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Abstract

Enhanced Geothermal Systems (EGS) are an attractive source of low-carbon glacailidieating
Consequently, a number of tests of this technology have been made during the pastfabeghdes
and various projects are being planned or under development. EGS work by the injefttiiohiratb
deep boreholes to increase permeability and hence allow the circulation ind be#uid through a
geothermal reservoir. Permeability is irreversibly increased by the geneddtimicroseismicity
through the shearing of pre-existing factures or fault segments. One aspéxtexhhology that can
cause public concern and consequently could limit the widespread adoption of EGSothiasied
areas is the risk of generating earthquakes that are sufficiently lafge felt (or even to cause
building damage). Therefore, there is a need to balance stimulation and exploitétiergeothermal
reservoir through fluid injection against the pressing requiremergep the earthquake risk below an

acceptable level.

Current strategies to balance these potentially conflicting requirementsnrelytraffic light system
based on the observed magnitudes of the triggered earthquakes and the measured peak ground
velocities from these events. In this article we propose an alternative shiatamses the actual risk of
generating felt (or damaging) earthquake ground motions at a site of intagest fearby town) to
control the injection rate. This risk is computed by combining characteristidhe observed
seismicity of the previous six hours, with a (potentially site-specifigurgt-motion prediction
equation to obtain a real-time seismic hazard curve, and then the convolution ofitthithey
derivative of a (potentially site-specific) fragility curve. Based on thegtiosl between computed risk
and pre-defined acceptable risk thresholds the injection is: increased rigkthe below the amber
level), decreased (if the risk is between amber and red levels) or stopped confifi¢hel risk is
above the red level). Based on simulations using a recently developed model of induced saismicity
geothermal systems, which is checked here using observations from the Basel BG3riicle it is
shown that the proposed procedure could lead to both acceptable levels of risk anedncreas

permeability.
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1. Introduction

Current strategies for Enhanced Geothermal Systems (EGS) stimulation and explsé@aki to avoid
potentially damaging earthquake ground motions by keeping the magnitude ofgtst Erent (or
perhaps the largest peak ground velocity, PGV) below a certain level througb-diiéed ‘traffic
light” procedure (Bommer et al., 2006). Rather than use thegard parameters, it would be better to
seek to keep thesk, calculated by convolving the hazard curve and an appropriate fragility curve,
below an acceptable threshold. An appropriate fragility curve could be one charactérising
probability of feeling an earthquake given a certain ground-motion level. oda¢ population is
concerned with the risk that they are exposed to rather than the hazard level, wdiffibuis to
appreciate and is not a direct measure of the potential impact on people dfiseidmis article
presents how this could be done using: a recently-developed physical model of inducedtgeismi
from fluid injection (Aochi et al., 20135 ground-motion prediction equation (GMPE) developed for
EGS applications (Douglas et al., 2013a) and an example fragility curve expresstiwaiice of

feeling earthquake shaking. The proposed protocol is tested for a hypothetical reservoir

Bachmann et al. (2011), extended by Mena et al. (2013), proposed a similar approach based on
observations from the induced Basel 2006 earthquake sequence coupled to a macroseisityic inten
prediction equation (IPE, e.g. Cua et al., 2010). These studies were based on eppeafietshock
sequence models of seismicity rather than full physical models. Bachmann et al. (2011)nanet Me

al. (2013) used the actual injection history as an input to their calculatiotieludid not try altering

the injection (flow)rate, although this could have been done. Convertito et al. (2012) undertook
similar analyses (although they did not go as far as computing the riskhdoGeysers (California)
geothermal field over a period of roughly three years but, as it is arvatiseal study, the effect of

varying the injection rate to control the hazard (or risk) was not studied.



In the following section the proposed approach is outlined. Testing of this appetiashon being
able to simulate induced seismicity and the influence of fluid injection on tlemisgy and the
permeability of the reservoir. Therefore, in the subsequent section the simplatbedure developed
by Aochi et al. (2013) is checked using the injection history and associated aketltgtalogue from
the Basel EGS experiment of December 2006. In Section 4 an injection protocol is profogaaif
the philosophy adopted here in which the risk is controlled and tested for vaxémasigs. The article

ends with a discussion and some brief conclusions.
2. Proposed approach

As shown by, for example, Kennedy (2011) the seismic risk can be obtained by the soislalled r
integral, in which the seismic hazard curve (derived by probabilistic seismic hazasbrasnt,
PSHA) and the derivative of the fragility curve, which is often modedked lognormal probability
distribution function, are convolved. As discussed by Douglas et al. (2013b), the technique of ‘risk-
targeting’, based on the risk integral, is being used to develop the next generasigisroic design
maps in some countries (e.g. the USA). In this approach the fragility curve, exprbssprobability
of collapse given a certain level of ground motion, is moved left (imphyigaker buildings) or right
(implying stronger buildings) to obtain a design map (representing the gratiwhsithé should be
designed against) that would lead to a uniform level of risk natiorgdlgause these maps consider
natural seismicity, for which the hazard cannot be changed, it is the vulngredzlitis altered (by
imposing stricter or laxer building requirements) to change the risk leveEG8rthe vulnerability of
the neighbouring buildings (or sensitivity of the local population) cannot teeedl However,
because the hazard can potentially be controlled by the operator, in this case it iartheuraz that

is modified by adopting a different reservoir stimulation/exploitationreeh& his observation and the

risk integral are the basis of the procedure proposed here.

! Another way of reducing the risk would be to reduce the exposure by developing EGS away from populated
areas. However, because of the dual use of these systems to produce heat for buildings (in addition to
electricity) it is often preferable, from an energy efficiency point of view, for them to be developed close to a
town that can use the generated heat.



In the proposed procedure the hazard curve is iteratively updated as time progmesesaghquakes
occur (or do not occur). PSHA for a point source (reservoir) and a sing(e.siteentre of the local
town) (roughly the situation of interest for EGS) is straightfodwvétrcan be conducted in a couple of
simple integration loops based arandb values of the Gutenberg-Richter relation for the earthquake
catalogueof the reservoir (or extrapolated into the future since these parameters changeeyitnt

an appropriate GMPE for PGV, e.g. those recently developed by Douglas et al. (2023aheN
fragility curve expressing the probability of the population feeling earthquakenghgiken a level of
PGV is required. This could be taken from the literaturetarould be developed to produce site-
specific curves based on felt/non-felt reports (macroseismic intensity Sepod the maximum-
likelihood method (e.g. Shinozuka et al., 2000), for example. These could even be updated as data
becomes available for a specific EGS. Here we use the modified-Mercalliitynt@ddl)-PGV
correlations of Worden et al. (2012) as the fragility curve. The PGVs given doguhie for 10%,
75% and 95% probability of being felt roughtgrrespond to the thresholds of ‘Just perceptible’
(0.1cm/s), “Clearly perceptible’ (0.65cm/s) and ‘Disturbing’ (1.3cm/s), respectively, of the traffic light

system of Bommer et al. (2006).

A one-step method of estimating the earthquake risk is to use IPEs, which directtt tired
macroseismic intensity, rather than GMPEs and fragility curves. This appi®aiciiowed by

Bachmann et al. (2011) and Mena et al. (2013), for example, to obtain curves tkat é¢Rprannual
frequency of exceedance for different macroseismic intensities. We dolout flois direct approach
here for two reasons. Firstly, it is less flexible than the two-step ggamed, secondly, it is more
difficult to make it site-specific since IPEs are generally developeceritire countries or even
tectonic regimes (e.g. active crustal seismicity) whereas GMPESs can be tailersgdcific site and
fragility curves can be developed for a certain structure type or populatiem the lack of robust
IPEs means that accounting for epistemic uncertainties through a logic ti&ar(iK et al., 1984) is

more difficult since there are fewer candidate IPEs than GMPEs and fragility curves.

By convolving the seismic hazard curve and the derivative of the fragility cimeeseismic risk

expressed in terms of the annual probability of feeling an earthquake, aimthatep is computed



This annual probability could be converted to a daily probability, which i€ malevant for EGS
operations and felt/non-felt shaking. Next, this probability is compardtettevel of acceptable risk
for the local population. If the computed risk is less than the acceptabtbaiskhe EGS stimulation
can continue (and perhaps be increased) but if it is higher, then actions should be.¢akedction

in injection rate). Details of the protocol developed here are given in Section 4.

3. Checking the simulation approach of Aochi et al. (2013)

Testing of the approach proposed here relies on the ability to simulate eartlatelkgues for
induced seismicity that are a function of the injection characteristicsotmed properties of the
geothermal reservoir. Various models have been recently developed to simulate soghestédor
example, Bruel (2007) presents a physical model to predict the seismicity of agabtieservoir, as
do Hakimhashemi et al. (2013) who go the extra step and use their procedure to comgute t
dependent seismic hazard. Goertz-Allmann and Wiemer (2013) also simulate inducedtgeaisii

to pressure-driven stress changes (a linear diffusion model of pore pressuréMahd-@oulomb
criterion) and they discuss the characteristics of the generated seismithis #iticle we use the
recently-developed simulation technique presented by Aochi et al. (20&Bjng use of a ‘fault
lubrication approximation’, in this technique the equations within the volumetric fault core are
projected onto the 2D fault interface along which seismicity takes placen itfinite permeable
zone of variable width. The seismicity is then mostthrough a system of equat®aescribing fluid
migration, fault rheology, fault thickness and stress redistribution from shpauring, triggered

either by shear loading or by fluid injection.

Since the reliability of the stimulation protocol presented below strongly deperttie ability of the
adopted simulations to model observed behaviour in geothermal reservoirs anddbd saismicity,
in this section we check the approach of Aochi et al. (2013) against obserwaiorsn EGS. The
observations from the 2006 Basel stimulation experiment (Haring et al., 2008) Veetedséor this
test. We impose the injection history and check the calculated pressure dmpliadartcatalogue

against the observations. Earthquakes with moment magnitudes larger than 1 aredsduelavethe



size of the smallest factures considered. The moment magnitudes of the obsdhauhlezs are
those recomputed by Douglas et al. (2013a) from the seismic waveforms. For the earthquake catalogue
the comparison is made in the time domain and also in terms of the magnitude-frequeibcyialistr

(Gutenberg-Richter plots).

We make two modifications to the simulation procedure presented in Aoghi(8013). Firstly

introduce a normal stress() on which the constitutive relation of permeabiliky(Miller et al.,

O_n
k=K exp = |,
Oy

where x, and o, are constants. Secondly, we introduce a multi-scale heterogeneity in faulthstrengt

2004) is dependent:

in analogudo the approach of Ide and Aochi (2005) and Aochi and Ide (2009). We consider a set of
circular patches of different sizes (radjj=2"r, for rank n) whose number follows this scaling

relation:
-2
N,=D""N,,
wherer,, D, and N, are constants and the integer O to 6.

Details of the seismicity are dependent on the asperities randomly genergitedmodel. As the
positions and sizes of fault asperities cannot, with current technology and pescdshimeasured
before injection, there is always uncertainty in the seismicity that sithtbuced. To characterise this
uncertainty, earthquake catalogues for the 2006 Basel injecti@blan simulated a hundred times

for different initial generated asperities (Figures 1 and 2). The pareaneted for all treem examples
are: k, =3x10"°m?, 6, =6x1FMPa,D = 1.5, andN, = 14; the other parameters are the same

in Aochi et al. (2013).



Comparing the hundred simulated catalogues (Figure 1) shows the importance rahdbe
distribution of the asperities at all magnitudes. The size of the latgistj@ake is controlled by the
largest asperities (see below). The difference in temporal evolution originates tfrenspatial
distribution of the asperities. The simulated seismicity shows great eaystimetimes the seismicity
begins at the start of the injection and many earthquakes are generatstimwdiiher cases few
events are induced. The largest event occurs during the period of the higheisinimgetin some

cases or it happens following the reduction in the injection rate, as waseabgethe 2006 Basel
experiment. These scenarios clearly demonstrate that it is important to take into account mamy possibl
scenarios within a risk assessment for induced seismicity. In the magn#qgdes+icy relation (Figure

2) the observations are roughly in the middle of the simulations, although the sinsukdtow large

variations on either side.

4. Application of proposed method

In this section we develop a protocol for the stimulation of the EGS resémabiseeks to keep the
risk of felt shaking below a certain threshold. This protocol is developed the induced seismicity
simulation technique presented in Aochi et al. (2013) and tested above. The diffggent i
components required for these simulations are presented in the following subs@stanse of the
short time scales considered, all the analyses are conducted for daily rather thamareadance

frequencis, which are standard for PSHA of natural seismicity.

In all these examples it is assumed that the hypocentral distaggeb@@ween the reservoir and the

site is 5km, which roughly corresponds to a site directly above a reservoir being exploited as part of an
EGS and a reservoir that is small enough to be assas#goint source. The impact of changing this
distance is simply to scale up or down the hazard and consequently theheslksodrcee-site
distance has a strong impact on the ground motions experienced at a site. Thereforeisihitieyse

was particularly shallow it could be difficult to keep the risk of felt shaking belowe@eptable level.



Length of time used for PSHA

Standard PSHA relies on the assumption that the seismic hazard is statidimaey This assumption

is, however, clearly violated in the case of induced seismicity. In this caseetéssary to assume a
period over which the seismicity can be considered stationary. We have seledtedrsifor this

period because, as noted below, this was the interval between potential soredsereases in the
injection rate within our procedure. Using a shorter period (e.g. 1 hour) woulkl tekisk change

more rapidly whereas using a longer interval (e.g. 24 hours) would lead to more gradual changes in the
risk. Because in each time interval there are often too few earthquakes toeamplitist estimate of

the slope If) of the Gutenberg-Richter relation this value is fixepriori and the activity rateaj is
computed based on the number of earthquakes larger thah $¥inulated during the previous six
hours. As shown in Figure 2 the magnitude-frequency relations of the simuléaatgas show
considerable variation. Therefore, we consider the impagtoof the results by using values of 0.5, 1

and 1.5, which cover the range observed for the simulatoissthen normalized to give the number

of earthquakes per day (assuming stationarity) so that the daily oskaismied. After each time-step

of the simulations (one second) these parameters are updated and consequently thendthazard a

subsequently the riglecalculated.

M e

Mmax iS the magnitude of the largest earthquake that can occur in the reservoir. It is used to truncate the
relation defining the magnitude-frequency distribution (e.g. Gutenberg-Rielaéon). Kijko (2004)
presents three approaches to estimatg, Mased on earthquake catalogues. The equations for his Case

I (‘Use of the Generic Formula when earthquake magnitudes follow the Gutenberg-Richter magnitude
distribution’) were tested here for the catalogues in each interval. Because for maratisimauhere

are few (or even no) events in a given six-hour interval the estimateg,Qfobtained using this
approach show great variation from one interval to the next. In general réhpga estimates of the

maximum sizes of future earthquakes because the seismicity is non-stationary.



Therefore, estimating My from the on-going simulations would not account for the occurrence of
events much larger than had already been observed during the injection. Thus, we choose to define this
parametera priori. M.y is difficult to define for induced seismicity (e.g. Bachmann et al., 2011);
although McGarr (1976) and Shapiro et al. (2013) present formulae to edtwsgbarameter based

on gross characteristics of the reservoir and injected volume. Here, we UsstiM..,=5, which as

shown below is a reasonable assumption given the sizes of the randomized fachireghwit
reservoir and with respect to the magnitude-frequency plot shown in Figure 2. Subsequently
discuss the impact of this choice on the computed risk. We use the doubly-truncatecei@utenb

Richter relation as the model of earthquake occurrence.
GMPE

Douglas et al. (2013) develop a set of GMPEs using the stochastic method to ancepigtémic
uncertainties and to allow site-specific PSHA to be conducted. The selectione@iding of the
stochastic GMPEs for site-specific analyses is discussed by Edwards and Douglasusi@ij e
example of Cooper Basin EGS. For simplicity, within this article the empirical BEPE (model 1,
corrected for site effects) of Douglas et al. (2013), i.e.. In PGV=-9.999+1 96405
In(Ryy,+2.933)"%0.035R,, is used (where PGV is in m/s). Because in the case considered there is a
single source (reservoir) and a single site, the aleatory variakiitio (oe used with the GMPE is
given by: o=(psé+1,57) where ¢ssis the single-station within-event variabjlitnd 15 is the zone-
specific between-event variability. Usiqgs andtzs reported by Douglas et al. (2013) gives a ¢ of

0.81 (natural logarithms).
Fragility curve

With respect to seismic risk, the first goal of EGS exploitation is not to induce earthquakes that are felt
by the local population. Therefore, the measure of risk considered in this &rtihe probability that
earthquake ground motions will be felt. As shaking widely felt by the jmmalilation corresponds to
macroseismic intensity Il (on the majority of scales, including the ModNedcalli), the fragility

curve used here is that modelled by the relations of Worden et al. (2012) for this intensity.
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The exceedance probabilities computed by Bachmann et al. (2011) and Mena et al. (2013) for
Basel sequence using macroseismic intensities show that the probability otyritéiif&lt shaking)

is close to unity throughout the injection period. Therefore, it may be bettase the thresholds on
the risk of higher intensities that show greater sensitivity to theimjecite. As shown by Eads et al.
(2013) for collapse risk, the majority of the risk calculated by convoliadhazard and derivative of
the fragility curve comes from the lower half of the curve, i.e. small but frequennd motions
Therefore, the lowest level for which shaking can be felt is importacbristrain but currently this

threshold is poorly known, particularly for induced shaking.

Acceptable risk

The question of what seismic risk is acceptable to the local population playsra oalet in the
procedure but it is probably the most difficult parameter to constrain simepdénds on the local
population (e.g. their reaction to EGS in general, their fear of a future largeeke, the
background seismicity and whether the number of felt earthquakes was increaf#geasing) and
there are very few published studies on the acceptability of EGS. Is one felt earthquede a
acceptable? What about one felt earthquake a month? Or a weekRiAof local populations’
reaction to previous EGS operations and earthquake swarms (e.g. Basel 2006) could belefinde to
this acceptable risk by, for example, retrospectively estimating the rigkiah the decision was
made to halt injections. Because of the lack of previous studies on thiseparame condued a
sensitivity analysis for two risk thresholds: one above which the riske&lglunacceptable and

injection must cease (red) and one below which the EGS operator should aim to remain (amber).

Exploitation strategy

The fluid injection rates and the steps between different rates faxpteitation strategy proposed
here are based on those employed in recent geothermal projects (see Figure ihjBatite history

used at Basel). For Cooper Basin (Australia) Baisch et al. (2006) show thatebeavere less than
about 40 L/s with steps of about 5 L/s between different levels; fornBgli Salvador) rates on

average were 15 L/s according to Bommer et al. (2006); at Soultz raeegevarally lower than 50
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L/s with steps of about 10 L/s (Charlety et al., 2007); and at Basel the maxinewwvasaabout 60 L/s
with steps of around 10 L/s (Haring et al., 2008). Generally injectbes rwere generally kept

constant over a certain period (e.g. roughly 12 hours for Basel) before being increased or decreased.

The following injection strategy was developed after much trial and erraadtdifficult to choose
risk thresholds that led to a sustainable injection history (i.e. one that didcredse to large rates
that are unrealistic with respect to recent geothermal projects or one where the raseseddorzero).
We recognise that other strategies are possilllee purpose of this article is to demonstrate the

feasibility of using computed risk to control injection.

At the beginning of the simulation the fluid injection rate is set to fBDwthich is well below the
maximum rates used for EGS stimulations and unlikely to cause much seis@digsequently the
risk should stay below the amber threshold during the initial injection pdriaseismicity is then
simulated using the same approach as used in the previous section and subsequently the hazard and
risk are computed using the input parameters discussed above. Once the risk has been tbenmgputed
are two possibilities: either the risk is lower than the (amber) acceptaklthreshold or it is higher.

In the first case the injection rate could be increased and in the sesbodld be decreased (or if the
risk is above the red threshold then the exploitation should be completely halted and t®rregul
informed). The simple algorithm used to define the exploitation stragegjyown in Figure 3. It was
decided not to allow the injection rate to be changed too often so as to let theityeiabilize and
because it may be difficult from amperator’s viewpoint to constantly change the injection rate. Using
thea (converted to a daily rate) abdsalues given by Bachmann et al. (2011) for the injection period,
in conjunction with the other input parameters used here [e.g. the PGV @MPtRe fragility curve

for intensity Il of Worden et al. (2012)] a daily risk of felt motionasacomputed as 0.7 for Basel
which informed the value we chose for the amber threshold. Following variouswestsally

selected 0.8 for the amber threshold and 0.9 for the red threshold.

12



Smulations

Firstly, we conduct six simulations assumiogl and M,.,=5, where the influence of the randomly-
generated asperities is studied (Figure 4). The exploitation strategy desdydyedis implemented
and allowed to run until either the injection is brought to an end because trseinisisses the red

threshold, or the seismicity ends because all the asperities have ruptured.

As noted above there is uncertainty over the valuetofuse for these simulations and, therefore, we
repeat the same simulations ushw0.5 and 1.5 (Figures 5 and 6). The same heterogeneity map is
assumed for each panel, e.g. the same map for Figures 4(a), 5(a) and 6(a). AlssQrbifigigure 5)
leads to a higher estimated risk (because there are more large earthquakesipeetl consequently

the injection is stopped in all the cases. In contrast, assumih§ (Figure 6) leads to much lower

risk estimates and hence higher injection rates are allowed.

When Myaxis reduced to 4 or even to 3, it is expected that the estimated risk woulgl grdatde and

hence higher injection rates would be authorised by the exploitation strategy. Housagrlow
values of Mhax is not justified for many of the simulated reservoirs because of the largdiaspbet

are present. Only if the reservoir could be sufficiently well imaged so thasitle of the largest
possible earthquakes caused by the injection could be accurately estimated woulghwsgalges of

M max b€ justified. Given current techniques for reservoir imaging this is not possible. As an example of
what could be envisaged if such imaging techniques were available, the largegtiaaas possible

for the six simulated asperity networks are computed using the size of the lapgesy as roughly
estimate M. The largest patch that can be potentially ruptured has a rajlios 960 m. Initially
without any change in pore pressure, the possible stress drop is 3.5 MPa, computed usiregneedif

between static and dynamic frictional coefficients of 0.05 and an effective noresd efr70 MPa.

The relation between sliDj and stress drop/Az) on a circular crack is given bt = Z—Zug
(Madariaga, 1979), wherg is the rigidity of the medium. Therefore, we estimate 0.08 m in this

case. This corresponds then to an event pEM.5, which could be used as.M

13



5. Discussion

The slope of the Gutenberg-Richter pliot ¢omputed at each time-step does not show much variation
over the entire period of injection and hence it is the activity &téhét is the principal driver of
variations in the hazard and, consequently, the risk. In addition, plotting the hazasl abiained at
each time-step shows that they are generally almost straight in |spéag over many orders of
magnitude. Kennedy (2011), amongst others, shows that if the hazard curve can be siasphfied
straight line in log-log space then, for the case of fragility curvpseeged in terms of a lognormal
distribution, the risk can be calculated analytically. Working backwards, agganconstanb, allows
thresholds on the rate of earthquakes to be defined. These could be used to eoinpattthn rate
rather than requiring the actual risk to be calculated. Alternativehapiisoach would also allow the
relation between the magnitude of the largest observed earthquake and the lgskl tof be

analytically defined, thereby returning to a classic traffic light system.

How could the protocol presented above be used by an EGS operator for a speziboaiteay in
which this study could help guide EGS stimulation would be to run this type of analysissitieing
specific inputs (e.g. i, fragility curves, GMPEs and reservoir parameters) to provide guidance
therates of injection that are ‘safe’ from the risk viewpoint. However, many of the parameters used to
characterise the reservoir and control the seismicity are difficdiéfine and, therefore, it is unlikely
that this guidance would provide strong constraints on the acceptable injegtiegystThe other way
in which the protocol could be useful is to implement such real-time risk cadoglatsing the
observed earthquake catalogue induced by the injection and then to adjust the injgetionthie
same way as it was in the simulations. Such an application would rely, howevie datéction,
localisation and characterisation of the microseismicity in near real-timeore sophisticated
approach would be to simulate an earthquake catalogue for the next, say, siusimayitieplanned
injection rate and check whether this would lead to an acceptable levsk;oif mot, the planned

injection rate could be altered and the simulations re-run until the risk is aceeptabl
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6. Conclusions

This article proposes a new approach to define the injection strategy for usetimhéating an EGS

for power production. This approach is based on the calculation of risk via thimtegkal that
convolves a (site-specific) real-time hazard curve with a (site-specific) fragititfion. The proposed
protocol then seeks to keep the calculated risk below certain acceptable thresholds but at tfme same t
increasing the reservoir’s permeability. Using a method, which was checked in this article against
observations foan actual EGS, to simulate earthquake catalogues of induced seismicity that are a
function of the fluid injection rate we demonstrate that this protocolen#iese two requirements to

be balanced.
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Figure 1: Comparison between the observed and a hundred simuldiepiaiee catalogues and pore pressure changes for
the 2006 Basel injection. The imposed injection rate is shown as a geein leach paneA hundred sets of simulated
seismicity (red dots) based on different distributions of randomlyrgeste asperities are shown as a function of time and
magnitude. The observed earthquakegXl) for the 2006 Basel injection are marked by blue dots in therhddft panel

The wellhead pressure is compared between observations (blusiranations (red) in the right bottom panel for a single

simulation because the wellhead pressure is only weakly depemdia seismicity in this example
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Figure 2: Comparison between the observed (redl éind simulated (grey lines) Gutenberg-Richter plots for the 2006 Basel
injection. Simulation 83 (black line; ninth row, third column on Fegll) appears to be the simulation giving seismicity the

closest to the observations.
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Figure 4: Simulations of the injection and induced seismicity usingxpleitation strategy of Figure 3 and assumbwl.
We ran six different simulations whose heterogeneity was randomly genéragedimulated seismicity is shown by black
circles as a function of time and magnitude, the number ofcqeeakies per hour by grey histograms, the risk of felt shaking

by yellow curves, the injection rate by blue lines and simulated well{veadure by red curves.
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Figure 5: Simulations of the injection and induced seismicity assuoridid.
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Figure 6: Simulations of the injection and induced seismicity assuoribg.
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