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Abstract			The	ܯ௪	3.2‐induced	seismic	event	in	2006	due	
to	 fluid	 injection	at	 the	Basel	geothermal	site	 in	Switzer‐
land	was	 the	 starting	point	 for	 an	 ongoing	discussion	 in	
Europe	 on	 the	 potential	 risk	 of	 hydraulic	 stimulation	 in	
general.	 In	 particular,	 further	 development	 of	mitigation	
strategies	of	induced	seismic	events	of	economic	concern	
became	 a	 hot	 topic	 in	 geosciences	 and	 geoengineering.	
Here,	we	present	 a	workflow	 to	assess	 the	hazard	of	 in‐
duced	 seismicity	 in	 terms	 of	 occurrence	 rate	 of	 induced	
seismic	 events.	The	workflow	 is	 called	Forward	 Induced	
Seismic	 Hazard	 Assessment	 (FISHA)	 as	 it	 combines	 the	
results	 of	 for‐ward	 hydromechanical‐numerical	 models	
with	 methods	 of	 time‐dependent	 probabilistic	 seismic	
hazard	 assessment.	 To	 exemplify	 FISHA,	we	 use	 simula‐
tions	 of	 four	 different	 fluid	 injection	 types	 with	 various	
injection	parameters,	i.e.	injection	rate,	duration	and	style	
of	 injection.	 The	 hydromechanical‐numerical	 model	 ap‐
plied	in	this	study	represents	a	geothermal	reservoir	with	
pre‐existing	 fractures	 where	 a	 routine	 of	 viscous	 fluid	
flow	 in	 porous	 media	 is	 implemented	 from	 which	 flow	
and	 pressure	 driven	 failures	 of	 rock	 matrix	 and	 pre‐
existing	 fractures	are	simulated,	and	corresponding	seis‐
mic	 moment	 magnitudes	 are	 computed.	 The	 resulting	
synthetic	 catalogues	 of	 induced	 seismicity,	 including	
event	 location,	occurrence	time	and	magnitude,	are	used	
to	 calibrate	 the	magnitude	 completeness	ܯ	 and	 the	pa‐
rameters	 a	 and	 b	 of	 the	 frequency‐magnitude	 relation.	
These	 are	 used	 to	 estimate	 the	 time‐dependent	 occur‐
rence	rate	of	 induced	seismic	events	 for	each	fluid	 injec‐
tion	 scenario.	 In	 contrast	 to	 other	 mitigation	 strategies	
that	rely	on	real‐time	data	or	already	obtained	catalogues,	
we	 can	 perform	 various	 synthetic	 experiments	 with	 the	
same	 initial	 conditions.	 Thus,	 the	 advantage	 of	 FISHA	 is	

that	 it	 can	 quantify	 hazard	 from	 numerical	 experiments	
and	 recommend	 a	 priori	 a	 stimulation	 type	 that	 lowers	
the	occurrence	rate	of	induced	seismic	events.	The	FISHA	
workflow	is	rather	general	and	not	 limited	to	the	hydro‐
mechanical‐numerical	model	 used	 in	 this	 study	 and	 can	
therefore	be	applied	to	other	fluid	injection	models.	
	
	
Keywords			Seismic	hazard	•	Induced	seismicity	•	
Numerical	modelling	•	Reservoir	geomechanics	•	
Hydraulic	fracturing	
	
	
1. Introduction	
	
To	enhance	permeability	of	georeservoirs,	the	stimulation	
of	rock	mass	by	means	of	fluid	injection	under	high	pres‐
sure	 is	a	common	practice.	This	so‐called	hydraulic	 frac‐
turing	is	well	known	since	the	fundamental	paper	of	Hub‐
bert	and	Willis	(1957)	has	been	applied	widely.	However,	
in	the	past	decades,	the	accompanying	induced	seismicity	
became	a	problem	not	only	at	geothermal	reservoirs	but	
also	in	connection	with	other	types	of	underground	min‐
ing	activities	such	as	hydrocarbon	exploitation,	as	well	as	
potash	 and	 coal	 mining	 (Evans	 et	al.	 2012;	 Majer	 et	al.	
2007,	2012;	Grünthal	2013;	Suckale	2009,	2010).	 In	par‐
ticular,	 in	 Europe,	 the	 induced	 events	 at	 the	 geothermal	
site	 in	 Basel	 (Switzerland)	 related	 to	 fluid	 stimulation	
௪ܯ) ൌ 3.2	 in	 2006;	 Häring	 et	al.	 2008;	 Deichmann	 and	
Ernst	2009;	Deichmann	and	Giardini	2009)	and	in	Landau	
(Germany)	 due	 to	 a	 shut‐in	 in	 the	 production	 phase	
௪ܯ) ൌ 2.6	in	2009;	Grünthal	2013)	were	the	nucleus	of	an	
intense	and	ongoing	discussion	since	both	sites	are	 situ‐
ated	 in	 the	 suburb	of	 the	 respective	 cities.	 For	 the	Basel	
geothermal	 site,	 the	 induced	 event	 even	 resulted	 in	 the	
termination	 of	 the	 whole	 project.	 We	 consider	 such	
events	 and	 use	 here	 the	 abbreviation	 SEECo	 for	 Seismic	
Events	of	Economic	Concern	following	the	arguments	and	
definition	 of	 Grünthal	 (2013).	 The	 magnitude	 of	 the	
SEECo	changes	from	site	to	site,	e.g.	in	remote	areas	such	
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as	Cooper	Basin	 in	Australia	or	 in	areas	where	the	back‐
ground	 seismicity	 of	 natural	 tectonic	 events	 is	 high,	 the	
magnitude	 level	 of	 SEECo	 is	 higher	 compared	 to	 urban	
areas	 with	 vulnerable	 infrastructure.	 Furthermore,	 the	
change	of	the	occurrence	rate	of	SEECo	that	is	acceptable	
due	 to	 the	man‐made	 changes	 of	 the	 in	 situ	 stress	 state	
also	 depends	 on	 the	 individual	 regulatory	 framework.	
However,	 regardless	 of	 the	 local	 setting,	 stimulation	
strategies	are	needed	 that	mitigate	and	 lower	 the	occur‐
rence	 (rate)	 of	 SEECo.	 In	 particular,	 there	 is	 a	 need	 to	
provide	 practical	 recommendations	 which	 underground	
treatment	strategy	‐	that	holds	on	for	drilling,	stimulation	
and	 long‐term	 production	 at	 any	 georeservoir	 ‐	 has	 the	
least	 impact	 on	 the	 induced	 seismicity	 but	 increases	 the	
reservoir	permeability	sufficiently.	

So	 far,	 several	 mitigation	 strategies	 have	 been	 sug‐
gested	and	partly	tested	in	practice.	Bommer	et	al.	(2006)	
proposed	 a	 traffic	 light	 system	 that	 uses	 the	 observed	
seismicity	 in	 quasi	 real‐time.	 The	 approach	 is	 designed	
such	 that	 when	 the	 observed	 peak	 ground	 acceleration	
reaches	 a	 certain	 threshold,	 the	 stimulation	 is	 stopped.	
This	approach	was	also	tested	during	 the	hydraulic	 frac‐
turing	at	the	geothermal	site	in	Basel.	However,	it	was	not	
successful;	 the	 fluid	 injection	was	halted	 after	 the	moni‐
toring	 of	 ܯ ൌ 2.6	 event	 followed	 by	 a	 substantial	 in‐
crease	 in	 the	 seismicity	 rate	 in	 general,	 but	 a	 few	hours	
after	 this	 shut‐in,	 the	 ௪ܯ ൌ 3.2	 event	 occurred	 (Häring	
et	al.	 2008;	Deichmann	and	Giardini	 2009).	Furthermore,	
from	 a	 practical	 point	 of	 view,	 the	 traffic	 light	 system	
cannot	 give	 recommendations	 on	 how	 to	 plan	 the	 fluid	
injection	 strategy	 once	 the	 threshold	 of	 seismicity	 rate	
and/or	peak	ground	acceleration	is	reached.	

Shapiro	 et	al.	 (2010)	 and	 Dinske	 and	 Shapiro	 (2013)	
proposed	 a	 more	 physics‐based	 model	 to	 describe	 the	
induced	seismicity	in	a	reservoir.	They	used	the	observed	
induced	seismicity	of	 the	 injection	phase	 to	estimate	 the	
seismic	potential	of	the	site	in	order	to	produce	a	certain	
magnitude‐frequency	 distribution.	 However,	 due	 to	 the	
model	assumption	that	pressure	according	to	 fluid	 injec‐
tion	must	be	 constant	or	monotonically	 increasing,	 their	
approach	 is	not	applicable	 to	 the	shut‐in	phase	or	 to	 the	
other	types	of	reservoir	stimulation	such	as	cyclic	stimu‐
lation.	The	statistical	model	by	Barth	et	al.	(2013)	focuses	
on	 changes	 in	 probability	 of	 occurrence	 of	 an	 induced	
event	after	 the	shut‐in.	All	abovementioned	models	have	
in	 common	 that	 they	 require	 a	 catalogue	 of	 monitored	
induced	seismicity	from	a	stimulation	experiment.	There‐
fore,	they	cannot	deliver	any	strategy	a	priori	how	to	bet‐
ter	 operate	 the	 reservoir	 in	 order	 to	 lower	 the	 SEECo	
occurrence	rate.	

An	alternative	way	to	the	statistical	treatment	of	moni‐
tored	 induced	 seismicity	 is	 to	 use	 computer	 simulations	
that	model	 the	 thermal	 and/or	 hydromechanical	 coupled	
processes	 that	 change	 the	 stress	 into	 critical	 state	 (e.g.	

Bruel	2007;	Kohl	and	Megel	2007;	Rutqvist	et	al.	2007;	Alt‐
mann	et	al.	2010;	Baisch	et	al.	2010;	Schoenball	et	al.	2010;	
McClure	 and	Horne	 2011).	 In	most	 cases,	 the	model	 out‐
puts	 are	 spatiotemporal	 changes	 of	 rock	 stress	 and	 fluid	
pressure.	 Only	 a	 few	 hydromechanical‐numerical	 models	
have	 the	 capability	 of	 producing	 synthetic	 catalogues	 of	
induced	 seismicity	 either	 due	 to	 preexisting	 faults	 (Bruel	
2007)	 or	 on	 both,	 preexisting	 faults	 as	well	 as	 new	 frac‐
tures	of	intact	rock	(Yoon	et	al.	2013,	2014).	These	models	
have	in	common	that	they	can	deliver	a	priori	recommen‐
dations	 on	how	 to	perform	 the	 fluid	 injection	 in	 order	 to	
enhance	permeability	to	a	level	of	economic	production	for	
geothermal	 sites.	 At	 the	 same	 time,	 the	 permeability	 en‐
hancement	 is	expected	 to	accompany	 lowered	occurrence	
rate	of	SEECo	(Zang	et	al.	2013).	

However,	 the	 translation	 of	 the	 results	 of	 hydrome‐
chanical‐numerical	models	into	occurrence	rate	of	SEECo	
is	not	established.	Thus,	we	propose	 in	this	paper	a	gen‐
eral	workflow	 that	 links	 the	 results	of	hydromechanical‐
numerical	 models	 to	 time‐dependent	 probabilistic	 seis‐
mic	hazard	assessment	in	terms	of	the	occurrence	rate	of	
SEECo.	The	estimation	of	the	occurrence	rate	of	SEECo	is	
an	 independent	method	 for	measuring	 the	 effectiveness	
of	the	mitigation	strategy	and	comes	from	a	probabilistic‐
statistical	model.	The	quality	of	the	results	depends	main‐
ly	 on	 the	 reliability	 of	 the	 synthetic	 catalogue	 generated	
by	the	hydromechanical‐numerical	model.	Thus,	we	here	
propose	combining	both	in	a	workflow.	

This	 workflow	 is	 named	 Forward	 Induced	 Seismic	
Hazard	 Assessment	 (FISHA)	 in	 order	 to	 emphasize	 that	
this	approach	has	predictive	power	(Fig.	1).	To	exemplify	
the	 workflow,	 we	 use	 the	 results	 of	 Yoon	 et	al.	 (2013,	
2014)	 where	 various	 types	 of	 fluid	 injection	 are	 tested,	
and	 seismicity	 catalogues	 are	 obtained.	 We	 present	 the	
results	of	 the	FISHA	workflow	where	 the	 synthetic	 cata‐
logues	 of	 induced	 seismicity,	 including	 event	 location,	
time	and	magnitude,	are	used	to	calibrate	the	magnitude	
completeness	 (Mc),	 the	 frequency‐magnitude	 relation	
(Gutenberg	and	Richter	1956),	 the	 time‐dependent	a	and	
b	parameters	and	the	seismicity	rate	for	each	scenario	in	
different	time	intervals.	Using	these	parameters,	the	time‐
dependent	occurrence	 rate	of	SEECo	 is	 calculated.	These	
results	 can	 be	 used	 for	 choosing	 a	 stimulation	 strategy	
that	 poses	 the	 largest	 mitigation	 effect	 of	 the	 induced	
seismicity,	in	particular	the	SEECo,	to	be	applied	to	a	giv‐
en	site.	
	
	
2. FISHA	‐	forward	induced	seismic	hazard	

assessment	
	
The	FISHA	workflow	has	 two	branches	 representing	 the	
two	 classes	 of	 geomechanical‐numerical	models	 (Fig.	 1).	
The	right	branch	is	related	to	the	majority	of	models	that	
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deliver	 only	 spatiotemporal	 stress	 changes.	 Here,	 the	
stress	 change	 can	 be	 translated	 into	 time‐dependent	
seismicity	 rate,	 i.e.	 a	 values	 of	 the	 frequency‐magnitude	
relation,	using	the	rate‐and‐state	law	of	Dieterich	(1994).	
Details	 and	 an	 example	 of	 this	 FISHA	 workflow	 branch	
are	presented	by	Hakimhashemi	et	al.	(2014).	

The	 left	 branch	 of	 FISHA	 is	 the	 focus	 of	 this	 paper.	
Here,	hydromechanical‐numerical	models	can	be	incorpo‐
rated	 that	 are	 capable	 of	 simulating	 induced	 seismic	
events	 including	 occurrence	 time,	 location	 and	 magni‐
tude,	 resulting	 in	 a	 synthetic	 catalogue	 of	 induced	 seis‐
micity.	The	statistical	seismic	hazard	model,	i.e.	the	model	
to	estimate	the	SEECo	occurrence	rate	using	the	synthetic	
seismic	catalogues,	 is	based	on	 the	 frequency‐magnitude	
relation	with	time‐dependent	parameters	of	a	and	b.	

In	 the	 following	 two	sections,	we	briefly	describe	 the	
hydromechanical‐numerical	model	 that	 generates	 a	 syn‐
thetic	catalogue	of	 induced	seismicity	for	the	FISHA	test‐
ing	 and	 the	 seismic	 hazard	 model.	 More	 details	 of	 the	
technical	 background	 of	 the	 hydromechanical	 numerical	
model	are	given	in	Yoon	et	al.	(2013,	2014)	and	Zang	et	al.	
(2013).	
	

3. Discrete	element	fracture	network	model	
	
The	 geothermal	 reservoir	 is	 represented	 by	 a	 discrete	
element	fracture	network	model	using	the	Itasca	PFC2D©	
code	 with	 additionally	 implemented	 hydromechanical	
coupled	routine	 (Yoon	et	al.	2013,	2014).	The	 latter	ena‐
bles	us	to	model	the	flow	of	a	viscous	fluid	in	porous	me‐
dia.	 Flow‐driven	 failure	 of	 rock	 matrix	 and	 pre‐existing	
fractures	are	simulated	in	two	types:	mode	I	(tensile)	and	
mode	II	(shear).	Upon	failure	of	both	rock	matrix	and	pre‐
existing	 discrete	 fractures,	 stored	 strain	 energy	 is	 re‐
leased	and	propagates	as	a	seismic	wave.	The	implement‐
ed	 seismicity‐computing	 algorithm	 (Yoon	 et	al.	 2013,	
2014)	which	is	modified	from	Hazzard	and	Young	(2002,	
2004)	 computes	 moment	 tensors	 of	 the	 mode	 I	 and	 II	
failures	 from	 which	 seismic	 moment	 	(ܯ) and	 moment	
magnitude	(ܯ௪)	are	computed.	

Figure	2	 shows	 the	2D	discrete	element	 fracture	net‐
work	model	representing	a	crystalline	geothermal	reser‐
voir	 with	 pre‐existing	 fractures.	 For	 intact	 rock	 matrix,	
strength	 and	 deformation	 attributes	 are	 assigned	 to	 re‐
semble	 the	 crystalline	 rock	 mass	 of	 Soultz‐sous‐Forêts,	
France.	Mechanical	and	hydromechanical	coupled	param‐
eters	for	the	discrete	fractures	are	also	taken	from	a	crys‐
talline	environment	from	the	Forsmark	site,	Sweden.	The	
modelling	parameters	can	be	found	in	Yoon	et	al.	(2014),	
their	 table	 1	 and	 in	more	detail	 in	Zang	 et	al.	 (2013),	 in	
supplementary	material.	 The	model	 is	 calibrated	 against	
Soultz	 granite	 properties,	 but	 not	 validated	 against	 ob‐
served	 seismicity	 catalogue	 because	 of	 2D	 nature	 of	 the	
model.	Failure	of	rock	matrix	and	pre‐existing	fractures	is	
governed	 by	 the	 Mohr‐Coulomb	 criterion	 (Labuz	 and	
Zang	2012).	

The	constructed	model	is	2	km	ൈ	2	km	in	size	and	sub‐
jected	 to	 compressive	 in	 situ	 stresses	 with	 ܵு	=	75	MPa	
and	ܵ	=	60	MPa.	The	applied	boundary	stresses	as	maxi‐
mum	and	minimum	horizontal	stresses	(ܵு,	ܵ)	are	taken	
from	the	stress‐depth	relation	of	Soultz	site	(Cornet	et	al.	
2007,	 their	Eq.	1a	and	b)	at	4,000‐m	depth.	At	 the	 injec‐
tion	 point	 at	 the	 centre	 of	 the	 model,	 we	 test	 different	
injection	scenarios.	The	outputs	of	the	model	are	distribu‐
tion	of	fluid	pressure	in	space	and	time	and	catalogues	of	
the	 induced	 seismic	 events,	 with	 occurrence	 time,	 loca‐
tion	 and	 magnitude.	 The	 injection	 is	 controlled	 by	 the	
flow	rate	in	l/s	over	time.	Details	on	the	injection	scenari‐
os	are	given	in	the	section	where	the	results	of	the	FISHA	
workflow	are	presented.	
	
	
4. Hazard	model	
	
In	 order	 to	 calculate	 the	 SEECo	 occurrence	 rate,	 the	 pa‐
rameters	of	the	frequency‐magnitude	relation	(Gutenberg	
and	Richter	 1956),	 i.e.	a	 and	b	 values,	 are	 estimated	 for	

Figure	 1.	 Structure	 of	 the	 Forward	 Induced	 Seismic	 Hazard
Assessment	(FISHA)	workflow,	divided	into	two	branches	corre‐
sponding	to	the	output	of	the	hydromechanical‐numerical	mod‐
el,	one	based	on	synthetic	catalogues	(left)	and	the	other	based
on	 Coulomb	 Failure	 Stress	 changes	 (right).	 ΔCFS	 (t	 (x,	 y,	 z))
refers	 to	spatiotemporal	changes	 in	Coulomb	Failure	Stress.	Mc

is	 the	 magnitude	 completeness,	 a(t)	 and	 b(t)	 are	 time‐
dependent	 parameters	 of	 the	 frequency‐magnitude	 relation,
Mmax	is	the	maximum	possible	magnitude	and	SEECo	are	Seismic
Events	of	Economic	Concern.	
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each	 injection	 scenario.	 The	 frequency‐magnitude	 rela‐
tion	 explains	 the	 exponential	 distribution	 of	 earthquake	
magnitudes	in	a	given	region	as:	
	
logܰ ൌ ܽ െ ܾሺܯ െܯሻ,				ܯ  	,			ܯ (1)
	
where	ܰ	 is	 the	number	of	 events	of	magnitude	,ܯ	ܯ	 is	
the	 magnitude	 completeness	 that	 demonstrates	 from	
which	magnitude	almost	all	events	are	included	in	a	cata‐
logue	and	ܽ	as	well	as	ܾ	are	the	model	parameters.		

According	 to	 Eq.	 1,	 the	 statistical	 distribution	 of	 the	
magnitudes	 will	 follow	 an	 exponential	 distribution	 with	
density	function	as	
	

݂ሺ݉ሻ ൌ ൜
0 ݉ ൏ ܯ

ఉሺିெሻି݁ߚ ݉  ܯ
ൠ,	 (2)

	
where	 ߚ ൌ ܾ ∙ ln 10.	 If	 a	maximum	magnitude	 	(௫ܯ) is	
given,	Eq.	2	will	be	changed	to	
	

݂ሺ݉ሻ ൌ ൝
ఉሺିெሻି݁ߚ

1 െ ݁ିఉሺெೌೣିெሻ
ܯ  ݉  ௫ܯ

0 ݁ݏ݅ݓݎ݄݁ݐ
ൡ.	 (3)

	
Since	 the	 synthetic	 catalogues	 of	 induced	 seismicity	 are	
not	 complete,	 a	 maximum	 likelihood	 estimator	 (Stigler	
2007)	will	 be	 first	 applied	 to	 calculate	ܯ	 for	 each	 indi‐
vidual	synthetic	catalogue.	For	each	catalogue,	ܯ	can	be	
estimated,	considering	a	potential	set	of	possible	ܯ,	giv‐
en	an	ܯ௫.	Then,	 for	each	possible	ܯ,	 the	correspond‐

ing	 logarithmic	 likelihood	 function	of	 the	 free	parameter	
	as	written	be	can	ሻ,ߚ݈ሺ	i.e.	,ߚ
	

݈ሺߚሻ ൌ ln ൭ෑ ݂ሺ݉ሻ
∈ெ

൱ ൌ  lnቆ
ఉሺିெሻି݁ߚ

1 െ ݁ିఉሺெೌೣିெሻ
ቇ ,

∈ெ

	 (4)

	
where	ܯ	 is	 the	 set	 of	magnitudes	 	.ܯ Then	ߚመ,	 i.e.	 the	
estimation	of	ߚ	which	maximizes	݈ሺߚሻ,	can	be	obtained	by	

solving	the	equation	
ௗ

ௗఉ
ൌ 0	over	ߚ.	This	 leads	to	 the	 fol‐

lowing	equation	(Page	1968)	
	
1
ߚ
െ ഥ݉ 

ܯ െܯ௫݁ିఉ
ሺெೌೣିெሻ

1 െ ݁ିఉሺெೌೣିெሻ
ൌ 0,	

ഥ݉ ൌ ݉݁ܽ݊ሼ݉|݉ ∈ 	.ሽܯ
(5)

	
	possible	each	for	Now,	5.	Eq.	of	solution	the	then	is	መߚ

	.መ൯ߚ݈൫	an	correspondingly	and	መߚ	estimated	an	is	there	,ܯ
Then,	 the	 optimal	ܯ	 will	 be	 selected	 as	 the	 one	 corre‐
sponding	to	the	maximum	݈൫ߚመ൯.	The	standard	deviation	of	
the	ܯ	 can	 be	 calculated	 using	 a	 bootstrap	method	 (see	
Shao	and	Tu	1995).	

The	ܽ	and	ܾ	values	in	Eq.	1	are	generally	considered	as	
constant	in	classic	frequency‐magnitude	relation.	Howev‐
er,	 in	 georeservoirs	 and	 in	 particular	 during	 fluid	 injec‐
tion,	 this	 is	 not	 valid.	Here,	 the	 stress	 field	 changes,	 and	
thus	 fracture	 propagation	 are	 obviously	 time‐dependent	
processes.	Therefore,	ܽ	and	ܾ	values	should	also	be	esti‐
mated	as	time‐dependent	parameters.	

Figure	2.	 (a)	Reservoir	model	 in	2	km	×	2	km	size	with	embedded	discrete	 fracture	network	and	subjected	 to	anisotropic	 in	situ
stress	of	SH	=	75	MPa	and	Sh	=	60	MPa.	b	Close‐up	view	of	boxed	area	showing	concept	of	hydromechanical	coupling	scheme:	discrete
particles	(grey),	void	spaces	filled	with	interconnected	virtual	pores.	
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In	 order	 to	 estimate	 the	 time‐dependent	 ܽ	 value,	
which	 is	also	equivalent	to	the	occurrence	rate	of	events	
with	magnitudes	larger	than	ܯ,	the	time‐dependent	fre‐
quency	of	 events	 is	 considered	using	 a	 bandwidth	 equal	
to	 0.1	 h.	 The	 a	 value	 uncertainties	 are	 calculated	due	 to	
changes	 in	 the	 catalogue	 caused	 by	 exchanging	ܯ	with	
	ܯ +one	 standard	 deviation	 (for	 the	 lower	 uncertainty	
bound	 of	 ܽ	 value)	 and	ܯ	 −one	 standard	 deviation	 (for	
the	upper	uncertainty	bound	of	ܽ	value).	

The	 time‐dependent	 ܾ	 values	 are	 estimated	 using	 a	
maximum	likelihood	estimator	for	the	bounded	exponen‐
tial	 distribution,	 i.e.	 maximizing	 Eq.	 4,	 of	 different	 time	
intervals	 (Page	 1968).	 We	 consider	 overlapping	 time	
intervals	(see	Nuannin	et	al.	2005)	that	include	a	constant	
number	 of	 events;	 selecting	 this	 constant	 number	 is	 a	
trade‐off.	 In	general,	 if	 the	number	of	events	 involved	 in	
the	estimation	process	increases,	the	variance	of	estimat‐
ed	 ܾ	 value	 decreases	 (see	Marzocchi	 and	 Sandri	 2003).	
However,	the	detailed	changes	of	ܾ	value	will	be	missing.	
Therefore,	 one	 has	 to	 make	 a	 compromise	 between	 the	
accuracy	 and	 the	 resolution	 of	 the	 estimated	 time‐
dependent	 b	 values.	 To	 select	 the	 optimal	 number	 of	
events	 in	 each	 interval,	 the	 average	 coefficient	 of	 varia‐
tions	(the	standard	deviation	divided	by	the	mean	value)	
of	 estimated	 b	 values	 are	 observed.	 Figure	 3	 shows	 the	
average	coefficient	of	variations	 for	different	numbers	of	
events	in	each	time	interval	calculated	using	the	synthetic	
seismicity	 catalogue	 of	 the	 commonly	 used	 sequential	
injection	 type	 where	 fluid	 flow	 rate	 is	 in‐creased	 step‐
wise.	

According	 to	Fig.	3,	 the	point	around	40	events	 is	 se‐
lected,	since	it	locates	around	the	middle	of	the	hyperbol‐
ic	shape	curve	with	acceptable	average	coefficient	of	vari‐
ations	 around	 0.06.	 Therefore,	 the	 number	 of	 events	 in	
each	 time	 interval	 is	 selected	 equal	 to	 40.	 The	 internal	
histogram	in	Fig.	3	represents	the	distribution	of	the	coef‐
ficient	of	 variations	of	 estimated	ܾ	values	 corresponding	
to	 the	case	of	40	events	 in	each	time	 interval.	The	histo‐
gram	shows	that	the	coefficients	of	variations	are	conver‐
gent	around	their	average.	Then,	the	ܾ	value	of	each	time	

interval	 is	 estimated	 using	 the	magnitudes	 of	 events	 in‐
cluded	 in	 the	 corresponding	 time	 interval.	 The	 standard	
deviations	of	the	ܾ	values	are	calculated	using	a	bootstrap	
method	(Shao	and	Tu	1995).	

According	 to	 Eq.	 3,	 the	 probability	 of	 a	 magnitude	
larger	than	a	given	magnitude	݉	(ܯ  ݉  	can	௫)ܯ
be	calculated	by	
	

Pr൫ܯ  ݉ | ܯ  ݉  ௫൯ܯ ൌ 1 െ
1 െ ݁ିఉ൫ିெ൯

1 െ ݁ିఉሺெೌೣିெሻ
.	 (6)

	
The	 occurrence	 rate	 of	 induced	 events	 with	 magni‐

tudes	larger	than	݉	(e.g.	the	individual	SEECo	magnitude	
in	dependence	of	 the	 local	 setting	and	regulatory	 frame‐
work	of	the	corresponding	operators)	can	finally	be	calcu‐
lated	by	
	
ߴ ൌ ܯPr൫ߙ  ݉ | ܯ  ܯ  	௫൯ܯ (7)
	

Parameters	 	ߙ and	ߚ	 in	 Eqs.	 6	 and	 7	will	 then	 be	 re‐
placed	 by	 time‐dependent	 	௧ߙ and	 ௧ߚ ∙ ln 10	 in	 order	 to	
calculate	 the	 time‐dependent	 occurrence	 rate	 of	 SEECo	
for	each	catalogue	corresponding	to	each	injection	type.	
	
	
5. FISHA	application	using	four	different	stimulation	

types	
	
Four	 different	 fluid	 injection	 types	 and	 the	 resulting	 in‐
duced	 seismicity	 are	 simulated	 with	 the	 hydromechani‐
cal‐numerical	model	and	analysed	with	 the	FISHA	work‐
flow	in	order	to	estimate	the	change	of	occurrence	rate	of	
SEECo.	 Figure	 4	 represents	 the	 induced	 events	 from	 the	
model	and	the	 injection	rate	at	 the	 injection	point	of	 the	
four	 injection	 types:	 (1)	 sequential	 injection	 with	 high	
fluid	 flow	 rate,	 (2)	 sequential	 injection	 with	 moderate	
fluid	 flow	 rate,	 (3)	 cyclic	 injection	 with	 increasing	 fluid	
flow	 rate,	 and	 (4)	 cyclic	 injection	 with	 decreasing	 fluid	
flow	rate.	The	total	volume	of	the	injected	fluid	for	each	of	
these	 four	 injection	 type	 remains	 almost	 the	 same.	 The	
hazard	model	 is	 applied	 to	 the	 resulting	 synthetic	 cata‐
logues	 of	 induced	 seismicity	 in	 order	 to	 calculate	 the	
time‐dependent	 ܽ	 and	 ܾ	 values	 using	 the	 approach	 ex‐
plained	in	the	previous	section.	

In	this	study,	the	hazard	ߴ	is	defined	as	the	maximum	
time‐dependent	 hourly	 occurrence	 rate	 of	 events	 with	
magnitudes	 1.5	 (݉	 in	Eq.	7)	during	 the	period	of	 the	
study,	i.e.	30	h	after	starting	the	injection.	The	magnitude	
threshold	݉	 is	 arbitrarily	 set	 to	1.5	with	 respect	 to	 the	
maximum	 observed	 magnitude	 of	 1.42	 in	 the	 synthetic	
seismicity	 catalogues.	 The	 hazard	 is	 then	 calculated	 by	
Eq.	7	 for	 each	 synthetic	 catalogue	 of	 induced	 seismicity.	
	for	However,	௫.ܯ	as	chosen	arbitrarily	is	7	Eq.	in	௫ܯ

Figure	3.	Average	coefficient	of	variations	of	estimated	࢈ values
for	different	number	of	 events	 in	 each	 time	 interval	 calculated
using	the	seismicity	catalogue	corresponding	to	the	type	1	injec‐
tion	scenario.	The	histogram	shows	the	distribution	of	the	coef‐
ficient	of	variations	corresponding	to	the	case	of	40	events.
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the	real	cases	of	induced	seismicity,	ܯ௫	should	be	esti‐
mated.	 Figure	 5	 shows	 the	 estimated	 time‐dependent	 ܽ	
and	 ܾ	 values	 and	 its	 standard	 deviation,	 as	 well	 as	 the	
hazard	of	the	four	different	injection	types.	
	
	
6. Discussion	
	
Table	 1	 shows	 the	 magnitude	 of	 completeness	 	ܯ (±its	
standard	deviation),	 the	number	of	 events	with	ܯ  		ܯ
(and	 its	upper	and	 lower	uncertainty	 interval	due	 to	 the	
standard	 deviation	 of	 	,(ܯ the	 minimum	 ܾ	 value	 (±its	

standard	 deviation)	 and	 the	 hazard	 	,ߴ i.e.	 the	maximum	
potential	 hourly	 occurrence	 rate	 of	 induced	 events	with	
magnitudes	 larger	 than	 1.5,	 corresponding	 to	 different	
injection	 types.	 According	 to	 Fig.	 5a,	 corresponding	 to	 a	
sequential	 injection	type	1	with	high	fluid	 flow	rate	(Fig.	
4a),	the	hazard	ߴ	reaches	a	relatively	high	value	of	around	
10.15	events/h	during	5	to	10	h	after	the	injection.	How‐
ever,	 in	 case	 of	 Fig.	 5b,	 when	 the	 same	 amount	 of	 fluid	
was	injected	sequentially	into	the	reservoir,	but	distribut‐
ed	over	a	longer	period,	i.e.	with	lower	fluid	flow	rate	(Fig.	
4b),	the	hazard	decreases	to	2.59	events/h.	

Occurrence	of	 those	delayed	seismic	event	clusters	 in	

Figure	4.	Induced	seismicity	(black	
circles),	fluid	injection	rate	(blue	
curves)	and	magnitude	of	complete‐
ness	ࢉࡹ.	(a)	Sequential	injection	
with	high	fluid	flow	rate.	(b)	Se‐
quential	injection	with	moderate	
fluid	flow	rate.	(c)	Cyclic	injection	
with	increasing	fluid	flow	rate.	(d)	
Cyclic	injection	with	decreasing	fluid	
flow	rate.	
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the	 post‐shut‐in	 period,	 first	 one	 between	 15	 and	 20	 h	
and	second	one	at	ca.	25	h	in	Fig.	4a,	and	between	25	and	
30	h	in	Fig.	4b,	is	due	to	migration	of	the	pressurized	fluid	
that	 induces	 additional	 seismicity.	 Such	 post‐shut‐in	
seismicity	in	a	form	of	relatively	dense	cluster	can	be	seen	
in	a	number	of	geothermal	sites,	e.g.	Basel	1	EGS	(Häring	
et	al.	2008).	

The	hazard	corresponding	to	 the	cyclic	 injection	with	
increasing	 fluid	 flow	 rate	 (type	 3,	 Fig.	 4c)	 yields	 1.58	
events/h	 (Fig.	 5c),	which	 is	 lowest	 corresponding	 to	 the	
hazard.	 However,	 the	 worst	 case	 of	 hazard	 is	 obtained	

from	 the	 cyclic	 injection	with	 decreasing	 fluid	 flow	 rate	
(type	4,	Fig.	4d).	In	this	case,	the	hazard	reaches	a	value	of	
around	22.06	 events/h	 (Fig.	 5d),	which	 is	 the	maximum	
hazard	among	all	injection	types.	

From	 Fig.	 5,	 it	 is	 evident	 that	 the	 estimated	 ܽ	 and	 ܾ	
values	corresponding	to	different	injection	types	show	an	
opposing	 trend.	While	 the	 a	 value	 increases,	 the	ܾ	 value	
starts	to	decrease	and	vice	versa.	In	this	case,	the	changes	
of	ܽ	value	are	 followed	by	 the	 changes	of	ܾ	value.	 In	 re‐
turn,	the	simultaneous	increase	in	ܽ	value	and	decrease	in	
ܾ	value	result	 in	a	 relatively	steep	 increase	 in	 the	occur‐

Figure	 5.	 Time‐dependent	 	ࢇ value
and	 uncertainties	 due	 to	 the	 stand‐
ard	deviations	of	ࢉࡹ	(thick	and	 thin
grey	curves),	࢈	value	±	one	standard
deviation	 (dashed	 black	 curves)	 and
the	 hazard,	 i.e.	 the	 time‐dependent
hourly	 occurrence	 rate	 of	 events
with	 magnitude	 ≥1.5	 (solid	 black
curves).	(a)	Sequential	injection	with
high	 fluid	 flow	 rate.	 (b)	 Sequential
injection	 with	 moderate	 fluid	 flow
rate.	 (c)	 Cyclic	 injection	 with	 in‐
creasing	 fluid	 flow	 rate.	 (d)	 Cyclic
injection	 with	 decreasing	 fluid	 flow
rate	
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rence	rate	of	SEECo.	
It	 should	 be	 mentioned	 that	 the	 coefficient	 of	 varia‐

tions	 of	 the	 estimated	 ܾ	 values	 for	 different	 injection	
types	are	relatively	high,	e.g.	 the	coefficient	of	variations	
of	 minimum	 ܾ	 values	 of	 different	 injection	 types	 vary	
between	0.04	and	0.11,	(see	Table	1).	The	main	reason	for	
that	is	the	relatively	lower	number	of	events	involving	in	
the	 estimation	 of	 ܾ	 values	 in	 different	 intervals,	 i.e.	 40	
events	 in	each	 interval	 (see	Marzocchi	and	Sandri	2003).	
As	 previously	 mentioned	 in	 “Hazard	 Model”,	 there	 is	 a	
trade‐off	between	the	reliability	of	the	estimated	ܾ	values	
and	 the	 temporal	 information	 in	 the	 trend	 of	 time‐
dependent	 b	 values.	 In	 case	 of	 synthetic	 catalogues,	 in	
order	 to	 increase	 the	 number	 of	 generated	 events,	 the	
resolution,	 in	 this	 study	 the	 number	 of	 particles,	 of	 the	
hydromechanical	 model	 should	 increase.	 However,	 the	
runtime	of	the	model	will	strongly	increase.	

Another	important	issue	which	should	be	noted	is	that	
the	results	from	the	modelling	are	dependent	on	the	parti‐
cle	 size	 distribution	 and	 their	 arrangement	 and	 the	 bond	
strength	acting	on	the	particle	contacts.	Some	of	the	bond	
strength	 parameters,	 in	 particular,	 tensile	 and	 cohesive	
strengths,	 are	 chosen	 randomly	 from	 the	 given	 uniform	
distributions	in	order	to	introduce	structural	and	strength	
heterogeneity	 in	 the	model.	 This	means	 that	 not	 only	 the	
statistical	 hazard	analysis	produces	uncertainty	 in	 the	 re‐
sults	but	also	the	hydromechanical	model	itself	has	intrin‐
sic	uncertainty	nature,	i.e.	randomness	is	involved	in	struc‐
ture	 and	 properties.	 It	 is	 recommended	 as	 a	 follow‐up	
study	to	incorporate	these	model	parameter	uncertainties	
to	get	more	general	outcomes	 that	 are	not	 limited	 to	one	
specific	model	 geometry	 and	one	proper‐ties	 set.	This	 re‐
quires	 many	 times	 of	 simulation	 runs	 for	 each	 injection	
scenario	on	several	different	models	generated	by	varying	
the	randomness	in	both	structure	and	properties.	

It	should	be	also	noted	that	 the	presented	model	and	
the	 tested	 injection	 scenarios	 are	 demonstrative	 and	 do	
not	represent	any	real	cases.	However,	the	distribution	of	
the	moment	magnitude	of	 the	numerical	 seismicity	 cata‐
logues	 (which	 are	 the	 key	 inputs	 for	 the	 FISHA)	 are	 in	
similar	ranges	com‐pared	to	some	field	observations,	e.g.	
Soultz	GPK2	well	stimulation	data.	
	

7. Conclusions	
	
We	 presented	 the	 FISHA	workflow	 (Fig.	 1)	 that	 links	 the	
results	 of	 hydromechanical‐numerical	 models	 with	 time‐
dependent	 hazard	 assessment	 of	 induced	 seismicity.	 We	
exemplified	FISHA	with	four	reservoir	stimulation	scenari‐
os	 using	 a	 hydromechanical‐numerical	 model	 that	 repre‐
sents	 a	 geothermal	 reservoir	 with	 pre‐existing	 fractures	
network.	This	model	is	capable	of	generating	a	catalogue	of	
induced	 seismic	 events	 from	 the	 reactivation	 of	 pre‐
existing	 faults	 as	well	 as	 the	 generation	 of	 new	 fractures,	
both	due	to	viscous	fluid	flow	through	a	porous	rock	mass.	

The	results	of	 the	hazard	analysis	 indicate	 that	 injec‐
tion	types	2	and	3,	and	specially	type	3,	are	generating	a	
significantly	 lower	 increase	 of	 the	 occurrence	 rate	 of	
SEECo	 compared	 to	 injection	 types	 1	 and	 4	 (Table	 1).	
Therefore,	 based	on	our	models,	 either	a	 cyclic	 injection	
with	 increasing	 fluid	 flow	 rate	 or	 a	 sequential	 injection	
with	moderate	 fluid	 flow	 rates	 of	 longer	periods	 can	 re‐
duce	 the	occurrence	 rate	of	SEECo.	From	the	 results,	we	
see	 that	 the	 increase	of	 the	 a	 value	 is	 accompanied	by	 a	
decrease	 in	 the	 b	 value.	 Therefore,	 in	 general,	 it	 can	 be	
concluded	that	the	hazard	follows	the	a	value.	This	prop‐
erty	 can	 be	 used	 by	 EGS	 field	 operators	 allowing	 first	
order	estimation	of	the	occurrence	rate	of	SEECo	by	mon‐
itoring	not	only	 the	 larger	magnitude	events,	but	 the	oc‐
currence	rate	of	all	induced	events.	This	means	that	when	
the	 a	 value,	 i.e.	 the	 occurrence	 rate	 of	 induced	 events,	
starts	 to	 steeply	 increase,	 the	 occurrence	 rate	 of	 SEECo	
steeply	increases	as	well.	

The	FISHA	workflow	is	general	and	the	hydromechan‐
ical‐numerical	 model	 can	 be	 replaced	 by	 other	 models	
that	deliver	a	synthetic	catalogue	of	induced	seismicity	or	
spatiotemporal	 stress	 changes.	The	 limiting	 factor	of	 the	
reliability	 of	 our	 hazard	 estimates	 is	 the	 quality	 of	 the	
incorporated	geomechanical‐numerical	model	in	terms	of	
model	parameter	uncertainties,	boundary	and	initial	con‐
ditions	 as	well	 as	model	 assumptions.	 Thus,	 in	 the	 next	
steps,	we	intend	(1)	to	examine	in	detail	the	uncertainties	
in	the	FISHA	workflow	and	(2)	to	apply	the	approach	on	
other	injection	strategies.	
	
	

Table	1			Magnitude	of	 completeness	ܯ	 (±standard	deviation),	number	of	 events	with	ܯ  ܯ (with	 its	uncertainties	due	 to	 the
standard	deviations	of	ܯ),	minimum	ܾ	value	 (±standard	deviation)	and	hazard,	 i.e.	maximum	hourly	occurrence	 rate	of	 induced
events	with	magnitude	݉  1.5	

Injection	(type)	 ܯ No.	of	ܯ  ܯ Min.	ܾ value	 Hazard

Sequential	high	flow	rate	(1)	 0.085±0.016 593+[−22,	12] 0.85±0.06	 10.15
Sequential	moderate	flow	rate	(2)	 0.036±0.008 133+[−5,	0] 1.04±0.12	 2.59
Cyclic	increase	of	flow	rate	(3)	 0.009±0.003 171+[−3,	0] 1.05±0.09	 1.58
Cyclic	decrease	of	flow	rate	(4)	 0.174±0.037 335+[−26,	15] 0.63±0.03	 22.06
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