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The Williston Basin
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The Bakken Formation
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Silica Diagenetic Sequence

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.
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Fig. 1. Solubilities of the various silica phases along the

two-phase curve, water plus vapor. Plotted as log concen-

tration vs. reciprocal of absolute temperature, after FOUR-
NIER (1973, Fig. 2).
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Silica Diagenetic Sequence
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Motivation for Study

X-ray elemental map of a dissolved radiolarian test (dashed SEM Photomicrograph of authigenic microquartz (dashed lines), K-feldspar, calcite,

line) being replaced by pyrite in the Mowry shale (Milliken and organic matter (Xu, 2019)
and Olsen, 2017)
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Core Overview: Locations
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Core Description: Gunnison State
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Core Description: Clarion Mertes
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Core Description: Koch
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Core Description: Harvey Grey
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Using Python on XRF Data: Visualizations

.. .' .. '. . -
w0ono moono
. A ‘ .'. .. ..
0000 0000 . M ., Lt o * . .
Q000 €000 “, . : . ® . o L & A ‘0 *
000 * X000 W 2 ? d 2 }.. P ;
e o' o * w _* . . . .
0000 20000 LR :0 b *% Q‘ R .
tocou . X y . : o. a .
> 12000
a > LI Y RS s é ok
. . . . -
$O0N0 ®e . . . . L
Vo0 . . . . .
7000 . .’{.0 . oy Y . oty et -’ N T
- -
00000 EALETE) % “ & . e oo o . . e LER o *
A a W . . . . . a .
» 0000 | ¢ o * 4 * * - ot .
0000 ":)' H W '} g ?' °
00000 le ¢ . . . w .. * . . - *
100000 150000
- - - - -
.. .‘ .‘ .. . e
40000 Ho ‘. . .
0000 ﬁ‘ i &. & ° .:’..‘ f. . i
0000 . . . . -
5000 F ] - . -
¥ ¥ I} -’ .
2000 soins:| < £ cgne : & e
® LT ~ . . 4 b oo §° ® .‘{ “\o A ¢
10000 15000 ., ® o .. o ¢
. . . - . . - -
0000 |* - . .
- - - - .
WO ) . . . .
2 . . . - -
W 000 . . . - . -
- - .. Py - . " ’ .
J000 . Py ® » . .
o — 3 o o3 o “ & F Y
1550 x oa @ B ¢ . Oy "B » , L
.- . . .
1000 » g S Y " .
| # § . |
S00 » . . -
' s sii'e ¢ e } S
< - v e ® 54 .o .o .o .o X -
100 . . . . . o
L2 . - - .
» ; ‘e 2R, > ¢ ‘% o s e > 0 . ° e . ° . ° - °
of olergate o|  egs, TS I O 2 . . .
-, ‘ . - . . - - s - - -
» [ NI o e . Y. ¢inge X “' % ? - ® , P .
2 RS . “ . W . .r . 2, ) . .
.o ot . . s . ’ #y * % & .‘3"’ ﬁ«‘ ®
b e . o @ Cand .
. . - - . wo e ¢ ¢ ¢ ¢
%0
120 - - - . -
200 ? . e - . 2 . A
100
- - - - -
a %0 o Py * o o't - . - é A = : . ° ° - . > = . - ;
4, ., . 2 S eod” . * L' '? . p . . s " o . ¢
wo |*, . ‘:“. .~ e " vy . o " ..,8 .- ~'.' 3 - . @0 . 'ﬁ(’.' * oﬂ : s ‘oé. .‘.’ . ‘:'Q”: LE A
lw. . . .‘.. . :‘:. . -~ o.. .- -
w ¢ d - = Qle L - o o: ‘ . L A
. . - - - .
- - - - - 2 - - - - -
0 0000 40000 0000 00000 400000 mood 40000 1000 000 won »w wa 100 w0 0000 000 WONO 0000 WOG00 400000 10000 0000 WOO0 1000 2000 WoO o 10 1m0 w 100
m S K m - e g N S K m & Zr

Lower Bakken Shale Upper Bakken Shale 14



Using Python on XRF Data: Visualizations
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Using Python on XRF Data: Visualizations

Gunnison State Distribution of Si with Depth
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Using Python on XRF Data: Visualizations
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Using Python on XRF Data: Statistics 0
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Sampling Methodology

Sampled Sample

Core Depth (ft) Relative Silica Concentration

CMLSHISI Clarion Mertes 7221.75 High

CMLSLOSI Clarion Mertes 7210.33 Low
HGLSHISI Harvey Grey 9052.50 High
HGLSLOSI Harvey Grey 9056.83 Low
Gunnison State 8212.83 High

GSLSLOSI Gunnison State 8210.33 Low
Gunnison State 8144.33 High

GSUSLOSI Gunnison State 8145.00 Low
Koch 7036.58 High

KOUSLOSI Koch 7030.75 Low

CMILSHISI
N

Clarion Lower High
Mertes Shale Silica 19
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FESEM Analysis: High-Silica
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FESEM Analysis: Low-Silica
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Thin Section Analysis: Lower Shale
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Thin Section Analysis: Upper Shale O

Thin section photomicrographs from the Koch core with
images from high-silica samples on top and low-silica samples
on the bottom ”
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XRD Data

Core Depth (ft) Quartz K-spar Plag. Calcite Dolomite Siderite Total Clay
CMLSHISI Clarion Mertes 7221.75 49.1 4.1 1.0 25.2 1.6 0.0 13.8
CMLSLOSI Clarion Mertes 7210.33 32.6 7.9 3.9 Tr Tr 0.0 54.2
HGLSHISI Harvey Grey 9052.50 46.9 5.2 2.1 Tr 4.6 0.0 29.6
HGLSLOSI Harvey Grey 9056.83 22.6 7.6 2.1 Tr 2.2 0.0 49.2
GSLSHISI Gunnison State 8212.83 60.7 4.5 2.0 3.6 2.5 0.0 20.5
Gunnison State 8210.33 24.5 5.6 3.2 0.0 1.8 0.0 57.0
Gunnison State 8144.33 62.7 4.2 1.8 Tr 11 0.0 21.4
GSUSLOSI Gunnison State 8145.00 44.2 5.6 2.2 Tr 3.2 0.0 30.4
Koch 7036.58 41.7 5.4 2.2 0.6 2.3 0.0 28.8
KOUSLOSI Koch 7030.75 21.7 6.4 2.0 Tr 3.4 0.0 54.7
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XRD Data: Proportions
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XRD Data Compared with Mineral Model O

Normalized XRD Mineral Model
Measurements Calculations

m Core D?fs; h Quartz Calcite Quartz  Calcite -
Clarion Mertes  7221.75 557  28.6 - 75.8 8.0 162
Clarion Mertes  7210.33 375 0.1 62.4 3.4 01 965
Harvey Grey ~ 9052.50  61.2 0.1 38.6 51.0 1.0 480
Harvey Grey  9056.83 31.4 0.1 68.4 8.7 0.7 905
Gunnison State  8212.83 716 4.2 24.2 66.7 58 275
Gunnison State 821033 30.1 0.0 69.9 7.9 0.4 917
Gunnison State  8144.33 745 0. 25.4 69.2 14 295

cEIPEIRe 1T Gunnison State  8145.00  59.2 0.1 - 46.7 1.5 -
Koch 7036.58 586 0.8 40.5 75.4 16 230

KOUSLOSI Koch 7030.75 28.4 0.1 71.5 24.1 24 735
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Quartz Crystallinity Index Calculations 0

Sample Sample Sample TECTOSILICATES
Name Core Depth (ft) Quartz wt% Cry;s::léi):mity
CMLSHISI Clarion Mertes 7221.75 49.1 5.4
CMLSLOSI Clarion Mertes 7210.33 32.6
HGLSHISI Harvey Grey 9052.50 46.9
HGLSLOSI Harvey Grey 9056.83 22.6
GSLSHISI Gunnison State 8212.83 60.7
GSLSLOSI Gunnison State 8210.33 24.5
GSUSHISI Gunnison State 8144.33 62.7
GSUSLOS! || Gunnison State 8145.00 44.2
KOUSHISI Koch 7036.58 41.7
KOUSLOSI Koch 7030.75 21.7 5.8
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NO2 Physisorption Data O

Process | Measurement | GSUSHISI_| GSUSLOSI | GSLSHISI | GSLSLOSI _

Pore Surface 0.79202 0.56455 1.437 1.0434
Adsorption Area m7g m7g m7g m7g
Pore Volume 0.0013921 0.0010698 0.008065 0.00288
cc/g cc/g 2 cc/g cc/g
Pore Surface 0.67321 0.46953 3.3606 1.2238
Desorption Area m78 m7g m7g m7g
Pore Volume 0.0011354 0.0009020 0.008447 0.002682

cc/g 7 cc/g 8 cc/g 8 cc/g
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Important Conclusions

The most silica-rich intervals of the upper and lower shales contain biogenic silica

The biogenic silica comes from radiolarians and has been partially replaced by pyrite in roughly half of the tests.

Calcite in ptygmatic fractures was also replaced by pyrite, which means that these fractures occurred and were filled
before diagenesis.

The radiolarians in these intervals are in the form of microcrystalline quartz that can be tracked by QCI calculations
made with XRD data.

Dissolution and reprecipitation of silica could be creating or preserving pore spaces within the most silica-rich parts
of the shales, but more data is needed to draw this conclusion with confidence
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Recommendation for Future Analysis O

* Determine the resolution of location-dependent trends in detrital versus biogenic silica deposition, particularly
between the shale margins and depocenters. This could be done with QCl measurements from quartz-heavy XRD
data as well

* Attempt to correlate shale intervals that contain abundant biogenic silica with core samples taken from across the
Williston Basin.

* Perform FESEM microscopy on the thin section samples created for this project to identify any other replacement
minerals besides pyrite, as well as compare accessory minerals with those found in rough sample FESEM analysis.

Perform physisorption analysis on as many highly siliceous shale intervals as possible from the other core samples
used in this project and throughout the Williston Basin. A greater sample size is needed to determine the existence
of the preliminary pore volume and surface area trends observed in the data gathered in this project.
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