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Mechanisms of Induced Earthquakes

F. Grigoli, et al., 2017, Current challenges in monitoring, discrimination and management of induced seismicity related to
underground industrial activities: a European perspective. Reviews of Geophysics, DOI: 10.1002/2016RG000542



Inducing Earthquakes: Pore Pressure & Poroelasticity

* Inactive faults can be

Changes in solid stress reactivated by decreasing the
due to fluid extraction or injection .
(poro-thermoelastic effects, effective normal stress
Direct fluid pressure changes in gravitational loading)
effects of injection * * * *
fluid = —
( uc;iﬁzg?:l?)ure I I I Permeable ¢ Tcrit H (Gn P)
reservoir/aquifer
Volume and/or mass change \

Increase in pore

——— . _Pressure along
fault (requires Change in loading . .
Permeable high-permeability conditions on fault * Faults occur on a wide variety of

reservoir/ pathway) (no direct hydrologic

AL connection required) scales and are found in virtually
every geologic setting

* The Earth’s crustisin a near
critical failure state everywhere



Pohang, Korea, Enhanced Geothermal System Project
and the Mw 5.4 Pohang Earthquake
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Near-Critical State of Stress in the Crust
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Mohr-Coulomb theory works!
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Azle earthquakes (2013-2014) — Two M 3.6
Very little AP, needed to trigger slip
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Timpson earthquakes (2008—-2014, 2018)
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Considerable stress variability in the south-central USA
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State of Stress in the Crust: Near-Critical but not Constant

The pressures needed to initiate seismicity are small, as little as a few 10’s of KPa
to a few MPa, implying a critically stressed crust. Both natural and anthropogenic
earthquakes follow normal Gutenberg-Richter statistic with b = 1.
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Induced Earthquakes are as strong as Tectonic Earthquakes

Strike-slip events
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Key points: State of Stress
Stress in the crust is at a near-critical state.

Mohr-Coulomb theory can explain fault activation in many
(but not all) cases.

Induced earthquakes follow the Gutenberg-Richter
magnitude-frequency relation.

Induced earthquake magnitude-frequency statistics imply a
(nearly) self-similar strength heterogeneity spectrum.

When induced earthquakes occur, they release tectonic stress
and are as strong as natural earthquakes in the same region.



Fracking Induced Earthquakes
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Schultz, R., Wang, R., Gu, Y.J., Haug, K. and Atkinson, G.,
2017. A seismological overview of the induced earthquakes
in the Duvernay play near Fox Creek, Alberta. Journal of
Geophysical Research: Solid Earth, 122(1), pp.492-505.
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Injection Well #1 — Injection Well #5 —
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Wastewater Disposal Induced Earthquakes

Pressure
high low
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Induced Earthquakes in Oklahoma are principally caused by

wastewater disposal
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Induced Earthquakes in Oklahoma are principally caused by
wastewater disposal
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The small fluid pressure perturbation is very broadly distributed
due to the high diffusivity of the Arbuckle Formation
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How do faults wake up when fluid pressures rises?
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Selsm|C|ty evolution as a fault wakes up: Peak act|V|ty
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Latitude

Induced Earthquakes near Guthrie-Langston, Oklahoma
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Induced Earthquakes near Guthrie-Langston, Oklahoma
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“Seismic Diffusivity” and Pore Pressure Diffusion
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Key points: Injection Induced Earthquakes

Pressure can migrate quickly and over large distances through fractures and
other permeable pathways.

Ancient faults with favorable orientations in the tectonic stress field can be
reactivated by small (10s to a few hundred of KPa) pressure increase.

Once initiated by anthropogenic stressing, earthquake sequences may
propagate along faults through earthquake to earthquake interactions.

Many sequences initiate months before peak activity, and none starts with
an earthquake larger than M3.6.

Seismic monitoring can identify faults as they wake up before strong
earthquakes are triggered.



Seismicity is declining, but still far above background.
How long will it last?
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Physics-based forecasting of man-made
earthquake hazards in Oklahoma and Kansas

Cornelius Langenbruch, Matthew Weingarten & Mark Zoback
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Adaptation of the Seismogenic Index Model
to Wastewater Disposal
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The seismogenic index embodies the seismicity response to injection,
which varies spatially and must be empirically calibrated.



A new formulation of the Seismogenic Index model predicts
the earthquake rate when informed by the injection data

mm= Observed earthquakes M > 3
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A new formulation of the Seismogenic Index model predicts
the earthauake rate when informed by the iniection data
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A new formulation of the Seismogenic Index model predicts
the earthauake rate when informed by the iniection data
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A new formulation of the Seismogenic Index model predicts
the earthauake rate when informed by the iniection data
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The hazard is declining from the peak in 2015-2016
but is still far from the tectonic background
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Prospective physics-based earthquake rupture forecast
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Key points: Future earthquake hazard in Oklahoma

* The short-term hazard from induced earthquakes in
Oklahoma is declining due to reduced wastewater disposal
into the Arbuckle Formation.

* A physics-base hazard model informed by the injection data
correctly predicts the rate of decline of seismicity.

* The hazard is still high compared to the natural tectonic
hazard and is predicted to remain so for years.



Questions?
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