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Measuring, Monitoring, Mitigating, 4L

fracturingand waste water disposéi this report, we integrate the resultshod
induced seismicity relategview and research agties performed within the
M4ShaleGasproject. This integration provides a scientific basis for the
recommendations to minimize and mitigate impacts alkg nginduced seismicity for
shale gas in Europe.

1.3  Aims of this report

Herewe summarize and integrate the results of the review and research activities on
shale gas relateddnced seismicity in the M4Shala& projectFor cetailed

descriptions of the w& done and resultse refer the reader the specific reports
prepared within the framework of M4ShaleG@singa et al 2015, Wassing et al 2016,
Wassing et al 2017 and Vel et al2017).

In chapter 2 we introduce the topic of shale gas related iddzgsmicity.

Subsequentlyni chapter 3 we summarizeme ofthe key controllinggeological and
operationafactorsfor shale gas induced seismicity, which were derived from a

database on injectiemduced seismicity worldwiddn chapter 4 we present awflow

to classifythe European shale gas sites in terms of their induced seismicity patential

and conclude the report with recommendations to mitigate shale gas induced seismicity.
Finally, in the appendices of this report, we give an overview of mogetlorkon

fault reactivation and rupturelated tanduced seismicitywhich has been

disseminated aseparat@ublications within the framework of the M4Shalegas project
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2 SHALE GHWNBUCEBI SMI CI TY

This report focusses on induced seismicity related to shalgpgaationsWe here use

thetermbi nduced seismicityé to refer to any se
activity, and thenn particularto seismicityf el t by peopurface at t he ear
resuling fromthe reactivation of larger scale faih the subsurfac&arthquakes of

magnitudeM > 2 are usually considered to be the smallest earthquakes that can be felt

by people, but whether an earthquake isdehot ultimatelydepend®n the ground

motiors at surface level.

We can distinguish between two types of activities more or less directly related to shale
gas operations, which may cauiséuced seismicityl) hydraulic fracturingpperations
and2) injection activities for wastesater disposal.

1) Hydraulic fracturings the process in whidnacture networks in the low
permeability shales are stimulated through the injection of fluids under high
pressuresThe tydraulic fracturingprocessan involve the creation of new faults
andfracturesandthe reactivation of existing faults and fractaetworks

2) Waste water disposdburing shale gas operations large volumes of waste water
(not onlyhydraulicfracturing fluids, but produced water from shale formations as
well) can beprodwced.Currently in the USA and Canada, these volumes of waste
water ara@njectedinto deep permeable aquifeWhether and on what basishale
gas wastewatatisposal into the deep subsurfaeeuld be permitted in Eopean
Member States currently uncler.

The majority of the recorded seismicity induced by hydraulic fracturing operations is of
very small magnitude, i.e. M1 (Warpinski2012), andbnly a limited number ofelt
induced seismicitgasesvhich are likely to bessociated with hydraulfcacturing

wells have been reported in literatuhe a re@ent publication,Atkinson et al. (2016)
reportthatinduced seismicity with magnitudess™ 3 appears to bassociated with

only 0.3% of all the hydraulically fractured wells in the Western Caisatimentary
Basin.To date, lhe largest recorded earthquak&atedto hydraulic fracturing occurred
near the town of Fox Creek, Alberta, Canada and had a magnitide46.In

Europe, a smaller magnituéarthquakel{ 2.3)was recordeduring hydralic

fracturing of the Bowland Shale, near Blackpool, United Kingdbime. increase in
seismicity rates in the Central USA is a wiallown example of seismicity caused by
the disposal of waste water. Trezent sharp increase in the number of earthquakes of
M >3 that has been observed in Oklahoma has been assdoititedncreased amount

of disposain thepermeable limestones of thebuckle Group(Walsh andZoback

2015) Thisincreased amount of wastewater disposal is directly linked to the
development of the Woodford Shale gas pldgre, themjection of wastewater has led
to areductionof the effective normal stress on critically stressed faults in trstatline
basementwhich causedlip of the faults and the associated seismighfalshand

Zoback 2015)To date, helargestearthquakéMw 5.7) caused by waste water disposal
occurred in 2011 near the city of Prague, OklahdFha.injection of waste water is not
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a component of shale gas operatitiveg is strictly necessargnd mayonly be
permittedin Europeunder special conditionklowever, alternative methods of waste
water disposal such as processing in water treatmentiéscithay not be feasible due to
high salinity and different chemical compounds in flowback water from shale gas
operationsWe hererefer to Osinga et al. (2015rfmore examples araldetailed

review of shale gas induced seismicity.

The injection actiities for hydraulic fracturing and the disposal of waste water have in
common that pore pressures in the subsurface are increased due to injection of fluids.
Due to these pore pressure changes, the state of stress on the faults is altered in such a
manner that seismic events may be induttvever, the scale of the fracturing and

waste water disposal activitidbe duration of the activitieand the injectiomates the

total pressure increase and the type of rocks in which the injection operations take place
can be quite differenThese differences in operational and geological factors are
reflected in theemporal and spatial characteristics of the indwssimicity. The

impact of operational and geological ssjgecific factors othe characteristics of
injectiorrinduced seismaity is further addressed in chapter® addition to the increase

of pore pressres, other factors like pcetastic effects caudeby the increasef the

rock volume, and¢hangesn temperature due to injection of relatively cold fluidan
contribute to the stress changes on the faults and fractures. An extensive overview of the
geomechanical mechanismof fault reactivation durig injection is given inVassing et

al. (2016).Furthermorein Wiseall et al. 201the results of a series of experiments is
presented, in which the controls on fault reactivation in shale avedgsedparticularly

the effects of stress, mineralogy amatisation state.
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3 KEY CONTROLLI OBSFAETSHALE GAS
| NDUCE&EBI SMI CATVMATABASE STUDY

The potential of induced seismicity during shale gas related injection operations (either
hydraulic fracturing or waste water disposal) will depend on thespéeific geological
conditions and the operational parameters of the injection taesivtiself.We studied

the main geological and operational factors of injection activities and the main
characteristics afelatedinduced seismicity, dsed on an extena inventory offield

cases ofnjectioninduced seismicityeported in literaturef@r a detailed description see
Wassing et al. 2016). The field cases of injection activities (hydraulic fracturing and
waste water disposal, but also EGS, secondary oijasdecovery and conventional
geotlermal operations) in our databds®e/e in commoithat pore pressures in the
subsurface armcreased at the location of the injection well, with the rock volume
affected by the pressure increase gradually extermliegtime due to the process of
pore pressure diffusion. As operational factors and site specific geological conditions
vary between individual injection cases, we used this dataset to icemtify of thekey
factors for induced seismicity associated to itiggcoperations in generdilere we
assumehat basic mechanisms such as pore pressure diffusion, pore pressure increase
and associated (predominantly) shear failure on faults and fractdried generally

occur during injection activities, also undetine seismicity during hydraulic fracturing
and waste water disposal for shale gas productigpical operational factors that were
studiedin our datasetvere:the relation between seismicity aimjection volumes,
pressures, rates and duratiand depthof injection. Typical ste-specific geological
conditions studied included the type of rocks in which fluids were injetttetl/pe of
rocksin which seismicitynucleatedthe localtectonic stress regime and the
occurrence/absence watural fectonig seismicity.

Figurel summarizes the main trends that were observed in the datagetlashows
aclear trend between the scale of the operationl the maximum seismic moment
released (or maximum moment magnittio occurrelat the specific injection sité.
clearly showshat largest magnitudes recorded are related to the largest scale of the
injection operations, i.¢o thelargest volumes injected. The areal extent of the pressure
increase is expected to be largertfarlargerinjectedvolumes, which means the
pressurencrease affects a larger area of the fault or fracture, and the probability of
pressurizing aignificant part of aritically stressed fault increases. This effect can
explain the positive trend between injected volume and maximum seismic magnitude
obseved in the data.

The clear trend between the scale of the injection activities and the seismic moment

releasechas been the basis favicGarr (2014) to derive an upper bound for the

maximum seismic moment (Max that can be releaseldiring an injectioroperation.
Thisupperbound e pends on the volume of injected fI
modulus of the rocks (G), i.e.:

v

0 ‘@
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In Figurelb the same relationshgs proposed by McGarr is plotted in our dataset
Figurelb shows thah number of seisim events related to fluid injection for hydraulic
fracturing and waste water injection @atellabove the upper bound as proposed by
McGarr (2014). A similar conclusion was drawn by Atkinson et al. (2016) for seismic
events induced by hydraulic fracturing in the Western Canada Sedimentary Basin.
Atkinson et al. (2016) argue théetse high values skismic moment release may
reflect a large tectonic influence on the induced events.

Figurelc andrFigureld showa clear difference in the timing and location of the
hydraulic fracturing and wées water injection related events. The dataset showshhat
eventswhich are associated to waste water injecti@y occur at large distancefthe
injection wells(>10km), after a significant timgeriod Hydraulic fracturing events on

the other handaxur after a relatively short time after the onset of injection, at distances
relatively close to the injection well. This reflects the differences in both the injection
activities: Large volumes of waste water are injected over extended time pera®ts
relatively low pressuresvith pore pressure diffusion taking place over long periods of
time in relatively permeable rocks, and pressure effects reaching far from the injection
well. In a number of waste water injection cases, pore pressure diffusiqentically
stressed) faults within the crystalline basement rocks below the aquifer targeted for
injection probably led to large seismic events with hypocenters below the aquifer
(Keranen et al. 2014, Walsch et al. 2015, Bao et al. 2@&5)nean stredsvels

increase with depth, the potential for larger stress drops of seismic events also increases
with hypocentral depth. For hydraulic fracturing in general smaller volumes are
injected, but injection takes place over restricted time periods, undepreiggures and

in less permeable rocks. This leads to high overpressuties regios close to the

injection well. This explains the characteristics of the hydraulic fracturing related
events, occurring relatively quickly after the onset of injectiofgctions close to the
injection well.

Other geological and operational factors investigatede TNO databasshow a less
distinct correlation with recorded seismic moment release and maximum magnitudes.
is noted here that that does netessarily mean that these parameters have no impact
on induced seismicity, as trends can be obsctiioe@xampleby the fact that other
geological of operational factors predominate in the seismic response of the site
Additionally, in the database sty not all sitespecific geological factors could be
addressed, as insufficient data were availableported One of thesite-specific

geological factors that is expected to be of crucial importance for induced seismicity to
occur is the presence of ¢gr critically stressed fault$his factor could not be studied

in our dataseasinsufficient sitespecific data otthe presence of faultsheir sizes and
orientations were available or reported.

The presence of large critically stressed faults, eajpethose that are present in and/or
connected to the crystalline basement is considered to be one of the key factors for
induced seismicityWalsch et al 2015As shown in Chater 4, t is one of the
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geologicalfactors used to classify European shake gites in terms of their potential of

(showstopping) seismicity.
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Figurel. Correlation between geological and operational factors and the maximum seismic

moment releagkand maximum moment magnitude recorded for different kind of injection

activities. CCS = Cestorage, EGS= stimulation for enhanced Geothermal Systems, HF=

hydraulic fracturing, SRC=secondary recovery, WWI=waste water disposal and VAR= other. a)
scaleofhe i njectigmsaalté vol yt fepVacti vity in terms
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4 WORKFLOW FOR TSHH FGLCAATI ON BANEUROP
SHALE GAS SEREIS DN TNDURGEOI BEI S
POTENTI AL

In this chapter we present a workflow to classify European shale gas sites in terms of
their potential of (shovstoppng) seismicity. The workflow specifically focusses on a
classification of shale gas sites upfront during the exploration phase, before start of the
actual shale gas productidn.the workflow we addresghe potential for felinduced
seismicitycaused byydraulic stimulation for shale gaghe workflow does not address
the seismic hazardr seismic riskassociated with induced seismicity

Seismic hazard is the probability that a certain ground motion at the surface level will
be exceeded. In additida earthquake magnitude, factors like the frequency of
occurrence and depth of tearthquakes, focal mechanisms, earthquake duration, the
propagation and attenuation of waves towards the surface, and the local site response
will determine the resultingrgund motions at surface level (seismic hazaktthough
notspecificallyincluded in the classification workflouself, the relation between the
mechanics of the seismic sourearthquake magnitude, focal mechanism, duration)

and the propagation of was towards the surface has been studied within work package
2 of the M4Shalegas project.hortsummary of this workand the main referencts
thepublicationsarepresented in Appendix A of this report.

Seismic risk is a combination of the probabititiat a certain ground motion will be
exceededandthe associated impact of the ground motfongexamplen terms of

damage to surface structures. The impact of the ground motions depends on factors like
constructiormaterials for surface structures podationdensity,building type and

density and the vulnerability of exposed structuiFes.classification oEuropearshale

gas sites in terms of either seismic hazard or seismic risk, the above workflow should be
extended to include information on evgave propagation and/ground motion

prediction equations, shallow site conditions (hazard) and the main characteristics of
surface structures and population density (risk).

Figure3 presents the workflow we propose for classification of European shale gas site
in terms of their induced seismicity potentihe main features of the classification
workflow are:

1 The availability and quality of data used as input to the workflow depends on the
exploration stage.

1 The presencand densityf (critically stressedr activg large fault structures,
and the distance of the shale gas operations to these fault strixtoesidered
to be the key geological factor used for classification

1 Indicative bounds on magnitusiean be obtained using diffent techniques

It is noted here that for European shale gas sites, prior to the actual stimulation
operations, only a firgirder indication of the seismic potential of the sites can be
obtained. This first order estimate of the seismic potential can be usedriskidg the

D2.6 Induced seismicity in shale gas Copyright © M4ShaleGas Consortium 2015-2017
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target shale gas sites in terms of induced seismicity, and to modify planned operations
to minimize irduced seismicity.

The quality of the (seismiajata which is availablevill determine the minimum fault
length that can be mapped. In Wassing et al (2017) we have shown that 8en if
seismics (with attributes) are available prior to the actual shalegaluction, fault
structures sufficiently large to generate earthquakesividh -can be missed. Whether
these magnitudethat aregenerally felt, but causing little damage to surface structures,
are considered as a showstopper for shale gas operations depends on local factors such as
population density and publiacceptanceFor large damaging earthquakes to occur,
however, large dically stressed fault areas must be present. The risk of inducing or
triggeringlarge seismi@vents can be significantly reduced if fault structures are mapped
at an early stage, prior to the hydraulic stimulationexamplebased on seismic surveys

and field development or stimulation operations are modified to prevent reactivation of
these structuresThe criticality of these structures in the current stress regime can be
determined in either a slip tendency analysis, or, preferably, in a quastitaék
assessmenWalsch et al. 2018)assing et al. 20)aking into account uncertainties in
e.g. insitu stress conditiongault orientationsand fault strength parametefss shown

in a seprate study by Wiseall et al(2017), performed with the framework of the
M4ShaleGa project, the fault strength parametert the shales ard hence the
reactivation potential of the faultgithin the shaleswill very much depend onatilt
mineralogy and saturatioWiseall et al. (2017) conclude that to asgasa#t strength and

fault reactivation potential, knowledge, or at least estimates of the minerology and
saturation of the fault gouges is needed.

Alternatively orin addition to the above stefdsaseline seismic monitoring can be used
to identify activefault structures (Bohnhoff et al. 2017).

As a next step in our workflowhe magnitudeof the stress changeasd the distance

from the injection sit@ver which stress changase expected to occur are assessed

based on operational and geological patansdike volumes of injected fluids, injection
pressures, diffusivity of the rocks around the injection well, tectonic stresses and fault
criticality. Special attention should be paid to the uncertainty ranges of the input
parameters for modelling. Dedtea geomechanical modelling can give insight into the
(treatment schedule dependamthimum distances of the injection operation to the

critically stressed fault required to avoid fault reactivation. Information on fault density,
uncertainties in the lotian of the faults and the width of damage zones around the fault
can then be used to assess whether these minimum distances from faults are achievable.

Subsequentlyindicative estimates of magnitudes of seismic events associated to the
largest fault area detected (or largest fault area likely to be missed on setsmibsg)
obtained(seeFigure2a). Alternatively, seismic moment release and magnitudes
associated to thgressure disturban@aused byhe volume injected can be obtained
(seeFigure2b). Volumebased estimates can be obtained based on the upper bounds
suggested by McGarr (2014jed line in Figure 2br, alternatively, the equation
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derived by Galis et al 202 €ould be used, to assess the maximum seismic moment
release for th largest seismic event that is smifestedbased on the volume injected

(see Figure 2b, purple lined) is noted here that in theory, the magnitude based on the
maximum fault area detected (or theoretically likely to be missed on seismics) gives an
upper bound to the seismic moment that can be relesised it is unlikely that a fault

will rupture over its entire length in one single evdrite volumebased estimates

cannot be regarded as an upper bound, as the impact of tectonic stress release and
runaway rupture is not accounted for. In case significant release of tectonic shear
stresses or runaway rupture occurs, the volume based seismic moment and the fracture
mechanicsased estimate of salfrested rupture would underestimate the potential
sesmic moment that is released. In both cases, fault rupture could propagate outside the
area of the pressure disturbaifze a further explanation, see also Wassing et al 2017).
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Figure2 a) Earthquake magnitude as a function of fault size and amount of slip. Stress values
indicate stress drop. For example: an undetected fault of 1000m can generatetaéisinic
event, whereas a fault of 300m can generate a3kvent (adapted from Zabk and Gorlick,
2012). b) relation between scale of the activity (in terms of injected volumes) and seismic
moment release and magnitudes. Red line indicates upper bound for volume limited seismic
moment release as defined by McGarr (2014). Both dasimptedines indicate bounds derived
from fracture mechanidsindicating seismic moment release for the maximum seismic event
that is still searrested (Galis et al 2027The graph shows the induced seismicity dataset from
the TNO database (see chafBgrthe notation is similar to the notation used in Figuif€ot.

further explanation see also Wassing et al 2017.

More insight into the effect of background tectonic stressdte propagation of the
rupture front in relation to the region of pressdisturbancean obtained from

dynamic rupture modellingAdditional work on dynamic rupture modelling, which has
been performed within the framework of the M4Shalegas project, is reported in
Appendix A.

2 http://www.seismo.ethz.ch/en/reseaardteaching/schatzalporkshop/download
20172_Schatzalp2017_Galis.pdf; visited on Octol€2R17.
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Figure3. Workflow for classification of shale gas sites in terms of induced seismicity potential.

In addition to the presence of critically stressed (basement) faults, other factors also
contribute to (or decrease) the potential for induced seismicity, which are summarized
in Table 1. In addition to these factors, in their experiments on samples-ofilbad
Bowland Shale, Wiseall et al. 2017 show the role of shale moisture content and shale
mineralogy on strength and reactivation potential.

A complete overview of the worldiv for estimating the induced seismicity potential of
the European shale gas sites is presentEune3.

D2.6 Induced seismicity in shale gas
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Table 1. Factors increasing (left column ) or redugiight column) the seismicity potential of
a shale gas site.

Increasing seismicity potential Reducing seismicity potential

Proximity to large faults, critically stressed i| Low fault densities, nowritically stressed faults
the ambient stress regime
Shale gas reservair waste water injection | Impermeable layers between stimulated /injection zones @
sitelocated close to crystalline basement, | crystalline basement, no hydraulic communication
hydraulic communication
Critically stressed faults extemdj into the Faults limited to sedimentary sequences, thick sedimentar
crystalline basement sequences

High seismogenic index Low seismogenic index

High baseline seismicity, evidence of active Low baseline seismicity, no indications of actfaelting
faulting
High differential stresses (significant depth,| Low differential stresses (shallow depth, isotropic stress
reverse faulting regime) conditions, normal faulting regime)

Seismogenic rocks (reservoir and surround| Reservoir and surrounding rocks with high clay content: g
rocks): high friction coefficierstand instable | friction coefficients and stable (aseismic) sliding
(seismic) sliding
Absence of viscoplastic sedimelfiits either | Viscoplastic sedimea (high clay content, carbonate conten
overburderunderburden or reservoir itself) | 7 low differential stresses limit the extent of rupture

D2.6 Induced seismicity in shale gas Copyright © M4ShaleGas Consortium 2015-2017
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5 RECOMMENDATI ONWMS THGRTIHALE GAS
| NDUCED SEI SMICITY

A large number of techniques can be applied during different stages of hydraulic
fracturing(or waste water injectiooperatiors) to assess the hazards and associated
risks of induced seismicityWe here distinguish between mitigating actions before and
during hydraulic fracturing operations.

Before commencingnjection operations:

1. Assessment gbtential maximum earthquake magnitude and assessment of
probability of inducing an earthqka
Analysis of the sitespecificconditionsof the deep sulsurface in terms of
geological and geomechanical properties as discussbd workflow abovewith
focus orthe location and orientation of large faulisformation about the stress
state and mechanical properties of the rac#f related uncertainties can be uised
a slip tendency analysis or QR# determine the criticality of the faults and the
potential for reactivation due tthe plannednjectionoperationsDense seismic
arrays and microseismic arrays can be used to |¢aetiee)faults that are
difficult to detect using reflection seismic, such as small faults and-sligke
faults(BC Oil and Gas Commission, 2014hose aas which have shown a high
seismogenic index durirgprlierinjection operationsanbe avoided

2. Managing the probability of inducing an earthquake
The hydraulic fractung operatios can be designed take place at a safe
distance from large prexistingcritically stressedor seismically activdaults
This safe distance is dependent on the volume of injected fluid, the existence of
fluid pathways from the injectiosite to the fault, the bulgorosity and
permeability of the surrounding rock, the injection pressure anditta in
criticality of the fault and all related uncertaintié#ge amount of conservatism
used in calculating what is considered as a safe dis@depends on the magnitude
of the potential earthquake as well as the projected consequences of the
earthquake.

3. Accounting for uncertainty in analysis by trial period. Compare observed and
predicted response
A trial period with a small injection volume and subsequent monitoring can
provide an indication of the risk of induced seismib#jore commencing a full
scale hydraulic fracturing operati¢@reen et al., 2012)

4. Assessment of hazards amgk related to assumed maximum magnitude
earthquale
Site-specific analysis of the shallow sghrface and surface in terms of slope
stability, presence of wateetaining structures such as dams and dykes,
population density, blding density and construction quality, presence of
vulnerable infrastructure, and potential for ecological and environmental damage
in case of a seismic event.

D2.6 Induced seismicity in shale gas Copyright © M4ShaleGas Consortium 2015-2017
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During the injection operation

1. Traffic light systems fooperatiors when observed behaviour differs from
predicted behaviour
Apply (micro)seismic monitoring durinthe injection operationd®ownie et al.
2010) This can providealuable data about the occurring seismja@pecifically
if observed data differs from the expected behaviSudden or local increasen
seismicity ratesagnitudes, changén wvalue andn particular(micro)seisme
eventdining up in a direction other than the expected fracture dirgatignin the
direction of critically stressed faultse all indicative of fault reactivatiqibownie
et al. 2010; Wolhart et a@2006) (Micro)seismic maitoring can be combined with
protowls for atraffic light system(Green et al2012)where injection is halted
based on quantitative measurements su@rthangeseismicity ratespvalue,
exceeding a predetermined magnitude or ground motion nezasat, or
deviation from the expected fracture orientation.

2. Optimizing hydraulic fracturing operations leading to efficient stimulation with
minimum injected fluid volume
Figure 2b shows that, in general, larger injected volumes are associated to larger
magnitude induced earthquakBgsigningand implementing hydraulic
fracturing scheme that minimigéhe amount of fluid neededlill help in reducing
the potential for indcedseismicity It should be noted that limiting injection
volumes typically leads to less effective fraettnreatmentgésmaller stimulated
rock volume)andsmaller produced gas volum&ptimization of hydraulic
fracturing operations can be performeskufssing on maximum gas production
with minimuminjected fluid volume

3.  Minimizing thezone of induced stress changes and affected volume of rock
One of the potential measures for mitigating induced seismicity and reducing the
impact of pore pressure difion on fault stability is the application of flow back
immediately after the injection phagectively pumping fracking fluid back to the
surface or allowing rapid flow back immediately after the injection phaseslimit
the rock volume that is influenddy the pore pressure chan@e Pater & Baisch
2011;McClure et al2011,Green et al2012) Hydraulic fracturesitiate close to
the injection well and largely during the injection of flsiigration of fluids to
pre-existing faultsduring and posinjectioncan causéault reactivation Limiting
the amount of fracking fluglthat stayn the subsurface limits the distance the
fracking fluid can travel through the rock volunéis technique has been applied
at the Montney Shale in Cana®C Oil and Gas Commission, 2014) addition
to fluid migration and pore pressure diffusion, péagéc effects, stress transfer
by faultslip and thermal effects may play a crucial nolaffecting fault stability
and seismicity during and peisiection.In Segall et al (20%) and De Simone et
al (2017)it is suggestdthata slow (taperedledudion of theinjection rates
before shuin mayreduce the seismicity potential, as opposed to an abrupinshut
of the injection wells. Other injection strategies proposed are a reduction of
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injection pressures over time (McClwea., 2011) and multistage acytlic
stimulation(Zimmermann eal, 2015, Meier et al., 20)5As the interplay

between the mechanisms that drive fault reactivation and induced seismicity is
complex, andhe processesact at different timescales,ame research is needed to
design optimum stimulation strategies hydrauic fracturing or injection in
general.
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6 CONCLUSI ONS

Hydraulic fracturing operations and injection activities for waste water disposal, related
to shale gas operations, may cause induced seismicity. Even though induced seismicity
appears to be associatetlhwonly a small fraction of the injection wells, magnitudes of

the seismic events can be significant and can cause public camciElaimage to

subsurface structureéccordingly, mitigation ofseismicity during shale gas operations

is of crucialimportanceTo further our understanding of what drives seismicity during

the injection operations, we performed a study on an extensive dataset of worldwide
injectioninduced seismicity. Based on the analysis we identiiedimber okey

operational angeological factors for injectiemduced seismicity. We developed a
workflow that can be used to classify European shale gas sites in terms of their induced
seismicity potential, and adapt planned operations to reduce risk of induced seismicity.
The presnceand densityof (critically stressed) large fault structures, and the distance

of the shale gas operations to these fault structures is considered to be the key
geological factor used for classificatidhe netvolume of the injected fluids is

consideed to be a key operational factor. Mitigation meastogesduce the induced
sesmicity potential have been identifiegslich as avoiding injection close to large

critically stressed fault®ptimizing fracturing operations with minimumjected fluid
volumes andthe implementation of traffic light systems based on (ms&ismic

monitoring

D2.6 Induced seismicity in shale gas Copyright © M4ShaleGas Consortium 2015-2017



Page 18

M4ShaleGas
Moracns i ey e A

7 REFERENCES

Atkinson, G. M., Eaton, D. W., Ghofrani, H., Walker, D., Cheadle, B., Schultz, R.,
Shcherbakov, R., Tiampo, K., Gu, J., & Harrington, R. M. (2016). Hyidrau
Fracturing and Seismicity in the Western Canada Sedimentary Basin.
Seismological Research Letters, (87, 631647.

Bao, X., Eaton, D.W. (2016). Fault activation by hydraulic fracturing in western
Canada. Science, November 2016.

BC Oil and Gas Commission. (2012). Investigation of observed seismicity in the Horn
River Basin. BC Oil and Gas Commission.

BC Oil and Gas Commission. (2014). Investigation of Observed Seismicity in the
Montney Trend.

Bohnhoff, M., Malin, P.E., 2017. Resonendations on the occurrence of seismicity
during shale gas reservoir stimulations.

Bohnhoff , M., Malin, P., Heege ter, J., Deflandre, J.P., Sicking, C. (28h@)e gas
seismic monitoring and data evaluati@FZ -report.

De Pater, C. J., Baisch, 011).Geomechanical Study of Bowland Shale Seismicity.
Cuadrilla Resources Ltd.

De Simone, S., Carrera, J., Vilarrassa(2017. Superposition approach to understand
triggering mechnaisms of pestection induced seismicityzeothermics 70
2017, p 8597.

Downie, R., Kronenberger, E., & Maxwell, S. C.Using Microseismic Source Parameters
To Evaluate the Influence of Faults on Fracture Treatments: A Geophysical
Approach to Interpretation. SPE Annual Technical Conference and Exhibition
held in Florence taly, 1922 September

Green, C. A., Styles, P., Baptie, B. J. (2012). Preese Hall shale gasricackeview
and recommendations for induced seismic mitigatiothependent Report
London:UK Department of Energy and Climate Control.

Keranen, K.M., Weigarten, M Abers, G.A., Bekins, B.A, Ge, S. (2018harp
increase in Central Oklahomasmicity since 2008 induced by massive
wastewater injectiorscince, V. 345, P.44851, doi: 10.1126/science.1255802.

McClure, M.W., Horne, R.N. (2011). Investigatiof injectiorrinduced seismicity
using a coupled fluid flow and rate/state friction model. Proceedings of the 36
Workshop on Geothermal Reservoir Engineering, Stanford University, Stanford,
California, Jan. 31 Feb. 2, 2011.

McClure, M.W. (2015). Genetian of large posinjection-induced seismic events by
blackflow from deaeend faults and fractures, Geophys. Res. Lett., 42,-6684,
doi: 10.1002/2015GL065028.

McGarr, A. (2014). Maximum magnitude earthquakes induced by fluid injection.
Journal of Geopysical Research: Solid Earth, 1%, 10081019.

Meier, P.M., Rodriguez, A.A., Bethmann, F. Lessons learned from Basel: New EGS
Projects in Switzerland Using Multistage Stimulation and a Probabilistic Traffic
Light System for the Reduction of SeismicsRiln: Proceedings World
Geothermal Congress 2015. Melbourne, Australia23 @\pril 2015.

D2.6 Induced seismicity in shale gas Copyright © M4ShaleGas Consortium 2015-2017



Page 19

MA4ShalcCas

Osinga, S., Wassing, B., Ter Heege, J. (20bsluced seismicity related to global shale
gas operations: A revieWwNO-report.

Segall. P., Lu, S. (2015). Injectionduced seismicity: Poroelastic and earthquake
nucleation effects. J. Geophys. ReslibEarth, 120, 508%103, doi:
10.1002/2015JB012060.

Wal sch, R. F. and Zoback, M. D. (2015) . Okl a
disposal. Sci. Adv. 2015.

Warpinski, N. R. (2012). Measurements of hydraditecctureinduced seismicity in gas
shalesSPE Production and Operatiof&ugust), 240

Wassing, B., Buijze, L., Heege Ter, J. (20K3y controlling factors for shale gas
induced seismicityM4ShaleGaseport no. 2.2

Wassing, B., Veer van der, E., Heege Ter, J. (2@I@xsification of Bale gas sites in
termsof induced seismicity potentiaM4ShaleGaseportno. D2.3

Wiseall, A.C., Cuss, R.J., Hough, E. (201f) é&xperimental study of the contrals
fracture initiation and propagation in shalé4ShaleGas report no. D1.2.

Wolhart, S. L., Harting, T. A., Dahlem, J. E., Young, T. J., Mayerhofer, M. J., & Lolon,
E. P. (2006). Hydraulic fracture diagnostics used to optimize development in the
Jonah fidd.

Zimmermann, G., Hofmann, H. aBadagli, T., Yoon, J.S., Zang, A., Deon, F., Urpi, L.,
Blocher, G., Hassanzadegan, A., Huenges, E. (20M8)i-fracturing and cyclic
hydraulic stimulation scenarios to develop enhanced geothermal systems
Feasibilityand mitigation strategies to reduce seismic risk. In: Proceedings World
Geothermal Congress 2015. Melbourne, Australia2 3 $pril 2015.

Zoback, M. D.,Gorelick, S. M. (2012). Earthquake triggering and {acgée geologic
storage of carbon dioxide. Prodaggs of the National Academy of Sciences of
the United States of America, 109(26): 10161 68.

D2.6 Induced seismicity in shale gas Copyright © M4ShaleGas Consortium 2015-2017



Page 20

M4ShaleGas
Moracns i ey e A

8 APPENDIXEIASMI C SBURCBERED WAVE
PROPAGATMODELLI NG

Within the framework of the M4Shalegas project, we performed a number of dynamic
ruptureand coupled wave propagation moddlsis modelling work resulted in a
numbe of publications:

Buijze, L., van den Bogert, P., Wassing, B.B.T., Orlic, B., ten Vedm press.Fault
reactivation mechanisms and dynamic ruptaogleling of depletiofinduced seismic
events in &Rotliegend gas reservoir. Netherlands Journal of Geosci@nga®ss).

Wassing, B.B.T., L. Buijze and B. Orlic, 2016. Modelling of faudatevation and fault
slip in producing gas fields using a sijakening friction law. IfProceedings of the
50" US Rock Mechanics / Geomechanics Symposium, Houstae, Zfe 2016.

Wassing, B.B.T., L. Buijze and B. Orlic, 2DIThe impact of viscoelastcaprock on
fault reactivation and fault rupture in producing gas fidild®roceedings of the 5US
Rock Mechanics / Geomechanics Symposian,Franciscp25-28 June 207.

KraaijpoelpD., Paap B., WassingB. Buijze, L. Simulation of induced seismground
motions using coupled geomechanical and seismic models
Http://www.seismo.ethz.ch/export/sites/sedsite/reseanch
teaching/.galleries/pdf_schatzalp/Schatzalp_AbstractBook 2017.pdf

In this appendix, we give a short overview of thedellingwork. For a detailed
description of the modelling work the reader is referred to the above publications.

Dynamic rupture modelling

In the workflow presemd in this reportindicative estimates of magnitudes of seismic
events are obtained either assaiap the largest fault area detected, or associated to
the pressure disturbance resulting from the volumes injected. Using maximum available
fault aredor assessing magnitudesxdassuminghat the total fault area will be
reactivatedmay resulin anoverestimate of magnitudedn the other hand, in case of
critically stressed faultsjolumebased estimaseof seismic magnitudevhicharebased

on the arelaextent of thepressure disturbance, may result in an underestimation of the
magnitudes, as theofential release of tectonic stresses and runaway rupture is not
accounted for. More insight in the extent of seismic rupture, and the total fault area
which is reactivated due to the pressure disturbance, can be derivedi/framic
rupturemodelling of the seismic source and the fault rupture prodagbese models,

the sensitivity of the seismic rupture process (in terms of rupture area, slip
displacements, slip velocities, stress drops, which can ultimately be translated into
seismic moment releasacimagnitudes) to various operational, geological and
geomechanical conditions can be analyzed. Sensitivities of e.g. seismic rupture to
factors such as 4gitu stress conditions, fault orientation and dip, and the criticality of
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the faults in the ambiemstress regime, fault strength and frictional behavior, potential
stress drops, the total amount of fluids injected and the associated spatial and temporal
distribution of the pressure disturbance (due to injection or extnaatifuids) can be
addressed.

We used the stfare codes of [ANA (Buijze et al. 2017) and FLAC3DPTASCA
Consulting Group2013;Wassing et al2016 2017) to analyze the relation between
changes in pore pressures, related fault stress changes and their intpawah
rupturecharacteristics. In the modelling the effects es§itu stress conditions, fault
strength, fault frictional behavior, reservoir and fault geometry and the impact of time
dependent creep on the timing of fault reactivation, the nucleation of seismic avents
the main characteristics of the fault rupture process were analyzed.

FULLY DYNAMIC RUPTURE MODEL

Static model
Initial stresses

Static model
Depletion Phase Pore pressure loading

Static model

Fault slip

Slip weakening friction
Small pore pressure loads

Dynamic model

Inertia effects

Slip weakening friction
Small time steps

Seismic phase

FigureALl. Left: Workflow for dynamic rupture modelling of the fault rupture prodass
FLAC3D. Modelling starts with initializing pressures and stresses in the rocks andfanltee
(initialization phase). Pore pressures are than changed until first fault reactivation occurs
(depletion phasepore pressure loading). At a certain stage no exira pressure loading is
neededor ongoing fault slip, and the nucleation lengflaseismic event is reached (nucleation
phase and seffropagating rupture). At that stage the model computations are switched from
static to dynamic (inertia forces are taketo accouni seismic phase).

Right: Geometry and mesh of the dynamic ruptacalel. Dimensionand lithology shown in
Figure A2

All rupture models were based on a simplified geometry of a producing gas reservoir in
an extensional tectonic setting, which is intersected by a single fault with a dip of 70°
(see FiguréA2 right). Poe pressures in the reservoir were changed (in this case reduced
by pressure depletion from the reservoir), and the evolution of stresses on the fault, the
onset of fault reactivation, nucleation of seismic rupture and the seismic rupices$

were closy monitored.For the workflow used for modelling, see Figé®. The fault

D2.6 Induced seismicity in shale gas Copyright © M4ShaleGas Consortium 2015-2017



Page 22

MA4ShalcGas

in the geomechanical model is modelled by interface elements, and the initial fault
strength was characterized by a Mohr Coulomb failure law, i.e.:

T 6 .,

w h e magis thé maximum shear stress the fault can resist before failure occurs, C is

fault cohesion, §atis the static friction coefficient (which defines the friction
coefficient just befnosrthe effechve noomalstess orotie f ai | ur
fault.

A slip-weakening friction law wagsedto model the posfailure evolution of friction
during fault slip Buijze et al 2017. Wassing et al. 201@hich is defined by three
parameters: i.e. the critical skiistance [9, the static friction coefficientgirand the
dynamic friction coefficient gn. (See also FigurA2 left). Here, Q3is the critical slip
displacement for friction to reduce to a residual vale (Modelling shows thathe
static and dynaiu friction coefficients and the critical slip distancei®combination
with the initial stress conditions have a large influence on the stress drop of an
earthquake and the propagation of slip along the,faeltonthe final rupture length
and the gtent of the rupture outside the area of pressure disturlfiongaore details
seeWassing et al 2016, Wassing et al 2@hd Buijze et al 2017

FigureA3 presents the results of the static depletion and nucleation phase, for both a
fault without and wih 100m offset. The figure clearly shows the effect of fault offset
(and pressure loading) on the fault reactivation and nucleation of a seismic event. In
case ofano offset fault, the fault is reactivated at a later stage of pore pressure
depletion. Geomtry-enhanced stressing (additional shear stresses which occur due to
differential movements along the fault which are caused by the offset of the fault)
promotes fault reactivation and seismicity at an earlier stage of depletismicSei
rupture charactestics (see Figuréd4) in both cases modelled are quite different, i.e.
reactivated fault area, fault slip, stress drajip, velocities and duration of seismic
rupture are largr in case of late reactivation (no fault offset) than in case of early
reactivation (100m fault offsesee Wassing et al. 201at foackground of the

modelling, such as initial stress conditions, fault strength parameters).
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FigureA2. Model geometry (left) and slip weakening material law (right) used for modelling

friction a | fault behavior, wi §fand@Raehidnistiressofrpar am
pressure changes are imposed on the Slochteren sandstone.

Although present work focused on the stress evolution and fault rupture dynamics in a
conventional prodcing gas reservoir, a similar approach can be used to model fault

rupture due to injection for shale gas hydraulic fracturing otemaater disposakge
alsoBuijze et al2015).
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FigureA3 Evolution of pore pressures, nornedlective stress, shear stress and fault
criticality in terms ofshear capacity utilization (SCU) and friction angle with onggioge
pressure depletion ithe reservoir.

Upper graph) Reservoiwith fault without offset. The onset of fault reactiwst oaccurs at a
pressure decreasé 24.3 MPa (SCU=1 at the top of the reservoir). From R4Pa onwards the
reservoir is further depleted up to 25.9 MPa, and as the fault slips during ongoing depletion,
friction angle and shears stress gradually drop. At 2528, Mvhera nucleation length

(presented as a small black Inaixt to the graphof gpproximately30 m is reached, fault slip
accelerates and is sgifopagating, marking the onset of a seismic event. At that stage
computationsn FLAC3D are switched tthe dynamic mode (see Figure A2).

Lower graph) Reservoir intersected by a fault with 100 m offsethis case,he fault segment
at the top of the hanging wall block is already critically stressed at the start of depletion
(SCU=1) The onset of fault reagtition is observed right after the start of depletion, and the
critically stressed area graduatlyowsdownwards and friction angles and shear stresses
gradually drop until a pressurepletionof 3.7 MPa. At 3.7 MPa depletion, at a nucleation
length of ® m, fault slip accelerates, marking the onset of a seismic event. Reservoir geometry
is presentedn the right: lightpink : Slochteren reservoir sandstone, brown: Ten Boer
claystone, lighblue: anhydrite, grey: halit&ource: Wassing et al 2017.
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FigureA4 Evolution of fault slip displacements, shear stress, friction angle andeshigity
during fault rupture.

Upper graph) Reservoiwith a fault without offset. Fault rupture starts at the top of the
reservoir rocks (in the Ten Boer claystonelfirae t=0 s.Therupturefront propagates
downwards into the reservoir andderlying rocksDuring fault rupture, fault friction over the
entire reservoir section dropsdeesidual value of 24.2°, causing a drop in shear sfsess
called stress drop) &3 MPa. Slip velocitieseachup to1.8 m/s after 0.16 s. After 0.28 s
rupture stops and the total seisrsiip reached is around 0.08 m.

Lower graph) Reservoir intersected by a fault with 100 m offset. Fault rupture starts at the top
of the reservoir ithe hanging wall block (in the Ten Boer claystong)raét=0 s, at a pressure
depletion ofaround3.7 MPa.Therupturefront propagates downwards into the reservoir.
During fault rupture, the fault friction angle over part of the reservoir section dregedaual
value of 24.2°, causing a drop in shear st(esess drop) of-B MPa. Slip velocityof up to 0.5
m/sare reabedafter 0.16 s. After 0.24 s rupture stops #retotal seismic slips around
0.025m. Reservoir geometis/presentedn the right: lighipink: Slochteren reservoir
sandstone, brown: Ten Boer claystone, lighte: anhydrite, grey: halit&ource: Wasing et al
2017.
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