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Induced Seismicity Potential in
ENERGY TECHNOLOGIES

“Most experts judge the risk of hydraulic
fracturing causing earthquakes to be low.”

CCA Expert Panel Report, 2014

“Earthquake activity has sharply increased
since 2009 in the central and eastern
United States ... linked to industrial
operations that dispose of wastewater...”

USGS Newsroom 23 April 2015




@ Google Trends: Peak Qil vs. Fracking

CALGARY

Use as Google search terms
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== Peak oil: (Worldwide) == Fracking: (Worldwide)

Source: https://www.google.ca/trends/



) Public reaction to induced earthquakes
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Use of “fracking” as a Google search term (UK)

Initial report
links the
earthquakes
to fracking

l

Cuadrilla Cuadrilla reports
evidence to huge gas find in
Energy and Lancashire

Climate Change 2
Committee earthquake l

i 15t
earthquake

https://drillordrop.com/2016/04/01/fracking-campaigners-mark-earthquake-anniversary-with-wake-up-call-protest/



@ Induced Seismicity from Energy Technologies
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Induced seismicity: 5
Earthquakes attributed to 2 U B2 :
human activity. 9 VT L die
%3 ® ) iy <08 A
D) s ® @
: P °0 S0 . 4
Energy Technologies: ¢ e e _ e°%
* Impoundment of large reservoirs d_ 3 .:,.
behind dams 50 4
* Geothermal development 3
* Injection or withdrawal of fluids from e ‘ , -
the subsurface : K 4
Activity o Mmax ' l
@ OilGas Extraction o <30
Other examples: e Ml 2ol
@ Resenvoir Induced : ! )
’ M i n i ng : (:yedo:!:icmtlmclunng (Shale Gas) %I zg : ?ﬁ
¢ Underground nuclear tests il O oo
NRC, 2012

At time of publication of this report in 2012, only one earthquake was
believed to be induced by hydraulic fracturing (Preese Hall, UK)



@ New results from the Horn River Basin
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Investigation of Observed Seismicity
in the Horn River Basin

BC 0il and Gas Commission - August 2012

* 38 earthquakes induced by hydraulic fracturing (2009 —
2011), in magnitude range 2.2 to 3.8

E@ ccccccc .




@ Rocky Mountain Arsenal (Denver earthquakes)
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Fluid injection |
started in 1962
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Healy et al., Science, 1968

Photo courtesy A. McGarr
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Source: inducedseismicity.ca/catalogues/ (probable quarry blasts removed)



) Effect of pore pressure increase
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Mohr-Coulomb failure criterion Pre-EOR stress state
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Horner et al., Can. J. Expl. Geophys., 1994



Gas production (109 ms,fyr)

Number of events
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Brazeau River Cluster

Earthquakes Canada

W Alberta Geological Survey

Other induced seismicity (pre 2009)
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) Rangely Experiment
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Seismicity of the US midcontinent

CALGARY
3500 — . l l .
Central U.S.
3000/ Earthquakes

\ 1973 -Jan 2016

Primarily due to
large-volume
produced-water
disposal, not
fracking
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@ Recent induced earthquakes in Oklahoma
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September 3, 2016 (Pawnee) November 7, 2016 (Cushing)



TS A Y R S i R S S L &
VR B e B G Y
7 / o ity S iy

) Seis'rhﬁi"ciﬂty"df"Western Canada

UNIVERSITY OF

CALGARY
2001-2008 (N =97) 2009-2016 (N = 429)
-120°  —115° -110 -120° -115° -110°
e

Inferred link
to fracking

: ’ 5 o
~120° ~115° =10 -120° -115° —119

Source: inducedseismicity.ca/catalogues/ M, > 2.5 (probable quarry blasts removed)

b} o Sapl -
yh % POCA a2 T I s
A Zet i o it —IA - ' =5
|l ) B | \ > a2 -
/ ! ) . o J ¢ W A -y o
55° | : | g55 55° oA F & o . | W55
’ - Y 1 LE B i e B
3 4 - : ; Ak, = ; |
- . 4 s =



UNIVERSITY OF

CALGARY

= Candidate HF wells
| | = Candidate disposal wells
o | 1985-2009
52 | O M=z3 (Disposal)
‘ O M=z3(HF) ¥
O M =23 (HF and/or disposal) [k
O M= 3 (Tectonic) (aY

97 2010-2015
“1 O M= 3 (Disposal)
50° 4 @ M=3(HF)
0 7 I
o

M = 3 (HF and/or disposal)
M = 3 (Tectonic)

—————
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300 frimimtmtndutetntes

) Comprehensive study for WCSB
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Atkinson et al., SRL, 2016



@ Criteria to recognized induced seismicity
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* Are the events the first known earthquakes of this character in
the region?

* |sthere a clear (temporal) correlation between injection and
seismicity?

* Are epicentres located near wells (within 5 km)?

* Do some earthquakes occur at or near injection depths?

* If not, are there known geologic features that may channel flow
to the sites of earthquakes?

* Are changes in pressure at bottom of wellbore sufficient to
encourage seismicity?

* Are changes in fluid pressure at hypocentral locations sufficient
to encourage seismicity?

Davis and Frohlich, SRL, 1993



@ Seismicity Associated with Wells in the WCSB
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Disposal HF Tectonic M23
No. Candidate Wells (1985-2015) 1236 12,289 -
No. of Wells Associated with M23 13 39 -
Association % for wells (M23) 1.% 0.3% -
No. M23 (1985-2009) 126* 13* 14
No. M23 (2010-2015) 33* 65* 7
Association % for M23, 2010-2015 31% 62% 7%

Atkinson et al., SRL, 2016



) Case Study: Fox Creek, AB
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| highly suspect that last night's M 4.4 earthquake near Fox Creek, AB,
is an induced seismicity. Can anyone confirm that HF activity was
performed in the epicentral region in recent days?

If confirmed, its magnitude of 4.4 should not be taken lightly.

Honn Kao, Ph.D. 23 _january’ 2015

Research Scientist, Seismology

R e 3 Geological Survey of Canada
e Pacific Geoscience Centre

9860 West Saanich Road

P.0.Box 6000

Sidney, B.C. V8L 4B2

CANADA
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http://www.cbc.ca/player/News/TV%20Shows/The%20National/ID/2651143557/
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AER Traffic Light System - .
Duvernay Zone, Fox Creek

4.0M,

cease operations, *
inform the AER

2.0M,

inform the AER,
invoke response plan

2.0M,

no action required

Febnuary 2005 Albarta Ener gy Regulstor

https://aer.ca/about-aer/media-centre/news-releases/news-release-2015-02-19

Subsurface Order #2

Assess the potential for induced
seismicity from hydraulic fracturing

Follow a traffic light protocol with
staged thresholds.

Immediately report to the AER seismic
events of 2.0 ML or greater and invoke
their response plan.

Cease hydraulic fracturing operations
if a seismic event of 4.0 ML or greater
is detected in the vicinity of
operations.
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Bao and Eaton, Science, 2016



) Case Study: Fox Creek, AB
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Case Study: Fox Creek, AB
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@ Induced seismicity from fluid injection/extraction
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Changes in stress due to
extraction or injection

Direct fluid pressure feirelnle o)

effects of injection l T T l
(pore pressure diffusion)

Permeable
reservoir/ HF in proximity
aquifer to a fault

(pore pressure + stress)

Eaton, 2016. Modified from Ellsworth, Science, 2013



) Knowledge Gaps (...known unknowns)
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Fundamental Knowledge

 What are the (slip weakening) frictional characteristics of inactive faults?
* Why does seismicity (and triggering sensitivity?) persist after
completion?

Hazard Assessment

 How can seismogenic (critically stressed) faults be identified and
mapped?

* How do critically stressed faults affect the local stress field?

* Does overpressure correlate with hazard?

* Does maximum magnitude correlate with net injected volume?

* Does wellbore azimuth matter?



) Knowledge Gaps (...known unknowns)
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Monitoring

What is the best magnitude scale to use?

What are the best traffic-light criteria (e.g. ground motion)?

What ground-motion prediction equations are appropriate for this
setting?

How can induced and natural events be rapidly distinguished?

Are there any robust, diagnostic foreshock patterns that precede a
large event?

Hazard Mitigation

After an event has been triggered, does flowing back the well reduce
(or increase) hazard?

Can hazard be reduced by using other types of fracturing fluids or
methods?

Does reducing treatment pressure help?

Then there are still the unknown unknowns ...



) Key takeaway points
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* Induced earthquakes have attracted significant public
attention

* Research on injection-induced seismicity has been active
for decades, with recent resurgence

* Injection-induced seismicity in Canada is more strongly
linked to hydraulic fracturing than in the U.S., where the
primary trigger is large-volume disposal

 Significant strides in understanding and mitigating
induced seismicity have been achieved through
collaborative research (industry-university-regulators)
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Questions?



