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Gas Shale

Jack Breig
Newfield Exploration
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Measurement methodology
Key parameters for assessment
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Mississippian-Devonian Black shales
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Woodford formation In outcrop

Lightly colored facies caused by biodegradation of
organic component of ‘shale’



Woodford formation in core

Newfield Exploration Mid-Continent
Newt 1H-12

Black color caused by elevated organic carbon component



Woodford: Chert facies

¢ =2.49% k., = 5.93E-06 md
Sw = NA Sg = NA

So =NA GD = 2.61 g/cc
TOC=1.70% Ro =2.15

Chert Mineralogy (volume %) Min | Max

Quartz 63.1| 954
K-Feldspar 0.0 1.5
Plagioclase 0.0 116
Calcite 0.0 0.0
Dolomite & Fe-Dolomite 0.0 4.9
Magnesite 0.0 8.7
Pyrite 0.4 5.1
Marcasite 0.0 13 : 0Quartz m K-Feldspar
lllite & Mica 0.0 21.9 BPlagioclase B Calcite
: : . BDolomite O Magnesite
Kerogen 2.3 13.7 : BPyrite B Marcasite

Blllite & Mica B Kerogen

Vclay 0.0 219




Woodford: Siliceous
mudstone facies

¢»=4.75% k,=8.16E-06 md
Sw = NA Sg = NA

So =NA GD =2.56 g/cc
TOC=4.16 wt% R0 =2.3

Shale Mineralogy (volume %) Min | Max Avg

Quartz 25.5 68.5 50.0
K-Feldspar 0.0 5.7 2.3
Plagioclase 1.5 9.9 5.0
Calcite 0.0 14.0 0.7
Dolomite & Fe-Dolomite 0.0 31.8 5.3
Magnesite 0.0 2.6 0.2
Pyrite 1.2 11.4 4.5
Marcasite 0.0 4.9 1.2
lllite & Mica 92| 358| 187 aPiagiociase  mCale

BDolomite OMagnesite
Kerogen 2.0 18.3| 11.9 @pyrite B Marcaste

Vclay 9.2 35.8 18.7 @jllite & Mica B Kerogen




Gas swollen Woodford cuttings bags—
doubled plastic bags inside cloth bags

o




Cannister desorption test

Gas Composition Data (Continued)

Sample | Collection | As-Received | Incremental Gas Analysis (O3, N; and H, Mole Fractions Omitted)’
Number | Point o e ¢ C, CsCro co; Total Dry | Saturated
hours scfiton scfiton mole % mole % mole % mole % mole % Btw/ft’ Bw/ft’
Average Depth (ft): 8,132.5 Lost Gas Content: 38.12% Woodford Shale
638-23-1 5.9 ]:5'9.1 59.1 9529 424 038 0.09 100.00 1,052.3 1,034.0
638-23-2 11.7 769 17.8 94.34 493 045 0.28 100.00 1,056.8 1,0384
638-23-3 225 896.6 19.6 91.42 6.91 072 0.95 100.00 1,069.6 1,091.0
638-234 247 G384 18 59213 7.05 0.74 0.08 100.00 1,080.0 1,061.2
638-23-5 140.2 1117 134 79.78 16.55 208 1.59 100.00 1,160.3 1,140.1
£538-23-6 4006 1154 ar 67.59 2833 383 0.24 100.00 1,2938 1,271.3
ﬂ")q_" EQ"—-\"} '1'1E|"I ﬂL E"lﬂ") 1 0N (A AT 'HQ 40000 w Eia i
638-23-C¢* 6352 1339 17.9 2363 4317 2253 10.66 100.00 1,628.3 1,600.0
Apparent Gas COI‘I’IPQSitiGI‘IJ 82.60 11.89 3.69 1.82 100.00 1,150.7 1,130.7
Average Depth (ft): 8,163.5 Lost Gas Content: 11.25% Woodford Shale
638-26-2 12.0 217 6.3 95.70 3.82 028 0.20 100.00 1,046.1 1,0279
638-26-3 228 H26 309 91.90 485 037 2.88 100.00 1,028 4 1,010.5
638-264 251 549 23 04 28 4599 0.38 0.35 100.00 1,065 4 1,037.0
638-26-5 156.9 817 268 88.53 8.55 0.59 233 100.00 1,0659 1,0473
S =527 a7 S N1 A I 2 N < e - MUY S —- A
638-26-7 6354 916 27 79.59 16.65 1.27 2.50 100.00 1,137.5 1,177
638-26-C° 6354 1142 225 42 63 4511 713 5.12 100.00 14254 1,400.6
Apparent Gas COI‘I‘IPQSitiGI‘IJ 78.73 16.14 2.12 3.01 100.00 1,142.3 1,122.4

Note increasing contribution of C2 and C3-C10 as sample desorption proceeds
from high to low pressure (collection point time)




Sorbed gas capacity In relationship
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Measurement methodology

Determine the chemical composition of
produced gas

Derive storage capacity relationships for each
chemical species for appropriate ranges of:
Temperature

Pressure

TOC content

Source rock maturity




Gas composition examples from western
Arkoma Basin (Wet to dry gas transition)

THURMOND-McGLOTHLIN, INC.

THE NATURAL GAS MEASUREMENT COMPANY
501 East Main Street
Wilburion, O 74578
Phone B18-485-2336 Fax 918-465-0013

THURMOND-McGLOTHLIN, INC.

THE NATURAL GAS MEASUREMENT COMPANY
501 East Main Street
Wilburion, OK 74573
Phone B1E-465-2338 Fax 918-465-D013

E-mail joeywi@tm-ems.com

Website wanw.tm-ems.com E-mail jozyw@im-ems.com
FRACTIONAL ANALYSIS ® DATE RUN: September 21, 2008 FRACTIONAL ANALYSIS * DATE RUN: July 25, 2005
COMPONENTS ~ MOL % GEM COMPONENTS  MOL% GPM
COMPANY: NEWFIELD COMPANY: NEW FIELD
Carben Diovide CO2 0.745 PURCHASER: Carbon Diovide CO2 1.012 PURCHASER:
i W] 1 8710 | IE - _39 i 7 781 | E& -
Methane ci T8.181 STATION: Methane c1i 04 788 STATION:
Ethane c2 12.008 3352 PRESSURE: 33 Ethane c3 1135 0833 PRESSURE- 241
Propane  C3 4523 1230 TEMPERATURE: Propane  C3 0592 0162  TEMPERATURE: 114
'5”35”“”9 r':; ‘:-ii gg m‘:"\r[’sf;“ 25"33 iso-Butane  IC4 0084 0021  CYLINDER: 1224
n-Butane R . N I'hl'lE .
nec-Pentane neo C5 0000 0000 SECUREDBY: DS -8 Pertane "O"'Cﬁ gggg E'g gggb‘;i‘g g:j Eu?
isoFentane IG5 0223 0081  DATE SAMPLED: ®21/2006 neo” ned ' ' :
nPertane  NC5 07 0006  LEGAL iso-Pentane IG5 0022 0008 DATESAMPLED: T7i2202005
Hexane+ B+ 0.453 0.109 n-Pentane  NC5 0.5 0005  LEGAL:
100.000 Hexane + Cé+ 0.037 0.8
100.000
GASOLINE CONTENT @ 14.85 PSIA & B0 F REMARKS:
- GASOLINE CONTENT @ 14.65 PSIA & 60 F REMARKS:
PROPANE & HEAVIER 1777 GPM
BUTANE & HEAVIER 0538
PENTANE & HEAVIER D.087 PROPANE & HEAVIER 0.zz2
RESULTS To: BUTANE & HEAVIER 0.080
Gross Heating Value NEWFIELD FENTANE & HEAVIER 0014
BTU @ 14.65 PSIA & B0 F-REAL _ RESULTS TO:
Dry 1206.2 Gross Heating Value MEW FIELD
Wet 1185.3 BTU @ 14.65 FSIA &8O F
Dry 10276
Wat 1008.7
SPECIFIC GRAVITY-REAL 7= [0.0963601
07134
MOL WEIGHT SPECIFIC GRAVITY
24.58 0.5017

Western margin of gas play

Core area of gas play



Gas composition examples from eastern
Arkoma Basin (elevated CO,)

THURMOND-McGLOTHLIN, INC.

THE NATURAL GAS MEASUREMENT COMPANY
501 East Main Street
Wilburion, QK 74578
Phone B18-4G5-2338 Fax 818-485-0013
E-mail joeywi@itm-ems.com

Website ww.tm-ems.com

THURMOND-McGLOTHLIN, INC.

THE NATURAL GAS MEASUREMENT COMPANY
501 East Main Sireet
Wilburion, OK 74573
Phone B16-485-2330 Fax 918-485-0013
E-mail joeywiEitm-ems.com

Website wanw.tm-ems.com

FRACTIONAL ANALYSIS © DATE RUN: September 21, 2008 FRACTIONAL ANALYSIS * DATE RUN: October 23, 2006
COMPONENTS  MOL% GPM COMPOMENTS  MOL% GPM

S S e s
Carbon Dioxide COZ2 0.745 PURCHASER: Carbon Dioxide CO2 5.842 PURCHASER:
Nitrogen M2 1.820 LEASE: CATTLE 1 H-21 Nitrogen N2 0558 LEASE: JOHNSTON 3-24
Methane ci 7B.181 STATION: Methane c1 03.342 STATION:
Ethane c2 12808 3352  PRESSURE: 1 Ethane c2 0432 0115  PRESSURE: Az
Fropane o3 4533 1230 TEMPERATURE: Propane c2 0.028 0.007 TEMPERATURE: 1028
o-Butane 14 0.382 0.124  CYLINDER: aoaz so-Bufane 104 0.000 0000  CYLINDER: 5376
nBune  NC4 1.044 0327 AMALYSISBY:  JW nButane  NC4 0.000 0000  AMALYSISBY:  JW
neo-Pentane meo C5 0.000 D00  SECUREDBY: DS neo-Fentane neo CF 0.000 0000 SECUREDBY: DS
so-Pentane  ICH 0.273 0081 DATE SAMPLED:  ©¥21/20D6 so-Pentane IG5 0.000 0.000 DATE SAMPLED: 10/23/2008
nPentanz  NC5 0.07 D008 LEGAL: n-Pentane  NC5 0.000 0000 LEGAL:
Hexane + Ch+ 0.458 0.190 Hexane + Ch+ 0.000 0.000

100.000 100.000
GASOLIME CONTENT @ 14.65 PSIA & 60 F REMARKS: GASOLINE CONTENT @ 14.65 PSIA & B0F REMARKS:
GPM GPM
PROPANE & HEAVIER 0.007

EE?:EE.; &H'E"ﬁ;'gg“ ;;g BUTANE & HEAVIER 0.000
PENTANE & HEAVIER 0.087 PENTANE & HEAVIER 0.000 .

RESULTS TO: ) RESULTS TO:
Gross Heating Value MEWFIELD Gross Heating Value MEW FIELD
BTU @ 14.65 PSIA & 80 F-REAL BTU @ 14.65 PSIA & 60 F-REAL
o e w s
Wet 1185.2 :

SPECIFIC GRAVITY- REAL Z= D.0086601
07134
MOL WEIGHT
24 .58

Little CO2 in western areas of gas play. This increases to > 10% in the deeper central parts of the basin. CO2 can

SPECIFIC GRAVITY- REAL Z= D.0978836
0.6144
MOL WEIGHT
2043

reach 75% in the south side of Red Oak field, where VRo reaches 5.0.



The Langmuir Isotherm

0o
a0~ -
Langmuir volume
an - Gas volume at infinite pressure
© 70
2
= GO
Lea]
& 50
E = G, = gas-storage capacity [scf/ton]
= p = rBSEVDIT pressure [psia)
2 4l V| = Langmuir volume (scf/ton)
) P,= Langmuir pressure [psia)
— i Langmuir
pressure
0 as-storage capacity = /2 Langmuir volume
[. 1 1 1 1 1 1
a &00 1,000 1,500 2,000 2,500 3,000 3,500 4.000

Pressure, psia

~ Adsorbed gas storage. The Langmuir isotherm (blue) shows the quantity
of adsorbed gas that a saturated sample will contain at a given pressure.
Decreasing pressure will cause the methane to desorb in accordance with
behavior prescribed by the blue line. Gas desorpfion increases in a
nonlinear manner as the pressure declines. Thus, in this example, a sample
at 3,500-psi [24.2-MPa] pressure will have about 74 scf/ton adsorbed
methane. As pressure first decreases from this point, the amount of gas
desorbed is relatively small. Once the pressure has declined to 500 psi

[3.4 MPa), one-half of the total gas that this shale could adsorb will have
been desorbed. The remaining volume will desorb over the final 500 psi.



Adsorbed Gas Content

experimentally determined from core samples

Gas Content (scf/ton)
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Adsorbed Methane Content
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| _m
/ P —&— Nunn 4% TOC

il VanPelt 4% TOC
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A >

Vo te —8— Freeport 6.5% TOC
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y / —s— VanPelt 8% TOC
<
4
0 500 1000 1500 2000 2500 3000 3500 4000
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Pressure 750 psi

Reservoir Pressure
3000-4200 psi




Sorptive capacity of methane, ethane, and

Sorptive Capacity (scft/ton)

CO2 at 3 temperatures

Sorptive Capacity at 4660 psi vs. Reservoir Temperature: Methane, Ethane, CO,

250.00 -
140 °F
A
200.00 \
0}
Cool 200 °F
-]
150.00 Oc’,‘,b yAN -
o) ¢ Methane-EQ Moisture
0/7 C}? 250 F B Ethane-EQ Moisture
047'0, A CO2-EQ Moisture
- Q — Linear (Methane-EQ Moisture)
100.00 5 FL — Linear (Ethane-EQ Moisture)
. <7 Idne \! — Linear (CO2-EQ Moisture)
1 Hot
L 4
€7
50.00 /73/7@ <
0.00 T T T T T T T T T 1
100.0 120.0 140.0 160.0 180.0 200.0 220.0 240.0 260.0 280.0 300.0

Reservoir Temperature (deg F)



Adsorption tendency in relationship to
Fluid boiling point

100
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Sorptive capacity of methane in moisture
equilibrated and dried samples

Sorptive Capacity at 4660 psi vs. Reservoir Temperature: Methane

200.00
180.00

160.00 \

140.00 \

120.00 Q ,,5 >
Q /s
Ol@/zj/ € Methane-EQ Moisture
100.00 o B Methane-ADB
/V \ A — Linear (Methane-EQ Moisture)
— Linear (Methane-ADB)
80.00 Uy

Sorptive Capacity (scft/ton)

070/.8&
60.00 (/”':.

. C

,Ore
S@ ",

40.00 Sy o
20.00

0.00

100.0 120.0 140.0 160.0 180.0 200.0 220.0 240.0 260.0 280.0 300.0

Reservoir Temperature (deg F)



Key Parameters for assessment

Map of Organic matter content
Maps of reservoir temperature and pressure
Map(s) of free gas composition

Component storage capacity relationship, as
specified in extended Langmuir isotherm
relationships



TOC_CORE

TOC estimation from RHOB and DeltaT- log(Rt)
Caney & Woodford shales

3]
4 132 JOHNSTON 3-24 - RHOB-TOC_CORE-GR /
1 B 133 CHURNER #-7 - RHOZTOC_CORE-GR - v
+ 104: CATTLE #H-5 - ZDEN-TOC_CORE-GR /
o| # 294 MRBILL 1-30 - RHOB-TOC_CORE-GR N
T # 297 Stiedley 5-16CW - RHOZTOC_CORE-GR d /
N o
o T
+ o /
w K B / -
Ly
[ - E =
i W g
o . 4 < 2N
@+ ’ I,,* A +
1 +

41 4
" o | % a a

s *E
=+

[ ]

Lol
8]
- +
o
7 pai 45 14 i}

Bulk Diensity

TOC =87.-34.5* RHOB
Correlation Coefficient: r-square = 0.40

s

Delta logR vs TOC from core

M A *T A+ EL

: YORK 1HE - TOC_CORE-TOC_DT

1
104: CATTLE #5H-8 - TOC_CORE-TOC_DT

131: LAKE HOLDENVILLE #35-1 - TOC_CORE-TOC_DT
132: JOHNSTON 3-24 - TOC_CORE-TOC_DT

133: CHURNER #1-7 - TOC_CORE-TOC_OT

155: COMETTI #2H-13 - TOC_CORE-TOC_OT

293: SHOULDERS 26-11H - TOC_CORE-TOC_DT
294: MR BILL 1-30 - TOC_CORE-TOC_DT

TOC_DT

Regression :

10

20 Aug 2008 @17:40

Correlation Coefficients:

CORE_TOC

TOC =.82* X -.57

r-square = 0.50



Newfield 5H-8 Cattle

TOC is approximated by petrophysical techniques

CANEY

Woodford

F| Z:LP : (0104) CATTLE #5H-8

GR-—5P MD TVD RESIST DENSITY TOC
GR DEPTH | [CEPTH M2RS TOC_ DT
] GAP 400 FT FT 0.2 OHbb 20| |0 12
[ (&SP ) CALY e _MoRE o _b1s TOC_RHOB
Io 250 | |4 TH 13| [0 O 4n | | it 12
[ ( &PEF ) (EIT) b WM2RI TOC_CORE
] 10| |4 13| [02 CHbl 2000 |0 12
7650 T T
CNEY ‘i !
[ ] =
77an L BBl Fe— —
=
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750 1 i 2+
c,_%
-g- — . I ~
| =+
= = ==
e 7a00 F BRI -
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= — = |
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Calculated TOC curves from Density (black) and DTlogR (blue) are calibrated to core TOC measurements (red points);



NFX 2H-13 Cometti
TOC is approximated by multiple techniques

& S(=1E
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Calculated TOC curves are

Calibration: Goddard shale (top of picture) (TOC = 0%). Limestone & sandstone units excluded from evaluation. calibrated to core TOC
measurements (red points);
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Woodford Temperature map
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Fig. 3. Ceothermal gradient map of Oklahosa (modified from Cheung, 1579).

Geothermal gradient of
1.3-1.5deg F /100 ft.
Mean surface
temperature is 72 deg F
across study area.



Woodford Pressure map

A7 psi/ ft (TVD)

- Geopressure Gradient
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Map of initial Methane
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Ethane > 10%

Map of Initial Ethane
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Map of initial CO2
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Produced gas (BTU content)
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Extended Langmuir relationship

Multi-component isotherm relationships can be computed from single component data by use of
extended Langmuir theory.
Py

I

G =G pL‘f’

57 s

Li nc 4
l +pz S
Jj=1 pLj

where:

Gsi multi-component storage capacity of component i, scf/ton

GsLi single component Langmuir storage capacity of component i, scf/ton
pLi, pLj single component Langmuir pressure of componenti or j, psia

yi or yj mole fraction of componenti or j in the free gas (vapor) phase, dimensionless
nc number of components

p pressure of the free gas phase, psia



Adsorbed Gas in Place
Woodford
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Degree of thermal maturation (VRo)

Kerogen adsorptive capacity
related to thermal maturation

Low High

Effective surface area of Kerogen, based on observed nanoporosity
level, using Field Emission SEM on Argon milled samples)

THIS IS STILL IN RESEARCH



Thermal maturity of Woodford Fm. organic
matter (VRo0) — western Arkoma Basin
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