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S-ck-­‐Slip	
  and	
  Crustal	
  Earthquakes	
  



S-ck-­‐slip	
  and	
  Fault	
  Fric-on	
  



Coulomb	
  Criterion	
  –	
  Fric-onal	
  Sliding	
  

Coefficient	
  of	
  Fric-on	
  
(sliding	
  fric-on)	
  

Sliding	
  occurs	
  when	
  Amonton’s	
  
Law	
  is	
  sa-sfied:	
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Different	
  Tectonic	
  Environments	
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Tes-ng	
  Laboratory	
  Fric-on	
  Experiments	
  

Normal	
  Faul-ng	
  

Normal	
  faul-ng	
  is	
  
controlled	
  by	
  the	
  
difference	
  between	
  the	
  
ver-cal	
  stress,	
  Sv,	
  and	
  
the	
  least	
  principal	
  
horizontal	
  stress,	
  Shmin	
  



How	
  Fluid	
  Pressure	
  Affects	
  Fric-onal	
  Sliding	
  

Coefficient	
  of	
  Fric-on	
  
(sliding	
  fric-on)	
  

	
  	
  Effec&ve	
  Normal	
  Stress:	
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Simple Formulas Relate Earthquake Slip  
to Magnitude 

Seismic Moment       Mo = Slip × Fault Area × Shear Modulus 

Moment Magnitude Mw (an alternative Richter magnitude, especially 
useful for very large earthquakes) 

Fundamentally,	
  Earthquake	
  Magnitude	
  is	
  a	
  Measure	
  of	
  
How	
  Big	
  the	
  “Patch”	
  of	
  a	
  Fault	
  Slips	
  and	
  How	
  Far	
  it	
  Slips	
  



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 

typical 
microseismic 
event during 
stimulation 

largest 
Blackpool, 
UK event 

largest 
Guy, AR 
event 

Earthquake/Fault Scaling Relationships 
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•  Earthquakes Occur Nearly 
Everywhere in Intraplate Areas 

•  Small Perturbations Capable of 
Triggering Seismicity, Even in 
“Stable Areas” 

•  Rate of Earthquakes Reflect 
Intraplate Strain Rate, Not Stress 
State 



Brittle Failure in Critically-Stressed Crust Results  
From Creep in Lower Crust and Upper Mantle 

Brittle Crust in Failure Equilibrium	
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Important	
  Defini-ons	
  

•  Triggered	
  Earthquakes	
  –	
  A	
  small	
  perturba-on	
  
triggers	
  slip	
  on	
  a	
  geologically	
  ac-ve	
  faults.	
  The	
  
earthquake	
  would	
  have	
  occurred	
  someday	
  as	
  a	
  
natural	
  geologic	
  process.	
  The	
  earthquake	
  could	
  
be	
  quite	
  big	
  (if	
  it	
  occurs	
  on	
  a	
  big	
  fault)	
  but	
  the	
  
perturba-on	
  could	
  be	
  quite	
  small.	
  

•  Induced	
  Earthquakes	
  –	
  Occur	
  on	
  geologically	
  
inac-ve	
  faults.	
  The	
  earthquakes	
  occur	
  only	
  
because	
  of	
  a	
  very	
  large	
  perturba-on.	
  The	
  size	
  of	
  
the	
  earthquake	
  depends	
  on	
  the	
  size	
  of	
  the	
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  Induced	
  Earthquakes	
  
Are	
  Actually	
  

Triggered	
  Earthquakes	
  

•  Earthquakes Occur Nearly 
Everywhere in Intraplate Areas 

•  Small Perturbations Capable of 
Triggering Seismicity, Even in 
“Stable Areas” 

•  Rate of Earthquakes Reflect 
Intraplate Strain Rate, Not Stress 
State 
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  Pressure	
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Step 1 - Develop a Geomechanical Model 

Sv  – Overburden 
SHmax – Maximum horizontal 

principal stress 
Shmin – Minimum horizontal 

principal stress 

Sv 

Shmin SHmax 

Principal Stresses at Depth 

30 

UCS 
Pp Pp  – Pore Pressure 

UCS – Rock Strength (from logs) 
Fractures and Faults (from Image 

Logs, Seismic, etc.) 

Additional Components of a  
Geomechanical Model 





Mean SHmax orientation 

N116°E 

•  420 Consistent Observations of 
Stress Orientation 

•  Range of depths: 400 – 1800 m 

•  Tensleep Fm. ~1650 m  

SHmax 

Step 2 – Evaluate Potentially Faults 

Strike-Slip/Normal 
Stress Magnitudes 
SHmax ≈ Sv > Shmin 



Step	
  3	
  –	
  Resolve	
  Stress	
  onto	
  Faults	
  

τ =	
  µ(Sn	
  -­‐	
  Pp)	
  

Pp	
  =	
  Sn	
  -­‐	
  τ /µ	
  	
  	
  	
  

Pp	
  -­‐	
  Pref	
  =	
  Cri-cal	
  Pressure	
  Perturba-on	
  

t =   S  n ˆ 

SHmax 0     0 

0        Sv   0 

0        0     Shmin 
S = S3 

S1 

t 

S2 

n ˆ 

Fault Element 

Sn = n • t  
τ2 = t2 - Sn

2	



ˆ 



Step 4 - Predict Slip Potential 

[m] 

D
ep

th
 [m

] 
N 

[m] 

[MPa] 

Critical Pp Pert 

Tensleep Fm 

Required Critical Pressure Perturbation ~ 16 MPa 



Step 5 – Evaluate Sensitivity to Uncertainties 

99.9% cases Critical Pressure Pert. > 9 MPa 

Normal Faulting Environment 

Quantitative Risk Assessment 

10,000 Monte Carlo Simulations 

Sv SHmax Shmin 

CO2 column height  
of ~1500 m 

H
ei
gh
t	
  (
m
)	
  

More pessimistic 
scenario: 

Tensleep average 
structural closure ~ 100m 

base case 



S2	
  Fault	
  Zone	
  System	
  

[km]	
  
[MPa]	
  

Cri-cal	
  Pp	
  
Pert	
  

N

D
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  [m

]	
  

[km]	
  

From	
  QRA	
  99.9%	
  cases	
  	
  
Cri-cal	
  Pressure	
  Pert.	
  <	
  2	
  MPa	
  

SHmax	
  



Break	
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Water Re-use – Western Pennsylvania 

Hydraulic Fracturing Flow-Back Water 



Utilization/Disposal of Saline Water 

Courtesy	
  George	
  King,	
  Apache	
  Corp.	
  



Wastewater Triggered Seismicity - 2011  

Prague, OK* 
Nov. 2011 M 5.7 

Prague,	
  OK	
  
3	
  M5+	
  Eqs	
  
Nov.,	
  2011	
  

About	
  150,000	
  Class	
  II	
  EPA	
  Injec-on	
  Wells	
  Opera-ng	
  in	
  the	
  US	
  
Why	
  the	
  Increase	
  in	
  Seismicity?	
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Seismicity Triggered by Flow-Back Injection 

Guy Arkansas 
Earthquake Swarm 

Horton (2012) 



Hurd and Zoback (2012b) 

Earthquakes Spreading Out Along an Active Fault 

Horton (2012) 



What is Happening in Oklahoma? 

Color: Earthquake Magnitude
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Prague Earthquakes – Triggered By 
Produced Water? 

Katie Keranen and others (in press) 

Involvement of Basement Faults 



Prague Earthquakes 

Volumetric Balance Difficult 
to Constrain 



Prague Earthquakes – Triggered By 
Produced Water? 

•  Ear	
  

Earthquake A – Triggered by 
Injection? 
Earthquakes B and C – Triggered 
by Earthquakes A/B  



•  2 EQs 1973 
– Largest M4.3 

•  2 EQs 1992 
– Largest M3.3 

Raton Basin  
CBM Produced Water 

Background Seismicity? 
1973-1994 

(1973-1994) 

Weingarten,	
  M.	
  and	
  S.	
  Ge	
  (2012),	
  A	
  case	
  study	
  
of	
  waste	
  fluid	
  injec-on	
  and	
  induced	
  seismicity	
  
in	
  the	
  Raton	
  Basin,	
  Trinidad,	
  CO,	
  USA,	
  Abstract,	
  
AGU	
  Fall	
  Mee-ng,	
  San	
  Francisco,	
  CA,	
  S34A-­‐05.	
  



•  Injection Wells 
begin waste fluid 
injection Nov. 1994 

•  2001 EQ  Swarm 
– Highlights NE-SW 
trending structure 

– Largest EQ M4.5 

Spatial Correlation 



Monitor Seismicity 

•  Several NM waste 
fluid wells report 
injection activities 

•  Seismicity increases 
in NM portion of 
Raton Basin 



Spatial Correlation 

•  2011 EQ Swarm 
–  NE-SW trending 

structure propagated 
further to the SW 

–  Largest EQ M5.3 on 
NE trending basement 
fault 
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Hubbert	
  and	
  Willis	
  (1957)	
  

Propaga-on	
  of	
  Hydraulic	
  Fractures	
  



Multi-Stage Hydraulic Fracturing 

Horizontal Drilling and Multi-Stage  
Slick-Water Hydraulic Fracturing 

Induces Microearthquakes (-1 > M > -3)  
To Create a Permeable Fracture Network 

Microseismic 
Events 

Hydraulic	
  Fractures 

Well 

Shear Slip on Pre-existing  
Fractures and Faults  

Enhances Permeability 
Of Shale and Stimulates 

Production 

Dan Moos et al.  
 SPE 145849  

SHmax 

Huron Fm 
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Inducing Slip on Mis-Oriented Faults 

Prior to  
Stimulation 

During  
Stimulation 



Bowland	
  Basin	
  
UK	
  



Bowland	
  Basin,	
  UK	
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Earthquakes rapidly propagating down 
Into crystalline basement 

Earthquakes of unusually large 
magnitude (1<M<3) on a relatively 
large pre-existing fault that 
appears to be active in current 
stress field 
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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 

Potential of Triggered Seismicity with Large Scale CCS 
•     Injection of extremely large volumes pose considerable risk   

 of triggering “larger” earthquakes 



EARTH	
  April,	
  2012	
  

Managing Triggered 
Seismicity 

? 



Seismicity Triggered by Injection 

Guy Arkansas 
Earthquake Swarm 

Horton (2012) 

? 



Hurd and Zoback (2012) 

Earthquakes Spreading Out Along an Active Fault 

Horton (2012) 



- Avoid Injection into Potentially Active Faults  
- Limit Injection Rates (Pressure) Increases 
- Monitor Seismicity (As Appropriate) 
- Assess Risk  
- Be Prepared to Abandon Some Injection Wells 

Seismicity Triggered by Injection 

Guy Arkansas 
Earthquake Swarm 



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 

typical 
microseismic 
event during 
stimulation 

largest 
Blackpool, 
UK event 

largest 
Guy, AR 
event 

Was a Potentially Larger Eq. Avoided? 

EQ stress drop 

slip on fault 
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Seismicity Triggered by Hydraulic Fracturing 

? 



Seismicity Triggered During Hydraulic Fracturing 

	
  BC	
  Oil	
  and	
  Gas	
  Commission	
  -­‐	
  August	
  2012	
  

Earthquakes rapidly propagating down 
Into crystalline basement 

Earthquakes of unusually large 
magnitude (1<M<3) on a relatively 
large pre-existing fault that 
appears to be active in current 
stress field 



Outline	
  

•  Presenta-on	
  1	
  -­‐	
  The	
  Principles	
  of	
  Natural	
  and	
  Induced	
  Seismicity	
  	
  
–  Understanding	
  Crustal	
  Earthquakes	
  
–  Earthquake	
  Magnitude	
  and	
  the	
  Richter	
  scale	
  
–  The	
  Cri-cally-­‐Stressed	
  Crust	
  
–  Triggered	
  Seismicity	
  and	
  Induced	
  Seismicity	
  
–  Characterizing	
  the	
  Poten-al	
  for	
  Triggering	
  Fault	
  Slip	
  

•  Presenta-on	
  2	
  -­‐	
  Seismicity	
  Induced	
  by	
  Waste	
  Water	
  Injec-on	
  and	
  
Hydraulic	
  Fracturing	
  
–  Waste	
  water	
  injec-on	
  and	
  triggered	
  seismicity	
  	
  
–  Case	
  studies	
  	
  
–  Hydraulic	
  fracturing	
  and	
  induced	
  seismicity	
  
–  Case	
  Studies	
  	
  
–  How	
  to	
  plan	
  and	
  manage	
  poten-al	
  risks	
  	
  
–  Specific	
  baseline	
  data	
  required	
  	
  
–  Recommenda-ons	
  on	
  baseline	
  data	
  collec-on	
  	
  



Step 1 - Develop a Geomechanical Model 

Sv  – Overburden 
SHmax – Maximum horizontal 

principal stress 
Shmin – Minimum horizontal 

principal stress 

Sv 

Shmin SHmax 

Principal Stresses at Depth 

74 

UCS 
Pp Pp  – Pore Pressure 

UCS – Rock Strength (from logs) 
Fractures and Faults (from Image 

Logs, Seismic, etc.) 

Additional Components of a  
Geomechanical Model 



Mean SHmax orientation 

N116°E 

•  420 Consistent Observations of 
Stress Orientation 

•  Range of depths: 400 – 1800 m 

•  Tensleep Fm. ~1650 m  

SHmax 

Step 2 – Evaluate Potentially Faults 

Strike-Slip/Normal 
Stress Magnitudes 
SHmax ≈ Sv > Shmin 



3. Monitor Seismicity 

•  Several NM 
waste fluid wells 
report injection 
activities 

•  Seismicity 
increases in NM 
portion of Raton 
Basin 

Weingarten	
  and	
  Ge	
  (in	
  prepara-on)	
  



Spatial Correlation 

•  2011 EQ Swarm 
–  NE-SW trending 

structure propagated 
further to the SW 

–  Largest EQ M5.3 on 
NE trending basement 
fault 

Seismicity Results 
from Increased 

Injection Volumes 
With Time 



2006 

Low Hydraulic Conductivity Model 

-­‐	
  Well	
  Loca-ons	
  

Pore Pressure  
Change (MPa) 

1.0 
0.8 
0.6 
0.4 
0.2 
0.0  

1.0 
0.8 
0.6 
0.4 
0.2 
0.0  



2011 

-­‐	
  Well	
  Loca-ons	
  

Pore Pressure  
Change (MPa) 

1.0 
0.8 
0.6 
0.4 
0.2 
0.0  

Low Hydraulic Conductivity Model 

Injection Rate? 
Injection Volume? 
Presence of Potentially Active Faults? 
Hydraulic Modeling of Injection Strategies? 



- Avoid Injection into Potentially Active Faults  
- Limit Injection Rates (Pressure) Increases 
- Monitor Seismicity (As Appropriate) 
- Assess Risk  
- Be Prepared to Abandon Some Injection Wells 

Be Prepared to Abandon Some Injection Wells 

Guy Arkansas 
Earthquake Swarm 
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•  Historical Seismicity 

•  Active Faulting 

•  Geomechanical Model 

•  Utilize Optimal Formations for Injection 

•  Seismic and Pressure Monitoring 

Baseline Data Requirements 



Earthquakes	
  in	
  Colombia	
  

Diamate	
  et	
  al.	
  (2003)	
  



Seismotec-onics	
  of	
  Northern	
  South	
  America	
  

Colmenares	
  and	
  Zoback	
  (2003)	
  


