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The Unconventional Revolution – U.S. Production

Fig. 1.2
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Organic Rich Source Rocks Are Found Everywhere
Hydrocarbons Have Ever Been Produced

Fig. 1.4
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The Unconventional Revolution – U.S. Production



Like the Environmental Impacts
Associated With Other Industrial 
Processes, These Impacts Need to 
Identified and Minimized Through 
Regulation and Enforcement



Earthquakes in the Mid-Continent

Ellsworth (2013)



Ellsworth (2013)

Earthquakes in the Mid-Continent



Removing 
Oklahoma
Earthquakes

9

Llenos et al. (2014)

About 70% of the Earthquakes Were in OK



Seismicity Rates are Down – Because we Made the Effort to Understand 
Why, then Recommended Appropriate Actions to Regulators 
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The Critically-Stressed Crust

• Earthquakes Occur Nearly 
Everywhere in Intraplate Areas

• Small Perturbations Associated 
with Reservoir Induced Seismicity 
<RIS>  Capable of Triggering 
Seismicity, Even in “Stable Areas”



A Simple Representation of Triggered Seismicity

CFF ≡ τ – μσn
σn = Sn - Pp
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Prague, OK*
Nov. 2011 M 5.7

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

Prague, OK
3 M5+ Eqs
Nov., 2011

Timpson, TX
7 Eqs, M4.8
2008-2012



Recent Earthquakes and Disposal Wells

- 15

Prior to 2009
One M > 4 Eq per decade

One M > 4 Eq per week
in Late 2015 and 2016



Saltwater Disposal is Triggering Earthquakes
• Shallow, very high water cut 

producing formations – the Miss. 
Lime is most well known.

• Massive quantities of produced 
saltwater injected into into the basal 
Arbuckle group. Thick, porous, 
permeable and underpressured!

• About 700 million barrels injected in 
2014 alone.

• Earthquakes occur on pre-existing 
faults in basement due to increases 
in pore pressure. 

• Potentially active faults are likely to 
be permeable, and extend from the 
crystalline basement up to the 
Arbuckle.



Strong Correlation Between Seismicity and SWD

	



Six Study Areas – Each 5000 km2
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Seismicity in Active Areas in Oklahoma
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Seismically Quiet Areas in Oklahoma
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Where Does the Injected Water Come From?

Updated Walsh and Zoback, Science Advances, 2015



Unconventional Reservoir GeomechanicsUnconventional Reservoir Geomechanics

Earthquakes Induced by Hydraulic Fracturing

Modified from
Lund Snee and Zoback (2018)

Langenbruch and Zoback (in preparation)



Maxwell et al. (2008)

Earthquakes Induced by Hydraulic Fracturing

Friberg et al. (2014)
BCOGC (2012)

Horn River, British Columbia



199,292 earthquakes (M>0)

From 2013 January  to 2018 May

Sichuan Basin

Rong County. It is estimated that 
the shale gas reserves in Rong
County are 5.18 trillion cubic 
meters, or about one-sixth of the 
total estimated shale gas 
reserves in China. The Sichuan 
plan aimed to produce 2.5 billion 
cubic meters per year in the 
province and set a target for 
Zigong City, which administers 
Rong County, to produce 500 
million cubic meters per year by 
2018*.

*17 TCF (56% of US Consumption)



February 2019 Induced Earthquakes

March 2019

Reported Magnitudes 4.43 – 4.95



10,000 Protesting on February 24, 2019



Two Questions

• Can we identify potentially active faults prior to hydraulic fracturing?

• Can we use physics-based models to guide oil and gas development 
regulations?



Coulomb Faulting Theory Works!

𝜎#
𝜎$
=
𝑆# − 𝑃)
𝑆$ − 𝑃)

= 𝜇+ + 1 + 𝜇
+

Friction determines both the magnitude of 
stress and the orientation of active faults with  
respect to the stress field.

KTB

1000

S1 – S3, MPa
200 300

Zoback and Harjes (1997)
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Can We Avoid Injection into Potentially Active Faults?



Can We Avoid Injection into Potentially Active Faults?

Yes, if we Know the Key Parameters – State of 
Stress, Fault Orientations and Pore Pressure 
Perturbation



Alt and Zoback (BSSA, 2017) 

• Detailed Mapping of Stress 
Orientation and Relative 
Magnitudes

• Wellbore Observations
• Earthquake FM 

Inversions
• Slowly Varying Relative 

Stress Magnitudes

• Utilize Information About 
Pre-Existing Faults (Darold
and Holland, 2015)

• Combine Data to Identify 
Potentially Active Faults



Anderson Faulting Theory on Steroids

33



Earthquake Stress Measurements Agree with Wellbore Data

Walsh & Zoback (2016, Geology)



Coulomb Faulting Theory Works!

𝜎#
𝜎$
=
𝑆# − 𝑃)
𝑆$ − 𝑃)

= 𝜇+ + 1 + 𝜇
+

Friction determines both the magnitude of 
stress and the orientation of active faults with  
respect to the stress field.

KTB

1000

S1 – S3, MPa
200 300

Zoback and Harjes (1997)



𝜎#
𝜎$
=
𝑆# − 𝑃)
𝑆$ − 𝑃)

= 𝜇+ + 1 + 𝜇
+

Friction determines both the magnitude of 
stress and the orientation of active faults with  
respect to the stress field.

Coulomb Faulting Theory Works!



Coulomb Faulting Theory 
Works!

Schoenball and Ellsworth (2017)



Can We Avoid Injection into Potentially Active Faults?

Yes, But We Need to Incorporate the Uncertainties 
of Key Parameters – State of Stress, Fault 
Orientations and Pore Pressure Perturbation



Estimating Uncertainty in Key Parameters
(More Complicated than it Seems) 

Walsh and Zoback (2016)



Free, Online Software Now Available use QRA 
to Assess Fault Slip Potential (URL SCITS.stanford.edu)

Injection Wells and Faults
Geomechanical
Analysis

Hydrology
Calculate Fault Slip 
Potential



Fault Slip Probability (2 MPa Max Pressure Change)

	
Walsh and Zoback (2016)



!

Identification of Faults That are Not Likely to be 
Problematic is Important Too!

Walsh and Zoback (2016)



Does FSP Work? In Retrospect, Every Significant Eq in OK 
Can be Explained by Coulomb Faulting Theory



Does FSP Work? In Retrospect, Every Significant Eq in OK 
Can be Explained by Coulomb Faulting Theory

But We Only Knew of the Presence of These Faults After the Eqs. Occurred



Two Questions

• Can we identify potentially active faults prior to hydraulic fracturing?

• Can we use physics-based models to guide oil and gas development 
regulations?



Triggered Normal Faulting on Faults Striking 
Parallel to SHMAX Principally Below the Wolfcamp

Modified from Lund Snee and Zoback (2018)



Application to the Fort Worth Basin

Faults Stress Fault Slip Potential

Hennings et al. (2019)



Calibration

ApplicationHennings et al. (2019)



In Early 2016 Regulators in Oklahoma Mandated a 
40% Reduction of Waste-water Injection Volumes.



Pore Pressure Diffusion and Induced Seismicity

Physical concept:
Seismic events are directly triggered by the pore pressure perturbation created by injection.
This process can be described by diffusion of pore pressure in a fluid saturated, connected pore 
and fracture space of rocks!
The rate of events is proportional to the rate of injection      

see e.g. [Rothert and Shapiro, (2007), Shapiro and Dinske, (2009), Shapiro et al. (2010), Langenbruch and Shapiro, (2010)]

random set of pre-existing fractures

fault strength

general non-linear diffusion equation

volume concentration of fractures

triggering criterion



Fractal scaling of fault sizes:
Gutenberg-Richter type probability law

Pore pressure diffusion:
Event number is proportional to fluid volume

Gutenberg-Richter law for fluid injection-induced seismicity

a-value of the classical GR relation

The Seismogenic Index combines unknown site-specific seismo-tectonic constants at an injection location. 
However, it can be computed from observations.

The Seismogenic Index   
[Shapiro, Dinske, Langenbruch and Wenzel, (2010), TLE]



Occurrence Probability of Potentially-Damaging Earthquakes





Utilization of a Regional Hydrologic Model

Langenbruch et al. (2018)



Local Computation of Seismogenic Index

Langenbruch et al. (2018)



Local Probability of Exceeding M 4

Langenbruch et al. (2018)



Unconventional Reservoir GeomechanicsUnconventional Reservoir Geomechanics

Application of the SI Model to Hydraulic Fracturing Earthquakes 

Langenbruch and Zoback (in prep)





Thank you
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