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Key Factors for Economic Tight Rocks

Hydrocarbon in Place

Hydrocarbon Viscosity « Reservoir Quality
Matrix Permeability

Pore Pressure

Aydraulic Fracture Surface Area

Hydraulic Fracture Conductivity « Completion Quality
Aydraulic Fracture Containment




Oil-Producing Shales

Can oil flow through a shale matrix?

What is permeability to oil?
No commercial core analysis

Oil ~20 times more viscous than gas

Can we produce oil through nanopores?

Are pores and pore throats still nanoscale ?

Are we producing condensate or 0il?

s flow governed by something other than Darcy’s law?



Darcy’s Law

Flow of fluid through porous medium

0 o KeAp
u
Q = flowrate

K = permeabiliy
Ap = pressure drop

L = Viscosity

Viscosity
- Gas 0.02cP
- Oil 0.4 cP



Organic Shale Pore System
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Figure 2. Sizes of molecules and pore throats in siliciclastic rocks on a logarithmic scale covering seven orders of magnitude. Measurement methods are shown at the top of the
graph, and scales used for solid particles are shown at the lower right. The symbols show pore-throat sizes for four sandstones, four tight sandstones, and five shales. Ranges of
clay mineral spacings, diamondoids, and three oils, and molecular diameters of water, mercury, and three gases are also shown. The sources of data and measurement methods
for each sample set are discussed in the text.
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Qil Evaluation — Match to Core
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What is pay for shale liquid producer?

m Models for gas may be inadequate for viscous hydrocarbon.
m \What is permeability to oil in nanopores?
m How much OIP is producible, not-producible?

m NMR core-log comparison provides indication of hydrocarbon
expelled during core extraction.



Tight Oil Constituents by Volume
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Definitions of Kerogen and TOC

Kerogen

Insoluble organic matter

Primarily C and H

Lesser O, S, and N

H decreases with maturity

Rarely quantified by core analysis

Low grain density (1.1 to 1.4 g/lcm?) that increases
with maturity

Bitumen

Soluble organic matter
Low maturity product
Non-producible at typical reservoir temperatures

Total Organic Carbon (TOC)

Weight percent carbon in organic matter
Does not include other elements in kerogen
Common core analysis, very consistent results




Retort Steps

(SPE 147456)
Structural
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Retort Core Data

Mature Gas Shale
AR Bulk AR Grain Dry Grain

Bound Hydrocarbon
Percent bulk volume

Density  Density  Density  Porosity H20sat Gassat Oil sat GFP BHC BCW TOC Perm
2.59 2.69 2.73 6.15 34.22 61.90 3.89 3.81 0.24 5.26 3.85 0.000234
2.49 2.60 2.64 6.38 31.80 64.58 3.61 412 0.23 4.61 5.89 0.000159
2.54 2.66 2.68 5.48 18.02 77.68 4.29 4.26 0.24 3.15 4.64 0.000204
2.47 2.61 2.65 7.32 21.21 75.67 3.12 5.54 0.23 5.02 7.47 0.000255
2.77 2.82 2.83 2.27 13.58 82.34 4.08 1.87 0.09 1.44 154 0.000058
2.64 2.70 2.71 2.93 28.36 69.97 1.67 2.05 0.05 2.39 221 0.000068

Gas Shale

AR Bulk AR Grain Dry Grain

Density  Density Density  Porosity H20sat Gassat Oil sat GFP BHC BCW TOC Perm
2.52 2.56 2.60 4.19 42.67 41.77 15.56 1.75 1.05 5.64 1.67 0.000073
2.53 2.60 2.67 6.48 40.86 46.15 12.99 2.99 1.40 6.27 2.47 0.000103
2.58 2.66 2.77 9.25 63.16 34.27 2.58 3.17 0.00 9.06 1.16 0.000063
2.64 2.65 2.70 3.24 71.38 18.07 10.54 0.59 0.10 7.51 0.97 0.000033

Immature Shale
AR Bulk AR Grain Dry Grain

Density  Density  Density  Porosity H20sat Gassat Oil sat GFP IBHC BCW TOC Perm
2.47 2.54 2.66 9.70 59.29 26.67 14.04 2.59 2.73 6.50 3.21 0.000068
2.45 2.55 2.65 9.70 52.31 37.12 10.57 3.60 3.70 7.31 4.10 0.000084
2.34 2.41 2.48 7.22 26.65 44,93 28.42 3.25 7.61 4.11 6.93 0.000151
2.36 2.42 2.49 6.68 39.31 37.03 23.66 2.48 5.42 5.79 11.22 0.000147
2.41 2.47 2,51 4.87 35.51 54.22 10.27 2.64 3.10 0.97 6.95 0.000102

2.35 241 2.47 6.09 35.03 44.13 20.85 2.69 8.32 3.54 7.07 0.000075




NMR Theory

South Ant
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Grain Surface Relaxation

* T, relaxation time is a function of

— Liquid viscosity
— Pore size

— Rock grain magnetic properties
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NMR T, Time Distribution

0.3 1 3 10 (Tr:';)e 100 1000
T, time distribution is _
measured and binned for each Organic Shale
6” interval
T, time distribution provides
information on porosity and
pore size distribution
Total area s porosity — — e —
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Types of Bitumen

Viscous hydrocarbon

Source Rock Bitumen

— (Generated during early maturation of kerogen
Converts to oil and gas

— Soluble organic matter ., Retort Core Analysis
Crude Bitumen .
R2=0.9731 e
— Degraded remnants
— Tar sands ! it
cp —~
l‘-x AT ( \ \
oo T ]| LiHe"""s all |

0.1 1 10 100 1000
Relaxation Time T2 (msec)
T Measurement hardware minimum relaxation time T

Missing Signal (dotted curves) Visible Signal (solid curves)




Bound Hydrocarbon as Function of Maturity

Bound Hydrocarbon as Function of Maturity
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Bitumen Log Response

Nuclear log response
similar to oil

Not imaged by NMR at
typical viscosities

Typically exhibits very
high resistivity
Absorbs water at
reservoir conditions
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Comparison of Core NMR to Log NMR:

investigate expelled fluids

0.5 -
Shifted Qil - Core
04" Oil - CMR
=]
2 03 .
'S Expelled Qil
j =
G
¢ 202
. O
c o
0.1
0.01 0.1 1 10 100 1000
T, (ms)
SPE 164554

* Heated core to reservoir
temperature to minimize shift
in T2 distribution (surface
relaxivity function of viscosity)

« Comparison of porosity
taken at equivalent echo
spacing (200 us)

* Estimate position of water
signal from T1/T2 data and
magnitude from water
saturation

* Remove water signal from
both core and NMR data

* Shift to compare oil signal
from core to log



Centrifuge of core:
Free fluid already displaced Q o

No expelled fluid after
spinning core to air at
1000 psi capillary

Length = 2.0 in pressure for 3 days;
Area =1.76in

upper bound for core
AP = 1000 psi PP
Maxflow = (0.1)/(3*24*60) = 2.315E-5 ml/min o
(centrifuge resolution is 0.1cc, spun for 3 days) Free Fluid in core was

therefore displaced when
the core was taken to
ambient surface

Maxflow e Length 250D/ cP conditions
Area e AP

mobility <

SPE 164554



T2 Cutoff ~ 9.4 ms

SPE 164554

T2 distribution (pu)
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Wettability

. Qil D Brine (water) - Rock grains



T, vs. T, result from core:
T, to T, ratio reflects wetting phase

Interpretation

Brine T./T, ratio is less than
the hydrocarbon T./T,in
shale”

OM pores are oil wet
IP pores are mixed wet

Non-wetting fluid T./T, ratio
close to 1

| .
001 01 1 10 100 1000 None observgd. Implies
T, or T, (ms) . Expelled fluids OR
Monophasic fluids

T1 or T:2 Distribution

Porosity (p.u.)

* AYSE EZGI OZEN Norman, Oklahoma 2011



Four Pore Systems

T1/'I'2 Ratio v.s. T2 Plot
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Pore Distribution

Monophasic Pores

<
Cap-Bound Water Producible Fluids
Cap-Bound Ol Oil and Water
(OM Pores) (Water wet pores)
3 ms ~10 ms ~33 to

100 ms
T, Cutoffs



50’

n
20000
Eagle Ford Oil Producer oo
15000 ® o
2
= 2
o
& 10000 *
o
o0 I
Free Fluid 5000 L
Residual Oil and Water
0 T T T 1
Mar00  Jun-00  Oct-00 Jan-01  Apr-01
~ Geochemical Log Total Porosity (ELAN)
0 1 PU 15 0 .
Mudcake WasHOE WPYR_WALK2 MRPP—L?MR o 45% prOdUCIble
Caliper MRP_CMR
4 in 14 25 PU 0
Bit Size NPHU_EC WCLA =N I
4 Tin 14| 25 PU VEQEM. WAtie wtpercent 150 i - = : u
Gamma Ray Resistivity DPHI-LS T2 <3ms Eff. Phi T2 >3 ms T2>9.4 ms T2 > 100 ms T72>9.4 msjfPHIT-CBW)
0 gAPI 150 | 0.2 ohm.m 2000 | 25 PU PU 15| 0 PU 710 PU 710 PU 7(0 b 100
- T
% T =3 e i
c: g 1 A S = T ‘ p.
_— —
3 E 2 N = e’><~ == — K -
I > L <::::_ é = e </> S
| N ST 159 >~ = 2 2
g 3 ) : 3 e 1
| 3 = = - <
i e B i N
¢ 2 —
< 2 > A > S
— = R HEA _’g?a — \?; —
< -
P & S 5 £ ==
g =12 |( = 3 =
&= —--=’~‘-’j 2 =t 5 4
~ <] ot = — ) C
= g e — = = <
<‘1:> =] = —z‘""'? %g =S
l‘\. e /r
= — ) = >

i 2 =59 & 3 = > B g

= g =t —— = | <
2r3 S = > — <!

Y T 72 E g , it

'y ’:——;> ( — = = f/

5 = f E B o I ~
T S e =ES —1 == = ) i
= S == = = ;=

1 e F==r==r=y = 1 /




20000

| ]
Eagle Ford Oil Producer 15000
=
% 10000
o
Free Fluid 5000 ’
. ¢ .
Residual Oil and Water 0 ‘
Mar-00 May-00 Jun-00  Aug-00  Oct-00
Geochemical Log
0 Ibf/Ibf 1
WPYR_WALK2 MRF;,—S L T
MRP_CMR 20% producible
25 PU 0
Caliper NPHU_EC WCLA 1]
2 e 1 55 BU o WQFM_WALK2 ) Wipercent 150 Free Oil / Capillary H20
Gamma Ray Resistivity DPHI-LS T2 <3ms Eff. Phi. T2 > 3ms T2>94ms T2 > 100 ms T2§9.4ms/(PHIT-CBW)
0 gAPI 150 | 0.2 ohm.m 2000 | 25 PU 0 0 PU 15| 0 PU 710 PU 710 PU 710 % 100
c == 7 = =
2\ C — ===E=
LS = S = F=
) [ & — o d = — }
& 3 == =
P § — <L = 5 1=
U g—— B =
D> il St —— = ==
= \’ P (S’ = g — -
{ ;g <> <_>) { C
= : = = - =
} { & J<> = —__ $’
? 2 = = s p =3
= { = == T~ < =
= / = =— == S
> _—‘_’_}D —— />_1>
4% —<‘:> < —
= it S EEEEEE S
N~ o = < 2] 5|
s 2 2 = = = j>
< 27 == 5 3 ,
= = = =3 = |
< e e E== = b
& 3 SR ~ = = I
2 N — == = —
2 2 =3 = L -
=< = > "= = o ’
n — A M ! <) ! L




Tmax Data

CORRELATION OF VARIOUS MATURATION INDICES AND
ZONES OF PETROLEUM GENERATION AND DESTRUCTION
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#A|l Fluids (including Bound Qilp
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Mercury Injection Capillary Pressure

MICP Measurement

Inject non-wetting Hg in pressure increr
60,000 psi

Estimate pore throat diameter
Proxy for permeability

r o= 20*0057
pt PC

P. = capillary pressure

o = surface tension of Hg

@ = contact angle of Hgin air
r, = radius of porethroat
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20 nm pore throat from MICP
Equates to expelled pores with average
diameter of 250 nm

| D\:ﬂlllllllu GIGUIIWI TN WS DT IS

| |
!mercury injection | ! i
!
| | |
| |
| |

I .—'—. medium sﬁmd

fine sand

._I_. very fine sand I
coarse silt
0—0—0” Upper retaceJJus Lance Fm., Grelater Green River E-Jisin
d—O—O—‘ Upper IJ;urassid Bossier interval, Eist Texas Basin |

*— Upper Cretaceous Mesaverde Fm., Piceance Basin
I ¢ Upperd j‘ verg Basin
&*— Lower [Cretaceous! Travis Ireak Fm., East Tesz Basin

|
| | I._Lu_u:.;[. Pennsylvanianhales, Alwadark Basin
| IJ—I-I-l-I-u-I-I—I liocene shales, Beaufort-MacKenhzie Baain |

attering

i

sandstone

w
3
o8
T
1]
3
S
[v]
=
@
=
5]
=
_—_—_—*-_—-l_

|

|

|

i !

computational ohemistry | |
| |

| | |
| | |
| | |
| | |
| | |
|

:

tight s[andstones

|

|

|

|

|

Jurassic-()rFlaceous shales, Sl:mian shelf | T*Ier sieve size l.)
1

shales | L 1 Sourte rocks, various are!s in UnitedIStates | |
| Devonjah shales, Appalach!an Basin | |
clay mineral spacings ala | 200 80 a2
diamondoids o o ) | I | 32|5 1||50 4|a | 24
) asphaltenes
oils PR $ﬁ—0 fing slrugiurg | ! i | _ |
water | ° ﬂara ins | I | plamcle drameters (phi scalsq
mercury Q clay | silt | sand
gases | N, | | I | < of . .
He @ CH,
| | L I AN T
107 103 1072 : 1071 10 I 101 102 10°
1
1A 1 nm 1  Diameter, width, or size (um) 1 mm

Figure 2. Sizes of molecules and pore throats in siliciclastic rocks on a logarithmic scale covering seven orders of magnitude. Measurement methods are shown at the top of the
graph, and scales used for solid particles are shown at the lower right. The symbols show pore-throat sizes for four sandstones, four tight sandstones, and five shales. Ranges of
clay mineral spacings, diamondoids, and three oils, and molecular diameters of water, mercury, and three gases are also shown. The sources of data and measurement methods
for each sample set are discussed in the text.

Nelson 2009 SPE 131771



Conclusions - Ol

Developed core-log NMR methodology to determine
expellable T, cutoff

A portion of hydrocarbon pore volume is not expelled during
core extraction (80 to 55%)

— Bound hydrocarbon - Bitumen

— Smaller kerogen-hosted pores

— Capillary bound ol

Larger kerogen-hosted pores ARE productive

Oil in conventional pores is productive

Productive zones show limited correlation with TOC content




