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Abstract 

 

Recent studies have revealed that mudstones are significantly variable in lithology, texture, structure, and depositional setting. The black pyritic 

organic-rich Bakken shales, however, have been documented to be homogenous in appearance and contain little physical sedimentary 

structures. Therefore, the anoxic, stagnant, deep-water condition has been a long-held depositional model for the Bakken shales. Although the 

Lower Bakken Shale and the Pronghorn Member have been intensively investigated via geochemical methods, few studies have systematically 

characterized their lamina-scale petrographic properties. This project presents an integrated stratigraphic, petrographic and geochemical 

investigation to evaluate depositional environments, diagenetic history, and stratal architecture of the Lower Bakken Shale and the Pronghorn 

Member in the Williston Basin. Detailed petrographic studies in different scales (core slab, hand-specimen and thin-section) have been 

undertaken to characterize the studied succession. The results show that the previously proclaimed homogeneous Lower Bakken Shale show 

significant heterogeneity in decimeter to centimeter scale. Abundant pyritic radiolarian-rich bandings/laminae are normally calcite rich and 

develop ptygmatic folding of calcite-healed fractures. The mature/over-mature Bakken Shale samples also show abundant lenticular-shaped 

solid bitumen associated with these bandings/laminae. Multiple distinct lithofacies have been identified within the Lower Bakken Shale, 

thereby suggesting a complex depositional condition. General euxinic condition did exist during the deposition of Lower Bakken Shale. 

However, the evidence of reworked fossil debris, benthic fecal pellets, agglutinated foraminifera, and possible burrows at certain levels may 

indicate dysoxic conditions under intermittent bottom current activities. Additionally, detailed facies analyses of the Pronghorn Member have 

been undertaken to understand its stratigraphic relationships with the overlying Lower Bakken Shale. In this study, a suite of wireline logs, X-

ray fluorescence (XRF), X-ray diffraction (XRD), thermal maturity, and organic enrichment (TOC) data have also been integrated to support 

the interpretation of sedimentary processes, depositional environments and their stratigraphic variations within the Williston Basin. 
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ABSTRACT CORE DESCRIPTION
      Recent studies have revealed that mudstones are significantly variable in lithology, 
texture, structure, and depositional setting. The pyritic organic-rich Bakken shales, 
however, have been documented to be homogenous in appearance and contain little 
physical sedimentary structures. Therefore, the anoxic, stagnant, deep-water condition
has been a long-held depositional model for the Bakken shales. Although the Lower 
Bakken Shale and the Pronghorn Member have been intensively investigated via geo-
chemical methods, few studies have systematically characterized their lamina-scale 
petrographic properties. This project presents an integrated stratigraphic, petrographic 
and geochemical investigation to evaluate depositional environments, diagenetic 
history, and stratal architecture of the Lower Bakken Shale and the Pronghorn Member
in the Williston Basin. 
      Detailed petrographic studies in different scales (core slab, hand-specimen and 
thin-section) have been undertaken to characterize the studied succession. The results 
show that the previously proclaimed homogeneous Lower Bakken Shale show 
significant heterogeneity in deci-meter to centi-meter scale. Abundant pyritic radiolarian-
rich bandings/laminae are normally calcite rich and develop ptygmatic folding of calcite-
healed fractures. The mature/over-mature Bakken Shale samples also show abundant 
lenticular-shaped solid bitumen associated with these bandings/laminae. This study 
also discovered the first ash bed within the Bakken Formation. Its distinct features 
provide an excelent reference and will significantly improve regional stratigraphy. 
General euxinic condition did exist during the deposition of Lower Bakken Shale. How-
ever, the evidence of reworked fossil debris, benthic fecal pellets, agglutinated 
foraminifera, and burrows may indicate dysoxic conditions under intermittent bottom 
current activities, thereby suggesting a complex depositional conditions. Additionally, 
detailed facies analyses of the Pronghorn Member also provide some insights into its 
depositional settings. In this study, a suite of wireline logs, X-ray fluorescence (XRF), 
X-ray diffraction (XRD), thermal maturity, and organic enrichment (TOC) data have also 
been integrated to support the interpretation of sedimentary processes, depositional 
environments and their stratigraphic variations within the Williston Basin.
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Figure 5. Core photo of the Pronghorn Member from Dietz 
core (10503.45-10504.05 ft) showing a complex assemblage 
of trace fossils, including Skolithos (Sk), Thalassinoides (Th), 
Asterosoma (As), Teichichnus (Te), Chondrites (Ch), Planolites 
(P). Yellow arrows point to erosional surfaces probably due to 
storm events. Figure 6. Core photo of the Pronghorn Member from

Dietz core (10502-10502.7 ft) exhibiting facies transition 
from strongly bioturbated sandstone to ripple-laminated 
silty mudstone. 

Figure 8. Core photo of the Pronghorn Member 
from Dietz core (10498-10498.8 ft) showing 
facies transition from silty ripple laminated 
mudstone to homogeneous mudstone. 

Figure 9. Schematic depositional model for the Pronghorn 
Member and the Lower Bakken Shale intervals.

Figure 7. Core photo of the Pronghorn Member 
from Dietz core (10500.4-10501 ft) showing 
facies transition from calcareous mudstone to 
fossiliferous packestone.

GEOLOGIC BACKGROUND

A
nt

le
r O

ro
ge

ni
c 

Be
lts

Co
rd

ill
er

an
 S

he
lf

Tra
nsc

ontin
ental A

rch

Elk Point Basin

Williston Basin

Nesson 
Anticline

Baja
Abigal

Jennifer
Rassmussen

Jackson 
Rowdy

Mariana 
Trust

Hognose

Miller
PumpkinDietz

0°

0 300 km

ND

SD

MT

SA
MA

AB

WY

Canada

United States

Figure 1. Paleogeographic reconstruction of North America during 
the late Devonian (Blakey 2013). Map showing the study area in the 
Williston Basin in North Dakota and the location of the cores analyzed 
in this study.

Figure 2. Schematic stratigraphic framework of the Bakken Formation 
(Johnson, 2013; origionally from Kuhn et al., 2010). 

Figure 4. Combined isopach of the 
Big Valley Formation (Saskatchewan)
and Pronghorn Member (North Dakota). 
Red line is the extent of the Devonian 
Prairie salt. Blue dashed line is the 
location of the Heart River Fault.Contour 
interval is 10 ft (LeFever et al., 2011).

Figure 3. Isopach map of 
the Lower Bakken Shale 
(Sonnenberg, 2011).
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Figure 10. North-to-south cross section showing the distribution of XRF, TOC, and GR data for the Lower Bakken Shale. Elemental
tracks include: Mo, Ca, Si, Al, and Zr. The depth with highest TOC value and relatively high Mo value is chosen as the datum.
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Figure 9.  Map showing the study area and the location of 9 cores used in this study.
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• The Pronghorn Member is interpreted as a deposition during shoreline transgression, from lower-shoreface/upper-offshore to 
   stratified open-marine environment
• The Lower Bakken Shale could be subdivided into four units based on integrated XRF, TOC, and GR analyses
• Burrows, possible benthic foraminifera, and benthic fecal pellets indicate episodic dysoxic bottom-water condition rather than 
   simply-considered anoxic
• The occurrence of bottom currents in Lower Bakken Shale is demonstrated by the presence of reworked fossil debris
• The ash bed within the Lower Bakken Shale provides an excellent marker bed for regional stratigraphic correlation. The future U-Pb 
   zircon analysis will also help us understand the depositional rate of the Bakken shales.
• Solid bitumen/residual oil is commonly present in the Lower Bakken Shale and should not be misinterpreted as burrows
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Figure 19. Photomicrographs showing interval with abundant 
fossil debris, including �sh bones and conodonts.
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Figure 14. Photomicrographs showing �ne-crystalline cherty nature 
of the siliceous walls of radiolarians. No evidence of detrital 
quartz grains have been found under cathodoluminescence 
spectroscopy.

Figure 15. Photomicrographs of possible collapsed foraminifera 
show gray birefringence of �ne-crystalline quartz. The EDS image 
indicates the main minerals are quartz with minor illite. The image at 
right bottom corner shows an example of agglutinated foraminifera 
in the Pennsylvanian Finis Shale of North Texas (Schieber, 2009).  

Figure 11. Photographs of handspecimen and thin-section showing the thin pyritic ash bed. Note the abundant glass shards, quartz, and zircon 
grains. The early pyritization is indicated by differential compaction.
  

Figure 20. Photomicrograph showing 
calcite and pyrite infilled natural fracture.

Figure 21. Photomicrographs showing plentiful Tasmanites cysts 
within the bitumen-rich interval.

Figure 22. SEM images of bitumen/
residual oil and kerogen.

Figure 23. Core image of ptygmatic 
expulsion fracture

Figure 13. Photomicrographs showing that the benthic fecal pellet is 
composed of quartz, calcite, dolomite, feldspar and clay minerals. 

Figure 12. Photomicrographs showing benthic (upper) and planktonic 
(lower) fecal pellets in the same interval. Note the mineral composition 
of the benthic fecal pellet resembles that of the surrounding sediments, 
whereas the planktonic one contains mainly clay minerals and shows 
marked contrast in composition with the surroundings. 

glass shards

zircon

quartz

zircon Cathodoluminescence Image

Cathodoluminescence Image

Cathodoluminescence Image

Figure 16. Backscatter electron images of radiolaria in the Lower Bakken Shale.

Figure 17. Backscatter electron image of partially collapsed 
radiolaria shows in�lled illite.  

Figure 18. Thin-section scan and photomicrograph showing a sharp boundary within radiolarian-rich interval. The 
di�erence may be a consequence of di�erent sedimentation rate.

Rhomhedral-shaped
quartz

JA-8294.8
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calcareous and pyritic 
radiolarian-rich zone

MT-11113.7

Figure 24. Core image and handspecimen scan of pyritic bioturbated zone. 
Trace fossil is mainly Planolites.

Figure 25. Photomicrographs showing the bitumen/oil-saturated zone and a great number of
angular pyritic and silicious grains.  

Figure 26. Thin section scan 
showing lenticular-shaped 
“burrows”

Figure 27. SEM and EDS images show
no differece in grain size, sorting, and 
mineral composition.

Figure 28. Core image showing another example 
of common presence of pseudo-burrows in the
Bakken shales

Figure 29. CT scan image of the Lower Bakken Shale in Well A may 
indicate the presence of grazing trace fossils.
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CT-Scan Image
Well A, Lower Bakken Shale

(about 11 ft above the LBS/Pronghorn, 
and 10 ft below the LBS/MBM) 
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