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ABSTRACT 
 

Isopach maps of the Three Forks and Bakken formations show thickness anomalies at or 

near their depositional and/or erosional limits in north central North Dakota. Thickness 

anomalies align near to and outside of the Prairie salt zero edge, which is shown to be a 

dissolutional edge by several lines of evidence. Prairie salt dissolution, collapse of overlying 

beds, and compensating infill is the primary accommodation mechanism for the formation of 

thickness anomalies in the study area. Isopach maps of the Devonian Dawson Bay through 

Mississippian Mission Canyon formations show scattered thickness anomalies resulting from 

episodic and sporadic Prairie salt dissolution through geologic time. Cross-sections show 

compensating infill in the Bakken and Three Forks formations within both single-stage and 

multi-stage collapse structures. Enhanced groundwater flow through faults, fractures, and 

Winnipegosis reef mounds is considered to have influenced Prairie salt dissolution.  

Residual structure maps of Devonian horizons are indicative of paleotopography, and 

show depositional thickening within a paleotopographic low resulting from Prairie salt-

dissolution collapse. Additionally, depositional thinning occurs above the Burleigh and 

Churchill-Superior boundary paleohighs.  

Three basement faults are proposed using Devonian through Mississippian isopachs and 

cross-sections. An aeromagnetic anomaly map of North Dakota, which is interpreted for 

basement terranes and faults, substantiates the existence and locations of these basement faults. 

The Churchill-Superior boundary is highly coincident with the Prairie salt zero edge, suggesting 

that associated faulting and fracturing likely influenced salt dissolution. The aeromagnetic 

anomaly map shows excellent correlation to isopachs in the study area, suggesting that basement 

faults influenced thickness variations in the overlying strata. This is primarily interpreted as the 

result of enhanced Prairie salt dissolution over basement faults, but may also be the result of 

deposition over upthrown and downthrown basement fault blocks.  

Increased surface lineament density occurs over an area of greatest salt-dissolution 

collapse, suggesting that the collapse of overlying strata forms faults and fractures that are 

expressed at the surface. A collapse breccia observed in the California Blanche Thompson 1 

(SWSE S31-T160N-R81W) core grades into an extensive vertical fracture network that persists 

for hundreds of feet upsection. Vertical fractures observed in core of the Nisku Formation, 

directly underlying Bakken and Three Forks thickness anomalies, may also be evidence for 
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dissolution-collapse fracturing. This study proposes that strata overlying areas of salt dissolution 

and underlying areas of compensating infill will have collapsed and fractured. This conclusion 

may be used as an exploration model for fractured sweet spots in the Bakken and Three Forks 

formations. 

The sequence stratigraphy of the Bakken Formation was interpreted from several core 

descriptions within the study area. A sequence boundary and regressive surface of erosion at the 

upper Three Forks surface is responsible for the erosional extent of the Three Forks Formation in 

the study area. A sequence boundary and regressive surface of erosion in the lower Middle 

Bakken Member is responsible for the erosional extent of the Lower Bakken Shale in the study 

area. The extents of the Middle Bakken and Upper Bakken Shale members are interpreted to be 

depositional in the study area. The Lower Bakken Shale thickness anomalies are not the result of 

an incised-valley fill. Additionally, the Sanish sandstone facies of the Pronghorn Member is not a 

fluvial deposit, but is a transgressive sand sourced from erosion of the upper Three Forks 

Formation during the subsequent sea level rise. 
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CHAPTER 1 

INTRODUCTION 

 

The Bakken petroleum system is an unconventional tight oil play containing both source 

and reservoir rock, with continuous saturation throughout much of the Williston basin in North 

Dakota and eastern Montana. With a continuous-type accumulation, and increased thickness of a 

source and/or reservoir rock can mean (1) an increase in hydrocarbons generated and expulsed 

from the source rock, and/or (2) an increase in storage capacity within the reservoir rock. For 

this, and other reasons yet to be presented, thickness anomalies within the Bakken and Three 

Forks formations are of great interest to hydrocarbon exploration and production in the Williston 

basin. 

Thickness anomalies have long been recognized in Devonian and Mississippian strata of 

the Williston basin in North Dakota and Montana, and the Canadian provinces of Saskatchewan 

and Manitoba. Dissolution of Prairie salt, collapse of overlying beds, and infill of the resultant 

accommodation space has been cited as one mechanism for the creation of thickness anomalies 

in the Williston (Anderson and Hunt, 1964; Demille et al., 1964; Holter, 1969; Langstroth, 1971; 

LeFever and LeFever, 2005; Oglesby, 1988; Parker, 1967). Several of these collapse structures 

form productive hydrocarbon traps. Fields such as Hummingbird field (Saskatchewan) and 

Outlook field (Montana) are examples of hydrocarbon traps within dissolution-collapse 

structures. Additionally, over-thickening of reservoir rock at Elm Coulee and Dickinson fields 

has been attributed to Prairie salt dissolution (LeFever et al., 1995; Sonnenberg and Pramudito, 

2009). These examples not only highlight the importance of thickness anomalies for hydrocarbon 

exploration and production, but also the importance of Prairie salt-dissolution collapse structures. 

While salt dissolution is a strong hypothesis for the causal mechanism of thickness anomalies in 

the Bakken and Three Forks formations, this study will consider several other hypotheses, 

including basement fault movements and an incised-valley fill. 

 

1.1 Location of Study Area 

 The study area is located in north central North Dakota (Figure 1.1), and covers 

approximately 460 townships in Renville, Ward, Bottineau, McHenry, Rolette, Pierce, Towner, 

Benson, Sheridan, and McLean counties (Figure 1.2). Well logs were used from 186 wells within 



 2 

the study area that penetrate the Bakken or deeper strata to construct subsurface maps and cross-

sections (Figure 1.2). This study area was chosen because it encompasses a cluster of thickness 

anomalies in the Bakken and Three Forks formations at or near their eastern zero edges. 11 cores 

within the study area and 1 core southwest of the study area (Rose 1) were either described or 

photographed for Devonian and Mississippian formations. Red circles on Figure 1.2 denote the 

locations of the 11 cores in the study area. The accompanying red numbers can be referenced to 

Table 1.1 for more core information. The location of the Rose 1 core (#12 on Table 1.1) can be 

seen on Figure 9.2.  

 

 

 
Figure 1.1: Structure map of the Williston basin on the base of the Mississippian. Location of the 
study area outlined in red (modified from Sonnenberg and Pramudito, 2009). 
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Figure 1.2: Location of the 186 wells used that penetrate Bakken or deeper strata within the 
study area. Red circles denote the locations of 11 cores described or photographed within the 
study area. Accompanying red numbers can be referenced to Table 1.1 for more core 
information. 
 

 

Table 1.1: List of described and photographed cores. 
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1.2 Objectives and Purpose  

The purpose of this study is to better understand thickness anomalies within the Three 

Forks and Bakken formations for the purposes of hydrocarbon exploration. This necessitates an 

understanding of these thickness anomalies from the causal mechanism(s) to the present day 

petroleum potentials. The main objectives of this research are to: 

 Determine if Prairie salt dissolution has occurred in the study area, and whether the 

Prairie salt zero edge is a dissolution edge.  

 Determine the influence of Winnipegosis pinnacle reefs on Prairie salt dissolution. 

 Determine from core if the Winnipegosis Formation is a good conduit for 

groundwater flow into the Prairie salt. 

 Determine if Prairie salt dissolution is a causal mechanism behind thickness 

anomalies in the study area. 

 Determine the spatial migration of Prairie salt dissolution through geologic time. 

 Determine if single-stage and/or multi-stage collapse structures occur in the study 

area 

 Determine the timing of dissolution events from depositional thickening in single-

stage collapse structures, and thinning over inverted multi-stage collapse structures. 

 Determine if residual structure maps can be used to show paleotopographic lows from 

Prairie salt-dissolution collapse, as well as paleohighs. Determine if strata thickens 

and/or thins over the inferred paleotopography. 

 Interpret an aeromagnetic anomaly map of North Dakota for basement terranes and 

faults. 

 Determine the influence of basement faults on Prairie salt dissolution in the study 

area. 

 Determine if basement fault movements influenced depositional thickening or 

thinning independent of Prairie salt dissolution.  

 Determine if surface lineaments correlate to basement structures and/or areas of 

dissolution collapse. 

 Determine if dissolution collapse causes fracturing in overlying strata, and if so, 

determine the vertical extent of fracturing from core. 

 Create a sequence stratigraphic interpretation of the Bakken Formation from core. 
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 Determine if the extents of the Three Forks Formation and the members of the 

Bakken Formation are depositional or erosional, and if the thickness anomalies 

represent preserved remnants of erosion.  

 Determine if the Lower Bakken Shale thickness anomaly relates to an incised-valley 

fill. 
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CHAPTER 2 

GEOLOGIC SETTING 

 

 This geologic setting provides a general understanding of the Williston basin and its 

related strata. Structural geology of the Williston basin will be useful for nomenclature, and for 

interpreting basement terranes and faults in the study area. Stratigraphy of the Williston basin 

will be useful for nomenclature, and for understanding depositional environments. An overview 

of the Bakken petroleum system places this thesis in the context of the oil and gas industry.  

 

2.1 Structural Geology of the Williston Basin 

The Williston basin is an elliptical intracratonic sedimentary basin of approximately 

133,000 sq. mi., occupying parts of Saskatchewan, Manitoba, North Dakota, South Dakota, and 

Montana (Figure 2.1) (Gerhard et al., 1990). The exact causal mechanisms for the formation of 

the Williston basin are unknown, but it has been proposed that left-lateral shearing along the 

Colorado-Wyoming and Brockton Froid fault zones was responsible for wrench faulting, and the 

formation of a transtensional basin (Figure 2.1) (Gerhard et al., 1982). Major structures and 

structural trends are thought to be the result of wrench faulting and reactivation of basement 

faults (Figures 2.1 and 2.2).  

Aeromagnetic anomaly and gravity anomaly maps, seismic data, extrapolations from the 

exposed Canaidan shield, and age dating from limited basement core control indicate that the 

Williston basin is underlain by three Precambrian geologic provinces: (1) the Archean Wyoming 

craton to the west, (2) the Proterozoic and Archean Trans-Hudson orogenic belt in the center, 

and (3) the Archean Superior craton to the east (Figure 2.1) (Baird et al., 1996; Gerhard et al., 

1990; Green et al., 1985; Heck et al., 2002, Nesheim, 2011; Sims et al., 1991). The Trans-

Hudson orogeny was a Proterozoic continental collision that welded the Wyoming craton to the 

Superior craton, and formed the Trans-Hudson orogenic belt. The Trans-Hudson orogenic belt 

has historically been called the Churchill province, and the sutured contact between this province 

and the Superior craton is often referred to as the the “Churchill-Superior boundary” (Figure 2.1) 

(Gerhard et al., 1990). This nomenclature will continue to be used for this study.  

 The Williston basin is bounded on nearly every side by several major tectonic features 

(Figures 2.1 and 2.2). Throughout deposition, sediment thinned to the east onto the Churchill-  



 7 

 
Figure 2.1: Geologic map of the Williston basin showing major structures, wrench faulting at the 
Brockton Froid and Colorado-Wyoming fault zones, underlying Precambrian provinces, and the 
location of the Churchill-Superior boundary (modified from Gerhard et al., 1990). 
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Figure 2.2: Tectonic map of the Williston basin, showing interpreted subsurface structural trends 
and major oil fields (from Gerhard et al., 1990). 
 

 

Superior boundary, known as the basin “hingeline”. Sediment also thinned to the southeast onto 

the Transcontinental arch, which was first uplifted in the Silurian (Gerhard et al., 1990). The 

western boundary is defined by the Sweetgrass arch, which was first uplifted in the Late 

Devonian (Gerhard et al., 1990; Smith and Bustin, 2000). This feature separates the Devonian 

and Mississippian strata of the Williston basin from the Alberta basin to the northwest. The 

Meadow Lake escarpment, first uplifted in the lower Paleozoic, defines the boundary to the 

north. The south and southwestern margins are defined today by the Tertiary Black Hills uplift 

and the Cedar Creek anticline, which was first uplifted in the Silurian (Gerhard et al., 1982; 

Gerhard et al., 1990).  
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2.2 Stratigraphy 

Approximately 16,000 ft of sediment were deposited from Phanerozoic through Cenozoic 

time in the deepest part of the Williston basin, western North Dakota (Gerhard et al., 1990). 

Several sequences of sedimentation are defined by Gerhard et al. (1990), and Sloss (1963). These 

sequences and their associated formations are shown on the stratigraphic column (Figure 2.3). 

Initial sedimentation of the Sauk sequence began with the transgression of the Sauk Sea. 

Conglomerates of the Cambrian / Ordovician Deadwood Formation were deposited over variable 

Precambrian topography. The Williston basin did not become a structural depression until the 

end of the Sauk sequence, during the initiation of the Taconic orogeny. The Tippicanoe sequence 

unconformably overlies the Sauk sequence, and is comprised of lower Ordovician clastics, and 

Middle Ordovician through Silurian carbonate strata. During this time, marine communication 

was established to the southwest across the Cordilleran shelf (Figure 2.4).  

At the beginning of the Kaskaskia sequence, uplift of the Transcontinental arch formed a 

marine connection to the northwestern Elk-point basin, and the basin depocenter shifted 

northwest into Canada as a result (Figure 2.4). The Kaskaski sequence records two regional sea 

level rises, and has been divided into the lower Kaskaskia and upper Kaskaski sequences at the 

Acadian unconformity between the Three Forks and Bakken formations (Gerhard et al., 1990; 

Smith and Bustin, 2000). This unconformity represents a period of uplift and exposure prior to 

Bakken deposition. With the initiation of the upper Kaskaski sequence, communication was re-

established with the Cordilleran shelf through the Montana trough, and the depocenter shifted 

back to the present day Williston basin (Figure 2.4). Widespread North American tectonism 

during the Early Pennsylvanian marks the beginning of the Absoraka sequence, which represents 

Pennsylvanian to Triassic strata. Erosion of the Ancestral Rocky Mountains, Hartville uplift, 

Sioux arch, and Canadian shield resulted in deposition of clastic sediments during this sequence. 

Sedimentation continued during Mesozoic and Cenozoic times (Zuni and Tejas sequences), but 

the influence of the Williston basin as a structural depression ceased, along with basin 

subsidence, in the upper Zuni sequence. 

 

2.2.1 Devonian and Mississippian Stratigraphy 

This study will focus on the Devonian and Mississippian strata of the Williston basin, 

with emphasis on the Winnipegosis, Prairie, Three Forks, and Bakken formations. The Lower 
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Figure 2.3: Stratigraphic column for the Williston basin, showing formations and major 
sequences (modified from Kowalski, 2010, after Gerhard et al., 1990). 
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Figure 2.4: Four diagrams showing marine connections and depocenters during the Tippecanoe, 
lower Kaskaskia, upper Kaskaskia, and Absaroka sequences (from Gerhard et al., 1990). 
 

 

Devonian Ashern Formation marks the initiation of the lower Kaskaskia sequence, following 

uplift and erosion of the underlying Silurian strata. The Ashern Formation consists of red and 

gray argillaceous dolostones of variable thickness, ranging from 10 to 50 ft in Manitoba and 

North Dakota (Jones, 1965; Sandberg and Hammond, 1958). These variations in thickness are 
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thought to reflect the paleotopography of the underlying Upper Silurian erosional unconformity 

surface (Nordford et al., 1994).  

The Lower Devonian Winnipegosis Formation conformably overlies the Ashern 

Formation, and has been divided into Upper and Lower members based on the presence of a 

regionally extensive thin argillaceous interval at the top of the Lower Member (Jones, 1965). The 

Lower Member is a regionally dolomitized carbonate platform of relatively constant thickness, 

attaining a maximum thickness of 54 ft. The Upper Member is a varied marine carbonate 

sequence, consisting of a basinal facies up to 130 ft thick, and a shelf facies of bioclastic 

pelletoidal carbonate banks and true reef intervals up to 345 ft thick, called “pinnacle reefs” 

(Jones, 1965; Oglesby, 1988). The Winnipegosis is capped by argillaceous, thinly laminated, 

organic-rich (avg. TOC 1.46 wt. %) mudstones that are confined to the basin center, and 

transition into the lowermost anhydrite of the Prairie Formation (Oglesby, 1988). 

The overlying Middle Devonian Prairie Formation has been divided into 4 members: the 

Ratner, Esterhazy, Belle Plain, and Mountrail members, each of which is separated by halite 

beds. The entire sequence is capped by a red to green, non-fossiliferous dolomite to calcareous 

shale known as the “Second Red Bed” (LeFever and LeFever, 1995; Oglesby, 1998). This facies 

is elevated to the status of member for this study. Curiously, the classification of members for the 

Prairie Formation omits the halite beds, and only applies to the potash layers (Esterhazy, Belle 

Plain, and Mountrail members) and the basal anhydrite layer (Ratner Member). Figure 2.5 shows 

a new classification system, which names the halite layers, subdivides the Prairie Formation into 

the upper and lower Prairie Formation, and delineates the “Prairie salt” interval. The Prairie salt 

interval includes the upper halite through lower halite layers, and excludes the Ratner and 2nd 

Red Bed members. Figure 2.5 also shows the relative sea level fluctuations proposed by 

Oglesby, (1988) thought to be responsible for sequences of halite and potash deposition. Note 

that each of these facies, members, and intervals can be easily distinguished on well logs.  

The Ratner Member is an anhydrite facies at the base of the Prairie Formation, which 

transitionally overlies the Winnipegosis laminates in the center of the basin, and abruptly 

overlies Winnipegosis carbonates at the basin margins (LeFever and LeFever, 1995). The lower  

halite consists of milky chevron halite and thin, laterally consistent beds of anhydrite (LeFever 

and LeFever, 1995; Oglesby, 1988). The Esterhazy, Belle Plain, and Mountrail members are 

potash layers composed primarily of halite, sylvite, and carnallite. Each potash layer is separated 
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Figure 2.5: Type log of the Prairie Formation, showing proposed nomenclature, log picks for all 
members, and relative sea level fluctuations (modified from LeFever and LeFever, 1995). 
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by beds of clear, inclusion free halite crystals (Oglesby, 1988). The Prairie Formation has a 

highly variable thickness, with a maximum of 638 ft in North Dakota. The limits of Prairie salt 

are highly irregular, and are thought to be the result of salt dissolution (LeFever and LeFever, 

1995; Oglesby, 1998). Thickness variations are a result of the topography formed by the 

underlying Winnipegosis reefs and shelf banks, as well as salt dissolution (Oglesby, 1988). 

The Middle Devonian Dawson Bay Formation conformably overlies the Prairie 

Formation, reaches a maximum thickness of 185 ft in north central North Dakota, and is 

composed of argillaceous dolomite, limestone and anhydrite (Sandberg, 1961). The Souris River 

Formation conformably overlies the Dawson Bay Formation, reaches a maximum thickness of 

340 ft in west-central North Dakota, and is composed of shaley dolomite, argillaceous limestone, 

siltstone, and anhydrite (Sandberg, 1961). The Duperow Formation conformably overlies the 

Souris River Formation, reaches a maximum thickness of 600 ft in northeastern Montana, and is 

composed of limestone, dolomite, anhydrite, siltstone, and shale (Sandberg, 1961). The Nisku 

Formation conformably overlies the Duperow Formation, reaches a maximum thickness of 125 

ft, with consistent average thicknesses of 75-115 ft, and is composed of dolomite, limestone, and 

anhydrite (Sandberg, 1961). 

The Upper Devonian Three Forks Formation conformably overlies the Nisku Formation. 

The lower Three Forks consists of anhydrite, which transitions to silty claystone upsection. The 

middle and upper Three Forks consist of silty claystones, which transition into dolomitic 

siltstones upsection (Gantyno, 2010). A fine-grained, heavily burrowed sandstone known as the 

Sanish sandstone has formerly been included in the upper Three Forks, but has more recently 

been reassigned to the Pronghorn Member of the Bakken Formation (LeFever et al., 2011). This 

reassignment is based on the presence of a significant erosional unconformity, likely the Acadian 

unconformity, at the base of the Pronghorn Member (LeFever et al., 2011; Smith and Bustin, 

2000). The Three Forks has an average thickness of 150 ft (Meissner, 1978), and a maximum 

thickness of 250 ft in the center of the Williston basin (Gantyno, 2010).  

The overlying Upper Devonian and Lower Mississippian Bakken Formation was 

previously thought to be conformable with the Three Forks in the center of the basin, and 

unconformable at the basin margins (Webster, 1987). However recent study suggests that the 

Bakken unconformably overlies the Three Forks throughout the basin (LeFever et al., 2011). The 
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Bakken Formation is composed of four members: the Pronghorn, the Lower Bakken Shale, the 

Middle Bakken, and the Upper Bakken Shale. 

The Pronghorn Member is variable in lithology, but the type section (LeFever et al., 

2011) grades from a burrowed, fine-grained sandstone (the Sanish sandstone), to a burrowed, 

silty, interbedded mudstone, to a silty lime mudstone with brachiopods and crinoid stems. The 

“Lower Bakken silt” is an informal, laterally equivalent unit that has been included in the 

Pronghorn Member (LeFever et al., 2011). This unit is a burrowed mudstone with thin 

laminations of silt and very fine-grained sand, and commonly contains a biostromal limestone 

cap. The Lower Bakken silt is not encountered in any cores described for this study.  

The overlying Lower Bakken Shale is an organic-rich, siliceous, pyritic black shale. The 

overlying Middle Bakken Member is a calcareous siltstone and fine-grained sandstone, with 6 

informal facies (Figure 2.6). The overlying Upper Bakken Shale is similar in lithology to the 

Lower Bakken Shale. The Bakken Formation reaches a maximum thickness of 145 ft at the 

depocenter east of the Nesson anticline, with the lower shale attaining a maximum thickness of 

50 ft, and the upper shale a maximum thickness of 23 ft (Webster, 1984). 

The overlying Mississippian Madison Group is composed of the Lodgepole, Mission 

Canyon, and Charles formations. Only the Lodgepole and Mission Canyon formations are 

mapped for this study. The Lodgepole Formation conformably overlies the Bakken Formation, 

and is an argillaceous, shaley, silty, and cherty thin to medium bedded limestone (Peterson, 

1984). The Lodgepole Formation reaches over 1000 ft thick in the Montana trough (Peterson, 

1984). Walsortian crinoidal carbonate mounds in the lower Lodgepole can reach up to 400 ft 

thick on the south and west flanks of the basin. The Lodgepole Formation has been assigned 

various informal members, and only the lowermost Scallion Member is of particular interest to 

this study. The Scallion Member reaches a maximum thickness of 245 ft, and is a white to 

pinkish, argillaceous, cherty, chalky, and microcrystalline limestone, which is locally oolitic or 

crinoidal (Stanton, 1956). The Scallion Member contains a shale facies informally known as the 

false Bakken, Routledge shale, or Carrington shale. The term “false Bakken” will be used for this 

study. The false Bakken reaches a maximum thickness of 90 ft, and is an organic-rich, 

calcareous, and pyritic shale to silty shale (Stanton, 1956). The Mississippian Mission Canyon 

Formation conformably overlies the Lodgepole Formation, reaches a maximum thickness of over 
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700 ft, and is composed of stromatolitic to burrowed mudstones, peloidal, oolitic, and skeletal 

wackestones to grainstones, and anhydrite (Fischer et al., 2005). 

 

2.3 Production and Discovery of the Bakken Petroleum System 

During the greater part of the 20th century, oil and gas were produced from conventional 

fields in the Williston basin. Oil and gas were first discovered in 1915 at the Gas City field on 

the Cedar Creek anticline, but the discovery of oil at the Nesson anticline by the Amerada 

Clarence Iverson #1 marks the beginning of significant oil and gas production from the Williston 

basin (Gerhard et al., 1990). Drilling from 1952 to 1959 saw the development of the major 

anticlines, as well as the Mississippian oil fields of north central North Dakota. In 1987 the first 

horizontal well, the Meridan 33-11 MOI, was drilled in the Upper Bakken Shale in the “fairway 

area” of the Billings anticline nose, and horizontal drilling continued into the 1990s until mixed 

results and low prices halted production (Gerhard et al., 1990). However, production greatly 

increased when the first horizontal well targeting the Middle Bakken was drilled at Elm Coulee 

field in 2000. This well catalyzed a drilling boom in the unconventional Bakken petroleum 

system, elevating the Bakken play to its present day status as a major hydrocarbon producer. The 

Bakken petroleum system will remain one of the largest U.S. hydrocarbon plays for some time, 

with USGS (2008) estimated technologically recoverable resources at 3.65 billion bbl of oil, 1.85 

tcf of associated or dissolved natural gas, and 148 million bbl of natural gas liquids (Sonnenberg 

and Pramudito, 2009). 

The Bakken petroleum system consists of the lower Lodgepole Formation, the Bakken 

Formation, and the upper to middle Three Forks Formation (Figure 2.6). This unconventional 

petroleum system is distinguished by several unique factors uncharacteristic of conventional 

hydrocarbon plays. The Bakken petroleum system is a continuous-type accumulation in the 

deeper parts of the Williston basin, characterized by diffuse reservoir boundaries, poorly defined 

updip oil-water contacts, over-pressuring, open-tensile fractures, low matrix permeabilities, and 

pervasive hydrocarbon charge of source rocks and all adjacent strata (Meissner, 1978; 

Sonnenberg and Pramudito, 2009). Major source rocks for the Bakken petroleum system are the 

upper and lower organic-rich black shales (avg. TOC 12.1 and 11.5 wt. %, respectively) 

(Schmoker and Hester, 1963). However, the lower Lodgepole “false Bakken” (avg. TOC 1.9 wt. 

%, max. TOC 5.8 wt. %) (Stroud, 2010), Pronghorn shale, and upper Three Forks shale facies 
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Figure 2.6: Detailed stratigraphy of the Bakken petroleum system (from Sonnenberg, 2012). 
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may also contribute to the source of the Bakken petroleum system. The Bakken is an 

unconventional, hydrocarbon-saturated system, and therefore every member is technically 

productive where the source rocks are thermally mature (Meissner, 1978). However, the Middle 

Bakken and the Sanish sandstone are typically targets, due to increased porosities (avg. 5.5%) 

and slightly increased permeabilities (0.1 md) (Meissner, 1978). 
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CHAPTER 3 

PREVIOUS WORK 

 

 Previous work provides a foundation of knowledge from which to build upon in this 

study. There has been a large amount of literature on Prairie salt dissolution in the Williston 

basin, and several of the hypotheses presented in these works will be tested within the study area. 

There has also been a large amount of literature on the Bakken and Three Forks formations. 

Because this study is particularly interested in the sequence stratigraphy of these formations, 

select works on this topic will be presented and discussed as well. In addition to providing a 

foundation of knowledge, previous works also reveal which questions remain unanswered, thus 

guiding the development of new hypotheses for this study. 

 

3.1 Prairie Formation Stratigraphy and Deposition 

The stratigraphy of the Prairie Formation is important for determining depositional versus 

dissolutional thinning. The Ratner Member is transitional with the Upper Winnipegosis 

laminates in the basin center, and is thought to have been deposited under deep water at the 

initiation of a relative drop in sea level, and restriction of the Elk-Point basin (Oglesby, 1988). 

Continued regression exposed Winnipegosis reefs on the basin margins, and created 200-300 ft 

of accommodation space in the basin center. This allowed for the thick deposits of Prairie 

Formation evaporites (Oglesby, 1988). The lower Prairie Formation (below the Esterhazy 

Member) shows an onlapping relationship onto the Winnipegosis shelf and the underlying 

Winnipegosis reef mounds (Figures 3.1 and 3.2) (Oglesby, 1988). The upper Prairie Formation 

(Esterhazy Member and above) was deposited after Winnipegosis reef topography was 

effectively neutralized by infilling of the lower Prairie Formation (Figure 3.2) (Oglesby, 1988, 

Wardlaw 1971).  

 

3.2 Dissolution-Collapse Structures 

Prairie salt dissolution is a strong hypothesis as one of the major causal mechanisms 

behind the thickness anomalies observed in the Three Forks and Bakken formations of north 

central North Dakota. LeFever and LeFever (1995) suggest that the limit of the Prairie Formation 

underlying the study area in north central North Dakota is dissolutional, and over-thickening of 
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Figure 3.1: Well log correlations showing depositional thinning of the Prairie Formation onto the 
Winnipegosis shelf (modified from Oglesby, 1988). 
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Figure 3.2: Well log correlations across a Winnipegosis pinnacle reef, showing dissolutional 
thinning of the Prairie Formation and the removal of potash members above the reef (modified 
from Oglesby, 1988). 
 

 

Devonian and Mississippian strata along and outside of this zero edge are a direct result of salt 

dissolution. Dissolution-collapse structures are the result of a complex mechanism of salt 

dissolution, collapse of overlying beds, and infill of the resultant accommodation space. This 

single collapse and fill is known as a single-stage collapse structure. The timing of the initial 

dissolution event can be determined by the age of the compensating infill strata. Salt dissolution 

is episodic, and continued dissolution of salt along the perimeter of the prior dissolution area will 

cause collapse in overlying beds adjacent to the original infill structure. When this occurs, the 

overlying strata collapse around the single-stage collapse structure, inverting it into a positive, 

multi-stage collapse structure (Figure 3.3) (LeFever et al. 1995; Oglesby, 1988; Swenson, 1967). 
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The timing of the multi-stage dissolution event can be determined by thinning of strata over the 

inverted positive structure.  

 

 

 
Figure 3.3: Schematic diagram showing four successive stages in the formation of a multi-stage 
collapse structure (modified from Oglesby, 1988, after Swenson, 1978). 
 

 

Anderson and Hunt (1964) created isopachs of the Devonian Dawson Bay through 

Triassic Spearfish formations to map the progression of Prairie salt dissolution through time in 

the study area. Isopach thicks near to or outside of the Prairie salt zero edge were interpreted to 

represent salt dissolution, collapse, and infill. This study concluded that Prairie salt dissolution 
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did not progress from east to west, but instead salt dissolution was sporadic and episodic 

throughout Devonian and Mississippian time. While this is an excellent study, there is still room 

for additional work. Namely, Anderson and Hunt (1964) did not map the Bakken Formation. 

Also, well control within the study area has increased since 1964, allowing for more complete 

isopaching.  

 
3.3 Salt Dissolution Models 

Several models for Prairie salt dissolution exist, and all require 2 mechanisms: ingress of 

subsurface waters to dissolve the salt, and an escape path for egress of the resulting brine. 

Oglesby (1988) cites 2 models for the source of these subsurface waters. In the first model, 

subsurface waters are provided by compaction and dewatering of adjacent strata. In the second 

model, subsurface waters are provided by the development of an active groundwater system 

during periods of exposure and aquifer charge. Oglesby (1988) cites 2 models for the ingress of 

subsurface waters and the egress of brine. In the first model, groundwater flow is enhanced 

upwards through underlying Winnipegosis reefs into contact with the Prairie salt. The resulting 

brine escapes laterally through the Winnipegosis Formation. In the second model, groundwater 

flow is enhanced through faults and fractures into contact with the Prairie salt. The resulting 

brine escapes through the fault and fracture network. 

 

3.3.1 Influence of Winnipegosis Reefs 

Gendzwill (1978) used seismic data to show partial thinning of the upper Prairie 

Formation above Winnipegosis pinnacle reefs. This study proposed that Winnipegosis reefs 

enhance groundwater flow into contact with the overlying Prairie salt. When these subsurface 

waters become saturated with respect to NaCl, they sink due to a density contrast with the 

underlying fresh water, and migrate laterally outward through the Winnipegosis Formation 

(Figure 3.4). This cyclic dissolution continues until insoluble material in the Prairie Formation 

effectively clogs the upper Winnipegosis reef, and creates a seal that prevents further dissolution. 

Oglesby (1988) also noted salt dissolution above Winnipegosis reefs, with an additional 

observation that potash layers are absent above the reefs. Oglesby theorized that groundwater 

quickly becomes saturated with NaCl as it flows upwards through the Prairie halite beds. This 
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NaCl saturated water preferentially dissolves potash layers as it continues to flow through the 

Prairie Formation. 

 

 

 
Figure 3.4: Model for salt dissolution overlying a Winnipegosis reef, showing ingress of 
groundwater and egress of brine (from Gendzwill, 1978). 
 

 

3.3.2 Influence of Faults and Fractures 

Faulting and fracturing, often associated with basement structures, enhances groundwater 

flow into the Prairie Formation to dissolve salt (Demille et al., 1964; Gerhard et al., 1990; 

LeFever and LeFever 1995; Oglesby, 1988; Parker, 1967; Swenson, 1967). Tectonic fracturing 

over basement structures is also thought to enable the vertical escape of brine (Oglesby, 1988; 

Parker, 1967). Parker (1967) proposed that brine from Prairie salt dissolution rose a total of 

2,244 ft to the paleosurface on top of the Mission Canyon Formation within the study area, 

Bottineau County (Figure 3.5). Similarly, Figure 3.8 shows brine rising 1,319 ft to the 

paleosurface at Outlook field, Montana.  

Demille et al. (1964) linked the large salt-dissolution structure in southern Saskatchewan 

known as the Regina-Hummingbird trough to tectonic movement along the Nemo-Estes trend. 

Similarly, Oglesby (1988) noted that salt-dissolution structures are generally elongate and 

trending NE-SW or NW-SE, in concordance with the tectonic fabric and surface lineaments of 

the Williston basin (Figure 2.2). Basement features within the study area include the Lonetree-

Glenburn trend and the Churchill-Superior boundary, both of which have been postulated to 



 25 

influence Prairie salt dissolution (Borchert et al., 1990; Gerhard et al., 1990; LeFever and 

LeFever, 1995; Oglesby, 1988). 

LeFever et al. (1995) proposed that dissolution of salt leads to the formation of a brine-

filled cavern within the salt mass. When the cavern reaches a critical size, the immediately 

overlying rocks cannot support the overburden weight, resulting in collapse of overlying strata 

into the cavern. Displacement of the brine then creates a series of injection fractures above and 

below the salt cavern. Presumably, the brine escapes to the surface through these injections 

fractures, as well as the extensional vertical fractures created by collapse of the overlying beds. 

 

 

 
Figure 3.5: Structural cross-section showing collapse and infill of Mississippian strata due to 
Prairie salt dissolution. Cross-section shown in plan view on structure maps of the Nisku and 
Winnipegosis formations. Double-sided arrow shows the postulated vertical escape of brine at 
the California Blanche Thompson 1 well (modified from Parker, 1967). 
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3.4    Indicators of Salt Dissolution 

Salt dissolution and collapse of overlying beds have resulted in collapse breccias, which 

have been cored within several suspected dissolution-collapse features throughout the Williston 

basin (Demille et al., 1964; Holter, 1969; Oglesby, 1988; Parker, 1964). The California Blanche 

Thompson 1 is a well-documented core of a Prairie Formation collapse breccia in southwestern 

Bottineau County (Figure 3.5). Collapse breccias, along with the deposition of insoluble 

material, are responsible for over-thickening of the 2nd Red Bed (Figure 3.6). An over-thickened 

2nd Red Bed is diagnostic of salt dissolution, and is seen in every Prairie salt-dissolution well 

drilled in the Williston basin (Oglesby, 1988). These breccias have been observed to grade 

upwards one hundred or more feet, eventually merging with fractured but unbrecciated strata 

(Demille et al., 1964). LeFever et al. (1995) postulates that fractures persist throughout the entire 

overlying collapsed section. 

 

 

 
Figure 3.6: Cross-section showing over-thickening of the 2nd Red Bed and the formation of a 
collapse breccia due to Prairie salt dissolution (modified from Oglesby, 1988). 
 
 

In addition to an over-thickening of the 2nd Red Bed, several other features are indicative 

of Prairie salt dissolution. Most notably, anomalous compensating thickening of overlying strata 
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concordant with anomalous thinning of the Prairie Formation can be used to identify salt 

dissolution, and specifically the timing of the dissolutional event. These changes in thickness can 

be seen on seismic lines, and can also be mapped with well log correlations. Although seismic 

data is not available for this study, 2-way travel time has been used to identify dissolution-

collapse infill within the study area (Langstroth, 1971) (Figure 3.7).  

 

 

 
Figure 3.7: Prairie salt limit and infill of Devonian through Jurassic strata from seismic time 
interval studies (modified from Langstroth, 1971). 
 

 

In addition to the basal Ratner Member, the Prairie Formation has several thin beds of 

anhydrite throughout. Holter (1969) suggests that preferential dissolution of halite layers 
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between anhydrite beds results in residual thickening of the Ratner Member anhydrite. Oglesby 

(1988) proposed that top-down truncation of Prairie Formation potash beds is indicative of salt 

dissolution from above. Direct evidence in core such as collapse breccias is diagnostic. However, 

other indirect evidence such as fracturing and multiple phases of cementation and diagenesis 

may be used to indicate movement of brine from salt dissolution (LeFever et al., 1995; LeFever 

and LeFever, 1995). The presence of certain strata and facies, such as the Pronghorn Member 

and the lower Lodgepole false Bakken facies have also been cited as possible evidence for salt 

dissolution (LeFever et al., 2011; Webster, 1984). LeFever et al. (1995) states that multi-stage 

collapse structures within the Bakken Formation, and specifically the Upper Bakken Shale, may 

act as a pedestal for overlying “mound” growth within the lower Lodgepole Formation. This 

model is evidenced at Dickinson field, Stark County, ND.  

 

3.5 Hydrocarbon Traps and Reservoir Properties 

Dissolution-collapse structures have been shown to form productive hydrocarbon traps 

and reservoir rocks. Folding of overlying beds from salt-dissolution collapse can create structural 

traps, as seen in Outlook field, Montana (Figure 3.8), and Glenburn field, North Dakota 

(Borchert et al., 1990; Gerhard et al., 1990; Parker, 1967). Multi-stage collapse structures can 

also create structural traps (Figure 3.3), thicken source rocks, and influence reef growth 

(reservoir rock), as in Dickinson field (LeFever et al., 1995). Infill of accommodation space can 

create isolated thicks of reservoir rock, such as the over-thickened, productive Middle Bakken 

Member of Elm Coulee field, Montana (Sonnenberg and Pramudito, 2009). Infill, folding, and 

subsequent erosional truncation of strata within synclinal collapse structures may also create 

updip stratigraphic traps, as seen in Mississippian and Triassic strata within the Newburg 

Syncline at Newburg and South Westhope fields, North Dakota (Figure 3.9). Fracturing of 

collapsed and folded strata can enhance reservoir permeability, as seen at Red Bank field, 

Montana (Gerhard et al., 1990). Fracturing may also influence hydrocarbon migration (LeFever 

et al., 1995). Finally, diagenetic events from salt dissolution may enhance reservoir properties, 

through grain dissolution and formation of secondary porosity, or degrade reservoir properties, 

through cementation and reduction of porosity and permeability (LeFever and LeFever, 1995; 

LeFever et al., 1995). 
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Figure 3.8: Formation of a hydrocarbon trap within a monoclinal fold due to Prairie salt-
dissolution collapse, Outlook field, Montana (from Parker, 1967). 
 
 
 

 
Figure 3.9: Formation of a hydrocarbon trap within truncated infill strata of a dissolution-
collapse syncline, Newburg and South Westhope fields, Bottineau County (from LeFever and 
LeFever, 1991). 
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3.6 Three Forks and Bakken Sequence Stratigraphy 

The sequence stratigraphy of the Three Forks and Bakken formations is important for 

understanding the deposition, preservation, and/or erosion of strata in the study area. A 

sequence-stratigraphic interpretation is important for determining whether the limits of the Three 

Forks Formation and the members of the Bakken Formation are erosional or depositional. This in 

turn will be important for determining if thickness anomalies near to and outside of the Prairie 

salt zero edge are preserved remnants of erosion. Finally, a sequence-stratigraphic interpretation 

is important for testing the incised-valley fill hypothesis for the Lower Bakken Shale. 

 

3.6.1 Three Forks Sequence Stratigraphy 

The sequence stratigraphy for the Three Forks Formation is variably interpreted in the 

literature. Gantyno (2010) interpreted an overall deepening-upwards sequence from supratidal 

anhydrites, to intertidal silty dolomites, to the open marine Sanish sandstone facies. Note that the 

Sanish sandstone is now included in the Pronghorn Member of the Bakken Formation (LeFever 

et al., 2011; Bottjer et al., 2011). The deepening-upwards interpretation by Gantyno (2010) has 

been challenged by Bottjer et al. (2011), which interprets an overall shallowing-upwards 

sequence for the upper-middle to upper Three Forks Formation (Figure 3.10). Note that the study 

by Bottjer et al. (2011) did not include the lower Three Forks Formation. The upper Three Forks 

contact is interpreted as an erosional unconformity surface and sequence boundary, resulting 

from a forced regression (Smith and Bustin, 2000).  

 

3.6.2 Bakken Sequence Stratigraphy 

 The Pronghorn Member immediately overlies the upper Three Forks unconformity 

surface. The lowermost Sanish sandstone facies is speculated to represent a lowstand deposit 

after the forced regression (Smith and Bustin, 2000). The upsection Pronghorn Member is 

interpreted to represent a deepening-upwards sequence during an overall transgression (Figure 

3.10) (LeFever et al., 2011; Bottjer et al., 2011). A sharp contact at the base of the Lower Bakken 

Shale is interpreted to represent a transgressive surface of erosion formed during continued 

transgression (Bottjer et al., 2011).  

Figure 3.11 shows the sequence-stratigraphic interpretation for the Bakken Formation by 

Smith and Bustin (2000). After deposition of the Lower Bakken Shale during maximum  
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Figure 3.10: Rose 1 type log of the Bakken petroleum system with relative sea level fluctuations 
(modified from Bottjer et al., 2011). 
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transgression, Smith and Bustin (2000) theorize that a forced regression occurred, and the 

lowermost Middle Bakken facies (called “subunit A-bk”) was deposited at lowstand in the basin 

center. An unconformable, erosional contact between the Lower Bakken Shale and the Middle 

Bakken is cited as evidence for a forced regression, indicating that exposure and erosion 

occurred prior to deposition of the Middle Bakken (Smith and Bustin, 2000; Simenson, 2010). 

Continued sedimentation at lowstand deposited the coarser grained middle facies (called 

“subunit C-bk”). A gradational contact with the finer grained upper facies of the Middle Bakken 

is thought to represent the beginning of a transgressive systems tract. A sharp contact with the 

Upper Bakken Shale represents a marine flooding surface formed during continued transgression 

(Smith and Bustin, 2000, Simenson, 2010). The Lodgepole Formation is thought to represent a 

highstand systems tract, and abruptly or gradationally overlies the Bakken Formation. 

One potential flaw with the prior interpretation is the use of a “layer cake” stratigraphic 

analysis. However, Smith and Bustin (2000) state that a lack of correlative shallow water facies 

precludes an analysis based on lateral facies changes. This statement is challenged by a more 

recent study from Nickel and Kohlruss (2011), which provides a sequence-stratigraphic 

interpretation based on clinoforms and lateral facies changes. The Middle Bakken is similarly 

divided into three subunits, this time labeled “A”, “B”, and “C”. The basal subunit “A” is 

proposed to represent a distal clinoform deposit of a highstand and falling stage systems tract 

(Figure 3.12). The coarser grained subunit “B” is thought to have been deposited 

contemporaneously as a shallow water facies of this clinoform, but was significantly thinned by 

a regressive surface of erosion during subsequent sea level fall. Deposition of subunit “B” 

continued at lowstand, resulting in an increased preserved thickness basinward. Subsequent sea 

level rise led to a transgressive systems tract, and deposition of subunit “C”. 

 

3.7 Extents of the Three Forks and Bakken Formations 

A basin-wide cross-section of the Three Forks and Bakken formations (Figure 3.13) 

shows the greater extent of the underlying Three Forks Formation, as well as the progressively 

overlapping relationships between the members of the Bakken Formation. The limits of these 

formations are speculated to be erosional (Smith and Bustin, 2000), and Bottjer et al. (2011) has 

shown that the upper Three Forks is erosionally truncated towards the basin margins at an 

angular unconformity.  
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Figure 3.11: Sequence stratigraphy of the Bakken Formation as compared to its equivalent, the 
Exshaw Formation, in Canada (from Smith and Bustin, 2000). 
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Figure 3.12: Sequence stratigraphy of the Middle Bakken (from Nickel and Kohlruss, 2011). 
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Figure 3.13: Williston basin cross-section of the Bakken and Three Forks formations, showing 
overlapping relationships (modified from Sonnenberg and Pramudito, 2009). 

 
 
 
 

 
 
 
 
 
 



 36 

CHAPTER 4 
WELL LOG INTERPRETATIONS 

 

 IHS Petra Software was used for the construction of all geologic subsurface maps and 

cross-sections in this study. Within the study area, 186 wells were found to contain logs that 

penetrate Bakken or deeper strata (Figure 1.2). Wells with logs that did not penetrate Bakken or 

deeper strata were not used in this study. The vast majority of available well logs within the 

study area were raster logs. Well logs that were not previously loaded and depth calibrated into 

the Colorado School of Mines Williston basin Petra project were searched for and imported from 

the North Dakota Geological Society website https://www.dmr.nd.gov/oilgas/, and depth 

calibrated in Petra. This process of importing and calibrating missing well logs greatly 

expanded the data points available for this study. 

Any and all available well logs were used for interpretations and formation top picks, 

including sonic, resistivity, neutron density porosity, gamma ray neutron, electric, 

microresistivity, lithology, and DTSM (drilling time sample) logs. Most of these logs also 

include gamma ray and caliper curves, or a spontaneous potential curve. When available, the 

preferred log suite for interpretations and formation top picks included sonic, resistivity, neutron 

density porosity, and/or gamma ray neutron logs.  

 

4.1 Type Logs in the Literature 

Well log picks for Devonian and Mississippian formations and members were guided by 

type logs in the literature, as well as core descriptions tied to logs. Core descriptions were 

completed and tied to logs only for the Ashern through lower Prairie, and upper Three Forks 

through lower Lodgepole formations. All other log picks were guided by type logs in the 

literature. Figure 4.1 shows a gamma ray neutron type log by Wilson (1967) for Devonian strata 

in Saskatchewan, Canada, with picks for all Devonian formation tops. Figure 4.2 shows a cross-

section by Oglesby (1988) for a Winnipegosis reef and a Winnipegosis inter-reef in the study 

area, using gamma ray and sonic curves. Figure 2.5 shows a gamma ray and sonic type log by 

LeFever and LeFever (1995) of the Prairie Formation in Mountrail County, ND, with picks for 

all members and formation tops. Figure 3.10 shows a gamma ray, resistivity, and neutron density 

porosity type log by Bottjer et al. (2011) for the middle Three Forks through lower Lodgepole 

https://www.dmr.nd.gov/oilgas/
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formations in McKenzie County, ND, with picks for all members and formation tops. Figure 4.3 

shows a gamma ray type log by Waters and Sando (1987) for the Three Forks through 

Mississippian Kibbey formations, with log picks for all formations and informal intervals of the 

Madison Group. Figures 4.4a and 4.4b show a gamma ray resistivity log cross-section by 

Carlson and LeFever (1987) for the Lodgepole through Charles formations within the study area, 

with log picks for all formation tops, intervals, and marker beds.  

In summary, top picks for all formations, members, and facies relevant to this study can 

be distinguished from type logs in the literature. The Devonian Ashern through Three Forks 

formation tops can be distinguished on the gamma ray neutron type log in Figure 4.1. More 

detailed top picks for the Winnipegosis Formation, as well as the members and facies of the 

Prairie Formation, can be distinguished on the gamma ray sonic type logs on Figures 2.5 and 4.2. 

Top picks for the Three Forks Formation, all members of the Bakken Formation, and the 

informal facies of the lower Lodgepole Formation can be distinguished on the gamma ray, 

resistivity, and neutron density porosity type log on Figure 3.10. Top picks for the formations, 

intervals, and gamma ray marker beds of the Mississippian Madison Group can be distinguished 

from the gamma ray and resistivity type logs on Figures 4.3, 4.4a, and 4.4b. Top picks for the 

Ashern through Bakken formations are relatively straight forward, and the type logs in the 

literature correlate well with the well logs in the study area. However, top picks for the 

Mississippian Madison Group are more complex and variable, and the following section explains 

how the type logs on Figures 4.3, 4.4a, and 4.4b were interpreted to make consistent picks in the 

study area. 

 

4.2 Methods for Picking Mississippian Tops 

Picking tops and establishing correlations are historically difficult in the Mississippian 

Madison Group due to clinoforms and lateral facies changes. However, several regionally 

correlative gamma ray markers exist, and these marker beds are often picked in lieu of picking 

formation tops (Carlson and LeFever, 1987; Peterson, 1984, and Fischer et al., 2005). In order to 

eliminate thickness changes resulting from clinoforms and lateral facies changes, this method of 

picking gamma ray markers was adopted for the Madison Group in this study. The gamma ray 

type log in Figure 4.3 is very useful for picking gamma ray markers that correlate to formation 

tops. The Lodgepole Formation and Tilston interval tops were easily distinguished on gamma ray  
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Figure 4.1: Gamma ray neutron type log for Devonian strata in Saskatchewan, Canada (from 
Wilson, 1967). 
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Figure 4.2: Gamma ray sonic log cross-section of a Winnipegosis reef (left well) and a 
Winnipegosis inter-reef (right well) in Renville County, ND (modified from Oglesby, 1988). 
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Figure 4.3: Gamma ray type log for the Three Forks through Kibbey formations in Dunn County, 
ND (from Waters and Sando, 1987). 
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Figure 4.4a: Gamma ray resistivity log cross-section of the Lodgepole through Charles 
formations from Mountrail County, ND (A) to Bottineau County, ND (A’) (from Carlson and 
LeFever, 1987). 
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Figure 4.4b: continued. 
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curves within the study area. The Frobisher Alida interval and Mission Canyon Formation tops 

were somewhat more difficult to pick. 

While Figure 4.3 shows that the Mission Canyon top is synonymous with the Frobisher 

Alida top, the cross-section on Figures 4.4a and 4.4b shows the Mission Canyon top (dotted line) 

downcutting through gamma ray marker beds in the Radcliffe, Frobisher Alida, and Tilston 

intervals in the study area. Note that the State A marker (a widely used marker bed in the 

literature) is synonymous with the Mission Canyon top for the middle well (Shell Dewing No. 

12-15). Also note that the gamma ray response of the State A marker looks very similar to the 

gamma ray pick on Figure 4.3 for the Frobisher Alida Interval. The State A marker was easily 

distinguishable throughout the study area, and therefore the Mission Canyon and the Frobisher 

Alida tops were synonymously placed at the State A marker.  

An additional difficulty encountered while picking tops for the Mississippian Madison 

Group is that a large Mississippian – Jurassic unconformity downcuts into the study area from 

the northeast (Stanton, 1956: Anderson and Hunt, 1964). This erosional unconformity removed 

thousands of feet of Mississippian and younger rock, and truncates progressively older strata 

from southwest to northeast within the study area. This west – east downcutting can be seen on 

the cross-section in Figures 4.4a and 4.4b. The immediately overlying Triassic Spearfish 

Formation has a high gamma ray signature, which makes the erosional unconformity easy to pick 

within the study area. Tops were only picked when the entire formation or interval was 

preserved, with no erosional downcutting, in order to eliminate erosional thinning from the 

isopachs. The Mississippian-Jurassic erosional unconformity has removed strata younger than 

the Mission Canyon Formation from the study area, and truncates strata as deep as the Lodgepole 

Formation within the study area to the east. For this reason, the Mission Canyon is the youngest 

formation mapped in this study. Additionally, isopach maps of the Mission Canyon through 

Lodgepole formations show erosional truncation to the east. 

 

4.3 Original Type Logs Tied to Core 

While it was not feasible to complete core descriptions for all Devonian and 

Mississippian strata to tie all type logs to core, several core descriptions of the Ashern through 

lower Prairie and upper Three Forks through lower Lodgepole formations were tied to well logs 

in order to substantiate log picks. For the core-to-log correlations, only the lithology, formation, 
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and facies columns were used from the relevant core description. For more detailed correlations, 

the complete core descriptions can be found within Chapter 9.  

Figure 4.5 shows a type log of a Winnipegosis inter-reef interval tied to core. Core-to-log 

correlation confirms the picks for the Ashern and Winnipegosis formation tops, and shows the 

log characteristics of the Ratner Member of the Prairie Formation. The Ratner Member has 

previously been picked as part of the Upper Winnipegosis in the literature (Figure 4.2). The core-

to-log correlation proved to be very useful for delineating the Ratner Member, which is mapped 

in this study. Figure 4.6 shows a type log for the upper portion of a Winnipegosis pinnacle reef 

tied to core. This core-to-log correlation confirms the top pick for a Winnipegosis pinnacle reef. 

Figure 4.7 shows a type log of the Bakken Formation tied to core. This core-to-log correlation 

confirms the picks for the Three Forks, Lower Bakken Shale, Middle Bakken, and Upper Bakken 

Shale tops. Although this type log shows the top pick for the Pronghorn Member, this member is 

difficult to delineate from well logs, especially older raster logs, unless core is available. 

Therefore, the Pronghorn Member was not delineated for mapping purposes, and was likely 

picked as part of the Lower Bakken Shale if present anywhere else in the study area. 

 

4.4 Additional Log Interpretation Tools and Methods 

All type logs shown contain a gamma ray curve and either sonic, resistivity, and/or 

neutron density porosity curves. However, several wells within the study area date back to the 

1950 and 1960s, and only contain older electric and/or microresistivity logs, with SP curves 

instead of gamma ray curves. Top picks were more difficult for these wells, but the confidence 

level in these picks is still very high. This is because several wells contain a combination of 

electric, microresistivity, and more modern logs. These wells allowed for the log responses of the 

older electric and microresistivity logs to be correlated with the log responses of more 

distinguishable modern logs. These correlations guided accurate top picks for wells that only 

contain electric and microresistivity logs.  

In addition to tying core descriptions to logs, neutron density porosity logs were utilized 

to confirm top picks with interpreted lithologies. As seen in Figure 4.8, lithology can be 

interpreted from neutron density porosity logs based on the relationship between the neutron 

porosity and density porosity curves. (This figure actually shows RHOB, but the same 

relationship holds true for DPHI curves). This figure shows typical neutron density porosity log  
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Figure 4.5: Shell Osterberg 21-2 type log tied to core for the Ashern Formation through the 
Ratner Member, encompassing a Winnipegosis inter-reef. The log suite includes gamma ray, 
caliper, sonic, deep laterolog, neutron porosity, and density porosity curves. Reference Figure 
9.27 for the full core description. 
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Figure 4.6: Shell Golden 34-34X type log tied to core for a Winnipegosis pinnacle reef through 
the Ratner Member. The log suite includes gamma ray, caliper, sonic, deep laterolog, neutron 
porosity, and density porosity curves. Reference Figures 9.28a and 9.28b for the full core 
description. 
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Figure 4.7: Hess IM-Shorty type log tied to core for the upper Three Forks through lower 
Lodgepole formations. The log suite includes gamma ray, caliper, deep induction, medium 
induction, neutron porosity, and density porosity curves. Reference Figure 9.21 for the full core 
description. 
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characteristics for shale, anhydrite, and salt, all of which were used to confirm log picks within 

the study area. These lithology interpretations were most useful for picking tops in the Ashern 

through Prairie formations. 

 

 

 
Figure 4.8: Diagram showing interpreted lithologies from gamma ray, neutron porosity, bulk 
density, and photoelectric curves. Shaded areas represent crossover of the neutron porosity curve 
to the right of the bulk density curve. (from Asquith and Krygowski, 2004). 
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CHAPTER 5 

EVIDENCE FOR PRAIRIE SALT DISSOLUTION 

 

The literature review has substantiated the hypothesis that dissolution of Prairie salt, 

collapse of overlying beds, and infill of the resultant accommodation space can create thickness 

anomalies in the overlying Devonian and Mississippian strata of the Williston basin. This study 

will test this hypothesis as a causal mechanism behind thickness anomalies in the Bakken and 

Three Forks formations within the study area. The first step in determining whether dissolution 

of the Prairie salt is responsible for thickness anomalies in the study area is to determine if salt 

dissolution has occurred in the study area. Once this necessary foundation is established, the next 

step is to correlate isopachs of overlying strata and creating cross-sections to show collapse 

structures. In order to determine whether Prairie salt dissolution has occurred in the study area, 

several lines of evidence from the literature will be tested, and one new method will be 

presented. 

 

5.1 Thickness Relationships of the Winnipegosis and Prairie Formations  

An isopach map of the Prairie salt alone is not sufficient to determine whether dissolution 

has occurred in the study area. This is because the Prairie Formation thins depositionally onto 

underlying Winnipegosis reef and shelf margin topography. This relationship of depositional 

thinning can be seen on Figures 5.1 and 5.2. Figure 5.1 shows an isopach of the Winnipegosis 

Formation, with black circles highlighting pinnacle reefs. Small black dots represent the well 

control for this and all future isopachs. Figure 5.2 shows an isopach of the Prairie salt. Note that 

the well control extends beyond the zero edge for this isopach. These are wells that penetrate the 

Winnipegosis or deeper formations, but do not encounter Prairie salt. The Prairie salt thins over 

Winnipegosis reefs (black circles) and thickens within inter-reef areas. 

The Prairie salt isopach thins abruptly to the eastern zero edge. While this could be 

interpreted as evidence for salt dissolution, note that three pinnacle reefs define this zero edge. 

Also note that the Prairie salt is thinning onto the eastern Williston basin margin. Therefore, the 

Prairie salt zero edge could feasibly be a result of thinning onto underlying Winnipegosis reef 

topography and/or an uplifted basin margin. Additionally, all other areas of abrupt thinning could 

be a result of thinning over Winnipegosis reefs. For these reasons, the Prairie salt isopach cannot 
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be used to pinpoint areas of dissolution until additional methods and lines of evidence are 

presented.  

 

 

 
Figure 5.1: Isopach of the Winnipegosis Formation with a 20 ft contour interval. Pinnacle reefs 
are circled in black. The isopached interval is bracketed on a stratigraphic column. 
 

 

5.2 Winnipegosis through Prairie Salt Interval Isopaching Method 

In the literature review it was noted that the Winnipegosis reef topography was 

effectively neutralized by infilling of the lower Prairie Formation. The upper Prairie Formation 

was then blanketed over this neutralized topography (Oglesby, 1988; Wardlaw, 1971). 

Therefore, the entire Winnipegosis through Prairie salt interval should have a relatively constant 

thickness, except for gradual thinning onto the basin margins or onto paleohighs. Thus, any 

abrupt thinning on an isopach of the Winnipegosis through Prairie salt interval, not associated 

with known paleohighs, is interpreted by this study to represent dissolutional thinning of the 

Prairie salt. Paleohighs will be discussed in the following chapter. 
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Figure 5.2 Isopach of the Prairie salt with a 40 ft contour interval. Areas of thinning over 
Winnipegosis pinnacle reefs are circled in black. The isopached interval is bracketed on a 
stratigraphic column. 
 

 

This technique eliminates depositional thickness changes of Prairie salt from influencing 

interpretations of dissolution. In order to show the change in thickness in this interval across the 

Prairie salt zero edge, it was necessary to create an isopach that mapped the Winnipegosis 

Formation alone when no Prairie salt was present, and mapped the Winnipegosis through Prairie 

salt interval when Prairie salt was present. This was accomplished through creative top picking 

in Petra. Figure 5.3 shows an isopach of the Winnipegosis through Prairie salt interval. The zero 

edge from the Prairie salt isopach has been traced and overlain on top of this map. Note that the 

Prairie salt outlier is included on this zero edge trace. The Winnipegosis through Prairie salt 

interval thins abruptly along the Prairie salt zero edge, substantiating the hypothesis that the zero 

edge is in fact a dissolution edge.  
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Figure 5.3 Isopach of the Winnipegosis through Prairie salt interval with a 20 ft contour interval. 
An area of anomalous isolated thinning is circled in blue. The isopached interval is bracketed on 
a stratigraphic column. 
 

 

5.3 Prairie Salt Dissolution above a Winnipegosis Pinnacle Reef 

 In the literature review it was noted that Winnipegosis reefs may enhance Prairie salt 

dissolution by channeling groundwater into contact with the overlying salt (Gendzwill, 1978; 

Oglesby, 1988). The fact that the dissolutional zero edge of Prairie salt is partially defined by 

three pinnacle reefs (Figure 5.2) indicates that these pinnacle reefs may have influenced salt 

dissolution and the resultant zero edge. An additional pinnacle reef is believed to have enhanced 

salt dissolution just west of the zero edge within the study area. The pinnacle reef in question 

corresponds to an isolated irregular thinning (circled in blue on Figure 5.3) on the Winnipegosis 

through Prairie salt isopach, suggesting that salt dissolution has occurred. 

Figure 5.4 shows a cross-section of the pinnacle reef. A south-north cross-section was 

chosen in order to stay within the same Prairie salt thickness contour, because a west-east cross-

section would have shown depositional thinning of Prairie salt onto the eastern basin margin. 

The cross-section is datumed on the top of the Ashern Formation, which is assumed by this study 
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Figure 5.4: S-N cross-section of a Winnipegosis pinnacle reef. Isopachs of the Prairie salt and the Winnipegosis through Prairie salt 
interval show the cross-section in plan view. Double-sided arrows show thinning of the Winnipegosis through Prairie salt interval at 
the reef.
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to have been a relatively level paleosurface after infilling of the Silurian erosional unconformity 

surface (Nordford et al., 1994). This datum was also chosen to show depositional thinning of 

Prairie salt onto the Winnipegosis reef, and dissolutional thinning of Prairie salt above the 

Winnipegosis reef. This datum will continue to be used for several additional cross-sections in 

this study, in order to show the collapse of overlying beds as a result of salt dissolution. 

Isopachs of the Prairie salt and the Winnipegosis through Prairie salt interval were 

included Figure 5.4 to show the cross-section in plan view. The cross-section shows that the 

Prairie salt (color-filled in pink) and Ratner Member (color-filled in purple) thin depositionally 

onto the underlying Winnipegosis reef topography (color-filled in green). However, with the 

Ashern as a datum it is apparent that the Prairie salt also thins above the Winnipegosis reef, and 

the 2nd Red Bed has collapsed over the reef. This is taken as evidence for Prairie salt dissolution 

above the Winnipegosis pinnacle reef. Finally, notice that the entire Winnipegosis through 

Prairie salt interval thins across the Winnipegosis reef (double-sided arrows), further 

substantiating the Winnipegosis through Prairie salt interval isopaching method.  

 

5.4 Over-thickening of the Ratner Member 

In the literature review it was noted that over-thickening of the Ratner Member often 

occurs in areas of Prairie salt dissolution, as a result of residual accumulation of anhydrite layers 

after preferential dissolution of halite (Holter, 1969). Therefore, an isopach of the Ratner 

Member was created to determine if this line of evidence could be used to pinpoint areas of 

Prairie salt dissolution in the study area. Figure 5.5 shows an isopach of the Ratner Member, 

with an overlay of the Prairie salt zero edge. Note that the Ratner isopach thickens abruptly as it 

nears the Prairie salt zero edge, and also thickens just outside of the zero edge in the study area. 

This is further evidence that the Prairie salt zero edge is a dissolution edge. It is also evidence 

that dissolution has occurred at least several townships inside and outside of the Prairie salt zero 

edge. While anhydrite is less soluble than halite, it is still a soluble evaporite. This study 

postulates that dissolution outside of the Prairie salt zero edge to the east has been intense 

enough to dissolve out any additional residual anhydrite. Thus, the original eastern extent of 

Prairie salt may have been much greater than the extent of residual anhydrite today. This is 

evidenced by the presence of two anhydrite outliers outside of the Prairie salt eastern zero edge, 

which are postulated to be remnants of residual anhydrite dissolution.  
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Figure 5.5: Isopach of the Ratner Member with a 10 ft contour interval and an overlay of the 
Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
 

 

5.5 Over-thickening of the 2nd Red Bed 

As a third line of evidence, in the literature review it was noted that thickening of the 2nd 

Red Bed of the Prairie Formation is indicative of Prairie salt dissolution (Oglesby, 1988). 

Therefore, an isopach of this member was created to determine if this line of evidence could be 

used to pinpoint areas of salt dissolution in the study area. Figure 5.6 shows an isopach of the 2nd 

Red Bed, with an overlay of the Prairie salt zero edge. Note that abrupt thickening of the 2nd Red 

Bed corresponds to the Prairie salt zero edge. This is further evidence that the zero edge is in fact 

a dissolution edge. An additional interpretation that can be drawn from this isopach is that the 2nd 

Red Bed remains over-thickened for the entire eastern extent of mapping within the study area. 

This suggests that the original extent of Prairie salt was once much greater to the east across the 

study area, but it has since been dissolved out to the present day zero edge.  
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Figure 5.6: Isopach of the 2nd Red Bed Member with a 5 ft contour interval and an overlay of the 
Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
 

 

5.6 Regional Cross-Section 

A regional west-east cross-section was created to show each important feature 

encountered within this aspect of the study (Figure 5.7). The cross-section is drawn in plan view 

on the Prairie salt and Winnipegosis through Prairie salt isopachs. Starting from the west, the 

first well shows what is believed to be an original thickness of Prairie salt, over an average 

thickness of the Winnipegosis Formation. The second well shows Prairie salt thinning 

depositionally onto a Winnipegosis reef, and perhaps dissolutionally over the Winnipegosis reef. 

The third well shows Prairie salt thickening depositionally within a Winnipegosis inter-reef. The 

fourth well crosses over the dissolutional zero edge of Prairie salt, as evidenced by the abrupt 

thinning in the Winnipegosis through Prairie salt interval (double-sided arrows). The fourth well 

shows a complete absence of Prairie salt, and an over-thickening of the Ratner Member at the 

dissolutional zero edge. The fifth well shows an anomalous outlier of Prairie salt. Similar to the 

outliers of the Ratner Member, this outlier is likely a dissolutional remnant of the greater 
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eastward extent of Prairie salt. Both the sixth and seventh wells are east of the Prairie salt zero 

edge, and show complete dissolution of Prairie salt, as well as a thickening of the 2nd Red Bed.  

 

5.7 Summary 

These methods and lines of evidence strongly support the hypothesis that Prairie salt 

dissolution has occurred within the study area. The Prairie salt zero edge has been shown to be a 

dissolutional edge, rather than a depositional edge. Prairie salt dissolution has been shown to 

occur above Winnipegosis reefs, likely due to enhanced groundwater flow into contact with the 

lower Prairie Formation. The isopach of the 2nd Red Bed suggests that Prairie salt dissolution 

has occurred east of the present day zero edge throughout the study area. Isopachs of the 

Winnipegosis through Prairie salt interval, as well as isopachs of the 2nd Red Bed and Ratner 

members, may be used as reconnaissance tools for identifying areas of Prairie salt dissolution. 

With Prairie salt dissolution confirmed for the study area, and locations of salt dissolution 

pinpointed, further study will now determine if Prairie salt dissolution is a causal mechanism 

behind thickness anomalies in the overlying Devonian and Mississippian section. 
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Figure 5.7: W-E cross-section of the Winnipegosis and Prairie formations. Isopachs of the Prairie salt and the Winnipegosis through 
Prairie salt interval show the cross-section in plan view. Double-sided arrows show abrupt thinning of the Winnipegosis through 
Prairie salt interval across the Prairie salt zero edge.
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CHAPTER 6 

ISOPACHS, CROSS-SECTIONS, AND STRUCTURE MAPS 

 

 Log picks were made for the Devonian Ashern through Mississippian Mission Canyon 

formations using the type logs and well log interpretation methods outlined in Chapter 3. These 

picks were used to construct isopach maps, cross-sections, structure maps, and residual structure 

maps. Isopach maps were created for the Devonian Dawson Bay through Mississippian Mission 

Canyon formations to determine if thickness anomalies in overlying strata correspond to areas of 

Prairie salt dissolution. An additional goal was to track the path of Prairie salt dissolution 

through time, by analyzing each interval for compensating thickening while moving upsection. 

Cross-sections were created to determine if thickness anomalies are a result of Prairie salt 

dissolution, collapse, and compensating infill, and if they are a part of single-stage and/or multi-

stage collapse structures. Cross-sections were also constructed to show thickness variations over 

several proposed basement faults. Structure and residual structure maps were created to show 

structural collapse from salt dissolution, and to determine if paleohighs and paleotopographic 

lows influenced thickness variations in the overlying Devonian and Mississippian strata. 

 

6.1 Dawson Bay through Nisku Isopach Maps 

 The Prairie salt zero edge was overlain on all isopachs to determine whether thickness 

anomalies align with areas of Prairie salt dissolution. A stratigraphic column was also included 

in each figure to show the stratigraphic location of the isopached interval. Several isopachs of 

combined intervals were also included to aid in the interpretation. Figures 6.1 through 6.4 show 

isopachs for the Devonian Dawson Bay through Devonian Nisku formations. Figure 6.5 shows 

the isopach for the combined Nisku through Dawson Bay interval. The Dawson Bay, Souris 

River, Duperow, and Nisku isopachs all show a scattering of moderate thickness anomalies near 

to and outside of the Prairie salt zero edge. These are interpreted to be the result of Prairie salt 

dissolution. Cross-sections will be presented to substantiate these claims later in this chapter, 

after additional isopachs of upsection strata are shown. As noted by Anderson and Hunt (1964), 

Prairie salt dissolution does not appear to be occurring progressively from east to west across the 

study area. Instead, salt dissolution appears to be scattered and episodic from Dawson Bay 

through Nisku time. 
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Perhaps more prominent than the scattered thickness anomalies is the persistence of 

anomalous thinning in each of these four Devonian formations. The Nisku through Dawson Bay 

isopach (Figure 6.5) shows three areas of persistent thinning from Dawson Bay through Nisku 

deposition. Note that the N-S elongate area of thinning is coincident with the Prairie salt zero 

edge. Thinning at the Prairie salt zero edge could occur over inverted multi-stage dissolution 

structures. However, all formations thin at this location, including the immediately overlying 

Dawson Bay Formation. Therefore, no multi-stage collapse structures have formed at this 

location in these strata. Persistent thinning through all formations also rules out erosional 

downcutting. Therefore, the only plausible explanation is that thinning is the result of a persistent 

paleohigh. It is no coincidence that this paleohigh correlates to the Prairie salt zero edge. As 

noted in the literature review, basement fault movements are often associated with areas of salt 

dissolution, because faulting and fracturing allow for the ingress of fresh water and the egress of 

brine. Therefore, this paleohigh is likely the result of an uplifted basement block, and basement 

fault movement at this location likely influenced Prairie salt dissolution during younger geologic 

time.  

Note the other two areas of anomalous thinning circled on Figure 6.5. These are also 

postulated to be the result of basement fault movements. The easternmost anomaly in north 

Pierce County is defined by two wells within the same section. The southern well (Chapman 

Allickson, API# 33069000440000) has anomalously thick Nisku through Souris River strata, 

while the northern well (Chapman Selvig, API# 33069000430000) has anomalously thin Nisku 

through Souris River strata. These two wells are interpreted to span across a basement fault, with 

thicker growth strata being deposited above the downthrown block, and thinner strata being 

deposited above the upthrown block. Cross-sections of these proposed faults will be presented 

later in this chapter, and additional evidence will be presented later in this study to substantiate 

these claims.  

 

6.2 Three Forks through Mission Canyon Isopach Maps 

Although Prairie salt dissolution is evidenced by moderate thickness anomalies in the 

Nisku through Dawson Bay formations, the prominent thickness anomalies on the following 

isopachs suggest that Prairie salt dissolution greatly increased by Three Forks time. Figure 6.6 

shows an isopach of the Three Forks Formation, and Figures 6.9 through 6.18 show isopachs for 
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Figure 6.1: Isopach of the Dawson Bay Formation with a 5 ft contour interval and an overlay of 
the Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
 

 
Figure 6.2: Isopach of the Souris River Formation with a 10 ft contour interval and an overlay of 
the Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
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Figure 6.3: Isopach of the Duperow Formation with a 10 ft contour interval and an overlay of the 
Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
 

 
Figure 6.4: Isopach of the Nisku Formation with a 10 ft contour interval and an overlay of the 
Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
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Figure 6.5: Isopach of the Nisku through Dawson Bay formations with a 20 ft contour interval 
and an overlay of the Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic 
column. 
 

 

the Lower Bakken Shale through Mission Canyon formations, as well as several isopachs for 

combined intervals. 

Figure 6.6 shows several prominent thickness anomalies in the Three Forks Formation 

aligning near to and outside of the Prairie salt zero edge. These thickness anomalies are often 

isolated or interconnected oblong features, constrained by scattered yet sufficient well control. 

There is also sufficient well control to constrain the zero edge of this and other isopachs. These 

thickness anomalies are believed to be the result of Prairie salt dissolution, due to their 

correlation to the Prairie salt zero edge. 

Figures 6.7 and 6.8 show isopachs of the Lower Bakken Shale from Webster (1984) and 

Smith and Bustin (2000), respectively. The elongate sub-linear thickness within the study area 

has the appearance of a fluvial channel, and this is what led to the incised-valley fill hypothesis. 

This study has discovered that the well control to delineate this feature is sparse, and that the 

elongate feature on isopachs in the literature is the result of contouring to connect thicknesses 

anomalies. This study chooses not to contour between distant wells, and the resulting isolated 
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thickness anomalies can be seen on the Lower Bakken Shale isopach in Figure 6.9. This study 

chose not to connect thickness anomalies into an elongate feature because there is no well 

control between anomalies to confirm whether Lower Bakken Shale is present. Additionally, and 

perhaps more importantly, several other thickness anomalies in this isopach are tightly 

constrained by available well control. Furthermore, Prairie salt dissolution has been shown on 

previous isopachs and in the literature to occur in scattered, isolated locations. For these reasons, 

thickness anomalies were not connected across long distances without available well control. 

The isopach of the Lower Bakken Shale (Figure 6.9) is perhaps the most pronounced of 

all in terms of anomalous thickening and scattered outliers. Note that once again, the thickness 

anomalies lie near to or outside of the Prairie salt zero edge. Furthermore, the northernmost 

thickness anomaly appears to contour around the Prairie salt outlier. This likely represents a 

small paleohigh above the preserved outlier of Prairie salt, over which the Lower Bakken Shale 

was either not deposited, or was more thinly deposited and subsequently eroded. Although the 

correlation to the Prairie salt zero edge suggest that these thickness anomalies are the result of 

Prairie salt dissolution, the incised-valley fill hypothesis is tested in Chapter 10 as another 

potential accommodation mechanism. 

Moving upsection, the Middle Bakken isopach (Figure 6.10) once again shows prominent 

thickness anomalies aligning near to and outside of the Prairie salt zero edge. Note the greater 

depositional extent of the Middle Bakken Member, and that there are no isolated outliers. Similar 

to the Lower Bakken Shale, the Middle Bakken also thins above the Prairie salt outlier. The 

Upper Bakken Shale isopach (Figure 6.11) shows prominent N-S trending thickness anomalies. 

These thickness anomalies extend as far east as Towner County, suggesting that the original 

extent of Prairie salt also extended this far east. Figure 6.12 shows an isopach of the Bakken 

Formation, and Figure 6.13 shows an isopach of the Bakken through Three Forks interval.  

Moving upsection, Figures 6.14 through 6.18 show isopachs of the Lodgepole through 

Mission Canyon formations, including the Tilston and Frobisher Alida intervals. Note that the 

eastern edge of these isopachs has been cut short where truncated by the Mississippian-Jurassic 

erosional unconformity. Once again, prominent thickness anomalies align near to and outside of 

the Prairie salt zero edge, suggesting that they are a result of Prairie salt dissolution.  

Note the thickness anomaly on the easternmost edge of the Lodgepole isopach, truncated 

by the erosional unconformity. This thickness anomaly is coincident with the anomalous  
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Figure 6.6: Isopach of the Three Forks Formation with a 10 ft contour interval and an overlay of 
the Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
 

 
Figure 6.7: Isopach of the Lower Bakken Shale with 5 ft contour intervals (from Webster, 1984). 
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Figure 6.8: Isopach of the Lower Bakken Shale. The red box highlights the sublinear thickness 
anomaly in the study area (from Smith and Bustin, 2000). 
 

 
Figure 6.9: Isopach of the Lower Bakken Shale with a 5 ft contour interval and an overlay of the 
Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
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Figure 6.10: Isopach of the Middle Bakken Member with a 5 ft contour interval and an overlay 
of the Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
 

 
Figure 6.11: Isopach of the Upper Bakken Shale with a 5 ft contour interval and an overlay of the 
Prairie salt zero edge. Isopached interval is bracketed on a stratigraphic column. 
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Figure 6.12: Isopach of the Bakken Formation with a 5 ft contour interval and an overlay of the 
Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
 

 
Figure 6.13: Isopach of the Bakken through Three Forks formations with a 10 ft contour interval 
and an overlay of the Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic 
column. 
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Figure 6.14: Isopach of the Lodgepole Formation with a 20 ft contour interval and an overlay of 
the Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
 

 
Figure 6.15: Isopach of the Tilston interval with a 10 ft contour interval and an overlay of the 
Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
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Figure 6.16: Isopach of the Frobisher Alida interval with a 10 ft contour interval and an overlay 
of the Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic column. 
 

 
Figure 6.17: Isopach of the Mission Canyon Formation with a 20 ft contour interval and an 
overlay of the Prairie salt zero edge. The isopached interval is bracketed on a stratigraphic 
column. 



 71 

 
Figure 6.18: Isopach of the Mission Canyon through Lodgepole formations with a 20 ft contour 
interval and an overlay of the Prairie salt zero edge. The isopached interval is bracketed on a 
stratigraphic column. 
 

 

thinning seen on the Nisku through Dawson Bay isopach (Figure 6.5). This is interpreted to be a 

result of structural inversion over the proposed basement fault during Lodgepole time. All 

Mississippian isopachs show thickness anomalies corresponding to the Prairie salt zero edge that 

are also coincident with anomalous thinning on the Nisku through Dawson Bay isopach (Figure 

6.5). This is interpreted to be the result Prairie salt dissolution over the proposed basement fault. 

More evidence will be presented to substantiate these claims in the following section. 

 

6.3 Cross-Sections 

Cross-sections were constructed across thickness anomalies observed on the isopachs, 

and across two of the proposed basement faults. In order to show the collapse of overlying beds, 

the Ashern Formation is once again used as a datum for all cross-sections in this chapter. 

Formations and members are color-filled for ease of correlation, and each figure contains two 

relevant isopachs to show the cross-section in plan view. The youngest top picked is the  
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Mississippian-Jurassic erosional unconformity, drawn in as an orange unconformity surface and 

labeled as the “Spearfish_Base”.  

 

6.3.1 Cross-Section of the Prairie Salt Dissolution Edge Fault  

Starting with the proposed basement faults, Figure 6.19 shows a cross-section of the 

basement fault corresponding to the Prairie salt zero edge.  An isopach of the Mission Canyon 

Formation shows anomalous thickening, while an isopach of the Nisku through Dawson Bay 

interval shows anomalous thinning. Note that the Prairie salt zero edge is overlain on each 

isopach. The cross-section is drawn across the Prairie salt zero edge, with the westernmost well 

containing Prairie salt, and the center well containing no Prairie salt. The overlying beds have 

collapsed as a result of salt dissolution, and the Mississippian strata are over-thickened as a result 

of compensating infill. However, note that the Nisku through Dawson Bay strata is thinner over 

the center well. This is best explained by the hypothesis that an underlying basement fault 

initially caused uplift and depositional thinning in the Nisku through Dawson Bay formations, 

prior to Prairie salt dissolution. Salt dissolution was initiated perhaps as early as Three Forks 

time (slight over-thickening is observed), but the most intense dissolution was initiated in 

Mississippian time, as evidenced by pronounced over-thickening. Dissolution of the Prairie salt 

was likely influenced by faulting and fracturing from the underlying basement fault. 

 

6.3.2 Cross-Section of the North Pierce County Fault 

Figure 6.20 shows a cross-section across another proposed basement fault in north Pierce 

County. An isopach of the Lodgepole Formation shows anomalous thickening at the center well, 

while an isopach of the Nisku through Dawson Bay interval shows anomalous thinning at the 

center well, and slight over-thickening at the southernmost well. Note that the Prairie salt is 

completely absent in this cross-section. As proposed earlier, the anomalous thinning in the Nisku 

through Dawson Bay interval likely occurred over an uplifted basement horst, and the thickening 

likely occurred over a downthrown basement graben. A reversal of this trend occurs in 

Mississippian Lodgepole time, and this is proposed to be the result of a structural inversion of 

the proposed basement fault. Note that in the center well, Mississippian Tilston and Frobisher 

Alida strata were preserved from erosion at the Mississippian-Jurassic unconformity, while this  
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Figure 6.19: W-E cross-section of the proposed Prairie salt zero edge fault. Isopachs of the 
Mission Canyon Formation and Nisku through Dawson Bay formations show the cross-section in 
plan view, with an overlay of the Prairie salt zero edge. 
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Figure 6.20: S-N cross-section of the proposed north Pierce County fault. Isopachs of the 
Lodgepole Formation and Nisku through Dawson Bay formations show the cross-section in plan 
view. 
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strata was heavily eroded on the two outer wells. This is interpreted to be a result of preservation 

within a paleotopographic low corresponding to a downthrown basement block. 

 

6.3.3 Cross-Section of a Single-Stage Collapse Structure 

The next three cross-sections (Figures 6.21 through 6.23) show a progression of single-

stage to multi-stage collapse structures primarily in the Bakken and Three Forks formations. 

Figure 6.21 shows a single-stage collapse structure, with compensating infill in the Dawson Bay, 

Three Forks, Bakken, and Lodgepole formations. Isopachs of the Bakken and Dawson Bay 

formations show the cross-section in plan view, constructed across the thickness anomalies. Note 

that the two outer wells are within the Prairie salt zero edge, while the center well is just outside 

of the Prairie salt zero edge. This is reflected in the cross-section, where complete dissolution of 

Prairie salt at the center well has resulting in the collapse of overlying beds, and compensating 

infill. Refer to Figures 6.6, 6.9, 6.10, and 6.14 to see the thickness anomalies in plan view on the 

Three Forks, Lower Bakken Shale, Middle Bakken, and Lodgepole isopachs, respectively. By 

the top of the Lodgepole Formation, the collapsed beds appear to have been neutralized by 

compensating infill. The thickness anomalies do not appear to have been inverted into a positive 

structure by any additional dissolution of the surrounding area. 

 

6.3.4 Cross-Section of a Partial Multi-Stage Collapse Structure 

Figure 6.22 shows a multi-stage collapse structure, with partial structural inversion of a 

Bakken and Three Forks thickness anomaly. An isopach of the Bakken through Three Forks 

interval shows the cross-section in plan view, constructed across a prominent thickness anomaly. 

An isopach of the Prairie salt shows that the two outer wells are within the Prairie salt zero edge 

(the northeasternmost well being within the Prairie salt outlier), and the center well is outside of 

the Prairie salt zero edge. This is reflected in the cross-section, where complete dissolution of 

Prairie salt at the center well has resulted in the collapse of overlying beds, and compensating 

infill. Note that Prairie salt is also thinner in the outer wells of this cross section. This is likely 

because additional dissolution has occurred to partially remove salt from these two outer wells. 

Partial dissolution at the outer wells caused the surrounding strata to collapse, inverting the 

original Bakken and Three Forks infill structure into a positive multi-stage collapse structure.  
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Figure 6.21: SW-NE cross-section of Dawson Bay and Three Forks through Lodgepole thickness 
anomalies within a single-stage collapse structure. Isopachs of the Mission Canyon and Dawson 
Bay formations show the cross-section in plan view, with an overlay of the Prairie salt zero edge. 
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Figure 6.22: SW-NE cross-section of a partially inverted Bakken and Three Forks thickness 
anomaly within a multi-stage collapse structure. Isopachs of the Mission Canyon Formation and 
the Prairie salt show the cross-section in plan view. 
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6.3.5 Cross-Section of a Complete Multi-Stage Collapse Structure 

Figure 6.23 shows a multi-stage collapse structure, with complete structural inversion of 

a Bakken thickness anomaly. This cross-section represents the final stage of dissolution, in 

which all surrounding Prairie salt has been removed. An isopach of the Bakken Formation shows 

the cross-section in plan view, constructed across a prominent, small, isolated thickness anomaly. 

An isopach of the Prairie salt shows that this cross-section is entirely outside of the Prairie salt 

zero edge. This is reflected in the cross-section, where the over-thickened 2nd Red Bed sits 

directly on either the Winnipegosis Formation or the Ratner Member. Moving upsection, no 

thickening is observed in Devonian strata until reaching the Bakken Formation, which is 

significantly over-thickened at the middle well. Thickening is primarily within the Lower 

Bakken Shale and Middle Bakken members. Similar to the previous cross-section (Figure 6.22), 

the over-thickened Bakken Formation is likely the result of the initial dissolution event. 

Subsequent dissolution of Prairie salt surrounding the initial event caused collapse of the 

surrounding strata, and complete inversion of the Bakken infill structure into a positive multi-

stage dissolution structure. Once again, no depositional thinning is observed in the overlying 

strata to indicate the timing of the multi-stage dissolutional event(s). Therefore, it is suggested 

that subsequent dissolution occurred in strata younger than the Mississippian Lodgepole in age 

(the youngest formation below the erosional unconformity in this cross-section). This strata has 

either been removed by the Mississippian-Jurassic erosional event, or was deposited over the 

unconformity surface and was not mapped for this study. 

 

6.4 Structure and Residual Structure Maps 

 Collapse of overlying beds from salt dissolution can be seen on cross-sections when 

datumed on the Ashern Formation, but this collapse can also be seen on structure and residual 

structure maps. On structure maps, small-scale structural features can often be masked by 

regional dip. Residual structure maps allow for small-scale features to be observed by essentially 

subtracting the regional dip. This study utilizes 1st-order residual structure maps, which are 

created by subtracting a 1st order trend surface (average regional dip) from the original structure 

map. The resulting residual maps depict highs and lows relative to the average trend surface. 

Residual structure maps are often used to indicate paleotopography (Evenick et al., 2008). 

However, residual structure maps depict local structural deformation that has occurred both prior  
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Figure 6.23: W-E cross-section of an inverted Bakken thickness anomaly within a multi-stage 
collapse structure. Isopachs of the Bakken Formation and the Prairie salt show the cross-section 
in plan view. 
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to and after deposition of the immediately overlying strata. Therefore, care must be taken to tie 

isopachs to residual structure maps in order to interpret depositional thickening and thinning 

before interpreting paleotopography. 

Nickel and Kohlruss (2011) used a residual structure map of the pre-Bakken surface to 

interpret paleotopographic highs affecting Lower Bakken Shale deposition just northwest of the 

study area. Figure 6.24 shows an interpreted paleohigh over the Churchill-Superior boundary, 

which appears to control the limits of the Lower Bakken Shale. This may be the result of non-

deposition, uplift and erosion, or both. Note the location of the thesis study area to the southeast 

of the area mapped by Nickel and Kohlruss (2011) (Figure 6.24). Mapping within the thesis 

study area will determine if the Churchill-Superior boundary paleohigh proposed by Nickel and 

Kohlruss (2011) continues to the southeast, and whether this paleohigh influenced depositional 

and/or erosional thinning on isopachs. 

 

6.4.1    2nd Red Bed Base Structure and Residual Structure Maps   

 The Prairie salt zero edge is once again overlain onto all structure and residual structure 

maps for correlation. A stratigraphic column is also included for reference. Figure 6.25 shows a 

normal structure map of the 2nd Red Bed base. This horizon was chosen to represent any Prairie 

salt-dissolution collapse that has occurred, because it records dissolution collapse without being 

masked by compensating infill. Note that the normal structure map shows a slight undulation due 

to a change in dip at the Prairie salt zero edge (Figure 6.25). A residual structure map of the same 

horizon greatly amplifies the structural variation, with a large collapse feature correlating to the 

Prairie salt zero edge (Figure 6.26). For this reason, residual structure maps will be used in favor 

of normal structure maps for correlations to isopachs and interpretations of paleotopography. 

The overlying Dawson Bay isopach (Figure 6.1) can be used to determine if any of these 

residual highs and lows were present as paleohighs and paleotopographic lows during deposition. 

Note that a prominent thickness anomaly occurs within the residual low corresponding to the 

Prairie salt zero edge, suggesting that it was partially active as a paleotopographic low during 

deposition. Also note that the Dawson Bay thickens to the northeast corner of the isopach, 

corresponding with another residual low. Furthermore, the Dawson Bay Formation thins onto a 

residual high to the south. These observations suggest that much of the structure seen on the 2nd 

Red Bed residual map is in fact indicative of paleotopography, with both paleotopographic lows 
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Figure 6.24: (a) Isopach map of the Lower Bakken Shale in southeast Saskatchewan. (b) 
Residual map of the pre-Bakken surface. Location map shows the thesis study area outlined in 
red (modified from Nickel and Kohlruss, 2011). 
 

 

and paleohighs influencing deposition. The southeastern paleohigh is postulated to be the 

northernmost part of the “Burleigh high” proposed by Ballard (1963), and will be labeled 

accordingly for this study. 

Curiously, the collapse feature does not extend as far east as one would expect from the 

previously interpreted extent of Prairie salt dissolution. One explanation for this is that 

subsequent regional uplift, greater than the regional dip subtracted by the residual algorithm, has 

masked the dissolution collapse further to the east. This may be evidenced by the positive 

structure trending SE-NW through the middle of the study area, which is postulated to represent 

the basin hingeline proposed by Gerhard et al. (1990).  
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Figure 6.25: Structure map of the 2nd Red Bed base with a 250 ft contour interval and an overlay 
of the Prairie salt zero edge. The mapped top is indicated on a stratigraphic column. 
 

 
Figure 6.26: 1st order residual structure map of the 2nd Red Bed base with a 50 ft contour interval 
and an overlay of the Prairie salt zero edge. The mapped top is indicated on a stratigraphic 
column. 
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6.4.2 Nisku and Three Forks Residual Structure Maps 

A residual structure map on top of the Nisku Formation (Figure 6.27) shows a similar 

residual low coincident with the Prairie salt zero edge. Also note a residual high and adjacent 

low at the proposed basement fault in north Pierce County. This reflects the present day structure 

of the fault, with the downthrown block occurring to the north, and the upthrown block occurring 

to the south. This is in agreement with the proposed structural inversion during Lodgepole 

deposition. Comparison of the overlying Three Forks isopach (Figure 6.6) shows good 

correlation between thickness anomalies and the dissolution-collapse feature, suggesting that it 

was active as a paleotopographic low during deposition. The Three Forks thins to a zero edge 

onto the Burleigh high, suggesting that it was active as a paleohigh during deposition. Thus, 

thickness variations in the Three Forks Formation are due to both infilling of paleotopographic 

lows from Prairie salt-dissolution collapse, and thinning over the Burleigh high.  

Moving upsection, a residual structure map on top of the Three Forks Formation (Figure 

6.28) shows a similar residual low coincident with the Prairie salt zero edge. Comparison with 

the Bakken isopach (Figure 6.12) shows decent correlation between thickness anomalies and 

residual lows. The northeasternmost thickness anomalies align with a residual low, as do several 

of the thickness anomalies near the Prairie salt zero edge, suggesting that they were active as 

paleotopographic lows during deposition. Perhaps more pronounced is the correlation between 

depositional thinning and residual highs. The residual high to the northwest in Renville County 

corresponds to the zero edge of the Lower Bakken Shale isopach (Figure 6.9) and to thinning in 

the Middle Bakken and Upper Bakken Shale isopachs (Figures 6.10 and 6.11). This is likely an 

extension of the Churchill-Superior boundary paleohigh proposed by Nickel and Kohlruss 

(2011). Similar depositional thinning is observed over the Burleigh high to the southeast. These 

observations suggest that there were two paleohighs active during deposition of the Bakken 

Formation. Therefore, thickness variations in the Bakken Formation are due to both infilling of 

paleotopographic lows from Prairie salt-dissolution collapse, and thinning over active 

paleohighs. 

 

6.5 Summary 

 Prairie salt dissolution is largely responsible for thickness anomalies in the Dawson Bay 

through Mission Canyon formations in the study area. Isopachs of the Dawson Bay through  
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Figure 6.27: 1st order residual structure map of the Nisku Formation top with a 50 ft contour 
interval and an overlay of the Prairie salt zero edge. The mapped top is indicated on a 
stratigraphic column. 
 

 
Figure 6.28: 1st order residual structure map of the Three Forks Formation top with a 50 ft 
contour interval and an overlay of the Prairie salt zero edge. The mapped top is indicated on a 
stratigraphic column. 
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Mission Canyon formations show that Prairie salt dissolution did not occur progressively from 

east to west within the study area, but instead occurred episodically in scattered locations east of 

the Prairie salt zero edge. Cross-sections show that single-stage and multi-stage dissolution 

structures exist in several Devonian and Mississippian formations within the study area. A lack 

of observed depositional thinning over inverted multi-stage collapse structures suggests that 

Prairie salt dissolution continued to occur during the deposition of strata younger than the 

Mississippian Mission Canyon Formation, which is the youngest top picked in this study. 

Therefore, thickness anomalies in the Dawson Bay through Mission Canyon formations do not 

show the full extent of Prairie salt dissolution.  

Three proposed basement faults have also influenced thickness variations in Devonian 

and Mississippian strata. Cross-sections and isopachs of the north Pierce County fault suggest 

that structural inversion occurred during Lodgepole time. Cross-sections and isopachs of the 

basement fault corresponding to the Prairie salt zero edge suggest that this fault likely influenced 

Prairie salt dissolution. Additional work in the following chapter will substantiate these basement 

faults, and further determine their influence on thickness variations in the mapped strata. 

Residual structure maps on the 2nd Red Bed base, Nisku, and Three Forks horizons 

largely represent paleotopography, as evidenced by the correlation to thinning and thickening in 

the overlying isopachs. The residual low just east of the Prairie salt zero edge seen on all residual 

structure maps is the result of Prairie salt dissolution and collapse of the overlying strata. The 

Dawson Bay and Three Forks formations thicken over paleotopographic lows from salt 

dissolution, and thin over the interpreted Burleigh high. The Bakken Formation also thickens 

over paleotopographic lows from salt dissolution, and thins over the interpreted Burleigh high 

and the Churchill-Superior boundary high. 
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CHAPTER 7 

BASEMENT FAULTS AND TERRANES 

 

 Several basement faults have been proposed within the study area, with upthrown and 

downthrown basement blocks affecting depositional thickness variations in the overlying 

Devonian and Mississippian strata. The existence of these faults has been supported by isopachs, 

cross-sections, and structure maps. This section seeks to determine whether an aeromagnetic 

anomaly map of North Dakota will provide more direct evidence for the existence of these 

basement faults. In the literature review it was noted that the Churchill-Superior boundary, the 

suture between the Superior craton and the Churchill province, is postulated to have influenced 

Prairie salt dissolution in the study area. Therefore, another goal of this section is to delineate the 

Churchill-Superior boundary from these basement maps, and determine the influence it may 

have had on Prairie salt dissolution. 

 

7.1 Interpreting an Aeromagnetic Anomaly Map 

Aeromagnetic anomaly maps measure the sum of the regional magnetic field of the Earth 

and the local magnetic field produced by underlying magnetic rocks. Recorded variations in 

magnetic field strength are therefore due to changes in the regional field strength and the volume 

and magnetic susceptibility of underlying rocks. Once corrections are made to remove the 

variations to the regional field, the magnetic anomaly map is directly related to the magnetic 

susceptibility of the underlying rocks. Sedimentary cover is typically much less magnetic than 

basement rock. Therefore, a downthrown block with thicker sedimentary cover will show up as 

an aeromagnetic low, and an upthrown block with thinner sedimentary cover will show up as an 

aeromagnetic high. Basement faults may show up as abrupt changes in magnetism. (Selley, 

1998). 

Basement rock types have varying magnetic susceptibilities. These variations can often 

be used to identify different basement terranes, and an abrupt change in magnetism may also 

represent a suture or terrane boundary (Reeves, 2005). A terrane is defined as a unique 

stratigraphy, structure, and age, and is fault bounded (Sims et al., 1991). Thus, all terrane 

boundaries also represent basement faults. Without prior knowledge of the basement terranes, it 

is difficult to determine whether an abupt change in magnetism is due to a terrane boudary or 



 87 

juxtaposed fault blocks. However, both terrane boundaries and juxtaposed fault blocks identify 

basement faults.  

 

7.2 North Dakota Basement Interpretations in the Literature 

Before attempting to interpret the aeromagnetic anomaly map, a literature review was 

conducted to better understand the basement geology of the Williston basin. The basement 

terranes underlying the Williston basin are still under debate, and papers by Green et al. (1985), 

Sims et al. (1991), Baird et al. (1996), and Nesheim (2011) offer varying opinions. The location 

of the Trans-Hudson orogen between the Superior craton and the Wyoming craton is agreed 

upon by all authors. However, the terranes within the Trans-Hudson orogen are under active 

debate.  

 

7.2.1 Literature Review of Green et al. (1985) 

Green et al. (1985) extrapolated known basement terranes from the exposed Canadian 

shield underneath the sedimentary cover of the Williston basin using aeromagnetic, gravity, 

seismic, and electromagnetic induction data. The aeromagnetic anomaly map was most heavily 

used for extrapolations. Figure 7.1 shows the basement geology of the exposed Canadian shield, 

with interpreted faults and terrane boundaries. Note the location of the Superior craton (SC), 

Thompson nickel belt (TB), Flin-Flon Snow Lake belt (FF-SL), and Reindeer-South Indian 

Lakes belt (R-SI). The Thompson nickel belt is a highly metamorphosed western edge of the 

Superior craton that underwent intense shearing and faulting during the Trans-Hudson orogeny. 

The Flin-Flon Snow Lake belt is interpreted as a Proterozoic island arc terrane, and the Reindeer-

South Indian Lakes belt is interpreted as Proterozoic back-arc terrane. These Proterozoic terranes 

were accreted during the Trans-Hudson orogeny. Note the existence of a major fault on the 

western edge of the Thompson belt (Figure 7.1). Green et al. (1985) proposes that this is a 

continental-scale strike slip fault. This is additionally interpreted as the suture between the 

Superior craton and the Churchill province, or the Churchill-Superior boundary.  

Figure 7.2 shows the interpreted aeromagnetic anomaly map by Green et al. (1985), with 

extrapolations from the exposed basement terranes. The magnetic fabric of the Superior craton is 

characterized by E-W trending magnetic highs. This E-W trending magnetic fabric is abuptly 

truncated at the Thompson nickel belt, which is characterized by a prominent N-S trending zone  
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Figure 7.1: Tectonic terranes on the exposed Canadian shield of Manitoba and Saksatchewan. 
AB – Athabasca basin; CC – Churchill craton; CLZ – Cree Lake zone; FF-SL – Flin Flon-Snow 
Lake belt; FRB – Fox River belt; GL – Glennie Lake domain; HLB – Hanson Lake block; KG – 
Kisseynew belt; LR-LL – La Ronge-Lynn Lake belt; M – Mudjatik domain; N – Nejanilini 
domain; NF – Needle Falls shear zone; PB – Pikwitonei granulites; PL – Parker Lake shear zone; 
PLC – Peter Lake complex; R-SI – Reindeer-South Indian Lakes belt; S – Stanley Shear zone; 
SC – Superior craton; SR – Seal River domain; TB – Thompson belt; TFF – Tabbernor fault/fold 
zone; V – Virgin River domain; VR- Virgin River shear zone; W – Wollaston domain; W-C – 
Wathaman-Chipewyan batholith (from Green et al., 1985). 
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Figure 7.2: Aeromagnetic anomaly map for parts of North Dakota, South Dakota, Wyoming, 
Montana, Manitoba, and Saskatchewan. A red line has been added for the international border. 
Solid black lines are the tectonic boundaries on the exposed shield from Figure 7.1. Dashed 
black lines are the interpreted and extrapolated boundaries underneath the Phanerozoic cover 
(modified from Green et al., 1985). 
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of low magnetic susceptibility. The western boundary of this terrane is interpreted to represent an 

extension of the major fault at the Churchill-Superior boundary.  

The Flin-Flon Snow Lake belt is characterized by N-S trending high magnetic anomalies, 

and the western boundary of this terrane is interpreted to represent an extension of the Tabbernor 

fault. The Reindeer-South Indian Lakes belt is characterized by low background magnetic fields 

and low magnetic relief, and the western boundary is interpreted to represent the suture/fault 

between the adjacent Wyoming craton. The Flin-Flon Snow Lake and Reindeer-South Indian 

Lakes belts are interpreted to represent the entire Trans-Hudson orogeny in North Dakota. 

 

7.2.2 Literature Review of Sims et al. (1991) 

Sims et al. (1991) generally agrees with the interpretations by Green et al. (1985). 

However, Sims et al. (1991) presents age dating data from the Trans-Hudson orogen within 

North Dakota that challenges the extrapolation of purely Proterozoic terranes southward. U-Pb 

and Sm-Nd dating is able to determine mantle crystallization ages, while K-Ar and Rb-Sr dating 

is susceptible to overprinting by younger metamorphic events. Not all samples have U-Pb or Sm-

Nd data, but for the samples that do, both Archean and Early Proterozoic ages were acquired 

from drill core within the Trans-Hudson orogen of North Dakota. This increase in Archean rocks 

is interpreted to represent a relatively deep level of exposure in the Trans-Hudson orogen, due to 

increased erosion southward (Green et al., 1986; Sims et al., 1991). Sims et al. (1991) agrees 

with the extrapolations of the Trans-Hudson terranes southward, but concludes that they contain 

an increasing amount of reworked Archean rocks. Figure 7.3 shows the revised nomenclature for 

these extrapolated terranes. The previously extrapolated Flin-Flon Snow Lake belt is labeled the 

“central magnetic region”, the previously extrapolated Reindeer-South Indian Lakes belt is 

labeled the “western magnetic region”, and the Thompson nickel belt is labeled the “Superior-

Churchill boundary zone”. This nomenclature will be adopted for this study, with minor 

modifications. This nomenclature is favored because rock types and age dating show that these 

extrapolations, while similar in tectonic origin, are likely not synonymous to the belts exposed on 

the Canadian shield. Additionally, this nomenclature takes a more generalized approach to the 

identification of terranes, which is favored because basement samples are very limited and rock 

types and ages are variable in North Dakota. 
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Figure 7.3: Interpreted basement terranes of the Trans-Hudson orogen (from Sims et al., 1991). 

 

 

7.2.3 Literature Review of Baird et al. (1996) 

Baird et al. (1996) presents a different hypothesis by proposing that the Archean terrane 

age-dated by Sims et al. (1991) within the Trans-Hudson orogen represents an Archean 

microcontinent known as the Dakota block. This is supported by a deep seismic transect across 

northern North Dakota that shows antiformal reflection geometries indicative of a continental 

mass. However, not all samples within the Trans-Hudson orogen of North Dakota are Archean, 
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and the wide variations in basement ages leads this thesis to conclude that the Trans-Hudson 

orogen of North Dakota is likely not underlain by a singular Archean microcontinent, but by 

several accreted terranes. Note that Baird et al. (1996) reinforces the location of the Churchill-

Superior boundary, as well as the hypothesis that this represents a continental-scale strike-slip 

fault.  

 

7.2.4 Literature Review of Nesheim (2011) 

The most recent paper reviewed for this thesis is by Nesheim (2011). This paper utilizes 

the age dating data by Sims et al. (1991), as well as a basement terrane map modified from 

Anderson (2007). This basement terrane map (Figure 7.4) is very applicable, because Anderson 

(2007) drew interpretations from the same aeromagnetic anomaly map utilized in this study 

(from Sweeney and Hill, 2003). Figure 7.4 shows the location of the Superior craton to the east, 

the Trans-Hudson and Superior boundary zone (also called the Thompson nickel belt or the 

Churchill-Superior boundary zone), the Trans-Hudson terrane to the west, and a small portion of 

the Wyoming craton to the southwest. Note that this interpretation does not delineate 

accretionary belts within the Trans-Hudson terrane. This thesis will attempt to delineate the 

accretionary belts proposed by Green et al. (1985) and Sims et al. (1991) from the aeromagnetic 

anomaly map. Figure 7.5 provides a schematic illustration of the Trans-Hudson orogeny, 

showing the accretion of several Archean and Early Proterozoic exotic terranes to the Superior 

craton, followed by the collision of the Wyoming craton from the west. This tectonic model is 

supported by the work in this study.  

 

7.3 Interpreted Aeromagnetic Anomaly Map 

Figure 7.6 shows an aeromagnetic anomaly map of North Dakota by Sweeny and Hill 

(2003) interpreted for basement terranes and faults by this study. The location of the Nesson 

anticline has been added for reference. Interpreted terrane boundaries, which are also interpreted 

as basement faults, are drawn in as solid black lines. Interpreted basement faults independent of 

major terrane boundaries are drawn in as black dashed lines. The Superior craton to the east is 

characterized by the typical E-W magnetic fabric observed by Green et al. (1985). In the 

northwest corner of the Superior craton there is a highly magnetic N-S trending anomaly that 

deviates from the standard E-W structural grain. This is interpreted to represent an upthrown  
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Figure 7.4: Geologic map of the interpreted basement terranes of North Dakota. Core locations 
of basement radiometric age dates are represented by black dots. Each location includes the 
NDIC well number, rock type that was dated, radiometric dating system used, and calculated age 
in Ga (billion years before present) (from Nesheim, 2011). 
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Figure 7.5: Schematic model depicting the formation of North Dakota’s Precambrian basement 
when various 2.9 – 2.2 Ga exotic terranes were accreted to the Superior craton during the Trans-
Hudson orogeny 1.9 – 1.7 Ga (from Nesheim, 2011). 
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basement block within the Superior craton, with the interpreted basement fault(s) drawn in as a 

black dashed line. This hypothesis is supported in the literature, with Sims et al. (1991) 

interpreting this anomaly to represent uplift adjacent to the eastern margin of the Trans-Hudson 

orogen. 

West of the Superior craton is the Churchill-Superior boundary zone (labeled CSBZ), 

which is characterized by N-S trending low magnetic susceptibilities. The boundary / fault 

between the Superior craton and the Churchill-Superior boundary zone is easily delineated from 

the aeromagnetic anomaly map. West of this boundary zone lies the central magnetic terrane 

(labeled CMT), characterized by N-S trending high magnetic susceptibilities. This is interpreted 

to represent a N-S linear accretionary belt developed from the accretion of several foreign 

terranes during the Trans-Hudson orogeny. The eastern margin of this belt is interpreted to 

represent the Churchill-Superior boundary and the related strike-slip basement fault.  

West of the central magnetic terrane lies the western magnetic terrane (labeled WMT). 

This is interpreted to represent another accretionary belt formed during the Trans-Hudson 

orogeny. The boundary between the western and central magnetic terranes is interpreted to 

represent a suture and basement fault. Although not directly pertinent to this study, it is worth 

noting that the location of this terrane suture and basement fault is roughly coincident with the 

“line of death” in the Bakken play. This term refers to an abrupt eastward transition from 

economic to non-economic wells in the Middle Bakken play east of the Nesson anticline. This 

correlation is a noteworthy topic for future work. Finally, a small sliver of the Wyoming craton is 

interpreted in the southwesternmost corner of the state from a relatively higher magnetic 

susceptibility. 

 

7.4 Isopach Correlations to the Aeromagnetic Anomaly Map 

 With basement terranes, sutures, and major faults interpreted from the aeromagnetic 

anomaly map of North Dakota, the next step is to determine if isopachs of the overlying 

Devonian and Mississippian strata show any correlations. The objects of this section are to 

determine if faulting and fracturing at the Churchill-Superior boundary influenced Prairie salt 

dissolution, and if thickness variations in the overlying strata can be tied to basement fault 

movements. The contours from select isopachs were overlain on top of the interpreted 

aeromagnetic anomaly map to allow for correlations to be observed. 
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Figure 7.6: Aeromagnetic anomaly map of North Dakota interpreted for basement terranes and 
faults. Solid black lines represent basement terrane boundaries / faults. Dotted black lines 
represent basement faults not associated with terrane boundaries. The Nesson anticline is drawn 
for spatial reference. WMT – Western magnetic terrane; CMT – Central magnetic terrane; CSBZ 
– Churchill-Superior boundary zone. Aeromagnetic anomaly map modified from Sweeney and 
Hill (2003). 
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In order to create isopach overlays, it was necessary to georeference the aeromagnetic 

anomaly map in GlobalMapper, and import the georeferenced image into Petra. Georeferencing 

the aeromagnetic anomaly map was facilitated by the overlay of a latitudinal and longitudinal 

coordinate grid system on the original image by Sweeney and Hill (2003). The coordinates have 

been cropped out, but the grid system is evidenced by evenly spaced crosshairs throughout the 

image. Coordinates were entered into GlobalMapper to rectify the image, the correct UTM 

projection was chosen, and the georeferenced image was then exported and imported into Petra. 

Due to the existence of this coordinate grid, there is high confidence in the spatial accuracy of 

the georeferenced aeromagnetic anomaly map.  

 

7.4.1 Overlay of the Prairie Salt Isopach 

The aeromagnetic anomaly map was added as a layer to Petra, and the isopach contours 

for several isopachs were overlain in order to interpret any correlations that may exist. The first 

isopach correlation is that of the Prairie salt, shown in Figure 7.7. The location of the Churchill-

Superior boundary has been delineated for reference to the interpreted aeromagnetic anomaly 

map of North Dakota (Figure 7.6). There is an excellent correlation between the Prairie salt zero 

edge and the Churchill-Superior boundary. There can be no doubt that faulting and fracturing 

associated with this tectonic feature influenced Prairie salt dissolution within the study area, and 

that this basement fault is responsible for the position of the present day Prairie salt zero edge. 

 

7.4.2 Overlay of the Nisku Through Dawson Bay Isopach 

 The next step is to determine the influence of basement faults on thickness variations in 

the overlying strata. Three basement faults have already been proposed from interpreting the 

isopach maps, and one of the primary goals of the aeromagnetic interpretation is to substantiate 

the existence of these basement faults. While major basement faults and terrane boundaries have 

been interpreted, minor faults were not drawn on the aeromagnetic anomaly map. This was done 

to avoid cluttering the isopach overlays. Therefore, keep in mind that abrupt variations in the 

aeromagnetic anomaly map can be interpreted as basement faults.  

Figure 7.8 shows an overlay of the Nisku through Dawson Bay isopach. The locations of 

the three previously proposed faults are circled in yellow. From west to east, the first proposed 

fault aligns with the Churchill-Superior boundary strike slip fault. This suggests that the strike- 
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Figure 7.7: Contours of the Prairie salt isopach overlain on top of the interpreted aeromagnetic 
anomaly map, zoomed in to the study area. The Churchill-Superior boundary is labeled for 
reference to Figure 7.6.  
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Figure 7.8: Contours of the Nisku through Dawson Bay isopach overlain on top of the interpreted 
aeromagnetic anomaly map, zoomed in to the study area. The Churchill-Superior boundary is 
labeled for reference to Figure 7.6. Locations for the faults proposed in Chapter 6 are circled in 
yellow.  
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slip fault had a transpressional element during this time, and that thinning of the isopach is the 

result of uplift on the eastern side of the fault. Although the magnetic low within the Churchill-

Superior boundary zone would seem to suggest that this is a downthrown fault block, this 

represents the present day position of the basement. This fault block was likely upthrown during 

Devonian time, and has undergone a structural inversion to its present day position.  

Also note that even more detailed correlations can be seen between the isopach and the 

magnetic low within the Churchill-Superior boundary zone. This suggests that one or more  

minor faults, likely associated with the Churchill-Superior boundary strike-slip fault, also 

influenced thickness variations in the Nisku through Dawson Bay formations at this location. In 

fact, the sigmoidal shape of this magnetic low evokes a sense of right-lateral shear between the 

central magnetic terrane and the Superior craton, with shearing occurring within the Churchill-

Superior boundary zone. This is in line with the interpretation by Green et al. (1985) that intense 

shearing and faulting occurred within the Thompson nickel belt (the Churchill-Superior 

boundary zone). 

 The northernmost proposed basement fault also falls within the Churchill-Superior 

boundary zone. This zone likely contains several minor basement faults within the study area.  

Note that thinning in the isopach aligns with a small magnetic high, which is interpreted to 

represent an upthrown fault block. There is one additional area of thinning to the south in this 

boundary zone corresponding to a sub-circular magnetic high, which likely represents another 

basement fault. 

 The easternmost fault in northern Pierce County falls along the edge of the proposed 

uplifted fault block in the Superior craton. There is excellent correlation between the isopach 

contours and the proposed basement fault. This strongly suggests that a basement fault exists at 

this location, and is responsible for the abrupt thickness variations between the two closely 

spaced wells. Note that the Nisku through Dawson Bay isopach thins over the interpreted 

downthrown block, and thickens over the interpreted upthrown block. This is interpreted as 

evidence for the proposed structural inversion during Lodgepole time.  

 

7.4.3 Overlay of the Three Forks Isopach 

Moving upsection, Figure 7.9 shows an overlay of the Three Forks isopach. Note that 

thickness anomalies now roughly replace the positions of the anomalous thinning in the Nisku 
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through Dawson Bay isopach within the Churchill-Superior boundary zone. While this could be 

a result of structural inversion on the proposed basement faults, several lines of evidence have 

been presented to support the hypothesis that these thickness anomalies are the result of Prairie 

salt dissolution. Basement faults within the Churchill-Superior boundary zone likely influenced 

groundwater flow to dissolve the Prairie salt. Basement fault movements may have also 

influenced thickness variations independent of salt dissolution. Finally, note that the north Pierce 

County fault was inactive during Three Forks time. 

 

7.4.4 Overlay of the Bakken Isopach 

 Moving upsection, Figure 7.10 shows an overlay of the Bakken isopach. Thickness 

anomalies and even slight thickness variations show excellent correlation to the aeromagnetic 

anomaly map. Isopach contours even appear to follow the shape of the aeromagnetic anomalies. 

It is difficult to confirm whether these correlations represent the influence of basement fault 

movements on Prairie salt dissolution alone, or the independent influence of basement fault 

movements on paleotopography. Several lines of evidence have already substantiated Prairie salt 

dissolution as a causal mechanism for Bakken thickness anomalies. Additionally, note that the 

best correlations occur east of the Churchill-Superior boundary, which is also east of the Prairie 

salt dissolution edge. Basement structures interpreted from the aeromagnetic anomaly map west 

of the Churchill-superior boundary do not show good correlations to thickness variations. These 

observations suggest that basement fault movements had a large impact on thickness variations 

in the Bakken Formation primarily as a result of their influence on Prairie salt dissolution.  

 

7.4.5 Overlay of the Mission Canyon Isopach 

 Moving upsection, Figure 7.11 shows an overlay of the Mission Canyon isopach. The 

eastern half of this isopach is truncated by the Mississippian-Jurassic erosional unconformity.  

Therefore, the only correlations that can be made are within the Churchill-Superior boundary 

zone. Note that thickness anomalies trend alongside the eastern edge of the Churchill-Superior 

boundary strike-slip fault. This once again suggests that basement fault movements influenced 

Prairie salt dissolution and overlying thickness anomalies. 
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Figure 7.9: Contours of the Three Forks isopach overlain on top of the interpreted aeromagnetic 
anomaly map, zoomed in to the study area. The Churchill-Superior boundary is labeled for 
reference to Figure 7.6.  
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Figure 7.10: Contours of the Bakken isopach overlain on top of the interpreted aeromagnetic 
anomaly map, zoomed in to the study area. The Churchill-Superior boundary is labeled for 
reference to Figure 7.6. 
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Figure 7.11: Contours of the Mission Canyon isopach overlain on top of the interpreted 
aeromagnetic anomaly map, zoomed in to the study area. The Churchill-Superior boundary is 
labeled for reference to Figure 7.6. 
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7.5 Summary 

 Abrupt changes in magnetic susceptibility on the aeromagnetic anomaly map of North 

Dakota can be used to interpret basement terrane boundaries and basement faults. This study 

interprets five basement terranes underneath the sedimentary cover of the Williston basin in 

North Dakota: the Superior craton, the Churchill-Superior boundary zone, the central magnetic 

terrane, the western magnetic terrane, and a small portion of the Wyoming craton. All terrane 

boundaries are also interpreted as basement faults. 

An overlay of the Prairie salt isopach shows that the Prairie salt zero edge aligns with the 

Churchill-Superior boundary, confirming the hypothesis that faulting and fracturing at the 

Churchill-Superior boundary influenced Prairie salt dissolution. An overlay of the Nisku through 

Dawson Bay isopach substantiates the existence of the three proposed basement faults, which 

correspond to abrupt changes in magnetic susceptibility. Overlays of the Three Forks, Bakken, 

and Mission Canyon isopachs also show excellent correlation to the aeromagnetic anomaly map. 

The strongest isopach correlations occur east of the Churchill-Superior boundary, where Prairie 

salt dissolution has occurred. This suggests that basement faults primarily influenced thickness 

anomalies in the Three Forks through Mission Canyon formations by enhancing Prairie salt 

dissolution. However, basement faults may have also influenced thickness variations 

independent of Prairie salt dissolution, due to thinning over upthrown fault blocks and thickening 

within downthrown fault blocks 
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CHAPTER 8 

SURFACE LINEAMENTS AND FRACTURES 

 

 Lineaments can be defined as mappable linear or sublinear features of a surface whose 

parts align in a straight or nearly straight relationship. Surface lineaments are thought to be the 

expression of subsurface faults, fractures, and folds (Anderson, 2011). Surface lineaments are 

often delineated from aerial photographs, digital shaded relief data, and/or LANDSAT imagery. 

Anderson (2011) has successfully tied surface lineaments to basement faults interpreted from 2D 

seismic in Mountrail County, ND. This study seeks to determine if surface lineaments within the 

study area correspond to interpreted basement faults, and if surface lineaments correspond to 

faulting and fracturing over areas of Prairie salt-dissolution collapse. 

 Anderson (2012) mapped surface lineaments within the study area, using previous 

literature, digital shaded relief data, aerial imagery, and LANDSAT-7 ETM+ data and imagery. 

A length-based lineament density map was created by summing the total length of lineaments per 

section. This map was favored for use in this study because lineament densities represent areas of 

more intense faulting and fracturing on a larger scale. This allows for more regional correlations 

to be made, which is more appropriate for the interpretations in this large study area. 

Additionally, the length-based lineament density map allowed the author to digitize highly-

connected lineament densities to represent more regional tectonic features. This facilitated the 

overlay of regional lineaments on top of subsurface maps in Petra, in order for correlations and 

interpretations to be made. The original lineament density map by Anderson (2012) is shown in 

Figure 8.1. 

 

8.1 Lineament Overlay on the Aeromagnetic Anomaly Map 

Figure 8.2 shows an overlay of the digitized length-based lineament density map on the 

interpreted aeromagnetic anomaly map. An area with the highest lineament density is circled in 

yellow. This area falls within the Churchill-Superior boundary fault and shear zone, suggesting 

that increased basement faulting in this location may be expressed as an increase in lineament 

density at the surface. Lineaments have a dominantly NE-SW and NW-SE orientation, which is 

consistent with the typical fault and fracture orientation of the Williston basin (Figure 2.2)  
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Figure 8.1: Length-based lineament density map. Areas of higher relative lineament density are 
shown as warmer colors (reds). Areas of lower relative lineament density are shown as cooler 
colors (blues). Locations of currently producing wells (white) and non-producing wells (gray) 
are shown (from Anderson, 2012). 
 

 

(Gerhard et al., 1990; Redley and Hajnal, 1995). Note the correlations between several 

lineaments and abrupt changes in magnetism, which can be interpreted as basement faults. 

Specifically, the magnetic high west of the Churchill-Superior boundary and the magnetic 

low within the Churchill-Superior boundary zone show several good correlations to surface 

lineaments. Additional correlations can be identified throughout the study area. This suggests 

that several surface lineaments are expressions of underlying basement faults. 
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Figure 8.2: Digitized length-based lineament densities from Anderson (2012) overlain on top of 
the interpreted aeromagnetic anomaly map, zoomed in to the study area. The Churchill-Superior 
boundary is labeled for reference to Figure 7.6. The area of highest lineament density is circled 
in yellow.  
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8.2 Additional Lineament Overlays 

Figure 8.3 shows the digitized lineament densities overlain on the Prairie salt isopach. 

Note that the area of highest lineament density falls just outside of the Prairie salt zero edge. This 

suggests that faulting and fracturing associated with Prairie salt dissolution and collapse of the 

overlying beds may be expressed as surface lineaments. The following Figures 8.4 and 8.5 

substantiate this hypothesis.  

Figure 8.4 shows the digitized lineament densities overlain on the 2nd Red Bed base 

residual structure map. The area of highest lineament density corresponds to the interpreted area 

of greatest structural collapse due to Prairie salt dissolution. Figure 8.5 shows the digitized 

lineament densities overlain on the Bakken isopach. The area of highest lineament density 

corresponds to a large Bakken thickness anomaly, which is interpreted to be the result of Prairie 

salt dissolution. These lines of evidence suggest that Prairie salt-dissolution collapse causes 

faulting and fracturing of the overlying strata, which is expressed by increased lineament density 

at the surface. Faulting and fracturing may also be independently related to basement fault 

movements. However, the fact that the area of highest lineament density corresponds to the area 

of greatest dissolution collapse on the 2nd Red Bed residual structure map suggests that Prairie 

salt-dissolution collapse causes faulting and fracturing independent of basement fault 

movements.  

 

8.3 Fractures in Core 

 Lineament density correlations suggest that salt dissolution results in the collapse, 

faulting, and fracturing of overlying strata. This section seeks to substantiate these claims by 

describing fractures in core. In the literature review it was noted that Prairie salt dissolution 

results in the formation of open vertical fractures, which allow for the vertical escape of brine 

(LeFever et al., 1995; Parker, 1967). Collapse breccias resulting from Prairie salt dissolution 

have been shown to grade upwards 100 ft or more, eventually merging with fractured but 

unbrecciated strata (Demille et al., 1964). LeFever et al. (1995) proposed that fractures resulting 

from dissolution collapse persist throughout the entire collapsed overlying section.  

 Based on these hypotheses, all overlying collapsed strata should be fractured. Extensional 

vertical fractures should occur at the hingelines of monoclinal and synclinal collapse folds 

overlying areas of Prairie salt dissolution. The stratigraphic location of a thickness anomaly can  
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Figure 8.3: Digitized length-based lineament densities from Anderson (2012) overlain on top of 
the Prairie salt isopach. The area of highest lineament density is circled in yellow. 
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Figure 8.4: Digitized length-based lineament densities from Anderson (2012) overlain on top of 
the 2nd Red Bed base residual structure map, along with an overlay of the Prairie salt zero edge. 
The area of highest lineament density is circled in yellow. 
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Figure 8.5: Digitized length-based lineament densities from Anderson (2012) overlain on top of 
the Bakken isopach, along with an overlay of the Prairie salt zero edge. The area of highest 
lineament density is circled in yellow. 
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be used to determine the timing of a dissolution event, which is crucial for the interpretation of 

fractured beds. All beds underlying a thickness anomaly and overlying the 2nd Red Bed will have 

collapsed and may have fractured. Collapse of overlying beds is evidenced on cross-sections in 

Section 6.3. 

This study seeks to evaluate this hypothesis by looking for fractures in core underlying 

thickness anomalies and overlying areas of Prairie salt dissolution within the study area. An 

original goal of this section was to determine if core of Bakken and Three Forks formations 

underlying Mississippian thickness anomalies are fractured as a result of salt-dissolution  

collapse. However, a thorough search revealed no core of the Bakken or Three Forks formations 

underlying Mississippian thickness anomalies in the study area. Therefore, a more indirect core 

study was undertaken to interpret whether fractures from Prairie salt dissolution extend upsection 

as far as the Bakken and Three Forks formations. This study analyzes core of the Dawson Bay 

through Nisku formations underlying thickness anomalies and overlying areas of Prairie salt 

dissolution in the study area. 

 

8.4 California Blanche Thompson 1 

Fracturing from dissolution collapse begins with the formation of a collapse breccia, 

which grades upsection into a vertical fracture network (Demille et al., 1964). The California 

Blanche Thompson 1 is the only well to core a collapse breccia within the study area. This well 

cores over 3200 ft of Mississippian through Precambrian rock. The Mississippian Madison 

Formation through Precambrian basement is cored almost uninterrupted from 4,071 to 8,620 ft, 

excluding 824 ft of the Lodgepole through Three Forks interval (Figure 8.6). Although the 

Bakken and Three Forks interval are not cored, this is an ideal core to observe the collapse 

breccia, as well as fracturing of the overlying Dawson Bay through Nisku formations. Before 

looking for fractures in this core, the timing of dissolution must be confirmed to determine which 

beds have collapsed and potentially fractured. 

 

8.4.1 Cross-Section of the California Blanche Thompson 1 Multi-Stage Collapse 

Structure 

A cross-section across the Blanche Thompson 1 well shows a multi-stage collapse 

structure with compensating infill in the Mission Canyon through Lodgepole formations (Figure  
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Figure 8.6: A) California Blanche Thompson 1 electric log with top picks for Devonian through 
Mississippian strata. Cored intervals are bracketed, or delineated by an arrow to represent 
continued core downsection, and labeled with the depth interval. B) Identical type log, with 
bracketed depth intervals for photographs and core examined in this study. 
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8.7). The cross-section is shown in plan view on isopachs of the Mission Canyon through 

Lodgepole interval and the Prairie salt. The Mission Canyon through Lodgepole isopach shows a 

prominent thickness anomaly at the Blanche Thompson 1 well. The Prairie salt isopach shows 

that the Blanche Thompson 1 well is just outside of the Prairie salt zero edge, and the two edge 

wells are within the Prairie salt zero edge. This is reflected in the cross-section, which shows 

completed dissolution of Prairie salt and collapse of the overlying beds at the Blanche Thompson 

1 well. Partial dissolution has occurred at the two edge wells, inverting the Mississippian infill 

into a positive multi-stage structure. The over-thickened 2nd Red Bed is likely representative of 

the collapse breccia cored at this well. The Dawson Bay through Bakken formations have 

collapsed underneath the Mississippian thickness anomaly, and fractures may persist throughout 

the entire collapsed section. 

 

8.4.2 California Blanche Thompson 1 Core Photographs 

Photographs and observations were favored over a conventional core description, because 

several hundred feet of core were to be examined for the presence of fractures. Core photographs  

from the NDIC website (https://www.dmr.nd.gov/oilgas/) were scanned for fractures in the 

Prairie through Nisku formations, which are interpreted to have collapsed due to salt dissolution. 

Figure 8.6 shows the photographed intervals of core that were scanned for fractures. The 

interval from 6145 to 6400 ft, which contains the collapse breccia, was not photographed on the 

NDIC website. Therefore, this interval of core was personally photographed and described at the 

NDGS Wilson M. Laird Core and Sample Library. An additional gap in the NDIC photographs 

occurs between 5698 and 5900 ft, in the Duperow through Souris River formations (Figure 8.6). 

This section of core was not personally observed or photographed. Therefore, there is a gap in 

the photographic analysis for fractures upsection. However, the vertical extent of fracturing can 

still be interpreted, because core photographs are available further upsection for the interval from 

5698 to 5500 ft, in the Duperow and Nisku formations. 

Core photographs were taken personally or utilized from the NDIC website whenever a 

significant breccia or fracture was observed. Due to the length of core to be examined, 

photographs were typically not taken in less than 10 ft depth intervals, and smaller fractures were 

often not photographed. Therefore, these photographs represent the significant fractures  

https://www.dmr.nd.gov/oilgas/


 116 

 

 
Figure 8.7: S-N cross-section of the California Blanche Thompson 1 multi-stage collapse 
structure. Isopachs of the Mission Canyon through Lodgepole formations and the Prairie salt 
show the cross-section in plan view. 
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encountered, but many smaller fractures were present in the depths between photographs. 

Photographs are presented in stratigraphic order from top to bottom, beginning with fractures in 

the Nisku Formation at 5524 ft, and ending with the 2nd Red Bed collapse breccia at 6351 ft. 

However, the author suggests observing these photographs while moving upsection, to observe 

how the collapse breccia grades into a natural fracture network. 

 Starting from the 2nd Red Bed, Figure 8.8f shows two photographs in the first 10 ft of the 

collapse breccia. This breccia lies directly on top of a Winnipegosis pinnacle reef. There is no 

Prairie salt or Ratner Member present, presumably because they have been completely dissolved 

out. Picture B of Figure 8.8f shows a collapse breccia with large angular to subangular mudstone 

clasts of similar lithology floating in a mudstone matrix. Moving 10 ft upsection, picture A of 

Figure 8.8f shows smaller angular mudstone clasts of variable lithologies floating in a mudstone 

matrix. Figure 8.8e shows 3 pictures of the collapse breccia, with one picture of an anhydrite-

cemented fracture (picture D). This shows the seemingly random variability of the collapse 

breccia, which changes from a breccia with small clasts, to a large cemented fracture, to a 

breccia with large clasts, and back to a breccia with small clasts. This is counter to the 

observations by Demille et al. (1964), which suggests that collapse breccias grade upwards from 

small matrix supported clasts to larger clasts with less separation. The random brecciation and 

fracturing is likely because beds of different lithologies fracture and brecciate differently, due to 

differing properties of brittleness and rock strength. Although a high level of variation is 

observed in the lower breccia, a larger trend more consistent with the hypothesis by Demille et 

al. (1964) becomes apparent when moving upsection. 

Moving upsection 8 ft, picture D on Figure 8.8d shows a collapse breccia within the 

lowermost Dawson Bay Formation. This is a picture of an unslabbed core. Instead of the collapse 

breccia composed of variable lithologies observed downsection, this breccia appears to be 

composed of the same lithology. This suggests that this strata was brecciated relatively in place. 

This study postulates that brecciation downsection likely resulted from several beds of differing 

lithologies caving into a dissolution void. Moving upsection, the amount of collapse becomes 

less significant, and the strata is brecciated in place. This is more consistent with the hypothesis 

by Demille et al. (1964) that a collapse breccia will grade from matrix supported to clast 

supported upsection. Moving further upsection, pictures A through C show that the collapse 

breccia has graded into an extensive vertical fracture network. Many of these fractures are over  
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Figure 8.8a: Core photographs of significant fractures and collapse breccias in the 2nd Red Bed 
through Nisku formation of the California Blanche Thompson 1 core.  
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Figure 8.8b: continued. 
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Figure 8.8c: continued. 
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Figure 8.8d: continued. 
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Figure 8.8e: continued. 
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Figure 8.8f: continued. 

 

 

1cm wide, and are fully cemented with anhydrite. This suggests that subsurface fluids once 

flowed through these fractures, and precipitated dissolved anhydrite. This is consistent with the 

hypothesis that a fracture network resulting from dissolution collapse allows for the egress of 

brine vertically to the paleosurface. This study postulates that the upward movement of brine 

resulted in the precipitation of anhydrite cement within these fractures. Anhydrite may have 

preferentially precipitated over halite because it is slightly less soluble. These fractures may 

represent injection fractures as hypothesized by LeFever et al. (1995), and/or fractures resulting 

from the collapse and folding of overlying strata. 

Figure 8.8c shows four photographs spanning 90 ft of Dawson Bay and Souris River 

strata. Picture C shows a brief return to the collapse breccia, which is fully cemented with 

anhydrite at this upsection location. Figure 8.8b shows four photographs spanning 140 ft of 

Souris River strata. Pictures C and D are very interesting, because they show microfaulting, 

evidenced by juxtaposed laminations. This is consistent with the hypothesis that dissolution 
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collapse causes faulting in the overlying strata. Pictures A and B show continued vertical 

fracturing. Note that picture A is now nearly 400 ft above the base of the collapse breccia, and 

fracturing is still extensive. 

The level of fracturing must be very significant to capture this amount of fractures in a 

core. For example, with a horizontal fracture spacing as small as 10 ft, a 6 inch core only has a 

5% chance of encountering a vertical fracture. Even 400 ft above the collapse breccia, significant 

fractures are still observed on average every 35 ft. Also, several less significant fractures were 

encountered within this 140 ft interval, so fractures are truly observed as often as every 10 ft. 

This significant level of fracturing suggests that dissolution collapse results in extensive 

fracturing for hundreds of feet upsection. 

Moving upsection, the photographic gap from 5900 to 5698 ft causes a large jump in 

depths from Figure 8.8b to Figure 8.8a. Therefore, the next significant fracture encountered 

occurs in the Duperow Formation at 5635 ft (picture D on Figure 8.8a). Three significant 

fractures were encountered in the ~100 ft of section covered by Figure 8.8a. Additionally, 

significant microfaults were encountered at 5563 ft (Picture B Figure 8.8a) The most upsection 

fracture encountered occurs in the Nisku Formation at a depth of 5524 ft. These observations 

suggest that faulting and fracturing resulting from Prairie salt dissolution and collapse of the 

overlying beds persists as far upsection as the Nisku Formation. The cross-section in Figure 8.7 

shows that the Bakken and Three Forks formations have also collapsed as a result of salt 

dissolution at the California Blanche Thompson 1 well. Therefore, this study interprets that 

fractures continue as far upsection as the Bakken Formation. 

 

8.4.3 California Blanche Thompson 1 Conclusions 

It is difficult to determine whether fractures are indeed the result of Prairie salt-

dissolution collapse, or the result of another tectonic stress such as basement fault movements. 

However, this observational study has shown that a collapse breccia resulting from Prairie salt 

dissolution grades upsection into an extensive and persistent vertical fracture network. It is 

reasonable to assume from these observations that this vertical fracture network persists 

upsection throughout all overlying collapsed strata.  

All strata underlying the Mission Canyon thickness anomaly and overlying the Prairie 

Formation at the California Blanche Thompson 1 well are interpreted to have collapsed and 
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fractured due to Prairie salt dissolution. Therefore, thickness anomalies in Mississippian 

Lodgepole or younger strata can be used to pinpoint the locations of underlying fractured Bakken 

and Three Forks reservoirs. This exploration model can be used to quickly locate fractured sweet 

spots in the Bakken petroleum system from isopach maps of the overlying strata. Additional 

lines of evidence to confirm salt dissolution, such as those presented in Chapters 5 and 6, should 

be used whenever available to strengthen this model. This model could prove very useful for 

hydrocarbon exploration and reservoir characterization, because naturally fractured sweet spots  

can greatly enhance production in the pervasive tight oil accumulation within the Bakken 

petroleum system. 

 

8.5 Fractured Nisku Cores 

The California Blanche Thompson 1 core was useful in determining the extent of 

fracturing upsection. Additional core analysis of the Nisku Formation will prove useful in testing 

the exploration model for fractured sweet spots in the Bakken and Three Forks formations. The 

Nisku Formation was utilized because no core of the Bakken or Three Forks formations 

underlying Mississippian thickness anomalies were found within the study area. However, 

several cores of the Nisku Formation were found to underlie Bakken and Three Forks thickness 

anomalies within the study area. These cores were analyzed to determine if thickness anomalies 

in the Bakken and Three Forks formations can be used to locate fractures in the underlying Nisku 

Formation. This relationship can then be extrapolated to the overlying Three Forks and Bakken 

formations to substantiate the exploration model for fractured sweet spots.  

 

8.5.1 Citation Oil and Gas Ardis Holen 21-30 Core 

Figure 8.9 shows the location of the Citation Oil and Gas Ardis Holen 21-30 well, which 

cores the Nisku Formation underneath a prominent thickness anomaly in the Three Forks 

Formation. This well lies on the edge of the Prairie salt outlier, and Prairie salt dissolution has 

been confirmed for this location by several lines of evidence in chapters 5 and 6. Therefore, the 

Nisku Formation is expected to have collapsed and fractured underneath this Three Forks 

thickness anomaly. The Ardis Holen 21-30 cores 51 ft of the upper Nisku Formation, and was 

observed at the USGS Core Research Center (file #USGS E092). This core was analyzed for 

significant fractures similar to those observed in the Blanche Thompson 1 core. 
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Figure 8.10 shows that four significant fractures were encountered in the 51 ft of upper 

Nisku Formation. Similar to those directly overlying the collapse breccia in the Blanche 

Thompson 1 core, these fractures are very wide (up to 8mm), and fully sealed with anhydrite 

cement. This is a significant amount of fracturing encountered in 51 ft of core, and is interpreted 

to be the result of Prairie salt-dissolution collapse underneath the Three Forks thickness anomaly. 

 

 

 
Figure 8.9: Three Forks isopach with an overlay of the Prairie salt zero edge. The Citation Oil 
and Gas Ardis Holen 21-30 well (red star) cores the Nisku Formation directly underneath a 
Three Forks thickness anomaly. 
 

 

8.5.2 Citation Oil and Gas Maynard Thompson 41-9 Core 

Figure 8.11 shows the location of the Citation Oil and Gas Maynard Thompson 41-9 

well, which cores the Nisku Formation directly underneath the largest and most prominent 

thickness anomaly in the Bakken Formation. This well falls outside of the Prairie salt zero edge,  
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Figure 8.10: Ardis Holen 21-30 core photographs of significant fractures in the Nisku Formation.  
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and Prairie salt dissolution has been confirmed for this location by several lines of evidence in 

chapters 5 and 6. Therefore, the Nisku Formation is expected to have collapsed and fractured 

underneath this Bakken thickness anomaly. The Maynard Thompson 41-9 cores 60 ft of the 

upper Nisku Formation, and was observed at the USGS Core Research Center (file #USGS 

E093).  

Figure 8.12 shows three significant fractures that were encountered over the 60 ft 

interval. These fractures are also fairly wide (up to 5mm), and fully sealed with anhydrite 

cement. Picture B shows an interesting new perspective, in which the extensive facture network 

can be seen in plan view, looking down on the top of a piece of core. This view shows several  

cross-cutting fractures, which gives an indication of the large amount of natural fractures present 

in the Nisku Formation underneath this Bakken thickness anomaly. This is once again interpreted 

to be the result of Prairie salt-dissolution collapse. 

 

 

 
Figure 8.11: Bakken isopach with an overlay of the Prairie salt zero edge. The Citation Oil and 
Gas Maynard Thompson 41-9 well (red star) cores the Nisku Formation directly underneath a 
Bakken thickness anomaly. 
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Figure 8.12: Maynard Thompson 41-9 core photographs of significant fractures in the Nisku 
Formation. 
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8.5.3 Energy Reserves Big Sky Et Al 1 Core 

 Figure 8.13 shows the location of the Energy Reserves Big Sky Et Al 1, which cores the 

Nisku Formation underneath the same Bakken thickness anomaly. This core is also expected to 

have collapsed and fractured due to Prairie salt dissolution. The Energy Reserves Big Sky Et Al 

1 cores 36 ft of the middle Nisku Formation, and was observed at the USGS Core Research 

Center (file #USGS C150). Figure 8.14 shows 3 pictures of extensive fracturing encountered in 

the top 3 ft of this core. These fractures are very wide (up to 20mm), and fully sealed with 

anhydrite cement. These are thought to be extensional fractures, rather than shear fractures, as 

evidenced by the large amount of separation. These vertical extensional fractures likely formed 

on the hingeline of a monoclinal or synclinal collapse fold. 

 
 

 
Figure 8.13: Bakken isopach with an overlay of the Prairie salt zero edge. The Energy Reserves 
Big Sky Et Al 1 well (red star) cores the Nisku Formation underneath a Bakken thickness 
anomaly. 
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Figure 8.14: Big Sky Et Al 1 core photographs of significant fractures in the Nisku Formation. 
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8.5.4 Fractured Nisku Core Conclusions 

Once again, it is difficult to confirm that these fractures are the result of Prairie salt-

dissolution collapse, rather than basement fault movements. One way to increase the level of 

certainty would be to analyze several control cores of the Nisku Formation, that are not overlying 

areas of Prairie salt dissolution. Regrettably, after a thorough search, no control cores of the 

Nisku Formation were found within the study area. However, control cores could still be 

inconclusive, due to the low chance of coring vertical fractures, and variations in the timing and 

degree of basement fault movements throughout the study area. 

That said, these uncertainties do not affect the validity of the fractured sweet spot 

exploration model. This study has shown that areas of Prairie salt dissolution are often underlain  

by basement faults and/or structures. The fractures associated with these structures are thought to 

facilitate the ingress of groundwater into the Prairie salt, and the egress of the resulting brine. 

Additionally, the collapse of overlying beds from salt dissolution is also thought to create 

fractures. Therefore, areas of known Prairie salt dissolution pinpoint areas of fractured sweet 

spots, regardless of whether these fractures are the result of basement fault movements that 

influenced dissolution, or the collapse of overlying beds after dissolution. The core study 

substantiates this hypothesis, because strata overlying areas of Prairie salt dissolution are 

consistently fractured in the study area. Although basement fault movements likely cause 

fractures in all overlying strata, as evidenced by surface lineament correlations, confirming that 

the Bakken and/or Three Forks formations have indeed collapsed due to a post-depositional 

dissolution event increases the chances of encountering a fractured sweet spot. 

 

8.6 Summary 

 Proposed faulting within the Churchill-Superior boundary zone is substantiated by a 

corresponding increase in surface lineament density. This area of increased lineament density 

also corresponds to the Prairie salt zero edge and an area of greatest dissolution collapse on the 

2nd Red Bed base residual structure map. This suggests that Prairie salt-dissolution collapse 

results in faulting and fracturing of the overlying strata, which is expressed as an increase in 

lineament density at the surface. 

 A collapse breccia is observed to grade upwards into an extensive vertical fracture 

network in the California Blanche Thompson 1 core. This fracture network extends 827 ft. 
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upsection into the Nisku Formation, and fractures are interpreted to extend further upsection into 

the Bakken Formation. An exploration model for fractured sweet spots in the Bakken and Three 

Forks formations states that Bakken and Three Forks strata underlying Mississippian or younger 

thickness anomalies will have collapsed and fractured due to Prairie salt dissolution. This 

exploration model is indirectly confirmed by fractures observed in cores of the Nisku Formation 

underlying thickness anomalies in the overlying Bakken and Three Forks formations. 
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CHAPTER 9 

CORE DESCRIPTIONS 

 

 Table 1.1 lists all cores described and photographed in this study. Core descriptions were 

completed for 8 of the 12 cores. The first 5 cores in Table 1.1 are of the Bakken Formation 

within the study area. The primary goal of these core descriptions is to develop a sequence-

stratigraphic interpretation. This sequence-stratigraphic interpretation will be useful in 

determining the deposition, erosion, and preservation of thickness anomalies in the study area. 

These findings will help determine whether the extents of the Three Forks Formation and 

members of the Bakken Formation are depositional or erosional, and whether thickness 

anomalies near the zero edge represent preserved remnants of erosion. Figure 9.1 shows the 

locations of these cores on an isopach of the Bakken Formation. 

 

 

 
Figure 9.1: Locations of 5 described Bakken cores (red stars) in the study area on the Bakken 
isopach. 
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The 12th core in Table 1.1 (Rose 1) cores the upper Three Forks through Lower Bakken 

Shale southwest of the study area in McKenzie County, ND, and is primarily used for sampling 

and describing the Sanish sandstone facies of the Pronghorn Member. The depositional 

interpretation of the Sanish sandstone, along with the sequence-stratigraphic interpretation for 

the Bakken, will test the hypothesis that the Lower Bakken Shale thickness anomalies were 

deposited as part of an incised-valley fill. Figure 9.2 shows the location of this core on an 

isopach of the Pronghorn Member, which contains the Sanish sandstone.  

 

 

 
Figure 9.2: Location of the Rose 1 core (red star) on an isopach of the Pronghorn Member, not 
including the Lower Bakken silt (modified from LeFever et al., 2011). 
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 The 6th and 7th cores in Table 1.1 (Osterberg 21-2 and Golden 34X-34) were described 

for the purposes of well-to-log correlations for the Ashern through Prairie formations, and to 

better understand the Winnipegosis Formation as a potential conduit for groundwater. The 

Osterberg 21-2 cores the Ashern through Prairie Ratner Member, and encompasses a 

Winnipegosis inter-reef interval. The Golden 34X-34 cores the upper half of a Winnipegosis 

pinnacle reef through the overlying Prairie Ratner Member. Both of these cores were analyzed 

for fractures that may have facilitated the influx of groundwater into contact with the overlying 

Prairie salt. Figure 9.3 shows the locations of these cores on an isopach of the Winnipegosis 

Formation. 

 

 

 
Figure 9.3: Locations of described Winnipegosis cores (red stars) on the Winnipegosis isopach. 
 

 

9.1 Facies Descriptions and Interpretations 

 Facies were developed for the Ashern, Winnipegosis, Prairie, upper Three Forks, Bakken, 

and lower Lodgepole formations. Facies for the Ashern, Winnipegosis, and Prairie formations 
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were delineated primarily for the core-to-log correlation. These facies are interpreted for 

porosity, permeability, and fracturing to determine their influence on groundwater flow. Facies 

for the upper Three Forks through lower Lodgepole formations are interpreted for depositional 

environment, in order to develop a sequence-stratigraphic interpretation. The six Middle Bakken 

facies (A through F) on Figure 2.6 were used as a guide when interpreting and delineating 

Middle Bakken facies from core, and this nomenclature is adopted for these descriptions. 

 

9.1.1 Ashern Formation Facies A1 

 The Ashern Formation was only observed in the Osterberg 21-2 core, and only the top 10 

ft were described. The main purpose of describing the Ashern was to confirm the formation top  

pick with a core-to-log correlation (Figure 4.5). Facies A-1 refers to the entire described Ashern 

interval. This facies is a massive light gray to brown shale, with few dark planar to wavy clay 

laminations. Based on examination with a hand lens, the shale is very tight, with low porosity 

and permeability. Additionally, no fractures were observed in the 10 ft interval described.  

 

9.1.2 Lower Winnipegosis Formation Facies LW1 – LW4 

 The Winnipegosis Formation is cored by the Osterberg 21-2 and Golden 34X-34. The 

Osterberg 21-2 cores a Winnipegosis inter-reef, also known as the Lower Winnipegosis 

Formation (Jones, 1965). Lower Winnipegosis facies in this core are labeled LW-1 through LW-

4. Facies LW-1 is a tan to brown massive lime mudstone to wackestone, with few peloids and 

thin clay laminations. Based on examination with a hand lens, this facies has low porosity and 

permeability. Only one small anhydrite-cemented vertical fracture was observed.  

Facies LW-2 is a gray wackestone with peloids and crinoid stems suspended in a lime 

mudstone matrix. This facies has a brecciated appearance, with cross-cutting, random clay 

stringers and laminations. This breccia is likely a result of exposure, weathering, and dissolution 

collapse prior to burial. Based on examination with a hand lens, this facies is also very tight, with 

no fractures observed. 

Facies LW-3 is a dark brown to gray competent lime mudstone with wavy and planar 

laminations. This is interpreted to be the least porous facies within the Lower Winnipegosis 

Formation. However, this facies contains a high amount of natural fractures, which greatly 
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enhance permeability. This is likely a result of increased brittleness, as compared to facies LW-1 

and LW-2.  

Facies LW-4 is a tan to dark brown, massive, vuggy, moldic lime mudstone with few 

wavy and planar laminations. Based on examination with a hand lens, this is the most porous and 

permeable facies in the Lower Winnipegosis, with moldic and vuggy porosity. This is also a 

highly fractured facies, which further increases permeability. 

 

9.1.3 Upper Winnipegosis Formation Facies UW1 – UW3 

 The Golden 34X-34 cores the upper half of a Winnipegosis pinnacle reef, also known as 

the Upper Winnipegosis Formation (Jones, 1965). Upper Winnipegosis facies in this core are 

labeled UW-1 through UW-3. Facies UW-1 is a brownish-gray, vuggy, moldic lime wackestone 

with peloids, shell fragments, and crinoid stems. Large vugs often contain authigenic saddle 

dolomite and anhydrite crystal growth, which partially occlude porosity. This facies has high 

moldic and vuggy porosity, and is part of a true pinnacle reef. No fractures were observed in this 

facies.  

Facies UW-2 is a brown to light gray, vuggy, moldic, dolomitic packstone with peloids, 

shell fragments, and compound corals. This facies also has high vuggy and moldic porosity, with 

some authigenic anhydrite occlusion. This is also a distinct pinnacle reef faces. Additional 

intraparticle porosity exists within the large compound corals. Two small fractures were found 

within a 2 ft interval in this facies.  

Facies UW-3 is a light gray to reddish-brown, vuggy, competent, dolomitic wackestone 

with peloids and shell fragments. This facies contains rare compound corals, and is not 

consistently moldic. Overall, this is a tighter facies than the other pinnacle reef facies, and may 

represent a more lagoonal depositional environment. However, there is still a large amount of 

vuggy porosity, which is interconnected to yield high permeability. Figure 9.4 shows a 

photomicrograph of a thin section from facies UW-3 at a depth of 8312 ft. This thin section has 

been given a blue epoxy to highlight porosity. Note the high level of interconnected large vuggy 

pores. 
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Figure 9.4: Photomicrograph of the Upper Winnipegosis UW3 reef facies, showing large, highly 
connected pores (blue epoxy). Photomicrograph taken at 2.5X magnification in plane polarized 
light. 
 

 

9.1.4 Lower Prairie Formation Facies P1 

The lower Prairie Formation (Ratner Member) was cored in both the Osterberg 21-2 and 

Golden 34X-34 cores. Facies P1 refers to the entire Ratner Member observed in these two cores. 

This facies is a light gray massive to wavy bedded anhydrite. This is a massive crystalline facies 

with no observed porosity or permeability. Additionally, no fractures were observed in this 

facies. 
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9.1.5 Upper Three Forks Formation Facies TF1 

 The upper Three Forks Formation was described in all Bakken cores, except for the 

Fleckten 1-20. Regardless of the length of Three Forks cored, only 5 to 10 ft of the uppermost 

portion of the Three Forks was described. This is because the primary focus of this study is the 

nature of the contact between the Three Forks and the immediately overlying Bakken Formation, 

rather than the contacts or facies within the Three Forks Formation. 

Facies TF1 (Figure 9.5) directly underlies the Bakken Formation in the Daniel Anderson 

1 core. Facies TF1 is a greenish-gray, massive, mottled, silty dolomitic mudstone with dark specs 

and clay stringers. Due to grain size and a lack of sedimentary structures, this facies is 

interpreted to represent a subtidal, low energy depositional environment, with little influence of 

wave action. Although bioturbation may be present, massive bedding precludes identification of 

burrows.  

This facies is analogous to Lithofacies F by Gantyno (2010), which is in the lower part of 

the upper Three Forks. In the Daniel Anderson 1 core, this facies directly underlies the Bakken 

Formation. This downsection subcrop is interpreted to be the result of uplift and erosion of the 

upper Three Forks on the basin margin. Bottjer et al. (2011) has shown that the upper Three 

Forks becomes erosionally truncated towards the basin margin, and the Daniel Anderson 1 is the 

closest core to the basin margin (Figure 9.1). Therefore, facies TF1 was likely exposed along the 

basin margin due to uplift and erosion, prior to deposition of the overlying Bakken Formation. 

 

9.1.6 Upper Three Forks Formation Facies TF2 

 Facies TF2 (Figure 9.6) directly underlies the Bakken Formation in all but the Daniel 

Anderson 1 core. Facies TF2 is a greenish-gray, light tan, and reddish-brown, silty dolomitic 

mudstone with wavy laminations and layers. This facies contains fluid-escape flame structures, 

angular mudstone breccias, desiccation cracks, burrows, ripples, and lenses of silt to very fine 

sand. Brecciation and desiccation cracks are interpreted to represent periodic drying of a sabkha 

environment. Ripples, sand lenses, fluid-escape structures, and burrows are interpreted to 

represent deposition on an intertidal to subtidal mud flat. Therefore, this facies is interpreted to 

represent a shallow tidal flat to sabkha environment. 
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Figure 9.5: Daniel Anderson 1 core photograph of the Three Forks TF1 facies at 3347 ft. 
 

 
Figure 9.6: Heather Lynne 1 core photograph of the Three Forks TF2 facies at 6123 ft. 
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Facies TF2 is analogous to Lithofacies G through I by Gantyno (2010), which are within 

the middle to upper portion of the upper Three Forks Formation. Therefore, facies TF2 

represents an upsection subcrop beneath the Bakken Formation in more basinward cores. 

 

9.1.7 Bakken Pronghorn Member Facies PN1 (Sanish Sandstone) 

 With the exception of the Rose 1 core, all Bakken cores include an upper contact with the 

Lodgepole Formation, and a lower contact with the Three Forks Formation. However, no cores 

contain all Bakken members or facies. Only the IM-Shorty and Rose 1 cores contain facies of the 

Pronghorn Member.  

Three facies of the Pronghorn Member were identified, and labeled PN1 through PN3. 

Facies PN1 (Figure 9.7), also known as the Sanish sandstone, is a light tan, heavily bioturbated, 

very fine-grained, well sorted, quartz arenite sandstone. All sedimentary structures have been 

completely obscured by extensive bioturbation, which suggests deposition in a relatively low 

energy, subaqueous environment. The Sanish sandstone is interpreted to have been deposited in a 

lower shoreface environment with little wave action, and high bioturbation.  

 

9.1.8 Bakken Pronghorn Member Facies PN2 

 Facies PN-2 (Figure 9.8) is a dark brown to gray silty shale with laminations and lenses 

of silt and very fine sand. The finer grained and laminated nature of this facies suggests 

deposition in deeper, quiescent waters. Lenses of silt and very fine sand are interpreted as storm 

deposits. Therefore, this facies is interpreted to have been deposited in the offshore transition 

zone, above storm wave base and below fair-weather wave base. 

 

9.1.9 Bakken Pronghorn Member Facies PN3 

 Facies PN-3 (Figure 9.9) is a dark brown to gray silty lime mudstone with silty ripples 

and shell fragments. This facies contains pyrite nodules and layers, indicative of deep anoxic 

conditions. Shell fragments are interpreted to be detritally sourced from a shallow water 

carbonate environment, possibly brought in by large storms. Silty ripples are interpreted to  

represent storm deposits. This facies is interpreted to have been deposited in the offshore 

transition zone, just above storm wave base. 
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Figure 9.7: Rose 1 core photograph of the Pronghorn PN1 facies (Sanish sandstone) at 10602 ft. 

 

 
Figure 9.8: IM-Shorty core photograph of the Pronghorn PN2 facies at 7606 ft. 
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Figure 9.9: IM-Shorty core photograph of the Pronghorn PN3 facies at 7601 ft. 
 

 

9.1.10 Upper and Lower Bakken Shale Members Facies B1 

The Upper and Lower Bakken Shale members are categorized as the B1 facies (Figure 

9.10). This facies is an organic-rich fissile black shale, which contains pyrite nodules, pyrite 

laminations, and rare thin silty laminations. This facies was likely deposited in an anoxic 

environment, as evidenced by the high preserved TOC content and the presence of pyrite. 

Anoxia is likely the result of a constricted basin and a stratified water column. Suspension 

settling is the interpreted depositional model, and the lack of sedimentary structures suggests that 

this facies was deposited below storm wave base. Rare silty laminations may have been brought 

in by the largest storms. This facies is interpreted to have been deposited in the offshore zone 

below storm wave base, in deep anoxic waters. 

 

9.1.11 Middle Bakken Member Facies B-A 

 The Middle Bakken facies in Figure 2.6 were adopted for this study. However, the entire 

suite of facies A through F is not present in any of the cores described. Facies C is absent from 
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every Bakken core described in this study. This facies is typically found in more basinward 

Bakken cores. Facies B-A is only observed in a 4 ft interval of one core, the Fleckten 1-20. In 

this core, facies B-A (Figure 9.11) is a light gray to tan, massive, silty lime wackestone with 

crinoid stems, shell fragments, and concretions. Bioturbation may be present, but massive 

bedding precludes identification of burrows. Carbonate skeletal material is interpreted to be 

detritally sourced from a shallow water carbonate environment. This material was likely brought 

in by periodic storms, and then reworked by burrowing organisms. A lack of sedimentary 

structures suggests suspension settling below storm wave base, with possible bioturbation. 

Therefore, this facies is interpreted to have been deposited in an offshore marine environment. 

Although facies B-A is deposited in an offshore environment similar to facies B1, anoxic 

conditions are not longer present, likely the result of increased water circulation throughout the 

Williston basin. 

 

 
Figure 9.10: IM-Shorty core photograph of the B1 facies (Lower Bakken Shale) at 7596 ft. 
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Figure 9.11: Fleckten 1-20 core photograph of the Middle Bakken B-A facies at 7687 ft. 
 

 

9.1.12 Middle Bakken Member Facies B-B 

Facies B-B (Figure 9.12) is only observed in the Fleckten 1-20 and the IM-Shorty cores. 

This facies is a light gray, bioturbated, calcareous to dolomitic siltstone with concretions and 

discontinuous wavy laminations. This facies also contains a few crinoid stems and shell 

fragments. Based on the extensive bioturbation, deposition likely occurred in an oxygenated, low 

energy environment that allowed organisms to thrive. Disrupted wavy laminations suggest that 

suspension settling in quiescent waters deposited clay laminations that were subsequently 

bioturbated by burrowing organisms. A slight increase in grain size suggests that this facies 

represents a shallower depositional environment than facies B-A. Therefore, this facies is 

interpreted to have been deposited in an offshore transition environment, below fair-weather 

wave base. 
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Figure 9.12: Fleckten 1-20 core photograph of the Middle Bakken B-B facies at 7682 ft. 
 

 

9.1.13 Middle Bakken Member Facies B-C 

Although facies B-C (Figure 9.13) is not observed in the described Bakken cores, a brief 

description will be beneficial for the sequence-stratigraphic interpretation. From Simenson 

(2010), facies B-C is a planar to undulose laminated, symmetrically rippled, argillaceous, very 

fine-grained siltstone/sandstone. Undulose laminations are interpreted to represent microbial 

influence. Symmetrical ripples indicate fair-weather wave action. Simenson (2010) interprets this 

facies to have been deposited in a lower shoreface to middle shoreface environment. 

 

9.1.14 Middle Bakken Member Facies B-D 

 Facies B-D (Figure 9.14) is observed in 3 Bakken cores. This facies is a light gray very 

fine to fine-grained dolomitic sandstone. This facies contains low-angle cross-stratification, 

planar laminations, symmetrical ripple laminations, wavy mud drapes, massive bedding, 

contorted bedding, and light burrowing. Low-angle cross-stratification and symmetrical ripples 

are interpreted to represent upper shoreface subaqueous dune deposits. Planar laminations are  
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Figure 9.13: Deadwood Canyon Ranch #43-28H core photograph of the Middle Bakken B-C 
facies at 10112.7 ft (from Simenson, 2010).  
 

 
Figure 9.14: IM-Shorty core photograph of the Middle Bakken B-D facies at 7592 ft. 
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interpreted to represent deposition in the swash zone of a beach foreshore. Mud drapes are 

interpreted to represent tidal deposits in the intertidal zone. Massive and contorted bedding may 

represent slumping on the slopes of tidal channels or sand bars. Burrows represent subtidal, 

lower energy conditions. This facies is observed to grade normally from fine to very fine-grained 

sandstone. Also, planar laminations are often seen at the base, overlain in succession by wave 

ripples, mud drapes, and increasing bioturbation. This is interpreted to represent a deepening-

upwards retrogradational stacking pattern from a foreshore to middle shoreface environment. 

 

9.1.15 Middle Bakken Member Facies B-E 

 Facies B-E (Figure 9.15) is observed in all cores of the Middle Bakken described in this 

study. Facies B-E is a light to dark gray, burrowed, dolomitic siltstone with wavy/crenulated clay 

laminations. This facies also contains low-angle cross-stratification, ripple laminations, and 

microfaults. Clay laminations often have a distorted, crenulated appearance, which is interpreted 

to be the result of microbial colonization of the sediment (Simenson, 2010). Planar to wavy 

laminations suggest suspension settling from periodic storm deposits. Low angle cross-

stratification and ripple laminations suggest a slightly higher energy environment. These are 

interpreted as swales and wave ripples resulting from periodic large storms. Microfaults are 

interpreted as slump features. Overall, this facies is interpreted to have been deposited in a lower 

shoreface environment. 

 

9.1.16 Middle Bakken Member Facies B-F 

 Facies B-F (Figure 9.16) is also observed in all cores of the Middle Bakken. This facies is 

a greenish-gray, massive, calcareous to dolomitic silty mudstone with shell fragments and 

crinoid stems. This facies also contains planar silty laminations and bioturbated ripple 

laminations. Bioturbation was only recognized in one core, the Daniel Anderson 1. Bioturbation 

may be present in all cores, but massive bedding largely precludes identification of burrows. As 

a silty mudstone, this facies has a finer grain size than the siltstones downsection. Massive 

bedding, bioturbation, and fine grain size indicate deposition in a lower energy, deeper water 

environment. Carbonate skeletal material is interpreted to be detritally sourced from a shallow 

water carbonate environment. This material was likely brought in by periodic storms, which are 

also thought to be responsible for the silty laminations and ripples. This is similar to facies B-E,  
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Figure 9.15: Heather Lynne 1 core photograph of the Middle Bakken B-E facies at 6007 ft. 
 

 
Figure 9.16: IM-Shorty core photograph of the Middle Bakken B-F facies at 7567 ft. 
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but the periods of quiescence between storm deposits appear to be much more dominant, with 

only a few examples of ripple and planar laminations observed. Therefore, this facies is 

interpreted to have been deposited in a deep water environment, below fair-weather and even 

average storm wave base, only being affected by the largest storms. The depositional 

environment is placed in the offshore transition to offshore zone. 

 

9.1.17 Lodgepole Formation Facies L1 

All Bakken cores except the Rose 1 contain several ft of the overlying lower Lodgepole 

Formation. Similar to the underlying upper Three Forks Formation, only a couple feet of the 

Lodgepole Formation is described for these cores. This is because the nature of the upper contact 

for the Upper Bakken Shale is of the most interest. However, the lower Lodgepole facies is 

described for a depositional environment interpretation. All described cores of the lower 

Lodgepole were categorized into facies L1 (Figure 9.17). This facies is also known as the 

Scallion Member. Facies L1 is a nodular gray lime wackestone with crinoid stems and clay 

 

 

 
Figure 9.17: Heather Lynne 1 core photograph of the lower Lodgepole L1 facies at 5993 ft. 
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laminations. Clay laminations represent suspension settling in a low energy depositional 

environment. Crinoid stems are interpreted as detrital material sourced from a shallow water 

carbonate environment, possibly brought in by large storms. Therefore, facies L1 is interpreted to 

have been deposited in an offshore environment. Similar to facies B-A, the anoxic conditions of 

facies B1 have ceased, likely due to an increase in water circulation throughout the Williston 

basin. 

 

9.2 Core Descriptions 

 Core descriptions were completed at the North Dakota Wilson M. Laird Core and Sample 

Library, the Denver USGS core laboratory, and the CSM core laboratory. Grain size was 

approximated by hand lens, and limestone and dolostone were confirmed by careful HCL testing. 

Core descriptions were then digitized in Adobe Illustrator, where symbols for sedimentary 

structures and lithology were constructed. Figure 9.18 shows a legend for the shorthand facies 

labels, with descriptions including the lithology, consistent sedimentary structures, and 

associated formations and members. Figure 9.19 shows a legend for the lithology and 

sedimentary structure symbols. Each core description contains a column for grain size and 

sedimentary structures, as well as columns for depth, formation, facies, and comments. Core  

descriptions of the Bakken Formation include columns for bioturbation and sequence 

stratigraphy. Bioturbation is drawn from 0% to 100%, from left to right. The sequence 

stratigraphy column includes relative eustatic changes, indicated by black arrows, as well as 

systems tracts and significant surfaces. The sequence-stratigraphic interpretation will be 

discussed in a later section, but was included in the core descriptions for reference. Cores of the 

Winnipegosis Formation contain a fracture column and no bioturbation or sequence stratigraphy 

columns. The fracture column contains cemented and non-cemented fractures, as well as 

stylolites.  

 

9.2.1 Fleckten 1-20 Core Description 

The Fleckten 1-20 is the westernmost Bakken core within the study area, in northwest 

Ward County, ND (Figure 9.1). The cored interval is from 7650 – 7692 ft, and consists of the 

Lower Bakken Shale through Upper Bakken Shale members. The contacts with the upper Three 

Forks and lower Lodgepole were not cored. The entire core is described for this study. 
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Figure 9.18: Core description legend of facies with labels and descriptions. 
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Figure 9.19: Core description legend of lithology and sedimentary structures with symbols and 
descriptions. 
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 Six facies of the Bakken Formation are identified within this core: B1, B-A, B-B, B-C, B-

D, B-E, and B-F. B1 makes up the Lower and Upper Bakken Shale members. The Lower Bakken 

Shale contains pyrite laminations and very fine sand injectites. The upper contact with the 

overlying facies B-A of the Middle Bakken Member is gradational. Note that in this core the 

contact is not erosional, as suggested by Smith and Bustin (2000). Facies B-A is a light gray to 

tan, massive, silty lime wackestone with concretions and shell fragments.  

Facies B-A conformably grades into facies B-B over a 1 ft interval. Facies B-B is a light 

gray calcareous siltstone. Extensive bioturbation has resulting in the disruption of clay 

laminations, forming numerous discontinuous wavy laminations. Crinoid stems and shell 

fragments are present, but in smaller amounts than in facies B-A. Facies B-C is absent in this 

core. Facies B-B has a sharp, planar contact with the overlying facies B-D. This is interpreted to 

be an unconformable, erosional contact. Facies B-D is a light gray very fine to fine-grained 

dolomitic sandstone. The lowermost portion of facies B-D is a clean, planar laminated sandstone. 

This grades upwards into disturbed bedding and microfaulting with wavy clay laminations. This 

is interpreted to represent slumping of tidally influenced sandstone, possibly on the banks of a 

tidal channel. These deposits grade upwards into coarser massive and cross-stratified beds. 

Finally, facies B-D grades normally into clay-laminated, cross-stratified, and bioturbated 

sandstone. This succession of sedimentary structures is interpreted to represent a deepening-

upwards, retrogradational stacking pattern. 

The contact between facies B-D and facies B-E is not cored, but normal grading in the 

upper portion of B-D suggests that the contact may be gradational. Facies B-E is a light gray 

dolomitic siltstone with wavy/crenulated clay laminations. These laminations are thought to be 

the result of microbial influence. This facies shows a “lam scram” character, with alternating 

beds of laminations and intense bioturbation. This facies has a conformable contact with the 

overlying facies B-F.  

Facies B-F is a greenish-gray, massive, silty dolomitic mudstone. The lower portion of 

this facies is argillaceous, with mud drapes, low-angle cross-stratification, and burrows. The 

argillaceous lower portion appears to be part of an extended gradational contact with the 

underling B-E facies. The upper portion of this facies is the true massive mudstone with dark 

shell fragments. The upper contact with the Upper Bakken Shale is a sharp, planar surface, and is 

interpreted to be an erosional contact. The Upper Bakken Shale is typical of facies B1. 
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Figure 9.20: Fleckten 1-20 core description. 
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9.2.2 IM-Shorty Core Description 

 The IM-Shorty core is just southeast of the Fleckten core, in northwest Ward County, ND 

(Figure 9.1). The cored interval is from 7540 – 7662 ft, and consists of the upper Three Forks 

through lower Lodgepole formations. The described interval (7555 – 7620 ft) focuses on the 

Bakken Formation and its contacts with the upper Three Forks and lower Lodgepole formations. 

 One facies of the Three Forks (TF2), all three facies of the Pronghorn (PN1, PN2, and 

PN3), five facies of the Bakken (B1, B-B, B-D, B-E, and B-F), and the lower Lodgepole facies 

(L1) were identified in this core. Facies TF2 represents the upper Three Forks, and is a light tan, 

greenish-gray, and reddish-brown, silty dolomitic mudstone. This facies contains fluid-escape  

flame structures, horizontal and vertical burrows, brecciation at bedding planes, and wavy 

laminations / layers. The upper contact with the PN1 facies of the Pronghorn Member is 

interpreted as an unconformable, erosional contact. Sand-filled desiccation cracks indicate 

exposure of the upper Three Forks surface prior to deposition of the PN1 sandstone. 

Facies PN1 is a 2 ft interval of heavily bioturbated lower very fine-grained sandstone. 

The upper contact with facies PN2 is sharp and uneven, and is also interpreted to be an erosional 

contact. Facies PN2 is a dark brown to gray silty shale with laminations and lenses of silt and 

very fine sand. This facies grades upwards into facies PN3, which is a dark brown to gray silty 

lime mudstone. This facies contains shell fragments, silty ripple laminations, and pyrite nodules 

and layers. The contact with the overlying Lower Bakken Shale is gradational.  

 The Lower Bakken Shale is the typical organic-rich pyritic black shale of facies B1. 

Facies B-A is absent from this core, and the Lower Bakken Shale has a sharp, uneven contact 

with the directly overlying Middle Bakken facies B-B. This is interpreted as a submarine scour 

surface from storm wave action. Facies B-B is only 2 ft thick in this core, and is a light gray 

dolomitic siltstone with burrows, shell fragments, and concretions. Facies B-C is also absent 

from this core, and facies B-B has an unconformable erosional upper contact with the overlying 

facies B-D.  

 The lowermost portion of facies B-D is a clean, planar laminated sandstone. This grades 

upwards into symmetrical wave ripple laminations, which then grade into burrowed wavy 

laminations and mud drapes. Facies B-D is also normally graded from fine to very fine-grained 

sandstone. Once again, this is interpreted as a deepening-upwards stacking pattern from a 

foreshore to middle shoreface depositional environment. 
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Figure 9.21: IM-Shorty core description. 
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The contact with the overlying facies B-E is gradational. Facies B-E is a light gray 

dolomitic siltstone with wavy/crenulated laminations, massive bedding, low-angle cross-

stratification, planar laminations, and layers of bioturbation. Alternating layers of laminations 

and bioturbation are interpreted as “lam scram” deposits.  

The upper contact with the overlying facies B-F is also gradational. B-F is the typical 

greenish-gray, massive, silty lime mudstone with shell fragments. The upper contact with the 

Upper Bakken Shale is sharp and planar. This is interpreted as an erosional contact. The upper 

contact with the lower Lodgepole facies L1 is irregular, with limestone nodules “floating” in the 

Upper Bakken Shale, apparently as a result of soft-sediment deformation. This is interpreted as a 

conformable depositional contact. 

 

9.2.3 Heather Lynne 1 Core Description 

The Heather Lynne 1 core is northeast of the IM-Shorty, in northwest Renville County, 

ND (Figure 9.1). The cored interval is from 5980 – 6040 ft, and consists of the upper Three 

Forks through lower Lodgepole formations. The described interval (5990 – 6025 ft) focuses on 

the Bakken Formation and its contacts with the upper Three Forks and lower Lodgepole 

formations.  

One facies of the Three Forks (TF2), three facies of the Bakken (B1, B-E, and B-F), and 

the lower Lodgepole facies (L1) were identified in this core. Facies TF2 is a light tan to greenish-

gray, silty dolomitic mudstone with wavy laminations and layers, brecciation at bedding planes, 

and fluid-escape flame structures. The Pronghorn is absent in this well, and the upper contact 

with the Lower Bakken Shale is an uneven erosional contact, with a coarse lag of shell fragments 

and quartz grains.  

Middle Bakken facies B-A through B-D are absent in this core, and facies B-E lies 

directly on top of the Lower Bakken Shale. The Lower Bakken Shale has a sharp, uneven, 

erosional contact with the overlying facies B-E. Facies B-E is a light gray dolomitic siltstone 

with discontinuous burrowed clay laminations, planar laminations, low-angle cross-stratification, 

and ripples. The upper contact with the overlying facies B-F is gradational. Facies B-F is the 

typical greenish-gray, massive, silty lime mudstone with shell fragments.  

The upper contact with the overlying Upper Bakken Shale is sharp and erosional. This is 

evidenced by a dark brown lag with coarse black grains, possibly organic material, and rip-up  
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Figure 9.22: Heather Lynne 1 core description. 
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clasts of facies B-F. The contact between the lower Lodgepole L1 facies and the Upper Bakken 

Shale is irregular, with limestone nodules floating in the Upper Bakken Shale. Once again, this is 

interpreted as a conformable, depositional contact with soft-sediment deformation. 

 

9.2.4 A Trout Core Description 

The A Trout core is east of the IM-Shorty, in northeast Renville County, ND (Figure 9.1). 

The cored interval is from 5400 – 5461 ft, and consists of the upper Three Forks through lower  

Lodgepole formations. The described interval (5430 – 6461 ft) focuses on the Bakken Formation 

and its contacts with the upper Three Forks and lower Lodgepole formations. 

One facies of the Three Forks (TF2), four facies of the Bakken (B1, B-D, B-E, and B-F), 

and the lower Lodgepole facies (L1) were identified in this core. Facies TF2 is a light tan and 

greenish-gray, silty dolomitic mudstone with wavy laminations and layers, and brecciation at 

bedding planes. The Lower Bakken Shale and Middle Bakken facies B-A through B-C are absent 

in this well. Middle Bakken facies B-D lies unconformably on facies TF2. The contact is 

erosional, with TF2 rip-ups in the lower portion of B-D. Facies B-D is only 4 ft thick, and is a 

light gray fine-grained sandstone with planar laminations and low-angle cross-stratification. 

Facies B-D grades conformably into facies B-E, which is a light gray, normally graded, 

dolomitic siltstone with crenulated clay laminations and lenticular ripple laminations. Clay 

laminations and bioturbation increase upsection, and are interpreted to represent a deepening-

upwards stacking pattern. This facies has a gradational contact with the overlying facies B-F, 

which is the typical greenish-gray, massive, silty lime mudstone with shell fragments and crinoid 

stems. The contact with the overlying Upper Bakken Shale is very sharp, and is interpreted to be 

erosional. The contact with the overlying lower Lodgepole L1 facies is irregular, with limestone 

nodules floating in the Upper Bakken Shale, and is interpreted to be a conformable depositional 

contact with soft-sediment deformation. 

 

9.2.5 Daniel Anderson 1 Core Description 

The Daniel Anderson 1 is far to the east of the A Trout, in southwest Rolette County, ND 

(Figure 9.1). The cored interval is from 3277 – 3392 ft, and consists of the Three Forks through 

lower Lodgepole formations. The described interval (3305 – 3350 ft) focuses on the Bakken 

Formation and its contacts with the upper Three Forks and lower Lodgepole formations. This  



 162 

 
Figure 9.23: A Trout core description. 
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core is within a thickness anomaly in the Upper Bakken Shale, believed to be the result of Prairie 

salt dissolution (Figure 9.24). 

 

 

 
Figure 9.24: Upper Bakken Shale isopach with an overlay of the Prairie salt zero edge. The 
Daniel Anderson 1 core (red star) is within an Upper Bakken Shale thickness anomaly. 
 

 

One facies of the Three Forks (TF1), three facies of the Bakken (B-E, B-F, and B1) and 

the lower Lodgepole facies (L1) were identified in this core. Facies TF1 is interpreted to 

represent a deeper portion of the upper Three Forks, exposed by erosion on the basin margin 

prior to Bakken deposition. This facies is a greenish-gray, massive, silty dolomitic mudstone  

with a mottled appearance, dark specs (possibly organic material), and clay stringers. The Lower 

Bakken Shale and Middle Bakken facies B-A through B-D are missing in this core. 

The contact between facies TF1 and the overlying Middle Bakken facies B-E is not cored. Facies 

B-E is a light gray dolomitic siltstone with thin wavy / crenulated clay laminations and light to 

moderate bioturbation. This facies has a gradational contact with the overlying facies  
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Figure 9.25: Daniel Anderson 1 core description. 
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B-F, which is a greenish-gray lime mudstone to siltstone with shell fragments. In addition, this 

facies contains burrowed ripple laminations and light burrowing throughout. The contact with 

the overlying Upper Bakken Shale is sharp and erosional, with ripups of facies B-F in the bottom 

portion of B1. The contact with the overlying lower Lodgepole facies L1 is gradational.  

The Upper Bakken Shale is 20 ft thick in this well, more than twice as thick as much of 

the immediately surrounding shale (Figure 9.24). This is thought to be the result of infilling 

within a paleotopographic low created by Prairie salt dissolution. Not only is the Upper Bakken 

Shale anomalously thick, but it is also lithologically different than the typical organic-rich, 

pyritic, fissile black shale at this location. The lower portion of the Upper Bakken Shale is light 

gray in color and silty throughout, with thin planar silty laminations. This lower portion is also 

more friable than the typical competent black shale. Moving upsection, silty laminations begin to 

lessen, overall silt content gradually lessens, and the color becomes increasingly darker. At a 

depth of 3317 ft, the Upper Bakken Shale appears to return to its normal dark, fissile, organic-

rich character. The upper 5 ft have more pyrite laminations, but there are no longer any silty 

laminations, and the composition is no longer silty.  

The lower silty portion of the Upper Bakken Shale is interpreted to represent an infilling 

of a paleotopographic low, in which water depths were locally deepened, and the depositional 

environment was locally unique. Silt grains may have been sourced by storms or mass transport 

from a nearby shallow water environment, just upslope and surrounding the local 

paleotopographic low. The upper portion of the Upper Bakken Shale, which is more typical, is 

interpreted to be correlative to the blanket-type deposition of Upper Bakken Shale throughout the 

Williston basin. During deposition of the upper portion, deepwater conditions would have been 

extensive throughout the basin, and there would no longer be a proximal shallow water 

environment to shed silt grains into the paleotopographic low. It is interpreted that the 

paleotopographic low was effectively infilled by the lower portion of the Upper Bakken Shale 

prior to the blanket-like deposition of the upper portion. 

 

9.2.6 Rose 1 Core Description 

 The Rose 1 core is west of the study area in McKenzie County, ND (Figure 9.2). The 

cored interval is from 10575 – 10615 ft, and consists of the upper Three Forks through the Lower 

Bakken Shale. The entire core is described for this study.  
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Figure 9.26: Rose 1 core description. 
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One facies of the Three Forks (TF2), two facies of the Pronghorn (PN1 and PN2), and 

one facies of the Bakken (B1) were identified in this core. The focus of this core description is 

the Sanish sandstone (facies PN1). The underlying facies TF2 is a greenish-gray to tan, silty 

dolomitic mudstone with ripples, wavy laminations and layers, fluid-escape flame structures, and 

lenses of silt and lower fine sand. The upper contact with facies PN1 is not cored, but it is 

assumed to be erosional based on the literature, and based on the erosional contact in the IM-

Shorty core. Facies PN1 is a light tan, heavily bioturbated, very fine-grained sandstone. This  

facies coarsens upwards slightly to lower fine grained sand. The upper contact is heavily 

bioturbated, which makes it difficult to determine if it is gradational, sharp, or erosional. 

The overlying facies PN2 is the typical dark brown to gray silty shale with thin 

laminations and lenses of silt and very fine sand. This facies has a gradational contact with the 

overlying Lower Bakken Shale. The Lower Bakken Shale is also typical in this core, as an 

organic-rich fissile black shale, with thin pyrite laminations and nodules. 

 

9.2.7 Osterberg 21-2 Core Description 

 The Osterberg 21-2 core is in central Renville County, ND (Figure 9.3). The cored 

interval is from 7449 – 7569 ft, and consists of the Ashern Formation through the Ratner 

Member of the Prairie Formation. The interval from 7450 – 7540 ft is described for this study. 

This core is within a Winnipegosis inter-reef area. 

 The Ashern facies (A1), four facies of the Lower Winnipegosis Formation (LW1, LW2, 

LW3, and LW4), and the Ratner Member facies (P1) were identified in this core. The facies 

descriptions in section 9.1.1 and 9.1.2 are specific to this core, and do not bear repeating. Also, 

contacts were not of significant interest in this core description and are therefore not discussed. 

Possibly the most important aspect of this core description is the fracture column. Note that 

fractures are dependent upon the facies and rock type. Also note that fractures are quite 

extensive, especially in facies LW3 and LW4 directly underneath the Prairie Formation. This 

shows that even the tighter Lower Winnipegosis Formation can be an adequate conduit for 

groundwater, due to extensive fracturing near the upper contact with the overlying Prairie 

Formation. These fractures are thought to be the result of underlying basement fault movements. 

 

 



 168 

 
Figure 9.27: Osterberg 21-2 core description. 
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9.2.8 Golden 34X-34 Core Description 

 The Golden 34X-34 core is in western Renville County, ND (Figure 9.3). The cored 

interval is from 8300 – 8419 ft, and consists of the Upper Winnipegosis Formation through the 

Ratner Member of the Prairie Formation. The entire interval is described for this study. This core 

is of a Winnipegosis pinnacle reef. 

 Three facies in the Upper Winnipegosis (UW1, UW2, and UW3) and the Ratner Member 

facies (P1) were identified in this core. The facies descriptions in section 9.1.3 are specific to this 

core, and do not bear repeating. The fracture column shows that the majority of the Winnipegosis  

reef is unfractured, except for a few fractures and stylolites in facies UW2 and UW3 in the upper 

portion. This is somewhat surprising, as a porous reef facies should be quite brittle, and the 

nearby Osterberg 21-2 core is heavily fractured. Regardless, high porosity and permeability from 

interconnected pores (Figure 9.4) show that this Winnipegosis pinnacle reef is still an excellent 

conduit for groundwater. This supports the hypothesis that Winnipegosis pinnacle reefs enhance 

groundwater flow into contact with the overlying Prairie Formation to dissolve Prairie salt. 

 

9.3 Summary 

 Facies for the Ashern, Winnipegosis, lower Prairie, upper Three Forks, Bakken, and 

lower Lodgepole formations were described and delineated from 8 cores in north central North 

Dakota (Figures 9.1, 9.2, and 9.3). Summarized facies descriptions are shown on the core 

description legend in Figure 9.18. Facies of the Ashern and Winnipegosis formations were 

described for porosity, permeability, and fracturing to determine their influence on groundwater 

flow into the overlying Prairie salt. Where observed, the Ashern Formation is tight and 

unfractured, and is not a good conduit for groundwater. The Lower Winnipegosis Formation is 

also tight, but is heavily fractured, which greatly increases permeability and makes this interval a 

good conduit for groundwater. The Upper Winnipegosis Formation has excellent vuggy and 

moldic porosity. Although not heavily fractured, this interval has high permeability from the 

highly connected pores (Figure 9.4), and is also a good conduit for groundwater. These 

observations support the hypothesis that the Winnipegosis Formation acts as a conduit for the 

ingress of groundwater to dissolve Prairie salt, and the egress of the resultant brine. 

  Facies for the upper Three Forks, Bakken, and lower Lodgepole formations were 

described and interpreted for depositional environments in order to develop a sequence- 
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Figure 9.28a: Golden 34-34X core description. 
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Figure 9.28b: continued. 
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stratigraphic interpretation. This interpretation is shown on each relevant core, but will be 

discussed in greater detail in the following chapter. 

The Daniel Anderson 1 cores a thickness anomaly in the Upper Bakken Shale, which is 

interpreted to represent an infill due to Prairie salt-dissolution collapse. In this core the lower half 

of the Upper Bakken Shale is silty and light gray, compared to the typical black shale of facies 

B1. This is interpreted to represent deposition within a paleotopographic low that created a local 

deepwater environment, prior to the blanket-like deposition of Upper Bakken Shale throughout 

the Williston basin. 
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CHAPTER 10 

SEQUENCE STRATIGRAPHY AND THE INCISED-VALLEY FILL HYPOTHESIS 

 

Facies descriptions, depositional environments, significant surfaces, and stacking patterns 

identified in core descriptions were all used to develop a sequence-stratigraphic interpretation for 

the upper Three Forks through lower Lodgepole formations. The significant surfaces, systems 

tracts, and relative sea level fluctuations can be seen in the sequence-stratigraphic column of 

each Bakken core description. This column is useful for showing the interpretations of facies, 

stacking patterns, and significant surfaces for each core, and should be referenced throughout the 

following sections. These specific interpretations were combined to create a regional sequence-

stratigraphic model for the study area.   

 

10.1 Sequence Stratigraphy of the Upper Three Forks through Lower Lodgepole 

Formations 

Figure 10.1 shows a relative sea level curve with delineated systems tracts for the upper 

Three Forks through lower Lodgepole facies. The sequence stratigraphy for facies TF1 and TF2 

of the Three Forks was not determined by this study, and the literature review is mixed on 

whether the Three Forks is deepening or shallowing-upwards. Interpreting the sequence 

stratigraphy of the Three Forks requires an extensive core study, which this study did not 

undertake. This study was more concerned with the erosion of the upper Three Forks, and 

subsequent deposition of the Bakken Formation. Therefore, facies TF1 and TF2 are shown on a 

flat sea level curve of intermediate water depth to represent the sequence-stratigraphic 

uncertainty.  

 The upper contact of the upper Three Forks is interpreted as an erosional unconformity 

surface throughout the study area. This erosional contact was identified in every applicable core, 

and is well documented in the literature (Bottjer et al., 2011; LeFever et al., 2011; Smith and 

Bustin, 2000,).  This study interprets the erosional upper Three Forks surface to represent a 

forced regression, accompanied by subaerial exposure and erosion. LeFever et al. (2011) states 

that the upper Three Forks surface is unconformable throughout the basin, indicating that the 

entire basin was exposed. The core descriptions in this study confirm that the eastern basin 

margin in the study area was subaerially exposed prior to Bakken deposition, as evidenced by 
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PN1-filled desiccation cracks in the IM-Shorty core. This erosional unconformity surface, 

representative of a forced regression, is therefore drawn in as a sequence boundary on all 

applicable core descriptions. 

 

 

 
Figure 10.1: Upper Three Forks through lower Lodgepole relative sea level curve. Rising curve = 
deepening-upwards, falling curve = shallowing-upwards. The eustatic locations of all facies are 
placed on the curve, and systems tracts are delineated beneath the curve. 
 

 

10.1.1 Pronghorn through Lower Bakken Shale Transgressive Systems Tract 

Figure 10.2 shows the depositional environments of Pronghorn through Lower Bakken 

Shale facies on the eastern margin of the Williston basin, with an interpreted relative sea level 

rise. The deepening-upwards stacking pattern of Pronghorn through Lower Bakken Shale facies 

can be seen on the IM-Shorty and Rose 1 cores. This deepening-upwards stacking pattern is 

interpreted to represent deposition during a transgressive systems tract after the upper Three 

Forks forced regression. 

No lowstand systems tract is interpreted after the forced regression. This is because the 

initial deposition of facies PN1 on top of the sequence boundary is interpreted to have occurred 

in a lower shoreface environment (Figure 10.2). During the forced regression, sea level dropped 

significantly, possibly exposing the entire basin (LeFever et al., 2011). The overlying PN1 facies 

was not deposited until sea level rose to a lower shoreface depth during the ensuing 
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transgression. The sequence boundary at the base of facies PN1 may also represent a 

transgressive surface of erosion. Therefore, if any lowstand deposition occurred, it may have 

been eroded away by the subsequent Pronghorn through Lower Bakken Shale transgression. 

However, the Williston basin was sediment starved during this time, and if the entire basin was 

exposed it is very likely that no lowstand deposition occurred.  

 Continued transgression deposited the overlying offshore transition to offshore facies 

PN2, PN3, and B1 (Lower Bakken Shale). The erosional contact between facies PN1 and PN2 in 

the IM-Shorty core is interpreted to represent a transgressive surface of erosion during a 

transgressive pulse. The Lower Bakken Shale represents deposition in the greatest water depths 

during maximum transgression. Therefore, a maximum flooding surface is interpreted at the top 

of the Lower Bakken Shale, just prior to the ensuing highstand systems tract. Where Pronghorn 

is not present, the Lower Bakken Shale represents the entire transgressive systems tract. 

 

 

 
Figure 10.2: Model of the Williston basin eastern margin during Pronghorn through Lower 
Bakken Shale deposition. Fair-weather and storm wave bases are drawn as dotted black lines. 
Depositional environments of the B1 through PN1 facies are designated by double-sided arrows. 
The sea level arrow to the left shows relative sea level rising during a transgressive systems tract. 
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10.1.2 Middle Bakken Facies B-A through B-C Highstand and Early Falling Stage Systems 

Tracts 

Figure 10.3 shows the depositional environments of facies B-A through B-C on the 

eastern margin of the Williston basin, with an interpreted relative sea level fall. Although no 

described cores contain all three facies B-A, B-B, and B-C, a shallowing-upwards stacking 

pattern can be interpreted from the depositional environments depicted on Figure 10.3. This 

stacking pattern can be seen in facies B-A through B-B in the Fleckten 1-20 core. More 

basinward cores of the Middle Bakken show the full vertical succession of offshore facies B-A 

through middle shoreface facies B-C (Simenson, 2010). This shallowing-upwards stacking 

pattern is interpreted to represent the progradation of B-A through B-C clinoforms during 

highstand to early falling stage systems tracts.  

Facies B-A was deposited during a highstand systems tract in the deepwater offshore 

zone. This depositional environment is similar to that of the Lower Bakken Shale, but anoxic 

conditions no longer prevailed during highstand. This study postulates that highstand sea levels 

regained an open marine connection, allowing for enhanced circulation of marine waters in the 

Williston basin, and a return to normal oxic conditions. This enhanced circulation facilitated 

deposition of facies B-A in the offshore zone. 

Facies B-B through B-C were deposited contemporaneously during highstand and early 

falling stage systems tracts as correlative shallow water facies on progradational B-A through B-

C clinoforms (Figure 10.3). This is evidenced by a progradational stacking pattern with 

gradational contacts from facies B-A through B-C.  

The contact between facies B-A and the Lower Bakken Shale is gradational in the 

Fleckten 1-20 core, which is consistent with a gradual transition to oxic conditions during a 

highstand systems tract. However, the contact with facies B-B and the Lower Bakken Shale in 

the IM-Shorty core appears to be erosional. Because the IM-Shorty core is closer to the basin 

margin, it is interpreted that facies B-A was not deposited at this marginal location, and the 

shallower-water facies B-B was deposited contemporaneously on top of the underlying Lower 

Bakken Shale. Facies B-C was likely deposited as well, but was subsequently eroded. Based on 

this interpretation, the erosional contact at the base of facies B-B, which was deposited above 

storm wave base, is interpreted to be a submarine scour surface from storm wave action.  
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Figure 10.3: Model of the Williston basin eastern margin during Middle Bakken facies B-A 
through B-C deposition. Fair-weather and storm wave bases are drawn as dotted black lines. 
Depositional environments of the B-A through B-C facies are designated by double-sided 
arrows. The sea level arrow to the left shows relative sea level falling during highstand and early 
falling stage systems tracts. 
 

 

10.1.3 Middle Bakken Facies B-D through Upper Bakken Shale Lowstand and 

Transgressive Systems Tracts 

 An erosional unconformity surface is observed at the base of facies B-D wherever present 

in core. Where facies B-D is not present, an erosional unconformity surface is observed at the 

base of facies B-E. This unconformity surface is interpreted to represent a forced regression 

accompanied by exposure and erosion of the basin margins, prior to deposition of facies B-D. An 

abrupt basinward shift of facies, shown by the stacking of foreshore facies B-D on top of 

offshore facies B-B in the Fleckten 1-20 and IM-Shorty cores, is evidence for this forced 

regression. The regressive surface of erosion at the base of facies B-D is interpreted as a 

sequence boundary, as seen in the sequence-stratigraphic column of all applicable core 

descriptions. Where facies B-D is not present, the sequence boundary is placed at the base of 

facies B-E. Where the Lower Bakken Shale through Middle Bakken facies B-C have pinched 

out, as in the A Trout and Daniel Anderson 1 cores, this sequence boundary merges with the 

upper Three Forks sequence boundary.  

 Figure 10.4 shows the depositional environments of the Middle Bakken facies B-D 

through the Upper Bakken Shale on the eastern margin of the Williston basin, with an interpreted 

relative sea level rise. The deepening-upwards stacking pattern of facies B-D through the Upper 
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Bakken Shale can be seen on all Bakken cores within the study area, although not all cores 

contain the B-D facies. This deepening-upwards stacking pattern is interpreted to represent 

deposition during a transgressive systems tract, following the initiation of facies B-D 

sedimentation at lowstand. 

Facies B-D exhibits a retrogradational stacking pattern from a foreshore to middle 

shoreface depositional environment in the Fleckten 1-20 and IM-Shorty cores. Initial 

sedimentation is interpreted to have begun at lowstand in the basin center after the forced 

regression. Facies B-D then retrograded from the basin center towards the basin margins during a 

slight transgression at the initiation of the transgressive systems tract. 

 Continued transgression deposited the middle shoreface to offshore facies B-E, B-F, and 

B1 (Upper Bakken Shale). The contacts between facies B-D, B-E, and B-F are gradational, 

suggesting a relatively steady sea level rise. The contact between facies B-F and the Upper 

Bakken Shale, however, is sharp and planar in every core, with ripup clasts and a coarse lag 

deposit in the Daniel Anderson 1 and Heather Lynne 1 cores, respectively. This is interpreted as 

a marine flooding surface and transgressive surface of erosion, formed by a transgressive pulse 

within the overall Middle Bakken through Upper Bakken Shale transgression. 

 The Upper Bakken Shale represents deposition in the greatest water depths during 

maximum transgression. Therefore, a maximum flooding surface is interpreted at the top of the 

Upper Bakken Shale, just prior to deposition of the overlying Lodgepole facies L1. The contact 

at the base of facies L1 is conformable, often with soft-sediment deformation in the Upper 

Bakken Shale. This is interpreted to represent conformable deposition of facies L1 in the 

deepwater offshore zone during the ensuing highstand systems tract. Similar to facies B-A, 

deposition of facies L1 was likely facilitated by increased water circulation and a return to oxic 

conditions during highstand.  

 

10.2 Depositional and/or Erosional Extents of the Three Forks and Bakken Formations 

 One of the primary goals of the sequence-stratigraphic interpretation was to determine 

whether the extents of the Three Forks Formation and members of the Bakken Formation are 

depositional or erosional. This interpretation can be used to determine whether thickness 

anomalies, specifically outliers in the Lower Bakken Shale, are preserved remnants of erosion. 

This could not be determined from well log correlations, because several of the facies  
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Figure 10.4: Model of the Williston basin eastern margin during Middle Bakken facies B-D 
through Upper Bakken Shale deposition. Fair-weather and storm wave bases are drawn as dotted 
black lines. Depositional environments of the B-D through B1 facies are designated by double-
sided arrows. The sea level arrow to the left shows relative sea level rising during lowstand and 
transgressive systems tracts. 
 

 

distinguishable on core are indistinguishable on raster logs in the study area. Therefore, a cross-

section correlating facies and significant surfaces identified from core was utilized. 

Figure 10.5 shows a W-E cross-section of all Bakken cores described in the study area. 

Each core contains a gamma ray curve, core depth track, lithology track, and facies track. Cores 

were hung on the maximum flooding surface at the top of the Upper Bakken Shale. The Fleckten 

1-20 did not core the upper contact of the Upper Bakken Shale, so this core was hung on the top 

pick from the gamma ray track. The Three Forks contact, which was not cored, was also picked 

on the gamma ray log for this well. Isopachs for the Lower Bakken Shale, Middle Bakken, and 

Upper Bakken Shale members are included, and show the cross-section in plan view. Facies 

were correlated and color-filled between wells, and sequence boundaries were drawn in as red 

unconformity surfaces.  

In the IM-Shorty core the Pronghorn Member was not split into separate facies for 

correlating purposes, because this is the only core in the study area where Pronghorn was 

identified. Pronghorn may be present in the Fleckten 1-20 core, but this interval was not cored. 

Therefore, the Pronghorn Member is shown to pinch out to the west with a question mark to 

represent the correlative uncertainty.
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Figure 10.5: W-E cross-section of Bakken cores tied to gamma ray logs in the study area. Isopachs of the Lower Bakken Shale, 
Middle Bakken, and Upper Bakken Shale show the cross-section in plan view.
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10.2.1 Extent of the Three Forks Formation 

 The sequence boundary at the top of the Three Forks Formation has been shown to be a 

regressive surface of erosion. Facies TF1, which is downsection from facies TF2, subcrops 

beneath the Bakken Formation in the Daniel Anderson 1 core. This is evidence for exposure and 

erosional truncation of the upper Three Forks from west to east in on the eastern basin margin 

within the study area. Therefore, the extent of the Three Forks Formation (Figure 6.6) is 

interpreted to be erosional in the study area.  

 

10.2.2 Extent of the Lower Bakken Shale 

 The second sequence boundary is drawn beneath facies B-D where present, and beneath 

facies B-E where B-D is absent. This sequence boundary is interpreted as a regressive surface of 

erosion. Middle Bakken facies B-A and B-B thin and pinch out from west to east underneath this 

erosional surface. Middle Bakken facies B-C is not present at this marginal location, but is 

present further basinward (Simenson, 2010). These observations suggest that facies B-C through 

B-A were progressively eroded towards the basin margin during a forced regression, prior to 

deposition of the overlying facies B-D. Facies B-C through B-A were completely eroded away 

east of the IM-Shorty core, exposing the Lower Bakken Shale at the basin margin. Continued 

erosion during the forced regression downcut into the Lower Bakken Shale. This is evidenced by 

erosional thinning of the Lower Bakken Shale directly underneath the sequence boundary in the 

Heather Lynne 1 core. The Lower Bakken Shale was eroded down to a zero edge east of the 

Heather Lynne 1 core, and is absent from the adjacent A Trout core. At this point the two 

sequence boundaries merged, and continued erosion of the upper Three Forks surface occurred to 

the east on the exposed basin margin. 

Based on these observations, the extent of the Lower Bakken Shale (Figure 6.9) is 

interpreted to be erosional within the study area. The zero edge was likely influenced by 

increased erosion over the Churchill-Superior boundary high and the Burleigh high. 

Furthermore, thickness anomalies and outliers in the Lower Bakken Shale are interpreted to be 

preserved remnants of erosion. These remnants represent the lowermost portions of the Lower 

Bakken Shale that were deposited within paleotopographic lows from Prairie salt dissolution. 

Erosion during the forced regression removed the upper portion of the Lower Bakken Shale over 
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a large area on the eastern basin margin, leaving behind thickness anomalies and outliers 

preserved within paleotopographic lows. 

 

10.2.3 Extent of the Middle Bakken Member 

Although the lower progradational portion of the Middle Bakken (facies B-A through B-

C) were truncated by erosion, the upper transgressive portion of the Middle Bakken (facies B-D 

through B-F) do not appear to be erosionally truncated from west to east within the study area. 

The contact with the Upper Bakken Shale is interpreted as a transgressive surface of erosion. 

However, the directly underlying facies B-F does not thin erosionally underneath this surface. 

This suggests that the transgressive surface of erosion at the base of the Upper Bakken Shale 

does not represent a significant erosional event. Therefore, the extent of the Middle Bakken 

Formation is interpreted to be depositional, rather than erosional. This explains why no outliers 

are seen in the Middle Bakken isopach. 

 

10.2.4 Extent of the Upper Bakken Shale 

The contact between the Upper Bakken Shale and the overlying Lodgepole Formation is 

interpreted to have formed subaqueously during a highstand systems tract. This conformable 

contact suggests that no erosion of the Upper Bakken Shale has occurred. Therefore, the extent 

of the Upper Bakken Shale is also interpreted to be depositional, rather than erosional. This 

explains why no outliers are seen in the Upper Bakken Shale isopach. 

The isopach of the Upper Bakken Shale can be used as an analogue for the original 

thicknesses and extent of the Lower Bakken Shale. Similar to the Upper Bakken Shale isopach, it 

is likely that thickness anomalies in the Lower Bakken Shale were originally connected by 

average depositional thicknesses. Additionally, because the Upper and Lower Bakken Shale 

members were deposited under similar water depths, it is likely that the original extent of the 

Lower Bakken Shale was similar to the current extent of the Upper Bakken Shale. This suggests 

a much greater original depositional extent for the Lower Bakken Shale. This interpretation 

explains why the shallower water facies of the Middle Bakken overlap the extent of the deeper 

water Lower Bakken Shale. 
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10.3 The Incised-Valley Fill Hypothesis 

 The incised-valley fill hypothesis was spurred by isopachs in the literature (Figures 6.7 

and 6.8) that show an elongate sub-linear thickness in the Lower Bakken Shale indicative of an 

infilled fluvial channel. Although this study chooses not to connect thickness anomalies into this 

elongate feature (Figure 6.9), the Lower Bakken Shale isopach is limited by well control, and is 

therefore insufficient evidence to prove or disprove the incised-valley fill hypothesis. Therefore, 

additional lines of evidence are examined to test this hypothesis. 

One line of evidence is the sequence-stratigraphic interpretation, which is necessary for 

determining if the proper eustatic fluctuations occurred to facilitate an incised-valley fill in the 

Lower Bakken Shale. A forced regression and erosion of the exposed upper Three Forks surface 

would have allowed for fluvial incision to occur, if a fluvial system was present. The ensuing 

Pronghorn through Lower Bakken Shale transgression would have then allowed for infilling of 

the incised valley. Therefore, the sequence stratigraphy presented here does accomodate the 

possibility of an incised-valley fill within the Lower Bakken Shale.  

 

10.3.1 Depositional Environment and Sediment Source of the Sanish Sandstone (Facies 

PN1) 

 The incised-valley fill hypothesis also necessitates the existence of a fluvial system in the 

study area to downcut into the upper Three Forks during the forced regression. A lack of core 

within the Lower Bakken Shale thickness anomalies precludes identifying fluvial facies in the 

basal portion of the hypothesized incised-valley fill. The Sanish sandstone (facies PN1) lies just 

above the upper Three Forks sequence boundary, and below the Lower Bakken Shale. Grain size 

suggests that this facies may have been sourced from a fluvial system. Therefore, this study tests 

the hypothesis that the Sanish sandstone is evidence of the fluvial system necessary for the 

incised-valley fill. 

 Intense bioturbation precludes identification of sedimentary structures within the Sanish 

sandstone. The interpreted depositional environment is within a lower shoreface, but the 

sediment source could still be from a nearby fluvial system. Confirming a fluvial sediment 

source is difficult from the information at hand. Alternatively, if the Sanish sandstone is a 

transgressive sand, sourced from erosion of the upper Three Forks, this would be strong evidence 

against a fluvial sediment source. This study hypothesizes that transgressive erosion of the upper 
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Three Forks during the early Pronghorn transgression deposited residual sand grains from thin 

sand and silt lenses to form the transgressive Sanish sandstone.  

To test this hypothesis, sand and silt lenses in the upper Three Forks of the Rose 1 well 

were sampled and thin sectioned, and compared to thin sections of the overlying Sanish 

sandstone. Figure 10.6 shows four photomicrographs taken at 10X magnification in plane 

polarized light. The Rose 1 core description (Figure 9.26) should be referenced for the 

stratigraphic depths of these four photomicrographs. Photomicrographs A and B are of the 

Sanish sandstone at depths of 10601 and 10603.5 ft, respectively. Note that they are clean, very 

well sorted, subrounded quartz arenites. Photomicrographs C and D are of two underlying upper 

Three Forks sand and silt lenses, at depths of 10604 and 10613 ft, respectively. Several quartz 

sand grains are pinpointed on these photomicrographs. When compared to the sand grains in 

photomicrographs A and B of the Sanish sandstone, there are strong similarities in grain size and 

rounding. These observations are compatible with the hypothesis that the Sanish sandstone is a 

transgressive sand sourced from extensive transgressive erosion of the upper Three Forks.  

 

10.3.2 Erosional Thinning of the Upper Three Forks 

 This study does not interpret the Sanish sandstone as a fluvial deposit, and therefore the 

Sanish sandstone is not taken as evidence for the fluvial system necessary for an incised-valley 

fill. A final line of evidence for the existence of a fluvial system determines whether the upper 

Three Forks thins erosionally underneath the Lower Bakken Shale thickness anomalies. 

Erosional thinning of the upper Three Forks would be indicative of fluvial incision during the 

forced regression, prior to infilling of the Lower Bakken Shale. Figure 10.7 shows a cross-

section of the most prominent Lower Bakken Shale thickness anomaly. This cross-section can be 

seen in plan view on the Three Forks and Lower Bakken Shale isopachs. It is evident from this 

figure that the Three Forks does not thin erosionally underneath the Lower Bakken Shale 

thickness anomaly. In fact, the Three Forks thickens underneath the Lower Bakken Shale 

thickness anomaly, likely as a result of continuous salt dissolution during Three Forks and 

Bakken deposition.  

Although the Three Forks does not thin underneath the Lower Bakken Shale thickness 

anomaly in Figure 10.7, this study does not rule out the possibility that a fluvial system could 

have existed within a paleovalley created from salt-dissolution collapse. Over-thickening of the  
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Figure 10.6: (A, B) Rose 1 photomicrographs of the Pronghorn PN1 facies (Sanish sandstone) at 
10601 ad 10603.5 ft, respectively. (C, D) Rose 1 photomicrographs of the upper Three Forks 
facies TF2 sand and silt lenses at 10604 and 10613 ft, respectively. Quartz grains are pinpointed 
by yellow arrows. Photomicrographs are taken at 10X magnification in plane polarized light. 
 

 

Three Forks from salt dissolution could have masked any fluvial incision. However, this 

hypothesis relies on the premise that salt-dissolution collapse created a paleovalley at this 

location. Therefore, salt dissolution is still the primary accommodation mechanism for the 

infilling of the Lower Bakken Shale thickness anomaly. Furthermore, this study has found no 

evidence for the existence of a fluvial system prior to deposition of the Lower Bakken Shale. 

Therefore, the Lower Bakken Shale thickness anomalies are not interpreted as part of an incised-

valley fill. 
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Figure 10.7: NW-SE cross-section across a Lower Bakken Shale and Middle Bakken thickness 
anomaly. Isopachs of the Three Forks and Lower Bakken Shale show the cross-section in plan 
view. 
 

 

10.4 Summary 

 A sequence-stratigraphic interpretation for the Bakken Formation was developed from 

several core descriptions in the study area. A forced regression exposed the upper Three Forks 

throughout the study area, resulting in widespread erosion and the formation of a sequence 

boundary. Therefore, the extent of the Three Forks Formation is interpreted to be erosional in the 

study area. The Pronghorn through Lower Bakken Shale were deposited during the ensuing 
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transgressive systems tract. Middle Bakken facies B-A through B-C were deposited during the 

ensuing highstand to early falling stage systems tracts. A forced regression resulted in exposure 

and erosion of the Middle Bakken facies B-C through the Lower Bakken Shale at the basin 

margins, and the formation of a sequence boundary. The extent of the Lower Bakken Shale is 

interpreted to be erosional in the study area. Outliers on the Lower Bakken Shale isopach (Figure 

6.9) are interpreted to represent remnants of erosion. Middle Bakken facies B-D through the 

Upper Bakken Shale were deposited in the ensuing lowstand and transgressive systems tracts, 

and the lower Lodgepole facies L1 was deposited during the ensuing highstand systems tract. 

The extents of the Middle Bakken and the Upper Bakken Shale members are interpreted to be 

depositional in the study area. The Upper Bakken Shale isopach (Figure 6.11) can be used as an 

analogue for the original extent and thickness of the Lower Bakken Shale. 

 The Lower Bakken Shale thickness anomalies do not represent an incised-valley fill. 

Although the sequence-stratigraphic interpretation supports the necessary eustatic fluctuations, a 

fluvial system was not present within the study area to create fluvial incision. The Sanish 

sandstone, hypothesized to be the deposit of the necessary fluvial system, is in fact a 

transgressive sand sourced from the underlying upper Three Forks. Furthermore, the Three Forks 

does not thin erosionally underneath the Lower Bakken Shale thickness anomaly. Instead, the 

Three Forks thickens, likely as a result of continuous salt dissolution throughout Three Forks and 

Bakken deposition. 
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CHAPTER 11 

CONCLUSIONS AND RECOMMENDATIONS 

 

 The objective of this thesis was to fully characterize and understand thickness anomalies 

in the Bakken and Three Forks formations in north central North Dakota, for the benefit of 

hydrocarbon exploration and production in the Williston basin. In the pursuit of this goal, 

hypotheses were developed for a wide array of subject matters, and several new conclusions 

were made. These conclusions range from basement terranes, to salt dissolution, to sequence 

stratigraphy, and all contribute to the characterization of Bakken and Three Forks thickness 

anomalies in the study area.  

Figure 11.1 combines several main conclusions into a single summary figure. This figure 

shows the relationship between Bakken thickness anomalies, the Prairie salt zero edge, and the 

two major basement faults / terrane boundaries. Bakken thicknesses greater than 35 ft are shaded 

gray. Only the 35 ft contour is shown in order to depict the locations of thickness anomalies in a 

simplified form. Refer to Figure 6.12 for the complete Bakken isopach. Note that the shaded area 

west of the Prairie salt zero edge represents a systematic increase in thickness basinward, and not 

a thickness anomaly. Shaded sub-circular areas coincident with and east of the Prairie salt zero 

edge represent thickness anomalies. These thickness anomalies are the result of Prairie salt 

dissolution, collapse, and infill. The Prairie salt zero edge is roughly coincident with the 

Churchill-Superior boundary, suggesting that salt dissolution was enhanced due to increased 

groundwater flow through the associated faults and fractures. Bakken thickness anomalies 

roughly contour to the eastern basement fault, suggesting that salt dissolution was enhanced over 

this fault as well. Refer to Figures 7.7 and 7.10 for overlays of the Prairie salt and Bakken 

isopachs on the interpreted aeromagnetic anomaly map, respectively. 
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Figure 11.1: Relationship between Bakken thickness anomalies, the Prairie salt zero edge, and 
two major basement faults. Bakken thicknesses greater than 35 ft are shaded gray. The shaded 
area to the west represents increased thickness basinward. The shaded sub-circular areas to the 
east represent thickness anomalies. The Bakken zero edge is drawn to the east as a black dotted 
line. Refer to Figure 6.12 for the complete Bakken isopach. The Prairie salt zero edge is drawn as 
a pink dashed line. The two basement faults bounding the Churchill-Superior boundary zone are 
drawn as solid black lines. The basement fault to the west is labeled the Churchill-Superior 
boundary. Refer to Figures 7.7 and 7.10 for overlays of the Prairie salt and Bakken isopachs on 
the interpreted aeromagnetic anomaly map, respectively. 
 

 

11.1 Conclusions 

 Prairie salt dissolution has occurred in the study area, and the Prairie salt zero edge is 

in fact a dissolution edge.  
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 Winnipegosis pinnacle reefs enhance groundwater flow into the lower Prairie 

formation to dissolve Prairie salt. High porosity and fracturing make the 

Winnipegosis Formation a good conduit for groundwater.  

 Prairie salt dissolution is the main causal mechanism behind thickness anomalies in 

Devonian and Mississippian strata in the study area. 

 Prairie salt dissolution has been sporadic and episodic throughout Devonian and 

Mississippian time. Prairie salt dissolution continued to occur during the deposition of 

strata younger than Mississippian in age. 

 Both single-stage and multi-stage collapse structures are present in the Bakken and 

Three Forks formations within the study area. The timing of the original dissolution 

event can be determined by the stratigraphic location of compensating infill. The 

timing of the multi-stage dissolution events can not be determined by the mapped 

strata. 

 Residual structure maps can be used to indicate paleotopography for the 2nd Red Bed 

base, Nisku, and Three Forks horizons. Depositional thickening occurs within a 

paleotopographic low resulting from Prairie salt dissolution and collapse of overlying 

beds. Depositional thinning occurs over two paleohighs: the Churchill-Superior 

boundary high and the Burleigh high. 

 Basement terranes and faults were interpreted from an aeromagnetic anomaly map of 

North Dakota. The basement fault at the Churchill-Superior boundary influenced 

Prairie salt dissolution and the location of the Prairie salt zero edge.  

 The interpreted aeromagnetic anomaly map confirms the existence of three basement 

faults proposed from isopachs and cross-sections. Basement fault movements 

throughout the study area influenced thickness variations in the overlying Devonian 

and Mississippian strata. This is likely the result of enhanced Prairie salt dissolution 

from faulting and fracturing. However, depositional thinning and thickening may 

have also occurred over uplifted and downthrown basement blocks, respectively. 

  Increased surface lineament density in an area of greatest salt-dissolution collapse 

suggests that collapse of overlying beds creates faults and fractures that are expressed 

at the surface. Lineament correlations to the aeromagnetic anomaly map suggest that 

basement faults are also expressed at the surface. 
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 Prairie salt dissolution results in the formation of a collapse breccia, which grades 

upsection into a vertical fracture network. This fracture network likely persists 

throughout all overlying collapsed strata. Bakken and Three Forks strata underneath 

Mississippian or younger thickness anomalies will have collapsed and are likely 

fractured. This conclusion leads to the development of an exploration model for 

fractured sweet spots in the Bakken and Three Forks formations. 

 The sequence stratigraphy of the Bakken Formation has been interpreted from core 

descriptions within the study area. A forced regression occurred at the end of the 

upper Three Forks, followed by a transgression to deposit the Pronghorn through 

Lower Bakken Shale. Middle Bakken facies B-A through B-C were deposited during 

the ensuing highstand and early transgressive systems tracts. Middle Bakken facies B-

D through the Upper Bakken Shale were deposited during the ensuing lowstand and 

transgressive systems tracts. The lower Lodgepole facies L1 was deposited during the 

ensuing highstand systems tract. 

 The extents of the Three Forks and Lower Bakken Shale are erosional in the study 

area. Outliers on the Lower Bakken Shale isopach represent remnants of erosion. The 

extents of the Middle Bakken and Upper Bakken Shale are depositional in the study 

area. The Upper Bakken Shale isopach can be used as an analogue for the original 

thickness and extent of the Lower Bakken Shale. 

 The Lower Bakken Shale does not represent an incised-valley fill. The Sanish 

sandstone is not a fluvial deposit, but instead a transgressive sand sourced from 

transgressive erosion of the upper Three Forks. 

 

11.2 Recommendations for Future Work 

 Similar research should be undertaken for other areas that contain Bakken and/or 

Three Forks thickness anomalies. Namely, the over-thickened Middle Bakken at Elm 

Coulee field may be a result of Prairie salt dissolution, and the methods outlined in 

this thesis should be implemented to test this hypothesis. 

 Similar research should also be undertaken for areas with thick Pronghorn, to 

determine if the Pronghorn Member is a result of deposition in paleotopographic lows 

from Prairie salt-dissolution collapse. 
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 Further mapping of strata younger than Mississippian in age within the study area 

will determine the timing of multi-stage dissolution events. In addition, further 

mapping will allow for a more complete interpretation of the spatial migration of salt 

dissolution through time, as well as the original extent of Prairie salt. 

 A study should be undertaken to better understand the correlation between the central 

magnetic / western magnetic terrane boundary and the “line of death” in the Bakken 

play. 

 Mapping of Mississippian and younger strata, along with a thorough core search, 

should be completed throughout the basin to determine if there are any cores of the 

Bakken and Three Forks formations underneath Mississippian or younger thickness 

anomalies. A complete study with several control cores and several cores underneath 

thickness anomalies should be completed to test the proposed exploration model for 

fractured sweet spots. 

 If available, additional core of the Bakken and Three Forks formations within 

thickness anomalies should be studied to determine how facies, reservoir properties, 

and source rocks change. 
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