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What	is	the	state	of	stress	on	crustal	faults?			

1905	



On	the	assump%on	that:	
•  Earth’s	surface	is	a	principal	plane	of	stress	(τ	=	0)	and		
•  faults	result	from	briUle	fracture	following	the	Mohr-Coulomb	

criterion,	τ	=	C	+	µ�σn		
	Anderson	defined	three	classes	of	faul%ng	and	their	geometries,	i.e.		
fault	orienta%on	within	the	stress	field………		

σ1 = σv	=	ρgz	

σn	

τ	

δ =	60°	

…….providing	the	base	for	the	first	fault	
strength	evalua%on.		

τ	=	C	+	µ�σn			

1951	



σv	=	ρgz	

σn	≈	σv	

τ ≈ 0	 τ	=	C	+	µ�σn			

How	can	thrust	faul%ng	be	ac%ve	for	hundreds	
of	kilometres	along	sub-horizontal	faults?	

1959	



σv	=	ρgz	

σn	≈	σv	

τ ≈ 0	 τ	=	C	+	µ�(σn	– Pf)		

How	can	thrust	faul%ng	be	ac%ve	for	hundreds	
of	kilometres	along	sub-horizontal	faults?	

1959	



What	about	fric%on?		 τ	=	C	+	µ�(σn	–	Pf)		

Byerlee’s	rule	
0.6	<	µ	<	0.85	

1978	



For	Byerlee’s	fric%on	
µ	 =	 0.6,	 fric%onal	
lock-up	 is	 expected	
for	θr	=	60°	

1985	
1)	Fric%onal	fault	reac%va%on	as	a	test	
for	Byerlee’s	fric%on	

τ	=		µ�(σn	–	Pf)		



METHOD	
• EQs	selec%on:	intracon%nental,	dip-slip	
earthquakes	(slip	vector	raking	90°	±30°),	
M>5.5	

• Dip	from	focal	mechanism	

• The	ambiguity	of	the	rupture	plane	in	the	
focal	mechanism	has	been	resolved	by	
auxiliary	techniques	such	as:	correla%on	
with	surface	breaks,	aEershocks	
distribu%on..	

		
2001	

1)	Fric%onal	fault	reac%va%on	as	a	test	
for	Byerlee’s	fric%on	
Histogram	of	ac%ve	fault	dips	

Colle,ni	and	Sibson,	Geology,	2001	



The	 dip	 of	 moderate	 and	 large	
main	 shock	 fault-ruptures,	 in	
extensional	 and	 compressional	
environments,	 are	 consistent	
with	Anderson-Byerlee	fric%onal	
fault	mechanics.	
	
	
 
 

normal	faults	
n	=	31	

2 

4 

6 

8 

reverse	faults	
n	=	64	

4 

8 

12 

lock-up	for		
µ	=	0.6	

1)  First	test	for	Byerlee’s	fric%on	
2001	

N
um

be
r	o

f	r
up

tu
re
s	

Up-dated	from	Colle,ni	and	Sibson,	Geology,	2001	



2)	Second	test	for	Byerlee’s	fric%on	
Deep	 stress	measurements	 suggest	 that	 the	briUle	 crust	 is	 cri%cally	
stressed	 according	 to	 fric%onal	 fault	 reac%va%on,	 τ	 =	 µσ’n,	 under	
Byerlee’s	fric%on	(e.g.	µ	=	0.6	at	depth	>	3km)	
	

Zoback	and	Townend	Tectonophysics	2001	

2001	



These	 two	 datasets	 point	 to	 faults	 controlled	 by	 Byerlee’s	 fric%on,	 i.e.	
strong	faults	that	in	some	cases	can	become	transiently	weak	due	to	fluid	
overpressure.			
	

Zoback	and	Townend	Tectonophysics	2001	
Townend	&	Zoback,	Geology,	2000	
Colle,ni	and	Sibson	Geology	2001	
Sibson	and	Xie	BSSA,	1998	
Scholz’s	book	

2001	



An	 example	 of	 a	 strong	 fault	 with	 localiza%on,	 velocity	 weakening,	 fast	
healing	and	the	record	of	ancient	earthquakes	with	thermal	decomposi%on.		
	

Colle,ni	et	al.,	Geology,	2013,	Carpenter	et	al.,	JGR,	2014.		



Is	the	San	Andreas	the	only	weak	fault?		

σ1	 τ	

θr	



Is	the	San	Andreas	the	only	weak	fault?....maybe		



4 m 

σ1	

σ1	

Another	excep%on	given	by	low-angle	normal	faults?		

θr	



Low-angle	normal	faults	San	Andreas	

Are	the	San	Andreas	and	low-angle	normal	faults	the	only	weak	faults?	

σ1	

σ1	

Map	view	 Cross	sec%on	

θr	

θr	



Are	the	San	Andreas	and	low-angle	normal	faults	the	only	weak	faults?	
	
My	answer	is	no	and	I	will	support	it	by:	
	
1)  Examples	of	weak	faults	in	different	tectonic	environments	

2)  Reac%on	soEening	

3)  Laboratory	experiments	on	fric%on	



Are	the	San	Andreas	and	low-angle	normal	faults	the	only	weak	faults?	
	
My	answer	is	no	and	I	will	support	it	by:	
	
1)  Examples	of	weak	faults	in	different	tectonic	environments	

2)  Reac%on	soEening	

3)  Laboratory	experiments	on	fric%on	



Carboneras	fault:	1	km	wide	fault	made	of	con%nuous	layers	of	phyllosilicates	
(illite	and	chlorite)	surrounding	blocks	of	mica-schists	&	dolostones					

El Saltador Alto
village
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Figure 2
Faulkner, Lewis, Rutter, 2002
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Torla	thrust:	thick	horizons	of	phyllosilicates	(illite	&	chlorite)	surrounding	
strong	lenses	of	competent	sandstones.		

Paleocene	limestone	

Eocene		
turbidites	

several	km	of	displacement	
6-7	km	of	exhuma%on	

Lacroix	et	al.,		JSG,	2011		



Monte	 Fico	 thrust:	 network	 of	
serpen%ne-rich	 shear	 zones	
surrounding	competent	lenses.		
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tens	of	km	of	displacement	
250°C	2-3	kbar	of	exhuma%on	

Tesei	et	al.,	in	prep.	



Moonlight	 fault:	 cataclasis	 of	 quartz	 and	 feldspar	 and	
concentra%on	 of	 phyllosilicates	 (chlorite	 and	muscovite)	
along	foliated	surfaces.		

Chlorite	folia%on	 Muscovite	folia%on	

several	km	of	displacement	
9	km	of	exhuma%on	

Alder	et	al.,	JSG,	2016	



Zuccale	low-angle	normal	fault:	foliated	rocks	(talc	&	smec%te)	surrounding	
more	competent	materials	(carbonate,	ultramafic).	

Colle,ni	et	al.,	EPSL,	2011	



Fault	zone	structure:	thick	faults	composed	by	interconnected	networks	of	
phyllosilicates		

Carboneras	Faulkner	et	al.,	2003;		
San	Andreas,	Holdsworth	et	al.,	2011;	
Midian	Tectonic	line,	Jefferies	2006;		
North	Anatolia,	Kaduri	et	al.,	JGR2017	

Pyrenees,	Lacroix	JSG	2011;		
C.	Apennines,	Tesei	JSG	2013;	
Serpen%nites,	Tesei	et	al.,	2017			
New	Zeal.,	Fagereng/Sibson,	Geology,	2010;	
Shimanto	belt,	Kimura	et	al.,	Tect.,	2011	;	
California,	Meneghini	More,	BGSA,	2007	
N.	Apennines,	Vannucchi	et	al.,	2007	
Outer	Hebrides,	Imber	et	al.,	Tectonics,	2001	

Apennines,	Bullock	et	al.,	Jsg,	2014	
Wasatch,		Bruhn	et	al.,	PAG.	94;	
Alps,	Manatchal,	JSG	1999;		
Death	Valley,	ayman,	JSG,	2006;	
Zuccale,	Colle,ni	Geology,	2009;	
Moonlight,	NZ,	Alder	JSG,	2016.	



Are	the	San	Andreas	and	low-angle	normal	faults	the	only	weak	faults?	
	
My	answer	is	no	and	I	will	support	it	by:	
	
1)  Examples	of	weak	faults	in	different	tectonic	environments	

2)  Reac%on	soEening	

3)  Laboratory	experiments	on	fric%on	



Fault	Weakening:	reac%on	soEening,	 i.e.	replacement	of	strong	with	weak	
mineral	phases.			

low	strain	

high	strain	



Fault	Weakening:	at	low	strain	fracturing	and	cataclasis	+	silica	precipita%on		

Calcite	concentra%on	along	major	fractures	and	syn-tectonic	precipita%on	of	calcite	and	
talc	along	veins.	Silica-rich	fluids	during	deforma%on.	

Cal 

Dol 

DOLOMITE							+	SILICA		+		H2O	=					TALC								+											CALCITE	+		CO2	

3	MgCa(CO3)2	+			4	SiO2				+	H2O				=Mg3Si4O10(OH)2	+	3	CaCO3	+	3	CO2	

Cal 

Silica 

Colle,ni	et	al.,	Geology,	2009	



Tlc 
Cal 

		

Cal 

Tlc 

200 µm 

Fault	Weakening	at	high	strain	dissolu%on	of	carbonates	and	precipita%on	
of	talc	+	fric%onal	sliding	along	talc.			

		

Colle,ni	et	al.,	Geology,	2009	



Fault	Weakening:	reac%on	soEening,	 i.e.	replacement	of	strong	with	weak	
mineral	phases.			

Alder	et	al.,	JSG,	2016.		



protolith	 strong	minerals	 weak	minerals	

carbonates	 calcite,	dolomite	 talc,	illite,	smec%te	

schists	 quartz-feldspar	 chlorite,	muscovite	

sandstone	 quartz,	calcite	 chlorite,	illite	

granites	 quartz-feldspar	 chlorite,	muscovite	

mafic	rocks	(T	<300°C)	 olivine,	pyroxene	 chryso%le,	lizardite,	pol.	ser.		

Fault	Weakening	

Cataclasis	increases	permeability	and	
favors	the	influx	of	fluids.	

Fluids	promote	dissolu%on	of	strong	and	
precipita%on	 of	weak	mineral	 phases	 ..	
to	form	a	folia%on….		

…where	 a	 significant	 amount	 of	
deforma%on	 occurs	 by	 fric%onal	
sliding	along	the	phyllosilicate		

strain	



Are	the	San	Andreas	and	low-angle	normal	faults	the	only	weak	faults?	
	
My	answer	is	no	and	it	is	supported	by:	
	
1)  Examples	of	weak	faults	in	different	tectonic	environments	

2)  Reac%on	soEening	
	
3)  Laboratory	experiments	on	fric%on	



The	role	of	fabric	in	fault	weakness		

5 cm 

Powders Solid foliated 



Each	 rock-type	 plots	 along	 a	 line	 consistent	
with	 a	 briUle	 failure	 envelope,	 BUT	 the	
foliated	 solid	wafers	 are	much	weaker	 than	
their	powdered	analogues.	

Powders	 show	 a	 fric%on	 close	 to	 Byerlee’s	
values	 whereas	 the	 foliated	 rocks	 posses	
values	significantly	lower,	0.45-0.23.	

Fric/onal	proper/es:	
solid-foliated	vs.	powdered	

Powders	

Solid		

The	role	of	fabric	in	fault	weakness		

Colle,ni,	Niemeijer,	Vi%,	Marone,	Nature	2009	



Microstructures	
solid-foliated	vs.	powdered	

Powders:	deforma%on	occurs	along	a	zone	characterised	by	cataclasis	
with	grain-size	reduc%on	and	affected	by	shear	localiza%on	along	R1,	Y,	
B	shears	(e.g.	Logan,	1978;	Beeler	et	al.,	1996;	Marone	et	al.,	1998).	

100	µm	

100	µm	

No	GSR		

GSR		

GSR		

Y	

Y	

R1	

B	

σn	=	50	MPa;	displacement	=	3.0	cm;	µ	=	0.52.	

The	role	of	fabric	in	fault	weakness		



σn	=	50	MPa;	displacement	=	3.0	cm;	µ	=	0.32	

Solid-foliated	sliding	surfaces	located	along	the	pre-exis%ng	very	
fine	grained,	<2mm.	

200	µm	

10	µm	 20	µm	

The	role	of	fabric	in	fault	weakness		

Microstructures	
solid-foliated	vs.	powdered	



Monte	Coscerno:	protolith	carbonates,	folia%on	with	smec%te	

Tesei	et	al.,	Geology,	2015.	



Monte	Perdido:	protolith	sandstone,	folia%on	with	illite,	smec%te		

Tesei	et	al.,	Geology,	2015.	



Moonlight	 fault:	 protolith	 schists,	 folia%on	 with	 muscovite	 (FW)	 and	
chlorite	(HW)	

Smith	et	al.,	in	review	



Monte	Fico	thrusts	(serpen%nites).		

Moore	and	Rymer,	2007	
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Serpen%ne	minerals	are	chryso%le	(fibrous),	lizardite	
(platy)	 and	 an%gorite	 (corrugated	 structure),	
together	 with	 a	 wide	 variety	 of	 intermediate	
structures.		
	
Chryso%le,	lizardite	and	intermediate	serpen%ne	are	
the	low	T	polymorphs	T	<	300	°C.	
	
The	fric%onal	proper%es	of	these	mineral	phases,	 in	
general,	are	not	invoked	to	support	fault	weakness.				



Tesei	et	al.,	in	review	

Fric%on	 experiments	 on	 chryso%le/poligonal	 serpen%ne	 and	 lizardite	 at	
both	room	temperature	and	170°C.		



Tesei	et	al.,	in	review	



Tesei	et	al.,	in	review	
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Comparison	of	fric%onal	fault	reac%va%on	predicted	by	our	experiments	on	
fric%on	 and	 the	 dip	 distribu%on	 of	 the	 earthquakes	 occurring	 along	 the	
oceanic	outer	rise	(focal	mechanisms	from	Craig	et	al.,	EPSL	2014).		



	
1)	Examples	of	weak	faults	in	
different	tectonic	environments	
	
2)	Reac%on	SoEening	

3)	Laboratory	experiments	on	
fric%on	
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Strong	fault	with	Byerlee’s	fric%on	
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µ	=	0.6	µ	=	0.2	 µ	=	0.2	

τ0s	

If	we	take	into	account	that	a	significant	number	of	faults	might	be	weak	



Fa
ul
t	s
tr
en

gt
h	

Fault	length	

µ	=	0.6	µ	=	0.2	 µ	=	0.2	

τ0s	 τ0w	

A	significant	number	of	faults	are	weak	



Fa
ul
t	s
tr
en

gt
h	

Fault	length	

µ	=	0.6	µ	=	0.2	 µ	=	0.2	

τ0s	 τ0w	

The	low	shear	strength	of	weak	faults	can	contribute	in	explaining		
	
1)	the	lack	of	fric%onal	heat	associated	with	ac%ve	faults			
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h	

Fault	length	

µ	=	0.6	µ	=	0.2	 µ	=	0.2	

τ0s	 τ0w	

τf	

The	low	shear	strength	of	weak	faults	can	help	in	explaining		
	
2)	 the	 low	average	earthquakes	 stress	 drop	 (together	with	dynamic	weakening,	
e.g.	Rice	et	al.,	2009,	or	fault	roughness	e.g.	Zielke	et	al.,	2017).	



In	addi%on,	since	most	of	the	weak	minerals	are	velocity	weakening,	
	
3)	 this	can	contribute	 in	explaining	 the	significant	amount	of	deforma%on	
accommodated	not	via	earthquakes	within	the	seismogenic	layer.				

On	 average	 aseismic	 slip	 in	 the	
interseismic	 period	 accounts	 for	
about	 38%	 to	 59%	 of	 interplate	
slip	 at	 depth	 shallower	 than	 40	
km.				

Perfe,ni	et	al.,	Nature	2010.	
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Slip	behaviour	of	fluid	pressurized	experimental	weak	faults	
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Fault Reactivation

The	basic	physical	mechanism	for	induced	seismicity	is	well	understood.		
Following	 injec%on,	 fluid	overpressure	 reduces	 the	 effec%ve	normal	 stress,	
that	holds	the	fault	in	place,	promo%ng	fault	reac%va%on	(e.g.	Hubbert	and	
Rubey,	1959	Bull.	Geol.	Soc.	Am.).		 

The	Coulomb	failure	criterion	

Modified	from	Davies,	2013		



Dieterich,	1979	(JGR);	Ruina,	1983	(JGR);	Marone,	1998	(AREPS). 

Fault	reac/va/on	vs.	Fric/onal	slip	stability	
	

Rate-	and	State-	fric%onal	cons%tu%ve	equa%ons	(RSF)	to	evaluate	fric%onal	stability		



Fault	reac/va/on	vs.	Fric/onal	slip	stability	

Criterion	for	fault	stability	
defined	by	the	cri%cal	s%ffness	
kc	=	(σn	–	Pf)	(b-a)	/	Dc		

kc	
k	



Instability	if	k	<	kc		
kc	=	(σn	–	Pf)	(b-a)	/	Dc		

In	Val	D’Agri	oil	filed	(Southern	Italy),	posi%ve	correla%on	between	the	level	
of	 injec%on	 pressure	 and	 earthquake	 occurrence	 (Improta	 et	 al.,	 2015).	 Rock	 type:	
carbonates. 



At	Paradox,	Colorado	 (Ake	et	al.,	205,	BSSA;	Block	 st	al.,	 SRL,	2014)	first	earthquakes	when	
the	stress	reached	the	failure	envelope,	then	most	of	earthquakes	occurred	
during	large	volume	injec%on.	Rock	types:	carbonates,	schists,	sandstone,	granites.			 

Instability	if	k	<	kc		
kc	=	(σn	–	Pf)	(b-a)	/	Dc		



In	addi%on	 the	criterion	 for	 fault	 instability	predicts	earthquake	slip	only	 if	
the	 material	 is	 velocity	 weakening,	 while	 laboratory	 experiments	 show	 a	
wide	variety	of	velocity	strengthening	fault	gouge.	 

Instability	if	k	<	kc		
kc	=	(σn	–	Pf)	(b-a)	/	Dc		

At	 stress/temperature	 condi%ons	 typical	 of	 the	
occurrence	of	induced	seismicity,	i.e.	<	5	km,	a	wide	
variety	 of	 fault	 gouge	 materials	 show	 a	 velocity	
strengthening	behavior	(e.g.	Ikari	2011).	
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BRAVA	apparatus	Colle,ni	et	al.,	IJRM,	2014		

To	 address	 this	 conundrum	 we	 developed	 laboratory	 experiments	 at	 boundary	 condi%ons	
more	similar	to	those	of	induced	seismicity.		



Biaxial	configura%on	with	fluid	flow	to	run	experiments	with	fluid	pressure.		

Scuderi	&	Colle,ni,	Sci.	Rep.,	2016	



A)  Fric%onal	and	fluid	flow	proper%es	of	Shale:	Rochester	Shale	(59%	Illite,	9%	
Kaolinite	27%	Quartz)		

Low	fric%on,	low	permeability	and	velocity	strengthening	behaviour		

Scuderi	et	al.,	in	prep.	



B)	Creep	experiments	to	monitor	fault	slip	behaviour	during	pressuriza%on	

Scuderi	et	al.,	EPSL	2017.	



B)	Creep	experiments	to	monitor	fault	slip	behaviour	during	pressuriza%on	



B)	Creep	experiments	to	monitor	fault	slip	behaviour	during	pressuriza%on	



Slip	and	slip	velocity	evolu%on	during	fluid	pressuriza%on.			

Accelera%on	and	decelera%on	modulated	by	
fluid	pressure	steps	

Scuderi	et	al.,	in	prep.			



Why	these	accelera%ons	and	self	decelera%ons?	

Accelera%on	and	decelera%on	modulated	by	
fluid	pressure	steps	

Scuderi	et	al.,	in	prep.			



Due	to	the	low	permeability	of	clay,	during	pressuriza%on	Pf	is	always	
higher	in	the	proximity	of	the	injec%on	point.			

Scuderi	et	al.,	in	prep.			



1)	 Fluid	 pressure	 build-up	 allows	 fault	 slip.	
Slip	 increases	 permeability	 favoring	 fluid	
pressure	release	and	fault	decelera%on.							

Why	these	accelera%ons	and	
self	decelera%ons?	

Scuderi	et	al.,	in	prep.			



2)	 The	 weakening	 induced	 by	 fluid	
overpressure	 is	 counteracted	 by	 the	 strong	
velocity	 strengthening	 behaviour	 of	 clay	
inhibi%ng	a	fast	dynamic	rupture.				

Why	this	final	slow		
accelera%on?	

Scuderi	et	al.,	in	prep.			
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