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Definitions

A Triggered Seismicity

I Causative activity accounts for only a small
fraction of the stress change associated with the
earthquakes.

I Preexisting tectonic stress plays the primary role

A Induced Seismicity

I Causative activity accounts for most of the stress
change or energy to produce the earthquakes



Induced Seismicity: Recent Issues

A High-profile press coverage and congressional/regulatory
Inquiries have focused attention on induced seismicity related

to energy projects in the U.S. and Europe
I The Geysers, CA; Basel, Switzerland; Soultz, France; Landau,

Germany
I Oil and gas: Texas , shale gas sites

I CO, sequestration sites (various)
A However, industry has successfully dealt with induced
selsmlc:lty Issues for almost 100 years (mining, oil and gas,
waste injections, reservoir impoundment, etc%

A How does one assess hazard risk and economic risk

T Investors want to know

I Regulators want to know
I Seismicity related to injection cannot be assessed the same as natura

seismicity
I Scale and distance of influence

A Seismicity is also be useful as a resource management tool
I Geothermal, Oil and Gas, CO2 Seq ??



Importance of Understanding
Induced Seismicity

A Technical

I One of few means to understand volumetric
permeability enhancement/fluid paths

I Proper uses could optimize reservoir performance

A Policy/Regulatory
I Potential to side track important energy supply

I Technology must be put on a solid scientific basis to
get public acceptance

I Accurate risk assessment must be done to advance
energy projects



Therefore

AThree main issues to address to
advance Energy Applications

I How does one assess risk
I How does one minimize risk

| How does one effectively utilize
Induced seismicity



Accurate and Consistent Assessment of RIsk Is
Essential for All Injection Technologies

A What is the largest earthquake expected?
A Will small earthquakes lead to bigger ones?

A Can induced seismicity cause bigger earthquakes
on distant faults?

A Even small felt (micro)earthquakes are annoying.
A Can induced seismicity be controlled?

A What controls are (will be) in place to mitigate
future induced seismicity?

A What is the plan if a large earthquake occurs?
A Long term response versus short term response



Examples (largest events)

Reservoir Impoundment

Hoover, USA

A earliest recognized case of RIS
Koyna, India

A structural damage, 200 killed

Aswan, Egypt

A largest reservoir, deep seismicity

Mines and Quarries

Wappingers Falls, NY
Reading, PA
Belchatow, Poland (coal)

Oil and Gas fields

Long Beach, CA
Dallas- Ft worth
Lacq, France
A Gas extraction
Gazli, Uzbekistan

A Previously aseismic region, three M7 events

Injection related

Denver
Geothermal
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Small versus Large Earthquakes

A Earthquake magnitude determined by the size
of the slipping fault

U Small faults = small earthquakes
U Many more small faults than large faults

U Many more small earthquakes than large
earthquakes

ALarge earthquakes start deep (>10 km)
I Shallow injection implies small earthquakes
A Small or moderate (M<5) induced earthquake:

are extremely unlikely to remotely trigger large
events on major faults even close by



Role of Fluid Pressure in Earthquake generation

For a microearthquake
to occur one must
exceed the critical

Normal (clamping) shear stress on the

’%" x‘,‘. | fault:

Stress = G,

T=C+ (o, - p)

Water/fluid pressure
in fault =p

u= coefficient of
friction on fault

Elevated Fluid Pressure:
A Reduces effective normal stress on fault, lowering resistance to
shearing. Implies that if pressure balance can be

maintained seismicity can be controlled




Causal Mechanisms

A Earthquakes (fault rupture) occur when the shear stress alo
fault is greater than the strength of the fault.

A Induced or triggered earthquakes occur when human activit
causes changes in stresses within the Earth that are sufficie
to produce rupture.

A This can result from either:
I An increase in shear stress along the fault

I A decrease in strength of the fault
A Decrease the normal stress across the fault
A Increase the pore pressure within the fault
A Decrease in cohesion on fault
A Thermal stresses
A Stress diffusion
A Other
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Examples Injection and
Extraction

Fluid Injection Fluid Extraction
(e.g., water disposal) (e.g., petroleum production)
IR

Petroleum

/ Reservoir
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Zone of Influence from potential
earthquakes Inthe US

Shaking feit [ Area of damage




Seismic Hazard Analysis

Two main model components:

1) Earthquake Rupture Forecast 2) Earthquake Shaking model

Gives the probability of all possible
earthquake ruptures (fault offsets)
throughout the region and over a

For a given earthquake rupture, this
gives the probability that an intensity-

measure type will exceed some level
specified time span of concern
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Earthquake Risk

A Risk in this context can be thought of as;
R = AF@| eq)*(Pr(f |a)*C($;LL | f)

Where R=nrisko, AF= ann
motiona, given occurrence of an earthquake(s),
| @) =probabillity of failure of something of interest
given ground motiom, and C=conseqguences (dolla
or any metric of interest).

AF developed using Probabllistic Seismic Hazard

¥

Analysis (PSHA)




Components of the Uniform California Earthquake Rupture Forecast 2

Fault Deformation Earthquake-Rate Probability
Models Models Models Models

Provides fault slip rates used to Gives the long-term rate of all Gives the probability that each

calculate seismic moment possible damaging earth- earthquake in the given Earth-

release. quakes throughout a region. quake Rate Model will occur
during a specified time span.

Specifies the spatial geometry
of larger, more active faults.

Components (??) of an Induced Seismicity Rupture Forecast

Earthquake-Rate
Stress Models
Models

CUEE = [ ) Gives the probability that

Specifies the spatial geometry Sp%‘;:gif;t?:nn;?g;gig?nand eafrti;qltjialge (f)rt'lheachrra?gtinas each earthquake will
of faults in reservoir. ) a function ot the perturbing occur during a specific
reservoir. pore pressure.

time span.




Examples

A Oil and Gas
I Hydrofracture
I Secondary recovery
I Waste water disposal

A Geothermal
I EGS
I Hydrothermal
A Carbon Sequestration

I Saline formations
I Tight formations



Geothermal



Enhanced Geothermal Systems

A Located at depths 0fB0 KM  Eiectric of
A It require;_increa;ing | ZBEL B
permeability by stimulating gl

fracturing and shearing of

(TS
‘‘‘‘‘‘‘

fractures through Production
fluid/propant injection el

A Fluid circulated between
Injection and production wells Hot
to capture and extract heat pasement

from system Man-mac
Fracture

A i.e.Requires creating System
controlled seismicity




The Geysers Seismicity, 1965 to Pres@ntith,2006)

Geysers Annual Steam Production, Water Injection and Seismicity
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Northern California Historical Seismicity (M 3.5 to 5.0)
1900 2005

ANSS Seismicity 1900/01/01,00:00:00 2004/05/15,23:07:56

T
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Interesting Observations
(Geothermal)

Large events happen (sometimes) at the edges of the reservoir/after
injection stops

Implication of diffusion processes
Variable rate dependency of injection versus seismicity
Sometimes antorrelation between injection and seismicity
Seismicity reaches an equilibrium ( in certain magnitude ranges)
Seismicity does not follow normal aftershock patterns
Close relation between seismicity and volume balance
Implies volume change not volume injected is important
Variable relation between foreshocks, aftershockalbes, etc.

Induced seismicity appears to change mechanisms (triggering) over
magnitude ranges



OlIl and Gas



Oill and Gas Injection seismicity

A Hydrofracture operations pose very low seismic
risk
I Disposal of waste water is most significant risk

I Most hydrofracture operations have been in low
seismic risk areas (may not be true of natural gas
applications)

I Hazard is in inducing permeability that may cause
Nl eakageo ( control of W

AdTraditional o oil and g
cases have well known mitigation strategies ( fluid
balance)



o To o

Gas Shale Reservoirs

Niobrara

Cody  powry Gammon

Hilliard- New Albany
Baxter- S . Excello-Mulky

¥ Marcellus

Devonian
Hermosa

Chattanooga

Conasauga

« 33 Fayetteville ' ,  Floyd-
Barnett &  woodford S Haynesville/ q Neal

Woodford g )
Pearsall /" Bossier

" Woodford/
Barnett Cane

Large, Unconventional Natural Gas Resources
Organierich, low porosity, very low permeability

Diverse Composition, Organic Content, Maturity,
Depth, Temperature and Pressure




Drilling/Completion Technology Key To
Natural Gas Development
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Time = Years Pitts Oil Company - Dallas Production Inc.

Horizontal Drilling and Multi-Stage
Slick-Water Hydraulic Fracturing
Induces Microearthquakes (M ~ -0 to M~ -3)

To Create a Permeable Fracture Network



Differences Between
Ollfield/Gas and Geothermal

A The volumes injected and length of injections are significantly greater in
geothermal, because of the limited nature of the hydrocdrbanng strata
relative to the presumably much larger target volume for Geothermal; (not true
for CCS)

I Except for secondary recovery ( water and CO2 floods, etc)

A lgneous rock is stronger than oilfield rock (however, while at first glance it
may seem that stronger geothermal rock is more difficult to fracture, it is
actually more likely to benefit from natural fractures or othergxisting
weaknesses, as compared to weaker oilfield rock, due to fracture shearing
combined with propping of asperities);

A Most of the geothermal developments have a more or less hydrostatic pressure
gradient, in contrast to oilfield reservoirs (of which some can be over
underpressurized, although many are at or near hydrostatic pressure).



Carbon Sequestration



CO, Sequestration

Overview of Geological Storage Options Produced oil or gas

1 Depleted oil and gas reservoirs Injected CO,
2 Use of C.O2 in enhgnced oil and gas recovery e : 4:*32 Stored CO,
3 Deep saline formations — (a) offshore (b) onshore i

4 Use of CO, in enhanced coal bed methane recovery




Regional Seismicity: 1960-present

Perry Nuclear Power Plant
Alanuary 31, 1986
AV, 5.0 Event

APressures in nearby deep
Injection wells reached 11.2

MPa above ambient

Lo
B s
¥

APressure increase may
have been responsible for
triggering the event

Mountaineer Power Plant

AState of stress: Strike-slip
frictional equilibrium

ASmall pressure increases
could result in reactivation
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BasinScale Pressure Buildup (bar)

Cutoff Pressure:
0.1 bar




