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Outline of Presentation

» Define the Oil Window, with an Emphasis on
the Start of the Window

» Basic Parameters Needed for Oil Production
from Shale Resource Plays

» Evaluation of Woodford Shale as a Liquid
Hydrocarbon Reservoir
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Abstract

Thermal maturity 1s one of the most important parameters used in the evaluation of gas-shale and shale-o1l plays. Vitrinite reflectance
(VRo) 1s a commonly used thermal maturity indicator. Many operators use the vitrinite-reflectance value without knowing what it 1s or
how 1t 1s derived. Conventional wisdom of the Barnett Shale gas play in the Fort Worth Basin indicates the highest gas rates occur at
>1.4% VRo. Knowledge of the o1l and condensate windows 1s essential for liquid hydrocarbon production. This presentation answers
the questions: what 1s vitrinite; what 1s vitrinite reflectance: how 1s vitrinite reflectance measured; what are some sources of error: and
how does one tell good data from bad data?
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Vitrinite Reflectance Summary

The vitrinite-
reflectance value
IS an average of
>20 measurements
typically following
a hormalized
distribution over a
range of ~0.3% Ro.
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Part of the Problem of Determining the
Vitrinite Reflectance of a Shale at the Start of
the Oil Window (~0.5% Ro0) Is the presence of
Vitrinite-Like Pre-Oil Solid Bitumen (genetic
bitumen classification of Curiale, 1986)

»Pre-0Oil Solid Bitumen: early-generation
products of rich source rocks, probably
extruded from their sources as a very viscous
fluid, and migrated the minimum distance

necessary to reach fractures and voids in the
rock. —> — (Lewan, 1983)



Two Common Pre-Oil Bitumen Optical Forms Based on
Landis and Castano (1994)
[regression equation is based on homogenous form]

Homogenous form Granular form
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Vitrinite-like bitumen iIs the greatest source of
error for low thermal maturity shales and
possibly the source of reflectance suppression:

Hackley and others (2013) concluded that
vitrinite reflectance measurements of early
mature Devonian shales in the Appalachian
Basin may erroneously include pre-oil solid
bitumen reflectance measurements.



Even if some of the Woodford Shale vitrinite-
reflectance values <0.5% Ro included lower
bitumen-reflectance values, the influence would
most likely lower the mean vitrinite-reflectance
value by ~0.10-0.20% Ro (e.g., 0.48% Ro may
actually be ~0.58-0.68% Ro at the start of the ol
window), confirmed by other qualitative
petrographic thermal maturity indicators.
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Guidelines for the Barnett Shale

VRo Values Maturity

<0.55% Immature

0.55-1.15% Oil Window (peak
oll at 0.90%VRo0)

1.15-1.40% Condensate—Wet-
Gas Window

>1.40% Dry-Gas Window

From Jarvie and others, 2005



Jarvie (2012, p. 91):

“...thermal maturity values from
about 0.60 to 1.40% Ro are the most
likely values significant for petroleum
liquid generation. Regardless of
thermal maturity, there must be
sufficient oil saturation to allow the
possibility of commercial production
of oil”.




Caution:
Vitrinite reflectance is applicable in
coal only to ~0.47% Ro.

TABLE III Oil Reflectance Limits of ASTM Coal Rank Classes

Maximum Maximum Random
reflectance reflectance reflectance

Rank (%) (%)° (%)®

Subbituminous -0.47
C 0.47-0.57

High volatile bituminous B 0.57-0.71 <1.03 0.50-1.12
A0.71-1.10
Medium volatile '

bituminous 1.10-1.50 1.03-(1.35-1.40) 1.12-1.51
Low volatile bituminous 1.50-2.05 >(1.35-1.40) 1.51-1.92
Semianthracite 2.05-3.00 (approx.) 1.92-2.50
Anthracite >3.00 (approx.) >2.50

¢ Procedure of Bethlehem Steel Corporation using “reactive vitrinite” reflectance.
® From McCartney and Teichmuiiller (1972, 1974).

Davis, 1978




W S

| Refl. | Vol. M. | Carhon Bed |Cal.Value Applicability of Different
Rmg | d.a.f. | d af | Moisture [ Btu/lb Microscopic Characteristics Rank Parameters
German USA g it (keal/kg)
Influence of geochemical F—
e . . N . . )f imuial plant materal
gelification (vitrinitization) which sy g
o Mg 5 c o large pores = ::;
transforms huminite into vitrinite g2
o free cellulose, s|e
a.t ~O 4'0 5% RO ctures still recognisable, ® Tf’
gnite ayities frequently empty = §
| ca. 35 | 7200 furmation of rank inertinite E|o
{4000) 2|t
(mmlcal gefificalm\
99 i kes place
.= compaction takes place,
g (550 vitrinite is formed, / l
o 05 | W |
g 06 | a4 1rst coalification jump of liptinites =
o= —ca. 77— ca. 810 2000 E |
Flamm- G - i formation of micrinite E7 |
Bl B [T% i = el
— £ Lus s
o @ i i 2nd coalification jump of liptinites = |
1% g S — 36 rapid rise of red/green quotient Eo I
=g SR of sporinite fluorescence |
Gas- ) g |
E~ I~ b a1 _L ’
o Medium }—1.2 15500 [beginningof 3 rd coalification jump, |
R | - [ (8650) | rapid rise of liptinite reflectance o) er:
Fett- | Bituminous f— 14 |- 24 "é IE
Rm sporinite = Rm vitrinite = 2
Low il Ig
Taylor and others, 1998 - \I#ﬁ
o ¢_-u' | é‘




Most petroleum geochemists use 0.6% Ro
as the onset of oil generation (e.g., Peters
and Cassa, 1994, Applied source rock
geochemistry: AAPG Memoir 60, p. 93-117)

Table 5.3. Geochemical Parameters Describing Level of Thermal Maturation

Maturation Generation

Stage of Thermall Ro Trax Bitumen/ Bitumen Pic
Maturity for Ol (%) (°C) TOCP (mg/g rock) [S1/(S1+ So)]

Immature 0.2-0.6 <435 <0.05 <50 <0.10

Mature

Early 0.6—-0.65 435-445 0.05-0.10 50-100 0.10-0.15
Peak 0.65-0.9 445-450 0.15-0.25 150-250 0.25-0.40

Late 0:8-1.35 450-470 = o >0.40

Postmature >1.35 >470 _ —_ —

bMature oil—prone source rocks with type | or Il kerogen commonly show bitumen/TOC ratios in the range 0.05-0.25. Caution should be applied when interpreting extract yields

from coals. For example, many gas—prone coals show high extract yields suggesting oil-prone character, but extract yield normalized to TOC is low (<30 mg HC/g TOC).
Bitumen/TOC ratios over 0.25 can indicate contamination or migrated oil or can be artifacts caused by ratios of small, inaccurate numbers.
cPl, production index.




lunt (1996, p. 368).

“the lowest value associated with the
known generation of conventional oil
Is about 0.5% [Ro], and 0.6% [RoO] Is
generally recognized as the beginning
of commercial oil accumulations.”




What is the lowest thermal maturity
to produce economic quantities of
oil in the Woodford Shale?

[Note: the start of the oil window Is
a zone rather than an exact number]
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Jarvie (2012, p. 91):

“Although an organic-rich source
rock in the oil window with good oll
saturation is the most likely place to
have oll, it Is also the most difficult to
produce, unless it has open fractures
or an organic-lean facies closely
assoclated with it. This is due to
molecular size, viscosity, and
sorption of oil.”




: :ifdevelopment of natural fractures

i:;'lil;;j.,‘;?from the brittle biogenietsilica-
rlch shale

y, ".fsystem of stable natural fractures =
¥ and fissures connected to the f*‘%
8 wellbore.”-. from G.E. King (2014) &
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Oklahoma Shale-Gas Well History
3,174 Woodford + 94 Caney Wells, 2004-20140Q1

600
H Caney

500 + W Woodford
L
© 400
=
©
- 300
b
Qo
E . . .
2 < [Emphasis on liquid

hydrocarbon
100 production due to low

price of natural gas] 161

2004 2006 2008 2010 2012 2014
i 2012-2014 Caney wells in

Carter, Love, Marshall &
Stephens Cos

Caney/Woodford wells are

Included with Caney



Oklahoma Oil/Condensate/Gas
Production Caveat

»Gas production iIs reported by the
Oklahoma Corporation Commission by

WELL.

»QOil/condensate production is reported
by the Oklahoma Tax Commission by
LEASE [production by well is only on
single-well leases]

(Production data supplied by

P1/Dwights LLC, © 2014,
IHS Energy Group)




Oklahoma Geologic Provinces

MAJOR FAULTS
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Woodford Shale
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International Journal of Coal Geology 103 (2012) 109-119

Contents lists available at SciVerse ScienceDirect

International Journal of Coal Geology

journal homepage: www.elsevier.com/locate/ijcoalgeo

Thermal maturity of Woodford Shale gas and oil plays, Oklahoma, USA
Brian J. Cardott *

Okiahoma Geological Survey, Norman, OK, USA

ARTICLE INFO ABSTRACT

Article history: Being a hydrocarbon source rock and having a brittle (silica-rich} lithologic character makes the Woodford
Received 8 December 2011 Shale (Late Devonian to Early Mississippian} an important oil and gas shale in Oklahoma. Since 2004,
RECEIVEI’Z:II in revised form 15 June 2012 Woodford Shale plays have expanded from producing primarily thermogenic methane in one geologic prov-
Accepted 16 June 2012 ince to producing thermogenic methane, condensate, oil and biogenic methane in four geologic provinces at
Available online 23 June 2012 % SR :
thermal maturities from mature (>0.5% vitrinite reflectance, Ro) to post mature (2% to 3% Ro). Condensate is

Keywords: produced at a thermal maturity up to 1.67% Ro. Oil is produced from naturally-fractured, silica-rich shale. Bio-
Woodford Shale genic methane is produced in shallow (<2000ft, 610 m) reservoirs down dip from the outcrop in northeast
Oklahoma Oklahoma.

Gas shale © 2012 Elsevier B.V. All rights reserved.
Shale oil

Vitrinite reflectance
Thermal maturity

1. Introduction potential (e.g., high total organic carbon content with Type Il kero-
gen), one advantage of the marine Woodfosg

The Woodford Shale (Late Devonian to Early Mississippian) is an im- its quartz-rich composition, specifically rich C ar d 0 tt 20 1 2 b
portant hydrocarbon source rock in Oklahoma (Comer and Hinch, 1987; primarily from Radiolaria and sponge spiculj
Johnson and Cardott, ]992) Itisa black to dark—gray' marine, carbona— Kuuskraaetal. (2011) indicated that marine shales (common deposi-

11 9 - 1. K 1 - 2l e = PRI~




Due to a number of variables, Woodford Shale vitrinite
Isoreflectance maps should be used as a qualitative thermal
maturity indicator (e.g., start, middle, end of oil window;
condensate window; gas window) and not as a “drill here”
Indicator because of the following factors:

» Vitrinite reflectance is an average of many values and has
some internal variation.

» Woodford Shale vitrinite reflectance was originally
determined to estimate the general hydrocarbon source
rock potential.

» The Woodford Shale is divided into three informal
members: the lower member was deposited more near-
shore marine and is where the most and largest vitrinite
and petrified wood is found.

» The vitrinite reflectance value is extrapolated to the entire
thickness even though the Woodford Shale may be up to
700 ft thick.



Isoreflectance Map of the Woodford Shale in
Eastern Oklahoma (Updated November 2011)

Distribution of
Woodford
Shale samples
with vitrinite-
reflectance
data (n 220;
whole-rock
pellets)

Cardott, in

[ Explanation

® Sample Location preparation

1% Vitrinite Reflectance
/\/ Vitrinite Isoreflectance
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1. XTO 1-22H15 McKay Horizontal Well

Love Co.; 22-7S-1E; IP 733 MCFD, 278 BOPD (41° API)
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1.18% Ro measured - Dat -
Single well lease confirmed by date

operator. (Production data supplied by

. . Petroleum Information/Dwights LLC
Cum: 113,102 BO; 192,898 MCF dba IHS Energy Group, © 2014)




2. XTO 1-32H Owens Horizontal Well

Carter Co.; 32-3S-3E; IP 3,361 MCFD, 418 BOPD (50° API)
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Single well lease confirmed by

(Production data supplied by
operator. Petroleum Information/Dwights LLC
Cum: 93,131 BO; 963,655 MCF dba IHS Energy Group, © 2014)




3a. XTO 1-12H Wiggins Horizontal Well

Carter Co.; 13-4S-3E; IP 1,285 MCFD, 150 BOPD
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Single well lease confirmed by

operator.
Cum: 68,657 BO; 1,153,080 MCF

(Production data supplied by
Petroleum Information/Dwights LLC
dba IHS Energy Group, © 2014)



3b. Wagner & Brown 1H-1 Hartgraves Horizontal Well

Carter Co.; 1-4S-3E; IP 243 MCFD, 252 BOPD [shut in for

drilling/completion work on other wells on same pad]

Single well lease confirmed by

operator.
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(Production data supplied by

Cum: 154,994 BO; 943,423 MCF

Petroleum Information/Dwights LLC
dba IHS Energy Group, © 2014)
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4. Devon Energy 1-33H Johnson Horizontal Well;

Logan Co.; 33-19N-2W; IP 242 MCFD, 285 BOPD
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] ) (Production data supplied by
Single well lease confirmed Petroleum Information/Dwights LLC

by operator. dba IHS Energy Group, © 2014)

Cum: 25,761 BO; 53,415 MCF In an area recently measured 0.77% VRO



5. West Star
Operating
1-13 Ray
Pottawatomie Co.
13-6N-2E

OPL 1333
VR0 0.59% Ro

4 Tasmanites
(green fluorescence)



5. West Star Operating 1-13 Ray Vertical Well

Pottawatomie Co.; 13-6N-2E; IP not reported
(delayed hook-up to gas pipeline)
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6. West Star Operating 1-33H Salt Creek Horizontal Well

Pottawatomie Co.; 33-7N-3E; IP 256 MCFD, 215 BOPD
(delayed hook-up to gas pipeline)
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/. Chesapeake Operating 1-36H Francisca Horizontal Well

Seminole Co.; 36-7N-6E; IP 80 MCFD, 6 BOPD
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Conclusions

Vitrinite reflectance values <0.5% Ro may have
errors because (1) pre-oil solid bitumen may be
mistaken for vitrinite and (2) this is the level that
vitrinite forms from huminite.

Oil production ranges from thermal maturities of
~0.59-1.18% Ro in the Anadarko, Ardmore, and
Arkoma Basins and shelf areas (dependent on oll
saturation).

Condensate production ranges from thermal
maturities of ~1.15-1.67% Ro in the Anadarko,
Ardmore, and Arkoma Basins.
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