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Abstract

Our understanding of unconventional play types, such as shale gas and shale oil, is still evolving. While scientific and engineering investigations
into conventional petroleum exploration and development have been conducted for over 100 years, the study of the concepts and methods for
unconventional petroleum has been pursued in earnest for only about 15 years. And most of this effort has been directed toward understanding
shale gas systems.

As economic drivers, such as commodity prices, make liquids-rich plays more desirable, extra efforts are being made attempting to extract black
oil from shales with limited success. This does not include the so called hybrid systems or source rock/reservoir sandwiches, such as the Bakken
and Niobrara plays, where horizontal drilling allows us to exploit formerly poor reservoir rocks that are in direct contact with source rocks.
Instead, the focus here is on getting black oil directly out of a shale.

Can we get black oil to flow from a shale in the oil window at commercial rates? To answer this question, we must examine whether black oil can
escape from shales, under what conditions this might occur, and whether commercial flow rates are possible/probable. To address these issues, we
will need to review what is meant by black oil, the oil window, and the essential elements of oil production to see how these apply to shales and
examine what are the main obstacles to potential success. And finally, the conditions for the best chance for liquids production in shale plays will
be discussed.
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E Gas Shale: A Source Rock/Reservoir Petroleum System
1 1

Seal — competent rock to act as fracture
barriers during stimulation

=== Source Rock — an organic-rich shale in the gas window
Gas -] Reservoir — a shale with some porosity and permeability
Shale [ that can be fractured to recover the gas

=725 Trap — essentially a stratigraphic trap
Seal — minimal open natural fractures to leak off gas

Seal — competent rock to act as fracture
barriers during stimulation

Source Rock Properties: Why Does Shale Gas Work?
Sufficient organic richness _ ]
Proper kerogen type Desplte the |nherent|y low
High enough thermal maturity permeabilities in shales, hydrocarbon
Adequate thickness/volume gas can flow at commercial rates if...
Reservoir Properties: ... adequate pressure is present,

Porosity/Permeability

Rock Matrix
> Mineralogy

... the hydrocarbons stay in a single
gas phase, and

> Depositional Fabric ... We can increase the surface area
» Origin of grains - Biogenic vs. Detrital over which the natural permeability
» Fluid sensitivity/compatibility can deliver the gas.
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H Gas Shale Production
- = Gas shales have inherently low natural

permeabilities which results in low recovery %
efficiencies.

= To increase the permeability of a shale and
improve recovery, horizontal wells and hydraulic
fracturing are required.

= Hydraulic fracturing pumps water, sand and
additives at extremely high pressures out s
through perforated sections of the wellbore to i HErsents
fracture the surrounding formation and inject N~
sand, or other proppants, into the cracks to hold BT A
them open. Hydréfmc Zone

= This fracturing does not significantly increase
the permeability by connecting pores in the
rock.

= Permeability is increased by...

...opening migration pathways out into the rock
away from the borehole, and .

...increasing surface area exposure of the matrix = mnrmsms £ SRS
- .. . (Warplnskl et aI 2008)
permeability for more efficient drainage.
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Shale Gas — Windows Of Opportunity

% Total Organic Carbon

Potential Transition From Coal/ Coal
Marginal Shale Gas Free Gas To Bed Methane
Non-Source Source Source Adsorbed Gas Source
A X A A A
4 Vl Y Free Gas Dominated Y X A%soor;?ﬁgtg,aS\
| I Assuming the | High organic matter
immature kerogen is content can influence
either Type | or Il mechanical behavior.
0.1 1.0 20 10 20 40 100
Vitrinite Reflectance, % Ro
If Exceptional Shale Reservoir Characteristics Are
Encountered, A Liquids-Rich Play Is Possible
1
v Metamorphic
I Grade
' A
_ ] _ [ Very \
Immature Oil WKdow 1 Gas Window Low Low
' S
|[ :YShale Gas Plays\
|
| . | | I
0.6 :1.3 2.5 3.0 5.0
] Reduced storage
| | ) | and deliverability. |
0.1 1.0 1.2 2.0 3.0 5.0 10.0

.
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ﬁ Tight Oil — “Source Rock/Reservoir Sandwiches”
=

Bakken Formation, Upper Devonian, Williston Basin
The Upper and Lower

Lodgepole _ Bakken shale men_1bers
e gre the source facies
Upper Bakken ‘Source Rock --=- - == = QW FIFRT PRV INT P - EUE

_ member composed of
"' | fine-grained sandstones,
coarse-grained

_ siltstones, and porous

i@ carbonates is the

| reservoir facies.

= A5 S e Except where naturally
== fractured, the
Lower Bakken .- = = permeability in the
. i Middle Bakken is too low
for economic production.

Three Forks Horizontal drilling and
well stimulation allows
exploitation of the
resource.

Similar “source rock/reservoir sandwiches” occur in the Niobrara and Monterey
formations.
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Oil From Shales? — Some Of The Concepts

= Molecular Size

e The effective diameters of liquid petroleum
molecules are much smaller than the
average pore throat in shales.

e Therefore, liquid petroleum should have
no problem freely traveling through the
pore network.

e True, if the liquid petroleum molecules are
in the gas phase, but in the liquid phase
the properties of the liquid (viscosity,
interactions with the mineral phases and
pore water, etc.) make flow through the
pore network much more difficult.

= Source Rock Saturation

e« Once the hydrocarbon saturation in a
source rock reaches 100 mg HC/g TOC, ol
production from the shale is possible.

« Saturation alone cannot indicate if oil can
be produced from a shale.

Large
asphaltene
molecule

[
(=]

Small
asphaltene
molecule

Complex

ring from Jarvie (2008)

structures

O n-alkanes Approximate Molecular Diameters
of some products in petroleum reservoirs

Shale Porosity (%)

Effective
Ocyclohexafe Diameter

(nm)
0.30
0.38
047
048
0.54

1-3
5-10

20

y= 3.769280 0750

80 from Jarvie (2010) Ré=0.7787

0 20 40 60 80 100 120 140

NORMALIZED OIL CONTENT (mg HC / g TOC)
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E The Question
4

Can we get black oil to flow from a shale in the oil
window at sustained commercial rates?

¢ Can black oil escape from shales?

eUnder what conditions does this occur?

e Are commercial flow rate possible/probable?
¢\What are the main obstacles to success?

To answer these questions, we’ll need to

review what we mean by black oil, the ol

window, and the essential elements of oil
production to see how these apply to shales.
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Black Oil
b

-
* Pressure > Bubble Point

. . "Volatile Oil" "Gas Condensate"
= Sl n g | e p h aS e Smgle Phase Reservoir Reservoir
R (Near T_and p_) (Near T_and p,)
u API GraVIty: 200 tO 450 Reservoir /
(P>py) i

. Critical " "
«Depending on “Solution. Point bt
Gas Drive" (No Liquid)

composition

Reservoir
(P<P,)

Pressure

- ViSCOSity: 2-100 cp Bubble Point Line

= Initial GOR: < 2000 scf/STB Two Phase
(under saturated with gas)

= Relatively high percentage Dow Point Line |
Of Iong, heavy, non-volatile from Blasingame (2004)
Temperature
molecules.

Based on these properties, a Black Oil is the product of
generation within the Oil Window.

\ 272222222222 B

Dembicki AAPG GTW 2013




E Shale Oil — Organic-Rich Oil-Prone Source Rock
2

Unlike a shale gas, a shale oil interval should be still
recognizable as a good oil-prone source.
190 00 ;H‘ Good | Exgelle ,clﬁj::’ 1000 |
PEn 900 -
L)
Excellent 4 800 - Qil
10 .,/ 2 /
Fair e la -§ 600 Mixed
Poor J E
o 1 E:,’ 500 A
:>’ 400
Gas
0.1 -
200 -
100 +
0.01 0 1
0.01 0.1 1 10 100 0
TOC Oxygen Index
\
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H Shale Oil - Maturity
)

Vitrinite Reflectance, % Ro

Metamorphic
Grade

A
( Very \
Gas Window Low Low

—

1
Shale Oil 3 2.5 3.0 5.0

Immature Oil Window

N

T
=1 <
&\T
-

Wy
.

0.1 | | | 1.0 1.2 2.0 3.0 50  10.0

Black oil generation occurs from about 0.6 % Ro until
about 1.1-1.2 % Ro.

Above about 1.1-1.2 % Ro, more gas is being generated
making the product more like a volatile oil or gas
condensate.

Depending on kerogen type and organic-richness,
sufficient hydrocarbon saturation to allow expulsion is
usually not reached until 0.7-0.9 % Ro.
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Essentials Of Oil Production
-1 1

* The amount of recoverable oil is » Oils tends to span a large range of
determined by a number of factors viscosities, with lower viscosity
including the liquids tending to provide higher flow
»permeability of the rocks, rates during production.

»the viscosity of the oil, and Q is the flow rate
»>the strength of natural drives Q=kxHXxAP hlls ttfr\Ie I:ﬁiré?(ﬁaelgislity
(the gas. present, pressure ff°m 1) APsis tﬁe pressure gradient
gas, adjacent water, or gravity). w is the viscosity
10000

= When the reservoir rocks are Oil Shales
"tight“, such as shales, oil
generally cannot flow easily in real ™ |
time, but when they are more N Heavy Oil
permeable, such as sandstone, oil _ ™ (\q\o“‘ _
can flow more freely. S d)@xe Viscous Oil .+~

> \ s

= Flow of oil is often helped by 2 "1 W GOR ot T
natural pressures/forces within 2 Shale Oil L7 X
and surrounding the reservoir ‘ 7¢O W pverage”
including natural gas that may be R Qil Fielas
dissolved in the oil, natural gas %14 Shale Wet Gas ” -
present above the oil, and/or water Tight Gas Gas Fiblds
below the oil (not realistic in oot Lon2leDry Gas__ Sands
Sha|93), as Well as gl"aVity_ 0.00001 0.0001 0.001 0.01 Pern:.;ability,‘:(, . 10 100 ;:z:)cande::::
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'@' Conventional vs. Unconventional Permeability
1 (e

1 Darcy = the passage of one cubic centimeter of fluid of 1 centipoise
viscosity flowing in 1 second under a pressure of 1 atmosphere through a
porous medium having a cross-section of 1 square centimeter and a
length of 1 centimeter.

After Naslin (2012)
. _Capillary Topseals _
Weak_ Overpressure Seals
Seals Seals
Reservoirs Shales
Tight Gas Sands
- - Sandstones

_________ Limestones & Dolomites

Karst & Fractures

Darcy milli-Darcy micro-Darcy nano-Darcy
: . . D . . mD . . pD . . vD . .
103 100 10 1 A .01 103 104 105 10-6 107 108 10-° 10-1© 10"
Permeability in Darcies

Shales are more similar to seals than they are to
reservoirs. This is especial true for black oil.
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Viscosity

lIEEhIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

to flow.

» The internal friction due to
molecular cohesion in fluids which
results in the resistance of a fluid

¢ Measured In Poise
(grams/cm/sec), usually
expressed as centipoise.

= Viscosity is dependent on
e femperature

>Increase in temperature will
lower the viscosity.

e«Dissolved gas content (GOR)

»Increase in gas content will
lower the viscosity of petroleum.

= APl Gravity
of fluid flow characteristics.

Is not a direct indicator

Viscosity, poise
Air 1.8 x 10
Water 1x10°3
Gasoline 0.6 x10 2
Mercury 1.55 x 1072
Kerosene 2.0 x 1072
Lube Oils 8 x 102 to 1200 x 10
Asphalts 10° to 10’
Hot Tea ~1cp
Maple Syrup 1000 cp
Peanut Butter 10° cp
Chocolate 10’ cp
Viscosity in Centipoise (cp)
Water 1
Bitumen 5,000-1,000,000
Heavy Oil 100-500
Black Oil 2-100
Volatile Oil 0.25-2
Natural Gas <0.25

API Gravity: an expression of the specific gravity*
of crude oils and condensates measured at 60°F
(16°C), where API Gravity = (141.5/Specific
Gravity)-131.5

* Specific gravity — ratio of the mass of a body to
the mass of an equal volume of water at a
specified temperature (a proxy for density).

.
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£ Viscosity, GOR, And Maturity

1000 3
With increasing gas content, "
the viscosity of the oil in the | , N ¢
source rock will decrease. z 10 ; '%/,Q
1000 4 g \\
] 0.1 E
100 3
< . 0.01 T ——TTTrr T
% \/9 100 1000 . . 10000 100000
:_ 10 ] v{l/& Gas-To-Oil Ratio (GOR) scf/bbl (after Cander, 2012)
3 \ With increasing maturity, the
> N viscosity of the oil in the source
' rock decreases with changes in
o3 the composition of the oil due
cracking, generation of smaller
001 F—r————r— ™ .| molecules, and increasing
(after Cander, 2012) Vitrinite Reflectance, % Ro diSSOIVed gaS Content.
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Moving Oil Out Of A Source Rocks

-."TJ—

e Oil will flow from source

rocks in the oil window -
if it didn’t we wouldn’t
have conventional oil
accumulations.

Typically, flow is initiated
at ~0.7-0.9% Ro (vitrinite
reflectance) and requires
reaching a minimum
hydrocarbon saturation
and overcoming the
adsorption of the oil on
the kerogen and mineral
matrix.

Oil accumulations form
by oil flowing/migrating
out of source rocks over
geologic time with flow
rates that are very low
relative to production.

-
-
-
—— -
- - - —_—— -
- -

- -
-

-

———————————————————

-

e ———— -
~o

-

- -
_—— ——

- ——
- -

-

Immature
VR <0.6% Ro
¢ =15%

I So=0%
" Water expulsion from

compaction

Onset Of Generation
VR ~ 0.6% Ro
¢=10%

I So=5%
" Hydrocarbons invade

surrounding porosity,
no oil expulsion

Peak Oil Generation
VR = 0.9-1.0% Ro
d=5%

1 So =20%
- Oil expulsion possible.

after Ungerer et al. (1984)

1mm

TS~ % Water Flow

NSNS
\\\\\\\\\
Zones where
b Kerogen porosity is invaded
by oil and/or gas

.
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H PVT Behavior Of Fluids During Production

In a liquids-rich shale gas play, as long

. "Volatile Qil" "Gas Condensate" -
Single Phase  pocooir Reservoir as the condensate and wet gas are in a
iBlaagjpe et adp)  (Reart andp ) gas solution, liquid drop out obstructing
Reservoir flow will not occur. But as formation

/

(P>py) Crliical pressure drops this could become a
: "Dry Gas" e H
"Solution-  Foint Reservoir critical issue.
< st (Nelauid)In a black oil or volatile oil shale play, as
@ (P<p,) formation pressure drops to the bubble
& S— point curve, gas comes out of solution
resulting in a decrease in GOR of the
liquid phase and an increase in its
Two Phase viscosity, making it more difficult for the
liquid to move out of the pore space.
Dew Point Line In addition, the free gas phase can move
from Blasingame (2004) more freely through the pore throats of
Temperature the rock leaving behind the liquids.
Retrograde Condensation Impeding Flow As Pressures Drop With Gas Exsolution Impeding Flow As Pressures Drop With Increasing
Increasing Production Time Production Time

Production Time Production Time

\.
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S

ay Obstacles To Oil Flow From Shale

% 100

asphaltenes.

% 100
Saturated
HC

\

Source Rock
Extracts

Residual oil in the source rock is not as
mobile as the migrating phase, and
contains higher concentrations of high
molecular weight compounds as well as
more resins (N-S-O compounds) and

% 100
N-S-O +

Aromatic
HC

after Deroo (1976)

Asphaltenes

Cumulative Gas Generati02
0.2

Significant gas

generation below ~1.2%
Ro is not likely to have
occurred, so increased

gas content of the oil
(GOR) has not lowered

the viscosity, nor
increased pressure.

o
a
[ |

o
o

-_—

(=
1
|
|
|

Vitrinite Reflectance, % Ro
} }

\.
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iy The Findings
L ———
e«Can black oil escape from shales?

»>Yes, expulsion and migration of black oil from shales is
how conventional oil accumulations form.

e Under what conditions does this occur?

»>The source rock (shale) reaches a critical saturation
and overcomes adsorption for oil to move out of the
rock.

e« Are commercial flow rate possible/probable?

vyEvniileian and mi atinn ara nraracceancec that Aanar 'I-n
P =) ¢ PUIDIUII and |I||3l auon are Mi OoLesses tnat UPG AL

over geological time (millions of years), not in real time.
eWhat are the main obstacles to success?

>Low permeability in the shale, high viscosity of the oil,
low gas content in the oil window, and lack of reservoir
energy all contribute to the lack of success.
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ﬁ Conclusions
-

Can we get black oil to flow from a shale in the oil
window at sustained commercial rates?

Not likely, the shale’s permeability, the oil’s
viscosity, and the lack of reservoir energy all
work against sustained commercial flow rates for
black oil from a shale in the oil window.

What’s the best chance for liquids in shale plays?

Shale gas plays rich in condensate and natural
gas liquids where the maturities are in the range
of about 1.2-1.3 to about 1.5 % Ro vitrinite
reflectance.

D Tz

Dembicki AAPG GTW 2013 ."




-."TJ—

Thank You For Your Attention.
Questions?

Challenges to Black Oil Production
From Shales

“The greatest enemy of knowledge is not ignorance, it is the
illusion of knowledge.” — Stephen Hawking

Harry Dembicki, Jr.

Distinguished Geological Advisor — Geochemistry
Anadarko Petroleum Corporation
email: harry.dembicki@anadarko.com

AAPG Geoscience Technology Workshop: Hydrocarbon Charge
Considerations in Liquid-Rich Unconventional Petroleum Systems
Vancouver, British Columbia, Canada - November 5, 2013

Thanks to Anadarko Petroleum Corporation for permission to present
this paper and the selection committee for providing the opportunity
to share these ideas.
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