Induced Seismicity and CCS at Scale:




Induced Seismicity Concerns Related to CCS at Scale

Grigoli et al., 2017

Wastewater injection triggers strong earthquakes in
basement rocks

Seal integrity issues may be expected from large-scale
CCS, generating leakage pathways for buoyant fluids
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CCS at Scale: Regional and Local Impacts Assessments

Prediction of Regional Pressure Distribution for Mid-Size CCS Project in Mt Simon near Decatur:
100 Mt/yr CO, Injection into Mt Simon Formation 1 Mt over 3 years at Well CCS1
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(Birkholzer and Zhou, 2009, 1JGGC) (Bauer et al., 2016; Goertz-Allmann et al., 2016)



But What About Caprock Integrity?
__—

(Zoback and Gorelick, 2012)



But What About Caprock Integrity?
__—

Some Open Questions

e What is the relationship between pressure buildup, fault opening,
fault slip, and fluid migration in initially very low-permeability fault
planes?

 Under what conditions are leakage pathways generated and what are
the underlying mechanisms?

 Are events leading to increased fault permeability associated with
observable seismicity?
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Mesoscale In Situ Fault Injection Experiments

(Zoback and Gorelick, 2012)



A Test Facility for Fault Injection Experiments

_
A Fault in a Low-Permeability Argillite Layer At Mont Terri

Depth of FS Experiment ~350m

Opalinus Clay



Fault Zone Structure: Advantages of Direct Access

A three—meter thick Core Zone with Gouge + Foliation + secondary (Riedel-like) shear planes
A Damage Zone with secondary fault planes with slickensided surfaces
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Controlled Fault Activation Experiments

Water Injection
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Complex Fault Behavior Induced by Stepwise Pressurization

Event 2

Event 1




Permeability Evolution Estimated from Pressure Drop
_

Strong Variations Associated with Pressure and Displacement Rate
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Event 1: Shear on a Single Plane with Moderate Patch Size

Event 1




Rupture Initiation at Coulomb Failure

Event 1




Event 2: Propagation From Secondary Fault to Main Fault

Event 2

Slip x 10
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Event 2: Shear on Main Fault Plane
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Event 2: Rupture Initiation Above Coulomb Failure Line

nt 2

Pressure breaks through
and builds up at Main Fault




Event 2: Rupture Propagation Along Coulomb Failure Line

Event 2

Pore pressure drop and
— displacement event in
Main Fault




Summary and Key Findings
__—

Complex transient coupling between fault opening, fault slip, pore
pressure, and fluid migration is observed in situ

Fault permeability increases initially (and locally) due to normal
opening, eventually allowing fault slip to occur with shear dilation
creating larger permeable path

Fluid propagation s is associated with mainly aseismic slip, meaning
that micro-seismicity is not be a good indicator for seal integrity issues

Nature of M, = -2.5 seismic event is currently unclear

Long-term fault activation and leakage behavior remains uncertain
though some post activation creep acceleration was observed
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Just starting:
A Follow-up Experiment at Mont Terri with Larger Patch Size, Longer
Injection and Post-Injection Cycles, and Additional Monitoring Methods



Future Plans — New Long-Term Fault Slip Experiment

Semi-continuous imaging of fault activation and
CO, leakage in a ruptured fault
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Advanced Monitoring Methods
__—

Distributed Fault 3D-Displacements, Pressure and Semi-Continuous Seismic Imaging
Electrical Resistivity Monitoring in Multi-Packer String of Activated Fault Patches




We Are Looking for New Team Members




Thank You



Large Induced Seismicity Events from Wastewater Disposal
_

e Subsurface fluid disposal caused
several M>5 earthquakes in deep
basement rocks

* Mostly triggered by wastewater
injection from oil and gas
production, at small triggering
pressures (0.07 MPa in OK)

e Observed in at least 8 states
(AR, CO, KS, NM, OH, OK, PA, TX)
& Canada

e |In Oklahoma, hazard remains
high despite decreasing injection
volumes

Oklahoma: Disposed of 935 Mt wastewater into
Arbuckle formation since 2009 (~100 Mt/yr)

(Keranen et al., 2014, Science)



Induced Seismicity Highly Relevant for CCS at Scale
__—

* For CCS to have global impact, the CO,
volumes to be injected underground
would be regionally similar or larger
than wastewater injection in OK

e Deep saline basal aquifers of regional
extent are considered high-capacity
targets for CCS at scale

e Such capacity estimates ignore
constraints stemming from regional
pressure buildup and induced
seismicity

Mt. Simon

Arbuckle/

(IEA GHG 2005 report)




Induced Seismicity Highly Relevant for CCS
__—

e Deep saline basal aquifers of regional
extent are high-capacity targets for
CCS at scale

Mt. Simon
* For CCS to have global impact, the CO,
volumes to be stored underground
would be regionally similar or larger
than wastewater injection in OK
e Geomechanical impact of wastewater Arbuckle/

disposal & CCS is comparable (despite
different chemistry)

(IEA GHG 2005 report)



Controlled Fault Activation Experiment - Objectives

—

* |n situ study of the aseismic-to-seismic activation of a
low-permeability fault zone hosted in a shale layer

— Conditions for slip activation and fault stability

* Implications of fault slip on permeability

— Evolution of the transient coupling between fault opening,
fault slip, pore pressure, and fluid migration

— Long-term healing and sealing

 Tool Development and Test Protocols

— Development of a tool and protocol to characterize the
seismic and leakage potential of fault zones



Seismic Swarm AFTER Pressure & Displacement Rate Change
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Micro-Seismicity: about 50 microseismic events




Event 2: Complex Transient Behavior After Breakthrough




Simulated Interactions between Seismicity and Leakage

Injection Location

Main Fault Plane

Fully Coupled Hydromechanical Numerical Modeling (see Cappa Keynote)

HM Coupling:
- Effective stress (o, =6, — P;)
- Modified cubic law, with

by, = by, + fAu,

Rate-and-State Friction:
V,0

%4
U=, + alnvo+ blnd—c

* Mainly aseismic slip

e Earthquakes located

- At the pressurized tip
- At fault plane intersections
- Stress decreases of
0.01 to 0.2 MPa
- Magnitudes of -4.5 to -3.5
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