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ABSTRACT 

 

This thesis uses a drill core database from a 250 square mile area of North Dakota and Montana to evaluate 

the depositional environment, stratigraphic development, provenance, and reservoir quality of the Famennian Three 

Forks carbonate mudstones.  

Depositional environments and lithofacies include the following. Schizohaline, storm dominated intrashelf 

deposits defined by disturbed claystone, dolomudstone, sandstone, laminated mudstone, and distorted to brecciated 

dolomudstone lithofacies.   These lithofacies often contain syneresis cracks, desiccation cracks, high depositional 

rate features such as convolute bedding and load features, and many scours.  Ichnofacies vary from fairweather 

mobile and sessile feeding traces, early post-storm event escape traces, post-event opportunistic colonizers, and a 

final return to fairweather colonies.  Arid shallow shelf deposits form during times of minimal fluvial and resultant 

minimal siliciclastic input into the basin, as well as times of evaporation conducive to broad salina, evaporative 

gypsum deposits.  Mudflats rim these two shelf environments.  During arid times they commonly contain abundant 

syndepositional nodular anhydrites and during less arid times they are full of intraclasts that range in abundance and 

size.  Significant autogenic organization of these deposits is inferred to result in high frequency facies variability due 

to geomorphologic buildups.  A major allogenically controlled shift progresses upwards in the stratigraphy as the 

deposits decrease in evidence of aridity and increase in evidence of fluvial inputs.   

Detailed correlations and calibrations to regional biostratigraphic studies delineate seven third-order 

transgressive-regressive cycles within the formation.  Calibration to the biostratigraphic timescale facilitates 

comparison of 
87

Sr/
86

Sr data to eustatic trends.  These data indicate freshwater inputs that also provide more 

radiogenic Sr than the well-mixed global curve.  Additionally δ
34

S values across chronostratigraphically equivalent 

Famennian deposits in western North America corroborate this conclusion.   

Quantitative mineralogy trends, siliciclastic grain size comparisons, and εNd values support a primary 

fluvial system of sediments derived and progressively recycled from the Ellesmerian and Caledonian orogens north 

of the Canadian Shield as the primary siliciclastic sources.  Some petrographic trends however do suggest some 

ephemeral drainage behavior from multiple directions surrounding the basin. Gypsum converted to anhydrite was 

precipitated directly from the fluvially-modified seawater indicated by radiogenically enriched
87

Sr/
86

Sr values.  

Dolomites predominantly formed as automicrites through freshwater mixing and meso- to hypersaline reflux based 

on elevated 
87

Sr/
86

Sr values, fluvial input evidence including syneresis and sand pulses, ichnofacies and bedded 

evaporites.  Automicrite nucleated through biological processes attributed to unique chemical conditions in the 

intrashelf basin.   

Details regarding the geologic formation of these rocks have significant implications for understanding 

controls on reservoir matrix characteristics.  Heterogeneous samples with smaller grain sizes, variable sedimentary 

structures, or clay mottles consistently have superior reservoir quality than larger siliciclastic grain sizes, or 

homogenous textured samples.  Subtle differences in pore sizes, shapes and resultant interconnectivity determine the 

potential for matrix oil saturation.  Mercury porosimetry and nitrogen adsorption and desorption data indicate that 

for oil saturation to occur in this formation the reservoir matrix requires either high volumes of moderately sized 



iv 

nanopores with moderate connectivity or a moderate volume of large nanopores with some connectivity.  Oil 

saturations in matrix with reservoir bitumen or in poor matrix quality that does not meet these criteria may be 

difficult to actually produce.    
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CHAPTER 1 

  

 GENERAL INTRODUCTION 

 

Hydrocarbons within the Upper Devonian Three Forks Formation are sourced by the overlying prolific 

Bakken shales.  High estimated volumes of hydrocarbons are believed to reside in the underlying tight carbonate-

siliciclastic formation.  Additionally, this reservoir system is enticing because of many economically successful 

wells within play fairways, however there are also a significant number of wells that are under-producing for unclear 

reasons. Drill core recovery in fields is currently the accepted practice that has resulted in burgeoning public 

databases.  Generally data from these cores have been collected for specific purposes, such as routine core analysis 

to be used in local geographic areas.  This study integrates multiple data types from operators across the Montana 

and North Dakota play area. Additional data collection integrates information that spans several geological sub-

disciplines to be evaluated in the context of traditional petroleum geology datasets.  This broad perspective allows 

for understanding the underlying controls of reservoir quality and production potential.  

Due to high drilling activity and intense interest in understanding the Three Forks as a reservoir, a large 

number of new cores are being taken.  The database available today was not available even a few years ago. Some 

previous workers have focused on limited geographic areas or specific parts of the vertical section.  These studies 

will be discussed in the appropriate context within the thesis. Aside from these, there are no preexisting studies that 

address the entire Three Forks Formation in Montana and North Dakota.  With this scope, this study addresses the 

following questions: 

1. What are the depositional settings represented in core?  How do they change vertically and 

laterally? 

2. What is the relationship between deposits in the Williston and Western Canadian sedimentary 

basins? 

3. What are the origins of the siliciclastic and carbonate sediment constituents in the formation?  

What does this reveal about the paleogeography and relationship with deposits to the west? 

4. What controls hydrocarbon saturations from a reservoir matrix perspective? 

These questions help provide the context within which to more effectively evaluate the Three Forks 

reservoirs, and develop prospect and play ideas.  These main questions are addressed in this thesis in a series of 

journal-style papers:   

1. Chapter two, “Sedimentology, ichnofacies and early diagenesis […] a schizohaline, storm dominated 

intrashelf basin” addresses the depositional settings through detailed visual analysis of sedimentary 

structures, trace fossils, and variable early diagenetic features that are distinctive the depositional 

setting.  The allogenic-controlled vertical changes of these depositional setting are evaluated.  

2. Chapter three, “Integrated stratigraphy […] a study using physical, biological, Sr, and S isotopic 

stratigraphic signatures” applies multiple data types, to evaluate the relationship between the Williston 

and Western Canadian sedimentary basins.   
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3. Chapter four, “Provenance of Frasnian-Famennian intrashelf siliciclastic-carbonate mudstones and 

evaporites […]” builds further upon the previous two chapters to evaluate sediment transport pathways 

using Nd isotopes, quantitative mineralogy trends, and petrography.  Additionally carbonate and 

evaporite formation is addressed through Sr isotopes and petrography.  

4. The culmination of the detailed geologic work of the previous three chapters resides in Chapter five, 

“Reservoir quality […] and integration of geologic and engineering data”.  Standard routine core 

analysis and petrography is paired with Qemscan (quantitative estimate of mineralogy by scanning 

electron microscopy), mercury porosimetry, and nitrogen adsorption / desorption data. This dataset 

provides a case study that evaluates controls on fluid saturations and reservoir quality from a geologic 

perspective.  

Database 

All data incorporated into these studies is derived from a database of seventy-six drill cores that were all 

visually examined (Figure1.1).  Of these cores, a representative selection of thirty-nine were logged at a one meter to 

three centimeter resolution (Table 1.1).   

 

Figure 1.1.  Left demonstrates location of Canadian wells used, and location of Williston basin. Right shows well 

location keyed by number to Table 1.1.  
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Table 1.1. Corresponding map number, and well information for drill cores used in this study. “Hi-Res” denotes 

representative cores selected for description at a high resolution.  

Map 

Number 
UWI Number Well Name Township Range Section 

Hi-Res 

Description 

1 25083228970000 Barter 21-3H 25 57 3 x 

2 25091219200000 Bedwell 33-52 1-1H 33 52 1 x 

3 33061006410000 Braaflat 11-11H 153 91 11 x 

4 33033002990000 Brookhart 11-14 141 105 14 
 

5 25083225070000 Brutus East Lewis 3-4-H 24 57 3 x 

6 25083228370000 Bullwinkle-Yahoo 4-1-HSU 23 57 4 x 

7 33105017460000 Chanel 1-33H 154 100 33 
 

8 33053033580000 Charlotte 1-22H 152 99 22 x 

9 33053040680000 Cherry State 21-16TFH 149 99 16 x 

10 33053039150000 Chitwood 44-36TFH 149 100 36 x 

11 25083227350000 Coyote Putnam 9-15 HID 3 23 57 9 x 

12 33053027940000 Curl 23-14 149 100 14 
 

13 33061005810000 
Deadwood Canyon Ranch 43-

28H 
154 92 28 

 

14 33089006200000 Debrecen 1-3H 140 99 3 x 

15 33089006050000 Dietz 21-18TFH 139 99 18 
 

16 33007016770000 DRS Federal 24-24TFH 140 100 24 
 

17 33061016640000 EN Person 11-22 156 94 11 x 

18 25085217770000 EPU-119 29 51 31 
 

19 25085218200000 EPU-120 29 51 29 
 

20 33105024650000 Fairbanks 1-20H 157 98 20 
 

21 25083227390000 Foghorn- Ervin 20-3-HLID3 23 58 20 x 

22 33053031410000 
Fort Berthold 152-94-13B-24-

1H 
152 94 13 

 

23 33007016760000 Franks Creek State 21-16TFH 141 100 16 
 

24 25091219140000 Gronlie Farms 31-25TFH 31 55 25 x 

25 33013015600000 Grote 1-21H 160 94 21 
 

26 33013014840000 Gunnison State 44-36H 161 91 36 x 

27 25085217060000 Harvey Gray No. 21-26H 31 54 26 x 

28 33025013120000 Hovden 15-1H 145 97 15 x 

29 33101004730000 IM Shorty -159-88- 0805H-1 159 88 8 x 

30 25083227930000 Jackson Rowdy 3-8 26 51 3 x 

31 25085217920000 Johnson 21-25H 30 56 25 x 

32 33025007290000 Jorgenson 1-15H 148 96 15 
 

33 33105028180000 Kaldahl 34-12H 156 97 13 
 

34 33007017860000 Kjelstrup Federal 11-19-1PH 142 102 19 
 

35 33089005860000 Kubas 11-13TFH 140 99 13 x 
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Table 1.1 continued.  

Map 

Number 
UWI Number Well Name Township Range Section 

Hi-Res 

Description 

36 33061010270000 Liberty 2-11H 151 91 11 x 

37 25083226950000 RR Lonetree -Edna 1-13 23 56 1 x 

38 33089006530000 Marsh 21-16TFH-R 140 97 16 
 

39 33007018020000 
McDonald Family Trust 

Federal 31-3PH 
142 102 3 x 

40 33061022260000 McNamara 42-26XH 153 91 26 x 

41 33025015670000 MHA 2-05-04H-148-91 148 91 5 
 

42 33061020490000 
Mildred Roggenbuck 41-

24TFX 
153 93 24 

 

43 33007017230000 Natalie 2-2H 142 99 2 
 

44 33023004890000 Nordstog 14-23-161-98H 161 98 14 x 

45 33013013830000 Oas 31-161-92H 161 92 31 x 

46 33105016930000 Olson 10-15 1-H 154 102 10 
 

47 25083227360000 Peanut-Jimmy 22-3-HID3 24 57 22 x 

48 33053038430000 Rink 12-4ESH 151 98 4 
 

49 33025009820000 Roberts Trust 1-13H 148 94 13 
 

50 33105021000000 Rolf 1-20H 155 98 20 x 

51 33023006580000 Rosenvold 1-30H 160 96 30 x 

52 33105017480000 Round Prairie 1-17H 154 103 17 x 

53 33061005770000 RS Nelson 156-91-1423H-1 156 91 14 x 

54 33025008680000 Sadowsky 24-14H 141 96 14 
 

55 33053028580000 Sakakawea Federal 13X-52 154 95 35 
 

56 33053030170000 Sargent Major 1-21H 150 99 21 x 

57 33089006470000 Schoch 21-137-97 137 97 21 x 

58 33007011550000 Short-Fee 31-3 142 102 3 x 

59 33061008840000 Sidonia 1-06H 158 90 6 x 

60 33061023830000 SIRP 31-12 153 92 12 x 

61 33053039770000 Skaar Federal 41-3-1H 152 97 3 x 

62 25083227370000 Stockade-Jayla 32-3-HID3 25 54 32 x 

63 33007016410000 Teddy 44-13TFH 142 101 13 
 

64 25085217250000 Tribal 11-19 28 53 19 
 

65 25085217250000 Tribal 29-49-1 29 49 1 
 

66 33053038190000 Uberwachen 22-34 153 95 34 
 

67 33025013110000 Wallace 7-1H 143 94 7 x 

68 33061018580000 Wayzetta 124-3334H 153 90 33 
 

69 33089006460000 Zent 30-139-95 A 1H 138 95 30 
 

70 33053032960000 Danks 17-44H 151 94 17 
 

71 25085219340000 Big Muddy 13-44H 29 54 24 
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Table 1.1 continued.  

Map 

Number 
UWI Number Well Name Township Range Section 

Hi-Res 

Description 

72 33033002940000 Jones 44-35 143 105 35  

73 11-06-012-09W4 Winnifred No. 1 11 06 012  

74 12-32-032-16W4 Socony Craigmyle No. 1 12 32 032 
 

75 11-02-036-06W5 Superior Caroline 11-2-36-6 11 2 36 
 

76 16-11-032-01 Pengrowth Garr 16-11-32-1 16 11 32 
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CHAPTER 2 

 

SEDIMENTOLOGY, ICHNOFACIES, AND EARLY DIAGENESIS, THREE FORKS FORMATION, 

WILLISTON BASIN, NORTH DAKOTA AND MONTANA – A SCHIZOHALINE, STORM DOMINATED 

INTRASHELF BASIN 

 

Abstract 

The time-equivalent, landward deposits of the Famennian Palliser carbonate platform preserved within the 

Williston basin have been inaccessible until recent economic interest in the Three Forks Formation. A regional 

database of polished drill core slabs and petrographic thin sections allowed for detailed analysis of texture, 

sedimentary structures, ichnological and diagenetic features. XRD and Qemscan mineralogy data were compiled 

from a variety of cores around the basin.  

The Three Forks mixed carbonate and siliciclastic intrashelf mudstones facies associations (FA) include: 1) 

schizohaline storm-dominated shallow shelf, 2) arid shallow shelf and 3) mudflats.  FA1 consists of the following 

lithofacies: (F1) distorted claystones that contain moderate abundance of mobile feeding traces and syneresis cracks; 

(F4) laminated mudstones, and (F2) dolomudstones that include the previous features plus escape burrows and 

opportunistic suspension feeding colonies.  These facies demonstrate scouring, high depositional rate, storm, and 

wave features;  (F5) syndepositional deformation through dewatering, evaporite precipitation and dissolution and 

bioturbation is interpreted to produce brecciated to distorted mudstones;  and (F3) thin bedded quartz sandstones 

represent preserved and unmixed fluvial floods into the shallow basin.  Arid shallow shelf (FA2) deposits consist of 

(F6) mosaic anhydrites which imply periods of restriction and evaporation at a basinal scale.  Mudflat (FA3) facies 

include (F7) rarely preserved meteorological tide deposited laminated mudstones, and (F8) abundantly preserved 

matrix-supported breccias to (F9) massive or intraclastic mudstones. These deposits represent a spectrum of strength 

and influence of mudflat storm surge that locally transports siltstone clasts derived from the previous facies 

association.  Massive mudstones also commonly have syndepositional anhydrite nodules when associated with the 

arid shallow shelf system.  

Storm-generated deposits are preferentially preserved over fairweather deposits. Variable storm strength 

and resultant geomorphology can result in high vertical facies variability.  Regional changes in the stratigraphic 

section allude to a climatic shift from arid to seasonal in addition to influences from tectonics and sea level.   

Introduction 

The debates focused around the Three Forks of the Williston basin (WB) result from limited data 

resolution, complex sedimentary deposits, and urgent economic interests.  Dumonceaux (1984) first studied the 

Three Forks of the WB using eighteen drill cores from North Dakota in the basin center that captured partial 

stratigraphic sections. This study suggests a predominance of wind-derived wave reworking in a shallow epeiric sea.  

Recently workers have reinterpreted the Three Forks based on equivalent or smaller subsurface datasets.  A tide-

dominated, intratidal to supratidal depositional model is currently the accepted interpretation  (Karasinski 2006; 

Berwick 2008; Gantyno 2010; Bottjer et al. 2011; Berwick and Hendricks 2011; Guttierrez 2013; Bazzell 2014)  

This seeming consensus belies problematic sedimentological features that will be presented in this paper.   
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The uncertainty of the Three Forks interpretations is partly due to that, in general, deposits of extensive 

ancient epeiric seas covering cratonic settings are poorly understood and lack modern analogs. The low 

accommodation potential and subtle depositional slopes of less than 0.01˚ produce a broad lithofacies distribution 

that requires extensive data sets to develop a complete understanding of these broad shallow seas (Shaw 1964, Irwin 

1965, Laporte 1969; Lukasik et al. 2000).  Structural basin-scale studies omitting data from the greater platform 

deposits can result in an oversimplified interpretation of “layer-cake” stratigraphy.  Despite these complexities, 

understanding these systems is essential to the global interests in hydrocarbons associated with epeiric carbonate 

platforms (e.g. Wang et al 1992; Bourquin et al. 1997; Ziegler 2001; Palermo et al. 2010). 

The understanding of dominant depositional processes in these settings may be influenced by literature bias 

towards depositional process studies of the modern in different depositional settings.  Unlike modern carbonate 

platforms and ramps, epeiric platforms lacked a sharp shelf breaks or continuous reef trends.  This prevented 

shallow areas from being protected from swell, waves, and storms (Aigner 1985b).  Sedimentological data confirm 

that epeiric platforms were indeed hydrodynamically unique from modern carbonate settings in this way (Bertrand-

Sarfati and Moussine-Pouchkine 1988; Bose and Chaudhuri 1990).  

The Famennian epeiric carbonate ramp and platform system, equivalent to the landward deposited Three 

Forks, has been studied in detail within the greater Western Canadian Sedimentary basin (WCSB) (Geldsetzer et al. 

1986; Stoakes 1992b; Geldsetzer et al 1993; Halbertsma 1994; Peterhänsel and Pratt 2001; Peterhänsel and Pratt 

2008).  This study aims to characterize and interpret the petrologic features of the time-equivalent deposits contained 

in the sub-surface of Montana and North Dakota, USA.  This provides information on the most landward preserved 

deposits of this system that have not been documented throughout the entire stratigraphic section at a regional 

intraself basin scale.  The integration of sedimentary structures, ichnologic, and early diagenetic features contributes 

to the understanding of depositional processes in this setting and can be integrated with studies on the time-

equivalent strata in the WCSB for a greater understanding of the Palliser epeiric ramp and platform system.   

Geologic Setting 

During the late Devonian, Laurussia moved northward so that its western margin traveled from the 

southern tropics to an equatorial position (Kent 1985; Golonka et al. 1994).  The Calendonian and Ellesmerian 

orogenies along the present northeastern and northwestern margins, and the Antler orogeny along the present 

western margin of North America both initiated as Pangea began to converge (Embry 1988; Dalziel et al. 1994; 

Patchett et al. 1999; Root 2001) (Figure 2.1). These orogenies both spanned the Eifelian (Middle Devonian) and 

continued through the Tournasian (Lower Mississippian). 

The Frasnian Antler margin developed discontinuous oceanographic barriers and a peripheral flexural 

bulge along the Western Alberta Ridge and the associated Peace River Arch (Oldale and Munday 1994; Whalen 

1995; Root 2001).  Siliciclastic delivery and prograding isolated carbonate platforms filled the accommodation and 

developed equivalent unconformities east of the bulge (Stoakes 1992a; Dorobek 1995; Patchett et al. 1999; 

Stevenson et al. 2000).  This provided a smooth foundation for the Famennian Palliser platform deposits that formed 

following a sea level rise (Stoakes 1992b).  The Famennian transgression resulted in the ramp deposits of the Lussier 

Shale and Besa River formations northwest of the Peace River Arch and the pre-existing forebulge (Kidd 1963; 
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Savoy 1992; Halbertsma 1994; Ross and Bustin 2008).  To the south and east of these features a 1500 km
2
 area of 

the craton was inundated resulting in carbonate production and deposition along a slowly subsiding platform in the 

distal foreland basin with an overall declivity less than 0.005° (Peterhänsel and Pratt 2008).  

The Palliser (Wabamum in subsurface) platform deposits include five broad facies belts that went through 

four major transgressive-regressive cycles (Halbertsma 1994; Peterhänsel and Pratt 2008) (Figure 2.2).  The four 

storm-dominated facies belts along the distal foreland basin gradient from deepest to shallowest (northwest to 

southeast on the platform) include: the argillaceous mud, bioturbated mud, Dasycladalean-Crinoid meadow, and 

microbial mud belts (Peterhänsel and Pratt 2008).   The most landward deposits during this time present a fifth 

facies belt of siliciclastic enriched sediments preserved in the Williston basin.  

This final emergent, azoic, siliciclastic enriched facies belt, known as the Three Forks Formation, is 

lithostratigraphically differentiated from the shallow water carbonate deposits of the Wabamun Group (Stoakes 

1992b). Because of the low subsidence rates that result in low accommodation and clear responsiveness to tectonics, 

successive unconformity development over structural highs such as the Swift Current Platform and Sweetgrass Arch 

inhibits clear chronostratigraphic correlations.  Despite this, biostratigraphic data correlates carbonate epeiric 

platform deposits of the Palliser of the WCSB to the siliciclastic-rich Three Forks Formation in the WB (Figure 2.1) 

(Sandberg and Hammond 1958; Sandberg et al. 1962; Johnson 1971; Holland Jr et al. 1987; Thrasher 1987; Johnson 

and Sandberg 1988; Sandberg et al. 1988a; Sandberg et al. 1988b; Johnston et al. 2010).  

 The Williston basin refers to a structural feature that progressively developed after Three Forks deposition 

that preserves the distal deposits in a bowl-like setting (Kent and Christopher 1994).  This structure most likely 

originated due to differential subsidence of the underlying Precambrian accreted volcanic terrains of the Trans-

Hudson Orogen, a continental-continental collision suture zone (Green et al. 1985). Additionally, flexural loading 

related to the Antler and Laramide orogenies affected the structural preservation and development of many structural 

features.   

Following an unconformity near the end Famennian (marginifera conodont zone, (Johnston et al. 2010)), 

transgression continued through the Wabamun Group to deposit the Big Valley Formation and its equivalents, the 

upper Three Forks and Pronghorn Member of the Bakken Formation (Halbertsma 1994).  Ultimately, compressive 

pulses from the Antler Orogeny and the onset of the major phase of the Ellesmerian Orogeny coincided with the 

drowning and restriction of the greater platform area providing accommodation for deposition of the latest 

Famennian black shales (Exshaw and equivalent Lower Bakken Shale ) (Savoy et al. 2000). 

Methods 

Visual examination of seventy-two slabbed and polished subsurface drill cores (see dissertation 

introduction for details) laid the foundation for detailed petrologic study.  Thirty-nine cores were described in detail 

at a one meter to three centimeter resolution.  High-resolution core photos done immediately after slabbing were 

compiled from a variety of sources.  These photos were particularly useful because hydrocarbon staining patterns 

captured before evaporation illuminate sedimentary features.  In addition to mobile hydrocarbons, persistent solid 

reservoir bitumen (Lomando 1992) in some cores and thin sections highlighted sedimentary features.  Solid 
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reservoir bitumen was identified by localized areas of dark brown with in beige dolomudstones.  These dark brown 

areas fluoresced under ultra-violet light and looked amorphous in petrographic thin section.  

 

 

Figure 2.1.  Chronostratigraphically correlated lithostratigraphy of Alberta outcrop and subsurface, and Williston 

basin subsurface formation and members.  Compiled from Sandberg and Hammond 1958; Sandberg et al. 1962; 

Johnson 1971; Holland Jr et al. 1987; Thrasher 1987; Johnson and Sandberg 1988; Sandberg et al. 1988a; Sandberg 

et al. 1988b; and Johnston et al. 2010.  
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Figure 2.2.  Upper Devonian paleogeography of the Three Forks Formation modified from Patchett et al.(1999) 

(left).  Facies belts of the Palliser Platform (inset) modified from Halbertsma (1994) Root (2001) and Peterhänsel 

and Pratt (2008).  U.S. side facies belts are interpreted from outcrop data in Nekhorosheva (2011) and Schietinger 

(2013) and biostratigraphic data from Sandberg and Klapper (1967) and Sandberg et al. (1988). Frasnian structures 

include the Peace River Arch (PR) and Western Alberta Ridge (WA).  Major stuctures active during Three Forks 

time include the Sweetgrass Arch (SG), Swift Current Platform (SC), Cedar Creek Anticline (CC).  The 

Transcontinental Arch (TA) was emergent southwest of the greater platform.   

 

A ternary classification for mixed detrital siliciclastic and carbonate mudstones is used (after Boak et al. 

2013).  Rocks with greater than fifty percent dolomite are called dolomudstones, greater than fifty percent clay are 

claystones, and greater than fifty percent quartz and feldspars (silicates) are considered siltstones or sandstones. The 

Wentworth (1922) grain size convention is used to describe siliciclastic component size.  Some samples with very 

high silicate abundances actually have very fine to fine sand grain sizes and are still plotted on the mudstone ternary 

diagram for reference. Modifiers such as siliceous, dolomitic and argillaceous denote relative abundances of other 

components.  

Anhydrite textures were described using the classification of Maiklem et al. (1969).  Textural terms to 

describe anhydrite masses include: nodular, bedded nodular, nodular mosaic, mosaic and their distorted equivalents.  

Crystal orientation descriptors include aligned-felted, felted, subfelted, and microcrystalline.  Relative proportions of 

facies are described using the relative descriptors including: abundant, common, and rare.  

Ichnological elements are named either for their ethology, meaning what the organism was doing within the 

sediment, or for the species name when the traces are distinct enough.  The relative proportions of these traces are 

described using the bioturbation index (BI) of Taylor and Goldring (1993).  In this scheme numerical grades range 
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from zero to six, where zero corresponds to absent bioturbation and six to complete bioturbation where sediment is 

totally homogenized by biogenic activity. 

Two hundred petrographic thin sections were impregnated with blue epoxy to illuminate porosity.  Dual 

staining with alizarin red-S and potassium ferricyanide allowed for differentiation of carbonate mineralogy.   

XRD and Qemscan mineralogy data were compiled from a variety of sources from cores around the basin 

area.  Samples were sorted by lithofacies and mineralogy and plotted to identify rock type.   

Sedimentological Data 

Lithofacies defined by sedimentary structures, lithology, biologic features and early diagenetic associations 

are summarized in Table 2.1.  Table 2.1 only lists the primary lithologies of each facies however each facies ranges 

in lithology. Figure 2.3 presents quantitative mineralogy of the three main phases by facies association (after Boak et 

al. 2013).  In general, these diagrams demonstrate the predominance of dolomite followed by clay and silicates in 

the Three Forks.  Individual lithofacies characteristics and mineralogy will be presented and discussed in the 

following sections.   

Table 2.2 provides a summary of lithofacies identified in this study compared to previous studies.  This 

study draws on new drill cores in Montana and North Dakota that captured the entire Three Forks stratigraphic 

section.  These cores had not been recovered prior to previous studies. 

Facies Association 1: Storm-dominated, Schizohaline Shallow Shelf 

Facies association one is composed of five lithofacies.  Assuming a constant wave base, they are in order 

from deepest to shallowest: disturbed claystones, dolomudstones, sandstones, laminated mudstones, and distorted 

mudstones.  

F1: Disturbed Claystone 

This dark green to grey facies ranges in composition from a claystone to a dolomitic siliceous claystone (Figure 

2.3A).  The matrix is composed of illite clay.  The dolomitic mud and siliceous silt may be mottled, preserved as a 

layer, or infilling syneresis cracks in this facies.  Dolomite cement occludes visible porosity.  No porosity is visible 

at the core and petrographic thin section scale.   

The disturbed claystones either have a mottled texture or are distinguishably, moderately bioturbated (BI 3) 

(Figure 2.4).  Poorly preserved horizontal ellipses reflect mobile sediment ingesting organisms, fodichnia, and 

contribute to the mottled texture (Pemberton et al. 2013).  Lined, horizontal, oblong and non-contrasting filled 

Palaeophycus are the most common and distinguishable traces (Pemberton et al. 2013). 

This facies also commonly contains syneresis cracks associated with the lamina and bed tops.  In some 

cases, preserved normally graded laminations are contained within this facies. 

This facies occurs in packages that range from 10 centimenters to one meter in thickness. Packages may be 

separated in to individual beds on the scale of tens of centimeters by intervening dolomudstone layers.  The upper 

and lower surfaces are sharp.  Gamma ray logs can resolve thicker packages of this facies that are distinguished 

from the massive mudstone facies by elevated API counts due to higher clay content.   

Origin  

Disturbed claystones are interpreted as fluid mud deposits in a hypersaline environment.  Common, silt-

filled syneresis cracks at the tops of packages of these facies indicates that during mud deposition conditions were  
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Table 2.1.  Summary of facies associations and lithofacies of the Three Forks Formation.  Hummocky cross stratification is abbreviated as HCS.  

 

  

Facies 

Association 

Lithofacies 

name 

Primary 

lithology 

Detrital grain size 

range 
Sedimentary structures 

Syndepositional  diagenesis 
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Ichnological elements 
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Disturbed 

claystone (F1) 
Claystone Clay to silt Mottled Syneresis 

Mobile deposit feeding 

structures 

Dolomudstone 

(F2) 
Dolomudstone 

Silt to very fine 

sands 

Current and HCS cross 

stratification, loading 

features 

Syneresis, soft sediment 

deformation, and dewatering 

Cryptobioturbation 

dwelling and escape 

structures 

Sandstone (F3) 
Quartz 

sandstone 

Very fine to fine 

sand 

Massive to HCS cross 

stratified 
none none 

Laminated 

mudstone (F4) 

Argillaceous, 

siliceous 

dolomudstone 

Clay to silt 

Current and HCS cross 

stratification, normal 

grading,  loading 

features 

Syneresis, soft sediment 

deformation,  and 

desiccation 

Escape structures 

interbedded with units of 

mobile deposit feeding to 

grazing structures 

Distorted and 

brecciated 

dolomudstone 

(F5) 

Argillaceous, 

siliceous 

dolomudstone 

Clay to silt 
Brittle to ductile 

deformation features 

Evaporite precipitation and 

dissolution, dewatering, soft 

sediment deformation, gas 

escape 

Mottling 
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(F
A

3
) 

Thin rhythmic 

laminated 

mudstone (F7) 

Argillaceous, 

siliceous 

dolomudstone 

Clay to silt 

Thickening and thinning 

packages of parallel 

laminations 

none none 

Matrix-

supported 

breccias (F8) 

Siliceous 

argillaceous 

dolomudstone 

Clay to silt 
Lithoclasts supported in 

a muddy matrix 
Desiccation none 

Massive to 

intraclastic 

mudstone (F9) 

Siliceous, 

argillaceous 

dolomudstone 

Clay to silt 

Massive to desiccated 

matrix with minor 

lithoclasts 

Desiccation, syndepositional 

evaporites 
none 
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Table 2.2. Comparison of Three Forks lithofacies definitions from this study and previous studies with geographic region of study listed.  

This study 

North Dakota & 

Montana 

Christopher (1961) 

Saskatchewan 

Dumonceaux (1984) 

western North Dakota 

Karasinski 

(2006) 

Manitoba 

Berwick (2008), Berwick & 

Hendricks (2011) 

western North Dakota 

Gantyno (2010) 

western North Dakota 

Bottjer (2011) 

western North 

Dakota 

Disturbed claystone 
      

Dolomudstone Massive dolomite Dolomicrite 

M2, M4, 

S1, S2, I1, 

I2  

I: Structureless to ripple 

cross-laminated dolomitic 

siltstone 

Clean dolomite 

lithofacies 

Sandstone 
      

Laminated mudstone 

Laminae of fine 

dolarenite alternating 

with mudstone or 

anhydrite 

Argillaceous 

dolomicrite, 

argillaceous micrite 

M2, M3, I1, 

I2, I3, I4 

D: Dolomitic shale and silty 

dolomite 

B, C and H: Thinly-bedded 

greenish claystone and 

dolomitic siltstone and 

anhydrite 

Laminated 

lithofacies 

Distorted and 

brecciated 

dolomudstone   
M2 

C: Deformed and brecciated 

silty dolomite and shale 

G: Chaotic greenish silty 

claystone and dolomitic 

siltstone  

Massive anhydrite Crystalline anhydrite 
   

A: Argillaceous mosaic 

anhydrite  

Thin rhythmic 

laminated mudstone       

Matrix-supported 

breccias 

Brecciated dolarenite 

and mudstone; and soil 

zones 

Argillaceous micrite R2 
   

Massive to intraclastic 

mudstone 

Dolarenite, soil zones 

and mudstones 

Argillaceous micrite 

and micrite 

M1, M2, 

R3 

A: Red dolomitic shale; B: 

Calcareous silty dolomite 

D, E and F: Silty dolomitic 

claystone with anhydrite beds 

and nodules or granule-sized 

clasts. 

Green mudstone 

lithofacies 
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Figure 2.3. Quantitative mineralogy by facies association (after Boak et al. 2013).  Silicate refers to the combined 

contribution of detrital quartz, and feldspars.  A) Facies association 1: storm-dominated, schizohaline intrashelf 

basin facies B) Facies association 2: mudflat facies association.  

 



` 

33 

Figure 2.4.  Key features of the disturbed claystone facies include syneresis cracks (Syn) and moderate biological 

disturbance (BI 3).  A) EOG Resources, Inc. Sidonia 1-06H 8796 ft. (2681 m) demonstrating poorly preserved 

mobile feeding traces, fodichnia (fo), infilled with silt from above and definitive, lined and passively filled 

Palaeophycus (Pa).  This bed overlies a mudstone below. (Photo courtesy North Dakota Industrial Comission 

(NDIC)).  B) Hess Corporation Hovden 15-1H 11265 ft. (3433 m) another example of fodichnia and syneresis.  Note 

the normally graded laminations that occur intermittently within the package indicated by the triangles (Photo 

courtesy Hess Corporation).  C) EOG Resources, Inc. Sidonia 1-06H 8802 ft. (2683 m) indicating biological 

disturbances, most likely fodichnia in association with syneresis.  D) Whiting Oil and Gas Corporation Johnson 21-

25 9805 ft. (2988 m) containing poorly preserved Palaeophycus and a late stage filled vertical fracture (fx) (Photo 

courtesy Whiting Oil and Gas Corporation).
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saline and were later followed by a freshening pulse associated with the overlying dolomudstones.  Additionally, 

low diversity traces imply stressed chemical conditions.  Poor preservation of fodichnia suggests that before 

compaction and dewatering, the substrate consistency was still “soupy” while infauna fed within it.  After 

dewatering of the muds, the biogenic elements have been obscured.   

F2: Dolomudstone 

This beige to brown facies is primarily a siliceous dolomudstone that ranges in composition up to dolomitic 

siltstone, and dolomitic very fine sandstone (Figure 2.3A). Detrital components include silt to very fine sand sized, 

well-rounded, well-sorted, quartz, and feldspars.  These matrix constituents are commonly surrounded by small 

displacive crystals and nodules of dolomite and patchy anhydrite.  Interparticle porosity is common, with some rare 

moldic porosity (possibly of dissolved early patchy anhydrite cements).  The dolomudstone facies contains several 

sedimentary features in common with the laminated mudstone facies (Figure 2.5 and 2.6).  Scour surfaces often 

amalgamate dolomudstone packages.  Climbing ripples, and pinch and swell laminations with onlap interpreted as 

HCS, are common in this facies.  Some current and oscillatory ripples are also present. 

Ichnological elements are relatively diverse in this facies (Figure 2.6 and 2.7). Fugichnia, escape traces, 

defined by downward v-shaped lamina within a rectangular shape are sparse (BI 1) and commonly transect up 

through the sediment.  These features form as an organism moves through overlying sediment and leaving a vacuum 

behind itself that pulls the lamina downwards (Buck and Goldring 2003).   Dolomudstone and siltstone packages 

overlying muddy laminations commonly demonstrate a relationship between poorly preserved mobile feeding traces 

(fodinichnia) within the mud connecting up to overlying escape traces (fugichnia) moving out of the muddy layer 

through the dolomudstone (Figure 2.7 B and D).  Fugichnia contrast with Skolithos burrows that are passively filled 

producing a massive fill within the burrow lining (Pemberton et al. 2013).  Moderate to common (BI 3-4) Skolithos 

may dominate a package or individual traces ranging from 0.5 mm to 3 cm in width can be identified.  Lined 

Palaeophycus are uncommon to moderate (BI 2-3) within discrete sections not associated with other areas.  Rare (BI 

1-2) “vertical series of concave upwards concentric laminae”, are present indicative of Teichichnus (Pemberton et al. 

2013) dwelling to feeding activity.  Fuzzy (diffuse) laminations highlighted by solid reservoir bitumen are 

suggestive of cryptobioturbation (Pemberton et al. 2008).  These are inferred to be common throughout, producing a 

massive appearance when not highlighted by SRB. Because the enigmatic nature of cryptobioturbation leads to the 

underestimation of its influence, especially after hydrocarbon evaporation, it is possible that much of the massive 

appearing textures in the siltstones can be attributed to this biological process.  

Abundant syndepositional soft-sediment deformation includes ball-and-pillow, dish, and dewatering 

structures in addition to convolute bedding.   

In general, this facies has much thicker packages of dolomudstones and dolomitic siltstones than the 

laminated mudstones. Dolomudstone beds range in thickness from five cm to two meters and may contain internal 

surfaces, clay drapes or layers (common), or soft clast lags (infrequent) that intermittently divide the package.  The 

basal contact of these packages can be sharp and scoured, often overlying massive mudstones. The upper contact 

either grades into laminated mudstone or is sharp and scoured.   

Components of this facies have also been described in Christopher (1961), Dumonceaux (1984), Karasinski 

(2006), Berwick (2008), Gantyno (2010), Bottjer (2011), and Berwick and Hendricks (2011) (Table 2.2). 
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Origin 

Hummocky cross stratification indicated by parallel to sub-parallel laminations with onlapping surfaces, 

provides strong evidence for storm-processes in the dolomudstone facies (Brenchley et al. 1979; Cant 1980; Mount 

1982).  Abundant scour features, though in places, difficult to identify due to the lack of contrast, indicates an onset 

of strong erosive power that is able to scour and erode the substrate, as well as carry soft clasts.  Scouring becomes 

especially prevalent with the waning of the storm that produces off-shore directed currents (Brenchley et al. 1979; 

Hamblin and Walker 1979; Myrow 1992).  The onset of landward wind drift currents also result in amalgamation of 

sediments (Aigner 1985b). 

Convolute bedding, dewatering structures, soft sediment deformation features such as ball and pillow 

structures and abundant climbing ripples all indicate high depositional rates of the dolomitic siltstones.  Fugichnia 

and suspected cryptobioturbation are common components that support this interpretation (Saunders et al. 1994; 

MacEachern et al. 2009).  Compared to the marine equivalent Skolithos and Cruziana ichnofacies the bioturbation 

intensity here is much less, and mobile deposit feeding is favored over farming, grazing, and sessile deposit feeding. 

The nature of this bioturbation also supports high depositional rates (MacEachern et al., 2009) associated with storm 

deposition processes.   

High frequency changes between distinct trace fossil assemblages at the lamina to thin bed scale indicate 

these erosive and high depositional rate storm events were episodic.  The three assemblages include: the fairweather 

traces, the escape traces, and the opportunistic recolonization traces.  Relatively high abundance of mobile and 

sessile feeding traces, fodichnia, cryptobioturbation, and Palaeophycus represent times of equilibrium when 

organisms are able to thrive within the sediments (Pemberton and Frey 1984; Pemberton et al. 1992).  These 

fairweather times are interrupted by storm events that erode and deposit sediments at high rates, affecting the 

benthic community.  This necessitates organism escape (fugichnia) to survive the event.  Following the event, 

opportunistic recolonization occurs, indicated by the high abundance of simple suspension feeding traces 

(Pemberton and Frey 1984; Pemberton et al. 1992).  These concentrations of Skolithos suggest that after the storm 

event and during fairweather conditions, waters were clear enough for suspension feeding. The fact that many of 

these assemblages are preserved, without tiering upon previous assemblage attests to the high frequency, episodic 

nature of these depositional events.  

In short, the dolomudstone deposits represent interbedded high depositional rate storm events, fairweather 

reworking of these deposits and subsequent erosion or additional high deposition rate storm events.  The origin of 

these reworked sediments is discussed in chapter three.  

F3: Sandstone 

The milky white to beige sandstones are composed of very fine to fine, subrounded, well-sorted quartz sand 

(Figure 2.3 A) cemented by variable amounts of dolomite (Figure 2.8).  These sandstones occur as sporadic and thin 

packages that are less than 1 meter and more often only a few centimeters thick.  The upper and lower contacts are 

always sharp.  No visible porosity is evident in this facies.   

The sandstone sedimentary features range from massive, with small amounts of dolomite to HCS deposits 

that contain more dolomite and are more beige than white.  This facies often entrains and imbricates soft pebble 

clasts of dolomitic mudstone with quartz silt and claystone.  
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Figure 2.5.  Common sedimentary features of dolomudstone (beige) highlighted by gray to black hydrocarbons.  A) 

From Whiting Oil and Gas Corporation Braaflat 11-11H 9975.8 ft., (3040 m) shows climbing ripples (CR) covered 

with ball and pillow (BP) structures truncated by a scour surface.  Hummocky cross stratification (HCS) with moldic 

porosity (M) overlies the truncation surface.  B) Dramatic convoluted bedding (C) and dish structures (D).  

Disseminated patchy anhydrite cement centers (An) are light grey specs, from QEP Energy Company MHA 2-05-

04H-148-91 10011 ft. (3051 m) (Photo courtesy NDIC). C) Uncommonly bioturbated (BI 2) example from Petro-

Hunt, LLC Fort Berthold 152-94-13B-24-1H 10717 ft. (3266m) that demonstrates a Teichichnus (Te) burrow 

through some subparallel laminations beneath a downward V-ing escape burrow (fu) within climbing ripples  (Photo 

courtesy NDIC).  D) Plane polarized light photomicrograph of typical early, patch of anhydrite cement within the 

dolomudstone facies from Whiting Oil and Gas Corporation Cherry State 21-16TFH 11076 ft. (3375 m).   
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Figure 2.6.  Typical ichnological elements and sedimentary structures of dolomudstones highlighted in Hess 

Corporation EN Person 11-22 by solid reservoir bitumen (Photos courtesy Hess Corporation).  A) 10200 ft (3109 m) 

demonstrating current ripples (CR), hummocky cross stratification (HCS), and downward V-ing escape burrows (fu, 

fugichnia) (B.I. 2). B) 10187 ft. (3105 m) a moderately bioturbated Skolithos siltstone bed with Palaeophycus (Pa) 

traces (BI 3-4).  C) 10188 ft. (3105m) an example of a moderately bioturbated (B.I. 3-4) massive filled Skolithos 

dolomitic siltstone bed (bound by two sharp contacts of mud clast bearing intervals.  D) 10193 ft. (3107m) a 

relatively large Skolithos trace on the left is adjacent to fuzzy laminations (fl) where pyrite and solid reservoir 

bitumen are abundant.
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Figure 2.7.  Additional examples of common sedimentological elements in the dolomudstones.  A) Petro-Hunt, LLC 

Fort Berthold 152-94-13B-24-1H 10662 ft. (3250m) Interlayers characterized by abundant Skolithos (Sk) (BI 5) 

overlain by successive packages of rippling, hummocky cross stratification (HCS)  and scouring followed by 

another densely bioturbated Skolithos unit that is scoured (white dashed lines) and rippled and soft sediment 

deformation features (BP, ball and pillow) cover  (Photo courtesy NDIC).  B) EOG Resources, Inc.  Liberty 2-11H 

9753.7 ft. (2973 m) and example of an abundantly (BI 5) bioturbated fodichnia (fo) layer covered with scours, 

ripples and higher silt.  The overlying unit is only moderately bioturbated (BI 3) with Palaeophycus (Pa) traces.  C)  

EOG Resources, Inc. Round Prairie 1-17H 10662 ft. (3250 m). Singular (BI 1-2), massively filled with differential 

cementation (highlighted by hydrocarbons), relatively large Skolithos.  Dolomite and quartz silt matrix also contains 

abundant patchy anhydrite cement (An, light grey).  D) Petro-Hunt, LLC Fort Berthold 152-94-13B-24-1H 10718 ft. 

(3267 m) demonstrates dark lower layer with abundantly bioturbated (BI 5), poorly preserved fodichnia (fo), mobile 

deposit-feeding structures.  Presumably these organisms that were feeding near the sediment-water interface and 

were the ones that escaped to produce the downward V-ing fugichnia (fu) traces (Photo courtesy NDIC).  E) 

Whiting Oil and Gas Corporation McNamara 42-26XH 9897.35 ft. (3016 m) Less than half a millimeter wide 

Skolithos burrows (white arrows) moderately bioturbated (BI 3) through laminations.  These burrows are lined with 

quartz silt and infilled with carbonate rich cements. 
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Figure 2.8. Very fine to fine quartz sandstone with dolomite cement. A) Petro-Hunt, LLC Fort Berthold 152-94-

13B-24-1H 10680 ft (3255 m) (Photo courtesy NDIC) showing a sharp basal contact overlying a flat pebble 

conglomerate (yellow dotted line).  The quartz sandstones have different amounts of reworking and mixing with the 

carbonates in this example.  Brown colors correspond to increased dolomite and HCS.  The white colors are more 

massive and lack dolomite. The upper contact of this facies is sharp (yellow dotted line).  Black circle indicates 

location of photomicrograph in B that shows closely packed subrounded grains and intergranule dolomite cement 

under crossed-polars. C) Soft pebble clasts entrained in quartz sandstone from Whiting Oil and Gas Corporation 

Skaar Federal 41-3-1H 10722 ft (3238 m).  D) Photomicrograph under crossed-polars of dolomudstone clast in 

quartz sandstone from Whiting Oil and Gas Corporation McNamara 42-26XH (3016 m). Note the grain size 

difference in the quartz matrix versus the silt-sized quartz within the clast. 
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Origin 

The progression from HCS, relatively high dolomite content mixed with sand to massive white sands 

highlights the influence of reworking on the sandstone facies.  Where dolomite content is higher the sand is 

interpreted to be more mixed with the available carbonate components.  Where dolomite content is lower, and only 

as cement, the sands were probably deposited and cemented early.  The fact that the quartz sand is larger than the 

grain sizes of the siltstones also indicates a lack or reworking and abrasion to the grains (Mount 1984, Wright 2001).  

The paucity of this facies implies that the sands more commonly are reworked, abraded and incorporated into the 

siltstones and mudstones (Kreisa 1981). Additionally, thin beds overlying sharp surfaces and entraining mudclasts 

may represent inundations (innundite) of siliciclastic-carrying flows into the intrashelf basin that are preserved as 

event beds.  

F4: Laminated Mudstone 

Green or red siliceous dolomitic claystone lamina alternate with beige argillaceous siliceous dolomudstone 

or argillaceous dolomitic siltstone lamina (Figure 2.9A).  The detrital silt grains are composed of well-rounded and 

well sorted quartz and feldspars.  These detrital constituents are well-mixed with dolomicrite.  Interparticle porosity 

is common. 

Lamina occur at the centimeter scale. Dolomudstone lamina range from one to five cm thick and claystone 

lamina range from one to two cm thick.  Lamina contain a diverse suit of sedimentary structures (Figure 2.9) 

accentuated in some cores by solid reservoir bitumen.  Scour surfaces bracket contrasting lithologies or amalgamate 

the same lithology packages. Normal grading from dolomudstones into claystones is common.  Dolomudstone 

layers also demonstrate a range of physical structures including from most to least abundant: oscillatory, current, 

climbing, and bidirectional ripples.  Parallel to subparallel, pinch and swell laminations, with onlapping lamina 

suggest hummocky cross stratification (HCS).  Ripples or pinch and swell laminations in the dolomudstone often 

grade into the overlying claystone lamina.  

Laminated mudstones are generally dominated by physical reworking as described above.  Scour-bound 

packages of completely mottled sediments occur intermittently between physically reworked packages.  These 

bioturbated packages (BI 4-5) contain mottled to poorly preserved, unlined fodichnia (Figure 2.9 B) or millimeter 

scale, well preserved horizontal, walled and clean filled traces (Figure 2.10).  These traces on the larger end of the 

cryptobioturbation spectrum are suggestive of Macaronichnus (Pemberton et al. 2008; Pemberton et al. 2013).  

Diminutive, lobate, sheet-like spreite of Zoophycos (Pemberton et al. 2013) are rare (Figure 2.9 D).  

The most common syndepositional alterations of this facies include soft sediment deformation, desiccation 

and syneresis cracks. Soft sediment deformation features such as ball-and-pillow structures may be present at 

interfaces between mud and silt dominated units.  Syneresis cracks are common.  Desiccation cracks are infrequent.  

These two features can be distinguished based on morphology (Figure 2.11).  Desiccation cracks are generally 

wider, not highly ptygmatic, and also taper in diameter downwards (Figure 2.12).  Syneresis cracks are highly 

ptygmatic because they form before muds are dewatered, and they often intersect one another at random angles.  

Their diameters remain relatively consistent vertically.   
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Layers of soft pebble clasts are occasionally associated with the laminations, especially in desiccated 

intervals (Figure 2.12).  Sharp clast boundaries, internal sedimentary structures, and distinctive matrix fill 

differentiate these units from ichnological elements.  

Sharp surfaces are abundant within the laminations.  Sharp surfaces general bound the upper and lower 

surfaces of packages of this facies.  Packages are 10 cm to 10 m thick.  Generally thicker packages of this facies 

have high frequency interbedding at a meter scale with the siltstone or mudstone facies.   

This facies is also mentioned in Christopher (1961), Dumonceaux (1984), Karasinski (2006), Berwick 

(2008), Gantyno (2010), Bottjer (2011), and Berwick and Hendricks (2011) (Table 2.2). 

Origin  

Laminated mudstones represent shallow, storm and wave reworked deposits alternating with fairweather 

conditions.  Fluctuations between hyper- and hyposaline environments and periods of exposure are evident.   

Common parallel to sub-parallel laminations with onlap indicative of hummocky cross stratification, 

represent storm-dominated events (Brenchley et al. 1979; Cant 1980; Mount 1982).  Variations between current and 

oscillatory ripples reflect the range of processes including wave oscillations, geostrophic currents and density 

induced flows that develop with different magnitudes during storms (Arnott and Southard 1990; Myrow and 

Southard 1996).  HCS, oscillatory, uni- and bi-directional ripples indicate significant wave-influence (de Raaf et al. 

1977), rather than deposition only by gravity flow (Nelson 1982).  Normal grading is present in some lamina 

laminations suggesting suspended load deposition with waning storm-generated currents (Reineck and Singh 1972; 

Pedersen 1985; Schieber 1990).  A common transition from hummocky cross stratification to claystone lamina also 

suggests waning flow associated with these storm events. 

Abundant scour surfaces attest to the erosive potential of these storm events where landward wind drift 

currents and off-shore currents both can generate such features (Aigner 1985b).  Soft pebble clast deposits 

associated with this facies may be generated in a similar manner.   

The common biogenic reworking of lamina alludes to fairweather processes. Fodichnia, mobile feeding 

traces, and sessile feeding traces such as Zoophycos with elevated abundance of reworking indicate that in between 

storm events there was sufficient time for these infauna communities to move in and thrive in the sediment 

(Pemberton and Frey 1984).  The presence of some fairweather deposits within abundant evidence of storm deposits 

attests to the episodic nature of the storm events.  The interplay of event energy and frequency determines what is 

ultimately preserved within this facies.   

Ball-and-pillow features and climbing ripples indicate high depositional rates.  Irregular occurrences of 

syneresis and desiccation features indicate episodic exposure, and salinity fluctuations. 

F5: Distorted and Brecciated Mudstone 

The distorted and brecciated mudstone facies is composed of beige to brown argillaceous siliceous 

dolomudstone to argillaceous dolomitic siltstone that commonly form clasts, and variable amounts of green siliceous 

dolomitic claystone. Detrital components are well-rounded to well-sorted silt-sized quartz and feldspar grains.  

Interparticle porosity is observed within the dolomudstone to siltstones.   

The overall theme of the distorted mudstone facies is a fitted appearance of dolomudstone to siltstone clasts 

and mottles or matrix with variable amounts of claystone.  This facies includes a variety of associated distinct
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Figure 2.9.  Typical features associated with the mudstone lamina of F4 highlighted with dark brown and black 

SRB.  Normally graded laminations denoted by white triangles.  White dotted lines indicate scour surfaces that 

amalgamate silts.  A) From Enerplus Resources USA Corporation Danks 17-44H at 10685 ft (3257 m) showing 

oscillatory ripples (OR), suggestive hummocky cross stratification (HCS), ball and pillow stuctures (BP), desiccated 

intervals (D) (Photo courtesy NDIC).  B) From QEP Energy Company MHA 2-05-04H-148-91 at 9993 ft (3045m) 

demonstrating well defined fining upwards laminations with two mottled units intermixed.  These mottled units are 

interpreted as poorly preserved and abundantly bioturbated (BI 5) fodichnia (fo) traces  (Photo courtesy NDIC).  C) 

Thin section plane polarized photomicrograph of EOG Resources, Inc. Liberty 2-11H 9709 ft (2959 m) 

demonstrating successive scours followed by normally graded laminations of silt and dolomicrite, with 

desemminated pyrite (P). D) is an inset of A indicated by white box.  An amalgamated scour surface trucated the 

upper edge of a abundant (BI 5) bioturbated zone that displays dimenuative Zoophycos (Zo) traces within mottling.   
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Figure 2.10. Abundantly bioturbated (BI 5) millimeter-scale horizontally elongate ellipses (white arrows) suggest 

mobile deposit feeding of diminutive fauna, most likely some type of nematode (Pemberton et al. 2008).  A)  Hess 

Corporation Hovden 15-1H 11244 ft. (3427 m).  B) 11248 ft. (3428 m) mud clasts and ripples preserved amidst an 

abundantly bioturbated interval (Photos courtesy Hess Corporation) 

.  
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Figure 2.11. Contrasting nature of mud cracks (MC), downward tapering versus compacted and cross-cutting 

syneresis cracks (Syn), both of which are common, from Whiting Oil and Gas Corporation Chitwood 44-36TFH 

11075 and 11077-78 ft (Photos courtesy Whiting Oil and Gas Corporation). 

.   



 

50 

 

Figure 2.12.  Desiccated lamina and soft pebble conglomerates.  A) Petro-Hunt, LLC Fort Berthold 152-94-13B-24-

1H 10660.8 ft. (3249 m) (Photo courtesy NDIC) showing desiccated laminations B) Maxus Exploration Co. Short-

Fee 31-3 10511 ft. (3203 m) showing a planar view of polygonal desiccation cracks.  C) EOG Resources, Inc. 

Round Prairie 1-17H 10648 ft. (3245 m) demonstrating desiccation within laminations.  D) Whiting Oil and Gas 

Corporation Teddy 44-13TFH 10562.9 ft. (3219 m) showing soft pebble conglomerates composed of mudstone 

clasts associated with laminated mudstones (Photo courtesy Whiting Oil and Gas Corporation).  

 

textures including clast-supported breccia, and mottled textures to stratiform clasts. These textures may intermix 

vertically within single sections of drill core or are associated with one another laterally.   

The distorted mudstones demonstrate a range of textures indicating ductile and brittle deformation (Figure 

2.13 A and B).  The pebble-sized clasts generally have contact with one another, are fitted, moderately sorted, and 

angular.  Dewatering structures in this facies are defined by upward v-ing angular clasts appearing to have ductile 

response and deformation (Figure 2.13 A) (Buck and Goldring 2003). Tightly packed angular, sharp-edged clasts 

with minimal matrix indicate brittle deformational responses (Figure 2.13 B).  Angular, fitted, ductile deformed 

clasts ranging to mottled textures also are common (Figure 2.13 C).   

Additional textural variation within this facies includes stratiform breccias, defined by wavy, distorted to 

clast layers that adhere to a stratigraphic position and often grade upwards into undisturbed layers (Figure 2.14 A 

and B).  These stratiform breccias also appear to have had a ductile response, where some siltstone lamina can 

deform but remain coherent.  Other laminations break up into angular, fitted, and layered clasts. Alternating light 

beige (more dolomite) and dark beige (more clay) individual dolomite layers indicate variable amounts of dolomite 
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in the mudstones. “Clasts” or layering may not always form coherent regular layers and appear mottled (Figure 2.13 

C and 2.14 C).   

Three syndepositional alteration features associated with the distorted dolomudstones include cone-in-cone 

pyrite growth (Figure 2.13 A and B), gas bubble escape (Figure 2.13 D), and synsedimentary evaporites (Figure 2.13 

E).  Preserved synsedimentary evaporites appear to push apart, distort, or separate dolomudstone and claystone 

layers.  Cone-in-cone pyrite in underlying massive mudstones are inferred as syndepositional features related to the 

downward movement of supersaturated fluid gradients associated with these stratiform to clast-supported breccias 

(Carstens 1985). Gas bubble escape features (Berner 1971; Martens and Val Klump 1980; Santschi et al. 1990) are 

also associated with this breccia facies and result in brittle and ductile deformation features.  

The distorted dolomudstone facies is bound by a sharp lower surface and grades into claystone and siltstone 

laminations or into dolomitic siltstone.  Packages can range from 10 cm to 2 m in thickness, with variable internal 

heterogeneities.  This facies consistently overlies erosion surfaces at the initiation of flooding cycles.   

Origin 

Distorted and brecciated mudstones formed through a variety of insitu processes and were not formed by 

clast transport.  Fitted, angular, soft- and sharp-edged clasts and preserved but deformed lamina indicate in situ 

processes.  Based on sedimentological evidence, mechanisms of deformation to produce the distorted mudstones 

include dewatering, syndepositional evaporite precipitation and dissolution, bioturbation, soft sediment deformation, 

and gas escape.  Variable proportions of the mechanisms in concert can produce a wide range of textures. The 

cumulative effect of all modes of deformation makes it difficult to distinguish end member processes in many 

deformed packages.  

This facies is interpreted as early deformed laminated mudstones and dolomudstones based on composition 

and association with these facies.  Definitive dewatering pipes captured in core associated with ductile soft-edged 

clasts imply the importance of this process.  Dewatering and soft sediment deformation features in the laminated 

mudstones and dolomudstones confirm the role of high deposition rates in this depositional system.  The dewatering 

that occurs in this facies is different than that of previous facies in that it facilitates clast formation. In contrast, early 

dolomitization or lithification is inferred to occur in unbrecciated laminated mudstones and dolomudstones due to 

pervasive seepage reflux before sediments are loaded again causing dewatering.   

Syndepositional features including nodular evaporites, cone-in-cone pyrite, and stratiform textures allude to 

additional processes that contribute to this complicated texture.  Syndepositional anhydrite nodules in some cores at 

the same stratigraphic position of the stratiform to clast-supported breccias imply the role of evaporites in this 

breccia formation. Anhydrite nodules appear to displace and break up claystone and dolomudstone lamina in situ.  

Clast-supported breccia that grades upward into distorted stratiform dolomudstone layers, and then into preserved 

claystone and dolomudstone laminations demonstrates a distinctive texture changes that represents evolving 

syndepositional conditions.    

Other cores lacking syndepositional evaporites in this facies have prominent cone-in-cone pyrite structures 

that formed in the underlying sediment.  This pyrite feature requires a significant source of sulfur, interpreted to be 

supplied from the dissolving evaporites, moving downward into unlithified sediment.  Based on these textural  
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Figure 2.13.  Varying textural features of distorted dolomudstones.  All clasts are angular, fitted, in the pebble to 

cobble size range.  A) Headington Oil Company LLC Sakakawea Federal 13X-35 9895-9896 ft. (3016 m) (Photo 

courtesy NDIC) with upwards curving, primarily ductile responding siltstone clasts due to dewatering. Compacted 

cone-in-cone dendritic pyrite (CP) growth downwards into underlying mudstone.  B) Hess Corporation EN Person 

11-22 10212 ft. (3112 m) with a distinct dendritic, cone-in-cone structure (CP) developed in the underlying 

mudstones.  This siltstone breccia indicates brittle deformation with highly angular and sharp clast boundaries 

(Photo courtesy Hess Corporation).  C) Ductile deformation producing large, very angular siltstone clasts in Hess 

Corporation Hovden 15-1H 11282 ft. (3439 m) (Photo courtesy Hess Corporation).  Contacts around clasts are 

highly angular with soft-edged clast boundaries.  
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Figure 2.14. Additional variation of textural features associated with the distorted dolomudstones. Yellow brackets 

highlight areas of differential dolomite content.  A) Stratiform breccia that normalizes into laminations up section 

and demonstrates light beige and dark beige (in yellow brackets) dolomudstone alternating layers from Whiting Oil 

and Gas Corporation Johnson 21-25 9853 ft. (3003 m) (Photo courtesy Whiting Oil and Gas Corporation).  B) An 

additional example of stratiform breccia texture from Whiting Oil and Gas Corporation Braaflat 11-11H 10005 ft. 

(3049 m).  C) Likely bioturbation associated with the stratiform breccia, Hess Corporation Hovden 15-1H 11280 ft. 

(Photo courtesy Hess Corporation).  D) EN Person 11-22 10199 ft. (3108 m) showing a probable gas bubble escape 

where early cemented sediments had a brittle deformation response (B) and younger, unlithified sediments (D) had a 

ductile response (Photo courtesy Hess Corporation).  E) Shows nodular anhydrite to bedded massive anhydrite 

intermixed within mud and silt laminations from Whiting Oil and Gas Corporation Barter 21-3H 10507-10511 ft. 

(3203 m) (Photo courtesy Whiting Oil and Gas Corporation).
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variations and the prominent cone-in-cone pyrite features, the clast-supported to stratiform breccias are interpreted 

to be a result of successive events of syndepositional evaporite precipitation and dissolution (Middleton 1961; 

Swennen et al. 1990).  Residual evaporites confirm that syndepositional precipitation and subsequent dissolution 

freed sulfur to be incorporated into the pyrite and resulted in the cone-in-cone texture.  No evidence of calcitization 

was identified in petrographic thin sections, which would be expected to be associated with evaporite dissolution. 

Multiple dolomitization events occur throughout the diagenesis of these rocks and are interpreted to mask the 

synsedimentary calcitization signature.   

High frequency variations in dolomite content in some stratiform breccias also suggest fluctuating chemical 

conditions which would have enhanced seepage dolomitization and syndepositional evaporite formation or enhanced 

freshwater dolomitization and evaporite dissolution.   

In addition to dewatering and evaporite dissolution, processes that may result in less brittle responses are 

interpreted to assist in distortion.  Nondescript mottled packages suggest biogenic influence without distinct burrow 

evidence. Simple loading and soft sediment deformation that commonly occur in dolomudstones and laminated 

mudstones also probably played a role. Rare pristine gas escape structures with brittle and ductile deformation are 

inferred to assist in forming the cumulative fabric of the distorted dolomudstones.  

Facies Association 2: Arid Shallow Shelf (Salina) 

Facies association two only contains the mosaic anhydrite facies due to its unique depositional setting 

interpretation.  These deposits are associated with massive to intraclastic mudstones that contain abundant 

syndepositional anhydrites.  

F6: Mosaic Anhydrite 

The white mosaic anhydrite facies includes anhydrite texture types of nodular mosaic, bedded nodular 

mosaic, mosaic, and their distorted equivalents (Maiklem et al., 1969) (Figure 2.15).  In thin section, the anhydrites 

are often elongate and felted, with some areas of subfelted crystals.  Some crystals may demonstrate a chevron 

texture, where nucleation occurred at a specific point and the crystals grew outward and away from that point.  

Anhydrite masses are separated by minor matrix material including clays and dolomite.  It is important to note that 

no evaporite minerals besides anhydrite were identified in any cores. There is no visible porosity in core or thin 

section in this facies.  

Sharp upper and lower contacts bound the massive anhydrites.  Sometimes the upper surface may be 

irregular with pits.  Bed thickness ranges from 10 cm to 2 m.  This facies is common in the lower Three Forks and is 

associated with the massive to intraclast-bearing mudstones.   

Origin 

Massive anhydrites indicate basin restriction, and evaporation that allowed for evaporite precipitation. This 

pervasive evaporation also probably facilitated seepage-reflux (i.e. Adams and Rhodes 1960). Correlative packages 

over large distances indicate these processes occurred at an intrashelf basin scale, similar to a large scale version of a 

modern salina.  These deposits indicate times of limited influx of sediments and water into the area (Eugster and 

Hardie 1978; Lowenstein and Hardie 1985; Warren and Kendall 1985).  The variable anhydrite structures and the 

relative proportions of matrix materials suggest multiple precipitation conditions including: syndepositional 

interstitial precipitation in sediments where the percentage of matrix is elevated, bottom growth nucleation as 
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indicated by the chevron textures, in the water column at density interfaces, or at the water surface in salinas.  The 

lack of other evaporite phases indicates that despite evaporation, basin waters were replenished and did not exceed 

the penesaline range of 140 to 250 ‰ (Warren 2006).   

Facies Association 3: Mudflats 

Facies association three consists of thin rhythmic laminated mudstones, matrix-supported breccias and 

massive to intraclastic mudstones.  

F7: Thin Rhythmic Laminated Mudstone 

The thin rhythmic laminated mudstone facies is composed of the same material as the laminated mudstone 

(Figure 2.16).  Green or red lamina correspond to clay-sized grains (illite, hematite and dolomite) that alternate with 

beige lamina of dolomudstone containing silt-sized quartz and feldspars that are rounded and well sorted.  Dolomite 

cements the matrix grains and fine interparticle porosity is visible in the coarser lamina.   

These laminations are distinguished from the laminated mudstones by the scale of lamina.  In this facies, 

the scale of lamina is on a millimeter scale.  The lamina in this facies form flat, parallel conforming layers with no 

wave-induced structures.  Some lamina form on top of a sharp surface and fine upwards from millimeter-scale 

claystone clasts overlain by siliceous dolomudstone and claystone.  Other, thinner laminations fine upwards and 

grade from siliceous dolomudstone to claystone.  Lamina thicknesses slightly vary through the unit.  Two to three 

centimeter diameter angular claystone soft clasts are also entrained within packages of these millimeter scale 

laminations.   

Sharp contacts separate this facies from massive to intraclastic mudstones and are found in less than 0.5 

meter thick packages.   

Origin 

These thin cyclic, rhythmic laminated mudstones suggest regularly fluctuating energies over short periods 

of time.  These deposits are interpreted as fairweather meteorological tidal deposits (Ainsworth et al. 2012).  Regular 

variations in wind direction and velocity result in regular and alternating seiches that wash up onto the mudflats 

producing thin cyclical laminations.  Alternatively these deposits could be attributed to marine tidal deposition.  

Limited evidence of marine tidal conditions and the predominance of wind-driven wave reworking throughout the 

formation support meteorological tides as a stronger interpretation.  Common incorporation of soft clasts implies 

proximity to areas of exposure, which would be the mudflats.  The fact that this facies is extremely rare suggests that 

these deposits are preferentially not preserved and may get obliterated by storm surges.   

F8: Matrix-supported Breccia 

Green to deep red siliceous dolomitic claystone containing varying proportions of euhedral dolomite 

crystals, illite, or hematite, quartz and feldspars composes the matrix that supports the clasts in these breccias 

(Figure 2.3 B).  The clasts are beige and comprised of argillaceous siliceous dolomudstone to argillaceous dolomitic 

siltstones (Figure 2.17).  Detrital constituents are characterized by well-rounded and well-sorted silt-sized grains.  

Clasts can have various amounts of dolomite matrix that produces darker and lighter shades of dolomudstone.  

Interparticle porosity is observed within the dolomudstone to siltstone clasts.  The matrix-supported breccias may 

also incorporate angular claystone clasts.  
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Figure 2.15.  Variable textures of the massive anhydrite facies.  A) Thicker package of mosaic to distorted mosaic 

anhydrite from Whiting Oil and Gas Corporation McDonald Family Trust Federal 31-3PH 10628.5-10629 ft. (Photo 

courtesy Whiting Oil and Gas Corporation).  B) Distorted nodular mosaic anhydrite grading upwards into distorted 

mosaic anhydrite from Hess Corporation Hovden 15-1H 11409.5-11410.5 (Photo courtesy Hess Corporation).  C) 

Bedded nodular mosaic to distorted bedded nodular mosaic texture from Hess Corporation Hovden 15-1H 11400.5-

11401 ft (Photo courtesy Hess Corporation). 
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Figure 2.16.  Thin rhythmic laminations demonstrating both sub-millimeter scale mud, and silt laminations at 

regularly increasing and decreasing intervals with intervening mudclast (MC) lags. The scale of lamina, in contrast 

to storm induced laminations, is much finer and regular.  Normal grading (white triangles) is evident in most 

laminations.  White dashed line to the left denotes the influence of later faulting. From Hess Corporation Hovden 

15-1H 11330 ft (3453 m)  (Photo courtesy Hess Corporation).     
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The matrix supported breccia clasts have sharp and distinct boundaries that are surrounded by matrix.  

Clasts also commonly have internal sedimentary features such as ripples or laminations. Clasts are angular to 

subangular, poorly sorted, and vary in size from granules to pebbles with some rare cobbles.  The abundance and 

size of clasts commonly decreases upwards throughout the vertical section, however the section containing this 

facies may also be divided by intervening sharp surfaces, mud and siltstone laminations or mud drapes.   

Matrix-supported breccias are pervasive throughout the vertical section and abundant in cores across the 

study area. Packages of the matrix-supported breccias may be interrupted at high frequencies by other facies and 

surfaces. This facies may occur in thicknesses ranging from a few centimeters to a few meters.  Upper and lower 

bounding surfaces of this facies are generally sharp.  The matrix-supported breccias are associated with massive to 

intraclast bearing mudstones, soft pebble conglomerates and desiccated dolomudstones.  

Origin 

Matrix-supported breccias are interpreted to be the result of break-up and transport of “indurated crust” 

(Muir et al., 1980) material during storm surges onto the mudflats surrounding the coastline.  The internal structures 

of the dolomudstone to siltstone clasts indicate local derivation from laminated mudstone where clast formation is 

probably enhanced due to early carbonate cementation.  Additionally the incorporation of claystone clasts may 

suggest derivation from nearby desiccated mudstones.   

The nature of these clasts is distinct from those of the distorted dolomudstones.  They are not fitted and are 

separated by a larger volume of mudstone matrix.  The angularity of intraclasts in these facies indicates limited 

transport however the range in abundance and size from pebble to granule implies a range of localized transport 

distance or energy and the possibility of reworking (Brenner and Davies 1973; Brett 1983; Kumar and Sanders 

1976).  Poor clast sorting strongly supports storm-surge deposits onto the mudflats. Critically, the resultant breccia 

packages were shaped by successive surge events where an idealized graded sequence is not the preservational bias. 

Matrix-supported breccias to intraclastic muds demonstrate variable amalgamation and grading, reflective 

of the relative influence of these processes.  Additionally, integrated clay drapes and laminated mudstones suggests 

the influence of high frequency strandline changes due to fair weather tides.  Matrix-supported breccias are 

interpreted as basinward equivalent deposits of the massive to intraclastic mudstones.   

These breccias may also be locally related to tidal and storm channel basal lags.  The significant thickness 

and lateral expanse of this facies does support that most of it is derived from storm surges across broad mud flats.  

F9: Massive to Intraclastic Mudstone 

A range of lithologies occurs in this facies and includes siliceous argillaceous dolomudstones and siliceous 

dolomitic claystones (Figure 2.3 B). Mudstones are deep red and locally altered green, and are massive to 

intraclastic.  Planar porphyrotopic dolomite mainly forms the matrix with variable amounts of clays, well-rounded 

and sorted siliceous silts to sands and hematite cements (Figure 2.18). 

The muddy matrix of this facies has three different motifs including: 1) common to abundant sub-angular, 

poorly sorted dolomudstone to siltstone granules with concentrations reaching up to matrix-supported micro-breccia 

(Flügel 2004); 2) common to rare poorly sorted angular to subangular, pebble sized dolomudstone to siltstone clasts;  
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Figure 2.17. Examples of matrix-supported breccia. A) Continental Resources, Inc. Rosenvold 1-30H 9398 ft. (2864 

m) demonstrating subtle layering of pebble to granule sized clasts within a muddy matrix alternating with wispy clay 

lamina (Photo courtesy NDIC).  B) Continental Resources, Inc. Rosenvold 1-30H  9406 ft. (2866 m) is an example 

of internally structured pebble to granule sized siltstone clasts demonstrating subtle stratification and alternation 

with laminated laminations (Photo courtesy NDIC).  C) Cirque Resources, LP Gunnison State 44-36H 8245-8246 ft. 

(2513 m) showing overall upward decrease in clast size and composition  D) Pegasus 16405 10223 ft. (3115 m) 

shows cobble to pebble sized clasts with internal structures including ripples and parallel laminations.  These clasts 

are highly angular and appear to originate from within the underlying siltstones.  This example represents a breccia 

that is ranges from clast- to matrix- supported (Photo courtesy NDIC).  E) Hess Corporation Wallace 7-1H 10397 ft. 

(3169 m) presents a continuum of laminated siltstone laminations followed by highly angular, internally structured 

siltstone cobble to pebble sized clasts grading into angular granule sized clasts (Photo courtesy Hess Corporation). 
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and 3) matrix supported, unsorted, chaotic packages of well-rounded, poorly sorted, medium to coarse siliciclastic 

sand that may include sand-sized calcite and anhydrite grains. 

In addition to the unique intraclast fabrics, syndepositional features within this facies help differentiate it 

from the disturbed mudstones. These features include large (up to 0.5 m) downward tapering, silt-filled desiccation 

cracks (Figure 2.18 A), and displacive nodular to bedded nodular anhydrite (Figure 2.19) (Maiklem et al., 1969).   

The nodular anhydrites have elongate felted to subfelted crystalline textures.  Additionally massive mudstones may 

contain bedding parallel growth of anhydrite laths of aligned-felted texture (Figure 2.20).   

When this facies is associated with storm-dominated schizohaline shallow shelf deposits there are fewer or 

no syndepositional evaporites, a higher abundance of intraclasts, and a higher abundance of associated matrix-

supported breccias.   When this facies is associated with the arid shallow shelf deposits, there are less and smaller 

intraclasts with abundant syndepositional evaporites.  

Packages of this facies up to several meters thick commonly demonstrate changes in intraclast size and 

content, often both decreasing upwards.  This facies has sharp upper and lower contacts that are commonly 

interbedded with massive anhydrites or are overlain by mudstone and siltstone laminations.   

Origin 

Massive to intraclastic mudstones represent proximal to distal mudflat deposits.  Dolomudstone to siltstone 

intraclasts vary in size and abundance.  A complete vertical upwards transect would contain common to rare (but 

less than 50% of the rock so it’s not a breccia) pebble sized clasts grading up into common to abundant granules that 

decrease in abundance vertically. This vertical section represents mudflat progradation due to regression where an 

increased distance from, and decreased influence of the shoreline is manifested as a decrease in abundance and size 

of clasts vertically.  Additionally clasts variations within this mudstone facies may arise from autogenic storm-

power variability due to waning flow during the storm surge.   

These clasts are derived from nearby shallow, storm-reworked deposits, and are carried up and deposited 

onto the mudflats by storm surges and/or high spring tides (Eugster and Hardie 1975; Demicco and Kordesch 1986; 

Warren 2006).  Both of these mechanisms, especially storm surges, can generate landward directed currents and are 

both capable of significantly pushing the strandline onshore (Aigner 1985b).  Each of these mechanisms is 

interpreted to deposit muds above the fairweather strandline, both as normally graded laminations that become 

desiccated, and as massive to intraclast-bearing mudstones.   

The relatively broad range of compositional variability probably reflects changes in clay and silt inputs into 

the basin.   

Evidence of exposure including small and large desiccation features reflects fairweather conditions when 

the strandline returns to its fairweather position.  Subsequent fluctuations in the strandline potentially may transport 

previously deposited and desiccated material landward.  High frequency unconformities are difficult to identify 

within these mudstone packages in core, but are expected to be common.  

In addition to these floods onto the exposed mudflats transporting sediment and clasts, they also supply a 

water and ion source that under evaporitic conditions precipitates syndepositional evaporites and facilitates dolomite 
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nucleation due to evaporite pumping (Hsü and Siegenthaler, 1969).  These mechanisms are supported by the 

abundant nodular anhydrite and very fine euhedral dolomite matrix within associated matrix-supported breccias.   

Syndepositional evaporites are altered early on through compaction.  The aligned-felted texture forms due 

to mechanical compaction with impeded pore water drainage due to low permeability of these massive mudstones. 

Impeded drainage produces pore pressures that facilitate anhydrite lath movement into aligned position instead of 

breaking (Shearman and Fuller 1969).  

Unsorted, chaotically bedded, medium to coarse sand deposits within the massive mudstones indicate 

unconfined flows over the mudflats carrying sediments derived from the hinterlands into the basin.  Sand pulses 

such as these can either be reworked, abraded (to silt sized) and mixed in with the carbonate sediment or can be 

preserved with limited mixing and abrasion.  The very fine to fine quartz sandstone beds that entrain mud clasts are 

also interpreted to be a preserved deposit of an inundation into the basin but with limited mixing, reworking and 

abrasion.  These flows are interpreted to be unconfined over the mudflats and can also provide an additional, 

localized mechanism for intraclast formation and transport. 

Depositional Model  

Three Forks deposition occurred in three distinct environments that correspond to the facies associations. 

The storm-dominated, schizohaline shallow shelf and the mudflat facies associations both demonstrate the interplay 

of fairweather and storm event sedimentation.  The arid shallow shelf facies association suggests minimal 

siliciclastic sediment input into the basin.  Instead, evaporite precipitation occurs in broad salinas across the basin 

and landward as deposition onto carbonate and clay-rich mudflats.  The storm-dominated, schizohaline facies 

association represents basinward deposits from the mudflat facies association, and is a fresher equivalent to the arid 

shelf facies association. 

Additionally the role of autogenic geomorphologic features that formed and dissipated under changing 

storm influence should be emphasized as a possibility for locally isolating parts of the depositional setting and 

producing high frequency facies changes (i.e. Pratt and James 1986).  These features such as mud mounds or small 

islands created by changing storm energy influences in such a shallow setting may have commonly developed and 

moved.   

Facies Association 1 (FA1): Storm-dominated, Schizohaline Shallow Shelf 

An integrated consideration of the sedimentary, ichnological, and early diagenetic features of FA1 supports 

the interpretation of a storm-dominated, schizohaline shallow shelf environment includes the following facies and 

features. Disturbed claystones (F1) exhibit limited diversity and quantity of distorted mobile feeding traces. 

Syneresis cracks suggest deposition in soupy muds in a fluctuating salinity environment.  Abundant syneresis cracks 

throughout FA1, formed due to cation exchange processes in water-filled clays when fresh water inundates a 

hypersaline environment (Burst 1965; Plummer and Gostin 1981).  Laminated mudstones (F4) and dolomudstone 

(F2) facies show evidence of episodic storm events including: scours, dewatering features, soft sediment 

deformation, evidence of storm wave and current reworking in a variety of ripples and fine-scale hummocky cross 

sets.  Ichnological components include layers of common to abundant fodichnia associated with fugichnia and 

opportunistic Skolithos communities. 
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Figure 2.18.  Common elements of the massive mudstone facies include: A) Mud cracks and differential 

cementation around subaerial exposure horizons, Whiting Oil and Gas Corporation Gronlie Farms 31-25TFH 9277 

ft. (2812 m); B) Decreasing intraclast size and abundance upwards through a section, Hess Corporation Wallace 7-

1H 10394 ft. (3168 m) (Photo courtesy Hess Corporation); C) Red hematite cemented planar porphyrotopic 

dolomudstone from Continental Resources, Inc. Charlotte 1-22H 11439.5 ft.; and D) Medium to coarse sand-sized 

grains including quartz (Q), feldspars, anhydrites (A), and calcite (not pictured) as in Continental Resources, Inc. 

Charlotte 1-22H 11456.5 ft. (3491).  
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Figure 2.19.  Syndepositional evaporites of the massive to intraclastic mudstones.  A) Nodular anhydrite texture from EOG Resources, Inc. Round Prairie 1-17H 

10758 ft. (3279 m) (Photo courtesy EOG Resources, Inc.).  B) Bedded nodular texture in Hess Corporation Hovden 15-1H 11400 ft (Photo courtesy Hess 

Corporation).  C) Small nodular and local bedded nodular anhydrite texture from Whiting Oil and Gas Corporation McDonald Family Trust Federal 31-3PH 

10627 ft. (Photo courtesy Whiting Oil and Gas Corporation). 
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Figure 2.20. Bedding parallel oriented anhydrite laths indicating precipitation after some amount of burial from 

EOG Resources, Inc. Liberty 2-11H 9882.8 ft. (3012 m). 

 

The nature of these benthic communities along with desiccation and syneresis cracks indicates a stressed, fluctuating 

salinity environment with high frequency exposure events.  Additionally, impoverished marine suites of low 

abundance, low diversity, and diminutive size traces are important indicators of a salinity stressed environment 

(MacEachern et al. 2009).  Traces dominated by euryhaline infauna, organisms that can adapt to a variety of 

salinities, and simple opportunistic generalists, that move into a setting avoided by other organisms due to harsh 

conditions, also support this conclusion (MacEachern et al. 2005).   

FA 1 demonstrates low preservation of soupy disturbed muds and high amalgamation, evidenced by 

scouring in the softground siltstones and laminations.  Figure 2.21 A and B demonstrates the contrasting processes 

in fairweather and storm settings of these facies.  Storms result in variable amounts of scouring removing some (or 

most) evidence of fairweather processes.  Storm-generated deposits, the most preserved signature in FA1, are 

characterized by features that indicate high depositional rates, such as escape burrows and storm-wave reworking.  

These facies demonstrate a spectrum of storm and wave reworking.  Figure 2.22 presents an idealized sequence of 

FA1 facies that demonstrate increasing wave influence up through part of a section.  Sediments may be reworked 

and deposited or suspended and carried out further into the basin. Storm generated gradient currents moving away 

from the shoreline are a strong scouring agent that suspends sediment to be carried out and deposited in FA1 (Figure 
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2.21).  This process helps to transport and mix sediment further out in the basin.  Suspended sediments, without 

wave reworking, deposit to form the disturbed claystones (F1) and some dolomudstones (F2).  If wave reworking 

occurs in these facies, evidence for this may be obliterated by fairweather biologic processes.  Laminated mudstones 

(F4) demonstrate increasing wave influence in current and oscillatory ripples. 

Distorted dolomudstones (F5) are interpreted to be deposited in a similar manner as the laminated 

mudstones and dolomudstones, but are deformed though a variety of processes including: dewatering, 

synsedimentary evaporite precipitation and dissolution, and bioturbation.  Distorted dolomudstones are considered 

syndepositional alterations of FA1 facies, therefore are not directly integrated into the idealized sequences, however 

their features indicate chemical conditions in the intrashelf basin.  The preservation of syndepositional bedded 

massive and nodular evaporites indicate hypersalinity.  Where the evaporites are not present, stratiform breccias and 

interlaminar changes between more and less dolomite cement (indicated by alternating dark and light beige layers, 

respectively) within dolomudstone layers suggest alternating periods of fresher water flux, restriction and 

evaporation.  These fluctuating conditions resulted in input and mixing of siliciclastic sediments, possibly mixing 

and freshwater dolomitization (Folk and Land 1975, Humphrey 1988), subsequent evaporation and precipitation of 

syndepositional evaporites and seepage dolomitization, followed by another fresher water event that completely or 

partially dissolved preexisting evaporites.  Upwards pointing cone-in-cone pyrite structures indicate a downward 

movement of SO4
- 
diagenetic fluids (Carstens 1985), inferred here to be derived from dissolved evaporites due to 

fresher water flux. This dendritic crystal growth also requires relatively plastic sediment in order to be able to make 

room, thus precipitation must have been early.  

Massive to HCS and intraclastic quartz sands (F3) are also apart of FA 1, not shown in Figure 2.22.  The 

scarcity of this facies suggests it is not as laterally pervasive as the others are.  These massive-unmixed sand 

deposits confirm freshwater (fluvial) inputs to the basin, although the nature of these flows is not preserved in the 

rock record.   These deposits get preserved because they are cemented and buried before reworking and mixing by 

storms.  

This facies association occurs in association with mudflat deposits that are dominated by intraclastic 

mudstones and matrix-supported breccias.  

Facies Association 2 (FA2): Arid Shallow Shelf 

Mosaic anhydrites represent times of significant evaporation, limited influx of sediment and water, and 

minimal reworking as shallow seas evaporated to form intrashelf basin-scale salina complexes. The widespread 

distribution of thin anhydrite packages indicates regional conditions.  

Arid shallow shelf deposits occur in association with the mudflat facies association (Figure 2.21 C) that is 

dominated by nodular anhydrite-bearing massive mudstones and coarse sand-bearing massive mudstones.  These 

deposits represent a more arid equivalent to the less arid to seasonal storm-dominated schizohaline shallow shelf 

facies. The euhedral dolomite and syndepositional anhydrites of the adjacent massive mudstones suggest basinal 

waters were still washed up onto the mudflats to deliver solutes, possibly through storms and wind-waves.   
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Facies Association 3 (FA3): Mudflat 

The mudflat association includes one fairweather and two storm-event facies.  Rarely preserved thin 

rhythmic laminated mudstone (F7) demonstrates fairweather meteorological tides on a shallow mudflat setting. 

These are commonly destroyed during processes associated with the deposition of the other two associated facies. 

Matrix-supported breccias (F8) contain a higher abundance and greater size of dolomitic siltstone clasts derived 

from laterally equivalent laminated mudstones and dolomudstones.  The breccias occupy broad erosive swales in the 

mudflats along the shoreline trend.  The breccia nature is a result of successive surge events and the preservational 

biases upon the mudflats.  Breccias are a basin-ward equivalent of the massive to intraclastic mudstone deposits 

(F9). The decrease in size and abundance of clasts between the breccias and mudstones represents the decrease in 

storm influence on the mudflats further away from the shoreline.  Massive to intraclastic mudstones contain a range 

of size and abundance of dolomitic siltstone clasts, desiccation and oxidation features, and synsedimentary dolomite 

and evaporites.  These formed as basinal waters flooded onto the mudflats depositing mud, intraclasts, and solutes to 

precipitate evaporites.   

Figure 2.21 demonstrates the effect of wind drift current and wave set up during storms.  At such low 

depositional gradients the strandline may be pushed significantly landward.  Through this surge, previously 

desiccated dolomitic siltstone clasts of FA1 are locally transported landward, producing a diminishing clast size and 

abundance trend landward and vertically.  Basinal waters also transport clays and saline waters on to the mudflat.  

Evaporation after the storm event precipitates dolomite and synsedimentary evaporites.  These facies may have 

higher preservation potential, and may aggrade more easily as they may cement early after the storm is over (Figure 

2.22).  Mudstone beds containing medium to coarse quartz sand and very fine to fine quartz sandstone beds confirm 

sources of freshwater flux into the intrashelf basin.  Planar porphyrotopic dolomite may have nucleated and grew 

under sabkha-like (evaporative pumping) dolomitization and platform scale seepage reflux.   

In general the nature of the mudflat facies association (FA3) changes depending on what other facies 

association it occurs with.  Mudflat deposits associated with mosaic anhydrites (FA2) have low intraclast content 

and high amounts of nodular anhydrites, and rare coarse sand beds.  Mudflat deposits associated with the storm-

dominated schizohaline shallow shelf facies (FA1) are dominated by abundant intraclasts and rare to no nodular 

anhydrites, and no coarse sands.  

Depositional Model Summary 

Figure 2.23 presents a conceptual model of the Three Forks facies associations.  The connection between 

the intrashelf Williston basin and the Palliser carbonate platform was presumably variably restricted through time 

due to syndepositional structural movement along the Sweetgrass Arch and Swift Current structural complex.  

Realistically, the marine connection east and southeast of the present structural basin may have been restricted as 

well, however little data is currently available.  Autogenic geomorphologic features not only are attributed to high 

frequency facies variations, but also may have aided in restricting localized areas.   

Schizohaline, storm-dominated (FA1) and arid shallow shelf deposits (FA2) developed in the deeper parts 

of the basin.  Ephemeral to seasonal and unconfined and confined fluvial flows over the mudflats provided 

siliciclastic sediments and freshwater inputs to the basin through time. Rapid changes in water chemistry are not 

unusual in restricted intrashelf basins that get flooded by heavy rains carrying freshwater and detrital material and 
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that undergo periods of drought (Folk and Siedlecka 1974).  If input is limited during an arid climate, then the arid 

shallow shelf facies association (FA2) forms instead of FA1. The mudflats (FA3) rim the shallow shelf deposits 

until the zone of maximum storm surge and deposition.  Past that point, net erosion of remobilized sediment may be 

carried back into the basin. 

Discussion   

The following discussion covers the overall depositional and chemical environment, an alternative 

interpretation, and the change in vertical facies trends and the influence of climate. 

The interpretations thus far have focused on depositional processes and chemical environments. Only 

general statements can be made in regard to paleobathymetry because variability in storm magnitude, at many scales 

including seasonality can dramatically alter the depth that sediments are affected (i.e. storm wave base).  

Additionally, localized topographic variations inherent in storm-dominated ramps include: mud banks that can build 

up into islands, spill over lobes, storm and tidal channels (Aigner 1982; Aigner 1985a; Aigner 1985b, Pratt and 

James 1986).  The interaction of variable storm energies and these geomorphologic features will produce a variable 

facies mosaic (Dietz 1963).  Multiple mechanisms under specific conditions can produce similar fabrics in this 

setting. 

In addition to the complicated interaction of waves and geomorphology, the role of preservation potential 

determines what is recorded in the rock record.  Rare, highly bioturbated to mottled mudstones and abundant scour 

surfaces suggest that preserving fair weather shallow shelf deposits is difficult in this system.  Hypersalinity may 

have even exasperated the mudstone preservation potential by inhibiting clay flocculation (Potter et al. 2005).  These 

“soupy” unconsolidated muds, as indicated by the ichnological fabrics allude to poor preservation potential under 

high energy events that suspend sediments and that may get washed onto the mudflats or later resettled in a more 

basinward setting.  

Packages of biogenic reworking are subordinate to evidence of physical reworking by storms indicating 

that event beds including tempestite and inundites are preferentially preserved (Kumar and Sanders 1976; 

Wheatcroft 1990) in this system.  In storm-dominated systems, proximal storm-deposits are generally cannibalized, 

while distal deposits are preserved with minimal bioturbation and shorefaces are commonly destroyed by 

bioturbation (Aigner 1985b; Pemberton and MacEachern 1997; MacEachern et al. 2009).  Therefore fair weather 

reworked sediments generally form in the preferred destruction and amalgamation zones of storm-systems.  The 

preservation of well sorted sands and silts that are rarely bioturbated is not particularly unusual under normal storm-

dominated systems where pre-event communities able to flourish in muddy sediments cannot colonize the new 

sandy substrates (Saunders et al. 1994; MacEachern et al. 1999).  

On a platform scale, the storm influence interpreted from these deposits agrees with evidence for strong and 

episodic events in the WCSB.  The basinward equivalent, Palliser Platform demonstrates significant storm-influence 

(Peterhänsel and Pratt 2008).  Evidence for this is identified in a detailed sedimentological study on the bioturbated 

mud and dasycladalean-crinoid meadow belts.  Fabrics indicating storm processes include: 1) thin peloidal 

calcisiltstone beds interspersed within bioturbated fossiliferous calcimudstones and wackestones, 2) coarser burrow 

fills, 3) angular intraclasts floating in calcisilt and calcisand within bioclastic to intraclastic wackestones and mottled   
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Figure 2.21.  Schematic diagram contrasting fairweather (A) and storm event (B) processes inferred from lithofacies 

for a schizohaline storm-dominated shelf and adjacent mudflats (upper and middle panels). Times of increased 

bioturbation, minor wave interaction and desiccation in FA1 may be obliterated by storm-wave set up pushing the 

strandline landward, depositing intraclasts and muds.  Lowered wave base significantly influences sediments 

producing wave-ripples and HCS.  Off-shore directed gradient currents provide erosive power that may eliminate 

evidence of fairweather activity, amalgamate sediment packages, and produce suspended muds that settle out 

leaving evidence of high depositional rates and organism escape. The lower panel (C) demonstrates the inferred 

depositional relationships of arid facies including massive anhydrites to massive mudstones with syndepositional 

evaporites.   
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Figure 2.22.  Assuming a constant wave base, this idealized stratigraphic column shows elevated mud content at the base and top, with an increased silt 

component in between for facies associations one and three.  Vertical changes in sedimentological structures include suspension and high depositional rate 

structures moving into increase wave and storm influence, followed by abundant desiccation and inundation of mudflat deposits.  Escape traces are found 

throughout, with feeding and grazing traces predominant in the elevated clay intervals.  Some dwelling structures are associated with the high depositional rate 

features.  The preservation potential of these deposits is inferred from the ichnological signatures.  Muddier distorted packages are probably poorly preserved due 

to the soupy consistency of the uncompacted clays.  Soft sediment facies probably had higher chance of preservation but abundant scour surfaces indicate they 

are highly amalgamated.    Distorted mudstones are not included as they are considered syndepositional alterations of dolomudstones and laminated mudstones.  

Quartz sandstones and rhythmic laminations are not included because they represent rare, laterally restricted deposits that are limited components of the facies 

mosaic here.
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Figure 2.23. Schematic diagram representing Three Forks facies associations.  The schizohaline storm-dominated association (FA1) fills the deepest parts of the 

basin and is fed siliciclastic sediment and freshwater by fluvial sources. Surrounding FA1, is the mudflat-salina complex association (FA2) that forms until the 

storm surge maximum zone.  Outside of the maximum, erosion of previously deposited sediments takes place.  This intrashelf depocenter is intermittentily 

restricted through time from the greater Palliser carbonate platform.  The Sweetgrass Arch and Swift Current structural complex are infered to inhibit the 

connection.   
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packstones to grainstones and 4) mottled to sparitic cortoidal-intraclastic grainstone to rudstones that are intercalated 

with wackestones.  These deposits are formed within the shallow subtidal, and within storm wave base on the 

platform. The Three Forks deposits represent shallower and more siliciclastic enriched deposits subjected to the 

same physical processes. 

Alternative Interpretation 

The previous sections have developed an interpretation of the Three Forks based on detailed 

sedimentological evidence from a newly available regional dataset.  Previous studies focused on data from 

geographically restricted areas.  These interpretations have suggested deposition in a supratidal to intertidal 

environment ranging from mudflats, mixed-flats to sand-flats where tides were the dominant depositional process 

(Karasinski 2006; Berwick 2008; Gantyno 2010; Bottjer et al. 2011; Berwick and Hendricks 2011).  Two recent 

studies also have favored the tide-dominated model but have inferred some possible storm influence (Gutierrez 

2013; Bazzell 2014). 

Criteria of the tidal flat model are not satisfied in these deposits.  A predominance of bed load traction 

features in the dolomudstone and sandstone facies including dunes, upper flow regime planar laminations and 

current ripples (Dalrymple 2010) would be expected, but instead high depositional rate suspension deposits, with 

HCS and wave reworking are observed.  Seaward sand flats exposed to stronger tidal current settings, make it 

difficult to preserve the high depositional rate features because of common reworking by tidal currents.  Features of 

the laminated mudstones do resemble what would be expected on mixed flats and mudflats including: traction 

current and fall out suspension deposits.  In the laminations, desiccation features are irregular and may originate due 

to high frequency regressions, not requiring tides.  Lenticular and wavy bedding is not identified, which is expected 

to be relatively abundant in an intertidal setting.  Additionally for intertidal deposition reactivation surfaces, tidal 

channels and inclined heterolithic stratification would be expected.   High abundance but low diversity ichnological 

signatures would be expected for an intertidal depositional environment (Mángano and Buatois 2004). Instead low 

abundance and low diversity assemblages suggest a more complex environment.  This is not to say that there were 

no intertidal flats, rather the dominant preserved signature in the formation is of storm-reworking.  Even rarely 

preserved tide signatures such as the thin rhythmic laminations do not necessarily indicate marine tides (Bose and 

Chaudhuri 1990; Ainsworth et al. 2012).  Documented channels in outcrops (Nekhorosheva 2011) (although storms 

can form shallow channels, (Aigner 1985b)) suggest that tidal influence was present, in places in the Three Forks. 

The tidal-flat model also lacks a clear explanation for distorted mudstones, the abundant matrix-supported 

breccias, the quartz sandstone facies, and the absence of microbialite communities.  It is also difficult to justify time 

equivalent tidal deposits over such a vast area.  Abundant syneresis cracks, carbonate-siliciclastic mixing 

mechanisms, coarse sands and syndepositional pyrite structures are not addressed in a tidal flat model, but all 

represent crucial data points in the development of the storm-dominated, schizohaline model.  

Vertical Stratigraphic Trends 

Low-order regional unconformities bound the Three Forks Formation at its top and base (see Chapter 3 for 

more details). Three Forks deposition initiates above a second order unconformity at the top of the Blue 

Ridge/Ronde Formation (Birdbear Fm.), a major time of subaerial exposure in the Western Canada and Williston 
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basins. This platform exposure corresponds to deposition of the onlapping lowstand Sassenach Sandstone wedge in 

central and western southern Alberta.  Subsequent transgression eventually carries into the Williston basin with the 

deposition of aggradational Three Forks deposits.  

At the top of the Three Forks irregular and angular shaped core-scale pipe and cavity structures occur in 

some core and are associated with the low-order unconformity at the top of the formation (Figure 2.22).  These 

structures are filled with fine grain mudstone with some angular mud clasts and crystalline cements.  These are 

interpreted as small-scale paleokarst features that developed with uplift and unconformity formation (Esteban and 

Klappa 1983).  Based on biostratigraphically correlated global events (see Chapter 3) this unconformity is unique to 

western North America, under the influence of the Antler Orogeny.  This unconformity is inferred to be related to 

the orogenic activity that interrupts the overall second-order transgressive-regressive cycle that initiates with the 

Three Forks.  This second-order transgressive-regressive cycle continues into the Mississippian Lodgepole 

Formation.    

Within the Three Forks Formation, facies of each association are repeatedly found in context with one 

another across the basin and through vertical stratigraphy.  The description of features and interpretations presented 

here are based on regional data and summarized in a representative stratigraphic section (Figure 2.25).  These 

regionally correlative vertical facies trends are attributed to allogenic changes, while high frequency facies changes 

are probably more closely related to autogenic intrabasinal processes (see Chapter 3).   

Seven third-order transgressive-regressive (T-R) cycles increasingly backstep and become more marine 

through time (Figure 2.25).  These correspond to the aggradational to backstepping packages of the greater Palliser 

Platform (see Chapter 3).  Successive packages of the same facies associations with high frequency unconformity 

surfaces represent aggradational stacking patterns correlated in cores.  T-R cycles generally overlie an unconformity 

and progress from shallow shelf to mudflat facies associations, incorporating high-frequency facies changes.   

Deposits overlying the basal second-order unconformity are dominated by FA2 and FA3, shallow arid shelf 

and mudflats.  Massive anhydrites overlying a sequence boundary are overlain by massive mudstones with nodular 

evaporites.  These sequences are repeated throughout the lower part of the formation. Massive anhydrites represent 

third-order lowstand to transgressive deposits that grade into regressive nodular anhydrite massive mudstones, until 

another higher frequency sequence boundary forms.  Syndepositional evaporites and desiccation features indicate a 

restricted setting and an arid climate.  Mud-supported quartz sandstones suggest ephemeral unconfined fluvial 

inundations into the basin.   

Transgressive-regressive cycles shift to primarily FA1 and FA3, storm-dominated, schizohaline shallow 

shelf and mudflat deposits through time, beginning with T-R cycle five.  These deposits contain more carbonate 

muds and siliciclastic silts.  The absence of evaporites, and intervals of quartz sand with minimal mud and common 

syneresis cracks suggests that freshwater inundations are no longer ephemeral, but rather seasonal (at some scale) to 

common.  The increased freshwater inputs alone could drive the overall transgression observed through the 

formation, or it could be a combination of sea level and climate.  

The common position of the distorted and brecciated dolomudstones as the basal facies in third-order 

sequences (especially T-R cycles 6 and 7) is interpreted as the local late lowstand to early transgressive equivalent 
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deposits.  The recurring position of this facies at the base of these high-order sequence packages suggests the 

importance of stratigraphic position on controlling the distortion of the laminated mudstones and dolomudstone 

facies.  At the onset of these sequences, the basin is inferred to be unstable with definitive innundations of 

siliciclastics followed by drying out and seepage reflux periods before the most significant transgression occurs that 

allows for backstepping and progradation.  Because of this, the basal distorted and brecciated dolomudstones are 

interpreted as late lowstand to early transgression deposits.  When preserved, backstepping through the transgression 

is confirmed by disturbed claystone facies.  The establishment of aggradational dolomudstones and laminated 

mudstones indicate aggradational highstand deposits.  Following this, progradation of matrix-supported breccias 

followed by intraclastic to massive mudstones results in the sequence ending with an unconformity development.  In 

the youngest third-order sequence, the final development of the highstand is not preserved due to the tectonic 

unconformity at the top of the Three Forks, but at a second-order scale, the transgression continues into the 

Pronghorn member of the Bakken Formation above (see Chapter 3).   

These regionally correlative shifts in the nature of the T-R cycles indicate allogenic-controlled shifts in 

depositional environments.  A definitive shift from massive anhydrite and nodular anhydrite mudstones dominated 

sequences to storm-dominated, schizohaline shallow shelf and non-evaporite bearing mudflat facies suggests major 

climatic influence on the facies developments.  Facies association shifts alone reflect increased seasonality through 

time.  Additionally, the presence of micro-karst features below the tectonic unconformity, and the lack of penetrative 

karsts confirms a semi-arid to seasonal climate at the end of Three Forks deposition.   

 

 

Figure 2.24. Core through a karst system in the A) Sakakawea Federal 13X-35 9864.7 ft. (3006.7 m) and B) Heidi 1-

4H 18413 well at depth 10739 (3272 m). This particular karst system demonstrates brittle deformation of laminated 

mud and siltstone laminations with a different fill.  
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Figure 2.25.  Stratigraphic section through the Hess Corporation Hovden 15-1H well demonstrating vertical facies 

trends through the section within the context of regional surfaces.   
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Summary 

The Three Forks Formation exhibits a range of sedimentary textures and proportions of lithologies in a 

mixed sedimentary system in an epeiric intrashelf basin.  It is divided here into three facies associations and nine 

facies.   

Facies association one (FA1) is composed of the following five facies: disturbed claystone (F1), 

dolomudstone (F2), sandstone (F3), laminated mudstone (F4), and distorted and brecciated dolomudstone (F5).  

These represent storm event deposits with some preserved fairweather elements in a shallow intrashelf basin with 

fluctuating salinities.  Green illitic claystones contain distorted Palaeophycus and fodichnia traces.  This facies is 

uncommonly preserved and may contain syneresis cracks. The low abundance and diversity of traces and syneresis 

cracks indicate a harsh chemical environment with changes between hyper and hyposaline.  Laminated mudstones, 

1-5 cm thick, contain infrequent, abundantly bioturbated layers with mobile and sessile feeding traces.  These layers 

are interbedded with layers containing oscillatory, current, and climbing ripples, hummocky cross stratification, and 

normal grading. There are abundant scour surfaces within this facies.  Syneresis, desiccation and soft pebble 

conglomerates are associated with this facies.  These features imply fairweather processes occasionally preserved 

within storm-dominated dominated deposits.  High frequency changes in salinity and base level result in distortion 

of these fabrics and associated conglomerates.  Laminated mudstones and dolomudstones often contain discrete 

layers of distorted mobile feeding traces associated with overlying escape traces.  Additionally, dolomudstones 

contain cryptobioturbation and Skolithos beds.  All of these ichnological elements demonstrate the interplay between 

fairweather communities, escape events, opportunistic recolonization and ultimate return to fairweather processes.  

Additionally, dolomudstones contain abundant evidence for high depositional rates in climbing ripples, soft 

sediment deformation features, convolute bedding and dewatering features. Storm processes are evident in 

hummocky cross stratification and ripple structures.  Distorted and brecciated mudstones are interpreted to be 

deposited as laminated mudstones and dolomudstones.  Syndepositional alteration occurred through dewatering 

from high depositional rate events, evaporite precipitation and dissolution associated with the schizohaline setting, 

and possibly bioturbation.  This facies occurs during early transgressions. Rarely preserved very fine to fine quartz 

sandstones represent preserved innundites into the basin that carried siliciclastics to be further reworked, abraded 

and intermixed with the carbonates.  

Mosaic anhydrites (FA2) are the arid equivalent of FA1.  These beds represent intermittent recharge of 

marine waters to an area that became restricted and evaporated into salina deposits at the basin scale. 

Facies association three (FA3) represents the landward lateral equivalents of FA1 and FA2.  These deposits 

containing three facies (thin rhythmic laminated mudstone (F7), matrix supported breccia (F8), and massive to 

intraclastic mudstone (F9)) that are chiefly deposited through storm surges that move past the fairweather strandline 

onto the mudflats.  Matrix-supported breccias contain angular to subangular cobble to granule sized mudstone 

clasts.  These clasts are locally derived clasts of laminated mudstones and dolomudstones based on composition and 

internal sedimentary features.  Massive to intraclastic mudstones contain the same type of clasts but the larger ones 

are rarer and smaller granules are the most common.  This facies is interpreted as a landward equivalent of the 

matrix-supported breccia.  The clasts of both facies are cemented by deep red hematitic, dolomudstones to 
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claystones.  Millimeter scale rhythmic laminated mudstones are rarely preserved and contain abundant soft clasts.  

These deposits represent fairweather meteorological tidal deposits probably in protected areas.  When the mudflat 

deposits occur with the storm-dominated shallow shelf deposits they are dominated by intraclasts and matrix 

supported breccias with rare syndepositional anhydrite.  Alternatively, when the mudflat facies occur with the arid 

shallow shelf deposits intraclasts and matrix-supported breccias are rare, and syndepositional evaporites are 

abundant.  

These storm-generated deposits represent a variety of paleobathymetric settings dependent on locally 

generated geomorphology and the strength and nature of the storm system.  These deposits indicate that these storm 

systems were highly erosive, probably due to the shallow setting, often amalgamating packages, and obliterating 

fairweather deposits.  Abrading sediments and mixing carbonate material and siliciclastics was facilitated by storm 

processes as well.  Regional changing proportions of facies through the stratigraphic section move from 

aggradational mudflat-salina complex upward into transgressive shallow schizohaline storm-reworked deposits. This 

progression reflects climatic shifts over-printed on long term eustatic rise.  
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CHAPTER 3 

 

INTEGRATED STRATIGRAPHY OF THE FAMENNIAN THREE FORKS FORMATION, WILLISTON 

BASIN: A STUDY USING PHYSICAL, BIOLOGICAL, SR AND S ISOTOPIC STRATIGRAPHIC 

SIGNATURES 

 

Abstract 

Sequence stratigraphy, biostratigraphy, strontium and sulfur isotopes are used to constrain the relationship 

between the siliciclastic enriched Famennian Three Forks Formation deposits of the Williston basin and the 

chronostratigraphic equivalent deposits of the Wabamun carbonate ramp system.  Seven allogeneic third-order 

transgressive-regressive cycles, correlated throughout the region, are biostratigraphically constrained as equivalents 

between the Three Forks and Wabamun formations.  This biostratigraphic model allows for precise comparison of 

measured strontium isotope values to the secular curve.  Three Forks 
87

Sr/
86

Sr values are consistently more 

radiogenic than the secular curve while following its trend.  Authigenic evaporites from the Williston basin are 

slightly more radiogenic.  Siliciclastic components of dolomudstone samples are even more radiogenic than the 

secular curve.  This indicates that compared to the well-mixed ocean signatures, increased riverine run-off into the 

Williston basin occurred, especially associated with increased influx of detrital siliciclastics. Sulfur isotope values 

reveal a distinct partitioning between the two formations.  Values are consistently enriched by three to five per mil 

δ
34

S in the Wabamun deposits compared to the Three Forks deposits.  This distinction corroborates the Sr isotopic 

results, confirming elevated continental run-off in the Williston basin compared to the Western Canadian 

Sedimentary basin.  No evaporite phases except anhydrite have been identified in the Three Forks, while halite and 

anhydrite have been identified in the Wabamun.  The Williston basin salinities were thus buffered by fluvial inputs 

and rarely exceeded penesaline conditions.  

Introduction 

Epeiric depositional systems encompass laterally extensive sedimentary systems.  Over a broad area, 

sediments are deposited on very shallowly dipping areas.  Because of the large areas and their very low declivities, 

attempts to present predictive models for facies patterns are met with complications such as irregular topographic or 

structural features.  Irwin (1965) proposed a tri-partite energy zonation model where low depositional energy zones 

bound a central high energy zone.  This model has received significant criticism; however it does encapsulate very 

general facies belts. Peterhänsel and Pratt (2008) present a detailed study where broad, expansive facies belts, 

generally form parallel to the open ocean, and may demonstrate variances due to tectonic features and 

paleotopography.  “Layer-cake” models and applications of Irwin’s tripartite energy zonation of facies at smaller, 

intrashelf basin scales (i.e. Pöppelreiter and Aigner 2003) prove to be limiting when viewed within the larger context 

of entire depositional systems.  

In addition to depositional patterns, oceanic circulation in epeiric settings is still poorly understood.  

Stratigraphic evidence of shallow-water anoxia to dysoxia,  reduced salinity and schizohaline biotas, the absence of 

tidal indicators, and  modeling of such settings, indicates that a-tidality and water column stratification were 

common features in eperiric ramp systems (Allison and Wright 2005; Allison and Wells 2006).  These data reflect 
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that during times of significant continental flooding, portions of the world’s oceans were behaving as semi-restricted 

to isolated bodies of water. Based on studies of the Mesozoic in South Wales, the land-attached portion of the ramp 

would be influenced by a freshwater lens and further out the ramp system would be more isolated from the effects of 

continental runoff (Allison and Wells 2005).  This study presents an additional test of the reduced salinity lens 

model.  

In addition to depositional complexity, tectonic features of cratonic systems mask the sedimentary system 

relationships between depocenters.  Cratonic systems are known to be very responsive to tectonic influences. 

Lithospheric loading to an adjacent foreland basin will result in flexural interaction that will yoke a cratonic basin to 

a foreland basin (Quinlan and Beaumont 1984).  Because of the low subsidence rates commonly resulting in low 

accommodation and responsiveness to tectonics, successive unconformity development adds complexity to the 

stratigraphy, and in many places remnant stratigraphic sequences only remain in highly localized areas.  This 

inherent feature may conceal the original depositional nature and extent of the sediments.   

The Williston basin (WB) contains some of the thickest preserved Phanerozoic sedimentary deposits along 

the western side of North America.  There is limited understanding of the relationship of the epeiric depositional 

systems within this basin to the rest of the deposits along western North America.  This study evaluates the 

relationship between the Famennian section in the Williston basin (WB) and the equivalent stratigraphy of the 

greater Western Canadian Sedimentary basin (WCSB). This is accomplished by integrating physical stratigraphy 

and biostratigraphy with strontium and sulfur isotopes.   

Geologic Setting 

The Three Forks Formation is lithostratigraphically defined as the Famennian deposits contained within the 

Williston basin.  The name Williston basin does not refer to a depositional basin during the Phanerozoic.  Instead 

this terminology refers only to the resultant dish-like structure formed due to Laramide tectonics (Kent and 

Christopher 1987). The epeiric seaway that deposited sediments in the Williston basin region also resulted in a giant 

carbonate and evaporite ramp system to the west in the Western Canadian Sedimentary basin (Figure 3.1).  This 

ramp system, named Palliser in outcrop and Wabamun in the subsurface, developed over long-term eustatic trends 

depositing large-scale facies belts (Peterhänsel and Pratt 2008).   

The Wabamun ramp system onlaps and erosionally thins over an eastward high structure, the Swift Current 

Platform. The platform is a structural complex through southwest Saskatchewan and southeast Alberta that expands 

into northeast Montana on to the Sweetgrass Arch (Herbaly 1974).  This platform complex underwent significant 

vertical fluctuations due to thermal arching of crustal rocks from anorogenic granite emplacement related to hotspot 

activity (Klein and Hsui 1987).  Subsurface mapping indicates notable tectonic activity along the structural complex 

during the upper Devonian (Skinner, pers. comm. 2013) resulting in onlap and erosion.  The relationship between 

these structural highs and the adjacent depositional systems is unclear.   

Physical Stratigraphy 

The shallow intrashelf and mudflat deposits of the Three Forks in the Williston basin incorporate abundant 

transgressive and regressive facies changes and stratigraphic surfaces.  The minimal depositional gradients of the 
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greater Wabamun ramp system produced large lateral facies shifts even with small base level changes (i.e. Irwin 

1965).  

Accommodation in the intrashelf is limited by subsidence and the result of eustatic transgressions that over 

hundreds of kilometers from the open ocean.  Minimal accommodation enhances subtle topographic differences that 

produce lateral variations and disconformity development (Isaacson et al. 1999).  Autocyclic changes including 

topographical build-up migrations also may produce high frequency changes (i.e. Pratt and James 1986).  These 

factors introduce common and high frequency autogenic variability in addition to allogenic changes within vertical 

sections.  Comparison of vertical facies stacking patterns and lateral facies trends in complete sections across the 

Williston basin help filter out autogenic changes to identify allogenic transgressive and regressive cycles.   

 

 

 

Figure 3.1.  Present day location of wells used in this study.  General areas of the Williston basin, Swift Current 

Platform and the Western Canadian Sedimentary basin are noted.  Depositional dip of the Wabamun ramp system is 

approximated from Peterhänsel and Pratt (2008). The location of cross sections in figures 3.3-3.5 and 3.10 are color 

coded with their labels.   
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Between the top of the Nisku and Bakken formation unconformities, there are seven major transgressive 

surfaces.  Figure 3.2 shows the comparison of these seven cycles to current and historical subsurface subdivisions.  

Each of these transgressive surfaces directly overlies a disconformity that marks the end of the prior transgressive-

regressive (T-R) cycle.  Transgressions are identified by facies association shifts where the mudflat deposits are 

overlain by either evaporative or storm-dominated shallow shelf deposits.  Figure 3.3 presents a north-south transect 

where these shifts occur at each major T-R cycle boundary.  This figure also demonstrates the abundant high 

frequency facies association changes within the major T-R cycles.  The major cycles are identified based on the first 

transgressive occurrence within a stratigraphic package, and through comparison with surrounding data points.  

Laterally a transgression of evaporative salina deposits may correlate to mudflat or storm-dominated shelf deposits.  

Dolomudstones and siltstones often correlate to laminated mudstones.  Cobble to pebble sized matrix-supported 

breccias may correlate to granules containing massive mudstone.   

Compensatory stacking may be common, eespecially in sequences dominated by mudflat deposits.  For 

instance, event two in Figure 3.3 correlates to storm-dominated shelf deposits in the north, and evaporitic shelf 

deposits in the south.  Alternatively event three displays the opposite pattern where evaporites in the north correlate 

to stormy shelf deposition in the south.  Changes in direction of freshwater flux into the basin and topographic 

differences probably facilitate these types of shifts.    

In petrophysical well logs similar lithostratigraphy across the basin supports correlation of “layer-cake” 

stratigraphy (i.e. Pöppelreiter and Aigner 2003).  An alternative interpretation to that presented here for these wells 

would correlate equivalent lithologies and facies associations to one another.  Certainly within a limited geographic 

area these correlations would hold up.   However using the low resolution petrophysical data to guide correlations 

does not address the regional stratigraphic stacking patterns documented in high resolution stratigraphy available in 

drill cores.  

Figure 3.4  presents a west to east transect across the basin.  T-R cycles on the western side arethin and 

dominated by finer grain sizes compared to the eastern side.  This progression suggests low accommodation and/or 

sediment supply on the western side that progressively increases to the east.   In addition to this depositional 

thinning, Figure 3.5 demonstrates inferred erosional thinning in a southwest to northeast transect.  The sequence 

beneath event seven demonstrates major relief, yet the facies, facies associations, and grain sizes are similar.  The 

final unconformity of the Three Forks Formation above event seven demonstrates the same trends.   These data 

suggest erosional thinning in some parts at the base and top of the cycle event seven.  This is consistent with 

erosional patterns documented in regional outcrops (Nekhorosheva 2011).  

Biostratigraphic Age Model 

Virtually no biostratigraphic markers have been identified in the Three Forks Formation of the Williston 

basin.  Despite this, regional biostratigraphic studies of western North America provide tie points that help constrain 

the age of the formation in the Williston basin (Sandberg et al. 1988; Savoy and Harris 1993; Meijer Drees and 

Johnston 1996; Savoy et al. 1999; Johnston and Chatterton 2001; Kaiser et al. 2009; and Johnston et al. 2010).  A 

compilation of data from these sources is presented in Figure 3.6.  Available data chronostratigraphically correlate 

the Wabamun ramp deposits to the Three Forks Formation (Sandberg et al. 1988; Johnston et al. 2010). These data  
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Figure 3.2.  Three Forks stratigraphy summary comparing the physical sequence stratigraphy presented in this paper 

with historical subdivisions outlined in Dumonceaux (1984) and the current industy standard subdivisions outlined 

in Continental Resources (2014).  
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Figure 3.3.  North to south transect of drill cores and regional transgressive surfaces 1-7.  Subtle facies changes can be traced laterally as well as evidence of 

compensatory basin fill.  Gamma ray logs to the left of the stratigraphic column span 0 to 150 API units.  General location shown on Figure 3.1.  
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Figure 3.4.  West to east drill core transect demonstrating regional transgressive surfaces 1 through 7. Cycles depositionally thin to the west and correspond to 

lower accommodation and lower sediment supply facies associations than to the east.  See Figure 3.3 for sedimentary feature symbols.  Gamma ray logs to the 

left of the stratigraphic column span 0 to 150 API units.  General location shown on Figure 3.1. 
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Figure 3.5.  Southwest to northeast transect demonstrating transgressive-regressive cycles 1 through 7.  Erosional thinning indicated by thinning of packages of 

similar grain size and lithofacies occur beneath transgressive surface 7 and beneath the Bakken-Three Forks unconformity.  See Figure 3.3 for sedimentary 

feature symbols.  Gamma ray logs to the left of the stratigraphic column span 0 to 150 API units.  General location shown on Figure 3.1.  
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age constraint second-order unconformities bounding the base of the formation in the rhenana zone of the Birdbear 

Fm., and at the top of the formation by the l. postera zone.    

The Birdbear Formation of the Williston basin and it’s equivalents in the western U.S. and Canada 

correspond to the rhenana conodont zone (formerly lower and upper gigas).  A regional regression developed where 

the linguiformis (formerly uppermost gigas) and lower triangularis zones are missing.  This unconformity ends the 

Winterburn megacycle in the greater Western Canadian Sedimentary basin (Savoy and Mountjoy, 1995; Whalen and 

Day, 2008).  This regional regression was also identified in Europe at this time, ending Devonian global cycle IId 

(Johnson et al., 1985).   

The following transgression initiated the Wabamun megacycle of WCSB (Savoy and Mountjoy 1995) and 

the Devonian global cycle IIe (Johnson et al. 1985).  The Graminia (Sassenach in outcrop) lowstand basin fill 

preceded the carbonate ramp deposits of Wabamun and are middle (m.) triangularis in age.  The Wabamun 

experienced three major transgressive pulses across Canada including (1) during upper triangularis to the middle 

crepida zone, (2) during lower rhomboidea, and followed by (3) during lower marginifera (Peterhänsel and Pratt 

2008).  A diachronous hiatus occurs ranging from u. marginifera to l. expansa in southeastern Alberta but is absent 

in the deeper basinal deposits of southeastern British Columbia where a complete stratigraphic section is present.   

In the Wabamun interval equivalent strata in the western U.S., Sandberg et al. (1988) identified five 

transgressions (Table 3.1).  These transgressions include: m. triangularis, l. crepida, a minor one in m. crepedia, l. 

marginifera, and l. trachytera.  The western U.S. and WCSB studies denote three of the same transgressive events.  

Sandberg et al. (1988) identified two additional transgressive pulses within the greater m. triangularis to m. crepida 

transgression of Peterhänsel and Pratt (2008).  This is to be expected as the deeper subtidal deposits in WCBS were 

less affected by these onlapping pluses than shallower deposits in the greater western U.S. shelf.  Data limitations, 

depositional setting and possibly the variable range of tectonic influences may have inhibited the identification of 

the l. rhomboidea transgression in the U.S. shelf.  Additionally, these differences may help explain why WCSB 

workers did not identify a major hiatus in l. postera and why they place a major transgression occurring there, when 

the western U.S. does not see the transgression until l. to m. postera in the lower black shale marker of the 

Sappington, Bakken, and Exshaw formations.  

The uppermost marginifera regression is recognized globally (Johnson et al. 1985).   Isaacson et al. (1999) 

additionally recognized equivalent transgressions in Idaho, central Europe and China during the Famennian.  They 

attribute this to the glacial and interglacial cycles occurring on Gondwana at this time.   

The uniformity and agreement of regional biostratigraphic studies in Canada, western U.S. and even 

globally indicates coherency of the influence of eustatic changes during this time.  The combined information from 

the deeper WCSB and shallower western U.S. shelf can be used to help understand the T-R cycles in the Three 

Forks intrashelf basin.   Integrating these data points as a model for Williston basin transgressions, we expect to see 

seven third-order transgressive events in the m. triangularis, u. triangularis, m. crepida, u. crepida, l. rhomboidea, l. 

marginifera, and l. trachytera zones.  Additionally these studies indicate an internal major regression in uppermost 

marginifera and above the formation in l. postera.   
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There is a very clear correspondence between this biostratigraphic model and the physical stratigraphic 

surfaces presented in the previous section (Figure 3.7).  This model suggests the formation is composed of seven 

third-order cycles interrupted beneath the seventh by the global um. marginifera regression and above the seventh 

by the l. postera regression.   This agrees with the major erosional relief identified at these stratigraphic positions.   

The first six third-order cycles correspond to the Logan Gulch, Potlach, Settler, and Torquay formations of Montana 

and Saskatchewan.  The final third order cycle corresponds to the Trident member of the Three Forks Formation in 

Montana and the lower part of the Big Valley Formation in Canada.  Canadian workers view the final transgressive 

cycle of the l. trachytera zone as a continuous transgression up through the l. expansa interrupted mid-way during 

the postera zone due to tectonic uplift (Johnston et al. 2010).  Critically, the current lithostratigraphic naming 

convention in the Williston basin does not distinguish this transgressive event, and instead splits it between the 

Three Forks and Bakken formations. 

Strontium Isotope Stratigraphy 

The secular Sr isotopic signature reflects the interactions of seawater circulated through mid-ocean ridge 

basalts and the well-mixed signature of continental weathering inputs into the ocean.  Studies on localized effects of 

riverine flux into marginal marine areas where authigenic sediments precipitate demonstrate that sufficient 

freshwater influx will locally affect 
87

Sr/
86

Sr (e.g. Andersson et al. 1992; Bryant et al. 1995).   

The global curve Sr ratios of the upper Devonian are chronstratigraphically constrained with conodont 

biostratigraphy.  Applying approximate age constraints from the biostratigraphic model to 
87

Sr/
86

Sr data (Figure 3.8) 

of Frasnian to Famennian anhydrite and dolomudstone data allows for comparison with secular isotopic trends 

(Denison et al 1997; McArthur et al. 2001, 2012) (Figure 3.9).  Williston basin data are consistently higher, but in 

general follow the mean global trends.  Anhydrite data display a bulk shift on the order of 10
-5 

above the curve.  

Dolomudstones shift on the order of 10
-4

 above the curve.  Comparison of Williston basin data to other 

biostratigraphically constrained data in addition to the global curve 
87

Sr/
86

Sr data confirms the bulk shift (e.g. van 

Geldern et al. 2006).  The order of magnitude greater shift in the dolomudstones possibly reflects the larger 

continental inputs associated with the siliciclastic material carried into the basin by fluvial systems.  Alternatively, 

there is riverine influence in the basin during evaporite precipitation. However the smaller shift from secular data of 

the anhydrite samples and the absence of detrital siliciclastics in the anhydrite indicates less continental influence 

than during dolomudstone deposition.   

Sulfur Isotope Stratigraphy 

Variations in secular δ
34

S through time reflect global changes in the redox balance of oxidative continental 

weathering, riverine transport, and evaporite deposition versus the reduced sulfur-bearing compounds such as pyrite 

(see Strauss 1997 and Bottrell and Newton 2006).  Additionally seawater circulation along mid-ocean ridges 

probably influences the global signature (Warren, 2000 p. 94).  Evaporite deposits are slightly enriched in 
34

S (0 to 

+2.4‰) (Ault and Kulp, 1959; Thode et al., 1961; Thode and Monster, 1965; Nielsen, 1978; Raab and Spiro, 1991), 

however calcium sulfate precipitated from seawater will reflect the global marine isotopic composition at the time of 

precipitation despite this minor fractionation (Holser and Kaplan, 1966; Claypool et al., 1980; Strauss 1993).  

Progressive precipitation of evaporites initiates with penesaline gypsum then to penesaline halite,   
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Figure 3.6.  Biostratigraphic correlation chart of upper Devonian to lower Mississippian strata in Alberta, 

Saskatchewan, southwest Montana and the Williston Basin.  Data were compiled from Sandberg et al. (1988), 

Johnson and Sandberg (1988), Thrasher (1988), Savoy and Harris (1993), Meijer Drees and Johnson (1996), Savoy 

et al. (1999), Johnston and Chatterton (1999, 2001), Richards (2002), Kaiser et al. (2009), and Johnston et al. (2010). 
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Table 3.1.  Transgressive events identified in respective geographic areas and the proposed biostratigraphic model for the Three Forks Formation.  

Western U.S.                  

Sandberg et al. 1988

SE British 

Columbia and 

Central Alberta    

Johnston and 

Chatterton 1991, 

2001; Peterhansel 

and Pratt 2008

Proposed Williston 

Basin Model

Central Idaho           

Isaacson et al., 1999

Iowa                                      

Witzke and Bunker 

1996

Central Europe        

Major T-R from 

Isaacson et al., 1999

South China       

Isaacson et al., 1999

U

L major fall major fall major fall major fall

U

L Transgression Transgression Transgression Transgression Transgression Transgression

Um major fall major fall major fall major fall major fall major fall

U

L Transgression Transgression T3 Transgression Transgression Transgression Transgression

U

L Transgression T2 Transgression Transgression Transgression

U

M minor transgression Transgression Transgression

L Transgression Transgression Transgression Transgression

U Transgression T1 Transgression Transgression

M Transgression Sassenach Trans. Transgression Transgression Transgression

L
Transgression

triangularis

diachronous fall

Transgression

Conodont Zone

postera

trachytera

marginifera

rhomboidea

crepida
Transgression
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Figure 3.7.  Biostratigraphic model applied to the Three Forks physical stratigraphy.  This model was derived from 

literature on regional biostratigraphic studies presented in this section. Displayed on EOG Resources Liberty 2-11H 

well.  
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Figure 3.8. Inferred biostratigraphic zone correspondence to Sr isotope samples projected onto a single stratigraphic 

column. Transgressions are indicated by tr.  
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Figure 3.9.  Silurian to Devonian global strontium isotope curve data from McArthur (2001).  Thick line is data mean with 95% confidence intervals in thin lines.  

Data from this study is plotted based on biostratigraphic model and lithology.  Anhydrites plot above curve, but follow trends more closely than dolomudstones. 
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supersaline halite and K-Mg salts.  This progression results in continued depletion in 
34

S relative to the early 

precipitates (Raab and Spiro 1991).  For this reason, this study examines anhydrite, an early calcium sulfate 

precipitate.   

Well-circulated oceans are well mixed with respect to sulfur due to residence times longer than ocean 

mixing times.  There has been little work on sulfur isotopic compositions in areas that are poorly mixed or 

influenced by riverine drainage.  It is well accepted that riverine sulfate is depleted in 
34

S compared to marine sulfate 

due to weathering of uplifted evaporites and carbonate associated sulfate sediments (Bottrell and Newton 2006). 

Because of these assumptions, if there is riverine influence in the Williston basin affecting the water chemistry, as 

suggested by Sr isotopes, a difference in sulfur isotopes signature would be expected as well.  

Comparison to the secular δ
34

S for the late Devonian is not particularly illuminating due to values spanning 

around 10‰ (Claypool et al. 1980).  Instead, we constructed our own comparison between the Wabamun ramp 

complex and the Williston intrashelf basin evaporites.  This also allows for comparison between modern 

instrumentation results with older values reported from the same core in literature almost sixty years ago.   

Fifty anhydrite samples from drill cores containing the Wabamun and Three Forks formations were 

analyzed for sulfur isotopes at the Colorado School of Mines Stable Isotope Laboratory following the methodology 

outlined in Capistrant (2012).  Approximately 100 to 150 µg of sulfate was combusted in a Eurovector 3000 

elemental analyzer and transferred as a gaseous phase to the Micromass Isoprime stable isotope ratio mass 

spectrometer in continuous flow mode using helium carrier gas.  A laboratory barium sulfate standard was used to 

calibrate the laboratory standard sulfur dioxide reference gas.  Isotope transient peaks of samples were validated 

against these standards.  Sulfur isotope values in δ notation represent the per mil difference with respect to the 

international Canyon Diablo Troilite (CDT) standard.  Laboratory barium sulfate was calibrated to CDT through 

repeated measurement against NBS-127 barium sulfate standard reference material from the National Institute of 

Standards and Technology.  This method yielded precision of 0.01‰ determined from blind duplicates of sample 

material. Results are reported to 0.0X‰. 

The wells sampled form a northwest to south-southeast transect over the Swift Current Platform between 

the Western Canadian Sedimentary basin (carbonate ramp system) and the Williston basin (intrashelf basin).  

Canadian stratigraphy documenting four major transgressions (T1, T2, T3 and T4) in the Wabamun Group 

(Halbertsma and Meijer-Drees 1987; Peterhänsel and Pratt 2008) was used to constrain petrophysical well log data 

on the Canadian side of the SCP.  The physical stratigraphy and biostratigraphy models presented in this paper were 

used to constrain data on the U.S. side and to correlate over the Swift Current Platform (Figure 3.10).  High 

resolution correlations were not achieved due to limited petrophysical and core data, however the stratigraphic 

framework developed for the Three Forks provides sufficient constrains for general isotopic comparison.  

Visual inspection of well-preserved anhydrite intervals eliminated major recrystallization effects on 

isotopic ratios.  Samples from the two most northwesterly wells were derived from nodular or laminated anhydrite 

facies (Figure 3.11).  Laminated facies were composed of felted anhydrite laths oriented parallel to bedding.  The 

anhydrite phase (verified through x-ray fluorescence) alternates with clay-rich intervals.  Anhydrite facies ranged 

from mosaic to nodular in samples from the five wells on the southern side of the SCP.    
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Sulfur Isotope Stratigraphy Results 

Figure 3.10 and Figure 3.12 document the chronostratigraphic comparison between isotopic ratios of the 

WCSB and the WB.  Sulfur isotope values across the system indicate a predominantly marine sulfate source.  

Notably, the sulfate values from WCSB cores are consistently enriched in 
34

S by 3-5‰ as compared to data from the 

Williston basin.  This depletion is outside the range of analytical error and consistent through all samples.  This 

consistent decrease in marine water influence is compatible with fresher groundwater and riverine discharge 

associated with the Williston basin and is supported by the Sr-isotope enrichment and sedimentological evidence for 

freshwater inputs presented Chapter 2.    

Halite identified in core of Socony Craigmyle No.1 well (Figure 3.13) may suggest some depletion in δ
34

S 

of the associated evaporites sampled.  If this inference is correct, it would increase the difference in WB and WCSB 

isotopic ratios at this stratigraphic horizon.  No evaporite phases besides anhydrite have been identified in any cores 

(out of more than seventy-two evaluated) in the Williston basin.  This indicates that salinities rarely exceeded the 

lower penesaline range of 140 to 250 ‰ salinity that only precipitates gypsum.  Halite in the Wabamun ramp system 

confirms salinities exceeded 250‰ and could possibly have reached supersaline conditions.  In addition to abundant 

siliciclastic material, syneresis cracks and other sedimentological evidence presented in Chapter 2, the evidence of 

lower salinities in the intrashelf basin compared to the ramp supports the idea of freshwater influence.   

Isotopic shifts in both basins following transgression two (T1), four, and five(T2) support the physical 

stratigraphic interpretation of marine transgressions at these times that increases the isotopic ratios.  No isotopic shift 

associated with transgression two may be related to insufficient sample coverage.     

Isotopic ratios of samples from within the Williston basin demonstrate a 1-2‰ difference in wells at certain 

points.  For example, between transgressions one and three, data from the Round Prairie well is consistently lower 

than that of the Schoch and Liberty wells.  While this difference is much smaller than that compared to the WCSB, 

this may be indicating the proximity of the freshwater source to the Round Prairie well.  Lack of data in other 

stratigraphic intervals prevents further comparison.   

Summary and Conclusions 

Seven eustatically controlled transgressive and regressive cycles were identified in the Three Forks 

Formation.  These contain subtle lateral facies association shifts including changes from storm-dominated shallow 

shelf to mudflat deposits and mudflat to evaporitic shelf deposits.  Autocyclic stratigraphic changes are abundant 

within these shallow low accommodation deposits.  These were filtered out by evaluating stratigraphic relationships 

across the basin in three dimensions.  Depositional thinning due to facies changes is common.  Erosional thinning is 

especially prevalent above and below transgressive event seven.  

Fossils for biostratigraphic age dating are absent in the Williston basin Famennian deposits.  However, data 

above and below the Three Forks Formation provides age constraints, and allowing correlation to the Wabamun 

deposits in the Western Canadian Sedimentary basin.  Biostratigraphic studies on the Wabamun, across the western 

U.S., and in Europe and China document eustatically controlled transgressive and regressive events that correspond 

to the same conodont zones.  The integration of these studies yields a model that predicts seven third-order  
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Figure 3.10. Northwest to southeast stratigraphic correlation between the Wabamun and Three Forks formations and the respective sulfur isotope data, datumed 

on the first major transgressive event of the Famennian.  Gamma ray or SP and mudlogs were all that were available for some wells, and were used for general 

correlation despite limitations in the expression of carbonate stratigraphy.  
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Figure 3.11. Examples of anhydrite facies sampled. Left shows laminated anhydrites and clays from Shell Oil Company 11-16-32-1 at 8663.5 feet. Right shows 

nodular anhydrite in red mudstone from Winnifred No. 1 11-06-012-09W4 at 4197.5 feet.   
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Figure 3.12.  Sulfur isotopes of Wabamun and Three Forks anhydrites compared to their relative stratigraphic 

position constrained by transgressive events.  Wabamun data is consistently 3-5‰ higher than Three Forks data, 

indicating a relative decrease in marine sulfate influence in the intrashelf basin compared to the ramp.
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Figure 3.13.  Halite in Socony Craigmyle at 4722.8 feet.  Presence of increased salinity evaporites such as this may 

suggest that Wabamun values are depleted in δ
34

S.  This would further increase the difference in Wabamun and 

Three Forks data.  



 

109 

transgressive – regressive cycles in the Three Forks.  This model is consistent with the allogenic events documented 

in the physical stratigraphy.   

This biostratigraphic model is used to constrain the relative ages of strontium isotope results.  Comparison  

of these data to the global 
87

Sr/
86

Sr curve show a bulk shift in Three Forks data to 
87

Sr/
86

Sr values  greater than the 

global values.  Evaporite strontium isotope results are on the order 10
-5

 times greater, indicating some influence 

from more radiogenic riverine drainage.  Dolomudstone and claystone isotopic results are 10
-4

 times greater than the 

secular curve.  This larger enrichment in radiogenic Sr is associated with increased detrital sediments and 

sedimentological schizohaline indicators.   

Sulfur isotopes reveal that marine influence decreases in the Williston basin relative to data from the west, 

within the Western Canadian Sedimentary basin.  Consistent and significant depletion 
34

S in Williston basin deposits 

support evidence of riverine influx and are consistent with the Sr isotope data. 

Halite in addition to calcium sulfate in Canadian deposits indicates that salinities rose to at least 250 ‰.  

No evidence of evaporites from salinities beyond gypsum saturation (dewatered to anhydrite) has been identified in 

extensive core analysis across the Williston basin.  This also supports the results of the sulfur isotopes where 

hypersalinities in the Williston basin were moderated by riverine influx.   

Initial comparisons between geographic locations of δ
34

S indicate certain areas of the intrashelf basin were 

more influenced by freshwater inputs than others.  This may have changed through time and should be examined in 

more detail.   

Integration of stratigraphic and geochemical data reveals the complex interplay between marine and 

continental influences in the Three Forks Formation.  Eustatic changes related to distant glaciations effected the 

transgressive-regressive development of the stratigraphy.  Radiogenic and stable isotopes confirm the marine 

influence in the basin, however discrepancies between secular trends, and lateral changes across the Wabamun-

Three Forks system document diminished influence within the intrashelf basin, compared to the seaward ramp 

system.  Multiple lines of evidence document the fluvial influence on a partially marine intrashelf system, 

supporting the reduced salinity lens model for epeiric ramps.  
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CHAPTER 4 

 

PROVENANCE OF FRASNIAN-FAMENNIAN INTRASHELF SILICICLASTIC-CARBONATE 

MUDSTONES AND EVAPORITES, WILLISTON BASIN 

 

Abstract 

The interaction of detrital and authigenic sediments controls petroleum reservoir quality in multiple  

Williston basin plays.  Currently there is a paucity of integrated quantitative studies delineating detrital and 

authigenic sediments origins in this basin.  The Famenninan-aged Three Forks Formation is of particular interest 

here due to abundant dolomite in the absence of direct evidence of biologic carbonate production.  This study 

evaluates Frasnian to Famenninan evaporites, carbonates and siliciclastics to constrain sediment provenance.  

Petrographic observations, regional mineralogical trends, and stepwise leached aliquots analyzed for Sr and Nd 

isotopes are employed to evaluate sediment origins in context of studies from the nearby Western Canadian 

sedimentary basin. 

Felted to subfelted primary anhydrite 
87

Sr/
86

Sr values progress from: 0.70809 and 0.70826 in the Frasnian 

to 0.70832, 0.70823, and 0.70821 in the Famennian.  Frasnian dolomudstones match the evaporite signature 

confirming early origins.  Automicrite in samples with minimal detrital contamination have elevated 
87

Sr/
86

Sr 

values, compared to secular trends indicating early freshwater mixing dolomitization. This is corroborated by 

sedimentological evidence such as syneresis and fluvial sands. Additional physiochemical alterations influenced 

dolomitization and include meso- to hypersaline reflux and evaporative pumping.  Biological influence on 

automicrite formation is inferred from preserved cyanobacteria.  Allomicrite is inferred to contribute minor amounts 

of carbonate mud as evidenced by rare micritized cortoids with uniaxial extinction and rounded carbonate grains 

mixed with detrital sands.  Both types of micrite are commonly mechanically abraded in transgressive, storm-

dominated environment.  Samples that that contained partially inseparable siliciclastics and dolomicrites yield 

87
Sr/

86
Sr values skewed to the average crustal contamination, around 0.72 measured in the final residues.   

Comparisons of regional quartz, feldspar and dolomite relative abundance trends reveal a general decrease 

in sediment maturity to the south.  A primary fluvial trunk system evidenced by a subtle southerly increase in 

siliciclastic maturity predominated sediment trends with some ephemeral drainage in variable directions. Composite 

εNd values range from -7.8 to -9.7 for Famennian dolomudstones and at -11.2 for one Frasnian Nisku 

dolomudstone.  These values indicate a continued recovery from westward Antler derived sediment following Nisku 

deposition.  The Famennian values demonstrate an Ellesmerian orogeny signature, with either a progressive 

decrease in less radiogenic Antler derived sediments or a progressive increase in more juvenile northward material.  

This well-mixed signature arose from progressive sediment recycling externally and within the basin.  

Introduction 

A dearth of information regarding sediment origins within the Paleozoic sections of the Williston basin 

presents an opportunity to investigate intrashelf basinal mechanisms of sediment delivery, recycling, and authigenic 

origins.  Data presented here focus primarily on the Famennian Three Forks Formation dolomudstones and 
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evaporites. These data will be compared with underlying Frasnian Duperow and Nisku evaporites and 

dolomudstones.  

The mixed carbonate and siliciclastic dolomudstones, claystones, and siltstones of the Three Forks 

Formation present little visible evidence to explain the origin of the sediment components within it.  Entire vertical 

sections of the formation contain a significant (average of 1/3) proportion of dolomicrite that is pervasive across the 

expansive intrashelf basin (see Chapters 2 and 3). This abundant component occurs in the absence of biological 

evidence of syndepositional carbonate formation.  Additionally, the dolomicrite is commonly mixed with siliceous 

silts and very fine sands of unidentified origin.  

The size and abundance of carbonate and siliciclastic sediments in this formation has direct implications for 

petroleum reservoir quality.  Key questions derived from this fact include: where and what are the sediment sources? 

Do they change spatially and though time?  

These data also provide constraints on late Devonian paleogeography and sediment transport pathways.  

Comparison with Western Canadian Sedimentary basin (WCSB) delineates the influence of Antler margin tectonic 

evolution in the far distal foreland basin during the Frasnian and Famennian (F-F) time.  Finally, provenance and 

sediment origin studies are usually on either carbonate or mixed siliciclastic formations.  Here an approach to 

understanding mixed siliciclastic and carbonate mudstone provenance is developed.  

Geologic Setting 

The Antler Orogeny initiated in the Middle Devonian.  At this time the Williston basin formed the 

shallowest part of a greater ramp system within the distal foreland basin system east of the West Alberta Ridge 

(Figure 4.1) (Root 2001).  The Antler Orogeny was one of several mountains building events that reshaped North 

American sediment source terrains during the mid-Paleozoic (Patchett et al. 1999b).  The Sassenach Formation 

contains the first and only geochemical evidence of sediments derived as a result of the Antler uplift in WCSB 

(Stevenson et al., 2000).  This formation onlaps the unconformity between Frasnian and Famennian strata examined 

here.  

The Frasnian strata of the Williston basin include the Duperow and the younger Nisku formations.  Both of 

these formations are composed of shallow water carbonate facies including subtidal muds, microbialites and 

evaporites, with some intervening organic rich black shales.  The overlying Three Forks Formation occurs above the 

Frasnian-Famennian boundary (triangularis conodont zone).  This formation is composed of mudflat, salina 

evaporites, and storm-reworked dolomudstones, siltstones and claystones (see Chapter 2).   

The distal foreland basin equivalents to the Frasnian intrashelf deposits in the subsurface of Western 

Canadian Sedimentary basin (WCSB) include the Frasnian Leduc and Duvernay, Ireton and Nisku formations that 

are primarily carbonate platforms and deeper pelagic deposits.  The overlying Calmar Formation includes the Blue 

Ridge carbonates and the Graminia Silt. Following the F-F boundary the thick carbonate ramp deposits of the 

Wabamun span the Famennian.  The same stratigraphy occurs in Alberta outcrops under different nomenclature.  

These include the Frasnian Perdrix of the Cairn Fm., the Mount Hawk, Arcs and Ronde members of the Southesk 

Fm., the Sassenach Fm. and the Palliser Fm. (Switzer et al. 1994).  The Sassenach/Graminia Silt formations that 
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onlap the unconformity that developed at the top of the Nisku Formation in the Williston basin and are interpreted to 

be lowstand deposits.   

In addition to significant orogenic events rimming the North American continent, major biosphere 

perturbations resulted in significant species extinctions and a reduction in species origination over three major pulses 

during this time (Racki 2005).  The first phased was the Taghanic Event at the end Givetian (House, 1985, 2002; 

Walliser, 1996).  The second phase during F-F time was completed through two Kellwasser Events (Buggisch, 1991; 

Walliser, 1996; House, 2002; Sandberg et al., 2002).  Recent studies considering the rates of origination versus 

extinction during the Taghanic and Kellwasser events argue that these two events do not qualify as mass extinctions 

(Bambach et al., 2004; Alroy, 2008), but rather significant ecologic changes prohibited rates of species origination. 

The end Devonian crisis closed at the Devonian-Carboniferous boundary with the Hangenberg Event which is 

considered a mass extinction (House, 1985, 2002; Walliser, 1996; Caplan and Bustin 1999; Sandberg et al., 2002).   

 

Figure 4.1.  Upper Devonian paleogeography of the Three Forks Formation modified from Patchett et al. (1999) 

(left). Ongoing orogenic events include the Ouachita, Appalachian, Caledonian, Ellesmerian and Antler.  Facies 

belts of the Palliser Platform (inset) modified from Halbertsma (1994), Root (2001), and Peterhänsel and Pratt 

(2008).  Frasnian structures include the Peace River Arch (PR) and Western Alberta Ridge (WA).  Major stuctures 

active during Three Forks time include the Sweetgrass Arch (SG), Swift Current Platform (SC), Cedar Creek 

Anticline (CC).  The Transcontinental Arch (TA) was emergent southwest of the greater platform.  Locations of 

wells used in this study are shown on the inset: 1) Whiting Oil and Gas Gronlie Farms 31-25TFH, 2) EOG 

Resources Liberty 2-11H, 3) Whiting Oil and Gas McDonald Family Trust Federal 31-3PH, and 4) Whiting Oil and 

Gas Short Fee 31-2.   
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Methods 

Samples spanning the Frasnian and Famennian stratigraphy were collected from four subsurface drill cores 

in the Williston basin (Table 4.1).  Wells are denoted by the first letter of each sample name. The two southern most 

cores are adjacent to one another (McDonald Family Trust Federal 31-3PH and Short Fee 31-2) and provide the base 

of the composite stratigraphic section (Figure 4.2) derived from projecting the depths of samples from the other two 

wells onto it.  Samples from the Liberty 2-11H come from the eastern side and samples from Gronlie Farms 31-

25TFH come from the western side of the basin (Figure 4.1).   

 

 

Table 4.1. Depth, projected depth, well name, lithology and formation for each sample.  Wells are denoted by the 

first letter of each sample name. 

 

Sample 

Name 
Well Name Depth, ft. (m) 

Composite 

well depth, 

ft. (m) 

Formation Lithology 

L1 Liberty 2-11H 
9728.50 

(2965.25) 

10528 

(3208.93 
Three Forks Siliceous dolomudstone 

G1 
Gronlie Farms 31-

25TFH 

9168.45 

(2794.54) 

10530 

(3209.54) 
Three Forks Siliceous dolomudstone 

G2 
Gronlie Farms 31-

25TFH 

9170.55 

(2795.18) 

10533 

(3210.46) 
Three Forks Dolomitic claystone 

S1 Short Fee 31-2 
10530.00 

(3209.54) 

10542 

(3213.20) 
Three Forks Dolomitic claystone 

M1 
McDonald Family Trust 

Federal 31-3PH 

10564.50 

(3220.06) 

10564.5 

(3220.06) 
Three Forks 

Hematitic 

dolomudstone 

M2 
McDonald Family Trust 

Federal 31-3PH 

10623.80 

(3238.13) 

10623.8 

(3238.13) 
Three Forks 

Hematitic 

dolomudstone 

M3 
McDonald Family Trust 

Federal 31-3PH 

10629.00 

(3239.72) 

10629 

(3239.71) 
Three Forks Anhydrite 

G3 
Gronlie Farms 31-

25TFH 

9258.55 

(2822.00) 

10643 

(3243.99) 
Three Forks 

Hematitic 

dolomudstone 

G3a 
Gronlie Farms 31-

25TFH 

9258.55 

(2822.00) 

10644 

(3243.99) 
Three Forks Anhydrite 

G4 
Gronlie Farms 31-

25TFH 

9258.60 

(2822.02) 

10645 

(3244.60) 
Three Forks 

Hematitic 

dolomudstone 

L2 Liberty 2-11H 
9923.60 

(3024.71) 

10654 

(3247.34) 
Three Forks Dolomitic claystone 

M4 
McDonald Family Trust 

Federal 31-3PH 

10655.00 

(3247.64) 

10655 

(3247.64) 
Three Forks Anhydrite 

M5 
McDonald Family Trust 

Federal 31-3PH 

10676.50 

(3254.20) 

10676.5 

(3254.20) 
Nisku Anhydrite 

M6 
McDonald Family Trust 

Federal 31-3PH 

10679.70 

(3255.17) 

10679.7 

(3255.17) 
Nisku Dolomudstone 

M7 
McDonald Family Trust 

Federal 31-3PH 

10762.60 

(3280.44) 

10762.6 

(3280.44) 
Duperow Anhydrite 
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Figure 4.2. Sample depth locations compared to gamma ray curve from McDonald Family Trust Federal 31-3PH.  

Projected sample locations of samples from the remaining three wells.   

 

while dolomudstone is used as rock name. Anhydrite textures were described using the classification of Maiklem et 

al. (1969).  Textural terms to describe anhydrite masses include: nodular, bedded nodular, nodular mosaic, mosaic 

and their distorted equivalents.  Crystal orientation descriptors include aligned-felted, felted, subfelted and 

microcrystalline.  The Wentworth (1922) grain size convention is used to describe siliciclastic components.  
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Isotopic samples were thin sectioned and impregnated with blue epoxy to delineate porosity.  Dual staining 

with alizarin red-S and potassium ferricyanide allowed for differentiation of carbonate mineralogy.  Thin sections 

were screened for evidence of diagenetic alteration.     

A regional database of X-ray diffraction and qualitative estimation of mineralogy by scanning electron 

microscopy (Qemscan) mineralogical data was compiled to evaluate general basin-scale mineralogy trends.  In order 

to do this quartz, feldspar and dolomite constituents were normalized to the sum of the three and plotted in ternary 

diagrams.   

Isotopic Methods 

Nd and Sr isotopic analyses were completed on a thermal ionization mass spectrometer at the Denver U.S. 

Geological Survey.  The SRM NBS 987 standard was measured at a ratio of 0.710253 ± 18 during the Sr analyses.  

The Sr isotopic values were normalized against this value. Sr measurement error was significantly less than one 2σ 

for samples with sufficient Sr concentrations. The La Jolla Nd standard was measured during this study.  The ƐNd 2σ 

measurement error averaged around 0.3 to 0.5 percent.  The calculated initial Nd ration was normalized against the 

chondritic uniform reservoir value (CHUR). 

Microsampling is not possible due to the fine grained nature of the rocks, so a stepwise leach approach was 

used.  First 1N HCl (leachate one) was used to leach the simple carbonate fraction from the powdered sample.  A 6N 

HCl separated dolomitic components (leachate two) and residue including siliciclastics and sulfates.  The anhydrite 

samples were similarly leached, but were not expected to dissolve in any significant quantities with HCl. The 

resultant residue was then dissolved with a different combination of reagents that dissolved sulfate complexing. 

Carbonate and Evaporite Petrography 

Anhydrites samples (M3, G3a, M4, M5 and M7) have felted to subfelted laths with random orientations 

(Maiklem et al. 1969) (Figure 4.3). Two major types of dolomicrite were identified and sampled in the Three Forks 

(Sibley and Gregg 1987). First, planar-s dolomicrite (samples L1 and G1) commonly contains brown centers with 

some clear rims.  These dolomicrites are mixed with well-sorted silt to very fine sand sized detrital quartz and 

feldspars in siliceous dolomudstones (Figure 4.4).  These predominate transgressive stratigraphic packages.  Planar 

porphyrotopic to planar euhedral dolomicrites are the second major dolomite type in the Three Forks.  These are 

composed of euhedral with some subhedral micrite (<20 um) sized crystals in a hematitic or illitic matrix (samples 

G2, S1, M1, M2, G3, G4, L2) with some minor contributions of clays, feldspars and quartz (Figure 4.5).  The 

proportions of clay and carbonate in these samples range from argillaceous or hematitic dolomudstones to dolomitic 

claystones.  Planar porphyrotopic to planar-euhedral dolomites are constrained to aggradational or regressive 

stratigraphic packages. 

The Nisku dolomudstone sample (M6) is planar-s dolomicrite with intercrystalline porosity and lacking 

detrital components (Figure 4.5).   

Some rare calcite occurrences in the Three Forks were not able to be sampled for isotope analysis.  

However these will be considered in the following discussions.  First, cortoidal dolopackstones contain sand-sized 

calcite cortoids in a planar-s dolomicrite matrix (Figure 4.6).  Calcite cortoids may be partially micritized and have 

uniaxial extinction.  They are the dominant allochem, but may incorporate some detrital siliciclastic material.   



 

 

 

Figure 4.3.  Felted to subfelted anhydrite textures.  Sample names are labeled in the upper left corner of each 

photomicrograph. All are under plane polarized light except for M3.  
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Figure 4.4. Siliceous, planar-s dolomudstone samples L1 and G1. Sample names are labeled in the upper left corner 

of each photomicrograph. All are under plane polarized light except for M3.  
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Figure 4.5.  Argillaceous (green) or hematitic (red) dolomudstone to dolomitic claystone samples.  Dolomicrites are 

planar porphyrotopic. Sample names are labeled in the upper left corner of each photomicrograph. M6 is the only 

dolomudstone sample lacking illite or hematite.  All are under plane polarized light. 
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Secondly, poorly-sorted carbonate and quartz sand dolomudstones contain fine to medium rounded calcite “grains” 

with some partial to complete dolomitization (Figure 4.7).  These carbonate grains are chaotically intermixed with 

hydrodynamically equivalent sized quartz (quartz grains larger due to lower density). These sands occur within a 

planar-s dolomicrite matrix.  Finally, the SEM work of Karasinski (2006) identified filamentous and solitary 

cyanobacteria in addition to bryozoan-like bioclasts (Figure 4.8). 

Evaporite Petrography Discussion 

Anhydrite samples were selected for minimal evidence of recrystallization based on petrographic textures.  

Because of minimal recrystallization the isotopic values present an accurate reflection of seawater composition from 

which the evaporites precipitated.  

Three Forks Carbonate Petrography Discussion  

The following discussion focuses on the carbonate components of the Three Forks Formation.  The 

Frasnian-Famennian biotic crisis has been suggested as a mechanism for the paucity of biologic features in the Three 

Forks Formation that overlies this boundary.  Stratigraphic studies on chronstratigraphically equivalent strata west of 

the Williston basin confirm reef building stromatoporoids and carbonate producing invertebrates in Utah (Morrow et 

al., 2011) and in the Western Canadian sedimentary basin (Stearn et al., 1987, 1988; Peterhänsel and Pratt, 2008).   

The results of these studies suggest other factors influenced the carbonate record in the Famennian of the Williston 

basin.   

Petrographic data reveal in-situ and reworked carbonate mud composing the dolomudstones and claystones.  

Sedimentological evidence alone supports automicrite as the predominant carbonate mud forming processes through 

abiogenic, biologically induced, and biologically controlled mechanisms (Flügel 2010).  Very small euhedral 

porphyrotopic dolomicrites and later stage limpid dolomite cements imply in situ formation.  Sedimentological 

evidence (see Chapter 2) suggests the possibility of varying physiochemical processes of formation through time to 

form these primary carbonates.  Reflux dolomitization certainly contributed to automicrite formation. Basin-

correlative massive anhydrites and early patchy anhydrite cements suggest periodic pervasive, basin-scale seepage-

reflux (Adams and Rhodes 1960) facilitating early dolomitization.  In parts of the stratigraphic section lacking 

massive anhydrites, ichnological evidence of fluctuating salinities possibly imply early reflux dolomitization due to 

mesohaline and penehaline brines (e.g. Saller and Henderson 1988; Qing et al. 2001; Jones et al. 2003; Rott and 

Qing 2013).  The basin scale occurrences of dolomicrites throughout the entire formation support reflux as an early 

dolomitizing mechanism.  In addition to reflux, hematitic dolomudstones associated with syndepositional nodular 

anhydrites suggest evaporative pumping on the mudflats as one mechanism for primary dolomite (Hsü and 

Siegenthaler 1969).  

In between times of evaporitic reflux, freshwater mixing contributed to automicrite generation. Evidence of 

freshwater fluvial inputs into a hypersaline shallow basin include thin coarse sands, syneresis cracks (Chapter 2), 

and mixed sulfur isotopes (Chapter 3).  These signify the role of freshwater inundation (Folk and Land 1975) or 

seasonal basin level salinity variations such as the Coorong model (Von der Borch 1976, Rosen et al. 1989) in 

nucleating dolomite in the basin, or within the mixing zones (Humphrey 1988, Meyers et al. 1997, Lu and Meyers, 

1998) of fresh and hypersaline connate waters.  The evidence of salinity fluctuations supports automicrite formation  
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Figure 4.6. Cortoidal dolopackstones. Rounded, coarse sand sized calcite (C) grains with various grades of 

micritization and some uniaxial extinction hinting at a bioclastic origin. These are contained within fine planar-s to 

planar-e dolomicrite (DM) with minor quartz (Q).  Top: EOG Resources, Inc. Liberty 2-11H 9819.6 ft.  Bottom: 

Hess Corporation Hovden 15-1H 11353 ft.  
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Figure 4.7.  Detrital carbonate (calcite, C and dolomite, D) and quartz (Q) sand dolomudstones. Top:  Continental 

Resources, Inc. Charlotte 1-22H 11526 ft.  Bottom: Chesapeake Schoch 21-137-97 A 1H 10053.9 ft. 
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Figure 4.8. From Karasinski (2006). Top: solitary (S) and filamentous (F) cyanobacteria with halite (H) cement in a 

massive dolomite.  Bottom:  bryozoan-like bioclast (B) from Three Forks laminated dolomudstone facies in 

Manitoba.  
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through abiogenic means.  In addition to these processes, biologically induced organomicrite may have played a role 

in facilitating carbonate formation.  These processes are more cryptic, however evidence of cyanobacteria identified 

in SEM may suggest the role of microbial mediation as an aid for primary dolomitization (Vasconcelos et al. 1997).   

Reworked carbonates include planar-s dolomicrite of siliceous dolomudstones, and the sand-sized calcite 

and dolomite grains of the cortoidal dolopackstones, and sandy dolomudstones.  The siliciclastic silts and sands are 

delivered through ephemeral to seasonal unconfined flows as indicated by the coarse quartz in massive mudstones or 

perhaps through confined fluvial systems discussed in detail in the previous section.  Sedimentological features (see 

Chapter 2) indicating significant storm and wave influence imply carbonate muds are recycled, abraded and 

reworked and mixed with siliciclastics (Mount 1984; Wright 2001).  The fact that these dolomites are mixed in with 

the detrital components supports early dolomitization through abiotic processes.  

Petrographic data suggests four hypotheses on the origin of the reworked carbonate muds.  First, in some 

situations, reworked carbonate muds may simply originate from transgressive intrabasinal recycling and reworking 

of early in-situ precipitated dolomicrite.  During transgression, these authigenic growths would be cannibalistically 

recycled and penecontemporaneously deposited dolomicrites mixed with siliciclastics. The aggradational to 

progradational packages are dominated by planar porphyrotopic dolomudstone and the transgressive packages are 

dominated by planar-s dolomudstone mixed with the siliciclastics.  This distinction implies stratigraphic control on 

the nature of the carbonate sediments and does not require carbonate sources from outside the depositional system. 

Second, mechanical abrasion of skeletal carbonate materials may also provide a source of carbonate mud.  

A few rare observations in the Three Forks suggest some biogenic contribution to sediments. However these very 

rare occurrences of these features do not support abundant allomicrite to explain most of the micrite.  Cortoidal, 

rounded coarse sand-sized calcite grains, some with uniaxial extinction and micirtization around rims, indicate a 

skeletal origin (Figure 4.6).  Additionally Karasinski (2006) identified cyanobacteria and bryozoan-like bioclasts 

within the Three Forks deposits of Manitoba.  These observations of rare and poorly preserved biogenic sediments 

indicate that authigenic sediments at least in part are a contributing factor to carbonate mud within the basin.  

Schizohaline environments are not conducive to stenohaline organisms such as echinoderms and mollusks that 

cannot internally regulate salinity.  However it is impossible to rule out that there may have been periods of normal 

salinity where stenohaline organisms could occupy the Three Forks intrashelf basin and provide a carbonate source 

to be abraded.   The amount of scouring, reworking and amalgamation documented in the formation (see Chapter 2) 

attests to the incomplete nature of the Three Forks stratigraphy (e.g. Ager 1973; Miall 2014) and allows for the 

possibility of high intensity storm events that provide a means to mechanically breakdown carbonate skeletons. In 

such a shallow environment where desiccation is possible, microbialite development would be expected, however 

there is no evidence of coherent communities within the Three Forks.  These communities may have been inhibited 

by the strong erosive action of storms and high depositional rates.   

Thirdly, bioerosion may also play a role in carbonate mud development in the Three Forks.  Peterhänsel 

and Pratt (2001) recognize that the Ellesmerian orogeny and increased pedogenesis (due to plant evolution) during 

Palliser/Three Forks time would have significantly affected nutrient and chemical input into the seaways.  This 

nutrient influx (see evidence of riverine discharge into the basin, Chapter 2 and 3) would have promoted endolithic 



 

127 

organism flourishment.  These organisms are known promoters of carbonate skeletal destruction (e.g. Bathust 1966).  

As a result of these major biogeochemical changes, endolithic flourishment, and enhanced bioerosion masked the 

true nature of benthic communities during this time.   

Enhanced bioerosion may also have facilitated a carbonate mud production feedback loop by inhibiting 

microbialite deposition in the more stressed intrashelf basin compared to the ramp. Because microbialite 

boundstones could not form (due to the stress of intermittent schizohaline conditions and abundant bioerosion), 

carbonate skeletal material was then more prone to destruction through mechanical abrasion from storm reworking.    

A final possibility for the origin of dolomicrite in the Three Forks could be derivation from uplifted older 

carbonates.  Poorly-sorted carbonate and quartz sand dolomudstones connote capacity to transport carbonates with 

the siliciclastics.  These poorly sorted deposits probably represent ephemeral pulses into the basin that are preserved 

in an in-situ dolomudstone matrix.  The lateral distribution of these sediments is limited to the southern and central 

parts of the basin, suggesting limited, localized input through these ephemeral pulses.    

The following sections present, interpret and discuss quantitative strontium isotope data to evaluate the 

potential of these hypotheses on the origin of the dolomudstones.    

Sr Results 

Table 4.2 presents the Rb and Sr measured concentrations, their proportion ratio, the initial 
87

Sr/
86

Sr value 

and the 2σ percent error for each sample separated by the three leachate phases.  The proportion of Sr to Rb of each 

leachate indicates the ability of the HCl to extract non-carbonate material (primarily clays).  This inference is based 

on the fact that carbonates preferentially exclude Rb from their crystal lattices due to the -1 valence state.  On the 

other hand, carbonates easily incorporate Mg, and Sr to substitute for Ca.   

Anhydrites 

The anhydrites contain the highest proportion of Sr to Rb in the residues after leaching with the sulfate 

complexing reagent.  These low proportions of Rb indicate minimal detrital sediment input and the most 

unobstructed isotopic signature.  In two cases, samples M3 and M7, the first leach produces the highest and most 

reliable ratio of Sr to Rb.   

Frasnian Duperow anhydrites yield a signature of 0.70809 for the lowest proportion of Sr to Rb and 

0.70812 for the second lowest. Frasnian Nisku values include 0.70826 and 0.70821 for the first and second highest 

Sr to Rb ratios, respectively.  These values closely match the average measured value of 0.70829 in the Nisku 

Formation of the Western Canadian Sedimentary basin at Joffre Field (Al-Awar 1996, see appendix).  The reliability 

of anhydrite values persists into the Three Forks samples M3, G3a, and M4.  These samples yield 
87

Sr/
86

Sr values of 

0.70832, 0.70823, and 0.70821 in the leachate with the highest proportion of Sr to Rb concentrations.  The second 

highest proportion concentrations again closely resemble the favored signature.  These values match the values 

measured in the Western Canadian Sedimentary basin in Wabamun Formation sabkha deposits, however the precise 

chronostratigraphic relationship of these values is unknown, and a match in values does not necessarily reflect a 

homogeneous seaway (Mountjoy and Halim-Dihardja 1991; Mountjoy et al. 1992).  
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Table 4.2.  Rb and Sr concentrations, concentration ratios, initial 
87

Sr/
86

Sr values and 2σ percent error for each leachate of each sample. Asterisk denotes 

unreliable measurements.  
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L1 
Siliceous 

dolomudstone 
0.262 544.5 2080 0.70880 0.003 1.994 1187.2 595 0.70876 0.011 10.6 508 48 0.70906 0.0957 

G1 
Siliceous 

dolomudstone 
0.699 47.5 68 0.70882 0.086 4.839 35.3 7 0.70796 0.619 90.9 81.0 0.89 *0.72389 4.33 

G2 
Dolomitic 

claystone 
3.347 52.8 16 0.70995 0.247 17.612 5.9 0.34 *0.69013 11.8 103 30.2 0.29 *0.71525 14.5 

S1 
Dolomitic 

claystone 
2.886 88.1 31 0.70997 0.134 31.667 15.7 0.49 *0.73000 11.6 58.2 26.0 0.45 *0.71816 8.71 

M1 
Hematitic 

dolomudstone 
1.91 71.1 37 0.70977 0.12 191.6 62.8 0.33 *0.70535 12.11 88.7 73.4 0.83 *0.72071 4.77 

M2 
Hematitic 

dolomudstone 
1.76 83.1 47 0.70988 0.085 255.2 78.4 0.31 *0.70340 14.34 86.0 72.3 0.84 *0.72128 4.91 

M3 Anhydrite 0.007 124.4 17771 0.70832 0.002 0.585 1420 2427 0.70807 0.005 0.013 139 10346 0.71060 0.135 

G3 
Hematitic 

dolomudstone 
1.078 228.6 212 0.70846 0.021 38.892 575.2 15 0.70781 0.289 122 1243 10 0.70736 0.423 

G3a Anhydrite 0.017 141.9 8535 0.70840 0.002 0.421 1149.3 2727 0.70827 0.002 0.2 1864 9320 0.70823 0.0019 

G4 
Hematitic 

dolomudstone 
1.53 77.2 50 0.70951 0.081 98.1 23.4 0.24 *0.70551 16.66 195 124 0.64 *0.72353 6.10 

L2 
Dolomitic 

claystone 
2.216 148.1 67 0.70873 0.072 43.709 17.3 0.40 *0.70372 9.75 108.5 51.3 0.47 *0.72388 8.32 

M4 Anhydrite 0.032 347.3 10853 0.70829 0.0022 0.143 1059 7395 0.70824 0.0022 0.070 1422 20194 0.70821 0.0050 

M5 Anhydrite 0.029 384.5 13257 0.70834 0.0022 0.419 959 2288 0.70821 0.0029 0.055 1238 22580 0.70826 0.0045 

M6 Dolomudstone 0.415 271.3 654 0.70866 0.0076 0.123 295 2407 0.70826 0.0037 14.2 12.3 0.87 *0.74163 16.8 

M7 Anhydrite 0.037 298.0 8053 0.70809 0.0022 2.36 14.0 6 0.70854 0.659 0.015 768 50762 0.70812 0.004 
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Dolomudstone and claystones  

The dolomudstone and claystone samples present more cryptic signatures due to varying amount of detrital 

contamination that must be closely evaluated.  These lithologies experience increased influence from leached detrital 

components, indicated by Rb concentration, a proxy for felspathic and clay minerals.  Additionally low Sr 

concentrations compared to anhydrites result in high error for some samples denoted in Table 4.2 by an asterisk. 

Leachate two of M6, from the top of the Nisku Formation, has the highest ratio of Sr to Rb of all of the 

non-anhydrite samples.  This ratio is still only about 30 percent of the smallest anhydrite ratio.  Detrital minerals 

were rarely identified, and no petrographic evidence of neomorphism was identified in this sample (Radke and 

Mathis 1980).  The 
87

Sr/
86

Sr value of M6, leachate two exactly matches the most likely value of the overlying 

anhydrite M5 at 0.70826.  M6, leachate one has an elevated Sr to Rb ratio compared to leachate two, and the 

87
Sr/

86
Sr value is 0.0004 greater.  M6 residue corresponds to a high error, high 

87
Sr/

86
Sr crustal signature.  

The remaining samples come from the Three Forks dolomudstones and claystones.  The residues of these 

samples (G1, G2, S1, M1, M2, G3, G4, and L2) contain more Rb than Sr except for L1.  Lower concentrations of Sr 

yield elevated error in the residues.  In general, the residue 
87

Sr/
86

Sr values for the dolomudstone and claystone 

samples fall around 0.72.  These elevated Rb concentrations confirm increased concentrations of detrital 

components remaining in the residue and reflects the average crustal contamination signature in the basin.  L1 

residue has ratio of 48 Sr to Rb concentration.  The 
87

Sr/
86

Sr signature is distinct from the previously presented 

anhydrites, dolomudstones and claystones.  This value of 0.70906 is interpreted to represent a mixed seawater and 

crustal signature.   

Leachate two contains the most erroneous measurements of the dolomudstones and claystones.  Samples 

G2, S1, M1, M2, G4, and L2 demonstrate the lowest proportion of Sr to Rb and the highest percent errors of the 

leachate two samples.  The increased Rb concentration indicates the propensity of the stronger reagent to affect the 

detrital components more in the second leaching than the first.  The 
87

Sr/
86

Sr values for these samples range from 

0.6901 to 0.7300.  The results associated with the elevated Rb and overall low Sr.  L1, G1 and G3 have significantly 

lower error compared to the other L2 mudstones.  These samples have a low proportion of Sr to Rb compared to the 

anhydrites, but this concentration ratio is greater than one, especially in L1.   

Leachate one presents the overall lowest error and highest Sr to Rb concentration ratios for mudstone 

samples. These mudstone values range from 0.7084 to 0.70997.   The proportion of Sr to Rb is several orders of 

magnitude lower than the anhydrites, indicating some possible leaching of detrital sediments in the
87

Sr/
86

Sr values.  

Isotopic ratios are uniformly higher than those measured in the anhydrites.    G3 has the second highest Sr to Rb 

concentration ratio (~200) and L1 has the highest concentration (~2000) ratio with a more radiogenic 
87

Sr/
86

Sr value 

of 0.7088 than G3 at 0.7084.    

Sr Discussion 

With evaporite 
87

Sr/
86

Sr values providing a high confidence baseline of seawater composition during 

deposition, deviations in dolomudstones and claystones do not necessarily preclude early authigenic precipitation.   
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Many of the interpretations presented in the above section focus around inferring the Rb concentrations of 

the leachates as a proxy for the detrital influence on the 
87

Sr/
86

Sr value. This discussion evaluates this interpretation 

and assesses alternative viewpoints.  

Rb concentration as a proxy for detrital influence is the favored assumption based on several factors.  First, 

as previously stated carbonates preferentially exclude Rb from crystal lattices.  The imperfections of nature do not 

alone explain high Rb concentrations ranging from tens to hundreds of ppm per sample. In feldspars and clays, Rb
+
 

substitutes for K
+
.  This fact further supports the interpretation of a combined carbonate and detrital 

87
Sr/

86
Sr 

signature in samples with significant proportions of Rb.  As presented above, sample M6 embodies this 

interpretation.  As the only dolomudstone sample with minimal detrital components, the 
87

Sr/
86

Sr value exactly 

matches that of the overlying anhydrites.  The anhydrite signatures provide the baseline seawater signatures.  Both 

of these Nisku signatures are elevated from upper to mid-Frasnian values around 0.7081.  This elevated signature 

suggests mixing between seawater and freshwater that is facilitating dolomite nucleation.  The two lowest Rb 

concentration samples from leachate one also suggest a freshwater mixing signature.  These values are both slightly 

elevated from the Three Forks anhydrite baseline.   

In addition to this interpretation there are three other possible interpretations of mudstone 
87

Sr/
86

Sr values. 

First, dolomite neomorphism could possibly alter the signature.  Certainly these signatures do not resemble global 

trends (Machel et al. 1996).  However detailed petrographic studies on these samples and Three Forks mudstone 

samples all across the basin have not identified petrographic indications of neomorphism such as baroque/saddle 

textures or non-planar anhedral crystals (Radke and Mathis 1980). Because there is no visual evidence of 

neomorphism, the abundance of micrite seems largely unaltered and it is probable that the original 
87

Sr/
86

Sr 

signature is still preserved. Finally, the increased abundance of Rb associated with 
87

Sr/
86

Sr deviations does not 

support replacement or crystallization of carbonates.  

An additional possibility for the alteration of the original Sr signature would be related to diagenesis.  A 

low-order unconformity overlies the Three Forks Formation. The issue with dolomitization related to this 

unconformity is that the global Sr values continue to fall through the Famennian until the low point in the Visean 

with a 
87

Sr/
86

Sr value of about 0.70762 (McArthur et al. 2001).  This does not explain the 
87

Sr/
86

Sr rise from the end 

Famennian 0.7082.  Samples G2 and G3 both come from a well on the west side of the basin and demonstrate a 

decrease in 
87

Sr/
86

Sr values.  Although L1 is stratigraphically above G2 and G3, these two samples are around 10 

meters closer to the unconformity due to its enhancement on the western side.  The main issue with this hypothesis 

is that although both samples demonstrate the decrease in 
87

Sr/
86

Sr value, G3 lies around 27 meters below G1.  In 

order for diagenetic fluids associated with the unconformity to affect G3, they would have to pass through several 

low permeability mudstone and evaporite beds.  The first order, end Kaskaskia unconformity, developed during the 

Pennsylvanian.  This is concurrent with the global rise in 
87

Sr/
86

Sr values.  The fluids associated with this 

unconformity may have affected these Sr values however they cannot fully explain them as the global curve reaches 

a maximum of approximately 0.7084.   

The final two hypotheses are related to the older, more radiogenic values that persisted globally though the 

Cambrian and early Ordovician.  These values continuously averaged over 0.7088.  The first hypothesis is that 
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basinal fluids related to these early Paleozoic formations diagenetically altered the dolomicrite signatures in the 

Three Forks.  This sort of alteration requires significant structural deformation to provide conduits for these fluids to 

pass though over a thousand meters of stratigraphic section containing abundant evaporite and shale.  Certainly 

Antler and Laramide orogenies enhanced this possibility after deposition, however the dolomitization is pervasive 

across the basin and not just enhanced in structurally deformed settings.  Additionally, this hypothesis does not 

address the increased Rb with the increased 
87

Sr/
86

Sr signature.   

The last hypothesis related to the more radiogenic older Paleozoic strata is that the dolomicrite was directly 

derived from these older deposits.  A detrital dolomite would not form planar porphyrotopic rhombs.  The planar-s 

rhombs mixed with siliciclastics are more difficult to be certain about.  These deposits demonstrate significant wave 

reworking and mixing (see Chapter 2).  Dolomite derivation is less likely for the Nisku dolomudstone (M6) that 

matches the authigenic anhydrite signature.  Invoking a model of detrital dolomite completely sourcing the Three 

Forks dolomicrite would need to address how it started only in the Three Forks and not the Niksu. The measured 

isotopic ratio values could match the late Silurian that progressively rose until the Devonian fall (McArthur 2001).   

These values do directly match the chemical signature expected to be derived from late Silurian to early Devonian 

waters, however this does not take into account the elevated detrital signature from the leached clays.     

Carbonate and Evaporite Origins Summary 

An integrated understanding of core and petrographic scale sedimentological features, trace element 

concentrations and 
87

Sr/
86

Sr values indicates that evaporites precipitated from end-Devonian seawater influenced by 

crustal drainage and dolomicrites formed predominantly from penecontemporaneous intrabasinal processes.   

Autochthonous Three Forks dolomicrites (automicrites) may form from several processes that vary through time 

including: meso- to hypersaline seepage reflux, freshwater mixing, evaporative pumping and organically enhanced 

processes.  Even in reworked dolomicrites, strontium isotopes indicate a freshwater mixing dolomitization signature 

due to the elevated isotopic ratio under low detrital contamination levels.  

Anomalous dolomicrites may also be sourced from skeletal material that is rarely preserved in the storm-

dominated environment.  These authigenic carbonate sources are recycled, abraded, reworked, and mixed with 

siliciclastics through transgressions, storm-events (mechanical energy) and bioerosion.  Rare occurrences of 

carbonate “sand” possibly indicate derivation from eroded local carbonate terrains of unknown age however the 

expected isotopic signature was not detected confirming it is not the dominant source of carbonate.  

Siliciclastic Provenance, and Neodymium (Nd) Isotopes 

Siliciclastic sand and silt occurs throughout the formation (Figure 4.9).  Beneath the fifth transgression (see 

Chapter 2 and 3), the stratigraphy is dominantly aggradational.  Sands are less abundant, poorly mixed with 

carbonates, and are medium to coarse in grain size, the largest maximum grain sizes in the formation.  Above this 

event, the stratigraphy is dominantly transgressive, containing more abundant siliciclastic sand and silt well mixed 

with carbonates.  These better mixed deposits contain well sorted sands and silts with very fine sand as the 

maximum grain size.   

The nature of the silt and sands directly corresponds to the amount of recycling and reworking promoted by 

the aggradational or transgressive nature of the stratigraphy.  Better mixed, well sorted and very fine sand to silt  
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Figure 4.9.Two representative examples from McDonald Family Trust Federal 31-3PH at 10512 ft. and 10654.2 ft.  

These examples demonstrate how the nature of the siliciclastic sands and silts changes through the stratigraphic 

section. The aggradational lower part, beneath transgression four of the section contains less abundant, poorly 

sorted, medium to coarse sand sized siliciclastics that are suspended in a dolomicrite matrix (lower 

photomicrograph).  The transgressive upper part, above transgression four, of the section contains well mixed, well 

sorted sub-equal amounts of dolomicrite and very fine sand to silt sized siliciclastics.  

 

grain sizes result from abrasion within the basin (Wright 2001).  The sands beneath the fourth transgression 

represent the most unaltered provenance signature of the formation and possibly of the low order sequence LST-

TST system.  This is due to deposition at the furthest seaward position (progradation) of the mudflat facies 

associated.  This facies contains flash-flood type events controlled by hinterland climates in which sands are 

delivered into the greater drainage basin and deposited in ungraded, unsorted, massive deposits in which large sand 

grains sit in a fine-grained matrix. Further progradation over these deposits precludes reworking though storms (due 
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to backstepping) which is responsible for mixing and abrading sediments, thus masking the provenance signature 

(i.e. the upper part of the Three Forks and Bakken).  Preservation of primary depositional characteristics indicates 

candidates for which the most unaltered signature is preserved.  

Examination of two chronostratigraphically correlative sandy mudstone beds reveals opposing grain size 

trends (Figure 4.10).  The oldest bed decreases in maximum grain size from coarse to medium quartz going from the 

northern well to the south.  The younger sandy mudstone bed displays the opposite trend where the southernmost 

well contains very coarse quartz sands and the northernmost wells decrease to medium and very fine quartz sand 

sizes.  The younger package in the northern well contains coarse, rounded anhydrite grains, inferred to be locally 

derived. 

These opposing maximum grain size trends through the stratigraphy suggest that at times the origin of the 

sediment source varied.  In the two examples examined here the older sediment pulse originated from a northerly 

direction and progressive transport south resulted in decreased grain size. Younger pulses of siliciclastics originated 

in the south and were transported north.  These types of trends are expected for an intrashelf basin that demonstrates 

freshwater inputs.  The intrashelf basin behaved as an ephemeral drainage basin at times, providing a sink for fluvial 

transports with variable origination.    

A final east to west comparison of a correlative sandy mudstone reveals a decrease in grain size from 

coarse in the east to medium and very fine in the west.  Sandy mudstones were difficult to identify from the western 

side in general.  The western basin margin contains more Antler uplift influence.  These sediments were more prone 

to cannibalistic recycling, possibly sourcing the rest of the basin at times.   

Quantitative mineralogy trends reveal an overall decrease in detrital quartz and feldspars from north to 

south (Figure 4.11).  First the feldspar composition decreases and then the quartz composition decreases.  Data from 

the southern wells indicated carbonate enhancement relative to siliciclastics. In-situ, planar porphyrotopic to planar 

euhedral dolomites in these carbonate enriched southerly wells reveals a decrease in detrital sediment delivery and 

increase in authigenic sediment precipitation in general towards the south.   

The grain size and mineralogy trends taken together indicate that siliciclastic delivery to the basin 

predominantly originated from a fluvial trunk system generally from the north in general.  At times, smaller pulses 

into the basin could be derived from any direction, dependent on hinterland climate and tectonics.  This general 

north to south trend agrees with sediment trends identified for the overlying Mississippian strata in Nordquist 

(1953). 

This progressive decrease in sediment maturity precludes the commonly assumed hypothesis that 

siliciclastic sediments were only delivered to the basin though eolian processes. Wind delivered sediments would be 

sorted initially as they became air born, not as they were deposited.  Instead, indications of exposure and storms on 

the mudflats (chapter 2) implies background eolian processes in addition to fluvial transport.  
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Figure 4.10.  Grain size comparison from selected sandy mudstone intervals.  The well on the left is north of the well on the right.  The northern well has a fine to 

medium quartz (Q) and coarse anhydrite (A) grain size that is approximately chronostratigraphically equivalent to the lower photomicrograph of the coarse 

quartz sand in the southern well.  The second sandy interval demonstrates coarse sand sizes in the north and very fine quartz sand sizes in the south.  Planar 

porphyrotopic dolomicrite (D) cements the quartz and rounded calcite grains (pink).  
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Figure 4.11.  Three Forks general basin sediment trends complied from quantitative mineralogy data.  Data swarms 

plotted on quartz (Q), feldspar (F) and dolomite (D) ternary diagrams are color coded to match numbered wells on 

maps.  A distinct decrease in proportions of feldspar and quartz to the south are indicated by migrating data swarms 

on the plots. Diagram A plots all wells together. B corresponds to the enhanced quartz and feldspar region.  C plots 

well data from the enhanced quartz, depleted feldspar region.  Diagram D plots wells from the depleted quartz and 

feldspar, and enhanced dolomite region.  
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Nd Results  

Authigenic carbonate sediments uptake representative REE isotopic compositions of seawater.  However 

the concentrations of these elements are so low that the primary signatures are either too low to gather reliable data 

or are easily obscured through diagenesis (Elderfield et al. 1981; Shaw and Wasserburg 1985).  Non-carbonate 

authigenic minerals (i.e. clays and early ferromagnesian cements) generally do contain sufficient REE 

concentrations with isotopic compositions of the seawater from which they precipitated.  Seawater contains the 

signature of dissolved riverine influx that averages the signature of its drainage terrain.  Igneous terrain signatures 

depend on the timing and magmatic origin.  These signatures are imparted to metamorphic rocks and eventually 

detrital sedimentary rocks. Detrital siliciclastics rocks contain sufficient REE concentrations.  These REE signatures 

are often well preserved due to the inefficiency of alteration through sedimentary processes.  Nd isotopes are 

favored provenance indicators for detrital sedimentary rocks as they present the average signatures of the source 

terrains (e.g. Frost and Winston 1987; Michard et al. 1985). 

εNd notation compares the ratio of the radiogenic isotope, 
143

Nd, to the stable isotope, 
144

Nd of the sample 

with a normalized ratio of the present chondritic uniform reservoir value (CHUR).  More positive εNd values 

correspond to higher Sm/Nd ratios and more radiogenic sources, such as juvenile crust.  More negative εNd values 

indicate a less radiogenic and possibly a more isotopically evolved source, such as Precambrian crust.   

Table 4.3 presents measured Samarium (Sm) and Neodymium (Nd) concentrations, εNd and 2σ error for 

each sample by leachate.  The weighted average εNd based on Nd concentration measured is listed in the final 

column.  These values range from -7.8 to -9.7 for the Three Forks samples.  The value of the one Nisku sample is -

11.2.  Anhydrite samples contain minimal rare earth elements (REE).  Hematitic dolomudstones are relatively 

enriched in REE across the leachates compared to samples without hematite.  These authigenic early hematite 

cements incorporated the REE signatures of seawater from which they precipitated.  The measured Nd isotopic 

ratios vary by leachate for each sample, but this variation is within a small range of εNd values. Additionally, 

minimal petrographic evidence of later diagenesis indicates the Nd isotopic ratios measured here are preserved even 

if some diagenesis occurred close to the time of sedimentation (Bock et al. 1994, Patchett, 1999a).  No evidence of 

metamorphism also supports the preservation of the early signatures.   

Nd Discussion 

Sediments derived from the Appalachians contain Greenville aged (Mesoproterozoic) cratonic signatures 

and present continuous εNd values between -5 and -13 (Andersen and Samson 1995; Bock et al. 1996). Uplifted 

Appalachian sediments were transported along the eastern North American margin and deposited in the Ouachita 

Cordillera (Gleason et al. 1994; 2002).  Cross continental transport of these sediments into the greater WCSB is 

problematic due to paleodrainage patterns away from the transcontinental arch (Patchett et al. 1999b).  Alternatively, 

a similar εNd value shift documented along western North America is derived from transport and recycling of 

Greenville aged sediments from the Caledonian and Ellesmerian orogenies near Greenland and the Innuitian Islands 

(Boghossian et al. 1996; Garzione et al. 1997; Patchett et al. 1999a; Patchett et al. 1999b).  

Nd isotopic studies of the Canadian Cordillera document Archean shield (Thériault and Ross 1991; 

Villeneuve et al. 1993) to Proterozoic crustal signatures of -17 to -26 up until the late Ordovician (Boghossian et al. 

1996).  Following this, a significant increase in εNd values from -5 to -13 occurs in the late Ordovician to late 
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Devonian sediments and remains prevalent until the Jurassic (see Ross et al. 2005) (Figure 4.12).  Stratigraphic 

sections in Yukon, Northwest Territories and British Columbia first demonstrate the shift in the mid-Devonian.   As 

the isotopic shift progressively traveled south, southern Alberta sections express the same pattern by the late 

Devonian (Garzione et al. 1997).   

The Ellesmerian and Caledonian orogenies introduced sediment sources with thirty times greater 

production rates than the craton itself (Patchett et al. 1999b).  Additionally, burial of the Canada-Greenland Shield 

under 800 m of sediments precluded the influence of these less radiogenic signatures from influencing the post-

Ordovician isotopic signatures and facilitating its predominance until the Jurassic (Cookenboo et al. 1998; Patchett 

et al. 2004).  (It should be noted that most of this sedimentary cover was carbonates, and erosion of these strata 

could not have influenced the Nd signature, see Patchett et al. (2004)).  

In the Canadian Cordillera, early Frasnian formations including the Duvernay and Mount Hawk formations 

demonstrate south directed clinoforms and channels (Oliver and Cowper 1963; Stoakes 1980; 1992; Switzer et al. 

1994). These indications of northern sediment origins correspond to Ellesmerian-Caledonian sourced εNd values 

around -7 to -8.5 (Stevenson et al. 2000).  Following the transport of large sediment volumes from the Ellesmerian -

Caledonian Orogeny, the Antler Orogeny initiated on the western margin of North America (Root 2001).  

Sedimentological evidence of Antler influence on Canadian Cordilleran sedimentation is limited.   

The Sassenach Formation overlies the Duvernay and Mount Hawk formations. It first presents evidence of 

a westward Antler source in a westward increase in the immaturity of sands towards the source.  Additionally εNd 

values distinctly shift from underlying sediments from around -8.5 to -11 (Stevenson et al. 2000). Because εNd 

values represent an average of the source terrain signatures, the exact westward source is currently indeterminate.  

The negative isotopic shift dictates an older, less radiogenic source that is presumably uplifted and eroded into the 

distal foreland basin by Antler activity. Stevenson et al. (2000) outlines three major possibilities that have 

overlapping εNd values from -10 to -20. These include the Proterozoic Trans-Hudson orogen (Chauvel et al. 1987), 

the Proterozoic Belt-Purcell and Windermere supergroups (Frost and O’Nions 1984; Frost and Winston 1987; 

Bogghossian et al. 1996), and the Kootenay Terrane (Patchett and Gehrels 1998).  With only a slight depression in 

εNd values it is possible that a small amount of Archean crust could also mix with Caledonian signatures.  

After the deposition of the Sassenach, evidence of Antler derived sediments fades as εNd values 

progressively increase within the Ellesmerian -Caledonian derived sediment range until the late Jurassic (Figure 

4.12) (Boghossian et al. 1996).  Three Forks data provides a link between the two detailed studies of Stevenson et al. 

(2000) and Savoy et al. (2000).  Three Forks data clearly demonstrates a progressive εNd value increase through the 

late Famennian linked to data for the Tournaisian (Figure 4.13).  This indicates a continued decreased influence of 

Proterozoic crust following the Sassenach.  Alternatively, northerly derived sediments may mix more with Alaskan 

Devonian (εNd -7 to +2) metagranitic rocks (Nelson et al. 1993) to create the increasing isotopic signature.  Certainly 

the potential influence of Canadian-Greenland Archean shield sediments diminishes through the Famennian and 

Tournaisian. 

Analysis of Exshaw and Banff tuff and ash confirm distal magmatism attributed to Antler activity (Savoy et 

al. 2000).  This distal magmatism occurred near the Kootenay Arc and is evidenced by Devonian-Mississippian ages 
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plutons, and volcanic rocks.  These values indicate melting and incorporation of older crustal material (-12), and 

incorporation of isotopically juvenile (-5.1 and -8.1) sources.  Some of this juvenile magmatism would be 

indistinguishable from Three Forks εNd values.  Despite this, sediment source influence in the Williston basin from 

Kootenay Arch volcanics is believed to be negligible based on highly mature sediments so close to the possible 

source.  Transport of more immature sediments from Kootenay Arc sources would have been prevented by 

numerous known paleogeographic barriers including the Kallam, Sweetgrass, Swift Current, and Cedar Creek 

structures.  

In addition to the strong Ellesmerian -Caledonian εNd signature in detrital sediments, Williston basin 

seawaters were most likely influenced significantly by riverine drainage over these Ellesmerian and Caledonian 

sediment sources due to the authigenic hematite conforming to these values as well.   

The one exclusively carbonate sample measured in this study from the Nisku Formation has a lower εNd 

signature than the Three Forks detrital enriched sediments.  Because of this sample’s proximity to detrital sediments 

more influenced from Antler uplifted terrains, these isotopic ratios may have influenced the Nisku dolomudstone 

during diagenesis.   

The data presented here suggest that sediments of the Williston basin were not directly derived from the 

Antler Orogeny.  However the nearby westerly orogeny most likely facilitated significant uplift, erosion and 

recycling of sediments derived from the Ellesmerian -Caledonian orogenies and deposited within the basin (see 

Chapter 4).  

The close agreement in εNd signatures of dolomudstones and claystones also denotes that both sediment size 

fractions were derived from the same source.  The mature detrital sediments with continuous isotopic trends through 

the stratigraphic section indicate a well-mixed source associated with uplifted Greenville aged rocks to the north.  

These final sediments delivered to the Williston basin may have been deposited as sedimentary rocks and eroded 

and recycled multiple times before they were finally preserved in the Three Forks (see Viezer and Jansen 1979). 

Zircon data would provide precise age dates on sediment sources, and would help distinguish end member 

sources that are represented by the mixed εNd signature. Unfortunately zircons are rare in these fine grained 

mudstones and were not recovered.  Lemieux et al. (2011) presents detrital zircon data from chronostratigraphic 

equivalents to the northwest of these deposits.  These data indicate that most of the sediment sourced to this region 

of western North America originated in northern Laurentia.  A range of detrital zircon ages first indicates that 

multiple recycling events ultimately deposited sediments from multiple orogenic areas from the north and possibly 

the Laurentian craton.   

Siliciclastic Origins Summary 

Rare pulses of coarse sand suggest the basin experienced sand input from ephemeral drainage that could 

have provenance from many directions.  Coarse sands are preserved in aggradational stratigraphic packages.  

Transgressive backstepping efficiently reworks, abrades and sorts these sands.  Despite this behavior as an 

ephemeral drainage system, an overall decrease in detrital abundance and maturity from north to south indicates a 

primary fluvial trunk system feeding the basin from the north.   
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Table 4.3.  Measured Sm and Nd concentrations, calculated initial εNd and 2σ error for each measured leachate.  The average εNd values, weighted by 

concentration of Nd demonstrate a very narrow, but slight upwards increase in the Three Forks.  Alternatively, the one Nisku sample presents a slight more 

negative isotopic signature.  

    LEACHATE ONE LEACHATE TWO RESIDUES 
Weighted 

Average εNd 
Sample  Lithology 

Sm 

(ppm) 

Nd 

(ppm) εNd % error 
Sm 

(ppm) 

Nd 

(ppm) εNd 
% 

error 

Sm 

(ppm) 

Nd  

(ppm) 
εNd % error 

L1 Siliceous dolomudstone 1.40 5.86 -6.6 0.4 0.65 3.1 -11.2 0.4 0.52 2.76 -10.0 0.3 -8.6 

G1 Siliceous dolomudstone 1.33 5.38 -8.0 0.5 1.96 9.82 -8.0 0.4 1.3 6.97 -9.2 0.4 -8.4 

G2 Dolomitic claystone 1.29 4.73 -7.7 0.4 1.22 7.65 -8.3 0.4 1.03 7.24 -8.8 1.0 -8.4 

S1 Dolomitic claystone 1.87 6.89 -8.6 0.4 1.30 7.74 -8.3 0.4 0.95 6.69 -8.4 0.4 -8.4 

M1 Hematitic dolomudstone 1.70 6.82 -8.3 0.4 6.21 35.02 -7.9 0.5 2.32 13.15 -7.4 0.3 -7.8 

M2 Hematitic dolomudstone 1.43 5.55 -7.7 0.4 7.76 45.76 -9.1 0.5 2.67 14.45 -8.7 0.4 -8.9 

M3 Anhydrite 0.002 0.01 

  

0.007 0.05 

  

0.007 0.05 

  

 

G3 Hematitic dolomudstone 0.60 2.31 -9.9 0.4 0.93 5.64 -8.0 0.3 1.52 10.11 -8.8 0.4 -8.7 

G3a Anhydrite 0.005 0.03 

  

0.028 0.18 

 

0.7 0.03 0.19 

  

 

G4 Hematitic dolomudstone 2.23 8.74 -8.4 0.4 2.90 18.47 -7.8 1.2 3.51 20.52 -7.7 0.4 -7.9 

L2 Dolomitic claystone 2.16 9.63 -9.4 0.4 1.22 7.13 -10.0 0.4 0.96 6.02 -9.7 0.4 -9.7 

M4 Anhydrite 0.008 0.04 

  

0.004 0.02 

  

0.011 0.07 

  

 

M5 Anhydrite 0.003 0.02 

  

0.007 0.04 

  

0.001 0.02 

  

 

M6 Dolomudstone 0.213 1.28 -11.2 0.4 0.001 0.01 

  

0.254 0.82 

  

-11.2 

M7 Anhydrite 0.004 0.02 

  

0.014 0.09 
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Figure 4.12. εNd values of a complete Canadian Cordilleran study (Boghossian et al. (1996) compared with isotopic values of sediments derived from the 

Ellesmerian -Caledonian Orogeny in the North (Patchett et al. (1999).  Potential sources include Ellesmerian -Caledonian, Proterozoic and late Archean crust.  

The range of expected values from these sources compared to the Canadian Cordilleran data demonstrate the shift in source.  Fransian to Famennian strata (This 

study, Savoy et al. (2000) and Stevenson et al. (2000) align with expected Caledonian values.    
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Figure 4.13.  Stratigraphic changes of εNd values in Frasnian through Tournasian aged strata of the greater Western 

Canadian Sedimentary basin (WBSC) and Williston basin (WB).  A more negative shift occurs at the end of the 

Mount Hawk Formation.  From this point, younger strata demonstrate progressively more positive εNd values.  Data 

are compiled from this study, Bognossian et al. (1990), Savoy et al. (2000) and Stevenson et al. (2000).   
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εNd values throughout the entire formation corroborate these observations as they fall within the range of 

northern sediment sources derived from Greenville aged sediments of the Ellesmerian and Caledonian uplifts.  The 

general maturity and well-mixed isotopic signals of dolomudstones and claystones suggests derivation from recycled 

sedimentary rocks.  A progressive increase in isotopic ratios observed here matches the established stratigraphic 

trends and may suggest increased influence from more juvenile sources or a progressive decrease in less radiogenic 

Antler sources.  In general, sediment sources most likely originate to the north of the basin as influence of western 

magmatism on sediment sourcing is precluded by paleotopography and would require rapid sediment maturation.  

Tectonic shifts due to the Antler Orogeny probably facilitated cannibalistic recycling of sediments, especially on the 

western margin.  

Conclusions 

The integration of petrographic observations, mineralogical data, elemental data, and radiogenic isotopic 

data help to delineate several key features of Frasnian-Famennian Williston basin carbonate, evaporite, and 

siliciclastic sediment origins. 

Primary, felted to subfelted evaporites precipitated from seawater demonstrate increasing Sr isotopic 

signatures through time.  The Sr signatures of the two Nisku samples match, suggesting early dolomite formation.   

Three Forks dolomudstones do not match anhydrite Sr values and are elevated.   

Three Forks autochthonous dolomicrites were probably formed through multiple processes including meso- 

to hypersaline reflux, freshwater mixing, and microbial mediation.  Elevated isotopic signatures in samples with 

minimal detrital contamination suggest a freshwater mixing signature that should be more rigorously tested.  

Evidence of biogenic allochems is lacking, perhaps from mechanical storm abrasion,  bioerosion, and chemical 

contritions inhibiting normal marine carbonate producers.  Definitive origin of the allomicrite is masked by 

reworking and mixing with siliciclastics by transgressive and storm reworking.  The repreated partitioning of 

automicrite associated with aggradational packages and allomicrite with transgressive packages confirms a 

stratigraphic control on the nature of the micrite.  This also indicates automicrite formed within the basin as the 

primary carbonate source. 

The siliciclastic components of the Three Forks indicate the basin was an ephemeral drainage basin.  

Southward increasing in siliciclastic maturity suggests that the predominant drainage into the basin is from the north.  

Neodymium isotopic values support the interpretation that sediment was transported into the basin from the north 

derived from Greenville-aged sediments that were uplifted during the Caledonian and Ellesmerian orogenies. These 

sediments were possibly recycled multiple times on their transport south, resulting in mature sediments and well-

mixed isotopic signatures.  In comparison to isotopic ratios from adjacent strata in WCSB, the Three Forks does not 

contain direct evidence of older sediments uplifted and transported eastward due to the Antler Orogeny.  However 

tectonic movements due to Antler orogeny promote intrabasinal cannibalistic sediment recycling, especially near the 

western margin. The overall trend of the neodymium isotopic ratios support progressive decrease in Antler sourced 

sediment or increased influence from juvenile sources to the north mixing with the Greenville aged detritus.   
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CHAPTER 5 

 

RESERVOIR QUALITY OF THE THREE FORKS FORMATION, WILLISTON BASIN – AN 

INTEGRATION OF GEOLOGIC AND ENGINEERING DATA 

 

Abstract 

Wireline log and routine core analysis does not resolve the differential reservoir quality in the upper Three 

Forks reservoirs.  This paper demonstrates the value of examining the qualitative geologic data in light of 

quantitative engineering data to delineate controls on reservoir quality.  Five pairs of samples representing 

differential fluid saturations of several possible reservoir facies were described in core and petrographic thin section. 

These observations were integrated with routine core analysis, mercury intrusion porosimetry, and nitrogen gas 

adsorption-desorption data. 

Intervals characterized by massive to diffuse lamination fabrics, abundant cements, and relatively large 

detrital grain sizes correspond to water saturated intervals of less favorable reservoir quality.  These features indicate 

a high primary porosity that early diagenetic fluids favored, resulting in preferential cementation and porosity 

occlusion.  Oil saturated samples with better reservoir quality are associated with heterogeneous, clay mottled to 

rippled dolomudstones.  Flow baffles inherent to these fabrics inhibited early diagenesis resulting in relative porosity 

preservation compared to more homogeneous intervals.    

Subtle differences in pore size, shape and interconnectivity result from these geological differences.  

Permeability is consistently an order of magnitude better in oil saturated samples.  Samples with less than 4.5% 

porosity had the highest tortuosities and were water saturated.  Subtle differences such as micro- to nanopore 

proportions, average pore diameters, and interconnectivity in samples with porosity over 4.5% determined fluid 

saturations.  Samples with very high proportions of nanoporosity had the least tortuous, equidimensional pore 

systems but remained water saturated due to the very small average pore diameters.  Localized conditions including 

solid reservoir bitumen precipitation and over pressuring due to proximity to source rock may inhibit recovery.      

Introduction 

The heterolithic, interbedded, orange-pink dolomudstones and green to red claystones of the upper Three 

Forks Formation provide a challenge when predicting the capacity to store the expulsed light oils of the overlying 

Lower Bakken Shale.  Horizontal wells drilled and hydraulically fractured in the upper one quarter of this formation 

yield highly variable production rates, much different than estimations based on wireline and routine core plug 

analysis (RCA).  Completion strategies and local fracture systems play a significant role in production, but the 

storage capacity of the formation fundamentally controls what is fed to the natural and induced fracture systems, and 

thus the volume produced.   

The variable production results, contrary to initial reserve estimates (both positive and negative) call for a 

different approach in order to understand storage capacity.  Additionally, enthusiasm for the play garnered by basin 

reserve estimates (i.e. Gasworth et al., 2013) must be examined in light of Three Forks reservoir complexity.  

Examination of ultraviolet light (UV) fluorescence in freshly cut cores from across the basin reveal high frequency 

heterogeneity in reservoir distribution even within the same facies in the same stratigraphic package.  This 
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variability is not resolvable in wireline logs and often not captured in RCA sampling programs (Chuparova et al., 

2014; Hohman and Chuparova 2014).   

This paper provides a case study of the Three Forks Formation differential reservoir quality using two 

wells: one from near the eastern margin, and the other from the basin center (Figure 5.1).   

 

Figure 5.1.  Study area spanning the North Dakota and Montana border of the Williston Basin.  Inset boundary of 

upper Three Forks play boundary.  Small black circles denote wells with observed differential fluorescence. Large 

black circles are the two case study wells used here.  

The objectives of this study were to: 1) document and characterize differential reservoir quality in the 

Three Forks where it has been recognized in fresh UV fluorescence examination of cores; 2) compare reservoir 

quality in the main reservoir from two different geographic areas; 3) constrain factors that affect the matrix storage 

capacity; and 4) evaluate the potential for water saturated fabrics to be a charge barrier or reservoir elsewhere.In 

addition to understanding the features of this specific reservoir, this study provides an example after the methods of 

Jobe (2013).  

Geologic Overview 

The previous sections of the dissertation provide full details on the sedimentology.  Table 5.1 summarizes 

the Three Forks lithofacies, mineralogical, textural, sedimentary, and ichnological features and denotes which facies 

are generally reservoir and non-reservoir.  Samples from this study include dolomudstone and laminated mudstone 

facies, which are generally believed to be the main reservoir facies.  The role of the distorted and brecciated 

mudstones and massive to intraclastic mudstone facies as potential reservoir is less agreed upon and will also be 

examined here.  
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Table 5.1.  Reservoir and non-reservoir of Three Forks lithofacies and their respective characteristics. 

Reservoir 

Potential 
Lithofacies name 

Primary 

lithology 

Detrital 

grain size 

range 

Sedimentary 

structures 
Ichnological elements 

Syndepositional  

diagenesis features 

Non-

reservoir 
F1 

Disturbed 

claystone 
Claystone Clay to silt Mottled 

Mobile deposit feeding 

structures 
Syneresis 

Reservoir F2 Dolomudstone Dolomudstone 
Silt to very 

fine sands 

Current and HCS cross 

stratification, loading 

features 

Cryptobioturbation dwelling 

and escape structures 

Syneresis, soft sediment 

deformation, dewatering, 

desiccation 

Non-

reservoir 
F3 Sandstone 

Quartz 

sandstone 

Very fine to 

fine sand 

Massive to HCS cross 

stratified 
none none 

Reservoir F4 
Laminated 

mudstone 

Argillaceous, 

siliceous 

dolomudstone 

Clay to silt 

Current and HCS cross 

stratification, normal 

grading,  loading 

features 

Escape structures 

interbedded with units of 

mobile deposit feeding to 

grazing structures 

Syneresis, soft sediment 

deformation,  and 

desiccation 

Reservoir? F5 

Distorted and 

brecciated 

dolomudstone 

Argillaceous, 

siliceous 

dolomudstone 

Clay to silt 
Brittle to ductile 

deformation features 
Mottling 

Evaporite precipitation and 

dissolution, dewatering, 

soft sediment deformation, 

gas escape 

Non-

reservoir 
F6 

Massive 

anhydrite 
Anhydrite none 

Massive to nodular 

coalesced, chickenwire 

anhydrite 

none none 

Non-

reservoir 
F7 

Thin rhythmic 

laminated 

mudstone 

Argillaceous, 

siliceous 

dolomudstone 

Clay to silt 

Thickening and 

thinning packages of 

parallel laminations 

none none 

Non- 

reservoir? 
F8 

Matrix-

supported 

breccias 

Siliceous 

argillaceous 

dolomudstone 

Clay to silt 
Lithoclasts supported in 

a muddy matrix 
none Desiccation 

Non-

reservoir? 
F9 

Massive to 

intraclastic 

mudstone 

Siliceous, 

argillaceous 

dolomudstone 

Clay to silt 

Massive to desiccated 

matrix with minor 

lithoclasts 

none 
Desiccation, 

syndepositional evaporites 
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Methodology 

No single pore measurement technique provides a complete picture of pore architecture.  This study 

employs a variety of analytical techniques that all have different but overlapping resolutions to evaluate the pore 

system of a tight mudstone reservoir (Figure 5.2). Terminology used in this study follows that of Boak et al. (2013) 

for carbonate, clay, siliceous mudstone classification, and the Loucks et al. (2012) pore type and size classifications.  

 

Figure 5.2.  Porosity diameter classification terminology with span of resolution applied in this study. Modified after 

Loucks et al. (2012) and Jobe (2013). 

Data for this study was obtained from subsurface drill cores from structurally deep and shallow parts of the 

basin associated with producing fields (Figure 5.1).   The UV fluorescence response of cores was photographed right 

after the core slabbing process to capture the true nature of the hydrocarbon saturation before evaporation could 

occur.  Blue to white fluorescence indicates light aromatic oils, while dull orange fluorescence indicates heavier 

residual oil or mineralogical fluorescence (Riecker, 1962).  Black rock or no fluorescence denotes the absence of 

hydrocarbons and fluorescing minerals.   

Cores were initially described at a 1 foot (0.3048 m) to 1 inch (2.54 cm) resolution, and later a seven foot 

(2.14 m) selection was described at a 1 inch (2.54 cm) to 1 inch (2.54 cm) resolution.  Comparison with the Munsell 

color chart provided the basis for color classification (Munsell, 2009). Ten 1-inch (2.54 cm) plugs were selected in 

order to compare oil and water saturated intervals of the same stratigraphic packages (Table 5.2) in both wells. 

Sample pair C1 and M4 was selected to compare oil saturated, stratigraphically similar, dolomudstone 

intervals of F4, laminated mudstone, in two wells of different depths.  Several samples of F2, the dolomudstone 

facies, were collected to evaluate a range reservoir conditions.  C2 and C3 both were water saturated but displayed 

significant color differences and fabrics, so they were sampled to evaluate how color differences and fabrics relate to 

pore structure.  M5, M6, M7, and M8 were sampled to compare similar fabrics of oil saturated and water saturated 

intervals of close proximity.  M9 and M10 were chosen to evaluate the reservoir potential of F9, massive to 

intraclastic mudstone, and to understand why clays in some parts of this facies get reduced to a green color.  

Originally fluid saturated core plugs were cleaned and dried according to API standards (API, 1998).  

Routine core analysis (Keelan, 1986) was performed using the Core Measurement System-300 (CMS) at the 

Colorado School of Mines Reservoir Characterization Laboratory.  Porosity and permeability were measured over 

net stresses ranging from 1000 to 3000 pounds per square inch absolute (psia). The measured trends were then 

extrapolated to 100 psia for more accurate estimations due to measurement at low pore pressures (Shafer et al., 

2008). 
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Plug end-trims were thin sectioned, injected with blue epoxy and stained with alizarin red-S and potassium 

ferricyanide.  Petrographic thin sections were examined under the microscope to evaluate the fabric and to identify 

representative areas to sample by Qemscan (quantitative evaluation of minerals by scanning electron microscopy).    

Table 5.2.  Sample name, well, depth and sample pair as discussed in text.  

Sample 

Number 
Facies Well Depth, feet (meter) Paired sample 

C1 F4 Cherry State 

21-16TFH 
11048.55 (3367.60) M4 

C2 F2 Cherry State 

21-16TFH 
11071.95 (3374.73) C3 

C3 F2 Cherry State 

21-16TFH 
11076.45 (3376.10) C2 

M4 F4 McNamara 

41-26XH 
9897.35 (2986.54) C1 

M5 F2 McNamara 

41-26XH 
9919.90 (3023.59) M6 

M6 F2 McNamara 

41-26XH 
9920.25 (3023.69) M5 

M7 F5 McNamara 

41-26XH 
9922.55 (3024.39) M8 

M8 F5 McNamara 

41-26XH 
9923.70 (3024.74) M7 

M9 F9 McNamara 

41-26XH 
9928.35 (3026.16) M10 

M10 F9 McNamara 

41-26XH 
9931.75 (3027.19) M9 

These representative areas of thin sections were scanned under backscatter electron mode (BSE) at a 1 

micron resolution to obtain porosity information by the Qemscan at Colorado School of Mines Electron Microscopy 

Laboratory.  The same selected area was scanned at a 5 micron resolution under BSE and energy dispersive x-ray 

spectrometer (EDS) to gather mineralogical data.  Grain size information was digitally extracted using iDiscover 

Software and a linear interpolation was computed to determine the median grain sizes of various mineralogical 

phases by sample.  Pore size and shape information was also digitally extracted to be compared with quantitative 

measurements.  Pores were defined by BSE intensities less than 28, and minerals were defined as greater than BSE 

number 34.  The transition areas include suspected pore and possible mineral ranging from 28 to 32, and suspected 

mineral with possible pore ranging from 32 to 34.  Qemscan porosity values presented in this study are calculated 

from BSE numbers equal or less than 28 BSE intensity (assumes transition is dominantly mineral), and equal or less 

than 32 BSE intensity (assumes transition is dominantly porosity).  

The opposite core plug end-trim was sent to Micromeretics Analytical Services for mercury intrusion 

porosimetry (MIP) and nitrogen gas adsorption-desorption analyses where samples were pulverized, homogenized, 

and divided between the two analyses.  Detailed information on the theory behind these analyses can be found in 

Jobe (2013).   

Mercury intrusion and extrusion data was collected on the AutoPore IV 9500 V1.09 machines on sample 

masses ranging from 2-5 grams under standard penetrometer parameters (Drake, 1949).  Pore diameters were 

calculated from volume of intrusion after Washburn (1921).  Data were corrected to account for closure correction 
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that was measured as the mercury filled the space around the sample within the chamber.  Based on data curve 

shapes, this occurred at pressures less than 50 psia (around 4 μm pore diameter).  

Nitrogen gas adsorption-desorption measurements were obtained on 2-5 grams of sample on the 

Accelerated Surface Area and Porosimetry 2420 V2.09 system under standard operating procedures.  These data for 

the 40-point adsorption and desorption isotherms were used to calculate internal surface areas, average nanopore 

diameters (BET method, after Brunauer et al., 1938), and nanoporosity volumes (BJH method, after Barrett et al., 

1951).   

Porosity values were calculated from each sample within the range of best accuracy (most confidence) for 

each analysis to sum into the most accurate porosity values of the study.  Data indicate that MIP was most accurate 

at pressures up to around 9000 psia, or greater than 0.02 μm pore diameter. Nitrogen gas adsorption volumes were 

most favorable for pore diameters less than 0.02 μm.  The cumulative volumes of both analyses were interpolated to 

exactly 0.02 μm.  MIP volumes from pore diameters larger than 0.02 μm were added to Nitrogen adsorption 

volumes from pore diameters less than 0.02 μm.  This created a summation of porosity measurements over the entire 

pore diameter spectrum without overlap of each analytical method (directly related to pressure by Washburn’s 

equation). 

Tortuosity estimations were made through a variety of empirical methods (Winsauer et al., 1952; Wyllie 

and Spangler, 1952; Millington and Quirk, 1961; Carman, 1997).  Porosity values from the mercury porosimetry and 

the BET surface areas were used to calculate tortuosity. The Winsauer et al. method is presented here as a 

representative case for qualitative comparisons.  

Analytical Considerations 

In low permeability mudstones visual examination of core and petrographic thin section is only a starting 

point to understanding the pore size, shape, and distributions since the eye is limited to meso- and macropores and 

the optical microscope cannot detect micro- to nanoporosity (Jobe, 2013).  Here these traditional approaches are 

complemented with an array of other methods for characterizing and understanding pore architecture.  

In this study routine core analysis on the CMS-300 machine provides analysis of the largest sample size, 

capturing a variety of internal heterogeneities that are inherent to this formation.  Although helium used in this 

method is the smallest molecule in this study, low effective permeabilities over the entire samples size are a limiting 

factor to the measured pore volumes.   

Qemscan analyzes the smallest sample size in this study.  Imaging an aerially restricted two-dimensional 

plane is an inherent weakness, as internal heterogeneities of an entire core plug are not captured with this resolution.  

Despite this, BSE scans can resolve as low as 0.5 μm, resolving nanoporosity more effectively than in petrographic 

thin sections. Iterative evaluations to calibrate the BSE limits for defining mineral, transition zones and porosity can 

greatly reduce the margin of error in these although there is some intrinsic uncertainty.  These data are most useful 

as a baseline for understanding first-order differences in pore sizes and shapes, and mineralogical variations, and 

requires a more rigorous sampling interval to build an accurate quantitative representation of the rocks.   

Mercury porosimetry and nitrogen gas adsorption-desorption both require about 2-5 grams of bulk rock 

sample, thus evaluating a more representative sample than Qemscan and less than CMS (which requires about 10x 
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that weight).  Mercury porosimetry accurately evaluates micro- to macroporosity at relatively low intrusion 

pressures.  Low permeability samples require higher intrusion pressures and nanoporosity measurement becomes 

less accurate for pore diameters less than 0.01 μm, or around 18,000 pounds per square inch (psi) intrusion pressure.  

Independent evaluation of measured high pressure nanoporosity must be verified by nitrogen adsorption-desorption 

which yields accurate porosities for pore volumes with diameters between 0.0017 and 0.3 μm.  This analysis 

requires approximately one square meter of surface area per sample (ISO, 2006).  The summation of these two 

porosities over a continuous pressure range within the range of accuracy for each analysis yields the most accurate 

porosity values of this study.  

Core and Thin Section Observations 

Samples C1-C3 come from reservoir intervals at depths around 11,050 feet (3368 m) in the Cherry State 

21-16TFH well (Table 5.2).  Rock fabrics include current rippled to planar laminated and mottled dolomudstones 

(F4) and very fine sandy dolomudstones from within the laminated mudstone facies (F2).  Interparticle micro- to 

nanoporosity was observed in petrographic thin sections.  The remaining samples (M4-M10) come from a range of 

depths (increasing with sample number) around 9900 feet (3017 m) from the McNamara 41-26XH well.  This suite 

of samples encompasses a more diverse fabric assemblage including current rippled (F4), clay mottled (F2&5), 

planar laminated dolomudstones (F2&4), and clay mottled argillaceous siliceous dolomudstone (F5) for samples 

M4-M8.  M9 and M10 are massive siliceous dolomitic claystones (F9).  Interparticle micro- to nanoporosity was 

observed in petrographic thin sections. 

Detailed, high resolution observations of the siliceous dolomudstone lithologies (Figure 5.3) can be 

categorized into two groups associated with fluorescing and non-fluorescing intervals interbedded in packages of F2 

and 4 (Table 5.3).  The subtle sedimentary structures observed in the dolomudstone (facies two and four) intervals 

either are massive to diffuse planar laminations in non-fluorescing intervals or mottled to rippled in fluorescing 

intervals.  Almost undetectable color variance presents a distinction where darker shades of moderate orange pink 

(Munsell color 10 R7/4) do not fluoresce, while lighter shades of the same color (Munsell color 5 Y8/4) do.  

Cemented fractures and well-developed disseminated pyrite associate with non-fluorescing siltstones.  In this study 

one open vertical fracture was observed in a fluorescing interval. 

 

Table 5.3.  Argillaceous, siliceous dolomudstone to siliceous dolomudstone features observed without optical aid in 

core detailed in Figure 5.3.  Areas that fluoresce have features distinct from the areas that do not fluoresce under UV 

light.  

 

Non-fluorescing Fluorescing 

Massive texture Mottled texture 

Faint (diffuse) planar laminations Rippled texture 

Cemented fractures Open fractures 

Larger disseminated pyrite No or small disseminated pyrite 

Dark moderate orange pink (10 R 7/4) Light moderate orange pink (5 Y 8/4) 
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Figure 5.3.  Detailed stratigraphic section of a selected reservoir zone in the McNamara well demonstrating the 

frequent changes of oil saturation indicated by UV fluorescence where black corresponds to no fluorescence, and 

white corresponds to fluorescence with specific colors labeled.  The heterogeneous reservoir quality is not 

resolvable in petrophysical logs or in a routine sampling program (see operator samples from this interval).   
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Figure 5.4.  Photomicrographs of texture and porosity of selected dolomudstone samples. A) C1 solid reservoir 

bitumen persisting after toluene cleaning filling interparticle porosity highlighted by blue epoxy. B) C2 hints of blue 

epoxy highlighting interparticle porosity that is hardly visible compared to C1 of a very fine quartz sand and 

dolomicrite matrix. C) C3 localized anhydrite cement within a dolomicrite and very fine quartz sand to silt matrix.  

D) M4 rare mesopore lined with limpid dolomite in a fabric dominated by interparticle micro- to nanopores. 

Disseminated pyrite and dolomite cements occlude porosity here.  E) M5 mottled texture incomplete 

homogenization) suggestive of cryptobioturbation yielding significant visible microporosity.  F) M6 despite visible 

microporosity, completely homogenized dolomitic siltstone has an order of magnitude less permeability than the 

previous sample and is water saturated.  
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Petrographic thin sections provide limited evidence of micropore systems between particles of the 

dolomudstones (samples C1-M8) and show rare mesopores (Figure 5.4).  All visible porosity in the dolomudstones 

was interparticle.  No pores were imaged under the microscope in the claystones (M9-10).  Persistent solid reservoir 

bitumen fills the pores of C1.  In C2, larger quartz grains and dolomite crystal overgrowths occlude porosity, so that 

only faint areas of blue are visible.  In addition to dolomite overgrowths filling porosity, patchy anhydrite cements 

are common as shown in sample C3.  Sample M4 contains rare mesopores lined with limpid dolomite cements and 

small disseminated pyrite.  M5 reveals fabric heterogeneities where dolomicrite is mixed between quartz and in 

isolated elongate zones this texture appears mottled in core.  M6 is completely homogenized, massive dolomitic 

quartz siltstone with some disseminated pyrite. 

Results 

Table 5.4 presents an overview of the results including qualitative sample information and quantitative 

measurements.  C1 is the only oil saturated sample from the Cherry State well where CMS measured porosity was 

greater than approximately 6 percent and permeabilities were two orders of magnitude greater than C2 and C3.  

These samples range from the highest (C1) and lowest porosity values (C2 and C3) of this study.  Samples from the 

McNamara well, M4, M5, and M7, are oil saturated.  The remaining McNamara samples, M6, M8, M9,and M10, are 

water saturated.   

The CMS porosity values average 4.4% for samples M4 through M6 and M8.  M7 has a higher porosity of 

5.46% that corresponds to a ~300% increase in nanoporosity, as indicated by nitrogen values.  Between pairs M5-

M6, and M7-M8, oil saturated samples correspond to permeabilities an order of magnitude greater than the water 

saturated samples (average of 0.02 vs 0.002 md). 

Qemscan 

Error! Reference source not found.5 presents Qemscan mineralogy data for each sample.  Samples M9 

and M10 are lithologically distinct from the other samples.  These two claystone samples are both water saturated.  

Samples C1 through M8 are all dolomudstones with variable amounts of siliciclastic and clay components.  The 

fluid saturation of these samples is highly variable.  These results demonstrate how lithology plays a first order 

control on fluid saturations, where claystones are water saturated and dolomudstones have the potential to hold oil.  

Digitally extracted characteristics of the samples indicate that the microporosity of the siliceous 

dolomudstones and argillaceous siliceous dolomudstones have more elongate pore aspect ratios and overall larger 

pore sizes compared to the dolomitic claystones (Table 5.6).  This also corresponds to the average nanopore 

diameters from the nitrogen adsorption, where nanopores of dolomudstones are larger than claystones.  Samples C2 

and C3 are the exceptions to these trends.  These samples, the sandy dolomudstones, have more equidimensional 

(15-20 aspect ratio) and smaller micropores, but have the largest nanopores (<4 to <6µm).  The overall volume of 

these large micropores is relatively small compared to other samples, so the large nanopores do not make a 

significant difference.  
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Table 5.4.  Summary table of samples used in this study and porosity measurement results.  
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C1 4 
Current rippled siliceous 

dolomudstone 
Oil 0.0200 6.17 6.96 6.36 1.97 0.69 7.04 4.1 8.1 1.7601 172 4.9 

C2 2 
Current rippled sandy 

dolomudstone 
Water 0.0012 1.93 1.32 1.12 0.45 0.10 1.23 3.5 5.5 0.2594 252 13.4 

C3 2 

Planar laminated to 

mottled  sandy 

dolomudstone 

Water 0.0011 2.62 3.27 2.95 1.20 0.28 3.23 1.1 3.9 0.7191 246 7.8 

M4 4 
Current rippled  siliceous 

dolomudstone 
Oil 0.0024 4.88 5.33 4.73 1.60 0.64 5.37 1.9 4.2 1.4366 164 5.8 

M5 2 
Clay mottled  siliceous 

dolomudstone 
Oil 0.0144 3.81 5.04 4.81 0.98 0.35 5.16 4.3 8.3 0.7834 185 6.0 

M6 2 
Planar laminated  siliceous 

dolomudstone 
Water 0.0026 3.62 4.43 3.88 1.14 0.47 4.35 3.5 6.6 1.0693 159 6.5 

M7 5 
Clay mottled argillaceous 

siliceous dolomudstone 
Oil 0.0328 5.46 6.45 4.96 3.30 1.53 6.49 3.1 5.9 3.6836 135 5.2 

M8 5 
Clay mottled  argillaceous 

siliceous dolomudstone 
Water 0.0073 5.04 7.72 0.75 2.29 0.98 1.72 3.7 6.9 2.3297 150 4.7 

M9 9 
Green siliceous dolomitic 

claystone 
Water 0.0059 8.70 5.79 4.22 9.45 6.52 10.74 2.1 6.1 16.2883 85 5.5 

M10 9 
Red  siliceous dolomitic 

claystone 
Water 0.1578 7.95 8.87 0.88 9.50 5.70 6.58 2.5 6.8 14.8881 99 4.3 



 

159 

Table 5.5.  Volume percent of mineral phases detected by Qemscan.  Lithology plays a first-order control on fluid 

saturations. 

Component Percent C1 C2 C3 M4 M5 M6 M7 M8 M9 M10 

Dolomite 76.5 67.3 66.0 65.7 74.0 68.3 63.8 67.3 20.6 26.1 

Quartz 13.1 27.6 23.1 22.6 19.9 22.9 23.8 23.1 10.9 12.2 

Feldspars 2.5 2.4 4.2 4.2 3.2 4.5 5.7 5.1 9.2 9.0 

Clays 7.6 2.3 6.3 4.8 2.4 3.8 6.4 4.1 58.5 52.3 

Pyrite 0.2 0.1 0.0 2.3 0.2 0.1 0.1 0.1 0.4 0.0 

Anhydrite 0.0 0.0 0.1 0.0 0.0 0.2 0.0 0.0 0.0 0.0 

Other 0.1 0.3 0.3 0.3 0.3 0.2 0.3 0.2 0.4 0.4 

 

Table 5.6.  Extracted pore size distributions by sample captured by Qemscan specifically in the micro- to mesopore 

range.  Right side of table contains aspect ratios of pores imaged by Qemscan.  Oil saturated siltstone pore systems 

are generally more elongate, in the 20 to 50 range, than the water saturated siltstone and mudstone samples that are 

weighted towards the less elongate range (15-20).  

 

 

Pore size (μm), volume % Pore shape (aspect ratio), volume % 

<2 <4 <6 <8 <10 <25 10-15 15-20 20-50 50-100 >100 Other 

C1 7 21 20 15 12 24 0 23 64 0 0 12 

C2 13 30 23 13 9 13 0 44 53 0 0 2 

C3 27 49 17 4 3  0 64 36 0 0 0 

M4 3 16 25 20 14 20 0 39 60 0 0 1 

M5 3 16 25 20 14 20 0 19 72 0 0 8 

M6 11 21 17 16 13 22 0 29 67 0 0 4 

M7 4 16 21 22 15 22 0 24 71 0 0 5 

M8 8 19 20 17 14 21 0 25 69 0 0 6 

M9 22 53 18 4 3  0 58 41 0 0 0 

M10 33 53 10 1 2  0 65 35 0 0 1 
 

Mercury Porosimetry 

MIP data provides quantitative information on pore size distributions in the meso- through upper nanopore 

size range.  Figure 5.5 shows that each sample has a unique distribution of cumulative pore volume intruded and 

extruded.  A sharp rise in the intrusion curve indicates that there is a large volume of pores in that diameter range 

contributing to the porosity.  The inflection point is within the nanopore range for all samples.   

These data demonstrate the significance of micro- and larger nanoporosity in this system. The narrow 

spread in intrusion distribution for all samples in the meso- to upper micropore diameter range represents the initial 

mercury intrusion closure correction, where initial intrusion fills the space surrounding the samples in the chamber.  

The major inflection points, where the slope becomes steep on the curves signifies real pore intrusion in the micro- 

to nanopore size range.  A definite discrepancy between volume intruded and extruded for all samples exhibits a 

minimum difference of 0.01 mL/g mercury retained.  This discrepancy between volume intruded and extruded 

demonstrated by all samples suggests “ink-well” or elongate shaped pores (Webb, 2001). This geometry allows 

pores to spontaneously imbibe fluid with increasing pressure, but after pressure decrease the fluid does not exit 

through all of the narrower pore throats.   
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This indicator of higher aspect ratio porosity qualitatively agrees with the measured pore aspect ratios in 

Qemscan.  Samples C1 and M4-M8 all demonstrate that they retain mercury, as the elongate pore aspect ratios 

measured in Qemscan suggested.  M10, which had equidemensional pore aspect ratio from Qemscan, extrudes the 

most mercury which corresponds to low tortuosity and high permeability.  C2 and C3 hardly extrude any mercury, 

but their pore shapes tend to be more equidimensional.  This is attributed to the overall lack of porosity volume and 

the associated high tortuosity and low permeability.  C1 does not have the highest overall porosity and extrudes a 

proportionally high volume relative to the total volume, as indicated by the extrusion curve slope.  This implies a 

relatively well-connected pore system.  Despite these characteristics, this is the only sample in which solid reservoir 

bitumen remained after cleaning which potentially indicates that geochemical processes are affecting the 

hydrocarbons that otherwise should have been flushed out due to cleaning.   

Figure 5.6 provides an alternative view of the same data using the log differential of the intruded volume, 

where the change in specific volume is divided by the log of the change in pore diameter.  This allows for the 

magnitude of specific intrusion in a certain diameter increment to be the dominant feature observed as opposed to 

looking at the cumulative volume contribution.  This view again highlights that on average the highest magnitude of 

porosity volume contributed comes from the nanopore size range.  

Log differential intrusion data (Figure 5.6 B) highlight the large difference in magnitude of the volume of 

nanopores between C1 and M4.  This accounts for the large difference in total porosity volume.  M4 is oil saturated 

but has pore size distributions similar to the water saturated samples; its porosity contributions come from diameters 

smaller than all of the other oil saturated samples.  Additionally the extrusion curve shows that M4 has one of the 

most poorly connected pore systems.   Its quality is significantly inferior to its pair, C1, but because both are in 

much closer proximity to the over-pressured source and seal, poor reservoir quality does not prevent hydrocarbon 

saturation.  Reservoir rocks with similar properties to M4 potentially make recovery more difficult.   

Water saturated C2 and C3 get most of their porosity distribution from the lowest pore diameter size range 

(only M10 and M8 are less).  These two samples have the lowest total porosity and lowest slope of extrusion curves.  

Only the smallest pores, diameters mostly ranging around 0.05-0.07 μm are preserved in these two sandy 

dolomudstones.   

Unlike M4, M5 is from about twenty feet deeper from the source and pressure seal than M4.  Figure 5.5 

shows that it has a similar extrusion shape indicating more poorly connected pores, however because the dominant 

pore size contribution is the largest of all samples (0.7 μm), these elongate pores are still favorable to hydrocarbon 

saturation.   

M6 has porosity contributions from pore diameter ranges similar to oil saturated samples.  The total volume 

contribution of pores around 0.2 μm maximizes around 0.017 mL/g.  The other oil saturated samples with pore 

volume diameters in this range have around 0.02 mL/g in contribution. The lack of overall volume of larger pore 

sizes that appear to not be any better connected than M4 and M5 is a critical factor in preventing hydrocarbon 

saturation.   

Figure 5.6 D and E show the relative magnitude of difference in the nanoporosity contribution of pairs M5 - 

M6, and M7 - M8, where the oil saturated intervals have this contribution.  Oil saturated samples, C1, M5 and M7, 
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have increases in porosity volumes in the 1 to 0.1 μm range, whereas the water saturated sample equivalent has 

porosity volume increases in smaller pore diameter range (most notable in M5-M6).  This confirms the importance 

of an increased volume of larger nanopore diameters in allowing hydrocarbon saturation for these samples.  

Additionally the larger abundance of these larger pore sizes indicates that the pores are “well-sorted” which results 

in an order of magnitude better permeabilities.     

M7, the clay-enriched equivalent of M8 has a major porosity volume contribution at pore diameters of 0.2 

μm, while M8 has a major volume contribution around 0.02 μm.  M7 has overall larger pore diameters and an order 

of magnitude better permeability compared to M8 despite the greater clay content.   

This alludes again to the role of clays in dolomudstone preventing early porosity occlusion.  Here the water 

saturated sample has the greatest intrusion volume, but this volume is derived from nanoporosity, with pore 

diameters an order of magnitude less than the oil saturated sample.   This confirms that the pore sizes and shapes 

that determine interconnectivity of the rocks control fluid saturations, not just pore volume alone.   

M9 and M10 also highlight the importance of pore diameters in determining fluid saturations.  The green, 

diagenetically reduced mudstone sample, M9, demonstrates bimodal pore size contributions from diameters first at 2 

μm and then at 0.2 μm.  The first pore size distribution is similar to oil saturated samples C1, M5, and M7.  The red 

oxidized sample, M10, has the highest permeabilities of this study. It also has a much greater total pore volume, but 

only with pore diameters around 0.02 μm. This difference suggests that the behavior of later diagenetic reducing 

fluids associated with petroleum generation or burial fluids is also governed by pore system structures.   In these 

wells, lithology (dolomudstone versus claystone) has a first order control on reservoir quality, however sample M9 

suggests that some claystones are capable of having pore size distributions similar to the dolomudstones and could 

potentially hold hydrocarbons, but with more difficult recovery. Alternatively, despite high permeabilities, the pore 

size distributions of M10, and the preserved oxygenated state adjacent to its reduced equivalent demonstrate the 

propensity of this lithology with these porosity characteristics to inhibit later fluid migration.  Although the 

abundant, small pores of M10 are well sorted and have high permeabilities, these pore systems may not be able to 

allow fluid flow like helium during the analyses.   

From these data three distinct classes of water saturated sample characteristics and oil saturated sample 

characteristics are summarized in Table 5.7.  Oil saturated samples are distinguished by major contributions of large 

pore diameters ranging from 0.2 to 0.7 μm.  Larger pore diameters correlate to more elongate pores decreasing 

connectivity in these samples.  Relatively smaller pores that are better connected can still be oil saturated in this 

system.  High volume contribution of these pore diameters around 0.02 mL/g is also favorable to oil-saturation.  

Sample M4, an outlier of these trends demonstrates that proximity to the overpressured hydrocarbon source 

outweighs the effects of slightly smaller pore diameters of sufficient volume but poor interconnectivity.   Pore sizes 

in the range of 0.02 to 0.07 μm dominate the water saturated samples.  M8 and M10 contain high volumes, around 

0.03 to 0.04 mL/g of well connected, equidimensional pores of this size range.  In this instance small pore size is 

enough to prevent oil-saturation.  Sample C2 and C3 have slightly larger pore size contributions, but these are very 

low volume and very poorly connected.  M6 and M9 are water saturated samples that actually contain some pore 

volume contribution from the oil saturated size range around 0.2 μm.  Volumes of this pore size do not exceed 0.17  
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Figure 5.5.  Cumulative mercury intrusion and extrusion volume versus pore diameter demonstrating unique pore volumes for each sample, a large pore volume 

contribution from the nanopore range, and a notable volume of mercury retained in pores in the extrusion phase.
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Figure 5.6.  Log differential intrusion versus pore diameter for paired samples compared to cumulative volume 

intruded presented in previous figure.  This view allows for the comparison of the magnitudes of the differential 

curves to the proportions of pore diameter ranges contributing to porosity.
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Table 5.7.  Classes of pore system qualities derived from MIP data.  Relative connectivity is inferred from the nature 

of the extrusion curve.  
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Oil 

M7 

C1 
0.2 0.03 moderate Relatively poor connectivity overcome by significant 

contribution from larger pore sizes and volumes, resulting in 

higher effective permeabilities. M5 0.7 0.02 poor 

M4 0.15 0.02 poor Poor quality, but close to overpressured source 

Water 

M8 

M10 
0.02 0.03-0.04 moderate Pores too small 

C2 

C3 

0.05-

0.07 
0.015 poor Pores too small, not enough volume, not well connected 

M6 

M9 
0.2 0.017 

moderate to 

poor 

Not enough volume of larger pore size contribution, not well 

connected 

 

mL/g, with the remaining volume contribution from smaller pore sizes.  These samples demonstrate moderate to 

poor interconnectivity that lacks overall volume of larger pore sizes. 

Nitrogen Gas Adsorption-Desorption 

Nitrogen gas adsorption-desorption data allows for detailed characterization of the nanopore systems and 

finding the specific surface area of samples.  Figure 5.7 displays the volume of gas adsorbed and desorbed at a 

constant temperature as a function of pressure normalized to the condensation pressure. Shifting of the desorption 

isotherm away from the adsorption isotherm provides information on nanopore shapes and the potential to retain 

fluids.  

The dolomudstone samples show subtle shift of the desorption isotherm that indicates elongate nanopores 

holding on to the gas during desorption.  This is in agreement with the mercury porosimetry data.  Samples C1-C3 

all show subtle hysteresis that indicates slightly elongate nanopores.  C1 demonstrates much more nanoporosity than 

M4, but the proportion of nanoporosity to total porosity in this sample is less than M4.  C3 has more hysteresis than 

C2 due to a greater proportion of nanoporosity.   

Even though M5 contains more clay than M6, the volume of nanoporosity compared to the total porosity is 

much less, making it more favorable for hydrocarbon saturation.  The desorption isotherm for M7, the oil saturated 

sample with the highest nanoporosity, shifts the most to the left out of all of the samples, excluding M9 and M10.  

This response is related to the increased nanoporosity in this sample relative to the other dolomudstones due to 

abundant clay content.   Its pair M8 also shows some hysteresis, but an overall decrease in micro- and nanopore 

volume due to less clay.  
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Figure 5.7 shows that increasing hysteresis occurs proportionately with increasing nanoporosity which 

correlates to increased pore connectivity.  Samples M9 and M10 (mudstones) plot on a longer y-axis than the 

dolomudstones and are able to hold more gas than the other samples.  These two samples contain the most 

nanoporosity of all of the samples.  This greater proportion of nanoporosity results in a proportional increase in 

hysteresis.  

Figure 5.8 provides a normalized view of pore volume versus pore diameter and at a high resolution in the 

nanopore range.  The range of pore volume measurement spans 0.2 μm to 0.002 μm.   Pore diameter peaks coincide 

in more than one location: 0.014, 0.033, and 0.06 μm for all samples.  This display highlights the larger difference in 

nanopore volume between the dolomudstones (C1-3, M4-6), argillaceous dolomudstones (M7 and M8), and 

claystones (M9 and M10).   

High total porosity samples dominated by nanoporosity (M9 and M10) are exclusively water saturated.  

The proportion of total porosity (from mercury data) to nanoporosity is less than one.  The nanoporosity character of 

M10 is distinct from M9.  There is a significantly greater volume of larger nanoporosity in this sample (0.07 μm to 

0.01 μm).  As these samples are primarily nanoporous, this slight difference in size facilitates M10 having an 

effective permeability two orders of magnitude greater than M9.  These high proportions of nanoporosity to 

microporosity correspond to the lowest estimate tortuosities, and smallest pore diameters.  Although the claystones 

are well connected with equidimensional micropores, the small average pore diameters prohibit hydrocarbon 

saturation.   

For samples with less than 4.5% total porosity, the proportion of micro- to nanoporosity is irrelevant C2, 

C3, M6).  These samples have the highest tortuosities and lowest permeabilities.  Pores are relatively large and 

elongate, but are unable to hold hydrocarbons due to lack of total volume and poorly connected pore systems. 

Subtle changes in tortuosity that correspond to permeability in dolomudstone samples control fluid 

saturations in samples with greater than 4.5% total porosity.  C1 has a moderate proportion of micro- to 

nanoporosity.  Because the average pore diameters are large, this sample has the lowest tortuosity of the 

dolomudstones.  Although M5 has a larger average pore diameter and high proportion of micro- to nanoporosity, it 

still has a greater tortuosity than C1.  Although these pores are not as well connected, the larger pore size aids in 

saturation.    

M4 has about the same proportion of micro- to nanoporosity as C1, and slightly smaller average pore 

diameters.  Its tortuosity and permeability is much higher than C1.  These characteristics of samples near the source 

rock suggest difficult recovery.   

M7 has an average pore diameter that is smaller than M8.  The proportion of microporosity to nanoporosity 

is almost two times higher than M8.  This abundant microporosity and low tortuosities favor oil saturation in M7. 

Discussion 

CMS effective permeabilities are a good proxy for fluid saturation in this sample set where permeabilities 

in the 0.01-0.02 md range are oil saturated.  Permeabilities an order of magnitude less than this, corresponding to 

elevated nanoporosity are water saturated.  M4 has a permeability of 0.0024 md and is still oil saturated.  This may  
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Figure 5.7.  Plot of quantity of adsorbed gas versus adsorption pressure normalized to condensation pressure (P/Po).  

Note samples M9 and M10 are plotted on a more expanded y-axis.   
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Figure 5.8. Log differential pore volume versus pore diameter calculated from adsorption data.  This plot 

demonstrates a significant difference in nanopore volume for claystones (M9 and M10) versus dolomudstones (C1-

3, M4-6), and three coincidental peaks in pore volume across all samples
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be related to its position, only 13 feet below the oil source and pressure seal as well as fracture networks.  Reservoir 

with this quality of connectivity may be difficult to produce. 

C1 has one of the highest measured dolomudstone porosities and high effective permeabilities.  Also the 

proportion of nanoporosity is within range of other oil saturated samples.  The residual hydrocarbons preserved after 

cleaning under these circumstances indicate later alteration and precipitation of solid reservoir bitumen in this 

sample (Lomando, 1992). The inability to clean solid reservoir bitumen from end-trims, under rigorous methods 

illustrates the potential challenge of producing from reservoir intervals affected by this.  

M9 and M10 are both water saturated and have significant porosity contribution from nanopores compared 

to the other samples. M9 has the highest porosity to lowest permeability ratio, while M10 has the largest measured 

effective permeability of all samples.  In addition to the significant volume of nanoporosity indicated by the nitrogen 

adsorption values, mercury porosimetry of M10 indicates a greater contribution of relatively larger pore sizes than 

M9.   

Qemscan porosity estimates generally match the porosity trends of the CMS and mercury analyses.  

Samples with low nanoporosity, indicated by the nitrogen adsorption values, match BSE measurements that are less 

than or equal to 28.  BSE measurements of less than or equal to 32 correspond more closely to samples with 

elevated nanoporosity, however the nanoporosity is still underestimated by this method.   

Mercury porosimetry values are close to, but often slightly elevated from CMS porosity.  This is attributed 

to the increased resolution of mercury porosimetry in the nanoporosity range.  Where nanoporosity is relatively 

abundant, the mercury values are significantly higher than CMS values, due to the better resolution (M7, M8, and 

M10).  Mercury porosimetry values were less than CMS values for nanoporous samples C2 and M9.  This is 

attributed to sample heterogeneity and differences in sample size.   

Nitrogen adsorption indicates around one-half of a percent porosity contribution from nanoporosity in 

dolomudstones.  In argillaceous dolomudstones and claystones the nanoporosity is higher, suggesting the mercury 

porosity is slightly underestimated for these samples.   

Nanoporosity abundance is directly proportional to the sample’s surface area and inversely proportional to 

tortuosity. Claystones have the most nanoporosity.  M10 demonstrates these pores have the highest permeability and 

lowest tortuosity, making them the best connected.  M9 lacks the elevated permeability, but the large amount of 

nanoporosity corresponds to the low tortuosity.  These nanoporous samples have the smallest average pore 

diameters and the smallest grain sizes. These small but poorly connected pore systems are not conducive to oil 

saturation. Alternatively,the largest grain sizes correspond to the largest pore diameters but the highest tortuosities. 

The high tortuosity also inhibits oil saturation.  

Detailed evaluation of pore sizes, shapes and architecture demonstrates that these factors determine the 

fluid saturations in dolomudstones, not just pore volumes alone.  Mercury data demonstrated that the major pore size 

contribution of oil saturated samples is an order of magnitude greater than water saturated samples.  Core and 

petrographic thin section provide several lines of evidence that suggest these pore architecture differences are a 

result of early diagenesis related to the depositional environment.   
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Part one of this dissertation presents data and interpretations supporting deposition within a storm-

dominated, schizohaline intrashelf basin.  High frequency salinity changes may have affected the amounts of 

dolomitization through freshwater influx or basin scale seepage reflux (Folk and Land 1975 Adams and Rhodes 

1980, Humphrey 1988).  The interplay of sediment type, storm wave reworking during events and biogenic 

homogenization during fairweather times produced homogeneous fabrics that appear similar but have very different 

pore system structures.   

Evidence of early homogeneous fabrics promoted by high rates of deposition and cryptobioturbation 

(Pemberton et al., 2008) in general relates to less connected pore systems.  Massive, to fuzzy planar laminations, 

attributed to cryptobioturbation (Pemberton et al., 2008), most likely were areas of greater primary porosity and 

better connected pore systems.  These early, well connected pore systems were the preferential pathway for early 

dolomitization that resulted in the degraded pore systems measured in this study that presently are water saturated.  

Alternatively fabrics with flow baffles, compared to the early homogeneous sediments did not facilitate as much 

early dolomitization.  This resulted in the better preservation of pore systems in fabrics with rippled, mottled or 

elevated clay content that lacked better connected fluid flow paths less conducive to early dolomitizing fluids.  

For example, M5 is oil saturated, more permeable and porous than M6 which is the water saturated 

equivalent and part of the same stratigraphic interval.  In thin section, M6 is completely homogenized, massive 

dolomitic quartz siltstone with some disseminated pyrite, while M5 has clay mottling.   Additionally, Figure 5.9 

shows the difference in clay content between M7 and M8.  The sample with more mottled clay has slightly less 

porosity, but an order of magnitude better permeability and less tortuosity than the paired sample with less clay.  

Open vertical fractures, fine disseminated pyrite and a lighter orange pink color attributed to less dolomitic mud 

matrix support this interpretation.   

Finally, the inverse detrital grain size and porosity trends support the interpretation that better primary 

porosity was preferentially occluded. These results and discussion focus on the variable characteristics of reservoir 

matrix, where hydrocarbons originate from and then travel through natural and induced fractures.  The role of 

fractures and faults in production from this reservoir should also be evaluated.  

 

Figure 5.9.  Thin section scans of samples M7(A) and M8(B) demonstrating internal heterogeneities inherent in 

these rocks.  M7 has elevated clay content and approximately 1% less porosity than M8, yet it is from the oil 

saturated interval. 
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Summary and Conclusions 

Two major conclusions based on RCA data help clarify reservoir quality controls.  Subtle differences in 

effective permeabilities correspond to fluid saturations.  Excluding M4 and M10, water saturated samples are one to 

two orders of magnitude less permeable than oil saturated samples. Additionally, depth is irrelevant to porosity 

preservation.  The role of burial diagenesis in depth differences around 1000 feet (300 meters) compared to early 

diagenesis in porosity preservation is minimal. 

Subtle changes in rock fabric manifested in pore size distributions and connectivity control hydrocarbon 

saturations in the Three Forks.  On a first-order scale, the dolomitic claystones have significantly more porosity than 

the dolomudstones. Claystones have greatest porosity and are the best connected although the pore sizes are small. 

These well connected, small pores are not suitable for oil saturation.  Dolomudstone reservoir quality varies 

significantly.  Dolomudstone rock fabric differences detected in detailed core description and petrography are 

directly related to reservoir quality.  Effective permeability especially can be much greater or much less than 

claystones.  Sandy dolomudstones have the lowest porosities, and low effective permeabilities.  Rippled 

dolomudstones have better porosity than planar laminated dolomudstones.  Clay mottled dolomudstones correspond 

to better micro- and nanoporosity with increasing clay content. 

Quantitative data and rock characteristics indicate that better original rock fabric with higher initial porosity 

resulted in deterioration through early dolomitization of these intervals.  This resulted in some preservation of 

porosity and permeability in originally less connected intervals that are now oil saturated.  Homogeneous sediment 

deposited through suspension deposits or biogenically reworked by meiofauna during fairweather time created well 

connected pore systems that cemented first. Larger detrital framework grains are associated with less porous rocks 

for this same reason.  Heterogeneities in dolomudstones including current ripples or clay mottles limited early, pore-

occluding diagenesis.  High frequency inter-mixing of oil- and water saturated intervals that all look like reservoir in 

cores is an interpreted result of highly variable deposition in a storm-dominated schizohaline intrashelf basin.  

Changes in water conditions resulted in variable dolomitization that effected pore characteristics. 

Qemscan measurements match porosity trends, but porosity is underestimated for highly nanoporous 

samples.  These data provide useful information on microporosity pore shapes and size distributions.  Oil saturated 

samples have more elongate microporosity in larger size ranges than water saturated samples.  The elongate pore 

shape preference of the oil saturated samples, seen in the Qemscan data, may be a result of better connected pore 

systems getting preferentially occluded, leaving the narrow elongate pores open.  Petrographic observations support 

this conclusion.   

Mercury injection derived porosity indicates that elongate pore shapes are more connected than 

equidimensional pore shapes, regardless of pore size. Specifically, these subtle changes in pore systems can be 

summarized into the following categories: 

a. Oil saturated samples have one of the following three sets of pore system characteristics: 

i. High volume of moderately sized nanopores and moderate connectivity 

ii. Moderate volume of large nanopores with poor connectivity 

iii. Moderate volume of small nanopores with poor connectivity in close proximity to an 

over pressured hydrocarbon source and seal 

b. Water saturated samples have one of the following three sets of characteristics: 
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i. High volume of very small nanopores with moderate connectivity 

ii. Moderate volume of small nanopores with poor connectivity 

iii. Small volume of moderate sized nanopores with moderate to poor connectivity 

 

The proportion of micro- to nanoporosity is important in determining fluid saturations.  When total porosity 

is less than 4.5%, regardless of the micro- to nanoporosity ratio, samples in this study were water saturated (C2, C3, 

M6).  These samples have the largest relative tortuosities. 

Samples with porosity greater than 4.5% had variable fluid saturations. The lowest tortuosity dolomudstone 

sample has the highest nanoporosity, but a significant proportion of larger nanopores (0.2-3µm) and the highest total 

porosity (C1).   High tortuosity may be overcome by larger pore sizes (0.3-4µm) (M5) or proximity to the source 

(M4).  M7 and M8 demonstrate that slightly lower proportions of nanoporosity that correspond to a decrease in 

tortuosity correlate to an order of magnitude difference in permeability.  If the proportion of micro- to nanoporosity 

is less than one (i.e. M9, M10), than those samples are exclusively water saturated.  Although these samples are the 

least tortuous, they have the smallest average pore diameters. 

This case study of the heterogeneous Three Forks reservoirs suggests that production from these rocks 

should be approached cautiously.  Intervals that appear similar and connected on petrophysical logs may have very 

different pore systems that inhibit oil saturation intermittently.  Subtle differences in pore shapes, sizes and flow 

pathways determine fluid saturations.  Rocks may be oil saturated, but local conditions may hinder recovery.  These 

conditions include migrated oil alteration to solid reservoir bitumen or poorly connected systems adjacent to the 

overpressured source rock.  Modern completions strategies may assist with this problem, but reserve estimations 

should be carefully evaluated in light of these complexities.  
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CHAPTER 6 

 

GENERAL CONCLUSIONS 

 

This thesis employs data derived from drill cores spanning across Montana and North Dakota to address 

four major questions.  These include: (1) what are the enviornments of deposition and facies within the Three Forks 

Formation; (2) how does the Williston basin depositional system relate to the Western Canadian sedimentary basin; 

(3) what are the evaporite, carbonate, and siliciclastic sediment origins; and (4) what are the controls on reservoir 

quality.  Each chapter employs a range of data types to answer these questions.   

Chapter two addresses the sedimentology, ichnology and early diagenesis of the entire formation.  A 

detailed description of features of reservoir and non-reservoir components reveals a storm-dominated shallow shelf 

depositional environment.  Storm event deposits are preferentially preserved.  This is attributed to the shallow 

environment and the abundance of sufficiently strong storms.  In addition to determining preservation, these 

processes also probably facilitated autogenic developments of topographic highs and lows that effected vertical 

stratigraphic trends.  A climatic shift from arid to semi-arid or seasonal conditions is evidenced by vertically 

changing proportions and types of facies associations.   Mosaic anhydrites, and syndepositional evaporites within 

mudstones dominate the first four third-order transgressive-regressive sequences in the Three Forks.  This represents 

variations between the arid shallow shelf and the mudflat deposits.   The final three sequences of the formation 

contain a diverse set of lithofacies including: claystones, laminated mudstones, dolomudstones, distorted and 

brecciated mudstones, and sandstones.  These facies correspond to deposition within a storm-dominated, 

schizohaline, shallow shelf environment.  These deposits are also associated with mudflat deposits that are 

characterized by massive to intraclastic mudstones, matrix-supported breccias, and millimeter scale rhythmic 

laminated mudstones.   

The seven third-order transgressive-regressive cycles are correlated regionally across the basin in Chapter 

three.  Global biostratigraphic data confirm the seven cycles and is applied as a model to the physical stratigraphy.  

This chronostratigraphic constraint aids in comparison to secular Sr isotope stratigraphy during this time.  Three 

Forks Sr data are shifted up from the eustatic curve.  Dolomudstone and claystone samples are an order of 

magnitude greater than evaporite samples.  This reflects the relative riverine influence that increases the 
87

Sr/
86

Sr 

ratio compared to the well-mixed oceanic signature at that time.  Sulfur isotope comparison between age constrained 

intervals from the Western Canadian Sedimentary basin and the Williston basin are consistent with and support the 

interpretations of the Sr data.  A discrepancy between the evaporite phases present in the two basins indicates that 

freshwater inputs into the Williston basin inhibited salinities reaching above 250‰ in the Williston basin.      

Freshwater inputs also played an important role in siliciclastic sediment delivery and authigenic dolomite 

precipitation.  Chapter four integrates petrographic, quantitative mineralogy, Sr and Nd isotope data to evaluate 

sediment origins more closely.  Felted nodular evaporites precipitated from seawater enriched in 
87

Sr by continental 

drainage into the basin. A dolomudstone sample lacking detrital material matches an adjacent anhydrite sample Sr 

ratio, indicated early dolomitization.  Dolomudstone samples that contain minimum detrital components also have 

elevated 
87

Sr/
86

Sr ratios indicating freshwater mixing dolomitization.  Autochthonous dolomicrites are thought to 
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have formed through meso- to hypersaline reflux and microbial mediation.  Periods of variable reflux dolomitization 

are evidenced by syneresis cracks, sand pulses, ichnofacies, and bedded evaporites.   Sedimentological storm 

reworking evidence is strongest where allodolomicrite is abundant.  These deposits may form due to transgressive 

reworking, recycling and sediment abrasion.  Sand pulses around the basin indicate intermittent times of behavior as 

an ephemeral drainage basin.  Increasing sediment maturity to the south in the basin indicates a primary fluvial input 

system delivering sediments from the north.  εNd values demonstrate an overall decrease in influence from westerly 

derived sediments vertically up through the stratigraphic section, while maintaining a constant signature consistent 

with siliciclastic sediments derived from progressive denudation and recycling of the Caledonian and Ellesmerian 

orogens.  

The geological controls on sediment origins directly relate to reservoir quality.  Chapter five presents a case 

study on reservoir quality using multiple quantitative methods that demonstrate how subtle differences in pore size 

and shape control fluid saturations.  Intervals with relatively larger detrital grainsizes and more homogenous fabrics 

now correspond to the water saturated intervals.  Alternatively intervals with relatively smaller detrital grain sizes 

and fabric heterogeneities such as clay mottles or ripples now correspond to oil saturated reservoir intervals.  These 

oil saturated intervals also commonly have elongate pore shapes.  Early dolomitization and diagenetic processes 

probably degraded originally well connected pore systems soon after deposition.  Mercury intrustion/extrusion data 

and nitrogen adsorption/desorption data reveal that oil saturated samples require either a high volume of moderately 

sized nanopores with moderate connectivity or a large volume of small nanopores with poor connectivity.  Proximity 

to an overpressured hydrocarbon source or oil deterioration to solid reservoir bitumen also result in oil saturation, 

but may be difficult to produce from.  

Learnings from a complete regional perspective on one formation allow for a more coherent understanding 

of that particular formation.  The conclusions drawn here also aid in understanding basinal mechanisms that can now 

be evaluated in other formations deposited in this Paleozoic setting, and other shallow epeiric settings.  Additionally 

these regional perspectives can be applied directly to understanding reservoir quality controls.  In the future, 

persuing understanding on the controls and impact of solid reservoir bitumen will be crucial to understanding the 

petroleum reservoir and its production capabilities more completely.  Secondly, detailed work expanding on the 

sulfur isotope study here can expand to understand the fluvial inputs in more detail and to evaluate how they change 

through time within the Williston basin.  Finally, 
87

Sr/
86

Sr data could be leached with 80% acetic acid first, before 

the 10% hydrochloric acid to attempt to avoid accessing the Rb in clays is shown as proof-of-concept.  However this 

may be problematic for leaching dolomites. This would allow for further evaluation of the freshwater mixing and 

seepage reflux hypotheses.   
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APPENDIX A 

 

ADDITIONAL ALBERTA CORE PHOTOS 

 

 

 

Figure A-1. Microbialites Socony Craigmyle at 4722.7 feet. 
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Figure A-2.  Evaporitic shelf to mudflat to storm dominated shelf facies associations in the Western Canadian 

Sedimentary basin in Winnifred 4180-4188 feet.   
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APPENDIX B 

 

ADDITIONAL THINSECTION PHOTOMICROGRAPHS AND RADIOGENIC ISOTOPE PLOTS 

 

 

Figure B-1. Quartz sands in a planar-e dolomicrite matrix.  Schoch 10009.3 and Hovden 11426 
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Figure B-2.  Reworked dolomicrite mixed with silt-sized feldspar and quartz.  Liberty 2-11H 97
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Figure B-3. εNd versus 
87

Sr/
86

Sr by leachate for each sample.  

Symbols are used in the following two figures.  
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Figure B-4. 

87
Sr/

86
Sr and Sr concentration versus stratigraphic depth by leachate.  
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Figure B-5.  εNd and Nd concentration by depth for each leachate.  
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Figure B-6.  Comparison between initial 
87

Sr/
86

Sr from Williston basin data (this study) and from the Western 

Canadian sedimentary basin (Al-Awar 1996) and estimated stratigraphic position.  
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Figure B-7. Isochrons of Rb and Sr data demonstrating a mixing zone between the claystones and anhydrites from 

the early leachates. 
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APPENDIX C 

 

ADDITIONAL RESERVOIR CALCULATIONS 

 

Table C-1.  Selected reservoir characterization data and additional methods tortuosity calculations.  
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Tortuosity Estimation 

Wylie & 

Spangler (a)  

Millington & 

Quirk 

Wylie & 

Spangler (b) 

Winsauer et 

al. 

Kozeny-

Carman 

C1 Oil 6.96 1.97 1.7601 172 16 2.4 3.8 4.9 0.013 

C2 Water 1.32 0.45 0.2594 252 62 4.2 8.7 13.4 0.004 

C3 Water 3.27 1.20 0.7191 246 40 3.1 5.5 7.8 0.002 

M4 Oil 5.33 1.60 1.4366 164 21 2.7 4.3 5.8 0.001 

M5 Oil 5.04 0.98 0.7834 185 26 2.7 4.5 6.0 0.039 

M6 Water 4.43 1.14 1.0693 159 29 2.8 4.8 6.5 0.003 

M7 Oil 6.45 3.30 3.6836 135 18 2.5 3.9 5.2 0.015 

M8 Water 7.72 2.29 2.3297 150 20 2.3 3.6 4.7 0.005 

M9 Water 5.79 9.45 16.2883 85 11 2.6 4.2 5.5 0.000 

M10 Water 8.87 9.50 14.8881 99 13 2.2 3.4 4.3 0.007 


