
 
 
 
 
 
 
 
 

Induced Seismicity - Physical Mechanisms and Temporal 
Trends in Kansas 

 
 
 

Tiraz Birdie and Lynn Watney  
 

Kansas Hydrology Seminar  
 

November 20th 2015 
 

Topeka, KS 
 



Presentation Outline 

• Seismicity Trends in Kansas 

• Geomechanics of faulting 

• Relationship between fault characteristics and 

seismic magnitude  

• Estimating Slip Tendency of Faults 

 



Kansas Assumed to Lie in a Seismically Benign Area 

Seismic Risk in the US 



Earthquake Trends in Southern Kansas 

• Large earthquakes (> M3.8) in past year associated with waste water injection in the 
Arbuckle saline aquifer  



Reservoirs Supporting Oil and Gas Operations  

Mississippian Oil and Gas Reservoir 

Arbuckle Saline Aquifer 
(Waste Disposal) 



Seismic Trends in Southern Kansas  
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Annual Earthquake Count Disposed Volume

   Equivalent to 3,700 Million Gallons  

• Some abatement in seismicity 
following restrictions on injection rates 
and volumes in Kansas 



Earthquake Trends in Central and Eastern US 

• Induced seismicity linked to waste disposal in deep saline aquifers and not 
fracking 

Rubenstein, 2015 



Arbuckle Aquifer in Kansas 

• Cambrian-Ordivician 
Arbuckle aquifer 
(Dolomitic) 

• 700 million- 1 billion 
years 

• Arbuckle ~ 1000-ft thick in 
Kansas  

Top of Arbuckle in Kansas (ft, bls) 



Subsurface Stress Field 

Normal Fault 
Sv > SHmax > SHmin 
 

Three Principal Stresses 

Reverse Fault 
SHmax  > Shmin > Sv 

Strike Slip Fault 
SHmax  > Sv > Shmin  



Failure Plane 

 Normal Stress (perpendicular to fault plane) 
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Shear Stress (along fault Plane) 

Mohr’s 
Circle 

Coulomb Failure 
Envelope 

Shear stress a 
function of 
difference in 
principal stresses 
and not absolute 
magnitude of 
stresses 

Fault slips when Mohr’s circle 
touches Coulomb Failure Envelope 
for critically oriented faults 



Effect of Induced Pore Pressure on Fault Slippage 

• Critical fault orientation is typically 120o in Mohr Space; 
60o in real space 

• Non-critically oriented faults require larger pressures to 
fail 

Data Needed to Predict Earthquake Potential  

  Principal stresses and direction 

Orientation of faults  

  Pore pressures 

  Fault length  

  



Image Log for Fracture Orientation and Stress Field 
Direction  

• Highest strike density in NNE-SSW 
direction 
 

• Present-day stress field ? 
 

• Fault orientation ? 
 

 



Drilling Induced Fractures to Estimate Present-
Day Principal Stress Directions 

Drilling Induced 
Fractures 



Determining Minimum Horizontal Stress 
(Shmin) from Leak-off Test 

Shmin 



Step Rate Test in Sumner County 

Question:  With Shmin  known, what is SHmax ?  

• Leak-Off ~ 2900 psi (5,000 ft 
below surface) 



 Drilling Induced Fractures to Estimate Faulting Environment  

𝑆𝐻𝑚𝑎𝑥 ~ 3𝑆𝐻𝑚𝑖𝑛 - 2𝑃𝑝  + 0.1(𝑆ℎ𝑚𝑖𝑛 - 𝑃𝑝) 

Normal stress environment in southern 
Kansas 

RF 

NF 

SSF 

Sv= 5450 psi 
x 

 = 4,540 psi  



Inadequate Fault Mapping  

• Faults in naturally dormant areas not adequately mapped.   



Determining Fault Type from Focal Mechanism 

Strike-Slip Fault 



Determining Fault Type from Focal Mechanism  

Compressed Region 

Compressed Region 

Stretched Region 

Stretched Region 



Signal Arrival Time in Compressed and Stressed Regions 
Assist in Determining Fault Type  

T 

T 
C 

C 



Focal Mechanism Beachballs 



Focal Mechanism of Major Seismic Events in Kansas 

Normal Strike-Slip 
Normal 

Oblique Strike-Slip 

Oblique 

Conway Springs 

Anthony 

Harper 



 Fault Identification Using Seismic Data  

100 ft 

Fault Length ~ 8,000 ft 



Induced Pressures in 
Arbuckle  

• Average induced pressure on fault 
~15 psi 
 

• Overburden pressure (Smax) ~ 5,250 
psi 
 

• Minimum Horizontal pressure (Smin) 
~ 2,900 psi 

Fault 

Increase in Pore Pressure at Existing Arbuckle 
Well Closest to Fault 



 Fault Orientation and Stress Field at Site  

• Fault not oriented in principal (minimum and maximum) stress planes 
 

• 3-D analysis required 



3D Stress Analysis Using SWRI 3DStress Software 

• Slip Tendency (ST =Shear 
Stress/ Normal Stress) is used 
to estimate potential for fault 
slippage  
 

• ST= 0.3 (lower than of 0.5;  
typically assumed).  
Conducting sensitivity studies 
to assess Slip Tendency to key 
parameters 
 

𝝈𝒏 𝝉 
ST = 𝝉/ 𝝈𝒏 

Slip Tendency Plot 



Relationship Between Earthquake Magnitude and 

Infrastructure Damage 



Relationship Between Fault Plane Area and Earthquake 
Magnitude 

• Faults less than 3.5 km (2.3 mi) long are not likely to cause severe damage even if 
they slip 

• Fault at site is ~ 1.3 mi long – not a significant siesmic risk 

Faults are approximately as long as deep 



Fault Zone Architecture and Flow Properties 

Page 29 

Usukidani Fault, Japan 



 Sensitivity of Flow and Induced Pressures to Fault Zone 
Architecture 

Healed Damage Zone 
(Pressure Buildup) 

Open Damage Zone 
(Pressure Dissipation) 

Injection Zone 



 Summary  

• A combination of field tests, geophysical logs, and seismic data can be used to 

estimate:  

 Stress field and orientation 

 Fault types that caused earthquakes  

 Presence of faults  

 

• The stress field and fault data can be used to determine Slip Tendency of faults 

 

• Fault architecture, which influences flow properties, is necessary to properly 

estimate induced pressure on faults 

 


