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ABSTRACT

The Bakken Formation is a significant hydrocarbon source and reservoir within 

the Williston Basin. It is an unconventional petroleum system that has produced over 

40 million barrels of oil and hydrocarbon generation estimates are in excess of 100 

billion barrels of potential oil reserves.

The Bakken Formation is a thin, up to 140 ft. thick, unit consisting of three 

members: (1) a lower shale unit, (2) a middle mixed siliciclastic-carbonate unit, and (3) 

an upper shale unit. The middle member is a low matrix porosity and permeability 

continuous reservoir with enhanced hydrocarbon production in select areas related to 

lithology variations and secondary porosity and permeability development.

This study examines a laminated facies within the Middle Bakken focusing on 

the origin of the parallel lamination. The primary analysis method utilizes Fast Fourier 

Transform (FFT) and periodograms to determine if an underlying tidal signature is 

present within the laminated layer.

Results of the spectral analysis show the parallel laminations were deposited in a 

lower intertidal environment with tidal cyclicity from a semi-diurnal to mixed tidal 

system and synodically driven tidal forces. A significant number of thick laminations 

indicate non-tidal influence in lamination deposition such as storm events. Non- 

sinusoidal lamination pattern resulted from a low sediment influx and probably was the 

result of eolian transport. Low sediment influx and low tidal range resulted in thin 

lamination with lack of preservation within the tidal cycles.
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CHAPTER 1 
INTRODUCTION

1.1. Introduction

The Upper Devonian-Lower Mississippian Bakken Formation is both a significant 

hydrocarbon source and reservoir within the Williston Basin, which extends from 

Montana and North Dakota into southern Saskatchewan, Canada (Figure 1.1). The 

Bakken discovery well was drilled in 1953 on the Antelope Arch of the Nesson 

Anticline. Further Bakken production was sporadic until the early 1980s when 

advancements in horizontal drilling and completion technologies improved hydrocarbon 

recovery rates. In the early 2000s, increasing oil prices combined with further technical 

gains in drilling and completion improved the economics and created a drilling boom

WiL Lf ST ON
B hc T

8OW0OIN
DOWN

BLACK M ILLS 
U P L IF T  i

IOO

Figure 1.1: Williston Basin location map (modified from
Pitman et a l, 2001)
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in the Williston Basin. To date, the Bakken has produced over 40 million barrels of oil 

and hydrocarbon generation estimates are in excess of 100 billion barrels of potential oil 

reserves (Meissner, 1978; Pitman et al., 2001; LeFever and Helms, 2006).

The Bakken Formation is a thin, up to 140 ft. thick, unit consisting of three 

members: (1) a lower shale unit, (2) a middle mixed siliciclastic-carbonate unit, and (3) 

an upper shale unit. The lower and upper shale units are organic-rich marine shales and 

lithologically consistent throughout the basin. Both shales are considered the source 

rock for the hydrocarbons found in the Bakken Formation. The middle member is a 

shallow marine siliciclastic-carbonate deposit varying in thicknesses and lithology 

across the basin. The middle member comprises a continuous reservoir with enhanced 

hydrocarbon production in select areas related to lithology variations and secondary 

porosity and permeability development.

The Middle Bakken has been subdivided into different facies (LeFever et al., 1991; 

Canter et al., 2008, Sonnenberg et al., 2011) This study examines facies C within the 

Middle Bakken focusing on the origin of the parallel lamination. This facies along with 

the underlying facies B and the overlying facies C are the most productive facies 

withing the Middle Bakken (LeFever, 2004). Current origin for hypothesizes the 

laminated facies include tidal, algal and hyperpycnal gravity flow. Tidal, algal and 

hyperpycnal deposits present similar sedimentary structures but are deposited in 

different shoreline and water depth settings, which may result in different reservoir 

characteristics. Understanding the origin and extent of the facies in the Sanish and 

Parshall fields may aid in exploration and field development in other parts of the 

Williston basin where facies C is not present.

1.2. Location and Scope of Study Area

The study area is located in northwestern North Dakota between Townships 147 

-161 N and Ranges 87 -  96 W. The cores are located along the western edge of Parshall 

field and within Sanish field, Mountrail County, North Dakota (Figure 1.2). The

2



CENTRAL WILLISTON - Central Williston Basin - ND N

E
e

- E t .. J j  t

intkUiH' Pavshuil & Sanisk 
—. Held Area

Cedar Creek 
Anticline

Figure 1.2: Location o f study core wells within Sanish (purple outline) and Parshall 
fields (green outline) (insert map) and extent o f the study area. Cores are marked in 
blue; (1) Sidonia 1-6H, (2) Ross 7-17H, (3) Nelson Farms 1-26H, (4) Braaflat 11- 
11H, (5) Sikes State 44-16H, (6) Deadwood Canyon Ranch 43-28H, (7) Van Hook 1- 
13 H, and (8) Liberty 2-11H. Additional core photos utilized from wells are marked in 
red; (1) Sara Barstad 6-44H, (2) Horst J 1-11H, (3) Anderson 28 1-H, and (4) 
Bartleson 44-1H. County outlines are marked with yellow lines.
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Sidonia 1-2H is the most northern core located in Section 2 of Township 158N, Range 

90W. The Liberty 2-11H is the most southern and easterly core of those measured and is 

located in Section 11 of Township 151N, Range 91W. The Ross 7-17H is the most

1.3. Research Objectives and Methods

The research objectives are:

• Improve understanding of the depositional environment of the Middle Bakken 

facies C, its geometry, continuity and contact relationship to facies B and D.

• Analyze the variation in thicknesses within the parallel lamination of facies C to 

determine origin.

The following outlines the detailed steps that have been completed to aid in 

understanding the depositional environment:

1. Described eight cores in the Parshall and Sanish Fields: Sidonia 1-6H, Ross 7- 

17H, Nelson Farms 1-24H, Deadwood Canyon 43-28F1, Sikes State 11-16H, 

Braaflat 11-11H, Van Hook 1-13H and Liberty 2-11H using a 1 cm to 2 foot 

scale. These cores were used to determine the lateral and vertical facies 

variations within the Middle Bakken.

2. Correlated all the facies from the cores to 814 vertical wells located within the 

entire study area. Isopach maps, stratigraphie and structural cross-sections were 

constructed to provide additional support for depositional model understanding.

3. Measured laminations using NDIC photographs for six of the cores where facies 

C was present and four additional wells. The four additional wells utilized were 

the Anderson 28 1-H, Sara Barstad 6.44H, Bartleson 44-1H, and the Horst J 

1011H.

4. Use FFT analysis of measured laminations to determine origin. Periodograms 

were used to determine spectral peaks and tidal period variations within facies C 

from ten wells where facies C was present.

4



1.4. Previous Work

The Bakken Formation was first described by Nordquist (1953) from the Amerada 

Petroleum Corporation -  H O. Bakken #1 deep test in C-SW-NW, Sec. 12, T.157N., 

R.95W, in Williams County, North Dakota. Since that time significant detailed Bakken 

Formation lithofacies descriptions have been done by LeFever (et al., 1991, Smith and 

Bustin (1997) and Canter (et al., 2008).

LeFever et al., (1991) divided the North Dakota middle member into seven 

lithofacies (Figure 1.3) based on core studies from 12 North Dakota wells. The middle 

Bakken member lithofacies are described as highly variable and consisting of 

interbedded sequences of siltstones and fine-grain sandstones with varying amounts of 

calcite, dolomite and argillaceous material. The basal and top most lithofacies 

described as massive to laminated fossiliferous units with abundant bioturbation and 

pyrite, while the middle lithofacies is described as an interbedded sandstones and 

claystones with alternating massive, cross-bedded and laminated sedimentary 

structures. Soft sediment deformation, ooids, reverse and normal graded bedding 

structures were also noted by LeFever. Within this study, the presence of an addition 

parallel laminated unit in a single well between facies units 2 and 3 is noted but not 

assigned a lithofacies designation. LeFever names this laminated unit the Central Basin 

Facies in a later core workshop presentation (LeFever, 2004). The Central Basin Facies 

unit is equivalent to the parallel laminated sandy siltstone Facies C using the Colorado 

School of Mines (CSM) nomenclature (Figure 1.4).

Canter et al. (2008) divides the middle member into five divisions and four 

subdivisions and Smith and Bustin (1997) use three subdivisions and five lithofacies for 

the middle member within North Dakota. These facies divisions are similar to the 

lithofacies of LeFever et al.(1991) with the addition of a parallel laminated sandy 

siltstone facies. In general, the three studies agree that the middle member represents a 

regressive to transgressive cycle from offshore to upper shoreface and back to offshore 

depositional environments. However, significant differences exist in the depositional
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Ladao&cies 7 — SILTSTONE. massive, dense, mottled dolomatic, argillaceous, gray-green. 
fossiliferoiE, {üssenunated pyitte, zlytimmes as mach as 15 cm. duck in lower half of  section 
(occasionally fossil-nch). slightly btcrturtiateA. contact with upper member sharp, yenuts tchofectes.

Udjofacies .5 and 6 —  PARALLEL INTERBEDS OF DARK-GRAY SHALE AND BUFF SILTY 
SANDSTONE, moderately bioturbated. berbcai burrows, calcareous, disseminated pynte. overall 
coarsenmg-tqrward. flame and load structures at base of coarse laemmae. rhythmites as much as 10 cm 
thick, upper half may display trough crossbedded sandstone beds, gradational lower contact with 
underlying un it Ourrrtraa ichnoàcie-.

• i i :

Lithofecies 3 and 4 —  SANDSTONE, tripartite division with rpper and lower third warty and Baser 
bedded silty sandstone gradational to and from the middle coarse-grained sandstone— which may be 
massive and (or) bedded— (trough and tabular crossbedding, inclined and horizontal laminae ami 
swash cross-stratificadon) wiib pebble and fossil-rich lags (shale class, as much as 4 cm in diameter 
where B2 overlies the lower member, and feldspar clasts). Mainly quartzose with minor feldspar and 
heavy minerals, disatems. rhythmites, few brachiopods. dtsssmnated pyrite, buff to green, calcareous, 
slight to no bioturbation, .SJtolrrAor idmoÉKies in wavy-bedded facies.

Lithofecies 2 — PARALLEL INTERBEDS OF DARK GRAY SHALE AND BUFF SILTY 
SANDSTONE , moderate to very strong bioturbation disrupting laminae, dolomitic becoming 
calcareous with depth, disseminated pynte. fossiiiferous, lower contact gradational upper contact 
gradational or erosive where channelling, gray-green, OaczaM  ichnofacies

Lidiofacies 1 — SILTSTONE. massive, dense, mottled, very calcareous, argillaceous, gray-green, 
highly fossiliferous, random orientation of fossils, disseminated pynte, lower contact may be either 
gradational over several, centimeters or erosive. .Verrtes ichnofacies.

Shale

EXPLANATION 

SandstoneS3 W *  ̂  Flaser bedding

Siltsto Wavy bedding Fossils and
biotnibatioa.

Figure 1.3: Middle Bakken lithofacies description fo r North Dakota (from LeFever et 
a l, 1991). LeFever added the laminated “central basin fac ies” description between 
lithofacies 2 and 3 in a later publication.
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interpretation for the parallel laminated sandy siltstone facies. LeFever interprets it as a 

shallow marine intertidal depositional setting, while Smith and Bustin consider it an 

offshore mudstone influenced by storm activity and moderate bottom currents in water 

depths between 10 and 200 meters. Canter et al.(2008) interprets the laminated facies 

unit as deposited in an offshore environment by distal storm deposits and distal prodelta 

hyperpycnal gravity flows.

MIDDLE BAKKEN LITHOFACIES
Nickel & Kohlruss, 2009 LeFever & Nordeng, 2008 Canter & Sonnenfeld, 2009 CSM, 2010

L5 -  Siltstone, gray-green, 
massive, mottled, dolomitic, 
Nerites ichnofacies.

A0 - Patterned pyritic 
dolostones.

------------------------- ----------- - ....
F1 - Pyritic dolostones.

C -  Siltstone, laminated, 
argillaceous. & vfg sandstone, 
bioturbated, soft sediment 
deformation. Phycosiphon, 
Planolites & Teichichnus.

L4 -  Interbedded dark-gray 
shale and buff, silty 
sandstone, coarsens 
upward, moderately 
bioturbated (Cruziana 
ichnofacies).

At - Calcitic, whole fossil, 
dolo- to lime wackestones: 
fossil-rich beds.
A2 - Thin-bedded dolo- 
mud/wackestone, more 
dolomitic.
A3 - Thin organic-rich 
mudstone, gamma ray marker.

F - Calcitic, whole fossil, doio- 
to lime wackestones: fossil-rich 
beds.
E - Thin-bedded dolo- 
mudfwackestone, more 
dolomitic.

B -  Sandstone, fg, sharp basal 
contact, from base upwards, 
massive to xbedded to 
laminated. Rare Planolites.

L3 -  Sandstone, upper & 
lower wavy to flaser silty 
sandstone. Skolithos 
ichnofacies. Middle coarse
grained, massive to 
xbedded.

B1 - Highest energy, coarsest 
grained alternating cross
bedded bioclast, v.f.g. 
sandstone.
B2 - Muddy calcareous 
sandy/silty disturbed facies, 
synsedimentary microfaults, 
slumps.

D - Highest energy, coarsest 
grained alternating cross
bedded bioclast, v.f.g. 
sandstone.

A -  Siltstone. gray-green, 
argillaceous, abundant 
bioturbation. Nerttes & 
Phycosiphon.

L2 - interbedded dark-gray 
shale and buff, silty 
sandstone, moderate to 
intense bioturbation 
(Cruziana ichnofacies». 
fossiliferous.

C - Rhythmic, varve-like. mm 
to cm laminated, well sorted, 
v.f.g. sandstone and siltstone 
with calcite cement, hummocks 
and wave rtpptes

C - Rhythmic, varve-like. mm 
to cm laminated, well sorted, 
v.f.g. sandstone and siltstone 
with calcite cement, hummocks 
and wave ripples

L1 -  Siltstone. gray-green 
massive, bioturbated (Nerites 
ichnofacies), fossiliferous.

D - Bioturbated, argillaceous, 
calc, poorly sorted, vfg, 
sandstone/siltstone with 
helminthopsis/sclarituba.
E - Intraciastic-skeletal time 
wackestone, 1-4 ft thick.

B - Bioturbated, argillaceous, 
calc, poorly sorted, vfg, 
sandstone/siltstone with 
helminthopsis/sclarituba.
A - Intraciastic-skeletal lime 
wackestone, 1-4 ft thick.

Figure 1.4: Middle Bakken lithofacies descriptions. Facies C is highlighted with a 
blue box. A sequence boundary (red line) separates faces C and faces D. A 
maximum flooding surface (green line) is identified at the top o f the Middle 
Bakken.
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CHAPTER 2 
GEOLOGICAL SETTING

2.1. Regional Geological Setting

The North America Paleozoic craton (Figure 2.1) is composed of a stable core, the 

Canadian Shield and the Transcontinental Arch. During early to middle Paleozoic, the 

north-south trending Transcontinental Arch separated the North American Paleozoic 

craton into an eastern and western marine shelf and intracratonic provinces. The 

western (Cordilleran) shelf, lies to the west of the Transcontinental Arch and the 

Canadian Shield and contains sediment deposited during Paleozoic and Mesozoic time 

periods. A number of slowly subsiding margin basins were located on the shelf and 

contain shallow-water marine carbonates, sandstones and shales deposited during the 

Paleozoic. The Cordilleran shelf was separated from the Antler orogenic belt by the 

Antler foreland basin which contains up to 50,000 feet of sediment. The Antler orogenic 

belt was a narrow, linear island arc extending from southwest Nevada to Idaho active 

during late Paleozoic to early Mesozoic (Gerhard et al., 1990; Peterson and MacCary, 

1987; Blakey, 2005).The Williston basin is an elliptical, intracratonic, stratigraphie 

basin located at the western edge of the Canadian Shield within the the craton.

The Williston basin is a major paleostructure within the eastern Cordilleran shelf. 

The Williston Basin underlies portions of North Dakota, Montana, South Dakota, 

Saskatchewan and Manitoba. The basin is at the intersection of three Precambrian 

tectonic provinces: the Archean Superior craton, the Proterozoic Trans-Hudson 

orogenic belt, and the Archean Wyoming craton (Figure 2.2). These provinces along 

with eustatic events influenced sedimentation and regional structural features. The 

Alberta and Wyoming (Figure 2.3) shelves separate the Williston Basin from the Antler 

foreland basin. The Central Montana Trough is an east-west depression connecting the 

Williston basin to the foreland basin and separates the Alberta and Wyoming shelves.

9



Canadian
Shield

Sakkenippî ton
_6ttowood

^Canyon
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SunburyLeathafai
New Albany

Chattanoi

ChattanoogaWoodford

Woodford

Figure 2.1: Location o f Williston basin (blue outline) relative to the 
Transcontinental Arch, Antler Mountains and orogenic belt, and the 
Canadian Sh ield. Productive shale formations o f similar age to the 
Bakken are noted in black( modified from Blakey, 2005, and Sonnenberg,
2077)

Subsidence within the Williston began in the early Ordovician during the Taconic 

orogeny and the basic shape of the basin was set.

The basin sedimentation is characterized by Cambrian through Mississippian 

carbonate deposition and Pennsylvanian through Permian detrital and evaporite 

deposition during many regressive-transgressive cycles. The major structural features in 

the Williston basin are the Nesson, Billings and Cedar Creek anticlines. The Williston 

basin is interpreted as a craton margin or continental shelf basin that was transformed 

into an intracratonic basin during the Antler orogenic event and subsequent western 

continental tectonic events (Gerhard et al., 1990; Peterson and MacCary, 1987).
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Figure 2.2: Location o f the intracratonic Williston Basin, blue outline, overlying 
the Superior Craton, Wyoming Craton and the Trans-Hudson orogenic belt 
(modified from Foster et al. 2005)
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Figure 2.3: Regional paleography and paleostructure during Paleozoic and Mesozoic
(from Peterson & MacCary, 1987)

2.2. Sedimentology and Stratigraphy

The Williston basin is a deep basin with over 16,000 feet of sedimentary 

accumulation which range in age from Cambrian to Tertiary (Figure 2.4). The basin 

depocenter is located in northwestern North Dakota and the stratigraphie thickness thins 

to 10,000 feet in eastern Montana. The stratigraphie record is divided into six 1st-order 

sequences bounded by unconformities: Sauk, Tippecanoe, Kaskaskia, Absaroka, Zuni, 

and Te)as (Sloss, 1963). The sequences are based on the basin's physical relationships 

and lithostratigraphic and paléontologie characteristics.

The Bakken , the underlying Three Forks and the overlying Lodgepole formations 

were deposited during the middle of the Kaskaskia sequence. The Kaskaskia sequence 

is divided into two parts representing two sea-level rises separated by an unconformity 

between the Three Forks Formation and the Bakken Formation which marks the
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division between the upper and lower Kaskaskia. This unconformity is also a significant 

1 st-order sequence boundary throughout the western United States (Gerhard et al.,

1990).

The lower Kaskaskia transgression originated from the northwestern Elk Point 

Basin (Figure 2.5). Uplift along the Transcontinental Arch prior to Kaskaskia 

deposition closed the southeastern and southwestern seaway openings and shifted the 

depocenter from northwestern North Dakota into the Elk Point Basin located in 

northwestern Saskatchewan and eastern Alberta . Rocks of the lower Kaskaskia are 

predominately carbonate reef, siliciclastic and evaporite sediments deposited in highly 

cyclical successions. The Devonian section within the lower Kaskaskia consists of the 

Ashern, Winnipegosis, Prairie evaporites, Dawson Bay, Souris River, Duperow,

Birdbear and Three Forks formations. The Ashern Formation is a transgressive marine 

unit consisting of red dolomite, siltstone, and shale, and is capped by pinnacle reefs, 

mounds and related carbonate facies of the Winnipegosis Formation. Basin restriction 

at the end of Winnipegosis deposition resulted in the thick evaporite deposits of the 

Prairie Formation (LeFever and LeFever, 1995; Gerhard et al., 1990; Peterson and 

MacCary, 1987). Dawson Bay, Souris River, Duperow and Birdbear Formations are 

interbedded carbonates and evaporites and represent the cyclic reopening of the seaway 

and basin restriction of the Devonian Seaway during Middle to Upper Devonian. The 

Three Forks was deposited in a shallow marine to supratidal arid environment during 

the final regression of the Devonian Sea. It consists of red and green interbedded shale, 

siltstone, carbonates and evaporites (Gerhard et al., 1990; Peterson and MacCary, 1987; 

Heck et al., 2007).

The upper Kaskaskia rocks consist of the Devonian-Mississippian Bakken 

Formation, the Mississippian Madison Group and the Big Snowy Group. The Madison 

Group records a basin shift to the west and the opening of the seaway through the 

Montana Trough and consists of the Lodgepole, Mission Canyon and Charles 

formations. Deposition during upper Kaskaskia is characterized by rapid transgressive
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Figure 2.5: Diagram showing basin communication and sedimentation patterns 
during the (A) lower Kaskaskia and (B) upper Kaskaskia Sequences. Open marine 
communication and the basin depocenter shifted from the Elk Point Basin to the 
central Montana trough from (A) to (B). Arrows show the open marine 
communication direction (modified from Gerhard et a l, 1990).
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and slow episodic progradational cycles.

The Bakken Formation is a transgressive-regressive deposit of shale and carbonates. 

It is broken into three informal members, an upper and lower organic-rich shale and a 

middle calcareous siltstone (Figure 2.6). The Bakken is conformably overlain by the 

Lodgepole Formation, which was deposited in a normal marine to restricted shelf 

environment and consists of argillaceous carbonates, Waulsortian bioherms and shale 

beds. The Mission Canyon Formation is a regressive unit of fossiliferous to oolitic 

carbonate interbedded with anhydrite and dolomite deposited in a marine to coastal 

sabkha environments. The overlying Charles Formation was deposited in a restricted

100 100010100 o
API oh m —m e t e r s

4080

m i c r o s e o . / f t 80120g a m m a
rayLU r e s i s t iv i ty

o 8400 '

U pper
S h a l e

M i d d l e
M e m b e r

L o w e r
S h a l e 8500

to

L I T H O L O G Y  I N T E R P R E T E D  F R O M  N E A R B Y  C O R E D  W E L L S

Figure 2.6: Well log and interpreted lithology o f the Bakken
Formation. Log section shows overlying Lodgepole Formation 
and underlying Three Forks Formation. Well logs are from the 
Tipperary Oil and Gas Corporation Olsen No. 1 well, SESW Sec 
26, T160N, R97W, Divide County, ND (modified from Webster,

16



marine environment and consists of interbedded evaporites, carbonates and shales. The 

Big Snowy Group contains the Kibbey, Otter and Heath formations and is an 

interbedded sandstone, shale and carbonate unit deposited in a shallow to restricted 

marine environment. The clastic material is sourced from Canadian Shield and is 

related to an epeirogenic uplift (Gerhard et al., 1990; Peterson and MacCary, 1987).

2.3. Structure

Structural controls in the Williston Basin are dominated by flexural subsidence and 

ancient wrench-fault systems (Sloss, 1963; Gerhard et al., 1990). The basin is bounded 

along the north and northwest by the Meadow Lake Escarpment and the Sweetgrass- 

Battle arch. The Miles City arch and Black Hills Uplift separates the Williston Basin 

from Powder River basin along the southwestern boundary (Figure 2.3). The 

southeastern and eastern boundaries are defined by the Transcontinental Arch and the 

Sioux Arch (Gerhard et al., 1990; LeFever, 1992).

Structural features reflecting the tectonic influence of the Williston basin 

predominately trend north-south to northwest-southeast (Figure 2.7). The Nesson and 

Cedar Creek anticlines are the most prominent features in the North Dakota and 

Montana portions of the basin. The Billings Nose, Little Knife, Antelope, Bowman 

Nose and Poplar Dome anticlines are smaller but significant structural features within 

the United States part of the Williston Basin. All the structural features are locations of 

early petroleum exploration and are productive (LeFever et al., 1987).

The Nesson anticline is a north-south trending structure with two significant faults, 

one along the western edge of the anticline and one along the Antelope anticline 

bifurcation. Movement along the Nesson anticline was initiated during Precambrian 

time with the greatest movement occurring during the Devonian and early Mississippian 

(LeFever et al., 1987). Several hundred feet of basement topographic relief, based on 

nearby well control, at the base of the Nesson anticline indicate movement is related to 

near vertical basement faulting. A second period of vertical movement along the
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Figure 2.7: Major structures within the Williston basin showing
predominate north-south and northwest-southeast direction. Major 
structural features include: (AT) Antelope Anticline, (B) Billings 
Anticline, (BW) Birdtail-Waskada axis, (CC) Cedar Creek Anticline, (HS) 
Hummingbird Synclinorium, (LK) Little Knife Anticline, (NS) Nesson 
Anticline, (PD) Poplar Dome, (RH) Roncott High, (SM) Sheep Mountain 
Synclinorium, (WBF) Weldon-Brockton-Froid Fault Zone, (WN) West 
Nesson Anticline (LeFever, 1992).

anticline occurred during the Ancestral Rocky Mountain orogeny during deposition of 

the Big Snowy Group. During the middle Permian, a reversal in direction along the 

Nesson fault as a result of stress regime change attributed to the Laramide orogeny. The 

asymmetric geometry of the anticline and deep dip along the west flank is attributed to 

the fault reversal (Gerhard et al., 1990).

Two large left-lateral fault zones control the orientation of many of the structural 

features within the basin: the Brockton-Froid-Fromberg and the Colorado-Wyoming 

couplet. Wrench-fault movement, along these zones, is geometrically consistent with the 

linear directions of basin features (Figure 2.8). Variations in the stress field orientation
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Figure 2.8: Major tectonic systems o f the United States portion o f the Williston 
Basin (from Gerhard et a l, 1990)

over time has resulted in a changing sense of movement along the fault zones with 

vertical uplift being the dominate movement for most of the structure related faults. 

Structure related faults are associated with reservoir trap and significantly impact 

fracture patterns within many of the petroleum reservoirs (Gerhard et al., 1990).

Salt deposition and dissolution significantly influenced deposition of overlying 

sediments and hydrocarbon accumulations within the Williston Basin. The Devonian 

Prairie salt deposition, the most significant salt deposit, occurred in the central basin 

area in a shallow marine environment. The Prairie salt edge migrated basinward from 

the Devonian to Mississippian time as a result of dissolution and the limit defines the 

edge of dissolution (Figure 2.9). Dissolution is related to fluid movement along ancient 

faults and fractures rooted in Precambrian basement. The Newburg syncline and
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Figure 2.9: Prairie salt isopach. Salt limit defines the edge o f salt 
dissolution. The Bakken Formation shows evidence o f thickness 
compensation due to salt dissolution (from LeFever et al. 1987)

Glenburn anticline are major structure resulting from dissolution collapse. Bakken, 

Lodgepole, Tilston, and Spearfish deposition show thickness variations associated with 

salt dissolution features (LeFever et al., 1987; LeFever and LeFever, 1995).

2.4. History of Oil Production

Williston Basin petroleum production began in the early 20th century from shallow 

gas discoveries in Bottineau County and along the Cedar Creek anticline (Gerhard et al., 

1990; LeFever, 1992). Exploration continued in the 1930s and 40s with addition small 

gas field discoveries. The first oil discovery was made in January 1951 with the 

California Daly Standard 15-18-10-27 WPM well in Virden, Manitoba. The Amerada 

Hess No. 1 Clarence Iverson well on the Nesson anticline in 1951 was the first Bakken 

oil discovery in North Dakota. Increased exploration during the 50s and 60s expanded
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oil production from southeastern Saskatchewan to the Cedar Creek anticline. The oil 

embargo of 1973 created a surge in exploration and the discoveries of Red Wing Creek, 

Mondak, Little Knife, and multiple fields along the Billings Nose anticline (LeFever et 

al., 1991).

Exploration during the 1980s fluctuated significantly and reflected the collapse of 

oil prices in 1982 and 1986. Drilling activity increased in late the 1980s with a 

Devonian pinnacle reef discovery in southern Saskatchewan and the 1987 Meridian Oil 

MOI No. 33-11 Bakken discovery in North Dakota, which also was the first productive 

horizontal well in the Williston Basin. The well was drilled in the upper shales of the 

Bakken Formation. Higher oil prices along with increased efficiencies in horizontal 

drilling and completion technologies have spurred Bakken exploration since then 

(LeFever, 1992). Table 2.1 summarizes the significant exploration events within the 

Williston Basin from the earliest discovery to the discovery of Parshall Field in 2005.

Table 2.1: History o f petroleum exploration in North Dakota, Williston Basin

Date Event

1920s Gas drilling along Cedar Creek anticline

1951 First Bakken oil production - Amerada Hess No. 1 Clarence Iverson 

well on the N esson anticline

1950s to 1960s Continued exploration from Saskatchewan to Cedar Creek anticline

1973 Oil Embargo -  Surge in North Am erica exploration

Late 1970s Vertical w ells targeting upper Bakken shale on B illings N ose structure

1982 Oil price collapse

1980s D ecrease in exploration activity

1987 Devonian pinnacle reef discoveries in Saskatchewan

1987 First Bakken horizontal well discovery - Meridian Oil MOI No. 33-11

2000 Elm C oulee discovery -  Richland County MT

2005 Parshall field discovery by EOG Resources and M ichael Johnson
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Figure 2.10: Schematic cross section from southeast Montana to the eastern extent o f
the Bakken Formation in North Dakota showing the relationship between the 
Lodgepole, Bakken and Three Forks Formations (modified from  Meissner,1978)
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Figure 2.11: Map showing the sub-crop limits o f the three Bakken Formation
members within North Dakota. The sub-crop extents show the onlapping character 
along the depositional limit (from Webster 1984).
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2.5. Bakken Petroleum System

A petroleum system is described as a set of interdependent geological components 

and processes required to generate and accumulate hydrocarbons (Meissner 1978). The 

components and processes include mature source rock, migration pathways, reservoir 

rock, trapping mechanism, and seal. The timing of the formation of the components 

relative to hydrocarbon generation, migration and accumulation is necessary for 

hydrocarbons preservation.

The Bakken Petroleum Systems consists of three units; the upper Three Forks 

Formation, the Bakken Formation, and the lower Lodgepole Formation (Figure 2.10) 

(Meissner, 1978; Price and LeFever, 1992). The contact between the Three Forks and 

Bakken formations is conformable in the basin center and becomes unconformable near 

the basin edge. The unconformable contact shows indications of subaerial exposure 

with diagenetic porosity development (Webster, 1984). The Three Forks Formation is 

productive in many areas within the Williston Basin and is sourced by the lower Bakken 

Shale. The reasons the Three Forks is sporadically charged are still being debated but 

may be due to localized, extremely low permeability within the middle Bakken forcing 

hydrocarbon expulsion downward into the Three Forks. The Bakken Petroleum System 

is considered to be a continuous unconventional tight oil accumulation. This system has 

pervasive hydrocarbon saturation over a very large geographic area without a well- 

defined down dip oil-water contact resulting in indistinct field boundaries. The system 

is abnormally pressured in many locations, has low porosity and permeability, and 

hydrocarbon accumulation is enhanced by stress induced fracturing and partings. 

Reservoir characteristics are low recovery rates with low water production, lithology 

controlled high EUR “sweet spots” and close proximity to mature source rock 

(Sonnenberg, 2010).

The Bakken Formation is approximately 140 feet thick at its depocenter and each 

unit onlaps the lower unit along depositional limits (Figure 2.11). The lower shale 

member is a dark gray to brownish-black to black siliceous, fissile, organic-rich shale.
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Figure 2.12: Vertical distribution o f organic matter within the Bakken 
shales showing the variation o f TOC (modified from Webster, 1984).

The upper shale member is similar in appearance and lithology to the lower shale 

member. The upper shale is more fossiliferous containing abundant conodonts as well 

as fish teeth, scales and bones, woody fragments and brachiopods (Webster, 1984). 

Both the upper and lower shale members are fractured in irregular, blocky or smooth, 

conchoidal geometry, occasional filled with pyrite or calcite. While the organic content 

of the upper shale is higher than the lower shale, both are “world class” mature source 

rocks in the deeper portions of basin (Figure 2.12). The lower shale member has an 

average total organic content (TOC) of 11.5% and the upper member has an average 

TOC of 12.1% (Schmoker and Hester, 1983). The shale members are uniform in
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Figure 2.13: Lower Bakken Shale isopach showing a well-
defined depocenter, highlighted in red, east o f the Nesson 
anticline.( modified from Webster, 1984)

thicknesses throughout the basin. The lower shale has a maximum thickness of 55 feet 

with a well-defined depocenter east of the Nesson anticline (Figure 2.13). The upper 

shale reaches thicknesses of 59 feet near Waskada field, Manitoba and has a poorly 

defined depocenter. The high concentration of organic-rich and pyritic material is 

suggestive of an anaerobic setting created by a stratified water column. The depositional 

environment for the shales is interpreted as a shallow, offshore marine setting in a 

temperate climate during a period of slow sea level rise (Figure 2.14) (Smith and Bustin, 

1996; LeFever et ah, 1991).

The Middle Bakken Member lithology is highly variable throughout the basin. It is 

a light gray to darker gray interbedded calcareous siltstone to siliciclastic dolostone with 

varying amounts of shale, silt, sand, ooids and bioclast material. Several lithofacies 

units are recognized in the middle member and vary from massive to coarsely bedded to 

planar to trough cross-bedding structures. Some soft sediment deformation features 

such as micro-faults and flow structures are present in the upper half of the middle 

member. Bioturbation is abundant in a few of the more argillaceous lithofacies units and
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Figure 2.14: Schematic showing an anaerobic setting created by a stratified water 
column. The depositional environment fo r  the shales is interpreted to be a shallow, 
offshore marine setting (modified from Smith and Bustin, 1996).

obscures bedding structures. Bioclastic material within the middle member includes 

brachiopods, bryozoans, conodonts, gastropods and ostracods. Abundant pyrite 

replacement of bioclastic material, pyrite nodules, calcite and quartz cement occurs 

throughout all the lithofacies. The middle member depocenter is located east of the 

Nesson anticline and reaches a maximum thickness of approximately 90 feet (Figure 

2.15) (LeFever et al., 1991). The middle member is interpreted to be deposited in a 

proximal coastal marine environment deposited during a regressive-transgressive 

sequence (Smith and Bustin, 1997). The lower most facies (facies B and C, CSM 

nomenclature) within the middle member have the highest porosity and permeabilities 

and are considered the primary reservoir accumulation zones.

The Lodgepole Formation, the oldest unit of the Madison Group, conformably 

overlies the Bakken Formation. It is a dark gray to brownish-gray limestone interbedded 

with dark gray calcareous shale with minor amounts of chert and anhydrite. The
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Scallion member of the Lodgepole Formation directly overlies the Bakken and is a 

dense medium gray limestone containing abundant pelmatozoan material (Webster, 

1984). Above the Scallion is the False Bakken, consisting of black shale or marl and 

clay-rich limestones. The False Bakken is limited to the central portion of the basin. 

The Scallion and False Bakken members vary in thickness from zero to over 250 feet 

south of Dickinson, North Dakota. The members are the upper seal for the Bakken 

petroleum system. The depositional environment for the lower Lodgepole members is 

interpreted to be slope and basin margin shallow marine. Bioherms near Dickinson, 

North Dakota, support a slope environment.

The Bakken petroleum system is a world class hydrocarbon producer. In 2008, the 

USGS estimated the Bakken to contain 3.65 billion barrels of undiscovered technically 

recoverable reserves (Pollastro et al., 2008). Others have estimated total expelled 

hydrocarbon ranging from 10 billion to over 400 billion barrels (Sonnenberg, 2010). 

Currently, North Dakota is producing in excess of 300,000 barrels of oil per day and is 

the fourth largest oil producer in the U.S. (NDIC website, 2011).

Figure 2.15: Middle Bakken isopach showing a well-defined
depocenter, highlighted in red, east and north o f the Nesson 
anticline (modifiedfrom Webster, 1984)
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CHAPTER 3
FACIES DESCRIPTION AND INTERPRETATION

3.1. Methodology

Eight conventional cores from Parshall and Sanish Fields were analyzed for this 

study. Location of each core is listed in Chapter 1 and show on Figure 1.2. Table 3.1 

lists the section, township and range for each well.

Table 3.1: Study wells and locations.

Well Location

Braaflat 11-11H Sec 11 T153N-R91W

Deadwood Canyon 43-28H Sec 28 T154N-R92W

Liberty 2-11H Sec 11 T151N-91W

Nelson Farms 1-26H Sec 24 T156N-R92W

Ross 7-17H Sec 17 T156N-R92W

Sidonia 1-6H Sec 6 T158N-R90W

Sikes State 44-16H Sec 16 T154N-R91W

Van Hook 1-13H Sec 13 T152N-R91W

The Middle Bakken unit was described using lithological variation, including grain- 

size distribution, mineralogical composition, fossil and trace fossil association, and 

sedimentary structures. Grain sizes were measured visually using a hand lens and 

binocular microscope. Permeability and porosity averages for each well were calculated 

using routine core analysis reports downloaded from the NDIC well file web page.

Thin sections from the Braaflat 11-11H, Deadwood Canyon 43-28H and Liberty 2- 

11H were examined for presences of bioclastic material, grain-size and texture, 

mineralogical composition and pyrite morphology. Thin sections were all stained pink 

for calcite with Alizarin Red S.
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3.2. Fades Descriptions and Interpretation

Six facies were identified and facies designations A-F using the CSM nomenclature 

(Sonnenberg 2010) modified from Canter et al. (2008) were used in this study. All six 

facies were present in four of the cores: Braaflat 11-11H, Deadwood Canyon 43-28H, 

Liberty 2-11 FI, Ross 7-17H. Facies C is not present in each of the other four cores. The 

facies summary table and measured sections for each well are located in Appendix A.

3.2.1.Facies Unit A

Crinoid, brachiopod, limestone wackestone

Facies A is the basal middle Bakken unit overlying the lower Bakken shale (Figure 

3.1). This unit is characterized by a light gray, fine grained limestone with crinoid and 

brachiopod allochems. The contact between the lower Bakken shale and facies A is 

sharp, erosional surface with a fossiliferous lag just above the contact. Crinoid and 

brachiopod shell allochems in the lag range from less than 1mm to 3mm in size and 

have significant pyrite replacement along the fossil fragment edges. A few shell 

fragments are filled with quartz. Other allochems observed in thin sections are 

bryozoans and gastropods . The contact between facies A and B is gradational with the 

intensity of bioturbation increasing upward into facies B.

Primary porosity is intergranular with pores filled with calcite, quartz cement with 

pyrite replacement. Porosity ranges from 3.5% to 6.89% and averages 5.6%. 

Permeability ranges from 0.004 md to 0 .020 md and averages 0.012 md. Facies A 

ranges in thickness from less than 1 foot to 5 feet thick.

The gamma ray log response for facies A ranges between 50 and 60 API units. The 

neutron and density porosity curves readings have little to no separation when measured 

on a limestone matrix and range between 3 and 5 pu. The high gamma and resistivity 

log response of the lower Bakken shale often overwhelm the facies A log signature 

when it is less than two feet thick(Figure 3.2).

Facies A is interpreted as having been deposited in an offshore shelf marine
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fossiliferous lag

Lower
Bakken

shale

9660.1 feet
Figure 3.1: Three foot core section (A) shows location o f  core photo (B) and thin 
section (C) o f  facies A from  Liberty 2-11 H -  crinoid, brachiopod, lime Wackestone.
The fossiliferous lag is composed o f  brachiopod shell fragments (br), crinoids (c), 
spines (s) and pyrite (p). Contact between lower Bakken shale and facies A is marked 
with an orange line.
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Facies A

Figure 3.2: Log response o f facies A (highlighted light pink) from the Deadwood 
Canyon Ranch 43-28H (Fidelity) well. The gamma ray averages 60 API and the 
porosity curves have little to no separation.
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environment below storm wave base. First, preservation of abundant conodonts and 

brachiopods suggests an offshore marine shelf environment with deposition in an 

aerobic conditions. Second, facies A has a massive texture and lacks wave, current or 

hummocky sedimentary bedding structures, placing the depositional environment below 

storm wave base. The contact between facies A and the lower Bakken shale consists of 

a fossiliferous lag deposit is present just above the contact with the lower Bakken shale 

and is evidence of a regressive surface of erosion(RES). Deposition is from suspension 

settling of benthic organisms and muds, and transportation of brachiopods and 

gastropods.

3.2.2.Facies Unit B

Bioturbated, argillaceous, calcareous siltstone/sandstone

Facies B is a dark-gray to tan, very fine-grained, bioturbated, argillaceous, 

calcareous sandstone (Figure 3.3). Helminthopsis / Scalarituba burrows are the 

principle bioturbation fabric though individual burrows commonly are difficult to 

identify because of the intensity of bioturbation. Any original sedimentary structures 

also are obscured by the intense bioturbation. Bioturbation intensity decreases slightly 

with decreasing depth. Brachiopod fossil allochems are scattered throughout the unit. 

Crinoids were observed in the lower half of facies B with intensity and size decreasing 

upward. Whole brachiopods with pyrite and calcite replacement are observed in the 

upper third of facies B in most cores. Facies B cements vary between calcite and 

dolomite giving the facies a layered appearance alternating between light gray and tan. 

Pyrite replacement is evident in fossils and as large nodules . The upper contact 

between facies B and facies C is gradational with the bioturbation intensity decreasing 

to zero over a few inches.

Primary porosity is intergranular with moderate micro-fractures, which are 

commonly cemented with calcite and pyrite. Porosity ranges from 4.58% to 6.61% and 

averages 5.91%. Permeability ranges from 0.0007 md to 0.0179 md and averages 0.006
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Figure 3.4: Log response o f facies B (highlighted yellow) from the Deadwood 
Canyon Ranch 43-28H (Fidelity) well. The gamma ray curve ranges between 50 and 
70 API and the porosity curves have a 4 to 5 pu separation on a limestone matrix.

36



md. Facies B ranges in thickness from 21 ft. to 32 ft.

Log response for this facies is indicative of shaly sand. The gamma ray is in the 50 

to 70 API range. The neutron and density porosity curves have moderate separation of 4 

to 5 pu. In the study area the gamma ray log response shift to the right and porosity 

curves have a calcite signature at the top of facies B which corresponds to a one foot 

thick calcite cemented section at the contact between facies B and facies C (Figure 3.4).

Facies B is interpreted as having been deposited in shallow marine in a restricted or 

shelf environment in a subtidal zone. Crinoid fossil fragments are deeper water fauna 

typically found below the storm wave base. Abundant bioturbation by bottom dwelling 

ichnofauna reworked the sediment, obscuring any sedimentary bedding features. The 

decrease in the crinoid intensity and size indicates either an increase in salinity or more 

dysoxic water conditions.

3.2.3.Facies Unit C

Laminated, argillaceous, calcareous siltstone/sandstone

Facies C is a very fine-grained, light-gray to tan, laminated, argillaceous, calcareous 

siltstone and sandstone (Figure 3.5). Laminations are composed of varying thicknesses 

of very fine-grained light gray siltstone layers alternating with very fine-grained dark 

gray siltstone. The laminations consists of parallel to undulating planar bedding and 

range in thickness from <0.1 cm to 1.2 cm. The laminations appear to have sharp upper 

and lower contact when viewed in the core but have a gradational appearance in thin 

sections. No ripple sedimentary structures were observed within the laminations. 

Several thicker laminations near the base of facies C show indications of soft sediment 

deformation and fluid escape structures. Laminations at the top of the facies interval are 

crinkly. Pyrite nodules in moderate amounts are observed throughout the unit. Facies C 

cement alternates between calcite and dolomite resulting in an alternating light gray to 

dark tan banding appearance. The calcite cement obscures the thinner laminations and
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Dolomite
cementation

Calcite
cementation

Figure 3.5: Three foot core section (A) shows location o f core photo (B) and thin section (C) 
of faciès Cfrom Liberty 2-11H -  laminated, argillaceous, calcareous siltstone/sandstone. 
Dash line marks the gradational contact between laminations in the thin section. Mica 
fragments (m) are visible in the thin section. Dolomite cement is dominant in the upper half 
of the thin section and calcite cement is dominant in the lower half. Difference in cementation 
type creates a banded appearance in the core.
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Figure 3.6: Log response o f facies C (highlighted light blue) from the Deadwood 
Canyon Ranch 43-28H (Fidelity) well. The gamma ray ranges between 55 and 75 and 
the porosity curves have a 2 to 4 pu separation on a limestone matrix. The porosity 
curves merge toward the top o f the facies where bands o f calcite cement are present.



blurs the edges of thicker laminations. Mica flakes were observed in pétrographie thin 

sections. This unit contains no fossils or bioturbation. The upper contact between facies 

C and facies D is sharp and the laminations are truncated by the contact.

Primary porosity is intergranular with minimal intercrystalline. Large vertical 

fractures were observed in a few cores, though generally this unit had few visible 

fractures. Several micro-fractures were observed in the pétrographie thin sections. 

Porosity ranges from 5.25% to 8.13% and averages 6.63%. Permeability ranges from 

0.0005 md to 0.0221 md and averages 0.006 md. Facies C ranges in thickness from 7 ft. 

to 11 ft.

Log response consists of a gamma ray curve range of 55 to 75 API and a neutron 

and density porosity separation of 2 to 4 pu. The neutron porosity ranges from 6 to 10 

pu and the density porosity ranges from 3 to 6 pu. The contact between facies B and 

facies C is not always recognizable in the logs where the mineralogical content is 

similar to facies B. The calcite signature observed at the top of facies B is often the only 

definitive indication of the contact between facies B and C (Figure 3.6).

Facies C is interpreted as having been deposited in a shallow marine, subtidal to 

intertidal, shelf setting. Planar laminations with small grain sized material formed in a 

high energy tidal energy. The very fine grained quartz and very thin laminations 

suggest a low sediment supply. Facies C lacks bioturbation and fossil fragments 

suggesting a continuation of a restricted environment.

3.2.4.Facies Unit D

Calcite grainstone/sandstone with planar to low angle siltstone lamination

Facies D is a very light-gray, fine-grained, sandy calcite grainstone and very fine 

grained sandstone with laminated layers of varying thicknesses (Figure 3.7). This facies 

is highly cemented with calcite. Abundant ooids are observed in the upper portion of 

the interval along with echinoid spines, bryozoans, gastropod and brachiopod 

fragments. The laminated layers contain plane-parallel to low-angle bedding overlying
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thin wavy to ripple sedimentary structures and have a sharp scour base . Laminations 

are composed of very-fine grained argillaceous siltstones and mudstones and are void of 

ooids and bioclastic material (Figure 3.8). The laminated layers vary in thicknesses 

from less than an inch to 3 inches. No bioturbation was observed in this unit. Pyrite 

nodules are scattered throughout the unit. The contact between facies D and the 

overlying E facies is characterized by an abrupt sedimentary bedding change with two 

or three silty laminations draping the oolitic grainstone. Pyrite framboids increase in 

intensity within one or two centimeters below the contact.

Primary porosity is intergranular with abundant calcite cement. Porosity ranges 

from 2.08% to 5.84% and averages 3.59%. Permeability ranges from 0.0002 md to 

0.0776 md and averages 0.030 md. Anomalous permeability readings were noted in one 

core and appear to be related to drilling induced fractures. Facies D ranges in thickness 

from 1ft to 9ft. Several vertical and horizontal calcite filled fractures are observed.

The log response is a distinctive very clean gamma ray ranging from 25 to 40 

API and neutron and density porosity curve values between 1 to 6 pu. The distinct 

“clean” gamma ray signature gives this unit its “clean bench” name. The neutron and 

density porosity curves have a minimal crossover indicating a sandy limestone unit with 

no dolomite (Figure 3.9).

Facies D is interpreted as having been deposited in a shallow mixed siliciclastic- 

carbonate marine, intertidal, shelf setting. The coarser quartz grains and ooids indicate 

a higher sedimentation rate compared to all the other facies. The quartz and ooid grains 

form shoal-like features deposited by longshore currents. Ooid grains are deposited in a 

moderately active carbonate factory producing carbonate muds during this time period. 

The laminated sections are storm deposits of more landward siliciclastic material which 

disrupted the production of carbonate material. Bioclast material is present in the ooid 

portion of facies D indicating a normal saline, non-restricted ramp shoreline in a marine 

setting.
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Contact between 
facies D and 
facies E

Figure 3.7 :Three foot core section (A) show’s location o f  core photo (B) and thin 
section (C) o f  facies D from Liberty 2-11H  -  calcite grainstone/sandstone with 
planar to low angle siltstone laminations. Calcite cemented ooids (o) and spines (s) 
are visible in the thin section. Pyrite (p) and a few  quartz grains are present in facies  
D. The contact between facies D and E is abrupt and draped with several silty 
laminations
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Figure 3.8: Faciès D lamination and ooid bedding seen in the Liberty 2-11H 
well. The laminated section does not contain any bioclastic material as seen 
in the ooid (o) section in the upper left portion o f the thin section.
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Figure 3.9: Log response o f facies D (highlighted in pink) from  the Deadwood 
Canyon Ranch 43-28H (Fidelity) well. The gamma ray ranges from  25 to 40 API and 
displays the characteristic “clean bench” signature and the porosity curves range 
between 1 and 6 pu and have no separation on a limestone matrix.
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3.2.5.Faciès Unit E

Contorted to laminated, bioturbated, fossiliferous, dolomitic mudstone/siltstone 

Facies E is an interbedded, light-gray, bioturbated dolomitic mudstone and light- 

gray, millimeter scale laminated, very fine-grained siltstone (Figure 3.11). Contorted 

laminations are common within six inches of the base of the unit (Figure 3.10). 

Bioturbated layers contain trace burrows of Planolites and Helminthopsis/Scalarituba. 

Plane-parallel laminated layers contain thin wavy to ripple laminations with a few trace 

fossils. Moderate amounts of pyrite replacement and pyrite nodules were observed. 

Brachiopod, bryozoan, and echinoid fragments were observed near top of unit and 

increase in intensity near the contact with facies F . The contact between facies E and 

facies F is gradational.

Primary porosity is intergranular. Porosity ranges from 5.6% to 8.51% and 

averages 6.97%. Permeability ranges from 0.0014 md to 1.2459 md and averages 0.173 

md. Facies E ranges in thickness from 6 ft to 11 ft. Micro-fractures, horizontal and 

vertical fractures with calcite cement were observed with some plating along 

laminations. Core analysis samples with high permeability values could be the result of 

fractures in the core plugs.

The log response of facies E is typical of a shaly sand. The gamma ray has a 

serrated signature in the 70 to 80 API range. The gamma ray has a distinctive strong 

signal just above the facies E basal contact often referred to as the “gamma marker”. 

The gamma marker signal is related to uranium deposition during a hot hydrological 

flow prior to hydrocarbon generation. The neutron porosity curve ranges from 8 to 11 

pu and the density porosity curve ranges from 3 to 6 pu The neutron and density 

porosity curves exhibit a significant separation of 6 to 10 pu (Figure 3.12).
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Contorte
laminatk

Figure 3.10: Contorted lamination structure 
seen in the Liberty 2-11H well at 9616' MD. 
Structures are present in all the cores in 
lower third o f facies E.
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Figure 3.12: Log response o f facies E (highlighted in light green) from  the Deadwood 
Canyon Ranch 43-28H (Fidelity) well. The gamma ray curve is a shaly sand signature 
between 70 and 80 API units with the characteristic hot gamma marker near the base 
o f the facies. The porosity curves exhibit significant separation on a limestone matrix.
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Facies E is interpreted as having been deposited in a subtidal marine shelf 

setting above storm wave base. Planar laminations with hummocky bedding are 

interpreted to be storm event sedimentary bedding structures. Just above the base 

contact are contorted laminations interpreted to be algal mounding structure indicative 

of deeper waters than the shoal bedding of facies D. An increase in the variety of 

bioclastic material upwards in the facies indicates a return to normal saline and a non

stressed environment.

3.2.6.Facies Unit F

Bioturbated, fossiliferous, calcareous Wackestone/siltstone

Facies F is a light-gray, very fine-grained, bioturbated, fossiliferous, calcareous 

wackestone to siltstone (Figure 3.13). This unit is generally structureless but contains 

several lags made up of whole brachiopod and fragments, along with bryozoans and 

echinoid spines were observed. Pyrite replacement and nodules are present throughout 

the unit. The contact between facies F and the upper shale unit is sharp and appears 

erosional.

Primary porosity is intergranular and intercrystalline in a tightly packed 

dolomite crystalline structure. Porosity ranges from 4.57% to 7.87% and averages 

6.04%. Permeability ranges from 0.0007 md to 0.1207 md and averages 0.023 md. 

Facies F ranges in thickness from 1 foot to 3 ft.

Facies F log response is obscured by the upper Bakken shale when the facies 

thickness is less than one foot. The gamma ray curve ranges from 75 to 85 API. The 

neutron porosity curve ranges from 6 to8 pu and the density porosity curve ranges from 

3 to 4 pu The neutron and density porosity curves exhibit a separation of 4 to 5 pu 

(Figure 3.14).

Facies F is interpreted to have been deposited in a subtidal marine shelf setting 

at or below storm wave base. Lag deposits are interpreted to be debris flows deposited 

during storm events.
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Figure 3.13: Three foot core section (A) shows location o f  core photo (B) and thin 
section (C) o f facies F from Liberty 2-11H -  bioturbated, fossiliferous, calcareous 
Wackestone/siltstone. Brachiopods (br) are visible in the thin section. Pyrite (p) and 
abundant quartz grains (qtz) are present in facies F.
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Figure 3.14: Log response o f facies F  (highlighted in purple) from the Deadwood 
Canyon Ranch 43-28H (Fidelity) well. The gamma ray curve is a overwhelmed by the 
upper Bakken shale hot gamma ray signature. The porosity curves shift slightly to 
lower porosity but is often masked by the upper Bakken shale.
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3.3. Depositional Model

The upper and lower shale Bakken members are interpreted as a deeper marine 

offshore depositional environment during rapid eustatic rise (Webster, 1984; LeFever et 

al., 1991; Smith and Bustin, 2006). The depositional setting on the floor of the Bakken 

sea floor was characterized by stratified hydrologie column in stagnant, anoxic water 

conditions. Evidence of anoxic conditions are abundant authigenic pyrite nodules, 

presence of amorphous-sapropelic organic matter, thin planar laminations and absence 

of bioturbation (Webster, 1984; Smith and Bustin, 1996).

The Middle Bakken is interpreted as a shallow marine off shore to very low 

angle ramp shelf setting and represents a relative sea level fall succession (Sonnenberg 

et al., 2011). The relatively rapid sea level drop prior to initial deposition confined the 

deposition to the basin interior with no significant fluvial or estuarine deposits (Smith 

and Bustin, 2000). Moderate relative sea level fluctuations occurred through out 

deposition of the Middle Bakken resulting in erosional surfaces and gradational 

contacts between facies. The bioclastic deposits and bioturbation within the Middle 

Bakken indicates a return to normal salinity marine conditions during the time of 

deposition. Determining the architecture of the facies is important because the 

hydrocarbon accumulations within the Middle Bakken are continuous reservoirs and are 

related to the lateral extent and thickness of the facies.

The RES surface between the lower shale and facies A marks a significant drop 

in the sea level from the lower Bakken shale deep marine environment. The gradational 

contact between facies A and facies B suggests continuity between the two facies within 

the same systems. Facies B and facies C are part of the same depositional setting and 

are separated by a gradational contact. Facies A, B and C are representative of a late 

highstand system tract during a eustatic stillstand and the early part of a eustatic fall.

The contact between facies C and D is a horizontal surface of erosion with the 

truncation of the upper most lamination within facies C. The shoreface ravinement 

surface represents the beginning of a lowstand systems tract and a fall in sea level
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(RSE). The truncation of the laminations is subtle, with only one or two visibly eroded 

laminations, because the parallel laminations have the same orientation as the contact. 

Facies d represents the shallowest sea level or lowstand setting. The abundant pyrite 

framboids near the upper facies contact suggest a return to an anoxic or stressed 

environment at the beginning of facies E time period. The draping laminations indicate 

a period of non-deposition between D and E. The non-deposition surface is a major 

unconformity observed throughout the study area. The base of facies E is interpreted as 

a flooding surface during early eustatic rise with initial deposition of algal mats during 

quiet water conditions after initial flooding. Further evidence of eustatic rise during the 

deposition of facies E is the increase in bioturbation, soft sediment deformation and 

hummocky bedding structures. The contact between facies E and facies F is 

gradational representing a continuation of the same system. Facies E, facies F and the 

upper Bakken shale are part of a transgressive systems tract and were deposited during 

rapid eustatic rise.

The sediment source for the study area is from the north and east based on 

proximity to the basin margin and paleotrade wind direction. The study area was 

located on the northern side of the equator and the paleotrade wind direction was from 

the northeast to the southwest (Figure 3.15). Evidence of a fluvial system providing the 

terrestrial material is absent in the rock record due to erosion by younger systems. The 

presence of very fine grained, well sorted quartz grains with a rounded texture indicates 

some sediment was sourced by eolian transport from the northeast. Climatic conditions 

were arid with very little sediment formation during Bakken deposition.

Basin geometry and subsidence history during Middle Bakken deposition in the 

study area is interpreted from isopach maps for facies B, C, D and E (Figures 3.16, 3.17, 

3.19 and 3.19). Facies A and F were not mapped because of log identification 

difficulties related to the thinness of these units. Three stratigraphie cross sections 

(Figure 3.21, 3.22 and 3.23) were built to show the basin geometry and facies thickness 

variation in the study area. Figure 3.20 shows the locations of the cross sections.
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Figure 3.15: Location o f the equator and direction o f trade winds during the late 
Devonian to early Mis sis sippian (modified from  Blakey, 2005, and Sonnenberg, 2010)

Facies B ranges in thickness from less than 3 feet in the east to 45 feet on the 

north end of the Nesson anticline (Figure 3.16). The depocenter aligns with the eastern 

edge of the Nesson anticline and the northern edge of the Antelope Arch (Figure 3.23). 

Uplift along the northern Nesson and Antelope anticlines during facies B deposition 

created necessary accommodation space.

Facies C has a maximum thickness of 30 feet to the east of the Nesson anticline 

and north of the Antelope extension suggesting continued uplift along the Nesson 

anticline during deposition. The facies thins dramatically from west to east and pinches 

out between Sanish and Parshall fields over a distance of 15 miles. The subcrop of 

facies C is related to erosion, as observed in the truncation of the upper most 

laminations, but the significant change in thickness eastward over a short distance, 2 to 

6 miles, suggests the subcrop shape is also related to the shoreline during deposition 

(Figure 3.17 , 3.21, 3.22 ).



Isopach of facies D has a maximum thickness of 21 feet east of the Nesson 

anticline indicating subsidence was active during deposition (Figure 3.18). Isopach 

values for facies D are highly variable throughout the study area (Figure 3.22 and 3.23). 

Facies D thins or is absent over much of the Parshall field area. In southern Burke 

county and central Mountrail county are two northeast-southwest trending isopach thick 

spurs. The interpretation for these thick spurs is large tidal influenced channels flowing 

from the northwest cutting into a topographic high. The topographic high restricted 

shoal deposition and enhanced erosion during a sea level turnaround. The topographic 

high interpretation is a relatively flat shelf between the shoreface of facies C and D and 

the shoreline to the east.

Isopach of facies E is thin east of the Nesson anticline suggesting a halt in 

subsidence during deposition. Facies E has a maximum thickness of 20 feet to the east 

in the area where facies D and C are thin or absent (Figure 3.19). Accommodation 

space created by eustatic rise and sediment influx from the northeast and east resulted 

in thicker facies E in this area. NDIC core photographs of facies E in the northeast 

portion of the study area show more flaser sedimentary structures, more bioturbation 

and less bioclastic material. These structure changes are interpreted as a shallower 

shoreward depositional setting, possibly intertidal tidal flats on the topographic high.
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Figure 3.16: Isopach o f facies B. Thickest section is in the northwest at the northern 
end o f the Nesson anticline. Subsidence along the Nesson anticline was active during 
deposition.
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Bakken Isopach
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Figure 3.17: Isopach o f facies C. Thickest section is along the eastern edge o f the 
Nesson anticline. Subsidence along the Nesson anticline was active during 
deposition.
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Figure 3.18: Isopach o f facie s D. Thickest section parallels the subcrop edge. A thick 
extends to the northeast and is interpreted as a tidal channel (Blue arrows).
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Contour Interval = 3

Figure 3.19: Isopach o f facie s E. Thickest section is in the northeast. Lack o f 
defined depocenter suggests a halt in subsidence along the eastern edge o f the 
Nesson anticline.

59



Williston Basin

imtto#

North A

tssvATW;

North B

«9W93W

fSSAtSltW

uwww

Figure 3.20: Location map fo r stratigraphie cross sections.
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CHAPTER 4 
FOURIER ANALYSIS OF FACIES C LAMINAE

4.1. Tidal Cycles

Tides are the periodic rise and fall of the sea level in response to gravitational 

forces exerted on the Earth by the Sun and Moon. The highest sea level in the monthly 

cycle is called the spring tide and lowest sea level is called the neap tide. Tidal neap- 

spring cycles are controlled by the lunar phase (synodic month), lunar declination 

(tropical month), lunar orbit period (anomalistic month). Gravitation fields from the 

Moon and Sun and variations in their position relative to the Earth cause oceanic bulges 

(Figure 4.1). The Earth's rotation through the bulges during a day produces two tides 

(semidiurnal). Diurnal tides, one tidal cycle per day, are rare but do occur in several 

locations worldwide. All intermediate tidal systems are classified as mixed tidal systems 

with between one and two tides per day (Mazumder and Arima, 2005; Archer, 1995; 

Kvale et al., 1995).

Synodic month cycles are related to the phases of the Moon. A synodic month is 

the period of time from a new Moon to a new Moon and is 29.53 days long. Spring 

tides occur when the Moon, Earth and Sun are aligned during new and full Moons and 

have a 14.76 day cycle. Neap tides occur when the Moon and Sun are aligned at a right 

angle (90 degrees) from the Earth during the first and third quarter phases. Spring tides 

are higher than neap tides due to the increase in gravitational pull associated with the 

Moon, Sun, and Earth alignment (Figure 4.2B) (Kvale et al., 1995).

Tropical month cycles are related to the declination of the Moon relative to the 

equator. The Moon's orbital plane is inclined (Figure 4.2C) to the equatorial plane. The 

tidal force is greatest when the Moon is at its maximum declination and least when the 

Moon's declination is zero. A tropical half month is measured from a maximum 

northerly declination to maximum southerly declination and is 13.66 days long. The
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earth's axis
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declination

mEARTH equatorial plane

equilibrrium tide

Figure 4.1: Schematic representation o f the tidal effects o f 
the Moon on the Earth. Tidal forces generate highest tides 
at points on the Earth farthest from and closest to the 
Moon (from Mazumder et al. 2005).

period of a full tropical tidal cycle is 27.32 days (Kvale et al., 1995). The changing 

position of the Moon relative to the Sun causes morning high tides to be greater or 

lower than evening high tides. This height difference between high tides in a diurnal 

system is called the diurnal inequality. The diurnal inequality is zero when the Moon is 

directly over the Equator and results in the two daily high tides having equal magnitude. 

Oceanographers classify semidiurnal tides as exhibiting minimal diurnal inequality and 

mixed tidal systems exhibiting significant diurnal inequalities. Geologists often classify 

tidal deposits as semidiurnal if two flood tides or ebb tides can be demonstrated without 

regard to the diurnal inequality and mixed tidal systems with between one to two tides 

per day (Kvale, 2006).

Anomalistic periods are caused by the changing distance of the Moon relative to 

the Earth during the lunar orbit. The Moon has an elliptical orbit, or non-zero 

eccentricity, and alternates between perigee (closest distance from the earth) and apogee 

(farthest distance from the Earth) (Figure 4.2D). The elliptical orbit affects the 

magnitude of the two spring tides within a lunar month. Low spring tide occurs during 

time of apogee and high spring tide corresponds to perigee. The length of time required 

for the Moon to travel from perigee to perigee is 27.55 days and is called the anomalistic
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NEAP 
(1st quarter)
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Figure 4.2: Lunar period models affecting tidal cycle length and tidal heights. (A) 
Idealized equilibrium tidal model illustrating semi-diurnal tides. (B) Synodic month 
tide driven model is related to the phased o f the moon. (C) Tropical month tide 
driven model is related to the declination o f the moon relative to the equator. (D) 
Anomalistic month tide driven model is related to the lunar distance from the earth 
(from Kvale, 2006).
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month (Kvale et al., 1995).

Additionally, variations in the distance between the Earth and Sun affect the 

tidal range on a yearly cycle or 365.3 day period. Non-tidal influences such as 

meteorological storms, variations in sea water temperature and salinity, prevailing wind 

direction, and atmospheric pressure create climatic or seasonal changes in sea level and 

affect tidal heights (Archer et al., 1991).

Synodic, tropical and anomalistic month periods are slightly different in length. 

These differences and the yearly variations create differences in relative tidal amplitudes 

and shift in timing of the neap-spring cycle relative to the lunar phase and declination 

(Archer, 1995). Twice a year the tidal force converges between the solstice and equinox 

during an annual cycle resulting in two tidal maximum. Synodic tidal systems are 

typical in much of the North Atlantic. Semidiurnal tidal systems with minimal diurnal 

inequality are predominately synodic. Tropical monthly tides are the exclusive force 

creating neap-spring cycles within diurnal systems. Tropical tidal systems are typical of 

the Gulf of Mexico, a diurnal system, and much of the Indian and Pacific Oceans 

(Kvale, 2006).

Based on modern tide studies (Archer et al., 1991), the number of high tide 

events per cycle varies because of the different tidal month periods. The length of the 

various periods results in the number of tides per day to vary between 1 and 2. Diurnal 

system high tide events range from 12 to 18 with an average of 14 high tides per tropical 

month period. Semidiurnal system high tide events range from 24 to 32 with an average 

of 28 high tides per neap-spring cycle. Mixed system high tide events can range from 18 

to 24 tides per neap-spring cycle. A mixed system average will be closer to 18 for 

diurnal dominated neap-spring cycles. Predominately semidiurnal mixed systems 

average will trend toward 24 tides per neap-spring cycle. Examples of tidal periods and 

number of tidal events per cycle are shown in table 4.1 (Archer et al., 1991).
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Table 4.1: M odem tide statistics from three system types. Do Son, Vietnam is an 
example o f diurnal tidal system Barito River, Borneo is an example o f a mixed system. 
Kolaka, Sulawesi is an example o f a semi-diurnal system (from Archer et al. 1991).

Period Length
(day)

Do Son, 
Vietnam

Barito River, 
Borneo

Kolaka,
Sulawesi

Tides per day 1.03 1.38 1.93

Tropical Period 13.7 14.1 events 18.9 events 26.3 events

Synodic Period 14.8 15.3 events 20.4 events | 28.4 events

Anomalistic 27.6 28.5 events 38.1 events 53 events

Yearly 365.3 378 events 505.5 events 703.6 events

4.2. Tidal Rhythmites

Tidal signatures are preserved in the rock record as vertically accreting parallel 

laminations or laterally accreting foresets. Tidal rhythmites are millimeter-scale 

laminations which exhibit rhythmic variation in lamina thickness and grain size. 

Mudstone drapes between sandstones lamination are indicative of slack periods in the 

tidal cycle. Slack periods mark the time of tidal turnaround and the tidal current 

velocity is zero. A tidal bundle is a combination of the thicker lamination and the 

thinner mudstone lamination deposited during the slack period. Sediment transport and 

deposition is directly related to tidal height and current velocities (Mazumder and 

Arima, 2005). Thicker laminations result from higher tidal ranges and thin laminations 

are created by small tidal ranges. The number of lamination per cycle are related to 

lunar periods; approximately 14 for diurnal, 28 for semidiurnal and between 14 and 28 

for mixed tidal systems. Graphing the laminae number vs. lamination thicknesses can 

show the cyclical period and provide information on the type of paleotidal system 

(Figure 4.3).

Incomplete tidal records in the ancient rock record are common and are a major 

obstacle to determining the lunar periodicity from counting the number of lamination 

per cycle. Incomplete tidal bundles can result from erosion and non-deposition. During
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Figure 4.3: Simulated cyclical tidal rhythmites in a synodic driven tidal system. The 
lunar declination creates high tide height differences during a 24 hour period 
resulting in the diurnal inequality. The fortnightly inequality is related to variations in 
the lunar distance during a complete lunar orbit (from Archer, 1996).

neap cycles, tidal energy and range are at a minimum and deposition is either minimum 

or nonexistent resulting in non-deposition of sediment. Interruptions in the tidal cycle 

are caused by storm waves and river flooding eroding previously deposited laminations 

(Mazumder and Arima, 2005). Normal tidal rhythms will exist above and below any 

storm related laminations in the rock record. Continuous accumulation of tidal 

laminations over a long period of time does not occur without an increase in 

accommodation space. As the tidal laminations accumulate, the accommodation space 

is filled and creates interruption in the continuous tidal patterns (Archer et al., 1991).

Consider the case of a semidiurnal system with very a low tidal range and only 

half of the flood or ebb tides preserved in a neap-spring cycle. The cycle should contain
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Figure 4.4: Crossover migration in a synodic driven tidal cycle. The letter C 
identifies the laminations deposited during equatorial passage o f the moon. The 
diurnal inequality is zero and the laminations are equal in height (from Kvale,
2006).

29 tidal bundles but as few as 14 tidal bundles would be preserved in the sediment 

record. This system would be identified as a diurnal system rather than a semidiurnal or 

mixed based on the reduced number of preserved laminations. Despite the lack of 

preservation, a system can be recognized as synodically or tropically driven by 

identifying crossover events within neap-spring cycles. Figure 4.4 shows a synodic tidal 

cycle crossover “moving” through the graph with respect to the neap-spring cycle 

indicating the tides are in phase with the synodic cycle. Figure 4.5 shows a crossover in 

phase with the neap tide throughout the graph indicating the tides are controlled by the 

tropical tidal cycle (Kvale, 2006).
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Figure 4.5: Crossover laminations are in phase with the neap 
tides in a tropical driven tidal cycle. The diurnal inequality does 
not move through the tidal cycle (from Kvale, 2006).

4.3. Harmonic Analysis and Periodograms

Fundamental paleotidal periods can be determined from lamination thickness 

data using Fast Fourier Transform (FFT) algorithm and the output plotted in 

periodograms (Horne and Baliunas, 1986). Harmonic analysis using FFT resolves a 

sinusoidal time sequence function into the harmonic components of frequency and 

amplitude. The FFT algorithm utilizes the Discrete Fourier Transform (DFT) to detect 

any underlying sinusoidal signal within a noisy data set. DFT is a computational 

method used to determine if spectral peaks are present within the data and their 

frequency (Burden et al., 1981). The output from FFT is a set of complex numbers, both 

real and imaginary parts, from [-tt > co > tt] and is not convenient to graph. The power 

spectrum or conjugate of the output (square of the complex numeric output divided by 

the number of samples) is plotted against frequency. The conjugate or square of an
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complex number is defined as (a+bi)(a-bi) and the result is a real number that can be 

plotted on a Cartesian coordinate plot. A power spectral plot or periodogram is a 

graphical representation used to assess autocorrelation and cyclical nature of a data set. 

Autocorrelation is a measure of how well a sample measurement correlates to other 

sample measurement within a data set. The power spectrum is a description of the 

energy of a signal as a function of frequency. Only the positive half of the power 

spectrum is required for the periodogram since the negative half is a reflection, or the 

mirror image, of the positive half. The principal frequency range, x-axis, of the 

periodogram is from 0 to the Nyquist frequency (number of samples per unit time 

divided by 2). For tidal analysis, the Nyquist frequency is n because the unit of time is 

the lamination interval number rather than a measure of time such as seconds, minutes, 

or days (Horne and Baliunas, 1986).

A discussion on frequency and period is needed to understand the units on the 

frequency axis on the periodogram. Sinusoidal functions in terms of time (t) take the 

following basic form:

x = A s in{ cût + (p)

Where:

• A, the amplitude, is the peak deviation from the central line

• co, the angular frequency, specifies the number of oscillation per unit

time interval, commonly radians per second

• cp, the phase, specifies where in the cycle the oscillations begin at t=0.

As noted in the above function, the angular frequency is in units of radians per 

second. Period is defined as 2t i / c o , when working in radians. The units of the frequency 

axis in the periodograms is cycles per unit time or tidal cycle length per lamination in 

terms of radians (radians/lamination). To determine the period, the frequency is divided 

into 2k . The period will have the units laminations per tidal cycle.

The FFT algorithm computes the spectral peaks using the following formula
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1  2 7!/ j k  ____
where c, = — ^  y  - __— f°r each k=0,l,...,N-l and i=  ̂ .

The periodogram x-axis, frequency, is calculated by dividing 2n by the number 

of measured laminations. The frequency range from the FFT is [ -7 1  > co > tt] but 

because of the conjugate, only the positive half of the FFT output is plotted and the 

frequency axis will range from 0 to k. The horizontal axis will have the same units and 

extents as the periodograms in Archer's papers (Figure 4.6) (Archer et al., 1991; Archer, 

1996).

2520 30
Frequency

Figure 4.6: Example o f lamina bar chart and periodogram fo r  a diurnal synodic
driven tidal system (from Archer, 1996).

4.4. Modern Tidal Analysis vs. Ancient Tidal Data

The cyclic nature of modern lamina variations within tidal systems can be 

correlated with modern neap-spring cycles. Modern analysis is often conducted on 

time data to determine tidal periods and dominate tidal processes. Harmonic analysis on 

modern tidal data converted from time-series to event based data show extraction of the 

tidal period hierarchy from semidiurnal up through yearly data is possible. Additionally, 

tidal periodicity was extracted from modern data containing non-tidal events related to 

weather. Proving event based data analysis is equivalent to time-series data is important
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because ancient tidal laminations record only the tidal events and not the actual tidal 

times (Kvale et al., 1995).

Lamination thickness is related to the tidal height and amount of sediment 

transported during tidal and non-tidal events. Tidal signals can be further obscured by 

non-deposition if the tidal energy is insufficient to transport sediment. Depositional 

location within an intertidal flat can complicate a tidal record due to lack of sediment 

deposition and erosion along the tidal flat. Tidal rhythmites formed on the upper 

portion of a tidal flat may be highly degraded and not exhibit an obvious tidal signature 

(Archer, 1991). Modern data analysis conducted with small amplitude high tide events 

removed from the data set indicate the resolution of the frequency may be lost but the 

synodic period is retained as well as the relative positions of the tropical, synodic, 

anomalistic and yearly signature. The periodicity can be determined with as much as 

40% of the lowest high tide data removed but the exactness of the periodicity is 

degraded and the number of synodic and anomalistic events per year are underestimated 

(Kvale et ah, 1995).

A long time span of laminations measurement is needed to determine the period 

and amplitude of a tidal environment using harmonic analysis. Based on work by 

Archer and Kvale, a minimum of three neap-spring cycles is required to show tidal 

cyclicity. For yearly signatures to be evident, one to two “years” of laminations are 

necessary.

4.5. Lamination Measurement Method

Lamination thickness is the input into the Fast Fourier Transform algorithm and 

therefore, accuracy of the lamination measurement is a critical piece for the tidal 

cyclicity analysis. The average lamination thickness of the study data is approximately 2 

mm, too small and time consuming for manual measurement with a scaled rule, hence 

Image! software was used to measure the laminations from the NDIC photographs. The 

National Institute of Health developed Image!, a public domain !ava-based image
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processing software, for Macintosh, Windows, OS X, and Linux operating systems 

(Figure 4.7). Image! can read, display, edit, analyze and process a variety of image 

formats. This study utilized the scaling and measurement capabilities of the Image! 

software.

File Edit Im age P r o c e s s  A nalyze P lu gin s W indow  Help

[=i f  J J  J »  |
mm/Xmm-. —i —-—J ——-_i —.———J — ———1 — ———J   1 — —> -————J ———— J ———————i -—————i J —J I

"Rectangular* or rounded rectangular selections (right click to switch)

Figure 4.7: Main menu fo r ImageJ, a public domain image processing software 
developed at the National Institute o f Health.

Core photographs from NDIC were used because of the clarity of the 

photographs, the presence of a scale and photographic consistency for all the wells. 

Each photograph was opened in Image! and scaled using the available scale bar on the 

photograph (Figure 4.8). The multiple point option was utilized to indicate the bottom 

of each lamination, taking care to measure along the photo in a straight line

Set Scale

D istance in pixels: 266

Known d istance: 2.54

Pixel a sp e c t ratio: 1.0

Unit of length: cm

Click to R em ove Sca le  j 
F  Global

Scale: 104.72 pixels/cm

OK | C ance l}  H elp}

~ s m b

Figure 4.8: Image scale menu in ImageJ. A line o f know length is drawn in the 
image based on a scale within the image. The line is scaled to the image pixel 
number. The image scale fo r  this example is one inch long, 2.54 cm. The 
resulting scale is 104.72 pixels/cm.
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perpendicular to the lamination orientation (Figure 4.9). ImageJ measurement option 

creates an Excel spreadsheet with x and y axis coordinates of each point as part of the 

output. The thickness of each lamination was calculated by a simple subtraction of the 

appropriate coordinate (Figure 4.10).

A spreadsheet was created for each data set with columns for the lamination 

thickness and laminae event number. A bar chart of the lamination thicknesses and 

laminae event number was generated using the spreadsheet chart function. Using graphs 

plotted on 36” plotter paper, neap-spring events and potential crossovers were 

identified. Crossovers are events deposited the Moon crossed over the equator and are 

identified by when consecutive laminae are equal in length. While counting laminations 

within a neap-spring cycle is not a reliable method for distinguishing between diurnal, 

semidiurnal, or mixed tidal systems if significant number of laminations are missing 

due to non-deposition or erosion, the number of lamination per sequence were counted 

and used to aid in determining tidal cyclicity (Kvale et al., 1995; Kvale, 2006).

Figure 4.9: Multi-point markers identify the bottom o f each tidal
bundle.
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File Edit Font Results
|  Plugins Window

Area Mean Min Max X Y Slice A
M easure Ctrl+M 1 0 95 95 95 2.607 5.195 0.010

Analyze Particles... 2 0 76 76 76 2.693 5.204 0.010
3 0 85 85 85 2.760 5.204 0.010

Summarize 4 0 92 92 92 2.846 5.233 0.010

Distribution... 5 0 91 91 91 2.912 5.223 0.010
6 0 77 77 77 2.998 5.223 0.010

Label 7 0 103 103 103 3.084 5.252 0.010 | |
Clear Results 8 0 91 91 91 3.151 5.252 0.010

Set M easurem ents... 9 0 95 95 95 3.237 5.252 0.010
10 0 98 98 98 3.342 5.281 0.010

Set Scale... 11 0 97 97 97 3.447 5.309 0.010
12 0 102 102 102 3.504 5.300 0.010

Calibrate... 13 0 96 96 96 3.562 5.300 0.010

Histogram Ctrl+H 14 0 89 89 89 3.667 5.319 0.010
15 0 96 96 96 3.810 5.328 0.010

Plot Profile Ctrl+K 16 0 103 103 103 3.877 5.328 0.010
Surface Plot... 17 0 89 89 89 3.944 5.328 0.010

Gels ► 18 0 90 90 90 4.125 5.366 0.010
19 0 123 123 123 4.211 5.357 0.010

Tools ► 20 0 95 95 95 4.335 5.357 0.010
21 0 89 89 89 4.469 5.376 0.010
22 0 90 90 90 4.555 5.376 0.010 1 1

23 0 97 97 97 4.631 5.376 0.010
24 0 112 112 112 4.717 5.376 0.010
25 0 89 89 89 4.832 5.395 0.010
26 0 98 98 98 4.965 5.414 0.010
27 0 84 84 84 5.023 5.414 0.010
28 0 91 91 91 5.070 5.414 0.010
29 0 112 112 112 5.118 5.395 0.010
30 0 80 80 80 5.195 5.414 0.010
31 0 78 78 78 5.261 5.414 0.010 V

< r™ % ,  m .. . 1 h

Figure 4.10: Spreadsheet containing the locations o f each multi-point marker within 
the image. The measurements are in centimeter based on the scale determined for the 
image. Lamination thickness was calculated by subtracting the x  values.
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Spectral analysis following the methodology of Archer et al (1991) was 

performed using FreeMat software and exported to a MS Excel spreadsheet. Frequency 

vs. power spectral-density periodogram graphs were generated in the spreadsheets and 

predominate periods noted. The FreeMat code used to calculate the FFT is as follows:

where N is the number of data points within the data set.

FreeMat is an open-source software similar to MATLAB and uses the same programing 

language to preform mathematical computations.

4.6. Observations

Laminations were measured from ten wells within the Sanish-Parshall field 

study area; Anderson 28 1-H, Sara Barstad 6-44H, Bartleson 44-1H, Braaflat 11-11H, 

Deadwood Canyon Ranch 43-28H, Horst J 1-11H, Liberty 2-11H, Ross 7-17H, Sikes 

State 44-16H and Van Hook 1-13H. Figure 4.11 shows a section of facies C from two 

cores within the Sanish-Parshall field study area. The Sara Barstad 6-44H and the 

Deadwood Canyon Ranch 43-28H were broken into two sets for measurement purposes 

and FFT analysis because of photograph quality (Figure 4.11). The quality issues 

included out of focus photographs and high amount of light reflection preventing 

accurate lamination measurements.

Calcite cementation was observed in every core photograph. Calcite 

cementation sections have a lighter gray appearance and the finer laminations are not 

visible due to calcite replacement. Several core show lamination deformation due to 

calcite cementation during diagenesis (Figure 4.12). Lamination measurements are less 

accurate and the number of events is lower in sections with significant thickness of 

calcite cementation. Some photographs were slightly out of focus blurring the

THICK = csvread('filename.csv'); 

THFFT = fft(THICK);

PSA = THFFT. *conj (THFFT)/N ; 

csvwrite('filename.csv',PSA)

perform the FFT

calculate the conjugate

export power spectral-density data

read data set into software
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Figure 4.11: Deadwood Canyon Ranch 43-28H (Fidelity) NDIC core 
photo, 10104.2’ MD. Laminations are not visible because o f photograph 
quality issues.

Figure 4.12: Lamination deformation and blurring by calcite 
cementation. Anderson 28-33 1-H (Brigham) NDIC photo, 10086’ MD.
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laminations. The fine details of the thin laminations were difficult to see and measure in 

the blurred sections and accurate measurements were compromised. These difficulties 

potentially resulted in potential missed lamination measurements.

Total number of laminations measured ranged from 466 in the Horst J 1-11H 

well to 1524 in the Bartleson 44-1H. Lamination thicknesses ranged from less than 0.1 

centimeters to greater than 1.2 centimeters. The laminations are thin compared to most 

other tidal data sets but are similar in thickness to the Elatina Formation of Australia, 

very fine-grained, glacial-sourced siltstone (Figure 4.13) (Archer, 1996).

20

L a m in a  nu m b e r F req u en cy

Figure 4.13: Lamination bar chart and periodogram for the Elatina Formation o f
Australia. Laminations are range in thickness from less than 0.2mm to 1.2 mm, 
similar to the Bakken facies C laminations (from Archer, 1996)

4.7. Bar Charts

The bar chart shows many thin to thick to thin sequences (Appendix B). The 

sequences contain as few as 4 laminations to a maximum of 32 laminations. Six of the 

wells have maximum number of laminations per cycle in the range of 25 to 29, 

corresponding to the average number of days in a semi-diurnal system. Three wells have 

maximums at 31 or 32 laminations per cycle. A sequence containing 31 or 32 

laminations is within the expected range for a complete semi-diurnal tidal cycle. The 

two or three extra laminations per cycle appears in a few sequence per well and may 

represent additional laminations deposited during non-tidal events. The average number 

of laminations per cycle ranges from 11.5 to 18 (Table 4.2). Low sedimentation rates
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and low energy periods can reduce the number of laminations within a tidal cycle. 

Most lamination sequences within the study area contain fewer laminations than 

expected for a tidal sequence indicating the area did not receive sufficient amounts of 

sediments for tidal preservation.

Table 4.2: Lamination measurement statistics fo r  each well based on the bar chart 
plots o f lamination thickness vs. laminae event number.

Well Name Average 
lams per 

cycle

Standard
dev.

Min.
lams per 

cycle

Max. 
lams per 

cycle

Num
of

cycles

Total lams 
measured

Anderson 28 1-H 18.1 6.3 4 31 58 997

Sara Barstad 6-44H 16.3 5.1 5 28 66 1129

Bartleson 4 4 -1H 15.2 7.4 5 31 96 1524

Braaflat 11-11H 12 5.3 4 26 91 1119

Deadwood Canyon 
Ranch 43-28H

12.7 5.1 5 32 82 1055

Horst J 1-11H 11.5 4.3 5 25 40 466

Liberty 2-11H 11.6 5.6 5 26 43 505

Ross 7-17H 14 5.3 5 29 87 1264

Sikes State 44- 16H 13.6 5.7 6 29 89 1294

Van Hook 1-13H 13 3.9 4 20 36 480

The larger sequences contain the distinctive thick-thin alternations of a diurnal 

inequality indicating semidiurnal or mixed tidal cycle (Figure 4.14). Several sequences 

within a measurement set are non-symmetrical with the thickest laminations occurring 

near the beginning of a sequence (Figure 4.15). This may indicate weak neap tidal 

currents with non-deposition of lamination and stronger spring tidal currents eroding 

laminations from prior tidal events.

Neap, spring and crossover events were identified on the longer tidal sequences 

(Figure 4.16). The shorter sequences have periods of non-deposition and could be 

missing the crossovers. The crossover events did not coincide with the neap tide events.
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Thick-thin alternation
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Figure 4.14: Alternating thick and thin laminations o f a diurnal 
inequality indicating semidiurnal tidal cycle. From the Ross 7-17H 
data set.

Non symmetric sequence

Figure 4.15: Non symmetric sequence with the thicker laminations 
toward the beginning o f the cycle. Graph from the Van Hook 1-13H 
measurements.
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Figure 4.16: Neap (N), spring (S) and crossover (C) tidal events identified on the 
Anderson 28 1-H measurement bar chart

The crossovers “moved” through the sequences, moving from the neap-spring side to 

the spring-neap side of the sequences. This moving of the crossovers indicates the tidal 

sequences are controlled by synodic rather than tropical driven tidal forces.

Meteorological events such as wind and barometric pressure variations create 

storm surges and are identified by abnormally thick laminations or a set of alternating 

thick thin laminations without a sinusoidal shape (Figure 4.17). These laminations 

ranged in thickness from .5 centimeters to greater than 1.2 centimeters. Several thick 

laminations with soft sediment deformation within the lamination were noted in most of 

the core photographs (Figure 4.18). Storm events can erode existing laminations, 

reducing the number of laminations within a tidal cycle. Non storm meteorological 

events such as wind storms can add sediment to the systems and potentially add 

laminations to a tidal cycle.
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Meteorological events of 
alternating thick thin without 
a sinusoidal shape
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Figure 4.17: Meteorological events displaying a thick thin alternating lamination 
pattern without a sinusoidal shape. Graph from the Braaflat measurements.

1 in c h

Storm 
lamination with 

deformation

Figure 4.18: Nelson Farms 1-27H NDIC photo, 9633' MD, 
showing lamination deformation from storm events
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4.8. Periodograms

Two sets of periodograms were generated (Appendix C). The first set included 

all the lamination data and provides an overall spectral peak characteristic for the data. 

The second set of periodograms focused on a smaller set of data encompassing 100 to 

200 laminations in the lower section of facies C. The lower laminations provide the 

best tidal signature indication because potential lamination preservation decreased as 

the accommodation space is filled (Archer et al., 1991). The entire data set represents a 

long period of time and tidal signatures can change over this time period. The smaller 

data sets are used to obtain a more accurate picture of the tidal signature in the section 

with the best potential lamination preservation.

The large data set periodogram plots exhibit moderate to strong spectral peak of 

approximately 2 indicating a semi-diurnal pattern (Figure 4.19). Thick-thin lamination 

alternations observed in the lamination thickness bar graphs corroborates presence of a 

semi-diurnal tidal to a mixed tidal signal. Spectral peaks occur in the 4 to 5 laminations

Anderson 28 1-H
0.18

2.0
0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

Figure 4.19: Anderson 28 1-H periodogram fo r 997 laminations. Strong spectral peak
is noted at a frequency o f 3.13 or a period o f 2.0
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per cycle and are probably related to meteorological influences such as storms. The 

thick storm event laminations and changes in lamination preservation are due to filling 

of the accommodation space obscures any other tidal signature in the data.

The smaller data set periodograms all show strong spectral peak in the 2 to 3 

laminations per cycle indicating a semi-diurnal tidal signature. This corroborates both 

the larger periodogram data sets and the bar chart observations. Strong peaks from 4 to 

7 correspond to the minimum number of laminations per cycle observed in the bar 

charts. These peaks most likely are the result of storm or other non-meteorological 

events. The peaks in the 10 to 12 lamination per cycle and the 15 to 21 laminations per 

cycle are similar to the averages observed in the bar charts (Table 4.3). Slight 

differences are expected because the bar chart is a numerical average over the entire 

section. The peak of 56 in the Sara Barstad 6-44H and 41 in the Ross 7-17H suggest a 

anomalistic or seasonal influences and preservation of this signal may depend on 

location within the basin. This data shows a shift of the spectral peaks towards higher 

frequencies and a diminished amplitude signal as expected with a lack of preserved 

laminations based on the loss of smaller high-tide study by Kvale et al. (1995). The 

tidal signature is interpreted as semidiurnal to mixed in a synodic tidal system. The 

variation within the laminations per cycle suggests a significant number of laminations 

are not preserved and preservation is inconsistent within each tidal cycle.

Table 4.3: Small data set periodogram spectral peak occurrences.

Well Name Peaks
Sara Barstad 6-44H

2 2.5 4 6.6
15 to 21 

w
56

Bartleson 4 4 -1H 2 2.6 3 to 4 7 12.6 22 w
Deadwood Canyon 
Ranch 43-28H

2.2 2.8 3 to 4 7.5 10 to 11 16

Horst J 1-11H 2 2.5 3.2 6.6 18

Ross 7-17H 2 2.5 3.7 5.9 10 to 11
19 to 21 

w
41
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The low amplitude on all the periodograms indicates a narrow tidal range. Low 

amplitude is also expected in a depositional setting with a very low sedimentation rate. 

Tidal range is controlled by many factor but basin geometry plays a predominate role. 

The Williston basin at the time of deposition was a wide and shallow basin and was far 

from the marine source.

4.9. Other Observations

The lamination bar charts show a very similar signature between all the wells 

except for the Sikes States 44-16H well. Comparison of the well photographs shows a 

distinct difference in the lamination characteristic in the Sikes State 44-16H well 

(Figure 4.20). The Sikes State 44-16H laminations are much finer with all the 

laminations less than 0.4 centimeters, one exception being a thick lamination at the top 

of the section. The thin laminations made measurement difficult but cyclicity is 

present. The character of the Sikes State 44-16H laminations may be due to a basin 

morphology resulting in a restriction in the sedimentation rate or tidal energy. The Ross 

7-17H lamination measurements are consistent with the other wells for the lower section 

of facies C but the upper section of Ross 7-17H takes on a character similar to the Sikes 

State 44-16H laminations and may signal a change in the tidal energy in the area of the 

Ross 7-17H well.

Van Hook 1-13H laminations per cycle ranges from 6 to 20. The maximum is 

less than the other wells by 5 to 12 lamination. The low maximum number of 

laminations per cycle indicates more periods of non-deposition within a tidal cycle. The 

Van Hook 1-13H is the eastern most well and represents the most shoreward in the 

depositional environment. Additionally, this well is in the most protected portion of the 

embayment as seen on the facies C isopach. Tidal currents were potentially weaker in 

this area resulting in fewer preserved tidal bundles.



1 inch

Figure 4.20: Sikes State 44-16HNDICphoto, 9738.2'MD, showing very thin 
lamination character o f facies C.
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

The main study objectives were: 1) understand the deposition environment of 

the middle Middle Bakken facies C, its geometry, continuity and relationship to facies B 

and D., and 2) analysis the variation in thicknesses within the parallel lamination of 

facies C and determined if there is a tidal signature present.

The following conclusions were made based on the core study and lamination 

analysis:

• Facies B was deposited in a changing dispositional environment shifting from 

normal saline, aerobic conditions to more dysoxic conditions.

• Facies C was deposited in a stressed to dysoxic depositional environment.

• Facies D was deposited in normal saline, aerobic depositional environment.

• The contact between facies D and facies E represents a significant sea level rise

and indicates a shift to more dysoxic conditions. The contact is a erosional and

non-depositional surface observed over the entire study area.

• Facies C and facies D were deposited near the eastern basin margin. A localized 

high to the east and northeast of Sanish field is potentially a flat shelf. Facies C 

and D deposits are missing over most of the area and were either eroded during 

a sea level rise or not deposited.

• Facies C shows tidal cyclicity in a semi-diurnal to mixed tidal system and 

synodically driven tidal forces.

• A significant number of thick laminations indicate non-tidal influence in 

lamination deposition such as storm events and eolian sediment transport.

• Low sediment influx and low tidal range resulted in thin lamination with lack of 

preservation within the tidal cycles.
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5.2. Recommendations

A detailed sedimentary and sequence stratigraphie study of the Middle Bakken 

across the basin would be beneficial. A regional study could provide insight to the 

varying depositional environments in the basin and a sequence stratigraphie framework 

for the Middle Bakken.

Significant changes in the facies character are observed across the basin. 

Characterizing stratigraphie, depositional and diagenetic changes could aid in 

exploration and field development within the Middle Bakken Formation. The Bakken 

Formation is not productive everywhere in the Williston Basin and changes in facies 

characteristics could be important to productivity.

Additional tidal interpretation studies could be performed on facies D and E. This 

could help better define the deposition environment interpretation for these facies. 

Permeability and porosity studies in conjunction with a tidal study could aid in detailed 

reservoir studies and enhanced recovery studies.
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APPENDIX A 
CORE DESCRIPTIONS

Legend
Bioclasts

®  O oids  

Crinoids  

®  Bryozoa  

v  B rach iop od s  

9 ?  P elo ids

Miscellaneous

P Pyrite

Ichnofacies

He H elm in th o p s is  

Sc Scalarituba  
PI P lanolites

Fractures

z \  M icrofractures  

i Calcite f illed  fractures  

— Do l o mi t e  fi lled fractures  

Vertical fractures

Sedimentary Structures
D efo rm a t io n

^  HCS 

/ < x  Ripples

Cross b ed d in g  

a a a  Sym m etr ica l  ripples

• Planar lam in at ion

Bioturbation Index

H I  A b u n d a n t  

C o m m o n  

P resen t  

I I Rare or A b se n t

Facies Color Code

Facies A 

Facies B 

Facies C 

Facies D 

Facies E 

Facies F

Lithology
|  Shale

|  Silty D o lo s t o n e  

C alcareous S i l ts ton e
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Well Name: Liberty 2-11H___________  API/UWI: 33061010270000 T R S : 11-151N 91W Date: Jan 29. 2011
O perator: EOG Resources___________  State: North Dakota_____ Countv: Mountrail

Depth
(feet)

9610 -

9620 -  =

X \

9640 -

L ith o lo g y  Frac

7-7-' /i

9660 I7t=rr-r

/->

Texture

M F VF Sit Clay
Facies B io clast

U8S:

V  PI

*  v P

Comments

Several brachiopod lags -  debris flow  
Crinkly laminations
Couplet lamination observed at top of E

Bioturbation 
Algal mounding (?)
Soft sedim ent deform ation
Fine laminations draping over contact
Abundant pyrite spheres 0 to  2 cm
below  contact
Abundant peloids and ooids
Normal graded laminations
Large calcite lined fracture

Horizontal contact, som e truncation of 
underlying laminations

Rubble zone

Light gray to tan banding related to  
calcite and dolom ite cem enting  
Pyrite sphere with calcite cem ent  
Top of B unit m ore calcite rich -  cem ent

Abundant bioturbation throughout unit

More argillaceous

Alternating bands of calcite and 
dolom ite cem ent
Very small crinoids, frequency and size 
increases toward base

Brachiopods and crinoids replaced or 
rimmed with pyrite.

Bioclast fragm ents

Abundant pyrite replacem ent at contact 
Fossiliferous Lag - W ackestone
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Well Name: Nelson Farms 1-24H API/UWI: 3306100000000 T R S : 24 156N 92W Date: Feb 12. 2011
Operator: EOG Resources___________ State: North Dakota County: Mountrail

Depth
(feet)

9620 -

Litho logy  Frac

9630 -

XX
9640 -

9650 -

9660 -

a

9670 ~

Texture

M F VF Sit Clay
Facies Bioclast

A

.M»

PI V

*  v P

____

Several brachiopod lags -  debris flow

Bioturbation 
Algal mounding (?)
Soft sediment deformation

Fine laminations draping over contact 
Abundant pyrite spheres 0 to 2 cm 
below contact 
Abundant peloids and ooids

Light gray to tan banding related to 
calcite and dolomite cementing

Pyrite -  nodules and inter-crystalline 

Abundant bioturbation throughout unit 

More argillaceous

Very small crinoids, frequency and size 
increases toward base

Brachiopods and crinoids replaced or 
rimmed with pyrite.

Bioclast fragments

Abundant pyrite replacement at contact 
Fossiliferous Lag - Wackestone
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Well Name: Ross 7-17H 
Operator: EOG Resources

API/UWI: 33061005300000 T R S : 17-156N 92W Date: Feb 5. 2011
State: North Dakota County: M ountrail

Texture

M F VF Sit Clay
FaciesL ith o lo g y

SE3

Sc He

Sc He

Sc He
9850

Sc He

*  v  P

Comments

Several brachiopod lags -  debris flow  
Thin unit aggrading ripples

Abundant bioturbation

Crinkly lam inations

Algal m ounding (?)
Soft sed im en t deform ation  
Fine lam inations draping over contact 
Abundant pyrite sp h eres  0 to  2 cm 
below  contact
Abundant peloids and oo id s  
Normal graded lam inations

Horizontal contact, so m e truncation of  
underlying lam inations 
Light gray to tan banding related to  
calcite and d olom ite cem enting  
Pyrite nodules throughout unit 
Pyrite filled lam ination

Alternating lam ination and bioturbation  
Light gray to tan banding related  to  
calcite and d olom ite cem enting

Abundant bioturbation throughout unit 
Calcite filled brachiopod

More argillaceous

Very small crinoids, frequency and size 
increases tow ard base

Brachiopods and crinoids replaced or 
rimmed with pyrite.

Bioclast fragm ents

Abundant pyrite replacem en t at contact  
Fossiliferous Lag - W ackestone
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Well Name: Deadwood Canyon 43-28H API/UWI: 33061000000 T R S : 28 154N 92W Date: March 5. 2011
Operator: Fidelity Petroleum  State: North Dakota_____ County: Mountrail

Depth
(feet)

10080 -

10090 -

X\
x\
y<\

X\

10110  -

10120  -

U tho log y

m zB E

'7 - 7 -

m

T±7Ty7'

B E
B E
B E

|#7~
10130 - B E

-7 B /-■“

EËEE

f e
B E

10140 - B E
i/—,' • /B E
7 - A ' /

Frac Texture

M F VF Sit Clay
Facies Bioclast

* v P

Comments

Several brachiopod lags -  debris flow  
Thin unit aggrading ripples

Bioturbation

Low angle to  planar lamination

Algal mounding (?)
Soft sedim ent deformation
Cross bedding above contact
Fine laminations draping over contact
Abundant pyrite spheres 0 to 2 cm
below contact
Abundant peloids and ooids
Normal graded laminations

Crinkle laminations
Light gray to tan banding related to
calcite and dolom ite cementing

Pyrite nodules throughout unit

Pyrite filled lamination

Light gray to tan banding related to  
calcite and dolomite cem enting

Abundant bioturbation throughout unit 
Calcite filled brachiopod 
More argillaceous
Very small crinoids, frequency and size 
increases toward base

Brachiopods and crinoids replaced or 
rimmed with pyrite.

Bioclast fragments

Abundant pyrite replacem ent at contact 
Fossiliferous Lag - W ackestone
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Well Name: Sikes State 44-16H________ API/UWI: 33061010940000 T R S : 16 154N 91W Date: March 9. 2011
O perator: Whiting Oil and Gas___________  State: North Dakota_____ Countv: M ountrail

Depth
(feet) II Lith

Texture

M F VF Sit Clay
Fades Bio Comments

9720 X \

'Nx
X\

9730 _ X\'Sx

9740 -

9750 -

9760 -

9770 -

a

:V-
— -

/y v

r?

•_pL

-k'-K
<r*+
^37-1

d t l

A

p PI 
Sc He
v  P

PI
Sc He

v  PI 
Sc He
• k  v  
P
*  PI
Sc He
v  k

*  v P

Several brachiopod lags -  debris flow

Abundant bioturbation  

Crinkly laminations

Algal m ounding (?)
Soft sed im ent deform ation

Horizontal contact

Light gray to tan banding related to  
calcite and dolom ite cem enting  
Pyrite nodules throughout unit

Light gray to tan banding related to  
calcite and dolom ite cem enting

Abundant bioturbation throughout unit 
Calcite filled brachiopod

More argillaceous

Very small crinoids, frequency and size 
increases toward base

Brachiopods and crinoids replaced or 
rimmed with pyrite.

Bioclast fragm ents

Abundant pyrite replacem ent at contact 
Fossiliferous Lag - W ackestone
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Well Name: Braaflat 11-11H API/UWI: 33061000000000 1 R S :  11-153N 91W Date: March 10. 2011
O perator: Whiting Oil and Gas__________  State: North Dakota County: Mountrail

Depth
(feet) Lith Frac Texture

M F VF Sit Clay
Bio Comments

9870

X\

9910 -

9930

; | mu
UBS

. ,F 

. £

»  P 
v  PI

P

P PI 
Sc He
v  P

P PI 
Sc He

v  PI 
Sc He
*  v  
P
*  PI 
Sc He
v  *

*  v  P

Several brachiopod lags -  debris flow

Bioturbation 
Algal mounding (?)
Soft sedim ent deformation

Fine laminations draping over contact 
Abundant pyrite spheres 0 to 2 cm 
below  contact 
Abundant peloids and ooids 
Alternates b etw een  structureless and 
planar laminations

Horizontal contact, som e truncation of 
underlying laminations

Layer of soft sedim ent deform ation -  
fluid escape structures

Light gray to tan banding related to  
calcite and dolom ite cem enting

Abundant bioturbation throughout unit 
Pyrite filled vertical traces 
More argillaceous

Very small crinoids, frequency and size 
increases toward base

Brachiopods and crinoids replaced or 
rimmed with pyrite.

Bioclast fragm ents

Abundant pyrite replacem ent at contact 
Fossiliferous Lag - W ackestone
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Well Name: Van H ookl-13H  API/UWI: 33061006300000 1 R S :  13-152N 91W Date: Feb 12. 2011
O perator: EOG Resources___________  State: North Dakota County: M ountrail

Texture 

M F VF Sit Clay
L i th o l o g y Comments

9460

9470 -

X\

9 4 8 0  _

9500 -

,7=y-;:'7-/ , • -

c

-IS*'.

*  v  P

Several fossiliferous lags -  debris flow  
Thin unit aggrading ripples 
Crinkly laminations

Bioturbation

Algal mounding (?)
Soft sed im en t deform ation

Very thin Facies D

Horizontal contact 
Crinkly laminations

Light gray to  tan banding related to  
calcite and dolom ite cem enting

Pyrite nodules

Alternating lamination and bioturbation  
Light gray to  tan banding related to  
calcite and dolom ite cem enting

Abundant bioturbation throughout unit 

More argillaceous

Very small crinoids, frequency and size 
increases toward base

Calcite filled brachiopod

Brachiopods and crinoids replaced or 
rimmed with pyrite.

Bioclast fragm ents

Abundant pyrite replacem ent at contact 
Fossiliferous Lag - W ackestone
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Well Name: Sidonia 1-6H API/UWI: 33061008840000 T R S : 6 158N 90W Date: Feb 5. 2011
O perator: EOG Resources__________  State: North Dakota_____ County: Mountrail

Texture 

M F VF Sit Clay
Facies Comments

Several brachiopod lags -  debris flowv  PI

Brachiopod lag 
Bioturbation

8740 -

EE3
Algal mounding (?)
Soft sedim ent deform ation

8750 -
Thin unit o f facies C -  less than 6 inches 
Horizontal contact 

Light gray to tan banding related to  
calcite and dolom ite cem enting  
Abundant bioturbation throughout unit 
Very small crinoids, frequency and size 
increases tow ard base

Sc He

Sc He
Brachiopods and crinoids replaced or 
rimmed with pyrite

8760 -

Bioclast fragm entsSc He

Abundant pyrite replacem ent at contact 
Fossiliferous Lag - W ackestone*  v  P
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APPENDIX B 
LAMINATION BAR CHARTS
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APPENDIX C 
PERIODOGRAMS -  FULL DATA SET
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APPENDIX D 
PERIODOGRAMS -  SELECTED DATA SET

Numbers posted on graphs are the period for the peaks in laminations per tidal cycle.

Barstad 6-44H

280 laminations

0.04 

0.035 

0.03 

0.025 

0.02 

0.015 

0.01 
0.005 

0

Frequency - cycles/lamination

2.1

140 4.4

56 6.6
8.5

un
CD

LO
cx j

un
co
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Bartleson 44-1H
327 laminations

0 . 0 3 5  

0 . 0 3  

0 . 0 2 5  

0.02 

0 . 0 1 5  

0.01 

0 . 0 0 5  

0
O  LO r—I LO C\1 LD 00 LO

Ô v-i <xi 00

F re quenc y  - cycles/ laminat ion

Deadwood Canyon Ranch 43-28H
197 laminations

Lf)
00

F r e q u e n c y  - cyc le s / l amina t ion
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Horst J 1-11H
237 laminations

0 . 0 3 2.6

0 . 0 2 5
4.6

0.02
7.8 2.2

0 . 0 1 5

0.01

0 . 0 0 5

0
o c\j 00in LD un

c\i
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Frequency - cycles/lamination

Ross 7-17H

2 07  lam inations

0 04 4 1 , 6 4 .1  3 . 8

Frequency ■ cycles/lamination

1 3 5
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