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RESERVOIR QUALITY
« Hydrocarbons in Place [OOIP]
 Matrix Permeability [T2 CUT OFFS & KspR]

e Pore Pressure

COMPLETION QUALITY
 Hydraulic Fracture Surface Area [ Fracturability” ]




Rt > 15 ohm-m [resistivity] modified atter Lo 220
W

GR > 150API [gamma ray] not critical in
carbonate-rich shales

| pb < 2.53g/cc [@dls >11% @dss>7%] |

®dnls < 35% [®NSS<39N]
dnls>35% [®Nss>39%] & Rt <=10o0hm-m indicates Smectite which is BAD.

‘ Pe <4 barnes/electron [Quartz Pe = 1.81]

Neutron Porosity — Sonic Porosity Display [®@sonic > ®NIs]

Walls & others, 2012




Reservoir Characterization in the Eagle Ford Shale using
Digital Rock Methods: WTGS
2012 Fall Symposium, Publ. No. 12-125.

 Dual Energy (CT) whole core imaging for quick
evaluation and sample selection for shale quality
Indication (“shale sweet spots”).

 High resolution (0.5mm) BULK DENSITY (RHOb) and
PHOTOELECTRIC FACTOR (PEF).




Whole bulk core density and photoelectric factor (PEF) for
facies identification (Well SE) and sample selection
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I Marcellus Shale Lithofacies [modified after: Wang & Carr, 2013] I

]

OSS-organic siliceous shale
OMS-organic mixed shale
OMD-organic mudstone
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RHODb [g/cc]

Marcellus Shale Lithofacies [after: Wang & Carr, 2013]
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Gamma Ray [SGR & CGR] and Resistivity [HRLA] Permian Wolfcamp
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Gamma Ray [SGR & CGR] Neutron-Lithodensity Log Permain Wolfcamp
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Lithology [ECS], Porosity and Saturation Permian Wolfcamp ‘

XXXXX

x
X
X
X
pas

< < < < < < < <
x x x x x x x x
X X X X X X X X (oot
X X X X X X X X -
X X X X X X X X

0.0

0.2

0.4

0.6

0.8

Wolfcamp #1

11.8mmbo

Total OOIPstb/160ac.

Wolfcamp #2




Resource w/ T2 [ms] Cut-Offs Applied
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— Very high PERCENT BITUMEN Very low I

1.2 1.4

Immature

Bitumen
2.73% - 8.32%

Wet Gas Dry Gas
+

Condensate Bitumen
0.05% - 0.24%

NOTE: As maturity increases the non-producible bitumen is
converted to producible oil and gas. The problem is that the
non-producible bitumen is calculated as producible HC in a

standard log analysis [OOIPstb or OGIPscf].

% Bitumen from: Lewis (2013)




TOTAL POROSITY

A “SHALE"” POROSITY

e CTVE POROSITY Total ®oil = dom+[(1-Sw)*®dmm]+dbitumen

L.& | [ Free HC Volume |

MATRIX MINERALS

dom
dmm
KEROGEN

MATRIX MINERALS

dom
dmm
KEROGEN

e[  Non-Producible Free & A(_Jlsorbed Qil in F_ree Oil & Water in
#|Bitumen [@bitumen Organic Pores in Mineral Matrix Pores

the Kerogen [®om]. [@mm]




TOTAL POROSITY

—

EFFECTIVE POROSITY

| dom
®mm

“SHALE"” POROSITY

Total dgas = ®om+[(1-Sw)*®dmm]+Pbitumen
ﬁ

| Free HC Volume |

KEROGEN

%R0 > 1.5

MATRIX MINERALS

#l Non-Producible
H .
bl Bitumen [@bitumen Free & Adsorbed Gas in

Organic Pores in
the Kerogen [®om].

Free Gas & Water in
Mineral Matrix Pores
[dmm]

NOTE: Unlike OIL Adsorbed GAS can be Desorbed.




ELIMINATING BITUMEN

[20R0O versus ®bitumen]



®bitumen

Ro versus Non-Producible Bitumen [®bitumen]
0.07 1
dbitumen = 0.0118%Ro"-2.4725
0.06 — T T T T
Data From:
o) Lewis, 2013 & Rylander, 2014
0 5 AAPG BWLA School
Ro vs. ®bitumen Plot
0.04 From: Asquith, 2014
0.03 OQIPstb = [(7758%(®Poil-dbitumen)*h*A]/BOI
0.02 Ro(avg.) =0.89 n =43
®dbitumen = 0. 016
0.01
6 — Avg. Six Sampl L =L 6
— Avg. Six Samples
. a)

02 03 04 05 06 07 08 09 1 11 12 13 14 15 16 1.7 18 1.9

Immature oIL Wet Gas + Wet Gas +
Oil Condensate

Ro




Lithology [ECS], Porosity and Saturation Permian Wolfcamp ‘
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OOIPstb Bitumen Corrected Permian Wolfcamp |
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ELIMINATING BITUMEN
[S1 from Rock EVAL PYROLYSIS]



ROCK EVAL
PYROLYSIS

S1 - Volatile Hydrocarbons
S2 — Bitumen & Kerogen

80C — 550C @ 25C/min

200mg . Raock E

Furnace

4 CO4

He trap
Hydrogen Index [HI] = S2/TOC l
Oxygen Index [Ol] = S3/TOC

Production Index [PI] = S1/(S1+S2)

Tmax

v (calculated
from time and

+ heating rate)
— Timg ——w
%Ro(calc.) = (0.018*Tmax)-7.16
FID
S3
+

CID

Transformation Index [TIl] = S1/TOC
Potential Yield [PY] = S1+S2

— Time ——»

IGI LId, 1997

Dwg. No. 67 FID = Flame lonization Detector; TCD = Thermal Conductivity Detector




SUBSURFACE

< S2 >< S1 >

CORES or CUTTINGS [NON-EXTRACTED]

Re5|dual

CORES or CUTTINGS [EXTRACTED]

IN THE LAB

Overla Dean Starks
Kerogen P [Bitumen+Light Oil]

T 55 = Retort
[Bitumen] and [Light Oil]



OOIP from PYROLYSIS S1 DATA

OOIP = X[(S1%21.89)*h*160ac.
OOIP =3X[1241.34%xpb*S1*(1/poil)*h




PERMIAN WOLFCAMP

» TOClab(wt%)
0.2-7.8 avg.22 N =260
%R0 = 0.89

« TOCschmoker(wt%)



Pyrolysis S1
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I TOClab versus Pyrolysis S1 Permian Wolfcamp I

OOIP = X[1241.34%pb*S1*(1/p0oil)*0.5’]
4.e6mmbo/l60ac.

OOIP = 3[(S1#21.89)*0.5'*160] o

4.4mmbo/l60ac.

|6
O
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@

xral

S1=0.7819*TOC

R"2 =0.8921
N =260

After: Asquith, 2014, & 2015
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Lithology [ECS], Porosity and Saturation Permian Wolfcamp ‘
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ELIMINATING BITUMEN
and ADSORBED OIL
[CMR/NMR LOGS]



NOTE: ALL the very small kerogen
pores contain only non-moveable

CDmm

adsorbed oil. PROBLEM: S1 includes
Free and Adsorbed OIL.

Kerogen ——__*

f’m p

Adsorbed
OIL

pm

@®om - Organoporosity & ®mm — Mineral Matrix Porosity




NMR PETROPHYSICAL MODEL

Clay Bound Water & Bitumen

Eliminated
3ms
TCMR
T2 Surface Relaxation T2 Bulk Relaxation
Bitumen Free Oil &
viscosity Adsorbed Oil w
<10,000cp o =
T 3
Bitumen ) g = ©
viscosity 5 8 : S
>10,000cp O €
o O
x Capillary L S
> Bound Water 2
©
€
= Pore Size Pore Size
i, g 76.5nm 827.5nm
0.01 1) 10. 100.
o Pore Size Pore Size
250nm 2,500nm

1,000




T2 DISTRIBUTIONS from CMR/NMR CORE and CMR/NMR LOG [Downhole]
[modified after: Rylander & others, 2013]

POROSITY (p.u.)

0.5

04

0.3

0.2

0.1

Estimated water signal
and water saturation from
T1/T2 Ratio.

Water signal removed from
core and CMR log data.

0.01 0.1

= Shifted Oil - Core
' ' Qil - CMR

@nd@il [Bitumen]‘ Producible Freeb

Expelled

Pore Throats 20nm
Pore Size 250nm

1

T2 (ms)




NMR PETROPHYSICAL MODEL ‘

Moveable > 100ms

33ms
10ms

3ms

» | TCMR
T2 Surface Relaxation

T2 Bulk Relaxation

Bitumen Free Oil &

viscosity Adsorbed Oil
<10,000cp

Bitumen
viscosity
>10,000cp

3ms

33ms

Free Oil & Water
[conventional pores]

Capillary
Bound Water

Pore Size Pore Size

76.5nm 827.5nm
10 100

0.01 1,000

0.3ms [limit of NMR]

Pore Size Pore Size
250nm 2,500nm




Space in Permian Wolfcamp Rocks
[Rafatian and Capsan, 2015]
PETROPHYSICS VOL. 56, No. 1, p. 45-55.

argest pore spaces and, by proxy,
largest continuous connected pore throats,
have the largest impact on fluid flow”




Lithology [ECS], Porosity and Saturation Permian Wolfcamp ‘
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|Mobi|e OOIP/160ac. Multiple Cut-Offs: Permian Wolfcamp |
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MATRIX PERMEABILITY
|[KsbrR PERMEABILITY]



L M 4

After: Rick Lewis (2015) SCHLUMBERGER SEMINAR Midland, Texas

— Ol e

e Ksor = [C*x(Dcmnr)*2%(T2LOG)N2]*10"6
Ksor IN N@annodarcies

C=0.35

dcmr = Total CMR Porosity

T2LOG = Logarithmic Mean T2 Distribution




What Do We Look For

e Higher absolute permeability than
In gas shales [~-1 microDarcy
(1000ND) minimum and preferably
much higher]. NanoDarcy-scale
mudstone permeabilities are too
low for economic oil production
rates.



| KSDR Permeability [uD]: Permian Wolfcamp |
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RESERVOIR QUALITY
« Hydrocarbons in Place [OOIP]
 Matrix Permeability [T2 CUT OFFS & KspR]

e Pore Pressure

COMPLETION QUALITY
 Hydraulic Fracture Surface Area [ Fracturability” ]




GEOMECHANICS
&
FRACTURABILITY



 Poisson’s Ratio [p]

n=[(0.5%r*2)-1]/(r*2-1) r=ITTs/ITTc
“Fracturability” the likelihood of formation failure
under stress.

 Young’'s Modulus [E]
E ={2%[(pb/ITTs"2)*1.34%10" 10]}*(1+p)




Pe & RHOb Data, Poisson’s Ratio, & Young’s Modulus: Permian Wolfcamp Shale
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Minimum Closure Stress (cHmin) & Brittleness Coefficient

oHmin = [W/(1-p)]*[ov-X*Pp)]+(X*Pp)

Brittleness Coefficient = 50*{[(E-1)/7]+[(0.4-n)/0.25]}




Rhob vs. Pe Data & Geomechanical Properties Permian Wolfcamp: SE New Mexico
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CONCLUSIONS

 The application of T2 Cut-Offs to OOIPstb
plus Pyrolysis S1 Data can be used to define
the distribution of the larger pores with free
hydrocarbons which have the greatest
Impact on fluid flow.

e When OOIPstbh determine from S1 data and
T2 cut-offs Is combined with RHOb and Pe
cut-offs the unconventional reservoir’s
“SWEET SPOT” with lower Poisson’s Ratlo
and higher Youngs Modulus can be
delineated.
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