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Abstract

The lower and upper Bakken shales are world class source rocks in the Williston Basin, sourcing reservoirs in the Bakken, upper Three Forks,
and lower Lodgepole formations, which comprise the economically significant Bakken Petroleum System (BPS). 10 to 400 billion barrels of oil
have been estimated to have been generated from the Bakken shales, charging both unconventional and conventional playsin the BPS.

The objective of this study is to understand the source rocks' potential and its relationship with Bakken oil present in reservoirs of the BPS
across the Williston Basin. Important geochemical characteristic parameters of the Bakken shales, such as organic richness, kerogen type,
source rock maturity, and kinetics, are derived from the Total Organic Carbon (TOC) and pyrolysis analysis in Rock-Eval and Source Rock
AnalyzerTM (SRA). Over three thousand TOC and pyrolysis results, providing good coverage of the North Dakota and M ontana portions of
the Williston Basin, have been collected from the Colorado School of Mines SRA Lab and US Geological Survey Energy Geochemistry
Database.

Based on the TOC and pyrolysis results of Bakken samples, lower and upper Bakken shales exhibit awide range in TOC contents, |laterally
from 1 wt.% at shallower basin margins up to 35 wt.% in the deeper basin, and vertically with recurrent patternsin each shale section. This
high variation of TOC content may result from mixed effects of the original depositional environment and progressive maturation. Based on the
modified van-Krevelen diagram, the kerogen type present in Bakken shaleis primarily Type I/11, but along the shallow east flank of the basin
thereis Type 1l kerogen input. Original hydrogen index and TOC across the basin are empirically and mathematically restored and averaged at
~600 mg hydrocarbon (HC)/g Carbon and ~19-20 wt.%, respectively. Kinetic analysis suggests that averaged activation energy for Typell
kerogen in Bakken shales is ~52 kcal/mol. The pyrolysis temperature of 425°C, production index of 0.1, and conversion fraction of 0.1-~0.15
correspond to a threshold of incipient HC generation from mature shales. Due to maturation and HC generation, TOC contents are diminished
by about ~7-8 wt.% in thermally mature areas of the Williston Basin. Early results indicate that the upper and lower Bakken shalesin the
central, deeper Williston Basin are organic-rich, contain oil-prone kerogen, and are thermally mature and in the oil-generation window.
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Geology of Bakken Formation o

\'
SASKATCHEWAN MANITOBA

Limit of
Bakken Fm.

NORTH
DAKOTA
MONTAN Vf‘
edar Creek .;_-:,/ SOUTH
Anticline n?? DAKOTA
//f\/’ K 0 50 miles
X &

WYOMING
Structure Base Miss

(From Sonnenberg, 2009)



Geology of Bakken Formation o
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Geology of Bakken Formation o
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Isopach of lower Bakken shale o
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TOC map for lower Bakken shale
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TOC map for upper Bakken shale
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Kerogen type of Bakken shales

Modified van Krevelen diagram (Ol vs HI)
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Kerogen type of Bakken shales
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Kerogen type of Bakken shales

HI (mg HC/g OC)
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Kerogen type map for lower Bakken shale O
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Kerogen type map for upper Bakken shale
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Kerogen kinetics of immature Bakken shales o

Depth Ea (Kcal (Ao
Formation (1/m.y.)

1.2E+428

Upper Bakken
shale very

Depth Ea (Kcal |Ao .. .
( similar with
F HYLESIIT I S rin Illlul:’ ‘i[ Ill-,’-’ IOWer Bakken
Pierce 1-18 | ower Bakken Sh.|6785 6790 5.76 31 57.51 2. 1E+28
Fartilz 1-124 | pwer Bakken Sh 10401 QaAl2 175 AG3 57.29 2.2E+28 shale
Il emmmem 1"% AA I masame Bmlidome Ch |OIN7 a1 o 477 31 AAC Ce Ch 4 ZIC 30
& [ R o LUWE] DaiRReE]ll Sl | ZFEUF 2EZ 10U A FL 31 a2 T N e L2 LT LD
Long 1-01H Lower Bakken Sh.|9375 9400 19.47 AR3 56.31 1.2E+28
McAlmond 1-05H  |lower Bakken Sh.I18855 28871 18.07 ABR 57.08 1.9E+28
Ce Amelae 121U | ;pansmr Balblan €k lG110 a17q 1€ Q1 AED tC o7 Q1Cs7
e FAl I e adew el B LY rvwe) LrOanne il LSlls ) A A AW — e o - e L b gl TUF N Tt %
Averaged kinetics of lower Bakken Shale <'_5i73 1.6E+28 >




HI map for lower Bakken shale o
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HI map for upper Bakken shale
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Maturation of Type Il kerogen Bakken shale
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Averaged HI for Type Il kerogen Bakken shale o

Tmax vs Ave. Hydrogen Index

700.0
F ._..._;2_____= D;éi?: 1E+06x? + 2E+08x - 2E+1

600.0
i ~ 2 v o o e ool A~ " TTT T T T T Ty 580 HI

2

AHI at certain Tmax

S

=#=—Tmax vs Ave. HI (All shale)

Averaged Hydrogen Index [mg HC/g C)
LY
s
(=)

2

100.0

0-0 T T T T T 1
400 410 420 430 440 450 460 470

Tmax (°C)




HI

 map for lower Bakken shale O

origina

[

RAmi mom =
Ivibiuiile

iy

Hloriginal map
Lower Bakken shale
——

50 miles

Custer —— |

pud

Slope Hettinger




al

. T

origina

-map for upper Bakken shale

[ i
L L ety /N Rireinn 1 GTE
o piden
Prairie” & i
|
[ .
it
Hloriginal map = S
Upper Bakken shale on
hsure
Bowman Adams
50 miles N D
Campbell
Corson
157,235
BPnwder Biver Carter Harding




Equation for conversion fraction (f)

Equation from Peters et al. (2005):

HI
1= Hiy » {1200 = |7 —pr|}
f= | HlIy

where f is conversion fraction of kerogen to petroleum; Hl, and Hl, represents
present-day and original Hl, respectively; Pl, and Pl, represents present-day and

original PI, respectively, and Pl assumed to be 0.03.

O




Maturity and oil generation o

Tmax vs Fractional conversion (f, of kerogens to petroleum)
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f map for lower Bakken shale o
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f map for upper Bakken shale o
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Maturation trend of Type Il kerogen Bakken shale o
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Maturity and oil generation

Tmax vs Pl
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Tmax map for lower Bakken shale with thresholds
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Tmax map for upper Bakken shale with thresholds o
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Different paleo-geothermal gradients in basin o
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Stratigraphy of Bakken shales
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Maturity variation of Bakken shales
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Conclusions O

e High lateral and vertical TOC variation in Bakken shales;

e Bakken Shale kerogen type: mainly mixed Type | and Type Il in deep
basin, Type lI/Ill in shallower parts of basin; Bakken shales also
having vertical heterogeneity;

 Two kinds of shales classified for Bakken shales: basal transgressive
black shales and maximum flooding black shales;

 Bakken shales in the Parshall Field with same organic matter;

 Thresholds for initial bitumen and oil generation in the Bakken: ~
425°C Tmax, ~ 0.08 PI, and 0.1-~0.15 f;

e Main oil window: 430-~445°C Tmax; thresholds for intense oil
generation: ~ 435°C Tmax, 0.15-~0.25 Pl, and ~ 0.5 f;

e Maturity: the primary control on oil generation and expulsion.
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