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Definitions 
 

ÅTriggered Seismicity 

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

ïPre-existing tectonic stress plays the primary role 
 

ÅInduced Seismicity 

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



Induced Seismicity: Recent Issues 

ÅHigh-profile press coverage and congressional/regulatory  
inquiries have focused attention on induced seismicity related 
to energy projects in the U.S. and Europe 
ïThe Geysers, CA; Basel, Switzerland; Soultz, France; Landau, 

Germany 

ïOil and gas: Texas , shale gas sites 

ïCO2 sequestration sites (various) 

ÅHowever, industry has successfully dealt with induced 
seismicity issues for almost 100 years (mining, oil and gas, 
waste injections, reservoir impoundment, etc.) 

ÅHow does one assess hazard risk  and economic risk 
ïInvestors  want to know 

ïRegulators want to know 

ïSeismicity related to injection cannot be assessed the same as natural  
seismicity 

ïScale and distance of influence 

ÅSeismicity is also be useful as a resource management  tool 
ïGeothermal, Oil and Gas, CO2 Seq ?? 



Importance of Understanding  

Induced Seismicity 

ÅTechnical 

ïOne of few means  to  understand volumetric  

permeability enhancement/fluid paths 

ïProper uses  could  optimize  reservoir  performance 

ÅPolicy/Regulatory 

ïPotential to  side track important energy supply 

ïTechnology must be put  on a  solid scientific basis to  

get  public acceptance 

ïAccurate risk assessment must be done to advance 

energy projects   

 



Therefore 

ÅThree main issues  to address to 
advance Energy Applications 

ïHow does one assess risk 

ïHow does one minimize risk 

ïHow  does one effectively utilize 
Induced seismicity 



Accurate and Consistent Assessment of  Risk is 

Essential for All Injection Technologies 

ÅWhat is the largest earthquake expected? 

ÅWill small earthquakes lead to bigger ones? 

ÅCan induced seismicity cause bigger earthquakes 
on distant faults? 

ÅEven small felt (micro)earthquakes are annoying. 

ÅCan induced seismicity be controlled? 

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

ÅWhat is the plan if a large earthquake occurs? 

ÅLong term response versus short term response 

 

 



Examples (largest events) 
                                                             Mag          Date   

Å Reservoir Impoundment 

ï Hoover, USA 5.0 1939 

Å earliest recognized case of RIS 

ï Koyna, India 6.5 1967  

Å structural damage, 200 killed  

ï Aswan, Egypt 5.3 1981  

Å largest reservoir, deep seismicity 

Å Mines and Quarries 

ï Wappingers Falls, NY 3.3 1974 

ï Reading, PA 4.3 1994 

ï Belchatow, Poland (coal) 4.6 1980 

 

Å Oil and Gas fields 

ï Long Beach,CA                                                                                   5.2                 1930ôs 

ï Dallas - Ft worth                                                                                  3.4                 2008 

ï Lacq, France    ~4 various 

Å Gas extraction  

ï Gazli, Uzbekistan ~7 1976 

Å Previously aseismic region, three M7 events 

Å Injection related  

ï Denver                                                                                                  5.3                1960ôs 

ï Geothermal                                                                                          4.6                    1970ôs 

 

 



Small versus Large Earthquakes 

ÅEarthquake magnitude determined by the size 
of the slipping fault 

üSmall faults = small earthquakes 

üMany more small faults than large faults 

üMany more small earthquakes than large 
earthquakes 

ÅLarge earthquakes start deep (>10 km) 

ïShallow injection implies small earthquakes  

ÅSmall or moderate (M<5) induced earthquakes 
are extremely unlikely to remotely trigger large 
events on major faults even close by 

 

 

 



Elevated Fluid Pressure:  

ÅReduces effective normal stress on fault, lowering resistance to   

shearing. Implies that if pressure balance  can be 

maintained seismicity can be  controlled 

Role of Fluid Pressure in Earthquake generation 

For a microearthquake 

to occur one must 

exceed the critical 

shear stress on the 

fault: 

 

  c + ( n - p)  
 

Normal (clamping)  

Stress = n  

In situ Shear 

Stress   Water/fluid pressure 

 in fault  = p 

= coefficient of   

  friction on fault 



Causal Mechanisms 

ÅEarthquakes (fault rupture) occur when the shear stress along a 
fault is greater than the strength of the fault. 

ÅInduced or triggered earthquakes occur when human activity 
causes changes in stresses within the Earth that are sufficient 
to produce rupture. 

ÅThis can result from either: 
ïAn increase in shear stress along the fault  

ïA decrease in strength of the fault 
ÅDecrease the normal stress across the fault 

ÅIncrease the pore pressure within the fault 

ÅDecrease in cohesion on fault 

ÅThermal stresses 

ÅStress diffusion 

ÅOther 



Examples - Reservoir 

Impoundment 

+æVertical Stress 
+æPore Pressure 

Reservoir 



Examples - Injection and 

Extraction 
Fluid Injection 

(e.g., water disposal) 

Fluid Extraction 

(e.g., petroleum production) 

+æPore  
Pressure  

-æVertical Stress 
-æPore Pressure 

Fault 

Fault 

Aquifer 

Petroleum 

Reservoir 



Zone of  influence from  potential  

earthquakes  in the  US 



2) Earthquake Shaking model 

 

For a given earthquake rupture, this 

gives the probability that an intensity-

measure type will exceed some level 

of concern 

 

1) Earthquake Rupture Forecast 
 

Gives the probability of all possible 

earthquake ruptures (fault offsets) 

throughout the region and over a 

specified time span  

 

Two main model components: 

Physics-based 
ñWaveform Modelingò 

Empirical  

ñAttenuation Relationshipsò 

Seismic Hazard Analysis 



Earthquake Risk 

ÅRisk in this context can be thought of as:  

   R = AF(a | eq)*(Pr(f | a)*C($;LL | f) 

 

Where R=ñriskò, AF= annual frequency of ground 

motion a, given occurrence of an earthquake(s),    Pr(f 

| a) =probability of failure of something of interest 

given ground motion a, and C=consequences (dollars, 

or any metric of interest). 

AF developed using Probabilistic Seismic Hazard 

Analysis (PSHA) 



Fault 

Models 
 

Specifies the spatial geometry 

of faults in reservoir. 

Stress 

Models 
 

Specifies the magnitude and 

orientation of stress in 

reservoir. 

Earthquake-Rate 

Models 
 

Gives the rate of 

earthquake on each fault as 

a function of the perturbing 

pore pressure. 

Probability 

Models 
 

Gives the probability that 

each earthquake will 

occur during a specific 

time span. 

Components (??) of an Induced Seismicity Rupture Forecast 



Examples 

ÅOil and Gas   

ïHydrofracture 

ïSecondary  recovery 

ïWaste water disposal 

ÅGeothermal 

ïEGS 

ïHydrothermal 

ÅCarbon Sequestration 

ïSaline formations 

ïTight formations 

 



Geothermal 



Enhanced Geothermal Systems 

ÅLocated at depths of 3-10 km 

ÅIt requires increasing 

permeability by stimulating 

fracturing and shearing of 

fractures through 

fluid/propant injection 

ÅFluid circulated between 

injection and production wells 

to capture and extract heat 

from system 

Åi.e. Requires creating 

controlled seismicity 

Injection 

Well 

Man-made 

Fracture 

System 

Hot 

Basement 

Rock 

Production 

Well 

Electric or 

Thermal 

Application 



The Geysers Seismicity, 1965 to Present (Smith,2006) 

Geysers Annual Steam Production, Water Injection and Seismicity
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Injection related EQs  

Water injection  wells  



Northern California  Historical Seismicity (M 3.5 to 5.0) 

1900- 2005 

The Geysers  



Interesting Observations 

(Geothermal) 
 
Å Large events happen (sometimes) at the edges of the reservoir/after  the 

injection stops 

ï Implication of  diffusion processes 

Å Variable rate dependency of  injection versus seismicity 

ï Sometimes anti-correlation between injection and seismicity 

Å Seismicity reaches an equilibrium ( in certain magnitude ranges) 

Å Seismicity does not follow normal aftershock patterns 

Å Close  relation between seismicity and volume balance 

ï Implies volume change not volume injected is important 

Å Variable relation between foreshocks, aftershocks, b-values, etc. 

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



Oil and Gas 

 



Oil and Gas  Injection seismicity 

ÅHydrofracture  operations  pose  very low seismic 
risk 

ïDisposal  of  waste water  is most significant risk 

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

ïHazard is in  inducing permeability that may cause  
ñleakageò ( control of  whole process) 

ÅñTraditionalò oil and gas  induced  seismicity 
cases have well known mitigation strategies ( fluid 
balance) 



Gas Shale Reservoirs 

Å Large, Unconventional Natural Gas Resources 

Å Organic-rich, low porosity, very low permeability 

Å Diverse Composition, Organic Content, Maturity, 

Depth, Temperature and Pressure 

 



Drilling/Completion Technology Key To  

Natural Gas  Development 

Horizontal Drilling and Multi-Stage  

Slick-Water Hydraulic Fracturing 

Induces Microearthquakes (M ~ -0 to M~ -3)  

To Create a Permeable Fracture Network 

Courtesy of Schlumberger 



Differences Between 

Oilfield/Gas and Geothermal 

 
 

Å  The volumes injected and length of injections  are significantly greater in 
geothermal, because of the limited nature of the hydrocarbon-bearing strata 
relative to the presumably much larger target volume for Geothermal; (not true  
for CCS)  
ï Except for  secondary recovery ( water and CO2 floods, etc) 

 

Å Igneous 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 other pre-existing 
weaknesses, as compared to weaker oilfield rock, due to fracture shearing 
combined with propping of asperities);  

 

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



Carbon Sequestration 



CO2 Sequestration 

IPCC (2005) 



Regional Seismicity: 1960-present 
Perry Nuclear Power Plant 

ÅJanuary 31, 1986 

ÅMb 5.0 Event 

ÅPressures in nearby deep 

injection wells reached 11.2 

MPa above ambient 

ÅPressure increase may 

have been responsible for 

triggering the event 

Mountaineer Power Plant 

ÅState of stress: Strike-slip 

frictional equilibrium 

ÅSmall pressure increases 

could result in reactivation 



Basin-Scale Pressure Buildup (bar) 

Cutoff Pressure:   

0.1 bar 


