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The Williston Basin

Zhou et al., 2008 

• Intracratonic Basin above 
Precambrian Trans-Hudson 
Orogenic Belt

• Variable subsidence from 
Cambrian to Mesozoic

• Laramide Orogeny-reactivated 
basement structures 

Zhou et al., 2008 3



The Bakken Formation

Isopach Map of the Bakken Formation. Thickness ranges from wedge-edge to 
over 140 feet. From Sonnenberg et al., 2011 

Sandberg et al., 1988
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The Bakken in Well Logs

Flannery and Kraus, 2006 

Lear Petroleum
1 Parshall SD

ne nw 03-152N-90W
TD: 12,555  KB 1,967

Compl: 10/1980
Leonard and Coskey, 2020 5



Silica Diagenetic Sequence

From Kastner et al., 1977. 

Below is the basic sequence of silica 
transformation during diagenesis, but in 
reality it is very nuanced. We will look at 
some examples of each phase in some 
interesting SEM photos.

Modified from Dralus, 2013
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Before Deposition
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SEM images of diatom species. From 
Brinkmann et al., 2014.

Diatoms form frustules (shells) and radiolarians form tests (skeletons) out of 
amorphous silica from dissolved silica in water.

SEM images of Middle Jurassic 
radiolaria. From Robin et al., 2010.



Opal-A

SEM image of clusters of smooth opal-A spheres 
from Steamboat Springs, Nevada. Lynn et al., 2007 

SEM image of opal-A spheres with rough 
surfaces, indicating the beginning of the opal-A 

to opal-CT transition. Lynn et al., 2007 

Opal: A hydrated amorphous 
form of silica, with water 
content usually ranging from 6-
10%. Technically a mineraloid 
and not a mineral because it is 
not crystalline. 

Opal with ordered (a) and disordered (b) 
sphere packing. Masalov et al., 2011
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Opal C-T

SEM image of newly forming opal C-T 
bladed lepispheres from Sinter Island, New 

Zealand. Lynn et al., 2007 

Opal C-T: A microcrystalline form 
of silica, which consist of clusters 
of stacked cristobalite and 
tridymite. These two polymorphs 
of silica form nanocrystalline 
blades that cluster into spheres 
called lepispheres.

SEM image of detailed close-up view of blades 
of opal C-T. Lynn et al., 2007 

SEM image of aligned nanostructures 
forming as opal C-T lepispheres begin the 

transition to opal-C. Lynn et al., 2007 9



Microcrystalline Quartz

SEM image of opal-C and 
microcrystalline quartz. Sinter Island. 

Lynn et al., 2007 

SEM image of opal-C and 
microcrystalline quartz. Opal 

Mound. Lynn et al., 2007 

SEM image of opal-C and 
microcrystalline quartz. Steamboat 

Springs. Lynn et al., 2007 

Microcrystalline Quartz: 
If the conditions are 
suitable - i.e. if we have a 
high enough temperature 
in combination with a low 
enough silica 
concentration - quartz 
begins to form

Relationship between lithology, 
silica phase, detrital content of 

sediment and temperature or burial 
depth. Behl, 2010
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Motivation for Study
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SEM Photomicrograph of authigenic microquartz (dashed lines), K-feldspar, calcite,
and organic matter (Xu, 2019)

X-ray elemental map of a dissolved radiolarian test (dashed 
line) being replaced by pyrite in the Mowry shale (Milliken 
and Olsen, 2017)
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Core Overview

Clarion Mertes
8 boxes, 61ft

Koch
7 boxes, 50 ft

Gunnison State
16 Boxes, 122ft

Harvey Grey
7 boxes, 58ft
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Core Overview: Locations

Sonnenberg et al., 2011Sonnenberg et al., 2011

Gunnison State
(LBS and UBS)

Mertes
(LBS)

Koch
(UBS)

Harvey-Grey
(LBS )
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Core Overview: Gunnison State

• 3/16 boxes used, 
14.3ft of LBS and 
2.25ft of UBS XRF’d

Three ForksPronghornLBS

LBS

Middle Bakken

UBS

• XRF measurements 
taken at 2-inch 
intervals
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Core Overview: Clarion Mertes

• 3/8 boxes used, 
~17.6ft XRF data

• XRF measurements 
taken at 3-inch 
intervals for other 
cores to save time
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Core Overview: Koch

• 2/7 boxes used, 
9ft of XRF data

• The “False Bakken” 
can be seen in this 
core, which shows 
up in logs as a 
gamma ray spike in 
certain parts of the 
basin
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Core Overview: Harvey Grey

• 2/7 boxes, 7.5ft of 
XRF data collected 
from the LBS

Lower Bakken 
ShaleMiddle Bakken

• Located in a 
different part of the 
basin than the 
other 3 cores, 
provides some 
regional variety

Three Forks
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XRF Data

Gunnison State
102 scan points

16.55 feet

Harvey Grey
33 scan points

7.5 feet

Koch
35 scan points

9 feet

Clarion Mertes
74 scan points

17.6 feet

244 total scan 
points
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XRF Data: Raw Data
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XRF Data: Al vs Si Correlations

“Aluminum is highly useful as a detrital or terrestrial proxy due to its 
relative diagenetic stability and its presence in clay minerals and other 
silicates” (Arthur & Dean, 1991) 22



XRF Data: Al vs Si Correlations
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XRF Data: Al vs Si Correlations on a Map

Sonnenberg et al., 2011Sonnenberg et al., 2011

Gunnison State

Mertes

Koch

Harvey-Grey
R2 = 0.4922 in LBS

R2 = 0.217 in UBS

R2 = 0.254 in LBS

R2 = 0.1227 in UBS
R2 = 0.5378 in LBS

• UBS R2 values are both 
very low in the Koch and 
Gunnison State wells

• LBS R2 values are more 
sporadic and don’t seem 
to show a consistent 
pattern between 
depocenter and margin

24



XRF Data: More Cross-plots
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Mineral Model: Concept

• Quartz - Calcite - Illite model used in 
Nance and Rowe 2015

• “Some mineral content can be 
estimated with XRF data from 
theoretical relationships between 
elemental abundance and mineral 
abundances for minerals, whose 
compositions are strictly defined 
stoichiometrically (e.g., calcite and 
quartz). For illite, average K and Si 
contents reduced from numerous 
published analyses are useful for 
estimating illite abundances from 
measurements of K.”

Nance and Rowe 2015
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Mineral Model: Calculations

1) Ca is 40% of CaCO3 (calcite), consequently 
%calcite = 2.5Ca (where no other Ca-carbonate 
phases are present) 

2) K averages 6% of illite (Weaver, 1965), 
consequently %illite = 16.58 K 

3) Si averages 25% of illite
(Mermut and Cano, 2001), which 
has to be subtracted from total Si 
before % quartz is calculated, 
consequently 
Siillite = %illite × 0.25

4) Si is 47% of SiO2 (quartz), consequently 
%quartz = (%Sitotal − %Siillite) × 2.14

5) Final mineral values are normalized, so that 
calcite + quartz + illite = 100%. 

28



Mineral Model: Koch
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High 
silica 

sample

Low 
silica 

sample



Mineral Model: Harvey Grey
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High 
silica 

sample

Low 
silica 

sample



Mineral Model: Clarion Mertes Part 1
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Mineral Model: Clarion Mertes Part 2
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Mineral Model: Gunnison State Part 1
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Mineral Model: Gunnison State Part 2
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High 
silica 

sample

Low 
silica 

sample
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Next Steps: XRD Measurements

Quartz 
Crystallinity 

Index 
Calculations

(free)
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Next Steps: FESEM Imaging
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