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Abstract	19	

	20	

Faults	communicate	with	each	other.	Strong	earthquakes	perturb	stress	over	large	volumes			21	

modifying	the	load	on	nearby	faults	and	their	resistance	to	slip.	The	causative	fault	induces	22	

permanent	or	transient	perturbations	that	can	change	the	time	to	the	next	seismic	rupture	with	23	

respect	to	that	expected	for	a	steadily	accumulating	stress.	For	a	given	fault,	an	increase	of	24	

stress	or	a	strength	decrease	would	drive	it	closer	to	-	or	maybe	even	trigger	-	an	earthquake.	25	

This	is	usually	perceived	as	an	undesired	circumstance.	However,	with	respect	to	the	potential	26	

damage,	a	time	advance	might	not	necessarily	be	a	bad	thing.	Here	we	show	that	the	central	27	

Italy	seismic	sequence	starting	with	the	Amatrice	earthquake	on	24	August	2016	advanced	the	28	

30	October	Norcia	earthquake	(MW=6.5),	but	limited	its	magnitude	by	inhibiting	the	rupture	on	29	

large	portions	of	the	fault	plane.	The	preceding	events	hastened	the	mainshock	and	determined	30	

its	features	by	shaping	a	patch	of	concentrated	stress.	During	the	Norcia	earthquake,	the	31	

coseismic	slip	remained	substantially	confined	to	this	patch.	Our	results	demonstrate	that	32	

monitoring	the	seismicity	with	very	dense	networks	and	timely	analyses	can	make	it	feasible	to	33	

map	rupture	prone	areas.		34	

	35	

	36	

Introduction	37	

	38	

Plate	motions	cause	build	up	of	stress	on	faults	during	decades	or	centuries,	which	is	released	39	

during	large	earthquakes.	Seismic	events	with	magnitude	MW	above	5.8-6.0	on	average	are	40	

associated	with	fault	length	larger	than	about	10	km	(ref.	1),	with	typical	slips	of	the	order	of	20	41	

cm	(ref.	2,3),	inducing	significant	strain	in	the	neighbouring	area.	Static	changes	of	stress	field	and	42	
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fault	strength	result	from	such	large	strains,	which	also	induce	dynamic	effects	connected	with	43	

viscous	relaxation	of	the	lower	crust	and	diffusive	processes	associated	with	flow	of	crustal	fluids.	44	

According	to	the	amount	and	the	sign	of	the	previous	level	of	stress,	and	to	the	changes	caused	by	45	

the	earthquake,	these	permanent	and	temporary	processes	result	in	shadow	zones	where	the	46	

rupture	is	inhibited	and	areas	where	the	potential	for	earthquake	nucleation	is	enhanced,	thus	47	

advancing	the	failure4,5,6,7.	48	

	49	

In	the	last	20	years,	a	large	number	of	studies	have	been	published	analysing	the	variation	of	the	50	

stress	field	produced	by	one	or	more	earthquakes	in	the	nearby	volume	(e.g.,	ref.	8,	9,	10).	When	51	

dealing	with	some	specific	receiver	fault	where	a	new	failure	was	triggered,	most	investigations	52	

mainly	focused	on	the	location	of	the	hypocenter	with	respect	to	the	areas	of	increased	load	53	

stress	on	the	fault11,12	and	only	in	a	few	cases	the	analysis	considers	the	full	slip	distribution	on	the	54	

receiving	fault	(e.g.,	ref.	13).	55	

	56	

However,	given	that	the	cumulative	stress	field	following	an	event	can	vary	over	relatively	short	57	

wavelengths,	strong	stress	and	strength	heterogeneity	may	develop	on	extended	nearby	faults	58	

and	create	conditions	for	earthquake	complexity	by	controlling	seismic	rupture	start,	growth,	and	59	

termination.	This	means	that	time	shift	for	earthquakes	(i.e.,	change	in	the	time	to	the	next	60	

rupture	with	respect	to	that	expected	for	a	steadily	accumulating	stress)	could	be	associated	with	61	

stress	increase	or	decrease	on	different	areas	of	its	fault	plane,	reshaping	the	patches	where	stress	62	

is	concentrated	(asperities)	and	significantly	modifying	the	energy	available	for	seismic	rupture	63	

and	radiation	in	a	future	event.	In	this	framework,	mapping	the	seismicity	in	space	and	time	and	64	

the	stress	changes	caused	by	a	seismic	event	on	nearby	existing	faults	may	provide	us	with	images	65	
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of	the	preparation	toward	the	next	failure,	allowing	estimation	of	the	areas	prone	to	dislocate	and	66	

their	potential	radiation,	i.e.	the	event	size.	67	

	68	

We	investigate	the	preparatory	process	of	the	30	October	2016	Norcia	(Central	Italy)	earthquake,	69	

by	computing	the	stress	changes	caused	on	its	causative	fault	by	the	strongest	events	in	the	70	

preceding	seismicity,	starting	with	the	initiation	of	the	sequence	on	24	August	2016.	The	sequence	71	

started	with	a	MW=6.0	earthquake	(Amatrice	event),	followed	on	26	October	by	a	pair	of	events	72	

(MW=5.4	and	MW=5.9,	Visso	events)	located	between	22	and	25	km	north	of	Amatrice	and,	4	days	73	

later,	by	the	Norcia	earthquake,	which	nucleated	approximately	in	the	middle	of	the	elongated	74	

area	spanned	by	the	sequence	(see	Fig.	1	and	Supplementary	Table	1).	75	

	76	

	77	

Results	78	

	79	

We	calculated	the	modification	in	the	stress	field	on	the	fault	plane	of	the	Norcia	earthquake14	(P1	80	

in	Supplementary	Table	1),	in	terms	of	Coulomb	failure	function	change	(𝛥CFF),	relative	to	three	81	

subsequent	time	periods	corresponding	to	the	origin	time	of	the	largest	events	in	the	sequence	82	

(Fig.	2).	All	the	analysed	earthquakes	are	almost	pure	normal	fault	events14	(Supplementary	Table	83	

1).	Differently	from	other	authors7,15,	we	use	detailed	slip	distributions	for	all	the	3	major	events	84	

and/or	include	the	effect	of	the	viscous	relaxation	in	the	lower	crust.	The	rupture	associated	with	85	

the	Amatrice	earthquake	(MW=6.0)	started	18	km	south	of	the	hypocenter	of	the	Norcia	86	

earthquake	and	propagated	northward.	It	induced	on	the	fault	plane	that	would	subsequently	87	

rupture	on	the	30	October	2016	significant	CFF	changes	that	inhibited	the	rupture	on	the	southern	88	

half	of	the	plane	–	possibly	limiting	the	available	surface	for	the	next	breaking	–	and	slightly	89	
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increased	the	stress	elsewhere	(Fig.	2a).	The	aftershocks	of	this	first	earthquake	were	mainly	90	

peripheral	to	the	reduced	Coulomb	stress	area.	Incidentally,	we	notice	that	assuming	planar	fault	91	

surfaces	may	slightly	affect	the	extension	of	the	𝛥CFF	areas	and	the	relative	position	of	the	92	

aftershocks.	In	the	immediacy	of	the	event,	the	dynamic	strain	associated	with	the	radiated	93	

wavefield	also	contributed	to	trigger	aftershocks16.	The	seismicity	immediately	following	large	94	

earthquakes	in	the	central	Apennines	is	known	to	be	affected	by	pore	pressure	waves	generated	95	

by	the	mainshock17,18,19,	by	lowering	the	effective	normal	stress	and	favouring	the	slip.	96	

Nevertheless,	these	effects	do	not	appear	to	overcome	the	CFF	reduction	produced	on	the	97	

southern	half	of	the	fault	plane	that	ruptured	to	generate	the	Norcia	earthquake	on	30	October.	98	

Although	in	the	two	months	following	the	Amatrice	earthquake	the	aftershock	area	extended	99	

northward	considerably	–	with	numerous	events	occurring	north	of	Norcia	–	the	seismicity	on	this	100	

plane	remained	substantially	confined	to	its	southern	portion,	indicating	the	possible	delineation	101	

of	an	asperity	situated	close	to	the	central	segment.		102	

	103	

Following	the	Amatrice	earthquake,	two	Visso	earthquakes	occurred	on	26	October	about	10	104	

kilometres	beyond	Norcia	(Fig.	1).	Although	these	events	are	located	in	the	area	of	increased	105	

coseismic	stress	and	in	the	direction	of	higher	dynamic	strain	due	to	northward	rupture	106	

propagation,	the	~60	days	delay	rule	out	instantaneous	static	or	dynamic	triggering	produced	by	107	

the	24	August	event.	On	the	other	hand,	the	time	difference	is	too	short	to	allow	for	a	viscous	108	

stress	transfer	through	the	lower	crust	to	really	make	a	difference	(Figs.	2a	and	2b).	In	fact,	at	the	109	

considered	time	scale	and	at	distance	range,	and	for	the	assumed	rheological	model,	viscous	110	

effects	can	produce	stress	variation	of	the	order	of	0.1	bar	(see	also	ref.	20),	significantly	lower	111	

than	the	static	CFF	change	(Fig.	2).	Instead,	the	northward	evolution	of	the	whole	sequence	112	

appears	to	be	consistent	with	a	diffusive	process,	associated	with	fluid	flow	induced	in	the	upper	113	
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crust21,22	by	the	24	August	Amatrice	earthquake	(Supplementary	Fig.	1).	A	similar	result	has	been	114	

obtained	by	other	researchers15,23.	However,	if	this	is	the	case,	fluids	must	have	been	going	first	115	

through	the	Norcia	fault,	located	south	of	the	two	26	October	events,	but	apparently	the	116	

associated	reduction	of	normal	stress	was	not	intense	enough	to	trigger	the	rupture	of	this	fault.	117	

	118	

The	26	October	Visso	events	also	produced	a	strong	stress	decrease	on	the	30	October	fault,	but	119	

was	limited	to	the	northern	area	(Figs.	2b	and	2c).	Although	significantly	less	numerous,	again	the	120	

aftershocks	mainly	concentrated	at	the	border	of	the	decreased	stress	area,	with	no	events	in	the	121	

central	segment	of	the	fault.	122	

	123	

At	this	time,	the	preceding	seismicity	created	a	very	heterogeneous	load	pattern	on	the	Norcia	124	

fault	plane,	shaping	a	well	defined	area	of	concentrated	stress	with	no	seismic	events	inside	and	125	

bordered	by	clusters	of	aftershock	hypocenters	distributed	along	a	roughly	annular	zone.	These	126	

clusters	are	associated	with	relatively	high	b-value	(low	differential	stress)	toward	the	inner	part	of	127	

the	asperity,	indicating	an	“encircling	maneuver”	(ref.	24)	of	the	aftershocks,	i.e.,	a	gradual	128	

rupture	of	the	asperity,	first	around	its	edge	and	then	inward.	Moreover,	as	expected25,26,	the	129	

deeper	cluster	is	characterised	by	significantly	lower	b-values,	identifying	the	zone	where	the	130	

rupture	nucleation	is	more	likely	to	occur	(Supplementary	Fig.	2).	131	

	132	

Thus,	the	previous	earthquakes	both	increased	the	stress	in	the	central	portion	of	the	fault	and	133	

weakened	the	contour	of	this	asperity	–	through	stress	corrosion	enhanced	by	fluids27	–	likely	134	

advancing	the	clock	for	the	next	failure.	At	the	same	time,	the	previous	Amatrice	and	Visso	135	

earthquakes	respectively	on	the	southern	and	northern	portions	of	the	fault,	limited	the	size	of	136	

the	area	available	for	fracturing.		137	



	 7	

	138	

Finally,	four	days	later	the	rupture	started	in	a	positive	Coulomb	stress	change	area,	propagating	139	

upward	and	destroying	the	asperity	(Fig.	3).	Notably,	coseismic	slip	is	strikingly	complementary	to	140	

the	area	broken	by	the	preceding	seismicity,	with	some	slip	in	between	two	well	defined	clusters	141	

of	aftershocks	(Fig.	3:	8-10	km	downdip;	14-18	km	along	strike).	Beyond	the	nucleation	zone,	142	

rupture	did	not	have	sufficient	energy	to	penetrate	the	unloaded	patches.	The	seismic	moment	143	

corresponds	to	magnitude	MW=6.5	(M0=7.07×1018	Nm).	Based	on	constraints	derived	from	surface	144	

geology	and	aftershocks’	location,	the	whole	surface	represented	in	Fig.	3	–	corresponding	to	the	145	

Mt.	Vettore-Mt.	Bove	structure	–	constitutes	a	single	31	km-long	seismogenic	source,	with	total	146	

potential	rupture	area	of	~440	km2	(ref.	7,28).	This	area	is	about	twice	the	area	that	ruptured	on	147	

the	30	October.	Thus,	if	the	rupture	involved	the	entire	Mt.	Vettore-Mt.	Bove	structure,	the	148	

eventual	total	seismic	moment	would	have	been	double	at	least,	if	the	same	average	slip	is	149	

cautiously	assumed,	corresponding	to	a	magnitude	MW=6.7.		150	

	151	

Besides,	by	considering	the	fault	models	and	slip	distributions	adopted	in	the	present	analysis29,30,	152	

–	not	including	slip	on	multiple	segments,	as	suggested	by	other	authors	(e.g.,	ref.	15)	–	we	notice	153	

that	in	spite	of	the	definitely	larger	seismic	moment	M0	–	7.07×1018	Nm	against	1.07×1018	(ref.	14)	154	

–	the	final	displaced	area	of	the	Norcia	earthquake	was	comparable	to	that	of	the	Amatrice	155	

earthquake,	but	the	maximum	slip	was	more	than	twice	as	large.	These	ratios	do	not	correspond	156	

to	what	is	predicted	by	empirical	scaling	relations	for	seismic	moment	M0,	fault	length	L	and	width	157	

W,	and	maximum	slip	𝛥u	(𝛥u∝L;	M0=∝L3	or	M0=∝L2W)	(ref.	31),	expected	to	be	satisfied	by	158	

earthquakes	occurring	in	the	same	area.	These	relations	would	require	some	proportionality	159	

between	the	rupture	surface	and	the	maximum	slip.	160	

	161	
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In	order	to	estimate	the	time	(𝛥T)	it	would	have	taken	for	the	stress	imposed	by	the	major	162	

previous	events	in	the	sequence	to	have	accumulated	naturally,	we	divide	the	𝛥CFF=1.13	bar	163	

estimated	at	the	Norcia	earthquake	hypocentre	by	the	Mt.	Vettore	fault	stress-loading	rate	of	164	

0.0028	bar/yr	–	modelled	by	using	historical	earthquakes	on	active	faults	in	the	area7	–	giving	165	

𝛥T~400	yr.	This	means	that	the	Norcia	event	would	have	occurred	anyway	in	year	2016+X,	where	166	

X≤400	yr	representing	the	actual	time	advance,	but	the	preceding	earthquakes	in	the	2016	167	

sequence	made	it	happen.	By	assuming	for	the	Mt.	Vettore	fault	both	the	time	of	the	last	168	

earthquake	(500	A.D.)	and	the	recurrence	time	(1627	yr)	used	for	time	dependent	seismic	hazard	169	

computation32,	X	could	be	about	110	yr.	170	

	171	

	172	

Conclusion	173	

	174	

Based	on	our	analysis,	we	propose	that	the	seismicity	preceding	the	30	October	Norcia	earthquake	175	

created	the	conditions	that	made	this	event	to	occur	in	advance.	In	the	ruptured	area	the	stress	176	

increase	was	not	very	large	(of	the	order	of	a	few	bars)	–	significantly	lower	than	both	the	177	

apparent	stress	drop	estimated	for	apenninic	normal	fault	earthquakes	(~30	bar;	ref.	33,34)	–	178	

meaning	that	stresses	had	been	building	up	on	this	fault	for	several	centuries7,35.	In	particular,	the	179	

anomalously	high	static	stress	drop	of	the	30	October	Norcia	event	(300	bar;	ref.	36)	calls	for	a	180	

high	energy	release	per	unit	area,	further	supporting	the	conclusion	of	a	definitely	small	ruptured	181	

area,	with	respect	to	what	expected	from	source	scaling	laws	for	apenninic	events.	182	

The	delineation	and	the	erosion	of	the	asperity	–	possibly	helped	by	pore	pressure	increase	caused	183	

by	fluid	flow	in	the	upper	crust	–	raised	the	stress	gradient	and	accelerated	seismic	rupture.	184	

Conversely,	the	previous	events	limited	the	available	surface	for	breaking	and	thus	the	energy	185	
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released	during	fracturing,	both	by	determining	clear	patches	of	lowered	Coulomb	stress	acting	as	186	

stress	shadows	–	in	accordance	with	other	studies15	–	and	by	delineating	a	well	defined	asperity	187	

through	the	aftershocks’	distribution.	Therefore,	without	the	preparatory	process	accelerated	by	188	

the	preceding	seismic	sequence,	the	Norcia	earthquake	would	have	occurred	later,	but	probably	189	

with	a	larger	seismic	moment.	Our	conclusion	presents	an	additional	view	of	the	sequence	190	

evolution	with	respect	to	other	authors	(ref.	15,	37),	suggesting	that	structural	segmentation	191	

controls	the	final	rupture	extent	of	the	main	events	in	the	sequence.	192	

	193	

We	also	notice	that	the	foreshock	pattern	–	with	all	the	previous	events	distributed	around	the	194	

patch	that	would	break	subsequently	on	the	30	October	–	is	compatible	with	the	cascade	model	of	195	

rupture	nucleation,	rather	than	the	pre-slip	model	characterized	by	slow	slip	and	small	events	196	

inside	the	asperity38.	197	

	198	

In	this	framework,	we	believe	that	in	addition	to	the	estimate	of	the	long-term	tectonic	stress	load	199	

and	of	reliable	slip	distribution	of	previous	nearby	earthquakes,	together	with	their	associated	200	

stress	changes,	precise	and	timely	mapping	of	the	seismicity	could	provide	us	with	valuable	201	

information	about	the	seismic	potential	of	known	seismogenic	structures.	This	means	that	a	202	

significant	effort	should	be	put	forward	in	the	higher	seismic	hazard	regions	to	map	the	active	203	

faults	and	their	seismicity.	204	

	205	

	206	

Methods	207	

	208	

Coulomb	stress	change	209	
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	210	

We	compute	the	Coulomb	stress	changes	caused	on	the	fault	plane	of	the	30	October	2016	211	

(Norcia)	earthquake	by	the	three	largest	events	from	24	August	2016	through	26	October	2016.	212	

Then	we	compare	the	results	with	both	the	seismicity	since	the	24	August	2016	Amatrice	213	

earthquake	and	up	to	30	October	2016,	occurring	within	350	m	from	the	fault	plane,	and	the	slip	214	

distribution	of	the	Norcia	earthquake.	The	limit	of	350	m	was	chosen	taking	in	to	account	the	215	

distribution	of	aftershock	location	error,	whose	modal	value	is	lower	than	0.1	km	for	horizontal	216	

location	and	lower	than	0.5	km	for	vertical	location	(given	the	dip	of	the	fault	plane,	nearly	all	the	217	

aftershocks	occurring	on	the	fault	plane	are	thus	included).	We	obtained	the	slip	distribution	as	218	

the	geometric	mean	of	the	distribution	derived	from	waveform	inversion29	and	the	one	inferred	219	

from	surface	deformation	data	(ref.	30,	their	figure	S11b).	We	removed	slip	less	than	20%	of	the	220	

maximum	value,	in	order	to	remove	unstable,	less	constrained	model’s	features	and	preserve	the	221	

features	common	to	both	geodetic	and	seismological	slip	distributions.	222	

	223	

Coherently	with	the	fault	geometry	used	to	infer	the	slip	models29,30,	in	our	computation	we	224	

assume	planar	models	for	both	causative	and	receiving	faults.	Potential	azimuthal	variations	along	225	

the	actual	fault	surfaces	might	result	in	different	Coulomb	stress	change	with	respect	to	what	226	

obtained	for	planar	faults.	However,	we	are	interested	at	the	gross	picture	and	the	surface	data	227	

(geodetic	measurements	and	field	detected	surface	breakage)	indicate	that	azimuthal	variation	228	

can	possibly	occur	at	smaller	scale	than	that	of	our	analysis.	229	

	230	

We	calculated	the	co-	and	post-seismic	deformation	and	the	associated	Coulomb	stress	change	231	

𝛥CFF=𝛥𝜏+𝜇(𝛥𝜎+𝛥p),	where	𝛥𝜏	and	𝛥𝜎	are	respectively	the	shear	and	normal	stress	change,	𝜇	is	232	

the	friction	coefficient	and	𝛥p	is	the	pore	pressure	change.	We	use	a	computer	code	based	on	the	233	
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viscoelastic-gravitational	dislocation	theory39	and	assume	that	𝛥p=0,	corresponding	to	drained	234	

conditions.	The	method	allows	the	use	of	finite	source	fault	models,	with	heterogeneous	slip	235	

distribution.	It	uses	the	standard	linear	solid	rheology	defined	by	three	parameters:	the	unrelaxed	236	

shear	modulus	μ0,	the	viscosity	η	and	the	parameter	α,	which	is	the	ratio	of	the	fully	relaxed	237	

modulus	to	the	unrelaxed	modulus.	As	a	difference	with	usual	analyses,	that	consider	the	location	238	

of	the	nucleation	of	the	following	earthquakes	relative	to	the	induced	stress	variation,	here	we	239	

investigate	the	heterogeneity	of	the	stress	field	on	the	whole	fault	plane	and	the	time	evolution	of	240	

the	earthquake	preparatory	process.	241	

	242	

We	adopt	a	7-layered,	viscous	structural	model	(Supplementary	Table	2),	obtained	by	merging	243	

information	from	several	published	studies	on	the	central	Apennines	crustal	structure40,41,42,43,44,	244	

and	the	fault	mechanisms	retrieved	from	seismic	waveform	inversion14	(Supplementary	Table	1).	245	

We	assumed	the	causative	fault	plane	on	the	basis	of	geodetic	and	seismological	investigations	246	

and	compute	Green	functions	for	a	90-day	time	window,	each	event	contributing	to	the	stress	247	

field	from	its	origin	time.	We	use	100	equally	spaced	horizontal	points,	on	a	distance	range	of	0-248	

150	km,	and	100	points	in	depth,	ranging	between	0	and	151	km.	Stress	field	variation	is	249	

computed	on	7	different	layers	with	depth	ranging	between	0	and	16	km.	250	

	251	

For	the	24	August	2016	earthquake	(Amatrice,	MW=6.0),	we	assume	the	focal	mechanism	derived	252	

from	waveform	inversion	for	the	moment	tensor	solution	(Supplementary	Table	1).	We	selected	253	

one	heterogeneous	slip	model	derived	from	seismograms29	and	one	obtained	from	surface	254	

deformation30	data,	in	order	to	consider	solutions	from	independent	data.	We	average	the	two	255	

slip	distributions	by	computing	the	geometric	mean,	to	retain	the	most	robust	patterns	and	to	256	
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attenuate	the	unstable	patches.	The	results	are	then	used	as	input	for	the	stress	field	257	

computation.	258	

	259	

Concerning	the	two	26	October	earthquakes	(Visso),	for	the	first	one	(MW=5.4)	we	assume	uniform	260	

slip	on	a	rectangular	fault	with	dimensions	L×W=6.5×5.25	km2,	derived	from	empirical	relations1,	261	

while	for	the	second	(MW=5.9)	we	adopt	the	slip	distribution	derived	from	seismic	waveforms29,	262	

again	selecting	only	the	slip	equal	or	larger	than	20%	of	the	maximum	dislocation,	to	remove	263	

minor,	less	constrained,	areas	of	the	model.		264	

	265	

Albeit	the	stress	computation	results	depend	on	the	adopted	slip	distribution	derived	from	266	

inversion	procedures,	generally	providing	non-unique	solution,	we	consider	that	averaging	distinct	267	

slip	models	preserves	only	the	most	stable	features	of	each	solution.	This	conclusion	is	further	268	

supported	by	other	studies	analysing	the	three	main	events	(e.g.,	ref.	37)	and	based	on	269	

independent	data,	which	display	the	same	major	slip	patches	as	the	ones	considered	here.	270	

	271	

	272	

	273	

Directivity	analysis	274	

	275	

For	the	30	October	2016	Norcia	earthquake,	we	compute	the	dominant	rupture	propagation	276	

direction	(Fig.	3)	by	projecting	on	the	fault	plane	the	horizontal	projection	of	the	dominant	rupture	277	

direction	that,	in	turn,	is	obtained	from	the	azimuthal	distribution	of	peak	ground	velocity.	We	use	278	

a	Bayesian	inversion	scheme45	that	allows	to	infer	the	parameters	of	the	directivity	function	Cd	279	

(ref.	46)	for	a	generic	linear,	horizontal	bilateral	rupture	280	
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	281	

𝐶( =
1
2

1 + 𝑒 .

1 − 𝛼𝑐𝑜𝑠𝜗 . +
1 − 𝑒 .

1 + 𝛼𝑐𝑜𝑠𝜗 . 									(1)	282	

	283	

where	ϑ	is	the	angle	between	the	ray	leaving	the	source	and	the	direction	of	rupture	propagation	284	

ϕ	(ref.	47),	and	α	is	the	Mach	number,	that	is,	the	ratio	between	the	rupture	velocity	vr	and	the	S-285	

wave	velocity.	The	parameter	e=(2L΄	−	L)/L	is	the	percent	unilateral	rupture,	where	L	is	the	total	286	

rupture	length	and	L΄	is	the	length	of	the	dominant	rupture48:	e=1	corresponds	to	a	unilateral	287	

rupture,	whereas	e=0	corresponds	to	a	bilateral	rupture.	For	the	30	October	earthquake	we	288	

obtained	e=0.6±0.1,	corresponding	to	a	nearly	unilateral	rupture.	289	

	290	

	291	

b-value	estimation	292	

	293	

For	b-value	and	Mc	cross	sections,	we	select	earthquakes	within	350	m	(see	above)	from	the	fault	294	

plane,	totalling	834	earthquakes,	and	use	the	software	“zmap”49.	Mc	is	estimated	through	295	

maximum	curvature	technique	with	0.1	bins	in	magnitude,	whereas	the	b-value	is	obtained	by	296	

using	the	maximum	likelihood	method50:	b=log10e/(<M>-Mmin).	We	adopted	a	grid	0.1×0.1	km2	297	

and	for	each	node	the	b-value	is	computed	by	selecting	a	minimum	of	30	events	within	a	radius	of	298	

1.5	km.	299	

	 	300	
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Figure	legends	479	

	480	

Figure	1	Seismicity	map	of	the	Amatrice	seismic	sequence.	Epicentral	location	of	the	earthquakes	481	

occurring	since	24	August	2016	to	the	time	of	the	30	October	2016,	Norcia	earthquake29.	The	482	

symbol	colour	and	size	change	according	to	time	of	occurrence	and	magnitude	(except	for	the	483	

M<2	events,	all	displayed	in	white	colour,	and	for	the	mainshocks	to	preserve	clarity),	respectively,	484	

while	the	analysed	events	are	indicated	by	green,	blue,	red,	and	black	crosses.	The	fault	485	

mechanisms14	(Supplementary	Table	1)	of	the	largest	events	are	also	displayed	as	beachballs,	486	

using	the	same	colour	as	the	location.	The	black	rectangles	represent	the	surface	projection	of	the	487	

fault	planes	(P1	in	Supplementary	Table	1),	as	inferred	from	both	the	focal	mechanisms	and	488	

surface	displacements29,30.	For	each	plane,	the	intersection	with	the	free	surface	is	depicted	by	a	489	

thick	line	of	the	same	colour.	490	

	491	

Figure	2	Coulomb	failure	function	change	(𝛥CFF)	on	the	fault	plane	of	the	30	October	2016,	Norcia	492	

earthquake,	caused	by	the	3	strongest	preceding	events	in	the	Amatrice	seismic	sequence,	493	

together	with	the	aftershocks	distribution29.	a,	𝛥CFF	caused	by	the	Amatrice	24	August	2016	494	

event,	along	with	the	aftershocks	(circles)	occurring	within	350	m	(see	Methods	section)	from	the	495	

Norcia	fault	plane	and	up	to	26	October	2016	17:10.	Aftershocks	are	colour	coded	based	on	their	496	

origin	time	since	24	August	2016	(see	time	line	in	Fig.	2a).	Positive	and	negative	variations	indicate	497	

respectively	increased	and	decreased	𝛥CFF	areas.	b,	same	as	a,	with	the	addition	of	the	𝛥CFF	498	

contribution	of	the	26	October	2016	17:10	and	aftershocks	(triangles)	up	to	26	October	19:18	UTC.	499	

The	evident	invariance	of	the	𝛥CFF	in	the	southern	half	of	the	fault	plane	in	the	~60	days	time	500	

period	indicates	the	negligible	effect	of	viscous	relaxation	in	the	lower	crust.	c,	same	as	b,	with	the	501	

addition	of	the	𝛥CFF	contribution	of	the	26	October	2016	19:18	UTC	and	aftershocks	(crosses)	up	502	
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to	30	October	2016.	In	all	the	panels,	the	black	empty	star	corresponds	to	the	location	of	the	503	

Norcia	event	hypocenter29	(rupture	nucleation).	504	

	505	

Figure	3	Dislocation	associated	with	rupture	of	the	Norcia	30	October	2016	earthquake29,30	(see	506	

Methods).	The	preceding	seismicity29	since	the	24	August	2016	Amatrice	earthquake	and	occurring	507	

within	350	m	(see	Methods	section)	from	the	fault	plane	is	also	displayed.	The	colour	code	for	508	

time	and	symbols	for	aftershocks	are	the	same	as	in	Fig.	2.	The	foreshocks	are	distributed	around	509	

the	Norcia	slip	area	–	showing	the	“encircling	maneuver”	(ref.	24)	leading	to	the	breakage	of	the	510	

asperity	–	and	are	clustered	in	three	main	patches,	with	varying	b-value	representing	a	complex	511	

pattern	of	the	differential	stress,	increasing	down-dip	and	away	from	the	asperity	(Supplementary	512	

Fig.	2).	The	empty	star	corresponds	to	the	location	of	the	Norcia	event	hypocenter29	(rupture	513	

nucleation),	while	the	arrow	indicates	the	dominant	direction	of	rupture	propagation.	514	

	 	515	
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