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Treatable Groundwater Aquifers == Private Well

What is horizontal
drilling and
hydraulic
fracturing?

http://www.hydraulicfracturing.com
/Process/Pages/information.aspx

W /| == Municipal Water Well:
W n— V) <1,000ft,

Additional steel casing
and cement to protect
groundwater

" Protective Steel Casing

NOT TO SCALE l
( CApproximate distance

Pressures at 480 to 850 bars to open existing fractures or initiate new fractures B



Carrizo Oil and Gas Company
$400,000 one-time donation
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Low gas recovery factor 12-30% for Barnett Shale (King, 2012)

R Dan Jarvie, Worldwide Geochemistry AAPG European Region ICE, 17-19 October 2010, Kiev, Ukraine 13

Average First Year Decline
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Pore Structure and Hydrocarbon Production

“Shale oil characterization” Pore
ConocoPhillips Company structure
DOE-RPSEA
ﬁ project: “Integrated Amount of
experimental and gas in place
modeling approaches
to studying the Free vs.
Barnett Shale fracture-matrix adsorbed gas
interaction in gas Tortuous
recovery from transport
Barnett shale” P
pathways

Well is turned

horizontal Gas
Porosity: 5.5% \ / deliverability
k: nanodarcys (102! m?)
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Median pore dia.: 5 nm N 1‘ f

nanopores to

Hydrofrac Zone well bore
@ Geology.com 8




Fracture—Matrix Interaction

" weeams - Field observation (preferential
¢ e s flow in a fracture network) of

fractured tuff at Yucca Mt.
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My work on fracture transport starts with this rock



Pore Geometry and Topology

Total Porosity
~N

Connected Porosity

\

Infinite Cluster

\

Dead Ends

Pore structure: shape,
volume, size, size—

distribution, connectivity,

and surface area 10
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Matrix “diffusion” vs.

Human Hair

“Darcy” flow

Tinker, 2012

Barnett Shale

Nanopores in Organics
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Three Data Points «<—— anecdotal

« Gas molecule movement in shale on the order of 10 feet in the
lifetime of a well - Dr. Mohan Kelcar, University of Tulsa.

» Gas molecule movement of about a meter/year modeled by
Nexen’s Unconventional Team, presented at Global Gas Shales
Summit, Warsaw, Poland.

» Gas molecule movement of a few feet/year modeled by Dr.
Chunlou Li, Shale Gas Technology Group.

—> ~1 m/yr movement (advection vs. diffusion ?)

LaFollette, R. 2010. Key Considerations for Hydraulic Fracturing of Gas
Shales. Manager, Shale Gas Technology, B] Services Company,
September 9, 2010. www.pttc.org/aapg/lafollette.pdf




Pore Connectivity and Diffusion

Same mathematics for diffusion and imbibition:
oc 0|

ot ox

Affected the same way by pore connectivity:

oC
D_(0)—
s()ax

---------------------------

Pore connectivity: i High = Low

: ical: : us

Time—dependence: EC\aSS‘Ca : EAT\Oma\O :
Distance to front P05 i d £ 0.263
Diffusion coefficient : constant : : { -0.48

Distance—dependence: Pl
Diffusion coefficient : constant : t -1.83

Ewing and Horton (2002)



The mathematics of how macroscopic properties

Percolation Theory

result from local (microscopic) connections

o
[

L

— e (O—

O

C
—C

—C

—
—(

K

p=0.5

p is the local
connection probability

percolation threshold
0.5<p.<0.66
(for 2D square lattice)

“Ant in a labyrinth”

!

Solute in a pore system

i

L
|

p = 0.66
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Multiple Approaches to Studying Pore Structure

Imbibition with samples of different shapes (UTA)

Edge-accessible porosity (UTA)

Liquid and gas diffusion (UTA)

Mercury injection porosimetry (UTA)

N, adsorption isotherm (Saitama Univ.; Quantachrome)

Water vapor adsorption isotherm (UTA)

Nuclear Magnetic Resonance Cryoporometry (Lab-Tools, Ltd., UK)
Ar ion milling FE-SEM and TEM (UTA)

Imaging after Wood’s metal impregnation (Univ. Hannover; Swiss
EPMA)

Microtomography (high-resolution, synchrotron) (PNNL-EMSL; Swiss
Light Source; Univ. Hannover; Saitama Univ.)

Focused Ion Beam/SEM imaging (PNNL-EMSL)

Small-Angle Neutron Scattering (SANS) http://www.beg.utexas.edu/abs
Pore-scale network modeling (ISU) /abstract.php?d =2012-09-14
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(Spontaneous) Imbibition Test
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Low Pore-Connectivity of Shale Samples
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Imbibition Results for Barnett Shale Samples

Depth Sample dimension |Height/width | Imbibition slope

7109 ft | 7 Gertiea 0.93 0.214 +0.059 (N=3)
(2,167 m) | t7eembxmaom ¥ ctizemd 0.76 0.291 £0.027 (N=3)

7,136 ft | 1.12 0.269 +0.0045 (N=3)
(2,175 m) | 173 embxis em W it em H 0.70 0.216 +0.040 (N=3)

7,169 ft |7 iy | 116 0.273 +0.050 (N=3)
(2,185 m) | !2embxirsem W dszem i 0.87 0.357 +0.006 (N=3)

7199 ft | erteal) 1.12 0.284 +0.062 (N=3)
(2,194 m) " CmLx(lgjrjff)Xal’)‘ 126 em H 0.67 0.282 +0.047 (N=3)

7219 ft |77 Vet 1.25 0.306 +0.019 (N=3)
(2,200 m) | 169 emLxt7tm W 136 e 5 a0

(Horizontal)

0.264 +0.046 (N=3)




Imbibition Results: Shape Effect

Rock

Berea
Sandstone

Welded tuff

Dolomite

Indiana
Sandstone

Core height/width

1.18
2.35
4.71
0.40
1.00
0.40

1.00

1.16
0.40
1.16
2.33

Imbibition slope

0.649 + 0.022
0.488 + 0.006
0.494 + 0.008
0.513 + 0.014
0.371 + 0.024
0.487 + 0.035

0.344 + 0.004 —
0.556 + 0.048

0.300 + 0.036
0.272 + 0.047
0.253 + 0.006
0.291 + 0.008
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Pore-Scale Network: Imbibition Simulation
p is pore connectivity probability;

p. 1s the percolation threshold

102 -

Slope =0.5at highp
Slope = 0.26 at p=p,

—
=

At intermediate p
values, at some time
or distance to the .

wetting front, 100 10 10° 10¢ 105 10° 107 10° 10° 10"
Time

Mass Imbibed

the slope transitions

from 0.26 to 0.50
21



1
Slope= —=0.5
¥ 2

Log mass imbibed

height

Log time
|

Slope = ; ~(0.263
2+( _'Bj
| 4

~0.41 and v =0.88 in 3-L

accessible porosity

Stauffer, D., Aharony, A., 1994. Introduction to Percolation Theory (2" Ed.).
Taylor and Francis, London.



Imbibition: Work Plan

More fluids: API brine (8
wt% NaCl+2 wt% CaCl,); n-
decane (C,,H,,); fracturing

fluid

Suitable organic-element
tracers in n-decane, and
imbibition distance mapped
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capillarity

Sharp front

Advection
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Laser Ablation-ICP-MS for Micro-Scale Profiling
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3D Elemental Mapping: Edge-Accessible Porosity

After 1 hr,

vacuum in
connected
space = 1
- 0.68 torr
/ 740 torr
= 99.91%

100 pm spot size

2 mm <

Rb (intrinsic)




Concentration (mg/kg)
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10 +

0.1

Averaged Concentration (N=121) vs. Depth
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Liquid Tracer Diftusion in Saturated Samples

Saturated shale in contact
with-a_tracer.mixture
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Three Data Points «<—— anecdotal

« Gas molecule movement in shale on the order of 10 feet in the
lifetime of a well - Dr. Mohan Kelcar, University of Tulsa.

» Gas molecule movement of about a meter/year modeled by
Nexen’s Unconventional Team, presented at Global Gas Shales
Summit, Warsaw, Poland.

» Gas molecule movement of a few feet/year modeled by Dr.
Chunlou Li, Shale Gas Technology Group.

NN o — é]:)0 For C/C,=05@ 1 m/y, t=613
07 r | ForC/C,=0.01 @1 m/y, t=9,800

LaFollette, R. 2010. Key Considerations for Hydraulic Fracturing of Gas Shales. Manager, Shale
Gas Technology, BJ Services Company, September 9, 2010. www.pttc.org/aapg/lafollette.pdf




Multiple Approaches to Studying Pore Structure

Mercury injection porosimetry (UTA)

N, adsorption isotherm (Saitama Univ.; Quantachrome)
Water vapor adsorption isotherm (UTA)
Nuclear Magnetic Resonance Cryoporometry (Lab-Tools, Ltd., UK)

http://www.beg.utexas.edu/abs
/abstract.php?d=2012-09-14



MIP Intrusion Results: Pore-Throat Size Distribution

Barnett Shale samplé- |
cube) in the penetre

100 7: %Eﬁﬁgéézizz?ggﬁﬁgﬁ *‘66 j;:f;t;idstone
_ A G'Doo DDDD"‘ %%66& ; gl(()iliz.z;aitzandstone
. ° § %0 A o DD * LN * EPA Granite
® Mercury Injection  : Lo , e
. Z © ot o
Porosimetry (MIP) L 2 .
< 40 A O Ue
* Measurable pore ‘A.A E
= ° Oe
diameter range: 3  i» N T
&) I AA“AAASEAQQQ 2 e <>
nm to 360 pm N . . . I

0.001 0.01 0.1 1 10 100 1000
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MIP Results: 6 Representative Rocks

Median pore-
Porosity throat Permeability :
Depth (%) diameter (ndatcy) Tortuosity
(nm)
B 122.941.72| 23,776+876 | (595+21.2)x10° | 3.31+0.33
andstone
Welded Tuff | 10.0+0.5 47 +7.1 0.83+0.14 1,745+ 66
Dolomite 9.15 873 409 38.3
Barnett
Shale 5.97+1.43| 6.1+0.3 (4.96 +1.42) x 107 12,867 + 16,224
(7,199)
NC Granite 1.05 970 12.4 38.2

Permeability: Katz and Thompson (1986; 1987)

Tortuosity: Hager (1998)

31




Summary

Steep 1%t year decline and low overall hydrocarbon
production observed in stimulated shales

Shales show low pore connectivity, which reduces
gas diffusion from matrix to stimulated fractured
network

Several complementary approaches are used to
investigate pore structure in natural rock

Imbibition and diffusion: macroscopic method

Porosimetry and vapor condensation: indirect
method

Imaging (Wood’s metal, FIB/SEM, SANS): nano-
scale tool 32
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http://www.transcanada.com/customerexpress/docs/presentations

general/2009 North American Shale Gas Overview NECA.pdf

Matrix “diffusion” vs.

Human Hair

“Darcy” flow

Tinker, 2012

Barnett Shale

Nanopores in Organics
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