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Overview

What causes earthquakes?

How do we detect, locate, and measure
earthquakes?

What is an induced earthquake?

Where do earthquakes (historically and recently)
occur in the U.S.?

What have we learned about induced
earthquakes in recent years?

Is this @ manageable problem (yes); how is it
being managed in Colorado?



What Causes Earthquake?

Earthquakes are sources of seismic (elastic) waves that
propagate within the Earth.

Most earthquakes arise from sudden slips on pre-
existing (weak) faults within the Earth. Faulting can
occur at depths that range from the surface to
hundreds of miles deep.

Seismic motion at the Earth’s surface arises from
seismic waves that radiate away from the earthquake
hypocenter and that travel at typical speeds of several
km/s.

A felt earthquake occurs when ground motion
becomes perceptible to human beings, which typically
occurs when seismic accelerations become greater
than a percent or so of the acceleration of gravity at
the Earth’s surface (9.8 m/s/s).
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Surface and S waves from earthquakes usually have the largest amplitudes and

cause the greatest damage. Shallower earthquakes generate a greater

proportion of surface waves.



Seismic Waves Travel Efficiently Through the Earth

Hypocenter (where slip begins; the projection of

P and S waves the hypocenter to the surface is the epicenter).

1) Seismic Source (an earthquake

2) Propagation of caused by slip on a fault)

seismic waves

EARTHQUAKE, MAGNITUDE 18 (MDUR) Seismic
wave

1999 APR16 G Y (0., OKL AHS

Hypocenter i

Time (hrminzsze) GMTAITC

3) 3-dimensional record of ground motion -
at a seismograph A\ installed near Earth’s Fault offset greatly exaggerated!
surface (a seismogram).



...and shaking can propagate to great distances
(e.g., Mt. Everest is 200 km from the Nepal Earthquake fault zone)

Vertical ground
A motion for a
i ey ﬂ magnitude 6.0

= earthquake
o ”" recorded across a
.L$ large network of
seismographs (c/o
NSF; EarthScope
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How are Earthquakes Recorded and Located?

Seismic motions are detected and timed by accurately timed and highly sensitive
seismographs (that can measure that is much to small to be felt ground motion from very
tiny or distant events). A record of ground motion is a seismogram.

Using models of how fast seismic waves travel within the Earth, the source hypocenter
and epicenter can be estimated from the arrival times of seismic phases (e.g., P and S).

With a network of 8 or more nearby (e.g., km to 10s of km) accurate locations, sizes, and
mechanisms of faulting can commonly be estimated. Reliable depth estimation
commonly requires at least one very close station. However, large areas of Colorado are
very sparsely instrumented at present, although efforts are underway to improve this
situation.
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Seismic network coverage in Colorado is currently sparse, however...
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Seismometer Networks

@ National Earthquake Information Center (NEIC)
@ US Bureau of Reclamation (USBUR)

‘ Colorado Mesa University (CMU)

. National Institute for Occupational Safety and Health (NIOSH)

100 km

2015 publically accessible seismographs

c/o Colorado Geological Survey



How are Earthquakes Detected and Measured?

 The magnitude, m, of an earthquake is an intrinsic
measure of its size that requires calibrated
measurements and a solid hypocenter determination.

— The magnitude scale is logarithmic; an increment of 2
magnitude units (e.g., m=4 to m=6 corresponds to roughly a
1000-fold increase in seismic energy.

— |t would thus take 1000 magnitude 4’s to equal the energy
released in a magnitude 6 (!).



How are Earthquakes Detected and Measured?
— In most earthquake regions globally, there are about 10
times as many earthquakes of magnitude m-1 as
magnitude m; i.e., 10 times as many 2’s as 3’s, and thus
1000 times as many 2’s as 5’s, etc.

— In theory, this allows for event forecasting and
seismicity management if the background rate of small

earthquakes can be measured.
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How are Earthquakes Detected and Measured?

Intensity is a measure of how
hard the surface shakes (and
how much damage may occur)
at a particular location.

Intensities range from | (not
felt) to, rarely, XII (extreme;
objects thrown upwards in the
air).

Intensity depends on the size
and depth of an earthquake,
but is also sensitive to regional
and local geology.

I (s oF e 10

1882 “Denver
Earthquake”
intensity
contours m

6.6 (?); USGS.

Mercalli Intensity Scale:

I. Not felt Not felt except by a very few under
especially favorable conditions.

Il. Weak Felt only by a few persons at rest,
especially on upper floors of buildings.

lll. Weak Felt quite noticeably by persons
indoors, especially on upper floors of buildings..

IV. Light Felt indoors by many, outdoors by few
during the day. At night, some awakened.

V. Moderate Felt by nearly everyone; many
awakened. Some dishes, windows broken. Unstable
objects overturned.

VI. Strong Felt by all, many frightened. Some
heavy furniture moved; a few instances of fallen
plaster. Damage slight.

VII. Very Strong Damage negligible in buildings
of good design and construction; slight to moderate
in well-built ordinary structures; considerable
damage in poorly built or badly designed structures;
some chimneys broken.

VIIl. Severe Damage slight in specially designed
structures; considerable damage in ordinary
substantial buildings with partial collapse

IX. Violent Damage considerable in specially
designed structures; well-designed frame structures
thrown out of plumb.

X. Extreme  Some well-built wooden structures
destroyed; most masonry and frame structures
destroyed with foundations.

XI. Extreme Few, if any (masonry), structures
remain standing. Bridges destroyed. Broad fissures in
ground

XIl. Extreme Damage total.



How are Earthquakes Detected and Measured?

Intensity is a measure of how
hard the surface shakes (and how
much damage may occur) at a
particular location. Intensities
range from | (not felt) to, rarely,
XII (extreme; objects thrown
upwards in the air). Intensity
depends on the size and depth of
an earthquake, but is also
sensitive to regional and local

geology.

The moment of an earthquake is
a size measure that is particularly
useful for characterizing and
studying earthquakes :

— Moment M, = Fault Area times
fault slip times the rigidity
(elastic stiffness;, 1) of the fault
zone rocks (M,=A x d x u)

— M, can be estimated from
seismograms and converted to a
moment magnitude (M, ) which
scales as 2/3 x IoglO(MO) is the
universally used modern
measurement of earthquake
size.

M, =2 earthquake: ~

M, =0 earthquake: ~
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1 Earthquake”

intensity
contours m
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150 km

a 45 m x 45 m x fault slipping by 2
cm (e.g., ~150 ft x 150 ft fault slipping by 1 inch).
a 6 m x 6 m fault slipping by 1 mm.



click on map t

Seismic Monitor | Earth is a very seismically

active planet (e.g., 15+
magnitude 7+ earthquakes
a year and 14,000+
magnitude 4+ earthquake
a year). Find the induced
earthquake on this map.

hitp:www.irs.edu

Earthquakes/year M 3 and above
California (blue)
and Oklahoma
(black) since
1973 (USGS).

Magnitude Range:
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USGS ShakeMap : OKLAHOMA
Apr 19, 2015 05:27:15 UTC M 4.1 N35.94 W97.34 Depth: 7.6km 1D:us200027Ip
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Map Verslon 2 Processed 2015-04-19 07:28:25 UTC

PERCEIVED | Not felt | Weak | Light |Moderate| Strong |Very strong| Severe | Violent | Extreme
POTENTIAL
DAMAGE

none | nono | none | Verylight| Light Moderato | Mod.Heavy | Heavy |Very Heavy
PEAK ACC{%g) | <0.007 | 0.08 1.0 5.0 88 15 27 47 >B3

PEAK VEL{cm's) | <0.003| 0.04 0.5 3.0 6.5 14 30 63 >136

e based upon nson & Kaka, 2007

USGS “Did you Feel
It”http://earthquake.usgs.gov/
earthquakes/dyfi reports of
ground shaking (370 responses
in 123 zip codes).

http://earthquake.usgs.gov/ea
rthquakes/shakemap/global/s
hake uses all available data to
create an isoseismal map of
shaking.

These maps are produced very
rapidly by the USGS National
Earthquake Information Center
(NEIC) in Golden


http://earthquake.usgs.gov/earthquakes/dyfi
http://earthquake.usgs.gov/earthquakes/shakemap/global/shake

What is an Induced Earthquake?

* An induced earthquake is a seismic events that (to a
high degree of certainty) would not have occurred
without human influences applied to the surface or

subsurface. Known ways to induce earthquakes
include:

— Filling of reservoirs, which creates new gravitational loads
and/or hydrological conditions.

— Direct fracturing (fracking) of subsurface rocks with
overpressure also produces (small) earthquakes, but this
process by itself is not a significant seismic hazard issue.

— Injection and/or withdrawal of fluids (water, CO,,
hydrocarbons, brine) into/from the Earth.



Ways to induce earthquakes...

l. Direct fracturing of rock by fluid injection (fracking)

Drilling Rig
& Shale Fractures

Shallow s i Treatment We Microselsmic
Aquifer gt
o Creation of
(~ afew the fracture
100’s of ft) system
generates
tiny
g earthquakes
(not to =
scale) o
|
o B
o
Q.
~
Shale e R
Fracturing
(1000s of ft)

Fracking only very rarely results in felt earthquakes (e.g., events with m > 2)
and most events are extremely small (m < 0).



Ways to induce earthquakes (cont’d)...

i iniecti Changes in solid stress due to fluid
Il CI'!anges in str.ess from r.nass |nj.ect|on =
or withdrawal without a direct fluid (poro-thermoelastic effects, changes
connection NI ok

y44Y

Change in loading
conditions on fault
(no direct hydrologic
connection required)



Ways to induce earthquakes (cont’d)...

lll. Changes in fluid pore pressure
with a direct fluid connection

TRIGGERED SEISMICITY ¢

WATER DISPOSAL WELL - H. HORIZONTAL SHALE WELL WATER DISPOSAL WELL

SHALE

SAND
g

LIMESTONE

' An old faultiin “basements rocls

IGNEOUS
BASEMENT

| oun |

Southwestern Energy



TRIGGERED SEISMICITY:

o
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WATER DISPOSAL WELL ! HORIZONTAL SHALE WELL WATER DISPOSAL WELL
SHALE
SAND I
— e e e g . e
BASEMENT ROCKS
WITH FAULTS AND
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EARTHQUAKES A typical fracking-generated seismic event
generates the same amount of energy as
dropping a gallon of milk from chest high to 25,000’

l the floor.
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How Does Fluid Injection Create
Earthquakes?

Must occur in a region where there are:
— Faults (weak quasi-planar zones that might host sudden slip)

— Oriented deviatoric (not pressure alone) stresses (forces within the Earth that
might push faults to slip)

Even if there is deviatoric stress in a region, earthquakes will not occur
unless the corresponding fault-oriented forces (tractions) exceed the
frictional strength of the fault.

Injection of fluids can drive a fault to failure either by increasing the stress
levels on the fault (e.g., by adding mass) and/or by lowering the frictional
strength of the fault by increasing the static hydrological pressure (in
essence pushing towards opening the fault and thus reducing its frictional
strength; consider an air hockey puck...).

There are roughly 50,000 Class Il wells across the United States used to
dispose of brines and other fluids for disposal, enhancement of
hydrocarbon recovery, or hydrocarbon storage. A very small number of
these (i.e., ~a few percent at most) are near to or clearly associated with
some level of induced seismicity.



Oklahoma (2008 — late 2014)

Earthquakes from: 02-Jan-2008 to: 30-Sep-2014

Kansas
Oklahoma

37°N

Earthquake Count: 1
Date: 02-Jan-2008

36°N

¢ {

35°N

Earthquakes are from the
Oklahoma Geological Survey
website. Earthquakes
displayed have a minimum
magnitude of 2.0 and are
complete above magnitude

= USGS

science for a changing world

99°W 98° W 97° W 96" W



Earthquake activity in central Oklahoma between
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moment/energ
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event level
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increase.
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Historical Seismicity of Colorado (After Sheehan et al., 2003)
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Take-Home: Induced seismicity is a geological interaction between pre-existing
earthquake potential and perturbation of Earth’s stress state by human activities.




Parts of Oklahoma, and a few other areas in the
conterminous U.S., are highly susceptible to injection-

induced earthquakes
* Susceptibility is the exception, however; the vast majority of class Il
injection wells in the U.S. are not associated with significant
earthquakes, (even in Oklahoma). Induced seismicity has been
successfully mitigated in Arkansas, Ohio, and Colorado (Oklahoma
and Texas are catching up).

* Through seismic and injection monitoring, scientifically and
technically well-informed regulation, and the (infrequent) alteration
of injection well operations to avoid perturbing the stress state of
active basement faults, induced seismicity can be effectively
mitigated.

* Induced seismicity is a manageable issue, however, effective
management requires seismic monitoring, scientifically informed
policies and procedures, and followup from regulatory agencies
(Colorado Oil and Gas Conservation Commission has requlartory
primacy in CO).




Defining earthquake hazard and earthquake risk

earthquake hazard * vulnerability = earthquake risk

/ ighest hazar

US Seismic
Hazard

e.g., US Population Density

-

JELCI

MAPOFUSA NET

See the guide: “Scientific Principles Affecting Protocols for Site-characterization and Risk
Assessment Related to the Potential for Seismicity Triggered by Saltwater Disposal and

Hydraulic Fracturing”
By R. J. Walters, M. D. Zoback, J. W. Baker, and G. C. Beroza
https://scits.stanford.edu/scientific-principles-affecting-protocols-site-characterization-and-risk-assessment-related



Hazard and risk assessment workflow

v

(Natural Hazard) (Operational Factors) CExposur@

N A
v

Risk Tolerance

Red? - Consider
alternate injection
site or significantly
altering operations

High

Amber? - Consider
alternate injection
site or adjusting
operational factors

Natural Hazard

Green? - Continue
operations as
planned

Low

Low »High

Operational Factors

v

Using the traffic light system,

| re-perform if a red or amber risk
level results, seismic events are
observed, or additional data is acquired.




Considering the necessary factors

28



Considering the necessary factors

Geologic Setting

What do we know about the geology in the area (formations, faults)?

Earthquake History

What are the frequency of occurrence, sizes, and locations of past earthquakes?

Hydrologic Properties
How do we expect pore pressure changes to migrate?
Is there a sealing formation between the injection horizon and the crystalline
basement rock?

Geomechanical State
What is the state of stress?
What faults orientations would be active?



Considering the necessary factors

Formation Characteristics
Where is the injection horizon with respect to the basement?
Is the injection horizon in hydrologic communication with the
basement?

Injection Operations
What are the plans for injection rates, volumes, and pressures?

Operating Experience
Has there been injection in the area before?
Are the affects of cumulative injection a concern?
Have earthquakes been triggered before?

30



Considering the necessary factors

Populations
What is the total population and population density in the
area?

Critical Facilities
Are there hospitals, schools, airports or power plants
nearby?

Structures and Infrastructure
What are the sizes and density of buildings, roads,
bridges, or reservoirs?
What engineering standards do the structures and
infrastructure follow?

Environment
Are there historical sites or other sensitive factors that
should be considered nearby?




Considering the necessary factors

(Natural Hazard) (Operational Factors) (Exposur@

D A

Risk Tolerance

What does risk tolerance mean?
—_—




Considering the necessary factors

(Natural Hazard) (Operational Factors) (Exposur@

D A

Risk Tolerance

.

Every individual, community, regulating body, and
oil and gas company likely has a different tolerance
for risk.

It is important to identify the tolerance for risk at a
particular site before determining a mitigation
strategy.

What is your tolerance for risk?
’____.-_




Example of a pro-active traffic light system

Observations:

+ Unacceptable ground motions and/or magnitudes

« Events define a fault capable of producing a potentially damaging
earthquake, especially when located in the basement rock

Actions:

« Limit injection and consider well abandonment

« Continue earthquake monitoring and analysis

+ Report observations and actions to area regulators and
neighboring operators

Observations:

« Events have larger magnitudes than expected

« Events occur further from injection location and migrate more
quickly than expected

« Events migrate into the basement rock

Possible Actions:

« Avoid pre-existing faults during fracture stages

+ Reduce injection volumes and rates

« Increase real-time earthquake monitoring and analysis
« Utilize 3D seismic data

Observations:
« No anomolous seismic events detected

Actions:
« Operations and monitoring continue as planned




Management Priorities

Avoid injecting into formations
that are in communication with
the crystalline basement rock.

Perform a site-specific risk
assessment, i.e.,
Earthquake history

Geology, including locations of
potentially active faults (don’t
inject near there!)

Assess any neighboring injection
wells

Implement and utilize a risk
management system (i.e.
sufficient monitoring and a pro-
active traffic light system).

Colorado Seismicity
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USGS Community Internet Intensity Map
COLORADO

May 31 2014 09:35:21 PM local 40.4674N 104.6079W M3.2 Depth: 1 km |D:usc000rSpp
1 . I . L .

41.5°N - 41.5°N
Laramie
Cheyenne
41°N 41°N
. Sterling
40.5°N - Fort Collins ﬁ ~ 40.5°N
Greeley
Johnsiown =
Fort Morgan
Longment
40°N Bouldgr Vochbula - 40°N
Thomton
Denver .
> Aurora
Evergreen
39.5°N - Highlands Ranch - 39.5°N
el
1291 responses in 32 ZIP codes (Max CDI = IV)| 30 km
T . TAsTE Bock Z = 2
106°W 105°W 104'W
wrewsmy [ 1 [ vV [ v [ vi [ v vi__ |
SHAKING |Notfelt| Weak | Light |Mocderate| Strong |Very strong) Severe Violent | Exireme
DAMAGE | nome | nome | none | Verylight | Light Moderate |Moderate/Heavy| Heavy | V. Heavy

Processed: Sat Aug 16 11:07:47 2014

May 31, 2014 Greely CO Induced (M 3.2) Event

Felt from Greeley to Fort Collins; no
damage though.

Rapid monitoring follow-up
(COGCC/CU/CSU/USGS)

Subsequent 2.6 on June 23; injection
halted.

Well problem mitigated (bottom 410
feet plugged under COGCC oversight) to
remove interactions with high
permeability zone at bottom of well.

Injection resumed in mid-July.

Now injecting at <15,000 barrels/day
without concerning seismicity.

Establishment of a
COGCC/University/USGS Induced
Seismicity Partnership to improve
monitoring and regulation in Colorado.



WELLBORE DIAGRAM | WELLBORE DIAGRAM |

High Sierra Water Services High Sierra Water Services
SWD #C4A SWD #C4A
SWSE, Sec. 26, T6N, R65W Directions: WCR 47 at WCR 64, 0.4 mi West, N into SWSE, Sec. 26, T6N, R65W Directions: WCR 47 at WCR 64, 0.4 mi West, N into
Weld County , CO Weld County , CO
SHL: 1040' FSL, 1924' FEL SHL: 1040" FSL, 1924' FEL
BHL: 1089' FNL, 1471' FEL BHL: 1089'FNL, 1471' FEL
API #: 05-123-35841 API #: 05-123-35841
ACTUAL G.L.= 4682 ACTUAL G.L= 4682
TOPS K.B.= 4705 TOPS K.B.= 4705
(MD) 23 (MD) 23
9-5/8", 36# K-55 LT&C CSG Set @ 506 (12-1/4" O.H.) 9-5/8", 36# K-55 LT&C CSG Set @ 506" (12-1/4" O.H.)
Cmt'd w/ 190 sx to Surface Cmt'd w/ 190 sx to Surface
Parkman-3718' Parkman-3718"
Sussex- 4456" Sussex- 4456'
Niobrara - 6904’ Niobrara - 6904"
Codell - 7234" Codell - 7234'
| P2 stage Tool @ 7461' (229" below the Codell) | [PF  Stage Tool @ 7461’ (229" below the Codell)
296 Jts 4 1/2" 11.6#, N-80, LTC, Internally Coated Thg & 4 Pup Jts 296 Jts 4 1/2" 11.6#, N-80, LTC, Internally Coated Thg & 4 Pup Jts,(2-8" & 2 -
10") With 10.35" Mule Shoe Seal Assembly. 10") With 10.35" Mule Shoe Seal Assembly.
Perma Pak Packer Set @ 8890" Perma Pak Packer Set @ 8890"
TOL @ 8912 TOL @ 8912’
7" 26# P-110 LT&C CSG Set @ 9,056" (8-3/4" O.H.) 7" 26# P-110 LT&C CSG Set @ 9,056" (8-3/4" O.H.)
Upper Lyons - 9050" Cmt'd to Surface (Stg 1: 210 sx shoe, Stg 2: 620 sx D.V. @ 7461") Upper Lyons - 9050’ Cmt'd to Surface (Stg 1: 210 sx shoe, Stg 2: 620 sx D.V. @ 7461")
B B ECP @ 9096’ BE= B ECP @ 909¢'
Lower Lyons Lower Lyons
Upper L. Satanka- 9150’ Slotted pipe Upper L. Satanka- 9150 Slotted pipe
| == ECP @ 9312’ E= == ECP @ 9312
Lower L Satanka Lower L Satanka
Wolfcamp- 9410’ Slotted pipe Wolfcamp- 9410" Slotted pipe
Amazon - 9535" Amazon - 9535°
B= B ECP @ 9538' BE= B ECP @ 9538' I k
Upper Council Grove Upper Council Grove P u gge d b a C T D to
- 9594 Slotted pipe P re- p I u g b acC k - 9594 Slotted pipe
ECP @ 9631’ ECP @ 9631" 10 360 f b
X X X X , eet above a

Lower C Grove Lower C Grove

Admire - 9680" botto m Of h O I e Admire - 9680' .
Upper Virgil Slotted pipe Upper Virgil Slotted pipe h Ig h |y fra Ct u re d Zo n e .

ceraesie dCCEPLING about

Virgil - 9853’ Virgil - 9853’

Missouri -9952" Slenedpipe 300/ to So(y Of the Missouri -9952° slotted pipe
cor g rons NN ° ra ez POSt plug back bottom

. ’ Slotted pipe i nj e Ct i o n fl u i d i n a - ‘ Slotted pipe .
Fountain - 10,000 4-1/2" 11.6# N- Fountain - 10,000 4-1/2" 11.6# N-¢ Of h O I e a Cce ptl ng

1/8" OH)

Perf'd w/ 36 Rc h i h I fra Ct u red ;fr“'f'c?\l;'v; 36 Roy
“Th=10815 Top of Float Cc g y “To=T0815 Top of Float Coll-Ql bout 10% Of the
zone

injection fluid.

ECP @ 9840

—



Take-home points (cont’d)

Human activities can and do induce earthquakes in regions with
seismogenic geological conditions. Where faults are sufficiently
large and sufficient internal stress exists, these earthquakes can be
disruptive and/or damaging.

Injection of waste fluids into deep formations that subsequently
influence faults in deeper, stiffer (“basement”) rock formations, is
the principal way that this occurs, and the fault physics is
reasonably well understood.

A small (¥<1%) number of U.S. injection wells are associated with
induced seismicity; many wells do not induce earthquakes (even in
Oklahoma!).

With geophysical monitoring and regulatory oversight, this is a
manageable problem.

Colorado has established an effective partnership between COGCC,

Universities, the Colorado Geological Survey, and the USGS that has
good a knowledge base (and one example of practical success in the
Greeley case) in addressing induced seismicity.



Take-home points

e Colorado has established an induced seismicity advisory
group between COGCC, Universities, the Colorado
Geological Survey, and the USGS that has good a
knowledge base (and one example of practical success in
the Greeley case) in addressing induced seismicity.

e The COGCC currently has a policy that injection well
operators will be engaged in the event of a 2.5 (typically
the threshold for being felt) or larger magnitude
earthquake within 2.5 miles of an injection well.

e The COGCC and partners are augmenting the current state
network, and the USGS will incorporate these data sources
to ensure that relevant events (magnitude 2.5 or above,
and in some cases smaller) are detected, located, reported
and communicated to COGCC, its partners, and to the
public in near-real-time.



Thank You

http://www.columbiaenvironmentallaw.org/ar
ticles/finding-fault-induced-earthquake-
liability-and-regulation

https://scits.stanford.edu/scientific-principles-
affecting-protocols-site-characterization-and-
risk-assessment-related






Relevant Colorado Regulations
(e.g., see www.garfield-county.com Energy
Advisory Board online PPTs)

* CO Rule 325 defines the management of Class
Il injection wells with fundamental objectives

of
 Protecting aquifers
 Isolating activities from other wells
 Respecting mineral and surface owner rights

* The mechanical integrity of wells and their
formations.


http://www.garfield-county.com

Relevant Colorado Regulations

* CO Rule 324b defines aquifer requirements for Class Il
injection suitability
— Water quality test data is required from the disposal
formation.

— If total dissolved solids (TDS) is greater than 3,000
milligrams per liter (mg/l) and less than 10,000 mg/I, then
an aquifer exemption is required in addition to a UIC
permit application.

— COGCC publishes notices of aquifer exemption requests in
a local newspaper for a 30-day public comment period.

— The notice is also forwarded to U.S. EPA for their review.

— COGCC sets maximum injection pressures uniquely defined
for each injection well; this minimizes the potential for
injection-induced seismicity.
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Class 2 Injection Wells (subset)
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Prague, OK sequence (11/5/11; M 4.8 - 5.6 — 4.8 — 4.8); Reactivation of the Pennsylvanian
(~310 My old) Wilzetta Fault system; See: Keranen et al. (2013); Sumy et al. (2014)



Historical Examples of Induced Seismicity in Colorado
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