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Induced Earthquakes
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Ø2019 SPE/SEG IS Workshop in 
Dallas [Hillman, 2019].

ØPublic perceptions on induced 
earthquakes in Texas.
ØWhy is this happening?
ØAm I safe? 

https://www.spe.org/events/en/2019/workshop/19jdal/schedule-overview.html


Hydraulic Fracturing 
Induced Earthquakes
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ØNumerous cases worldwide.
Ø Events often large enough to be 

felt (3-4 Mw).
Ø Large events (5.7 ML) in China 

caused economic and human 
losses.

ØMoratoriums due to concerns.
Ø There’s a need for effective 

management & understanding…



Conceptual Model of HF IS

4
After Schultz et al., 2020b

https://doi.org/10.1029/2019RG000695


Conceptual Model of HF IS

5
After Schultz et al., 2020b

ØSlip on pre-existing faults.
ØRequires hydrological 

communication to a fault.
ØReactivation by pore-pressure.
ØGeology controls susceptible 

locations.
ØOperations controls EQ rates.

ØWaveform similarity.
ØProximity to well bore & 

basement.
Ø Earthquake swarms.
Ø Timing to stimulation of 

stages.
ØPaucity of cases.

https://doi.org/10.1029/2019RG000695
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Hydraulic 
Communication

Ø Proximity to well bore.

Ø Asymmetry of events around 
wells.

Ø Stage selective earthquake 
productivity.

Ø Association with fluid-flow 
geological conditions .

After Schultz et al., 2017

https://dx.doi.org/10.1785/0120200016


Proximity to Well Bore
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Ø Fault directly contacts 
contemporaneous stage.

ØHypocentres on one side of 
fault.

ØOnly certain stages appear to be 
seismogenic.

After Schultz et al., 2017

After Eyre et al., 2019

https://dx.doi.org/10.1785/0120200016
https://doi.org/10.1093/gji/ggz168


After Eyre et al., 2019

Proximity to Well Bore
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Ø Fault directly contacts 
contemporaneous stage.

ØHypocentres on one side of fault.
fault.

ØOnly certain stages appear to be 
seismogenic.

Ø Even exceptional cases are 
plausible for fracture propagation & 
fluid-flow limits (1+ km).

After Schultz et al., 2017

v

After Schultz & Wang 2020

After Fu & Dehganapour 2020

https://doi.org/10.1093/gji/ggz168
https://dx.doi.org/10.1785/0120200016
https://doi.org/10.1016/j.tecto.2020.228393
https://doi.org/10.1016/j.marpetgeo.2020.104259


Association with Fluid-Flow 
Related Geology
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After Galloway et al., 2018
Ø Fault directly contacts 

well bore.
ØHypocentres below 

stimulation interval.
ØCoincident circular 

feature.

https://doi.org/10.1073/pnas.1807549115


Association with Fluid-Flow 
Related Geology
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After Galloway et al., 2018
Ø Fault contacts well.
ØHypocentres below 

stimulation interval.
ØCoincident circular 

feature.
ØBrecciation in 

analogous cores.
ØKarst infers ancient 

fluid-flow along fault.

https://doi.org/10.1073/pnas.1807549115


Geologically Susceptible 
Conditions
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ØHF IS requires the right 
conditions.
ØA fault that’s critically 

stressed.
ØHydraulic connection 

from well to fault.
ØOverlapping conditions 

appears to be rare 
(Atkinson et al., 2016].

https://doi.org/10.1785/0220150263


Proxies for Susceptibility
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After Schultz et al., 2016

After Eaton & Schultz, 2018

ØSpatial biases in seismogenic regions is often statistically 
associated with proxies for susceptible conditions.

After Schultz et al., 2018

https://dx.doi.org/10.1002/2015GL067514
https://doi.org/10.1093/gji/ggy167
https://dx.doi.org/10.1126/science.aao0159


Machine Learning Model
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After Pawley et al., 2018

ØBuilt from all publicly 
available proxies.

Ø Trained using wells that 
did/did-not cause EQs.

ØProvides hierarchy for 
which proxies are most 
important.

ØStatistically better than 
guessing event locations.

https://doi.org/10.1002/2017GL076100


Operational Controls on Rate
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ØWhat controls EQ rates?
ØWell stimulation at a 

gross level.
Ø Events are 

dominantly during 
stimulation (~90%).

Ø Events linger for 
weeks-months after 
shut-in.

After Schultz et al., 2017

After Schultz et al., 2020b

https://dx.doi.org/10.1785/0120200016
https://doi.org/10.1029/2019RG000695


Seismogenic Index Model
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After Schultz et al., (2018)ØHF IS fits well to Shapiro’s 
(2010) model of event 
count vs volume. 

ØConsiders susceptible 
regions.

ØSimilar results to other 
works showing volume 
controlling EQ counts.

https://doi.org/10.1126/science.aao0159
https://doi.org/10.1190/1.3353727


Rate Modelling Studies
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Ø Forecasting techniques 
applied in the UK at PNR.

ØSimilar volume 
relationships observed in 
Eagle Ford HF IS.

After Ries et al., 2020

After Clarke et al., 2019

https://doi.org/10.1785/0120200105
https://doi.org/10.1785/0220190110


Unresolved Questions?
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ØHow to best identify susceptible 
locations a priori?

Ø Effective (and validated) 
techniques for mitigation?

ØBest approaches to forecasting 
events?

ØSimple means to manage HF IS 
risks?

ØAm I safe?
After Schultz et al., 2020b

https://doi.org/10.1029/2019RG000695


Traffic Light Protocols
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Ø Traffic light protocols are used to 
manage induced seismicity.

ØSeveral already implemented for IS.
ØVarious thresholds and cases.
ØProvide operational targets for 

green-, yellow,- and red-lights.
ØRed-light defined as stopping point 

before exceeding a risk tolerance.
ØBest thresholds to set?



Knowns about HF IS
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ØOccur in shale basins 
(constrains EQ locations).

Ø Tend to be spatially biased in 
their locations, due to geology.

Ø Tend to occur near the 
stimulation interval or just into 
the shallow basement.

After Galloway et al., 2018

After Pawley et al., 2018

https://doi.org/10.1073/pnas.1807549115
https://doi.org/10.1002/2017GL076100
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Ground 
Motion 

Thresholds
Ø Literature on perceptible 

and damaging 
thresholds.

ØOften, jurisdictions have 
already defined 
acceptable blasting 
thresholds.

ØBut ML is simpler…
After Schultz et al., 2020a

https://dx.doi.org/10.1785/0120200016


GMPEs
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ØCompute ground motion 
parameters as a function of 
earthquake distance, depth, 
site amplification, and 
magnitude.

ØSome exist now that are 
adequate for understanding 
HF IS.



Earthquake Event Scenarios
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Earthquake Event Scenarios

23Area of 
Consequence

Area of 
Hazard



Simple Traffic Light Analysis (PGV) 
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ØSimple translation of expected nuisance or damage thresholds 
into magnitudes.

After Schultz et al., 2020a

https://dx.doi.org/10.1785/0120200016


Criticisms of Simple Approach
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ØOnly works for simple, 
uninhabited, or single area-of-
concern cases.

ØOnly considers a single event, not 
run-away cases that grow past the 
red-light threshold.

Ø Ignores statistics of error and 
ground motion variabilities.

ØDoesn’t quantify risk!



Realistic Earthquake Event Scenarios

26

ØHow to handle diffuse 
populations?



Realistic Earthquake Event Scenarios
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ØHow to handle diffuse 
populations?

ØPull in government census 
information on population 
density.

Ø Invert data for a statistical 
expectation value of 
epicentral distance to a 
household.



Accounting for Variability:
Run Away Earthquakes
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ØHow to handle multiple 
earthquake Mmax?

ØNo stimulation volume 
control on Mmax…

After Atkinson et al., 2016

https://doi.org/10.1785/0220150263
https://doi.org/10.1002/2017GL076100


Accounting for Variability:
Run Away Earthquakes

29

ØNo stimulation volume 
control on Mmax…

Ø Treat earthquakes like 
tectonic ones.

ØUse GR-FMD to estimate Mmax
statistically, given a red-light 
event.

ØUse event counts: 90% occur 
during stimulation.



Accounting for Variability:
Run Away Earthquakes
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ØUse GR-FMD to estimate Mmax
statistically, given a red-light 
event.

ØUse event counts: 90% occur 
during stimulation.

Ø Yellow-light threshold should 
be two magnitude units less 
than red-light.

90%  (+1.0 ML)

99% (+2.0 ML)

99.9% (+3.0 ML)
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Accounting for Variability:
Ground Shaking Response Functions

ØUse empirical ranges to simulate damage or nuisance 
actualizations (fragility functions & nuisance functions).

After Schultz et al., 2020a

https://dx.doi.org/10.1785/0120200016


Quantifying Risk
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After Schultz et al., 2020a

https://dx.doi.org/10.1785/0120200016


Review: Quantifying Risk
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ØAssume a red-light event occurs.
ØBuild a distribution of possible Mmax.
Ø Estimate ground motions of all possible 

events, respecting variance.
ØRandomly determine damage or nuisance 

actualizations.
ØRatio of actualized nuisance/damage to all 

possible cases estimates risk.
Ø Try simulate some synthetic examples!



Risk Curves
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ØStrongly dependent on population density.
ØAt high population densities, curves begin to “stack.”

After Schultz et al., 2020a

https://dx.doi.org/10.1785/0120200016


Advantages to Risk Curve Approach
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ØQuantifies risk, simply.
ØApplicable to a risk-matrix 

approach (ISO 9001:2015).
ØDecisions can be made in a 

risk-management language.
ØCan be updated with economic 

models to quantify loss (in $$).
ØProvides some direct 

insight into how to 
performance manage 
HF IS too!

https://the9000store.com/iso-9001-2015-requirements/iso-2015-requirements-for-qms-planning/iso-9001-2015-risk/
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Red-light 
Choice?

ØProbabilistic, risk-
informed approach.

Ø Forecast the run-away 
EQs trailing well shut-in.

ØRed-lights could be tied 
to ‘nuisance’ and damage 
GM.

ØPrior method is 0-D, 
generalize for 2-D.

After Schultz et al., 2020a

https://dx.doi.org/10.1785/0120200016


Eagle Ford
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ØSeismicity has been 
linked to HF operations

ØHosted the largest HF IS 
(4.0 Mw) in the USA.

ØSlender shape 
transitions through 
differing populations.

Ø Ideal case to test TLP red-
light approach.
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After US EIA, 2014

https://www.eia.gov/maps/pdf/eagleford122914.pdf
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After Heath et al., 2020

https://doi.org/10.1177/8755293020911137
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After Rose et al., 2019

https://landscan.ornl.gov/downloads/2018
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Nuisance 
Functions

Ø Given a GM, estimate the 
likelihood of being felt.

Ø CDI (2-6) quantifies various 
degrees of felt thresholds.

Ø Subjective criteria: Just felt, 
exciting, somewhat 
frightening, frightening, 
extremely frightening.

Ø Focus on CDI 3.

After Schultz et al., 2020c

https://dx.doi.org/10.1785/0120200016
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Fragility 
Functions

Ø Given a GM, estimate the 
likelihood of damage.

Ø DS (1-4) quantifies various 
degrees of damage.

Ø Damage criteria: 
slight/minor, moderate, 
extensive, complete.

Ø Focus on DS 1, using pre-
code fragility functions.

After FEMA, 2015

https://www.fema.gov/media-library-data/20130726-1820-25045-6286/hzmh2_1_eq_tm.pdf


Earthquake Impacts

43After Schultz et al., 2020d

https://dx.doi.org/10.1785/0120200016


Accounting for Variability:
Monte Carlo Perturbations
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300 Realizations

After Schultz et al., 2020d

https://dx.doi.org/10.1785/0120200016


Accounting for Variability:
Run Away Earthquakes
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ØNo stimulation volume 
control on Mmax…

Ø Treat earthquakes like 
tectonic ones.

ØUse GR-FMD to estimate Mmax
statistically, given a red-light 
event.

ØUse event counts: 80% occur 
during stimulation.

After Atkinson et al., 2016

https://doi.org/10.1785/0220150263


Earthquake Impacts

46After Schultz et al., 2020d

https://dx.doi.org/10.1785/0120200016


Iso-Risk & Iso-Magnitude Maps
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ØHeterogeneous 
nuisance/damage, with a 
single valued red-light 
magnitude.

Ø Long range nuisance, 
short range damage.

ØMagnitude values depend 
on risk tolerance.

After Schultz et al., 2020d

https://dx.doi.org/10.1785/0120200016
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Iso-Risk & Iso-Magnitude Maps

After Schultz et al., 2020d

https://dx.doi.org/10.1785/0120200016


Iso-Nuisance Maps
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After Schultz et al., 2020d

https://dx.doi.org/10.1785/0120200016


Iso-Damage Maps
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After Schultz et al., 2020d

https://dx.doi.org/10.1785/0120200016


Combination Map
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ØSatisfy damage/nuisance 
tolerances by taking the 
smaller of the two 
magnitudes.

ØNuisance controls rural 
ML, damage controls 
urban ML.

ØCan be repeated for 
different tolerances.

After Schultz et al., 2020d

https://dx.doi.org/10.1785/0120200016


Understanding Variability:
Perturbation Sensitivity Analysis
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Ø Test sensitivity of perturbed 
parameters on iso-risk maps.

Ø Forecast magnitude #1.
ØGMPE variability #2.

After Schultz et al., 2020d

https://dx.doi.org/10.1785/0120200016


Summary
vDiscussed why HF IS occurs: basement-rooted 

faults, reactivated via pore pressure.

vPresented a method to choose red-light (and 
yellow) thresholds that reduce risks of HF IS.

vGeneralized the method for realistic 
geospatial databases, using risk tolerances.



Questions?

Schultz, Beroza, & Ellsworth (2020d).  
Managing induced earthquake risks in the Eagle Ford, in preparation, 

doi: xxx.

Schultz, Beroza, Ellsworth, & Baker (2020a).  
Risk-informed recommendations for managing hydraulic fracturing 

induced seismicity via traffic light protocols, BSSA, doi: 
10.1785/0120200016.

Schultz, Skoumal, Brudzinski, Eaton, Baptie, & Ellsworth (2020b).  
Hydraulic Fracturing-Induced Seismicity, Reviews of Geophysics, doi: 

10.1029/2019RG000695.

Schultz, Quitoriano, Wald, & Beroza (2020c).  
Quantifying nuisance ground motion thresholds for induced 

earthquakes, Under review with Earthquake Spectra, doi: xxx.

https://profiles.stanford.edu/ryan-schultz
https://dx.doi.org/10.1785/0120200016
https://dx.doi.org/10.1785/0120200016
https://doi.org/10.1029/2019RG000695

