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Disclaimer

• Materials in these slides cannot be used without the written 
consent from the instructor



Induced Seismicity
Importance

• Induced Seismicity

• Importance

• Definition

• Monitoring

• Mechanism

• Case study

• Management

(Ellsworth, 2013)

Induced seismicity in Basel, Switzerland

(Haring et al., 2008)



Induced Seismicity
Definitions

• Induced seismicity

– Seismicity resulting from an activity that causes a stress change that is 
comparable in magnitude to the ambient shear stress acting on a fault to cause 
slip (McGarr et al., 2002)

– Rupture (slip) was driven by the stress change over the full rupture plane (Dahm
et al., 2015)

• Triggered seismicity

– When the stress change is only a small fraction of the ambient level (McGarr et 
al., 2002)

– Rupture (slip) initiation was driven by the stress change at the hypocenter of the 
earthquake (Dahm et al., 2015)

• Induced seismicity: all seismicity related to human activity (Foulger et 
al., 2017)

McGarr et al., 2002, Case Histories of induced and triggered seismicity, Int Handbook of earthquake and engineering seismology, vol 81A, 647-661

Dahm et al., 2015, Discrimination between induced, triggered, and natural earthquakes close to hydrocarbon reservoirs: A probabilistic approach based on the modeling of 

depletion-induced stress changes and seismological source parameters, J Geophys Res. Solid Earth, 120, 2491-2509

Foulger, G. R., et al. 2017. "Global review of human-induced earthquakes." Earth-Science Reviews. (in press) https://doi.org/10.1016/j.earscirev.2017.07.008



Induced Seismicity
Applications

EGS Geothermal

Geothermal Explorer, 2010

http://www.statoil.com/en/NewsAndMedia/News/2010/Pages/26MarMarcellus.aspx

Hydraulic fracturing for shale gas development
Mining

CO2 underground storage
(Rutqvist, 2012)

Min,2012

Induced Seismicity occur 
in various 

injection/excavation 
related applications

Enhanced Oil Recovery
NRC, 2013

Oil/gas production (Segall, 1989) & waste water injection



Induced Seismicity
Applications - Unconventional Hydraulic Fracturing

• Marcellus Shale: 

– 10-30% of the injected fluid are 
produced back

– 90% of produced fluid was re-
used and 10% was reinjected in 
Class II well.

• Barnett Shale, Texas

– Most of injected fluid were 
produced back

– Only 5% were resued and 95% 
were injected into Class II well

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ press



Induced Seismicity
Monitoring

• Active seismic monitoring

– Use controlled sources such as explosives with known location and time

• Passive seismic monitoring

– Make use of observation of either natural and anthropogenic earthquake data

• (Passive) Seismic monitoring is a key technology for characterizing the 
reservoir creation and protocol for underground mines

– Improving resolution

– Real-time processing

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ press



Induced Seismicity
Monitoring - Geophone

• Microseismic acquisition geometries typically used for 
hydraulic fracturing (OW: observation well, TW: Treatment 
well)

Deep downhole microseismic

monitoring tool used in Fenton Hill 

geothermal project in 1976-1979

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ press



Induced Seismicity
Monitoring - Magnitude

• Seismic Moment (Mo)

• Relation between seismic moment (Energy) and moment magnitude
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Induced Seismicity
Monitoring – earthquake statistics

• Richter-Gutenberg Relationship

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ press



Induced Seismicity
Monitoring

• Exceedance probability of Earthquake > M

- 𝐿𝑜𝑔 𝑁 > 𝑀∗ = 𝑎 − 𝑏𝑀∗

- 𝑁(> 𝑀∗) = 10𝑎−𝑏𝑀
∗

- 𝑁𝑡𝑜𝑡𝑎𝑙(𝑀 > 𝑀𝑐) = 10𝑎−𝑏𝑀𝑐

𝑀𝑐: magnitude completeness

- 𝑃 𝑁 > 𝑀∗ =
𝑁 >𝑀∗

𝑁𝑡𝑜𝑡𝑎𝑙
= 10−𝑏(𝑀

∗−𝑀𝑐)
Example: a = 1.36, b = 0.762, Mc = -0.25

- 𝑓 𝑛; 𝜆 =
𝜆𝑛𝑒−𝜆

𝑛!

- Poisson distribution: 

- 𝜆 = 𝑁𝑡𝑜𝑡𝑎𝑙 ∗ 𝑃 𝑁 > 𝑀∗ = (10𝑎−𝑏𝑀𝑐 )(10−𝑏 𝑀∗−𝑀𝑐 ) = 10𝑎−𝑏𝑀
∗

- 𝑓 0; 𝜆 = 𝑒−𝜆 = 𝑒−(10
𝑎−𝑏𝑀∗

) : Probability that no event of M > M*

- 1 − 𝑓 0; 𝜆 = 1 − 𝑒−𝜆 = 1 − 𝑒−(10
𝑎−𝑏𝑀∗

) : Probability that at least one event of M > M*

= Exceedance probability



Induced Seismicity
Mechanism

• Cause of induced seismicity

(a) Pore pressure increase

(b) Temperature drop

(c) Fluid extraction/Depletion

(d) Fault interface degradation

(Richard Davies, 2013) 

<Fluid injection to hot reservoir> <Mohr circles representing in-situ 
stress state>

Change of Mohr Circle

Change of Coulomb Failure criterion



Induced Seismicity
Mechanism – Coulomb Failure Function

• Direct pore pressure effect and poroelastic stress

• Coulomb Failure Function 

– (+) means more likelihood of failure

CFF=τ – μ(Sn-Pp)



Induced Seismicity
Mechanism – Applications

• Human Induced Earthquakes Database (1,184 projects, usually M>2.0)

– http://inducedearthquakes.org/

– Hydraulic fraturing (33%), Mining (25%), Water impoundment (16%), petroleum 
(11%), geothermal (6%)

http://inducedearthquakes.org/


Induced Seismicity
Mechanism – Applications: CO2 storage

• …Because even small- to moderate-sized 
earthquakes threaten the seal integrity of CO2 
repositories, in this context, large-scale CCS 
is a risky, and likely unsuccessful, strategy for 
significantly reducing greenhouse gas 
emissions… (Zoback & Gorelick, 2012)

Zoback MD & Gorelick SM, Earthquake triggering and large-scale geologic storage of carbon dioxide, Proc National Academy of Science of the USA 

(PNAS), June 2012, www.pnas.org/cgi/doi/10.1073/pnas.1202473109, cited by 427 times (google scholar, 26 June 2018)

Earthquake >3 in the US ( • : induced EQ M4-5)

US National Research Council (2013)

http://www.pnas.org/cgi/doi/10.1073/pnas.1202473109


Induced Seismicity
Mechanism – Applications: CO2 storage

• 지중은많은경우임계응력상태지중저장에의한
수 MPa의공극압변화지진

Zoback & Gorelick, 2012

• Illinois Mt Simon 사암지대

• M>2.5

• 매년 1억톤 주입후 40년 후
: 수 MPa의 공극압 증가

공극압증가지역

Red circles indicate earthquakes that occurred from 1974 to 2002 with magnitudes larger than 2.5 located using modern instruments. 

Green circles denote earthquakes that occurred be- fore 1974. Larger earthquakes are represented by larger circles. 



Induced Seismicity
Mechanism – Applications: CO2 storage

Zoback MD & Gorelick SM, Earthquake triggering and large-scale geologic storage of carbon dioxide, Proc National Academy of Science of the USA 

(PNAS), June 2012, www.pnas.org/cgi/doi/10.1073/pnas.1202473109, cited by 427 times (google scholar, 26 June 2018)

http://www.pnas.org/cgi/doi/10.1073/pnas.1202473109


Induced Seismicity
Mechanisms - McGarr’s Mmax-ΔV relationship

• Maximum earthquake magnitude is proportional to the injected fluid volume

• Assumptions

– The formation is either seismogenic or there is hydraulic communication between 
injection interval and seismogenic regions

– Before injection, fault are stress within a seismic stress drop (Δτ) of the failure

– Rock mass is fully saturated before injection

– The seismic response follow the Gutenberg and Richter relationship

– The induced earthquakes are localized to the region where the crust has been weakened 
due to fluid injection

(max)oM G V 

(max) : maximum seismic moment

: shear modulus of reservoir

: total injected fluid

oM

G

V

McGarr, A. (2014). "Maximum magnitude earthquakes induced by fluid injection." Journal of Geophysical Research: Solid Earth 119(2):

1008-1019.



Induced Seismicity
Mechanisms - McGarr’s Mmax-ΔV relationship

• Derivation

p







• McGarr’s relationship between maximum seismic magnitude 
and total injected volume works, however, there are some 
outliers.

Induced Seismicity
Mechanisms – Seismicity vs. Injected volume

Zang A, Zimmermann G, Hofmann H, Stephansson O, Min KB, Kim KY, 2018, How to Reduce Fluid-Injection-Induced Seismicity, Rock Mechanics and Rock Engineering, in pressu

McGarr, A. (2014). "Maximum magnitude earthquakes induced by fluid injection." Journal of Geophysical Research: Solid Earth 119(2): 1008-1019.

Foulger, G. R., et al. (2017). "Global review of human-induced earthquakes." Earth-Science Reviews. (in press) https://doi.org/10.1016/j.earscirev.2017.07.008 

MMAX vs. total injected volume for the 69 cases of induced seismicity for 

which data are available (Foulger et al., 2017)

Maximum seismic moment and magnitude as functions of total 

volume of injected fluid from the start of injection until the time of 

the largest induced earthquake (Zang et al., 2018)



Induced Seismicity
Mechanisms - McGarr’s Mmax-ΔV relationship

• Comparison with 18 cases (scientific, hydraulic fracturing, 
EGS, wastewater disposal)

Pohang M 5.4 (15/11/2017)

Pohang M 3.1 (15/4/2017)

Net V=5,771 m3

(McGarr, 2014)

[ Maximum moment and magnitude vs Injected volume ] 

Net V=5,841 m3



Induced Seismicity
Mechanisms – depletion induced seismicity

• Stresses around the reservoir

– Reverse faulting at the top/below

– Normal faulting at the side

– (Normal faulting within the reservoir)

Relative change of horizontal 

stress. Notice: Tension (+)

Compression

Compression

tension

Segall, 1989, Earthquakes triggered by fluid extraction, Geology, 17:942-946



• The relationship between Mmax and maximum injection 
pressure seems to be mildly related, however, this has to be 
interpreted with caution (perm, injectivity…)  

Induced Seismicity
Mechanisms – Seismicity vs. injection pressure

(modified after Foulger et al. 2018)

2017 Nov Pohang Mw 5.5

2017 Apr Pohang Mw 3.2

2018 Jul Helsinki Mw 1.9

(Kwiatek et al. 2019)

Groß Schönebeck -1.0



Induced Seismicity
Mechanisms – Depletion induced seismicity - examples

• Withdrawal of fluid can induce faulting in reservoir

Strachan field in Alberta (Canada). Average

static bottomhole pressure at 2.8 km

Number ot earthquakes recorded per year and decline in average reservoir pressure (Segall, 1989)

Pau basin (France). M >3 earthquakes and 

average reservoir pressure

Segall, 1989, Earthquakes triggered by fluid extraction, Geology, 17:942-946



• Basel Deep Heat Mining project (2006)

– Borehole at 5 km, Injection: 11,570m3

– Maximum seismicity: ML 3.4 (5 hours after shut-in)

– The project was suspended immediately, and closed permanently after 3 years

– Property damage: 7 million swiss franc

Induced Seismicity
Examples: Basel EGS project (2006)

Häring, M. O., et al. (2008). "Characterisation of the Basel 1 enhanced geothermal system." Geothermics 37(5): 469-495.



Induced Seismicity
Examples: Basel EGS project (2006)

• Microseismicity during main stimulation and post stimulations

Häring, M. O., et al. (2008). "Characterisation of the Basel 1 enhanced geothermal system." Geothermics 37(5): 469-495.



Induced Seismicity
Management  – Induced seismicity Protocol

• Composed of seven steps for management of EGS (Majer et 
al., 2012)

• Pohang EGS project also applied this protocol (Kim et al., 
2018)

Steps Contents

Step 1 Perform a preliminary screening evaluation

Step 2 Implement an outreach and communication program

Step 3 Review and select criteria for ground vibration and noise

Step 4 Establish seismic monitoring

Step 5
Quantify the hazard from natural and induced seismic 

events

Step 6 Characterize the risk of induced seismic events

Step 7 Develop risk-based mitigation plan

Majer et al., 2012, Protocol for addressing induced seismicity associated with Enhanced Geothermal Systems, US DOE/EE-0662

Kwang-Il Kim, Ki-Bok Min*, Kwang-Yeom Kim, Jae-Won Choi, Kern-Shin Yoon, Woon Sang Yoon, Byungjoon Yoon, Tae Jong Lee, Yoonho Song, Protocol for induced microseismicity in the first Enhanced 

Geothermal System Project in Pohang, Korea. Sustainable and Renewable Energy Review 91, 1182-1191 



Induced Seismicity
Management  – Traffic Light System

• Traffic Light Systems used in different applications

Zoback MD, Kohli AH, 2019, Unconventional Geomechanics, Cambridge Univ press



Induced Seismicity
Management  – Traffic Light System

• Step 7. Develop risk based mitigation plan – Traffic Light 
System

– Firstly suggested in Bérlin, El Salvador (Bommer et al., 2006) and 
Basel (Häring et al., 2008)

– Pohang EGS project 

ML 2.0 or 2.5 used as maximum criteria (Kim et al., 2018)

Kwang-Il Kim, Ki-Bok Min*, Kwang-Yeom Kim, Jae-Won Choi, Kern-Shin Yoon, Woon Sang Yoon, Byungjoon Yoon, Tae Jong Lee, Yoonho Song, Protocol for 

induced microseismicity in the first Enhanced Geothermal System Project in Pohang, Korea. Sustainable and Renewable Energy Review 91, 1182-1191 



Induced Seismicity
Management  – Outreach and Communication

• Public engagement is a critical components for energy related project

• http://crjsuisse.ch/

– https://youtu.be/bPNrRXvCHsM

Poster against EGS in Haute-

Sorne, Switzerland

http://crjsuisse.ch/
https://youtu.be/bPNrRXvCHsM


Induced Seismicity
Management  – Outreach and Communication

• A case from geological repository for nuclear waste in Sweden and 
Finland

– Transparency is the key for implementation of underground energy applications



Induced Seismicity
Management  – change of injection scheme

• Reductions of the induced seismicity in the lab and 
underground research lab scale are observed (Zang et al., 
2018), however, appropriate validation in reservoir scale 
remains to be achieved.

Äspö URL

Cyclic 

injection

Continuous 

inejction

Lab scale (KICT)

Zang A, Zimmermann G, Hofmann H, Stephansson O, Min KB, Kim KY, 2018, How to Reduce Fluid-Injection-Induced Seismicity, Rock Mechanics and Rock Engineering, in press



Induced Seismicity
Discrimination between natural and induced

• Davis and Frorich’s criteria (1993)
Questions Not 

induced

Induced

Background 

Seismicity

Are these events the first known earthquakes of this 

character in the region? No Yes

Temporal 

Correlation

Is there a clear temporal correlation between injection and 

seismicity? No Yes

Spatial 

Correlation

Are epicenters near wells (within 5km)? No Yes

Do some earthquakes occur at or near injection depths? No Yes

If not, are there known geologic structures that may 

channel flow to sites of earthquakes?
No Yes

Injection 

Practices

Are changes in fluid pressure at well bottoms sufficient to 

encourage seismicity?
No Yes

Are changes in fluid pressure at hypocentral locations

sufficient to encourage seismicity?
No Yes

Davis SD and Frohlich C, 1993, Did (or will) fluid injection cause earthquakes? – criteria for a rational assessment, Seismological Research Letters, Vol. 64(3-

4):207-224


