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Unconventional Gas, NG Liquids and Oil Development 
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Shale Gas RF ~25%, NG Liquids and Oil RF ~5%  

After 150,000 Wells in North America… 







Injection Triggered Seismicity  

 

Prague, OK* 

Nov. 2011 M 5.7 

Prague, OK 
3 M5+ Eqs 
Nov., 2011 
 

M.D. Zoback, Managing the seismic risk of wastewater disposal, EARTH, April, 2012, 38-43 (2012).  

Azle, TX 
7 Eqs, M3.6 
Nov., 2013 
 

Snyder, TX 
18 Eqs, M4.4 
2009-2011 
 Timpson, TX 

7 Eqs, M4.8 
2008-2012 
 



A Marked Recent Increase in Intraplate Seismicity  

 

Prague, OK* 

Nov. 2011 M 5.7 

Ellsworth (2013) 



The Curious Case of Oklahoma Seismicity 

-   8 Walsh and Zoback (in preparation) 

Recent Earthquakes 

High Volume Injection Wells 

Tulsa 

Oklahoma City 



Seismicity Increase Since 2009 
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• The increase in seismicity is not because of better detection 

• The recent earthquakes are broadly distributed  

• Seismicity continues to this day 

Prior to 2009, 1 M~4 Every 10 Years 

In 2014, >20 M~4 Earthquakes 



Nine Stanford Professors in Geophysics, Petroleum Engineering  
and Civil Engineering 
 
Twenty-three Industrial Affiliates 
 
 
 
 

SCITS 
Stanford Center for Induced and Triggered 
Seismicity SCITS.stanford.edu 
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A typical seismic event generates the same 
amount of energy as dropping a gallon of 
milk from chest high to the floor. 
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Waste Injection  

Denver Arsenal 

Fluid Injection 

Rangely Oil Field 



How Fluid Pressure Affects Frictional Sliding 

Coefficient of Friction 

Sliding occurs when 

Amonton’s Law is satisfied: 

t

Sn - Pp

= m
Sn 
Pp 



Faulting on Basement Faults in Response to 

 Injection in Overlaying Sedimentary Formations 

 

Horton (2012) 

Earthquake Risk Depends on 

Whether Injection into 

Sedimentary Rocks Increases Pore 

Pressure in   

Potentially Active Basement Faults 



Prague Earthquakes 

Keranen et al. (2013) 

Faulting on Basement Faults in Response to 

 Injection in Overlaying Sedimentary Formations 



Fault Patch Size (m) 

Major: can cause serious damage over large areas. 

Moderate: can cause damage to poorly constructed buildings 

Minor: felt but does not cause damage 

Noticeable shaking but damage is unlikely 

Strong: can be destructive in populated areas 

Fault Dimension and Earthquake Magnitude 

EQ stress drop 

slip on fault 
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Hurd and Zoback (2012) 

Potentially Active Fault Could Have Been Identified 

Prior to Injection 

Horton (2012) 



Nemaha Fault 

Tulsa 

OK City 

Potentially Active Fault Could Have Been Identified 

Prior to Injection 

Avoid Locating Injection Wells Near  

Potentially Active Faults 



Water Recycling – Western Pennsylvania 



The Curious Case of Oklahoma Seismicity 
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Recent Earthquakes 

High Volume Injection Wells 

Tulsa 

Oklahoma City 



The Curious Case of Oklahoma Seismicity 
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Recent Earthquakes 

High Volume Injection Wells 

Tulsa 

 
What is Driving the Currently High 

Seismicity Rate in Oklahoma? 



Statewide Monthly Injection Rates 

Monthly Injection has Increased 

2X Since 1997 

Wellhead pressures remain flat 

Number of wells reporting injection 



 



Keranen et al. (2014) 



Keranen et al. (2014) 

Why Are There Very Large Injection Wells? 

Not Waste Water Associated with Hydraulic Fracturing 



Flow Rate of the Macondo well 



~98% water cut 

~90% water cut 

Dewatering Wells Produce a Lot of Water Per BOE: 

Equal Energy 



2012 



Risk Associated with  

Injection and Triggered Seismicity 

Microseismic Events Associated with Hydraulic Fracturing 

• Very Low Risk to Public 

• Limited rock volume, limited pumping volume/time 

• Very few events > M 2 in 100,000’s of frac stages 

 

 

 

 

Seismic Events Associated with Wastewater Injection 

• Low Risk to Public 

• Much Larger Pumping Volumes 

• Can be Effectively Managed by Effective Site 

Characterization, Monitoring and Proactive Planning 

• Minimize Injection by Water Recycling 




