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Conclusions

A “giant” continuous accumulation is present in the Bakken and Three Forks of the Williston Basin.
e Sophisticated completion technology and geological factors have a large impact on productivity.
[ ]

Sweetspots influenced by hydrocarbon generation, pore overpressure, inferred oil saturations and productivity, net pay,
facies, natural fractures, etc.

e Optimal completion design depends on area and field maturity:

o 40-stage completions may not be economic in low-productivity areas.

o Simpler (cheaper) completions may be preferable for infill wells at late development stage.
e Multistage hydraulic fracturing and horizontal drilling are game changers for tight oil systems.
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rth American shale plays
(as of May 2011)
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[ Current shale plays

Stacked plays

—— Shallowest / youngest
—— Intermediate depth / age
—— Deepest / oldest

* Mixed shale & chalk play
** Mixed shale & limestone play
“** Mixed shale & tight dolostone-

siltstone-sandstone play

[ Prospective shale plays

Basins

Source: U.S. Energy Information Administration based on data from various published studies. Canada and Mexico plays from ARI.

Updated: May 9, 2011
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Surface casing
to protect shallow
ground water

-

Surface casing
to protect shallow
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Typical vertical well
with hydraulic fracture stimulation

Horizontal well with multistage
hydraulic fracture stimulation

Horizontal versus Vertical Wells
Highly diagramatic



Meissner, 1978

“Relationship between source-rock
maturity, hydrocarbon generation,
geopressuring and fracturing suggest
an opportunity in exploration for
unrecognized and unlooked-for
“unconventional” accumulations of
potentially very large regional extent”
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Tight Oil Accumulations
e Pervasive accumulations that are hydrocarbon-saturated
* Not localized by buoyancy
 Abnormally pressured (high or low)
e Commonly lack downdip water
e Updip contact with regional water saturation
* Low-permeability and low-matrix porosity reservoirs
e Reservoirs may be single or vertically stacked
e Commonly enhanced by fracturing
e Associated with mature source rocks that are either actively generating or have
recently ceased generation
* Hydrocarbons of thermal origin

* Fields have diffuse boundaries

* |nverted Petroleum Systems
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Sea-level curve , Highstand
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Bakken Petroleum System Basics

* Upper & lower black shales

* ‘World Class’ Source Rocks
* Hard, siliceous, pyritic, fissile, organic-rich
* TOC’s average wt. 11%
* High OM indicates anoxic conditions (amorphous-sapropelic OM)
* HC Generation: 10 to 400 B bbl oil

* Middle member (target of horizontal drilling)
* Dolomitic siltstone to a silty dolomite
* Low porosity and permeability

. élJp I.er §§< Middle Three Forks dolostones (target of horizontal
rilling

* Pronghorn dolostones (new target!)

* Abnormal pressure and hydrocarbon generation (> 0.5
psi/ft)
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What factors influence productivity?

GEOLOGY TECHNOLOGY

e Reservoir quality

e Reservoir thickness

e Oil & water saturations

e HC generation potential

e Maturity

e Overpressure

e Structure and lineaments
e Regional stress regime

e Mechanical stratigraphy
e Natural fractures

e Migration

e Traps

e Well type

e Laterallength

e No. of hyd. fracturing stages
* Proppant volume & type

e Proppant loading

* Fluid volume & type

e Fluid / proppant ratio

e Injection rate

e Treatment pressure

e Choke size

¢ Plug & perf; sliding sleeves

e Well spacing
Theloy, 2013
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KELLY / PROSPECTOR ALBIN-FLB 2-33 MUD LOG
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Kelly/Prospector
(Enerplus Resources)
Albin Flb 2-33
Sec. 33-24N-57E

Pfs: 10,451-463
IP: 73 BOPD
Flowed 2,191 barrels oil in the first
30 days beginning March 20, 1996

Treatment:
Water sand frac with 80,260 gallons
water & 151,800 Ibs sand

Cum: Cum:
92,119 BO; 56,607 MCFG; 10,674 BW
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Middle Bakken Reservoir Data

Formation type:
Vertical Depth:
Vertical thickness:
Porosity:
Permeability:

Oil Saturation:
Spacing Units:
Stimulation:

Initial Production:
Qil Gravity:
Bottom hole temp:
GOR:

Qil in Place (BO/section):
Primary Recovery Factor:

Primary Oil Recovery:
Well Cost:

Fractured Silty Dolomite
8,500 to 10,500

8 to 14

8 to 10%

0.05 md average

75% average

Primarily 640 to 1280 acres
Gelled water, sand frac
200 to 1900 BOPD; 100 to 900 Mcfd
42° APl @ 60°F

240°F

500 CFG/Bbl

5,000 MBO

10%

500 MBO

~ $4,500,000

Walker, 2006



Well Spacing Units & Patterns

“Bow tie”
Dual laterals

1280s

Long single
laterals

640s

s

“Bird foot”
Dual laterals

Single
saction
laterals
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Balcron 44-24 Vaira
(Sec. 24-T24N-R54E, Richland County, Montana)

Dl Ingustapn [pherer

1000

LODGEPOLE

I Interyal

Permorted | ™S | T e
1

Hooop

BAKKEN

THREE FORKS

"fﬁz: ':iﬁfff

|IP: 83 BOPD and 61 MCFD

Upper Shale

Middle Dolostaone

— Lower Siltstone



Core description of the Balcron #44-24 Vaira

Upper Bakken
shale

Middle Bakken
dolostone

Sandy
Ciolostone

Eioturbated
Ciolostone

Lower Bakken
siltstone

LITHOLOGY
Mudstone Siltstone Dolostone

SEDIMENTARY STRUCTURES

e VW W
Ea
% v

Parallel lamination Ripple lamination Bioturbated

TRACE FOSSILS

Phycosiphon Planolites Zoophycos

FOSSILS

Brachiopod
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Bakken Type Log
Richland County, Montana
Sec. 16-T23N-R57E
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Sanish and Parshall Fields
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Contour interval: 100 ft 1000
Top Bakken Structure ggg
850
800
750
700

I

650
600
550
500

- : 450
o 400
350
\ 300 L
. . - _ 250
200
; 150
A 100
. 50

_
/

| A
\ o T
N\ - =

r—
2246 wells T~ s / /2)) eiis™

I

From Theloy, 2013



20 miles

Il

—

Average EUR (2010 to 2011)
|

506
South Nessan
536
Bear Den
283
Mondak
459
Bailey

e

From Theloy, 2013



0il / Oil + Water ratio times 90 day Cum

ZSHERIDAN

Rough Rider

- Most aggressive
completions

DMIDE

- Locally entrapped
accumulations

N Nesson

ROOSEVELT

Elm Coulee
- Bar facies
- Diagenesis
- Stratigraphic trap

Upper Bakken
- Natural fractures
- High maturity

WMILLIANS

983 wells ——/MT

BILLINGS

\ N Sanish - Parshall

- High pressure

- Updip migration
- Stratigraphic &
Diagenetic trap

MERCER

Bear Den

- High Pressure
- High maturity
- Central position

e

From Theloy, 2013
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STAGE

Conodont
Zones

Stratigraphy

Central
Montana

North
Dakota

EARLY MISS. | SERIES

KINDERHOOKIAN

crenulata

Lodgepole

Lodgepole

ttonwood Canyon

sandbergi

duplicata

sulcata

LATE DEVONIAN

FAMENNIAN

praesulcata

expansa

Sappington

Middle
Bakken

. Sh

postera

trachytera

marginifera

Trident

rhomboidea

crepida

triangularis

FRASNIAN

linguiformis

rhenana

$H)404 924y

N .

ronghorn/Sanis|

Birdbear Mbr.
Of Jefferson Fm.

Birdbear Mbr.

Of Jefferson Fm.

modified from Sandberg et al., 1988; Hartel et al., 2012
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MAXUS EXPL CO

SHORT-FEE
31-3
@
T142N R102W S3
?-
1
- False Bakken LOdgep0|e
- Scallion
= Upper Bakken Shale
Subtidal i Pronghorn BAKKEN
=
Intertidal (dolosiltone) Bl Upper T
————————— - - - - - - -
Intertidal f Middle [
(dolosiltstone) —t s
_______________ w
=l o
Supratidal/Intertidal ;: o
T L
El Lower =
Supratidal/Sabkha F
Chicken-wire anhydrites =l
L]
1
'---'_
= Nisku/Birdbear
I .
I - Modified from
I R Gantyno, 2010




Short Fee XRD

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Pronghorn 10488.2 - ==
|
Upper 10496.9 15
Three Forks b |
10501.8 17 :
|
10519.4 14 | 5
Middle 10522.5 17 5
Three Forks i |
10546.2 16 | 5
10560.9
10577.5
10583.5
Lower 10602.2
Three Forks i
10622
10636
10653.9
Birdbear 106615 W #:
10661.5 10653.9 10636 10622 10602.2 10583.5 10577.5 10560.9 10546.2 10522.5 10519.4 10501.8 10496.9 10488.2
Quartz 1 11 18 16 16 15 14 16 16 17 14 17 15 15
B Dolomite 61 28 43 43 32 34 43 35 56 25 33 30 39 53
Calcite 3
M K-feldspar 5 5 5 5 6 6 8 6 10 9 10
Plagioclase
= Mica/illite 18 27 25 30 32 23 28 10 34 30 28 26 13
m Chlorite 9 5 5 12 11 12 8 12 12 12 7 6
W Halite 1 1 2 1 2 1 1 1 2 1
M Pyrite 1 1
B Hematite 2
 Anhydrite 33 28
1 *“Unidentified” 5 5 5 5 5 5 5 5 5 5 5 5

Quartz
® Dolomite
Calcite
m K-feldspar
Plagioclase
= Mica/illite
= Chlorite
I Halite
M Pyrite
H Hematite
= Anhydrite
0 “Unidentified”
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Petroleum

S5 Mt

. Organic-rich Shale

_ Modified from
. MB Limestone/Dolostone/Sand Continental Resources
. MB Limestone/Dolostone 2013 -

! Pronghorn Dolomite/Sand
I:' Three Forks Dolostone

. Anhydrite
. Red/Gray Dolosiltstone & Shale



<4—LOWER THREE FORKS—D:

<4— MIDDLE THREE FORKS —p

<4—— UPPER THREE FORKS —p
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Enterolithic
anhydrite

Nodular/chicken-
wire anhydrite

Brecciated mudstone
and dolosiltstone

.,

-,
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.~
™
......
----

.

"
.
e
~
N
*ue,

Red, highly oxidized
dolostone

Wavy to lenticular bedded

dolosiltstone & mudstone,
bidirectional ripples and

mudcracks, microbial features

Massive to flaser bedded
vfg sandy, dolostone

Silty dolomudstones

Modified from Dumoncaux, 1984; Berwick; 2009; Gantyno, 2010; Franklin and Sonnenberg, 2012
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Deep Water
Euxinic

Subtidal

Intertidal
Mudflat
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sandflat

Subtidal

Modified from Berwick, 2009, Gantyno, 2010; Johnson, 2013
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Results — Kerogen type (majority Type 1/Il)

Modified van Krevelen diagram (Ol vs Hl)
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2 A 0 © B000<Depth<3000
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300 - - Type | Kerogen
A
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200 = Type Il Kerogen
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0
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Jin, 2013
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Braaflat 9940
Sec. 11-T153N-R91W
Lower Bakken Shale

TOC 15.6
Tmax 435
HI 669
Pl 0.06

Braaflat 9864 ft
Sec. 11-T153N-R91W
Upper Bakken Shale

TOC 14.5
Tmax 435
HI 656
P10.05
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Pressure (psi)
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Indicative plot for inverted continuous system, leaking pressure at top

From Theloy, 2013



Maturity Boundary

Beginning of intense oil generation

A9 ‘| = UBS Tmax = 430°C
""" UBS HI =500 (mgHC/gTOC)
4
' —— LBS Tmax = 430°C
{ L ————— LBS HI = 500 (mgHC/gTOC)
ROCSEVELT
Area of Intense n = UBS approx. subcrop
. . — LBS approx. subcrop
Oil Generation and
Overpressuring [
Hl [
MCKENZIE
MCCONE MCLEAN
Dfrere
- MERCER
: \ JLWVER
Beginning of intense oil o
- generation of Upper and chLoen val
] Lower Bakken shales
— UBS .
approx. subcrop ]

—— LBS approx. subcrop [

11 .—I S| OPE HETTINGER

Beginning of intense oil generation based on Tmax and HI constraints of both
Upper and Lower Bakken shales
Theloy, 2013



Faults & Fractures

* Tectonic
* Faults
e Force Folds
e Recurrent movement on basement faults
e Evaporite dissolution
 Differential compaction

* Regional Stress Field (Sh

* Diagenetic
* Hydrocarbon generation
* Overpressure
e Compaction/Dewatering (PFS)

max)



Regional Fractures
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Petroleum-Expulsion Fracture Map
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Conclusions

» A “giant” continuous accumulation is present in the Bakken and Three Forks of the
Williston Basin

»Sophisticated completion technology and geological factors have a large impact on
productivity

»Sweetspots influenced by hydrocarbon generation, pore overpressure, inferred oil
saturations and productivity, net pay, facies, natural fractures, etc.

» Optimal completion design depends on area and field maturity
- 40-stage completions may not be economic in low-productivity areas
- Simpler (cheaper) completions may be preferable for infill wells at late
development stage

» Multistage hydraulic fracturing and horizontal drilling are game changers for tight
oil systems



Colorado School of Mines
Bakken Consortium

Esamso“ ,6 KODIAK é
Ny v HELIS wmis WHITE FAGLE
MarathonOQil weamemm Elrn

V e
SM A D)(Y ConocoPhillip:

ENERGY ‘
@ f‘ A TUNDRA
O1L & GAS PARTNERSE
WPXENERGY

acr

Swn WHITING
“ Southwestern Energy® -
E/ NARP Canada =:‘:= Whiting Petroleum Corporal
SAMSON THE OF

EOG Resources B enerPLUS

NEWFIELD o 2 Schiumberger
(3] Husky Energy L PlatteRiver <
E ToTAL TGS )

|
Mike Johnson & To HESS ‘ MJ a
Associates ENERGY | SYSTEMS '



http://energy.ihs.com/index.htm
http://www.mjlogs.com/index.php
http://www.newfield.com/index.aspx

	2015PlaymakerCalgarySonnenberg.pdf
	The Giant Continuous Oil Accumulation in the Bakken Petroleum System, Williston Basin
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Meissner, 1978
	Slide Number 6
	Slide Number 7
	Unconventional, Continuous �Tight Oil Accumulations
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Bakken Petroleum System Basics
	Slide Number 14
	Slide Number 15
	Slide Number 16
	What factors influence productivity?
	Elm Coulee
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Slide Number 28
	Slide Number 29
	Slide Number 30
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Slide Number 42
	Slide Number 43
	Slide Number 44
	Slide Number 45
	Slide Number 46
	Slide Number 47
	Slide Number 48
	Slide Number 49
	Slide Number 50
	Slide Number 51
	Slide Number 52
	Slide Number 53
	Slide Number 54
	Slide Number 55
	Slide Number 56
	Slide Number 57
	Slide Number 58
	Slide Number 59
	Slide Number 60
	Slide Number 61
	Slide Number 62
	Slide Number 63
	Slide Number 64
	Slide Number 65
	Slide Number 66
	Slide Number 67
	Slide Number 68
	Slide Number 69
	Slide Number 70
	Slide Number 71
	Slide Number 72
	Slide Number 73
	Slide Number 74
	Slide Number 75
	Slide Number 76
	Slide Number 77
	Maturity Boundary
	Faults & Fractures
	Slide Number 80
	Petroleum-Expulsion Fracture Map
	Slide Number 82
	Conclusions 
	Colorado School of Mines�Bakken Consortium
	Slide Number 85
	Slide Number 86
	Slide Number 87
	Slide Number 88
	Slide Number 89




