek and
tectonic subsidence within the Williston Basireated an oxygerstratified water column (Webster,
1984; Smith and Bustin, 1892000Q. Large amounts abrganicrich hemipelagic mudaccumulated

throughout the deeper parts of thbasin forming tle 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 skigjgosition cameas fallingsealevek and the return of
well oxygenated bottom waters fared a mixed clasticarbonate assemblage of lithologies. Textures
and trace fossils suggest thega leved within the Williston Basin initially fell during middle Bakken time
(Smith andBustin, 1997; 2000)This resulted in a generally upvd shoaling sccession of fingrained
to mud-sized clastic and carbonate sediments that in the deeper parts of the basin is capped by a clean,

fine-grained crosstratified sandstone or grainstoneéThissandstoneunitz 2 NJ & Of-Il &/¢ 36 FYWOK
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(Lithofacies 3pn logs appears to mark sea levelowstand that preceded the second phase of rising
sealevelk that completed the deposition of the Bakken Formati(®ee AppendiXl for detailed
descriptions) Risingea leved during the waning stages of middle Bakkepaksition producech
succession of generally finingpward clastic and carbonate sediments. The apparent return of oxygen
stratification and possible sediment starvation within the Williston Basin resulted in a second phase of

organicrich, hemipelagic mudccumulation 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 sedimentatltat buried the Bakken

Formation beneath a series of shallow marine platform depaditee Lodgepole Formation.
Source Rock Maturation

Meissner in a landmark paper published in 1978 analyzed the petroleum potential of the Bakken
Formation. He recognized sveralsignificantfactors related to the accumulation of oil in Bakken and
adjacent formations.One of these wathe recognition that theaesistivity of the Bakken Shale increased
sharply in those portions of the Bakken that were at temperatures in exoésd60 F ( 72 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
2NBI yAO a thé fordeMidnicéuld be2g@iuged by the resistivity of the Bakken shales. He used
this resistivityd 8 SR a YI (0 dzNR& G & ¢ dist@butidhlofLdil Wiithirs the Bakka®.O Messner
also recognized that the elevated resistivities seemed to corresportduweity high formation pressures.

He argued thatibnormallyhigh pressures are an expected product when oil is generated in rock with
little permeability. He also notkthat in some Bakken wells ¢horiginal formation pressuresere close

to the lithostaic pressure exerted on the formation by the weight of the overlying roCitingbasic
mechanical properties, Meissner argued that these pressures could be capable of spontaneously
generating fractures within @ Bakkerand adjacent formations. Meissn@roposed 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 conversin of kerogen to oil.

Oil Generation Rtes
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Producing petroleum from kerogen requires sufficient time and temperaturexctmmmodate
the chemical reactions that are involved in this transformatidrhese reactionare very complex and
involve a varietyf 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 TimeTemperature 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 getieg potential of a basin.
The method assumes that for every’XDrise in temperature the rate of oil generation doubles and that
GKAA QNI GSé¢ | OOdzydzt I GSa avayi sourcéracksShatthave axRelienaedpy y 0 @
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, abest, 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
200FAYSR FNRBY RNAffAy3IO ¢CKS F2ff20AydpdaetimapAi a vy
AYyO2NLIR2 NI GSa D2zayz2ft RQa ot SNE d-gldcigl ffdcE ternperatup)in & dz33 S
North Dakota was on average closer td Toratherthan the 4C used in the original map. The TTI map
presented here (Fig. 17) suggests thatgaheration is possible further to the east than was originally
proposed and that the central part of the basin (i.e. McKenzie County) is probablyreapge. The
updated TTImap shows thatrapid oil generation (TTI~ 6% possiblealong the western brder 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 GeologifatizZNI3S e Q&4 DS2f 23A0Ft Ly @SLiA Il (A:
surface temperature is used in place of the origifaC 4urface temperaturéhe onset of oil generation

is usually associated with a TTI of 15, intense oil generation with a TTI of ~65 arddtlred 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 accordingo the Arrhenius equation as follows:

K - %CERT
Where:

K = reaction rate (M/T)

I'T GFNBIljdzSyOe FIFOG2NE 6KAOK Aa NBfFGSR G2

time.

E = Activation energy which is the energy barrier that must be excdededreaction

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 syglifisations,

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

this integral.

To illustrate the impacti K & NBF OliAz2zy (1AySGAdOa KlFLa 2y 2Af 3S
AY 6KAOK Ly AyAGAIFfte FEl G teAy3a az2dNOS oSSR Aa |
subsides at a different rate. If we also assume that the temperature at 11080140 C, the surface
temperature is constant at °€ 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 11" interactions per million years. The Arrhenius equation predicts that a
unit mass of kerogen will decrease along the black sigmoidal line in Bigui¢h the relative rate of oil
generation following the lavender line. This diagram shows that rdifteal subsidence of a
homogeneous source bed should reach a critical depth/temperature that corresponds with a rapid
RSONBIaS Ay &a2dz2NOS NROl (SNe3ISy FYyR GKS aaydzZ Gl y
this critical region temperatui 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 Mei€snetions concerning oil
generation within the Bakken Formation. HoweXer &ndl€agwhether the generation of a petroleum
G LIz 3S¢ RdzZNAYy3I o6dzNAFf YR GKS NBLSNDdzmarzya 27F |
implication is that the gener&n 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
aez2dzy3a¢ o

To test the idea that oil generation within the Bakken is largely resttidco a critical
temperature/depth region requires an independent measure of oil generating potential. The RockEval®
method is one popular solution to this end. TReckEv&® method is essentially an artificial maturation
experiment in which pyrolysispvides 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 kecog&mt (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/moleand @ F NB |j dzSy Oé ¢ T ¥ idératidhs@ér millich Yearst The temperature

at 11,000 feet is assumed to be 14D and at the surface’@. Temperatures between these extremes

are assumed to be linearly proportional to depth.

Rocleval® Analysi

RockEv&® 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 carboridie are measured. The mass of
three components are obtained during a typical RockEval® pyrolysis. These include the mass of free
hydrocarbons ( = Y|l daa 2F LR OGSy GAl f LpaNdtdedbss @ pryadidaly bourikié R NB O
oxygen (§. Additonally, the temperature (. that generates the maximum amount of crackable)( S
KeRNROFNBb2ya LINPOARSAE Iy AYLERNIIFIYyG YSFEadNB 2F GKS
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S provides direct evidence of past hydrocarbon generation whergge&ides a reasure of
the remaining hydrocarbon generation potential of the sample. Unfortunately, the hydrocarbon mass in
S is frequently in error because samples lose hydrocarbons during transport and storage or are
contaminated during drilling and handling. dase of the uncertainty in the values of these data
are not discussed further here. The values forakd S are not as susceptible to these problems,
primarily because the organic matter involved (kerogen) is stable under near surface conditioiss and

less susceptible to contamination.

Figure 19. Location map showing the wells from which samples of the Bakken Formation have been
analyzed by th&kockEv&® method. The contour lines represent the surface of the Bakken Formation or
where absent, hle 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 NortkoBaGeological 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 magit3igur

presents the distribution of RockEval® data used herein.

The % and 3 values alongwith the weight percent of total organic carbon (TOC) are useful tools for
evaluating the original source of the organic matter that is preserved as kerogerour@sock. It is
common practice to normalize, &nd 3 to the total organic carbon content of the sample through the

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

HI = 100 X S2 (HC in mg/g) / weight % Total OrgarboiCar
Ol =100 X S3 (¢gidmg/g) / weight % Total Organic Carbon

The HI value representie amount of carbon within a sample that is capable of being thermally
converted intohydrocarbons High hydrogen indices are an indication that a source rock has the
potential to generate hydrocarbons. The Oxygen Index (Ol) is an estimate of the amount of organically
bound oxygen that is present within a source rock. A eptssof the hydrogenindex against the
oxygen index is frequently used to determine whether a particular kerogen is prone to generating gas
(Type ), oil and or gas (Type)lbor oil (Type ). In the case of the kerogen within the upper Bakken
shale the HI vs Ol plot sugt¢ethat the kerogen isil prone Type | and/or Type Il kerogen (Fig. 20).

Changes irRockEva parameters with increasing organic maturity

If the original kerogen within the Bakken Formation is assumed to be homogeneous then
regional variations in thellshould 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 repbawsthat the average HI index of the upper
. F11SY A& NRdAAKt & O2yadl yd onSl ¢RESWI Kp ZonGianTXD | HyHRO 4 LIL
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 HY the

The depression in thellin the upper Bakken (se€igs. 22, 23, and 24suggests 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 thest deeivativeof

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 (fidgrivativg map (Figure5) shows that the largest lateral

changes in Hl roughly rimthe deépéi L2 NIIA2ya 2F GKS o0l aAyo hy SAQGK:
is much less. Furthermore, the pattern of HI slope anpg €ontours are remarkably similar.
Superimposition of the J,xmap with the HI slope map shows that the largest changéd icorrespond

with Tyax Values of between 43%and 446 C (Fig26). T.axVvaluesnear 435C are considered significant

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

Type | and Type Il kerogens.this is so then the correspondence qf.Ivalues near 43% 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. ThereféiteK A & A NAYEé | YR GKS AyT¥.
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 Kmeden diagram showing one method of determining kerogen type using
RockEval® data. This diagram suggests that kerogen within the Bakken Formation is oil prone Type | or
Type Il. The labeled lines reflect the change in Ol and HI that is followed foemntitterogen types

during maturation. Maturation drives the Ol and HI values towards zero along the lines for each
kerogen type.
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the sample. This diagram is partitioned with respect to the oil generation potential based oarfent

and TOC content (Dembic009. The diagram suggests that the Bakken tends to have either excellent

source rock potential or poor source rock potential. Tdosld reflect regional variations in original

kerogen quality or the variation could be due to an originally excellent kerogen being modified by oil
ASYSNYI GA2Y a2 GKIG AG y2¢ LIX20a Ay GKS at22NE FAS
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Figure 22. Hydrogen Indegqgiares) plotted against depth for 505 wells from which samples of the
upper Bakken were analyzed using RockEval®. WhdRaticEv&@ data for the entire Williston Basin
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Figure 23. A map of the RockEval® determined HI for samplas fiake the upper Bakken shale.
Elevated hydrogen indices are presented as yellow and light green with the lower hydrogen indices
shown as shades of purple abtlie (nodified from LeFever, 2008

36



Figure 24.The T derivativeor slopemap of the HI irFigure 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

37



Figure 25.Map of the T.axvalues measured in the upper Bakken shale. Less mature kerogens are
indicated by the lower values of,Jxand are presented in shades of dark to light green which represent
TmaxValues that range from 40C to 435C. Mature kerogens are representedthg contours

presented as shades of orange (485to over 45fC) (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 linepresenting the J.«values for the upper Bakken shale
that are>435’C.
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Maturation and Compaction

hyS 2F (KS TFdzy Rl YSy ((0u78) Bdd8 vSlyed éhanges in theStxtura 9f S N &
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 gaeration 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 sowae hhecome 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.

CKAA LI NI 2F aSAaaywsNIrésity YneaRueinents dbtaifed! yranh 2281 S y
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’@3R.,contour in Figure 28. Wells thin
GKA&E O2yd2dz2NJ AYGSNBIE |INB OflFaaSR Fa avYl GdiNBE 06+
O2yG2dz2NJ  NB O2yaARSNBR GAYYIlI GdzNBéoofdzS FALEOO C N
recorded by neutron and compensated denasitireline 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.
CKAA NBadzZ G Aa O2yaraitSyd 6AGK aSriaaySNna nm2ydaSyi
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 diagenesanges 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 historytbé 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
decreasng 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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Figue 27. Schematic diagram illustrating the mechanism proposdddigsner (1978jpr maturation
induced overpressures.
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