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Presentation Outline

Seismicity Trends in Kansas
Geomechanics of faulting

Relationship between fault characteristics and

seismic magnitude

Estimating Slip Tendency of Faults
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Earthquake Trends in Southern Kansas
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Large earthquakes (> M3.8) in past year associated with waste water injection in the
Arbuckle saline aquifer



Reservoirs Supporting Oil and Gas Operations

3100[ | E|=$Kansas City Group Top

3300 Pleasanton Group Top E Shale

3400 | Marmaton Group Top T _.
—=—— Siltstone & Shale

Sand

3600 Cherokee Group Top

Dolomite & Chert
3700/ Mississippian Limestone Top - olomite er

/_, Dolomite

Mississippian Oil and Gas Reservoir - Dolomite/Siltstone/Shale

ierson Formation Top T

4000 [| Limestone
4100 .- ISimpson Group Top I:IGranite
Simpson Shale Top S
4200 fZ=——Z—— " Arbuckle Group Top N Anhydrite
=] /
— / @ Halite
4400
4500 Gamma Ray
| e o AP
q c 4600
Arbuckle Saline Aquifer
. 4700|% y
(Waste Disposal) = S m—
4as00l——7 7
= // ~ 7/ -
4900 | — -
5000 - y R / -
7 7
7
5100 7 7
5200 j Proterozoic Granite 150




mmm Annual Earthquake Count

Seismic Trends in Southern Kansas
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Equivalent to 3,700 Million Gallons

* Some abatement in seismicity
following restrictions on injection rates
and volumes in Kansas



Earthquake Trends in Central and Eastern US
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1973—April 2015

Rubenstein, 2015
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Induced seismicity linked to waste disposal in deep saline aquifers and not
fracking



Arbuckle Aquifer in Kansas

* Cambrian-Ordivician
Arbuckle aquifer
(Dolomitic)

e 700 million- 1 billion
years

 Arbuckle ~ 1000-ft thick in
Kansas



Subsurface Stress Field

— . Ve Normal Fault
\zz \-\\v J Sv - SHmax - sHmin

Hmax

\—/ Reverse Fault
: S > Shmin > Sv

-\—\/ Strike Slip Fault

. S >SS, >S, .
” d’/ Hmax v hmin



Failure Plane
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Fault slips when Mohr’s circle
touches Coulomb Failure Envelope
for critically oriented faults

centroid

Shear stress a
function of
difference in
principal stresses
and not absolute
magnitude of
stresses

Normal Stress (perpendicular to fault plane)
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Effect of Induced Pore Pressure on Fault Slippage
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Shift of Mohr’s circle
to left due to increasing
pore pressure

Shear Stress, ©
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Critical fault orientation is typically 120°in Mohr Space;
60°in real space

Non-critically oriented faults require larger pressures to
fail

Data Needed to Predict Earthquake Potential
» Principal stresses and direction
» Orientation of faults
» Pore pressures
» Fault length



Image Log for Fracture Orientation and Stress Field
Direction
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Drilling Induced Fractures to Estimate Present-
Day Principal Stress Directions
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Determining Minimum Horizontal Stress
(S,,....) from Leak-off Test

Limit test
Leakoff test

Formation integrity test
Formation breakdown pressure
Fracture propagation pressure
Instantaneous shut-in pressure
Fracture closure pressure

: Volurr?l =




Pressure (psi(a))

Step Rate Test in Sumner County
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Drilling Induced Fractures to Estimate Faulting Environment
S .
hmml
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Madison Limestone

Morrison Formation
18

Black Warrior Lawson Dolomites

5?0 Miles River Aquifer

5(')0 Kilometers

Cro

[ sedimentary basins

~ sedimentary rocks more than 800m thick
A faults 16 storage capacity (Gt CO,)

* Faults in naturally dormant areas not adequately mapped.






Compressed Region Stretched Region
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Signal Arrival Time in Compressed and Stressed Regions
Assist in Determining Fault Type

Initial compression (“+"= push) Initial dilatation (“-" = pull)
NW K NE
Push P

Pull Push

SW Y SE
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Fault Identification Using Seismic Data
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Induced Pressures in
Arbuckle

Average induced pressure on fault
~15 psi

Overburden pressure (S
psi

) ~ 5,250

max

Minimum Horizontal pressure (S
~ 2,900 psi

min)

Increase in Pore Pressure at Existing Arbuckle
Well Closest to Fault
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Fault Orientation and Stress Field at Site
O @
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Fault not oriented in principal (minimum and maximum) stress planes

3-D analysis required




3D Stress Analysis Using SWRI 3DStress Software
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Slip Tendency (ST =Shear
Stress/ Normal Stress) is used
to estimate potential for fault

slippage

ST=0.3 (lower than of 0.5;
typically assumed).
Conducting sensitivity studies
to assess Slip Tendency to key
parameters



Relationship Between Earthquake Magnitude and

Infrastructure Damage

Richter 4L Frequency of
Magnitudes Description Earthquake Effects Oiciena
kess than Micro Micro-earthquakes, not felt. About 8,000
2.0 per day
2.0-2.9 Minor Generally not felt, but recorded. About 1,000
per day
3.0-3.9 Minor Often felt, but rarely causes damage. g uie
year (est.)
4.0-4.9 Light Nptl;gable shaking of mdoor items, rattling noises. 6,200 per year
Significant damage unlikely. (est.)
Can cause major damage to poorly constructed buildings
5.0-5.9 Moderate | over small regions. At most slight damage to well-designed | 800 per year
buildings.
6.0-6.9 Strong Can be‘destructyve in areas up to about 160 kilometres 120 per year
(100 mi) across in populated areas.
7.0-7.9 Major Can cause serious damage over larger areas. 18 per year
8.0-8.9 Great Can cause serious damage in areas several hundred miles 1 per year
across.
9.0-9.9 Great Devastating in areas several thousand miles across. 1 per 20 years
’ Never recorded; see below for equivalent seismic energy Extremely rare
10.0+ Epic :
yield. (Unknown)




Relationship Between Fault Plane Area and Earthquake
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A (km?) Faults are approximately as long as deep

Faults less than 3.5 km (2.3 mi) long are not likely to cause severe damage even if
they slip

Fault at site is ~ 1.3 mi long — not a significant siesmic risk



Fault Zone Architecture and Flow Properties

Core zone
(central gouge)

g5 Core zone
107"°/10 (marginal gouge / breccia)

10716/10-"8

Permeability (m?)

10717/10°

Y

Distance along the fault

Usukidani Fault, Japan
Page 29



Sensitivity of Flow and Induced Pressures to Fault Zone
Architecture

RN
SR

= Injection Zone
.

Healed Damage Zone Open Damage Zone

(Pressure Buildup) (Pressure Dissipation)




Summary

A combination of field tests, geophysical logs, and seismic data can be used to
estimate:

» Stress field and orientation

> Fault types that caused earthquakes

» Presence of faults
The stress field and fault data can be used to determine Slip Tendency of faults

Fault architecture, which influences flow properties, is necessary to properly

estimate induced pressure on faults



