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ABSTRACT 

An integrated stratigraphical, petrographical, geochemical, and petrophysical 

analyses were presented in this study to characterize the depositional environments, 

stratigraphic framework, and pore network of the Upper Devonian Pronghorn Member, 

Lower Silt Member, and Lower Shale Member of the Bakken Formation. The lithological 

changes from the mixed clastic-carbonate deposit (Pronghorn Member), bioturbated 

clay-rich silty mudstone (Lower Silt Member), to homogeneous siliceous mudstone of 

the (Lower Shale Member) are interpreted to manifest an overall basinward shift from 

subtidal shoreface, offshore transition, open marine, to offshore environments on a 

storm-dominated clastic-dominated ramp. The sequence stratigraphic analysis suggests 

one 3rd-order transgression-regression cycle for the Pronghorn Member and the 

subsequent transgressive to the early regressive stages of the latest Devonian glacio-

eustatic cycle for the Lower Silt and Shale members. The Lower Silt Member indicates a 

progressively deepening and more oxygen-restricted setting, followed by the rapid 

development of the euxinic bottom-water condition of the Lower Shale Member. The 3rd-

order maximum flooding surface is characterized by the development of euxinic peak, 

high organic concentration, and overlying strata with an increasing detrital influx. 

Eustatic sea-level is suggested to be the major control over the architecture and 

depositional pattern of the Pronghorn, Lower Silt and Shale members. However, the 

tectonic process also plays a critical role in clastic supply, episodic subsidence, and salt 

dissolution-associated faulting events. The lower part of the Lower Shale Member is 

characterized by elevated primary productivity, which is evidenced by a negative δ15Norg 
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excursion and increasing biogenic silica. This is closely related to deep-water nutrient 

renewal and enhanced nutrient recycling during the transgression. The redox condition 

and sediment flux, corresponding to relative sea-level fluctuations, exert primary 

controls on the patterns of organic matter accumulation, particularly in proximal and 

shallower regions. On the other hand, the high-level primary productivity does not serve 

as a dominating control on the organic concentrations. The biogenic silica, in contrast to 

clay, exhibits a significant dilution effect on the accumulation of organic material in the 

Lower Shale Member.  

This study characterizes the pore-network property of the Bakken shales: 

scanning electron microscope imaging reveals mineral matrix pores and organic-matter 

pores in sizes of 13 nm to no more than 8 μm; N2 adsorption measurements highlight 

the presence of predominant mesopores (2-50 nm) and subordinate 1-2 nm sized 

micropores. Although the pore network of the Bakken shales is dependent on the 

mineral composition (i.e., quartz and clay), it is more closely linked with thermal maturity 

of organic matter: an increasing amount of generated bitumen/oil displaced interstitial 

water and filled pore space during early-to-peak mature stage; however, sponge-

shaped OM pores due to cracking of oil/bitumen to gas contributes to the pore-network 

improvement at the late mature stage. 
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CHAPTER 1  

INTRODUCTION 

The Upper Devonian-Lower Mississippian Bakken Formation in the Williston 

Basin is composed of five distinct members in ascending order: mixed clastic-carbonate 

bioturbated Pronghorn Member, bioturbated silty mudstone Lower Silt Member, organic-

rich Lower Shale Member, silty/sandy dolomitic Middle Member, and organic-rich Upper 

Shale Member. The Pronghorn Member, Lower Silt Member, and Lower Shale Member 

are the targeting successions for this research. The Pronghorn Member, characterized 

by its restricted stratigraphic and areal distribution, lacks a comprehensive study in its 

sedimentological, ichnological, and stratigraphic characteristics. Additionally, the 

influence of primary productivity, bottom-water redox condition, and sediment influx on 

the accumulation of organic material in the Bakken shales (Lower Silt and Lower Silt 

members) are not well understood. There also lacks a detailed characterization of the 

pore network in the Bakken shales. Therefore, the goal of this dissertation is to integrate 

stratigraphic, petrographic, geochemical, and petrophysical data to better understand: 

(1) depositional settings and sequence stratigraphic architecture of the Pronghorn 

Member in the Williston Basin; (2) depositional regimes, mechanism of organic 

accumulation, and regional sequence stratigraphic framework of the Lower Silt and 

Shale members of the Bakken Formation; (3) nanometer- to micrometer-scale pore 

characterization of the Bakken shales in terms of pore types, evolution, and 

corresponding controlling geological parameters. Methods, datasets, and interpretations 

are summarized in three chapters: 
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1. Integrated ichnology, depositional model, and sequence architecture of the Late 

Devonian mixed clastic-carbonate Pronghorn Member of the Bakken Formation 

in the Williston Basin 

2. Depositional environment and organic preservation of the Lower Shale and Silt 

Members of the Bakken Formation: evidence from major-, trace-element, organic 

carbon, and stable isotope analyses 

3. Pore characterization of the Late-Devonian to Early-Mississippian organic-rich 

marine shale: a case study about the Bakken Shales, Williston Basin 

The appendices include the elemental data from inductively coupled plasma-

mass spectrometry (ICP-MS) and X-ray fluorescence (XRF), total organic carbon (TOC) 

results, and stable isotope values of δ15Norg and δ13Corg. 
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CHAPTER 2  

INTEGRATED ICHNOLOGY, DEPOSITIONAL MODEL, AND SEQUENCE 

ARCHITECTURE OF THE LATE DEVONIAN MIXED CLASTIC-                

CARBONATE PRONGHORN MEMBER OF THE BAKKEN                         

FORMATION IN THE WILLISTON BASIN 

2.1 Abstract 

The Upper Devonian Pronghorn Member of the Bakken Formation is a 

pervasively bioturbated mixed clastic and carbonate succession in the Williston Basin. 

In this study, an integrated sedimentological and ichnological examination of drill cores 

have suggested a shallow marine, wave-dominated, carbonate-bearing clastic ramp for 

the Pronghorn Member. Three facies have been recognized in ascending stratigraphic 

order: pervasively bioturbated sandstone (Facies 1), interbedded sandstone and silty 

mudstone (Facies 2), and limestone (Facies 3). Ichnologically, the vertical gradational 

variability observed from Skolithos-dominant bioturbated sandstone (Facies 1), to 

Cruziana-dominated interbedded sandstone and silty mudstone (Facies 2), attests to a 

significant distal shift in depositional environment, from subtidal shoreface to offshore 

transition. The uppermost limestone succession (Facies 3) shows variable bioturbation 

intensities, dominated by monospecific Planolites ichnofossil. The episodic moderate 

wave activities is accentuated by the repeated occurrence of less than one-foot thick 

tempestite/fair-weather couplets, wherein weakly-bioturbated low-angle or hummocky 

cross-stratified sandstone is overlaid by strongly bioturbated silty mudstone. The 

uppermost carbonate build-up (Facies 3) was established in an open-marine setting 
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during high relative sea-level and less clastic influx. This study indicates a 

retrogradational succession of the Pronghorn Member recorded by a suite of genetically 

related facies, showing a basinward transition from subtidal shoreface, offshore 

transition, to open marine environment.  

The Pronghorn Member deposition occurred in a low-accommodation setting, 

onlapping against a transgressively modified sequence boundary of the top of the Three 

Forks Formation. Facies 1 was deposited as the proximal expression of the 

accumulation and is likely linked with the bioturbated remnants of the transgressive 

ravinement deposits. The transgressive stage culminated in the demise of clastic 

sediments and the emplacement of the open-marine Facies 3. The top of the Pronghorn 

Member is characterized by erosion surface with reworking lag deposits indicating the 

subsequent 3rd-order sequence boundary. The isopach maps of the clastic-dominated 

facies of the Pronghorn Member display that the thickest basin-fill is to the south while 

the minimum accumulation is in the central-northern part, suggesting a south-sourced 

terrestrial influx. The sedimentological and ichnological properties of the succession 

indicate a predictable distribution of sandstone-dominated Pronghorn Member in the 

basin. However, the ideal distribution and associated stacking pattern were complexed 

by the low-accommodation space and differential subsidence induced by underlying 

Devonian salt dissolution.  

 

2.2 Introduction 

The Upper Devonian Pronghorn Member of the Bakken Formation is an 

unconformity-bounded, heavily bioturbated, mixed clastic-carbonate unit in the Williston 
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Basin (Fig. 2.1). The great diversity and density of trace-fossil assemblages throughout 

the Pronghorn Member establish striking criteria for its stratigraphic recognition in drill 

cores. The Pronghorn Member is overlain by dysoxic-anoxic marine mudstones (i.e., 

Lower Silt and Lower Shale members of the Bakken Formation), and unconformably 

overlies argillaceous, ripple-laminated, occasionally brecciated, silty dolostone of the 

Three Forks Formation (Fig. 2.1).  

The Pronghorn Member is considered to be stratigraphically equivalent to the 

Trident Member of the Three Forks Formation in east-central Idaho and west-central 

Montana (Sandberg et al., 1988; di Pasquo et al., 2017), and the Big Valley Formation 

in Saskatchewan and Alberta (Sandberg et al., 1988; Meijer Drees and Johnston, 1996; 

Colborne et al., 2015) (Fig. 2.1). The Williston Basin was located in an epeiric seaway 

on the inner shelf of the western Laurentia during Late Devonian (Fig. 2.2A). The 

Pronghorn Member was initially referred to as the “Sanish sand” during the early 

development of the Antelope Field of McKenzie County, North Dakota (Murray, 1968; 

LeFever et al., 2011). The “Sanish sand”, officially introduced by Sandberg and 

Hammond (1958), was described as “fine-grained sandstone and coarse-grained 

siltstone, 5-15 ft thick, at the south end of the Nesson Anticline” as the top interval of the 

Three Forks Formation. The “Sanish sand” has been proven as one of the productive 

sweet-spots of the Bakken petroleum system with an average porosity of 7% (ranging 

from 4.6 to 9.5%), and an average permeability of 0.16 md (ranging from 0.0003 to 0.7 

md) (Johnson, 2013). However, its distribution is significantly spatially restricted in the 

Williston Basin. Recently, this pervasively bioturbated sandstone facies, coupled with 

overlying limestone facies and green/black-colored, bioturbated, laminated silty 
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mudstone facies (“lower Bakken silt”) was defined as the Pronghorn Member of the 

Bakken Formation (LeFever et al., 2011). In this study, the “lower Bakken silt” is 

considered to be a separate member instead of the uppermost unit of the Pronghorn 

Member for three reasons: (1) distinct lithological and biological properties showing rich 

clay content, ripple-lamination, and weak-to-moderate bioturbation; (2) a significant 

hiatus represented by a regional erosion surface overlying the limestone-dominated 

facies at the top of the Pronghorn Member and its equivalent Big Valley Formation and 

Trident Member in the western Laurentia (Sandberg et al., 1988; Meijer Drees and 

Johnston, 1996; Colborne et al., 2015; Myrow et al., 2015; di Pasquo et al., 2017); (2) 

abrupt transition to the overlying non-bioturbated homogenous Lower Shale Member 

likely represents a significant flooding event, represented by the occurrence of fossil-

rich lag deposits and ash beds.  

Following the early hydrocarbon discovery from the Pronghorn Member in Sanish 

Field (southwestern part of Mountrail County) and Antelope Field (eastern part of 

McKenzie County), recent exploration activities using horizontal drilling and hydraulic 

fracturing technologies have yielded great success of the Pronghorn play in Stark, 

Billings, and southernmost McKenzie counties, North Dakota (Skinner et al., 2012). 

Compared to the other major reservoir intervals of the Bakken petroleum system 

(Middle Bakken Member and Three Forks Formation), the Pronghorn Member exhibites 

a more restricted stratigraphic and areal distribution in the Williston Basin. In addition, 

the reservoir quality of the heterolithic Pronghorn Member may exhibit high sensitivity to 

physical properties (e.g., bioturbation, clay and dolomite contents). Therefore, a 
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comprehensive review of the ichnological and sedimentological properties and 

stratigraphic framework of the Pronghorn Member is critical. 

 

 

Figure 2.1 Correlation of Upper Devonian and Lower Carboniferous stratigraphic 
nomenclature in Montana, Alberta, Saskatchewan, and North Dakota with standard 
conodont zones. Pronghorn Member and its equivalents are shaded in gray. Sources of 
information for each column correspond to numbers as follows: 1. Sandberg and Poole, 
1977; di Pasquo et al., 2017; 2. Johnston et al., 2010; Macqueen and Sandberg, 1970; 
Meijer Drees and Johnston, 1996; 3. Karma, 1991; Meijer Drees and Johnston, 1996; 4. 
Sandberg et al., 1988; Sandberg (personal communication, 2016). The standard 
conodont zonation and Devonian-Carboniferous boundary are from Becker et al. (2012) 
and Davydov et al. (2012). 

Following the early hydrocarbon discovery from the Pronghorn Member in Sanish 

Field (southwestern part of Mountrail County) and Antelope Field (eastern part of 
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McKenzie County), recent exploration activities using horizontal drilling and hydraulic 

fracturing technologies have yielded great success of the Pronghorn play in Stark, 

Billings, and southernmost McKenzie counties, North Dakota (Skinner et al., 2012). 

Compared to the other major reservoir intervals of the Bakken petroleum system 

(Middle Bakken Member and Three Forks Formation), the Pronghorn Member exhibites 

a more restricted stratigraphic and areal distribution in the Williston Basin. In addition, 

the reservoir quality of the heterolithic Pronghorn Member may exhibit high sensitivity to 

physical properties (e.g., bioturbation, clay and dolomite contents). Therefore, a 

comprehensive review of the ichnological and sedimentological properties and 

stratigraphic framework of the Pronghorn Member is critical. 

LeFever et al. (2011) suggested that the accommodation space during 

Pronghorn accumulation was created by the subsidence associated with the dissolution 

and collapse of the underlying Middle Devonian Prairie Salt. Skinner et al. (2012) 

argued that tectonic uplift/subsidence is the major control as the depocenter of the 

Pronghorn Member is located beyond the southern edge of original depositional Prairie 

salt. Overall, there have been only few studies about the Pronghorn Member (Berwick 

and Hendricks, 2011; Bottjer et al., 2011; LeFever et al., 2011; Skinner et al., 2012; 

Johnson, 2013; Bauer, 2017). Although there is a consensus about the deepening-

upward sequence for the Pronghorn Member, the basinwide distribution, depositional 

setting, and sequence stratigraphic framework are still controversial and requires further 

clarification. Herein, this research integrates the wireline logs, drill cores, and thin-

sections to characterize facies, understand depositional processes, ecological 

conditions, and thereby the depositional setting of the Pronghorn Member in the 
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Williston Basin. This paper also aims to delineate the spatial distribution of the 

Pronghorn Member and reconcile the controversy over the stratigraphic architecture of 

the Pronghorn Member, Lower Silt Member, and Lower Shale Member. The 

sedimentological and ichnological features of this mixed clastic-carbonate system for 

the development of predictive paleoenvironmental models can be readily translated into 

other analogues.  

 

 

Figure 2.2 Maps showing the location of the Williston Basin and studied wells. A. 
Regional paleogeographic map at late Devonian-early Mississippian (365-355 Ma) 
(modified after Blakey, 2014). B. Structure contour map of the Three Forks Formation 
top exhibiting the Williston Basin and some important geological structures, such as 
Nesson Anticline and Cedar Creek Anticline. Well control is shown in this map and 
includes wireline (n = 135) and cored wells (n = 115). 
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2.3 Methodology 

The wireline log recognitions of the Pronghorn Member and its various facies are 

difficult and requires core to log correlation for recognition. Thus, a number of cores 

over a regional scale are used to assess the sedimentary facies and distribution of the 

Pronghorn Member. In this study, a total of 135 wells were examined, in which, 115 drill 

cores were examined from sedimentologic, ichnologic, and stratigraphic perspectives in 

detail, to develop a stratigraphic framework for the Pronghorn Member in the U.S. 

portion of the Williston Basin. The study area is controlled by the availability of cores, 

and there is a lack of core controls in the southern, eastern, and western edges of the 

study area (Fig. 2.2B). The studied drill core information, including well locations, 

wireline logs, permeability, porosity, and mineral composition, were obtained from the 

North Dakota Industrial Commission (NDIC), Department of Mineral Resources, Oil and 

Gas Division. The carbonate rock classification scheme by Dunham (1962) was used to 

characterize limestone succession. For estimation of bioturbation index (BI), the Taylor 

and Goldring (1993) scheme was utilized. The sedimentary facies were defined based 

on color, lithology, texture, sedimentary structures, bioturbation index, and trace-fossil 

assemblages. The environmental zonation for shoreline setting uses the classification 

developed by Howell and Flint (2003), in which shoreface is referred to as the setting 

between mean low tide line and the fairweather wave base, offshore transition between 

fairweather wave base and storm wave base, offshore below storm wave-base. The 

sequence stratigraphic framework developed by Exxon (Van Wagoner et al., 1988) was 

used in this study.  
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2.4 Results and discussions 

Figure 2.3 shows the areal distribution of the Pronghorn Member in the Williston 

Basin. The Pronghorn Member exhibits a thick accumulation and good lateral-continuity 

in the southern part of the study area with the thickest deposition of 50-ft-thick (Fig. 2.3). 

The Pronghorn Member generally thins towards the northern part of the study area. Two 

type sections of the Pronghorn Member are designated in this study (Fig. 2.4). One type 

section is Sadowsky 24-14H from core depth 10485.5 to 10528.5 ft (wireline measured 

depth 10492 to 10534.5 ft), with a total thickness of 43 ft. This cored well is located in 

the southern part of the study area (Dunn County, ND; Fig. 2.3), and has the second 

thickest Pronghorn Member that we encountered in this study. The other type section is 

Red Wing 16-1H from core depth 10693.3 to 10711.9 ft (wireline measured depth 

10711.5 to 10730 ft), with a total thickness of 18.6 ft. This cored well is located close to 

the central part of the study area (McKenzie County, ND; Fig. 2.3). Both wells have 

wireline logs, core-derived porosity and permeability, and XRD-derived mineral 

compositions. Albeit the fact that the Pronghorn Member typically exhibits a sharp 

erosional contact with the underlying Three Forks Formation, the wireline-log response 

of this contact is not evident (Fig. 2.4). The Pronghorn Member is overlain by 

radioactive, organic-bearing black shales of the Lower Silt and Shale members. Both 

bounding surfaces, typically characterized by rip-up clasts, phosphate grains, and fossil 

debris, have been interpreted to be regional unconformities (Sandberg et al., 1988; 

Meijer Drees and Johnston, 1994; Smith and Bustin, 2000; Bottjer et al., 2011; LeFever 

et al., 2011; Skinner et al., 2012; Johnson, 2013; Colborne et al., 2015; Myrow et al., 

2015).  
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Figure 2.3 Isopach map of the Pronghorn Member in the study area. The thickness 
ranges from 0 to 50 ft, with major accumulations in southern and western margins. 
Contour interval is 5 ft. Note the southern limits of the present-day (gray dashed line) 
and original depositional (red line) Middle Devonian Prairie Salt (modified after Oglesby, 
1988). Type cores and the cores whose photographs were presented in this study are 
identified as follows: 1. Dietz 21-18TFH; 2. Debrecen 1-3H; 3. Sadowsky 24-14H; 4. 
Hovden 15-1H; 5. Corrine Olson 34-20; 6. Henry Bad Gun 9C-4-1H; 7. Pumpkin 148-
93-14C-13H TF; 8. Jorgenson 1-15H; 9. Ahel et al Grassy Butte 31H3; 10. Red Wing 
16-1H; 11. Titan F-WP 32-14-H; 12. Sergeant Major 1-21H; 13. Charlotte 1-22H; 14. 
Sakakawea Federal 13X-35; 15. Rasmussen 1-21-16H; 16. Nordstog 14-23-161-98H; 
17. Mertes 1-32; 18. Jorgensen 4-4H; 19. Tribal 11-19. 
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Figure 2.4 Type sections of the Pronghorn Member: A. Sadowsky 24-14H (API No.: 
33025008680000); B. Red Wing 16-1H (API No.: 33053037070000). Lithostratigraphy, 
facies, and bioturbation index were identified for the studied succession. Wireline logs 
include gamma-ray, resistivity, and density porosity (RHOB). Air permeability, porosity, 
and mineral composition were collected from North Dakota Industrial Commission 
(NDIC), Department of Mineral Resources, Oil and Gas Division website. Locations of 
cores are shown in Figure 2.3. 
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2.4.1 Sedimentary facies of the Pronghorn Member 

The Pronghorn Member is easily distinguished from adjacent units (i.e., Three 

Forks Formation, Lower Silt, and Shale members) by its intensively bioturbated feature. 

Integration of sedimentological and ichnological data aids in the facies recognition and 

interpretation of depositional environments of the Pronghorn Member. In this study, 

three facies were recognized for the Pronghorn Member. The Pronghorn Member is 

primarily comprised of quartz, dolomite, calcite, potassium-feldspar, and clay (mostly 

chlorite and illite) (Figs. 2.4 and 2.5). Some subordinate minerals include plagioclase, 

pyrite, apatite, and anhydrite. The primary sedimentary structures are not well 

preserved as a result of strong bioturbation, but where preserved, include planar-, wavy-

, lenticular-, and low-angle cross stratifications, hummocky cross stratification, ripples, 

erosion surfaces, and normally graded beddings. The recognition of individual 

ichnogenera in a mottled interval is challenging; thereby, ichnofacies, selection of a set 

of key behavior features of a representative assemblage of discrete ichnogenus, is 

more emphasized in this study. In general, two ichnofacies have been identified within 

the Pronghorn Member: Skolithos and Cruziana. The descriptions of lithology, 

sedimentary structures, and trace-fossil assemblages of each facies, along with their 

implications for depositional environments, are discussed below and summarized in 

Table 2.1.  
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Figure 2.5 Ternary plot of mineralogical composition of the Pronghorn Member (n = 46) 
exhibiting distinct mineralogical constituents of each facies. Core samples are from 
following wells: Sadowsky 24-14H (n = 15), Red Wing 16-1H (n = 12), Henry Kovash (n 
= 11), Keary Kadrmas 2-32-29H-142-96 (n = 4), Jorgenson 1-15H (n = 2), Olson 10-15 
1H (n = 2). 
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Table 2.1 Summary of lithogical, sedimentological, ichnological, and paleontological attributes of three facies of the 
Pronghorn Member. Trace fossil abbreviations include: Arenicolites (Ar), Asterosoma (As), Chondrites (Ch), 
Cylindrichnus (Cy), Diplocraterion (Dp), Nereites (Ne), Palaeophycus (Pa), Phycosiphon (Ph), Planolites (Pl), 
Rhizocorallium (Rh), Rosselia (Ro), Scolicia (Sc), Skolithos (Sk), Teichichnus (Te), Thalassinoides (Th), Zoophycos 
(Z). 

Facies and 
descriptions 

Lithological and sedimentological 
characteristics 

Ichnological 
characteristics 

Paleotological 
characteristics 

Interpretation 

Facies 1 
Pervasively 
bioturbated 
sandstone 

 Buff to brown fine- to very fine-grained 
sandstone 

 Original sedimentary structures 
completely obliterated 

 Well-sorted, angular to sub-rounded 
grains 

 Abundant rip-up clasts, quartz and 
phosphate grains 

 Frequent appearance of internal erosion 
surfaces which had been modified by 
burrows 

 Thoroughly 
bioturbated 

 Poorly diverse 

 Ar, As, Cy, Sk, Te 

 BI = 4-6 
 

Phosphate 
grains, few shell 
fragments 

 High-energy 

 Skolithos 
ichnofacies 

 Subtidal 
shoreface 

Facies 2 
Interbedded 
sandstone 
and silty 
mudstone 

 Buff to gray, very fine- to fine-grained 
sandstone and greenish to gray silty 
mudstone 

 Wavy- to lenticular-stratification for silty 
mudstone domain 

 Sandstone domain shows ripples, planar 
to low-angle cross stratification, and 
hummocky cross-stratification with sharp 
base and sharp- to gradational- top 
contact  

 Diverse ichnofabrics 
with variable 
intensities 

 Sandstones are less 
bioturbated compared 
to the silty mudstones 

 As, Cy, Ch, Dp, Ne, 
Pa, Ph, Pl, Rh, Ro, 
Sc, Sk, Te, Th, Z 

 BI = 1-6 

Brachiopods, 
bivalves 
 

 Moderate-
energy 

 Cruziana-
Skolithos 
ichnofacies 

 Offshore 
transition 

 

Facies 3  
Limestone 

 Light to dark gray limestone 

 Mudstone, wackestone, packstone, and 
crystal limestone 

 Soupy, soft, and firm substrates 

 Weakly to intensively 
bioturbated  

 Pl 

 BI = 2-4 

Brachiopods, 
bivalves, 
crinoids, 
echinoids, 
gastropods 

 Variable 
energy 
levels 

 Open-
marine 
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2.4.1.1 Facies 1 Pervasively bioturbated sandstone 

Description 

Facies 1 consists of buff to brown colored, thoroughly bioturbated, very fine- to 

fine-grained sandstone (Fig. 2.6). The primary sedimentary structures are completely 

obliterated by intense biological disturbance (BI = 4-6, Fig. 2.6). Facies 1 exhibits 

abundant vertical dwelling ichnofabrics of suspension-feeders (Skolithos and 

Cylindrichnus) and horizontal deposit-feeder structures (Teichichnus and Asterosoma) 

(Fig. 2.6). Despite the high density of individual trace-fossil, Facies 1 exhibits a poorly 

diverse ichnofabric. Pebble-sized rip-up clasts and phosphate grains are commonly 

observed (Figs. 2.6C and D). Thin-section examination reveals abundant quartz and 

dolomite grains in Facies 1 (Fig. 2.7). Pervasive dolomite occurs as subhedral to 

euhedral crystals, typically displaying cloudy cores and limpid rims, while quartz grains 

show well-sorted and angular-to-subangular texture (Fig. 2.7). Facies 1 is characterized 

by enhanced intergranular spaces, mostly attributed to the burrows (Fig. 2.7). Complete 

body fossils, such as brachiopods and bivalves, are rare in Facies 1. Facies 1 occurs at 

the base of the Pronghorn Member. 

 

Interpretation 

The interpretation of the depositional environment of Facies 1 is challenging 

because certain diagnostic criteria such as primary sedimentary structures and grain 

size changes have been completely obliterated by intense burrowings. However, the 

unique ichnofossil assemblage provides important paleoecological implications for a 

possible storm-influenced subtidal shoreface setting. Skolithos ichnofossil is a well-
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established indicator for the high-energy, intense erosion, and high-sedimentation-rate 

environment. Asterosoma has been reported to be in a wide range of depositional 

environments, ranging from deep-marine to tidal flat depositional environments (Knaust, 

2017). Cylindrichnus is a common component of marginal-marine brackish-water trace-

fossil suite (Buatois et al., 2005; Buatois and Mángano, 2011; Knaust, 2017). The mass 

occurrence of diminutive Teichichnus trace fossils is commonly related with a marginal-

marine environment with reduced salinity (Buatois et al., 2005; Buatois and Mángano, 

2011; Knaust, 2017). The low ichnodiversity and lack of fully marine ichnofossils (i.e., 

Chondrites, Phycosiphon, Rhizocorallium, Rosselia, Scolicia, and Zoophyscos) in 

Facies 1 also indicate a stressful marginal-marine condition with reduced and fluctuating 

salinities (Buatois and Mángano, 2011). Overall, the ichnological suite is characteristic 

of the Skolithos ichnofacies.  

The sediment transport mechanism is not very clear due to pervasive biogenic 

reworking, but intermittent high-energy activities are indicated by erosion surfaces and 

lag deposits (Fig. 2.6D). The thin organic-rich mudstone layers, probably suggesting the 

sporadic fluid-mud input, show mottled features due to extensive bioturbation (Fig. 

2.6E). The dolomite in Facies 1 is interpreted to be a mixture of authigenic and detrital 

origins. The detrital core and diagenetic cement of subhedral/euhedral dolomite grains 

in the Pronghorn Member have been clearly demonstrated by the texture of irregular 

and well-rounded core surrounding by rhombic rims under the SEM (Skinner et al., 

2012). The dolomite cementation occurred possibly in response to the sea-level 

increase when mixed meteoric water and sea water charged the aquifers.  
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Figure 2.6 Illustrations of Facies 1 of the Pronghorn Member. The primary sedimentary structures had been completely 
obliterated by burrows. Note the existence of erosion surfaces (dashed lines), anhydrite, and phosphate grains (arrows). 
Note the abundant Skolisthos and Cylindrichnus (subvertical cylindrical burrow), diminutive Teichichnus (vertical wall-like 
spreite burrow), and horizontally branched Asterosoma ichnofossils. All scale bars are 2 cm in length. All depths represent 
core depths. Ar=Arenicolites, As=Asterosoma, Cy=Cylindrichnus, Sk=Skolithos, and Te=Teichichnus.
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Figure 2.7 Photomicrographs of Facies 1 under plane polarized light exhibiting strong 
bioturbation and abundant euhedral dolomite grains and angular-to-subangular shaped 
quartz grains. Note the abundant intergranular pore space is accentuated by the pink-
colored epoxy. Notice that the dolomite grains are mostly characterized by dark cloudy 
cores and more limpid cortices. (A) (B) Sample from the depth of 10261.3 ft of Pumpkin 
148-93-14C-13H TF (Fig. 2.6A); (C) (D) Sample from the depth of 10579 ft of Henry 
Bad Gun 9C-4-1H (Fig. 2.6E); (E) (F) Sample from the depth of 10580 ft of Henry Bad 
Gun 9C-4-1H. All depths represent core depths. 
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2.4.1.2 Facies 2 Interbedded sandstone and silty mudstone 

Description 

Facies 2 is characterized by highly diverse trace fossil assemblage and 

interbedded fine-grained sandstone and gray-to-greenish silty mudstone (Fig. 2.8). 

Facies 2 shows a gradational contact with the underlying Facies 1. Facies 2 differs from 

Facies 1 in three major perspectives: 1. enhanced clay content; 2. more abundant, 

discrete, gradational- or sharp-bounded sandstones, many of which preserve primary 

sedimentary structures; 3. more diverse ichnofabrics with highly variable bioturbation 

intensity (BI = 1-6). Erosion surfaces and fining-upward cycles were commonly 

observed in Facies 2 (Figs. 2.8 and 2.9). The sandstone domain of Facies 2 typically 

exhibits undulatory parallel stratification, planar to low-angle cross-stratification, and 

hummocky cross-stratification with weak to moderate burrowing activities (BI = 1-3). The 

sandstone layers are relatively thin with no more than 6-inch thickness. Sandstone 

layers show sharp bases and sharp to gradational contacts with the overlying 

bioturbated silty mudstone (Fig. 2.8). The silty mudstone domain of Facies 2 normally 

shows wavy- to lenticular-stratifications with BI in the range of 3-6 (Fig. 2.8). Body 

fossils are commonly observed in the silty mudstone intervals. Facies 2 is characterized 

by a diverse suite of traces fossils, including Asterosoma, Chondrites, Cylindrichnus, 

Nereites, Palaeophycus, Phycosiphon, Planolites, Rhizocorallium, Scolicia, Skolithos, 

Rosselia, Teichichnus, Thalassinoides, and Zoophycos (Fig. 2.8). Skolithos, 

Teichichnus, and Asterosoma, which overwhelmingly dominate in Facies 1, only occur 

scattered as elements of a highly diverse ichnogenera in Facies 2. Cylindrichnus, 

Nereites, Rosselia, Skolithos, and Teichichnus mostly occur in the sandstone domain 
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(Fig. 2.8). Similar to Facies 1, a large amount of intergranular pore space developed as 

a consequence of bioturbation (Fig. 2.9). There are abundant rhombohedral dolomite 

crystals and well-sorted and subangular-to-subrounded quartz grains (Fig. 2.9). 

 

Interpretation 

Facies 2 is most likely to be deposited in a wave-dominated offshore transition 

regime. The trace-fossil suite and the behaviors it records represents Cruziana 

ichnofacies with an imprint of the Skolithos ichnofacies, mostly as opportunistic 

colonizers in storm beds. Compared to Facies 1, Facies 2 manifests abundant fully 

marine ichnofossils, such as Chondrites, Phycosiphon, Rhizocorallium, Rosselia, 

Scolicia, and Zoophyscos). The high ichnodiversity also suggests a normal-salinity 

condition. Common tidal indicators (e.g., bi-directional cross-stratification, sigmoidal 

cross-stratification, double-mud drapes, and tidal rhythmites) are not found in Facies 2. 

The repeated occurrence of stratified sandstone and strongly bioturbated silty 

mudstone is interpreted to be “storm sequence”, where intermittent high-energy 

episodes followed by relatively quiescent conditions during which diverse infauna 

burrowed. The typical tempestite/fair-weather couplet in Facies 2 exhibits a 

characteristic sequence in ascending order: (1) a sharp erosional base with or without a 

basal lag, (2) weakly bioturbated low-angle cross-stratified to hummocky-cross-stratified 

sandstones, and (3) gradational transition to strongly bioturbated mudstones (Figs. 

2.8A, C, H). The opportunistic trace-fossil suites (i.e., Cylindrichnus, Diplocraterion, 

Rosselia, Skolithos, and Thalassinoides) generally colonize the sandstone domain, 

whereas fair-weather infaunal communities (i.e., Asterosoma, Chondrites, 
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Palaeophycus, Phycosiphon, Rhizocorallium, Teichichnus, and Zoophycus) 

homogenize the silty mudstone intervals, establishing recurring storm-dominated 

Cruziana-Skolithos ichnofabrics. 

The bioturbation intensity, thickness and frequency of sandstones are closely 

associated with storm frequency, energy level, and sediment accumulation rate. The 

lack of thick amalgamated HCS sandstones in Facies 2 suggests either episodic weak 

to moderate storm events rather than lasting strong storm activities or paleobathemtry 

close to storm wave-base. 

The sandstones sometimes contain thin clay drapes (Fig. 2.8F), which may 

reflect lower energy mud conditions during storm events. The silty mudstones show 

significant biogenic mixing under conditions of low energy and low sedimentation rate 

during fair-weather condition. The lenticular- to wavy-stratifications with faintly fining-

upward cycles in silty mudstones suggest the winnowing and reworking by weak storm-

induced bottom currents. In a few cases, the bioturbated silty mudstone overlying the 

sandstones with scoured surface suggests erosion before emplacement (Fig. 2.8F). An 

oxygen-rich bottom-water existed dominantly, although the presence of deposit-feeding 

burrows Chondrites and Zoophycos in the clay-rich domain may indicate a dysoxic 

condition. Overall, the sedimentological and ichnological evidence places Facies 2 distal 

to Facies 1.  
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Figure 2.8 Illustrations of Facies 2 of the Pronghorn Member. Note a wealth of physical and biogenic structures: couplets 
of sandstone and silty mudstone layers, pervasive bioturbation, erosion surfaces (highlighted by dashed lines), and 
hummocky cross-stratification (accentuated by black arrows). All scale bars are 2 cm in length. All depths represent core 
depths. As=Asterosoma, Ch=Chondrites, Cy=Cylindrichnus, Dp=Diplocraterion, Ne=Nereites, Pa=Palaeophycus, 
Ph=Phycosiphon, Pl=Planolites, Rh=Rhizocorallium, Ro=Rosselia, Sc=Scolicia, Sk=Skolithos, Te=Teichichnus, 
Th=Thalassinoides, Z=Zoophycos. 
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Figure 2.9 Photomicrographs of Facies 2 exhibiting porosity (highlighted by the pink-
colored epoxy), burrows, abundant dolomite and quartz grains, anhydrite cement, and 
fining-upward sequence. (H) Laminae-set of intercalated clay-rich and quartz-rich layers 
displaying an overall fining-upward sequence. (A) (B) (C) Sample from the depth of 
10528.8 ft of Sadowsky 24-14H; (D) (E) (F) Sample from the depth of 10526.5 ft of 
Sadowsky 24-14H; (G) (H) Sample from the depth of 10506.5 ft of Sadowsky 24-14H. 
Pl=Planolites. 
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2.4.1.3 Facies 3 Limestone 

Description 

Facies 3 is characterized by light to dark gray limestone. Mudstone, wackestone, 

packstone, and crystalline limestone textures are common (Figs. 2.10 and 2.11). A suite 

of body fossils exists in this facies, including brachiopods, bivalves, crinoids, echinoids, 

and gastropods (Figs. 2.10 and 2.11). Facies 3 exhibits a variable bioturbation index, 

ranging from 1 to 3. The wackestone and mudstone show nodules and biogenic 

reworking characteristice of a soupground substrate (Figs. 2.10A-C). Trace fossil 

assemblages in Facies 3 are less diverse and dense compared to those in Facies 1 and 

2. Periods of elevated wave and current energy are indicated by sharp undulatory 

erosion surfaces with skeletal fragment lags (Figs. 2.10D, E, G).  

Thin-section and XRD examinations indicate that Facies 3 is composed 

predominantly of calcite and subordinate clay and detrital quartz grains (Figs. 2.5, 2.10-

2.11). Facies 3 shows a lack of porosity due to the micrite and sparite cementation (Fig. 

2.11). Dolomitization rarely developed in Facies 3. A gradational contact exists between 

Facies 3 and the underlying Facies 2. This study, however, also reveals the 

interfingering relationship of the Facies 3 with clastic-dominated facies (predominantly 

Facies 2) in a few wells, such as Chitwood 44-36TFH, Cherry State 21-16TFH, and 

Mariana Trust 12X-20G2. Facies 3 is overlain by the Lower Silt Member by a significant 

erosion surface.  
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Interpretation 

Facies 3 is interpreted to be deposited in an open marine setting with 

substantially variable energy levels and sedimentation rates. Facies 3 is generally very 

thin (0-10 ft in thickness) and characterized by a significant erosion surface at the top. 

The variable carbonate textures, ranging from mudstone, wackestone, packstone, to 

crystalline limestone, are mainly shown in areal extent but not evidently manifested in 

vertical profiles.  

The occasional strong wave activities are inferred by the erosion surfaces with 

skeletal lag deposits. The existence of nodules and abundant horizontal to oblique 

burrows in calcareous mudstones and wackestones indicates a slow-sedimentation 

soupground substrate, while less clay-rich textures suggest a high-energy depositional 

setting.  

In general, Facies 3 shows a lack of clastic mineral grains compared to the 

underlying Facies 1 and Facies 2. This is interpreted to represent a distal setting of 

Facies 3. However, Facies 3 may comprise a large amount of detrital quartz, particularly 

at the southern part of the study area, suggesting a continuous clastic influx from the 

south. The more roundness and abrasion of the detrital quartz grains in Facies 3 

suggest a more distal setting to the clastic source. The spatial facies mixing of Facies 3 

and Facies 2 is probably attributed to the lateral facies transition during coeval 

deposition. Facies 3 is considered to be a non-reservoir unit in the Pronghorn Member 

due to a lack of porosity. 
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Figure 2.10 Illustrations of Facies 3 of the Pronghorn Member show abundant 
calcareous skeletal fragments, including brachiopods, bivalves, crinoids, echinoids, and 
gastropods. (A) nodulous mudstone, (B) bioturbated wackestone, (C) horizontal to 
oblique deposit-feeding Planolites trace-fossil in wackestone, (D) fossil debris 
concentrated at erosion surface (dashed lines) in wackestone, (E) erosion surfaces 
(dashed lines) in wackestone, (F) packstone, (G) predominantly packstone, (H) 
gradational transition from Facies 1 to Facies 3 (predominantly crystalline limestone) in 
ascending order. All scale bars are 2 cm in length. All depths represent core depths. 
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Figure 2.11 Photomicrographs of Facies 3 under plane polarized and cross polarized 
lights showing abundant fossils. (A) Sample from depth of 10259 ft of Pumpkin 148-93-
14C-13H TF; (B) Sample from depth of 10577.2 ft of Henry Bad Gun 9C-4-1H; (C) 
Sample from depth of 10485.5 ft of Sadowsky 24-14H shows the burrows (highlighted 
by white dashed lines); (D) (E) Sample from depth of 10487 ft of Sadowsky 24-14H; (F) 
(G) (H) Sample from depth of 10488 ft of Sadowsky 24-14H contains abundant sub-
rounded detrital quartz grains. 
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2.4.2 Stratigraphic relationship with adjacent units 

The Pronghorn Member lies stratigraphically above the Three Forks Formation 

and below the Lower Silt Member. The base of the Pronghorn Member is characterized 

by an abrupt bioturbated contact and pebble-sized rip-up clast lag (Figs. 2.12A and B). 

The rip-up clasts appear to be from the underlying Three Forks Formation and 

redeposited, which suggests the significant erosional events scouring the underlying 

lithified rocks.  

The upper contact of the Pronghorn Member with the overlying Lower Silt 

Member is characterized by a lag deposit and distinct lithological changes (Figs. 2.12A 

and C). The gamma-ray log shows a sharp increase from the Pronghorn Member to the 

Lower Silt Member. There typically exists a thick pebble lag if the Pronghorn Member is 

absent (Fig. 2.12D). The Lower Silt Member is a bioturbated ripple-laminated silty 

mudstone succession. The overlying Lower Shale Member is typically a balck 

homogenous unit, rich in organic content (i.e, algal cysts and amorphous organic 

matter) as well as biogenic silica (i.e, radiolarian tests). 

The transition from Lower Silt Member to Lower Shale Member is typically 

characterized by a fossiliferous lag (Figs. 2.12E and F). This contact, sometimes, is not 

easily delineated in core examination due to a lack of evident lag. Geochemical 

parameters (e.g., TOC and Mo/V/Ni concentration), petrographic techniques (e.g., thin-

sections), and gamma-ray log signatures, thereby can aid in the determination of the 

boundary.  
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Figure 2.12 Illustrations of the significant geological contacts in this study. (A) Thin 
succession of Pronghorn Member displaying erosional top and bottom contacts. Notice 
the concentration of rip-up clasts which were originally from the Three Forks Formation. 
(B) Contact between Three Forks Formation and Pronghorn Member. (C) Lag deposit at 
the sharp contact between Pronghorn and Lower Silt members (red dashed line). Note 
the starved ripples and Planolites ichnofossil. (D) Lag deposit full of pebble-sized rip-up 
clasts at the contact between Three Forks Formation and Lower Silt Member. (E) Ash 
bed overlying the fossil lag at the contact between Lower Silt and Lower Shale 
members. Note the starved ripples in Lower Silt Member. (F) Contact between Lower 
Silt and Lower Shale members accentuated by the fossil hash (red dashed line). Note 
the existence of “mantle and swirl” burrows. All scale bars are 2 cm in length. All depths 
represent core depths. 
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2.4.3 Thickness and areal extent 

A few isopach maps and stratigraphic cross-sections are presented in Figures 

2.3, 2.13-2.15. The isopach map of the Pronghorn Member clearly shows that the major 

depocenter was located in the southern margin with an overall thinning towards the rest 

of the study area (Fig. 2.3). However, isopach maps of individual facies of the 

Pronghorn Member show variable distributions (Fig. 2.13).  

Facies 1 (subtidal shoreface) is best developed in the central part of the study 

area with a maximum thickness of 6 ft (Fig. 2.13A). Very thin Facies 1 (< 2 ft) extends to 

the northwestern part of the study area, and a thin Facies 1 tongue exists in the 

northern margin.  

Facies 2 (offshore transition deposits) is the most widely distributed and thickest 

facies of the Pronghorn Member (Fig. 2.13B). It reaches a maximum thickness of 40 ft 

in the southern margin and displays an overall decreasing thickness towards the rest of 

the study area. It is worth mentioning that there is another thick accumulation of Facies 

2 (a maximum 18 ft thick) at the western margin (Fig. 2.13B).  

Facies 3 (open-marine limestone), ranging from 0 to 10 ft, is primarily confined to 

the central-southern part as well as the western margin of the study area (Fig. 2.13C). 

The distribution limit of the Pronghorn Member to the south is unknown due to a lack of 

cored well controls.  

The Lower Silt Member, overlying the Pronghorn Member, depicts a significantly 

contrasting sedimentation pattern with the establishment of a major linear-trough 

depocenter along the southwest extent of the study area (Fig. 2.13D). This linear-trough 

depocenter of the Lower Bakken Silt Member has been interpreted to be linked with 

either dissolution of Prairie Salt along Heart River Fault (LeFever et al., 2011) or 
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tectonic uplift and erosion of the northwest-southeast trending Cedar Creek Anticline in 

the southeastern part of Montana (Skinner et al., 2012). The distribution of the Lower 

Silt Member also exhibits a notable association with the Nesson Anticline as the region 

of north-south trending Nesson Anticline shows an evidently reduced accumulation 

compared to the adjacent sub-basins (Fig. 2.13D).  

The subsequent Lower Shale Member shows a contrasting distribution pattern, 

which is evidenced by the major accumulation along the eastern flank of the Nesson 

Anticline and progressively thins towards the basin margins (Fig. 2.13E). The Lower 

Shale Member also shows a more extensive distribution in comparison with other units 

in this study. 

The west-east and south-north oriented cross-sections illustrate stratigraphic 

relationships between each unit within Pronghorn Member and overlying Lower Silt and 

Shale members (Figs. 2.14 and 2.15). The west-east oriented cross-sections highlight 

that Facies 2 (or Facies 1 if present) of the Pronghorn Member onlaps against the 

unconformity along the top of the Three Forks Formation (Fig. 2.14). Figure 2.14A 

illustrates that Pronghorn Member is extremely thin to almost absent in the regions of 

Nesson Anticline and Montana/North Dakota border.  

The south-to-north trend of the cross-sections shows that Facies 2 of the 

Pronghorn Member onlaps onto the unconformity, becomes progressively thinner and 

shifts to the limestone (Facies 3) approaching to the central part where limestone 

rapidly thins and pinches out towards the north (Fig. 2.15). There is a generally reduced 

accumulation of Facies 2 from south to north, possibly indicating the entrapment of 

clastic sediments close to the proximal area.  
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It is worth noting that Facies 3 does not extend to the southern edge of the study 

area, which is possibly due to the strong disturbance of clastic influx from the south. The 

complete absence of Facies 3 in the north-central area is most likely due to the erosions 

during subsequent sea level fall. The stratigraphic correlations document that 

Pronghorn, Lower Silt and Shale members display a remarkably compensational 

stacking pattern, in which enhanced accumulation of Pronghorn Member is 

accompanied by reduced development of Lower Silt and Shale members, and vice 

versa (Fig. 2.15). This distributive pattern is interpreted to be closely associated with the 

sediment supply and accommodation space through time. 

Overall, the isopach map of each facies of the Pronghorn Member displays a 

minimum accumulation in the north-central part of the study area, which probably 

suggests a significant control of antecedent topography on the deposition as well as the 

subsequent remarkable erosion event. The isopach maps and cross-sections also 

suggest that the isolated distribution of the Pronghorn Member at the western margin of 

the study area, which is probably due to the existence of paleohigh structure at the 

Montana/North Dakota boarder (Figs. 2.3, 2.13A-C, 2.14). The existence of a significant 

erosion surface (Fig. 2.12A and C) corresponding to the regression occurring post-

Pronghorn Member and preceding Lower Silt Member suggests that the Pronghorn 

Member may have been present over a larger area but has been subject to substantial 

erosion.  
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Figure 2.13 Isopach maps of the individual facies of the Pronghorn Member (A-C: 
Facies 1-3), Lower Silt Member (D), and Lower Shale Member (E) in the study area. 
Note the presence of north-west trend Nesson Anticline and schematic northwest-
southeast trend Cedar Creek Anticline to the southwest (accentuated by red marks). 
Notice that the linear-trough depocenter of the Lower Silt Member is parallel to the 
Cedar Creek Anticline. Note the southern limits of the present-day (gray dashed line) 
and original depositional (red line) Middle Devonian Prairie Salt (modified after Oglesby, 
1988). 
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Figure 2.14 Stratigraphic west-east-oriented cross-sections of the Pronghorn Member and adjacent overlying units in the 
study area. Notice the thin to absent succession of Pronghorn Member in the regions of Nesson Anticline and 
Montana/North Dakota border. The top of the Lower Shale Member is selected as the datum. Wireline logs include 
gamma ray and resistivity. The wireline log depth is labelled in 20-ft interval.  
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Figure 2.15 Stratigraphic south-north-oriented cross-sections of the Pronghorn Member and adjacent overlying units in the 
study area. Both south-to-north cross-sections show that the progressive thinning Facies 2 onlaps the unconformity, and 
pinches out towards the central part of the study area. Notice the thinning of the Pronghorn Member is compensated by 
thickening of the Lower Silt and Shale members.The top of the Lower Shale Member is selected as the datum. Wireline 
logs include gamma ray and resistivity. The wireline log depth is labelled in 20-ft interval. The positions of the cross-
sections are located on the map (see Fig. 2.14).  
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2.4.4 Facies model and sequence stratigraphic framework 

There is a consensus that the Pronghorn Member marks a significant seaward 

shift of strata across the Williston Basin (Bottjer et al., 2011; LeFever et al., 2011; 

Skinner et al., 2012; Johnson, 2013). However, its depositional model still remains 

ambiguous. The isopach maps of each facies of the Pronghorn Member (Figs. 2.13A-C) 

and Lower Silt Member (Fig. 2.13D) show somewhat isolated accumulations, which may 

resemble the depositions under a salt-dissolusion regime. However, the major 

accumulation of the Pronghorn Member (Facies 2) is located beyond the southern 

range of original depositional limit of the underlying Prairie Formation (Oglesby, 1988); 

therefore, dissolution and collapse of salt is probably not the main contributor to the 

accommodation space during the accumulation of clastic-dominated succession of the 

Pronghorn Member. The Facies 3 of the Pronghorn Member and Lower Bakken Silt 

Member, located further north, might show more influence by salt dissolution, but 

seismic and logging analyses of the Middle Devonian Prairie salt in the study area are 

highly desirable to support this argument. Although the thickness variations of the 

Middle Devonian Prairie Salt were not examined in study study, the results suggest 

strong control of fluctuation of eustatic sea level, sediment supply, and tectonics on the 

distribution pattern of the Pronghorn Member.  

The detailed ichnological and sedimentological examinations of this study 

indicate that the Pronghorn Member of the Bakken Formation was deposited across a 

shallow marine, mixed tide- and wave-influenced, carbonate-bearing clastic ramp. For 

the retrogradational succession of the Pronghorn Member, a tide-influenced to a storm-

dominated shallow-marine ramp setting is preferred over other scenarios, such as 

estuary and tide-dominated shoreline. The estuary model in an incised valley is not 
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adopted in this study for two major reasons: (1) the lack of fluvial elements (e.g., cross-

stratified channel-fill sandstone with unimodal current indicators) in the vicinity of the 

provenance at the southern edge of the study area and lack of tidal indicators (e.g., bi-

directional cross-stratification, sigmoidal cross-stratification, double-mud drapes, tidal 

rhythmites); and (2) the distinct three-fold structures in most incised valleys (Dalrymple 

et al., 1992) cannot be recognized in this study. Ichnologically, the vertical gradational 

variability from poorly diverse Skolithos-dominant sandstone (Facies 1) to Cruziana-

dominated interbedded sandstone and silty mudstone (Facies 2), attests to a significant 

distal shift from a stressed marginal-marine environment to wave-dominated offshore 

transition setting (Fig. 2.16). This facies transition may resemble a shallowing-upward 

sequence from sand flat to sand-mud mixed flat in a tidal flat setting (Buatois and 

Mángano, 2011). However, Facies 2 shows little intertidal imprints, which normally 

include bi-directional cross-stratification, tidal rhythmites, double-mud drapes, reduced 

ichnodiveristy, and abundant carbonaceous detritus.  

The relatively thin Pronghorn Member (0-50 ft) suggests a low-relief ramp setting, 

in which the paleo-shoreline is located to the south. Sedimentologically, a deepening-

upward sequence of the Pronghorn Member is suggested because of diminishing 

sandstone content and facies transition from clastic-dominated to carbonate-dominated 

deposits in ascending order. The vertical facies variability is consistent with the lateral 

variability and indicates that the deposition of the Pronghorn Member are genetically 

related and could be predicted by using sequence stratigraphic principles. In this study, 

the Pronghorn Member is interpreted to consist of a full third-order sequence in which 

the transgressive systems tract (TST) comprises Facies 1 and Facies 2, while the 



 

38 

 

highstand systems tract (HST) embraces Facies 3 (Fig. 2.16). The Pronghorn Member 

deposition occurred in a low-accommodation ramp setting, onlapping against a 

transgressively modified sequence boundary at the top of the Three Forks Formation. 

This sequence boundary, represented by a sharp angular unconformity (Figs. 2.12A-B), 

can be traced through the western Laurentia (Sandberg et al., 1988; Meijer Drees and 

Johnston, 1994; Smith and Bustin, 2000; LeFever et al., 2011; Colborne et al., 2015; 

Myrow et al., 2015; di Pasquo et al., 2017). Facies 1 was deposited as the landward 

expression of the accumulation and is most likely to be linked with the bioturbated 

remnants of the transgressive ravinement deposits. The preservation potential of Facies 

1 and more proximal tidal facies is very low due to the erosion and reworking by 

transgressive erosion and shallow-marine wave and current processes particularly in a 

low-accommodation setting (e.g., Posamentier and Vail 1988; Catuneanu, 2006).  

The overlying more distal Facies 2, accounting for the vast majority of the TST, is 

located further south compared with Facies 1. A major flooding surface marks the 

maximum transgression on the shelf, recording the facies transition to open-marine 

limestone (Fig. 2.16), in response to reduced clastic input and/or relatively high sea-

level condition. The intermittent appearance of detrital quartz grains in Facies 3 (Figs. 

2.10 and 2.11) in the south suggests a concomitant waning south-sourced terrestrial 

influx. It is worth noting that this study is focused on the 3rd-order sequence. Therefore, 

the diverse depositional environments of Facies 3, corresponding to various textures 

(i.e., mudstone, wackestone, packstone, and crystalline limestone), are not reviewed in 

detail. Lowstand systems tract (LST), typically characterized by lowstand wedges and 

turbiditic facies, is not recognized in this study area.  
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Figure 2.16 Idealized lithofacies scheme of the Pronghorn Member showing 
stratigraphic subdivisions, sequence stratigraphic interpretation, and relative sea-level 
changes. Note that the relative thickness of each stratigraphic unit does not represent 
the actual geologic pattern. 
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The Pronghorn Member-equivalent strata, including Big Valley Formation in 

Western Canadian Sedimentary Basin and Trident Limestone in Sappington Basin 

(east-central Idaho and west-central Montana), are integrated herein to depict a broader 

stratigraphic framework of the Upper Devonian deposits. The Late Devonian 

sedimentation occurred on an extensive and westward-deepening carbonate ramp until 

late (or middle-late) Famennian time, primarily during T-R cycle IIe (Fig. 2.17; Johnson 

et al., 1985). The Late Devonian Pronghorn Member and its equivalents were 

interpreted to be deposited during the interglacial transgression of the western U.S. 

event 14 (Sandberg et al., 1988) and the latest transgression of T-R cycle IIe (Fig. 2.17; 

Johnson et al., 1985). The mixed clastic-carbonate Pronghorn Member and its 

equivalents, onlap against an erosional unconformity and represent deepening-upward 

cycle during the widespread Late Devonian transgression throughout the western 

Laurentia (Sandberg et al., 1988; Meijer Drees and Johnston, 1994; Smith and Bustin, 

2000; LeFever et al., 2011; Colborne et al., 2015; Myrow et al., 2015; di Pasquo et al., 

2017). The fossiliferous shales and limestones of the Big Valley Formation in Alberta 

records a transgressive-regressive cycle, evidenced by a transition from peritidal 

carbonate facies up into open-marine fossiliferous limestone (Colborne et al., 2015). 

The karstification of the limestone at the top of the Big Valley Formation indicates the 

occurrence of a significant subaerial erosion (Colborne et al., 2015). The Trident 

Member in west-central Montana also exhibits a transgressive-regressive cycle with the 

transition from green mudstone-dominated facies to a distinguishing uppermost 

limestone beneath a sequence boundary that characterizes the base of the Sappington 

Formation (di Pasquo et al., 2017). The following regression of the western U.S. event 
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15, in the Lower to Upper postera Zones, resulted in a regional unconformity in the 

entire western U.S. (Sandberg et al., 1988). This unconformity is manifested by the 

erosion surface between Pronghorn Member and Lower Silt Member in this study (Figs. 

2.12A, C, D). The development of extensive dysoxic-anoxic marine mudstones, 

represented by Exshaw Shale, Sappington Shale, Lower Silt and Shale members, 

suggests the next significant transgressive event of western U.S. event 16 (Sandberg et 

al., 1988) and the transgression of T-R cycle IIf (Fig. 2.16; Johnson, et al., 1985) 

starting at the early expansa Zone.  

The nature of a dominating eustatic control over the accumulation of the 

Pronghorn Member and overlying Lower Silt and Shale members is reflected by the 

close link between Late Devonian global eustatic sea-level changes and the interpreted 

relative sea-level change (Fig. 2.17). In addition, tectonics also play an essential role. 

Episodic stages of the tectonic subsidence are inferred by the shift of the depocenters 

of the Pronghorn, Lower Silt, and Lower Shale members (Figs. 2.3 and 2.13). The 

apparent correlations between varying distributions of each unit and structural trends in 

the basin indicate the structural control (e.g., Nesson Anticline, Cedar Creek Anticline) 

on the accommodation spaces and sediment supply. The clastic deposits of the 

Pronghorn Member were most likely to be derived from emerged paleohigh structures 

comprised of dolomitic sediments to the south. In contrast, a possible provenance of 

paleohigh structures in the southeastern part of Montana (e.g., Cedar Creek Anticline) is 

speculated for the Lower Silt Member. The overlying more widespread Lower Shale 

Member, having a well-defined depocenter just east of the Nesson Anticline, may 

indicate predominant northerly to easterly derived provenances. Salt dissolution may 
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have only played a critical role in the accumulation spaces for the Facies 3 of the 

Pronghorn Member and Lower Bakken Silt. 

 

 

Figure 2.17 Correlation of interpreted relative sea-level changes during the deposition of 
the Pronghorn, Lower Silt, and Lower Shale members with Late Devonian global 
eustatic sea-level records of Johnson et al. (1985). The overall match-up suggests the 
proposed sequences essentially reflect eustasy. 

 

2.4.5 Implications for reservoir characterization 

The Pronghorn Member is a proven reservoir with hydrocarbon charging directly 

from overlying outstanding source rocks of the Lower Silt and Shale members (Bottjer et 

al., 2011). Burrow-associated enhanced porosity and permeability are evident in the 

clastic-dominated facies of the Pronghorn Member (Figs. 2.6-2.9). Facies 1 shows a 

good reservoir quality as a consequence of pervasive vertical or steeply inclined 

burrows (Skolithos dominated) and significantly high sandstone content. Abundant 
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intergranular pore spaces developed in Facies 1 and Facies 2 in association with 

dolomite in sand-rich burrows. The pervasive burrowing activities in interbedded 

sandstone and mudstone of the Facies 2 also lead to a favorable reservoir. Although 

Facies 2 is characterized by more clay content, the interconnected silt-filled burrow 

network may serve as preferential flow pathways for hydrocarbon movement in lower 

permeability clay-rich layers. Facies 3, mainly composed of limestone, shows a 

significantly reduced porosity and permeability as a result of micrite or sparite cement 

(Figs. 2.4 and 2.11). The permeable burrows may serve as the preferential pathways for 

dolomitizing fluid and thereby show highly dolomitizing alteration pattern (Figs. 2.7 and 

2.9). The dolomite in the Pronghorn Member is interpreted to be a mixture of authigenic 

and detrital origins. Abundant euhedral dolomite grains have been revealed to be 

comprised of an irregular detrital core and a surrounding rim of limpid cement with the 

aid of scanning electron microscope (Skinner et al., 2012). In addition, there also exist a 

lot of authigenic dolomite crystals, typically characterized by euhedral cloudy cores and 

limpid cortices (Figs. 2.7 and 2.9). This is most likely due to the fluctuating pore water 

chemistries: the cloudy cores may reflect a mixing zone condition in which metastable 

dolomite formed, while limpid cloudy cortices (i.e., cement) were precipitated in 

response to a shift to more marine conditions. Petrographic data reveal the rare 

presence of secondary anhydrite in the Pronghorn Member (Facies 1 and Facies 2) 

(Fig. 2.6B and 2.9E). The precipitation of secondary anhydrite would contribute to a Mg-

rich brines, which thus facilitated the dolomitization. Further stable carbon and oxygen 

isotope analysis, SEM and cathodoluminescence (CL) imaging techniques are highly 

recommended for better characterization of the nature and paragenesis of dolomite.  
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2.5 Conclusions 

The Upper Devonian Pronghorn Member is redefined herein to record a 

succession of pervasively bioturbated mixed clastic and carbonate succession, which is 

stratigraphically bounded by underlying Three Forks Formation and overlying Lower Silt 

Member in the subsurface of Williston Basin, U.S.A. The systematic study of the cores 

and wireline logs allowed a reconstruction of depositional environments and regional 

sequence stratigraphic framework of the Pronghorn Member. The Pronghorn Member 

extends throughout the most of the study area, shows a dominant accumulation in the 

southern part of the study area (50-ft-thick in maximum), with a subordinate 

accumulation in the western edge (22-ft-thick in maximum). The trace-fossil 

assemblages, sedimentary structures, facies distribution in this study suggests the 

Pronghorn Member accumulated on a a shallow marine, wave-dominated, carbonate-

bearing clastic ramp, ranging from subtidal shoreface, offshore transition, to open 

marine environments.  

Frequent storm activities are indicated by the repeated occurrence of lag 

deposits and sand/mud (storm-weather/fair-weather) couplets, in which there exists an 

alteration of clean weakly bioturbated stratified sandstones and intensely bioturbated 

silty mudstones. In particular, the thoroughly burrowed sandstone-dominated Facies 1 

characterized by a margin-marine Skolithos ichofacies, grades upward into Facies 2 

comprising of a diverse Cruziana assemblage. Overall, a sequence-stratigraphic 

analysis reveals that the Pronghorn Member consists of one 3rd-order sequence that is 

characterized by a predominant retrogradational stacking pattern.  
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This study indicates that the Pronghorn Member is characterized by an early 

clastic-dominated transgressive infill and a later carbonate-dominate highstand infill of 

the basin. A predominantly southerly provenance is suggested for the clastic deposits of 

the Pronghorn Member, while the sediment sources of the overlying Lower Silt and 

Shale members are suggested to be from southwest and north/northeast, respectively. 

Although eustatic sea-level is interpreted to be the major control over the depositions of 

the Pronghorn Member and overlying Lower Silt and Shale members, tectonics also 

play an essential role in clastic supply, episodic subsidence, and salt dissolution-

associated faulting.  
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CHAPTER 3  

DEPOSITIONAL ENVIRONMENT AND ORGANIC PRESERVATION OF THE LOWER 

SHALE AND SILT MEMBERS OF THE BAKKEN FORMATION: EVIDENCE FROM 

MAJOR-, TRACE-ELEMENT, ORGANIC CARBON, AND STABLE ISOTOPE 

ANALYSES 

3.1 Abstract 

The Upper Devonian Lower Shale and Silt members, sitting close to the base of 

the Bakken Formation, serve as important source rocks in the Bakken petroleum 

system in the Williston Basin. In this study, petrographic and multi-proxy geochemical 

analyses were performed on the Lower Shale and Silt members to investigate the 

variations of the depositional environments and the dominant controls on organic matter 

accumulation. Four chemostratigraphic units were identified in the succession of the 

Lower Shale and Silt members based on distinct geochemical signatures. The Lower 

Silt Member, characterized by abundant ripples and burrows, suggests a progressively 

deepening and more oxygen-restricted environment. Among the three 

chemostratigraphic units of the Lower Shale Member, the lowermost unit (Unit 1) is 

characterized by a gradually oxygen-deficient and progressive development of euxinic 

bottom water condition up-section. The middle unit (Unit 2) exhibits the most stratified, 

anoxic or even euxinic bottom-water condition with the greatest concentrations of redox- 

and organic-sensitive elements and organic materials. The uppermost unit (Unit 3), 

typically thin and organic-poor, represents a transitional suboxic condition approaching 

the overlying Middle Bakken Member. In addition, Unit 1 and Unit 2 exhibit low and 
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constant rates of detrital flux in the depocenter, but manifest a variable pattern in the 

northern part of the basin. The Lower Shale Member close to the depocenter shows 

little signature of detrital silica. An elevated surface productivity inferred by a negative 

δ15Norg excursion and an increasing biogenic silica content in Unit 1 is most likely to be 

linked with more deep-water nutrient renewal and enhanced nutrient recycling during 

the transgression. Additionally, the flux of biogenic silica, in contrast to the clay, exhibits 

a significant dilution effect on the accumulation of organic material in the Lower Shale 

Member. The sequence stratigraphic analysis indicates the Lower Shale and Silt 

members were deposited during the transgressive to the early regressive phase of the 

latest Devonian 3rd-order glacio-eustatic cycle. The 3rd-order maximum flooding surface 

is characterized by euxinic peak and high organic concentration and is overlain by strata 

with a gradually increasing detrital flux. The 4th-order cycles are well recorded by the 

variations of the chemical proxies for bottom-water redox condition and sediment flux, 

as well as the TOC cycles. This study demonstrates that the redox condition and 

sediment flux, corresponding to relative sea-level fluctuations, exerted substantial 

controls on the patterns of organic matter accumulation, particularly in proximal and 

relatively shallow areas. 

 

3.2 Introduction 

The Upper Devonian-Lower Mississippian Bakken Formation in the Williston 

Basin, mainly sourced from the black organic-rich siliceous Bakken shales, is one of the 

most successful unconventional plays in the world. The sedimentological investigation 

of the black organic-rich Bakken shales from cores is challenging; therefore, a variety of 
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microscopic analyses (i.e., optical microscopy, scanning electron microscopy, 

cathodoluminescence microscopy) is required to accurately determine facies and their 

components. Geochemically, the Bakken shales have been well characterized in terms 

of organic matter (OM) enrichment and hydrocarbon generation potential with a 

consensus on the anoxic environment of the Bakken shales (Price et al., 1984; Smith 

and Bustin, 1998; Jin, 2014; Scott et al., 2017; Nandy, 2018). However, there have 

been few elemental and isotope geochemical studies about the depositional 

environments and mechanism of the OM accumulation of the Bakken shales (Smith and 

Bustin, 1998; Scott et al., 2017; Nandy, 2018). The accumulation of OM in the 

sediments is a function of organic productivity, OM decomposition, and sediment 

dilution (Sageman et al., 2003; Arthur and Sageman, 2005; Bohacs et al., 2005; Passey 

et al., 2010). Thus, the organic-rich shale system would be characterized by at least one 

of three controlling factors: an enhanced organic productivity, a favorable OM 

preservation condition with reduced degradation, and an optimal sedimentation rate (too 

low would increase oxidation exposure time and too high would lead to the dilution of 

OM by sediments). Moreover, the variation patterns of these factors are closely linked 

with relative sea-level changes which could be revealed by geochemical and 

petrographic signatures (Sageman et al., 2003; Arthur and Sageman, 2005; Bohacs et 

al., 2005).  

The behaviors and indicators of a suite of geochemical proxies have been 

extensively investigated in a number of ancient and modern marine shales (e.g. Hatch 

and Leventhal, 1992; Calvert and Pedersen, 1993; Jones and Manning, 1994; Dean et 

al., 1997; Caplan and Bustin, 1999; Morford et al., 2001; Sageman et al., 2003; Algeo 
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and Maynard, 2004; Jenkyns et al., 2010). A variety of geochemical proxies are used in 

this study. Aluminum (Al) is known for its detrital origin and is commonly used for 

normalization to eliminate the effect of varying clastic input. In fact, Al is considered to 

be the principal proxy for clay mineral flux in fine-grained clastic deposits. Silicon (Si) 

mainly present in both siliciclastic and biogenic fractions. The cross-plot of Si and Al, 

therefore, is commonly used to distinguish biogenic and detrital quartz. Titanium (Ti) 

and zirconium (Zr) are preferentially enriched in the coarse-grained fraction of the 

detrital sediments, and rubidium (Rb) is commonly associated with phyllosilicate 

minerals (Dypvik and Harris, 2001). Consequently, higher Ti/Al and Zr/Rb values would 

imply a greater supply of coarse-grain clastics. Uranium (U), molybdenum (Mo), nickel 

(Ni), and vanadium (V) have been routinely used to reconstruct the paleoredox 

conditions (Emerson and Huested, 1991; Huerta-Diaz and Morse, 1992; Calvert and 

Pedersen, 1993; Sageman et al., 2003; Algeo and Maynard, 2004; Tribovillard et al., 

2006). Mo has been commonly used as a proxy for benthic redox condition because it is 

highly concentrated in OM and sulfide minerals under anoxic/sulfidic environments 

(Emerson and Huested, 1991; Huerta-Diaz and Morse, 1992; Helz et al., 1996; Algeo 

and Maynard, 2004; Algeo and Lyons, 2006; Tribovillard et al., 2006; Scott et al., 2017). 

It is critical to highlight that Mo concentration may be complicated by the situation of a 

limited Mo replenishment from deep-water or rivers in strongly stagnant and silled 

basins (Algeo and Lyons, 2006; Tribovillard et al., 2006; Scott and Lyons, 2012; Scott et 

al., 2017). The ratio of vanadium to chromium (V/Cr) is an important parameter for 

evaluating the paleoredox conditions in the geologic record (Jones and Manning, 1994 

and references cited therein). Strongly reducing conditions, for example, euxinia, favor 
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the accumulation of V in OM by incorporation of V(III) into porphyrins (Lewan and 

Maynard, 1982; Jones and Manning, 1994). Cr resides primarily in the organic fraction 

and secondarily in the detrital clastic fraction (Jones and Manning, 1994; Tribovillard et 

al., 2006). Tribovillard et al. (2006) proposed that Ni and Cu are chiefly delivered to the 

sediments in organometallic complexes, and therefore can serve as indicators for OM 

flux, while U, Mo, and V show better proxies for paleoredox conditions. 

Organic carbon and nitrogen isotopes are frequently used for chemostratigraphic 

studies of organic-rich shales related with oceanic anoxic events. Stable carbon isotope 

of the OM has been commonly used to determine the OM types, depositional 

environment, and concentrations of atmospheric and water column CO2 (e.g., Maynard, 

1981; Arthur et al., 1988; Meyers, 1994; Kump and Arthur, 1999; Calvert et al., 1996; 

Lehmann et al., 2002; Jenkyns et al., 2010). In particular, the biologically mediated 

kinetic fractionation plays a critical rule in the primary productivity by preferentially 

consuming lighter 12C with the consequent products of 13C-depleted OM. Therefore, 

when the aquatic dissolved CO2 concentration is drawn down during an elevated OM 

burial, the discrimination against 13C attenuates and therefore produces less depleted 

δ13C in organic material (Arthur et al., 1988). Similarly, the δ15Norg values are strongly 

influenced by biologically mediated kinetic fractionation: phytoplanktons preferentially 

incorporate nitrate with lighter 14N isotope during photosynthesis; thus, the produced 

OM show a depleted δ15N values (Wade and Hattori, 1978; Altabet and Francois, 1994). 

Therefore, organic nitrogen isotope has been widely used as a proxy for relative nutrient 

utilization and depletion corresponding to the relative intensity of surface-water 

productivity. Under the eutrophic conditions, with more nutrient supply compared to 
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biological consumption, the produced OM would show lower δ15N values. However, the 

stable nitrogen isotope composition of OM, recording the signature of the nitrogen 

substrate (nitrate or dinitrogen), is also influenced by the processes of OM degradation, 

nitrification, denitrification, and N-fixation (e.g., Freudenthal et al., 2001; Lehmann et al., 

2002; Quan et al., 2013).  

Herein, we report a suite of high-resolution chemostratigraphic profiles of the 

Lower Shale and Silt members of the Bakken Formation, in order to understand their 

depositional environments and corresponding mechanism of organic accumulation. This 

study would provide significant implications on the regional sequence stratigraphic 

framework of the Bakken Formation in the Williston Basin. The Late Devonian period, 

associated with major global transgressive events, recorded the deposition of a series 

of organic-rich shales in the North America, including the Exshaw Shale in the Western 

Canada Sedimentary Basin (Smith and Bustin, 2000), the Sappington Shale in the 

Sappington Basin (Phelps et al., 2018), New Albany Shale in the Illinois Basin 

(Mastalerz et al., 2013), and the Woodford Shale in the Permian Basin (Comer, 1991). 

Therefore, the successive Lower Shale and Silt members in the stable intracratonic 

Williston Basin would provide an ideal example for understanding the complex 

interplays among relative sea-level change, redox conditions, sediment influx, and 

paleo-productivity. 

 

3.3 Geological background 

The Williston Basin is an intra-cratonic basin extending across most of North 

Dakota, eastern Montana, southern Saskatchewan, with marginal areas extending into 
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Manitoba and South Dakota (Fig. 3.1) (Gerhard et al., 1982). The Bakken Formation in 

the Williston Basin lies unconformably between the underlying Three Forks Formation 

and overlying Lodgepole Formation. The Upper Devonian-Lower Mississippian Bakken 

Formation is thickest to the east of the Nesson Anticline and progressively thins towards 

the basin margins, onlapping agasint the underlying Three Forks. The Bakken 

Formation consists of five distinct members in ascending order: heterolithic Pronghorn 

Member, bioturbated laminated silty mudstone, organic-rich Lower Shale Member, 

silty/sandy dolomitic Middle Bakken Member, and organic-rich Upper Shale Member 

(Fig. 3.2). The geochronology study of the Middle Bakken Member suggests that clastic 

flux was most likely from the Franklinian and Caledonian orogenic highlands to the 

north, Canadian Shield to the northeast, as well as the Transcontinental Arch to the 

south (Mohamed, 2015). The stratigraphic thickness of the Lower Shale Member ranges 

between approximately zero and 50 ft due to the non-deposition and erosional events 

prior to the Middle Bakken Member. The “lower silt” unit is considered to be a separate 

member overlying the Pronghorn Member in this study instead of the uppermost unit of 

the Pronghorn Member as proposed by LeFever et al. (2011). The Bakken shales, 

referred to as Upper/Lower Shale and Lower Silt Members, are organic-rich with a 

maximum TOC value of 35 wt.% (Smith and Bustin, 1996). The Bakken shales contain 

predominant type II and type I kerogens, with a minor amount of type III kerogens (Jin, 

2014).
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Figure 3.1 Maps showing the location of the studied wells and some important geological structures. The map on the left 
(modified after Blakey, 2014) displays a regional paleogeographic map at late Devonian-early Mississippian (365-355 
Ma). 
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Figure 3.2 Correlation of the Upper Devonian and Lower Carboniferous stratigraphic 
nomenclature in Saskatchewan-North Dakota with standard conodont zones. The 
successions of studied Bakken shale samples are shaded in gray. Sources of 
information for each column correspond to numbers as follows: 1. Karma, 1991; Meijer 
Drees and Johnston, 1996; 2. Sandberg et al., 1988; Sandberg (personal 
communication, 2016). The standard conodont zonation and Devonian-Carboniferous 
boundary age are from Becker et al. (2012) and Davydov et al. (2012). 
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3.4 Materials and methods 

Four wells were analyzed for this study, and the detailed well information is listed 

in Table 3.1. Three drill cores (DCR, BJ, and HF) were examined to document fine-

scale features, including lithology, grain-size, and various sedimentary structures. The 

DCR and HF cores are located close to the depocenter during the deposition of the 

Lower Shale Member; whereas, BJ core is located in a shallower-water paleocondition 

in a possiblely proximal setting. A total of 48 rock samples were collected at a spacing 

of ~1ft from the DCR core. Each core sample was pulverized to less than 200 mesh 

preparatory into three aliquots. One aliquot was prepared for geochemical elemental 

measurement, the second one was subjected to isotopic measurement, and the third 

one was subjected to anhydrous pyrolysis. The major and trace element concentrations 

were collected by using inductively coupled plasma-atomic emission spectrometry (ICP-

AES) and inductively coupled plasma-mass spectrometry (ICP-MS) from the SGS 

Laboratories in Burnaby, British Columbia, Canada. The dilution effect on element 

concentrations imposed by varying OM content is not considered in this study. The 

handheld X-ray fluorescence (XRF) analyzer, ThermoscientificTM NitonTM GOLDD+, was 

used to measure the elemental concentrations of 46 samples of the BJ core at every 6-

inch interval. The δ13C and δ15N results of the OM were acquired by using isotope ratio 

mass spectrometer (IRMS) coupled with an elemental analyzer (EA) at the Stable 

Isotope Ratio Facility for Environmental Research in University of Utah. The stable 

isotope results are reported as δ13C relative to VPDB in per mil (‰) and δ15N relative to 

air in per mil (‰) by calibrating to the reference material of USGS40 and USGS41. The 

reported standard deviation for all carbon and nitrogen isotope measurements is ± 
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0.1‰. The thermal maturity and present-day TOC of the shale samples were measured 

by source rock analyzerTM (SRA-TPH/TOC Version 1.0). The elemental and TOC 

results of the HF cores were compiled from published source by Scott et al. (2017). The 

TOC values of the HF core were determined by combustion/infrared detection. The 

TOC, δ13C, and δ15N data of the CC core were compiled by Smith (1996). The redox 

classification by Tyson and Pearson (1991) was adopted for this study: oxic (>2.0 ml 

O2/l H2O), dysoxic (0.2-2.0 ml O2/l H2O), suboxic (0-0.2 ml O2/l H2O), anoxic (0 ml O2/l 

H2O), euxinic (no oxygen with free H2S). 

 

 Table 3.1 Sample ID, well name, API, and location of studied cores. 

 

3.5 Results 

3.5.1 Petrographic analyses 

The Lower Shale Member is characterized by abundant pyrite grains, algal cysts, 

silt laminae enriched with radiolarian tests, and sporadic fecal pellets (Figs. 3.3A-D). 

The Lower Shale Member typically lacks visible burrows except for the lowermost and 

uppermost intervals based on core descriptions (Fig. 3.3A). Compared to the overlying 

Lower Shale Member, the Lower Silt Member exhibits more diverse sedimentary 

structures. The frequent silt laminae are characterized by burrows and scoured 

Sample ID Well Name API/UWI Analyses 
Data 
Source 

DCR-depth 
(ft) 

Deadwood Canyon 
Ranch 43-28H 

33061005810000 
TOC, ICP-MS, 
δ13Corg, δ15Norg 

This study 

BJ-depth (ft) 
Baja 15-22-163-
99H 

33023008360000 TOC, XRF This study 

HF-depth (ft) 
Hagen Federal 1-
13 

33053020760000 TOC, ICP-MS, XRF 
Scott et 
al. (2017) 

CC-depth (ft) C.P.O.G. Cedoux 
130/15-20-11-
14W2/00 

TOC, δ13Corg, δ15Norg 
Smith 
(1996) 
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erosional bases (Figs. 3.3E-G). The bioturbation intensity of the Lower Silt Member 

gradually decreases upwards. An unconformity exists between Lower Silt Member and 

underlying Pronghorn Member with abrupt facies change and significant erosion (Fig. 

3.3F). The contact between Lower Silt and Shale members is typically expressed as a 

fossil-rich lag, but may be gradational in places due to the facies similarity, and needs 

the aid of geochemical, mineralogical, or petrographic examinations (Fig. 3.3G). The top 

of the Lower Shale Member is characterized by a sharp bioturbated boundary with 

overlying Middle Bakken Member, showing no evidence of erosion and subaerial 

exposure (Fig. 3.3H). 

The absence of visible macrofossils and burrows in the Lower Shale Member is 

most likely due to the unfavorable oxygen-deficient and even sulfidic benthic condition. 

Previous petrographic investigations have revealed that the Lower Shale Member has 

abundant radiolarians and sponge spicules, implying a significant production of siliceous 

microfossils (Xu et al., 2016; Xu and Sonnenberg, 2017). Three drill cores (HF, DCR, 

and BJ) were examined for petrographic characterization in this study (Figs. 3.4 and 

3.5). The stratigraphic thicknesses of the Lower Shale Member of the DCR, HF, and BJ 

cores are 38.2, 25, and 23 ft respectively. The Lower Silt Member is only present in 

DCR and HF cores with thicknesses of 8.2 and 2.2 ft. 
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Figure 3.3 Representative core and thin-section photographs of the Lower Shale and 
Silt members. (A) Lower Shale Member shows pyritic bioturbated silty mudstone interval 
at 1.8 ft above its lower contact. (B) Lower Shale Member displaying ptygmatic folded 
calcite veins concentrated in radiolarian-rich laminated layers. (C) Photomicrograph of 
the Lower Shale Member exhibiting abundant Tasmanites cysts (arrows), of which 
some are infilled with diagenetic silica. (D) Photomicrographs of the Lower Shale 
Member showing the presence of fecal pellets. (E) Bioturbated Lower Silt Member 
showing thin starved ripples and intermittent thick bioturbated silt layers. (F) Lag deposit 
at the sharp contact between Pronghorn and Lower Silt members (accentuated by red 
dashed line). Note the starved ripples and Planolites ichnofossil. (G) Contact between 
Lower Silt and Shale members accentuated by the fossil hash (red dashed line). Note 
the existence of “mantle and swirl” burrows (white arrows). (H) Contact between dark-
colored Lower Shale Member and overlying gray-colored Middle Bakken Member, in 
which Thalassinoides is observed. Pl=Planolites, Th=Thalassinoides. 
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Figure 3.4 The stratigraphic section of the Lower Shale and Silt members in HF core. 
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Figure 3.5 The stratigraphic section of the Lower Shale and Silt members in DCR and 
BJ cores (see Figure 3.4 for legend symbols). Note the presence of thin ash bed layer in 
the BJ core at the depth of 7979.2 ft. 

3.5.2 Geochemical analyses 

The multi-proxy approach allows for a more detailed evaluation of the 

geochemical properties of the Lower Shale and Silt members. Si/Al was used as the 

proxy for biogenic silica flux under the circumstance of the distal areas. It could also 
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provide an estimate of the productivity. Al, Zr, Ti, Ti/Al, and Zr/Rb were utilized to 

characterize detrital clastic sediments. U, Mo, V, Ni, and V/Cr were employed to 

investigate the bottom-water redox conditions. The OM types can be inferred by δ13Corg, 

and δ15Norg could indicate the variations of the primary productivity. Four 

chemostratigraphic units have been recognized from the studied succession: Lower Silt 

Member itself and Unit 1, 2, and 3 of the Lower Shale Member in ascending order 

(Table 3.2; Figs. 3.6-3.8, 3.10-3.13). The distinct geochemical signatures of these four 

units are summarized in Table 3.2 and are discussed below.  

 

Table 3.2 Geochemical characters of different chemostratigraphic units for the Lower 
Shale and Silt members. 

Stratigraphic 
Members 

Units 
Elemental 
Signatures 

Organic Matter 
Geochemical 
Signatures 

Depositional 
Environments 

Lower 
Shale 
Member 

Unit 3 
Lowest average 
Mo, V, U, Ni, V/Cr 

Low TOC 
Dysoxic-suboxic, relatively 
shallow, and weakly 
stratified water column 

Unit 2 

Highest average 
Mo, V, U, Ni, 
V/Cr; increasing 
Al and reducing 
Si/Al in ascending 
sequence 

Highest average 
TOC; a general 
increase in 
TOC,13Corg, and 
15Norg up-section 

Mainly euxinic and 
moderately stratified water 
column 

Unit 1 

Intermediate 
levels of Mo, V, 
U, Ni, V/Cr, with a 
generally 
increasing trend 
upwards; low Al, 
Ti/Al, and Zr/Rb 

High average 
TOC; Decline in 
δ15Norg and 
increasing 13Corg 

Dysoxic-anoxic-euxinic 
and moderately stratified 
water column 

Lower 
Silt 
Member 

 

Low Mo, V, U, Ni, 
V/Cr, with an 
increasing trend  
upwards; 
increasing Si/Al 
and decreasing Al 
up-section 

Low TOC; 
variable 13Corg, 
and depleted 
15Norg  

Dysoxic-suboxic, relatively 
shallow, and weakly 
stratified water column 
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3.5.2.1 Major and trace elements 

The elemental concentrations of the DCR core are listed in Appendix Tables A.1 

and A.2. The XRF results of the BJ core are listed in Appendix Tables A.3 and A.4. The 

stratigraphic variations of gamma-ray logs, element concentrations, and elemental 

ratios of each core are shown in Figures 3.6-3.8. It is noted that sample spacing for the 

BJ core is every 6-inches which is twice as much as the sample spacing for DCR and 

HF cores. The Lower Shale and Silt members generally lack carbonate, and a higher 

carbonate concentration typically occurs at the uppermost part of the Lower Shale 

Member (Unit 3) (Figs. 3.6-3.8). The Si/Al ratios display an increasing trend for Unit 1 

and a subsequent declining trend for Unit 2 (Figs. 3.6-3.8). The Lower Silt Member is 

characterized by an upward decrease in Al content (Figs. 3.6 and 3.7). For the Lower 

Shale Member, Al values are low for the majority of the succession but do show a 

gradual increase towards the top (Figs. 3.6 and 3.7). In contrast, the BJ core in the 

northern part of the basin shows a more variable pattern for the Al profile (Fig. 3.8). 

Other elements associated with the detrital flux, such as K, Ti, and Zr, all show a similar 

trend with Al (not shown by figures). Ti/Al and Zr/Rb ratios, serving as proxies for 

coarse-grained clastic flux, exhibit a very narrow range of variations throughout the 

succession except for the BJ core (Figs. 3.6-3.8). The redox proxies, such as U, Mo, V, 

Ni, Mo/Al, and V/Cr, exhibit a generally increasing trend up-section with a sharp drop in 

Unit 3 (Figs. 3.6-3.8). The XRF analysis of the BJ core was performed on the core 

surfaces and thus provides a less accurate detection of the element concentrations in 

comparison with the ICP-MS results. Consequently, the XRF results should be treated 

with care and primarily used for examination of chemostratigraphic variations 
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Figure 3.6 Stratigraphic distribution of gamma-ray (GR) log and geochemical indices of biogenic/detrital/carbonate flux, 
clastic grain-size, and redox conditions and chemostratigraphic units in the Lower Shale and Silt members for the DCR 
core. 
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Figure 3.7 Stratigraphic distribution of TOC, geochemical indices of biogenic/detrital/carbonate flux, clastic grain-size, and 
redox conditions and chemostratigraphic units in the Lower Shale and Silt members for the HF core. Note that the GR 
readings are not available for the succession. All geochemical data are from Scott et al. (2017). 
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Figure 3.8 Stratigraphic distribution of GR log, TOC, and geochemical indices of biogenic/detrital/carbonate flux, clastic 
grain-size, and redox conditions and chemostratigraphic units in the Lower Shale Member for the BJ core. Note that the 
high-order cyclicities of chemical proxies are highlighted by arrows. Notice that the ash bed at the depth of 7979.2 ft was 
not subjected to the XRF detection in this study. 
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3.5.2.2 TOC and Isotope results 

The DCR core shows an extraordinary rich organic content with a TOC range 

from 2.31 to 17.75 wt.% (Appendix Tables A.5, Fig. 3.9). The Lower Silt Member has 

relatively low TOC value, with a range of 2.79-11.06 wt.%. The δ13Corg values of the 

DCR core range from -30.73 to -27.05‰, with an average value of -28.76‰. The δ15Norg 

of the DCR core has an average value of 2.51‰ for the Lower Shale and Silt members 

(Fig. 3.9). All the geochemical data of CC core were compiled by Smith (1996). The 

geochemical analysis of the CC core was not systematic because only a few sampling 

sites have all TOC, δ15Norg, and δ13Corg results and sample collection for TOC analyses 

is narrowly spaced for certain interval (Fig. 3.10). Therefore, care should be taken when 

making interpretation or correlation. The CC core shows a wide range of TOC values, 

from 1.7 to 20.7 wt.% (Fig. 3.10). The δ13Corg values of the CC core are in the range of -

29.09 to -27.69‰, with an average value of -28.56‰. The δ15Norg values of the Lower 

Shale Member in CC core record a narrow range of 2.09 to 4.34‰ (Fig. 3.10). The 

wireline logs and core samples of CC are not available for this study, and the presence 

of the Lower Silt Member is deduced based on the evidence of low TOC values and 

isotope correlation with the DCR core. The TOC values of the Lower Shale and Silt 

members in the HF core range from 3.07 to 15.31 wt.% (Fig. 3.7). The TOC values of 

the Lower Shale Member in BJ core range from 9.13 to 21.08 wt.% (Fig. 3.8). The OM 

concentrations generally peak in the upper part of the Lower Shale Member (Figs. 3.6-

3.10). The TOC profiles of Unit 1 generally exhibit an increasing trend up-section 

(except for a slightly declining trend for the DCR core) (Figs. 3.6-3.10). In contrast to the 

relatively broader ranges of δ13Corg and δ15Norg values of the upper shale member 
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revealed by previous studies (Smith and Bustin, 1999; Nandy, 2018), the Lower Shale 

and Silt members display relatively smaller variations. However, somewhat stratigraphic 

patterns of δ13Corg and δ15Norg profiles still exist (Figs. 3.9 and 3.10). The δ13Corg profiles 

of the DCR and CC cores clearly show a spike at the contact between Unit 1 and Unit 2 

(Figs. 3.9 and 3.10). There exists a consistently increasing trend of δ15Norg values 

throughout Unit 2, broadly correlated with increasing TOC (Figs. 3.9 and 3.10).  

 

 

Figure 3.9 Stratigraphic distribution of TOC, δ15Norg, and δ13Corg values of the Lower 
Shale and Silt members for the DCR core. Notice that the δ15Norg fluctuations at the 
uppermost 5-ft of the Lower Shale Member may not represent the temporal changes but 
the errors from weathering or sampling process. Nevertheless, Unit 2 still shows a 
slightly increasing trend in δ15Norg values. 
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Figure 3.10 Stratigraphic distribution of TOC, δ15Norg, and δ13Corg values of the Lower 
Shale and Silt members for the CC core. Notice that the zero depth corresponds to the 
top of the Lower Shale Member. All geochemical data are from Smith (1996). 

 

3.6 Discussions 

The changes of these geochemical proxies suggest a continuum of processes 

that varied correspondingly to the changes of relative sea level, redox conditions, 

sediment flux, and primary productivity during the deposition of the Lower Shale and Silt 

members. The examination of recurring patterns of these geochemical variations 

highlight critical implications for the mechanisms responsible for the OM accumulation 

and sequence stratigraphic framework of the Lower Shale and Silt members in the 

Williston Basin. 

 

3.6.1 Redox conditions 

The Lower Shale and Silt members of the DCR and HF cores contain a 

significantly high amount of Mo. According to Scott and Lyons (2012) and Scott et al. 
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(2017), the black shales with bulk concentrations of Mo exceeding 100 ppm are 

considered to be deposited under persistently euxinic bottom water. Mo concentrations 

between 25 and 100 ppm reflect a condition of intermittently euxinic or an extreme 

degree of basin restriction, and Mo concentrations smaller than 25 ppm is indicative of 

anoxic-suboxic environment. According to this classification scheme, Unit 1 (242-308 

ppm in DCR and 288-694 ppm in HF) and Unit 2 (314-508 ppm in DCR and 338-605 

ppm in HF) were deposited under persistent euxinic condition, and Unit 3 (8-9 ppm in 

DCR and 138 ppm in HF) and Lower Silt Member (12-224 ppm in DCR and 34 ppm in 

HF) are characterized by a wide range of redox conditions. Additionally, V/Cr was 

utilized to denote redox conditions: oxic (<2), dysoxic (2-4.25), and suboxic-anoxic 

(>4.25) (Jones and Manning, 1994). According to this classification, Unit 1 was 

accumulated in a dysoxic-anoxic environment, Unit 2 corresponds to an anoxic 

environment, and the oxic-dysoxic condition was established for Unit 3 and the Lower 

Silt Member (Figs. 3.6-3.8). In addition, the paleoredox conditions can be suggested by 

the cross-plots of TOC and concentrations of redox/OM sensitive elements, such as U, 

Mo, V, Ni, and Cu (Tribovillard et al., 2006). The positive covariance between TOC and 

these redox/OM sensitive elements and their implications for paleoredox conditions are 

shown in Figures 3.11 and 3.12. The cross-plots of Mo/V/Ni vs. TOC of the DCR 

samples clearly display the clusters of samples, spanning from oxic-suboxic, anoxic, to 

euxinic environments (Fig. 3.11). Overall, a gradual shift from dysoxic to euxinic 

conditions existed for Unit 1. A nearly persistent euxinic condition characterizes Unit 2, 

followed by a rapid development of dysoxic-oxic condition for Unit 3. A short-term 

drawdown of the redox level is manifested by brief decreasing values of redox proxies in 
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Unit 2, which is best revealed by the interval of 7962-7967 ft in the BJ core (Fig. 3.8). 

Overall, the close connection between TOC and redox proxies highlights the major 

control of the redox condition on OM preservation. The strongly euxinic conditions may 

have contributed to the photic-zone euxinia, indicated by the discovery of phototrophic 

sulfide-oxidizing bacteria in the Bakken shales (Requejo et al., 1992; Jiang et al., 2001). 

Moreover, these phototrophic sulfide-oxidizing bacteria may contribute to additional OM, 

which could potentially be better preserved with minimal aerobic degradation (Scott et 

al., 2017).  

 

Figure 3.11 Cross-plots showing the concentrations of U, Mo, V, and Ni versus TOC of 
the DCR core samples. The thresholds of the TOC values for different paleoredox 
conditions are tentatively placed at 5 wt.% and 12.5 wt.%. Unit 2 is exclusively in the 
euxinic condition. Unit 3 is characterized by the least reducing environment. Unit 1 
spans the oxic-suboxic and anoxic ranges. Note the exponentially increasing Mo, V, and 
Ni contents of Unit 2 under the euxinic conditions while only two samples show this 
exponential increase in term of U concentration. The slope and R2 for the correlation 
between Mo and TOC of all DCR samples are 32.376 and 0.874 respectively. 
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Figure 3.12 Cross-plots showing the concentrations of U, Mo, V, and Ni versus TOC of 
the HF core samples. The thresholds of the TOC values for different paleoredox 
conditions are tentatively placed at 5 wt.% and 12.5 wt.%. Unit 1 reflects an anoxic 
condition, and the majority of Unit 2 are in the euxinic range. The Lower Silt Member 
and Unit 3 are characterized by the least reducing conditions. One Lower Silt Member 
sample shows exceptionally high concentrations of U/Mo/Ni, which is a result of its rich 
phosphate content. Note the slope and R2 for the correlation between Mo and TOC of all 
HF samples are 51.408 and 0.926, respectively. 

 

3.6.2 Sediment influx 

Sedimentation of the Lower Shale and Silt members are interpreted to have 

occurred primarily through quiet settling in a low-energy environment with intermittent 

slow-moving bottom currents. The biogenic and detrital flux are two major components 

in the Lower Shale and Silt members. In this study, the concentrations of Al, Zr, Ti 
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illustrate remarkably positive covariance (not presented in this paper), which suggests 

that they are all good proxies for the detrital influx. The cross-plots of Al vs. Si of DCR 

and HF samples suggest a moderate negative correlation for the Lower Shale Member 

(Figs. 3.13A and B), while the BJ core shows that these two components are weakly 

correlated (Fig. 3.13C). The silica content within the Lower Shale Member close to the 

depocenter (DCR and HF cores) is mostly derived from biogenic silica or precipitated 

during diagenesis from biogenic silica, most likely from radiolarians and sponge 

spicules. The Lower Shale Member in the northern part of the basin (BJ core) shows 

both detrital and biogenic signatures. The Lower Silt Member shows a mixture of 

biogenic and detrital silica, reflected by a lack of correlation between Al and Si (Figs. 

3.13A). Therefore, Si is unable to serve as an indicator for detrital flux in the Bakken 

shales but could potentially be used as a paleo-productivity proxy in the case of 

abundant biogenic silica.  

 

Figure 3.13 The cross-plots between Al and Si contents of DCR (A), HF (B), and BJ (C) 
cores. A predominant biogenic origin of silica in the Lower Shale Member is indicated by 
the moderate inverse correlation between Al and Si contents in DCR and HF cores. The 
poor correlation for the Lower Silt Member indicates a mixture of biogenic and detrital 
silica. Notice that the Si and Al concentrations of the Lower Shale Member in BJ core 
are weakly correlated, suggesting a mixture of detrital and biogenic silica. 
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The Lower Shale and Silt members of the cores studied are characterized by 

similar variation patterns in the amount of detrital flux (inferred by Al) and detrital grain 

size (inferred by Ti/Al and Zr/Rb) (Figs. 3.6-3.8). The BJ core exhibits more frequent 

fluctuations and larger magnitudes of variations (Fig. 3.8). The depocenter cores show a 

strong decline in detrital flux during the deposition of the Lower Silt Member and the 

lowermost part of Unit 1, while the majority of Unit 1 and the lower part of Unit 2 show 

constantly low detrital flux (Figs. 3.6 and 3.7). The BJ core shows a general decrease in 

detrital flux during the deposition of Unit 1 and the lowermost part of Unit 2. A 

systematic pattern of the biogenic flux (inferred by Si/Al) was recognized for the Lower 

Shale Member in the depocenter: an overall increasing trend for Unit 1 and a 

subsequent decline trend for the overlying Unit 2 and Unit 3 (Figs. 3.6 and 3.7). The 

generally increasing Al, Ti/Al, and Zr/Rb contents in upper Unit 2 and Unit 3 (Figs. 3.6-

3.8) indicate an increase in detrital grains into the system, which may be a result of a 

drop in relative sea-level. The Al, Ti/Al, and Zr/Rb profiles of the BJ core apparently 

exhibit frequent fluctuations, which are interpreted to reflect the short-term high-order 

cyclicity and subordinate impact of vertical heterogeneity. Such a difference in 

geochemical profiles between depocenter and basin margin suggests the importance of 

paleogeographic context in geochemical interpretations. In comparison with the deeper, 

more tranquil and distal setting, the relatively shallower and proximal regions are more 

sensitive to the changes of sea level and sediment flux. The overall low siliciclastic flux 

and abundant biogenic silica, in addition to the high TOC values, indicate sediment 

starved conditions during the deposition of the Lower Shale Member.  
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3.6.3 Primary productivity 

The extremely organic-rich Bakken shales suggest a eutrophic system, which 

had exceptionally high surface paleo-productivity with exceptionally ample nutrient 

supply in an optimal climate condition close to paleo-equator. This surface productivity 

not only controls the amount of organic-carbon flux but also has an impact on the 

bottom-water oxygen levels. This is because oxidation of massive amount of OM flux 

would cause significant oxygen depletion and subsequent development of anoxia and 

euxinia. The δ13Corg values of the Lower Shale and Silt members in both DCR and CC 

cores remain close to a baseline of ca. -28.5‰ and record no significant excursions 

(Figs. 3.10 and 3.11). The Devonian marine and terrestrial organic material are 

documented to have δ13Corg values of approximately -30‰, and -25‰ to -26‰, 

respectively (Maynard, 1981; Calvert et al., 1996; Jaminski et al., 1998). The fairly 

uniform organic carbon isotopic composition suggests a predominantly organic source 

of marine algae. In addition to the predominant OM sourced from oxygenic 

photosynthesis, the carbon fixation by phototrophic sulfide-oxidizing bacteria under the 

episodic photic zone euxinic condition may be another important process (Scott et al., 

2017). However, the mechanism and contribution by this mechanism is still unclear in 

the Bakken shales and requires detailed biomarker studies.  

The increasing paleo-productivity of Unit 1, inferred from a negative δ15Norg 

excursion, is clearly matched with an increase in biogenic silica flux (Figs. 3.6 and 3.9). 

The declining paleo-productivity of Unit 2, inferred from a positive δ15Norg excursion, is 

accompanied by a strong decrease of biogenic silica content (Figs. 3.6 and 3.9). 

Therefore, the functions and variations of productivity can be deciphered through the 

integration of geochemical signatures of biogenic silica and δ15Norg. Additionally, there 
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exists a positive correlation between TOC and δ15Norg values for the DCR samples (Fig. 

3.14A). The most likely explanation is a depletion of nitrate in the water column, as a 

result of withdrawal suppressing production and recycling, would contribute to more 15N 

incorporation into OM production. The same phenomenon has been documented in the 

black shales during the early Toarcian and Cenomanian-Turonian oceanic anoxic 

events (Jenkyns et al. 2001; Jenkyns et al. 2007). Alternatively, it could be a result of 

the flux of the relative 15N-enriched residual nitrate by denitrification from suboxic zones 

into the photic zone with the ultimate OM characterized by a heavier δ15Norg signature 

(Ganeshram et al., 1995; Reichart et al., 1998; Pride et al., 1999; Emmer and Thunell, 

2000; Ganeshram et al., 2000; Kienast et al., 2002). Such circumstances, with vigorous 

recycling of water masses to replenish heavy δ15Norg, is typically found in the upwelling-

intense areas. However, in the case of the Late Devonian Williston Basin (Fig. 3.1), the 

modern upwelling setting is likely to be a poor analogue for the deposition of the Bakken 

shales.  

The positive relationship between TOC and δ15Norg is not found in the CC core 

(Fig. 3.14C). One likely explanation is that the influence of local conditions of the water 

column and marine productivity. The CC core is located further north close to the basin 

margin; therefore, complex sediment flux and redox condition possibly had an impact on 

the isotope values. No apparent correlation was observed between TOC and δ13Corg 

values for both cores (Figs. 3.14B and D). Nevertheless, more cores and geochemical 

data are in need to justify the relationship between TOC and organic carbon/nitrogen 

stable isotopes. 
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Figure 3.14 The cross-plots of δ15Norg values against TOC of the Lower Shale and Silt 
members of DCR and HF cores. There is a moderate positive correlation between 
δ15Norg and TOC values for all DCR samples, and this moderate positive correlation still 
exists (R2=0.29) excluding the succession with fluctuating δ15Norg values at the 
uppermost of Unit 2 shown in Figure 3.9. Therefore, the Lower Shale and Silt members 
were deposited in a condition with imbalanced nutrients (limited N) and relatively low 
nitrogen fixation activity. Note that only a few samples from CC core have all TOC, 
δ13Corg and δ15Norg results in comparison with lots of geochemical data shown in Figure 
3.10. 

 

High level of organic production is considered to be an important attribute of the 

organic-rich Lower Shale and Silt members, which required a sustainable supply of 

nutrients. The investigations on the TOC and Mo contents in the Lower Shale and Silt 

members clearly show high concentration, high variability, and high covariance (Figs. 

3.11 and 3.12), which could imply: (1) a variable extent and persistence of bottom-water 

redox conditions, and (2) the rate of Mo replenishment in excess of removal to the 
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sediments. Therefore, the model of a strongly restricted and silled basin, such as the 

modern Black Sea (Algeo and Lyons, 2006), does not apply to the Williston Basin 

during the accumulation of the Lower Shale and Silt members. According to Algeo and 

Lyons (2006), the values of the Mo/TOC slopes (i.e., 32 and 51) in this study from 

Figures 3.11 and 3.12 suggest a moderately to weakly restricted paleo-hydrographic 

condition with frequent renewal of Mo. Although rivers are the largest source of 

dissolved Mo to the ocean, accounting at least 90% of the flux (Martin and Meybeck, 

1979), the concentration of Mo in rivers is some orders of magnitude smaller than the 

concentrations of Mo in the ocean (Smedley and Kinniburgh, 2017). Mo has a long 

residence time of ca. 400-800 k.y. in the oceans (Firdaus et al., 2008; Miller et al., 

2011). Thus the oceanic circulation of Mo from deep-water may have contributed to 

sustainably high Mo concentrations during deposition of the Lower Shale and Silt 

members.  

The significant transgressive pulses could have improved the connectivity of the 

inner-shelf Williston Basin to the open ocean and supported a well-sustained nutrient 

inventory to counterbalance the loss during the deposition of the organic-rich Bakken 

shales. The presence of ash beds also indicates possible additional nutrient from 

volcanic ashes, which may have fertilized the plankton blooms during the deposition of 

the Lower Shale and Silt members. The warm tropical climate with intense precipitation 

would presumably result in abundant nutrient flux to the Williston Basin by rivers coming 

from the east. In terms of the phosphorous, the spread of oxygen-deficient and sulfide-

rich bottom-water condition contributes to a reduction of P-burial efficiency and thereby 

promotes a redox-dependent recycling of organically bound P back to the surface water 
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to sustain intense phytoplankton productivity (Föllmi, 1996; Ingall and Jahnke, 1997; 

Benitez-Nelson, 2000). Therefore, although few records of rich P trapped in the Bakken 

shales, this efficient P feedback system could have stimulated high primary productivity. 

The vertical exchange of nutrients could also be facilitated by the vertical changes of the 

thermocline. A shallowing thermocline would facilitate the upward flux of sub-

thermocline nutrients into the euphotic zone and thereby boosts the primary production 

recorded with a synchronous increase in the δ15Norg signature (Kienast et al., 2002).  

 

3.6.4 Organic matter accumulation 

The Bakken shale samples analyzed in this study are significantly enriched in 

OM, with the highest TOC value of 21.08 wt.%. This remarkably OM-rich shale indicates 

that the system had an exceptionally high rate of productivity exceeding the OM 

degradation in the water column and sediments, which might be a result of ample 

nutrient supply, oxygen-depleted bottom-water condition, and favorable sediment flux 

and associated sedimentation rate.  

Smith and Bustin (1998) suggested that the increasing OM concentration in the 

lower member in Canadian CC core is a consequence of improved preservation by the 

progressively higher rate of siliciclastic sedimentation, evidenced by higher ratios of 

quartz to illite and alkali feldspar to illite. They assumed a detrital origin of the quartz 

and overlooked the impact of biogenic quartz. Their conclusions were also built on the 

geochemical data of the CC core alone in the Canadian region of the Williston Basin. 

This explanation likely does not depict the whole picture without consideration what was 

occurring at the depocenter.  
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A systematic variation of TOC has been revealed by four cores in this study 

(Figs. 3.7-3.10): significantly upward-increasing TOC for the Lower Silt Member; a 

generally increasing trend for Unit 1, although it may show a slightly decreasing trend; 

Unit 2 shows a generally increasing TOC with a drawdown in the middle; Unit 3 is 

typically OM-depleted. This substantial stratigraphic variation pattern of TOC suggests a 

significant interplay among primary productivity, sediment flux, and organic 

preservation. Consequently, the integrated petrographic and geochemical approaches 

are used to understand this stratigraphic pattern of OM concentrations and their 

profound implications for the evolution of depositional environments and stratigraphic 

framework.  

The organic decomposition may have played critical role in the organic 

concentrations in the Lower Silt Member, evidenced by frequent burrowing activities and 

ripples linked with a suboxic/dysoxic and energetic bottom-water condition. For the 

Lower Shale Member, a gradual transition from dysoxic, suboxic, to euxinic condition, 

along with an increasing relative sea level, developed during the deposition of Unit 1. 

The most organic-rich Unit 2 corresponds to a predominantly euxinic condition with 

several episodes of anoxic states (a consequence of 4th-order sequence) The bottom-

water shifted back to oxic-dysoxic condition for Unit 3 when approaching the Middle 

Bakken Member. In essence, the high sea-level during the deposition of the Lower 

Shale and Silt members produced circumstances of a long-term oxygen-deficiency and 

enhanced water-column stratification, which were optimal for OM preservation.  

The water depth associated with paleogeographic settings would affect the 

transit time for suspended organism through the water column as well as the redox 
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conditions in response to the sea level changes. Additionally, the distance to the 

sediment source would have an impact on the sediment flux as well as the 

sedimentation rate. In this study, the relative sea-level changes exerted a stronger 

control of sediment flux and redox conditions in the presumably proximal and shallower 

part of the basin (e.g., BJ core) than in depocenter (e.g., DCR and HF cores).  

The effect of sedimentation rate on OM accumulation is complex, as neither very 

high nor very low rates are beneficial to OM deposition (Ibach, 1982; Tyson, 2001; 

Bohacs et al., 2005). Relatively high sedimentation rate prior to reaching a threshold of 

dilution, accompanied with reduced exposure time to oxidation, is suggested to be one 

of the essential factors for enhancing OM preservation. In this study, albeit that the BJ 

core (in a regime of proximal and shallower water-depth setting) has a lower average 

TOC value for the Lower Shale Member compared to the cores in depocenter, it owns 

the highest TOC value of 21.08 wt.% in the upper part of Unit 2 (Fig. 3.8). This possibly 

accentuated the situation under the regime of shallower water-depth, wherein a higher 

sedimentation rate with limited seawater exposure time resulted in better preservation of 

the organic material.  

The δ13Corg and Mo/Al profiles show an approximately negative correlation 

throughout the Lower Shale and Silt members (Figs. 3.6 and 3.9), indicating that the 

disruptions of the carbon cycle are closely associated with variations of oceanic redox 

conditions. The enhanced OM burial rate may lead to a removal of substantial amounts 

of carbon from the carbon cycle, followed by a possible declining atmospheric CO2 

(e.g., Arthur et al., 1988; Kump and Arthur, 1999; Jenkyns et al., 2010). However, 

without inorganic carbon isotope data in this study, it is not easy to shed light on the 
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global carbon cycle associated with multiple processes, such as OM production and 

burial, volcanic outgassing, and carbonate weathering (e.g., Kump and Arthur, 1999; 

Shields, 2016).  

Acknowledging that OM burial may be affected by sediment accumulation, we 

compared the TOC with Al and Si concentrations to investigate the dilution impacts of 

clay and silica flux (Fig. 3.15). The OM accumulation apparently took place dependent 

on biogenic and detrital sedimentations (Fig. 3.15).  

The clay-rich Lower Silt Member displays a negative covariance between Al and 

TOC (Fig. 3.15A), which is in vast contrast with a general positive correlation for the 

Lower Shale Member (Figs. 3.15A and C). Thus, clay shows a strengthening effect on 

the OM accumulation for the Lower Shale Member, but a dilution effect for the clay-rich 

Lower Silt Member. The strengthening effect of the clay on the OM accumulation is well-

known owing to a preferential sorption of the organic compounds to clay and physical 

protection (Mayer, 1994; Salmon et al., 2000; Kennedy et al., 2002), but dilution impact 

emerges above a critical clay content or critical sedimentation rate.  

The Lower Shale Member in the depocenter core shows strikingly negative 

covariance between TOC and the biogenic silica flux (Figs. 3.15B and D), emphasizing 

a strong dilution effect of biogenic silica on the OM concentration. This is most likely due 

to the fact that the primary productivity was still not high enough to offset the biogenic 

silica flux. The rising sea level promoted nearshore trapping of terrigenous flux and 

thereby established the conditions in the depocenter that had been heavily influenced 

by biogenic flux.  
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The lack of correlations between TOC and Si/Al in the Lower Shale Member at 

the northern part of the basin (Figs. 3.15E and F) is probably complexed by a significant 

mixture of detrital and biogenic flux at a shallower and more proximal setting. The 

elevated Al content in the upper part of Unit 2 (Figs. 3.6-3.8) indicates an increased 

detrital flux that may have been in response to a lowering relative sea level that 

continued through the rest of the Lower Shale Member. With an overall decreasing 

primary productivity in Unit 2, the TOC peak in the upper part of Unit 2 (Figs. 3.6-3.8) is 

considered to be a function of improved preservation facilitated by higher rates of 

siliciclastic sedimentation (mostly clay) and more reducing conditions. Thus, the primary 

productivity can be discounted as the overriding control on the variations of the OM 

concentration in the Lower Shale Member.  

The high primary productivity would very likely to enhance the rate of 

consumption of oxygen in the water column and boost the bottom-water anoxia 

condition. The high surface productivity was argued to be the cause of anoxia and 

euxinia in the Bakken shales (Scott et al., 2017). However, this study suggests that 

anoxic/euxinic condition, associated with sea-level changes, is the root cause for the 

high OM concentrations in the Bakken shales supported by two lines of evidence: first, 

the most organic-rich Unit 2 corresponds to a reduced primary production inferred by 

biogenic silica and δ15Norg. In addition, contemporaneous varying sediment flux and 

redox condition in Unit 2 suggests that the variations of the redox condition are more 

linked with the relative sea level changes.  
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Figure 3.15 The cross-plots of TOC vs. Al and Si in DCR, HF, and BJ cores. The Lower 
Silt Member displays a strong inverse correlation between detrital flux and OM 
concentrations (A) and a weak relationship between silica and OM concentrations (B). 
For the Lower Shale Member in the DCR an HF cores, clay shows a strengthening 
effect on OM concentration (A and C) and silica displays a strong dilution effect on OM 
concentration (B and D). BJ core, however, shows no correlations between clay/silica 
and OM concentrations in the Lower Shale Member (E and F). 

3.6.5 Implications for sequence stratigraphic framework 

The deposition of the black shales in the lower part of the Bakken Formation 

record a global eustatic rise commenced in the Lower expansa conodont Zone 
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(Sandberg et al., 1988; Meijer Drees and Johnston, 1996; Smith and Bustin, 2000; 

Sandberg et al., 2002). It corresponds to the transgression pulse in the T-R cycle IIf 

described by Johnson et al. (1985), transgressive event 16 described by Sandberg et al. 

(1988), and small-scale episode of global biogenic crisis Dasberg Event (Sandberg et 

al., 2002; Hartenfels and Becker, 2009; Myrow et al., 2013). This global transgressive 

event was interpreted by Sandberg et al. (2002) to be a consequence of continental 

glaciers melting in Gondwana, and ended in the Middle praesulcata Zone as a result of 

the eustatic fall associated with a resurgence of glaciation in the Southern Hemisphere 

(Johnson et al., 1985, Sandberg et al., 1988, Sandberg et al., 2002). 

In this study, one transgressive-regressive (T-R) cycle was recognized (Figs. 

3.16-3.18), which is probably 3rd-order in duration based on a biostratigraphic and 

geochronological constrain of less than 2 m.y. duration of the Lower Shale and Silt 

members (Sandberg et al., 2002). The 3rd-order TST is comprised of Lower Silt 

Member, Unit 1, and lower part of Unit 2, while the overlying 3rd-order HST is composed 

of the upper part of Unit 2 and Unit 3 (Figs. 3.16-3.18). However, the studied interval 

only occupies the lower part of the 3rd-order sequence which comprises the Lower Silt 

and Shale members, and the overlying lower part of the Middle Bakken Member. At 

least five 4th-order cycles were recognized in the studied succession (Figs. 3.16-3.18). 

Each 3rd or 4th sequence comprises an underlying transgressive systems tract (TST) 

and overlying highstand systems tract (HST), separated by a maximum flooding surface 

(MFS). For the Lower Shale Member, the 4th-order cycles are not easily recognized in 

the depocenter cores (i.e., DCR and HF cores) because the chemical signals (changes 

of redox conditions and sediment flux) in response to the sea level changes may not be 
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well preserved (Fig. 3.16). The BJ core, which would have been more sensitive to 

relative sea-level changes in a regime of proximal and shallower part of the basin, 

apparently shows 4th-order cyclic variations of TOC, redox, and detrital-flux proxies 

(particularly Mo/Al and Zr/Rb) (Fig. 3.17).  

The basal contact of the Lower Silt Member is abrupt, commonly characterized 

by a pyritic fossiliferous sandstone lag overlying the Pronghorn Member or Three Forks 

Formation (Fig. 3.3F). The Lower Silt Member (T1 deposit), accumulated in the 

environment of gradually more reducing, less bioturbated, and fewer detrital-flux in 

response to a rising sea-level (Figs. 3.16 and 3.18). The contact between Lower Silt and 

Shale members, typically expressed as a fossil-rich lag (Fig. 3.3G), records a significant 

eustatic pulse and a sudden widespread of the black organic-rich shales in the Williston 

Basin. It is interpreted to stand for the 4th-order MFS of the T-R1 cycle. This contact 

could be difficult to delineate in places based on core due to the facies similarity and 

needs the aid of geochemical examinations.  

The next flooding surface of the T-R2 cycle is placed at the interval with Mo/Al 

peak and lowest values of Zr/Rb and Ti/Al in Unit 1 (Fig. 3.17). The subsequent 

significant transgressive pulse occurred at the onset of the deposition of Unit 2, resulting 

in the deposits of R3, T-R4, and T5 under a persistent anoxic/euxinic environment (Figs. 

3.16-3.18). The 3rd-order MFS was placed at the interval with the most euxinic condition 

and the high TOC value in Unit 2 prior to an elevated detrital flux and less reducing 

environment ascribed to the relative sea-level drop (Figs. 3.16-3.18). The overlying 3rd-

order HST is characterized by increasing terrestrial flux, diminishing amount of biogenic 

silica, and less reducing conditions with oscillating chemocline (Figs. 3.16-3.18). Such 
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evidence of contemporaneous varying sediment flux and redox conditions also suggests 

that the changes of the redox condition are more linked with the relative sea-level 

changes rather than the result of the varying oxygen consumptions by oxidation of OM.  

The TOC peak typically occurs at either uppermost 3rd-order TST or early stage 

of the 3rd-order HST, depending on the dominant controls of primary productivity or 

dilution(Bohacs et al., 2005). In the case of the Lower Bakken Shale Member, the 

strengthening burial by clastic flux (mainly clay) and less dilution by biogenic silica, with 

the recurring strong euxinic conditions, may have contributed to the appearance of the 

TOC peak close to the top of Unit 2 (Figs. 3.16-3.18). Thus, this TOC peak should not 

be misinterpreted as the condensed section associated with the 3rd-order MFS.  

This study indicates that TOC, redox conditions, sediment flux, and primary 

productivity are strongly influenced by relative sea-level changes. It shows a 

characteristic increase of paleo-productivity up to the succession close to the 3rd-order 

MFS, followed by a generally decreasing above (Figs. 3.16-3.18). A significant amount 

of nutrients may have been introduced into the Williston Basin by the intermittent 

connection with the nutrient-rich deeper water during transgression. The relative sea-

level change also exerts a fundamental control on terrestrial flux, shifting the locus of 

siliciclastic flux landward during transgression and basinward during regression. The 

3rd-order TST is characterized by increasing accumulation of biogenic silica and 

reducing terrestrial flux, while the overlying HST documents a diminishing flux of 

biogenic silica and more terrestrial input (Figs. 3.16-3.18). In addition, the 3rd-order TST 

is characterized by a gradually increasing redox condition; whereas, a less reducing 

condition with oscillating chemocline existed during the HST (Figs. 3.16-3.18). 
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Figure 3.16 Summary of sequence stratigraphic framework of the Lower Shale and Silt members for the DCR core 
associated with stratigraphic variations of GR log, TOC, and geochemical proxies. TST-transgressive systems tract, HST-
highstand systems tract. 
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Figure 3.17 Summary of sequence stratigraphic framework of the Lower Shale Member for the BJ core associated with 
stratigraphic variations of GR log, TOC, and geochemical proxies. Note that the high-order cyclicities of geochemical 
proxies are highlighted by arrows. TST-transgressive systems tract, HST-highstand systems tract. 
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Figure 3.18 Schematic paleoredox, paleo-productivity, sediment flux, organic 
concentration, relative sea-level change, and sequence stratigraphic framework of the 
Lower Shale and Silt members. SB-sequence boundary, FS-flooding surface, MFS-
maximum flooding surface, TST-transgressive systems tract, HST-highstand systems 
tract. 

3.7 Conclusions 

The high-resolution geochemical examination of the Lower Shale and Silt 

members of the Bakken Formation provides profound insights into the depositional 

environments and the dominant controls on OM accumulations. The organic enrichment 

in the Lower Shale and Silt members is favored by high primary productivity, oxygen-

deficient bottom-water condition, and reduced sediment dilution. The stratigraphic 

pattern of OM concentrations, therefore, is not due to a single systematic secular 

variation but reflects a complex interplay among redox condition, primary production, 

sediment flux, and relative sea-level change. This integrated petrographic and multi-
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proxy geochemical analyses offer compelling evidence to establish the sequence 

stratigraphic framework of the Lower Shale and Silt members. 

1. The Lower Shale and Silt members could be subdivided into four 

chemostratigraphic units based on the distinct geochemical signatures of major 

and trace elements, TOC, and organic carbon and nitrogen isotopes. One 3rd-

order sequence and five 4th-order sequences are evidently expressed by TOC 

values and geochemical proxies for redox condition, detrital/biogenic flux, and 

primary productivity.  

2. The deposition of the Lower Shale Member is accompanied with the gradual 

development of predominantly anoxic and euxinic bottom-water under 

eutrophication condition. A system of frequent deep-water nutrient renewal in a 

weakly-to-moderately restricted silled basin is suggested to support high surface-

water paleo-productivity. Additionally, the sporadic bedload transports (ripples) 

indicate a predominantly quiescent with intermittent energetic conditions rather 

than strongly restricted bottom-water conditions.  

3. This study demonstrates that the silica in the Lower Shale Member from 

depocenter cores is predominantly biogenic origin, whereas the shallower and 

presumably proximal region exhibits a great mixture of biogenic and detrital 

silica. The biogenic silica may be a useful proxy for paleo-productivity and 

exhibits considerable dilution impact on the organic carbon concentrations in the 

Lower Shale Member. The organic matter accumulation in the Lower Shale 

Member is favored by the flux of clay. 



 

94 

 

4. The relative sea level exerts a primary control on the organic concentration in the 

Lower Shale and Silt members by changing redox conditions and sediment flux. 

The high-level primary productivity is an essential attribute of the organic-rich 

Lower Shale Member, but it does not serve as a dominating control on the 

organic concentrations. There exists a gradually reducing condition through the 

3rd-order transgression, and OM-rich intervals are broadly correlated with more 

reducing conditions of the late transgressive systems tract and early highstand 

systems tract. However, the strengthening burial by clay and less dilution by 

biogenic silica appear to be essential factors in the displacement of the TOC 

peak in the 3rd-order highstand systems tract, above the maximum flooding 

surface.  

5. The paleogeographic setting also imposes an essential impact on the 

accumulation of OM. Water depth would affect the transit time for suspended 

organism through the water column as well as the redox conditions in response 

to the sea-level changes. The basin center shows a lesser extent of fluctuations 

of the geochemical values. 

6. The anoxic/euxinic condition, showing clear evidence with a close relationship 

with sea-level changes, is the cause for the high OM concentrations in the 

Bakken shales rather than the result. This is supported by the evidence of 

decoupling of the TOC and primary production as well as the contemporaneous 

varying sediment flux and redox conditions, emphasizing the significance of the 

relative sea-level changes.  
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CHAPTER 4  

PORE CHARACTERIZATION OF LATE-DEVONIAN TO EARLY-MISSISSIPPIAN 

ORGANIC-RICH MARINE SHALE: A CASE STUDY ABOUT                                     

THE BAKKEN SHALES, WILLISTON BASIN 

4.1 Abstract 

Over the past decade, there has been an unprecedented surge in unconventional 

oil and gas production across the United States. Although significant hydrocarbons have 

been discovered from the Upper Devonian-Lower Mississippian middle Bakken member 

of the Bakken Formation in the Williston Basin, the overlying and underlying Bakken 

shales still remain underdeveloped. A lack of knowledge about the nanometer- and 

micrometer-scale pore properties is one of the critical issues accounting for the 

underproduction of the Bakken shales. In particular, the controls on pore distribution 

and pore development in the Bakken shales remain poorly understood. In this study, a 

series of measurements, including field emission scanning electron microscope 

imaging, N2 adsorption, anhydrous pyrolysis, and X-ray diffraction, were performed to 

investigate Bakken shale pore structure and associated geological controls. The pore 

structures are quantified by using N2 adsorption-derived parameters, including pore size 

distribution, total pore volume, and specific surface area. The adsorption-derived pore 

size distributions of all Bakken shale samples indicates the presence of predominant 

mesopores and subordinate 1-2 nm sized micropores. The SEM photomicrographs 

indicate that all Bakken shale samples have developed mineral matrix pores and 

organic-matter pores, with pore sizes varying from 13 nm to no more than 8 μm. 
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Variations in Bakken shale pore network are controlled by a complex combination of two 

major elements: rock composition and diagenetic process. The negative correlation 

between TOC and total pore volume/specific surface area suggests that bitumen/oil 

restricts the accessibility of the gas adsorbate to the mineral surface and void space. 

The thermal maturation exerts a primary control on the pore network from the early 

mature stage, when an increasing amount of generated bitumen/oil displaced interstitial 

water and filled pore space. This situation, however, changed at the late mature stage 

due to the emergence of sponge-shaped OM pores mainly by cracking of oil/bitumen to 

gas. 

4.2 Introduction 

Unconventional shale plays are commonly characterized by fine-grained texture 

(dominant grain size ≤ 62.5 μm), low permeability (in the nanodarcy range), and high 

organic content (TOC ≥ 1 wt.%). The nanometer- to micrometer-sized connected pores, 

as well as natural fractures, serve as the conduits for fluid flow and hold large amounts 

of hydrocarbons (Javadpour, 2009; Loucks et al., 2012). The organic matter (OM) and 

clay minerals have been interpreted to be the main contributors to the surface area and 

porosity, thereby increasing the adsorption and storage capacity of the shale reservoirs 

(e.g., Ross and Bustin, 2009; Slatt and O’Brien, 2011; Kuila and Prasad, 2013; 

Mastalerz et al., 2013; Milliken et al., 2013). Therefore, investigation of nanometer- to 

micrometer-sized pore network is an essential component of the workflow for upscaling 

pore-network parameters to core- and log-scale petrophysical property. There have 

been many studies that investigated the nanometer- and micrometer-sized pores in 

mudstones (e.g., Loucks et al., 2009; Chalmers et al., 2012; Curtis et al., 2012a, Curtis 
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et al., 2012b; Loucks et al., 2012; Mastalerz et al., 2013; Milliken et al., 2013; Schieber, 

2013; Kuila et al., 2014; Löhr et al., 2015; Lu et al., 2015; Ko et al., 2016; Schieber et 

al., 2016; Ko et al., 2017; Yang et al., 2017; Ardakani et al., 2018). These studies 

indicate a complex shale pore network controlled by many geological factors, such as 

composition, fabric, texture, kerogen type, TOC, thermal maturation, and diagenesis. 

The pore size in this paper follows the classification system of the International Union of 

Pure and Applied Chemistry (IUPAC): micropores (< 2 nm in diameter), mesopores (2-

50 nm in diameter), and macropores (> 50 nm in diameter) (Sing et al., 1985).  

Scanning electron microscopy (SEM), mercury intrusion capillary porosimetry 

(MICP), and gas adsorption (N2 and CO2) measurements are the most prevalent routine 

methods for shale pore characterization. The SEM approach provides a direct visual 

investigation of pore morphology and distribution. However, SEM imaging of sub-10 nm 

sized pores is challenging (Löhr et al., 2015), and the quantitative image analysis can 

be time-consuming (e.g., manual pore tracing) and lack precision and accuracy (e.g., 

determination of representative surface and segmentation between OM and pores). 

Although various pore structure parameters, including porosity, pore volume, pore size 

distribution, and surface area, can be accurately determined from FIB-SEM (focused ion 

beam-scanning electron microscopy) 3D volume construction, such a method is 

expensive, time-consuming, and shows spatial limitation of the observed area 

(Tahmasebi et al., 2015). MICP has been broadly employed to characterize porosity, 

permeability, and pore-throat size distribution of shales (e.g., Bustin et al., 2008; 

Chalmers et al., 2012; Mastalerz et al., 2013). However, the mercury is unable to 

access small pores, and in theory it only probes pores of > 3.6 nm under the pressure of 
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414 MPa (60,000 psi) (Kuila and Prasad, 2013). Besides, the immense injection 

pressure would cause rock matrix compressibility and potential stress-induced 

deformation (Peng et al., 2017). The N2 adsorption is capable of characterizing pores 

with a diameter of ~ 2-200 nm (Kuila et al., 2013; Zargari et al., 2015). However, N2 

lacks the thermal energy to diffuse through narrowly constricted pore throats at 

experiment temperature (77 K or -196.15 °C). Thus, supplementary CO2 adsorption has 

been widely used to aid in characterizing micropores (< 2 nm in diameter) at ambient 

temperature (e.g., Chalmers and Bustin, 2007; Chalmers et al., 2012; Landers et al., 

2013; Mastalerz et al., 2013; Yang et al., 2017).  

In terms of OM types, the distinct geochemical and petrographic properties of 

kerogen, bitumen, oil, solid bitumen, and pyrobitumen have been discussed in 

literatures (e.g., Tissot and Welte, 1984; Curiale, 1986; Bernard et al., 2010; Bernard et 

al., 2012; Loucks and Reed, 2014; Milliken et al., 2014; Ko et al., 2016). These different 

kinds of OM are not easily and accurately distinguished without the aid of special 

techniques, such as scanning transmission x-ray microscopy (STXM)-based C-XANES 

spectroscopy (Bernard et al., 2010; Bernard et al., 2012). In order to avoid the confusion 

and uncertainty, this paper applies the definition of “secondary OM” proposed by 

Milliken et al. (2014), referring to the OM generated as a diagenetic product during 

burial. The secondary OM includes bitumen, solid bitumen, oil, and pyrobitumen. The 

petrographic recognition of secondary OM is evidenced by morphology and contact with 

minerals: (1) pore throat and intraparticle pore filled with OM, and (2) euhedral crystal 

terminations lining a previously open or interstitial-water filled pore which is now filled 
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with OM (e.g., Loucks and Reed, 2014; Milliken et al., 2014; Canter et al., 2016; Ko et 

al., 2016).  

The production of the Bakken shales (upper/lower Bakken shale and lower 

Bakken silt members) in the Williston Basin had been exclusively from the upper 

Bakken shale for a short period and had stopped since 2000. The upper Bakken shale 

was firstly completed as the secondary objective in the Elkhorn Ranch Field of the 

“Bakken Fairway” area in 1961 (LeFever, 2005). With the introduction of horizontal 

drilling technology in the late 1980s, the upper Bakken shale was produced as the main 

Bakken pay zone (LeFever, 2005). The first horizontal well targeting the upper Bakken 

shale was successfully completed in 1987 for 258 barrels of oil per day (BOPD) and 299 

thousand cubic feet gas per day (MCFGD) and production remained significantly stable 

for the first two years (LeFever, 2005). From 1987 to 2000, 225 horizontal wells 

completed in the upper Bakken shale had an average initial production of 85 BOPD and 

a projected ultimate recovery of 145 thousand barrels of oil equivalents (MBOE) (Cox et 

al., 2008). With rare stimulation treatments in the Bakken horizontal well completions, 

the upper Bakken shale development was non-optimal and was restricted along the 

naturally fractured “Bakken fairway” area (Fig. 4.1) (Cramer, 1991; Carlisle et al., 1992; 

LeFever, 2005). The development of the Bakken shale eventually ceased after 2000 as 

a consequence of: (1) production being highly dependent on the natural fracture 

networks (Cramer, 1991; Carlisle et al., 1992; Price and LeFever, 1992; LeFever, 2005), 

(2) formation damage (Price and LeFever, 1992), (3) interference between wellbores 

(LeFever, 2005), (4) slumping oil price in the 1990s, (5) giant oil discoveries from the 

middle Bakken and upper/middle Three Forks members in the Williston Basin (e.g., Elm 
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Coulee and Parshall oil fields) with the introduction of hydraulic fracturing and horizontal 

drilling technologies (LeFever, 2005). 

Price and LeFever (1992) stated that most of the hydrocarbons generated by 

Bakken shales have remained in place. In the areas where Bakken shale is thermally 

mature, the high resistivity, high-pressure gradient, and high production index readings 

imply a remarkable hydrocarbon saturation in the Bakken shales (Meissner, 1978; Price 

et al., 1984). The lenticular-shaped solidified bitumen or “dead oil” is commonly found 

along the laminae and vertical fractures in mature Bakken shales (Xu et al., 2016). To 

optimize the Bakken shale development, the pore network requires a comprehensive 

analysis that has not yet been published. The gas adsorption-derived pore size 

distribution and specific surface area of Bakken shales have been investigated by 

Zargari et al. (2015) and Liu et al. (2017). Additionally, pore size and mean pore throat 

radii of the Bakken shales have been reported from a few MICP experiments (e.g., 

Anyanwu, 2015; Jin et al., 2017). However, it is challenging to conclude the influence of 

the mineralogical composition and organic matter content on pore development without 

a detailed petrographic investigation of the diagenetic processes and organic matter 

properties. In this context, this study aims: (1) to investigate the pore structure and 

morphology of the Bakken shales by FE-SEM petrography; (2) to quantify the 

nanometer-scale pore property with N2 adsorption method; and (3) to summarize the 

impact of various geological factors (e.g., composition, fabric, texture, OM type, thermal 

maturation, and diagenesis) on pore development, and further predict potential 

production targets in the Bakken shales.  
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4.3 Geological background 

The Williston Basin is an intra-cratonic basin extending across most of North 

Dakota, eastern Montana, southern Saskatchewan, with marginal areas extending into 

Manitoba and South Dakota (Fig. 4.1) (Gerhard et al., 1982). The Bakken Formation in 

the Williston Basin consists of five distinct members in ascending order: heterolithic 

Pronghorn member, bioturbated, laminated silty mudstone lower silt member, organic-

rich lower shale member, silty/sandy dolomitic middle member, and organic-rich upper 

shale member (Fig. 4.2). The lower Bakken silt is considered to be a separate member 

rather than the uppermost unit of the Pronghorn member as proposed by LeFever et al. 

(2011). The Bakken Formation lies unconformably between the underlying Three Forks 

Formation and overlying Lodgepole Formation. The Bakken Formation is thickest to the 

east of the Nesson Anticline and progressively thins towards the basin margins. The 

Bakken shale is currently buried at the depth of no more than 12000 ft (3658 m). The 

Bakken shales are extremely organic-rich with an average TOC value of 11.3 wt.% 

(Webster, 1984) and a maximum value of 35 wt.% (Smith and Bustin, 1996). The 

Bakken shales contain predominant type II and type I kerogens, with a minor amount of 

type III kerogens (Jin, 2014). 
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Figure 4.1 Maps showing the location of ten studied wells and some important geological structures. The map on the left 
(modified after Blakey, 2014) displays a regional paleogeographic map at late Devonian-early Mississippian (365-355 
Ma). 

 

 



 

110 

 

 

 

Figure 4.2 Correlation of Upper Devonian to Lower Carboniferous stratigraphic 
nomenclature in Saskatchewan-North Dakota with standard conodont zones. The 
successions of studied Bakken shale samples are shaded in gray. Sources of 
information for each column correspond to numbers as follows: 1. Karma, 1991; Meijer 
Drees and Johnston, 1996; 2. Sandberg et al., 1988; Sandberg (personal 
communication, 2016). The standard conodont zonation and Devonian-Carboniferous 
boundary age are from Becker et al. (2012) and Davydov et al. (2012). 
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4.4 Materials and methods 

4.4.1 Materials 

A total of thirteen Bakken shale samples were collected from ten different drill 

cores. The detailed sample information is listed in Table 4.1. The sample selection was 

made on the basis of representative thermal maturity, organic carbon content, 

mineralogical composition, and fabric. Each shale sample was divided into two aliquots. 

One aliquot was prepared for FE-SEM assessment. The other one was pulverized and 

subject to anhydrous pyrolysis, X-ray diffraction, and N2 adsorption analyses.  

 

Table 4.1 Sample ID, well name, API, and collection location of each shale sample. 

 

Sample ID Well Name API 
Collection 
Location 

DA-3312.5 Danial Anderson 1 33079000490000 NDGS 

WB-5554.8 Weyburn 6-9-7-13 
101/06-09-007-

13W2 
SGS 

DB-8665 Dobrinski 18-44 33101002600000 NDGS 
ML-9503 Miller 34X-9 33057000350000 NDGS 
ML-9506 Miller 34X-9 33057000350000 NDGS 
BJ-7970 Baja 15-22-163-99H 33023008360000 NDGS 
DW-10182.9 Deadwood Canyon Ranch 43-28H 33061005810000 NDGS 
AS-9777.1 Anderson Smith 1-26H 33105015570000 NDGS 
RF-11105 Rolf 1-20H 33105021000000 NDGS 
MT-11116.5 Mariana Trust 12X-20G2 33053044980000 NDGS 
MT-11123 Mariana Trust 12X-20G2 33053044980000 NDGS 
MT-11129 Mariana Trust 12X-20G2 33053044980000 NDGS 
TB-8447.9 Tribal 11-19 25085000330000 CSM 
Note: Sample ID is named after “well name + core depth (ft)”. NDGS: North Dakota 
Geological Survey; SGS: Saskatchewan Geological Survey; CSM: Colorado School 
of Mines 
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4.4.2 Programmed pyrolysis and mineralogical characterization 

The thermal maturity and present-day TOC of the shale samples were measured 

by a programmed pyrolysis instrument-source rock analyzer (SRA-TPH/TOC Version 

1.0). Pyrolysis parameter Tmax, the temperature with maximum volatilization of 

hydrocarbon from the decomposition of kerogen, is used as an indicator of thermal 

maturity. The equivalent vitrinite reflectance (% Ro) of each sample was estimated by 

using the empirical equation of Jarvie et al. (2001): % Ro = 0.0180  Tmax - 7.16. The 

SRA-derived TOC values have been documented to be very comparable (R2 = 0.88) 

with the LECO TOC values based on 103 samples from the Mowry and Niobrara 

formations (Thul, 2012). The whole-rock mineralogical composition of the shale samples 

was collected from PANalytical X’Pert PRO X-ray diffractometer at 40 mA and 40 kV 

with Cu K radiation. 

 

4.4.3 FE-SEM imaging analysis 

Relatively flat broken surfaces that are perpendicular to the bedding planes were 

carefully obtained to avoid mechanical polishing artifacts. Each shale sample was 

polished by the JEOL IB-09010CP ion beam miller for about 11 hours under a voltage of 

5 kV and an ion current of about 125 μA. Each ion-milled sample was gold coated prior 

to examination under TESCAN MIRA3 FE-SEM. High beam voltages (15 kV) and 

close working distances (around 10 mm) were used for high-quality images. Ion-milled 

sample surfaces were examined under secondary electron (SE), backscattered electron 

(BSE), and energy dispersive x-ray spectroscopy (EDS). All images were collected at a 

pixel count of 2048 × 1536. The highest resolution images obtained are in 2.5 nm pixel 
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resolutions. The detection limit for pores is approximately 13 nm. The mudrock pore 

classification by Loucks et al. (2012) is adopted for this study. 

 

4.4.4 Low-pressure N2 adsorption measurement 

Pulverized shale samples weighting approximately 2 g were outgassed at 120 °C 

under vacuum (10 μm Hg) for 15 hours to remove moisture and contaminants. The 

degassing temperature higher than 120 °C is not recommended due to possible thermal 

degradation of the kerogen. The Bakken shales lack unstable clay mineral (i.e., 

smectite), and therefore the clay diagenesis during the degassing process is considered 

to be negligible. Low-pressure N2 adsorption was performed with Quadrasorb-evoTM at 

the temperature of 77 K. The specific surface areas of all samples were obtained by 

using the Brunauer-Emmett-Teller (BET) method (Brunauer et al., 1938). The total pore 

volume and pore size distribution were quantified by using quenched solid density 

functional theory (QSDFT) on carbon, slit/cylindrical pores, adsorption branch. The 

QSDFT model is preferred over the non-local density functional theory (NLDFT) model 

because QSDFT is a more advanced model incorporating pore roughness and 

eliminating the artificial gaps at the pore size of 1 and 2 nm (Neimark et al., 2009).  

 

4.5 Results 

4.5.1 Organic geochemistry and mineralogy 

The pyrolysis results of all samples are listed in Table 4.2. The Bakken shale 

samples in this study encompass a wide range of OM contents (TOC 1.23 to 22.78 

wt.%). The upper/lower Bakken shale samples are remarkably OM-rich, with TOC 
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values ranging from 6.05 to 22.78 wt.%. However, the lower Bakken silt samples are 

relatively OM-depleted, with the average TOC value of ~ 2.00 wt.%. The Tmax values of 

all samples are in the range of 415.7-453.7 °C. According to the Bakken shale thermal 

maturity classification (Jin, 2014), the samples used in this study cover all thermal 

maturity levels: immature (Tmax < 425 °C, cal. Ro < 0.49%), early mature (Tmax = 425-430 

°C, cal. Ro = 0.49-0.58%), peak mature (Tmax = 430-445 °C, cal. Ro = 0.58-0.85%), and 

late mature (Tmax = 445-455 °C, cal. Ro = 0.85-1.03%). None of the studied samples are 

in the over-mature dry-gas window (Tmax > 475 °C). It is worth noting that the low Tmax 

value (428.9 °C) of MT-11129 is unreliable owing to poor S2 peak (low kerogen 

content). It is also worth mentioning that ML-9503 and ML-9506 have the same maturity 

as they are only 3 ft (0.9 m) apart in the same core. Likewise, MT-11116.5, MT-11123, 

and MT-11129 are considered to be equally mature regardless of different Tmax values.  

The mineralogical compositions of all Bakken shale samples are shown in Table 

4.3 and summarized in a ternary diagram (Fig. 4.3). The Bakken shale samples mainly 

consist of clay, quartz, and K-feldspar. Accessory minerals are dolomite, plagioclase, 

pyrite, and calcite. The clay content ranges from 26 to 55 wt.%, and quartz plus feldspar 

constitute 30 wt.% or more (Table 4.3). Although XRD analysis of clay types was not 

performed in this paper, previous studies have documented that illite is the predominant 

phyllosilicate mineral (Fishman et al., 2015). A small amount (2-11 wt.%) of dolomite is 

present in all samples except for DB-8665. The collected Bakken shale samples show 

an absence of calcite with the exception of MT-1116.5, in which calcite constitutes 33 

wt.%.
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Table 4.2 Programmed pyrolysis results of the Bakken shale samples listed in order of thermal maturity. 

 

 

Sample ID Unit 

TOC S1 S2 S3 HI OI PI Tmax Cal. Ro 
Maturity 

Stage wt.% 
mg 

HC/g 
rock 

mg 
HC/g 
rock 

mg 
CO2/g 
rock 

S2×100/
TOC 

S3×100/
TOC 

S1/(S1

+ S2) 
°C % 

DA-3312.5 UBS 6.99 1.34 34.21 0.39 490 23 0.04 415.7 0.32 Immature 
WB-5554.8 LBS 12.59 5.31 68.22 1.14 542 9 0.07 422.5 0.44 Immature 
DB-8665 LBS 15.70 4.50 84.94 1.69 541 11 0.05 422.5 0.44 Immature 
ML-9503 LBS 10.35 5.83 54.53 0.41 527 4 0.10 427.0 0.53 Early mature 
ML-9506 LBS 22.78 9.10 137.22 0.85 602 4 0.06 424.2 0.48 Early mature 
BJ-7970 LBS 15.67 6.02 84.19 0.36 537 2 0.07 433.4 0.64 Peak mature 
DW-10182.9 LBS 15.21 6.62 74.35 0.30 489 2 0.08 438.6 0.73 Peak mature 
AS-9777.1 LBS 12.77 5.28 25.90 0.31 203 2 0.17 448.9 0.92 Late mature 
RF-11105 LBS 6.83 7.02 8.20 0.12 120 2 0.46 450.1 0.94 Late mature 
MT-11116.5 LBS 6.05 5.98 5.00 0.57 83 9 0.54 451.8 0.97 Late mature 
MT-11123 LBS* 2.76 3.11 2.20 0.24 80 9 0.59 449.6 0.93 Late mature 
MT-11129 LBS* 1.23 0.98 0.47 0.27 38 22 0.68 428.9 0.56 Late mature 
TB-8447.9 LBS 8.66 1.98 8.60 0.17 99 2 0.19 453.7 1.01 Late mature 
Note: UBS = upper Bakken shale, LBS = lower Bakken shale, LBS* = lower Bakken silt. S1 = amount of generated free 
hydrocarbons; S2 = amount of hydrocarbons generated from thermal cracking of kerogen; S3 = amount of CO2 produced up 
to a temperature of 400 °C; Tmax = temperature at which the maximum release of hydrocarbons from cracking of kerogens; 
HI = hydrogen index; OI = oxygen index; PI = production index. The accuracy of Tmax is around 1-3 °C, depending on the 
sample size and instrument (Peters, 1986). 
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Table 4.3 X-ray diffraction results and lithofacies of the Bakken shale samples. 

 

 

 

 

 

 

 

 

 

 

  

 

Sample ID 
Clays Quartz K-spar Plagioclase Pyrite Calcite Dolomite 

Lithofacies 
wt.% wt.% wt.% wt.% wt.% wt.% wt.% 

DA-3312.5 49 23 13 5 3 0 7 AHM 
WB-5554.8 30 42 17 0 6 0 5 SHM 
DB-8665 55 31 5 7 2 0 0 AHM 
ML-9503 26 58 4 0 5 0 7 SHM 
ML-9506 45 26 12 0 4 5 8 AHM 
BJ-7970 40 28 13 0 5 5 9 AHM 
DW-10182.9 31 45 11 2 7 0 4 SHM 
AS-9777.1 44 30 10 0 7 2 7 AHM 
RF-11105 30 53 6 1 4 0 6 SHM 
MT-11116.5 26 29 2 0 5 33 5 RLM 
MT-11123 52 26 8 4 4 0 6 OSM 
MT-11129 49 21 11 3 2 3 11 OSM 
TB-8447.9 40 23 12 3 11 0 11 AHM 
Note: Lithofacies identification is based on integrated examination of hand specimen, thin section, 
and XRD information. AHM: Argillaceous homogeneous mudstone; SHM: Siliceous homogeneous 
mudstone; RLM: Radiolarian-rich laminated mudstone; OSM: OM-lean, bioturbated, silty laminated 
mudstone.  
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Figure 4.3 The mineralogical ternary plot exhibiting the composition of the Bakken shale 
samples. Note three distinct groups with different dominant mineralogical constituents. 

 

4.5.2 Qualitative pore characterization 

The FE-SEM examination of the Bakken shales (upper/lower Bakken shale and 

lower Bakken silt members) captures great details of the microstructural and 

compositional heterogeneity, which is normally unrecognizable under the optic 

microscope. The SEM-EDS analyses indicate that Bakken shales are chiefly comprised 

of clay, quartz, and OM. Major primary OM includes algal cysts (e.g., Tasmanites and 

Leiosphaeridia), amorphous OM, and terrestrial OM. Mineral matrix pores and OM 

pores, with variable size, morphology, and abundance, are present in all Bakken shale 

samples. The pores are either open or filled with materials, including authigenic 

minerals (i.e., clay, quartz, calcite, dolomite, K-feldspar, pyrite, and apatite) and 

secondary OM. As shale pore network is highly dependent on depositional and 
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diagenetic processes, the following will be discussed in two main parts: (1) pore network 

in different lithofacies, and (2) pore network evolution.  

 

4.5.2.1 Pore and pore network in different lithofacies 

The mineralogical composition, texture, and fabric provide fundamental 

information about the rock framework and associated pore network. The Bakken shale 

is mainly composed of six major lithofacies: (1) siliceous homogeneous mudstone, (2) 

argillaceous homogeneous mudstone, (3) radiolarian-rich laminated mudstone, (4) 

organic-lean (TOC = 1-3 wt.%), bioturbated, silty laminated mudstone, (5) bentonite, 

and (6) limestone/pyrite concretion. The bentonite and limestone/pyrite concretion 

facies are not included in this study as they show extremely low permeability and low 

TOC, not being good reservoir candidates. The organic-lean, bioturbated, silty 

laminated mudstone facies is representative of the lower Bakken silt member. Herein, 

the discussion of pore network in each lithofacies is subject to the condition of a 

moderate burial depth of ~ 9000 ft (2743 m) at the onset of oil generation (Tmax ≈ 425 

°C, cal. Ro ≈ 0.50%) unless otherwise specified. It aims to minimize the influence of 

burial compaction and OM maturation. A schematic illustration of each lithofacies is 

generated to exhibit pore-related features at the nanometer- to micrometer-scale. SEM 

photomicrographs of one radiolarian-rich laminated mudstone sample and two OM-lean, 

bioturbated, silty laminated mudstone samples are presented in this section, whereas 

SEM photomicrographs of the argillaceous homogeneous mudstone and siliceous 

homogeneous mudstone samples, will be shown in Section 4.5.2.2.  
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4.5.2.1.1 Siliceous homogeneous mudstone (SHM) 

The SHM facies appears to be homogeneous under hand-specimen and thin-

section examinations. However, it shows remarkable heterogeneity at the micrometer-

scale, as seen in the schematic illustration (Fig. 4.4A). The SHM facies is composed of 

more than 40 wt.% quartz, 26-31 wt.% clay, and a minor amount of K-feldspar, 

plagioclase, pyrite, and dolomite (Table 4.3). Very few calcite grains are present. The 

SHM facies, having TOC values of 6.83 to 15.21 wt.%, contains abundant amorphous 

OM and algal cysts with scarce terrestrial OM. The intraparticle mineral pores mostly 

reside in clay, calcite, dolomite, K-feldspar, and pyrite framboidal grains, while 

interparticle mineral pores are mainly observed between clay platelets. The primary OM 

pores are well preserved in the organo-clay matrix and compaction-resistant organo-

mineral aggregates. 

 

4.5.2.1.2 Argillaceous homogeneous mudstone (AHM) 

The AHM facies is composed of no less than 40 wt.% clay, 23-31 wt.% quartz, 5-

13 wt.% K-feldspar, and a small amount of dolomite, pyrite, plagioclase, and calcite 

(Table 4.3). The AHM facies is generally the most organic-rich facies (TOC values 

ranging from 6.99 to 22.78 wt.%). Similar to the SHM facies, the AHM facies has 

abundant amorphous OM and algal cysts with few terrestrial OM. The interparticle 

mineral pores are predominantly associated with clay minerals, but they also exist at the 

edge of rigid mineral grains. The intraparticle pores are concentrated in calcite, 

dolomite, pyrite, K-feldspar, albite, clay aggregates, and fossil bodies. Similar to the 

SHM facies, the primary OM pores are well preserved in the organo-clay matrix as well 
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as organo-mineral aggregates. The schematic plot of the AHM facies is shown in 

Figure. 4.4B. 

 

4.5.2.1.3 Radiolarian-rich laminated mudstone (RLM) 

The RLM facies can be easily distinguished by its distinct radiolarian laminae 

under core and thin-section examinations. The calcite content in RLM may vary 

substantially depending on the intensity of diagenetic calcite alteration. MT-11116.5 is 

the only RLM facies sample in this study and has reached the late mature stage. The 

schematic late mature RLM facies is presented in Figure 4.4C. The SEM examination 

suggests that the sample has undergone strong diagenetic alteration by calcite, quartz, 

and pyrite (Fig. 4.5). Many siliceous radiolarian tests had been replaced and filled by 

calcite. The quartz in RLM facies is present as two forms: detrital and authigenic. The 

irregularly shaped authigenic micro-quartz is distributed throughout the matrix of the 

mudstone, partially or completely filling the intergranular space and intraparticle mineral 

pores (Fig. 4.5). The silica source for the authigenic quartz could be primarily from 

radiolarian tests. Most of OM in the late mature RLM facies is secondary OM (Fig. 4.5). 

The RLM facies contains abundant mineral matrix pores, albeit many of these pores 

have been filled with mineral cement and secondary OM (Fig. 4.5). The sponge-shaped 

OM pores are well developed in the late mature RLM facies (Fig. 4.5D). Because of 

their high quartz or calcite content, RLM facies is brittle and typically exhibit 

ptygmatically folded fractures perpendicular to the beddings.  
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Figure 4.4 Generalized schematic illustration of the pore network in each Bakken shale 
lithofacies in this study. (A) Marginally mature siliceous homogeneous mudstone (SHM). 
(B) Marginally mature argillaceous homogeneous mudstone (AHM). (C) Late mature 
radiolarian-rich laminated mudstone (RLM). (D) Late mature organic-lean, bioturbated, 
silty laminated mudstone (OSM). 
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Figure 4.5 Backscattered SEM photomicrographs of the radiolarian-rich laminated 
mudstone (RLM) lithofacies. (A) Possible calcite-replaced radiolarians (outlined by 
dashed lines) with some intraparticle pores. Note the partly pyrite-altered dolomite grain 
(marked by solid lines). (B) Pervasive quartz and calcite cement. Note the mineral 
matrix pores (yellow arrows) and OM inclusions (red arrows). (C, D) Sponge-shaped 
secondary OM pores (black arrows) and artificial shrinkage fractures (white arrows). (E) 
Authigenic micro-quartz (outlined by black dashed lines) and secondary OM filling 
intergranular pores. Note the intraparticle pores in K-feldspar and calcite (red arrows). 
(F) Close-up view showing secondary OM between crystals. Note the euhedral dolomite 
(outlined by red dashed lines) and authigenic quartz (outlined by white dashed lines). 
Care should be taken to distinguish the artificial pores (white arrows) induced by the 
ion-milling process as the distribution of these OM pores is aligned with the linear 
gashes (black arrows) on the surface. Cal=calcite; Dol=dolomite; Kfs=K-feldspar; 
Py=pyrite; Qtz=quartz. 
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4.5.2.1.4 Organic-lean, bioturbated, silty laminated mudstone (OSM) 

The OSM facies, representing the lower Bakken silt member, is well recognized 

by its lenticular stratification, weak to moderate bioturbation, and a clay-rich 

composition. The collected OSM facies samples, MT-11123 and MT-11129, have 

reached the late mature window. The schematic late mature OSM facies is shown in 

Figure 4.4D. The OSM facies contains relatively low TOC values in the range of 1 to 3 

wt.% (Table 4.2). The OSM facies is highly porous with abundant mineral matrix pores 

and OM pores. The clay-hosted pores, in size of several nanometers to a maximum of 

about five micrometers, show triangular-opening shape and random orientation (Fig. 

4.6). A number of rigid detrital silt-sized grains also establish a supporting structure to 

protect these clay-hosted pores. Some mineral matrix pores show surrounding relict OM 

(Fig. 4.6). Such pores are referred to as modified mineral pores, which are formed due 

to hydrocarbons partially filling mineral pores, and/or leaving during migration, coring, or 

sample preparation (Ko et al., 2016). The morphology of modified mineral pores is 

variable and is strongly dependent on the adjacent mineral grains. The size of modified 

mineral pores ranges from a few nanometers to several micrometers (Figs. 4.6A, B, D). 

Intraparticle mineral pores mostly reside in albite, K-feldspar, and dolomite grains (Figs. 

4.6A, B, F). These pores vary in size from tens of nanometers to no more than nine 

micrometers and may show infilling cement (e.g., clay and K-feldspar). The OM is found 

to be either non-porous or porous (Fig. 4.6). A lot of OM is interpreted to be secondary 

OM based on the pore-filling habit (Figs. 4.6A-E). The terrestrial OM, characterized by 

discrete shapes, arcuate edges, and compaction-resistant feature, does not contain any 

visible pores under the SEM (Fig. 4.6F).  
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Figure 4.6 Backscattered SEM photomicrographs of the organic-lean, bioturbated, silty 
laminated mudstone (OSM) lithofacies. (A) A few sponge-shaped OM pores and 
abundant mineral matrix pores. Note the dolomite overgrowth (Dol-2) surrounding a 
detrital dolomite core (Dol-1). (B) Intraparticle pores in albite grains (white arrows) and 
modified mineral pores (red arrows). Note the albite (outlined by dashed lines) rimmed 
by unaltered K-feldspar. (C) Clay-hosted pores (marked by red arrows) partly filled by 
apatite and pyrite. (D) Close-up image showing non-porous secondary OM and mineral 
matrix pores. (E) Porous secondary OM mingled with clay (white arrow). (F) Intraparticle 
pores within euhedral dolomite (outlined by dashed line). Note the precipitation of 
authigenic clay in the pore (yellow arrow), woody fragment (red arrow) and clay 
interparticle pores. Ab=albite; Ap=apatite; Bi=biotite; Cal=calcite; Dol=dolomite; Kfs=K-
feldspar; Py=pyrite; Qtz=quartz. 
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4.5.2.2 Pore and pore network evolution 

The pore network of the Bakken shales shows significant variations 

corresponding to various diagenetic processes, including compaction, dissolution, 

cementation, and OM maturation. In particular, the progressive OM maturation leads to 

bitumen/oil generation, expulsion, migration, and secondary cracking (gas generation 

from cracking bitumen/oil). In this section, a number of SEM photomicrographs of SHM 

and AHM facies are presented to elucidate the pore network evolution along with OM 

maturation. The pore network evolution of OSM and RLM facies will not be addressed 

here for two reasons: (1) limited sample set; (2) different mineral framework. 

 

4.5.2.2.1 Immature stage 

There are three immature samples in this study, including DA-3312.5, WB-

5554.8, and DB-8665. The shallowest DA-3312.5, which experienced significant early 

diagenesis and little OM thermal maturation, manifests substantially high porosity (Fig. 

4.7). The amorphous OM is full of pores in various morphologies of triangular, circular, 

and slit-like shapes (Fig. 4.7). A lot of OM pores are interconnected and coalesce into 

wider pores. The mineral matrix pores are dominated by nanometer- to micrometer-

sized clay-hosted pores. Other pores include grain-edge interparticle pores, K-feldspar 

and carbonate mineral dissolution pores, pyrite framboidal intraparticle pores, and pores 

within fossil bodies (Fig. 4.7). The other immature samples (WB-5554.8 and DB-8665) 

are more deeply buried, yet share the same Tmax value of 422.5 °C. In comparison with 

DA-3312.5, the pore size and pore abundance in these two samples decrease 

dramatically (Fig. 4.8). Intraparticle pores were observed in calcite, dolomite, clay, and 
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framboidal pyrite grains while interparticle pores mainly exist at the grain-edge. The OM 

pores are not uniformly distributed and only exist in certain parts of the organo-clay 

matrix and organo-mineral aggregates (Fig. 4.8). The organo-mineral aggregates, 

exhibiting a differential compaction effect, still retain the primary pores (Figs. 4.8E and 

F). In general, the porous OM is characterized by predominantly up to 300 nm sized 

pores and a few 500-1000 nm sized sub-circular/crescent-shaped pores (Figs. 4.8B-F). 

Overall, the immature Bakken shales remain substantially porous because of less 

compaction and early diagenetic dissolution process.  

 

Figure 4.7 Backscattered SEM photomicrographs of the least mature Bakken shale 
sample DA-3312.5. (A) Abundant mineral matrix pores (white arrows) and OM pores 
(red arrows). (B) A lot of OM pores. Notice the vertical stripes are ion milling artifacts. 
(C) Presence of OM pores, clay-hosted pores, grain-edge interparticle pores, 
intraparticle pores in pyrite framboids, and K-feldspar dissolution pores. (D) Close-up 
image showing reprecipitation of euhedral/subhedral K-feldspar in the dissolved K-
feldspar intraparticle pore. Ab=albite; Dol=dolomite; Kfs=K-feldspar; Py=pyrite. 
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Figure 4.8 SEM photomicrographs of the immature Bakken shale samples (Figs. 4.8A-
B, C-F are from WB-5554.8 and DB-8665, respectively). (A) Abundant mineral matrix 
pores. Note the occurrence of non-porous OM. BSE image. (B) Close-up image 
illustrating OM pores. SE image. (C) A few clay-hosted pores, dissolution pores, and 
OM pores. Note the 500-1000 nm sized sub-circular/crescent-shaped OM pores (red 
arrows). SE image. (D) Abundant OM pores and clay-hosted pores. The clay-hosted 
pores are best preserved under the sheltering protection by rigid grains (black arrows). 
BSE image. (E) Coexistence of non-porous and porous OM. Black dashed lines 
highlight the compaction-resistant porous organo-mineral aggregate (possible inertinite 
maceral). SE image. (F) Differential compacted organo-mineral aggregate displaying 
abundant OM pores. Note the adjacent non-porous OM (black arrow). SE image. 
Ab=albite; Cal=calcite; Dol=dolomite; Kfs=K-feldspar; Py=pyrite; Qtz=quartz. 
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4.5.2.2.2 Early mature stage 

Two Bakken shale samples, ML-9503 and ML-9506, have been in the early 

mature stage (early oil window equivalent). SEM photomicrographs show a remarkable 

reduction in total porosity in comparison with the immature shale samples (Fig. 4.9). 

The interparticle mineral pores are hardly observed except for the pores between clay 

platelets (Fig. 4.9A) and grain-edge pores (Fig. 4.9B). These interparticle pores 

demonstrate strong bedding-parallel orientation. The intraparticle pores were mainly 

found in K-feldspar, dolomite (Figs. 4.9B and F), iron sulfide (Fig. 4.9C), and albite 

grains (Fig. 4.9E). The pores in amorphous OM are not evident, and only sporadic OM 

pores were found surrounding the iron sulfide grains (Fig. 4.9C). The oval-shaped 

organo-mineral aggregates, in contrast to the porous ones seen in the immature 

samples, exhibit no porosity at all (Fig. 4.9D). A cluster of oval- to circular-shaped pores 

of submicron size were found in a compaction-resistant OM aggregate (Fig. 4.9E). The 

regular equant pores are different from the pores in organo-mineral aggregate that were 

found in immature shale samples. The largest pore is filled with authigenic quartz. Such 

an organo-mineral aggregate is most likely to be inertinite maceral produced by 

oxidation and weathering of woody material. The evidence of secondary OM is well 

documented by SEM photomicrographs (Fig. 4.9F). 

 

4.5.2.2.3 Peak mature stage 

The shale samples BJ-7970 and DW-10182.9 have reached the peak mature 

stage (peak oil window equivalent). The observed pore abundance is least among all 

Bakken shale samples as pores are filled by intensely generated secondary OM (Fig. 
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4.10). The predominant pore network is intraparticle pores, including pores in fossil 

tests, calcite, dolomite, and quartz grains. The fossil test pores are completely or 

partially filled by calcite and secondary OM (Figs. 4.10A and B). No pores were found in 

pyrite framboids (Figs. 4.10C-E) and only few clay interparticle pores and OM pores 

were observed (Figs. 4.10E and F). 

 

4.5.2.2.4 Late mature stage 

Three Bakken samples, including AS-9777.1, RF-11105, and TB-84447.9, have 

been in the late mature stage (post-peak oil window equivalent). The late mature shales 

contain a few mineral matrix pores and OM pores. The intraparticle pores, ranging from 

several nanometers to about 2 μm, are closely tied with dolomite, calcite, pyrite, and 

quartz grains (Figs. 4.11 and 4.12). A few clay-hosted interparticle pores and modified 

mineral pores were found (Fig. 4.11). The late mature Bakken shale is characterized by 

a lot of secondary OM (Figs. 4.11 and 4.12). The OM pores are notably evident in these 

late mature shales. These OM pores are in size of 15 to about 700 nm and show good 

connectivity. The OM pores are not uniformly distributed but only reported in smaller 

domains of OM (Figs. 4.11D-H, 4.12B). The larger domains of microfracture-filling OM, 

on the other hand, demonstrates no pore development but only artificial shrinkage 

fractures (Figs. 4.11 and 4.12). The OM-filled microfractures, reaching a maximum 

length of 200 μm and a maximum height of 7 μm in TB-8447.9, suggest the excellent 

development of hydrocarbon migration conduit at the end of the oil window.  
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Figure 4.9 SEM photomicrographs of the early mature Bakken shale samples (Figs. 
4.9A-E, F are from ML-9506 and ML-9503, respectively). (A) Partly pyrite-filled clay 
interparticle pore. Note the pervasive non-porous OM. BSE image. (B) Grain-edge 
interparticle pores surrounding mica grain (yellow arrows) and intraparticle pores in 
dolomite grain (white arrows). BSE image. (C) Intraparticle pores in possible marcasite 
grains. Note the clay-hosted pores and OM pores. BSE image. (D) Non-porous OM 
aggregates showing differential compaction (outlined by dashed lines). BSE image. (E) 
A few oval- to circular-shaped OM pores (15-1000 nm) surrounding a quartz-filled pore 
in a differential compacted OM aggregate (possible inertinite maceral). Note the 
intraparticle pore in albite grain (yellow arrow). BSE image. (F) Secondary OM filling 
pore space (white arrows). SE image. Ab=albite; Cal=calcite; Dol=dolomite; Kfs=K-
feldspar; Py=pyrite; Qtz=quartz. 
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Figure 4.10 SEM photomicrographs of the peak mature Bakken shale samples (Figs. 
4.10 A-C, D-F are from BJ-7970 and DW-10182.9 respectively). (A, B) Open pores and 
OM/calcite-filled pores in pyrite-replaced microfossil test. SE images. (C) Non-porous 
OM (mainly secondary OM). SE image. (D) Euhedral dolomite crystal (outlined by 
dashed lines) growing into secondary OM (previous void space). Quartz overgrowth is 
indicated by black arrows. Notice the intraparticle pore in quartz grain (red arrow). BSE 
image. (E, F) Sporadic occurrence of OM pores (black arrow) and clay interparticle 
pores. BSE images. Cal=calcite; Dol=dolomite; Qtz=quartz. 
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Figure 4.11 SEM photomicrographs of the late mature Bakken shale samples (Figs. 
4.11A-C, D-H are from AS-9777.1 and RF-11105 respectively). (A, B) A few mineral 
matrix pores. SE images. (C) In-situ generated bitumen/oil migrating into adjacent 
intergranular space through pore throat. BSE image. (D) Occurrence of larger-sized 
non-porous secondary OM (yellow arrow) and sponge-shaped pores in smaller domains 
of secondary OM (red arrows). Note the dissolution pores surrounding a calcite grain 
(white arrows). BSE image. (E) Intraparticle pores in dolomite and quartz grains (white 
arrows). Note the zoning in dolomite grains (outlined by yellow dashed lines). BSE 
image. (F) Close-up image showing the sponge-shaped OM pores (red arrows), 
dissolution-rim intraparticle pores, and artificial shrinkage fractures in secondary OM. 
BSE image. (G) (H) Abundant sponge-shaped pores in secondary OM. SE images. 
Ab=albite; Cal=calcite; Dol=dolomite; Kfs=K-feldspar; Qtz=quartz. 
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Figure 4.12 SEM photomicrographs of the most mature Bakken shale sample TB-
8447.9. (A) Secondary OM-filled microfossil tube and the hundreds of micrometers long 
microfractures (red arrows). Note the authigenic dolomite grains (highlighted by dashed 
lines). BSE image. (B) Secondary OM surrounding a subhedral dolomite grain 
(highlighted by dashed lines). Intraparticle mineral pores and OM pores are noted. SE 
image. (C) The inner layer of a Lingula shell showing a mixture of crystalline apatite and 
OM (black arrows). Note the intraparticle pores in dolomite and pervasive secondary 
OM. BSE image. (D) Pervasive secondary OM. Note the intraparticle pores in quartz 
and dolomite grains (white arrows). BSE image. Dol=dolomite; Kfs=K-feldspar; 
Qtz=quartz. 

 

4.5.3 Quantitative pore characterization 

In contrast to the qualitative visual examination of pores (> 13 nm in diameter) 

under the FE-SEM, the low-pressure N2 adsorption measurement quantitatively 

characterizes specific surface area, total pore volume, and pore size distribution of 

pores with diameters less than 200 nm.  
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4.5.3.1 Specific surface area and total pore volume 

The BET specific surface area and DFT total pore volume of all Bakken shale 

samples are summarized in Table 4.4. The BET specific surface areas of all samples 

range from 1.69 to 24.11 m2/g. The DFT-derived total pore volumes exhibit a wide 

range of values from 0.006 to 0.068 cm3/g. The immature clay-rich sample DA-3312.5 

has both of the largest specific surface area and total pore volume. Its high specific 

surface area and total pore volume are mainly due to its under-compaction, which is 

indicated by the petrographic SEM analyses (Fig. 4.7). The peak mature sample DW-

10182.9 shows the lowest specific surface area and total pore volume values. Overall, 

the total pore volumes and specific surface areas of all Bakken shale samples exhibit a 

decreasing trend from immature to peak mature stage and then increase thereafter 

(Table 4.4; Fig. 4.13). It is worth mentioning that there are a couple of exceptional cases 

that do not follow this trend: (1) the most mature sample TB-8447.9 has significantly low 

total pore volume and specific surface area; and (2) samples DB-8665, RF-11105, and 

MT-11116.5 manifest abruptly increasing specific surface areas but only a small 

increase in total pore volumes. The changes of specific surface area and total pore 

volume are functions of multiple geological factors (e.g., rock composition, burial 

diagenesis, and thermal maturation), which will be fully addressed in conjunction with 

SEM, XRD, and pyrolysis results in the discussion. 
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 Table 4.4 Specific surface area and total pore volume of each Bakken shale sample. 

 

 

 

Figure 4.13. Specific surface areas (A) and total pore volumes (B) of the investigated 
samples. Note the increasing thermal maturity along the X-axis. The color scale 
indicates TOC content. DA-3312.5 is from the upper Bakken shale, MT-11123 and MT-
11129 are from the lower Bakken silt, and the rest samples belong to the lower Bakken 
shale. 

Sample ID 
BET Specific Surface Area DFT Total Pore Volume 

m2/g cm3/g 
DA-3312.5 24.110 0.068 
WB-5554.8 7.682 0.026 
DB-8665 11.375 0.023 
ML-9503 3.013 0.012 
ML-9506 3.189 0.010 
BJ-7970 1.736 0.006 
DW-10182.9 1.354 0.006 
AS-9777.1 2.520 0.009 
RF-11105 7.500 0.016 
MT-11116.5 11.808 0.017 
MT-11123 11.621 0.029 
MT-11129 12.471 0.034 
TB-8447.9 1.686 0.007 
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4.5.3.2 Pore size distribution 

The pore size distributions (PSDs) of all shale samples are displayed as 

differential pore volume and surface area curves (Fig. 4.14). The PSDs exhibit a pore 

size range of ~ 0.9 to 33.24 nm, with three dominant intervals at 1-2, 3-23, and 23-33 

nm. In general, the pores with a diameter of 3-23 nm contribute to the most of the 

surface area, whereas the pore volume shows the most contribution from pores with 

diameters of ˃ 23 nm. The increasing pore size in the range of 3-33 nm is accompanied 

by an overall growing contribution to the total pore volume. This transition, however, is 

not observed in the surface area curves. The PSDs denote to the presence of wide 

micropores (1-2 nm) in a few samples (i.e., DA-3312.5, DB-8665, RF-11105, MT-

11116.5, and TB-8447.9). In general, the volumetric contribution of these wide 

micropores is small, but they provide a significant contribution to the surface area. MT-

11116.5 shows significant surface area and pore volume contribution from these wide 

micropores. The high calcite content (33 wt.%) in MT-11116.5 infers a vulnerable 

framework to the organic acid, and the development of secondary OM pores is clearly 

documented by SEM (Figs. 4.5). Therefore, it seems reasonable to conjecture that 

these abundant 1-2 nm pores in MT-11116.5 are OM pores by secondary cracking of 

bitumen/oil and intraparticle mineral pores by dissolution.  
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Figure 4.14 . Pore size distributions corresponding to differential surface area and pore 
volume of each Bakken shale sample. 

4.6 Discussions 



 

140 

 

4.6.1 Effect of rock composition on pore network  

A comparison between mineralogical composition and TOC values demonstrates 

that there exist evident correlations between TOC and clay/quartz content. The cross-

plot of clay content vs. TOC shows a positive correlation, suggesting that the clay-rich 

Bakken shale samples generally comprise more OM (Fig. 4.15A). The correlation 

between quartz and TOC content (Fig. 4.15B), however, exhibits a complex pattern: the 

quartz-rich SHM facies shows a negative relationship, while the other lithofacies (i.e., 

RLM, AHM, and OSM) present a strong positive relationship. The strong positive TOC-

quartz correlation suggests a primary-production controlled system with the influence of 

biogenically sourced quartz and OM, and the negative relationship shown by quartz-rich 

SHM facies implies the dilution of TOC by excess quartz content.  

 

 

Figure 4.15 Cross-plots showing relationships between TOC and major mineral content. 
(A) A generally positive correlation exists between TOC and clay content for the Bakken 
shales (highlighted by gray dashed lines). (B) A strong positive relationship is present 
between TOC and quartz content for RLM, AHM, and OSM facies (highlighted by gray 
dashed lines), whereas a negative relationship exists for SHM facies (highlighted by 
green dashed lines). 
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Figure 4.16A indicates that more organic-rich Bakken shales typically have lower 

specific surface area values. The dependence of specific surface area on clay content is 

more complex: clay-rich OSM and AHM facies show a positive correlation, whereas no 

evident (or very weak negative) correlation was observed for the quartz-rich SHM and 

calcite-rich RLM facies (Fig. 4.16B). Figure 4.16C shows a generally negative specific 

surface area-quartz correlation, which is probably due to the impact of the quartz 

cementation. The cross-plots of total pore volume vs. TOC, clay, and quartz content 

follow the same trends (Figs. 4.16D-F). The negative correlation between TOC and 

specific surface area/total pore volume seems counter-intuitive to the concept of high 

porosity and internal surface area in organic matter (Chalmers and Bustin, 2007; Ross 

and Bustin, 2009; Gasparik et al., 2014). This contrast, however, is owing to the 

underestimation of specific surface area/total pore volume for two reasons: (1) limited 

accessibility of the adsorbate (N2 in this case) to pore space or mineral surface by the 

blockage of abundant secondary OM; and (2) inaccessibility of N2 to narrow micropores 

which are typically rich in OM. Such phenomenon has been supported by the N2 

adsorption analyses of the thermally mature Niobrara Shale and Monterey Shale 

(Saidian et al., 2016). The OSM facies (i.e., lower Bakken silt member), showing a less 

impact by OM blockage and coating effect, maintains high surface area and pore 

volume. It would be of great interest to perform N2 adsorption measurement on the 

solvent extracted samples of this study and compare the results. No significant 

correlation between specific surface area/total pore volume and other mineral content is 

observed in this study.



 

142 

 

 

Figure 4.16 Cross-plots showing relationships between N2 adsorption-derived results (specific surface area and total pore 
volume) and major rock composition (OM, clay, and quartz contents). (A)(D) A negative correlation exists between 
specific surface area/total pore volume and TOC. (B)(E) A positive correlation exists between specific surface area/total 
pore volume and clay content for OSM and AHM facies, whereas no evident (or very weak negative) correlation was 
observed for SHM and RLM facies. Note the most clay-rich sample DB-8665 does not have the maximum specific surface 
area and total pore volume values. (C)(F) A generally negative trend between specific surface area/total pore volume and 
quartz content. 
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4.6.2 Effect of mineral diagenesis on pore network  

This integrated study characterizes the key impacts of diagenetic processes, 

particularly compaction, dissolution, and cementation, on the pore network in the 

Bakken shales. Most Bakken shale pores were lost through the compaction of ductile 

OM and clay minerals during the early stage of burial history. In this study, the SEM and 

N2 adsorption analyses reveal a striking porosity reduction from burial depth of 3312.5 

to 5554.8 ft (1009.7 to 1693.1 m). As depth increases, the contrasting burial conditions 

between immature samples WB-5554.8 and DB-8665 does not yield a notable 

difference in pore abundance and total pore volume based on SEM observation (Fig. 

4.8) and N2 adsorption analysis (Table 4.4; Fig. 4.13B). This result implies that the 

compaction effect has been largely attenuated below the depth of ~ 5500 ft (1676.4 m). 

In fact, the progressive pore pressure build-up by hydrocarbon generation along the 

thermal maturation is one key factor resisting further compaction. It is worth noting that 

the high specific surface area of DB-8665 shown in Figure 4.13A is due to the 

occurrence of wide micropores (Fig. 4.14), which are most likely to be associated with 

its highest clay content (55 wt.%). 

The dissolution pores are primarily encountered in calcite, dolomite, and feldspar 

grains. Partial dissolution produced corroded seams by removing grain margins 

(typically calcite and dolomite) and irregular pores in the grain interior (typically 

dolomite, and feldspar). Of particular note is the possibility that a small population of 

dissolution pores may actually be inclusion pores, such as the intraparticle pores in 

dolomite and quartz grains. The dissolution process began at the early stage of 

diagenesis and continued through to the late stage. The dissolution pores are 

interpreted to be related with organic acids (phenolic and carboxylic acids) in the course 
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of kerogen thermal degradation (Crossey et al., 1986; Lundegard and Kharaka, 1990; 

Surdam et al., 1991; Schieber, 2013). Given that the organic-rich Bakken shales show a 

lack of carbonate minerals, the strong pH excursion is not well buffered and leads to the 

prevalent acid dissolution pores. The abundant dissolution pores in the randomly 

scattered mineral grains may translate into higher porosity but little permeability 

improvement in the low-porosity and low-permeability clay matrix.  

The authigenic mineral precipitation has significantly affected the pore networks 

in the Bakken shales. Quartz cement has been found in most Bakken shale samples. 

The authigenic micro-quartz, characterized by irregular edges and amorphous form, 

were precipitated in the pore space (Figs. 4.5 and 4.11D). In addition, quartz overgrowth 

has been recognized in a few samples (Fig. 4.10D). The sponge spicules and 

radiolarian tests are most likely to be the origin of these quartz cements (Fishman et al., 

2015; Xu et al., 2016). The quartz cementation essentially reduces the porosity and 

permeability, but it helps produce a strong interlocking matrix framework and thereby 

improves the shale brittleness from a stimulation perspective (Jarvie et al., 2007). The 

early calcite cementation is evidenced by uncompacted or partially compacted calcite-

filled fossil bodies (Figs. 4.5 and 4.10A). In general, calcite cementation is not a 

predominant diagenetic process in the Bakken shales (except for the RLM facies). The 

radiolarian-rich laminated mudstone (RLM) facies, represented by sample MT-11116.5, 

is characterized by pervasive calcite/quartz cementation, dissolution, and hydrocarbon 

saturation (Fig. 4.5). At the early stage, many siliceous radiolarians were replaced by 

calcite, and quartz/calcite cement gradually developed in the pore space. Meanwhile, 

the dissolution process also took place, particularly in carbonate mineral grains. The 
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hydrocarbon generation/migration occurred subsequently as large amounts of 

hydrocarbons invaded the void space and inhibited further cementation. The massive 

cementation and hydrocarbon saturation reduced the intergranular pore space but did 

not preclude the development of OM pores (nanometer scale) and intraparticle mineral 

pores (up to micrometer scale). The precipitation of apatite (Fig. 4.6C), pyrite (Figs. 

4.6C and 4.9A), clay (Fig. 4.6F) and K-feldspar (Figs. 4.7C-D) also took place and 

partially infilled pores in the Bakken shales.  

Dolomite crystallization is a subordinate diagenetic process in the Bakken shales 

as dolomite only accounts for up to 11 wt.%. Dolomite grains occur predominantly as 

euhedral/subhedral crystals floating in the organo-clay matrix (Figs. 4.5F, 4.6F, 4.7A, 

4.8A, 4.9F, 4.10D, 4.11E, 4.12). The BSE images reveal zoning within dolomite crystals 

(e.g., Fig. 4.11E). These contrast zones reflect the compositional changes of the 

dolomitizing solutions and/or growth mechanisms (Katz, 1971). The scattered dolomite 

rhombic texture indicates an early-to-middle-stage diagenetic process occurring prior to 

the well compaction of sediments and hydrocarbon charging. The dissolution of some 

unstable constituents, like biogenic fossils, may have produced additional space for 

dolomite crystallization. However, occasionally the dolomite overgrowth encompassing 

the detrital dolomite grains contribute their rhombic appearance (Fig. 4.6A). The 

authigenic dolomite in the Bakken shales is interpreted to be precipitated during burial 

utilizing Mg mainly released from clay transformation, particularly the smectite-to-illite 

transition (McHargue and Price, 1982). As previously mentioned, the dolomite grains in 

the Bakken shales typically contain intraparticle pores, which were produced by 

dissolution of calcite relicts or dolomite and loss of fluid inclusions. Further 
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cathodoluminescence and isotope analyses are suggested to determine the nature of 

the dolomitization process in the Bakken shales.  

 

4.6.3 Effect of OM maturation on pore network  

Bakken shales are remarkably OM-rich; therefore, thermal maturation has a 

great impact on the OM and associated rock framework properties. The amorphous 

OM, mostly disseminated within clay matrix, is the predominant OM type in the Bakken 

shales. The other mostly recognized OM types are algal cysts and woody OM debris. 

Algal cysts do not develop any pores (or not sufficiently large to image by SEM) 

regardless of thermal maturities in this study. Cellular pores (15-5000 nm) in possible 

inertinite were observed to be either open or filled with authigenic mineral and 

secondary OM (Figs. 4.8E and 4.9E). It is worth noting that immature amorphous OM 

shows significant porosity and excellent pore connectivity under a shallow burial depth 

(Figs. 4.7 and 4.8). With an increase in burial depth and thermal maturity, the 

amorphous OM shows a severe loss of porosity due to compaction and possible 

secondary OM fill. The late immature Bakken shales exhibit the occurrence of porous 

and non-porous OM, suggesting the significant heterogeneity of the OM pore network at 

this stage (Fig. 4.8). The organo-mineral aggregates contain abundant up to 300 nm 

sized OM pores (Fig. 4.8F). Although the authors acknowledge that compaction is one 

of the critical controls on the pore network, thermal maturation is suggested to play a 

predominant role in the pore network from the early mature stage.  

The hydrocarbon generation and overpressure development not only arrest 

further compaction by greatly reducing the effective stress, but also help inhibit the 
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mineral precipitation by occupying pore space in the Bakken shales. It is worth noting 

that the secondary OM in the early mature Bakken shales appears to be insufficient to 

form a continuous bed-scale network (Fig. 4.9). Starting at peak mature stage, the 

elevated pore pressure drove the horizontal expulsion fractures propagation as bed-

scale (in length of tens to hundreds of micrometers) hydrocarbon-migration pathways 

(Figs. 4.10-4.12). This paper demonstrates that OM pores and mineral matrix pores are 

poorly evident at the early to peak mature stage due to the occupancy and blockage by 

bitumen and oil (Figs. 4.9-4.10, 4.13). Previous works have already indicated a 

significant recovery of pore volume in mature shales after the solvent extractions (e.g., 

Valenza et al., 2013; Wei et al., 2014; Zargari et al., 2015). And there is a general 

consensus that mature shales, especially gas-window-maturity shales, develop OM-

hosted pores by secondary cracking of oil/bitumen to gas (e.g., Loucks et al., 2009; 

Bernard et al., 2012; Curtis et al., 2012b; Mastalerz et al., 2013; Milliken et al., 2013; 

Schieber, 2013; Loucks and Reed, 2014; Löhr et al., 2015; Canter et al., 2016; Ko et al., 

2016; Ardakani et al., 2018). The sponge-shaped OM pores in the Bakken shales 

emerged at the post-peak oil window (Figs. 4.5D, 4.6E, 4.11D-H, 4.12B). In addition, the 

wide micropores in the late mature Bakken shale samples (i.e., RF-11105, MT-11116.5, 

and TB-8447.9), detected by adsorption experiment, are most likely to be related with 

OM, given the fact of abundant OM pores found under the SEM (Figs. 4.5, 4.11D-H, 

4.12B). All these OM-hosted pores, showing moderate connectivity, could provide 

significant surface areas and pore volumes. We suggest that these OM-hosted pores 

are a mixture of thermal cracking pores and primary pores which were previously filled 

by bitumen/oil and reemerged after the expulsion. The thermal cracking pores are 
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suggested to be predominant for two reasons: (1) a lot of pore-hosting OM shows 

evidence of migration, filling previously open or interstitial-water filled pores; (2) the 

sponge-shaped OM pores show contrasts in morphology compared to the OM pores in 

thermally immature shales. The SEM imaging of the solvent-extracted samples may 

provide some clues about the nature of pore-hosting OM. However, it is necessary to 

bear in mind that some secondary OM phase is hardly solvent-extractable (Behar and 

Vandenbroucke, 1988; Milliken et al., 2012) and extractability of different organic 

solvents is variable (Behar and Vandenbroucke, 1988; Wei et al., 2014; Zargari et al., 

2015). It is worth mentioning that spongy pores appear to be localized in OM retained in 

narrow spaces, and no pore was found in larger domains of secondary OM (i.e., 

microfracture-filling OM). This is probably due to the preferential migration pathways for 

constant secondary OM flow through microfractures, thereby inhibiting pore 

development and preservation. An alternative explanation would be that the small 

particles of secondary OM may be generated earlier and experienced advanced thermal 

cracking, thereby being more porous. The schematic evolution of pore network in the 

Bakken shales is summarized in Figure 4.17. Our study implies that a well-developed 

organic pore network should be anticipated in the gas-mature Bakken shales (e.g., Tmax 

> 460 °C, equivalent cal. Ro > 1.1%), albeit few Bakken shales were reported beyond 

the oil-mature window (Jin, 2014). Our most mature sample TB-8447.9 shows an 

arguable absence of pore network (Table 4.4; Figs. 4.12-4.14). The lack of secondary 

cracking pores may be explained by a well-connected secondary OM network, wherein 

OM pores were least likely to be developed and remain open against the bitumen/oil 

flows. More mature samples are in need to draw more convincing conclusions. 
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Figure 4.17 Generalized schematic illustration of pore network evolution with increasing 
thermal maturation in the Bakken shales (mainly representing AHM and SHM facies). 
No compaction effect is taken into account. 
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4.6.4 Implications for reservoir potential of the Bakken shales 

The mature Bakken shales are reported to be overpressured and develop 

expulsion fractures due to massive hydrocarbon generation (Meissner, 1978; Carlisle et 

al., 1992; Pitman et al., 2001). There have been only several studies about the reservoir 

development in the Bakken shales. Druyff (1991) argued that OM network and micro 

porosity could benefit the reservoir quality in the Bakken shales. Also, the horizontal 

drilling production of the upper Bakken shale member indicated that better production 

correlated with higher clay and organic content and advanced maturity (Carlisle et al., 

1992). Price and LeFever (1992) suggested a giant self-sourced Bakken shale 

reservoir, despite the fact that its development requires advanced and appropriate 

drilling, completion, stimulation, and maintenance techniques. However, no direct 

observations and quantitative measurements of nanometer- to micrometer-sized pores 

were undertaken in those studies. 

In this study, we demonstrate that more clay-rich Bakken shales would have 

higher TOC (Fig. 4.15A), while an increasing quartz content in silica-rich facies (quartz > 

40 wt.%) would lead to lower TOC (Fig. 4.15B). More expulsion fractures and secondary 

cracking pores are documented in the late mature Bakken shales (Figs. 4.5, 4.11, 4.12, 

4.17). This study, therefore, reaches a good agreement with the viewpoints proposed by 

Druyff (1991) and Carlisle et al. (1992) and predicts that late mature argillaceous 

homogenous mudstone (AHM) facies and radiolarian-rich laminated mudstone (RLM) 

facies should have the best reservoir potentials due to the pervasive microfractures and 

OM-hosted secondary cracking pores. In particular, the late mature RLM facies may be 

the best candidate for lateral placement and hydraulic fracturing stimulation for three 

reasons: (1) remarkably rich hydrocarbon saturation, (2) significant void space and 
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surface area for hydrocarbon storage and adsorption, and (3) a brittle zone with small 

amount of clay (Fig. 4.18), thereby being beneficial for (nature/hydraulic) fracture 

network development. However, the spatial distribution and lateral continuity of RLM 

facies in the Bakken shales is still not well understood. The siliceous homogenous 

mudstone facies is characterized by a lower average TOC content and possible poorer 

reservoir quality due to quartz cement. Although the organic-lean, bioturbated, silty 

laminated mudstone facies (lower Bakken silt member) shows a well-connected pore 

network with great potential for storing and adsorbing hydrocarbons, its low organic 

content and clay-rich property should be more critical factors to be taken into 

consideration. It is important to emphasize that our study does not consider the 

influence of large regional-scale natural fractures, which can substantially enhance the 

well performance.  

The thermal maturity is one of the most critical success factors for Bakken shale 

development. Not only do the hydrocarbon generation and fractures development need 

advanced maturity, but also the fluid property is dependent on maturity. Previous 

studies involving solvent extraction of the Bakken shales indicated that the oil retained 

in the Bakken shales is mostly heavy oil with predominant asphaltene and resin 

fractions (Price et al., 1984; Webster, 1984). Notwithstanding the fact that there is a 

general growing percentage of saturated and aromatic compounds with increasing 

thermal maturity at the expense of a declining portion of asphaltenes and resins (Price 

et al., 1984; Webster, 1984), it is still challenging to produce oil and gas from the oil-wet 

Bakken shales without even considering the drilling and completion concerns.  
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Figure 4.18 Core photographs of the radiolarian-rich laminated mudstone (RLM) facies. 
(A) Abundant ptygmatically folded fractures developed in the laminated zones. Notice 
the fractures are high-angle to beddings and abruptly terminate outside of the laminated 
intervals. The planar lamination is accentuated by white radiolarian tests. (B) (C) Plan-
view of the extent and spacing of the fractures along the highlighted naturally broken 
surfaces in Figure 4.18A. 

 

4.7 Conclusions 

The FE-SEM petrography and N2 adsorption analyses characterize a complex 

pore network in the Bakken shales (upper/lower Bakken shale and lower Bakken silt 

members) on the nanometer- to micrometer-scale, and reveal the pore heterogeneity, 

evolution, associated geological controls, and potential stimulation units for hydrocarbon 

extraction in the Bakken shales. Both methods reach a very good agreement on the 

pore properties and accentuate the significant impacts of the rock composition and 

diagenetic process on pore network.   
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The pore network in the Bakken shales is closely associated with OM, clay, and 

quartz minerals. The variability in the OM types could substantially influence the 

porosity. Amorphous OM demonstrates variable pore morphologies and abundance; 

whereas, the structured OM (i.e., algal cyst and terrestrial phytodetritus) shows no 

porosity change regardless of thermal maturity. An increasing amount of clay would 

typically improve the specific surface area and total pore volume of the clay-rich 

lithofacies. Such relationship, however, is not evident in the quartz/calcite-rich 

lithofacies. Conversely, the quartz content displays a negative correlation with the 

specific surface area and total pore volume for most samples, suggesting a porosity 

reduction by pore-space-filling quartz cement.  

Multiple diagenetic processes have significantly influenced the Bakken shale 

fabrics as well as pore networks. The Bakken shales lost most of the mineral matrix 

pores and primary OM pores through the early burial compaction. However, this 

situation was quickly altered with the overpressure development by hydrocarbon 

generation. The mineral dissolution and precipitation were prevalent during the early 

and middle stages of the diagenetic history. Many intraparticle pores in calcite, dolomite, 

and feldspar grains are attributed to the dissolution process. The silica diagenesis also 

plays a critical role in creating and reducing pore space by silica dissolution and re-

precipitation. Along with further burial, the OM maturation process started to exert a 

primary control on the pore network. SEM petrography and N2 adsorption analyses both 

document an identical pore network evolution in the course of OM maturation: a 

decreasing size and abundance of pores from immature to peak mature stages, 

followed by an increasing number of pores formed during the late mature stage. The 
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Bakken shales in the peak oil window show the least total pore volume and specific 

surface area as a consequence of pervasive secondary OM occupying pore space. The 

development of sponge-shaped secondary cracking pores commenced at the late 

mature stage (post-peak oil window), although a small portion may be primary OM 

pores which were previously plugged by bitumen/oil. These spongy OM pores can 

provide substantial adsorption sites and storage capacity for hydrocarbons. The late 

mature Bakken shales contain nanometer-scale pores in some, but not all, organic 

materials. This study suggests that possibly the best reservoir targets in the Bakken 

shales are the late mature radiolarian-rich laminated mudstone facies and argillaceous 

homogeneous mudstone facies. Although the Bakken shale is not currently the drilling 

target, its past production history and production experience in other unconventional 

plays have shown that production could be promising. 

The heterogeneity and complexity of the pore characteristics in the Bakken shale 

revealed in this study would provide valuable information for the further petrophysical 

study, particularly to translate the nanometer- and micrometer-scale assessment into 

the bulk rock property. The MICP and CO2 adsorption analyses are highly 

recommended to fully investigate the macropores and micropores in the Bakken shales. 

Additionally, the pore blockage and grain coating by large amounts of secondary OM 

question the validity of the pore structure measurement in this study. Thus FE-SEM and 

N2 adsorption analyses of the solvent-extracted Bakken shales are encouraged to fully 

verify the observations and conclusions we have made.  
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CHAPTER 5  

CONCLUSIONS 

1) The Upper Devonian Pronghorn Member is redefined herein to record a succession 

of pervasively bioturbated mixed clastic and carbonate succession, which is 

stratigraphically bounded by underlying Three Forks Formation and overlying Lower 

Silt Member in the subsurface of Williston Basin, U.S.A. The Pronghorn Member 

was accumulated on a shallow marine, storm-dominated, carbonate-bearing clastic 

ramp, showing the major accumulation in the southern part of the study area. 

Intermittent storm activities are indicated by the frequent occurrence of lag deposits 

and sand/mud (storm-weather/fair-weather) couplets.  

2) Three facies have been recognized in Pronghorn Member in ascending order: 

pervasively bioturbated sandstone, interbedded sandstone, and silty mudstone, and 

limestone. The sequence-stratigraphic analysis indicates that the Pronghorn 

Member consists of one 3rd-order sequence that is characterized by a 

retrogradational stacking pattern: vertical and lateral facies transitions from 

pervasively bioturbated sandstone (subtidal shoreface), to interbedded sandstone 

and silty mudstone (offshore transition), to limestone (open-marine setting). The 

Pronghorn Member is characterized by a clastic-dominated transgressive infill and a 

later carbonate-dominate highstand fill. A predominantly southerly sediment influx is 

suggested for the clastic deposits of the Pronghorn Member, while the sediment 

sources of the overlying Lower Silt and Shale members are interpreted to be from 

southwest and north/northeast, respectively. Eustatic sea-level acts as the major 
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control over the depositions of the Pronghorn, Lower Silt, and Lower Shale 

members. In addition, the tectonic process also plays an essential role in clastic 

supply, episodic subsidence, and salt dissolution-associated faulting events. 

3) Four chemostratigraphic units were identified in the succession of the Lower Silt 

and Shale members based on distinct geochemical signatures. The Lower Silt 

Member, characterized by ripple-laminations and bioturbation, suggests a 

progressively deepening and more oxygen-restricted environment. Among the three 

chemostratigraphic units in the Lower Shale Member, The lowermost unit is 

characterized by a progressively oxygen-deficient and eventual euxinic bottom 

water condition. The overlying middle unit exhibits the most oxygen-depleted 

(anoxic to euxinic) bottom-water condition with the greatest concentrations of redox- 

and organic-sensitive elements and organic materials. The uppermost unit, typically 

thin and organic-poor, represents a transitional suboxic condition approaching the 

overlying Middle Bakken Member.  

4) Frequent deep-water renewal of nutrients in a weakly-to-moderately restricted silled 

basin is suggested to sustain high surface-water paleo-productivity. The sequence 

stratigraphic analysis indicates that the Lower Shale and Silt members were 

deposited during the transgressive to the early regressive phase of the latest 

Devonian 3rd-order glacio-eustatic cycle. The 4th-order cycles are well recorded by 

the variations of the chemical proxies for bottom-water redox condition and 

sediment flux, as well as TOC profiles. An elevated surface productivity in the 

transgressive system tract, inferred by a negative δ15Norg excursion and an 

increasing biogenic silica content, is interpreted to be a result of strong deep-water 
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nutrient renewal and enhanced nutrient recycling during the transgression. The 

organic enrichment in the Lower Shale and Silt members is favored by high primary 

productivity, oxygen-deficient bottom-water condition, and reduced sediment 

dilution. The high-level primary productivity is essential for the organic-rich Lower 

Shale Member, but it does not serve as a dominating control on the organic 

concentrations. The redox condition and sediment dilution, corresponding to relative 

sea-level fluctuations, exert primary controls on the variations of organic matter 

concentration, particularly in proximal and relatively shallow areas. The influx of 

biogenic silica, in contrast to the clay, exhibits a significant dilution effect on the 

accumulation of organic material in the Lower Shale Member.  

5) The scanning electron microscope imaging and nitrogen adsorption analyses of a 

suite of Bakken shale samples exhibit a complex nanometer- to micrometer-pore-

network. Both methods reach a good agreement on the pore properties and 

accentuate the significant impacts of the rock composition and diagenetic process 

on pore network. The SEM imaging results indicate that Bakken shales have 

developed mineral matrix pores and organic-matter pores, with pore sizes varying 

from 13 nm to no more than 8 μm. The adsorption-derived pore size distributions 

indicate the presence of predominant mesopores (2-50 nm) and subordinate 1-2 nm 

sized micropores. The pore network in the Bakken shales is controlled by two major 

factors: rock composition and diagenetic process. An increasing amount of clay 

would typically improve surface area and pore volume of the clay-rich lithofacies. 

Such relationship, however, is not evident in the quartz/calcite-rich lithofacies. 

Conversely, quartz primarily shows a negative correlation with the pore-network 
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parameters, suggesting the dominating function of pore-filling quartz cementation. 

The variability in the organic types could substantially influence the porosity: 

amorphous organic matter demonstrates variable pore morphologies and 

abundance while the structured organic matter (i.e., algal cyst and terrestrial 

phytodetritus) shows no porosity change regardless of thermal maturity. The 

mineral dissolution and precipitation were prevalent during the early and middle 

stages of the diagenetic history. Along with further burial, the thermal maturation 

exerts a primary control on the pore network: the pore space was gradually filled 

with an increasing amount of bitumen/oil during early- to peak-mature stage; this 

situation, however, changed at the late-mature stage due to the emergence of 

sponge-shaped organic pores by cracking of oil/bitumen to gas.  
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APPENDIX A 

ICP-MS RESULTS OF SHALE SAMPLES 

Table A.1 Major element compositions in the Deadwood Canyon Ranch 43-28H core.  

Sample Unit Depth 
(ft) 

Al  
(%) 

Si 
(%) 

K 

(%) 
Ca 

(%) 

Ti 
(%) 

Fe 

(%) 
P 

(%) 

Mg 
(%) 

Mn  
(ppm) 

DCR1 LBS 10146 5.16 21.2 3.1 6.1 0.37 3.81 0.04 2.17 360 
DCR2 LBS 10146.2 6.26 21.8 3.7 4.3 0.40 2.25 0.04 1.99 260 
DCR3 LBS 10147 6.06 18.6 3.7 1.1 0.32 4.62 0.12 1.20 130 
DCR4 LBS 10148 5.65 20.1 3.6 1.1 0.29 4.33 0.05 1.23 150 
DCR5 LBS 10149 5.28 21.5 3.4 1.2 0.26 3.91 0.05 1.24 150 
DCR6 LBS 10150 4.87 22.5 3.0 1.1 0.23 3.49 0.05 1.13 130 
DCR7 LBS 10151 4.77 22.0 3.0 1.1 0.24 3.43 0.07 1.11 120 
DCR8 LBS 10152 4.83 22.0 2.9 1.2 0.24 3.01 0.06 1.20 130 
DCR9 LBS 10152.9 4.28 25.1 2.7 1.6 0.23 3.15 0.05 1.25 140 

DCR10 LBS 10154 4.13 23.0 2.6 1.6 0.22 3.12 0.05 1.19 150 
DCR11 LBS 10155 3.48 24.4 2.2 1.7 0.19 2.87 0.03 1.18 150 
DCR12 LBS 10156 4.24 23.4 2.7 1.7 0.22 3.00 0.05 1.23 150 
DCR13 LBS 10157 4.17 24.1 2.6 1.5 0.22 2.89 0.04 1.11 130 
DCR14 LBS 10158 3.89 23.0 2.4 1.2 0.20 2.49 0.06 0.88 110 
DCR15 LBS 10159 3.74 27.1 2.3 1.5 0.20 2.57 0.05 1.02 130 
DCR16 LBS 10160 4.09 24.0 2.5 1.0 0.21 2.25 0.04 0.89 110 
DCR17 LBS 10161 4.36 25.0 2.7 1.2 0.23 2.44 0.05 0.88 110 
DCR18 LBS 10162 4.13 26.6 2.6 1.1 0.22 2.39 0.07 0.88 110 
DCR19 LBS 10163 3.97 26.9 2.5 1.3 0.22 2.25 0.05 0.96 120 
DCR20 LBS 10164 3.58 28.0 2.3 1.3 0.18 2.27 0.03 0.91 120 
DCR21 LBS 10165.2 3.75 25.4 2.4 1.1 0.19 2.21 0.04 0.87 110 
DCR22 LBS 10166 5.02 24.9 3.1 1.1 0.25 2.39 0.04 1.05 130 
DCR23 LBS 10167 4.39 23.0 2.8 1.7 0.22 3.26 0.05 1.33 170 
DCR24 LBS 10168 4.30 23.9 2.7 1.5 0.21 3.06 0.05 1.15 140 
DCR25 LBS 10169 4.59 23.5 2.8 1.1 0.24 3.44 0.09 0.95 120 
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Table A.1 Continued 
DCR26 LBS 10170 4.26 22.6 2.6 1.1 0.21 3.09 0.07 0.92 120 
DCR27 LBS 10170.9 4.44 27.6 2.7 0.7 0.22 2.96 0.06 0.76 100 
DCR28 LBS 10172 4.29 26.6 2.6 0.6 0.21 2.75 0.04 0.67 90 
DCR29 LBS 10173 4.40 27.0 2.7 0.8 0.22 2.71 0.04 0.74 100 
DCR30 LBS 10174 4.31 24.3 2.8 0.6 0.20 3.74 0.04 0.64 100 
DCR31 LBS 10175 4.22 25.1 2.7 1.0 0.21 3.71 0.04 0.88 120 
DCR32 LBS 10176 4.72 22.1 3.0 0.8 0.23 3.03 0.04 0.87 110 
DCR33 LBS 10177 4.58 25.3 3.0 0.7 0.21 2.72 0.06 0.70 100 
DCR34 LBS 10178 4.52 21.7 2.9 0.8 0.21 3.27 0.08 0.75 100 
DCR35 LBS 10179 4.09 25.9 2.7 1.3 0.20 3.18 0.12 0.66 110 
DCR36 LBS 10180 3.93 25.4 2.6 1.2 0.20 3.86 0.05 0.64 100 
DCR37 LBS 10181 3.72 22.9 2.5 1.0 0.19 7.54 0.04 0.74 110 
DCR38 LBS 10182 3.99 19.7 2.7 1.5 0.20 5.45 0.04 0.98 130 
DCR39 LBS 10182.9 4.34 20.7 2.9 1.8 0.23 4.06 0.06 0.99 140 
DCR40 LBS 10184.2 5.57 20.9 3.5 2.4 0.29 3.65 0.09 1.83 220 
DCR41 LBS* 10185.2 4.85 25.8 3.1 1.7 0.24 3.07 0.09 1.23 170 
DCR42 LBS* 10186 6.04 23.6 3.9 0.9 0.28 3.28 0.08 1.00 130 
DCR43 LBS* 10187 6.01 21.8 3.9 0.9 0.29 3.68 0.08 1.00 140 
DCR44 LBS* 10188 6.65 21.3 4.4 1.2 0.32 4.38 0.09 1.33 170 
DCR45 LBS* 10189.1 7.69 23.4 4.9 1.0 0.39 4.07 0.05 1.37 180 
DCR46 LBS* 10190 8.00 24.7 5.1 0.8 0.38 3.54 0.05 1.27 170 
DCR47 LBS* 10191 8.41 24.9 5.3 0.8 0.39 3.36 0.05 1.28 190 
DCR48 LBS* 10192.3 8.65 23.3 5.3 1.0 0.41 3.45 0.05 1.42 210 

         Note: LBS = lower Bakken shale, LBS* = lower Bakken silt. 
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Table A.2 Selected trace element concentrations in the Deadwood Canyon Ranch 43-28H core. 

Sample 
Mo  

(ppm) 

U 

(ppm) 

V  
(ppm) 

Ni 
(ppm) 

Zn 
(ppm) 

Th 

(ppm) 

Rb 

(ppm) 

Cu 

(ppm) 
Cr 

(ppm) 

Ba 
(ppm) 

Zr 
(ppm) 

Co  
(ppm) 

DCR1 8 5.01 103 90 30 8.6 107.0 90 70 260 133.0 17.1 
DCR2 9 6.79 127 95 35 10.1 130.0 110 90 330 122.0 8.6 
DCR3 393 79.20 1430 695 48 10.2 145.0 130 110 280 91.9 27.2 
DCR4 368 65.20 1420 614 202 8.1 135.0 120 110 260 88.7 20.9 
DCR5 409 64.10 1340 616 302 7.8 128.0 120 100 230 86.2 19.6 
DCR6 500 63.50 1260 659 425 6.9 115.0 120 120 210 73.2 19.0 
DCR7 508 67.90 1280 637 442 7.5 114.0 130 100 210 72.7 20.1 
DCR8 444 61.40 1320 567 422 7.3 118.0 120 100 210 70.7 17.6 
DCR9 373 80.70 959 477 51 6.6 102.0 100 90 200 74.0 14.3 

DCR10 353 194.00 1040 481 220 6.6 98.0 140 90 190 65.9 14.4 
DCR11 314 144.00 759 424 103 5.5 78.3 120 70 210 54.0 10.7 
DCR12 482 72.90 1090 555 141 6.3 97.8 110 90 190 71.0 14.2 
DCR13 437 72.90 1040 501 127 6.0 98.7 120 90 190 60.7 14.3 
DCR14 454 68.40 1020 486 127 6.0 92.9 120 80 180 55.0 14.4 
DCR15 378 59.20 906 445 94 5.7 90.3 120 80 180 56.6 13.4 
DCR16 348 61.20 851 417 153 6.0 98.1 110 80 260 55.1 13.3 
DCR17 379 61.20 996 413 88 6.2 105.0 80 80 220 59.7 13.2 
DCR18 370 66.10 912 464 195 6.0 98.2 120 80 200 62.3 13.8 
DCR19 316 53.50 781 408 582 6.0 93.4 130 80 220 66.8 13.7 
DCR20 294 42.80 574 368 188 5.1 79.7 180 70 180 55.3 12.2 
DCR21 247 41.30 557 338 157 5.3 85.7 170 80 180 55.6 12.7 
DCR22 249 46.60 534 334 39 6.8 121.0 140 90 260 68.1 13.9 
DCR23 250 51.20 384 338 111 6.1 101.0 100 70 190 62.6 15.6 
DCR24 250 51.90 364 347 97 5.9 101.0 100 70 190 56.5 16.2 
DCR25 297 74.40 431 403 280 6.2 110.0 100 80 230 64.1 19.5 
DCR26 254 63.40 423 367 192 5.9 101.0 110 70 210 57.5 16.8 
DCR27 277 60.30 480 375 170 6.0 105.0 100 80 210 62.0 17.7 
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Table A.2 Continued 
DCR28 269 53.60 417 328 141 5.5 100.0 90 70 200 48.8 15.8 
DCR29 293 61.20 430 345 1170 5.8 103.0 100 70 220 59.6 16.2 
DCR30 300 62.60 438 353 746 5.7 99.1 100 70 250 50.9 16.3 
DCR31 281 60.20 376 329 484 5.7 101.0 140 70 230 56.0 15.3 
DCR32 306 62.50 341 324 150 6.2 109.0 120 80 220 60.7 16.8 
DCR33 266 70.70 349 322 653 6.4 103.0 100 70 200 56.1 15.1 
DCR34 289 74.60 347 366 624 6.2 104.0 110 70 200 53.6 17.2 
DCR35 267 70.70 274 329 533 6.1 91.1 110 60 210 54.0 18.0 
DCR36 257 48.20 255 294 125 5.4 86.7 110 60 190 51.5 17.2 
DCR37 260 48.50 174 191 67 5.1 80.1 130 50 210 48.2 17.3 
DCR38 298 61.00 172 192 47 5.5 89.1 130 60 190 59.6 20.1 
DCR39 308 63.40 183 216 57 6.3 97.6 150 60 200 69.2 22.5 
DCR40 242 69.50 230 265 111 7.8 128.0 120 80 270 105.0 19.7 
DCR41 224 58.00 222 252 136 6.7 108.0 120 70 230 78.2 15.6 
DCR42 201 53.20 280 271 155 7.6 131.0 120 90 270 80.1 16.2 
DCR43 208 52.60 284 280 137 7.5 132.0 150 90 270 75.5 17.4 
DCR44 120 41.90 268 275 80 8.5 144.0 150 90 290 91.7 17.4 
DCR45 62 25.70 238 168 42 9.7 167.0 100 110 350 110.0 16.8 
DCR46 46 19.20 182 134 49 10.1 177.0 100 100 370 112.0 16.6 
DCR47 24 11.40 145 107 185 10.6 193.0 80 110 390 105.0 17.2 
DCR48 12 7.29 135 110 157 10.8 197.0 80 120 440 112.0 18.8 
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APPENDIX B 

XRF RESULTS OF SHALE SAMPLES 

Table B.1 Major XRF element compositions in the Baja 15-22-163-99H core. 

Sample Unit Depth 
(ft) 

Al  
(ppm) 

Si 
(ppm) 

K 

(ppm) 
Ca 

(ppm) 

Ti 
(ppm) 

Fe 

(ppm) 
P 

(ppm) 

Mg 
(ppm) 

Mn  
(ppm) 

BJ1 LBS 7959.5 69821.8 271949.8 41262.4 32072.4 2970.4 34930.9 < LOD 12102.8 145.0 
BJ2 LBS 7960 42328.2 220151.8 39280.8 3636.6 1992.5 27854.7 491.0 < LOD 112.4 
BJ3 LBS 7960.5 59000.1 349338.7 33452.1 13382.9 3353.6 23977.1 < LOD < LOD 195.8 
BJ4 LBS 7961 69136.4 286931.9 38946.6 9487.0 3770.9 30177.2 444.8 8794.7 77.3 
BJ5 LBS 7961.5 46942.9 271996.3 33333.3 13277.5 2045.3 29334.4 < LOD < LOD 83.2 
BJ6 LBS 7962 50675.4 251240.0 37811.3 6215.4 2972.4 29887.1 418.6 < LOD 60.3 
BJ7 LBS 7962.5 47470.2 244433.2 35512.6 13333.5 2562.9 29447.7 510.4 5929.3 157.6 
BJ8 LBS 7963.5 59293.9 351523.3 30446.5 19878.3 3022.4 25681.8 < LOD 10414.2 98.0 
BJ9 LBS 7964 52286.0 286658.0 33232.0 27071.3 2805.1 32619.3 < LOD 10499.8 183.8 

BJ10 LBS 7964.5 42953.3 331710.0 27288.3 15149.6 2192.7 22722.1 < LOD < LOD 98.3 
BJ11 LBS 7965 42263.6 303206.1 29407.7 13634.4 2164.0 23019.5 < LOD 5884.0 136.1 
BJ12 LBS 7965.5 33499.7 302844.1 26576.9 11777.8 1929.1 22742.1 < LOD < LOD 90.2 
BJ13 LBS 7966 36984.4 283624.8 29223.5 15753.9 2240.3 20114.3 < LOD 6234.6 101.6 
BJ14 LBS 7966.5 38952.3 307447.3 28727.1 15322.3 2226.2 19913.6 < LOD < LOD 121.9 
BJ15 LBS 7967 51102.1 252307.1 38718.6 17430.8 2384.1 26699.8 < LOD 6954.0 90.2 

BJ16 LBS 7967.5 67508.5 291593.6 38798.2 12623.7 3927.5 27166.2 440.3 10011.4 119.8 
BJ17 LBS 7968 52525.1 254855.7 37983.5 5582.9 2903.2 26333.2 829.8 < LOD 93.9 

BJ18 LBS 7968.5 54519.4 255494.3 37408.8 17552.8 2731.9 28471.7 2614.2 < LOD 86.0 

BJ19 LBS 7969 72668.9 312363.3 45839.1 15683.5 3224.5 39733.9 1136.5 9689.4 50.7 

BJ20 LBS 7969.5 45731.6 296911.3 29344.6 29624.8 2413.6 22773.9 1142.1 6898.0 189.0 
BJ21 LBS 7970 39625.6 243738.5 34016.3 13481.0 2366.0 24958.5 807.4 < LOD 123.0 

BJ22 LBS 7970.5 32500.1 225543.8 31545.8 13860.7 2522.1 24735.9 678.3 5605.6 123.7 

BJ23 LBS 7971 46641.3 279532.1 33590.3 14634.5 1732.9 23602.8 614.5 < LOD 97.3 
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Table B.1 Continued 

BJ24 LBS 7971.5 35601.1 266760.6 31568.3 6435.2 2845.9 24941.9 416.7 7831.6 50.0 
BJ25 LBS 7972 57524.4 297623.1 37616.4 6027.5 2312.5 19997.9 < LOD < LOD 90.0 
BJ26 LBS 7972.5 49302.0 333372.0 37901.6 5928.9 2249.1 27707.2 < LOD < LOD 138.3 

BJ27 LBS 7973 43134.1 239075.2 34840.6 6592.6 2514.0 22535.5 < LOD < LOD 149.3 
BJ28 LBS 7973.5 48106.0 279399.3 35253.3 35944.9 1590.2 14096.3 < LOD < LOD 137.1 
BJ29 LBS 7974 30814.6 345507.4 21540.3 5252.6 2293.3 32528.1 470.5 < LOD 52.7 
BJ30 LBS 7974.5 47868.1 254479.2 38305.0 4514.3 3023.4 23418.4 1214.3 < LOD 66.0 
BJ31 LBS 7975 60996.1 301270.9 37847.9 3998.6 2563.3 26524.8 458.7 4992.7 99.9 
BJ32 LBS 7975.5 54659.5 284471.3 38346.6 4081.5 2740.1 28644.4 662.6 7010.0 85.6 
BJ33 LBS 7976 55555.7 283728.3 37270.4 33767.7 2536.1 45398.3 < LOD 12731.7 223.3 
BJ34 LBS 7976.5 68239.0 300761.8 36256.1 4315.3 2388.3 30455.0 1172.0 4989.0 143.1 
BJ35 LBS 7977 44418.9 243243.1 35580.8 6143.3 2618.3 34678.4 1993.2 4769.5 126.1 
BJ36 LBS 7977.5 52391.7 248228.0 38616.9 4479.0 2602.8 26834.2 1204.9 5711.2 93.1 
BJ37 LBS 7978 49725.7 287552.9 36259.8 5388.0 2795.5 31645.7 2923.2 5395.9 48.1 
BJ38 LBS 7978.5 55711.1 268878.7 40787.4 5611.2 2846.6 24512.9 820.7 5432.8 176.4 
BJ39 LBS 7979 56974.1 296926.4 40625.1 5767.0 3767.4 28262.4 1293.2 8514.6 109.1 
BJ40 LBS 7979.5 89260.1 327500.1 46393.9 15244.4 3426.2 27835.5 1010.1 7637.4 160.9 
BJ41 LBS 7980 57471.2 256071.9 41643.1 14625.8 3217.4 26688.7 560.0 10755.1 124.6 
BJ42 LBS 7980.5 69072.9 283851.3 41615.4 30427.0 2625.3 28519.8 1348.6 < LOD 214.9 
BJ43 LBS 7981 38100.7 196588.6 33996.3 1774.7 2327.4 22703.9 567.2 < LOD 47.7 
BJ44 LBS 7981.5 50286.3 277470.4 41808.4 2592.7 2887.5 30653.7 690.2 < LOD 101.8 
BJ45 LBS 7982 56669.7 254122.9 43346.2 2205.5 3084.9 26759.0 < LOD 5998.9 79.5 
BJ46 LBS 7982.5 64579.3 252824.4 47789.6 13860.7 2522.1 24735.9 678.3 5605.6 123.7 
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Table B.2 Selected trace element concentrations in the Baja 15-22-163-99H core. 

Sample 
Mo  

(ppm) 
U 

(ppm) 
V  

(ppm) 
Ni 

(ppm) 
Zn 

(ppm) 
Th 

(ppm) 
Rb 

(ppm) 
Cu 

(ppm) 
Cr 

(ppm) 
Ba 

(ppm) 
Zr 

(ppm) 
Co  

(ppm) 
BJ1 357.78 65.08 282.04 160.13 24.49 5.74 54.87 44.15 134.78 167.36 99.9 134.73 
BJ2 316.2 60.23 672.83 243.64 25.36 8.41 58.45 44.18 58.24 239.22 92.08 129.03 
BJ3 420.04 81.99 1387.34 325.25 79.63 6.44 51.99 55.88 112.47 315.51 75.29 162.58 
BJ4 675.17 96.04 1829.6 420.25 593.16 6.63 57.6 72.56 105.52 177.19 89.7 130.21 
BJ5 387.56 89.81 747.45 251.22 509.05 10.34 50.72 51.26 72.27 114.61 84.98 127.39 
BJ6 500.74 90.59 1248.13 310.16 490.32 5.76 60.61 62.35 82.72 175.42 100.92 91.14 
BJ7 417.02 74 925.57 323.72 305.74 4.26 56.12 69.5 82.51 304.96 90.82 210.03 
BJ8 444.43 61.35 1050.93 280.56 27.75 9.23 44.85 56.54 83.85 103.62 79.68 107.23 
BJ9 364.89 73.46 831.43 259.02 24.55 5.21 51.85 67.65 79.49 195.04 84.14 133.39 

BJ10 268.08 52.2 721.92 188.78 32.56 5.3 43.44 42 72.51 129.51 72.84 166.39 
BJ11 328.8 60.09 798.07 240.11 103.35 5.14 46.01 57.48 67.34 289.23 72.67 132.9 
BJ12 382.17 57.31 714.48 262.45 143.94 6.16 40.68 38.12 70.94 160.81 67.52 138.35 
BJ13 366.04 74.47 883.28 227.02 205.6 5.08 47.14 44.12 70.05 165.93 75.86 115.18 
BJ14 370.74 77.87 903.56 246.59 223.82 5.67 45.52 40.5 65.53 207.08 72.87 94.41 
BJ15 491.61 83.57 984.47 302.3 299.82 10.34 51.08 59.22 68.6 160.23 83.16 127.42 
BJ16 638.36 84.87 1563.18 405.45 642.91 5.01 61.2 81.3 103.27 239.86 82.16 131.57 
BJ17 467.6 86.64 912.58 292.33 720.22 4.46 64.61 54.54 79.56 168.4 84.12 133.05 
BJ18 515.95 113.98 761.81 348.95 2073.17 4.34 60.41 36.73 74.84 131.94 85.2 131.49 
BJ19 472.43 111.14 841.37 399.59 1011.14 11.33 67.98 83.86 81.35 < LOD 101.39 < LOD 
BJ20 280.13 80.06 489.36 216.47 203.35 4.8 44.56 36.92 57.67 246.41 80.85 143.38 
BJ21 360.83 91.82 523.35 264.71 44.77 6.18 55.78 39.58 67.38 247.04 82.75 136.99 
BJ22 439.12 85.52 465.61 299.72 330.88 5.5 48.51 54.1 58.48 214.44 74.41 169.32 
BJ23 385.04 80.86 578.1 244.5 257.63 5.25 48 55.62 65.8 182.49 79.9 147.44 
BJ24 326.35 80.54 368.51 219.81 283.1 7.62 45.52 41.7 57.07 109.74 70.48 121.94 
BJ25 458.57 90.84 603.23 270.98 330.09 6.5 56.81 50.88 66.47 81.16 85.64 < LOD 
BJ26 303.49 89.7 525.56 233.62 1693.18 3.68 48.1 54.25 64.59 178.63 59.61 < LOD 
BJ27 353.36 90.27 425.96 249.72 510.76 5.89 56.53 65.03 55.12 297.71 80.24 129.02 
BJ28 267.17 72.72 431.6 231.97 169.57 5.92 54.97 54.29 63.8 335.53 70.88 122.93 
BJ29 132.71 46.47 303.63 162.61 48.99 3.05 34.16 25.77 47.19 218.53 46.34 78.25 



 

173 

 

Table B.2 Continued 
BJ30 343.51 92.93 299.12 212.1 172.22 11.91 59.52 56.15 56.45 69.18 71.93 142.02 
BJ31 323.96 129.62 462.69 212.85 73.54 7.26 67.28 48.96 66.46 153.42 72.16 100.35 
BJ32 344.39 97.42 381.8 230.3 85.01 5.52 58.74 50.52 59.36 246.33 72.03 164.93 
BJ33 362.51 87.63 411.89 223.58 172.6 6.23 58.81 60.74 125.59 148.54 67.9 < LOD 
BJ34 172.53 127.29 358.5 284.55 6527.56 5.07 57.67 88.2 66.95 239.33 57.45 163.96 
BJ35 394.45 93.83 318.4 252.05 83.22 6.06 55.75 60.99 54.86 274.7 70.52 160.62 
BJ36 309.11 124.03 213.98 200.21 147.87 6.44 62.87 60.7 62.36 143.49 86.98 151.61 
BJ37 272.12 89.42 210.69 158.32 79.79 6.57 54.56 50.89 58.48 203.08 73.89 98.5 
BJ38 312.19 98.47 261.1 198.03 29.98 41.56 63.28 65.35 62.83 81.87 81.72 125.66 
BJ39 104.24 53.29 176.22 161.03 24.07 5.62 57.31 52.02 57.3 332.46 84.75 184.33 
BJ40 110.38 58.49 232.81 146.19 30.77 6.06 71.19 50.04 68.83 213.76 93.1 119.54 
BJ41 39.09 40.86 134.95 56.33 30.73 8.19 61.16 72.57 121.62 257.98 90.13 109.79 
BJ42 104.11 41.63 217.16 145.82 28.26 5.74 55.64 56.3 66.81 179.88 90.57 117.91 
BJ43 94.12 69.24 142.72 110.27 24.44 15.08 66.6 66.27 84.02 506.32 85.77 213.42 
BJ44 98.14 59.43 148.02 77.08 19.34 6.46 60.73 41.58 56.58 92.46 72.79 79.44 
BJ45 209.51 63.57 205.61 151.98 41.43 6 66.28 89.61 148.91 198.88 85.89 106.18 
BJ46 149.29 46.49 181.14 131.07 576.3 10.87 76.88 55.63 58.93 159.37 94.34 88.97 
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APPENDIX C 

TOC AND ISOTOPE RESULTS OF SHALE SAMPLES 

Table C.1 TOC and stable carbon and nitrogen isotope of organic matter in the 
Deadwood Canyon Ranch 43-28H core. 

Samples 
TOC 

(wt.%) 
δ15Norg 

(‰) 
δ13Corg 

(‰) 
DCR1 2.31 2.19 -28.50 
DCR3 15.61 4.34 -28.90 
DCR4 15.25 2.50 -29.05 
DCR5 15.92 4.93 -28.86 
DCR6 17.75 2.42 -28.59 
DCR7 17.20 5.48 -28.66 
DCR8 15.61 2.32 -28.64 
DCR9 13.93 1.96 -29.50 

DCR10 15.12 2.66 -29.29 
DCR11 13.46 2.66 -28.69 
DCR12 15.60 3.98 -28.57 
DCR13 15.02 3.76 -28.15 
DCR14 15.47 3.51 -28.31 
DCR15 13.82 1.91 -28.90 
DCR16 13.13 3.95 -28.67 
DCR17 14.20 1.72 -29.20 
DCR18 13.93 1.74 -29.41 
DCR19 13.12 1.56 -29.69 
DCR20 10.85 2.21 -27.63 
DCR21 11.79 1.95 -29.85 
DCR22 12.18 1.95 -27.58 
DCR23 11.68 2.16 -28.07 
DCR24 11.86 1.12 -28.95 
DCR25 13.46 3.06 -28.04 
DCR26 12.47 2.83 -28.32 
DCR27 12.39 2.11 -28.36 
DCR28 12.02 2.63 -29.92 
DCR29 12.87 2.99 -28.33 
DCR30 13.55 2.99 -28.49 
DCR31 12.92 2.71 -28.58 
DCR32 14.43 3.48 -27.05 
DCR33 14.23 4.20 -28.46 
DCR34 14.74 2.54 -28.50 
DCR35 13.90 3.24 -29.05 
DCR36 13.29 1.64 -29.35 
DCR37 12.96 1.47 -29.19 
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 Table C.1 Continued 
DCR38 14.34 2.28 -29.13 
DCR39 14.53 3.82 -28.69 
DCR40 12.11 2.61 -28.95 
DCR41 11.06 2.28 -28.98 
DCR42 10.97 1.00 -30.35 
DCR43 10.93 0.83 -30.73 
DCR44 9.66 1.61 -28.21 
DCR45 5.18 0.87 -29.99 
DCR46 4.83 1.27 -28.06 
DCR47 3.90 1.27 -27.40 
DCR48 2.79 1.47 -27.82 


