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Preface	
	
	
	
	
1.	Introduction	
	

Historic	 causes	 of	 man‐made	 seismicity	 in	 the	
Earth’s	 crust	 include	 construction	 of	water‐filled	 dams	
(class‐1),	 mining	 operations	 (class‐2),	 and	 different	
energy	 technologies	 (class‐3).	 The	 physics	 of	 induced	
seismicity	is	related	to	the	redistribution	of	mechanical	
stresses,	 i.e.,	 the	 perturbation	 of	 the	 in	 situ	 state	 of	
stress	at	a	given	site	(Stephansson	and	Zang,	2012)	due	
to	 human	 interaction.	 Since	 a	 causal	 relationship	 be‐
tween	 seismicity	 and	 the	 impoundment	 of	 lakes	 was	
identified,	 reservoir‐induced	 seismicity	 (class‐1)	 has	
been	investigated	to	study	the	effect	of	initial	lake	filling	
and	water	 level	 fluctuations	 on	 the	 crustal	 stress	 field	
(Talwani	 and	 Acree,	 1985).	 Various	 aspects	 of	 man‐
made	 class‐1	 seismicity	 are	 summarized	 in	 Gupta	
(2011).	 A	 dominating	 portion	 of	 class‐2	 seismicity	 is	
caused	 by	 underground	 rock	 excavation	 (i.e.,	 Cook,	
1976).	While	 stress	 redistribution	 in	 class‐1	 seismicity	
is	due	to	the	added	weight	of	water,	class‐2	seismicity	is	
associated	 with	 the	 removal	 of	 rock	 material.	 Stress	
concentrations	 occur	 in	 areas	 around	 underground	
openings,	 leading	 to	 fracture	 initiation	 and	 to	 seismic	
rock	 response.	 In	 severe	 cases,	 rock	 failure	 occurs	 in	
form	of	rock	bursts	and/or	Ortlepp	shear	ahead	of	tun‐
nel	faces	(Ortlepp,	1997),	i.e.,	in	deep	South	African	gold	
mines	(Mendecki,	1997).	In	addition,	open	pit	mines	and	
near‐surface	 engineering	 projects	 can	 suffer	 from	 in‐
duced	seismic	events	(Brady	and	Brown,	2004).	Class‐3	
seismicity	 is	 tied	 to	waste‐water	 injection	 in	boreholes	
and	to	withdrawal	of	fluid	and	gas	from	the	subsurface.	
In	 this	 issue,	 injection‐induced	seismicity	 is	 subdivided	
into	 oil	 and	 gas	 (class‐3a),	 disposal	 wells	 (class‐3b),	
carbon	 capture	 and	 storage	 (class‐3c),	 and	 geothermal	
energy	development	(class‐3d).	An	early	study	of	deep‐
well	 related	 seismicity	 based	 on	 46	 cases	 in	 North	
America,	 is	presented	by	Nicholson	and	Wesson	 (1992).	
Phillips	 et	al.	 (2002)	 compared	 seismicity	 from	 hydro‐
carbon	exploration	(class‐3a)	with	seismicity	from	geo‐
thermal	 reservoirs	 (class‐3d).	 In	 general,	 class‐3	 in‐
duced	seismicity	 is	 thought	 to	result	 from	either	stress	
increase	 or	 strength	decrease	 of	 pre‐existing	 fractures.	
Among	 the	mechanisms	discussed,	 are	 hydraulic	 shear	
(hydro‐shear)	 caused	 by	 pore	 pressure	 increase,	 fluid‐
volume	 changes,	 pressure	 diffusion	 or	 thermal	 stress	
changes	(Majer	et	al.,	2007).	It	is	not	a	simple	task,	how‐
ever,	 to	 identify	 the	 actual	 mechanisms	 leading	 to	 in‐
duced	 seismicity.	 For	 example,	 geothermal	 seismicity	
(class‐3d)	 is	 not	 exclusively	 related	 to	 thermal	 stress,	
and	seismicity	near	brine	disposal	wells	(class‐3b)	is	not	
exclusively	related	to	the	amount	of	fluid‐volume	inject‐
ed.	 Recently,	 the	 risk	 of	 class‐3d	 seismicity	 was	 ad‐
dressed	 by	 Giardini	 (2009)	 evaluating	 the	 Basel	 en‐
hanced	 geothermal	 system	 (EGS)	 site.	 Subsequently,	

Evans	 et	al.	 (2012)	 compiled	 a	 survey	 of	 induced	 seis‐
micity	 responses	 to	 fluid‐injection	 in	various	European	
geothermal	 (class‐3d)	 and	 CO2	 reservoirs	 (class‐3c).	 A	
recent	systematic	review,	which	focuses	on	EGS	sites	is	
given	by	Breede	et	al.	(2013).	While	it	is	well	known	that	
conventional	and	enhanced	oil	 recovery	operations	are	
associated	with	seismic	events	(class‐3a,	Suckale,	2009),	
multi‐stage	hydraulic	 fracturing	 in	 shale	gas	plays	 (un‐
conventionals)	 can	 also	 generate	 induced	 seismicity.	
However,	the	application	of	hydraulic	fracturing	to	tight	
shale	formations	typically	induces	seismicity	with	mag‐
nitudes	too	low	to	be	felt	by	the	population	(Warpinski	
et	al.,	 2012).	 If,	 however,	 deep	 fluid	 injection	wells	 are	
communicating	 with	 near‐by	 basement	 faults,	 seismic	
magnitudes	can	increase	to	levels	of	felt	seismicity	(i.e.,	
Kim,	2013).	These	cases	of	felt	seismicity	resulting	from	
hydraulic	 fracturing	 can	 be	 considered	 both	 rare	 and	
anomalous	(Maxwell,	2013).	However,	similar	scenarios	
are	discussed	in	CO2	sequestration	in	close	proximity	to	
faults	(Mazzoldi	et	al.,	2012)	and	can	be	of	importance	in	
geothermal	 operations.	 Injection‐induced	 seismicity	
(class‐3)	is	steadily	increasing	because	there	have	been	
more	human	operations	generating	 induced	 seismicity.	
As	 pointed	out	 by	Ellsworth	 (2013),	 analyzing	 cumula‐
tive	ܯ ൐ 3	class‐3	events	in	the	mid‐continental	United	
States	from	1967	to	2012,	the	steady	rate	from	1967	to	
2000	 (21	 events	 per	 year)	 increased	 starting	 in	 2001	
and	 peaked	 at	 188	 class‐3	 induced	 events	 per	 year	 in	
2011.	While	 the	emphasis	of	 the	 review	article	by	Ells‐
worth	(2013)	centers	on	class‐3b	seismicity	in	terms	of	
scientific	 understanding,	 key	 challenges	 and	 hazard	
assessment,	 individual	 event	 classes	 of	 injection‐
induced	seismicity	deserve	individual	investigations.	
	
	
2.	This	issue	
	

Among	the	more	notable	published	compilations	on	
“Induced	 Seismicity”	 are	 the	 edited	 volumes	 by	 Trifu	
(2002,	2010)	and	Cornet	 (2007).	The	 focus	of	 this	spe‐
cial	 issue	 is	 on	 geothermal	 seismicity	 (class‐3d),	 i.e.,	
seismic	 events	 related	 to	 the	development,	 stimulation	
and	operation	of	a	geothermal	field	(particularly	in	EGS	
stimulation).	 In	 November	 2011,	 the	 idea	 for	 such	 an	
issue	was	launched	at	the	Zurich	geothermal	week	dur‐
ing	the	discussion	on	the	progress	towards	understand‐
ing	induced	seismicity	in	the	framework	of	the	Europe‐
an	 Union	 funded	 GEISER	 project.	 GEISER	 stands	 for	
geothermal	 engineering	 integrating	 mitigation	 of	 in‐
duced	 seismicity	 in	 reservoirs,	 and	 is	 aimed	 at	 under‐
standing	 and	mitigating	 induced	 seismicity	 in	 geother‐
mal	engineered	reservoirs.	The	overall	 goal	of	 the	pro‐
ject	is	to	improve	the	technique	of	EGS	by	investigating	
the	role	of	induced	seismicity	as	an	instrument	to	image	



Geothermics	52	(2014)	1‐5	
doi:	10.1016/j.geothermics.2014.07.006	

2	

fluid	pathways	generated	by	multiple	hydraulic	stimula‐
tion	treatments	and	by	addressing	the	consequences	of	
treatments	 for	 potential	 seismic	 hazard	 (Bruhn	 et	al.,	
2011).	GEISER	was	developed	with	 the	goal	 to	provide	
strategies	for	managing	and	minimizing	the	potential	for	
significant	injection‐induced	seismicity	during	the	life	of	
geothermal	reservoirs.	

In	the	opening	article,	Zang	et	al.	(2014),	present	an	
introduction	for	part	I	(site‐specific	geothermal	seismic‐
ity,	 faults	 and	 stress)	 and	 part	 II	 (maximum	 observed	
seismic	 magnitude,	 modelling	 induced	 seismicity	 and	
pore	 pressure‐stress	 coupling)	 of	 this	 special	 issue.	
Man‐made	seismicity	from	different	EGS	sites	(class‐3d)	
is	 compared	 to	 induced	 seismicity	 from	 waste‐water	
disposal	wells	(class‐3b)	and	seismicity	associated	with	
ultra‐deep	 crustal	 injection	 experiments	 (KTB	 wells).	
Among	 the	 sites	 discussed	 in	 this	 overview	 article	 are	
Gross	Schönebeck	and	Unterhaching	(Germany),	Soultz‐
sous‐Forets	 (France),	 Basel	 (Switzerland),	Hengill	 (Ice‐
land),	Berlin	(El	Salvador),	The	Geysers	(USA)	and	Para‐
lana	(Australia).	The	mechanism	leading	to	 larger	mag‐
nitude	seismic	events	(LME)	 is	 investigated	 in	terms	of	
pore	 fluid	 pressure,	 fluid	 volume	 injected	 and	 type	 of	
reservoir	 rock.	 Different	 approaches	 (deterministic,	
probabilistic,	 empiric)	 are	 discussed	 to	 estimate	 the	
maximum	seismic	magnitude	 in	a	reservoir.	A	synoptic	
picture	of	 the	complex	mixed‐mode	 fracture	process	 in	
crystalline	and	sedimentary	rock	is	developed.	

Grünthal	(2014)	discusses	the	occurrence	of	induced	
seismicity	 at	 sites	 of	 geothermal	 projects	 (class‐3d)	 in	
the	 light	of	natural	 tectonic	 seismicity,	 and	other	 types	
of	induced	events	like	mining	(class‐2)	or	exploitation	of	
coal,	rock	salt	and	potash	and	hydrocarbon	(class‐3a)	in	
the	 western	 part	 of	 Central	 Europe.	 His	 generalized	
conclusion	from	rate	and	magnitude‐frequency	distribu‐
tion	 analysis	 of	 events	 is	 that	 geothermal	 seismicity	 is	
minor	 compared	 to	 other	 types	 of	 seismicity	 in	 this	
region.	

Megies	and	Wassermann	 (2014)	 investigate	 induced	
seismicity	in	the	North	Alpine	Foreland	Basin,	in	partic‐
ular	in	relation	to	a	geothermal	plant	in	the	greater	Mu‐
nich	area,	Unterhaching	(Germany).	Their	conclusion	is	
that	 non‐pressure‐stimulated	 geothermal	 plants	 can	
also	produce	geothermal	 seismicity	 in	 tectonic	 settings	
with	previously	known	low	seismic	hazard.	

Calò	 et	al.	 (2014)	 relocate	 induced	 seismic	 events	
from	two	hydraulic	stimulation	campaigns	at	the	Soultz‐
sous‐Forêts,	 France,	 EGS	 site.	 The	 comparison	 of	 the	
2004	 and	 2005	 injection‐induced	 seismic	 event	 clouds	
shows	that	first,	the	in	situ	stress	field	in	the	reservoir	is	
not	fully	restored	before	the	start	of	the	second	stimula‐
tion,	and	second,	that	the	mechanism	of	induced	seismic	
events	changed	from	first	to	second	stimulation.	

This	 is	 followed	by	 three	 articles	on	 the	 analysis	 of	
induced	 seismicity	 at	 the	Basel	 (Switzerland)	 EGS	 site.	
Using	exclusively	data	from	six	borehole	seismometers,	
Kraft	and	Deichmann	 (2014)	 found	highly	 similar	 seis‐
mic	events	during	the	massive	fluid	injection	test.	High‐
precision	seismic	hypocenters	 reveal	 the	 fine	structure	
of	a	complex	fault	zone	rather	than	a	single	fault	at	Basel	
EGS	site.	

Zhao	 et	al.	 (2014)	 present	 the	 results	 of	 a	moment	
tensor	inversion	of	seismic	events	with	local	magnitude	
between	2.0	and	3.4	from	the	same	massive	stimulation	
test	 at	 the	 Basel	 site.	 The	 main	 findings	 include	 that	
events	 with	 significant	 isotropic	 components	 occur	
mainly	 in	 the	 injection	 phase	 while	 post‐stimulation	
events	 are	 predominantly	 pure	 shear	 and	 are	 located	
further	away	from	the	injection	well.	

In	line	with	the	fact	that	many	of	the	observed	seis‐
mic	 events	 during	 the	 Basel	 massive	 stimulation	 form	
clusters	of	similar	events	(Kraft	and	Deichmann,	2014),	
Deichmann	et	al.	(2014)	found	that	several	focal	mecha‐
nisms	of	events	with	local	magnitudes	between	0.7	and	
3.4	are	nearly	identical	to	each	other.	In	some	cases,	the	
spatial	 extent	 of	 the	 individual	 clusters	 is	 limited	 to	 a	
few	meters	suggesting	repeated	slip	with	partial	 stress	
drop	 as	 pore	 pressure	 increases.	 In	 other	 cases,	 that	
include	 stronger	 events	with	 local	magnitude	 above	 2,	
the	dimension	of	individual	clusters	can	amount	to	sev‐
eral	 100	 m	 and	 the	 activity	 within	 these	 clusters	 can	
extend	over	several	days.	The	orientation	of	many	fault	
segments	 identified	 in	 this	 way	 deviates	 significantly	
from	the	overall	orientation	of	the	seismic	cloud.	

Kwiatek	 et	al.	 (2014)	 analyzed	 the	 seismic	 activity	
monitored	during	 three	different	 hydraulic	 stimulation	
phases	 at	Berlin	Geothermal	 Field,	 El	 Salvador.	Refine‐
ment	 of	 event	 locations	 by	 the	 double‐difference	 tech‐
nique	 and	 refinement	 of	 seismic	 source	 parameters	
through	spectral	 ratio	method	allow	(a)	 to	observe	 the	
Kaiser	 effect	 at	 shallow	and	deeper	 stimulation	 stages,	
(b)	to	 interpret	the	seismic	event	cloud	with	respect	to	
the	fault	system	and	to	the	direction	of	maximum	in	situ	
stress	and	(c)	to	identify	an	increase	in	the	static	stress	
drop	values	with	increasing	distance	from	the	injection	
point.	While	 shallow	 injections	display	 clear	 alignment	
with	 the	 existing	 fault	 system,	 the	 deep	 injection	 in‐
duced	seismic	events	are	not	related	to	any	pre‐existing	
fault.	 The	 refined	 results	 do	 not	 provide	 any	 evidence	
that	 the	 multiple	 stimulations	 triggered	 the	 moment	
magnitude	3.6	event	recorded	two	weeks	after	the	sec‐
ond	stimulation.	

Gritto	and	Jarpe	(2014)	use	a	34‐station	seismic	geo‐
phone	 net‐work	 at	 The	Geysers	 geothermal	 field	 (Cali‐
fornia,	USA)	and	analyze	seismicity	 from	2004	 to	2011	
to	correlate	the	P‐	and	S‐wave	velocity	ratio	to	the	total	
volume	of	 injected	water.	The	results	suggest	that	over	
the	 investigated	 time	 period,	 the	 fluid	 saturation	 has	
been	successfully	increased	throughout	the	reservoir.	

Part	 I	 of	 this	 issue	 closes	 with	 a	 case	 study	 on	 in‐
duced	seismicity	associated	with	 the	virgin	stimulation	
phase	of	 the	Paralana	geothermal	 field,	Australia.	Alba‐
ric	et	al.	(2014)	analyzed	more	than	7000	seismic	events	
during	the	2011	stimulation	of	the	well	Paralana	2	with	
about	 3	 million	 liters	 of	 water	 to	 create	 a	 geothermal	
reservoir.	 Relocated	 seismic	 events	 outline	 NNE‐SSW	
and	ENE‐WSW	structures	 that	 resemble	 an	 en	 echelon	
fracture	 network.	 This	 finding	 is	 in	 line	with	 the	 com‐
plex	fault	structure	revealed	at	Basel	EGS	site	(Kraft	and	
Deichmann,	 2014).	 The	 four	 largest	 events	 at	 Paralana	
occur	during	 fluid	 injection,	 i.e.,	 three	 events	with	mo‐
ment	magnitude	2.4	and	one	event	with	moment	magni‐
tude	2.5.	
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Articles	 in	 part	 II	 are	 concerned	 with	 magnitude	
scaling,	estimating	the	expected	maximum	magnitude	in	
the	reservoir,	modelling	of	fluid‐induced	seismicity	and	
pore	pressure	stress	coupling	as	well	as	fault	and	stress	
control	in	gas	depletion	induced	seismicity.	

Edwards	 and	Douglas	 (2014)	 present	 a	magnitude‐
homogenization	exercise	for	several	GEISER	datasets	of	
induced	seismicity.	The	results	show	that	homogeneous	
computation	of	moment‐	 and	 local	magnitude	 is	useful	
in	hazard	assessment	of	EGS	sites.	The	analyzed	data	fall	
into	 two	subsets	with	well‐defined	 relation	 to	moment	
magnitude:	Basel	(Switzerland),	The	Geysers	(USA)	and	
Hengill	 (Iceland)	 in	 one,	 and	 Soultz‐sous‐Forêts	
(France)	 and	 Roswinkel	 (The	 Netherlands)	 gas	 deple‐
tion	 in	 another,	 indicating	 different	 source	 or	 attenua‐
tion	properties	between	the	sites	within	each	subset.	

Based	on	Soultz‐Sous‐Forêts	EGS	data,	Baujard	et	al.	
(2014)	present	an	heuristic	approach	for	estimating	the	
total	 seismic	 moment	 and	 the	 value	 of	 the	 maximum	
moment	 magnitude	 released	 in	 a	 single	 seismic	 event	
occurring	 during,	 or	 after	 stimulation.	 The	 first	 ap‐
proach	 assumes	 a	 linear	 relationship	 between	 the	
pumping	 energy	 and	 the	 total	 seismic	 moment.	 For	 a	
given	pumping	scheme,	a	prediction	of	the	total	seismic	
moment	 is	 obtained	 through	 Gutenberg–Richter	 rela‐
tion.	 The	 second	 approach	 assumes	 constant	 values	 of	

well	 injectivity	 and	 reservoir	 hydraulic	 diffusivity	 dur‐
ing	injection.	The	energy	stored	in	the	reservoir	is	com‐
puted	from	analytical	pressure	distributions.	

Also	 for	 the	 Soultz‐sous‐Forêts	 site,	Wassing	 et	al.	
(2014)	 developed	 a	 coupled	 continuum	model	 of	 frac‐
ture	 reactivation	 and	 induced	 seismicity	 during	 en‐
hanced	geothermal	operations.	Seismic	events	are	simu‐
lated	 using	 a	 dynamic	 friction	 angle	 smaller	 than	 the	
static	 friction	 angle,	 while	 post‐seismic	 healing	 to	 the	
static	friction	angle	is	allowed.	The	granitic	rock	mass	is	
intersected	 by	 a	 fracture	 zone.	 The	 model	 is	 used	 to	
perform	 a	 sensitivity	 analysis	 on	 in	 situ	 stress	 regime,	
fracture	strength	and	frictional	weakening.	

Yoon	et	al.	(2014)	use	a	discrete	element	approach	to	
simulate	induced	seismicity	in	intact	and	naturally	frac‐
tured	 geothermal	 reservoirs.	 The	 hydro‐mechanical	
coupled	 discrete	 element	 simulation	 allows	 testing	 of	
various	 injection	 scenarios	 in	 a	 model	 reservoir	 with	
Soultz‐sous‐Forêts	 granite	 properties.	 Several	 field	 ob‐
servations	on	induced	seismicity	phenomena	are	repro‐
duced	 including	 the	 creation	 of	 new	 fractures,	 re‐
activation	of	pre‐existing	 joints,	 post‐shut‐in	 seismicity	
and	 larger	 magnitude	 event	 with	 non‐double‐couple	
source,	Kaiser	effect	and	magnitude‐frequency	distribu‐
tion.	 The	 main	 conclusion	 is	 that	 cyclic	 fluid	 injection	
lowers	 the	 energy	 radiated	 from	 induced	 seismicity,	

Figure	1.	(a)	Synoptic	picture	of	three	types	of	key	parameters	in	fractured	geothermal	reservoir	(rock	cube	1	km3	in	size)	at	5	km	depth:	stress
field	(arrows),	major	fault	(red	plane)	and	hydraulic	energy	pumped	into	the	system	(blue	fluid	pathways).	Fluid‐induced	seismicity	(green	stars)
allows	to	investigate	the	interplay	of	key	reservoir	parameters.	(b)	Schematic	behavior	of	reservoir	parameters	with	distance	from	the	injection
well	(near‐field).	In	situ	stress	 ଵܵ ൌ ܵு	can	change	from	first	to	subsequent	stimulations	and	may	not	fully	recover	(inset,	2nd	stimulation).	Pore
pressure	݌௣	diffusion	is	negatively	correlated	to	Brune	stress	drop,	∆ߪ	and	positively	correlated	to	Gutenberg–Richter	ܾ‐values.	Moment	tensor
inversions	of	induced	seismicity	indicate	isotropic	components	(mode	I	cracks)	near	well	and	double‐couple	components	(mode	I	cracks)	further
away	from	the	injection	well.	(For	interpretation	of	the	references	to	color	in	this	figure	legend,	the	reader	is	referred	to	the	web	version	of	the
article.)	
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which	 has	 the	 potential	 to	 mitigate	 larger	 magnitude	
events,	in	particular	in	the	post	shut‐in	phase	of	stimula‐
tion.	

Hakimhashemi	 et	al.	 (2014)	 introduce	 a	 new	 ap‐
proach	 to	 translate	 effective	 stress	 changes,	 caused	 by	
EGS	 operations,	 into	 seismicity	 rate.	 This	 approach,	 in	
general,	requires	no	induced	seismicity	data	and	can	be	
used	as	a	tool	to	pre‐estimate	the	effect	of	the	EGS	activ‐
ities	 on	 the	 seismicity	 rate.	 The	 two	 input	 parameters	
(background	seismicity	and	stressing	 rate)	 can	be	esti‐
mated	using	available	seismic	hazard	and	stress	data	at	
a	given	site.	The	approach	is	applied	to	the	Soultz‐sous‐
Forêts	EGS	site	for	the	injection	in	GPK4	in	2004.	Similar	
to	Yoon	et	al.	(2014),	the	strength	of	this	approach	is	the	
capability	to	a	priori	test	various	injection	scenarios	and	
their	 impact	 on	 induced	 seismicity	 in	 the	 geothermal	
reservoir.	

Altmann	et	al.	(2014)	investigate	the	phenomenon	of	
pore	 pressure‐stress	 coupling	 and	 consequences	 for	
reservoir	stress	and	fault	reactivation.	In	particular,	the	
authors	show	that	stress	changes	 in	 long‐term	produc‐
tion	can	 induce	changes	 in	 the	stress	regime	and	bring	
other	 fault	 systems	 closer	 optimal	 orientation	 in	 the	
locally	perturbed	stress	field.	

In	the	closing	article	by	van	Wees	et	al.	(2014),	the	ef‐
fect	 of	 stress	 state	 and	 faults	 on	 induced	 seismicity	 is	
investigated	in	the	light	of	gas	depletion	(class‐3a)	in	the	
Netherlands.	 The	 main	 outcome	 of	 this	 study	 is	 that	
seismicity	is	observed	in	no	more	than	15%	of	these	gas	
fields.	Seismicity	occurs	due	 to	differential	 compaction,	
starting	after	28%	reservoir	depletion.	Mechanical	anal‐
ysis	indicates	that	most	faults	are	not	critically	stressed.	

The	results	of	this	special	issue	on	induced	seismici‐
ty	are	summarized	in	a	synoptic	picture	in	Fig.	1	indicat‐
ing	key	reservoir	parameters	as	discussed	in	the	GEISER	
project	 (Fig.	1a)	and	 their	behavior	with	distance	 from	
injection	well	(Fig.	1b).	In	Fig.	1a,	three	key	parameters	
are	indicated:	type‐I	stress	field	(Fig.	1a,	arrows),	type‐II	
major	 fault	 (Fig.	 1a,	 red	 plane)	 and	 type‐III	 hydraulic	
energy	 pumped	 into	 the	 reservoir	 (Fig.	 1a,	 blue	 path‐
ways).	 All	 parameters	 depend	 on	 the	 actual	 size	 and	
depth	 of	 the	 fractured	 geothermal	 reservoir	 (Fig.	 1a,	
cube	 with	 cracks).	 Induced	 seismicity	 (Fig.	 1a,	 green	
stars)	allows	investigating	the	interplay	of	key	reservoir	
parameters.	For	this,	observed	induced	events	are	cate‐
gorized	 by	 hypocenter	 locations,	 source	 mechanisms,	
Gutenberg–Richter	 magnitude‐frequency	 distribution	
(ܾ‐value),	 larger	 magnitude	 events	 (LME)	 and	 peak	
ground	acceleration	(PGA).	

In	Fig.	 1b,	 the	 schematic	behavior	of	 some	parame‐
ters	with	 distance	 from	 the	 injection	well	 is	 shown.	 In	
situ	stress	(type‐I)	can	change	from	first	to	subsequent	
stimulations,	and	may	not	 fully	recover	 (Fig.	1b,	 inset).	
Pore	pressure,	݌௣	diffusion	(type‐III)	is	negatively	corre‐
lated	 to	 Brune	 stress	 drop,	 	ߪ∆ values	 and	 positively	
correlated	to	seismic	ܾ‐values.	This	indicates	that	major	
faults	(type‐II)	at	the	boundary	of	the	reservoir,	outlined	
by	the	extension	of	the	seismic	cloud,	carry	the	highest	
risk/hazard	for	the	maximum	magnitude	to	occur.	Note	
that	the	extension	of	the	seismic	cloud	(Fig.	1b,	dots)	is	
not	necessarily	identical	to	the	fracture	zone	developed	
during	stimulation	of	the	reservoir	(Fig.	1b,	mode	I	and	

II	 cracks).	 The	 extent	 of	 the	 seismic	 cloud	 depends	 on	
the	 resolution	 and	 sensitivity	 of	 the	 monitoring	 net‐
work.	 Moment	 tensor	 inversion	 results	 indicate	 domi‐
nant	portion	of	isotropic	components	near‐well	(tensile	
cracks,	 mode	 I)	 and	 pure	 double	 couple	 components	
(shear	cracks,	mode	II)	further	away	from	the	injection	
well.	
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