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Abstract	

This	 study	 deals	 with	 reverse	 faults	 within	 intensely	 carbonated	 meta-

lherzolites,	 with	 related	 gold	 mineralisations,	 from	 the	 Voltri	 Massif,	 and	 in	

particular	within	 the	 Lavagnina	 Lakes	 area,	 in	 the	 Gorzente	 Valley.	 This	 area	 is	

located	 in	 northwest	 Italy	 among	 the	municipalities	 of	 Casaleggio	 Boiro,	 Lerma,	

Mornese,	 and	 Bosio	 (Alessandria,	 Italy;	 GPS	 coordinates	 WGS84,	 44.600685°	 N,	

8.784286°	E).	

The	Voltri	Massif	is	a	metaophiolitic	complex,	which	occurs	within	the	Eastern	

edges	of	the	Ligurian	Alps.	It	is	made	up	of	of	metaophiolitic	rocks	associated	with	

metasediments	 and	 slices	 of	 subcontinental	 lithospheric	 mantle.	 These	 rocks	

underwent	a	 complex	Alpine	 tectono-metamorphic	evolution,	with	blueschist-	 to	

eclogite-	facies	peak	metamorphism	with	variable	retrogressive	overprints.	

For	 this	 study	 the	 analysed	 structures	 are	 the	 upper	 crustal	 deformational	

events	 (UDC),	 from	 late-	 to	 post-orogenic	 linked	 to	 the	 collisional	 events.	 These	

deformational	 events	 are	 linked	 to	 different	 structural	 regimes,	 and	 developed	

during	the	late-Alpine	to	early-Appenine	events.	

The	Lavagnina	Lakes	area	is	mainly	characterised	by	outcrops	of	serpentinites,	

lherzolites,	metabasites,	metagabbros,	lenses	of	metasediments,	and	listvenites	(in	

decreasing	 order	 of	 volumetric	 extension).	 From	 a	 structural	 point	 of	 view,	 this	

area	 is	 characterised	 by	 brittle	 to	 brittle-ductile	 systems	 of	 shear	 zones,	 with	

associated	 carbonates	 and	 chalcedony-quartz	 veins	 associated	 with	 local	 gold	

mineralisations.	

Hydrothermal,	 carbon-rich	 fluids	 permeated	 the	 rocks	 and	 sustained	 these	

deformation	 stages	 producing	widespread	 and	 intense	 carbonate-rich	 alteration	

zones,	 exclusive	meso-	and	microstructures	within	 carbonates	 fault	 zones,	 called	

fault	 pearls,	 chalcedony	 shear	 veins	 along	 fault	 surfaces,	 widespread	 quartz-

chalcedony	and	carbonates	veining,	and	leading	to	local	gold	mineralisation.	

The	geological	survey	allowed	identifying	four	main	structures	(Chapter	5)	that	

I	studied	in	detail.	In	particular	I	studied	the	Bisciarelle	Creek	thrust	fault	for	the	

occurrence	of	meso-	and	microstructures	never	reported	in	literature,	called	fault	

pearls.	Their	compositional	and	textural	characteristics,	described	in	chapter	5.3.4,	

make	the	fault	core	of	the	Bisciarelle	fault	a	peculiar	geological	object.	
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The	data	shown	in	chapter	7	provide	constraints	on	the	chemical	properties	of	

the	fluid	that	generate	the	intense	carbonation	along	the	Bisciarelle	fault.	Through	

the	 mass	 transfer	 profiles	 was	 possible	 to	 identify	 and	 quantify	 those	 elements	

transferred	from	the	fluid	to	the	rock	and	vice	versa.	

The	 morphometric	 image	 analysis	 results	 (Described	 in	 chapter	 5.3.5)	 show	

that	the	fault	pearls	have	circular	shape	irrespective	to	the	direction	of	observation	

(parallel	 and	 orthogonal	 to	 the	 slickenlines),	 with	 values	 that	 indicate	 a	 nearly	

perfect	circular	shape.	These	values	are	 in	 line	with	the	roundness	values,	hence	

the	fault	pearls	in	three-dimensions	can	be	considered	as	nearly	perfect	spheres	or	

as	very	spherical	textures.	

Single-spot	 SEM-EDS	 (Chapter	 8)	 analyses	 show	 that	 ferroan	 dolomite	makes	

the	 pearl	 bands	 (CaO:	 29.13±2.33	 wt%;	 MgO:	 19.03±4.86	 wt%;	 FeO:	 1.77±0.87	

wt%)	and	 that	minor	 compositional	variations	across	 large	and	 thin	bands	exist,	

and	that	silica	makes	most	of	the	chalcedony	veins	(SiO2:	97.97±3.23	wt%).		

Elemental	imaging	by	LA-ICPTOFMS	(Chapter	8)	provides	a	detailed	account	of	

the	distribution	of	chemical	elements	within	pearls,	matrix,	and	chalcedony	shear	

veins.	Mineral	paragenesis	 and	elemental	 imaging	by	LA-ICP-TOFMS	confirm	 the	

hypothesis	of	hydrothermal	derivation	of	the	fault	rock.	This	is	best	evaluated	by	

comparing	the	concentration	ranges	of	the	key	trace	elements	As,	Sb,	In,	Ga,	Ag,	Zn,	

and	Cu	of	fault	pearls	levels	and	chalcedony	with	those	of	the	same	elements	in	the	

average	upper	crust.	Such	comparison	clearly	shows	that	the	peak	concentrations	

of	these	elements	are	5	(Cu,	Zn)	to	50	(Sb,	In)	times	higher	than	those	of	the	upper	

crust,	demonstrating	 that	 the	Bisciarelle	 fault	 fluid	was	 capable	 to	 transport	 and	

deposit	a	suite	of	ore	elements.	

These	evidences	are	fundamental	to	discuss	the	possible	origin	of	the	fluids	that	

developed	 the	 carbonation	 and	 the	 fluid-rock	 interactions	 along	 the	 Bisciarelle	

thrust	fault	and	along	the	main	fault	of	the	Lavagnina	Lakes	area.	

On	 the	 basis	 of	 all	 the	 constraints	 described,	 the	 fault	 pearl	 features	 are	

compatible	with	a	genesis	from	a	process	called	“transient”	boiling	in	microfluidics.	

This	 process	 occurs	within	 cavities	when	 a	 liquid	 is	 instantaneously	 overheated	

and	 a	 vapour	 phase	 nucleates	 and	 expands	 up	 to	 explosive	 boiling,	 and	 so	

generates	a	myriad	of	vapour	bubbles.	Such	process,	which	occurred	during	mixed	

mode	 fracturing	 in	 the	 fault,	 implies	 that	 pearls	might	 reflect	 the	 liquid-vapour	
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fractionation	of	chemical	elements	 in	a	boiling	hydrothermal	 fluid	during	seismic	

failure.	

The	close	association	of	fault	pearls	with	seismic-related	structures	such	as	sub-

micron	carbonates	coating	of	slip	surfaces,	quartz	microtexture	related	to	silica	gel	

deposition,	 syn-kinematic	 filamentous	 phase,	 injection	 veins	 with	 similar	

characteristics	 and	 overpressure	with	 respect	 to	 seismic	 pseudotachylites	 along	

slip	zone	supports	the	hypothesis	that	fault	pearls	developed	during	shear	events	

at	seismic	rates,	and	hence	are	considerable	as	paleo-seismic	events	indicators.	

Moreover	I	discuss	the	tectonic	evolution	of	the	Lavagnina	Lakes	area	linked	to	

the	 syn-kynematic	 fluid	 rock	 interaction,	 the	 origin	 of	 the	 fluids	 and	 the	 gold	

mineralisations	 of	 the	 area.	 The	 occurrence	 of	 syn-tectonic	 fluid	 flow	 and	

consequent	 fluid-rock	 interaction	 (e.g.	 carbonation)	 along	 the	 two	 systems	 of	

Reverse	Shear	Zones	(RSZ1-RSZ2),	 is	 testified	by:	metasomatic	alteration	(ALT-1,	

ALT-2,	 and	 ALT-3),	 at	 least	 three	 main	 systems	 of	 veins	 (V1,	 V2,	 and	 V3),	 and	

hydraulic	 and	 cockade	 breccias.	 The	 evidence	 that	 the	 carbonation	 took	 place	

along	 these	 structures,	 in	 particular	 along	 the	 RSZs	 systems,	 and	 within	 their	

damage	zones,	highlights	how	these	structures	acted	as	important	fluid	pathways	

and	played	a	major	control	in	the	distribution	of	the	ore	deposits.	

Finally,	 I	 stress	 out	 further	 consideration	 about	 the	 comparison	 between	 the	

gold	mineralisations	of	the	area	with	the	gold	mineralisations	of	the	whole	Voltri	

Massif.	
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1 –	Introduction	
	
1.1 Aim	of	the	present	study	

	
Understanding	 the	 development	 and	 the	 evolution	 of	 fault	 zones	 has	 always	

attracted	the	interest	of	many	geoscientists.	All	this	interest	is	due	to	their	complex	

interplay	with	 a	wide	 spectrum	of	other	 geological	 processes;	 they	 often	 change	

the	 chemical,	 physical,	 and	 mechanical	 properties	 of	 rocks	 (like	 porosity	 and	

permeability	 characteristics),	 becoming	 preferential	 pathways	 or	 barriers	 for	

fluids	circulation,	depending	on	the	former	properties.	When	the	porosity	and	the	

permeability	 rise	 up	 near	 the	 fault	 and	 along	 the	 fault	 damage	 zone,	 the	 zone	

becomes	 like	 a	 conduit	 for	 the	 fluids,	 also	 enhancing	 and	 speeding	 up	 the	 fluid-

rock	 interactions.	 Field	 evidence	 and	 theoretical	 considerations	 indicate	 that	

reverse	 faults	 and	 thrust	 faults	 could	 have	 experienced	 stages	 of	 fault-valve	

behaviour	(Sibson,	1977;	Sibson	et	al.,	1988;	Sibson,	1992;	Shelly	et	al.,	2015;	Japas	

et	al.,	2016),	similar	to	the	stick-slip	movement,	which	consisted	in	cycles	of	fluid	

pressure	 builds-up,	 fault	 opening,	 fluid	 flushing,	 leading	 to	 intense	 fluid-rock	

interaction	and	host-rock	alteration,	possibly	with	ore	mineralisations	during	the	

seismic	failure	of	the	faults.	

This	 study	 deals	 with	 reverse	 faults	 within	 intensely	 carbonated	 meta-

lherzolites,	 with	 related	 gold	 mineralisations,	 from	 the	 Voltri	 Massif,	 and	 in	

particular	within	 the	Lavagnina	Lakes	area,	 in	 the	Gorzente	Valley.	 In	 this	 area	 I	

investigated	structures	that	are	possibly	related	to	paleo-seismic	events,	i.e.	micro	

textures	 associated	 to	 recrystallization	 over	 silica	 gel,	 carbonates	 nano-grains	

coating	along	slip	surfaces,	and	a	novel	meso-	and	microtextures	called	fault-pearls.	

The	 Voltri	Massif	 is	 one	 of	 the	 ophiolitic	massifs	 of	 the	Western	 Alps,	 and	 is	

located	 at	 the	 eastern	 edge	 of	 the	 Ligurian	 Alps.	 The	 Units	 of	 the	 Voltri	 Massif	

experienced	a	complex	Alpine	tectono-metamorphic	history,	evolving	from	ductile	

to	brittle	deformations	(Capponi	and	Crispini,	1997,	2002)	and	from	high-pressure	

metamorphic	 conditions	 to	 variable	 retrogressive	 overprints	 (Cimmino	 and	

Messiga,	1979;	Capponi	and	Crispini,	1997;	Desmons	et	al.,	1999;	Piana	et	al	2006).	

The	Oligocene	to	Present	Alpine	history,	mainly	developed	under	brittle-ductile	to	

brittle	 conditions,	 and	 can	 be	 related	 to	 polyphasic	 upper	 crustal	 deformations	
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(Spagnolo,	 2004;	 Spagnolo	 et	 al.,	 2007).	 Hydrothermal,	 carbon-rich	 fluids	

accompained	late-	metamorphic	deformation	stages,	characterised	by	thrust	fault,	

leading	to	local	gold	enrichment.		

Knowledge	 of	 gold	 occurrences	 in	 central	 Liguria	 comes	 from	 literature.	 Gold	

deposits	 are	described	 in	many	units,	 e.g.	 in	 the	Sestri-Voltaggio	Zone	and	 in	 the	

ophiolitic	 rocks	 belonging	 to	 the	 Internal	 Ligurian	 Units,	 but	 they	 are	 widely	

developed	 only	 in	 the	 Voltri	 Massif	 and	 specially	 in	 the	 Gorzente	 Valley.	 Most	

important	works	about	gold	occurrences	in	the	Voltri	Massif	and	in	the	Lavagnina	

Lake	–	Gorzente	Valley	area	are	due	to	Buisson	and	Leblanc	(1985a,	1985b)	and	to	

Pipino	(1976,	1978,	1980,	1982,	2000,	2001,	2003).	

The	Lavagnina	Lakes	area	is	mainly	characterised	by	outcrops	of	serpentinites,	

lherzolites,	 metabasites,	 metagabbros,	 and	 lenses	 of	 metasediments	 s.l.	 (in	

decreasing	order	of	areal	extension).	From	a	structural	point	of	view,	 this	area	 is	

characterised	by	brittle	 to	brittle-ductile	 systems	of	 shear	 zones,	with	associated	

carbonates	and	chalcedony-quartz	veins	associated	with	local	gold	mineralisations.	

Hydrothermal,	 carbon-rich	 fluids	 permeated	 the	 rocks	 and	 sustained	 these	

deformation	 stages	 producing	widespread	 and	 intense	 carbonate-rich	 alteration	

zones,	 exclusive	meso-	and	microstructures	within	 carbonates	 fault	 zones,	 called	

fault	 pearls,	 chalcedony	 shear	 veins	 along	 fault	 surfaces,	 widespread	 quartz-

chalcedony	and	carbonates	veining,	and	leading	to	local	gold	mineralisation.		

Since	 these	 structures,	 their	 superposition,	 and	 their	 interactions	 with	 fluids	

have	led	to	complex	multiple	generations	of	fault	rocks,	to	widespread	carbonate-

rich	alteration	zones,	and	to	local	gold	mineralisations	the	aims	of	this	work	are:	

- analyse	the	systems	of	reverse	shear	zones	that	characterise	the	area;	

- investigate	the	development	and	the	evolution	of	these	systems;	

- investigate	the	seismic	behaviour	of	these	faults;	

- investigate	and	quantify	the	fluid-rock	interaction	that	took	place	within	

these	faults;	

- investigate	the	structures,	and	microstructures	possibly	related	to	paleo-

seismic	events;	

- investigate	 the	 development,	 the	 evolution,	 the	 chemistry	 and	mineral	

chemistry,	 and	 the	 seismic	 behaviour	 of	 the	 novel	 meso-	 and	

microstructures	called	fault	pearls;	
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- Understand	 the	 late-	 to	 post-orogenic	 evolution	 of	 the	 Lavagnina	 lakes	

area	and	Gorzente	Valley.	

	

1.2 Milestone	of	this	study	

	

The	 researches	direct	 to	 investigate	 the	 complex	 fluid-rock	 interactions	of	 the	

Lavagnina	Lakes	area	included	several	stages:	

- field	 survey,	 in	 order	 to	 identify	 the	major	 structures	 affected	 by	 intense	

fluid-rock	interactions;	

- representative	sampling	of	the	host-	and	fault	rocks;	

- production	of	a	geo-referenced	map;	

- image	analyses	of	fault	pearls	samples;	

- X-Ray	 Powder	 Diffraction	 (XRPD)	 analysis	 for	 preliminary	 qualitative	

identification	of	the	mineral	assemblages;	

- petrographic	study	of	the	collected	samples,	aiming	at	the	definition	of	their	

metasomatic	 processes	 using	 transmitted	 light	 and	 scanning	 electronic	

microscope	 (SEM);	 SEM	 has	 also	 been	 used	 for	 the	 definition	 of	 textural	

relationships	among	the	minerals	and	mineral	composition;	

- high-resolution	(10	µm),	large-format	(1	cm2)	images	of	the	major-,	minor-,	

and	 trace-element	 distributions	 by	 Laser	 Ablation	 Inductively	 Coupled	

Plasma	 Time-of-Flight	 Mass	 Spectrometry	 (LA-ICP-TOFMS)	 to	 determine	

the	chemical	properties	of	fault	core	rocks;	

- bulk-rock	chemical	analyses,	necessary	to	realize	the	next	step;	

- mass-transfer	calculation	necessary	to	realize	the	mass-transfer	profiles,	to	

monitor	 chemical	 exchanges	 that	 took	 place	 between	 hydrothermal	 fluids	

flowing	within	the	fault,	at	the	time	of	its	slip,	and	the	host	lherzolite.	
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2–	Fault	related	processes	
	

2.1	Introduction	

	

Faults	are	complex	and	compound	structures	found	in	many	geological	settings	

in	the	upper	crust.	They	are	in	general	mechanically	weak,	prone	to	be	reactivated	

during	 stress	 build-up,	 though	with	 rare	documented	 exceptions	 (e.g.	 Tavarnelli,	

1997).	 Faults	 systems	 control	 a	wide	 range	 of	 crustal	processes.	 Although	 faults	

occupy	only	a	small	volume	of	 the	crust,	 they	have	a	controlling	 influence	on	the	

crust’s	 mechanical	 and	 fluid	 flow	 properties	 (Sibson,	 1977;	 Sibson	 et	 al.,	 1988;	

Sibson,	 1992,	 2000,	 2001;	 Faulkner	 et	 al.,	 2010).	 Fault	 zones	 are	 lithologically	

heterogeneous,	 anisotropic	 and	 discontinuous.	 Individual	 fault	 zones	 commonly	

show	 significant	 variation	 in	 complexity	 along	 strike	 or	 down	 dip,	 even	 over	

relatively	short	distances	(Schulz	and	Evans,	1998,	2000;	Shipton	and	Cowie,	2001;	

Kirkpatrick	et	al.,	2008,	Lunn	et	al.,	2008;	Faulkner	et	al.,	2010).	In	particular,	it	is	

well	 known	 that	 the	 damage	 zones,	 consisting	 of	 subsidiary	 structures	 through	

relatively	large	volume	of	rock	surrounding	the	fault	core,	are	associated	with	fault	

initiation,	propagation	and	termination	as	well	as	its	long-term	evolution	(Rawling	

et	al.,	2001;	Shipton	and	Cowie,	2001,	Faulkner	et	al.,	2003;	Faulkner	et	al.,	2010).	

Damage	zones	are	regarded	as	a	key	 factor	in	a	variety	of	geologic	fields,	such	as	

the	deformation	processes	associated	with	faulting	(e.g.	Chester	et	al.,	1993;	Schulz	

and	Evans,	1998,	2000;	Wilson	et	 al.,	 2003),	 strain	distribution	and	deformation	

history	 in	a	 region	 (e.g.	 Scholz	and	Cowie,	1990;	Walsh	et	 al.,	 1991;	Marrett	 and	

Allmendinger,	1992;	Schulz	and	Evans,	2000;		Choi	et	al.,	2012,	2016),	earthquake	

rupture	propagation	and	related	seismic	hazards	(e.g.	Sibson	et	al.,	1988;	Sibson,	

2001;	Kim	and	Sanderson,	2008;	Choi	 et	 al.,	 2012),	 and	 fluid	permeability	 in	 the	

crust	(Brodsky	et	al.,	2009;	Caine	and	Forster,	2009;	Caine	et	al.,	2010;	Faulkner	et	

al.,	 2010;	 Choi	 et	 al.,	 2016	 and	 reference	 therein).	 The	 last	 one	 is	 particularly	

important	 as	 it	 is	used	 in	 practical	 applications	 to	ground	water	 (e.g.	 Lopez	 and	

Smith,	 1995;	 Bense	 et	 al.,	 2008,	 2013;	 Rotevant	 and	 Fossen,	 2011	Welch	 et	 al.,	

2014;	 Cilona	 et	 al.,	 2015),	 hydrocarbon	 reservoirs	 and	 ore-deposits	 (e.g.	 Aydin,	

2000;	Brogi,	2011),	and	the	underground	storage	of	CO2	(e.g.	Shipton	et	al.,	2004;	

Kelemen	and	Matter,	2008;	Dockrill	and	Shipton,	2010;	Kelemen	et	al.,	2011;	Van	

Noort	et	al.,	2013).		
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Fault	 zone	structure,	mechanics	and	permeability	 can	vary	 strongly	both	over	

geological	time	(e.g.	Eichhubl	et	al.,	2009	and	reference	therein)	and	at	timescales	

relevant	to	a	variety	of	industrial	applications.	

Faults	play	an	important	role	in	controlling	the	migration	of	crustal	fluids	(e.g.	

hydrothermal	 fluids	 or	 hydrocarbon;	 Dilles	 and	 Einaudi,	 1992;	 Cox	 et	 al.,	 2001;	

Garofalo,	 2004a,	 b;	 Cox,	 2005;	 Faulkner	 et	 al.,	 2010;	 Garofalo	 et	 al.,	 2014	 and	

reference	 therein).	Ore	deposits	 are	also	 commonly	related	 to	 fault	zones	due	 to	

episodic,	 localised	 hydrothermal	 flows	 that	 occur	 during	 and	 immediately	 after	

periods	of	fault	movement	(e.g.	Sibson	et	al.,	1988;	Cox	et	al.,	2001;	Sibson,	2001;	

Garofalo,	2004a,	b;	Cox,	2005;	Micklethwaite,	2009;	Garofalo	et	al.,	2014).	

The	structure,	the	mechanics	and	the	fluid	flow	properties	of	the	fault	zone,	are	

three	inextricably	coupled,	and	must	recent	research	reflects	efforts	to	understand	

the	nature	and	processes	behind	this	coupling	(Dilles	and	Einaudi,	1992;	Caine	and	

Forster,	 1999;	 Cox	 et	 al.,	 2001;	 Cox,	 2005;	 Bense	 et	 al.,	 2008;	 Caine	 et	 al.,	 2010;	

Faulkner	et	al.,	2010;	Bense	et	 al.,	2013).	For	 instance,	 fault	rocks	are	commonly	

altered,	 and	 are	 not	 simply	 the	 result	 of	 the	 comminution	 of	 their	 protolith	

(Kaneko	et	al.,	2017).	In	fact,	in	the	upper	crust,	many	fault	rocks	may	be	viewed	as	

low-	to	medium-grade	metamorphic	rocks,	with	authigenic	growth	of	clay	minerals	

and	other	minerals	(Tembe	et	al.,	2010;	Kaneko	et	al.,	2017	and	reference	therein).	

A	close	relation	coupling	exists	between	deformation,	mechanics	and	fluid	flow	in	

fault	 zones	 by	 deformation-	 and	 reaction-driven	 changes	 in	 porosity	 and	

permeability,	 and	 fluids	 causing	 changes	 in	 deformation	 mechanisms	 through	

fluid-rock	 interaction	 in	 fault	 zones	 (e.g.	 Schulz	 and	 Evans,	 1998;	 Eichubl	 et	 al.,	

2005;	Holyoke	and	Tullis,	2006;	Eichhubl	et	al.,	2009;	Faulkner	et	al.,	2010;	Shelly	

et	 al.,	 2015).	 The	 impact	 on	 fault	 rheology,	 such	 as	 by	 fluid-enhanced	 reaction	

softening,	may	be	 considerable	 (Jefferies	et	 al.,	 2006;	Faulkner	and	Rutter,	2003;	

Faber	et	al.,	2014).	

	

2.2	Hydrothermal/metasomatic	processes	

	

Faults	 deeply	 affect	 the	 patterns	 and	 rates	 of	 fluid	 flow	 in	 both	modern	 and	

paleo-flow	systems	found	in	the	upper	crust.	Meteoric	water	and	deep-level	fluids	

may	 penetrate	 and	 influence	 rocks	 at	 depths	 as	 deep	 as	 15-20	 km	 and	 in	 flow	

regimes	 operating	 on	 scales	 ranging	 from	 the	 microscale	 to	 basins	 tens	 of	
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kilometres	wide	(Evans	et	al.,	1997,	Wibberley	and	Shimamoto,	2003;	Farough	et	

al.,	 2016).	 In	 fact,	 faults	may	 act	 as	 barriers,	 conduits,	 or	 as	 fault-valve	 (Sibson,	

1992;	Faleiros	et	 al.,	 2014;	Shelly	et	 al.,	 2015;	 Japas	 et	 al.,	 2016)	 that	 is	 a	mixed	

conduit/barrier	system.	

Faults	 could	 enhance	 the	 rock	 permeability,	 through	 variable	 degree	 of	

fracturing,	 acting	 as	 preferential	 pathways	 for	 fluid	migration.	 Furthermore,	 the	

fracturing	 of	 the	 host-rock	 enhances	 the	 reactive	 surface	 speeding	 up	 the	 fluid-

rock	 interactions.	 Moreover	 the	 fluids	 are	 important	 features	 in	

hydrothermal/metasomatic	alterations,	and	the	fluid	flow	and	its	interactions	with	

heterogeneous	 permeability	 structures	 in	 a	 fault	 zone	 can	 control	 and	 influence	

the	seismicity	in	the	upper	crust	(Lopez	and	Smith,	1995;	Caine	and	Forster,	1999;	

Gudmundsson	et	 al.,	2010;	Evans	et	 al.,	 2014;	Welch	and	Allen,	2014;	Choi	 et	 al.,	

2016).	

Hydrothermal/metasomatic	 alterations	 developed	 along	 faults	 are	 example	 of	

fluid-rock	 interactions,	 and	can	control	 the	 location,	 emplacement,	 and	evolution	

of	 economic	 mineral	 deposits	 and	 geothermal	 systems	 (Sibson,	 2001;	

Micklethwaite,	2009;	Groves	et	al.,	2000;	Caine	et	 al.,	2010;	Garofalo	et	al.,	2014;	

Groves	and	Santhos,	2016).	These	alterations	are	mainly	related	to	the:	lithology,	

fault	 scale,	 fault	 type,	 deformation	 style	 and	 history,	 fluid	 chemistry,	 and	 P-T	

metamorphic	conditions	(Reed,	1997;	Caine	and	Forster,	1999;	Caine	et	al.,	2010;	

Schandl	and	Gorton,	2012).	

Metasomatic	processes,	 linked	to	the	circulation	of	CO2	rich	 fluids	along	 faults	

into	 ultramafic	 rocks	 (e.g.	 peridotites,	 serpentinites),	 are	 exothermal	 processes	

(Matter	and	Kelemen,	2009;	Dockrill	and	Shipton,	2010;	Kelemen	et	al.,	2011,	Van	

Noort	et	al.,	2013),	which	leads	to	carbonation	of	the	host	rocks.	Since	peridotites	

and	serpentinites	are	the	two	main	lithologies	cropping	out	in	the	study	area,	and	

the	 analysed	 structures	 are	 linked	 to	 similar	 processes,	 the	 reactions	 for	 the	

carbonation	will	be	briefly	described	for	these	two	lithologies.	

Peridotite	 is	 a	 rock	 composed	 of	 >40%	 by	 olivine.	 Typical	 residual	 mantle	

peridotite	 exposed	 on	 the	 seafloor	 and	 in	 ophiolites	 is	 composed	 of	 70-80%	 by	

olivine.	 Carbonation	 of	 olivine	 occurs	 together	 with	 hydration	 via	 simplified	

reactions	(Matter	and	Kelemen,	2009;	Kelemen	et	al.,	2011):		

	

4"#$%&'( + 4*$' +	2-'$ = 2"#/%&$'0('*)( + 2"#-'/(34#567&86)											(14)	
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4"#$%&'( + 4*$' +	5-'$ = 2"#/%&(';<('*)$(84=>) + 5"#-'/,					45@									(1A)	

	

4"#$%&'( +	8-'$ = 4%&'$ + 8"#-'/																																																																												(1>)	

	

After	 hydration,	 carbonation	 occurs	 via	 the	 simplified	 reactions	 (Matter	 and	

Kelemen,	2009;	Kelemen	et	al.,	2011):	

	

4"#$%&'( + 6*$' = 2"#/%&$'0('*)( + 2"#('*)$(ADE>&86)																													(1@)	

	

FDG@E>87	GH	1@ + 2-'$ = 2"#/%&$'0('*)( + 2"#-'/ + 2*$'																										(16)	

	

FDG@E>87	GH	16 + 3-'$ = "#/%&(';<('*)$ + 5"#-'/ + 5*$'																											(1H)	

	

FDG@E>87	GH	1H + 3-'$ = 8"#-'/ + 4%&'$ + 6*$'																																																	(1#)	

	

The	 second	 and	 third	 most	 abundant	 minerals	 in	 peridotite	 are	 Ca-poor	

pyroxenes	 (often	 termed	 orthopyroxenes,	 with	 Mg-end-member	 enstatite	

"#$%&$'J)	 and	 Ca-rich	 pyroxenes	 (often	 termed	 clinopyroxenes,	 with	 Mg-end-

member	 diopside,	-4"#%&$'J );	 hence,	 it	 is	 important	 to	 add	 the	 simplified	

reaction	 (Kelemen	 and	Matter,	 2008;	Matter	 and	Kelemen,	 2009;	Kelemen	 et	 al.,	

2011):	

	

4"#$%&'( + -4"#%&$'J + 7*$' + -'$ = 3"#/%&$'0('*)( +	-4(LM)
$N + 2'*O 	

(1h)	 	 	 	

	

-4(LM)
$N + 2'*O + 	-'$ = 	-4-'/ + *$'																																																																												(1&)	

	

But,	these	reactions	may	generally	be	formulated	as	described	by	Kelemen	and	

Matter	(2008):	

	

"#$%&'( + -4"#%&$'J + 2*$' + 2-'$ = "#/%&$'0('*)( + (-4,"#)(-'/)$	(1=)	
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The	carbonation	over	serpentinites	occur	via	the	simplified	reactions	(Kelemen	

and	Matter,	2008;	Matter	and	Kelemen,	2009;	Kelemen	et	al.,	2011):	

	

4"#$%&'( + 6*$' = 2"#/%&$'0('*)( + 2"#('*)$(ADE>&86)																														(24)	

	

FDG@E>87	GH	1 + 2-'$ = 2"#/%&$'0('*)( + 2"#-'/ + 2*$'																													(2A)	

	

FDG@E>87	GH	2 + 3-'$ = "#/%&(';<('*)$ + 5"#-'/ + 5*$'																														(2>)	

	

FDG@E>87	GH	3 + 3-'$ = 8"#-'/ + 4%&'$ + 6*$'																																																				(2@)	

	

These	 reactions	 are	 written	 without	 other	 components	 than	 H2O	 and	 CO2	 in	

fluids;	however,	they	can	change	when	other	components,	such	as	aqueous	silica,	

Ca2+,	H2,	and	sulphur	species,	are	considered	to	be	transported	in	fluids.	However,	

the	silica	produced	by	the	carbonation,	visible	 in	equation	1g	and	2d,	 is	released	

into	the	fluids,	and	generally	deposits	as	chalcedony	(Boschi	et	al.,	2009).		

Infiltration	of	such	fluids	in	ultramafic	rocks	results	in	significant	amounts	and	a	

broad-spectrum	of	metasomatic	rocks	 (Hansen	et	 al.,	 2005;	Kelemen	and	Matter,	

2008;	 Matter	 and	 Kelemen,	 2009;	 Kelemen	 et	 al.,	 2011;	 Van	 Noort	 et	 al.,	 2013;	

Ulrich	 et	 al.,	 2014;	 Peuble	 et	 al.,	 2017).	 For	 example	 the	

hydrothermal/metasomatic	 process	 occurring	 along	 fault	 inside	 serpentinites	

produces	 variously	 carbonated	 rocks	 for	 example:	 listvenites	 (quartz-carbonate-

chromium	 mica	 association),	 quartz-carbonate	 rocks	 (silica-	 carbonate	

association),	 carbonate-rich	 rocks,	 serpentine-	 talc-	 (chlorite)-	 carbonate	 rocks,	

talc-carbonate	 rocks	 and	 talc-silica-carbonate	 rocks	 are	 examples	 of	 products	 of	

hydrothermal/metasomatic	alteration	(Hans	et	al.,	2005;	Akbulut	et	al.,	2006;		Van	

Noort	 et	 al.,	 2013;	 Ulrich	 et	 al.,	 2014).	 These	 kind	 of	 carbonated	 rocks,	 and	 in	

particular	listvenites	are	genetically	linked	to	gold	mineralisation.	

Moreover,	 these	 processes	 incorporate	 carbon	 dioxide	 into	 stable	 mineral	

carbonate	phases	trapping	safely	CO2	over	geological	times	(Kelemen	and	Matter,	

2008;	Boschi	et	al.,	2009;	Matter	and	Kelemen,	2009;	Dockrill	and	Shipton,	2010;	

Kelemen	et	al.,	2011	and	references	therein);	it	represents	the	natural	analogue	of	

in	 situ	 CO2	 mineral	 sequestration.	 The	 in	 situ	 CO2	 mineral	 sequestration	 was	

proposed	by	Seifritz	(1990)	and	it	is	an	induced	industrial	exothermic	alteration	of	
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metal-rich	 non-	 carbonate	 minerals	 (i.e.,	 Mg2SiO4	 olivine,	 Mg3Si2O5(OH)4	

serpentine,	 Mg2Si2O6	 enstatite,	 CaMgSi2O6	 diopside)	 to	 geologically	 and	

thermodynamically	 stable	 mineral	 carbonates	 (i.e.,	 MgCO3	 magnesite,	

(Ca,Mg)(CO3)2	dolomite,	CaCO3	calcite,	FeCO3	siderite;	Boschi	et	al.,	2009)	in	order	

to	reduce	the	anthropogenic	carbon	dioxide	pollution.		

Moreover,	 the	 carbonation	 of	 ultramafic	 rocks	 along	 fault	 is	 an	 important	

geological	 process,	 with	 implications	 that	 include	 formation	 of	 ore	 deposits.	 For	

example	 many	mesothermal	 gold-quartz	 deposits	 are	 localized	 along	 high-angle	

reverse	or	reverse-oblique	shear	zones	within	ultramafic	rocks.	

	

2.3	Earthquake-related	deformational	processes	

	

Particularly	 in	 the	 last	 decades,	 exhumed	 fault	 zones	 represent	 an	 engaging	

geological	 topic,	 since	 they	 may	 offer,	 among	 others,	 insights	 into	 earthquake-

related	 deformational	 processes,	 the	 main	 issue	 being	 the	 distinction	 between	

seismic	and	aseismic	slip	(Boutareaud	et	al.,	2008,	2010;	Smith	et	al.,	2011;	Viganò	

et	al.,	2011;	Fondriest	et	al.,	2012;	Rowe	and	Griffith,	2015;	Viti	et	al.,	2016;	Chen	et	

al.,	2017).	

For	a	long	time,	identifying	unambiguous	seismic	slip	in	a	rock	record	relied	on	

the	 recognition	 of	 tectonic	 pseudotachylites	 (Billi	 et	 al.,	 2008;	 Kirkpatrick	 and	

Rowe,	2013;	Rowe	and	Griffith,	2015),	which	have	become	a	sort	of	holy	grail	for	

geologist	 interested	 in	 studying	 seismic	 processes	 (Kirkpatrick	 and	Rowe,	 2013;	

Rowe	and	Griffith,	2015).	Pseudotachylites,	however,	are	rare	in	comparison	to	the	

seismic	 activity	 in	 the	 Earth’s	 crust	 (Kirkpatrick	 and	 Rowe,	 2013;	 Rowe	 and	

Griffith,	2015),	they	develop	only	in	crystalline	rock	and	hence	are	basically	absent	

in	 fault-zones	 hosted	 in	 carbonate-bearing	 rocks	 (e.g.	 Billi	 et	 al.,	 2008).	 In	

carbonate-bearing	 rocks,	 in	 contrast,	 fault	 rock	 assemblages	 such	 as	 pulverized	

rocks	 or	 fluidized	 gouges	 occur	 rather	 frequently.	 In	 fact,	many	 authors	 suggest	

that	 during	 seismic	 slip	 along	 faults	 in	 carbonate-bearing	 rocks,	 thermal	

decomposition	of	carbonates	produce	slip	weakening	(e.g.	Novellino	et	al.,	2015),	

before	 to	 reach	 necessary	 conditions	 for	 the	 development	 of	 pseudotachylites.	

However,	Viganò	et	al.	(2011)	described	fault-	and	injection-veins	with	carbonate-

rich	 matrix	 and	 their	 data	 suggest	 that	 this	 matrix	 represent	 the	 result	 of	 an	

undercooled	carbonate	melt-bearing	assemblages.	
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Actually,	 pseudotachylites	 are	 no	 longer	 the	 unique	 unequivocal	 record	 of	

paleo-seismic	 fault.	Many	processes	possibly	 linked	to	seismic	events,	other	than	

shear-related	 melting,	 have	 been	 investigated,	 like	 the	 processes	 which	 lead	 to	

fault	 strength	 reduction	 as	 flash	 heating	 (Rice	 et	 al.,	 2006;	 Goldsby	 and	 Tullis,	

2011;	Weatherley	and	Allen,	2014;	Hayward	et	al.,	2016),	nanograins	coating	along	

slip	 surfaces	 (Schleicher	 et	 al.,	 2010;	 Siman-Tov	 et	 al.,	 2013)	 thermal	

decomposition	of	carbonates	(Han	et	al.,	2007;	Sulem	and	Famin,	2009;	Collettini	

et	 al.,	 2013;	Novellino	 et	 al.,	 2015),	 silica	 gel	 formation	 (Kirkpatrick	 et	 al.,	 2013;	

Faber	et	al.,	2014;	Prokofiev	et	al.,	2017).	

Thermal	 decomposition	 of	 carbonates	 during	 seismic	 slip	 may	 be	 recorded,	

even	when	peak	 temperature	does	not	exceed	 the	 local	 fault	rock	 solidus	 (Rowe	

and	 Griffith,	 2015).	 In	 particular,	 hydrous	 and	 carbonate	 minerals	 have	 been	

shown	 to	 thermally	 dissociate	 during	 fast	 slip.	 Dissociation	 leaves	 volatiles	 and	

amorphous	or	nano	crystalline	materials	 that	are	potentially	 reactive	with	 fluids	

and	 surrounding	minerals,	 and	 unstable	 over	 geologic	 time	 (e.g.	 CaO,	Han	 et	 al.,	

2007).	 The	 recrystallization	 of	 these	 products	 may	 occur	 immediately	 post-

seismically,	or	after	the	fault	has	cooled.	In	the	former	case,	the	new	minerals	may	

record	 higher	 than	 ambient	 temperatures,	 or	 in	 the	 latter,	 the	 pre-seismic	

mineralogy	may	be	reproduced	by	back-reaction	of	the	dissociation	products.		

High-velocity	 friction	 experiments	 have	 shown	 an	 almost	 complete	 loss	 of	

strength associated	with	silica	gel	formation	on	slip	surfaces.	The	identification	of	
frictional	 silica	 gel products	 in	 paleo-seismic	 faults	 is,	 however,	 problematic,	
because	there	are	multiple	natural	sources	of	silica	gel	and	recrystallization	of	gel	

to	quartz	complicates	preservation.	�	

In	 addition,	many	other	 structures	have	 been	 proposed	 as	potentially	 seismic	

indicators,	for	example:	mirror-like	slip	surfaces	(Siman-Tov	et	al.,	2013;	Evans	et	

al.,	 2014;	 Rowe	 and	Griffith,	 2015;	 Viti	 et	 al.,	 2016),	 and	 clast-cortex	 aggregates	

(Boutareaud	et	 al.,	2008,	2010;	Smith	et	 al.,	 2011;	Rempe	et	 al.,	 2014;	Rowe	and	

Griffith,	2015),	even	if	no	general	consesu	still	exists	on	their	interpretation.	
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3	–	Geological	framework	of	the	area	

	

3.1	–	The	Western	Alps		

	
The	Alps	are	a	double	vergent	orogen	that	developed	since	 the	Cretaceous,	 as	

the	result	of	 the	convergence	between	Europe	and	Adria	(Vanossi,	1984;	Vanossi	

et	 al.,	 1986;	Polino	et	 al.,	 1990,	1995;	Beltrando	et	 al.,	 2010;	Malusà	et	 al.,	 2005,	

2016	and	references	therein)	which	is	alternatively	considered	as	a	promontory	of	

Africa	 or	 as	 an	 independent	 micro-plate	 (Dewey	 et	 al.,	 1989;	 Rosenbaum	 et	 al.,	

2002;	Beltrando	et	 al.,	 2010).	The	 convergent	evolution	 involved	 the	 continental	

margins,	 of	 these	 plates,	 and	 the	 western	 Tethys,	 i.e.	 the	 Jurassic	 Ligurian-

Piedmontese	 ocean,	 lying	 in	 between;	 slices	 of	 continental	 mantle	 were	 also	

involved	 (i.e.	 in	 the	 Lanzo	 Massif;	 Nicolas	 et	 al.,	 1972;	 and	 in	 the	 Voltri	 Massif;	

Piccardo	 et	 al.,	 1988).	 Convergence	 was	 accommodated	 by	 the	 E-SE	 dipping	

subduction	 	 (e.g.	Polino	et	 al.,	 1990,	1995;	Stampfli	 et	 al.,	 1998)	of	 the	Ligurian–

Piedmont	 oceanic	 lithosphere	 below	 the	 Adriatic	 plate,	 and	 then	 evolved	 to	

continental	 collision	 with	 the	 arrival	 at	 the	 subduction	 hinge	 of	 the	 European	

lithosphere	during	the	middle	Eocene.	

The	following	exhumation	occurred	at	the	Eocene-Oligocene	boundary	(Carrapa	

et	al.,	2016),	in	different	sectors	of	the	Western	Alps	through	different	mechanisms,	

such	as	crustal	 thickening	(e.g.	 for	 the	Briançonnais	units,	Maino	et	al.,	2012),	by	

mass	transfer	in	a	low	viscosity	subduction	channel	(e.g.	the	Ligurian-Piedmontese	

units,	 Federico	et	 al.,	 2005,	2007),	or	 such	as	crustal	 thickening	 (Schwartz	et	 al.,	

2017).	 The	 emplacement	 of	 the	 exhumed	 rock	 bodies	 with	 a	 vergence	 towards	

paleo-Europe	built	up	the	Alpine	belt,	which	resulted	from	the	structural	stack	of	

several	units,	heterogeneous	 from	both	 the	point	of	 view	of	 the	paleogeographic	

derivation	and	the	structural-metamorphic	evolution	(Capponi	et	al.,	2016).	

The	 ongoing	 convergence	 of	 the	 European	 and	 Apulian	 plates	 was	 then	

accommodated	 by	 a	W	 directed	 subduction	 (i.e.	 “Apenninic”	 subduction)	 which	

later	resulted	in	the	Apennine	orogenic	phase	(Elter	&	Pertusati,	1973;	Molli	et	al.,	

2010).	The	transition	from	an	E-SE	dipping	subduction	(i.e.	“Alpine”	subduction)	to	

a	W	directed	subduction	(i.e.	“Apenninic”	subduction)	is	a	matter	of	debate.	A	twist	

in	the	direction	of	subduction	(e.g.	Doglioni	et	al.,	1998;	Handy	et	al.,	2010)	is	the	
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most	 usual	 explanation,	 but	 many	 other	 geodynamic	 models	 have	 also	 been	

proposed	for	the	Alps-	Apennine	transition	(e.g.	Hoogerduijn	Strating,	1990,	1991,	

1994;	 Faccenna	 et	 al.,	 2004;	 Vignaroli	 et	 al.,	 2008);	 however,	 an	 in-depth	

discussion	of	this	topic	is	beyond	the	scope	of	this	work.		

The	Alps	may	be	subdivided	into	two	belts	of	differing	size,	age	and	geological	

meaning:	 1)	 the	 Europe-vergent	 belt,	 a	 thick	 collisional	 wedge	 of	 Cretaceous-

Neogene	age,	consisting	of	continental	and	minor	oceanic	units	radially	displaced	

towards	 the	 Molasse	 foredeep	 and	 European	 foreland;	 2)	 the	 Southern	 Alps,	 a	

minor,	shallower	(non-metamorphic)	and	younger	(Neogene)	thrust-and-fold	belt	

displaced	 to	 the	 south	 (Adria-vergent),	 which	 developed	 within	 the	 Alpine	

hinterland	 of	 the	 Adria	 upper	 plate,	 far	 from	 the	 oceanic	 suture	 (Dal	 Piaz	 and	

Gosso,	1994;	Dal	Piaz,	1999,	2001;	Dal	Piaz	et	al.,	2003).	These	belts	are	separated	

by	 the	 Periadriatic	 (Insubric)	 lineament,	 a	 major	 fault	 system	 of	 Oligocene-

Neogene	age	(Dal	Piaz	and	Gosso,	1994;	Dal	Piaz,	1999,	2001;	Dal	Piaz	et	al.,	2003).		

From	 top	 to	 bottom	 and	 from	 the	 internal	 to	 the	 external	 side,	 the	 principal	

Europe-vergent	 tectonic	 domains	 are	 are	 (Fig.	 1):	 i)	 the	 Austroalpine	 composite	

nappe	 system,	 derived	 from	 the	 distal	 part	 of	 the	 Adriatic	 passive	 continental	

margin,	which	mainly	developed	during	the	Cretaceous	(Eoalpine)	orogeny;	ii)	the	

Penninic	zone,	a	stack	of	metamorphic	nappes,	scraped	off	the	subducting	oceanic	

lithosphere	and	European	passive	continental	margin,	mainly	accreted	during	the	

Paleogene;	and	iii)	the	Helvetic	zone,	consisting	of	shallower	basement	slices	and	

detached	 cover	 units	 derived	 from	 the	 proximal	 part	 of	 the	 European	 margin,	

mainly	imbricated	from	the	Oligocene	onwards	(Dal	Piaz	and	Gosso,	1994;	Dal	Piaz,	

1999,	2001;	Dal	Piaz	et	al.,	2003).	

The	 deep	 anatomy	 of	 the	 Alps	 has	 been	 explored	 by	 the	 deep	 seismic	

experiments,	 identifying	 two	 distinct	 Moho	 surfaces,	 i.e.,	 the	 Adriatic	 and	 the	

deeper	European	Moho,	gently	bending	from	the	Alpine	foreland	to	the	deep	base	

of	the	collisional	wedge	(Dal	Piaz	and	Gosso,	1994;	Dal	Piaz,	1999,	2001;	Dal	Piaz	

et	 al.,	 2003).	 This	means	 that	 the	 overall	 setting	 of	 the	 Alps	 is	 asymmetric:	 the	

orogen	 was	 dominated	 by	 Europe-vergent	 displacements,	 and	 the	 antithetic	

Southalpine	 belt	 is	 only	 a	 superficial	 feature	 within	 the	 Adriatic	 upper	 plate.	

Integrating	 the	 surface	 geology	 with	 the	 interpretation	 of	 seismic	 images,	 the	

Europe-vergent	 belt	 is	 a	 mantle-	 free	 crustal	 wedge	 which	 tapers	 to	 the	 north,	

floats	on	top	the	European	lower	plate	and	is	indented,	to	the	south,	by	the	present	
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Adriatic	(Southern	Alps)	lithosphere	(Dal	Piaz	et	al.,	2003).	

Both	 continental	 plate	margins	 originally	 extended	 into	 the	 Penninic-Helvetic	

and	Austroalpine	domains	are	presently	incorporated	into	the	collisional	belt.	This	

wedge	may	 be	 subdivided	 into	 two	diachronous	 parts:	 i)	 the	 internal	 older	 part	

(Austroalpine-Penninic),	which	forms	now	the	axial	zone	of	the	Alps	(Dal	Piaz	and	

Gosso,	 1994;	 Dal	 Piaz,	 1999,	 2001;	 Dal	 Piaz	 et	 al.,	 2003);	 it	 is	 a	 exhumed	

subduction	 complex	 which	 includes	 the	 Adria/Europe	 collisional	 zone,	 and	 it	 is	

marked	by	one	or	more	ophiolitic	units	(in	different	areas).	It	displays	polyphase	

metamorphism	 evolving	 from	 blueschist	 or	 eclogite	 facies	 imprint	 (Cretaceous-	

Eocene	 subduction),	 locally	 coesite-bearing,	 to	 a	 Barrovian	 overprint	 (mature	

collision,	slab	break-off)	of	Late	Eocene-Early	Oligocene	age	(Frey	et	al.,	1999).	ii)	

The	 outer,	 younger	 part	 (Helvetic),	 which	 is	 made	 up	 of	 shallower	 basement	

thrust-sheets	 and	 by	 detached	 cover	 units	 derived	 from	 the	 proximal	 European	

margin,	 that	 escaped	 the	 low-T	subduction	 regime	 and	 that,	 from	 the	Oligocene,	

were	accreted	in	front	of	the	exhumed	Austroalpine-Penninic	wedge	(Dal	Piaz	and	

Gosso,	1994;	Dal	Piaz,	1999,	2001;	Dal	Piaz	et	al.,	2003).		
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Figure	1:	Tectonic	map	of	the	Western	Alps	(Redrawn	by	Beltrando	et	al.,	2010)	A:	Acceglio	Zone;	AG:	

Argentera	Massif;	AM:	Ambin	Massif;	AR:	Arolla	Series;	BI:	Brossasco–Isasca	UHP	Unit;	C:	Combin	Zone;	

ECM:	External	Crystalline	Massifs;	F:	Furgg	Zone;	GP:	Gran	Paradiso	Massif;	IVZ:	Ivrea	Zone;	IZ:	Internal	

Zone;	LC:	Lago	di	Cignana	UHP	Unit;	M:	Money	Unit;	MB:	Mont	Blanc	Massif;	MF:	Mont	Fort	Unit;	MR:	

Monte	Rosa	Massif;	MV:	Monviso	Massif;	P:	Pinerolo	Unit;	PM:	Pelvoux	Massif;	Q:	Queyras	Schistes	

Lustrés;	R:	Rutor	Massif;	SL:	Serie	dei	Laghi;	SM:	Siviez–Mischabel;	TPB:	Tertiary	Piemonte	Basin;	VA:	

Vanoise;	VO:	Voltri	Massif;	VS:	Valpelline	Series;	ZH:	Zone	Houillère;	ZS:	Zermatt–Saas	Zone.	Star	

indicates	location	of	the	UHP	Lago	di	Cignana	Unit.	
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3.2	–	Exhumation	and	late	orogenic	tectonics	

	
Since	this	work	deals	with	the	study	of	 the	 late-	 to	post	orogenic	deformations,	

this	topic	will	be	dealt	with	more	detail.	

The	 axial	 domain	 of	 the	 north-western	 Alps	 is	 characterised	 by	 polyphase	

metamorphic	 history	 and	 superposed	 and	 penetrative	 ductile	 deformation,	 and	

also	 by	 brittle	 deformation	 (i.e.	 brittle	 faulting).	 The	 importance	 of	 the	 brittle	

faulting	has	been	underestimated	for	a	long	time	(Bistacchi	and	Massaroni,	2000;	

Bistacchi	et	al.,	2000,	2001	and	reference	therein),	Only	recently,	following	several	

examples	 from	 other	 orogens,	 an	 increasing	 interest	 has	 been	 addressed	 to	 the	

late-collisional	 tectonics	 in	 shaping	 the	 present-day	 Alps	 (Bucher	 et	 al.,	 2003;	

Bertrand	and	Sue,	2017).	

	According	 to	 the	 literature,	 the	 final	 exhumation	 of	 the	 Penninic-Austroalpine	

nappe	 stack	 was	 accomplished,	 from	 the	 Oligocene	 to	 the	 Present,	 could	 be	

summarized	through	the	following	steps:		

(a)	 Oligocene	 extension	 coupled	 with	 the	 Periadriatic	 magmatism	 and	

emplacement	of	gold-bearing	quartz	veins	 (Dal	Piaz	et	 al.,	 1979;	Venturelli	 et	 al.,	

1984;	Diamond,	1990,	1993;	Dal	Piaz	and	Gosso,	1994,	Dal	Piaz	et	al.,	2003).		

(b)	 Differential	 exhumation	 at	 the	 Oligocene-Miocene	 boundary	 evidenced	 by	

thermochronological	 data	 (Hurford	 et	 al.,	 1991;	 Hunziker	 et	 al.,	 1992)	 and	

characterised	 by	 increasing	 exhumation	 rates	 toward	 the	 north	 (Malusà	 et	 al.,	

2005,	 2016).	 Such	 differential	 exhumation	 was	 accommodated	 in	 the	 northern	

portion	 of	 the	 belt	 thanks	 to	 reverse	 motion	 along	 the	 Internal	 Houiller	 Fault,	

which	 occurred	 in	 a	 convergent	 transcurrent	 framework.	 To	 the	 south,	 it	 was	

accommodated	 instead	 by	 normal	 reactivation	 of	 the	Briançonnais	 Front	 and	 by	

activity	 of	 the	 Longitudinal	 Fault	 System,	 which	 occurred	 in	 a	 divergent	

transcurrent	 framework	 (Malusà	 et	 al.,	 2005,	 2016	 and	 reference	 therein).	 This	

event	 is	 generally	 considered	 to	 be	 a	 consequence	 of	 back-thrusting	 and	 back-

folding,	 which	 were	 in	 turn	 generated	 by	 the	 counterclockwise	 rotation	 of	 the	

Corsica-Sardinia	block	(Schmid	et	al.,	1989;	Polino	et	al.,	1990;	Giglia	et	al.,	1996,	

Maino	et	al.,	2013).		

(c)	 Rapid	 exhumation	 of	 the	 western	 sector	 of	 the	 Lepontine	 dome	

(Simplon	 sub-dome,	 Auct.)	 from	 18	 to	 at	 least	 3	 Ma,	 accommodated	 by	
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normal	 displacement	 along	 the	 Simplon	 fault	 (Mancktelow,	 1997	 and	

references	 therein)	 and	 coupled	 with	 SW-ward	 gravitational	 lateral	

extrusion	of	 the	Pennine-Graian	Alps	block	bounded	by	other	major	 faults	

(Bistacchi	et	al.,	2000).	

Moreover,	 in	 literature	(Mancktelow	1985,	Schmid	et	al.	1989,	Laubscher	1992,	

1996;	 Steck	 and	 Hunziker	 1994,	 Eva	 and	 Solarino,	 1998;	 Bistacchi	 et	 al.,	 2000;	

Bucher	 et	 al.,	 2003),	 the	 Neogene	 tectonic	 evolution	 of	 the	 Western	 Alps	 is	

described	 as	 dominated	 by	 discontinuous	 deformation	 which	 causes	 the	

subdivision	 of	 the	 pre-Neogene	 orogenic	 wedge	 into	 a	 number	 of	 blocks	 which	

accumulated	a	relative	 low-amount	of	strain	(low-strain	block	concept,	Perrello	et	

al.	 2004	 and	 quoted	 references),	 separated	 by	 late-	 to	 post-metamorphic	 high-

strain	fault	zones.	

In	the	last	years,	different	kinematic	interpretations	have	been	proposed	for	the	

Miocene-Present	evolution	of	 the	Alpine	belt,	mainly	 for	 the	 inner	portion	of	 the	

north-western	Alps:		

Eva	 and	 Solarino	 (1998)	 suggested	 a	 major	 role	 of	 extensional	 collapse	

perpendicular	 to	 the	 belt	 axis,	 and	 this	 is	 supported	 by	 seismotectonic	 and	

geological	 data	 for	 the	 southern	 portion	 of	 the	Western	 Alps	 (Eva	 and	 Solarino	

1998;	 Sue	 and	Tricart	 2003).	 A	NW–SE	 striking	 right-lateral	 fault	 system,	which	

follows	the	general	curvature	of	the	arc	and	controls	the	overall	morphology	of	the	

area,	dominates	the	regional-scale	fault	network.	A	second	fault	set	strikes	N–S	and	

is	 mainly	 represented	 by	 normal	 faults	 which	 accommodate	 orogen-parallel	

extension.	 Structural	 analysis	 and	 paleostress	 tensors	 derived	 from	 inversion	 of	

fault-slip	data	reveal	a	complex	pattern	of	deformation	 involving	extensional	and	

strike-slip	deformation	events.	Bucher	et	al.,	(2003)	show	that	the	orogen-parallel	

extension	is	combined	with	right-lateral	strike-	slip	deformation	that	increases	in	

intensity	towards	the	south-west.		

The	opening	of	the	Ligurian	basin	during	the	early-middle	Miocene	could	be	the	

free	 boundary	 necessary	 for	 such	 a	 large-scale	 orogen-parallel	 extension	 in	 the	

north-western	Alps.	This	lateral	extrusion	event	is	no	longer	active.	From	Pliocene	

to	 Present	 an	 orogen-perpendicular	 extension	 (reminiscent	 of	 the	 “orogenic	

collapse”	model)	leads	to	the	current	state	of	stress	in	the	Alpine	belt	as	indicated	

by	 fan-like	 extension	 directions	 at	 high-angle	 with	 respect	 to	 the	 strike	 of	 the	

Alpine	arc.	
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The	predominance	of	dextral	strike-slips	and	their	radially	changing	orientation	

in	 a	 fan-like	 pattern	 has	 led	 some	 authors	 to	 consider	 rotation,	 rather	 than	

sideways	 extrusion	 as	 an	 alternative	 large-scale	 process	 at	 the	 NW	 tip	 of	 the	

Adriatic	indenter	(Pavoni	1991,	Pfiffner	et	al.,	2000;	Collombet	et	al.,	2002;	Pfiffner,	

2016;	 Favaro	 et	 al.,	 2017).	 Rotation	models	 are	 supported	 by	 geomagnetic	 data	

that	documented	large	anticlockwise	vertical	axis	rotation	of	up	to	90°	and	more,	

increasing	southward	along	 the	arc	of	 the	Western	Alps	 (Collombet	et	 al.,	 2002).	

Intermediate	models	with	anticlockwise	 rotation	and	 lateral	 expulsion	of	 a	 large	

block,	belonging	to	the	European	margin,	were	envisaged	by	Vialon	et	al.	(1989)	to	

accommodate	the	Adria	plate	north-western	indentation	and	to	explain	the	dextral	

transcurrence	 along	 the	 Rhone-Chamonix	 system	 by	 means	 of	 main	 horizontal	

movement,	disregarding	gravitational	effects.	�	

A	 major	 role	 of	 maximum	 horizontal	 compression	 and	 models	 with	 a	 double	

lateral	 escape	and	a	 central	 indenter	have	been	proposed	by	Giglia	 et	 al.	 (1996):	

they	 envisaged	 a	 seismotectonic	model	 in	which	 the	 frontal	 Penninic	 thrust	 and	

the	 basal	 surface	 of	 the	 accretionary	 wedge	 corresponding	 to	 the	 Penninic	 sole	

thrust	 are	 reactivated	 during	 Miocene	 to	 Present	 evolution.	 Activity	 along	 the	

frontal	 thrust	 increases	 the	 arcuate	 shape	 of	 the	 Western	 Alps	 and	 disengages	

them	from	the	Central	and	the	Ligurian	Alps	along	the	tear	faults	of	the	Simplon-

Centovalli-Tonale	 system	 (main	 dextral	 transcurrence)	 and	 the	 Stura	 “couloir”	

(main	sinistral	transcurrence)	respectively.	�	

	

	

3.3	–	The	Ligurian	Alps	

	
The	Ligurian	Alps	are	the	south-eastern	sector	of	the	Western	Alps	(Fig.	1)	and,	

for	their	geologic	and	geographic	position,	represent	a	link	between	the	Alpine	belt	

and	 the	 Northern	 Apennine	 (Cortesogno	 et	 al.,	 1979;	 Cortesogno	 and	 Haccard,	

1979,	 1984;	 Hoogerdujn	 Strating,	 1991;	 Molli,	 2008;	 Molli	 et	 al.,	 2010).	 The	

present-day	architecture	of	the	Ligurian	Alps	is	currently	a	topic	of	debate,	but	for	

many	authors,	 the	present	architecture	 is	 the	result	of	 the	relative	movements	of	

three	 main	 plates	 (Africa,	 Adria	 and	 Europe)	 and	 the	 closure	 of	 an	 interposed	
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oceanic	basin,	which	 led	to	 the	 formation	of	 the	Alpine	belt	(Scrocca	et	al.,	2003;	

Molli	et	al.,	2010	and	reference	therein).		

The	 Ligurian	 Alps	 are	 made	 up	 of	 a	 nappe	 pile,	 from	 the	 top	 to	 the	 bottom,	

constituted	namely	by:	 the	Ligurian-Piedmontese,	Piedmontese/Pre-Piedmontese	

and	Briançonnais	tectonic	units,	all	stacked	onto	the	Duphinois	domains	(Vanossi,	

1984;	Vanossi	et	al.,	1986;	Stampfli	1993;	Dal	Piaz,	1999,	Seno	et	al.,	2005;	Molli	et	

al.,	2010;	Decarlis	et	al.,	2013).		

The	units	of	the	Ligurian	Alps	are	overlain	by	the	late-	to	post-orogenic	clastic	

sediments	of	 the	(Upper	Eocene)-	Oligocene	to	Miocene	Tertiary	Piedmont	Basin	

(TPB)	that	is	a	syn-tectonic	Neo	Alpine-Apennine	Basin	(Lorenz,	1968;	Gelati	and	

Gnaccolini,	 1988;	Mutti	 et	 al.,	 1995;	 Gelati	 and	 Gnaccolini,	 1998;	 Federico	 et	 al.,	

2004;	Maino	et	al.,	2013).		

During	the	same	period,	the	opening	of	the	Ligurian-Provençal	Basin	caused	the	

counterclockwise	rotation	of	the	Corsica-Sardinia	block,	and	the	related	torsion	of	

the	Western	 Alps.	 The	 result	 was	 that	 the	 Ligurian	 Alps	was	 rotated	 by	 tens	 of	

degrees	to	the	present	WNW-ESE	structural	trend	(e.g.	Vanossi,	1984;	Maffione	et	

al.,	2008;	Decarlis	et	al.,	2014),	contrasting	with	the	N-S	to	NNE-SSW	trend	of	most	

of	 the	 Western	 Alps.	 This	 tectonic	 event	 resulted	 in	 a	 top-to-the	 E-NE	

backthrusting	of	 the	 involved	units,	 including	the	TPB,	which	partially	acted	as	a	

piggy-back	basin	(Mosca	et	al.,	2010;	Maino	et	al.,	2013),	and	affected	their	internal	

structural	 architecture,	 with	 thrust	 faults,	 strike-slip	 faults	 and	 folds	 that	

accommodated	 a	 SW-NE	 shortening	 (Crispini	 et	 al.,	 2009;	 Federico	 et	 al.,	 2009,	

2014).	

	

3.4	–	The	Voltri	Massif	

	
The	Voltri	Massif	(Fig.	2)	crops	out	at	the	easter	termination	of	the	Ligurian	Alps.	

It	 is	 part	 of	 the	 Penninc	 ophiolites,	 which	 represent	 the	 dismembered	 Jurassic	

Piedmont-Ligurian	 Ocean;	 it	 is	 a	 metaophiolitic	 massif	 associated	 with	

metasediments	that	were	involved	in	the	Alpine	orogenic	events	and	experienced	a	

complex	tectono-	metamorphic	evolution,	with	blueschist-	to	eclogite-	facies	peak	

metamorphism	with	variable	retrogressive	overprints	(Chiesa	et	al.,	1975;	Capponi,	

1987,	1991;	Capponi	et	al,.	1994,	2016;	L.	Crispini,	unpub.	Ph.D.	thesis,	Univ.	degli	
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Studi	 di	 Genova,	 1996;	 Capponi	 and	 Crispini,	 2002,	 2008;	 Federico	 et	 al.,	 2007;	

Malatesta	et	al.,	2012;	Scarsi	et	al.,	2017).		

Consequently,	 these	 units	 show	 several	 superimposed	 deformations,	 evolving	

from	 syn-metamorphic,	 ductile	 regime	 to	 brittle-	 ductile	 and	 brittle	 regime	

(Capponi,	1987;	Capponi	et	al.,	1999).	

Hereafter	the	terms	Voltri	unit	and	Palmaro-Caffarella	Unit	(Fig.	2)	will	be	used	

in	the	sense	of	Capponi	et	al.	 (2008).	The	term	“Voltri	Massif”	 is	maintained	as	a	

general	term	that	includes	both	the	Palmaro-Caffarella	and	the	Voltri	units.	

For	a	review	of	the	interpretations	of	the	Voltri	Massif	see	Capponi	et	al.	(2016).	

	

	

Figure	2:	Tectonic	sketch	map	of	the	eastern	Ligurian	Alps	(Capponi	et	al.,	2016),	with	the	units	of	the	

Voltri	Group	(after	Chiesa	et	al.,	1975)	and	the	Sestri	Voltaggio	Zone	(Cortesogno	and	Haccard,	1984).	
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3.5	–	The	boundaries	of	the	Voltri	Massif	

	
In	the	north,	the	Voltri	Massif,	 is	bordered	by	the	Tertiary	Piedmont	Basin	and	

by	the	Valosio	Massif,	in	the	east	by	the	Palmaro-Caffarella	Unit,	and	by	the	Sestri-

Voltaggio	 zone,	 in	 the	 south	 by	 the	 Arenzano	 Massif	 and	 by	 the	 coastline,	 and	

finally	in	the	west	by	the	Savona	Massif	and	by	the	Montenotte	nappe.	

The	Tertiary	Piedmont	Basin	(TPB)	consists	of	 late-	 to	post-	orogenic	deposits	

outcropping	in	the	northern	part	of	the	Voltri	Unit	and	in	some	isolated	outcrops	in	

the	southern	part.	These	deposits	unconformably	overlie	the	Alpine	and	Apennine	

Units	and	have	been	involved	in	the	late-orogenic	deformational	events	(Gelati	and	

Gnaccolini,	1988,	1998;	Federico	et	al.,	2004;	Rossi	et	al.,	2009;	Maino	et	al.,	2013).	

The	 Valosio	 Massif	 consists	 slices	 of	 paragneiss,	 orthogneiss,	 garnet-mica-

schists,	 amphibolites,	 and	 silicate-bearing	 marbles	 outcropping	 in	 the	

northwestern	 boundary	 of	 the	Voltri	 Unit.	 These	 rocks	 record	 poli-metamorphic	

pre-Alpine	events	and	Alpine	deformational	events	and	metamorphism	in	eclogite	

facies	(Messiga	et	al.,	1992).	The	Voltri	Unit	overthrusting	onto	the	Valosio	Massif	

has	 been	 referred	 to	 the	 mesoalpine	 tectonics	 and	 partially	 to	 the	 later	 brittle	

tectonics	(Forcella	et	al.,	1973;	Cabella	et	al.,	1991;	Piana	et	al.,	1997).		

The	 Palmaro-Caffarella	 Unit	 consists	 of	 metasediments,	 metabasalts,	

metagabbros,	 and	 serpentinites.	 It	 occupies	 a	 peculiar	 position,	 since	 it	 is	

intermediate	 between	 the	 eclogitic	 Voltri	 Unit	 and	 the	 blueschist	 units	 of	 the	

Sestri-Voltaggio	 zone	 (Federico	 et	 al.,	 2004).	 The	 Palmaro-Caffarella	 Unit	 record	

blueschist	 conditions	 with	 high	 temperatures,	 with	 no	 evidences	 of	 an	 eclogitic	

event	(Cortesogno	et	al.,	1977;	Cabella	et	al.,	1994).	Malatesta	et	al.	(2012)	recently	

provided	 a	 pseudosection	 study	 for	 a	 Palmaro-Caffarella	metagabbro,	 indicating	

blueschist	 facies	 peak	 metamorphic	 conditions	 of	 10<P	 (kbar)<15	 and	 450<T	

(°C)<500;	no	eclogite	relics	occur	in	the	metagabbro.		

To	 the	 east	 two	 blueschist	 facies	 units	 bound	 the	 Voltri	 Unit:	 the	 Cravasco-

Voltaggio	 Unit	 and	 the	 Gazzo-Isoverde	 Unit,	 which	 together	with	 the	 low	 grade	

Monte	 Figogna	 Unit	 have	 usually	 been	 referred	 as	 the	 “Sestri-Voltaggio	 Zone”	

(Cortesogno	and	Haccard,	1984).	
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These	units	have	been	involved	in	the	Alpine	subduction-related	deformational	

events	and	underwent	metamorphic	re-equilibration	under	different	metamorphic	

peak	conditions	(Federico	et	al.,	2004):	

-	the	Cravasco-Voltaggio	Unit	crops	out	along	a	N-S	elongated	band;	the	Figogna	

and	the	Palmaro-Caffarella	Unit	bound	it.	The	Cravasco-Voltaggio	Unit	consists	of	

metaophiolite	 and	 related	 metasediment,	 equilibrated	 in	 LT	 blueschist	 facies	

metamorphic	peak	conditions	(Cabella	et	al.,	1994)	with	a	following	metamorphic	

imprint	at	lower	pressure;		

-	the	Figogna	tectono-metamorphic	unit	crops	out	along	a	N-S	elongated	band,	

which	 follows	 the	 Sestri-Voltaggio	 zone.	 The	 Figogna	 Unit	 consists	 of	

metaperidotitic	basement	and	relatively	metasedimentary	covers,	characterised	by	

pumpellyite-actinolite	 facies,	 in	 the	 lawsonite	 stability	 field	 (Cortesogno	 and	

Haccard,	1984);	

-	the	Gazzo-Isoverde	Unit	is	characterised	by	metasedimentary	slices,	made	up	

of	 dolostone	 with	 evaporate	 horizons,	 limestone	 and	 schists,	 with	 Piedmont	

affinity	(Cortesogno	and	Haccard,	1979).		

The	 Arenzano	 Massif	 consists	 of	 pre-alpine	 gneisses,	 amphibolites,	 and	

metasedimentary	 covers	 probably	 belonging	 to	 the	 Briançonnais	 domain	

(Cortesogno	 and	 Forcella,	 1978).	 These	 rocks	 crop	 out	 along	 the	 coast	 between	

Arenzano	 and	 Cogoleto	 villages.	 The	 Arenzano	 Massif	 has	 been	 involved	 in	 the	

Alpine	tectonics	recorded	by	local	high	strain	shear	zones,	and	experienced	high-

pressure	metamorphism.	The	tectonic	 limit	between	the	Arenzano	and	the	Voltri	

Unit	 is	 represented	 by	 E-W	 oriented	 faults,	 steeply	 dipping	 to	 the	 South	

(Cortesogno	and	Forcella,	1978).	

The	Savona	Massif	is	made	up	by	basement	slices	of	gneisses,	amphibolites	and	

granitic	 rocks,	 that	 can	 be	 ascribed	 to	 the	Briançonnais	 domain	 (Vanossi,	 1984).	

These	rocks	outcrop	at	the	southwestern	limit	of	the	Voltri	Unit,	and	experienced	

poliphasic	 pre-alpine	 syn-metamorphic	 deformation,	 locally	 overprinted	 by	 an	

alpine	blueschist	facies	event.	

The	Montenotte	nappe	crops	out	along	 the	 southwestern	margin	of	 the	Voltri	

Unit;	 it	 encompasses	 a	 metamorphosed	 ophiolitic	 succession,	 made	 up	 of	

predominant	 metagabbro	 (both	 Fe-and	 Ti-oxide-rich	 and	 Mg-rich	 varieties),	

metabasalt	 and	 serpentinite,	 plus	 the	 metamorphosed	 sedimentary	 cover	

comprising	metachert,	meta-limestone	and	phylladic	 schist	 (Capponi	et	 al.,	 2016,	
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Malatesta	 et	 al.,	 2017).	 The	 Montenotte	 unit	 record	 a	 blueschist	 facies	 peak	

metamorphic	condition	(Capponi	et	al.,	2013),	locally	overprinted	by	greenschist-

facies	metamorphic	conditions.	

	

3.6	–	Voltri	Massif	Structural	evolution	

	
The	 Voltri	 Massif	 units	 underwent	 a	 complex	 Alpine	 structural	 and	

metamorphic	evolution,	 from	the	Alpine	orogenesis,	 to	subduction-related	events	

to	uplift-	and	exhumation-related	events.	

During	 subduction	 the	 Voltri	 Unit	 reached	 depth	 of	 50-70	 km,	 and	 was	 re-

equilibrated	 under	 metamorphic	 conditions	 from	 eclogite	 to	 blueschist	 facies	

(T=450-500°C	and	P=13-20	kbar;	Messiga	et	al.,	1983;	Messiga,	1987;	Messiga	and	

Scambelluri,	 1991;	 Desmons	 et	 al.,	 1999);	 the	 Palmaro-Caffarella	 Unit	 was	 re-

equilibrated	 under	 blueschist	 facies	 without	 evidences	 of	 an	 eclogitic	 event	

(T=400°C	and	P=13	kbar;	Cortesogno	et	al.,	1977;	Cabella	et	al.,	1994).	The	tectonic	

stacking	of	eclogite	and	blueschist	unit	has	been	related	to	the	early	stages	of	the	

exhumation	processes	(Federico	et	al.,	2004).	

During	 the	 subsequent	 uplift,	 these	 units	 have	 been	 re-equilibrated	 under	

greenschist	and	sub	greenschist	facies	(Cimmino	and	Messiga,	1979;	Capponi	and	

Crispini,	2002).	

The	 structural	 evolution	 of	 these	 units	 is	 recorded	 by	 several	 superposed	

deformation,	developed	under	decreasing	P-T	conditions	and	evolving	from	ductile	

to	brittle	regime.	The	deformational	events	can	be	summarized	as	follows	(Fig.	3,	

Capponi	and	Crispini,	2002):	

-	 HP-LT	 structures	 (pre-D1):	 linked	 to	 subduction	 and	 coeval	 with	 the	

eclogite	stage.	They	show	eclogite-blueschist	facies	foliation,	rootless	hinges	

of	 isoclinal	 folds.	These	structures	are	widespread	all	over	 in	 the	Voltri	and	

Palmaro-Caffarella	 units,	 but	 they	 don’t	 show	 lateral	 continuity	 and	 so	 are	

not	easily	to	correlate	at	regional	scale;	

-	D1/D2	structures:	related	to	exhumation	and	uplift	processes,	developed	

under	 Na-amphibole	 greenschist	 facies	 to	 greenschist	 s.s.	 conditions.	 They	

are	 represented	 by	 tight	 to	 isoclinal	 similarfolds,	 from	 cylindrical	 to	highly	

non-cylindrical	 (Capponi	 et	 al.,	 1994).	 The	 overprinting	 of	 D1	 and	 D2	
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schistosity	plus	the	previous	foliation,	including	the	lithological	surface,	make	

a	Composite	Fabric	 (CF),	which	 is	 the	most	evident	 surface	 in	 the	 field	and	

controls	the	lithological	contact.	The	juxtaposition	between	the	Voltri	and	the	

Palmaro-Caffarella	 Unit	 has	 been	 related	 to	 the	 early	 exhumation	 stages	

(Federico	et	al.,	2004);	

-	 Ductile	 structures	 recording	 Extension	 Parallel	 to	 the	 Foliation	 (EPF):	

related	 to	 the	 nappe	 emplacement,	 developed	 under	 greenschist	 facies	

conditions.	 They	 are	 represented	 by:	 shear	 bands,	 boudins,	 foliation	

boudinage,	and	extensional	veins	(Capponi	and	Crispini,	1997).	These	kind	of	

structures	 are	 characteristics	 of	 areas	with	 high	 deformation	 degree	 (Platt	

and	Vissers,	1980;	Ramsay	and	Huber,	1987);	

-	 Reverse	 Shear	 Zones	 (RSZs):	 related	 to	 the	 nappe	 emplacement,	

developed	 from	 greenschist	 to	 subgreenschist	 facies.	 They	 are	 represented	

by	 ductile	 to	 brittle-ductile	 shear	 zones,	 with	 related	 protomylonites	 and	

mylonites	(sensu	Sibson,	1977);	

-	 D3	 structures:	 linked	 to	 post-uplift	 collapsing	 processes,	 developed	

under	greenschist	 facies	 conditions.	They	are	 represented	by	 chevron	 folds	

with	sub-horizontal	axial	plane	and	by	ductile	 to	brittle-ductile	shear	zones	

(Capponi,	1991;	Capponi	et	al.,	1994);	

-	 D4	 structures:	 related	 to	 backfolding	 and	 backthrusting	 systems,	

accompanied	 by	 zeolite	 facies	 re-crystallization.	 Highly	 asymmetrical	 open	

folds	represent	them,	with	wavelengths	up	to	10	km.	These	folds	can	evolve	

to	reverse	faults,	with	linked	fault	rocks	classifiable	as:	crush-breccias,	crush-

microbreccias,	 protocataclasites,	 cataclasites	 and	 rarely	 pseudotachylites	

(sensu	Sibson	1977;	Capponi	et	al.,	1999;	Capponi	and	Crispini,	1997).	

Deformations	older	than	D4	are	unequally	developed	in	different	sectors	of	the	

massif,	while	D4	occurs	with	similar	features	over	the	whole	Voltri	Massif.	

D3	 structures	 are	 different	 in	 the	 eastern	 and	 western	 sector,	 since	 they	

accommodate	 vertical	 shortening/horizontal	 extension	 and	 the	 development	 of	

folds	or	shear	zones	is	driven	by	the	attitude	of	regional	foliation.	

Substantial	 differences	 also	 exist	 in	 the	 progressive	 greenschist	 facies	

deformation,	called	D1/D2	structures,	an	unequal	strain	distribution	with	the	D2	

stain	intensity	increasing	from	west	to	east.	
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Both	the	dip	change	in	regional	foliation	and	the	increasing	strain	intensity	are	

explained	 by	 strain	 partitioning	 along	 the	 Sestri-Voltaggio	 zone	 acting	 in	 a	

contractional/transpressional	regime	(Capponi	and	Crispini,	2002).	

	

	

Figure	3:	Summary	table	of	deformational,	tectonic	events,	and	metamorphic	conditions	(Capponi	

and	Crispini,	2002).	

Recent	 works	 suggest	 that	 the	 eastern	 sector	 of	 the	 Voltri	 Massif	 could	

represent	 a	 “fossil”	 serpentinite	 subduction	 channel	 (Federico	 et	 al.,	 2007;	

Malatesta	 et	 al.,	 2012)	 instead	 the	 tectonic	 units	 to	 the	 east	 (i.e.	 the	 Palmaro-

Caffarella,	Cravasco-Voltaggio,	Gazzo-Isoverde	and	Figogna	units)	could	represent	

slices	subducted	at	different	depths	and	then	accreted	to	the	orogenic	prism.		

	

	

	

	

	

	

	

	

	

	



	 28	

3.7	–	Sestri-Voltaggio	Zone	
	

Görler	(1962),	Ibbeken	(1962),	Görler	and	Ibbeken	(1964)	defined	the	Sestri-

Voltaggio	Zone	as	a	complex	of	rocks,	occurring	from	Sestri	Ponente	to	Voltaggio	

(Fig.	2)	in	a	5-6	km-wide	N-S	strip	(Görler	and	Ibbeken,	1964).		

The	Sestri-Voltaggio	Zone	always	 captured	 the	 interest	of	 the	geologist	due	 to	

its	 great	 complexity	 (Capponi	 et	 al.,	 2016).	 The	 western	 contact,	 of	 the	 Sestri-

Voltaggio	Zone,	known	as	the	Sestri-Voltaggio	Line,	has	played	a	different	role	 in	

the	model	proposed	by	 the	different	authors.	Since	 the	work	of	Rovereto	 (1939)	

the	Sestri-Voltaggio	Line	has	been	considered	as	 the	boundary	between	Alps	and	

Apennines.	Recently	has	been	described	as	a	contact	between	units	from	different	

crustal	levels	and	with	different	metamorphic	conditions	(Cortesogno	and	Haccard,	

1984;	Capponi,	1991)	or	as	an	extensional	 fault	 that	place	 low-pressure	on	high-

pressure	 metamorphic	 units	 (Hoogerduijng	 Strating,	 1991).	 In	 the	 last	 years	

Crispini	 and	 Capponi	 (2001)	 and	 Capponi	 et	 al.,	 (2016)	 underlined	 a	 different	

behaviour	 of	 the	 Sestri-Voltaggio	 Line	 in	 geological	 time,	 changing	 from	 a	

boundary	between	different	units	to	a	dextral	trascurrent	system,	in	the	different	

stages	of	the	Alpine	and	late	Alpine	evolution	(Capponi	et	al.,	2016).	

Three	units	were	usually	 comprised	 in	 the	Sestri-Voltaggio	Zone:	 the	Figogna,	

The	 Cravasco-Voltaggio	 and	 the	 Gazzo-Isoverde	 unit	 (Cortesogno	 and	 Haccard,	

1984);	 but	 some	 authors	 (Hoogerduijng	 Strating,	 1991;	 Capponi	 et	 al.,	 2016)	

proposed	that	only	two	units	were	comprised	in	the	Sestri-Voltaggio	Zone,	i.e.	the	

Cravasco	Voltaggio	and	the	Gazzo-Isoverde	units	(see	below).		

The	 Cravasco-Voltaggio	 Unit	 consists	 of	 metaophiolitic	 basement	 and	 related	

metasedimentary	 cover,	which	 equilibrated	 in	 low	 temperature	 blueschist	 facies	

metamorphic	peak	conditions	(300-350°C	and	8	Kbar,	Cabella	et	al.,	1994).	

Tha	Figogna	Unit	 is	characterised	by	metaophiolite	and	related	metasediment,	

but	it	is	equilibrated	in	pumpellyite-actinolite	facies	metamorphic	peak	conditions.	

Hoogerduijng	 Strating	 (1991)	 considered	 this	unit	 as	 the	western	 portion	of	 the	

Lavagna	Nappe,	because	of	its	affinity	with	the	Internal	Ligurian	Units;	and	hence	

as	a	portion	of	the	Northern	Apennines;	he	did	not	include	this	Unit	in	the	Sestri-

Voltaggio	Zone.	

The	Gazzo-Isoverde	Unit	encompasses	a	metasedimentary	succession,	made	up	

of	 dolostone	with	 horizons	 of	 evaporite,	 limestone	 and	 schist,	 of	 Triassic-Liassic	
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age;	 for	 this	 reason	 this	 unit	 was	 referred	 to	 also	 as	 the	 Trias-Lias	 Unit	 in	 the	

previous	 literature	 (Capponi	 et	 al.,	 2016).	 The	 isolated	 outcrop	 of	 Case	 Ferrere	

(Capponi	 et	 al.,	 1998;	 Capponi	 and	 Crispini,	 2008,	 see	 chapter	 4)	 can	 also	 be	

ascribed	 to	 this	Unit.	The	Gazzo-Isoverde	unit	 shared	 the	 same	 low	 temperature	

blueschist	 metamorphic	 peak	 conditions	 as	 the	 Cravasco-Voltaggio	 Unit;	 this	 is	

also	supported	by	deformations	of	calcite,	that	indicate	a	T>300°C	(Crispini,	1996).		

	

3.8	–	Structural	evolution	of	the	Sestri	Voltaggio	Zone	

	
The	Gazzo-Isoverde	and	the	Cravasco-Voltaggio	units	shared	a	common	

deformation	history	(Crispini	and	Capponi	2001).		

D1SVZ	and	D2SVZ	events	are	developed	under	blueschist	facies	conditions	and	are	

characterised	 by	 high	 shear	 strain.	 Highly	 non-cylindrical	 folds	 with	 axes	 sub	

parallel	to	stretching	lineations	that	show	two	maxima	for	NW-SE	and	E-W	trend	

with	plunge	either	to	the	north	and	to	the	south	(Crispini	and	Capponi	2001).	

D1SVZ	and	D2SVZ	folds	occur	from	mm-	to	km-scale,	and	show	a	penetrative	axial	

surface	schistosity	 that	represents	 the	main	 foliation	at	regional	scale	(S2,	Fig.	4,	

Crispini	and	Capponi,	2001).	

The	 D2SVZ	 event	 is	 followed	 by	 thrusting	 (Sth2SVZ)	 events,	 with	main	 tectonic	

transport	 towards	 S-SW	 (Crispini,	 1996),	 which	 is	 developed	 at	 the	 limit	

greenschist/pumpellyite-actinolite	facies	metamorphism.	Sth2SVZ	are	deformed	by	

D3SVZ	 open	 to	 close	 sub	 cylindrical	 folds,	 with	 NE-SW	 axes	 and	 SE	 dipping	 axial	

surfaces,	 during	 low-pressure	 retrogressive	 metamorphism	 (albite	 +	 chlorite	 +	

epidote	assemblages;	Crispini	and	Capponi,	2001).	

Late	 fold	 system	(D4SVZ)	 shows	no	evidences	of	metamorphic	recrystallization	

(rarely	 zeolites	 and	 calcite	 or	 quartz).	 These	 folds	 are	 linked	 to	 E-NE	 vergent	

thrust	 system	 that	 involves	 also	 Chattian	 formations	 of	 the	 Tertiary	 Piedmont	

Basin.	These	late	events	cause	the	tilting	of	the	regional	foliation	up	to	step	angle	of	

dip	in	most	the	Sestri-Voltaggio	Zone.		

The	same	chronology	and	characteristics	of	structures	can	be	described	 in	the	

Monte	 Figogna	 Unit,	 but	 in	 it	 D1SVZ	 and	 D2SVZ	 events	 developed	 under	 lower	

metamorphic	 conditions	 (pumpellyite	 –actinolite	 facies,	 Crispini	 and	 Capponi	

2001).	
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The	 juxtaposition	 of	 the	 three	 units	 of	 the	 Sestri-Voltaggio	 Zone	 occurred	 at	

different	structural	levels.	The	mylonitic	contacts	between	the	Cravasco-Voltaggio	

and	 the	 Gazzo-Isoverde	 units	 (Sth1SVZ)	 are	 deformed	 by	 all	 the	 folding	 events	

(from	 D1SVZ	 to	 D4SVZ),	 whereas	 the	 contact	 between	 these	 units	 and	 the	 Monte	

Figogna	 unit	 is	 post-	D2SVZ	 event	 and	 can	 be	 linked	 to	 thrusting	with	 top	 to	 SW	

main	 tectonic	 transport	 (Sth2SVZ).	 D3SVZ	 and	 D4SVZ	 re-oriented	 all	 the	 stretching	

lineations	in	all	the	units	(Crispini	and	Capponi,	2001).		

The	 cartoon	 in	 Fig.	 4	 shows	 a	 three-dimensional	 reconstruction	 of	 the	 main	

structures	 that	 characterise	 the	Sestri-Voltaggio	Zone.	The	megastructures	result	

from	these	deformational	events	and	from	the	dissection	caused	by	the	later	effect	

of	two	main	systems	of	faults:	N-S	transcurrent	steep	faults	and	WSW-ENE	normal	

faults	(Crispini	and	Capponi,	2001).		

For	a	review	of	the	interpretations	of	the	Sestri-Voltaggio	Zone	see	Crispini	et	al.	

(2009)	and	Molli	et	al.	(2010).	

	

	

Figure	4:	Simplified	3-D	cartoon	(not	to	scale)	of	the	structures	that	characterise	the	main	outcrops	

of	the	three	units	of	the	Sestri-Voltaggio	zone	(Crispini	and	Capponi	2001).	The	Stereoplots	represent	

the	main	structural	elements.	TLU	stands	for	Gazzo-Isoverde	Unit,	CVU	for	Cravasco-Voltaggio	Unit,	

and	MFU	for	the	Monte	Figogna	Unit.	
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3.9	–	The	Tertiary	Piedmont	Basin.	

	
The	sedimentation	of	the	Tertiary	Piedmont	Basin	(TPB)	occurred	in	the	Oligo–

Miocene	 during	 three	 main	 tectonic	 episodes,	 the	 exhumation	 of	 the	 Ligurian	

sector	 of	 the	Western	 Alps,	 the	 opening	 of	 the	 Liguro-Provençal	 basin,	 and	 the	

formation	of	the	Apennines	thrust	belt	(Maino	et	al.,	2013).		

It	 unconformably	 overlies	 the	 Ligurian	 Alps	 and	 the	 Internal	 Liguride	 units	

(Northern	Apennines)	hiding	their	relatioships	(Gelati	and	Gnaccolini,	1998).	

The	 TPB	 sedimentary	 succession	 in	 the	 western	 sector	 (west	 of	 the	 Scrivia	

valley)	 begins	 with	 late	 Eocene-early	 Oligocene	 continental	 breccias	 (Costa	

Cravara	breccias),	followed	by	lower	Oligocene	transitional	conglomerates	(Molare	

Formation;	Turco	et	al.	1994;	Gelati	and	Gnaccolini,	1998	and	references	therein).		

The	 Costa	 Cravara	 breccias	 contain	 coarse	 clasts	 of	 the	 same	 lithology	 as	 the	

underlying	 bedrock	 and	 are	 interpreted	 as	 slope	 breccias	 accumulated	 during	 a	

period	of	tectonic	instability.	They	are	indirectly	dated	at	late-Eocene	because	they	

are	deformed	and	eroded	before	deposition	of	the	Molare	Formation	(Haccard	and	

Lorentz	1979).		

The	 Molare	 Formation	 consists	 of	 conglomerates	 and	 breccias	 with	

intercalations	 of	 sandstone,	 marls	 and	 siltstones	 with	 Oligocene	 fauna.	 The	

conglomerate	 clasts,	 at	 least	 in	 the	 lower	 layers,	 are	 strongly	 influenced	 by	 the	

bedrock	 lithologies,	 indicating	 together	 with	 sedimentological	 features,	 short-

range	transport;	the	same	suggested	by	the	sedimentological	features.		

Several	authors	studied	the	tectonic	and	sedimentary	evolution	of	the	TPB	e.g.	

for	instance,	Gelati	and	Gnaccolini	1988;	Bernini	and	Zecca	1990;	Laubscher,	1992;	

Castellarin	 1994;	 Vanossi	 et	 al.	 1994;	Dela	 Pierre	 et	 al.	 1995;	DʼAtri	 et	 al.,	 1997;	

Piana	et	al.,	1997;	Capponi	et	al.,	1999;	Maino	et	al.,	2013.		

Subsidence	 and	 sedimentation	 of	 the	 TPB	 started	 at	 the	 beginning	 of	 the	

Oligocene,	 during	 a	 period	 of	 important	 tectonic	 activity,	 which	 include	 the	

opening	of	the	Ligurian-Provençal	basin	to	the	south	(Vanossi	et	al.,	1994,	Gueguen	

et	al.,	1998,	Rollet	et	al.,	2002).	Its	sedimentation	continued	during	the	formation,	

mainly	in	post-	Tortonian	age,	of	the	Apennine	thrust	belt	to	the	east	(Dewey	et	al.,	

1989,	 Patacca	 and	 Scandone	 1989,	 Castellarin,	 2001).	 Despite	 these	 regional	

tectonic	 events	 and	 despite	 being	 located	 on	 the	 top	 of	 the	 Alpine/Apennine	
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junction	 on	 highly	 deformed	 basement	 (e.g.	 Miletto	 and	 Polino	 1992),	 the	 TPB	

clastic	 infill	 is	 relatively	 undeformed	 (Carrapa	 et	 al.,	 2003,	 Carrapa	 and	 Garçia-

Castellanos	2005).		

The	complex	evolution	of	the	TPB	is	well	documented,	although	conclusions	on	

its	evolution	are	often	contradictory	as	its	origin	and	development	is	explained	in	

terms	 of	 either	 compressional	 or	 extensional	 tectonics	 (Hoogerdujin	 Strating,	

1991;	Mutti	et	al.,	1995;	Schmid	and	Kissling	2000;	Marroni	et	al.,	2002;	Carrapa	et	

al.,	2003;	Carrapa	and	Garçia-Castellanos	2005;	Maino	et	al.,	2013).	Because	of	the	

overprinting	 and	 reactivation	 of	 extensional	 and	 compressive	 structures,	 the	

stress/strain	regime	is	poorly	resolved,	and	the	age	of	the	deformations	in	the	TPB	

is	 poorly	 constrained	 (Maino	 et	 al.,	 2013).	 Extension	 has	 been	 related	 to	 a	 first	

period	 of	 subsidence	 caused	 by	 the	 Oligocene	 opening	 of	 the	 Liguro-Provençal	

basin	(Mutti	et	al.,	1995;	Gelati	and	Gnaccolini,	1998).	The	same	authors	suggest	a	

Late	Oligocene–Early	Miocene	 inversion	 from	an	 extensional	 to	 a	 compressional	

stress	field,	related	to	the	Corsica-Sardinia	drifting	and	to	the	thrust-activity	of	the	

Southern	Alps.	

Other	works	(e.	g.,	Carrapa	et	al.,	2003;	Mosca	et	al.,	2010)	suggest	that	the	TPB	

evolution	 was	 dominated	 by	 compression	 or	 transpression	 from	 the	 Oligocene	

until	post-Pliocene	time,	with	extension	playing	a	minor	role.		

The	 role	 played	 by	 the	 extensional	 regime	 in	 the	 evolution	 of	 the	 TPB	 is,	

however,	controversial;	for	more	detail	please	refer	to	Maino	et	al.	(2013).	

	

3.10	–	The	Northern	Apennines	

	
The	Northern	Apennines	are	a	typical	“fold	and	thrust	belt”	consisting	of	several	

tectonic	units	belonging	to	different	paleogeographic	domains	(Fig.	5;	Decandia	&	

Elter,	 1972;	 Galli	 et	 al.,	 1972;	 Abbate	 et	 al.,	 1980;	 Abbate	 &	 Bortolotti,	 1984;	

Principi	&	Treves,	1985;	Cortesogno	et	al.,	1987;	Abbate	et	al.,	1992a,	b;	Principi	et	

al.,	 1992;	Elter,	1994;	Marroni	 and	Pandolfi,	 2007).	The	Ligurian	units	 represent	

the	 uppermost	 units	 of	 the	Northern	Apennine	 nappe	 stack,	 and	 have	 been	 into	

two	main	groups,	on	the	basis	of	stratigraphic	and	structural	features:	the	Internal	

Ligurian	 Units	 (ILU)	 and	 the	 External	 Ligurian	 Units	 (ELU)	 (Abbate	 et	 al.,	 1970,	
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Decandia	 and	 Elter,	 1972;	 Zanzucchi,	 1978;	 Abbate	 et	 al.,	 1980;	 Marroni	 et	 al.,	

1992).	

The	 ILU	 represent	 the	 top	 of	 the	 nappe	 pile	 and	 are	 characterised	 by	 an	

assemblage	 of	 Jurassic	 ophiolites	 and	 related	 sedimentary	 succession	 ranging	 in	

age	from	middle	Jurassic	to	early	Paleocene	(Decandia	and	Elter,	1972;	Abbate	et	

al.,	1980;	Molli,	2008;	Treves,	1984).	This	succession	is	interpreted	as	remnants	of	

the	Ligurian-	Piemontese	oceanic	lithosphere	(Decandia	and	Elter	1972,	Rampone	

and	Piccardo	2000	and	references	therein).	In	late	Cretaceous-Paleocene	time	this	

lithosphere	was	 underthrust,	 underplated	 and	 later	 exhumed	 in	 an	 accretionary	

wedge	 related	 to	 an	 east-dipping,	 low-rate	 subduction	 zone,	 and,	 particularly	

during	 pre-Oligocene	 orogenesis,	 these	 sequences	 were	 deformed,	

metamorphosed	and	tectonically	disrupted	into	several	units.		

The	 ELU	 are	 distinguishable	 for	 the	 presence	 of	 Cretaceous-Paleocene	

calcareous	 dominant	 sequences	 (the	 Helmintoid	 Flysch)	 associated	 with	

complexes	or	pre-flysch	formations	called	“basal	complexes”	(Molli	et	al.,	2010).	

Internal	 Ligurian	 Units	 and	 External	 Ligurian	 Units	 are	 characterised	 by	 a	

different	 structural	 history:	 the	 IL	 units	 display	 a	 west-verging	 evolution	 in	 the	

Alpine	 accretionary	wedge.	 This	 evolution	 predates	 the	 eastward	 thrusting	 over	

the	EL	units,	which	are	characterised	by	mainly	east-vergent	deformations.		

These	 units	 are	 characterised	 by	 a	 very	 complex	 structural	 pattern	 due	 to	

overprinting	of	several	folding	phases	associated	with	metamorphism	(Elter,	1994;	

Di	 Biase	 et	 al.,	 1997	 and	 references	 therein).	 Several	 authors	 (Ellero	 et	 al.,	 2001	

and	 references	 therein)	 regard	 the	 Cravasco-Voltaggio	 and	 the	 Monte	 Figogna	

units	 as	 parts	 of	 the	 IL	 units.	 The	 metamorphic	 grade	 of	 the	 IL	 units	 in	 the	

metaophiolitic	 sequences	 (Cortesogno	 and	 Haccard	 1984,	 Lucchetti	 et	 al.,	 1990,	

Hoogerdujing	 Strating,	 1991),	 and	 in	 sedimentary	 sequences	 (Leoni	 et	 al.,	 1996)	

ranges,	where	present,	from	the	advanced	diagenesis	of	the	shallowest	unit	to	the	

HP-LT	 conditions	 (low	 temperature	 blueschist	 facies)	 of	 the	 deepest	 unit	 in	 the	

tectonic	pile.		

Above	 the	 deformed	 Ligurian	 units	 the	 Antola	 Unit,	 which	 consists	 of	 upper	

Cretaceous	 to	 Paleocene	 flysch,	 is	 thrust	 and	 the	 sedimentary	 succession	 of	 the	

Tertiary	Piedmont	Basin	unconformably	overlies	the	Ligurian	and	the	Antola	units	

(Elter	 and	Pertusati,	 1973).	 Beginning	 in	 late	Oligocene,	 the	 Ligurian	 units	were	

carried,	 with	 NE	 vergence,	 onto	 the	 more	 external	 domains	 of	 the	 Adria	
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continental	 margin	 (Marroni	 et	 al.,	 1992).	 Classically	 the	 Antola	 Unit	 has	 been	

related	or	with	the	External	Ligurian	units	(Abbate	and	Sagri,	1984	and	references;	

Cerrina	 et	 al.,	 2002;	 Levi	 et	 al.,	 2006),	 or	 with	 the	 Helminthoid	 Flysch	 of	 the	

Ligurian	and	Maritime	Alps	and	therefore	with	a	key	role	during	the	pre-Oligocene	

evolution	of	 the	Alps/Apennine	orogenic	 system	(Elter	and	Pertusati	1973;	Elter	

1997;	Corsi	et	al.,	2001).	

	

	

	

Figure	5:	Block	diagram	of	the	major	Northern-Apennines	units	and	their	relationships	of	

superposition	(Elter,	1994).	
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4	–	The	Lavagnina	Lakes	area	

	

4.1	–Introduction	

	
The	study	area	(Fig.	6)	is	located	in	northwest	Italy	among	the	municipalities	of	

Casaleggio	Boiro,	Lerma,	Mornese,	and	Bosio	(Alessandria,	 Italy;	GPS	coordinates	

WGS84,	 44.600685°	N,	 8.784286°	E).	 The	 area	 of	 the	 Lavagnina	 Lakes	 is	 known	

since	the	Roman	age	for	its	gold	deposits	along	the	Gorzente	River	(see	paragraph	

4.4).		

This	 area	 has	 been	 selected	 for	 the	 present	work	 since	 it	 is	 characterised	 by	

late-	to	post-orogenic	tectonic	events	linked	to	the	Alpine	deformation	(see	below)	

and	 especially	 because	 these	 events	 are	 characterised	 by	 intense	 fluid-rock	

interaction	 that	 locally	 leaded,	 to	gold	mineralisation	 above	 cited.	The	 fluid-rock	

interaction	that	took	place	along	the	ultramafic	rocks,	cropping	out	in	the	area	(i.e.	

serpentinties	and	 lherzolites),	 leads	 to	 the	 listvenitization	of	serpentinites	 (sensu	

Hansen	et	al.,	2005)	or	to	the	total	carbonation	of	the	host	rocks.	This	interaction	is	

particularly	intense	along	the	core	of	the	analysed	structures	(See	chapter	5).	The	

development	of	listvenites	or	carbonate	levels	 is	narrow	in	thickness	(up	to	2	m)	

and	hence	it	is	not	represented	in	the	geological	map	(Fig.	6).		
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4.1.1	–	Geology	of	the	Lavagnina	Lakes	area	
	

The	 Lavagnina	 Lakes	 is	 located	 at	 the	 North-Eastern	 boundary	 of	 the	 Voltri	

Massif,	 close	 to	 the	Sestri-Voltaggio	Line,	 at	 the	edge	with	 the	Tertiary	Piedmont	

Basin	(TPB).	

The	 investigated	 area	 is	 mainly	 characterised	 by	 outcrops	 of	 peridotites,	

(lherzolites,	 dunites,	 pyroxenites),	 serpentinites,	 metabasites	 (metabasalts),	

metagabbros,	 lenses	 of	 metasediments,	 and	 listvenites	 (in	 decreasing	 order	 of	

volumetric	extension).	The	serpentinites	of	the	area	are	both	massive	and	foliated	

due	to	a	variable	schistosity	due	to	a	variable	strain	partitioning;	both	the	massive	

and	the	schistose	serpentinites	are	characterised	by	variable	degrees	of	fracturing.	

Since	 the	analysed	 stuctures	and	 the	host	 rock	 carbonation	mainly	 took	place	

within	the	peridotites,	this	lithotype	will	be	described	in	more	detail.	

The	peridotites	of	the	area	belong	to	the	Unit	that	was	called	Erro-Tobbio	Unit	

(Chiesa	 et	 al.,	 1975).	 For	 many	 years	 this	 Unit	 was	 considered	 different	 with	

respect	to	the	Voltri	Unit,	since	it	was	considered	to	display	different	metamorphic	

features,	and	with	no	metamorphic	re-activation	in	the	Alpine	cycle	(Capponi	et	al.,	

2016	and	ref.	therein).	This	lack	led	Chiesa	et	al	(1975)	to	interpret	such	rocks	as	

mantle	 slices	 that	had	escaped	 from	 the	Alpine	 subduction	and	 then	been	 thrust	

onto	the	other	rocks	of	the	Voltri	Massif,	in	a	late	Alpine	phase.		

However,	 later	 researchers	 (Piccardo	et	 al.,	 1988;	Capponi	and	Crispini,	1990;	

Drury	 et	 al.,	 1990;	 Hoogerduijn	 Strating	 et	 al.,	 1990;	 Scambelluri	 et	 al.,	 1991;	

Scambelluri	 et	 al.,	 1995,	 Scambelluri	 et	 al.,	 2001)	 also	 showed	 the	 occurrence	of	

eclogite	 facies	 Alpine	 metamorphic	 re-equilibration	 in	 the	 Erro-Tobbio	 rocks,	

particularly	 well	 developed	 in	 metagabbro	 dykes,	 emplaced	 in	 peridotite.	 The	

bodies	of	peridotite	(in	places	at	the	km-scale)	that	preserve	mantle	features	from	

both	 the	metamorphic	 and	 structural	 point	of	 view	 are	 the	 result	of	 huge	 strain	

partitioning,	 with	 Alpine	 metamorphic	 re-activation	 limited	 to	 kilometer-scale	

shear	 zones,	 where	 structural	 re-activation	 also	 occurs.	 This	 peridotite	 shows	 a	

deformational	record	from	granular	to	tectonite	to	mylonite	fabrics	(Hoogerduijn	

Strating	 et	 al.,	 1990;	 Vissers	 et	 al.,	 1991;	 Hoogerduijn	 Strating	 et	 al.,	 1993;	

Rampone	 et	 al.,	 2005,	Borghini	 et	 al.,	 2007).	 The	 granular	peridotites	 are	 cut	 by	

shear	zone	structures	(Drury	et	al.,	1990;	Vissers	et	al.,	1991).	The	transition	from	

the	 granular	 peridotites	 to	 the	 foliated	 peridotites	 is	 gradual;	 the	 progressive	
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development	 of	 tectonites	 from	 granular	 rocks	 is	 reflected	 by	 an	 increasing	

intensity	of	the	foliation,	marked	by	the	elogantion	of	deformed	pyroxenes	grains	

(Dury	 et	 al.,	 1990;	 Visser	 et	 al.,	 1991).	 With	 progressive	 deformation,	 some	

tectonites	 in	 the	 large-scale	shear	zones	evolved	 into	Mylonites,	characterised	by	

thin	bands	and	lenticular	domains	(Dury	et	al.,	1990;	Visser	et	al.,	1991;	Rampone	

et	al.,	2005;	Borghini	et	al.,	2007).	

The	peridotites	are	made	up	by	partly	 serpentinized	 lhezolites	 (and	 lherzolite	

tectonites),	dunites	and	pyroxenites,	in	decreasing	order	of	volumetric	extension.	

The	 lherzolites	 are	 mainly	 massive,	 made	 up	 by	 ortho-	 and	 clino-pyroxenes,	

spinels,	and	plagioclase	with	frequently	cm	to	dm	thick	piroxenite	bands,	and	are	

characterised	 by	 a	 tectonite	 foliation.	 The	 lherzolites	 of	 the	 area	 also	 show	 a	

variable	 degree	 of	 serpentinization	 until	 their	 total	 transformation	 into	

serpentinites.	

The	dunites	and	pyroxenites	are	both	present	as	bands	or	lenticular	bands	

within	the	lherzolites.	

The	metabasites	are	 lenticular	bodies	mainly	derived	 from	basalts;	 they	 show	

banded	textures,	partly	obliterated	by	peciloblastic	albite.	

The	 metagabbros	 are	 lenticular	 bodies	 and	 can	 be	 distinguished	 into:	 Fe-Ti	

oxides	 metagabbros	 that	 are	 massive,	 characterised	 by	 olivine,	 plagioclase	

phenocrysts;	 and	 the	 metagabbros	 and	 metatroctolites	 that	 are	 massive,	

characterised	 by	 large-	 to	 medium-grained	 crystals	 with	 variously	 preserved	

magmatic	textures.	

The	 metasediments	 are	 mainly	 calcschist	 and	 micaschist	 with	 interbeds	 of	

quartz-carbonate	 layers;	 they	 are	 characterised	 by	 an	 intense	 schistosity	 and	

frequently	by	an	intense	weathering	which	makes	them	weakly	coherent.	

The	 listvenites	 are	 metasomatized	 mafic	 to	 ultramafic	 rocks	 in	 particular	

lherzolites	 and	 serpentinites,	 characterised	 by	 highly	 to	 total	 carbonation	 and	

silicification	of	the	host	rock.	These	rocks	crop	out	mainly	within	or	near	fault	and	

shear	 zones.	 They	 consist	 of	 strongly	 carbonated	 serpentinite,	 permeated	 by	 a	

hydrothermal	carbonate	matrix	of	Mg-Fe-Ca	carbonates	and	quartz,	with	accessory	

serpentine,	 talc,	 Mg-chlorite,	 Cr-rich	 phengite	 (fuchsite)	 and	 ore-minerals,	 as	

hematite,	 magnetite,	 Fe-Ni	 or	 Fe-Cu	 sulphides	 and	 relict	 chrome-spinel	 (Pipino,	

2001).	 Such	 rocks	 show	 a	 highly	 textural	 variability	 linked	 to	 the	 metasomatic	

processes.	
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At	 the	 northern	 border	 of	 the	 area,	 continental	 breccias	 and	 conglomerates	

belonging	 to	 the	 Tertiary	 Piedmont	 Basin	 (TPB)	 occur	 (Allasinaz	 et	 al.,	 1971;	

Spagnolo,	2004;	Spagnolo	et	al.,	2007;	Capponi	and	Crispini,	2008;	Capponi	et	al.,	

2009).	 In	 the	 area	 the	 TPB	 outcrops	 are	 limited	 by	 vertical	 faults	 (Capponi	 and	

Crispini	2002).	The	 continental	breccias,	 cropping	out	 in	 this	 area,	 are	 related	 to	

“Brecce	 della	 Crosazza”,	 and	 are	made	 up	 by	 limestone	 and	 dolomitic	 limestone	

clasts	with	rare	serpentinite	pebbles	and	cobbles.	The	conglomerates	are	related	to	

“Conglomerati	 di	Molare”,	 and	 are	made	 up	 by	 pebbles,	 cobbles	 and	 boulders	of	

serpentinites,	metabasites,	and	locally	metasediments	and	limestone.		

The	area	also	comprises,	at	Case	Ferrere	locality,	a	carbonatic	klippe,	bordered	

by	thrust	faults	with	a	W-SW	sense	of	shear	(Capponi	et	al.,	1998).	The	carbonatic	

klippe	 is	 made	 up	 by	 dolomite,	 dolomitic	 limestone,	 and	 grey	 crystalline	

selciferous	 limestone;	 related	 to	 “Dolomie	 del	 monte	 Gazzo”	 and	 to	 “Calcari	 di	

Gallaneto”	 of	 the	 Gazzo-Isoverde	 Unit	 (Capponi	 et	 al.,	 1998).	 The	 stratigraphic	

succession	 is	deformed	and	overturned	by	open	parallel	 folds,	with	upright	axial	

planes	and	gently	plunging	to	SE	axes	(Capponi	et	al.,	1998).	
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Figure	6:	Structural	sketch	of	the	Lavagnina	Lake	area,	redrawn	with	updates	and	georeferenced	

with	QGIS	open	source	software	(after	Spagnolo,	2004,	see	chapter	5	of	this	work).	

	

From	 a	 structural	 point	 of	 view,	 the	 Lavagnina	 Lakes	 area	 shows	 the	

superposition	 of	 several	 deformations,	 which	 developed	 under	 structural	

conditions	 evolving	 from	 brittle-ductile	 to	 brittle	 regime	 (Capponi	 and	 Crispini	

2002,	2008;	 Federico	 et	 al.,	 2009).	 These	 deformations	 are	 related	 to	 the	Alpine	

deformations	linked	to	subduction-collisional	events.		

The	three	Units	described	for	this	area	(i.e.	the	Voltri	Massif,	the	Sestri	Voltaggio	

and	 the	 Tertiary	 Piedmont	 Basin	 deposits,	 see	 chapter	 3)	 show	 evidences	 for	 a	

different	tectono-metamorphic	evolution	between	them.	The	Voltri	Massif	and	the	

Sestri-Voltaggio	zone	show	a	common	evolution	from	the	D3/D4	events	(Chapter	

3)	due	to	their	coupling	(Crispini	and	Capponi,	2001;	Capponi	and	Crispini,	2002).	
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Moreover,	the	TPB	deposits	share	the	same	evolution	of	both	the	Voltri	Massif	and	

Sestri-Voltaggio	zone	only	for	the	late-	to	post-orogenic	deformations;	represented	

by	vertical	to	sub-vertical	faults.	

The	 older	 Alpine	 structures	 recognizable	 in	 the	 Lavagnina	 Lakes	 area,	

characterised	 by	D1	 and	D2	 folds	 (see	 chapter	 3).	 Since	 these	 folds	 are	 strongly	

transpositive,	their	schistosity	superimposed	to	the	previous	foliation,	give	rise	to	

a	 Composite	 Fabric	 (CF)	 that	 is	 the	 most	 evident	 surface	 on	 the	 field,	 and	 that	

controls	 the	 contact	 between	 lithologies,	 similarly	 to	 what	 is	 observed	 for	 the	

whole	 Voltri	 Massif	 (Capponi	 and	 Crispini,	 2002).	 The	 composite	 fabric	 shows	

scattered	orientations	(Fig.	7);	and	this	dispersion	can	be	related	to	the	subsequent	

deformational	events.	

The	 post-D1/D2	 deformational	 events,	 in	 the	 Lavagnina	 Lake	 area,	 are	

characterised	by	a	complex	superposition	of	ductile,	brittle-ductile	to	pure	brittle	

structures;	they	are	late-	to	post-metamorphic	events.	These	structures	have	been	

developed	in	the	upper	structural	level	and	for	their	features	can	be	referred	to	the	

“upper	crustal	deformation”	(UCD;	Fig.	8)	described	by	Capponi	and	Crispini	(2002),	

Spagnolo	et	al.	(2007),	and	Federico	et	al.	(2009).		

The	brittle-ductile	UCD	events	are	widespread	in	all	the	investigated	area,	and	

are	mainly	represented	by	superposed	systems	of	folds,	systems	of	Reverse	Shear	

Zones	(RSZs,	see	below),	and	fault	systems.		

The	 UCD	 are	 characterised	 by	 two	 systems	 of	 folds,	 which	 show	 comparable	

features	with	the	D3	and	D4	folds	described	by	Capponi	and	Crispini	(2002).	

D3	folds	appear	as	gentle	undulation	of	the	sub-vertical	CF.	The	D3	folds	show	

axial	surfaces	NE-SW	striking	and	gently	 to	moderately	dipping	both	to	NNE	and	

SSW,	this	dispersion	can	be	related	to	the	subsequent	D4	phase.	

D4	 folds	 are	 mostly	 parallel	 open	 folds,	 with	 large	 wavelengths	 (metric	 to	

decametric);	 rarely	 accompanied	 by	 a	 spaced	 cleavage.	 D4	 fold	 axes	 are	 N-S	 to	

NNW-	 SSE	 trending	 and	 are	 nearly	 horizontal;	 axial	 planes	 are	 N-S	 striking	 and	

moderately	 dipping	 to	 the	 West.	 D4	 folds	 are	 overturned	 toward	 the	 NE	 and	

indicate	a	top-to	E-NE	sense	of	shear,	comparable	to	what	described	by	Spagnolo	

et	al.	(2007).	

The	 systems	of	 reverse	 shear	 zones,	 that	 characterise	 the	UCD,	 accordingly	 to	

their	 structural	 features	 and	 kinematics,	 have	 been	 subdivided	 into	 two	 families	

(RSZ1-RSZ2,	 see	 the	 paragraph	 4.2),	 and	 for	 their	 features	 are	 similar	 to	 those	
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described	by	Capponi	and	Crispini	 (2002),	 Spagnolo	et	 al.	 (2007),	Federico	et	 al.	

(2009).	 These	 shear	 zones	 are	 characterised	 by	 several	 fault	 rocks	 types,	 which	

can	be	related	to	different	structural	levels	and	regimes,	testifying	a	long	period	of	

activity	and	multiple	reactivations	of	the	shear	zones.		

Moreover	RSZs	damage	zones	are	 characterised	by	extensive	 fluid	 circulation,	

giving	 rise	 to	 vein	 networks,	 with	 different	 mineralisation,	 and	 associated	 wall	

rock	 metasomatic	 alteration.	 These	 veins	 networks	 are	 locally	 characterised	 by	

gold-bearing	quartz	and	carbonates	veins	that	were	exploited	until	the	Roman	Age		

(Pipino,	1976;	1978;	1980;	1982;	2000;	2001;	2003).	

In	 the	 range	of	 the	brittle-ductile	UCD	 important	N-S	 strike-slip/transpressive	

system	and	minor	Riedel	faults	have	been	observed	and	described.	The	final	stages	

of	 brittle	 tectonic	 evolution	 show	 normal	 and	 transtensive	 fault,	 which	 often	

reactivate	the	previous	structures	corresponding	to	what	described	by	Spagnolo	et	

al.	 (2007)	 and	 Federico	 et	 al.	 (2009).	 The	 structures	 described	 above	 are	

summarised	in	Fig.	8.	
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Figure	7:	Stereographic	projection	of	composite	fabric	of	the	Lavagnina	Lakes	area.	

	

	

Figure	8:	Summary	scheme	of	the	main	Upper	Crustal	Deformation.	
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4.2	–	Brittle-ductile	deformations	

	
According	to	what	described	above,	the	Lavagnina	Lakes	area	shows	a	complex	

superposition	 of	 several	 deformations,	 which	 developed	 under	 structural	

conditions	evolving	from	brittle-ductile	to	brittle	regime.	

In	 this	 study	 the	 focus	 is	 concentrated	 on	 the	 brittle-ductile	 to	 pure	 brittle	

events	that	characterise	the	Upper	Crustal	Deformations	(UCD),	particularly	on	the	

systems	of	reverse	shear	zones,	which	occur	in	the	area,	for	their	peculiar	feature	

(described	above).	Moreover,	the	gold-bearing	veins,	above	described,	are	related	

to	these	systems	of	structures,	and	this	underlines	the	relevance	of	studying	these	

structures,	their	development,	their	relative	chronology,	and	their	interaction	with	

fluids.	

	

4.2.1	–	Brittle-ductile	shear	zones	(RSZ1	and	RSZ2)	

		
RSZ1	 shear	 zones	 are	 developed	 at	 the	 lithological	 transition	 between	

serpentinites-lherzolites	 and	 serpentinites-carbonatic	 rocks,	 and	 are	 the	 oldest	

reverse	 shear	 zone	 structures	 recognised	 on	 the	 field.	 They	 developed	 under	

brittle-ductile	deformation	conditions,	and	are	syntettonically	with	greenschist	to	

sub-greenschist	metamorphic	conditions.		

RSZ1	 structures	 developed	 cm-thick	 mylonite,	 protomylonites	 and	 foliated	

cataclasites	levels	(sensu	Sibson,	1977)	with	crystallization	of	carbonates,	chlorite,	

quartz	 and	 talc.	 Occasionally	 non-permeating	 alteration	 is	 developed	 along	 the	

contacts,	 and	 it	 is	made	 up	 by	 Fe-Mg	 carbonates	 and	 ferrous	 oxides	 similarly	 to	

what	observed	by	Spagnolo	et	al.	(2007).	

The	RSZ1	stystem	is	made	up	of	shallow-	to	moderately	dipping	surfaces	(Fig.	

9a)	 characterised	 by	 the	 occurrence	 of	 slickenlines,	 slickensides,	 shear	 fibre	

lineations,	 and	 chatter	marks	 (Fig.	 9b)	 that	 indicate	 contraction,	 associated	with	

minor	strike-slip	kinematics	of	the	shear	zones.	The	inferred	sense	of	shear	is	top-

to	S–SW,	with	a	minor	top-to	N–NW	deviation.	These	shear	zones	are	characterised	

by	 a	 brittle-ductile	 deformation	 and	 typically	 produce	 cm-	 to	 dm-thick	 layers	 of	

mylonites	 and	 protomylonites	 (sensu	 Sibson	 1977).	 Well-developed	 drag	 folds,	

associated	to	these	shear	zones,	testify	their	sense	of	shear.		
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The	 damage	 zones	 linked	 to	 the	 RSZ1	 structures	 show	 veins	 (V1)	 and	

metasomatic	alteration	(ALT-1).	

V1	veins	are	mm	to	cm	wide,	are	Fe-Mg	carbonates	and	chalcedony-quartz	gold-

bearing	 veins.	 They	 are	 mainly	 related	 to	 the	 filling	 of	 extensional	 or	 tension	

gashes	 fractures	that	open	 in	 in	 the	 footwall	 in	response	to	thrust	movement.	V1	

veins	(Fig.	9c)	are	mainly	striking	NNE-SSW	and	are	steeply	dipping.	These	veins	

developed	 syntectonically	 with	 shear	 bands	 and	 locally	 are	 deformed	 by	 open	

folds;	they	show	peculiar	reddish	colour	which	derives	from	secondary	alteration	

minerals	 like	 lepidocrocite,	 ghoetite,	 and	 sulphur	 similarly	 to	what	 described	 by	

Pipino	(1976).	

Limited	to	the	shear	surface	zones,	and	to	the	veins	wall,	metasomatic	alteration	

(ALT-1)	causes	carbonation	and	hydration	of	the	bedrocks.	Along	the	shear	zones	

and	 veins	 occurring	 inside	 the	 ultramafic	 rock	 this	 alteration	 develops	 dm	 to	m	

listvenite	levels	(sensu	Hansen	et	al.,	2005)	or	leads	to	the	total	carbonation	of	the	

bed	rock.	The	occurrence	of	metasomatic	alteration	along	RSZ1	shear	surfaces	and	

the	presence	of	widespread	veins	testify	the	presence	of	syntectonic	fluids	during	

the	evolution	of	RSZ1.	

	

	

	

Figure	9:	Stereographic	projections.	(a)	Poles	to	RSZ1	thrust	surfaces	(65	points).	(b)	Slickenlines	

(42	points).	(c)	Poles	to	V1	veins	(23	points).	

	
RSZ2	 developed	 under	 brittle-ductile	 to	 pure	 brittle	 deformation	 conditions,	

and	from	sub-greenschist	to	zeolite	facies	metamorphic	conditions	comparable	to	
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the	description	made	by	Capponi	and	Crispini	(2002)	for	this	system	in	the	Voltri	

Massif.		

The	 RSZ2	 show	 shear	 surfaces	 mainly	 sub-horizontal	 or	 gently	 dipping	 to	W	

(Fig.	10a),	and	they	often	reactivate	RSZ1	structures,	since	V1	vein	fragments	occur	

in	the	fault	rocks	of	the	RSZ2	structures.	

Slickenlines	on	 the	 surfaces	are	 scattered	and	 show	a	variable	 sense	of	 shear,	

ranging	from	top-to	NW,	-SW	and	-NE	(Fig.	10b)	linked	to	contractional	and	minor	

strike-slip	kinematics.	Some	of	these	structures	show	evidence	for	reactivation	of	

previous	discontinuities,	with	several	types	of	fault	rocks	overprinting	in	the	same	

shear	 zone	 and	 multiple	 sets	 of	 slickenlines	 on	 individual	 fault	 planes.	 The	

interference	with	pre-existing	discontinuities	 can	be,	 at	 least	 in	part,	 responsible	

for	the	scatter	in	orientation	of	RSZ2	slickenlines.		

RSZ2	damage	zone	are	characterised	by	a	larger	volume	both	of	fault	rocks	and	

of	metasomatic	alteration	of	the	host-rocks.	They	also	developed:	two	main	sets	of	

veins	 (V2-V3),	 hydraulic	 and	 cockade	 breccias,	 and	 two	 kind	 of	 metasomatic	

alteration	(ALT-2,	ALT-3).	

V2	veins	(Fig.	10c)	are	similar	to	V1	but	more	widespread,	thick	(up	to	20	cm),	

and	cut	 the	previous	V1	 system.	They	are	Fe-Mg	carbonates,	quartz,	 chalcedony,	

and	 locally	 gold-bearing.	 V2	 are	 mainly	 related	 to	 the	 filling	 of	 extensional	 or	

Riedel	shear	fractures	that	open	in	the	footwall	in	response	to	RSZ2	movement.	V2	

veins	(Fig.	10c)	are	mainly	striking	NW-SE	and	usually	they	show	high	angle	with	

respect	 to	 the	 shear	 plane,	 even	 if	 sometimes	 they	 are	 deflected	 into	 the	 shear	

plane	showing	a	sub-horizontal	attitude.	

V3	veins	are	cm	wide	and	not	so	widespread	as	V2;	they	are	mainly	chalcedony-

quartz	veins	with	minor	calcite,	moreover	they	are	not	gold-bearing.	They	are	syn-	

to	 post-kinematic	 to	 RSZ2,	 and	 their	 occurrence	 was	 from	 contemporary	 to	

successive	to	D4	folds	system,	which	limbs	are	sometimes	sheared.	

Hydraulic	breccias	represent	a	subclass	of	breccias,	in	which	failure	of	the	host	

rocks	 is	due	to	 fluid	overpressure	and	the	brecciated	clasts	of	 the	host	rocks	are	

subsequently	cemented	by	mineral	precipitation	from	permeating	fluids.	

Cockade	 breccias,	 defined	 by	 Genna	 et	 al.	 (1996),	 in	 the	 area	 show	 similar	

genesis	of	 the	hydraulic	breccias,	but	with	a	progressive	encrustation	of	 the	host	

rocks	 clasts	 by	 envelops	 of	 hydrothermal	 minerals	 making	 up	 the	 cockade	

structures.	 The	 most	 common	 hydrothermal	 minerals,	 which	 make	 up	 the	
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envelopes	 in	 the	observed	cockade	breccias,	 are	quartz,	with	both	 colloform	and	

crystalline	textures,	and	carbonates.	

In	 the	Lavagnina	Lakes	area	 the	hydraulic	 and	cockade	breccias	occur,	 almost	

exclusively,	 in	 serpentinites,	 especially	 in	 massive	 serpentinites,	 and,	 these	 two	

textures	are	almost	always	associated.	

Metasomatic	alteration	2	(ALT-2)	develops	along	the	damage	zone	of	the	RSZ2	

structures.	It	is	more	widespread	than	the	ALT-1,	as	ALT-2	affects	larger	volumes	

of	rocks,	and	 it	 is	also	more	 intense.	As	ALT-1	also	the	ALT-2	 is	characterised	by	

intense	 carbonation	 of	 the	 host	 rocks,	 but	 instead	 ALT-2	 do	 not	 show	

listvenitization	of	 the	 serpentinites.	The	metasomatic	processes,	 linked	 to	ALT-2,	

are	heterogeneously	distributed,	and	are	strongly	influenced	by	lithologies	and	by	

their	structural	features.	In	serpentinites,	metasomatic	alteration	develops	starting	

from	 the	 regional	 foliation,	 and	 then	 diffusely	 affects	 the	 damage	 zones	 of	 RSZ2	

structures,	producing	listvenitization	of	the	host	rocks.	In	lherzolites,	instead,	the	

main	alteration	processes	are	fault-related,	and	deeply	affect	the	core	of	the	shear	

zones,	also	fostered	by	intense	cataclasis	and	brecciation.	

From	this	study	has	been	observed	that	ALT-2	often	generates,	in	the	fault	core,	

decimetric	 to	metric	pure	carbonates	 levels	with	unique	textures.	These	textures	

show	 complex	 internal	 features	 due	 to	 several	 interplays	 of	 fluid-rocks	

interactions	 (with	 cyclic	 events	 of	 fracturing,	 fluids	 circulation,	 and	 mineral	

precipitation)	linked	to	RSZ2	movements.	These	peculiar	textures	have	never	been	

reported	or	described	in	bibliography,	and	hence	will	be	referred	as	“fault-pearls”	

in	 analogy	with	 the	 organic	 pearls.	 Structural,	microstructural,	 and	 geochemical	

features	of	these	textures	will	be	described	in	chapters	5,	7,	and	8	of	this	work.	

Metasomatic	alteration	3	(ALT-3)	 is	 the	less	developed	and	the	 less	pervasive,	

and	it	is	heterogeneously	distributed.	It	is	characterised	by	sepiolite	(See	chapter	

5)	and	asbestos	duplex	structures	(Ramsay	and	Huber,	1987)	along	shear	planes.	

In	 the	 Lavagnina	 Lake	 area,	 as	 described	 above,	 the	 gold	mineralisations	 are	

related	 to	 the	 RSZs	 structures	 and	 their	 damage	 zone.	 The	 mineralisations	 are	

especially	linked	to	both	the	V1	and	V2	vein	systems	(see	chapter	5),	which	show	

similar	mineralogical	composition:	Ca-Mg-Fe-carbonates	+	quartz	+	chalcedony	+	

native	gold	+	sulphides.	The	major	mineralised	bodies	mainly	occur	in	the	footwall	

of	the	RSZs	as	the	filling	of	extensional	fractures	or	as	Riedel	shear	veins,	especially	
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along	the	contact	between	lherzolites	and	the	serpentinites	or	serpentinite	schists,	

similarly	to	what	is	described	by	Spagnolo	(2004).	

	

	

	

Figure	10:	Stereographic	projections.	(a)	Poles	to	RSZ2	thrust	surfaces	(137	points).	(b)	Slickenlines	

(46	points).	(c)	Poles	to	V2	veins	(23	points).	The	data	are	from	the	field	survey	for	this	work.	

	

4.2.2	–	Strike-slip/oblique	slip	(transpressive)	systems	of	fault	

	
Strike-slip	and	oblique	slip	systems	are	common	in	the	Lavagnina	Lakes.	These	

structures	are	characterised	by	kilometric	scale,	nearly	vertical	N-S	striking	faults,	

which	 are	 strictly	 related	 to	 positive	 flower	 structures.	 These	 structures	 are	

associated	 to	 minor	 Riedel	 faults	 NNE-SSW	 and	 NNW-SSE	 striking	 that	 can	 be	

defined	as	R	and	P	shear	faults,	and	are	characterised	by	dm	to	m	thick	fault	rocks	

levels.	

Moreover,	other	faults	that	can	be	related	to	the	strike-slip/oblique	slip	systems	

are	 hundreds	 of	 metres	 long,	 ESE-WNW	 striking,	 comparable	 to	 the	 strike-slip	

faults	 described	 by	 Federico	 et	 al.	 (2009).	 They	 show	 main	 sinistral	 strike-slip	

movement	with	minor	 contractional	 component	 and	 can	 be	 defined	 as	Rʼ	 Riedel	

shear	faults.	

Systems	of	E-W	striking	 faults	 that	cut	all	 the	previous	structures	and	dip-slip	

reactivation	of	older	fault	planes	occur	during	the	final	stage	of	the	upper	crustal	

deformation	history,	comparable	to	the	description	for	the	whole	Voltri	Massif	by	

Capponi	et	al.	(2001).	
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E-W	systems	have	km-length	and	develop	 two	kinds	of	 slickenlines	with	both	

dextral	and	sinistral	strike-slip	(S-s,	Fig.	8)	motions.		

Dip-slip	 (NF,	 Fig.	 8)	 reactivation	 of	 pre-existing	 strike-slip	 /	 transpressive	

systems	 occur:	 it	 is	 characterised	 by	 slickenlines	 with	 both	 normal	 and	 inverse	

motion	(Spagnolo	et	al.,	2007).	

	

4.3	–	Metamorphism	of	the	Lavagnina	Lakes	area	

	
The	rocks	cropping	out	in	the	Lavagnina	Lakes	area	belong	to	the	Voltri	Unit,	as	

the	 other	 rocks	 belonging	 to	 this	 unit,	 were	 re-equilibrated	 in	 eclogite	 facies	 at	

about	 50	 Ma	 (Federico	 et	 al.,	 2005),	 then	 overprinted	 by	 greenschist	 facies	

conditions	(Messiga	and	Scambelluri,	2001	and	reference	therein)	at	about	33	Ma	

(Federico	 et	 al.,	 2005).	 The	 greenschist	 overprint	 is	 more	 or	 less	 pervasive,	

depending	on	the	reactivity	of	the	rock	chemistry	and	on	the	deformation	(Capponi	

et	 al.,	 2016).	 The	 eclogite	 facies	 assemblages	 are	 more	 extensively	 and	 better	

preserved	in	the	ultramafic	rocks,	which	are	less	retrogressed	in	greenschist	facies,	

whereas	 they	 are	 rare	 in	 metasediments,	 where	 the	 greenschist	 overprint	 is	

usually	pervasive	(Capponi	and	Crispini,	2002).	

	

4.4	–	Gold	Mineralisations	
	

Historically	the	exploitation	of	the	gold	deposits	of	the	analysed	area	dates	back	

to	the	Roman	age	and	to	the	mythological	city	called	“Rondinaria”	(Pipino,	2001).	

The	 Roman	 activity	 is	 testified	 by	 heaps	 of	 pebbles	 and	 cobbles	 along	 the	

Gorzente	banks,	 that	 are	 similar	 to	 the	heaps	described	along	 the	Dora	and	Elvo	

River	 near	 Ivrea,	 linked	 to	 the	 exploitation	 of	 the	 gold	 deposits	 by	 Celtic	

populations	and	after	by	the	Romans	during	the	II	and	I	century	B.C.	(Pipino,	2001).	

These	heaps,	along	the	Gorzente	banks	cover	a	surface	of	some	square	kilometres.	

Probably	 also	 the	 gold	 mineralisations,	 from	which	 the	 gold	 nuggets	 derives,	

were	 known	 in	 the	 area,	 but	 the	 first	 evidence	 of	mining	 activity	 dates	 back	 to	

1589	(Pipino,	2001).	The	mining	activity	continued	until	 the	early	1900s,	and	all	

the	mine	entrances	and	galleries	present	in	the	area	date	back	to	those	years	(Fig.	

6).	
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In	1904	all	the	activities	ceased,	for	more	detail	about	the	mining	history	please	

refer	 to	 Buisson	 and	 Leblanc	 (1985a,	 b)	 or	 to	 Pipino	 (1976,	 1980,	 1982,	 2000,	

2001,	2003).	

The	 gold	 is	 unevenly	 distributed	 in	 the	 peridotites	 and	 serpentinites,	with	 an	

average	content	 from	0.1	to	2.0	gr/ton	(Pipino,	2005).	The	most	 interesting	gold	

mineralisations	 of	 the	 Lavagnina	 Lakes	 area	 could	 be	 divided	 into	 two	 types:	 i)	

quartz	vein	systems,	or	ii)	lode	mineralisations	linked	to	fault-linked	listvenites.	

The	 mineralisations	 linked	 with	 the	 quartz	 vein	 systems	 mainly	 cut	 the	

peridotites	and	the	serpentinites.	The	gold	 is	present	 in	plagues	(mm	in	size),	as	

native	dendritic	gold	(up	to	1	cm	in	size),	or	associated	with	sulphur	(Pipino,	2005).		

The	 lode	mineralisations	 linked	 to	 the	 fault	 systems	of	 the	area	are	 related	 to	

the	 carbonation	 and	 silicification,	 of	 peridotites	 and	 serpentinites,	 which	 took	

place	along	the	fault	until	the	total	transformation	of	the	host	rock	into	listvenites.	

The	 mineralised	 bodies	 show	 a	 limited	 extension,	 they	 are	 from	 a	 dozen	 to	 a	

hundred	meters	 long,	and	from	decimetric	 to	metric	 thick.	The	gold	is	present	 in	

plagues	(mm	in	size)	or	associated	with	sulphur	(Pipino,	2005).	

An	alloy	of	gold	(80-85%),	silver	 	 (10-15%),	and	copper	(2-3%)	makes	up	the	

gold	of	both	the	mineralisations	(Pipino,	2005).	

For	more	detail	please	refer	to	Pipino	(1976,	1980,	1982,	2000,	2001,	2003).	
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5	–	Geological	and	structural	survey	

	

5.1	–	Field	and	structural	analysis	

	

	For	this	study	I	applied	different	geological	analysis	and	laboratory	methods.	In	

the	 study	 area	 detailed	 geological,	 structural	 surveys	 and	 mapping	 have	 been	

performed	 in	 order	 to	 identify	 the	 most	 striking	 structural	 features	 that	

characterise	the	area.	

The	geological	analyses	applied	for	the	mesoscale	structural	analysis	are:	

I. Geological	and	structural	surveys,	scale	1:10000,	

II. Kinematic	analysis,	

III. Point	out	of	relative	chronology	between	sets	of	structures,	

IV. Targeted	sampling	of	wall	rocks,	fault	rocks,	and	veins.	

	

I	 performed	 the	 geological	 survey	 from	 April	 2015	 to	 November	 2016,	 and	

could	be	divided	into	two	main	phases:		

-	 The	 first	 phase	 regards	 the	 geological	 survey	 of	 the	 Lavagnina	 Lakes	 area	

(about	 32	 km2,	 Fig.	 6	 chapter	 4)	 on	 the	 basis	 of	 a	 previous	 geological	 survey	

performed	by	Spagnolo	(2004).	The	study	area	is	located	along	the	Gorzente	River,	

with	an	average	altitude	of	about	400	m	a.s.l.,	and	the	most	of	the	study	area	is	part	

of	the	“Parco	Naturale	delle	Capanne	di	Marcarolo”.	The	outcrops,	in	the	study	area,	

represent	 about	 the	 15-20%	 of	 the	 entire	 area,	 due	 to	 the	 presence	 of	 bushy	

vegetation.	Furthermore,	some	areas	show	a	medium	to	high	acclivity	making	the	

survey	 difficult.	 The	 higher	 percentages	 of	 outcrops	 are	 along	 the	 trail	 that	 is	

besides	 of	 the	 Lavagnina	 Lakes,	 along	 the	 rivers	 of	 the	 area	 (i.e.	 Gorzente	 and	

Tugello	 River),	 and	 along	 the	 major	 creeks	 (i.e.	 Paganella,	 Bisciarelle,	 and	

Moncalero	Creek).	 I	used	the	Carte	Tecniche	Regionali	(CTR)	as	topographic	base;	

in	particular	 the	elements	number	195130,	195140	(scale	1:10000	of	 the	“Foglio	

Novi	Ligure”),	213010,	and	213020	(scale	1:10000	of	the	“Foglio	Genova”).	On	the	

basis	 of	 the	 geological	 survey	 data	 and	 the	 previous	 geological	 map	 (Spagnolo,	

2004),	 I	 redrawn	 the	 geological	map	of	 the	 area	 and	 I	 realized	 a	 geo-referenced	

geological	 map	 (see	 below).	 I	 also	 realized	 a	 geological	 cross-section	 (A-A’-A”;	

geological	 map	 in	 the	 supplementary	 materials)	 oriented	 W-SW-NE,	 which	 is	
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approximately	perpendicular	to	the	strike	of	the	main	structures,	in	order	to	show	

their	trend.	

-	 The	 second	 phase	 regards	 the	 detailed	 structural	 analyses	 of	 four	 main	

outcrops	(the	Moncalero	Creek	fault,	the	Tugello	Creek	thrust,	the	Paganella	Creek,	

and	 the	 Bisciarelle	 Creek	 thrust)	 considered	 the	 most	 interesting	 and	 the	 most	

representative	for	the	aim	of	this	work.	For	the	detail	see	chapter	5.	

The	targeted	sampling	was	used	to	prepare	thin	sections	 for	petrographic	and	

microstructural	 analysis,	 whole	 rock	 analyses,	 X-Ray	 Powder	 Diffractions,	 SEM-

EDS	and	LA-ICP-TOFMs	chemical	analysis	(see	chapters	6,	7,	8).	

	

The	 analysed	 area	 is	 characterised	 by	 outcrops	 of	 peridotites	 (lherzolites,	

dunites,	 pyroxenites),	 serpentinites,	 metabasites	 (metabasalts),	 metagabbros,	

lenses	 of	 metasediments,	 listvenites,	 dolomite	 and	 dolomitic	 limestone,	 grey	

crystalline	selciferous	limestone,	and	the	deposits	of	the	Tertiary	Piedmont	Basin.	

The	peridotites	mainly	crop	out	in	the	central	and	central-east	sector,	together	

with	the	serpentinites,	they	are	volumetrically	the	most	abundant	lithotypes.	They	

are	 made	 up	 by	 lhezolites	 (and	 lherzolite	 tectonites,	 chapter	 4),	 dunites	 and	

pyroxenites,	in	decreasing	order	of	volumetric	extension.	

The	 lherzolites	 (LHP,	 chapter	 4)	 cropping	 out	 in	 the	 area,	 are	 massive,	 with	

parallel	 to	 sub-parallel	 pyroxenite	 bands,	 and	 are	 characterised	 by	 a	 variable	

fracturation	degree	 that	divide	 them	 into	metric	blocks.	The	 lherzolite	 tectonites	

are	 sheared	 and	 highly	 deformed	 lherzolites	 as	 testified	 by	 folded	 pyroxenite	

bands;	 they	 include	 coarse	 tectonites	 as	 well	 as	 fine-grained	 mylonites,	

characterised	 by	 a	 tectonite	 foliation.	 They	 are	 dark-green	 in	 colour	 to	 fresh	

fracture,	whereas	 they	are	greyish	 to	 reddish-brown	when	altered.	The	 selective	

superficial	 erosion	 of	 the	 lherzolites,	 highlights	 the	 compositional	 banding	 (e.g.	

pyroxenite	bands)	and	the	tectonite	foliation.	They	are	made	up	by	olvine,	ortho-	

and	clinopyroxenes,	spinel	and	plagioclase.	

The	 dunites	 and	 pyroxenites	 are	 both	 present	 as	 bands	 or	 lenticular	 bands	

within	the	lherzolites.	

The	dunite	bands	are	cm	to	m	thick,	grey-green	in	colour	to	fresh	fracture.	The	

lighter	 colour	 emphasise	 them,	 but	 the	 superficial	 alteration	 makes	 them	 of	

difficult	 recognition	 on	 the	 field.	However	 they	 are	 visible	 along	 the	Gorzente	 in	

the	riverbed,	in	particular	near	the	damn	of	the	Lavagnina	Lakes.	They	are	mainly	
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made	up	by	olivine	with	minor	spinels	and	plagioclase.	The	dunite	bodies,	for	their	

dimension,	are	mainly	not	representable	at	the	map	scale.	

The	 pyroxenites	 are	 cm	 to	 dm	 thick	 bands,	 green	 to	 dark-green	 in	 colour	 of	

difficult	 recognition	 on	 the	 field,	 but	 the	 selective	 superficial	 erosion	 highlights	

them.	They	are	made	up	by	ortho-	and	clinopyroxenes,	with	associated	spinel	and	

plagioclase.	 The	 pyroxenite	 bands,	 for	 their	 dimension,	 are	 mainly	 not	

representable	at	the	map	scale.	

In	 the	 analysed	 area,	 the	 peridotites	 also	 show	 a	 variable	 degree	 of	

serpentinization,	until	they	total	substitution	into	serpentinites.	

The	serpentinites	(SNV,	chapter	4)	crop	out	more	or	less	homogeneously	in	the	

whole	analysed	area.	They	are	both	massive	and	schistose.	They	are	dark-green	in	

colour	 on	 fresh	 fracture,	 whereas	 they	 show	 an	 orange-brownish	 colour	 when	

altered.	 The	 massive	 serpentinites	 shows	 ortho-	 clinopyroxenes	 and	 sometimes	

olivine	relicts.	The	serpentinite	show	a	variable	schistosity,	due	to	a	variable	strain	

partitioning,	until	they	become	serpentinite-schists.	Their	schistosity	is	pervasive,	

and	it	is	a	composite	fabric	due	to	the	superposition	of	deformation	(see	chapter	3,	

4).	

The	metabasites	(MIV,	chapter	4)	crop	out	mainly	 in	 the	western	sector	of	 the	

analysed	 area.	 They	 are	 lenticular	 bodies	 more	 or	 less	 developed,	 within	 the	

lherzolites	and	the	massive	seprentinites.	They	show	a	granular	appearance	due	to	

the	ocellar	texture,	and	they	are	green	in	colour	on	fresh	fractures,	but	they	often	

show	an	intense	alteration	that	could	make	difficult	the	distinction	of	this	lithotype	

with	the	metasediments.	The	metabasites	are	made	up	by	pyroxenes,	ocellar	abite,	

epidote	and	chlorite.	

The	 meta-gabbros	 (metagabbros	 and	 metatroctolites	 MGV	 and	 Fe-Ti	 oxides	

metagabbros	BZZ,	chapter	4)	crop	out	scattered	in	the	whole	analysed	area,	within	

the	lherzolites	or	the	massive	serpentinites.	

The	metagabbros	and	metatroctolites	lens	(MGV)	are	medium	to	coarse	grained,	

and	 they	 are	 from	 dark-green	 to	 greyish-green	 in	 colour	 on	 fresh	 fracture,	 and	

brownish	when	altered.	They	are	made	up	by	plagioclase,	pyroxenes,	olivine,	and	

minor	epidote	and	garnet.	

The	 Fe-Ti	 oxides	metagabbros	 (BZZ)	 are	 less	widespread	with	 respect	 to	 the	

previous.	 They	 are	 dark-green	 in	 colour	 on	 fresh	 fracture,	 and	 brownish	 when	

altered.	They	show	several	superimposed	deformation	(chapter	3)	that	developed	
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augen	 to	blastomylonitic	 textures.	They	are	made	up	by	plagioclase,	 amphiboles,	

garnet	and	epidote.	

The	 metasediments,	 mainly	 calchschist	 and	 micaschists,	 are	 present	 as	 small	

outcrops	in	the	analysed	area.	They	show	a	grey	colour	with	silver	reflection	due	to	

the	 presence	 of	 mica,	 and	 brownish-rusty	 when	 altered.	 They	 show	 an	 intense	

schistosity,	and	they	show	widespread	extensional	carbonate	veins,	which	cut	the	

schistosity.	On	the	field	the	metasediments	are	always	intensely	altered.	

The	 listvenites,	 in	 the	 analysed	 area,	 are	 always	 associated	 to	 the	 faults	 and	

their	damage	zones	(in	chapter	4	are	grouped	in	the	CFZ).	They	are	developed	for	

the	 syn-tectonic	 carbonation	 over	 ultramafic	 rocks	 (in	 the	 analysed	 area	 over	

peridotites	or	sepentinites),	up	to	5	m	thick.	They	show	a	peculiar	yellowish-white	

colour	due	to	the	 intense	carbonation.	They	are	 fine	to	ultrafine	grained;	show	a	

variable	 schistosity	 degree,	 and	mylonitic	 textures.	 They	 often	 show	widespread	

quartz	and	chalcedony	veins.	The	listvenites,	for	their	dimensions,	are	not	always	

representable	at	the	map	scale.	

The	dolomite	and	dolomitic	limestone	(MDG,	chapter	4),	and	the	grey	crystalline	

selciferous	limestone	(GLL,	chapter	4),	only	crops	out	in	the	centre	of	the	analysed	

area,	near	the	Cascine	Ferrere	locality,	and	make	up	a	carbonatic	klippen	(chapter	

4).	

The	 dolomite	 and	 dolomitic	 limestone	 (MDG)	 are	 grey	 in	 colour,	

microcrystalline,	ca.	20	m	thick,	and	they	do	not	show	a	well-defined	stratification.	

The	grey	crystalline	selciferous	 limestones	(GLL)	are	dark-grey	 in	colour,	with	

argillites	intercalations.	The	intercalations	are	black	in	colour,	characterised	by	an	

intense	schistosity,	and	cm	thick.	

The	 deposits	 of	 the	 Tertiary	 Piedmont	 Basin,	 in	 the	 analysed	 area,	 crop	 out	

almost	 only	 in	 the	 northern	 sector	 (chapter	 4).	 These	 deposits	 could	 be	

distinguished	in:	continental	breccias	(CRA,	chapter	4),	related	to	the	“Brecce	della	

Crosazza”,	and	the	conglomerates	(MOR,	chapter	4),	related	to	the	“Conglomerati	

di	Molare”.	

The	continental	breccias,	 in	 the	analysed	area,	are	made	up	almost	exclusively	

by	 limestone	and	dolomitic	clasts,	angular	 in	shape,	and	from	mm	to	pluri	dm	in	

size.	Within	the	breccias,	serpentinite	pebbles	and	cobbles	are	rare.	These	breccias	

crop	out	as	metric	lenses,	divided	in	levels	by	sub-horizontal	joints.	They	crop	out	
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in	 direct	 contact	with	 the	 peridotites	 or	 serpentinites,	 or	 as	 intercalation	within	

the	conglomerates.	

The	 conglomerates	 in	 the	 area	 show	 sandstone	 intercalations.	 The	

conglomerates	are	made	up	by	pebbles,	cobbles	and	boulders	with	a	composition	

that	reflects	the	bedrock,	in	general	the	composition	is	made	up	by:	serpentinites,	

metabasites,	but	locally	metasediments	and	carbonates.	The	clasts	are	prevalently	

randomly	 oriented,	 from	well	 rounded	 in	 the	 upper	 portion,	 to	 angular	 or	 sub-

angular	 in	 the	 basal	 portion.	The	matrix	 has	 the	 same	 composition	 of	 the	 clasts,	

and	 becomes	 preponderant	 in	 the	 sandstone	 intercalation,	 highlighting	 the	

stratification	otherwise	not	so	evident.	

	

5.2	–	Laboratory	methods	
	

The	laboratory	methods	applied	are:	

I. Geo-referenced	geological	map	through	the	software:	Map	Publisher,	QGIS	

(free	 downloadable	 at	 https://www.qgis.org/it/site/)	 Mac	 version	 and	 the	 app	

MotionX-GPS	IOS	version,	

II. Image	 analysis	 through	 the	 software:	 iPhoto,	 Adobe	 Illustrator	 CS6	 and	

Image-J	(free	downloadable	at	http://rsbweb.nih.gov/ij/)	Mac	Versions.	

	

For	this	study	all	the	field	data	were	geo-referenced	using	the	app	MotionX-GPS;	

so	all	this	information	can	be	easily	used	inside	a	Geographic	Information	System	

(GIS).	

I	geo-referenced	the	CTR	the	elements	number	195130,	195140	(scale	1:10000	

of	 the	 “Foglio	 Novi	 Ligure”),	 213010,	 and	 213020	 (scale	 1:10000	 of	 the	 “Foglio	

Genova”).	 Then	 I	 geo-referenced	 the	 pre-existent	 geological	 data	 of	 the	 analysed	

area	using	Map	Publisher,	in	order	to	be	able	to	work	with	QGIS.	

Subsequently,	using	QGIS,	I	added	the	new	data	from	this	work	(Fig.	6	chapter	4,	

and	 geological	 map	 in	 the	 supplementary	 material)	 in	 order	 to	 produce	 a	 geo-

referenced	map,	with	information	linked	to	real	geographical	coordinates.	The	geo-

referenced	data	included	in	the	map	are:	

- The	track	for	the	outcrops,	
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- The	lithotypes,	

- The	 attitude	 of	 structural	 elements	 (fault	 surfaces,	 lineations,	 veins,	

composite	fabrics,	tectonite	foliations,	stratifications),	

- The	photograph	of	the	outcrops	and	their	related	structures,	

- The	samples,	

- The	closed	mine	entrance.	

For	this	work	I	decided	to	use	QGIS,	since	it	is	free	downloadable	and	in	order	to	

produce	a	geological	map	easily	editable,	shareable	and	quickly	updatable.	

	

The	 image	analysis	 (see	paragraph	5.4.1)	has	been	 realized	on	 the	 samples	of	

the	fault	pearls	that	characterise	the	Bisciarelle	fault	core	(see	paragraph	5.4.1)	in	

order	to	obtain	shape	descriptors,	statistically	representative,	of	these	textures.	

I	 used	 iPhoto	 for	 the	 first	 step	 of	 the	 pre-processing	 of	 the	 photograph,	

especially	 to	 increase	 the	 chromatic	 contrast,	since	 the	analysed	samples	 show	a	

plain	 and	monotonous	 colour.	 Then	 I	 used	Adobe	 Illustrator	 CS6	 for	 the	 second	

step	of	the	pre-processing	of	the	photos	for	the	analysis,	especially	the	command	

“image	 trace”	 in	 order	 to	 trace	 the	 edge	 of	 every	 single	 fault	 pearl,	 to	 obtain	 a	

“pearls-edges-map”	(see	paragraph	5.4.1).	

For	 the	 last	 step	 of	 the	 image	 analysis	 I	 used	 Image-J,	 since	 it	 is	 free	

downloadable	 (Mac	 version,	 http://rsbweb.nih.gov/ij/)	 and	 it	 is	 largely	 used	 in	

literature	(i.e.	Keulen	et	al.,	2007	and	reference	therein).		

Then	I	processed	the	“pearls-edges	maps”	through	this	software	to	fit	an	ellipse	

onto	 each	 pearl	 and	 to	 obtain	morphometric	 parameters.	 Once	 set	 the	 scale	 for	

spatial	scaled	images,	to	obtain	values	expressed	in	physical	size,	I	performed	the	

following	measures:	

	

-	Circularity:	with	a	maximum	value	of	1	represents	a	perfect	circle;	as	the	value	

approaches	to	0.0,	it	indicates	an	increasingly	elongated	shape.	Values	may	not	

be	valid	for	very	small	measures,	

-	Roundness:	it’s	the	inverse	of	the	Aspect	Ratio,	and	use	the	area	of	the	grains	

and	the	major	axis	of	the	best-fit	ellipses,	

-	Orientation:	The	program	 fits	 the	grains	with	equivalent	best-fit	 ellipses	and	

measures	 the	 angle	 between	 the	 major	 axis	 of	 the	 best-fit	 ellipses	 and	 the	

horizontal	top	edge	of	the	image	parallel	to	the	shear	movement,	
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-	 Particle	 size	 distribution:	 I	 used	 the	 maximum	 diameter	 of	 the	 carbonated	

coated	 grains	 obtained	 with	 ImageJ,	 and	 then	 I	 realized	 particle	 size	

distribution	with	Excel	spread	sheet.	

These	 measures	 have	 been	 performed	 in	 order	 to	 obtain	 representative	

statistical	data	about	the	fault	pearls	shape	descriptors.	
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5.3	–	Outcrop	scale	structures	

	

On	the	basis	of	the	geological	survey,	I	decided,	for	the	field	evidences	of	intense	

syn-tectonic	fluid	circulation	and	consequent	fluid-rock	interaction,	to	investigate	

with	more	detail	four	structures	(Fig.	11).	The	fluid-rock	interaction	triggered	the	

development,	 along	 these	 structures,	 of	 several	 types	 of	metasomatic	 rocks	 and	

peculiar	textures	(see	below).	Based	on	my	geological	survey	these	four	analysed	

structures	belong	to	the	brittle-ductile	structures	that	affect	the	investigated	area.	

The	 four	 structures	 analysed	 in	 detail	 are:	 the	 Moncalero,	 the	 Tugello,	 the	

Bisciarelle	 and	 the	Paganella	Creek	Fault	 (Fig.	10).	On	 the	basis	of	 the	geological	

survey	and	the	detailed	study	of	these	structures,	their	orientations,	their	tectonic	

directions	 of	 movement	 and	 for	 their	 deformational	 events,	 I	 related	 the	

Moncalero	Creek	Fault	to	the	older	system	of	regional	reverse	shear	zones	(RSZ1),	

the	Tugello	and	the	Bisciarelle	Creek	Fault	to	the	younger	system	of	regional	shear	

zones	 (RSZ2),	 and	 the	 Paganella	 Creek	 Fault	 to	 the	 minor	 system	 of	 strike-

slip/oblique	slip	systems	and	in	particular	a	P-shear	fault	related	to	the	older	fault	

structures	of	the	investigated	area.		
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Figure	11:	Structural	sketch	of	the	Lavagnina	Lake	area,	redrawn	with	updates	and	georeferenced	with	

QGIS	open	source	software	(after	Spagnolo,	2004).	In	this	sketch,	the	four	structures	analysed	in	detail	

are	highlighted	with	the	violet	squares.	

	

5.3.1	–	Moncalero	Creek	Thrust	Fault	

	

5.3.1.1	–	Outcrop	scale	structures	

	 	

This	area	(GPS	coordinates	N	44°	36’	11”,	E	8°	45’	30”,	Fig.	11)	is	located	along	

the	Moncalero	Creek,	which	is	a	left-side	tributary	of	the	Lavagnina	Lakes.	

The	area	is	characterised	by	the	occurrence	of	a	trust	fault	exposed	in	a	100	m	

long	outcrop	(Fig.	12,	13).	The	bedrock	is	made	up	of	massive	serpentinites.	Close	

to	 the	analysed	structure	the	serpentinites	gradually	become	serpentinite	schists	

characterised	by	a	pervasive	composite	fabric.	Moreover,	the	serpentinite	schists,	
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approaching	 to	 the	damage	zone	of	 the	 structure,	 show	a	widespread	and	dense	

network	of	brownish	veins.	These	veins	are	made	up	by	carbonates,	are	mm	thick,	

and	randomly	oriented.		

The	fault	damage	zone	is	structurally	complex,	from	the	top	to	the	bottom,	three	

main	 structural	 domains	 have	 been	 identified,	 namely:	 damage	 zone	 of	 the	

hanging-wall,	 fault	core,	and	damage	zone	of	 the	 footwall	 (Fig.	13).	The	analysed	

fault	 shows	 a	 symmetric	 damage	 zone	 developing	 a	 syn-tectonic	 metasomatic	

alteration	 linked	 to	 carbonatic-fluids.	 Moreover,	 the	 fluid-rock	 interaction	 is	

limited	close	to	the	damage	zone	of	the	structure.	

The	hanging-wall	is	made	up	of	serpentinite	and	serpentinite	schist	up	to	5	m	

thick.	 The	 rocks	 are	 characterised	 by	 a	 pervasive	 schistosity	 (Fig.	 14a),	 gently	

dipping	to	E-SE,	and	near	the	 fault	core	 it	 is	sub-parallel	 to	 the	 fault	surface.	The	

schistosity	 of	 the	 serpentinites	 and	 serpentinite-schist	 is	 a	 pervasive	 composite	

fabric	(CF).	In	the	hanging-wall	P-shear	fractures	(Ramsay	and	Huber,	1987)	occur,	

linked	to	the	damage	zone	of	the	fault	(Fig.	14b),	they	are	NNE-SSW	striking,	and	

steeply	 dipping	 to	 E.	 Along	 the	 P-Shear	 fractures,	 syn-tectonic	 fluid-rock	

interaction	 took	 place,	 developing	 cm-	 to	 dm-thick	 levels	 of	 carbonated	

serpentinites	 referred	 to	 as	 listvenites	 (Chapter	 4,	 Hansen	 et	 al.,	 2005),	 which	

consist	 of	 strongly	 carbonated	 serpentinite	 fragments,	 cemented	 by	 a	

hydrothermal	carbonate	matrix	of	Mg-Fe-Ca	carbonates	and	quartz,	with	accessory	

serpentine,	hematite,	and	magnetite.	

The	 fault	 core	 is	made	up	of	 listvenites,	 greenish	 to	brownish	due	 to	 the	 syn-

tectonic	carbonation	of	 the	bedrock	and	 it	 is	up	to	60	cm	thick.	The	syn-tectonic	

carbonation	 of	 the	 fault	 core	 is	 due	 to	 the	 crystallization	 of	 the	 strong	 to	 total	

carbonation	 of	 the	 serpentinites.	 The	 fault	 core	 is	 characterised	 by	 sigmoidal	

bodies,	 resembling	 duplex	 structures	 (Ramsay	 and	 Huber,	 1987;	 Fig.	 15,	 16)	

showing	 a	 tectonic	 transport	 top	 to	NW.	 The	 fault	 surface	 is	weakly	 corrugated,	

WNW-ESE	 striking,	 sub-horizontal	 or	 gently	 dipping	 to	 E-SE.	 The	 fault	 surface	

shows	two	superposed	sets	of	slickenlines	and	chatter	marks.	The	slickenlines	of	

both	 sets	are	up	 to	5	 cm	 long,	up	 to	0.5	mm	thick,	 and	up	 to	0.5	mm	relief.	The	

chatter	marks	of	both	sets	are	up	to	4	cm	long,	up	to	1	mm	thick,	cm	width,	and	up	

to	 0.5	 mm	 relief.	 The	 two	 sets	 of	 slickensides	 show	 visible	 crosscutting	

relationships:	 the	 older	mainly	 dips	 to	 E-SE	 and	 is	 linked	 to	 the	 top	 to	W-WNW	

accordingly	 with	 the	 chatter	 marks	 sense	 of	 shear,	 marked	 by	 the	 duplex	
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structures	and	linked	to	a	reverse	movement.	The	slickenlines	of	the	younger	set	

have	 plunges	 around	 40-60°	 and	 dip	 to	 NE	 accordingly	 with	 the	 chatter	 marks	

sense	of	shear.	This	set	is	linked	to	a	main	contractional	phase	with	minor	strike-

slip	/	extensional	movements	top	to	SW	(Fig.	14c).		

The	footwall	is	made	up	by	serpentinite	and	serpentinite-schist	up	to	ca.	4.5	m	

thick	 characterised	 by	 weak	 carbonation.	 Close	 to	 the	 fault	 surface	 it	 is	

characterised	 by	 R-shear	 fractures	 (Ramsay	 and	 Huber,	 1987),	 linked	 to	 the	

damage	zone	of	the	fault	(Fig.	4c),	they	are	N-S	striking,	and	steeply	dipping	to	W.		

The	 footwall	damage	zone	 is	 also	 characterised	by	 carbonates	veins	 (Fig.	17),	

which	 in	 most	 cases	 are	 extensional	 veins,	 and	 in	 some	 cases	 show	 hydraulic-

breccias	(Jébrack,	1997;	Fig.	18).	These	veins	are	mm	to	cm	wide,	with	a	spacing	of	

ca.	 20-30	 cm.	 They	 show	 a	 peculiar	 reddish	 colour	 due	 to	 the	 occurrence	 of	

secondary	 alteration	 minerals	 (Fig.	 17)	 such	 as	 pyrite.	 These	 veins	 are	 mainly	

NNE-SSW	(Fig.	14d)	striking	and	are	steeply	dipping	with	high	angle	with	respect	

to	the	thrust	plane	and	they	can	be	referred	to	as	filled	extensional	fractures	with	

shear	 component	 or	 as	 Riedel	 shear	 veins	 (Ramsay	 and	 Huber,	 1987).	 The	

hydraulic-breccias	are	mm	to	cm	thick,	with	a	spacing	of	10	to	50	cm.	They	show	

angular	centimetric	serpentinite	clasts,	which	are	unaltered	by	carbonates,	and	a	

reddish	Fe-Mg	carbonates	matrix.	

In	 this	 area	has	been	done	a	 sampling	of	 the	most	 interesting	 structures	 (Fig.	

13)	for	the	petrographic	section	(see	below).	

In	 the	 previous	 paragraph,	 has	 been	 shown	 that	 the	 analysed	 fault	 shows	 a	

symmetric	 damage	 zone.	 This	 characteristic	 depends	 on	 several	 factors,	 such	 as	

the	host	rock,	 the	weakly	corrugated	 fault	surface,	 and	the	displacement;	but	 the	

main	factor	for	the	symmetry	of	the	Moncalero	fault	should	be	related	to	the	same	

host	rock	both	 in	 the	hanging	wall	both	 in	 the	 footwall	and	hence	with	the	same	

mechanical	 properties.	 Structurally	 the	 fault	 shows	 the	 development	 of	 both	

brittle-ductile	(duplex	structures	in	the	fault	core)	and	brittle	(P-shear	fractures	in	

the	hanging	wall,	R-shear	fractures,	extensional	veins	and	hydraulic	breccias	in	the	

footwall)	structures	permeated	by	 syn-tectonic	 carbonate	 fluids.	The	presence	of	

both	brittle-ductile	to	brittle	regime	deformation	testifies	a	long-lived	evolution	of	

the	 structures,	 and	 the	 carbonation	 of	 both	 these	 kinds	 of	 structures	 testifies	 a	

long-lived	circulation	of	carbonate	fluids	too.	

The	fault	core	is	characterised	by	intense	carbonation	of	the	serpentinites	with	
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the	development	of	listvenites.	In	contrast	to	the	fault	core,	the	damage	zones	are	

characterised	by	a	less	developed	and	less	widespread	carbonation,	and	limited	to	

the	shear	fractures	(P-shear	in	the	hanging	wall	and	R-shear	in	the	foot	wall)	and	

to	 the	 veins	 (extensional	 and	 hydraulic	 breccias	 in	 the	 footwall).	 Therefore,	 the	

carbonation	 of	 this	 area	 is	 strictly	 related	 to	 the	 structures	 that	 have	 acted	 as	

preferential	pathway	for	the	carbonate	fluid	circulation.	

On	 the	 basis	 of	 the	 two	 sets	 of	 slicklenlines	 and	 chatter	 marks,	 and	 their	

crosscutting	relationships,	above	described,	at	least	two	different	stages	of	tectonic	

movement	could	be	recognized.	The	older	stage	shows	main	top	to	W-WNW	linked	

to	a	reverse	movement;	whereas	the	younger	stage	shows	main	top	to	SW,	and	it	is	

linked	 to	 a	 main	 contractional	 phase	 with	 minor	 strike-slip	 /	 extensional	

movements.	

The	 progressive	 development	 of	 the	 fault	 core	 from	 damage	 zones,	 and	 the	

development	 of	 different	 types	of	 fault	 rocks,	 implies	 that	 different	 permeability	

properties	occur	in	different	regions	of	fault	zones	at	different	evolutionary	stages	

(Fig.	19).	The	progression	of	fracturing	in	the	damage	zone	increases	permeability	

and	connectivity	and	the	whole	fault	zone	behaves	as	a	conduit	for	fluid	flow.		

The	 lateral	 propagation	 of	 the	 low-permeability	 fault	 core	 dissects	 the	 across	

and	 along	 strike	 continuity	 of	 the	 conduit,	 causing	 its	 progressive	

compartmentalisation	 into	 sectors	 with	 low	 hydraulic	 exchanges.	 The	 contrast	

between	 medium-	 to	 high-permeability	 damage	 zones	 and	 fault	 core	 boundary	

regions,	imparts	a	directional	anisotropy	to	permeability	in	fault	zones,	which	act	

as	conduits	 for	 fluid	 flow	parallel	 to	 the	 fault	strike	and	as	barriers	 for	 fluid	 flow	

perpendicular	to	the	fault	strike.		

In	Figure	20	are	summarized	the	main	architectural	characteristics,	the	physical	

properties,	the	sampling	and	X-ray	analysis	results	of	the	Moncalero	Creek	fault.	

The	 Moncalero	 Creek	 fault,	 for	 its	 orientation,	 the	 tectonic	 direction	 of	

movement	and	 for	 the	deformational	 events	 can	be	 related	 to	 the	 first	system	of	

regional	 reverse	 shear	 zones	 (RSZ1)	 that	 affect	 the	 Lavagnina	 Lake	 area	 also	

compared	to	what	described	for	 the	Voltri	Massif	by	Capponi	and	Crispini,	2002;	

Federico	et	al.,	2005	and	Spagnolo	et	al.,	2007.	
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Figure	12:	Structural	sketch,	magnification	of	the	analysed	area.	The	violet	box	highlights	the	

Moncalero	fault.	For	the	positioning	between	the	analysed	areas	please	refer	to	Fig.	11	paragraph	5.3.	
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Figure	13:	Moncalero	thrust	fault	along	the	serpentinites.	At	the	right	side	the	three	main	structural	

domains	are	shown.	In	this	figure	are	also	shown	the	location	of	the	samples	(LLM	and	LG),	and	the	

location	of	the	measured	structural	elements	(a,	b,	c,	d)	shown	in	Fig.	4.	
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Figure	14:	Structural	elements	of	Moncalero	outcrop.	

	

Figure	15:	Central	portion	of	the	fault	core,	marked	by	duplex	structures,	the	sigmoidal	bodies	show	a	

top-to	NW.	
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Figure	16:	Structural	sketch	of	the	trust	fault.	In	the	hanging-wall	has	been	highlighted	the	P-shear	

fractures,	and	in	the	footwall	the	R-shear	fractures.	

	

Figure	17:	Extensional	fractures,	along	the	footwall,	filled	by	carbonates.	It	is	evident	the	carbonation	

close	to	the	veins	walls,	related	to	carbonates	fluid	infilling.	The	peculiar	reddish	colour	is	due	to	the	

occurrence	of	secondary	alteration	minerals.	
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Figure	18:	Detail	of	the	footwall	veins	with	hydraulic-breccia	with	serpentinite	angular	clasts	

surrounded	by	reddish	carbonates	matrix.	
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Figure	19:	Cartoon	showing	the	permeability	structures	of	the	Moncalero	Creek	Fault	zone.	The	

qualitative	graph	schematically	shows	the	transition	from	a	conduit	to	barrier	behaviour	of	the	fault	

zone.	
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Figure	20:	Moncalero	Creek	fault	zone	architecture,	with	the	main	features	summarised.	The	porosity	

and	permeability	values	are	qualitatively,	and	they	were	obtained	using	the	measure	done	for	the	

hydrogeological	map	of	the	Terzo	Valico	dei	Giovi	by	Rete	Ferroviaria	Italiana	(Free	downloadable	on:	

www.va.minambiente.it/File/Documento/162745);	in	this	scheme	consider	them	as	qualitative.	The	

mineral	abbreviations	are	after	Kretz,	1983.		
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5.3.1.2	–	Microstructures	

	

As	observable	on	the	field,	the	serpentinite	and	serpentinite	schist	belonging	to	

the	hanging	wall	of	the	Moncalero	Creek	Fault	(Sample	LLM45,	LG2,	LG3,	LG5	Fig.	

13,	 20),	 show	 variable	 textures	 and	 variable	 degree	 of	 carbonation.	 The	 thin	

section	 from	 the	 hanging	 wall	 of	 the	 serpentinite	 (sample	 LLM45)	 shows	

serpentinite	schist,	which	still	display	primary	textures.	The	massive	serpentinites	

is	made	up	of	serpentine	(80	vol.	%),	carbonates	(10	vol.	%),	structural	relicts	of	

pyroxenes	(ca.	2	vol.	%),	and	oxides	(ca.	2	vol.	%).	

Toward	the	fault	core	(LG2,	3,	5	sample)	the	rock	is	made	up	of	serpentine	(80	

vol.	%),	 carbonates	 (15	vol.	%)	and	quartz	 (ca.	5	vol.	%).	The	 serpentinite	 schist	

shows	S-C’	fabric;	serpentinte	sigmoidal	bodies	define	these	bands.	The	S-C’	fabric	

is	characterised	by	microcrystalline	red	carbonates	(100-150	μm	in	size;	Fig.	21a,	

b)	 that	partially	 to	 totally	replace	the	serpentine.	The	sense	of	shear,	accordingly	

with	 the	 shear	 bands,	 is	 a	 left-lateral	 movement	 that	 shows	 a	 top	 to	 NW	

accordingly	to	the	fault	movement.	

Carbonate	veins	cut	all	 the	previous	textures.	These	veins	are	pluri-mm	to	cm	

long,	500	μm	thick	and	are	randomly	oriented.	

The	 listvenites,	 developed	 along	 the	 P-Shear	 fractures	 (described	 above),	 are	

made	 up	 of	 strongly	 to	 totally	 carbonated	 serpentinite	 clasts	 and	 are	 matrix	

supported	 (Fig.	 21c,	 d).	 They	 are	 made	 up	 of	 quartz	 and	 carbonates	 (up	 to	 60	

vol.	%),	and	serpentinite	clasts	(40	vol.	%).	The	serpentinite	clasts	of	 the	breccia	

are	angular	to	sub	angular	in	shape,	and	they	still	preserve	an	older	foliation.	Some	

clasts	along	the	foliation	show	carbonate	patches.	The	clasts	are	up	to	5	mm	in	size,	

and	they	are	randomly	oriented.	

Carbonates	and	quartz	made	up	 the	matrix	of	 the	breccia.	The	 carbonates	are	

coarse	grained	up	to	500	μm	in	size,	and	they	are	randomly	oriented.	The	quartz	is	

fine	grained	up	to	100	μm	in	size,	and	shows	granoblastic	textures.	
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Figure	21:	Photomicrograph	of	the	hangingwall	of	the	Moncalero	Creek	fault;	the	photomicrograph	in	

the	left	side	are	in	plane	polarised	light	(PPL),	whereas	the	photomicrograph	in	the	right	side	are	in	

crossed	polarised	light	(CPL).	(a,	b)	Serpentinite	schist	with	S-C’	fabric	marked	by	red	carbonates.	(c,	d)	

Fine	crush	breccia	made	up	by	serpentinite	clasts	and	carbonates	and	quartz	matrix.	

	

The	 fault	core	(Sample	LLM46,	LG9,	Fig.	13,	20)	 is	made	up	by	carbonates	(80	

vol.	%)	and	quartz	(30	vol.	%).	The	carbonates	are	from	medium	to	coarse	grained	

(from	100	to	300	μm,	Fig.	22a,	b),	and	randomly	oriented.	The	quartz	is	from	fine	

to	medium	grained	(from	50	to	100	μm,	Fig.	22a,	b).	 In	 thin	section	a	mixture	of	

carbonates	and	quartz	makes	up	the	fault	core.	
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Figure	22:	Photomicrograph	of	the	fault	core	of	the	Moncalero	Creek	fault;	the	photomicrograph	in	the	

left	side	are	in	plane	polarised	light	(PPL),	whereas	the	photomicrograph	in	the	right	side	are	in	

crossed	polarised	light	(CPL).	(a,	b)	Listvenites	made	up	of	carbonates	and	quartz.		

	

The	 footwall	 (Sample	 LG12,	 LG12b,	 and	 LG13,	 Fig.	 13,	 20)	 is	 made	 up	 of	

carbonated	 serpentinites	 (Fig.	 23a,	 b),	which	 show	 a	 strong	 foliation	marked	 by	

serpentine	and	carbonates.	The	carbonates	show	elongated	crystals	up	to	200-300	

μm	 long,	 and	 represent	 the	 60	 vol.	%.	 The	 crystals	 are	 oriented	 parallel	 to	 the	

foliation.	 Moreover,	 have	 been	 observed	 two	 types	 of	 carbonates	 veins,	 but	 no	

clear	crosscutting	relationships	have	been	observed.	The	first	system	(Fig.	23a,	b)	

is	 characterised	 by	micro-veins	 that	 cut	 the	 foliation	 at	 ca.	 50-60°,	 and	 they	 are	

made	up	of	carbonates.	These	veins	are	up	to	400	μm	thick,	and	cm	spaced.	These	

veins	do	not	 show	a	 clear	evidence	 for	 their	growth	mode,	 since	 the	 crystals	 are	

randomly	 oriented.	 The	 second	 system	of	 veins	 (Fig.	 23c,	 d)	 is	 characterised	 by	

polyphasic	growth,	are	mm	to	pluri-mm	thick,	they	cut	the	foliation	at	high	angle	at	

ca.	 70-80°,	 and	 they	 are	made	 up	 of	 carbonates.	 These	 veins	 show	 at	 least	 two	

growth	steps,	since	the	50%	of	the	volume	of	these	veins	is	made	up	of	fine	crystals	

up	 to	200	μm	 long,	whereas	 the	other	50%	of	 the	volume	 is	made	up	of	 coarser	

crystals	 up	 to	 1	mm	 long.	 Both	 the	 finer	 and	 the	 coarser	 crystals	 are	 randomly	

oriented.	The	contacts	between	the	two	portions	of	the	veins,	as	well	as	the	contact	

between	the	vein	walls	and	the	host	rock,	are	irregular	or	wavy.	

In	 Figure	 24	 are	 represented	 the	 mineral	 phases	 present	 in	 the	 three	 main	

different	structural	domains.	
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Figure	23:	Photomicrograph	of	the	foot	wall	of	the	Moncalero	Creek	fault;	the	photomicrograph	in	the	

left	side	are	in	plane	polarised	light	(PPL),	whereas	the	photomicrograph	in	the	right	side	are	in	

crossed	polarised	light	(CPL).	(a,	b)	Foliated	carbonated	serpentinites,	cut	by	the	first	type	of	

carbonate	veins.	(c,	d)	Vein	characterised	by	composite	poliphasic	growth.	

	

	

Figure	24:	Summary	of	the	mineral	phases	present	in	the	three	main	different	structural	domains.	The	

mineral	abbreviations	are	after	Kretz,	1983.	
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5.3.2	–Tugello	Creek	Thrust	Fault	

	

5.3.2.1	Outcrop	scale	structures	

	

The	analysed	area	(GPS	coordinates	N	44°	35’	8”,	E	8°	46’	21”,	Fig.	11	paragraph	

5.3)	 is	 located	 along	 the	 Tugello	 Creek,	 near	 the	 Tugello	 Mount.	 The	 area	 is	

characterised	by	the	occurrence	of	a	thrust	fault	exposed	in	a	300	m	long	outcrop	

(Fig.	25,	26).	The	analysed	structure	is	developed	approximately	at	the	lithological	

transition	between	serpentinized	lherzolites	and	serpentinites.	The	lherzolites	are	

mainly	massive,	made	up	by	ortho-	and	clino-pyroxenes,	 spinels,	 and	plagioclase	

with	 frequently	 cm	 to	 dm	 thick	 piroxenite	 bands,	 and	 are	 characterised	 by	 a	

tectonite	 foliation.	 Near	 the	 damage	 zone	 of	 the	 structure	 the	 serpentinized	

lherzolites	 show	 an	 increasing	 degree	 of	 fracturing,	 delimiting	 m	 to	 pluri-m	

boulders.	The	 serpentinites	 in	 this	 area	are	both	massive	and	 foliated.	Especially	

near	the	damage	zone	of	the	structure,	and	close	to	the	fault	core,	the	serpentinites	

are	 characterised	 by	 an	 intense	 composite	 fabric.	 Moreover,	 in	 this	 area	 the	

serpentinite	schists	show	a	widespread	veins	networks.	The	veins	are	made	up	by	

carbonates,	 are	 cm	 thick.	 Generally,	 these	 veins	 have	 a	 scattered	 orientation,	

anyway	at	least	two	main	sets	of	veins	can	be	distinguished	(see	below).	

The	fault	damage	zone	is	structurally	complex	(Fig.	25,	26,	27,	28),	from	the	top	

to	the	bottom	of	this	structure,	three	main	structural	domains	have	been	identified,	

namely:	damage	zone	of	 the	hanging-wall,	 fault	core,	and	the	damage	zone	of	 the	

footwall	 (Fig.	 26).	 The	 analysed	 structure	 shows	 an	 asymmetric	 damage	 zone,	

more	developed	in	the	footwall,	with	intense	cataclasis,	producing	incoherent	fault	

rock;	 it	 is	 characterised	 by	 widespread	 (up	 to	 10	 m)	 and	 intense	 syn-tectonic	

carbonation	until	the	total	replacement	of	the	host	rock	producing	a	5-10	cm	thick	

level	 entirely	 made	 up	 of	 dolomite.	 This	 syn-tectonic	 metasomatic	 alteration	

produces	carbonated	serpentinites	with	saponite,	dolomite	and	sepiolite.	

The	 hanging-wall	 (Fig.	 26,	 27)	 is	made	 up	 of	mainly	 unaltered	 serpentinized	

lherzolites	 dark	 green	 in	 colour,	 and	 up	 to	 20	m	 thick.	 The	 damage	 zone	 in	 the	

hanging-wall	 is	 up	 to	 5	 m	 thick,	 it	 is	 characterised	 by	 synthetical	 P-shear	 (P,	

accordingly	 to	 the	shear	 fracture	system	described	by	Ramsay	and	Huber,	1987)	

conjugate	 shear	 fractures	 (Fig.	 29a),	 which	 displace	 sigmoidal	 serpentinized	
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lherzolite	bodies.	These	P-shear	fractures	are	NNW-SSE	striking,	dipping	to	ENE	at	

relatively	high	angles	(45-60°)	and	show	a	sense	of	shear	with	a	top	to	WSW.	

Near	 the	 fault	 core,	 the	 damage	 zone	 is	 characterised	 by	 fault	 gouges	 (after	

Sibson,	1977)	up	 to	70	cm	 thick.	These	 fault	 gouges	are	made	up	of	mm-	 to	 cm-

sized	 serpentinite	 clasts	 (10	 to	 20%	 in	 volume),	 and	 serpentinite	matrix	 (90	 to	

80%	 in	 volume).	 Complex	 extensional	 vein	 network,	 filled	 by	 carbonates	 cut	 the	

gouge,	the	veins	are	3-4	cm	thick.	One	set	of	this	network	is	sub-parallel	to	the	fault	

slip	surface,	and	it	is	the	most	common.	

The	 damage	 zone	 of	 the	 fault	 core	 is	 structurally	 complex	 with	 peculiar	

structures	with	 different	 mineralogical	 composition	 (i.e.	 chalcedony	 shear	 veins	

and	sepiolite	duplex	structures,	Fig.	27,	28).	

Near	the	contact	with	the	serpentinized	lherzolites,	the	damage	zone	(Fig.	28)	is	

made	up	of	incoherent	serpentinite	fault	gouge	(after	Sibson,	1977),	up	to	ca.	2	m	

thick	 and	 brownish	 in	 colour	 due	 to	 the	 syn-tectonic	 circulation	 of	 carbonatic	

fluids.	Here	the	serpentinite	fault	gouge	shows	mm-sized	serpentinite	clasts	(10	%	

in	volume)	and	carbonate	matrix	(90	%	in	volume).	Under	the	serpentinite	gouge	

there	is	a	level,	up	to	0.5	m	thick,	marked	by	sigmoidal	bodies	(duplex	structures	

Ramsay	and	Huber,	1987)	indicating	a	reverse	sense	of	shear	with	top-to	NE.		

Approaching	to	the	fault	core	the	serpentinite	gouge	become	yellowish	in	colour,	

and	 the	 carbonated	 serpentinite	 matrix	 also	 shows	 the	 development	 of	 clay	

minerals	(Supplementary	material	S1:	PP34	XRD	analysis).	

The	 fault	 core	 (Fig.	 27)	 at	 its	 top	 is	 made	 up	 of	 sepiolite	 and	 quartz	

(Supplementary	material	S2:	PP35	XRD	analysis),	brownish	in	colour,	up	to	ca.	15	

cm	in	thickness	and	ca.	100	m	long.	This	level	is	parallel	to	the	fault	surface,	and	it	

is	 characterised	 by	 sigmoidal	 bodies	 resembling	 duplex	 structures	 (Ramsay	 and	

Huber,	1987)	showing	a	reverse	sense	of	shear	with	top-to	NE.		

Under	 the	 sepiolite	 level	 there	 is	 a	 striated	 chalcedony	 shear	 vein,	 milky	 in	

colour	 with	 flow	 banding-like	 textures	 (Faber	 et	 al.,	 2014),	 up	 to	 ca.	 10	 cm	 in	

thickness	and	exposed	for	the	length	of	the	fault.	Inside	the	chalcedony	shear	veins	

carbonated	 serpentinitic	 clasts	 and	 carbonate	 clasts	 are	 present	 (up	 to	 1	 cm	 in	

diameter).		

In	contact	with	the	chalcedony,	there	is	a	massive	level	whitish	in	colour	and	up	

to	ca.	5-10	cm	thick.	This	 level	 is	made	up	of	dolomite	(Supplementary	materials	

S3:	PP37	XRD	analysis),	and	shows	peculiar	carbonated-coated	grains	(Smith	et	al.,	
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2011;	 Rempe	 et	 al.,	 2014;	 Rowe	 and	 Griffith	 2015).	 This	 level	 is	 due	 to	 the	

precipitation	 and	 crystallization	 of	 carbonates	 due	 to	 the	 circulation	 of	 syn-

tectonic	fluids.	The	carbonated-coated	grains	structures	are	from	mm	to	cm	in	size,	

well	rounded,	showing	central	clasts	made	up	of	serpentinites.	

The	fault	surface	is	weakly	corrugated,	NNE-SSW	striking,	with	a	main	dip	to	W-

NW,	with	a	tectonic	transport	direction	with	top-to-NE	(Fig.	29b)	accordingly	with	

the	chatter	marks.	Two	sets	of	slikenlines	(Fig.	29b)	occur	on	the	fault	surface	with	

visible	 crosscutting	 relationship:	 the	 older	 plunge	 to	 the	 W,	 the	 chatter	 marks	

mostly	 show	 a	 top-to	 E	 with	 major	 reverse	 component	 and	 minor	 strike-slip	

component.	The	younger	 set,	which	 cut	 the	 first,	plunge	both	 to	NE	and	SW,	 the	

chatter	 marks	 mostly	 show	 a	 top-to	 NE	 with	 major	 reverse	 component.	 The	

different	 plunge	 of	 the	 two	 sets	 of	 slickenlines	 is	 due	 to	 the	 corrugated	 fault	

surface.	

The	 damage	 zone	 that	 characterises	 the	 footwall,	 below	 the	 fault	 surfaces,	 is	

characterised	 by	 carbonated	 fault	 gouge	 (after	 Sibson,	 1977)	 of	 ca.	 3	 m	 thick,	

yellowish	 in	 colour.	 This	 level	 is	 strongly	 incoherent	 and	 carbonated	

(Supplementary	 materials	 S4:	 PP41	 XRD	 analysis)	 with	 serpentinite	 rounded	

blocks	up	to	1	m	in	diameter	(20%	in	volume)	and	carbonated	serpentinite	matrix	

(80%	in	volume).	

Below	 the	 fault	 gouge,	 the	 footwall	 is	 made	 up	 of	 highly	 foliated	 (Fig.	 28b)	

fractured	and	veined	serpentinites	(Fig.	27,	28a)	that	also	show	massive	domains.	

The	foliation	of	the	serpentinites	(Fig.	29c)	is	a	pervasive	composite	fabric	due	to	

the	superposition	of	deformation	(see	chapter	4).		

The	 vein	 network	 inside	 the	 serpentinites	 is	 linked	 to	 the	 syn-tectonic	

circulation	of	fluids	inside	the	damage	zone	of	the	fault.	The	vein	network	can	be	

distinguished	 into	 two	 sets,	 on	 the	 base	 of	 their	 orientations	 and	 their	

compositions.	The	older	set	is	made	up	of	widespread	extensional	carbonate	veins	

up	to	3	cm	thick,	with	a	spacing	of	10	cm.	This	set	show	two	main	orientations	(Fig.	

29d):	parallel	 to	sub	parallel	 to	 the	 fault	surface	close	to	 it,	and	with	high	angles	

with	respect	to	the	fault	surface.	

The	extensional	carbonate	veins	are	cut	by	a	younger	set	of	tension	gashes	veins	

(Ramsay	and	Huber,	1987),	filled	by	chalcedony	near	the	vein	walls	and	by	quartz	

in	the	central	part	of	the	veins	(Fig.	28,	29d,	30),	up	to	2	cm	thick	with	a	spacing	of	

30-50	cm,	striking	N-S,	dipping	whit	high	angle	(60-80°).		
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In	 this	 area	has	been	done	a	 sampling	of	 the	most	 interesting	 structures	 (Fig.	

26)	for	the	XRD	analysis	and	petrographic	section	(see	chapter	6).	

In	 the	 previous	 paragraph,	 has	 been	 shown	 that	 the	 analysed	 fault	 shows	 an	

asymmetric	 damage	 zone,	 more	 developed	 in	 the	 footwall	 with	 respect	 to	 the	

hanging	 wall.	 The	 asymmetric	 development	 of	 the	 damage	 zone	 depends	 on	

several	 factors	 as	 the	 different	 rocks	 that	 make	 up	 the	 hanging	 wall	 and	 the	

footwall.	In	this	case	the	fault	surface	represents	a	bimaterial	interface	separating	

different	elastic	bodies.	

Structurally	 the	 fault	 shows	 the	 development	 of	 both	 brittle-ductile	 (duplex	

structures)	and	brittle	(P-shear	fractures,	tension	gashes)	structures	permeated	by	

syn-tectonic	carbonate	fluids.	The	presence	of	both	brittle-ductile	to	brittle	regime	

deformation	testifies	a	long-lived	evolution	of	the	structures,	and	the	carbonation	

of	both	these	kinds	of	structures	testifies	also	a	long-lived	circulation	of	carbonate	

fluids	too.	

Approaching	 to	 the	 fault	 core,	 both	 from	 the	 hanging	wall	 and	 both	 from	 the	

footwall	damage	zone,	this	fault	shows	an	increase	in	the	carbonation	degree,	until	

the	total	replacement	of	the	host	rock	with	a	carbonate	level.	

On	 the	 basis	 of	 the	 two	 sets	 of	 slikenlines	 and	 chatter	 marks,	 and	 their	

crosscutting	relationship,	above	described,	at	least	two	different	stages	of	tectonic	

movement	 could	 be	 recognized.	 The	 older	 stage	 shows	 a	 top-to	 E	 with	 major	

reverse	component	and	minor	strike-slip	component,	whereas	the	younger	show	a	

top-to	NE	with	major	reverse	component.	

The	 progressive	 development	 of	 the	 fault	 core	 from	 damage	 zones,	 and	 the	

development	 of	 different	 types	of	 fault	 rocks,	 implies	 that	 different	 permeability	

properties	occur	in	different	regions	of	fault	zones	at	different	evolutionary	stages	

(Fig.	31).	The	progression	of	fracturing	in	the	damage	zone	increases	permeability,	

especially	in	the	footwall,	which	is	more	developed	in	thickness,	and	connectivity.	

The	whole	fault	zone	behaves	as	a	conduit	for	fluid	flow.		

The	 lateral	 propagation	 of	 the	 low-permeability	 fault	 core	 dissects	 the	 across	

and	 along	 strike	 continuity	 of	 the	 conduit,	 causing	 its	 progressive	

compartmentalisation	 into	 sectors	 with	 low	 hydraulic	 exchanges.	 The	 contrast	

between	 medium-	 to	 high-permeability	 damage	 zones	 and	 fault	 core	 boundary	

regions,	imparts	a	directional	anisotropy	to	permeability	in	fault	zones,	which	act	
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as	conduits	 for	 fluid	 flow	parallel	 to	 the	 fault	strike	and	as	barriers	 for	 fluid	 flow	

perpendicular	to	the	fault	strike.		

In	Figure	32	are	summarized	the	main	architectural	characteristics,	the	physical	

properties,	the	sampling	and	X-ray	analysis	results	of	the	Tugello	Creek	fault.	

The	Tugello	Creek	thrust,	for	its	orientation,	the	tectonic	direction	of	movement,	

and	 for	 its	deformational	 events	 can	be	 related	 to	 the	 second	system	of	 regional	

reverse	 shear	 zones	 (RSZ2)	 that	 affect	 the	 Lavagnina	 Lake	 area	 (Capponi	 and	

Crispini,	2002;	Federico	et	al.,	2005;	Spagnolo	et	al.,	2007).	
	

	
Figure	25:	Structural	sketch,	magnification	of	the	analysed	area.	The	violet	box	highlights	the	Tugello	

Fault	near	the	Tugello	Mountain.	For	the	positioning	between	the	analysed	areas	please	refer	to	Fig.	11	

chapter	5.3.	
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Figure	26:	The	Tugello	Creek	thrust.	On	the	right	side	the	three	main	structural	domains	are	shown.	In	

the	figure	are	also	shown	the	location	of	the	samples	(LLM,	PP),	and	the	positions	of	the	measured	

structural	elements	(a,	b,	c,	d)	of	Fig.	5.	The	colours,	of	the	letters	for	the	different	structural	elements,	

are	the	same	shown	in	Fig.	29.	
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Figure	27:	Portion	of	the	duplex	structure	made	up	of	sepiolite.	
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Figure	28:	(a)	Structural	sketch	of	the	Tugello	Creek	Thrust,	the	small	photograph	represents	the	

outcrop.	(b)	Structural	sketch	of	the	central	portion	of	the	fault	core,	characterised	by	duplex	

structure,	made	up	of	sepiolite	(grey	level),	with	a	sense	of	shear	top	to	NE,	chalcedony	shear	vein	

(blue	level),	and	carbonate-coated	grains	level	(yellow	level);	the	small	photograph	represents	the	

fault	core.		(c)	Schematic	relationship	between	rock	types.	
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Figure	29:	Structural	elements	of	Tugello	outcrops.	For	the	tension	gashes	has	been	measured	the	

plane	represented	with	the	red	near	the	number	of	measures.	
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Figure	30:	Tension	gashes	filled	by	quartz	and	chalcedony.	

	

	
Figure	31:	Cartoon	showing	the	permeability	structures	of	the	Tugello	Creek	Fault	zone.	The	

qualitative	graph	schematically	shows	the	transition	from	a	conduit	to	barrier	behaviour	of	the	fault	

zone.	
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Figure	32:	Tugello	Creek	fault	zone	architecture,	with	the	main	features	summarised.	The	porosity	and	

permeability	values	are	qualitatively,	and	they	were	obtained	using	the	measure	done	for	the	

hydrogeological	map	of	the	Terzo	Valico	dei	Giovi	by	Rete	Ferroviaria	Italiana	(Free	downloadable	on:	

www.va.minambiente.it/File/Documento/162745);	in	this	scheme	consider	them	as	qualitative.	The	

mineral	abbreviations	are	after	Kretz,	1983.		
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5.3.2.2	–	Microstructures	

	

The	host	rock	is	made	up	of	serpentinized	lherzolite	(Sample	PP30,	LLM19,	Fig.	

26,	32)	that	shows	typical	textural	features	of	the	lherzolite	(Fig.	9).	It	is	made	up	

of	 olivine	 (45	 vol.	%),	 ortho-	 and	 clinopyroxenes	 (30	 vol.	%),	 serpentine	 (up	 to	

20%),	and	opaque	minerals	(5	vol%).	The	rock	is	characterised	by	hypidiomorphic	

texture	and	medium	to	coarse	grain	size.	The	olivine	is	euhedral	and	undeformed.	

The	olivine	is	overgrown	by	serpentine	and	shows	mesh	textures	(Fig.	33a,	b).	In	

thin	 section,	 can	 be	 distinguished	 ortho-	 and	 clinopyroxenes;	 they	 are	 partially	

replaced	 by	 serpentine	 along	 the	 edges	 (Fig.	 33a,	 b)	 and	 also	 along	 the	 cleavage	

planes.	Serpentine	veins	cut	all	the	previous	structures	(Fig.	33a,	b).	They	are	mm	

to	cm	long,	and	up	to	500	μm	thick.	

The	rare	opaque	minerals,	spinels,	are	overgrown	by	chlorite	and	shows	holy-

leaf	textures	(Fig.	33a,	b).	

Massive	serpentinite	and	serpentinite	schist	make	up	the	hanging	wall	(Fig.	33c,	

d).	 They	 do	 not	 show	 textural	 features	 of	 the	 lherzolite.	 They	 are	 made	 up	 of	

serpentine	(up	to	90	vol.	%)	opaque	minerals	(up	to	5	vol.	%)	and	chlorite	(up	to	5	

vol.	 %).	 They	 show	 a	 weak	 foliation	 marked	 by	 serpentine	 crystals	 elongated	

parallel	 to	 the	 foliation	 (100-150	 μm	 long).	 The	 opaque	 minerals	 are	 mainly	

represented	 by	 spinels,	 which	 are	 overgrown	 by	 chlorite	 and	 show	 holy-leaf	

textures.	

Toward	 the	 fault	 core	 (Sample	 PP34,	 PP41,	 Fig.	 26,	 32),	 the	 hanging	 wall	 is	

made	up	of	incoherent	serpentinite	fault	gouge	and	shows	mm-sized	serpentinite	

clasts	(10	%	in	volume)	and	carbonate	matrix	(90	%	in	volume).	The	serpentinite	

clast	are	randomly	oriented	and	nearly	totally	replaced	by	carbonates.	
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Figure	33:	Photomicrograph	of	the	hangingwall	of	the	Tugello	Creek	Thrust	Fault;	the	

photomicrograph	in	the	left	side	are	in	plane	polarised	light	(PPL),	whereas	the	photomicrograph	in	

the	right	side	are	in	crossed	polarised	light	(CPL).	(a,	b)	Host	rock	made	up	of	serpentinized	

lherzolites.	(c,d)	Serpentinites	of	the	hanging	wall.	(e,f)	Carbonated	serpentinite	fault	gouge.	

	
Thin	sections	of	the	fault	core	(Sample	LL20,	LL21,	Cal1,	PP15a,	PP16b	Fig.	26,	

32,	 34)	 show	 that	 the	 central	 part	 of	 the	 fault	 core	of	 the	Tugello	 Creek	 Fault	 is	

made	 up	 of	 chalcedony	 shear	 veins	 and	 a	 carbonate	 level	 characterised	 by	

carbonate-coated	 grains	 (Fig.	 34a,	 b).	 The	 thin	 sections	 (sample	 LLM22)	 as	

observed	on	the	field	show	two	portions	with	distinct	mineralogical	composition:	

the	 chalcedony	shear	vein	and	 the	 carbonate	band.	The	 chalcedony	shear	vein	 is	

made	up	of	both	fibrous	chalcedony,	up	to	5mm	long,	and	microcrystalline	quartz	

(Fig.	34a,	b;	34c,	d),	and	 it	 is	characterised	by	patches	made	up	of	clay	minerals.	



	 86	

Within	 the	 chalcedony	 shear	 veins	 are	 present	 angular	 clasts	 made	 up	 of	

carbonates	with	hematite	and	opaque	minerals.	The	 carbonate	 clasts	are	up	 to	1	

mm	in	size,	are	randomly	oriented,	and	up	to	30	vol.	%.	Near	the	contact	with	the	

carbonate	bands,	the	shear	veins	is	mainly	made	up	of	fibrous	chalcedony	(Fig.	34c,	

d),	which	closer	to	the	contact	shows	a	layer	with	mylonitic	textures.	This	layer	is	

up	 to	1.2	mm	thick.	The	 chalcedony	shear	vein	 sharply	passes	 to	 the	 carbonates	

band	(Fig.	34c,	d).	

In	 contact	 with	 the	 chalcedony,	 the	 carbonates	 band	 is	 characterised	 by	

carbonate-coated	grains.	These	grains	are	from	mm	to	sub-mm	in	dimensions,	are	

from	 sub	 angular	 to	 well	 round	 in	 shape,	 are	 randomly	 oriented,	 and	 up	 to	 70	

vol.	 %.	 These	 grains,	 on	 the	 basis	 of	 the	 dimensions,	 are	 heterogeneously	

distributed.	 Finally,	 the	 coated-grains	 are	 matrix	 supported.	 Generally,	 these	

coated-grains	show	only	one	level	of	coating	(Fig.	34a,	b,	c,	d),	but	in	few	cases	the	

coating	levels	are	up	to	three	(Fig.	34a,	b,	c,	d).	The	central	part	of	the	carbonate-

coated	grains,	in	order	of	abundance,	is	made	up	of	namely:	i)	carbonate	clast	(up	

to	99%),	and	 ii)	carbonated	serpentinite	clasts	(up	to	1%).	The	central	clasts	are	

from	mm	to	sub-mm	 in	 size.	Generally,	 the	shape	of	 the	 central	 clasts	 influences	

the	final	shape	of	the	texture.	The	coating	levels	are	made	up	of	carbonate	elongate	

crystals,	they	are	up	to	100-120	μm	long,	and	they	are	radially	oriented.	The	matrix	

is	made	up	of	carbonates,	with	crystals	up	to	100	μm	long.	

Multiple	 slip	 zones	 cut	 the	 carbonate-coated	 (Fig.	 34e,	 f).	 This	 slip	 zones	 are	

characterised	 by	 ultrafine	 carbonates	 crystals,	 they	 are	 darker	 than	 the	

surrounding	carbonates,	and	they	are	up	to	7	mm	thick.	Thin	black	lines,	similar	to	

stylolite,	define	these	surfaces	(Fig.	34e,	 f).	Domains	characterised	by	carbonates	

micro-breccias,	can	be	observed	between	the	different	surfaces.	These	domains	are	

characterised	by	carbonates	clasts	up	to	0.2-0.3	mm	in	size.	These	clasts	are	from	

angular	to	well	round	in	shape	(Fig.	34e,	f),	and	they	are	up	to	60	vol.	%.	
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Figure	34:	Photomicrograph	of	the	fault	core	of	the	Tugello	Creek	Thrust	Fault;	the	photomicrograph	

in	the	left	side	are	in	plane	polarised	light	(PPL),	whereas	the	photomicrograph	in	the	right	side	are	in	

crossed	polarised	light	(CPL).	(a,	b)	The	chalcedony	shear	vein	made	up	of	fibrous	chalcedony	(Chy)	

and	microcrystalline	quartz.	(c,	d)	Chalcedony	with	mylonitic	textures	near	the	contact	with	the	

carbonates	band.	(e,	f)	Multiple	slip	zones	in	carbonates,	are	visible	plagues	of	microcrystalline	quartz.	

	
Below	 the	 fault	 core,	 the	 footwall	 is	made	 up	 of	 incoherent	 serpentinite	 fault	

gouge	(Fig.	35a,	b)	similarly	to	what	observed	in	the	hanging	wall	and	shows	mm-

sized	serpentinite	clasts	(10	%	in	volume)	and	carbonate	matrix	(90	%	in	volume).	

The	 serpentinite	 clast	 are	 randomly	 oriented	 and	 nearly	 totally	 replaced	 by	

carbonates.		

Away	 from	 the	 fault	 core,	 the	 serpentinites	 are	 schistose	 with	 more	 massive	

domains.	In	thin	sections	the	serpentinites	are	made	up	of	serpentine	(99	vol.	%)	
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and	 opaque	 minerals	 (1	 vol.	 %).	 The	 serpentinites	 are	 characterised	 by	 S-C’	

textures	(Fig.	35c,	d)	showing	a	sense	of	shear	that	reflects	the	fault	movement.	

The	massive	domains,	inside	the	serpentinites,	are	made	up	of	serpentine	(up	to	

90	vol.	%),	olivine	relicts	(up	to	5	vol.	%)	and	pyroxenes	relicts	(both	ortho-	and	

clinopyroxens,	 up	 to	 5	 vol.	 %).	 The	 olivine	 is	 up	 to	 500	 μm	 in	 size	 and	 it	 is	

overgrown	by	serpentine.	The	pyroxenes,	both	ortho-	and	clinopyroxens,	are	mm	

in	 size.	 The	 pyroxenes	 are	 partially	 replaced	 by	 serpentine	 along	 the	 edges	 (Fig.	

35e,	f)	and	also	along	the	cleavage	planes.	

In	 Figure	 36	 are	 represented	 the	 mineral	 phases	 present	 in	 the	 three	 main	

different	structural	domains.	
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Figure	35:	Photomicrograph	of	the	foot	wall	of	the	Tugello	Creek	Thrust	Fault;	the	photomicrograph	in	

the	left	side	are	in	plane	polarised	light	(PPL),	whereas	the	photomicrograph	in	the	right	side	are	in	

crossed	polarised	light	(CPL).	(a,	b)	Carbonated	serpentinite	fault	gouge.	(c,	d)	Serpentinite	schist.	(e,	f)	

Massive	serpentinite	with	pyroxens	and	olivine	relicts.	
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Figure	36:	Summary	of	the	mineral	phases	present	in	the	three	main	different	structural	domains.	The	

mineral	abbreviations	are	after	Kretz,	1983,	except	for	chalcedony	(Chy).	
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5.3.3	–	Paganella	Creek	Fault	

	

5.3.3.1	–	Outcrop	scale	structures	

	

This	area	 (GPS	coordinates	N	44°	36’	5”,	E	8°	45’	2”,	 Fig.	11	paragraph	5.3)	 is	

located	 along	 the	 Paganella	 Creek,	 which	 is	 a	 left-side	 tributary	 of	 the	Gorzente	

River.		

This	area	(Fig.	37,	38,	39)	is	characterised	by	the	occurrence	of	a	fault	exposed	

in	a	50	m	long	outcrop.	The	analysed	structure	crops	out	in	serpentinites	(Fig.	38),	

which	 in	 this	 area	 show	 a	 pervasive	 composite	 fabric	 and	 a	 variable	 degree	 of	

carbonation	 linked	 to	 the	 circulation	 of	 syn-tectonic	 fluids.	 Approaching	 the	

structure,	 especially	 close	 to	 the	 fault	 core	 the	 serpentinites	 gradually	 pass	 to	

mylonitic	listvenites	(see	below).	

The	fault	damage	zone	from	the	top	to	the	bottom	shows	three	main	structural	

domains,	 namely:	 damage	 zone	 of	 the	 hanging-wall,	 fault	 core,	 and	 the	 damage	

zone	of	the	footwall	(Fig.	39).	The	analysed	structure	shows	a	symmetric	damage	

zone,	 producing	 different	 kinds	 of	 fault	 rocks,	 and	 it	 is	 characterised	 by	 intense	

syn-tectonic	carbonation,	especially	along	the	fault	core.	

The	 hanging-wall	 is	 mainly	 made	 up	 by	 carbonated	 serpetinites	 greenish-

yellowish	in	colour,	approaching	the	fault	core	the	serpentinites	gradually	pass	to	

mylonitic	listvenites	over	ca.	1.5	m	(Hansen	et	al.,	2005).	The	listvenites	consist	of	

strongly	 carbonated	 serpentinite,	 cemented	 by	 a	 hydrothermal	 carbonate	matrix	

of	 Mg-Fe-Ca	 carbonates	 and	 quartz,	 with	 accessory	 serpentine,	 hematite,	 and	

magnetite.	 The	 foliation	 that	 characterises	 the	 listvenites	 is	NE-SW	 striking,	 and	

gently	dipping	to	SE	(Fig.	41a)	and	it	is	a	pervasive	composite	fabric.		

The	 fault	 surface	 shows	 slickenlises,	 slickensides,	 and	 chatter	marks.	 The	 last	

ones	 show	 two	 kind	 of	 movement:	 i)	 older	 normal	 dip-slip	 movement	 and	 ii)	

younger	left-lateral	strike-slip	movement	(Fig.	38,	39).	

The	fault	surface	is	weakly	corrugated,	NNE-SSW	striking,	steeply	dipping	to	W-

WNW	(Fig.	41b).	The	surface	along	the	listvenites	shows	mm	long	slickenlines	and	

cm	black	chatter	marks	made	up	of	dolomite,	magnesite,	quartz,	clinochlore,	and	

clinoenstatite	 (Supplementary	 material	 S5a:	 LLM35	 XRD	 analysis).	 The	 chatter	

marks	are	up	to	5	cm	long,	cm	wide,	and	with	mm	relief.	The	fault	shows	a	normal	

dip-slip	 movement	 of	 the	 fault	 with	 a	 top-to	 W-WNW	 accordingly	 to	 the	



	 92	

slickensides	(Fig.	40).	Two	superposed	set	of	slikenlines	occur	on	the	fault	surface	

with	visible	crosscutting	relationships.	The	older	slickenlines,	linked	to	the	normal	

movement	 of	 the	 fault,	 is	 perpendicular	 to	 fault	 striking,	 down-dip	whereas	 the	

younger	 set,	which	 cuts	 the	 first,	 is	NNE-SSW	 striking,	 gently	 plunging	 to	 SW	 to	

sub-horizontal	 linked	 to	 a	 left-	 lateral	movement	 of	 the	 fault	 accordingly	 to	 the	

slickensides.		

The	 fault	 core	 (Fig.	 39)	 is	 made	 up	 of	 three	 different	 kinds	 of	 structures.	

Brownish	 carbonate-coated	 grains	 (Smith	 et	 al.,	 2011;	 Rempe	 et	 al.,	 2014;	 Rowe	

and	Griffith	2015)	occur	along	the	contact	with	the	fault	surface.	The	carbonated-

coated	grains	are	mm	to	cm	in	diameter,	up	to	80	vol.%,	and	are	matrix	supported.	

These	coated	grains	often	show	a	serpentinitic	central	clast	from	mm	to	cm	in	size,	

angular	 to	 sub-angular	 in	 shape.	 The	 central	 serpentinite	 clasts	 show	 several	

layers	of	coating	(up	to	three)	with	radial	brownish	carbonates	crystals.	The	shape	

and	the	dimensions	of	the	central	clast	influence	their	final	shape,	from	elongated	

to	sub-spherical.	These	structures	are	randomly	oriented	well	sorted,	but	without	

a	graded	bedding.	The	matrix	is	made	up	by	brownish	carbonates	matrix,	up	to	20	

vol.%.	The	level	made	up	by	the	carbonated-coated	grains	is	ca.	30	cm	thick	(Fig.	

42).	

The	central	part	of	the	fault	core	is	made	up	of	cockade-breccia	similar	to	those	

described	by	Jébrak	(1997),	whitish-yellowish	in	colour,	up	to	ca.	25	cm	thick	(Fig.	

43a).	The	breccia	clasts	are	made	up	of	carbonated	serpentinite	clasts	(Fig.	43a).	

The	clasts	are	angular	to	well	round	in	shape,	up	to	5	cm	in	diameter,	and	up	to	60	

vol.%.	 The	 clasts	 do	 not	 show	 a	 preferential	 orientation.	 Generally,	 the	 smaller	

clasts	are	nearest	to	the	vein	walls,	whereas	the	bigger	ones	are	along	the	central	

part	showing	a	reverse	graded	bedding.	The	serpentinite	clasts	show	coatings	up	

to	 two	 levels;	 the	 first	 is	made	 up	 of	 brownish	 carbonates	whereas	 the	 other	 is	

made	up	of	whitish	carbonates;	 the	crystals	of	 the	coatings	are	radially	oriented,	

and	are	up	to	5	mm	long.	The	matrix	of	the	hydraulic-breccia	is	made	up	of	whitish	

carbonates;	 it	 is	 up	 to	 40	 vol.	 %,	 and	 it	 is	 linked	 to	 the	 precipitation	 from	 the	

circulating	syn-tectonic	fluids.	

The	lowest	level	of	the	fault	core	(Fig.	32)	is	made	up	of	incohesive	black	level	of	

foliated	gouge	(Fig.	43b)	made	up	of	magnesite,	quartz,	dolomite,	clinochlore,	and	

clinoenstatite	(Supplementary	material	S6:	LLM7	XRD	analysis),	up	to	5	cm	thick.	

This	 level	 is	 highly	 foliated	 and	 shows	 sigmoidal	 bodies	 resembling	 duplex	
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structures	 (Ramsay	 and	 Huber,	 1987)	 suggesting	 a	 left-lateral	 sense	 of	 shear	

accordingly	to	the	sense	of	shear	of	the	fault.	

The	 footwall	is	made	up	of	highly	 foliated	serpentinite.	Near	the	 fault	core	the	

foliation	of	the	serpentinites	is	dragged	accordingly	to	the	left-	lateral	movement	of	

the	fault.	The	foliation	of	the	serpentinites	strikes	NE-SW,	and	dips	to	SE	(Fig.	41c).	

Moreover,	 the	serpentinites	show,	at	about	5	m	away	from	the	 fault	core,	 two	

sets	of	veins	(Fig.	45)	namely:	i)	extensional	carbonate	veins	(Fig.	41	d,	45a)	and	ii)	

brownish-black	veins	(Fig.	41e,	45b).	

The	 extensional	 calcite	 veins	 are	 whitish	 in	 colour,	 up	 to	 3	 cm	 thick	 with	 a	

spacing	of	ca.	70	cm.	This	set	of	veins	cuts	the	foliation,	and	is	NNW-SSE	striking,	

and	steeply	dipping	to	W.	

The	 brownish-black	 veins	 (Fig.	 45b)	 show	 the	 central	 part	made	 up	 of	 black	

carbonates	(up	to	3	cm	thick)	and	near	the	vein	walls	are	made	up	of	brownish-

orange	carbonates	(up	to	2	cm	thick)	with	a	spacing	of	ca.	1	m.	Also	this	set	of	veins	

cuts	the	foliation,	and	is	striking	NNW-SSE,	and	steeply	dipping	to	E.	Their	peculiar	

brownish-orange	 colour	 derives	 from	 secondary	minerals	 crystallization	 such	 as	

pyrite,	linked	to	the	syn-tectonic	circulation	of	fluids.		

In	 this	 area	has	been	done	a	 sampling	of	 the	most	 interesting	 structures	 (Fig.	

39)	for	the	XRD	analysis	and	petrographic	section	(see	chapter	6).	

Structurally	 the	 fault	 shows	the	development	of	both	brittle-ductile	 structures	

(duplex	structures)	and	brittle	(hydraulic-breccias)	structures	permeated	by	syn-

tectonic	carbonatic	 fluids.	The	Paganella	 fault,	with	respect	 to	 the	other	analysed	

structures	 (Tugello	 and	 Bisciarelle	 fault),	 volumetrically	 shows	 a	 minor	

development	 of	 fault	 rocks,	 and	 also	 the	 carbonation	 is	 less	 widespread,	 and	

limited	close	to	the	structure.	

The	 progressive	 development	 of	 the	 fault	 core	 from	 damage	 zones,	 and	 the	

development	 of	 different	 types	of	 fault	 rocks,	 implies	 that	 different	 permeability	

properties	occur	in	different	regions	of	fault	zones	at	different	evolutionary	stages	

(Fig.	46).	The	progression	of	foliation	in	the	damage	zone	increases	permeability,	

and	connectivity;	the	whole	fault	zone	behaves	as	a	conduit	for	fluid	flow.		

The	 lateral	 propagation	 of	 the	 low-permeability	 fault	 core	 dissects	 the	 across	

and	 along	 strike	 continuity	 of	 the	 conduit,	 causing	 its	 progressive	

compartmentalisation	 into	 sectors	 with	 low	 hydraulic	 exchanges.	 The	 contrast	

between	 medium-permeability	 damage	 zones	 and	 fault	 core	 boundary	 regions,	
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imparts	 a	 directional	 anisotropy	 to	 permeability	 in	 fault	 zones,	 which	 act	 as	

conduits	 for	 fluid	 flow	 parallel	 to	 the	 fault	 strike	 and	 as	 barriers	 for	 fluid	 flow	

perpendicular	to	the	fault	strike.		

In	Figure	47	are	summarized	the	main	architectural	characteristics,	the	physical	

properties,	the	sampling	and	X-ray	analysis	results	of	the	Paganella	Creek	fault.	

The	 Paganella	 Creek	 fault,	 for	 its	 orientation,	 the	 left-lateral	 strike	 slip	

movement,	and	for	its	deformational	characteristic	can	be	related	to	minor	system	

of	P-shear	faults,	accordingly	to	what	described	by	Spagnolo	et	al.	(2007).	

	

	
Figure	37:	Structural	sketch,	magnification	of	the	analysed	area.	The	violet	box	highlights	the	

Paganella	fault.	For	the	positioning	between	the	analysed	areas	please	refer	to	Fig.	13	chapter	5.3.	
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Figure	38:	Paganella	Creek	fault.	

	

	
Figure	39:	Paganella	fault	zone.	On	the	left	side	the	three	main	structural	domains	are	shown.	In	the	

figure	are	also	shown	the	location	of	the	samples	(LLM,	LL),	and	the	position	of	the	measured	

structural	elements	(a,	b,	c)	of	Fig.5.	
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Figure	40:	Fault	surface	marked	by	lineations	and	black	dolomitic	grooves	showing	a	normal	

movement.	
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Figure	41:	Structural	elements	of	Paganella	outcrop.	

	

	
Figure	42:	Polished	slab	of	carbonated-coated	grains	with	central	angular	to	sub	angular	serpentinite	

clast.		
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Figure	43:	(a)	Detail	of	cockade-breccias	near	the	fault	surfaces.	(b)	Polished	slab	of	cockade-breccias	

sample	(LLM7)	the	serpentinite	clasts	show	no	preferential	orientation	and	reverse	graded	bedding,	

and	few	clasts	are	replaced	by	carbonates.	

	

	
Figure	44:	Structural	sketch	of	the	Paganella	Creek	fault,	the	small	photograph	represents	the	outcrop.	
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Figure	45:	Type	of	veins	characterising	the	serpentinites	of	the	Paganella	Creek,	both	characterised	by	

a	small	alteration	halo.	(a)	Extensional	calcite	veins;	the	growth	vectors	are	still	recognizable.	(b)	Veins	

characterised	by	different	filling:	the	central	part	is	made	up	of	black	carbonates,	whereas	the	vein	

walls	are	made	up	of	brownish	carbonates.	In	this	figure	is	also	shown	the	position	of	the	measures	of	

the	veins	(d,	e)	of	Fig.	5.	
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Figure	46:	Cartoon	showing	the	permeability	structures	of	the	Paganella	Creek	Fault	zone.	The	

qualitative	graph	schematically	shows	the	transition	from	a	conduit	to	barrier	behaviour	of	the	fault	
zone.	
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Figure	47:	Paganella	Creek	fault	zone	architecture,	with	the	main	features	summarised.	The	porosity	

and	permeability	values	are	qualitatively,	and	they	were	obtained	using	the	measure	done	for	the	

hydrogeological	map	of	the	Terzo	Valico	dei	Giovi	by	Rete	Ferroviaria	Italiana	(Free	downloadable	on:	

www.va.minambiente.it/File/Documento/162745);	in	this	scheme	consider	them	as	qualitative.	The	

mineral	abbreviations	are	after	Kretz,	1983.		
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5.3.3.2	–	Microstructures	

	

The	thin	sections	of	the	serpentinites	of	the	hanging	wall	of	the	Paganella	Creek	

fault	 (Sample	 LLM33,	 Fig.	 39,	 47),	 show	 micro-textural	 features	 that	 reply	 the	

structural	 features	 seen	 on	 the	 field.	 The	 serpentinite-schists	 are	 made	 up	 by	

serpentine	(90-95	vol.	%),	carbonates	(ca.	4	vol.	%),	quartz	(1	vol.	%)	and	oxides	

(1	vol.	%).	 In	 thin	section	are	recognizable	 isoclinal	micro-folds,	which	develop	a	

pervasive	 axial	 surface	 schistosity,	 superposed	 to	 an	 older	 foliation	 defining	 the	

composite	 fabric.	 The	 composite	 fabric	 is	 characterised	 by	 microcrystalline	

serpentine	 (100-150	 μm	 long)	 elongated	 parallel	 to	 the	 fabric	 (Fig.	 48a,	 b).	 The	

serpentinites,	 also	show	mylonitic	 textures	 characterised	by	S-C’	 fabric	 (Fig.	48a,	

b),	 serpentinte	 sigmoidal	 bodies	 define	 these	 bands,	 and	 the	 sense	 of	 shear,	

accordingly	with	the	shear	bands,	is	a	left-lateral	movement.	The	composite	fabric	

and	the	S-C’	fabric	are	characterised	by	microcrystalline	carbonates	(100-150	μm	

in	size;	Fig.	48a,	b)	that	partially	to	totally	replace	the	serpentine.	

Veins	cut	all	these	previous	structures	(Fig.	48a,	b).	These	veins	are	pluri-mm	to	

cm	long	and	up	to	0.5	mm	thick.	They	are	made	up	by	carbonates	(50	vol.	%)	and	

quartz	 (50	 vol.	 %).	 With	 respect	 to	 the	 general	 grain	 size	 of	 the	 section,	 the	

carbonates	and	quartz	crystals	inside	these	veins	are	coarse	grained	up	to	300-400	

μm	in	size.	Generally	it	is	difficult	to	recognize	a	crystallization	order	between	the	

carbonates	and	quartz	inside	the	veins,	since	them	are	visible	both	along	the	vein	

walls,	and	both	in	the	central	part	of	the	veins.	

Approaching	 toward	 the	 fault	 core	 (Sample	 LLM35,	 Fig.	 39,	 47,	 48c,	 d),	 it	 is	

difficult	 to	 recognize	 the	 structures	 above	 described.	 The	 rock	 is	 made	 up	 by	

carbonates	(ca.	62	vol.	%),	serpentine	(20	vol.	%),	oxides	(5	vol.	%),	and	pyroxenes	

relicts	 (ca.	 3	 vol.	 %).	 The	 composite	 fabric	 is	 not	 always	 recognizable.	 The	

pyroxenes	 relicts	 are	 both	 clino-	 and	 orthopyroxenes,	 are	 randomly	 distributed,	

and	 are	 up	 to	 2	mm	 in	 size.	 These	 crystals	 are	 partially	 serpentinized	 along	 the	

cleavage,	and	carbonates	gradually	replace	the	serpentine.	

A	 carbonate	veins	network,	 randomly	oriented,	 cuts	 the	 composite	 fabric.	The	

veins	are	mostly	extensional,	accordingly	to	 their	crystals	growth;	 they	are	up	to	

300-400	μm	thick.	

Slip	zones	characterised	by	S-C	structures	cut	all	the	previous	structures.	These	

slip	zones	are	up	to	2	mm	thick.	The	sigmoidal	bodies	are	marked	by	carbonates	
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along	the	edges,	whereas	the	central	part	is	made	up	by	fine-grained	quartz	(100-

150	μm	in	size,	Fig.	48c,	d).	

Close	to	the	fault	core	(Sample	LLM36,	Fig.	3,	11,	12e,	f)	the	rock	is	made	up	by	

carbonates	(ca.	70	vol.	%),	serpentine	(15	vol.	%),	oxides	(3	vol.	%),	and	pyroxenes	

relicts	(ca.	2	vol.	%).	The	fine	crush	breccias	level	is	made	up	of	sub-angular	to	well	

round	clasts	made	up	of	carbonates	and	black	aggregate,	and	they	are	up	to	40-50	

vol.	%.	The	clasts	are	mm	in	size,	and	seem	to	be	oriented	accordingly	to	the	sense	

of	shear	defined	by	the	shear	bands.	The	matrix	is	made	up	of	fine	serpentine	and	

carbonates	 crystals	 up	 to	 0,2-0,3	 mm	 in	 size,	 and	 it	 is	 up	 to	 60-50	 vol.	%.	 The	

pyroxenes	 relicts	 (Fig.	 48e,	 f)	 are	 both	 clino-	and	 orthopyroxenes,	 are	 randomly	

distributed,	and	are	up	to	1	mm	in	size.	These	crystals	are	partially	serpentinized	

along	the	cleavage,	and	carbonates	gradually	replace	the	serpentine.	
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Figure	48:	Photomicrograph	of	the	hangingwall	of	the	Paganella	Creek	Fault;	the	photomicrograph	in	

the	left	side	are	in	plane	polarised	light	(PPL),	whereas	the	photomicrograph	in	the	right	side	are	in	

crossed	polarised	light	(CPL).	(a,b)	Carbonated	serpentinites,	is	evident	the	carbonation	mainly	

localized	along	the	foliation.	(c,	d)	Slip	zones	characterised	by	S-C	structures,	the	sigmoidal	bodies	are	

marked	by	carbonates	along	the	edges,	whereas	the	central	part	is	made	up	by	fine-grained	quartz.	(e,	

f)	fine	crush	breccias	level	made	up	of	sub-angular	to	well	round	clasts	made	up	of	carbonates	and	

black	aggregate.	

	

Thin	 sections	 of	 the	 fault	 core	 (Sample	 LLM6,	 LLM7,	 LL30,	 LL31-2,	 LL38-1,	

LL38-2,	 Fig.	 39,	 47,	 49)	 shows	 that	 the	 shape	 and	 the	 dimensions	 of	 the	 central	

clast	of	the	carbonated-coated	grains	(Fig.	49	a,	b)	influence	their	final	shape,	from	

elongated	 to	 sub-spherical.	 These	 grains	 are	 randomly	 oriented	well	 sorted	 but	

without	 a	 graded	 bedding.	 The	 central	 clasts	 are	 made	 up	 of	 sub-mm	 to	 mm	
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angular	to	rounded	fragments	of	serpentinite,	and	are	up	to	30	vol.	%	(Fig.	49a,	b).	

The	 serpentinite	 fragments	show	a	variable	degree	of	 carbonation,	 and	are	 from	

partially	 to	 totally	 replaced	 by	microcrystalline	 (ca.	 20-30	 μm	 long)	 carbonates.	

The	serpentinite	clasts	only	partially	replaced	show	the	foliation	that	characterises	

the	 host	 rock	 (Fig.	 49c,	 d).	 The	 microcrystalline	 carbonates	 that	 replace	 the	

previous	serpentinte	clasts	are	randomly	oriented.	Inside	the	central	clasts,	along	

the	 foliation	 of	 the	 clasts,	 quartz	 is	 present	 (Fig.	 49c,	 d).	The	 quartz	 crystals	 are	

equigranular	of	 about	150-200	 μm	 in	 size,	 and	 show	 granoblastic	 textures.	 Over	

the	central	serpentinite	clasts	are	present	at	least	two	levels	of	carbonates	coatings.	

Generally	the	first	coatings,	the	one	closer	to	the	central	clast,	is	characterised	by	

shorter	crystals	with	respect	to	the	second	ones.	The	crystals	of	the	first	coatings	

are	ca.	50	μm	long,	and	are	radially	oriented.	The	crystals	of	 the	second	coatings	

are	ca.	100-120	μm	long,	and	radially	oriented	too.	In	some	portions	of	the	sections	

the	carbonated-coated	grains	are	clast	supported,	and	in	some	portion	are	matrix	

supported.	In	the	portions	where	the	carbonated-coated	grains	are	clast	supported,	

the	matrix	 is	made	 up	 of	 carbonates	 from	 20	 to	 100	 μm	 in	 size.	 The	 carbonate	

crystals	are	randomly	oriented,	and	the	carbonate-coated	grains	represent	the	70	

vol.	 %.	 Where	 the	 carbonated-coated	 grains	 are	 matrix	 supported,	 the	 matrix	

represents	the	80	vol.	%.	The	matrix	is	made	up	of	fine	carbonate	crystals,	from	20	

to	30	μm	in	size,	and	generally	 in	 this	portions	the	carbonated-coated	grains	are	

elongated	instead	sub-	to	well-rounded.	

Slip	 zones	 cut	all	 the	previous	structures	and	textures	 (Fig.	49e,	 f).	These	 slip	

zones	 (Fig.	 49e,	 f)	 are	 0.5	 to	 1	 mm	 thick,	 are	 characterised	 by	 levels	 of	 micro-

breaccias,	and	shear	bands	which	show	a	left	sense	of	shear	accordingly	to	the	fault	

movement,	and	are	defined	by	the	black	aggregate	made	up	of	dolomite,	magnesite,	

quartz,	 clinochlore,	 and	 enstatite	 as	 the	 chatter	 marks	 described	 in	 paragraph	

5.1.3.2	(Supplementary	material	S5a:	LLM35	XRD	analysis).	
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Figure	49:	Photomicrograph	of	the	fault	core	of	the	Paganella	Creek	Fault;	the	photomicrograph	in	the	

left	side	are	in	plane	polarised	light	(PPL),	whereas	the	photomicrograph	in	the	right	side	are	in	

crossed	polarised	light	(CPL).	(a,b)	Coatings	of	the	carbonated-coated	grains.	(c,d)	Carbonated	coated	

grains	with	central	serpentinite	clasts.	(e,f)	Slip	zone	inside	the	listvenites.	

	

The	thin	sections	of	the	serpentinites	of	the	footwall	of	the	Paganella	Creek	fault	

(Sample	LLM29-1,	LLM34,	Fig.	39,	47,	50a,	b),	 show	micro-textural	 features	 that	

reply	the	structural	features	seen	for	the	hanging	wall.	The	serpentinite-schists	are	

made	up	by	serpentine	(90-95	vol.	%),	carbonates	(ca.	4	vol.	%),	quartz	(1	vol.	%)	

and	oxides	(1	vol.	%).	In	thin	section	are	recognizable	isoclinal	micro-folds,	which	

develop	 a	 pervasive	 axial	 surface	 schistosity,	 superposed	 to	 an	 older	 foliation	

defining	 the	 composite	 fabric.	 The	 composite	 fabric	 is	 characterised	 by	
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microcrystalline	serpentine	(100-150	μm	long)	elongated	parallel	to	the	fabric	(Fig.	

50a,	b).	The	serpentinites,	also	show	mylonitic	textures	characterised	by	S-C’	fabric	

(Fig.	 50a,	 b),	 serpentinte	 sigmoidal	 bodies	 define	 these	 bands,	 and	 the	 sense	 of	

shear,	accordingly	with	the	shear	bands,	is	a	left-lateral	movement.	The	composite	

fabric	 and	 the	 S-C’	 fabric	 are	 characterised	 by	microcrystalline	 carbonates	 (100-

150	μm	in	size;	Fig.	14a,	b)	that	partially	to	totally	replace	the	serpentine.	

In	 Figure	 51	 are	 represented	 the	 mineral	 phases	 present	 in	 the	 three	 main	

different	structural	domains.	

	

	
Figure	50:	Photomicrograph	of	the	foot	wall	of	the	Paganella	Creek	Fault;	the	photomicrograph	in	the	

left	side	are	in	plane	polarised	light	(PPL),	whereas	the	photomicrograph	in	the	right	side	are	in	

crossed	polarised	light	(CPL).	(a,b)	Carbonated	serpentinites,	is	evident	the	carbonation	mainly	

localized	along	the	foliation.	
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Figure	51:	Summary	of	the	mineral	phases	present	in	the	three	main	different	structural	domains.	The	

mineral	abbreviations	are	after	Kretz,	1983.	
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5.3.4	–	Bisciarelle	Creek	thrust	fault.	

	

5.3.4.1	–	Outcrop	scale	structures	

	

This	area	 (GPS	coordinates	N	44°	36’	4”,	E	8°	47’	2”,	 Fig.	11	paragraph	5.3)	 is	

located	along	the	Bisciarelle	Creek,	which	is	a	right-side	tributary	of	the	Gorzente	

River.	

The	studied	area	is	characterised	by	the	occurrence	of	a	thrust	fault	exposed	in	

a	 100	 m	 long	 outcrop	 (Figs.	 52,	 53,	 54,	 55).	 This	 structure	 is	 developed	

approximately	at	the	lithological	transition	between	serpentinized	lherzolites	and	

serpentinites.	 The	 analysed	 structure	 shows	 an	 asymmetric	 damage	 zone,	 more	

developed	 in	 the	 footwall,	 with	 several	 meters	 of	 different	 fault	 rock	 types	 (i.e.	

fault	 gouge,	 cataclasites	 and	 ultracataclasites)	 with	 intense	 cataclasis,	 and	

carbonation.	

The	 serpentinized	 lherzolites	 at	 the	 top	 of	 the	 structure	 are	 up	 to	 10	meters	

thick;	they	are	intensely	fractured,	with	two	principal	sets	of	joints.	The	older	set	is	

vertical	to	sub-vertical,	which	is	cut	by	the	younger	set	that	dips	to	NW	with	angle	

of	about	45-50°	(Fig.	54).	

From	the	top	to	the	bottom,	three	main	structural	domains	have	been	identified,	

namely:	damage	zone	of	 the	hanging-wall,	 fault	core,	and	the	damage	zone	of	 the	

footwall	(Fig.	54,	56).	

The	 damage	 zone	 in	 the	 hanging-wall	 is	 made	 up	 of	 serpentinites	 and	

serpentinite	schist	foliated	fault	gouge	(up	to	10	m	thick)	greenish	to	brownish	in	

colour.	The	brown	colouring	 is	due	 to	 the	 carbonation	 linked	 to	 the	 syn-tectonic	

fluid-rock	interaction.	They	show	a	composite	fabric	with	progressive	carbonation	

toward	the	fault	core.	Inside	the	serpentinite	schist	there	are	some	poorly	coherent	

domains	 (at	 1	m,	 2.8m,	 and	 3.8	m	 from	 the	 fault	 core)	 characterised	 by	 intense	

foliation.	Moreover,	the	serpentinite	fault	gouges	are	characterised	by	one	system	

of	 extensional	 veins,	 with	 carbonate	 infilling.	 These	 veins	 (Fig.	 57a,	 58)	 are	

oriented	parallel	to	sub-parallel	to	the	fault	and	are	up	to	2-3	cm	thick,	following	

the	schistosity	too	(Fig.	56a).	They	are	NE-SW	striking,	and	gently	dipping	to	NW;	

in	 some	 in	 some	 cases	 they	 cut	 at	 low	 angle	 (ca.	 15	 to	 20°)	 the	 foliation	 of	 the	

serpentinites.	Over	the	fault	core	there	is	a	ca.	50	cm	thick	level	mainly	made	up	by	
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carbonates	 and	 emerald	 green	 saponite	 fault	 gouge	 (after	 Sibson,	 1977;	

Supplementary	 material	 S7:	 RB1	 XRD	 analysis;	 Fig.	 55),	 poorly	 coherent;	 the	

emerald	 green	 saponite	 develops	 a	 layering	 between	 the	 carbonates,	 parallel	 to	

sub-parallel	to	the	fault.	

The	 fault	 core	 (Figs.	 53,	55,	 59a,	 b,	 c)	 is	 sub-horizontal	or	 gently	 dipping	 and	

structurally	complex	with	several	peculiar	structures	with	different	mineralogical	

composition	 (i.e.	 chalcedony	 shear	 veins,	 peculiar	 Ca-Mg±Fe	 carbonates	 fault	

pearls,	quartz	injection-veins;	for	more	details,	see	below).	

The	fault	core	shows	several	multiphase	parallel	shear	surfaces	that	are	weakly	

corrugated,	 sub-horizontal	 or	 gently	 dipping	 to	 W	 (Fig.	 	 57b).	 These	 surfaces	

shows	slickenlines,	slickensides	and	chatter	marks.	The	slickenlines	are	up	to	5	cm	

long,	mm	wide,	and	with	mm	to	sub-mm	relief.	The	chatter	marks	are	up	to	6	cm	

long,	2-3	cm	wide,	and	mm	relief.	The	shear	surfaces	show	slickenlines	that	dip	to	

W-NW,	and	chatter	marks	showing	a	tectonic	transport	with	a	top-to	E-NE,	with	a	

major	 component	 of	 reverse	 movement	 and	 a	 minor	 of	 left-lateral	 strike	 slip	

movement.	

From	top	to	the	bottom	is	ca.	70	cm	thick	with	at	least	five	levels	with	different	

characteristics,	 but	 all	 linked	 to	 the	 intense	 syn-tectonic	 fluid	 circulation	 and	

consequent	fluid-rock	interaction.		

The	top	of	the	fault	core	is	made	up	by	Ca-Mg±Fe	carbonates	(SEM-EDS,	LA-ICP-

TOFMS;	see	analysis,	chapter	8),	with	peculiar	fault	pearls	whitish	in	colour	and	up	

to	 ca.	 10-15	 cm	 thick	 (Figs.	 58a,	 c).	 The	 fault	 pearls	 structures	 are	 from	mm	 to	

pluri-cm	in	size,	mainly	spherical,	and	are	directly	graded.	

Chalcedony	 shear	 veins	 cut	 the	 previous	 carbonatic	 levels;	 they	 are	 milky	 in	

colour	with	flow	banding-like	textures	(Faber	et	al.,	2014)	and	up	to	ca.	10-15	cm	

thick	(Figs.	57a,	b),	with	widespread	gold	particles	up	to	20	microns	in	diameter,	

with	concentrations	up	to	2	ppm	(see	LA-ICP-TOFMS	chapter	8).	The	shear	veins	

could	be	divided	into	two	types	of	chalcedony-rich	shear	veins	namely	VB	and	VA:	

VB	are	entirely	made	up	of	chalcedony	and	occur	above	to	the	VA	(Fig.	58b).	The	

VA	veins	are	made	up	of	chalcedony	with	fault	pearls	clasts	and	occur	at	the	upper	

contacts	of	the	carbonate-coated	grains	levels	(Figs.	59a,	b).	The	carbonate-coated	

grains,	inside	VA,	represent	the	10-20	vol.%.	Linked	to	VA,	mm	injection-veins	(e.g.	

Monzawa	and	Otsuki,	2003;	Otsuki	et	al.,	2003;	Boullier	et	al.,	2009;	Brodsky	et	al.,	

2009;	 Fondriest	 et	 al.,	 2012;	 Rowe	 et	 al.,	 2012a,	 b;	 Rowe	 and	Griffith,	 2015)	 are	
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also	present;	 they	are	made	up	of	 angular	 to	sub-angular	micro-carbonate	 clasts	

(up	to	1.5	mm,	and	10	vol.	%)	and	carbonated-coated	grains	(up	to	0.5	mm,	and	up	

to	10-15	vol.	%)	with	chalcedony	or	fine-grained	quartz	matrix	(500	microns,	see	

chapter	8).	Both	the	two	types	of	veins,	show	surfaces	characterised	by	slikenlines	

and	chatter	marks.	The	slickenlines	are	up	to	10	cm	long,	up	to	0.5	mm	wide,	and	

up	to	0.5	mm	relief.	The	chatter	marks	are	up	to	10	cm	long,	up	to	3	cm	wide,	and	

with	relief	up	to	2	mm.	

The	central	part	of	the	fault	core	is	made	up	of	Ca-Mg±Fe	carbonates	(SEM-EDS,	

LA-ICP-TOFMS;	see	chapter	8,	9),	with	fault	pearls	(Figs.	59a,	60a,	b,	c,	d),	whitish	

in	colour	and	up	to	ca.	20	cm	thick.	These	structures	are	 from	mm	to	dm	in	size,	

mainly	spherical,	and	well	sorted	(see	paragraph	5.4.1	 for	detailed	description	of	

shape	and	dimensions).	The	fault	pearls	are	up	to	80	vol.	%.	

Several	 slip	 zones	 cut	 this	 level	 (Fig.	 59c),	 they	 are	 similar	 to	 mirror-like	

surfaces	(Evans	et	al.,	2014;	Rowe	and	Griffith,	2015;	Viti	et	al.,	2016).	These	slip	

zones	show	slickenlines	and	chatter	marks.	The	slickenlines	are	up	to	10	cm	long,	

mm	wide,	and	with	mm	to	sub-mm	relief.	The	chatter	marks	are	up	to	10	cm	long,	

mm	wide,	and	with	mm	to	sub-mm	relief.	The	chatter	marks	over	these	surfaces	

show	a	top-to	NE.	These	slip	zones	are	marked	by	an	 intense	comminution	 from	

mm	 to	 sub-mm,	 by	 the	 absence	 of	 fault	 pearls,	 which	moreover,	 appear	 poorly	

fractured	or	deformed,	and	show	evidence	for	rotation	along	the	slip	surfaces.	

The	 fault	pearls	 (Figs.	60a,	b,	 c,	d)	 sharply	passes	 through	a	 level	made	up	by	

cockade	breccias,	similar	to	those	described	by	Genna	et	al.,	(1996),	up	to	ca.	20	cm	

thick.	 The	 breccia	 clasts	 are	 cm,	 angular	 and	 made	 up	 of	 serpentinite	 and	

carbonated	serpentinites,	and	they	are	up	to	50	vol.	%.	The	matrix	is	made	up	by	

crystalline	carbonates.	From	the	top	to	the	bottom	the	level	is	characterised	by	an	

increase	 in	 clast	 dimensions,	 with	 decrease	 of	 the	 carbonatic	 matrix.	 These	

carbonate-coated	 grains	 will	 be	 widely	 described	 in	 their	 microtextures	 and	

compositional	characteristics	in	the	chapter	8.	

The	 lowest	 portion	of	 the	 fault	 core,	 at	 the	 bottom,	 is	made	 up	 by	 crystalline	

limestone,	from	greyish	to	whitish	in	colour	and	up	to	ca.	30	cm	thick.	This	level	is	

very	competent,	unaltered	and	not	folded.	

The	 damage	 zone	 that	 characterises	 the	 footwall	 (Figs.	 52,	 53,	 54,	 55,	 56)	 is	

more	 complex;	 it	 is	 up	 to	 ca.	 11	 m	 and	 shows	 more	 kind	 of	 fault	 rocks	 and	

structures.	 From	 the	 top,	 nearest	 to	 the	 fault	 core,	 to	 the	 bottom	 have	 been	
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recognized	the	following	fault	rocks	and	structures	namely:	

- Carbonated	 fault	 gouge	 (after	 Sibson,	 1977):	 greenish	 in	 colour,	

made	 up	 by	 serpentinite	 clasts	 up	 to	 ca.	 4	 mm	 (25%	 in	 volume).	 The	

serpentinite	 clasts	 are	 randomly	 oriented	 inside	 a	 carbonated-serpentinite	

matrix	(up	to	85%	in	volume),	this	level	is	up	to	1,5	m;	

- Carbonated	 cataclasites	 (after	 Sibson,	 1977):	 greenish	 in	 colour,	

made	 up	 by	 serpentinite	 clasts	 up	 to	 ca.	 4	 cm	 (40-50%	 in	 volume).	 The	

serpentinite	 clasts	 are	 randomly	 oriented	 inside	 a	 carbonated-serpentinite	

matrix	(up	to	50-60%	in	volume),	this	level	is	up	to	ca.	1,5	m;	

- Duplex	 structures	 (Ramsay	 and	 Huber,	 1987):	 whitish	 in	 colour,	

made	up	by	saponite	(Supplementary	material	S8:	LLM2B1	XRD	analysis)	up	

to	20	cm	thick	(Fig.	61),	characterised	by	sigmoidal	bodies	which	show	a	sense	

of	shear	with	top	to	NE,	consistent	with	the	sense	of	shear	of	the	structure;	

- Cataclasite	(after	Sibson,	1977):	dark-green	to	brownish	in	colour,	up	

to	2	m	in	thickness,	made	up	by	serpentinite	clast,	few	millimetres	in	size.	The	

serpentinite	clasts	are	well	rounded	and	well	sorted	(40-50%	in	volume),	and	

are	 surrounded	 by	 reddish	 carbonate	 microcrystalline	 matrix	 (50-60%	 in	

volume);	

- Ultracataclasite	 (after	Sibson,	1977):	whitish	 in	 colour,	up	 to	1m	 in	

thickness,	 made	 up	 by	 serpentinite	 angular	 clasts	 up	 to	 ca.	 1	 cm.	 The	

serpentinite	clasts	are	randomly	oriented	(5-10%	in	volume).	The	serpentinite	

clasts	 are	 surrounded	 by	 a	 reddish	 carbonate	microcrystalline	matrix	 (up	 to	

90-95%	in	volume);	

- Hydraulic	 breccias	 (Jébrack,	 1997):	 greenish-whitish	 (Fig.	 62)	 in	

colour,	the	level	is	up	to	30	cm	in	thickness,	made	up	of	serpentinite	angular	to	

sub-angular	 clasts	 from	 cm	 to	 dm	 in	 size.	 The	 serpentinite	 clasts	 are	

surrounded	 by	whitish	 carbonate	matrix.	 From	 the	 bottom	 to	 the	 top	of	 the	

hydraulic	 breccias	 there	 is	 a	 decrease	 in	 serpentinite	 clasts	 size	 and	

simultaneous	matrix	increase;	

- Veined	 serpentinite:	 serpentinite	 and	 serpentinite	 schist,	 several	

portions	show	brownish	alteration	linked	to	carbonation	especially	along	the	

pervasive	 schistosity.	 Moreover,	 veined	 serpentinite	 and	 serpentinite	 schist	

are	 characterised	 by	 extensional	 veins	 randomly	 oriented	 (Fig.	 57d),	 cm	 in	
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thickness	 (Fig.	 63)	 cutting	 the	 schistosity	 (Fig.	 57d).	 The	 veins	 are	 filled	 by	

carbonates,	 with	 elongate	 blocky	 to	 fibrous	 crystal,	 and	 by	 chalcedony.	 The	

vein	 systems	 are	 cut	 by	 shear	 zone	 characterised	 by	 serpentinite	 sigmoidal	

bodies	(duplex	structures	Ramsay	and	Huber,	1987),	which	indicate	a	sense	of	

shear	with	top-to	NE.	

The	structures,	above	described,	are	cut	by	(Fig.	56)	R-Shear	fractures	(Ramsay	

and	Huber,	1987;	Fig.	57e)	 that	 are	NNW-SSE	striking,	dipping	at	 relatively	high	

angles	(40-60°)	and	show	a	tectonic	transport	with	a	top	to	NE.	They	disrupted	the	

Ca-Mg±Fe	carbonates	central	part	of	the	fault	core,	at	least,	in	4	slices	(Fig.	52,	53,	

54,	55,	56).	

The	 syn-tectonic	 carbonation	 of	 the	 damage	 zone	 of	 the	 thrust	 fault	 is	

characterised	 by	 heterogeneously	 distributed	 cabronation.	 This	 carbonation	 is	

widespread	and	is	particularly	intense	in	the	fault	core	with	the	total	substitution	

of	 the	 previous	 rock	with	 a	 level	 of	 Ca-Mg±Fe	 carbonates,	 and	 in	 the	 footwall	 is	

characterised	by	saponite	duplex	structures.	

In	 the	 previous	 paragraph,	 has	 been	 shown	 that	 the	 analysed	 fault	 shows	 an	

asymmetric	 damage	 zone,	 more	 developed	 in	 the	 footwall	 with	 respect	 to	 the	

hanging	 wall.	 The	 asymmetric	 development	 of	 the	 damage	 zone	 depends	 on	

several	 factors	 as	 the	 different	 rocks	 that	 make	 up	 the	 hanging	 wall	 and	 the	

footwall.	In	this	case	the	fault	surface	represents	a	bimaterial	interface	separating	

different	elastic	bodies.	

Structurally	 the	 fault	 shows	 the	 development	 of	 both	 brittle-ductile	 (duplex	

structures)	 and	 brittle	 structures	 (e.g.	 cataclasites,	 fault	 gouges,	 and	 breccias)	

permeated	by	syn-tectonic	carbonate	fluids.	The	presence	of	both	brittle-ductile	to	

brittle	regime	deformation	testifies	a	long-lived	evolution	of	the	structures,	and	the	

carbonation	 of	 both	 these	 kinds	 of	 structures	 testifies	 a	 long-lived	 circulation	 of	

carbonate	fluids	too.	

The	 progressive	 development	 of	 the	 fault	 core	 from	 damage	 zones,	 and	 the	

development	 of	 different	 types	of	 fault	 rocks,	 implies	 that	 different	 permeability	

properties	occur	in	different	regions	of	fault	zones	at	different	evolutionary	stages	

(Fig.	64).	The	progression	of	fracturing	in	the	damage	zone	increases	permeability,	

especially	 in	 the	 footwall	 that	 is	more	 developed	 in	 thickness,	 and	 connectivity.	

The	whole	fault	zone	behaves	as	a	conduit	for	fluid	flow.		



	 114	

The	 lateral	 propagation	 of	 the	 low-permeability	 fault	 core	 dissects	 the	 across	

and	 along	 strike	 continuity	 of	 the	 conduit,	 causing	 its	 progressive	

compartmentalisation	 into	 sectors	 with	 low	 hydraulic	 exchanges.	 The	 contrast	

between	 medium-	 to	 high-permeability	 damage	 zones	 and	 fault	 core	 boundary	

regions,	imparts	a	directional	anisotropy	to	permeability	in	fault	zones,	which	act	

as	conduits	 for	 fluid	 flow	parallel	 to	 the	 fault	strike	and	as	barriers	 for	 fluid	 flow	

perpendicular	 to	 the	 fault	 strike.	 This	 anisotropy	 was	 maintained	 until	 the	

development	of	the	R-Shear	fractures	

In	Figure	65	are	summarized	the	main	architectural	characteristics,	the	physical	

properties,	the	sampling	and	X-ray	analysis	results	of	the	Tugello	Creek	fault.	

On	the	basis	of	 the	two	slicklenlines	and	chatter	marks	the	analysed	structure	

shows	 a	 tectonic	 transport	 top-to	 E-NE,	 with	 a	 major	 component	 of	 reverse	

movement	and	a	minor	of	left-lateral	strike	slip	movement.	

The	 Bisciarelle	 Creek	 thrust,	 for	 its	 orientation,	 the	 tectonic	 direction	 of	

movement	and	for	the	deformational	events	can	be	related	to	the	second	system	of	

regional	 reverse	 shear	 zones	 (RSZ2)	 that	 affect	 the	 Lavagnina	 Lake	 area,	 also	

compared	to	what	described	for	 the	Voltri	Massif	by	Capponi	and	Crispini,	2002;	

Federico	et	al.,	2005	and	Spagnolo	et	al.,	2007.	
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Figure	52:	Structural	sketch,	magnification	of	the	analysed	area.	The	violet	box	highlights	the	

Bisciarelle	fault.	For	the	positioning	between	the	analysed	areas	please	refer	to	Fig.	11	paragraph	5.3.	
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Figure	53:	Bisciarelle	Creek	thrust	fault.	

	

Figure	54:	The	three	main	structural	domains	of	the	fault	are	shown.	IN	this	figure	is	also	shown	the	

position	of	the	measured	structural	elements	(a,	b,	c,	d,	e)	of	Fig.	6.	
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Figure	55:	Location	of	the	samples	in	the	area.	
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Figure	56:	(a)	Structural	sketch	of	the	Bisciarelle	Creek	Fault,	from	a	panoramic	view.	The	purple	inset	

with	the	purple	star,	in	Fig.	a,	highlights	the	magnification,	shown	in	fig.	(b),	of	the	detail	of	the	fault	

rock	relationship,	with	a	detail	of	the	fault	core.	(c)	Photograph	of	the	outcrop.	
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Figure	57:	Structural	elements	of	Bisciarelle	outcrop.	

	

	

Figure	58:	Extensional	carbonate	veins	in	the	hanging-wall	damage	zone.	
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Figure	59:	The	fault	core	of	the	Bisciarelle	Creek	thrust.	(a)	View	of	the	whole	fault	core	with	the	

chalcedony	shear	vein	at	the	top	and	the	carbonate-coated	grains	level.	(b)	Magnification	of	the	surface	

of	the	chalcedony	shear	vein,	with	slickenlines	and	grooves.	(c)	Mirror-like	slip	surface	magnification.	
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Figure	60:	Central	part	of	the	Bisciarelle	fault	core,	sample	LLM32.	(a)	Detail	of	the	carbonate-coated	

grains	level	from	sample	LLM32.	(b)	Magnification	of	the	carbonate-coated	grains.	(c)	Polished	slab	of	

sample	LLM31.	(d)	Detail	of	the	carbonate-coated	grains	from	the	polished	slab.		
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Figure	61:	Duplex	structure	made	up	of	saponite.	

	

	

Figure	62:	Detail	of	the	hydraulic-breccia,	with	serpentinite	angular	to	sub-angular	clasts	and	

carbonate	matrix.	
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Figure	63:	Carbonate	veins	in	the	serpentinite	of	the	footwall.	

	

	
Figure	64:	Cartoon	showing	the	permeability	structures	of	the	Bisciarelle	Creek	Fault	zone.	The	

qualitative	graph,	on	the	left	side	of	the	picture,	schematically	shows	the	transition	from	a	conduit	to	

barrier	behaviour	of	the	fault	zone.	The	qualitative	graph,	on	the	right	side	of	the	picture,	

schematically	shows	the	transition	from	barrier	behaviour	of	the	intact	fault	core	to	conduit	behaviour	

after	the	development	of	the	R-Shear	fractures.	
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Figure	65:	Bisciarelle	Creek	fault	zone	architecture,	with	the	main	features	summarised.	The	porosity	

and	permeability	values	are	qualitatively,	and	they	were	obtained	using	the	measure	done	for	the	

hydrogeological	map	of	the	Terzo	Valico	dei	Giovi	by	Rete	Ferroviaria	Italiana	(Free	downloadable	on:	

www.va.minambiente.it/File/Documento/162745);	in	this	scheme	consider	them	as	qualitative.	The	

mineral	abbreviations	are	after	Kretz,	1983.	
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5.4	–	The	detail	over	the	Bisciarelle	Creek	thrust	fault	
	

On	the	basis	of	the	previous	observation	made	in	this	area,	for	the	presence	of	

structures	 and	microstructures	 with	 unique	 textures	 and	 peculiar	 mineralogical	

compositions,	which	have	 never	 been	 described	 before,	 I	 decided	 to	 concentrate	

the	study	on	these	peculiar	fault	pearls.	In	order	to	do	this,	targeted	samples	have	

been	taken	with	different	objectives,	namely:	

1	 –	 An	 ad	 hoc	 sampling	 of	 the	 fault	 pearls	 has	 been	 performed	 in	 order:	 to	

perform	image-analysis	of	the	carbonated-coated	grains	(see	below),	

2	 –	 An	 ad	 hoc	 sampling	 along	 a	 sampling	 profile,	 perpendicular	 to	 the	 fault	

strike	 (for	 more	 details	 see	 paragraph	 5.3.4.1	 and	 chapter	 8),	 to	 perform	 a	

petrological	study	from	the	bedrock	to	the	fault	core,	and	to	achieve	mass	transfer	

calculations	and	mass	transfer	profile	(see	chapter	7).	

3	–	An	ad	hoc	sampling	of	 the	 fault	pearls	 for	 the	petrographic	 thin	and	 thick	

sections,	 for	 the	 chemical	 analysis	 with	 the	 SEM-EDS	 (see	 chapter	 8),	 and	 to	

perform	high-resolution	elemental	image	with	an	innovative	technique	the	Laser-

Ablation	 Inductively-Coupled-Plasma	 Time-of-Flight-Mass-Spectrometry	 (for	 the	

detail	of	this	technique	see	chapter	6,	and	for	the	results	see	chapter	8).	

An	ad	hoc	sampling	of	the	quartz-chalcedony	veins	has	been	performed	in	order	

to	realize	 fluid	 inclusions	analysis.	Unfortunately,	 the	samples,	suitably	prepared,	

have	highlighted	the	lack	of	fluid	inclusion	inside	the	quartz.	
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5.4.1	–	Morphological	analysis	of	the	fault	pearls	

	

5.4.2	–	Introduction	

	

The	morphological	image	analysis	has	been	widely	used	in	geology,	not	only	to	

quantitatively	characterise	different	lithotypes,	but	also	to	constrain	their	origin	or	

the	 deformational	 processes	 that	 involved	 them	 (Pittarello	 and	 Koeberl,	 2013).	

Hence	I	performed	image	analysis,	 for	quantitative	and	statistical	measure	of	 the	

fault	pearls.	

	

	

5.4.3	–	Fault	pearls	sample	

	
The	sample	used	for	the	image	analysis	is	the	sample	LLM31	(Paragraph	5.3.4.1,	

Fig.	55),	taken	from	the	fault	core	of	the	Bisciarelle	Creek	thrust	fault.	The	sample	

has	 been	 cut	 both	 parallel	 and	 orthogonal	 with	 respect	 to	 the	 slickenlines	 of	 a	

visible	shear	surface	at	the	top	of	the	sample,	in	order	to	obtain	slabs	that	capture	

potential	 differences	 of	 fault	 pearls	 morphology	 at	 different	 orientations	 with	

respect	to	the	shear	direction.	

Figure	66	represents	the	sample	scan,	from	the	cut	parallel	to	the	slickenlines,	

used	for	the	image	analysis.	All	the	scans	have	been	previously	processed	through	

graphic	programs,	especially	using	the	Image	Trace	 function	of	Adobe	Illustrator,	

in	order	to	outline	the	single	fault	pearl	perimeter	and	area.	Only	the	outer	layer,	of	

every	single	 fault	pearls,	has	been	highlighted	for	 the	processing.	 In	 this	way	has	

been	 obtained	 a	 “Fault	 pearls	 maps”	 on	 the	 cut	 parallel	 with	 respect	 to	 the	

slickenlines	(Fig.	67)	and	one	map	obtained	on	the	cut	orthogonal	with	respect	to	

the	slickenlines	(Fig.	68).	

These	maps,	then,	have	been	processed	through	the	free	software	Image-J	(Mac	

version,	http://rsbweb.nih.gov/ij/)to	fit	an	ellipse	onto	each	fault	pearl	and	obtain	

morphometric	parameters.	Once	set	 the	scale	 for	spatial	scaled	 images,	 to	obtain	

values	expressed	in	physical	size,	the	following	measures	have	been	performed:	
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-	Circularity:	with	a	maximum	value	of	1	represents	a	perfect	circle;	as	the	value	

approaches	to	0.0,	it	indicates	an	increasingly	elongated	shape.	Values	may	not	be	

valid	for	very	small	measures,	

-	Roundness:	it’s	the	inverse	of	the	Aspect	Ratio,	and	use	the	area	of	the	pearls	

and	the	major	axis	of	the	best-fit	ellipses,	

-	Orientation:	The	program	 fits	 the	pearls	with	equivalent	best-fit	 ellipses	and	

measures	 the	 angle	 between	 the	 major	 axis	 of	 the	 best-fit	 ellipses	 and	 the	

horizontal	top	edge	of	the	image	parallel	to	the	shear	movement,	

-	 Particle	 size	 distribution:	 I	 used	 the	 maximum	 diameter	 of	 the	 fault	 pearls	

obtained	with	 ImageJ,	 and	 then	 I	 performed	particle	 size	distribution	with	 Excel	

spread	sheet.	

These	 measures	 have	 been	 performed	 in	 order	 to	 obtain	 representative	

statistical	data	about	the	fault	pearls	shape	descriptor.	

	

	

Figure	66:	Fault	pearls	sample	used	for	morphological	analysis.	The	slabs	used	for	this	analysis	

were	cut	parallel	and	orthogonal	to	the	slickenlines	of	this	sample.	
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5.4.4	–	Image	analysis	results	from	the	polished	slab	cut	parallel	to	the	

slickenlines.	

	
The	fault	pearls,	from	the	polished	slab	cut	parallel	to	the	slickenlines	(Fig.	68)	

have	 a	 round	 shape.	 This	 is	 quantitatively	 shown	 by	 the	 distribution	 of	 the	

measured	circularity	values,	which	have	a	negative	skew	towards	the	highest	value	

of	1	(Fig.	69a).		This	result	is	consistent	with	the	measured	fault	pearls	roundness,	

which	 has	 a	 mean	 of	 0.74	 and	 a	 maximum	 value	 of	 1	 (Fig.	 69b).	 Along	 the	

slickenline	direction,	fault	pearls	do	not	show	a	predominant	orientation	because	

the	 distribution	 of	 their	 orientation	 angles	 is	polymodal	 and	 range	 between	 20°	

and	 160°	 (Fig.	 69c),	with	 a	weak	 spike	 at	 101	 degrees.	 Particle	 size	 distribution	

measurements	 show	a	good	sorting	of	 the	 fault	pearls	dimensions	 (Fig.	69	d),	 as	

their	size	distribution	is	unimodal	with	a	mean	value	of	about	0.5	cm	and	a	slightly	

positive	skew	(maximum	size:	1.8	cm).	

	

	

Figure	67:	“Fault	pearls	map”	obtained	after	the	processing	of	the	scan	parallel	with	respect	to	the	

slikenlines	(312	fault	pearls).	On	the	top	right	the	orientation	used	by	ImageJ,	the	red	arrow	shows	the	

slip	direction	accordingly	to	the	fault	movement.	
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Figure	68:	Results	of	morphometric	analysis	of	the	fault	pearls	from	the	slabs	oriented	parallel	to	

the	slickenlines	of	the	shear	surfaces.	(a)	Circularity	plot.	(b)	Roundness	plot.	(c)	Orientation	plot.	(d)	

Particle	size	distribution.	

	
5.4.5	 –	 Image	 analysis	 results	 from	 the	 polished	 slab	 cut	 orthognal	 to	

the	slikenlines	

	
The	fault	pearls,	 from	the	polished	slab	cut	orthogonal	 to	 the	slickenlines	(Fig.	

69,	mosaic	of	 the	 fault	pearls	 from	several	 slab)	 show	a	 round	shape	 too.	 Image	

analysis	 has	 been	 performed	 over	 four	 slabs	 in	 order	 to	 have	 a	 representative	

number	of	fault	pearls	shape	descriptors.	

They	 show	 a	 high	 circularity	 (Fig.	 70a)	 with	 the	 mean	 value	 of	 0.75	 and	 a	

maximum	value	of	1	(perfect	circle).	This	is	in	line	with	the	measured	roundness	

(Fig.	 70b),	 whose	 mean	 value	 is	 equal	 to	 0.70	 and	 the	 maximum	 to	 0.98.	 The	

carbonated-coated	 grains	 are	 also	 variable	 inclined	 with	 respect	 to	 the	 shear	

direction	 (Fig.	 70c),	 as	 their	 orientation	 angles	 range	 between	 20°	 and	 ca.	 180°.		

Finally,	fault	pearls	size	distribution	shows	a	mean	dimension	of	0.5	cm,	but	in	this	

case	most	of	the	measured	dimensions	are	comprised	between	0.1	cm	and	0.5	cm	

and	no	unimodal	distribution	is	evident	(Fig.	70d).	
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Figure	69:	“Fault	pearls	map”	obtained	after	the	processing	of	the	scan	orthogonal	with	respect	to	

the	slikenlines	(75	fault	pearls).	On	the	top	left	the	orientation	used	by	ImageJ.	

	

	

	

Figure	70:	Results	of	morphometric	analysis	of	the	fault	pearls	grains	from	the	slabs	oriented	

orthogonal	to	the	slickenlines	of	the	shear	surfaces.	(a)	Circularity	plot.	(b)	Roundness	plot.	(c)	

Orientation	plot.	(d)	Particle	size	distribution.	
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Thus,	 morphometric	 image	 analysis	 results	 show	 that	 the	 fault	 pearls	 have	

circular	shape	irrespective	to	the	direction	of	observation	(parallel	and	orthogonal	

to	 the	 slickenlines)	 also	 with	 values	 that	 indicate	 perfect	 circular	 shape.	 These	

values	 are	 in	 line	 with	 the	 roundness	 values,	 hence	 the	 fault	 pearls	 in	 three-

dimensions	 can	 be	 considered	 as	 nearly	 perfect	 spheres	 or	 as	 very	 spherical	

textures.	

The	 fault	 pearls	 show	 almost	 the	 same	 dimension,	 even	 if	 the	 grain	 size	

distribution	is	not	perfectly	the	same,	and	have	an	average	dimension	of	about	0.5	

cm.	

The	 fault	pearls	show	a	slight	deviation	 from	a	circular	shape	 lack	a	preferred	

orientation	with	respect	 to	 the	shear	direction.	This	hypothesis	 is	also	witnessed	

by	the	orientation	data,	that	show	a	weak	peak	at	101°	on	the	face	parallel	to	the	

slickenlines,	which	show	that	the	orientation	of	some	of	the	fault	pearls	is	linked	to	

the	 fault	movement	and	by	the	substantial	 lack	of	comminution	and	cataclasis	of	

the	 fault	 pearls.	Moreover,	 there	 is	 no	 close	 packing,	 no	 indentation	or	 pressure	

solution	 evidences	 between	 different	 grains	 of	 the	 smallest	 fault	 pearls	 in	 the	

sample	 because	 carbonates	 and	 in	 part	 chalcedony	 occupy	 the	 volume	 between	

distinct	 grains.	 This	 demonstrates	 that,	 in	 general,	 fault	 pearls	 did	 not	 grow	 in	

contact	with	each	other	within	the	fault	rock,	and	that	no	or	only	poor	friction	was	

active	between	them.			
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6	–	Analytical	Methods	

	

6.1	–	X-ray	Powder	Diffraction		

	

I	carried	out	preliminary	qualitative	identification	of	the	mineral	assemblages	in	

the	studied	samples	by	X-Ray	Powder	Diffraction	(XRPD).		

Analyses	were	performed	at	the	DISTAV	(Department	of	Earth	Sciences,	

Environment,	and	Life)	of	the	University	of	Genoa	using	a	Philips	PW	3710	

diffractometer	equipped	with	a	Co	anode	(Ni-	filtered	CuKa	radiation,	current	20	

mA,	voltage	40	kV).	The	analytical	conditions	have	been	the	following:	

– Scan	Axis:	Gonio	

– Start	Position:	3,0100°	2θ	

– End	Position:	79,9900°	2θ	

– Step	Size:	0,0200°	2θ	

– Scan	Step	Time:	1,0000	s	

– Scan	Type:	Continuous	

– Anode	Material:	Co	

– K-Alpha1:	1,78901	Å	

– K-Alpha2:	1,79290	Å		

	

6.2	–	Petrographic	analysis	

	

	Eighty-two	polished	thin	sections	were	prepared	from	fault	and	whole	rock	

samples.	These	sections	were	used	to	determine	rock	mineralogy	by	petrographic	

observations	and	microfrabric	analysis.	

	

6.3	–	Scanning	Electron	Microscopy	-	Energy	Dispersive	X-ray	

Spectroscopy	(SEM-EDS)	

	
I	performed	the	SEM-EDS	analyses	of	rock	minerals	at	the	DISTAV	of	University	

of	 Genoa	 using	 a	 SEM	Vega3	 –	TESCAN	 type	LMU	 system	 equipped	with	 an	 EDS	



	 133	

EDAX	 APOLLO	 XSDD	 with	 DPP3	 analyser.	 Single	 spot	 EDS	 analyses	 were	

performed	at	20	kV	accelerating	voltage	and	1.2	nA	beam	current	at	the	specimen	

level	 for	 60	 live	 second	 counting	 time	with	 a	 spot	 size	 of	 370	 nm	 and	working	

distance	of	15	mm.	Concentrations	of	major	chemical	components	were	calculated	

on	an	anhydrous	basis	with	ZAF	corrections	and	using	natural	silicates	and	oxides	

for	 calibration.	 These	 analyses	 were	 functional	 to	 the	 chemical	 identification	 of	

carbonates	 (i.e.	 ferroan-dolomite,	 ferroan-magnesite,	 dolomite,	 and	 magnesite)	

and	 chalcedony	 in	 the	 thin	 sections.	 Quantitative	 analyses	 provided	 the	 average	

concentration	 of	 the	 major	 components	 CaO,	 MgO,	 FeO,	 MnO,	 SiO2	 and	 Al2O3.	

Subsequent	analyses	carried	out	with	Laser	Ablation	Inductively	Coupled	Plasma	

Time-of-Flight	Mass	Spectrometry	(LA-ICP-TOFM)	used	some	of	these	these	values	

(for	 more	 see	 below)	 as	 internal	 standards	 for	 the	 quantification	 of	 minor	 and	

trace	components	in	the	carbonate-coated	grains	and	chalcedony	shear	veins.	

	

6.4	–	Whole	rock	chemical	analyses	

	

The	concentrations	of	major	and	trace	elements	in	the	whole	rock	samples	have	

been	determined	at	the	Activation	Laboratories	Ltd	(Ontario,	Canada)	combining	a	

set	 of	 analytical	 techniques	 namely:	 Lithium	 mataborate/tetraborate	 fusion	

Inductively	 Coupled	 Plasma-Mass	 Spectrometry	 (ICP-MS),	 Instrumental	 Neutron	

Activation	Analysis	 (INAA).	Loss	on	 Ignition	 (LOI)	has	been	determined	 for	each	

sample	by	weight	difference	after	 ignition	at	1000°C.	Table	1	shows	the	 limits	of	

detection	for	the	ICP-MS	analyses	of	the	major	components	and	LOI	analysis,	Table	

2	 lists	 the	 limits	of	detection	 for	 the	 trace	elements,	 and	Table	3	 lists	 the	 typical	

ICP/MS	standards.	

	

6.4.1	–	Lithium	mataborate/tetraborate	fusion	ICP-MS	

	

With	this	technique,	samples	are	prepared	and	analysed	in	a	batch	system.	Each	

batch	 contains	 a	 method	 reagent	 blank,	 certified	 reference	 material	 and	 17%	

replicates.	 Samples	 are	 mixed	 with	 a	 flux	 of	 lithium	 metaborate	 and	 lithium	

tetraborate	 and	 fused	 in	 an	 induction	 furnace.	 The	 melt	 obtained	 with	 this	

procedure	 is	 immediately	 poured	 into	 a	 solution	 of	 5%	nitric	 acid	 containing	 an	
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internal	standard,	and	mixed	continuously	until	completely	dissolved.	The	samples	

are	 run	 for	 major	 oxides	 and	 selected	 trace	 elements	 on	 a	 combination	 of	

simultaneous/sequential	Thermo	Jarrell-Ash	ENVIRO	II	 ICP	and	Varian	Vista	735	

ICP.	 Calibration	 is	 performed	 using	 7	 prepared	 USGS	 and	 CANMET	 certified	

reference	materials.	One	of	 the	7	standards	 is	used	during	 the	analysis	 for	every	

group	of	ten	samples.		

The	fused	samples	are	diluted	and	analysed	by	Perkin	Elmer	Sciex	ELAN	6000,	

6100	 or	 9000	 ICP/MS.	 Three	 blanks	 and	 five	 reference	 materials	 have	 been	

analysed	per	group	of	samples.	 Sample	duplicates	have	been	 fused	and	analysed	

every	15	samples.	Recalibration	was	carried	out	every	40	samples.		

	

	

Table	1:	Major	elements	detection	limits	chart.	

	

	

Table	2:	Trace	elements	detection	limits	chart	(ppm).	
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Table	3:	Typical	ICP/MS	standards	(119	measurements).	

	

6.4.2	–	Instrumental	Neutron	Activation	Analysis	(INAA)	

	

Au,	As,	Cr,	Sc,	Sb,	and	Ir	have	been	analysed	by	Instrumental	Neutron	Activation	

Analysis	(INAA).	INAA	is	a	technique	based	upon	the	measurement	of	radioactivity	

that	 has	 been	 induced	 by	 irradiation	 of	 the	 samples	 by	 neutrons.	 The	 primary	

source	 of	 neutrons	 for	 irradiation	 is	 usually	 a	 nuclear	 reactor.	 Each	 activated	

element	 emits	 a	 "fingerprint"	 of	 gamma	 radiation,	 which	 can	 be	 measured	 and	

quantified.	

With	 this	 technique,	 a	 30g	 aliquot	 of	 each	 sample	 is	 encapsulated	 in	 a	

polyethylene	vial	and	irradiated	with	flux	wires	and	an	internal	standard	(1	for	11	

samples)	at	a	thermal	neutron	flux	of	7	x	10	12		n	cm	-2		s	-1	.	After	a	7-day	period,	to	

allow	Na-24	to	decay,	 the	samples	are	counted	on	a	high	purity	Ge	detector	with	

resolution	of	better	than	1.7	KeV	for	the	1332	KeV	Co-60	photopeak.		Using	the	flux	

wires,	the	decay-corrected	activities	are	compared	to	a	calibration	developed	from	

multiple	certified	international	reference	materials.	The	standard	present	is	only	a	

check	on	accuracy	and	is	not	used	for	calibration	purposes.		

One	 standard	 is	 run	 for	 every	 11	 samples.	One	 blank	 is	 analysed	 per	 work	

order.		Table	4	lists	the	limits	of	detection	for	Au,	As,	Cr,	Sc,	Sb,	and	Ir.	
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Table	4:	INAA	limits	of	detection	(ppm,	ppb	for	Au	and	Ir).	

	

The	 accuracy	 for	 Au,	 As,	 Cr,	 Sc,	 Sb,	 and	 Ir	 was	 determined	 by	 analysis	 of	

reference	material	DMMAS	120	to	be	better	than	7%	in	all	cases.		

	

6.5	–	Laser	Ablation-Inductively	Coupled	Plasma-Time	of	Flight	Mass	

Spectrometry	

	

Since	the	Laser	Ablation-Inductively	Coupled	Plasma-Time	of	Flight	Mass	

Spectrometry	(LA-ICP-TOFMS;	Fig.	71)	is	a	non-conventional	analytical	technique,	

hence	I	introduce	a	detailed	explanation	regarding	its	functioning	and	the	

methodology	with	which	compositional	maps	are	generated.	
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Figure	71:	Prototype	LA-ICP-TOFMS	instrument	used	for	the	chemical	imaging	of	sample	LLM*		at	ETH	

Zurich	(A):	General	view	the	optical	bench	(right),	ablation	cell,	and	TOF	Mass	Spectrometer	(left)	

making	the	instrument.	The	argon	fluoride	excimer	LA	system	is	outside	the	field	of	view	of	the	image.	

(B)	In-house	built	ablation	cell	used	to	analyse	the	sample.	(C)	Detail	of	the	ablation	cell	containing	

sample	LLM*.	The	red	dashed	line	highlights	the	position	of	LLM*.	

6.5.1	–	LA-ICP-TOFMS	Imaging	Methods	

	

Elemental	 imaging	 by	 laser	 ablation	 inductively	 coupled	 plasma	 time-of-flight	

mass	 spectrometry	 (LA-ICP-TOFMS)	 was	 carried	 out	 at	 ETH	 Zurich	 (Zurich,	

Switzerland).	 	 Elemental	 imaging	 was	 completed	 with	 an	 established	 protocol	

(Burger	et	al.,	2015;	Gundlach-Graham	et	al.,	2015;	Gundlach-Graham	and	Günther,	

2016)	 using	 an	 icpTOF	 ICP-TOFMS	 instrument	 (TOFWERK	 AG,	 Switzerland)	

combined	with	 an	 Argon-Fluoride	 (ArF)	 laser	 ablation	 system	 (193	 nm,	 ~10-ns	

pulse	 duration,	 GeoLas	 C,	 Lambda	 Physik,	 Goettingen,	 Germany;	 Gunther	 et	 al.,	

1997).	For	this	study	 is	used	a	 low-dispersion	LA	“tube	cell”	 (Wang	et	 al.,	2013),	

developed	 in-house	 that	 is	 designed	 for	 high-resolution	 LA-ICPMS	 imaging	

applications.	 	The	gas-flow	profile	and	small	working	volume	of	this	LA	cell	allow	

for	transfer	of	ablated	aerosol	packets	with	temporal	durations	of	single	to	tens	of	

milliseconds,	 depending	 on	 ablation	 characteristics.	 	 Low-dispersion	 LA	 aerosol	
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transport	allows	the	 laser	 to	be	 fired	at	repetition	rates	 from	20–100	Hz	without	

image	blurring	caused	by	pulse-to-pulse	mixing	(Woodhead	et	al,	2007;	Triglav	et	

al.,	2010).	It	also	improves	the	detection	limit	for	small	LA	shots,	because	less	noise	

is	sampled	across	the	duration	of	the	temporally	narrow	aerosol	clouds	compared	

to	 conventional	 high-dispersion	 LA	 cells	 (Leach	 and	 Hieftje,	 2002,	 2005).	

Importantly,	research	of	several	groups	has	demonstrated	that	low-dispersion	LA	

combined	 with	 high-speed	 ICPMS	 detection	 is	 the	 most	 promising	 route	 to	

quantitative	 high-resolution	 elemental	 and	 isotopic	 imaging	 by	 LA-ICPMS	 (Van	

Elteren	et	al.,	2013,	2016;	Van	Malderen	et	al.,	2015,	2016).	Here,	is	combined	the	

ICP-TOFMS	instrumentation	with	low-dispersion	LA	because	TOFMS	provides	full-

mass	spectrum	acquisition	at	compatible	speeds,	and	this	full-spectrum	detection	

enables	the	complete	characterization	of	the	elemental	composition	of	the	material	

being	imaged,	which	is	essential	for	the	quantification	of	elements	in	samples	with	

heterogeneous	and/or	unknown	element	distributions.	

	

6.5.2	–	Data	Acquisition	Conditions	

	

Laser	 ablation	was	 conducted	 in	 a	 helium	 atmosphere	 (99.999%,	 PanGas	 AG,	

Dagmersellen,	 Switzerland)	 and	 ablated	 aerosols	were	 carried	 to	 the	 ICPMS	 in	 a	

stream	of	argon	gas	(99.996%,	PanGas	AG,	Dagmersellen,	Switzerland).	Operating	

conditions	 of	 the	 LA	 and	 ICP-TOFMS	 instruments	 are	 provided	 in	 Table	 6.	 	 To	

generate	 an	 elemental	 image	 by	 LA-ICPMS,	 the	 sample	was	 scanned	 underneath	

the	 pulsed	 laser	 beam	 so	 that	 adjacent	 LA	 spots	 line	 up	 edge-to-edge	 and	

consecutive	 lines	scans	are	arranged	to	create	a	rectangular	grid	of	 the	LA	spots.		

For	image	collection	of	the	fault	pearls	sample,	has	been	used	a	LA	frequency	of	25	

Hz,	and	LA-spot	diameter	of	10	µm,	a	line	scan	speed	of	250	µm/sec,	and	1000	LA	

shots	 per	 line.	 The	 TOFMS	 spectral	 acquisition	 rate	 was	 333	 Hz	 (3	 ms	 per	

spectrum),	so	that	more	than	10	complete	mass	spectra	were	recorded	across	each	

LA	peak.	 	Data	 from	groups	of	 ten	consecutive	 line	scans	were	recorded	 in	single	

TOFMS	 data	 files,	 so	 that	 the	 TOFMS	 data	 was	 divided	 between	 100	 files,	 each	

composed	of	data	from	an	array	of	1000	x	10	LA	shots.	 	Laser	focus	was	adjusted	

between	each	of	these	batches	of	10	line	scans;	however,	the	focus	distance	of	the	

laser	to	sample	was	not	adjusted	across	line	scans.		For	imaging	a	large	area,	such	

as	the	square	centimetre	imaged	here,	surface	flatness	is	critical.		The	LA	and	ICP-



	 139	

TOFMS	instruments	were	operated	continuously	and	automatically	 for	 the	 image	

collection	period,	with	the	TOFMS	system	triggering	each	new	batch	of	1000	x	10	

LA	shots.		Total	image	acquisition	time	was	14.5	hours.		Before	and	after	collection	

of	 the	 LA-ICP-TOFMS	data	 of	 the	 fault	 pearls	 sample,	 signal	 from	NIST	SRM	610	

was	 collected	 and	 used	 to	 establish	 relative	 sensitivity	 factors	 element	

quantification.	 	In	Figure	72,	are	reported	the	single-laser-shot	limits	of	detection	

(LODs)	obtained	from	sensitivities	determined	from	ablation	of	the	NIST	610	SRM;	

these	 LODs	 serve	 as	 a	 reference	 for	 detectable	 concentrations	 in	 the	 elemental	

images	of	the	fault	pearls	sample.	

We	found	that	the	temporal	profile	of	the	ablated	aerosol	depended	strongly	on	

ablation	 characteristics	 of	 the	 rock	matrix	 and	 the	 laser	 focus	 across	 the	 image.		

The	 surface	 of	 the	 thin-rock	 section	 was	 not	 flat	 (parallel	 to	 glass	 slide	 it	 was	

mounted	on)	across	the	line	scan	direction.		To	minimize	the	effect	of	surface	slope	

across	the	line-scan	distance,	the	height	of	the	sample	has	been	adjusted	to	bring	

the	 laser	 into	 focus	 at	 the	middle	 position	 of	 each	 batch	 of	 1000	 x	 10	 LA	 spots.		

Because	 the	 temporal	 profile	 of	 the	 LA	 aerosol	 strongly	 depends	 on	 ablation	

characteristics,	 misfocus	 of	 the	 laser	 can	 lead	 to	 poorly	 resolved	 (i.e.	 longer	

duration)	 LA-generated	 ICP-TOFMS	 signals.	 	 In	 particular,	 the	 effect	 of	 poorly	

resolved	 LA	 aerosols	 can	 be	 seen	 in	 the	 top	 left	 quadrant	 of	 the	 developed	

elemental	 images	 (cf.	 Fig.	 73).	 	 This	 section	 of	 the	 images	 shows	 elemental	

distributions	that	are	smeared	from	right	to	left	(line-scan	direction)	because	there	

is	carry-over	of	signals	from	previous	LA	shots	into	the	time	bins	corresponding	to	

signals	 from	 adjacent	 LA	 shots.	 	 This	 causes	 high-abundance	 signals	 to	 tail	 into	

adjacent	pixels	to	the	left.		Apart	from	the	top-left	~3x3	mm	section	of	the	LA-ICP-

TOFMS	 images,	 LA	 peaks	 were	 well	 resolved	 across	 all	 line	 scans,	 which	 is	

apparent	 from	 the	 sharpness	of	 the	 complete	elemental	 images	 compared	 to	 the	

section	 of	 the	 images	 with	 poorly	 resolved	 LA	 transients.	 	 Generally,	 LA-ICP-

TOFMS	transients	from	each	LA	shot	had	intensities	below	1%	of	the	peak	height	

within	 30	 ms;	 this	 translates	 to	 a	 resolvable	 element	 concentration	 range	 of	 at	

least	100	from	pixel-to-pixel	(i.e.	within	10	µm).	
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Table	5:	Operating	parameters	for	LA-ICP-TOFMS	imaging.	

	

	

Figure	72:	Single-shot	limits	of	detection	obtained	from	pulse-resolved	NIST610	Analysis	

	

6.5.3	–	Data	Processing,	Quantification,	and	Image	Construction	

	

To	correct	for	elevated	baselines	caused	by	abundant	species	in	the	ICP-TOFMS	

mass	 spectra,	 a	 baseline-fitting	 algorithm	 has	 been	 used	 (Tofware	 ver.	 2.5.10,	

TOFWERK	AG;	run	 in	 IgorPro	ver.	7.02,	Wavemetrics	 Inc.)	 to	model	and	subtract	

the	baseline	before	integration	of	mass	spectral	peaks.		Detailed	evaluation	on	the	

impact	of	baseline	subtraction	on	abundance	sensitivity	performance	and	accuracy	
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of	quantification	for	LA-ICP-TOFMS	can	be	found	elsewhere	(Hendriks	et	al.,	2017).	

Following	 baseline	 subtraction	 and	mass-spectral	 peak	 integration,	 TOFMS	 data	

has	been	divided	into	the	peak	intensities	associated	with	each	single	LA	pulse	(i.e.	

pixel)	with	a	 custom-written	Matlab	 (version	R2015a,	Mathworks,	MA)	program.		

Briefly,	 this	Matlab	 program	 sections	 the	 ICP-TOFMS	 data	 so	 that	 the	 signal	 for	

each	LA	event	is	integrated	across	40	ms	and	the	LA	peak	integration	regions	are	

aligned	based	of	time	of	the	first	LA	event	and	the	laser	frequency.	In	addition,	gas	

blank	 signals	 for	 each	 mass	 channel	 are	 subtracted	 from	 the	 integrated	 single-

pulse	signals.		To	generate	an	image,	integrated	single-LA-pulse	intensity	data	from	

each	analyte	isotope	are	arranged	in	a	2D	array	of	line	scan	position	vs.	line	scan	

number;	 each	 single-element	 image	 is	 square	 and	 contains	 data	 from	 106	 LA	

events:	1	cm	x	1	cm,	1	megapixel.			

To	 quantify	 the	 elements	 in	 each	 pixel	 of	 the	 LA-ICP-TOFMS	 images,	 a	 100%	

mass	 normalization	 approach	 has	 been	 used,	 in	 which	 the	 concentrations	 of	

elements	 in	 each	 pixel	 are	 normalized	 to	 100%	 mass	 of	 the	 major	 and	 minor	

species	 present	 in	 the	 rock	 sample	 (Gratuze;	 1999).	 To	 account	 for	 the	mass	 of	

elements	 that	 could	 not	 be	 measured,	 such	 as	 oxygen	 and	 carbon,	 has	 been	

assumed	 that	major	 elements	were	 present	 in	 either	 their	most	 stable	 oxide	 or	

carbonate	forms:	contribution	of	carbon	and	oxygen	to	total	mass	ablated	in	each	

LA	event	was	based	on	these	stoichiometries.		Table	5	reports	the	species	and	the	

oxide	 or	 carbonate	 correction	 factor	 used	 for	 the	 100%	 mass	 normalization	

quantification	of	elements	in	each	pixel.			

Details	 of	 the	 100%-mass	 normalization	 strategy	 are	 reported	 elsewhere	

(Burger	et	al.,	2015;	Gundlach-Graham	et	al.,	2015;	Gundlach-Graham	and	Günther,	

2016),	 but	 a	 brief	 summary	 of	 the	 procedure	 is	 provided	 specific	 to	 the	

quantification	 of	 the	 dolomite	 sample	 imaged	here.	 	 Pixel-by-pixel	 quantification	

was	 performed	 in	 a	 custom-written	 LabVIEW	 program	 (ver.	 13.0.1f5,	 National	

Instruments	Corp.,	USA).		In	this	100%-normalization	quantification	strategy,	first	

has	been	used	the	average	single-pixel	intensity	values	from	LA	of	NIST	SRM	610	

to	 establish	 elemental	 sensitivities	 in	 units	 of	 ion	 counts	 pixel-1	 concentration-1.		

For	isotope	intensities	from	each	LA	spot	(i.e.	each	pixel),	has	been	determined	the	

elemental	concentrations	according	to	the	standard	external-calibration	approach	

for	LA	first	developed	by	Longerich,	Jackson,	and	Günther	(Longerich	et	al.,	1996).	

This	 quantification	 is	 described	 by	 equation	 1,	 where	 R	 is	 the	 response	 of	 each	
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isotope	i	 in	counts	per	LA	shot,	C	is	the	concentration	of	the	element	represented	

by	isotope	i,	Cal	refers	to	the	external	standard,	Samp	refers	to	the	sample,	and	IS	

denotes	the	internal	standard.	

	

-P,QLRS = %P,QLRS T
UV,WXY

ZV,WXY
[
Z\],WXY

Z\],]X^_
×

U\],]X^_

U\],WXY
ab				(1)	

	

A	single	isotope	signal	was	not	chosen	for	as	the	internal	standard	because	no	

element	is	ubiquitous	throughout	the	imaged	region.		Instead,	the	responses	of	all	

analyte	 isotopes	 have	 been	 summed	 (cf.	 Table	 2)	 so	 that	 the	 internal	 standard	

signal	 at	 all	 LA	 positions	 accounts	 for	 ablation	 yield;	 equation	 2	 reflects	 this	

internal	standardization	strategy.		

	

-P,QLRS = %P,QLRS T
UV,WXY

ZV,WXY
[
∑ ZV,WXY
d
V

∑ ZV,]X^_
d
V

×
U\],]X^_

∑ UV,WXY
d
V

ab		(2)	

	

For	 100%	 mass	 normalization	 quantification,	 the	 determined	 concentrations	

have	 been	 normalized	 for	 each	 pixel	 (Ci,Samp)	 such	 that	 the	 sum	 of	 all	

concentrations	of	 all	elemental	species	 in	 each	pixel	 equals	100%.	 	To	 correct	 for	

the	presence	of	oxide	and	carbonate	groups,	a	correction	factor,	Ki,	was	applied	at	

each	 pixel.	 	 The	 100%-normalized	 concentration	 of	 each	 element	 i	 is,	 then,	 the	

original	 determined	 concentration	 of	 that	 element	 multiplied	 by	 the	 100%-

normalization	correction	factor.			

	

-P,QLRS,;<<%fghR = -P,QLRS × i∑ -P,QLRS × jP,QSklPkm
n
P o

O;		(3)	

	

Whereas	 all	 elements	were	 quantified	 based	 on	 their	 predominant	 species	 as	

reported	in	Table	5,	the	concentrations	of	all	major	components	were	converted	to	

the	 equivalent	mass	 concentrations	 of	 their	most	 stable	 oxide	 forms.	 	 Thus,	 the	

concentration-distribution	 images	 of	 elements	 present	 in	 the	 rock	 sample	 as	

carbonates	(i.e.	Mg,	Ca,	Mn,	Fe,	Sr,	and	Ba)	reflect	 the	true	mass	concentration	of	

each	 element,	 but	 not	 the	 true	 concentration	 of	 their	 molecular	 species.	 	 False-

colour	 element	 concentration	distribution	 images	were	 generated	 in	Matlab	 and	

were	 all	 plotted	 on	 a	 linear	 scale	 of	 either	 the	 weight	 percent	 oxide	 or	 mass	
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fraction	of	the	element	in	each	pixel.		The	false-colour	scale	of	all	elemental	images	

span	 concentration	 ranges	 from	 0	 wt	 %	 or	 0	 ppm	 to	 99.5%	 of	 the	 maximum	

concentration	 value:	 this	 scaling	 provides	 best	 image	 contrast	 and	 encompasses	

most	 of	 the	 concentration	 range.	 	 Figures	 73b-e	 provides	 example	 quantified	

elemental	images	of	major,	minor,	and	trace	elements	across	the	thin-rock	sample.			
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Figure	73:	a)	Transient	ICP-TOFMS	data	from	1000	LA	events	of	a	single	line	of	the	final	elemental	

image.		In	the	inset,	one	second	of	ICP-TOFMS	data	is	provided.		Here,	the	LA	frequency	of	25	Hz	is	

apparent	as	well	as	the	separation	between	signals	from	each	LA	event.		The	signals	from	each	of	the	

transient	peaks	are	integrated	across	40	ms	around	the	signal	peak	to	generate	the	isotopic	signals	

associated	with	each	pixel	of	the	LA-ICP-TOFMS	images.		b-e)	Quantified	elemental	images	of	major,	

minor,	and	trace	components	of	the	dolomite	sample.		In	each	image	the	position	of	line	460	is	

indicated	with	a	horizontal	red	line.		The	line	scan	direction	for	LA-ICPM	image	collection	was	from	left	

to	right,	as	indicated	in	b.		
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Table	6:	Elements	Quantified	and	Limits	of	Detection	

	

	

Elements	Quantified Isotope	Used Quantified		Species Correction	Factor	For	100%	Normalization	of	
Carbonate/Oxide	Species

Single-Shot	Sensitivity	
(counts/µg	g-1) Elemental	LOD	(µg	g-1)

Na 23Na Na2O 1.35 0.04 4600
Mg 24Mg MgCO3 3.47 0.11 46
Al 27Al Al2O3	 1.89 0.13 19
Si 28Si SiO2 2.14 0.07 4900
K 39K K2O 1.20 0.04 160
Ca 44Ca CaCO3 2.50 0.00 1600
Sc 45Sc Sc 1.00 0.41 12
Ti 47Ti TiO2 1.67 0.03 77
Cr 52Cr Cr 1.00 0.30 28
Mn 55Mn MnCO3 2.09 0.53 122
Fe 57Fe FeCO3 2.07 0.01 300
Co 59Co Co 1.00 0.43 9
Ni 60Ni Ni 1.00 0.09 45
Cu 65Cu Cu 1.00 0.12 20
Zn 66Zn Zn 1.00 0.09 16
Ga 69Ga Ga 1.00 0.51 3.9
As 75As As 1.00 0.16 13
Rb 85Rb Rb 1.00 1.08 4.5
Sr 88Sr SrCO3 1.68 1.65 1.3
Y 89Y Y 1.00 2.04 1
Zr 90Zr Zr 1.00 0.98 1.8
Nb 93Nb Nb 1.00 1.50 6.8
Mo 95Mo Mo 1.00 0.23 6.8
Ag 107Ag Ag 1.00 0.58 2.2
Cd 111Cd Cd 1.00 0.14 11
In 115In In 1.00 2.29 0.52
Sn 120Sn Sn 1.00 0.97 2.5
Sb 121Sb Sb 1.00 0.82 1.2
Cs 133Cs Cs 1.00 2.96 1.2
Ba 138Ba BaCO3 1.44 2.76 0.44
La 139La La 1.00 3.59 0.3
Ce 140Ce Ce 1.00 3.41 0.31
Pr 141Pr Pr 1.00 4.66 0.31
Nd 146Nd Nd 1.00 0.87 1.1
Sm 149Sm Sm 1.00 0.74 1.3
Eu 153Eu Eu 1.00 3.10 0.33
Gd 157Gd Gd 1.00 0.93 1.1
Tb 159Tb Tb 1.00 6.81 0.16
Dy 163Dy Dy 1.00 1.69 0.49
Ho 165Ho Ho 1.00 7.15 0.14
Er 166Er Er 1.00 2.38 0.34
Tm 169Tm Tm 1.00 7.83 0.15
Yb 172Yb Yb 1.00 1.68 0.71
Lu 175Lu Lu 1.00 8.33 0.09
Hf 178Hf Hf 1.00 2.50 0.32
Ta 181Ta Ta 1.00 8.28 0.14
W 182W W 1.00 1.45 0.83
Re 185Re Re 1.00 2.35 0.43
Au 197Au Au 1.00 2.64 0.44
Pb 206Pb Pb 1.00 1.67 0.75
Bi 209Bi Bi 1.00 5.76 0.23
Th 232Th Th 1.00 11.12 0.1
U 238U U 1.00 10.54 0.12
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7	–	Mass	Transfer	Calculations	

	

	 7.1	–	Introduction	

	

By	definition,	mass	transfer	calculations	consist	of	a	set	of	procedures	whereby	

fluid-rock	interaction	processes	generated	by	chemical	diffusion	between	fluid	and	

rock	are	quantitatively	determined	using	whole	rock	chemical	analysis	(e.g.,	Grant,	

1986).	 Since	 their	 early	 geochemical	 applications	 (Gresens,	 1967)	mass	 transfer	

calculations	 gained	 much	 popularity	 in	 the	 scientific	 community,	 as	 testified	 by	

their	use	in	a	large	number	of	studies	focussing	on	several	geological	environments	

(e.g.,	Grant,	1986;	MacLean	and	Kranidiotis,	1987;	Bohlke,	1989;	Dilles	and	Einaudi,	

1992;	Ague,	1994;	Baumgartner	and	Olsen,	1995;	Salvi	and	Williams-Jones,	1996;	

Ague,	 1997;	 Garofalo,	 2004b;	 Garofalo,	 2004a;	 Grant,	 2005;	 Garofalo,	 2012).	 In	

these	studies,	sets	of	quantification	methods	were	devised	to	determine	fluid-rock	

mass	 transfers.	 A	 critical	 evaluation	 of	 these	methods,	 and	 in	 particular	 of	 their	

limits	of	applicability,	is	beyond	the	scope	of	this	work.	Here,	we	highlight	the	fact	

that	 such	 studies	 are	 invariably	 based	 on	 one	 fundamental	 step	 –	 i.e.,	 the	

identification	 of	 one	 or	 more	 indexes	 of	 comparison	 between	 an	 altered	 rock	

subjected	to	 fluid-driven	metasomatism	and	 its	unaltered	protolith.	Such	 indexes	

are	called	mass	factors	(e.g.,	Grant,	1986)	and	provide	a	measure	of	the	proportions	

of	mass	that	are	lost	or	gained	by	a	rock	during	its	interaction	with	a	geofluid.	Mass	

factors	and	protolith	 identification	are	 the	heart	of	mass	 transfer	 calculations,	 as	

their	erroneous	or	ambiguous	determination	generates	flawed	interpretations	of	a	

metasomatic	process	(e.g.,	discussion	in:	Garofalo,	2004b;	Garofalo,	2004a).	

In	 a	 mass	 of	 rock	 subjected	 to	 a	 metasomatic	 process,	 mass	 factors	 are	

evaluated	 identifying	 the	 so-called	 immobile	 elements.	 These	 are	 couples	 of	

components	 whose	 concentration	 ratios,	 measured	 in	 various	 aliquots	 of	 the	

metasomatised	 rock	mass,	 are	 constant.	 An	 example	 of	 how	 immobile	 elements	

can	 be	 determined	 is	 reported	 in	 the	 scatter	 plot	 of	 Figure	 74	 (modified	 from:	

MacLean	 and	 Kranidiotis,	 1987),	 which	 shows	 how	 the	 concentrations	 of	 two	

immobile	 components	 may	 be	 identified	 in	 a	 compositional	 plot.	 If	 fluid-rock	

interaction	would	 cause	mass	gain	of	 two	 immobile	 components	of	 the	 rock,	 the	

concentration	ratios	of	these	components	in	distinct	aliquots	of	this	rock	would	lie	
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along	a	line	but	closer	 to	 the	origin	of	 the	axis.	Thus,	mass	gain	would	determine	

the	absolute	concentrations	of	the	immobile	components	to	be	lower	than	those	of	

the	 protolith,	 but	 would	 maintain	 their	 ratio	 constant.	 In	 contrast,	 if	 alteration	

would	 cause	 an	 overall	 mass	 loss	 the	 opposite	 trend	 would	 be	 observed.	

Deviations	from	a	linear	trend	would	prove	mobility	of	one	component	respect	to	

the	other	(Fig.	74).	

	 	

	

	

	

With	this	method	have	been	identified	a	representative	number	of	couples	of	

immobile	components	in	the	RB1-RB10	profile.	I	subsequently	calculated	a	

multiplication	factor	of	all	samples	using:	

"pq =
UV
r

UV
s		 	 (1)	

where	"pq	is	 the	 multiplication	 factor	 of	 sample	 x,	>Pq 	is	 the	 concentration	 of	

immobile	component	i	in	sample	x,	>Pt	is	the	concentration	of	immobile	component	

i	 in	 the	 protolith.	 Note	 that	 if	 cix	 corresponds	 to	 component	 B	 of	 Fig.	 79	 and	 ci0	

corresponds	to	component	A,	the	multiplication	factor	is	the	reciprocal	of	the	slope	

of	 the	trend	 line	of	Fig.	79.	Such	slope	 is	 the	 inverse	of	mass	factor	as	defined	by	

Grant	(1986,	p.	1977	–	eq.	(5)),	and	should	not	be	confused	with	that	definition.	

Figure	74:	Immobility	trends,	in	regimes	of	gains	and	losses,	identified	in	a	mass	of	

rock	subjected	to	fluid-rock	interaction.	The	two	axes	show	the	variations	in	

concentration	of	two	rock	components	(either	major,	minor,	or	trace	elements)	in	

distinct	aliquots	of	a	rock.	
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The	 protolith	 composition	 used	 for	 the	 mass	 transfer	 calculations	 was	

considered	sample	RB10,	which	is	the	least	altered	serpentinized	lherzolite	of	the	

studied	profile	(Fig.	76,	see	also	below).	Mass	transfers	have	been	determined	for	

all	samples	using	(Mountain	and	Williams-Jones,	1996;	Garofalo,	2004b;	Garofalo,	

2004a):	

∆-& = 	 (-P
v	"pq) −	-P

t	 (2)	

where	∆-&	is	 the	 mass	 of	 component	 i	 exchanged	 per	 unit	 mass	 of	 protolith	

(reported	as	g/100	g	or	g/ton).	

	

7.1.1	–	Sampling	strategy	for	mass	transfer	calculations	

	

Sample	LLM*	(Fig.	75)	used	for	compositional	imaging	with	Laser	Ablation-

Inductively	Coupled	Plasma	Time	of	Flight	Mass	Spectrometry	has	been	collected	

at	the	Bisciarelle	fault	core	and	was	used	to	determine	elemental	distribution	in	

the	zones	of	the	fault	filled	with	fault	pearls	and	chalcedony.	

	

	

Figure	75:	Sample	LLM*	showing	the	contact	between	the	chalcedony	shear	vein	and	the	carbonate	

micro-breccia	(highlighted	by	the	red	line)	and	the	contact	between	the	carbonate	micro-breccia	and	

fault	pearls	(highlighted	by	the	blue	line).	The	red	dashed	line	points	out	one	fault	pearls.	

	

Being	collected	in	an	area	of	the	fault	adjacent	to	the	RB1-RB10	wall	rock	profile,	

sample	 LLM*	 allows	 documenting	 the	 frictional	 and	 fluid-assisted	 processes	

occurring	within	the	fault	at	the	time	of	wall	rock	alteration.	Such	documentation	

provides	 in	 turn	potential	 feedbacks	between	 the	 fluid	 flow	occurring	within	 the	

fault	and	the	mass	transfer	processes	occurring	at	 the	contact	between	fault	and	

host	rock.	
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The	 samples	used	 for	mass	 transfer	 calculations	 (RB1	 -	 RB10,	 Fig.	 76;	 Fig.	55	

paragraph	5.4.3.1)	were	collected	starting	from	the	most	carbonated	portion	of	the	

fault	damage	zone,	which	is	located	at	ca.	50	cm	from	the	fault	core,	and	followed	a	

direction	 that	was	orthogonal	with	 respect	 to	 the	 fault	 strike.	 Ten	 samples	 have	

been	collected	along	this	direction	for	a	distance	of	about	15.5	m	towards	the	least	

altered	lherzolite	host.	The	first	of	these	samples	(Fig.	76)	was	collected	at	the	fault	

core,	and	the	remaining	ten	along	the	profile	at	progressively	increasing	distance	

from	 the	 fault	 contact.	 The	 aim	 of	 this	 sampling	 has	 been	 collecting	 aliquots	 of	

serpentinized	 lherzolite	 showing	 the	 mineralogical	 and	 chemical	 changes	

generated	by	hydrothermal	alteration	at	 the	 time	of	 fluid-rock	 interaction.	As	no	

other	fault	is	crosscutting	or	splaying	off	the	one	studied	here,	all	the	mineralogical	

and	 chemical	 changes	 documented	 here	 refer	 to	 one	 single	 event	 of	 fluid-rock	

interaction.	 The	 close	 spacing	 of	 the	 samples	 along	 the	 profile	 allows	 defining	

progressive	 mineralogical	 and	 chemical	 changes	 of	 the	 lherzolite	 with	 high	

accuracy,	 in	 particular	 it	 allows	 the	 definition	 of	 which	 components	 were	

transferred	from	the	fluid	to	the	rock	–	and	vice	versa	–	during	that	process.	These	

constraints	 provide	 in	 turn	 insights	 into	 the	 physical,	 chemical,	 and	mechanical	

properties	of	the	fault	itself.		

Sampling	was	 conducted	 in	 an	 area	where	 large	 sets	 of	 secondary	 carbonate	

veins	 and	 surface	 weathering	 were	 scarse	 or	 absent.	 The	 ten	 samples	 (Fig.	 76)	

were	 used	 to	 prepare	 10	 polished	 thin	 sections	 for	 petrographic	 documentation	

and	also	 to	determine	 the	 concentrations	of	major,	minor,	 and	 trace	elements	 in	

the	whole	rock	using	a	set	of	analytical	techniques	(see	below).		
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Figure	76:	Samples	of	the	RB1-RB10	profile	listed	at	the	measured	progressive	distance	from	the	

Bisciarelle	fault	core.	Small-scale	images	of	polished	slabs	and	thin	sections	are	reported	to	highlight	

systematic	variations	of	rock	textures.	
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7.2	 –	Meso-	 and	microscopic	 characteristics	 of	 hydrothermally	 altered	

lherzolite		

	

From	the	Bisciarelle	fault	core	to	the	unaltered	lherzolite,	the	collected	samples	

show	 a	 systematic	 variation	 of	 mineralogical	 composition,	 which	 is	 essentially	

controlled	by	the	degree	of	dolomitisation	and	rutile-ilmenite	precipitation.	

	

	

Figure	77:	Photomicrograph	of	the	striking	features	of	RB1-RB10	samples.	(a)	Cataclastic	dolomite	

with	saponite.	(b)	Serpentinite	schist	without	any	textural	feature	of	the	lherzolite.	(c)	Oxide	phases	

almost	displaced	along	carbonatic	veins.	(d)	Ilmenite	and	rutile	mainly	occurring	along	the	

seprpentinized	lherzolite	foliation.	(e)	Progressive	modal	increase	of	clino-	and	orthopyroxenes;	

oxides	do	not	occur	along	the	foliation.	(f)	Least	altered	serpentinized	lherzolite,	with	clino-	

orthopyroxene,	olivine,	serpentine	and	rare	opaque	minerals.	
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Mesoscopically,	all	samples	with	the	exception	of	the	most	distal	RB10	show	a	

pervasive	foliation	and	those	collected	at	1	m	(RB2),	2.8	m	(RB4),	and	3.8	m	(RB5)	

are	non-cohesive	or	poorly	cohesive.	

The	 fault	 core	 is	mainly	made	up	of	 fault	pearls	 inside	 the	 carbonates	portion	

and	by	chalcedony	along	the	shear	veins.	The	fault	core	does	not	show	oxides	or	

opaque	minerals.	

	The	 sample	RB1	 located	at	0.5	m	 from	 the	 fault	 is	 a	 cataclastic	dolomite	 that	

contains	 blocks	 of	 fractured	 carbonate	 veins.	 These	 veins	 are	 extensional	 since	

their	growth	vectors	are	still	recognizable,	but	they	are	fractured	and	comminuted	

into	the	cataclastic	texture.	

The	 sample	 RB2	 located	 at	 1	 m	 from	 the	 fault	 core	 is	 a	 non-cohesive	

serpentinite,	made	 up	of	millimetric	 to	 centimetric	 clasts	having	 angular	 to	 sub-

angular	shape.	The	clasts	preserve	an	internal	mylonitic	foliation,	along	which	are	

carbonates	associated	with	rutile,	ilmenite,	and	minor	pyrite	(<1	vol	%).	Between	

2	m	to	8.9	m	from	the	fault	core,	the	rock	shows	several	foliation	levels	(3.5-4.9	m)	

and	mylonitic	textures	(6.1-8.9	m).	Dolomite	mainly	occurs	within	the	foliation.		

At	 the	microscopic	 scale,	 the	 host	 rock	 adjacent	 to	 the	 fault	 core	 (i.e.,	 sample	

RB1	Fig.	77a)	 is	made	almost	entirely	by	cataclastic	dolomite	and	emerald	green	

saponite	(Supplementary	material	S7:	RB1	XRD	analysis),	which	occurs	as	a	 fine-

grained	dissemination	between	carbonate	crystals.	Serpentine,	ilmenite,	and	rutile	

constitute	the	wallrock	at	1-2.8	m	from	the	fault	core	(Fig.	77b).	The	samples	from	

this	 part	 of	 the	 host	 rock	 profile	 do	 not	 preserve	 any	 textural	 feature	 of	 the	

lherzolite,	 and	 are	 turned	 into	 a	 dolomite,	 rutile,	 and	 ilmenite	 assemblage.	

Dolomite	 replaces	 in	 part	 the	 Ti-Fe	 phases	 (Fig.	 77c),	 showing	 that	 this	 is	

essentially	 the	 most	 stable	 phase	 close	 to	 the	 fault	 contact.	 In	 general,	 a	 thin	

network	of	carbonate	veins	crosscuts	the	rock	from	this	part	of	the	profile.	

Samples	collected	between	3.8	and	5	m	from	the	fault	core	(RB5-RB7)	are	still	

constituted	by	serpentine,	but	show	a	progressive	modal	increase	of	ilmenite	and	

rutile,	which	 are	mainly	 occurring	 along	 the	 foliation	 (Fig.	 77d).	 Coupled	 to	 this	

increase	there	is	a	general	decrease	in	carbonate	abundance.	However,	at	5	m	from	

the	fault	core	the	rock	is	still	crosscut	by	a	dense	network	of	calcite	veins,	showing	

that	the	halo	of	carbonatic	alteration	developed	for	at	least	that	distance	from	the	

fault	 core.	However	 these	 samples	 show	 fluctuating	 concentrations	 of	 carbonate	
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and	Fe-Ti	oxides	along	the	 foliation,	and	pyroxenes	remnants	with	respect	 to	 the	

near	 samples.	 The	 concentration	 of	 carbonates,	 Fe-Ti	 oxides	 and	 pyroxene	

remnants,	 in	 example,	 is	 higher	 in	RB5	 and	RB7,	whereas	 in	RB4,	 RB6,	 and	RB8	

there	 are	 no	 carbonates,	 and	minor	 concentration	 of	 Fe-Ti	 oxides	 and	 pyroxene	

remnants.	

Samples	 collected	 at	 6.4	 -	 7.8	 m	 from	 the	 fault	 core	 (RB8	 -	 RB9)	 show	 a	

progressive	modal	increase	of	the	clino-	and	orthopyroxenes	that	are	typical	of	the	

protolith	lherzolite	(Fig.	77e).	Such	increase	is	coupled	with	a	progressive	decrease	

of	modal	serpentine,	rutile	and	ilmenite.	At	9.6	m	from	the	fault	core,	the	host	rock	

is	 not	 foliated	 and	 shows	 only	 few	 carbonatic	 veins.	 This	 is	 the	 least	 altered	

serpentinized	lherzolite	(RB10),	located	at	14.5	m	from	the	fault	core	and	made	of	

ortho-	and	clinopyroxenes,	olivine,	serpentine,	and	rare	opaque	minerals	(<1	vol%	

-	Fig.	77	f).	The	rare	opaque	minerals	occur	along	the	serpentine.	

	

7.3	–	Mass	transfer	calculations	results	

	

A	 comparison	 between	 the	 composition	 of	 sample	 RB10	 and	 that	 of	 typical	

serpentinized	 lherzolites	 documented	 in	 the	 Erro-Tobbio	massif	 (Fig.	 78)	 shows	

that	 there	 is	 no	 significant	 compositional	 difference	 between	 sample	 RB10	 and	

that	of	other	lherzolites	outcropping	in	the	area.	Small	deviations	from	an	ideal	y=x	

linear	 fit	 are	 shown	 only	 by	 some	 components	 as	 L.O.I.,	 Dy,	 Ho,	 and	 Yb.	 This	

demonstrates	unequivocally	that	the	most	distal	sample	of	the	RB10-RB1	host	rock	

profile	is	indeed	a	good	representative	of	the	hydrothermally	unaltered	rock	of	the	

area,	 and	 as	 a	 consequence	 that	 our	 considerations	 on	mass	 transfer	 across	 the	

Bisciarelle	 fault	 are	 well	 founded	 because	 they	 are	 referred	 to	 a	 protolith	

composition	that	is	homogeneous.	
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Figure	78:	Comparison	between	the	concentrations	of	the	major	components	of	lherzolite	

RB10	vs.	concentration	of	the	corresponding	components	of	a	typical	serpentinized	

lherzolite	outcropping	in	the	Erro-Tobbio	area	(data	from:	Scambelluri	et	al.,	2001).	Some	

concentrations	are	scaled	in	order	to	avoid	the	clustering	of	data	point	close	to	the	origin	of	

the	axes.	Note	that	the	linear	fit	y=x	is	independent	from	the	plotted	dataset	

	

Immobile	 elements	 have	 been	 determined	 comparing	 the	 concentrations	 of	

Al2O3	 with	 those	 of	 other	 components	 in	 the	 RB10-RB1	 dataset	 (Fig.	 79;	 S8	

supplementary	materials).	Figure	79	is	a	selection	of	these	comparisons	and	shows	

that	 the	 compositional	 trends	 of	 the	 pairs	 Al2O3-TiO2,	 Al2O3-CaO,	 Al2O3-Y,	 and	

Al2O3-Ce	approach	quite	closely	linear	trends	converging	towards	the	origin	of	the	

axes.	Thus,	the	geochemically	unrelated	components	Al2O3,	TiO2,	CaO,	Y,	and	Ce	can	

be	 considered	 immobile	 (or	quasi-immobile)	with	 respect	 to	 the	 studied	process	

(cf.	 Figs.	79	a,	b,	 c,	d).	Perfect	 immobility	 cannot	be	demonstrated	 rigorously	 for	

these	components	because	their	concentration	ratios	are	not	exactly	constant	(i.e.,	

they	 do	 not	 form	 exactly	 linear	 trends	 in	 Fig.	 79).	 These	 deviations,	 which	 are	

mainly	shown	by	the	samples	that	are	closer	to	the	fault	contact,	are	explained	by	

the	 evidence	 for	 an	 increased	 abundance	 of	 dolomite	 veinlets	 splaying	 off	 the	

Bisciarelle	 fault	 and	 crosscutting	 the	 host	 lherzolite	 for	 a	 distance	 of	 several	

meters	 from	the	 fault	contact	(Figs.	77	a,	b,	c).	The	effect	of	 these	veinlets	 in	 the	

bulk	 rock	 analyses	 is	 that	 of	mass	 addiction,	 that	 is	 introduction	 of	 an	 external	

contribution	 from	 mineral	 precipitation	 due	 to	 fracturing	 and	 mass	 advection	
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within	 the	 rock	 (cf.,	 Reed	 1997;	 Barnes	 H.	 L.,	 1997).	 In	 principle,	mass	 addition	

may	generate	significant	modifications	to	the	protolith	composition,	which	in	turn	

results	 in	 a	 modification	 of	 the	 linear	 trends	 expected	 in	 case	 of	 diffusion	 of	

immobile	components	through	the	rock.	From	a	practical	standpoint,	the	evidence	

for	some	deviations	from	a	perfectly	immobile	behaviour	of	Al2O3,	TiO2,	Y,	and	Ce	

in	 the	 RB10-RB1	 lherzolite	 generates	 uncertainties	 in	 the	 evaluation	 of	 mass	

factors,	 and	 as	 a	 consequence,	 uncertainties	 in	 the	 calculated	 mass	 transfers.	

However,	 these	uncertainties	affect	only	 the	 samples	 closest	 to	 the	 fault	 contact,	

and	 do	 not	 jeopardize	 considerations	 of	 element	 mobility	 for	 the	 remaining	

samples	of	the	data	set.	For	instance,	the	linear	trends	shown	by	the	pairs	Al2O3–

TiO2,	Al2O3–Ce,	and	Al2O3–Y	(Figs.	79	a,	c;	and	by	all	REEs	–	not	shown	here)	can	

only	be	generated	by	an	 immobile	behaviour	of	 these	components	 in	a	regime	of	

mass	 loss.	 Such	 behaviour	 is	 evident	 in	 the	 samples	 located	 away	 from	 the	 fault	

contact,	whereas	those	marking	a	distance	of	 about	2	m	or	 less	 from	the	contact	

show	 significant	 departures	 from	 linearity.	 This	 implies	 that	 precipitation	 of	

dolomite,	 saponite,	 ilmenite,	 and	 rutile	 within	 the	 altered	 lherzolite	 (Fig.	 80f)	

generated	a	systematic	decrease	of	the	concentrations	of	these	components	in	the	

rock	 without	 a	 modification	 of	 their	 constant	 ratios	 up	 to	 about	 2	 m	 from	 the	

contact.	 Interestingly,	 a	 similar	 linear	 trend	 is	 shown	 by	 Al2O3–CaO	 (Fig.	 79b),	

which	implies	that	dolomite	precipitation	in	most	of	the	lherzolite	took	place	in	a	

regime	 of	 poor	 Ca	 mobility,	 i.e.,	 the	 Ca	 necessary	 for	 dolomite	 deposition	 was	

provided	mostly	locally	and	not	introduced	externally	by	the	fluid	that	permeated	

the	 fault	 zone.	 Loss	 of	 linearity	 for	 Al2O3–CaO	 and	 other	 plots	 related	 to	 the	

samples	 closest	 to	 the	 fault	 implies	 that	 Ca	 and	 all	 other	 components	 were	

introduced	 by	 both	 diffusional	 transport	 and	 mass	 advection	 (microfracture	

precipitation)	 in	 that	 portion	 of	 the	 host	 rock.	 In	 conclusion,	 mass	 transfer	

calculations	referred	to	the	most	distal	part	of	the	profile	allow	definition	of	exact	

constraints	on	element	mobility	due	to	a	dominant	diffusional	transport	in	the	host	

rock.	Calculations	referred	to	the	samples	 immediately	adjacent	 to	 the	 fault	–	 for	

which	 no	 immobility	 trends	 can	 be	 clearly	 identified	 –	 provide	 only	 semi-

quantitative	 constraints	 due	 to	 the	 mixed	 contributions	 of	 diffusional	 and	

advectional	types	of	mass	transport	(see	below).	

Compositional	 plots	 provide	 constraints	 on	 the	 geochemical	 behaviour	 of	

mobile	 rock	 components	 as	 well.	 The	 pairs	 Al2O3–SiO2,	 Al2O3–MgO,	 and	 Al2O3–
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Fe2O3	(Figs.	79f,	g,	h)	show	flat	trends	that	are	similar	to	each	other	because	they	

correspond	 quite	 systematically	 to	 significant	 changes	 in	 Al2O3	 concentrations	

without	 corresponding	 changes	 in	SiO2,	MgO,	and	Fe2O3	 (i.e.,	 compositional	plots	

are	mostly	 parallel	 to	 the	 x	 axis	 of	 the	 plots).	Notably,	 Al2O3	 variations	 occur	 at	

both	 sides	 of	 the	 immobility	 lines,	 i.e.,	 they	 correspond	 to	 both	 gains	 and	 losses	

within	the	lherzolite	profile,	and	the	only	sample	not	following	such	trend	is	RB1	

collected	at	the	fault	wall.	In	contrast,	the	Al2O3–LOI	pair	(Fig.	79e)	shows	a	trend	

that	 plots	 systematically	 at	 one	 side	 of	 the	 immobility	 line,	 notably	 on	 the	mass	

gain	side.	These	trends	imply	that	precipitation	of	dolomite,	saponite,	ilmenite,	and	

rutile	 in	 the	alteration	halo	took	place	during	removal	and	addition	of	SiO2,	MgO,	

and	 Fe2O3	 from	 neighbouring	 portions	 of	 the	 host	 lherzolite,	 i.e.,	 without	

substantial	 contribution	 from	 an	 external	 fluid.	 At	 the	 same	 time,	 this	 alteration	

took	place	during	substantial	addition	of	volatiles,	specifically	CO2	and	H2O,	 from	

an	 external	 fluid.	 These	 results	 are	 important;	 as	 they	 show	 that	 chemical	

components	 that	were	consistently	added	to	the	host	 lherzolite	by	the	 fault	 fluid	

were	 the	 volatiles	 (see	 also	 below),	 but	 not	 silica	 and	 other	 key	 components	

constituting	 the	 alteration	 assemblage.	 Indeed,	 the	 key	 components	 constituting	

these	phases	were	either	 immobile/quasi-immobile	 (Al,	Ti,	Ca)	or	mobile	only	at	

the	local	scale	within	the	lherzolite	(Si,	Mg,	Fe).	The	evidence	for	the	pairs	Al2O3–

SiO2,	Al2O3–MgO,	and	Al2O3–Fe2O3	of	sample	RB1	plotting	at,	or	very	close	to,	 the	

immobility	line	(Fig.	79f,	g,	h)	is	consistent	with	this	result.	
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Figure	79:	Comparison	between	concentrations	of	Al2O3	and	concentrations	of	a	set	of	rock	

components	from	the	R10-R1	profile.	Solid	lines	join	adjacent	samples.	The	dashed	lines	are	not	best	

fits,	but	simply	connect	the	origin	with	the	RB10	concentrations.	
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Figure	80:	Mass	changes	of	selected	major,	minor,	and	trace	components	of	the	lherzolite	host	rock	

reported	as	a	function	of	distance	from	the	fault	core.	Such	plots	define	the	“mass	transfer	profiles”.	At	

the	top	of	the	figure	there	is	a	simplified	sketch.	

	

The	 mass	 of	 components	 exchanged	 between	 lherzolite	 and	 fault	 fluid	 at	

Bisciarelle	 have	 been	 calculated	 using	 relation	 (2)	 and	 Al2O3	 as	 immobile	

component	 (Method	 section).	 A	 representative	 selection	 of	 these	 transfers	 are	

plotted	in	Fig.	80,	which	shows	how	these	transfers	vary	as	a	function	of	distance	

from	the	fault	core.	These	plots	form	mass	transfer	profiles	(Garofalo,	2004	a,	b	and	

reference	 therein),	 i.e.,	 amounts	 of	 components	 per	 unit	 mass	 of	 protolith	 that	

were	 transferred	 from	 the	 fault	 fluid	 into	 the	 rock,	 or	 vice	 versa,	 during	 the	

dolomite,	 saponite,	 ilmenite,	 and	 rutile	 alteration.	 In	 principle,	 profiles	 in	which	

mass	 transfers	 systematically	 increase	 their	 values	 at	 progressively	 closer	

distances	from	the	fault	identify	components	that	were	transferred	from	the	fluid	

to	 the	 rock,	 whereas	 profiles	 showing	 systematically	 decreasing	 values	 identify	

components	 that	 were	 transferred	 from	 the	 rock	 to	 the	 fluid.	 Profiles	 in	 which	

mass	 transfers	 are	 both	 positive	 and	 negative,	 and	 do	 not	 show	 any	 systematic	

trend	 at	 progressively	 closer	 distances	 from	 the	 fault,	 refer	 to	 components	 that	

were	only	partly	mobile	during	alteration.	

In	 the	RB10-RB1	dataset,	 the	components	showing	profiles	 that	are	consistent	

with	transfer	from	the	fluid	to	the	rock	are	the	volatiles	and	Sb	(Fig.	80a,	d).	Thus,	

at	 a	 distance	 of	8	m	 from	 the	 fault	 contact,	 about	5	 grams	 of	 CO2	 and	H2O	were	

added	 by	 the	 fluid	 to	 each	 100g	 of	 lherzolite	 at	 the	 time	 of	 alteration,	 and	 at	 a	

distance	 of	 1	 m	 such	 transfer	 became	 about	 12	 grams	 (Fig.	 80a).	 These	 values	

correspond	 to	 an	 increase	 of	 volatile	 mass	 of	 63-140%	 with	 respect	 to	 the	

protolith,	which	 is	however	 less	 than	 the	remarkable	volatile	 addition	 calculated	

for	 the	 fault	 contact	 (>600%).	 As	 discussed	 above,	 a	 combination	 of	 diffusional	

transport	 and	microfracture	 precipitation	 took	 place	 close	 to	 the	 fault,	 and	 this	

does	 not	 allow	 an	 evaluation	 of	 the	 true	 mass	 transfer	 adjacent	 to	 the	 fault.	

Therefore,	the	mass	transfer	values	calculated	close	to	the	fault	contact	should	be	

taken	as	semi-quantitative.	

With	regard	to	the	other	components	that	were	systematically	transferred	from	

the	fluid	to	the	rock,	Sb	shows	additions	that	vary	between	0.2	and	5	g	per	ton	of	

protolith	(Fig.	80d),	which	correspond	to	very	 large	additions	(>100%).	The	vast	
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majority	 of	 all	 other	 components	 show	 profiles	 with	 mixed	 mass	 transfers	

corresponding	to	both	additions	and	subtractions	with	respect	to	the	protolith	(i.e.,	

positive	and	negative	excursions	of	 the	profiles	across	the	zero-mass-change	 line	

of	Fig.	80).	These	mixed	transfers	are	observed	in	major	(SiO2,	MgO,	Fe2O3;	Fig.	80	j,	

i,	 k)	 and	 trace	 rock	 components	 (Co,	 Y,	 Cs,	 U;	 Fig.	 7	 h,	 e,	 l).	 Especially,	 this	

behaviour	is	highlighted	by	the	two	peaks	that	are	consistently	coupled	within	the	

interval	 4.9-7.5	 m	 from	 the	 fault	 core.	 These	 peaks	 correspond	 to	 the	 variable	

abundance	 of	 specific	 minerals	 within	 the	 rock,	 namely	 pyroxene	 remnants,	

carbonates,	 oxides,	 and	 discontinuous	 quartz	veins,	 all	 of	which	 occur	 along	 the	

foliation	or	 in	 thin	veins	(<1mm	in	thickness)	with	a	modal	abundance	that	does	

not	 vary	 systematically	 Figure	 4.	 Within	 the	 considered	 distance	 from	 the	 fault	

core,	 the	coupled	peaks	mark	the	transfer	 from	the	 fluid	to	 the	rock	of	SiO2	(Fig.	

80j),	MgO	(Fig.	80i),	Fe2O3	(Fig.	80k),	Ba,	Nb,	Ta,	Sn,	and	U	(not	shown	in	Fig.	7),	

which	 are	 associated	with	 the	 precipitation	 of	 carbonates	 and	 chalcedony	 veins	

within	 the	damage	zone	of	 the	 fault	 (see	 chapter	8).	 In	particular,	 the	SiO2,	MgO,	

and	 Fe2O3	 peaks	 may	 be	 mainly	 associated	 with	 the	 persistence	 of	 altered	

pyroxenes	within	the	rock,	while	those	of	Cr	(Fig.	80g),	Sb	and	maybe	also	Co	(Fig.	

80h)	could	be	related	to	a	short-range	mobilisation	of	oxides	and	sulphides	along	

the	 foliation.	 Both	 small	 veins	 and	 short-range	mobilisation	with	 consequent	 re-

precipitation	are	not	homogeneously	distributed	and	hence	are	not	strictly	related	

to	the	distance	from	the	fault	core.	
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8	 –	 Mineralogical	 and	 chemical	 composition	 of	 the	 Bisciarelle	

creek	fault	rock	

	

All	the	coherent	samples	of	rock,	taken	in	the	field,	are	oriented	samples	in	

order	to	obtain	oriented	petrographic	sections	to	be	able	to	correlate	the	

orientation	of	the	kinematic	indicators	in	section	to	the	fault	movement.		

The	thin	sections,	showed	in	figure	below,	are	polished	thin	sections	60	μm	

thick,	hence	the	interference	colour	could	be	different	from	those	classical	for	the	

mineral	described.	

	

8.1	–	Petrographic	observations	of	the	bedrock	

	

The	bedrock	 is	made	up	of	serpentinized	lherzolite	(RB10	sample)	 that	shows	

typical	 textural	 features	 of	 the	 lherzolite	 (Fig.	 81).	 It	 is	 made	 up	 of	 ortho-	 and	

clinopyroxenes,	 olivine,	 serpentine,	 and	 rare	 opaque	minerals	 (<1	 vol%).	 In	 thin	

section,	 different	 domains	 can	 be	 distinguished	 namely:	 i)	 domains	 made	 up	 of	

serpentine	with	ortho-	and	clinopyroxenes	cores,	partially	replaced	by	serpentine	

along	 the	 edges	 (Fig.	 81a).	 Both	 kinds	 of	 pyroxens	 also	 show	 serpentine	

replacement	 along	 the	 cleavage	 planes;	 ii)	 domains	made	 up	 of	 serpentine	with	

mesh	textures	with	olivine	core	(Fig.	81b);	and	iii)	domains	made	up	of	serpentine	

with	bastite	textures	after	pyroxenes	replacement	(Fig.	81c).	

The	serpentine	occurs	also	in	secondary	veins	that	cut	all	the	previous	textures	

(Fig.	 81a).	 The	 rare	 opaque	 minerals,	 rutile	 and	 ilmenite,	 occur	 along	 the	

serpentine	mesh	textures	(Fig.	81d).	
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Figure	 81:	 Petrographic	 images	 of	 the	 serpentinized	 lherzolite.	 (a)	 Ortho-	 and	 clynopyroxenes	

replaced	by	serpentine	along	the	edges,	in	the	section	are	also	visible	olivine	remnants	and	secondary	

serpentine	veins	that	cut	all	the	previous	textures	(cross-polarised	light).	(b)	Serpentine	mesh	texture	

with	 olivine	 core	 (cross-polarised	 light).	 (c)	 Serpentine	 with	 bastite	 textures	 after	 replacement	 of	

pyroxenes	along	the	cleavage	plane,	the	core	is	yet	well	preserved	(cross-polarised	light).	(d)	The	rare	

opaque	minerals	along	the	serpentine	mesh	textures	(reflected-light).	

	

8.2	–	Petrographic	observations	of	the	hanging-wall	fault	rock	

	

The	 damage	 zone	 in	 the	 hanging-wall	 is	 made	 up	 of	 serpentinites	 and	

serpentinite	 schist	 (for	 field	 details	 refer	 to	 chapter	 5.3.4.1).	 The	 thin	 section	 of	

serpentinite	samples	closer	to	the	serpentinized	lherzolite	(RB9,	8),	are	unaltered	

and	 show	 a	 foliation	 boudinage	 along	 which	 remnants	 of	 ortho-	 and	

clynopyroxenes	 are	 present	 and	 are	 re-oriented	 along	 the	 foliation	 (Fig.	 82a).	

Opaque	minerals,	mainly	 ilmenite	and	 rutile,	 are	aligned	along	 the	 foliation	 (Fig.	

82b).	 Parallel	 to	 the	 foliation,	 sometimes,	 extensional	 syntaxial	 carbonates	 veins	

are	presents,	up	to	0.2	mm	in	thick	(Fig.	82c).	

In	 thin	 sections	 (sample	 RB7,	 6,	 5,	 4;	 Fig.	 55,	 paragraph	 5.4.3.1)	 the	

serpentinites	show	mylonitic	textures	characterised	by	microlithons	(Passhier	and	
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Trouw,	 1998)	 showing	 a	 sense	 of	 shear	 that	 reflects	 the	 fault	movement	with	 a	

top-to	 E-NE	 (Fig.	 82d).	 In	 the	 section	 remnants	 of	 ortho-	 and	 clynopyroxenes	

almost	completely	replaced	by	serpentine	are	present.	

The	thin	section	of	the	sample	RB2	(Fig.	55,	paragraph	5.3.4.1)	shows	angular	to	

sub	angular	clasts	mm	in	size	(Fig.	82e).	Despite	the	sample	RB2	is	relatively	close	

to	the	fault	core	(1	m),	no	carbonates	are	presents.	

At	 the	microscopic	scale,	 the	host	rock	adjacent	 to	 the	 fault	core	(RB1	sample,	

Fig.	55,	chapter	5.3.4.1)	 is	a	poorly	coherent	carbonates	 level.	 In	 thin	section	the	

sample	 is	 made	 up	 of	 cataclastic	 sub-angular	 to	 well	 round	 dolomite	 grains	

(Supplementary	material	S7:	RB1	XRD	analysis),	these	grains	are	fine-grained	and	

randomly	 oriented	 (Fig.	 82f).	 Dolomite	 grains	 are	 surrounded	 by	 emerald	 green	

saponite	(Supplementary	material	S7:	RB1	XRD	analysis),	which	makes	a	dark	felt	

around	the	carbonates.	

The	 foliation,	 visible	 on	 the	 field	 and	 on	 the	 sample,	 in	 thin	 section	 is	 poorly	

recognizable	 and	 only	 few	 dolomite	 veins	mark	 it.	 These	 veins	 do	 not	 preserve	

growth	evidence,	 are	up	 to	0.3	mm	thick,	 and	along	 the	vein-walls	 are	yellowish	

whereas	in	the	central	part	are	whitish.	In	most	cases	these	veins	are	fractured	and	

randomly	re-oriented.		
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Figure	82:	Thin	sections	of	hanging-wall	fault	rocks.	(a)	Remnants	of	pyroxenes	re-oriented	along	the	

foliation	(cross-polarised	light).	(b)	Opaque	minerals	aligned	along	the	foliation	(reflected-light).	(c)	

Extensional	 syntaxial	 carbonates	 veins	 parallel	 to	 the	 foliation	 (cross-polarised	 light).	 (d)	Mylonitic	

textures	 characterised	 by	 microlithons	 (cross-polarised	 light).	 (e)	 Serpentinites	 gouge,	 showing	

angular	to	sub	angular	clasts	(cross-polarised	light).	(f)	Cataclastic	sub-angular	to	well	round	dolomite	

grains	(plane-polarised	light).	
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8.3	–	Petrographic	observations	and	chemical	composition	of	the	fault	

core	from	SEM-EDS	analysis	

	

Petrographic	observations	confirm	that	the	fault	core	is	essentially	made	up	of	

two	zones	having	distinct	textural	and	compositional	properties	(Fig.	83,	84).	One	

is	the	zone	hosting	the	carbonate	and	the	other	is	the	chalcedony,	present	as	filling	

in	the	vuggs	between	fault	pearls	and	in	shear	veins	that	crosscuts	the	carbonate	

zone	(Fig.	83).		

	

	

Figure	83:	Location	of	sections	of	LLM31	sample.	

	

The	first	zone	is	mostly	made	by	fault	pearls,	made	up	of	ferroan	dolomite,	even	

if	a	more	complex	mineralogical	composition	is	suggested	by	the	juxtaposition	of	a	

large	number	of	heterogranular	and	concentrically	zoned	carbonate-coated	grains	

set	within	a	dark	matrix	 (see	below,	Fig.	84).	 In	 contrast,	 the	 chalcedony	zone	 is	

texturally	massive	and	compositionally	more	homogeneous.	
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Figure	84:	Textural	characteristics	of	the	sample	LLM*	analysed	via	LA-ICPTOFMS	and	a	set	of	other	

analytical	techniques	(a):	Large	fault	pearl	developed	at	the	contact	with	a	chalcedony	layer	of	the	

fault.	Note	that	the	contrast	between	fibrous	texture	of	the	thickest	concentric	layers	and	the	more	

massive	and	darker	thin	layers	(plane-polarised	light).	(b):	Schematic	representation	of	the	largest	

fault	pearl,	which	is	made	of	nine	concentric	layers.	

	

The	 fault	 pearls	 show	 distinct	 textural	 developments	 and	 are	 variable	 in	 size	

(see	paragraph	5.4.1).	Their	core	is	made	of,	 in	decreasing	order	of	abundance:	i)	

coarse	radial	carbonates	crystals	(Fig.		85a,	60%),	ii)	fine	grained	carbonate	(30%),	

iii)	clast	of	fractured	carbonated-coated	grains	(Fig.	85b,	up	to	4	mm;	6%),	and	iiii)	

relic	of	carbonated	serpentinite	clast	(Fig.	85c,	up	to	4	mm,	4%).			

The	 largest	 fault	pearls	show	a	 complex	 internal	 texture	whereas	 the	smallest	

ones	 show	 a	 simpler	 and	 more	 massive	 internal	 texture.	 Large	 fault	 pearls	 are	

made	of	 relatively	 thick	 (up	 to	8	mm)	and	 fibrous	dolomite	bands	 that	 alternate	

regularly	with	thinner	(up	to	2	mm),	massive,	and	partly	laminated	dark	carbonate	

bands.	 Several	 alternations	 (up	 to	9	 in	Fig.	84,	but	up	 to	18	 in	Fig.	85a)	of	 these	

levels	 can	 be	 identified	 in	 the	 larger	 fault	 pearls.	 Grain	 size	 reduction	 is	 visible	

between	the	 fibrous	and	 laminated	bands.	Smaller	 fault	pearls	show	in	general	a	

thin	and	massive	external	carbonate	rim	that	borders	a	fibrous	dolomite	core.	Only	

rarely	small	grains	show	multiple	alternations	of	massive	and	fibrous	bands.	

Both	 large	 and	 small	 fault	 pearls	 have	 a	 surprisingly	 regular	 round	 shape,	

showing	that	only	mineral	precipitation	controlled	their	shapes.	Also,	 there	 is	no	
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close	 packing,	 no	 indentation	 or	 pressure	 solution	 evidences	 between	 different	

grains	 of	 the	 smallest	 fault	 pearls	 in	 the	 sample	 because	 carbonates	 and	 in	 part	

chalcedony	occupy	the	volume	between	distinct	grains.	This	demonstrates	that,	in	

general,	fault	pearls	did	not	grow	in	contact	with	each	other	within	the	fault	rock,	

and	that	no	or	only	poor	friction	was	active	between	them.		

Inside	 several	 fault	 pearls	 structures	 (Figs.	 86a,	 b,	 c;	 87a)	 and	 in	 several	

carbonate	 single	 crystals	 (Fig.	 87b),	 BSE-	 and	 SE-SEM	 images	 highlight	 porosity	

between	 different	 fault	 pearls	 bands	 (Fig.	 86b),	 especially	 inside	 the	 dark	

laminated	 ones,	 or	 skeletal	 porosity	 inside	 the	 crystals	 core	 or	 along	 crystal	

boundaries,	 that	 should	be	 related	 to	decarbonation	processes	during	 fault	 slips.	

The	SEM	images	highlight	the	epitaxial	concentric	growth	bands	of	the	fault	pearls	

(Fig.	86b,	c,	d;	87a),	and	it	is	especially	evident	from	the	textural	relations	between	

the	large	and	thick	dolomite	bands	that	depart	radially	from	the	cores	of	the	fault	

pearls	and	the	successive	outer	bands.	The	thick	bands	are	made	of	aggregates	of	

zoned	dolomite	prisms,	which	grow	with	a	plumose	texture	from	the	core	towards	

the	outside	(Fig.	86b).	These	thick	bands	terminate	at	thin	and	massive	bands,	but	

the	 successive	 plumose	 bands	 grow	 along	 the	 same	 radial	 directions,	 showing	 a	

clear	epitaxial	 (or	hetero-epitaxial)	growth	of	 fault	pearls.	Specific	characteristics	

of	the	pearl	layers	are	the	textural	relationships	between	fault	pearls	and	outside	

matrix,	which	grow	also	epitaxially.	

fault	 pearls	with	 clast	 of	 fractured	 carbonated-coated	 grains	 core	 are	 slightly	

rounded,	and	show:	i)	a	carbonatic	microbreccia	in	the	central	part	(Fig.	85b),	or	ii)	

clast	of	fractured	fault	pearls	(Fig.	86c).	The	clasts	of	the	microbreccia	are	angular	

and	non-oriented.	The	central	part	is	then	reworked	as	the	other	fault	pearls,	and	

shows	several	alternations	of	thick	and	fibrous	dolomite	bands	that	alternated	to	

regularly	 with	 thinner,	 massive,	 and	 partly	 laminated	 dark	 carbonate	 bands.	

Generally,	 these	kinds	of	 fault	pearls	 are	near	the	 contact	with	 chalcedony	shear	

vein	or	along	secondary	slip	zones.	

fault	pearls	with	carbonated	central	serpentinite	clast	(Fig.	85c)	are	the	rarest	of	

all,	and	are	like	the	clast-cortex	aggregates	described	by	Rempe	et	al.	(2014).	The	

serpentinite	clast	is	used	as	core	grains	overgrown	by	several	alternations	of	thick	

and	 fibrous	 dolomite	 bands	 that	 alternated	 regularly	with	 thinner,	massive,	 and	

partly	laminated	dark	carbonate	bands.	
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Figure	85:	fault	pearls	types.	(a)	Fault	pearl	with	central	carbonatic	core	and	several	concentric	layers	

(up	to	18).	(b)	Fault	pearl	with	microbreccia	core.	(b)	Fault	pearl	with	carbonated	serpentinite	clast.	

(d)	Fault	pearl	near	the	contact	with	chalcedony	shear	vein.	The	red	dashed	line	highlights	the	dark	

lamination,	which	indicate	a	dextral	sense	of	shear.	
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Figure	86:	SEM	images	of	fault	pearls.	(a)	BSE	image	of	fault	pearl	with	coarse	radial	carbonates	

crystals	core.	(b)	BSE	image,	magnification	of	the	core;	this	image,	also,	highlight	porosity	between	

different	bands	of	the	fault	pearl.	(c)	BSE	image	of	fault	pearl	with	a	clast	of	fractured	fault	pearls.	(d)	

SE+BSE	image,	magnification	of	the	levels	of	the	fault	pearls.	

	

Several	 fault	 pearls	 show,	 near	 the	 contact	 with	 chalcedony	 shear	 veins,	

evidence	for	rotation,	marked	by	dark	lamination	(Fig.	85d)	with	a	dextral	sense	of	

shear,	in	accordance	with	the	general	thrust	movement.	
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Figure	87:	SEM	images	showing	high	porosity.	(a)	High	porosity	along	carbonates	bands	inside	fault	

pearls,	especially	inside	the	thinner,	more	massive	and	dark	laminated	bands	(BSE-SEM	image).	(b)	

Zoned	single	dolomite	crystals,	with	evident	skeletal	porosity	along	crystal	boundaries.	The	zonations	

are	due	to	high	contrasted	conditions	(BSE-SEM	image).	

	

The	Bisciarelle	fault	rock	is	made	of	fault	pearls	of	different	dimensions	set	in	a	

micro-	 or	 cryptocrystalline	 matrix	 made	 up	 of	 dolomite	 and	 chalcedony.	 The	

contacts	between	carbonate-coated	grains	and	matrix	show	clear	epitaxial	textures,	

sometimes	between	dolomite	and	chalcedony.	

The	 main	 mineralogical	 constituents	 of	 the	 fault	 pearls	 are	 dolomite,	 with	

subordinate	calcite	(Fig.	88).	These	phases	are	euhedral	and	optically	continuous	

within	the	fault	pearls,	and	their	dimensions	are	different	from	those	of	the	matrix	

dolomite.	Dolomite	is	volumetrically	the	most	abundant	mineral	of	the	carbonate-

coated	grains,	 and	precipitates	 several	 times	with	slightly	different	 compositions	

within	individual	grains.	Due	to	these	moderate	compositional	variations,	the	SEM	

images	 of	 the	 fault	 pearls	 (Figs.	 86,	 87)	 have	 been	 set	with	 the	 highest	 possible	

contrast,	and	as	a	consequence	the	images	may	show	some	artefacts.		

Within	individual	fault	pearls,	dolomite	shows	little	variations	of	FeO	contents,	

sometimes	below	the	limit	of	detection	of	SEM-EDS	analyses	(see	below).	Indeed,	

the	measured	range	of	CaO	concentrations	in	all	analysed	fault	pearls	is	28-31	wt%,	

MgO:	19-22	wt%,	and	FeO:	0.65-3	wt%.	Thus,	 the	distinct	 zonation	 from	core	 to	

rim	that	is	clearly	evident	in	all	petrographic	and	BSE	images	(Figs.	83a,	d;	84a)	do	

not	correspond	to	significant	variations	of	major	element	concentrations	of	single	

dolomite	crystals,	but	rather	to	variations	of	minor	and	trace	components.		
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Figure	88:	experimental	stability	fields	at	450°C	of	carbonates	belonging	to	the	system	FeCO3-CaCO3-

MgCO3	(modified	after:	Rosenberg,	1967).	Blue	circles	are	the	analyses	of	fault	pearls,	whereas	the	

purple	circle	represents	the	analyses	of	the	matrix.	S=	magnesite-siderite	solid	solution;	D=	dolomite;	

C=calcite.	

	

The	matrix	of	the	fault	rock	is	made	by	an	assemblage	of	fine-grained,	euhedral	

dolomite	and	anhedral	 chalcedony	and	quartz	(Figs.	89;	90a,	b;	91a,	b,	 c,	d).	The	

dimensions	of	 individual	 crystals	of	dolomite	here	are	 from	mm	to	sub-mm,	and	

they	tend	to	have	a	prismatic	habitus,	whereas	the	dimensions	of	the	quartz	grains	

and	chalcedony	are	from	sub	mm	to	µm	(Fig.	90e,	f).	

Within	the	matrix	between	the	 fault	pearls,	 (Supplementary	material	S9:	SEM-

EDS	analysis)	dolomite	 shows	 little	variations	of	FeO	contents,	 sometimes	below	

the	 limit	 of	 detection	 of	 SEM-EDS	 analyses	 (see	 below).	 Indeed,	 the	 measured	

range	of	CaO	concentrations	in	the	analysis	is	29-29.77	wt%,	MgO:	21-21.87	wt%,	

and	FeO:	0.88-0.93	wt%	(Fig.	88).	In	general,	these	carbonates	are	Mn-poor,	but	in	

four	spot	analyses	I	determined	a	MnO	range	of	0.18-0.41	wt%.	

	



	 172	

	

Figure	89:	Matrix	and	vuggs	between	the	fault	pearls,	the	photographs	are	in	cross-polarised	light.	(a)	

Dolomite	filled	vugg.	(b)	Magnification	of	dolomite	crystals	of	Fig.	a;	they	show	central	phantoms	with	

high	 porosity.	 (c)	 Chalcedony	 filled	 vugg.	 (d)	Magnification	 of	 the	 chalcedony	with	 fibrous	 textures	

inside	a	vugg.	

	

Chalcedony	 that	 occupies	 anhedral	 vuggs	 between	 the	 fault	 pearls	 can	 be	

distinguished	into	several	textures	namely:	i)	moss-textures	(Fig.	90a),	ii),	fibrous	

radial	 (Fig.	 90b),	 iii)	 wall	 lining	 with	 central	 jigsaw	 texture	 (Fig.	 90c),	 and	 iiii)	

flamboyant	 textures	 (Figs.	90d,	 e),	but	 the	 characteristic	 that	 is	 shared	by	all	 the	

structures	 is	 the	 high	 porosity	 (Fig.	 10d,	 e).	 This	 porosity	 can	 be	 related	 to	 an	

initial	 deposition	 of	 hydrated	 silica	 gel,	 and	 linked	 to	 the	 crystallization	 and	

subsequent	 fluids	 release.	 Particularly,	moss-textures,	 occurs	 as	 isolated	 spheres	

and,	accordingly	to	Moncada	et	al.	(2012),	are	developed	by	surface	tension	effects	

when	silica	gel	nucleates	on	impurities	suspended	in	solutions.	These	are	spherical	

micro-textures	 with	 radially	 fibrous	 chalcedony	 (Fig.	 90a).	 Flamboyant	 textures	

are	 fibrous	 aggregates	 forming	 a	 radial	 pattern	 (Figs.	 90d,	 e).	 This	 indicates	

different	growth	stages	in	its	development.	It	began	with	the	inner	circle	and	then	

moved	 to	outer	 part.	 	 These	 textures	 are	 thought	 to	develop	 from	 aggregates	 of	
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fibrous	 chalcedony	with	 rounded	 external	 surfaces,	 which	 originate	 as	 silica	 gel	

and	then	recrystallized.	Wall	lining	and	massive	chalcedony	can	be	 found	both	 in	

the	small	voids	between	fault	pearls	and	in	shear	veins.	 In	the	central	part	of	the	

chalcedony	(Fig.	90c)	jigsaw	textures	are	present.	These	textures	are	characterised	

by	microcrystalline	to	crystalline	aggregates	with	interpenetrating	boundaries.	All	

these	type	of	silica	contains	no	useful	fluid	inclusions.	Particularly	in	fig.	90e	is	also	

shown	a	detail	of	the	contact	between	the	termination	of	a	carbonate-coated	grain	

and	the	outside	chalcedony	matrix.	With	its	round	shape,	the	delicate	thin	layer	of	

chalcedony,	at	the	immediate	contact	with	the	carbonate-coated	grains,	mimics	the	

prismatic	habitus	of	the	dolomite,	showing	a	clear	epitaxial	growth.	

The	fault	pearls	are	cut	by	two	types	of	chalcedony-rich	shear	veins,	which	we	

named	VA	and	VB.	

VA	 veins	 are	made	 up	 of	 chalcedony	with	 carbonate	 angular	 clasts	 (up	 to	 30	

vol.	%)	and	occur	at	 the	upper	contacts	of	 the	grain-rich	 levels	(Fig.	91a).	 In	 thin	

sections	 VA	 veins	 are	 made	 up	 almost	 entirely	 of	 fine	 to	 ultra-fine	 grains	 (200	

microns,	 91c)	 with	 dispersed	 textures	 that	 resemble	 moss,	 jigsaw,	

flamboyant	(sensu	Moncada	et	al.,	2012),	which	indicate	flashing	of	the	fluids,	and	

fibrous	textures.		Linked	to	VA,	mm	injection-veins	are	also	present	(Fig.	91e);	they	

are	made	up	of	angular	to	sub-angular	micro-carbonate	clasts	(up	to	1.5	mm)	and	

carbonated-coated	grains	(up	to	0.5	mm)	with	chalcedony	and	fine-grained	quartz	

matrix	 (500	microns).	VB	veins	are	entirely	made	up	of	 chalcedony	and	occur	at	

the	top	of	VA	(Figs.	91b,	d).	

These	 textures,	under	 scanning	 electron	microscope	 investigations	 show	non-

oriented	 high	 porosity	 probably	 related	 to	 the	 recrystallization	 over	 a	 hydrous	

precursor	accordingly	to	Moncada	et	al.,	(2012).	

A	 2-3	mm	 thick	 layer	of	 dolomite-rich	matrix	marks	 the	 contact	 between	 this	

band	and	the	carbonate-coated	grains.	This	banding	provides	a	strong	control	on	

the	chemical	composition	of	the	fault	rock.		



	 174	

	

Figure	90:	Chalcedony	microstructures.	(a)	Photomicrograph	of	moss-textures,	the	diameter	of	the	

sphere	is	1	mm.	(b)	Photomicrograph	of	fibrous	radial	chalcedony.	(c)	Photomicrograph	of	wall	lining	

chalcedony.	In	the	central	part	of	the	photomicrograph	can	be	recognized	jigsaw	textures.	(d)	High	

porosity	inside	chalcedony	matrix	along	shear	vein	(BSE-SEM	image).	(e)	Micro-porosity	in	chalcedony	

in	volume	between	distinct	fault	pearls	(SE-SEM	image),	and	evidence	of	epitaxial	growth	at	the	

immediate	contact	between	the	dolomite	crystals	and	the	massive	chalcedony.	
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Figure	91:	(a)	VA	vein	in	thin	section,	cross-polarised	light.	(b)	VB	vein	in	thin	section,	cross-polarised	
light.	 (c)	 SEM-BSE	 image	 of	 chalcedony	 shear	 vein	 VA.	 Dolomite	 angular	 to	 sub-angular	 clasts	 are	
visible	 surrounded	by	 the	 chalcedony	matrix.	 The	 chalcedony	 here	 is	massive	 and	 shows	high	non-
oriented	porosity.	(d)	SEM-BSE	image	of	chalcedony	shear	vein	VB.	(d)	Injection	vein	with	angular	to	
sub	angular	clasts,	surrounded	by	micro	crystalline	quartz.	

	

Petrographic	 observations	 show	 that	 the	 chalcedony	 documented	 within	 the	

shear	 vein	 and	 in	 the	 enclaves	 constrained	 by	 neighbouring	 carbonate-coated	

grains	is	devoid	of	fluid	inclusions.	

Similar	to	the	carbonates	of	the	fault	pearls,	this	chalcedony	has	also	a	constant	

composition.	 Its	 SiO2	 concentration	 ranges	 between	 99.87	 and	 100	wt%;	 but	 in	

some	spot	analysis	carried	out	in	the	moss	texture	(Fig.	87a)	SiO2	ranges	between	

90	and	92	wt%	and	Al2O3	between	0.10	and	0.3	wt%	(Supplementary	material	S9:	

SEM-EDS	analysis)	 the	rest	consists	of	volatiles	(H20,	since	close	to	 the	spot	area	

carbonates	are	not	present).	

Clear	 evidence	 for	 friction	 occurs	 along	 secondary	 slip	 surfaces	 in	 carbonate	

(Fig.	93a,	b),	 chalcedony	shear	 surfaces	 (Fig.	93c,	d),	 and	between	 the	 carbonate	

and	chalcedony	zones	shown	by	contact	a	2-2.5	mm-thick	level	of	micro-breccia	at	

their	contact	(Fig.	81,	87a). 

Secondary	carbonate	slip	zones	show	intense	comminution,	and	in	thin	section	

they	appear	as	dark,	highly	porous,	and	micro-	to	cryptocrystalline	layers.	The	high	

porosity	of	the	secondary	carbonate	slip	zones	could	testify	recrystallization	after	

carbonate	thermal	decomposition.	These	slip	surfaces	are	extremely	smoothed	like	

mirror-like	slip	surface,	and	marked	by	micron	sized	slickenlines	(250	micron	 in	



	 176	

thickness)	 and	 chatter	 marks	 (Fig.	 93a),	 and	 show	 sub-micron	 (from	 200	

nanometer	to	1	micron	in	diameter)	carbonate	grains	coating	over	all	the	surfaces	

(Fig.	 93b).	 Only	 few	 grains	 are	 interested	 by	 cataclasis	 developing	 a	 fine	 crush	

breccia	with	 angular	 to	 sub	 angular	 clasts	 (up	 to	 5	mm).	 The	 fine	 crush	 breccia	

clasts	are	 recycled	by	different	subsequent	episodes	of	 carbonate	 coatings,	being	

the	core	of	new	carbonated-coated	grains.	

The	tops	of	chalcedony	shear	veins	are	blistered	and	marked	by	slickenlines	and	

grooves	from	sub-millimetre	to	micron	in	size	(200	microns,	Fig.	93c).	The	striking	

feature	 of	 these	 slip	 surfaces	 is	 the	 presence	 of	 sub-micron	 (150	 nanometer)	

idiomorphic	quartz	surrounded	by	filamentous	silica	matrix.	The	filamentous	silica	

(Fig.	93	d)	is	similar	to	what	described	by	Verberne	et	al.,	(2014)	and	Hayward	et	

al.,	(2016)	as	linked	to	mechanical	amorphization	due	to	seismic	slip.	

	

	

Figure	92:	Micro	textural	characteristics	of	slip	surfaces	(SE-SEM	images).	(a)	Carbonate	slip	surface	

marked	by	micrometric	chatter	marks	and	slickenlines.	The	red	square	indicates	figure	b	area.	(b)	
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Magnification	of	figure	a,	it	shows	micrometric	to	sub-micrometric-grained	carbonate	coating.	(c)	

Chalcedony	slip	surface	marked	by	micrometric	slickenlines.	(d)	Chalcedony	shear	surface	marked	by	

idiomorphic	quartz	surrounded	by	filamentous	silica	matrix.	

	
8.4	–	Chemical	composition	of	fault	rock	from	LA-ICPTOF-MS	elemental	

imaging	

	

	 A	 detailed	 reconstruction	 of	 mineral	 and	 chemical	 compositions	 of	 the	

Bisciarelle	 fault	 core	 rock	 must	 take	 into	 account	 the	 possible	 variability	 of	

chalcedony	and	carbonates.	An	analytical	 challenge	 is	 the	 fact	 that	 chalcedony	 is	

very	fine-grained	and	hence	difficult	to	be	analysed	by	single-spot	analyses	(20	μm	

diameter).	Another	question	 is	 the	evidence	 for	poor	compositional	variability	of	

the	carbonates,	which	cannot	be	defined	by	variations	of	major	components.	

	 The	 innovative	 technique	 that	we	 use	 here	 to	 capture	 variations	 of	 trace	

element	 concentrations	 in	 rocks	 and	 minerals	 is	 elemental	 imaging	 via	 LA-ICP-

TOF-MS	 (Gundlach-Graham	 et	 al.,	 2015).	 With	 this	 technique,	 we	 analysed	 a	

10000x10000	μm	subset	of	sample	LLM*.	The	results	of	 these	analyses	are	high-

resolution	 (10	 µm),	 large-format	 (1	 cm2)	 compositional	 images	 of	 the	 major-,	

minor-,	and	trace	elements	in	the	sample	(Figs.	94,	95,	96,	see	chapter	6	for	details	

on	analytical	acquisition	and	limits	of	detection	of	this	technique).		

The	LA-ICP-TOF-MS	elemental	imaging	confirms	the	evidence	for	a	substantially	

constant	 composition	 of	 fault	 pearls,	 chalcedony,	 and	 matrix	 of	 the	 fault	 rock;	

however,	 it	 adds	also	new	surprising	details	on	 the	 spatial	distribution	of	minor	

and	 trace	 elements,	which	 together	make	 the	 concentric	 banded	 texture	 of	 fault	

pearls.	 Thus,	 elemental	 imaging	 confirms	 the	 SEM	 evidence	 for	 the	 fault	 pearls	

dolomite	having	invariably	high	concentrations	of	CaO	(25-30	wt%,	Fig.	94b)	and	

MgO	(20-25	wt%,	Fig.	94c),	but	 the	proportions	of	 the	minor	and	trace	elements	

vary	significantly	within	the	round	and	concentric	fabric,	and	in	part	also	between	

fault	pearls	of	different	size.	Similarly,	SiO2	concentration	in	chalcedony	is	98-99%	

wt%	 (Fig.	 94a)	 but	 it	 is	 spatially	 variable	 and	 coupled	 with	 variations	 of	 a	

significant	number	of	minor	and	trace	components.		

In	order	of	abundance,	important	minor	and	trace	constituents	of	the	large	fault	

pearl	of	Figs.	94,	95,	96	are	SiO2	(<10	wt%,	Fig.	94a),	FeO	(1-3	wt%,	Fig.	94d),	Al2O3	

(0.2-0.3	wt.%,	Fig.	94f),	K2O	(<0.3	wt%,	Fig.	94g),	MnO	(300-1000	μg/g,	Fig.	94h),	
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SrO	 (300-700	μg/g,	Fig.	94i),	Ni	 (100-450	μg/g,	Fig.	95a),	Cr	 (150-200	μg/g,	Fig.	

95b),	Cu	(<80	μg/g,	Fig.	95c),	Co	(5-35	μg/g,	Fig.	95d),	W	(2-12	μg/g,	Fig.	15f),	Cs	

(4-10	μg/g,	not	shown),	Y	(3-4	μg/g,	Fig.	95i),	and	Pb	(2-4	μg/g,	not	shown).	The	

spatial	 distribution	of	 these	 chemical	 components	 varies	 in	 a	 systematic	way,	 as	

the	thin	and	massive	dolomite	bands	of	the	fault	pearl	are	consistently	enriched	in	

SiO2,	 Al2O3,	 K2O,	Mn,	 Co,	 Pb,	 Cs,	 Cr,	 Y,	 and	 Cu	with	 respect	 to	 the	 large,	 fibrous	

bands.	In	contrast,	the	fibrous	dolomite	has	relatively	higher	concentrations	of	FeO,	

Sr,	 and	 W.	 The	 large	 number	 of	 metals	 systematically	 enriched	 within	 the	 thin	

bands	 explains	 their	 relatively	 dark	 interference	 colours	 and	 reflective	 features	

documented	at	all	scales	with	different	analytical	techniques	(Fig.	85,	86,	87).	Also,	

the	 occurrence	 of	 a	 larger	 proportion	 of	 silicate	 constituents	 (Si,	 Al,	 K)	 –	 rather	

than	carbonate	constituents	–	within	the	thin	bands	demonstrates	 that	 the	 latter	

have	probably	a	complex	mineralogical	composition.	

The	 correlation	 between	 the	 fault	 pearls	 fabric	 and	 the	 corresponding	 trace	

element	 composition	 is	not	 the	 only	 characteristic	 feature	 of	 this	 fault	 rock.	 The	

smaller	 and	 texturally	 more	 massive	 fault	 pearls	 have	 fabric	 and	 chemical	

compositions	 that	 are	 in	 part	 different	 from	 those	 of	 the	 larger	 pearls.	 Indeed,	

similar	to	large	fault	pearls,	small	pearls	show	a	central	core	having	concentrations	

of	Al2O3,	FeO,	K2O,	MnO,	and	W,	and	alternations	of	thin	bands	with	distinct	Ni,	Ba,	

and	Sr	 compositions.	However,	 the	 small	 fault	pearls	 are	 in	general	massive	and	

lack	the	compositional	banding	generated	by	the	thin,	metal-rich	layers	(especially,	

they	lack	bands	with	higher	Co,	Mn,	U,	and	Y	concentrations).	

Although	the	level	of	chalcedony	of	sample	LLM*	 is	made	for	 the	most	part	by	

silica,	it	hosts	a	large	number	of	minor	and	trace	components	(Figs.	95,	96).	Such	

components	 are	 in	 general	 disseminated	 within	 chalcedony,	 rather	 than	 locally	

concentrated,	demonstrating	 that	 these	elements	are	diadochical	within	 the	SiO2	

structure	 and	 do	 not	 constitute	 separate	 phases.	 Important	 minor	 elements	 are	

Na2O	(0.1-1.2	wt%,	Fig.	94e),	K2O	(0.2-0.6	wt%,	Fig.	94g),	and	Al2O3	(0.2-0.3	wt%,	

Fig.	94f)	and	 important	 trace	components	are	Ni	(100-500	μg/g,	Fig.	95a)	and	Cr	

(100-450	 μg/g,	 Fig.	95b).	 A	 number	 of	 other	additional	 components	 are	 present	

with	a	 lower	 range	of	 concentrations	 (Figs.	95c,	 i)	 ranging	between	hundreds	 to	

few	μg/g	(Ti:	200-800	μg/g;	Co:	10-50	μg/g;	Sc:	20-70	μg/g;	Mo:	10-35	μg/g;	Pb:	4-

9	 μg/g;	 Sb:	 4-18	 μg/g;	Nb:	 2-6	 μg/g;	 Ta:	 0.2-0.6	 μg/g;	 Th:	0.2-0.6	 μg/g;	U:	 0.4-1	

μg/g;	 Sn:	 10-30	 μg/g;	 Zr:	 4-12	 μg/g;	 In:	 1-3	 μg/g).	 Peculiar	 trace	 elements	 to	
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highlight	 within	 chalcedony	 are	 Ag	 (4-12	 μg/g,	 Fig.	 95g)	 and	 a	 set	 of	 other	

elements	that	occur	exclusively	within	this	phase.	These	are	As	(50-80	μg/g,	Fig.	

96a),	Cd	(30-50	μg/g,	Fig.	96b),	Ga	(20-25	μg/g,	Fig.	96c),	REEs	(e.g.,	Gd,	Nd,	and	Dy,	

Figs.	96d,	e,	f),	Re	(1.5-2	μg/g,	Fig.	96g),	Hf	(1.4-2	μg/g,	Fig.	96h)	and	Ce	(1.5-2	μg/g,	

Fig.	96i).	

The	micro-breccia	 at	 the	 contact	 between	 the	 chalcedony	 shear	 vein	 and	 the	

fault	 pearls	 contains	 ferroan-dolomite.	 Single	 spot	 SEM-EDS	 and	 LA-ICP-TOFMS	

analyses	 show	 that,	 in	 addition	 to	 CaO	 (15-30	 wt.%,	 Fig.	 94b)	 and	 MgO	 (15-25	

wt.%,	Fig.	94c),	this	dolomite	hosts	1-2	wt.%	of	FeO	(Fig.	94d)	with	relatively	high	

concentrations	of	Mn	(600-1000	μg/g,	Fig.	94h).	Important	minor	components	are	

Na2O	(0.2-0.4	wt.%,	Fig.	94e),	K2O	(0.2-0.3	wt.%,	Fig.	94g),	Al2O3	(0.1-0.2	wt.%,	Fig.	

94f),	and	Sr	(400-700	μg/g,	Fig.	94i).	Documented	trace	components	are	Ni	(150-

250	μg/g),	Ba	 (20-50	μg/g),	Pb	 (2-4	μg/g),	 Sn	 (5-10	μg/g),	 Sb	 (2-8	μg/g),	 and	U	

(0.2-0.6	μg/g).	

The	chemical	composition	of	the	matrix	of	the	LMM*	fault	rock	reflects	strictly	

the	 fabric	 of	 its	 fine-grained	 dolomite	 and	 chalcedony.	 Thus,	 the	 spatial	

distribution	of	the	major	components	CaO,	MgO,	and	SiO2	identify	the	2-3	mm	thick	

dolomite	layer	formed	at	the	contact	with	the	shear	band	(central	area	of	Fig.	94b,	

c)	and	the	anhedral	enclaves	of	silica	formed	between	fault	pearls	(Fig.	94a).	The	

most	 important	 minor/trace	 components	 of	 the	 matrix	 are	 FeO	 (1-2	 wt.%,	 Fig.	

94d),	Al2O3	(0.4-0.5	wt.%,	Fig.	94f),	K2O	(<0.4	wt.%,	Fig.	94g),	Na2O	(<0.4	wt.%,	Fig.	

94e),	 Sr	 (600-700	µg/g,	most	abundant	within	dolomite	band,	Fig.	14i),	Cr	 (100-

150	µg/g,	Fig.	95b),	Zn	(100-150	µg/g),	Cu	(40-80	µg/g,	Fig.	95c),	Sc	(10-20	µg/g),	

Sb	(6-8	µg/g,	Fig.	95e),	Sn	(5-10	µg/g),	Cs	(2-4	µg/g),	Pb	(2-3	µg/g),	and	U	(ca.	0.5	

µg/g).	A	number	of	these	elements	(Cu,	Na,	Pb,	Sb,	Sn,	U)	is	poorly	present	within	

the	fault	pearls,	and	is	mostly	found	within	matrix	and	chalcedony.		
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Figure	93:	High	resolution,	large-format	LA-ICP-TOFMS	compositional	maps	of	representative	major	

components	and	Sr	of	sample	LLM*.	The	colour	codes	of	the	maps	correspond	to	concentration	units	of	

the	components	(in	wt%	oxide	or	μg/g).	
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Figure	94:	High	resolution,	large-format	LA-ICP-TOFMS	compositional	maps	of	representative	minor	

and	trace	components	of	sample	LLM*.	The	colour	codes	of	the	maps	correspond	to	concentration	units	

of	the	components	(in	wt%	oxide	or	μg/g).	
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Figure	95:	High	resolution,	large-format	LA-ICP-TOFMS	compositional	maps	of	representative	trace	

components	of	sample	LLM*.	The	colour	codes	of	the	maps	correspond	to	concentration	units	of	the	

components	(in	wt%	oxide	or	μg/g).	

	



	 183	

9	–	Discussion	

	
9.1	–	Introduction	

	
The	discussion	will	be	divided	into	two	main	parts.	The	first	part	deals	with	the	

geology	and	the	structural	evolution	of	 the	Lavagnina	Lakes	area	(paragraph	9.2,	

9.3,	9.4),	with	a	 focus	on:	 i)	 the	 fluid-rock	 interaction	 in	ductile	 to	brittle-ductile	

structures	 (paragraph	 9.5)	 and	 ii)	 gold/chalcedony	 occurrences	 in	 the	 area	

(paragraph	9.6,	9.7,	9.8,	9.9).		

In	the	second	part	I	will	discuss	the	structural	evolution	of	the	Bisciarelle	Creek	

Thrust	Fault	 (paragraph	9.11.1),	highlighting	 the	 role	of	 fluid-rock	 interaction	 in	

the	development	of	fault	pearls	(paragraph	9.11.2-9.11.7).	

	

9.2–	Geology	of	the	study	area	–	main	remarks	

	

The	 Lavagnina	 Lakes	 area	 (about	 32	 km2,	 Fig.	 96;	 geological	 map	 in	 the	

supplementary	 materials)	 is	 located	 along	 the	 Gorzente	 River,	 with	 an	 average	

altitude	 of	 about	 400	 m	 a.s.l.,	 and	 most	 of	 the	 study	 area	 is	 part	 of	 the	 “Parco	

Naturale	delle	Capanne	di	Marcarolo”.	Here	the	outcrops	in	the	represent	about	the	

15-20%	of	the	entire	area.	

The	 analysed	 area,	 shown	 in	 the	 geological	 map	 in	 Figure	 1,	 is	 mainly	

characterised	 by	 outcrops	 of	 peridotites,	 (lherzolites,	 dunites,	 pyroxenites),	

serpentinites,	metabasites	 (metabasalts),	metagabbros,	 lenses	 of	metasediments,	

and	listvenites	(in	decreasing	order	of	volumetric	extension).	

At	 the	 northern	 edge	 of	 the	 area,	 continental	 breccias	 and	 conglomerates	

belonging	 to	 the	Tertiary	 Piedmont	Basin	 (TPB)	 occur.	 The	 continental	 breccias,	

cropping	 out	 in	 this	 area,	 are	 related	 to	 the	 “Brecce	 della	 Crosazza”,	 instead	 the	

conglomerates	are	related	to	the	“Conglomerati	di	Molare”.	

At	Case	Ferrere	locality	(Fig.	96),	a	carbonatic	klippe,	bordered	by	thrust	faults	

with	a	W-SW	sense	of	shear	(Capponi	et	al.,	1998)	occurs.	The	carbonatic	klippe	is	

made	 up	 by	 dolomite,	 dolomitic	 limestone,	 and	 grey	 crystalline	 selciferous	

limestone;	 related	 to	 the	 “Dolomie	 del	 monte	 Gazzo”	 and	 to	 the	 “Calcari	 di	

Gallaneto”	(Capponi	et	al.,	1998).	
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In	the	geological	map	four	different	types	of	contact	have	been	distinguished:	

- lithological	 contacts	 (e.g.	 for	 the	 metasediment,	 metabasites,	 and	

metagabbro	lenses),	

- fault	contacts,	

- stratigraphic	contacts	(e.g.	between	the	conglomerates	and	the	breccias),		

- transgressive	 contacts	 (between	 the	Tertiary	Piedmont	Basin	deposits	 and	

the	metamorphic	bedrock).	

In	 the	geological	map	drawn	using	QGIS,	 I	added	the	new	data	 from	this	work	

(Fig.	96;	 geological	map	 in	 the	 supplementary	materials)	 including:	 the	 track	 for	

the	 outcrops,	 the	 lithotypes,	 the	 attitude	 of	 structural	 elements	 (fault	 surfaces,	

lineations,	 veins,	 composite	 fabrics,	 tectonite	 foliations,	 stratifications),	 the	

photographs	 of	 the	 outcrops	 and	 their	 related	 structures,	 the	 samples	 positions,	

and	 the	 location	 of	 closed	mine	 entrance.	 In	 the	 geological	map,	 the	Quaternary	

covers	are	not	represented	for	the	sake	of	clarity.	

The	 structures	 analysed	 in	 the	 area,	 and	 reported	 in	 the	 geological	map,	 has	

been	divided	in	different	systems	(see	below)	on	the	base	of:	

- metamorphism,	

- direction	of	tectonic	transport,	and		

- rheological	behaviour.	

The	 geological	 cross-section	 (A-A’-A”,	 Fig.	 96;	 with	 geological	 map	 in	 the	

supplementary	materials)	is	oriented	W-SW-NE.	This	orientation	is	approximately	

perpendicular	 to	 the	 strike	 of	 the	main	 structures	 (RSZ),	 in	 order	 to	 show	 their	

trend.	
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Figure	96:	Structural	sketch	of	the	Lavagnina	Lake	area,	redrawn	with	updates	and	

georeferenced	with	QGIS	open	source	software	(after	Spagnolo,	2004,	see	chapter	5	of	

this	work).	

	

9.3	–	Structural	evolution	of	the	Lavagnina	Lakes	area		

	

On	the	basis	of	the	geological	survey	and	the	field	data	presented	in	this	work,	

the	 area	 of	 the	 Lavagnina	 Lakes,	 during	 late-	 to	 post-orogenic	 evolution,	

underwent	 a	 complex	 polyphasic	 tectonic	 history	 parable	 to	 one	 described	 for	

other	areas	of	the	Voltri	Massif	(Capponi	and	Crispini,	2002;	Spagnolo	et	al.,	2007;	

Federico	et	al.,	2009;	Federico	et	al.,	2014;	Capponi	et	al.,	2016).	
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The	structures	of	the	study	area	show	evidences	of	multiple	reactivations	with	

different	deformation	mechanism,	pointing	to	a	long	period	of	tectonic	activity.	

These	 structures	 show	 superposition	 of	 ductile,	 brittle-ductile	 and	 brittle	

deformations,	 developed	 in	 the	 upper	 crustal	 levels,	 strongly	 dependent	 on	 the	

lithology	of	the	host	rocks.		

The	 ductile	 structures	 are	 characterised	 by	 D1-D2	 structures	 (Capponi	 and	

Crispini,	 2002)	 represented	 by	 similar	 folds	 characterised	 by	 Na-amphibole	

greenschist	to	greenschist	facies	s.s.	overprint	(Tab.	7).	

On	the	other	hand,	the	upper	crustal	levels	deformation	(UCD)	are	characterised	

by	 the	 brittle-ductile	 to	 brittle	 structures	 and	 are	 mainly	 represented	 by	 three	

main	tectonic	phase	(D3,	D4,	and	D5	Tab.	7).	

	

	
Table	 7:	 Summary	 of	 the	 three	 main	 tectonic	 phases	 of	 the	 upper	 crustal	 levels	

deformation.	

	

	

The	oldest	UCD	event	(D3	event)	is	characterised	by	the	coexistence	of	dragged	

folds	 with	 chevron	 style,	 and	 the	 oldest	 system	 of	 reverse	 shear	 zone	 (RSZ1,	

Moncalero	 Creek	 Fault,	 Fig.	96,	 Tab.	 7),	 that	 are	 developed	 under	 greenschist	 to	

low	 greenschist	metamorphic	 conditions.	 Commonly,	 RSZ1	structures	 develop	 in	

the	reverse	limbs	of	the	D3	folds	or	cut	them;	locally	the	RSZ1	may	be	folded	by	the	



	 187	

D3	 deformation.	This	 testify	 to	 an	 early	 development	 of	 the	RSZ1,	 under	 ductile	

regime	and	their	subsequent	evolution	from	the	ductile	to	brittle-ductile	regime.	

The	RSZ1	structures	show	a	main	sense	of	shear	with	top	to	S-SW,	with	a	minor	

top	to	N-NW	(e.g.	Moncalero	Creek	Fault,	see	paragraph	5.3.1).		

The	RSZ1	structures,	are	mainly	developed	in	serpentinites	and	lherzolites	(Fig.	

96).	They	show	a	symmetric	damage	zone	with	development	of	damage	zones	up	

to	1	m	 thick.	The	 symmetric	development	of	 the	damage	zones	 is	 the	product	of	

ruptures	along	faults	separating	bodies	with	the	same	elastic	characteristics.	This	

limited	 damage	 zones	 implies	 small	 variations	 in	 terms	 of	 porosity	 and	

permeability	conditions	with	respect	to	the	characteristics	of	the	host	rocks.	

This	system	shows	the	occurrence	of	a	former	intense	carbonation	(ALT-1)	with	

the	 development	 of	 listvenites	 and	 are	 related	 to	 the	 oldest	 gold-bearing	

mineralisations	 of	 the	 area.	 This	 ALT-1	 event	 is	 volumetrically	 limited	 since	 the	

alteration	 occurs	 only	 near	 the	main	 faults	 or	 near	 P	 and	R	 fractures	 and	 joints.	

This	 evidence	 points	 out	 the	 importance	 of	 such	 system	 in	 influencing	 the	 fluid	

circulation,	 and	 the	 limited	 development	 of	 the	 carbonation	 implies	 that	 this	

process	 leads	 to	 a	 reduction	 of	 the	 porosity	 and	 permeability	 turning	 the	

structures	from	a	preferential	pathway	to	a	potential	seal	for	the	fluid	circulation.	

The	 temperatures	 constrained	 by	 Giorza	 (2010),	 for	 the	 ALT-1	 using	 fluid	

inclusion	 in	 magnesite	 and	 Fe-dolomite,	 are	 of	 ca.	 270-300	 C°.	 Considering	 a	

possible	range	of	geothermal	gradients	the	ALT-1	has	been	developed	at	about	4-

11	km.	

Reverse	shear	zones	similar	 to	the	RSZ1	system	with	the	same	sense	of	shear,	

and	the	same	metamorphic	conditions	are	described	for	the	western	sector	of	the	

Voltri	 Massif,	 and	 have	 been	 dated	 to	 the	 Eocene–early	 Oligocene	 (Seno	 et	 al.,	

2003;	2005;	Molli	et	al.,	2010;	Federico	et	al.,	2009;	2014;	Maino	and	Seno,	2016).	

The	D4	event	is	characterised	by	the	coexistence	of	open	parallel	folds,	and	the	

younger	 set	 of	 reverse	 shear	 zones	 (RSZ2-A,	 RSZ2-B)	 that	 are	 developed	 under	

zeolite	facies	to	non-metamorphic	conditions.	

The	 RSZ2	 system	 is	 widespread	 in	 the	 study	 area	 (e.g.	 Tugello	 Creek	 Thrust	

Fault	 and	 Bisciarelle	 Creek	 Thrust	 Fault,	 Fig.	 96,	 Tab.	 7).	 This	 system	 in	 place	

locally	 reactivates	 pre-existent	 RSZ1	 structures.	 The	 RSZ2	 structures	 show	

scattered	 slickenlines,	 and	 a	 variable	 sense	 of	 shear,	 with	 at	 least	 two	 different	

stages	of	tectonic	movements.	The	older	stage	(RSZ2-A)	is	characterised	by	a	main	
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top	to	NW,	instead	the	younger		stage	(RSZ2-B)	is	characterised	by	top	to	-SW	and	-

NE.	

With	 respect	 to	 the	 oldest	 RSZ1	 system,	 the	 younger	 RSZ2	 system	 shows	 a	

volumetrically	 more	 developed	 carbonation	 (ALT-2)	 and	 completely	 different	

structural	and	textural	characteristics.	

The	RSZ2	reverse	faults,	developed	quartz-carbonate	faults	hosting	orogenic	Au	

deposits.	 They	 are	 developed	 near	 the	 lithological	 transition	 between	

serpentinized	lherzolites,	at	the	hanging	wall,	and	the	serpentinites	that	make	up	

the	footwall.		

These	faults	show	an	asymmetric	damage	zone,	more	developed	in	the	footwall	

with	respect	to	the	hanging	wall,	with	several	meters	of	different	fault	rock	types	

(Chapter	5).	The	asymmetric	development	of	the	damage	zones	is	the	cumulative	

product	 of	 earthquakes	 ruptures	on	 bimaterial	 faults	 separating	 different	 elastic	

bodies	 (Ben-Zion,	 2001;	MacGuire	 et	 al.,	 2002;	 Ben-Zion	 and	 Shi,	 2005;	 Shi	 and	

Ben-Zion	2006;	Mitchell	et	al.,	2011).	Hence,	the	asymmetry	that	characterises	the	

damage	zone	of	 the	RSZ2	fault	system	should	be	the	result	of	cumulative	seismic	

ruptures	 along	 the	 bimaterial	 interface	 represented	 by	 the	 serpentinized	

lherzolites	and	the	serpentinites.	

The	 core	 of	 the	 analysed	 structures,	 that	 I	 ascribe	 to	 the	 RSZ2	 system	 (the	

Tugello	 Creek	 thrust	 fault	 and	 the	 Bisciarelle	 Creek	 thrust	 fault)	 host	 levels	 of	

carbonates	(up	to	two	levels)	characterised	by	carbonate-coated	grains,	cockade	or	

hydrothermal	breccias	and	by	the	fault	pearls	(only	in	the	Bisciarelle	Creek	thrust	

fault)	coeval	with	sub-micron	carbonates	coating	of	slip	surfaces,	chalcedony	shear	

veins	 and	 shear	 surfaces,	 injection	 veins,	 syn-kinematic	 filamentous	 phase,	 and	

sepiolite	duplex	structures.	

The	 presence	 of	 sepiolite,	 as	 the	 presence	 of	 chalcedony	 crystallized	 over	 a	

previous	deposition	of	amorphous	silica	gel	(described	in	paragraph	9.11.4),	along	

fault	 slip	 surfaces	 have	 been	 found	 to	 play	 a	 significant	 role	 in	 controlling	 fault	

strength	 leading	 to	 an	 almost	 complete	 loss	 of	 strength	 facilitating	 shear	

localization	(Shimamoto	and	Logan,	1981;	Tembe	et	al.,	2010;	Sànchez-Roa	et	al.,	

2017;	 2018).	 At	 local	 scale,	 the	 presence	 of	 these	 “soft”	 layers	 along	 the	 fault	

surfaces	may	 have	 localised	 the	 shear	 deformation	 along	 the	 faults	 of	 the	 RSZ2,	

reactivating	them,	as	highlighted	by	the	development	of	different	fault	rock	types	

along	the	same	structure	in	the	study	area.		
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Moreover	 the	 presence	 of	 syn-kinematic	 sepiolite	 gives	 limits	 about	 the	 P-T	

development	 conditions	 of	 the	 structures,	 since	 the	 stability	 field	 of	 sepiolite	 is	

ultimately	limited	by	the	reaction	sepiolite	=	talc	+	quartz	+	H2O,	which	is	located	

at	about	1-500	MPa	at	325	°C	(Frank-Kamenetskiy	et	al.,	1969;	Sànchez-Roa	et	al.,	

2017;	2018).	

Hence	 the	 coupled	 presence	 of	 sepiolite	 and	 chalcedony	 may	 produce	 a	

profound	 dynamic	 strength	 reduction,	 which	 is	 fundamental	 for	 earthquake	

propagation	(Di	Toro	et	al.,	2004;	Rice,	2006;	Kirkpatrick	et	al.,	2013).	

The	 temperatures	 constrained	 by	 Giorza	 (2010),	 for	 the	 ALT-2	 using	 fluid	

inclusions	 in	 magnesite	 and	 Fe-dolomite,	 are	 of	 ca.	 250	 °C	 for	 the	 carbonation	

linked	to	the	ALT-2.	Considering	a	possible	range	of	geothermal	gradients	ALT-2	

has	 been	 developed	 at	 about	 3-9	 km.	 Therefore,	 based	 on	 the	 depth	 estimates,	

these	structures	developed	at	or	above	the	brittle	ductile	transition.	

The	 age	 constraints	 for	 the	 RSZ2	 system	 come	 from	 biostratigraphic	 data	 of	

Oligocene	 deposits	 belonging	 to	 the	 Tertiary	 Piedmont	Basin.	 These	 deposits,	 in	

fact,	 are	 locally	 folded	 and	 tilted	 by	 the	 D4	 folds	 (Capponi	 and	 Crispini	 2002;	

Carrapa	 and	 Garcia-Castellanos,	 2005;	 Mosca	 et	 al.,	 2010;	 Maino	 et	 al.,	 2013;	

Federico	 et	 al.,	 2014)	 and	 involved	 in	 the	 RSZ2:	 the	 D4	 event	 can	 therefore	 be	

reasonably	referred	to	the	late	Oligocene	-	early	Miocene.	

The	 youngest	 D5	 (Tab.	 7)	 tectonic	 event	 developed	 in	 brittle	 regime.	 It	 is	

characterised	 mainly	 by	 a	 system	 of	 E-W	 strike	 slip	 faults	 and	 by	 normal	

reactivation	 of	 previous	 fault	 (e.g.	 Paganella	 Creek	 Fault),	 developed	 under	 non-

metamorphic	conditions.	This	event	 is	related	to	the	youngest	stage	of	 the	upper	

crustal	levels	deformations.	

Brittle	structures	similar	to	the	D5	tectonic	event,	are	described	for	the	western	

sector	of	the	Voltri	Massif,	and	have	been	dated	to	the	Miocene	to	Present	(Seno	et	

al.,	 2003;	 2005;	Molli	 et	 al.,	 2010;	 Federico	 et	 al.,	 2009;	 2014;	Maino	 and	 Seno,	

2016).	

	

Generally,	 the	 association	 of	 folds,	 reverse	 shear	 zones	 and	 fault	 duplexes,	 as	

observed	in	the	analysed	area,	is	a	common	feature	of	transpressive	domains	and	

resulted	by	kinematic	partitioning	of	strain	(e.g.	Gosh	et	al.,	2016	and	references	

therein).	Deformation	 in	transpressive	 zones	 is	often	 compartmentalised,	 so	 that	

individual	 constituent	 of	 bulk	 strain	 are	 segregates	 and	 localised	 into	 separate	
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deformational	domains	(Jones	et	al.	2004;	Sarkarinejad	and	Azizi,	2008;	Zhang	et	

al.,	2010).	

According	to	literature,	the	meso-	and	microstructures	(sub-micron	carbonates	

coating	of	slip	surfaces,	chalcedony	shear	veins	and	shear	surfaces,	injection	veins,	

and	 syn-kinematic	 filamentous	 phase)	 studied	 in	 the	 fault	 core	 of	 the	 RSZ2	

structures,	 as	 described	 for	 the	 Bisciarelle	 Creek	 thrust	 fault,	 seismic-related.	

Therefore,	 the	 association	 of	 the	 faults	 belonging	 to	 the	 RSZ2	 systems	 with	 all	

these	 seismic	 related	 structures	 supports	 the	 hypothesis	 that	 these	 faults	

developed	 during	 shear	 events	 at	 seismic	 rates.	 Thus,	 on	 the	 basis	 of	 all	 these	

evidences,	 the	 entire	 RSZ2	 faults	 system	 could	 be	 considered	 as	 a	 local	 paleo-

seismic	faults	system	or	at	least	may	have	registered	paleo-seismic	events.	

	

9.4	–	Geodynamic	evolution	of	the	Lavagnina	Lakes	area	in	the	frame	of	the	

Western	Alps	

	

Comparing	 the	 upper	 crustal	 levels	 deformations	 (D3-D4-D5)	 that	 affect	 the	

Lavagnina	Lakes	area		with	the	broader	geodynamic	context	of	the	evolution	of	the	

Western	 Alps	 (Tab.8),	 and	 the	 up-to-date	 geological	 and	 geodynamical	

interpretations	(Hinsbergen	et	al.,	2014;	Schmid	et	al.,	2017	and	reference	therein)	

they	could	represent	the	transition	between	the	last	stages	of	the	Alpine	evolution	

and	the	first	events	of	the	Apennine	tectonics		(Mosca	et	al.,	2010;	Carminati	and	

Doglioni,	2012).	
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Table	 8:	 Summary	 of	 the	 three	 main	 tectonic	 phases	 of	 the	 upper	 crustal	 levels	

deformation	in	the	frame	of	the	Western	Alps	

	

	

Therefore,	 comparing	 the	 sense	 of	 tectonic	 transport,	 the	metamorphism	 and	

the	constrained	age	of	the	D3	event,	the	RSZ1	structures	of	the	analysed	area	can	

be	related	to	the	first	early	stage	described	by	Schmid	et	al.	(2017)	for	the	Western	

Alps	orogenic	evolution	(Stage	1:	pre-35	Ma;	Fig.	97d).		

In	the	Western	Alps	stage	1	is	characterised	by	top	to	NNW	thrusting	and	it	has	

been	 preserved	 only	 in	 some	 parts	 of	 the	 Piedmont-Ligurian	 units	 (Philippot,	

1990)	and	in	some	parts	of	the	External	Western	Alps	(Dumont	et	al.,	2011).	These	

events	 were	 associated	 with	 nappe	 stacking	 and	 early	 stages	 of	 exhumation	 of	

parts	of	nappes	buried	to	high-P	(e.g.	Schmid	et	al.,	1996).		

Comparing	 the	 metamorphism,	 the	 constrained	 age	 of	 the	 D4	 event	 and	 the	

sense	 of	 tectonic	 transport	 for	 the	RSZ2-A	structures,	 they	 can	 be	 related	 to	 the	

second	 stage	 described	 by	 Schmid	 et	 al.	 (2017)	 for	 the	 Western	 Alps	 orogenic	

evolution	(Stage	2:	35-25	Ma;	Fig.	97c;	Dumont	et	al.,	2012).		

In	 the	Western	Alps	stage	2	 is	 characterised	by	 top	 to	W-NW	thrusting	and	 it	

can	reliably	be	directly	linked	to	thrusting	along	the	Penninic	Front	(Schmid	et	al.,	

2017).	The	end	of	stage	2	at	around	25	Ma	ago	is	compatible	with	the	onset	of	the	

Paleo-Apenninic	phase	(Schumacher	and	Laubscher	1996)	at	about	this	time.	

Stage	2	certainly	pre-dates	the	onset	of	rapid	counterclockwise	rotation	of	 the	

Corsica-Sardinia	block	at	21	Ma	ago	(Gattacceca	et	al.	2007).	
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The	 RSZ2-B	 structures	may	 have	 been	 affected	 by	 the	 beginning	 of	 the	 third	

stage	described	by	Schmid	et	al.	 (2017)	 	 for	the	Western	Alps	orogenic	evolution	

(Stage	3:	25-0	Ma;	Fig.	97b,	a).	

This	 event	 actually	 post-dates	 the	 stage	 2	 (Trullenque	 et	 al.,	 2005),	 and	 it	 is	

associated	 the	 oroclinal	 bending	 in	 the	 southernmost	Western	 Alps;	 this	 idea	 is	

supported	by	three	main	lines	of	evidence:	

- Collombet	 et	 al.	 (2002)	 reported	 counterclockwise	 rotations	 about	 a	 sub-	

vertical	axis	in	respect	to	stable	Europe	that	increase	from	68°	in	the	Ubaye	

region	to	117°	in	the	Ligurian	Alps;	

- all	 the	 major	 tectonic	 elements	 of	 the	 internal	 Alps	 derived	 from	 the	

Briançonnais	 and	 Piedmont-Liguria	 paleogeographical	 domains	 can	 be	

followed	into	western	Liguria	(Hinsbergen	et	al.,	2014);	

- a	 50°	 counterclockwise	 rotation	 phase	 of	 the	 Corsica-Sardinia	 block	

occurred	between	20.5	and	16	Ma	ago	(Gattacceca	et	al.	2007;	Massonne	et	

al.,	2017)	around	a	pivot	near	the	N	tip	of	Corsica,	as	Corsica	and	Sardinia	

drifted	 away	 from	 their	 pre-Miocene	 location	 south	 of	 southern	 France	

(Advokaat	 et	 al.,	 2014);	 this	 virtually	 demands	 substantial	

counterclockwise	 rotation	 in	 Liguria	 associated	 with	 oroclinal	 bending.	

Note	 that	 such	 counterclockwise	 rotation	 is	directly	 demonstrated	 by	 the	

same	 counterclockwise	 rotation	 of	 mostly	 Oligocene	 sediments	 of	 the	

Tertiary	Piedmont	Basin	sealing	pre-Oligocene	Alpine	structures	evidenced	

by	paleomagnetic	data	(Maffione	et	al.	2008).		

Oroclinal	bending	in	the	southernmost	Western	Alps	during	stage	3	is	evidently	

associated	with	 orogeny	 in	 the	 Apennines	 (Schmid	 et	 al.,	 2017	 and	 reference	

therein).	Slab	rollback	(Rosenbaum	and	Lister,	2004,	Hinsbergen	et	al.,	2014)	of	

the	 Adria	 plate	 towards	 N	 in	 the	 northernmost	 Apennines	 is	 the	 underlying	

driving	force	for	both	oroclinal	bending	and	the	rotation	of	Corsica	and	Sardinia	

(Schmid	et	al.,	2017	and	reference	therein).	

Comparing	the	constrained	age	of	the	D5	event	structures	can	be	related	to	a	

late	 extensional	 /	 transtensional	 reactivation	 phase	 of	 the	 pre-existing	

discontinuities,	 developed	 during	 the	 post	 collisional	 evolution,	 described	 for	

the	Western	Alps	orogenic	evolution	(Sue	et	al.,	2007).	
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Figure	97:	Kinematic	restoration	of	the	Alps–Apennines	orogenic	system	reconstructed	by	Schmidt	et	al.	

(2017)	from	Eocene	to	the	present	day.	

	

9.5	–	Fluid	rock	interactions	in	the	RSZs	systems	

	

Fault	 zones	 in	 the	 upper	 crust	 are	 typically	 composed	 of	 complex	 fracture	

networks	and	discrete	zones	of	comminuted	and	geochemically	altered	fault	rocks.		

Faults	 deeply	 affect	 the	 patterns	 of	 fluid	 flow	 in	 both	modern	 and	 paleo-flow	

found	 in	 the	 upper	 crust	 (Sibson,	 2001;	 Bense	 et	 al.,	 2013).	 Deformation	 along	

faults	 in	 the	 shallow	 crust	 (<1	 km)	 introduces	 permeability	 heterogeneity	 and	

anisotropy,	 which	 has	 an	 important	 impact	 on	 processes	 such	 as	 regional	

groundwater	 flow,	 hydrocarbon	 migration,	 and	 hydrothermal	 fluid	 circulation.	

Fault	zones	have	the	capacity	to	act	as	hydraulic	conduits	connecting	shallow	and	

deep	 geological	 environments,	 but	 simultaneously	 the	 fault	 cores	 of	many	 faults	

often	 act	 as	 effective	 barriers	 to	 flow.	 This	 affects	 local	 fluid-pressure	 gradients,	

mechanical	 failure,	 propagation	 of	 pressure	 transients,	 fluid	 infiltration	 into	 and	

out	of	 a	 fault	 zone	 via	 fault-valve	mechanisms	 (e.g.,	 Sibson,	 1992;	 Faleiros	 et	 al.,	
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2014;	Shelly	et	al.,	2015;	Japas	et	al.,	2016),	and	fault-zone	sealing	and	healing	(e.g.,	

Faulkner	and	Rutter,	2003;	Faulkner	et	al.,	2008;	Boulton	et	al.,	2017).		

On	the	other	hand	the	presence	and	flow	of	fluids	in	the	upper	crust	has	a	major	

impact	 on	 the	 mechanics	 of	 faulting	 (Caine	 et	 al.,	 1999;	 Caine	 et	 al.,	 2010	 and	

reference	 therein).	The	presence	or	absence	of	 syntectonic	 fluids	and	 their	 fluid-

rock	 interactions	 have	 important	 effects	 on	 deformation	 and	 they	 strongly	

influence	 the	 transition	 between	 ductile	 and	 brittle	 behaviour	 of	 the	 host	 rocks	

(Caine	et	al.,	1999;	Caine	et	al.,	2010;	Bense	et	al.,	2013;	Maerten	et	al.,	2017	and	

reference	 therein).	Fluid	expulsion	and	 localized	mineralisations	along	 faults	 can	

lead	 to	 the	 formation	 of	 economic	 mineral	 deposits	 (Micklethwaite,	 2009),	 and	

may	also	impact	onto	the	locations	and	magnitudes	of	foreshock,	earthquake	and	

aftershock	distributions	(Ross	et	al.,	2017).		

Most	 economic	mesothermal	 deposits	 are	 formed	near	 to	 the	 brittle	 –	 ductile	

transition	(Sibson	et	al.,	1988;	Craw	and	Campbell,	2004;	Holdsworth	et	al.,	2015),	

similarly	to	what	observed	in	the	analysed	area	(see	below).		

The	occurrence	of	syn-tectonic	fluid	flow	and	consequent	fluid-rock	interaction	

(carbonation	 or	 listvenitization)	 along	 the	 two	 systems	 of	 Reverse	 Shear	 Zones	

(RSZ1-RSZ2),	is	testified	by	metasomatic	alteration	(ALT-1,	ALT-2,	and	ALT-3),	by	

at	 least	 three	 systems	 of	 veins	 (V1,	 V2,	 and	 V3),	 and	 by	 the	 development	 of	

hydraulic	and	cockade	breccias.		

The	 evidence	 that	 the	 carbonation	 took	 place	 along	 these	 structures,	 in	

particular	along	the	RSZs	systems,	and	within	their	damage	zones,	highlights	how	

these	structures	acted	as	important	fluid	pathways	and	played	a	major	control	in	

the	distribution	of	the	ore	deposits.	

This	 fluid-rock	 interaction	develops	various	degrees	of	carbonated	 fault	rocks,	

passing	through	listvenites,	until	their	total	substitution	with	carbonate	levels	(e.g.	

Bisciarelle	 Creek	 thrust	 fault).	 In	 the	 area	 the	 listvenitization	 took	 place	 over	

lherzolites	and	serpentinites.	The	carbonation	of	these	rocks	release	SiO2	into	the	

fluids	(Boschi	et	al.,	2009;	Ulrich	et	al.,	2014),	as	described	 in	the	chapter	2,	 that	

subsequently	develop	silica	gel	or	chalcedony	deposition.	

The	process	of	 carbonation,	developed	along	 the	Bisciarelle	Creek	 thrust	 fault	

(Chapter	8,	and	paragraph	9.11.5)	is	comparable	with	the	listvenitization	process	

described	by	Akbulut	et	al.	(2006),	that	proposed	a	high	pH	fluid	bearing	As,	Ba,	Sb,	

Sr	 and	 rich	 in	 SiO2,	 Ca	 and	 CO2,	 flushes	 trough	 the	 fault,	 the	 damage	 zone	 or	 is	
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strained	 up	 to	 the	 fractures.	 Carbonation	 of	 the	 host	 rock	 took	 place	 due	 to	 the	

fluid-rock	 interaction	 and	 particularly	 magnesite	 (MgCO3)	 and	 dolomite	

((Ca,Mg)(CO3)2)	precipitated.	Fluids	are	the	source	for	the	Ca	and	CO2	(Hansen	et	

al.,	2005;	Akbulut	al.,	2006)	as	observed	for	the	mass	transfer	profiles	(Chapter	7)	

of	the	Bisciarelle	thrust	fault.	The	host	rock	(lherzolite	or	serpentinite),	instead,	is	

the	 source	 of	Mg,	 and	 in	minor	proportion	of	Ca,	 for	 the	 presence	 of	 pyroxenes,	

during	 the	 metasomatic	 process.	 Dolomite	 precipitated	 either	 as	 cement	 of	 the	

brecciated	main	ore	bodies,	or	as	late	infill	 in	cavities	of	veinlet	networks,	due	to	

an	 increase	 of	 the	 Ca/Mg	 ratio	 in	 the	 fluid.	 This	 can	 be	 explained	 either	 by	

magnesite	precipitation	in	a	Ca–Mg-rich	fluid	or	by	a	late	supply	of	Ca2+	ions,	after	

the	early	magnesite	deposition	(Herrero	et	al.,	2011).	The	first	hypothesis	appears	

improbable	since	at	low	pressure/low	temperature	magnesite	is	more	soluble	than	

Ca-carbonates	 (Boschi	 et	 al.,	2009).	Moreover,	 the	presence	of	Ca2+	 into	 the	 fluid	

decreases	 the	 stability	 field	 of	 magnesite	 and	 enhances	 the	 precipitation	 of	

dolomite	 or	 calcite	 (Herrero	 et	 al.,	 2011).	 For	 the	 analysed	 area	 the	 second	

hypothesis	 seems	 more	 plausible:	 the	 presence	 of	 the	 metasediments	 (mainly	

calcschists	 and	micaschists),	 of	 the	 carbonatic	 klippen	 at	 “Case	 Ferrere”	 locality,	

and	 the	 Tertiary	 Piedmont	 Basin	 deposits	 and	 their	 local	 interaction	 with	

mineralising	 fluids	 can	 explain	 the	 late	 supply	 of	 Ca2+	 and	 the	 switch	 from	

magnesite	 to	 dolomite	 precipitation.	 The	 depletion	 of	 Mg	 content	 in	 the	

environment	due	to	the	precipitation	of	dolomite	and	 limited	Ca	solubility	create	

small	amounts	of	calcite	(CaCO3)	together	with	silica	gel	(Akbulut	et	al.,	2006).	

A	small	amount	of	As	and	Sb	(Chapter	8,	and	paragraph	9.11.5)	is	added	to	the	

newly	 formed	alteration	assemblage	due	to	high	pH	environment	(Herrero	et	al.,	

2011).	

As	described	above,	the	carbonation	process	release	SiO2	into	the	fluids	(Boschi	

et	al.,	2009).	Consequently	at	later	stages,	silica	supersaturation	takes	place	in	the	

fluid	due	to	the	carbonate	precipitation	and	introduction	of	additional	silica	from	

the	host	rock	(Akbulut	et	al.,	2006	and	reference	therein).		

For	 the	entire	area,	assuming	as	model	 the	Bisciarelle	Creek	Fault,	 in	both	the	

two	models	proposed	above	as	mechanism	responsible	for	the	development	of	the	

fault	 pearls,	 the	 transition	 between	 the	 carbonates	 precipitation	 and	 silica	

supersaturation,	may	be	 considered	 instantaneously	and	cyclic.	Generally	 for	 the	

entire	study	area,	a	secondary	silica	supersaturation	of	the	fluids	with	later	silica	
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gel	 deposition	 could	 explain	 why	 the	 chalcedony	 (with	 consequent	

recrystallization	 to	quartz)	 is	 always	 the	 last	phase	of	 crystallization,	both	 in	 the	

shear	 veins	 that	 cut	 the	 newly	 developed	 carbonates	 levels	 (e.g.	 Tugello	 Creek	

Fault),	and	in	the	V1	and	V2	vein	systems.	

In	some	instances	the	conversion	of	peridotite	to	listvenite	is	nearly	isochemical	

except	 for	 the	addition	of	volatiles	(H2O	and	CO2)	similarly	 to	what	described	for	

the	Bisciarelle	creek	thrust	fault	(chapter	7),	while	other	samples	show	have	also	

seen	 significant	 calcium	 addition	 and/or	 variable,	 minor	 addition	 of	 K	 and	 Mn	

(Russel	 et	 al.,	 2010).	 However,	 carbonation,	 often	 with	 silica	 cavity	 fillings	 and	

pronounced	 chalcedony,	 opal	 and⁄or	 quartz	 hanging	 walls	 (silica	 caps)	 are	 a	

feature	of	low	to	moderate	temperature	hydrothermal	deposits	in	the	Alpine	and	

other	serpentinite	complex	(Ilich	and	Toshovich,	2002;	Russel	et	al.,	2010).	

Many	 studies	 about	 ultramafic	 rock	 carbonation	 have	 proposed	 different	

temperature	 conditions	 for	 listvenite	 bodies	 worldwide:	 about	 210–280	 °C	 in	

Canada	(Schandl	and	Gorton,	2012),	about	80–130	°C	in	Oman	(Falk	and	Kelemen,	

2015),	 temperatures	 up	 to	 150	 °C	 in	 Norway	 (Van	 Noort	 et	 al.,	 2013),	 and	

temperatures	lower	than	300	°C	in	Italy	(Boschi	et	al.,	2009).	

The	 value	 estimated	 by	 Boschi	 et	 al.	 (2009)	 for	 the	 carbonation	 over	

serpentinites	 is	 coherent	with	 the	data	 presented	 by	Giorza	 (2010)	 for	 this	 area	

(see	below).	

These	peculiar	rocks	are	interesting	since	they	are	located	along	the	major	fault	

systems	where	metamorphic	 and	 hydrothermal	 fluids	 are	 channelled	 (Halls	 and	

Zhao,	1995;	Bistacchi	et	al.,	2001;	Akbulut	et	al.,	2006;	Zoheir	and	Lehmann,	2011;	

Power	et	al.,	2013),	and	they	are	worldwide	associated	with	gold	mineralisations	

(Ash	and	Arksey,	1990;	Halls	 and	Zhao,	1995;	Bistacchi	 et	 al.,	 2001;	Béziat	 et	 al.,	

2008;	Escayola	et	al.,	2009;	Zoheir	and	Lehmann;	2011;	Ananyev	et	al.,	2015;	Falk	

and	Kelemen,	2015;	Qiu	and	Zhu,	2015;	Belogub	et	al.,	2017).		

	

9.6	–	Gold	deposits	in	the	Lavagnina	Lakes	area	

	

Major	mineralised	body	outcrops	in	 the	Lavagnina	Lake	–	Gorzente	River	area	

(Fig.	 98)	 occur	 in	 serpentinites,	 particularly	 in	 the	 serpentinite	 schists	 or	 at	 the	

lithological	 transition	 with	 lherzolites.	 In	 particular	 these	 mineralisations	 are	

mainly	associated	with	the	carbonation	and	listvenitization	of	the	host	rocks	into	a	
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narrow	NNW-SSE	oriented	belt	(Fig.	98).	The	carbonation	and	the	listvenitization,	

mainly	 developed	 in	 the	 serpentinites,	 or	 at	 the	 lithological	 transition	 with	 the	

lherzolites,	may	be	due	to	a	preferential	fluid	circulation	inside	these	rocks,	and	it	

is	due	to	their	schistosity,	that	act	as	a	pathway	for	the	fluid	circulation	and	hence	

causes	 a	 greater	 permeability.	 On	 the	 contrary,	 at	 the	 lithological	 transition,	 the	

lherzolites	 may	 act	 as	 seal	 with	 respect	 to	 the	 serpentinites	 or	 the	 serpentinite	

schists,	confining	the	fluid	flow.		

The	 temperatures	 constrained	 by	 Giorza	 (2010),	 using	 fluid	 inclusion	 in	

magnesite	and	Fe-dolomite,	are	of	ca.	270-300	C°	for	the	carbonation	linked	to	the	

ALT-1,	 and	 temperature	 of	 ca.	 250	 °C	 for	 the	 carbonation	 linked	 to	 the	 ALT-2.	

Considering	 a	 possible	 range	 of	 geothermal	 gradients	 the	 ALT-1	 has	 been	

developed	at	about	4-11	km,	 instead	the	ALT-2	has	been	developed	at	 about	3-9	

km.	Therefore,	based	on	the	depth	estimates,	these	mineralisations	developed	at	or	

above	the	brittle	ductile	transition.	

Gold-bearing	V1	and	V2	veins	show	similar	mineralogical	associations	(Fe-	Mg-

carbonates	 +	 quartz	 +	 native	 gold	 +	 sulphides)	 and	 they	 normally	 occur	 in	 the	

footwall	 of	 RSZs	 structures	 as	 Riedel	 shear	 veins	 or	 as	 extensional	 veins.	 They	

developed	 at	 crustal	 depth,	 and	 are	 mainly	 related	 to	 the	 upper	 crustal	

deformation	 tectonic	 events.	 Their	 comparable	 features	 testify	 to	 similar	 genetic	

mechanisms	 acting	 in	 two	 different	 stages	 during	 major	 emplacement	 of	 late-

orogenic	gold	deposits.	

Main	lode	gold	deposits	in	the	area	are	linked	to	V2	veins	and	occurred	during	

D4	tectonic	event;	RSZ2	can	be	referred	to	as	secondary	structures	that	are	linked	

to	 major	 dextral	 transpressive	 systems	 instead	 V2	 veins	 mainly	 acquire	 R	 or	 P	

Riedel	shear	orientation.	As	a	result	the	emplacement	of	V2	gold-bearing	veins	can	

be	referred	to	the	development	of	the	regional-scale	dextral	transpressive	system	

mainly	acting	during	D4	event.	The	similarities	between	V1	and	V2	veins	support	

the	hypothesis	of	comparable	genetic	mechanisms;	accordingly	the	occurrence	of	

V1	gold-bearing	veins	related	to	RSZ1	structures	is	one	of	the	points	that	testify	to	

an	earlier	development	of	 the	 transpressive	 systems	 that	may	acted	both	during	

D3	and	D4	events.	

The	 Lavagnina	 Lakes	 mineralisations	 show	 several	 characteristics	 similar	 to	

what	described	in	literature	for	the	mesothermal	gold	deposits	or	for	the	so	called	
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orogenic	 gold	 type	 deposits	 (e.g.	 Craw	 et	 al.,	 1999,	 2001;	 Goldfarb	 et	 al.,	 2001;	

Craw	et	al.,	2004;	Wyman	et	al.,	2016)	i.e.:	

- they	typically	occur	in	structural	traps	(e.g.	along	faults,	in	fault	intersection	

zones,	and	in	damage	zones),	

- they	are	generally	small	and	either	mined	on	a	small-scale	historically,	

- they	developed	at	depth	from	11	to	3	km,	

- the	 gold	 vein	 systems	 are	 hosted	 primarily	 in	 greenschist	 facies	 rocks	 of	

widely	varying	protoliths,	

- fill	extensional	fractures	or	dilatational	sites	in	shear	fractures,	and	

- generally	 they	 are	 located	 at	 or	 near	 major	 topographic	 divides	 in	 the	

various	mountain	belts.	

So,	on	the	base	of	all	these	similar	characteristics,	the	Lavagnina	Lakes	deposit	

may	be	ascribed	to	the	orogenic	gold	type	deposits.	

These	 deposits	 consist	 of	 abundant	 quartz	 and	 carbonate	 veins	 and	 show	

evidence	 for	deposition	 from	fluids	at	moderate	temperatures	(250-400	°C,	Craw	

et	al.,	1999,	2001;	Goldfarb	et	al.,	2001;	Craw	et	al.,	2004).		

These	deposits	 are	 related	 to	 late-orogenic	evolution	of	main	 collisional	belts,	

(Goldfarb	 and	 Grooves,	 2015).	 The	 association	with	 regional-scale	 transpressive	

systems	is	a	common	features	described	for	mesothermal	gold	deposits	(Craw	et	

al.,	2002).	Structurally	hosted	gold-bearing	vein	systems	in	metamorphic	terranes	

display,	 in	 fact,	many	 similar	 characteristics	 and	 they	 are	 found	 throughout	 the	

world	in	orogenic	belts	of	Archean	to	Cenozoic	age	(Goldfarb	et	al.	2001;	Goldfarb	

and	Grooves,	2015).	They	constitute	a	single	class	of	precious	metal	deposit	that	is	

characteristically	 associated	 with	 deformed	 and	 metamorphosed	 mid-crustal	

blocks,	particularly	in	spatial	association	with	major	crustal	structures	(Goldfarb	et	

al.,	 2001).	The	majority	of	 lode	gold	deposits	 formed	proximal	 to	 regional	 trans-

lithospheric	 terrane-boundary	 structures	 that	 acted	 as	 vertically	 extensive	

hydrothermal	 plumbing	 systems;	 these	 structures	 record	 variably	 thrust	 and	

transpressional	-	transtensional	displacements	(Goldfarb	and	Grooves,	2015).		

Recent	 works	 on	 mesothermal	 gold	 system	 testify	 to	 a	 close	 relationship	

between	 seismic	 events	 that	 causes	 fluid	 redistribution	 and	 consequent	 gold	

mineralisations.	 In	 particular	 the	 transfer	 of	 low-salinity	 fluids,	 similar	 to	 those	

described	for	the	area	(see	below),	to	the	sites	of	gold	deposition	is	controlled	by	

earthquake	events	(Sibson	et	al.,	1988;	Cox,	2005;	Tomkins,	2013;	Weatherley	and	
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Henley,	2013;	Goldfarb	and	Groves,	2015),	allowing	fluids	to	rapidly	traverse	large	

thicknesses	of	crust.	This	rapid	rise	 takes	the	 fluids	out	of	equilibrium	with	their	

surroundings,	 promoting	 destabilization	 of	 the	 gold-carrying	 complexes.	 In	

addition	 to	 the	 rapid	 rise	 of	 fluids,	 cavity	 expansion,	 linked	 to	 seismic	 slip,	

generates	extreme	reductions	in	pressure	that	cause	the	fluid	that	is	trapped	in	the	

jog	to	expand	to	a	very	low-density	vapour	(Wheatherley	and	Henley,	2013).	This	

process,	called	flash	vaporization	(Moncada	et	al.,	2012;	Wheatherley	and	Henley,	

2013;	Chen	et	al.,	2017),	is	directly	related	to	the	slip	volume	and,	as	a	function	of	

earthquake	magnitude,	 the	 strike	 length	 of	 the	 rupture	 zone	 on	 the	 parent	 fault	

(Lovett,	2013;	Wheatherley	and	Henley,	2013).	Such	flash	vaporization	of	the	fluid	

results	 in	 the	rapid	co-deposition	of	silica	with	a	range	of	 trace	elements	to	 form	

gold-enriched	quartz	veins	(Lovett,	2013;	Wheatherley	and	Henley,	2013).		

	

	
Figure	98:	Simplified	structural	sketch	of	the	Lavagnina	Lakes	area.	
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9.7	–	Chalcedony	in	the	Lavagnina	Lakes	area	

	

Chalcedony	is	widespread	in	the	analysed	area,	it	has	been	observed	as	filling	of	

extensional	veins,	 and	 in	 syn-kinematic	 shear	veins	along	 fault	slip	surfaces	 (e.g.	

Tugello	 Creek	 thrust	 fault	 and	 Bisciarelle	 Creek	 thrust	 fault;	 chapter	 5).	 The	

presence	of	chalcedony	is	interesting	both	in	the	extensional	veins	both,	as	above	

described,	and	in	the	shear	veins.	It	is	common	in	the	hydrothermal	systems,	and	it	

is	 related	 to	 gold-quartz	 veins	 (Herrington	 and	Wilkinson,	 1993;	Moncada	 et	 al.,	

2012).	

Generally,	 after	 the	 initial	 precipitation	 of	 amorphous	 silica	 gel	 (colloid),	 it	

subsequently	 crystallizes	 to	 chalcedony.	The	amorphous	silica	gel	deposition	 can	

occur	 in	 brittle-ductile	 shear	 zones	 during	 seismic	 slip	where	 a	 significant	 fluid-

pressure	drop	occurs	(Herrington	and	Wilkinson,	1993;	Kirckpartik	et	al.,	2013).	

Such	 process	 rapidly	 supersaturates	 the	 hydrothermal	 fluid	 with	 respect	 to	

amorphous	 silica,	 which	 precipitates	 instead	 of	 quartz,	 owing	 to	 favourable	

kinetics.	Depressurization	commonly	leads	to	fluid	unmixing	and	destabilization	of	

soluble	 gold	 complexes	 (Moncada	 et	 al.,	 2012;	 Wheatherley	 and	 Henley,	 2013).	

However,	the	presence	of	colloidal	silica	can	stabilize	gold	colloid,	allowing	further	

transport	of	particulate	gold	in	suspension	in	the	hydrothermal	fluid	(Hannington	

et	al.,	2016).	Silica	gel	would	be	highly	unstable	under	mesothermal	conditions	and	

would	 undergo	 rapid	 crystallization	 to	 form	 quartz	 (Herrington	 and	 Wilkinson,	

1993).	 The	 crystallization	 would	 tend	 to	 expel	 solid	 impurities	 toward	 grain	

boundaries,	 and	 to	 obliterate	 the	 primary	 fluid	 inclusions.	 This	 can	 explain	 the	

reason	why	all	the	quartz	samples	taken	in	the	area	are	devoid	of	fluid	inclusions.	

	

9.8	–	Gold	and	chalcedony	distribution	in	the	Voltri	Massif	

	

Gold	 deposits	 are	 described	 in	 many	 units,	 e.g.	 in	 the	 Sestri-Voltaggio	 Zone	

(Agostinetti	 et	 al.,	 1995)	 and	 in	 the	 ophiolitic	 rocks	 belonging	 to	 the	 Internal	

Ligurian	Units	(Garuti	et	al.,	2008),	but	they	are	widely	developed	only	in	the	Voltri	

Massif	(Fig.	99)	and	specially	in	the	Val	Gorzente	ores	(Fig.		98).		

Gold	 exploitation	 in	 the	 Voltri	Massif	 is	 very	 ancient	 and	 it	 dates	 back	 to	 the	

Roman	Age	(Pipino	2003).	The	most	ancient	documents	that	testify	to	gold-digger	
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activity	 and	 to	 gold	 exploitation	 date	 from	 the	 13th	 century,	 but	 the	 most	

important	works	were	 carried	 out	 during	 the	 last	 century,	when	placers,	 eluvial	

soils	 and	 gold-	 bearing	 veins	were	 actively	 exploited	 (Pipino	 1976,	 1977).	Most	

important	abandoned	gold	mine	entrance	and	gold-bearing	quartz	veins,	founded	

in	literature	are	reported	in	Fig.	99.		

The	 most	 interesting	 mineralisations	 are	 linked	 to	 the	 development	 of:	

matasomatic	 carbonation,	 listvenitization,	 and	 hydrothermal	 quartz	 veins	 and	

stockwork	 type	 deposits;	 moreover,	 recent	 studies	 have	 shown	 that	 gold	 is	

unevenly	 distributed	 in	 the	 ultramafic	 rocks,	 where	 the	 average	 gold	 content	

ranges	from	0.1	to	2.0	g/ton.	In	veins	the	average	content	is	normally	low,	ranging	

from	2.0	to	20.0	g/ton,	but	sometimes	is	exceptionally	high,	exceeding	200.0	g/ton	

(Pipino	2000).		

Moreover,	some	of	the	gold	occurrences	in	the	Voltri	Massif	are	associated	with	

the	 presence	 of	 chalcedony	 (Fig.	99),	 as	 the	widespread	 chalcedony	 vein	 system	

related	 to	 fault	 damage	 zone	 near	 Sassello	 village,	 and	 along	 the	 Roboaro	 River	

(GPS	 coordinates	 N44.544686°,	 E8.436038°;	 Scarsi,	 2014).	 Thus,	 could	 be	

hypothesized	 a	 relation	 at	 regional	 scale	 between	 the	 presence	 of	 gold	 linked	 to	

chalcedony-quartz	 veins.	 A	 future	 study	 on	 this	 relationship	 may	 provide	

important	information	on	regional	scale.	

All	the	gold-occurrences	in	the	Voltri	Massif,	i.e.	location	of	the	abandoned	gold	

mine	 entrance	 and	 the	 evidences	 of	 gold-bearing	 veins	 from	 literature,	 are	

prevalently	oriented	along	a	NNW-SSE	(Fig.	99)	belt	similarly	to	what	observed	in	

the	Lavagnina	Lakes	area.		

Hence,	 also	 at	 regional	 scale,	 the	 main	 lode	 gold	 deposits	 can	 be	 effectively	

referred	to	as	secondary	structures	that	are	linked	to	major	dextral	transpressive	

system.	As	a	result	the	emplacement	of	the	Voltri	Massif	gold-bearing	veins	can	be	

referred	 to	 the	 development	 of	 the	 regional-scale	 dextral	 transpressive	 system	

mainly	acting	during	D4	event.	
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Figure	99:	Sketch	map	of	the	eastern	Ligurian	Alps	(modified	by	Capponi	et	al.,	2016)	showing	the	

location	of	abandoned	gold	mine	entrance	(Pipino,	2003),	The	gold-bearing	quartz	veins	(Pipino,	

2003),	and	the	chalcedony	veins	(Pipino,	2003;	Scarsi,	2014;	This	Work).	
	

9.9	–	Genesis	and	transport	of	gold-bearing	mineralizing	fluids	

	

The	 so-called	 “mesothermal”	 gold	 deposits	 are	 associated	 with	 regionally	

metamorphosed	 terranes	 of	 all	 ages,	 developed	 during	 compressional	 to	

transpressional	deformation	in	accretionary	and	collisional	orogens	(Groves	et	al.,	

2000,	 2016).	 On	 their	 depth	 formation,	 these	 deposits	 are	 best	 subdivided	 into	

epizonal	(<	6km),	mesozonal	(6-12	km)	and	hypozonal	(>	12	km).	

The	 greenstone-hosted	 quartz-carbonate	 vein	 deposits	 correspond	 to	

structurally	 controlled	 complex	 epigenetic	 deposits	 characterised	 by	 simple	 to	

complex	 networks	 of	 gold-bearing,	 laminated	 quartz-carbonate	 fault-fill	 veins.	
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These	 veins	 are	 hosted	 by	moderately	 to	 steeply	 dipping,	 compressional	 brittle-

ductile	shear	zones	and	faults	with	locally	associated	shallow-dipping	extensional	

veins	and	hydrothermal	breccias	(Dubè	and	Gosselin,	2007;	Ugarkar	et	al.,	2016).	

The	 deposits	 are	 generally	 hosted	 by	 greenschist	 metamorphic	 rocks	 of	

dominantly	mafic	composition	and	formed	at	intermediate	depth	(5-	15	km	depth),	

at	 or	 above	 the	 brittle-ductile	 transition	 (Goldfarb	 et	 al.,	 2005;	 Tomkins,	 2013).	

The	 mineralisations	 is	 syn-	 to	 late-deformation	 and	 typically	 post-peak	

greenschist-facies	metamorphism	(Diamond,	1990).	Gold	is	largely	confined	to	the	

quartz-carbonate	vein	network.	

The	 fluids,	which	 carried	 gold	 and	which	 developed	 veining	 and	metasomatic	

alterations	such	as	listvenites	in	ALT-1	or	carbonate-bearing	rock	levels	in	ALT-2,	

can	be	 constrained	using	 the	 fluid	 inclusion	data	provided	by	Giorza	 (2010)	 that	

contain	low	saline	(7-9%)	aqueous	liquid	with	CO2-CH4-N2	vapour	bubble;	with	the	

salt	components	mainly	represented	by	Na,	K,	with	a	significant	amount	of	Li,	B,	Rb	

and	Ba.	The	gold-bearing	mineralisations	of	the	Lavagnina	Lakes	area,	on	the	basis	

of	their	depths	estimates	(3	to	11	km),	and	following	the	classification	of	Groves	et	

al.	(2000),	could	be	classified	as	epizonal	to	mesozonal	deposits	following	the		

The	origin	of	these	fluids	is	an	open	question	about	Lavagnina	Lake	–	Gorzente	

River	area	gold-bearing	system.	Possible	origins	of	fluids	debated	in	literature	for	

lode-gold	deposits	in	orogenic	belts	are:		

-	 a	 magmatic	 origin	 with	 fluids	 related	 to	 late-orogenic	 plutonic	 intrusions	

(Goldfarb	et	al.,	2001;	Large	et	al.,	2016)		

-	 a	metamorphic	origin	with	 fluids	generated	during	prograde	metamorphism	

and	ascended	along	steep	 faults	and	fractures	(Dubè	and	Gosselin,	2007;	Phillips	

and	Powell,	2009,	2010)�	

-	a	meteoric	origin	where	fluids	are	tectonically	driven	to	depth	and	then	rise	up	

channelled	into	fractures	and	faults	(Craw	et	al.,	2015).	

	

In	the	Lavagnina	Lake-	Gorzente	River	area	the	magmatic	origin	can	be	excluded	

since	there	are	no	evidences	of	late-orogenic	plutonic	intrusion	in	the	Voltri	Massif.	

The	metamorphic	 or	meteoric	 origin	 of	 fluids	 can	 be	 discussed	 for	 the	 study	

area:	

- the	 metamorphic	 origin	 of	 fluid	 can	 be	 hypothesised	 on	 the	 basis	 of	

similarity	between	late-orogenic	gold	deposits	and	according	to	fluid	origin	
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detected	 in	 other	 sectors	 of	 the	 NW	 Alps	 (Rauchenstein-Martinek	 et	 al.,	

2014).	 Gold	 and	 sulphur	 dissolve	 in	 fluids	 under	 greenschist	 facies	

conditions	 and	 near	 to	 the	 brittle-ductile	 transition.	 Gold	 is	 subsequently	

deposited	from	these	fluids	in	fracture	systems	between	the	brittle-ductile	

transition	and	near-surface	region,	 forming	mesothermal	mineral	deposits	

(Craw	et	al.,	2015).	Current	knowledge	on	Au	deposits	indicates	that	these	

mineralized	 fault	 networks	 form	due	 to	 the	 flux	 of	 volumes	 of	 chemically	

uniform	 hydrothermal	 fluids	 (Garofalo	 et	 al.,	 2014).	 These	 fluids	 are	

aqueous-carbonic	in	composition	(5-20	mol%	CO2),	had	a	T	in	the	200-400	

°C	 range	 at	 the	 time	 of	mineralisations,	were	 at,	 or	 close	 to,	 their	 boiling	

point,	 and	 were	 enriched	 in	 As,	 Sb,	 B,	 and	 Au	 (Garofalo	 et	 al.,	 2014).	 In	

particular,	the	conditions	under	which	listvenites	are	formed	correspond	in	

pressure	and	temperatures	to	the	field	of	these	gold	deposits	(Schandl	and	

Gorton,	2012;	Boschi	et	al.,	2009).	

The	metamorphic	 fluid	model	 suggested	 that	heating	 caused	by	 crustal	

thickening	 during	 the	 collisional	 event	 produces	 devolatilisation	 of	 the	

Mesozoic	 metasediments	 in	 the	 Piedmont	 ophiolite	 nappe,	 under	 upper-

greenschist	 or	 higher	 metamorphic	 conditions.	 The	 deep-seated,	 Au-

transporting	metamorphic	fluid	has	been	channelled	to	higher	crustal	levels	

through	major	 crustal	 faults	or	deformation	zones.	Along	 its	pathway,	 the	

fluid	 has	 dissolved	 various	 components,	 including	 a	 potential	 gold-rich	

precursor.	 The	 fluid	 then	 precipitated	 as	 vein	 material	 or	 wall-rock	

replacement	 in	 second	 and	 third	 order	 structures	 at	 higher	 crustal	 levels	

through	 fluid-pressure	 cycling	 processes	 and	 temperature,	 pH	 and	 other	

physico-chemical	variations	(Dubè	and	Gosselin,	2007;	Ugarkar	et	al.,	2016).		

	

-		 a	 meteoric	 origin	 of	 fluid	 can	 be	 referred	 to	 tectonically	 driven	

hydrothermal	 systems.	 Tectonic	 processes	 associated	 with	 continental	

collision	causes	regional	fluid	flow,	which	may	involve	meteoric,	basinal	and	

crustal	 fluids	 (Craw	 et	 al.,	 2015).	 Mesothermal	 mineralisations	 occurs	 in	

part	 of	 this	 complex	 flow	 system.	 Fluids	 are	 brought	 to	 depth	 and	

subsequently	are	channelled	up	into	main	fractures	and	faults.		

Tectonically	 driven	 systems	 are	 described	 for	 the	 Acqui	 Terme	 –	 Visone	

thermal	spring	system	that	develop	ca.	20	km	far	from	the	Lavagnina	Lake	–	
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Gorzente	River	area	 (Bruni	 et	 al.,	 2002;	Piana	 et	 al.,	 2006;	Pasquale	et	 al.,	

2011).	 Hydrothermal	 waters	 referred	 to	 the	 Acqui	 Terme	 –	 Visone	

geochemical	 system	 derive	 by	 infiltrations	 of	 meteoric	 waters	 that	 are	

brought	 to	depth	of	about	3.5	Km.	Consequently	 these	 fluids	ascend	along	

high	 vertical	 permeability	 zones	 produced	 by	 the	 main	 fault	 systems	

belonging	to	the	Bagni-Visone	transtensive	system	(Piana	et	al.,	2006).	

	

The	RSZs	systems	show	similarities	with	the	worldwide	orogenic	gold	type	

deposits	as:	

- the	uniformity	of	fluid	composition	(Diamond,	1990;	1993;	Wang	et	al.,	

2015;	Yang	et	al.,	2016),	

- the	development	in	second	or	third	order	structures	(Groves	et	al.,	2000	

Qiu	et	al.,	2002;	Dubè	and	Gosselin,	2007;	Zeng	et	al.,	2014;	Ugarkar	et	

al.,	2016),	

- the	development	of	the	mineralisations	near	or	above	the	brittle	ductile	

transition	(Sibson	et	al.,	1988;	Herrington	and	Wilkinson,	1993;	Craw	et	

al.,	1999,	Groves	et	al.,	2000;	Philips	and	Powell,	2009;	2010),	and	

- the	mineralisations	are	developed	in	greenschist	facies	conditions	(Craw	

et	al.,	1999;	Craw	and	Campbell,	2004;	Groves	et	al.,	2016),		

On	the	basis	of	all	these	similarities,	the	fluid	involved	in	the	development	of	

the	 gold	 mineralisations	 of	 the	 Lavagnina	 Lakes	 area	 can	 be	 related	 to	 a	

tectonically	driven	hydrothermal	system	and/or	orogenic	system	gold	deposits.	

B	 and	 Li	 are	 light	 elements,	 which	 are	 potentially	 tracer	 of	 fluid	 origin	

because	 they	 are	 released	 in	 the	 fluid	 phase	 during	 metamorphic	

devolatilisation	(Harvey	et	al.,	2014)	and	are	present	in	very	low	concentration	

in	mantle	 reservoirs.	 Even	 if	 the	 fluid-rock	 interaction	 occurred	with	 a	 host-

rock,	 like	 serpentinite,	 considered	a	 source	of	boron,	 it	 seems	highly	unlikely	

that	serpentinite	can	provide	such	a	quantity	of	boron	(Giorza,	2010).	It	is	more	

reasonable	 to	 suppose	 that	 the	 fluid	was	 originally	 enriched	 in	 this	 element,	

which	can	derive	from	other	sources,	like	metasediments.		

Moreover	 the	 metamorphic	 origin	 of	 fluid	 referred	 to	 tectonically	 driven	

hydrothermal	systems	is	best	evaluated	by	comparing	the	concentration	ranges	

of	 the	 key	 trace	 elements	 As,	 Sb,	 In,	 Ga,	 Ag,	 Zn,	 and	 Cu	 of	 pearl	 levels	 and	
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chalcedony	(Chapter	8)	with	those	of	the	same	elements	in	the	average	upper	

crust	 (Rudnick	and	Gao,	2003).	 Such	comparison	clearly	 shows	 that	 the	peak	

concentrations	of	these	elements	are	5	(Cu,	Zn)	to	50	(Sb,	In)	times	higher	than	

those	of	the	upper	crust,	demonstrating	that	the	fluid	involved	in	the	Lavagnina	

Lakes	area	was	capable	to	transport	and	deposit	a	suite	of	ore	elements.	

Finally	the	fluid	composition,	described	by	Giorza	(2010)	is	compatible	with	

the	metamorphic	 fluids	 that	were	 generated	 during	Alpine	metamorphism	of	

Mesozoic	 calcschists	 (Pettke	 et	 al.,	 2000).	 These	 carbonate-bearing	

metasediments	 are	 abundant	 in	 the	 Piemontese	 Zone	 and	may	 be	 present	 at	

considerable	depth	below	the	Voltri	Unit	(Fig.	100).	

Despite	 all	 these	 features	 an	 influence,	 or	 a	 mixing	 with	 meteoric	 fluids	

cannot	be	totally	excluded,	and	future	isotopic	study	on	the	vein	systems	of	the	

area	may	provide	fundamental	information	to	better	constrain	this	hypothesis.	

	

 
Figure	100:	Geological	cross-section	of	the	Voltri	Massif	drawn	by	Capponi	and	Crispini	(2008)	at	ca.	10	

km	far	from	the	Lavagnina	Lakes	area.	

	

Taking	 into	 account	 the	 age	 of	 the	 structures	 related	 to	 the	 gold	

mineralisations	in	the	Lavagnina	Lakes	area,	as	well	as	the	age	of	the	structures	

of	the	Voltri	Massif,	the	older	structures,	the	RSZ1,	can	be	dated	to	the	Eocene–

early	Oligocene	and	are	developed	from	4	to	11	km	depth,	instead	the	younger	

structures	can	be	reasonably	referred	to	the	 late	Oligocene	early	Miocene	and	

developed	from	3	to	9	km	depth.	

Hence,	considering	the	age	of	 these	structures	and	the	geological	setting	of	

the	Lavagnina	Lakes	area	(Fig.	96,	98),	and	of	the	entire	Voltri	Massif	(Fig.	99),	

can	 be	 assumed	 that	 the	 gold-bearing	 fluids,	 related	 to	 the	 RSZ1	 and	 RSZ2	

mineralisations,	 have	 permeated	 and	 interacted	 substantially	 with	 the	 same	

lithotypes	 belonging	 to	 the	Gazzo	 Isoverde	 Unit	 (e.g.	 limestone	 and	 dolomite	

and	dolomitic	limestone)	and	to	the	Voltri	Unit	(e.g.	metasediment,	metabasite,	
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metagabbro,	serpentinites,	and	lherzolitic	peridotites).	However,	the	lithotypes	

belonging	to	the	Tertiary	Piedmont	Basin	are	different;	in	fact	it	is	assumed	that	

the	RSZ1	structures	may	have	mainly	interacted	with	the	formation	of	“Brecce	

di	 Costa	 Cravara”	 and	 minimally	 with	 the	 formation	 of	 “Conglomerati	 di	

Molare”,	 as	 the	 latter	 is	 dated	 to	 Oligocene;	 instead	 the	 RSZ2,	 and	 hence	 the	

fluid	 that	 have	 interested	 these	 structures,	 have	 interacted	 with	 both	 these	

formations,	supported	by	the	local	deformation	of	the	“Conglomerati	di	Molare”	

deposits	 by	 the	 D4	 folds	 (Capponi	 and	 Crispini	 2002;	 Carrapa	 and	 Garcia-

Castellanos,	2005;	Mosca	et	al.,	2010;	Maino	et	al.,	2013;	Federico	et	al.,	2014).	

The	geochemical	data	obtained	by	Giorza	(2010)	on	the	fluid	inclusion	related	

to	 the	 metasomatic	 alteration	 ALT-1	 and	 ALT-2,	 support	 this	 hypothesis,	

showing	 only	 a	 slightly	 compositional	 variation	 between	 the	 two	 different	

alterations.	

Furthermore,	since	the	gold	mineralisations	 in	 the	area,	and	at	more	 large-

scale	in	the	Voltri	Massif,	are	mostly	located	nearby	the	TPB	deposits,	hence	the	

transgressive	contact	between	the	TPB	deposits	and	the	underlying	units	may	

have	 played	 an	 important	 role	 in	 the	 fluid	 circulation.	 In	 fact	 it	 is	 also	 a	

lithological	contact	with	on	one	side	sedimentary	rocks	characterised	by	diffuse	

primary	porosity,	linked	to	the	heterometric	dimension	of	the	clasts,	and	on	the	

other	 side	metamorphic	 rocks	 characterised	mainly	 by	 a	 secondary	 porosity,	

linked	to	the	fault	zones.	The	circulation	of	the	rising	up	fluids	would	pass	from	

a	canalized	flow,	driven	from	the	damage	zone	of	the	faults	to	a	diffused	flow.	

The	results	of	 this	change	of	 flow	could	be	a	deceleration	of	 the	circulation	of	

the	fluids,	and	a	concentration	of	the	fluids	near	this	contact,	with	a	consequent	

major	fluid-rock	interaction	and	consequently	and	increase	mineralisations.	

	

On	the	other	hand,	taking	into	account	the	structural	setting	of	the	Lavangina	

Lakes	 area	 within	 the	 Voltri	 Massif,	 the	 structures	 that	 at	 local	 and	 regional	

scales	may	have	played	a	greater	role	are	of	two	types:	

- high-angle	to	sub-vertical	faults,	observed	both	in	the	analysed	area	(Fig.	

96,	 98,	 101),	 and	 identified	 on	 aerial	 photographs	 and	 described	 by	

Crispini	 et	 al.	 (2009)	 in	 the	whole	Voltri	Massif	 (Fig.	 100,	 102).	 These	

structures	 can	be	 considered	 the	main	pathway	 for	 fluid	 infiltration	 to	
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depth	 or	 as	 preferential	 pathway	 for	 fluids	 ascend	 along	 high	 vertical	

permeability	zones	produced	by	the	main	fault	systems;	
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Figure	101:	Geological	cross-section	of	the	Lavagnina	Lakes	area,	the	location	of	the	trace	of	the	cross-

section,	and	the	legend	of	the	colours	and	symbols	are	reported	in	Fig.	96.	

	

 
Figure	102:	Map	of	the	tectonic	lineament	interpreted	from	aerial	photographs,	from	Crispini	et	al.,	2009.	

	

- reverse	shear	zones,	as	the	RSZ1	and	RSZ2	in	the	analysed	area	(Fig.	96,	

98,	 101),	 and	 comparable	 structures	 described	 in	 the	 Voltri	 Massif	

(Spagnolo	et	al.,	2007;	Crispini	et	al.,	2009;	Federico	et	al.,	2009).	These	

structures	may	 have	 intercepted	 the	 fluid,	 at	 different	 depth,	 and	 take	

them	back	to	the	surface.		

	

Finally,	the	different	depths	of	the	RSZ1	(4-11	km)	and	the	RSZ2	(3-9	km)	

may	 have	 influenced	 the	 fluid	 canalization	 and	 consequently	 fluid-rock	

interaction	(e.g.	carbonation):	
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- firstly	 the	 two	 systems	 of	 reverse	 shear	 zones	 show	 different	 brittle-

ductile	behaviour;	in	fact	the	RSZ2	shows	a	more	brittle	behaviour	with	

the	 development	 of	 more	 abundant	 fault	 gouges,	 with	 respect	 to	 the	

RSZ1.	Then	the	RSZ2	may	have	represented	a	preferential	pathway	for	

the	 fluid	 circulation	 channelling	 huge	 volume	 of	 fluids,	 resulting	 in	 a	

major	volume	of	carbonate	metasomatism.	

- secondly,	 the	 major	 depth	 of	 the	 RSZ1,	 also	 linked	 with	 their	 more	

ductile	 behaviour,	 can	 lead	 to	 suppose	 that	 this	 structures	 were	 not	

always	able	to	bring	the	fluids	up	to	the	surface,	and	hence,	on	the	field,	

probably	 they	 do	 not	 show	 their	 real	 volumetric	 interaction	 with	 the	

bedrock,	with	a	buried	portion.		

	

9.10	–	Comparison	with	the	gold	mineralisations	of	the	Western	Alps	

Mesothermal	 gold	 lodes	 are	 widespread	 in	 orogenic	 belts	 of	 all	 ages;	 the	

chemistry	of	ore-forming	fluids	and	the	late	orogenic	timing	of	the	deposits	are	

remarkably	 similar	 through	 time	 and	 space	 (Pettke	 et	 al.,	 2000).	 So,	 for	 the	

peculiar	geographical	and	the	geological	location	of	the	analysed	area,	and	the	

Voltri	 Massif	 in	 general,	 could	 be	 interesting	 a	 comparison	 with	 the	 gold-

mineralisations	described	in	the	Western	Alps.	

Gold-bearing	 quartz	 veins	 occur	 sporadically	 over	 a	 140	 km	 length	 of	 the	

Western	 Alps,	 from	 Simplon	 (near	 the	 Swiss	 border)	 in	 the	 north,	 to	 Gran	

Paradiso	 (Italy),	 in	 the	 south	 (Diamond	 and	 Wiedenbeck;	 1986).	 The	

similarities	 of	 all	 these	 mineralisations	 in	 their	 mineral	 parageneses,	 the	

epigenetic	 structural	 conditions	 unify	 these	 occurrences	 in	 a	 unique	

metallogenic	district	firstly	named	by	Huttenlocker	(1934)	as	the	“Monte	Rosa	

Gold	District”.	

In	the	past,	many	authors	(e.g.	Dal	Piaz	et	al.,	1979;	Dal	Piaz	and	Venturelli,	

1983;	 Diamond	 and	Wiedenbeck,	 1986)	 studied	 this	 district,	 and	 highlighted	

that	the	age	of	the	gold-bearing	veins	(mid-Oligocene,	ca.	32	Ma)	coincide	with	

the	 late-Alpine	 magmatic	 intrusions,	 supporting	 the	 hypothesis	 that	 these	

deposits	of	the	western	Alps	may	be	genetically	related	to	the	late-Alpine	phase	

of	intrusive	magmatism.		
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Soon	 after,	 Curti	 (1987)	 through	 the	 analysis	 of	 the	 oxygen	 isotopes	

accordingly	 to	 the	 Pb	 isotopic	 data	 in	 the	 same	 area,	 assumed	 that	 the	 fluids	

were	 generated	 by	 metamorphic	 devolatilization	 within	 the	 metasediments.		

Pettke	et	al.	(2000),	studied	particularly	the	Brusson	area,	in	the	southwest	of	

the	district;	they	constrained	temperatures	between	the	250-340	C°,	estimating	

5	 to	 12	 km	 depth	 development.	 The	 veins	 emplacement	 was	 markedly	

diachronous	dated	from	10	Ma	years	for	the	veins	from	Crodo	to	ca.	31-32	Ma	

in	 the	Brusson	area	 (Pettke	et	 al.,	 2000).	The	new	age	data	demonstrate	 that	

only	the	deposits	 in	 the	southwest	of	 the	district	are	 coeval	with	magmatism,	

instead	the	remaining	deposits	are	as	much	as	20	m.y.	younger.		

	Accordingly	to	chemical	and	Sr	and	Pb	 isotopic	 fluid	signatures	that	match	

those	 of	 the	 hydrothermal	 fluids,	 Pettke	 et	 al.	 (2000)	 supported	 the	

metamorphic	origin	of	the	gold-bearing	fluids	firstly	proposed	by	Curti	(1987)	

at	least	for	the	younger	set	of	mineralisations	(10	Ma).	They	linked	the	origin	of	

the	 gold	 bearing	 fluids	 to	 the	 metamorphic	 devolatilization	 of	 Mesozoic	

calcschist	 below	 the	 Brusson	 district,	 assuming	 a	 fundamental	 role	 of	 the	

structures	in	the	rise	of	the	fluids.	

The	 gold-bearing	 mineralisations	 described	 for	 the	 Lavagnina	 Lakes	 area,	

and	 for	 the	 whole	 Voltri	 Massif,	 show	 several	 similarities	 with	 the	

mineralisations	 described	 in	 literature	 (Dal	 Piaz	 et	 al.,	 1979;	 Dal	 Piaz	 and	

Venturelli,	 1983;	 Diamond	 and	Wiedenbeck,	 1986;	 Curti,	 1987;	 Pettke	 et	 al.,	

2000)	for	the	“Monte	Rosa	Gold	District”:	

- are	both	related	to	the	late-Alpine	orogenic	tectonics;	

- similar	 ages	 from	35	 to	 ca.	 20	Ma	 estimated	 for	 the	mineralisations	 in	

the	 study	 area	 and	 	 from	 35	 to	 10	 Ma	 for	 the	 Brusson-Crodo	

mineralisations;	

- similar	depths	from	3	to	11	km	for	the	RSZ	systems	in	the	Voltri	Massif,	

and	between	5	to	12	km	depth	for	the	Brusson	area	veins;	

- the	 mineralisations	 are	 related	 to	 second	 or	 third	 order	 tectonic	

structures;	

- gold-mineralisations	are	both	linked	to	quartz-carbonate	veins;	

- Similar	estimated	temperatures	from	250	to	300	C°	for	the	veins	of	the	

study	area	and	240	to	300	C°	for	the	veins	of	the	Brusson	area.	
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9.11	–	The	Bisciarelle	Creek	Thrust	Fault	

	

9.11.1	–	Structural	evolution		

	

The	Bisciarelle	fault	is	a	late-orogenic,	brittle	reverse	fault	cutting	the	lherzolite	

of	 the	 Voltri	 Massif,	 Ligurian	 Alps,	 Italy.	 This	 fault	 is	 co-genetic	 with	 quartz-

carbonate	 faults	 hosting	 orogenic	 Au	 deposits.	 For	 its	 attitude,	 the	 tectonic	

direction	 of	 movement	 and	 for	 the	 deformational	 events	 can	 be	 related	 to	 the	

younger	 system	 of	 regional	 reverse	 shear	 zones	 (RSZ2),	 also	 compared	 to	what	

described	for	 the	Voltri	Massif	by	Capponi	and	Crispini,	2002	and	Federico	et	al.,	

2005.	 This	 set	 of	 reverse	 faults	 is	 linked	 to	 a	 dextral	 transpressive	 zone,	 which	

affected	the	Lavagnina	Lake	area	active	during	Oligo-Miocene	time	(Spagnolo	et	al.,	

2007).		

The	 analysed	 structure	 is	 developed	 near	 the	 lithological	 transition	 between	

serpentinized	lherzolites,	at	the	hanging	wall,	and	the	serpentinites	that	make	up	

the	 footwall.	 Two	 hypothesis	 may	 be	 proposed	 for	 the	 presence	 of	 the	

serpentinites	along	the	Bisciarelle	Creek	thrust	fault:	

- the	serpentinites	are	coeval	with	the	development	of	the	thrust	fault,	and	the	

serpentinization	 of	 the	 wall	 rock	 could	 be	 related	 and	 could	 have	 be	

enhanced	by	the	syn-kinematic	fluid	flow	channelized	by	the	fault,	or	

- the	serpentinites	were	pre-existent	to	the	development	of	the	fault.	

	

If	the	serpentinization	of	the	wall	rock	was	related	to	the	fault,	the	serpentinites	

should	 be	 more	 developed	 near	 the	 fault	 core,	 probably	 without	 relicts	 of	 the	

pristine	rock,	and	with	a	decreasing	degree	of	serpentinization	moving	away	from	

the	core.	

Instead,	 if	 the	 serpentinites	were	pre-existent	 to	 the	development	of	 the	 fault,	

mineralogical	 relicts	 of	 the	 pristine	 rock	 should	 be	 found,	 as	 observed	 in	 the	

Bisciarelle	Creek	 thrust	 fault.	Especially,	 as	 support	of	 this	 second	hypothesis,	 in	

the	damage	zone	of	 the	Bisciarelle	 fault	 there	are	different	kind	 fault	rocks	made	

up	of	serpentinite	clasts	as:	serpentinite	schist	foliated	fault	gouge,	the	carbonated	

fault	 gouge	 with	 serpentinite	 clasts,	 cataclasites	 over	 the	 serpentinites	 and	 the	
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hydraulic	 breccias	 made	 up	 of	 serpentinite	 clasts	 surrounded	 by	 carbonates	

(described	in	detail	in	chapter	5.3.4.1).	

Hence,	the	most	sustainable	hypothesis	seem	to	be	that	the	serpentinites	were	

pre-existent	to	the	fault	development.	

The	 Bisciarelle	 Creek	 thrust	 fault	 shows	 an	 asymmetric	 damage	 zone,	 more	

developed	in	the	footwall	with	respect	to	the	hanging	wall,	with	several	meters	of	

different	 fault	 rock	 types	as	described	 in	 chapter	5.3.4.1.	This	asymmetry	should	

be	enhanced	by	the	syn-kinematic	carbonation	that	has	led	to	a	further	variation	of	

the	lithological	contrast:	the	syn-kinematic	carbonation	predominantly	took	place	

along	the	fault	core	producing	the	metric	dolomite	level,	which	shows	evidence	for	

successive	 shear	 localization,	 and	 along	 the	 footwall	 with	 several	 meters	 of	

carbonated	fault	rock.	

How	can	 this	 asymmetry	 in	 this	 fault	damage	zone	be	explained?	 In	 literature	

asymmetric	 rupture	 propagation	 has	 been	 observed,	 in	 all	 fault	 types	 (normal,	

reverse	 and	 strike-slip	 fault)	 in	most	 large	 earthquakes	 (Bhat	 et	 al.,	 2010),	 and	

McGuire	et	al.	(2002)	show	that	about	80%	of	the	shallow	earthquakes,	which	have	

occurred	since	1994,	were	characterised	by	asymmetric	propagation	over	the	fault	

plane.	

On	 the	 base	 of	 simulations	 of	 dynamic	 ruptures	with	 off-fault	 plastic	 yielding	

Ben-Zion	and	Shi	(2005)	suggested	that	strongly	asymmetric	damage	zones	are	the	

cumulative	 product	 of	 earthquakes	 rupture.	 Repeating	 occurrences	 of	 such	

ruptures	is	expected	to	produce	strongly	asymmetric	rock	damage	zone	(Ben-Zion,	

2001;	Shi	and	Ben-Zion,	2006;	Mitchell	et	al.,	2011),	as	described	for	the	Bisciarelle	

fault.	 When	 subsonic	 ruptures	 propagates	 in	 the	 direction	 of	 the	 slip	 on	 the	

compliant	side	of	the	wall	(in	the	case	of	a	thrust	the	compliant	side	is	the	hanging	

wall),	 there	 is	 a	 dynamic	 reduction	 of	 normal	 stress	 across	 the	 fault,	 instead	 for	

rupture	 propagation	 in	 the	 opposite	 direction	 there	 is	 a	 dynamic	 increase	 of	

normal	stress	(Shi	and	Ben-Zion,	2006)	that	lead	to	the	asymmetric	development	

of	the	damage	zone.	The	magnitudes	of	these	effects	increase	with	the	propagation	

velocity,	 the	 degree	 of	 material	 contrast	 across	 the	 fault,	 and	 the	 propagation	

distance	along	the	fault	(Ranjith	and	Rice,	2001).	

Hence,	 the	 asymmetry	 that	 characterises	 the	 damage	 zone	 of	 the	 Bisciarelle	

zone	should	be	the	result	of	cumulative	seismic	ruptures.		
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9.11.2	–	Mass	transfer	of	the	fluid-rock	interactions	

	

Through	 the	mass	 transfer	 profiles	 was	 possible	 to	 identify	 and	 quantify	 the	

elements	 transferred	 from	 the	 fluid	 to	 the	 wall	 rock,	 that	 generate	 the	 intense	

carbonation	along	the	Bisciarelle	fault,	and	vice	versa	.	

In	 the	 RB10-RB1	 dataset,	 the	 volatiles	 (H2O	 and	 CO2)	 and	 Sb	 are	 the	 only	

components	that	show	profiles	which	indicate	transfer,	of	these	components,	from	

the	 fluid	to	 the	wall	rock.	As	discussed	 in	chapter	7,	a	combination	of	diffusional	

transport	and	precipitation	in	microfractures	took	place	close	to	the	fault,	and	this	

does	 not	 allow	 an	 evaluation	 of	 the	 true	 mass	 transfer	 adjacent	 to	 the	 fault.	

Therefore,	the	mass	transfer	values	calculated	close	to	the	fault	contact	should	be	

taken	as	semi-quantitative.	Although	in	the	field	the	carbonation	of	the	Bisciarelle	

Creek	 thrust	 fault	was	 progressive	 and	homogeneous,	 so	 these	 profiles	 highlight	

that	 it	could	be	much	more	complex	and	extremely	 linked	to	the	development	of	

microstructures	not	visible	in	the	field.	

With	 regard	 to	 the	 other	 components	 (i.e.	 L.O.I.	 and	 CaO)	 that	 were	

systematically	transferred	from	the	fluid	to	the	rock,	Sb	shows	additions	that	vary	

between	0.2	and	5	g	per	ton	of	protolith.	The	vast	majority	of	all	other	components	

(i.e.	Cr,	Co,	Fe2O3)	show	profiles	with	mixed	mass	transfers	corresponding	to	both	

additions	and	subtractions	with	respect	to	the	protolith	(i.e.,	positive	and	negative	

excursions	of	the	profiles	across	the	zero-mass-change	line).	Within	the	considered	

distance	from	the	fault	core,	the	coupled	peaks	mark	the	transfer	from	the	fluid	to	

the	rock	of	SiO2,	MgO,	Fe2O3,	Ba,	Nb,	Ta,	Sn,	and	U,	which	are	associated	with	the	

precipitation	of	carbonates	and	chalcedony	micro	veins	within	the	damage	zone	of	

the	fault.		

Both	small	veins	and	short-range	mobilisation	with	consequent	re-precipitation	

are	 not	 homogeneously	 distributed	 and	 hence	 are	 not	 strictly	 related	 to	 the	

distance	from	the	fault	core.	

Mass	 transfer	 data	 show	 unequivocally	 that	 at	 Bisciarelle	 the	 dolomite	 and	

smectite	alteration	occurred	during	intense	carbonation	and	hydration	of	the	host	

lherzolite,	 but	 without	 a	 substantial	 transfer	 of	 other	 chemical	 elements.	 This	

evidence	 is	 typical	 for	 the	 carbonation	 of	 ultramafic	 rocks,	 where	mineralogical	

transformations	 are	 achieved	 isochemically	 with	 the	 exception	 for	 the	 volatiles	

(Hansen	et	al.,	2005).	This	implies	that	the	precipitation	of	the	hydrothermal	suite	
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of	 metals,	 described	 in	 chapter	 8,	 within	 the	 fault	 pearls	 (Pb,	 W,	 Cu)	 and	

chalcedony	 (Sb,	 Ag,	 Au,	 In)	was	 entirely	 a	 fault-controlled	 process,	 and	 that	 the	

host	 rock	 took	 a	 poor	 record	 of	 this	 hydrothermal	 circulation.	 Interestingly,	 the	

evidence	for	transfer	of	Si,	Fe,	Co,	and	Cr	from	the	lherzolite	to	the	fault	provides	a	

strong	 indication	 that	 the	 enrichment	 of	 these	 elements	 in	 fault	 pearls	 and	

chalcedony	was	actually	possible	due	to	this	 transfer.	Therefore,	 the	composition	

of	 the	 fault	 fluid	 was	 actually	 modified	 by	 the	 transfer	 of	 some	 wall	 rock	

components,	 and	 such	 transfer	 played	 a	 fundamental	 role	 in	 determining	 the	

physical	properties	of	key	structural	features	of	the	fault.		

Since	 the	 precipitation	 of	 the	 hydrothermal	 suite	 of	 metals,	 above	 described,	

was	 entirely	 a	 fault-controlled	 process,	 this	 is	 an	 evidence	 that	 support	 that	 the	

development	 of	 the	 fault	 pearls	 and	 the	 chalcedony	 shear	 veins	 is	 also	 fault-

controlled	and	related	to	this	syn-kinematic	hydrothermal	process.	

	

9.11.3	–	Morphometric	image	analysis	of	fault	pearls	

	

The	morphometric	image	analysis	results	(described	in	chapter	5.3.5)	show	that	

the	 fault	 pearls	 have	 circular	 shape	 irrespective	 to	 the	 direction	 of	 observation	

(parallel	 and	 orthogonal	 to	 the	 slickenlines),	 with	 values	 that	 indicate	 a	 nearly	

perfect	circular	shape.	These	values	are	 in	 line	with	the	roundness	values,	hence	

the	fault	pearls	in	three-dimensions	can	be	considered	as	nearly	perfect	spheres	or	

as	very	spherical	textures.	

Therefore	 as	 well	 sorted	 spherical	 objects,	 they	 seem	 to	 be	 related	 only	 to	

mineral	precipitation	syn-kinematic	to	the	fault	movement.	This	hypothesis	is	also	

witnessed	 by	 the	 orientation	 data,	 that	 show	 a	 weak	 peak	 at	 101°	 on	 the	 face	

parallel	 to	 the	 slickenlines,	which	 show	 that	 the	 orientation	of	 some	of	 the	 fault	

pearls	is	linked	to	the	fault	movement.	

Moreover	 there	 is	 no	 close	 packing,	 no	 indentation	 or	 pressure	 solution	

evidences	 between	 different	 grains	 of	 the	 smallest	 fault	 pearls	 in	 the	 sample	

because	 carbonates	 and	 in	 part	 chalcedony	 matrix	 occupy	 the	 volume	 between	

distinct	grains.	
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9.11.4	–	Meso-	and	microtextures	

	

Fault	meso-structures	with	 textural	 and	compositional	 characteristics	 that	 are	

somewhat	similar	to	those	described	here	are	the	clast	cortex	aggregates	(Rempe	

et	 al.,	 2014;	 Smith	 et	 al.,	 2011).	 These	 are	 composite	 grains	 that	 form	 at	 the	

slipping	zones	of	 faults	and	are	made	of	a	central	clast	and	an	outer	 fine-grained	

cortex.	 In	 contrast	with	 the	 fault	 pearls,	 the	 shape	 of	 these	 aggregates	 is	 poorly	

rounded	 and	 their	 textures	 is	 cataclastic	 and	 lacks	 banding.	Moreover,	 the	 fault	

pearls	are	texturally	and	genetically	different	from	clast-cortex	grains	described	in	

literature	 in	other	 fault	 contexts,	because	 the	 clasts-cortex	grains	 consist	of	 core	

grains	 (quartz,	 lithic	 clasts,	 or	 clasts	 of	 older	 cemented	 gouge)	 with	 concentric	

coating	of	smaller	clasts	in	a	fine-grained	matrix;	differently,	our	fault	pearls	only	

rarely	 show	 a	 core	 clast	 of	 different	 nature	 and	 the	 coating	 is	 made	 of	 newly	

crystallized	 carbonates	 and	 not	 of	 smaller	 existing	 clasts,	 sticked	 together.	 Thus,	

their	genetic	mechanism	must	be	distinct	from	that	of	the	fault	pearls.	

However,	 our	 pearls	 are	 really	 similar	 to	 pisolite	 or	 cave	 pearls	 (e.g.	 Nader,	

2007),	 related	 to	 vadose	 groundwater	 circulation	 or	 to	 oolite/pisolite	 deposits	

related	to	hydrothermal	circulation	(Sant’Anna	et	al.,	2004;	Wu	et	al.,	2014).	

Moreover,	I	can	exclude	the	possibility	of	a	pre-existent	pisolite-rich	limestone	

cut	 by	 the	 fault	 because:	 i)	 its	 movement	 would	 have	 resulted	 in	 a	 pervasive	

cataclasis	of	the	carbonatic	horizon.	ii)	The	growth	of	pisolites	did	not	occur	after	

the	end	of	 the	 fault	 activity	because	evidence	of	 truncation	of	 the	grains	by	both	

shear	surfaces	and	chalcedony	shear	veins	locally	exist;	iii)	 if	these	grains	formed	

during	 a	 period	 of	 inactivity	 of	 the	 fault	 they	would	 again	 been	 damaged	 by	 the	

following	slip	as	in	i).	

Key	 genetic	 constraints	 are	 i)	 the	 essentially	 syn-deformational	 and	 epitaxial	

growth	 of	 the	 fault	 pearls;	 ii)	 the	 growth	 of	 chalcedony	 in	 the	 vuggs	 between	

distinct	 fault	 pearls	 and	 in	 the	 chalcedony	 shear	 veins.	 These	 are	 uncommon	

constraints	 for	 a	 fault	 zone,	 but	 exclude	 fault	 pearls	 growth	 during	 post-

deformation	fault	filling.		

The	chalcedony	described	in	the	chalcedony	shear	veins	and	in	the	fault	pearls	

matrix,	shows	dispersed	moss,	jigsaw,	flamboyant	textures,	and	fibrous	chalcedony	

with	epitaxial	growth.	All	these	textures,	suggest	a	rapid	precipitation	of	silica	gel	

and	subsequent	recrystallization.		
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The	deposition	of	silica	gel	and	amorphous	silica	has	been	related	to	the	boiling	

of	the	fluids	in	response	to	fast	fault	slip	linked	to	seismic	activity	(Moncada	et	al.,	

2012);	 this	 gel	 produces	 lubrication	 along	 the	 fault	 surface	 with	 consequent	

dynamic	strength	reduction,	which	is	fundamental	for	earthquake	propagation	(Di	

Toro	et	al.,	2004;	Rice,	2006;	Kirkpatrick	et	al.,	2013).	

The	boiling	of	the	fluids	may	be	due	to	two	aspects	of	fast	fault	slip:	i)	the	rapid	

increase	in	temperature	of	the	fluid,	which	in	the	case	of	a	fault	would	be	related	to	

the	 shear	 heating,	 ii)	 the	 rapid	 decrease	 of	 pressure	 as	 a	 consequence	 of	 the	

fracture	 opening,	or	 iii)	 the	 concomitance	 of	 both	 shear	 heating	 and	decrease	 of	

pressure.	The	boiling	of	 the	 fluids	 is	 the	 instantaneous	vaporization	of	 the	 liquid	

phase	 (Moncada	 et	 al.,	 2012),	 and	 the	 exact	 proportion	 of	 the	 fluids	 that	 will	

vaporize	depends	on	the	P-T	conditions	of	 the	system	as	well	as	on	the	ability	of	

the	fluid	to	extract	“excess	heat”	from	the	surrounding	wallrock	(Henley	and	Huges,	

2000).	In	case	of	boiling,	amorphous	silica	with	colloform	textures	will	precipitate	

(Moncada	et	al.,	2012).	This	peculiar	genesis	process	would	be	responsible	for	the	

lack	of	fluid	inclusions,	as	observed	in	all	the	quartz	samples	of	the	analysed	area.	

In	 fact	 as	 described	 by	 Herrington	 and	 Wilkinson	 (1993)	 the	 dynamic	

recrystallization	 over	 silica	 gel	 or	 amorphous	 silica	 is	 responsible	 for	 the	

obliteration	of	primary	fluid	inclusions.	

The	 fast	 fault	 slip	 is	 testified	 by	 several	 textures:	 quartz	 surrounded	 by	

filamentous	silica	matrix	at	 the	top	of	 the	chalcedony	shear	veins,	 injection	veins	

along	slip	surfaces,	mirror-like	slip	surfaces	and	vesicular	porosity.		

Filamentous	 silica,	 observed	 on	 the	 top	 of	 the	 chalcedony	 shear	 surfaces,	 is	

similar	 to	 the	glass	 filaments	related	to	the	mechanical	amorphization	developed	

in	 experiments	 of	 quartz	 sand	 deformation	 at	 high	 slip	 velocities	 (V>10	 cm	 s-1:	

Hayward	et	al.,	2016),	and	this	filamentous	matrix	is	similar	in	appearance	to	the	

gels	 reported	 during	 high-velocity	 sliding	 experiments	 on	 quartz	 interfaces	 (Di	

Toro	et	al.,	2004).	

Moreover,	 as	described	by	Kirkpatrick	et	 al.	 (2013)	the	dynamic	reduction	of	

fault	 strength,	 as	 a	 function	 of	 slip	 or	 slip	 rate	 is	 fundamental	 to	 earthquake	

propagation,	 and	 the	 silica	 gel	 lubrication	 is	 one	 of	 the	 variety	 of	 mechanisms	

proposed	 to	 cause	 coseismic	 weakening	 based	 on	 theoretical	 and	 experimental	

work.	They	described	a	shiny	layer	of	0.5	to	3.0	mm	thick	layer	of	translucent	silica	

that	 cover	 the	 slip	 surfaces	 of	 the	 Corona	 Heights	 fault	 in	 San	 Francisco.	
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Kirkpatrick	et	al.	(2013)	interpreted	this	silica	layer	as	syn-kinematic;	acting	as	a	

dynamic	 weakening	 mechanism	 during	 coseismic	 slip	 at	 shallow	 crustal	 levels.	

Hence	the	development	of	syn-kinematic	chalcedony	shear	veins	(ca.	10	cm	thick)	

at	 the	 top	 of	 the	 fault	 core	 could	 have	 acted	 as	 a	 weakening	 process	 during	

coseismic	slips,	causing	a	shear	localization	inside	the	shear	veins,	preventing	the	

comminution	 and	 the	 cataclastic	 deformation	 of	 the	 fault	 pearls.	 Injection	 veins	

have	 been	 observed	 to	 be	 linked	 to	 the	 chalcedony	 shear	 veins.	 These	 kinds	 of	

veins	 have	 been	 interpreted	 as	 injection	 of	 fluidized	 gouge	 into	 off-fault	 cracks	

(Rowe	et	al.,	2012	a,	b	and	reference	therein).	These	injection	veins,	as	described	

in	 chapter	 8,	 are	 up	 to	 10	 mm	 long	 and	 2	 mm	 wide,	 with	 an	 aspect	 ratio	

(width/length)	of	0.2	similar	to	those	described	for	the	pseudotachylites	by	Rowe	

et	al.	(2012b).	

For	the	opening	of	similar	structures,	is	required	a	net	internal	pressure	(ΔP),	

which	has	been	estimated	from	the	following	equation	(Rubin,	1995):	

	

∆x = "
y<
2=
	

	

where	 w0	 is	 the	 maximum	 crack	 width,	 l	 is	 the	 crack	 length,	 and	 M	 is	 the	

stiffness	(μ/(1-ν)	where	μ	 is	 the	shear	modulus	and	ν	 is	 the	Poisson’s	ratio).	For	

estimate	 the	 net	 internal	 pressure,	 has	 been	 used	 the	 shear	 modulus	 and	 the	

Poisson’s	 ratio	 of	 the	 dolostone	 (Tab.	 9),	 since	 the	 observed	 injection	 veins	 are	

host	inside	the	dolomitic	level	of	the	fault	core.	

The	 ΔP	 estimated	 for	 the	 injection	 veins	 produce	 a	 ΔP=	 5.8	 x	 109	 Pa;	 this	

number	 would	 be	 reduced	 by	 up	 to	 one	 order	 of	 magnitude	 if	 the	 wall	 rock	 is	

sufficiently	 damaged.	 Moreover,	 this	 value	 is	 almost	 the	 same	 for	 the	 Asbestos	

Mountain	fault	zone	pseudotachylites	(Fig.	103)	obtained	by	Rowe	et	al.	(2012b).	

Hence,	the	observed	injection	veins	have	the	same	aspect	ratio	and	the	same	ΔP	

of	pseudotachylites	suggesting,	as	described	by	Rowe	et	al.	(2012b),	that	both	form	

coseismically.	

	

Rock	type	 Poisson’s	ratio	(ν)	 Shear	modulus	(μ;	Pa)	

Dolostone	 0.28	(Kulhawy,	1975)	 2.8	x	108	(Agosta	et	al.,	2007)	
Table	9:	Value	used	in	injection	vein	pressure	calculations.	
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Figure	103:	Calculated	overpressure	limits	(ΔP)	from	pseudotachylites	and	granular	injection	veins	

(Rowe	et	al.,	2012b).	The	red	star	represent	the	data	obtained	for	the	calculated	overpressure	of	the	

Bisciarelle	fault.	

	

Along	slip	surfaces	in	carbonates	there	are	clear	evidences	for	friction	marked	

by	 intense	 comminution	 and	 vesicular	 porosity,	 which	 can	 be	 linked	 to	 thermal	

dissociation	of	carbonates	due	to	fast	slip	(Rowe	and	Griffith,	2015	and	reference	

therein)	 and	 consequent	 shear	 heating.	 The	 top	 of	 these	 slip	 surfaces	 shows	

characteristics	similar	to	the	mirror-like	slip	surface,	as	described	in	chapter	8.	The	

genesis	of	 these	mirror-like	surfaces	has	been	documented	in	experimental	work	

and	is	linked	to	extreme	shear	localization	during	high	velocity	fault	slip,	and	the	

available	data	generally	suggest	that	these	surfaces	do	not	form	without	elevated	

temperature	 on	 the	 slip	 surfaces,	 with	 thermal	 breakdown	 of	 the	 carbonates	

(Rowe	and	Griffith,	2015	and	reference	therein).	
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9.11.5	–	LA-ICP-TOFMS	data	of	the	fault	pearls	

	

Another	 key	 genetic	 constraint	 for	 the	 fault	 pearls	 levels	 is	 the	 precipitation	

from	a	hydrothermal	 fluid.	Current	knowledge	on	orogenic	Au	deposits	 indicates	

that	these	mineralized	fault	networks	form	due	to	the	flux	of	volumes	of	chemically	

uniform	hydrothermal	fluids	(Garofalo	et	al.,	2014).	These	fluids	were:	

- aqueous-carbonic	in	composition	(5-20	mol%	CO2),	

- had	a	T	in	the	200-400	°C	range	at	the	time	of	mineralisation,	

- were	at	(or	close	to)	their	boiling	point,	and	

- were	enriched	in	As,	Sb,	B,	and	Au	(Garofalo	et	al.,	2014).	

A	similar	fluid	must	have	been	involved	in	the	formation	of	the	Bisciarelle	fault.		

Mineral	 paragenesis	 and	 elemental	 imaging	 by	 LA-ICP-TOFMS	 confirm	 the	

hypothesis	of	hydrothermal	derivation	of	the	fault	rock.	This	is	best	evaluated	by	

comparing	the	concentration	ranges	of	the	key	trace	elements	As,	Sb,	In,	Ga,	Ag,	Zn,	

and	Cu	of	fault	pearls	levels	and	chalcedony	with	those	of	the	same	elements	in	the	

average	upper	crust	(Rudnick	and	Gao,	2003).	Such	comparison	clearly	shows	that	

the	peak	concentrations	of	these	elements	are	5	(Cu,	Zn)	to	50	(Sb,	In)	times	higher	

than	 those	 of	 the	 upper	 crust,	 demonstrating	 that	 the	 Bisciarelle	 fault	 fluid	was	

capable	to	transport	and	deposit	a	suite	of	ore	elements.	

These	evidences	are	fundamental	to	discuss	the	possible	origin	of	the	fluids	that	

developed	 the	 carbonation	 and	 the	 fluid-rock	 interactions	 along	 the	 Bisciarelle	

thrust	 fault	and	along	the	main	 fault	of	 the	Lavagnina	Lakes	area	(see	paragraph	

9.3).	

	

9.11.6	–	Genesis	of	the	fault	pearls	

	

On	the	basis	of	all	 the	constraints	above	described,	 I	proposed	two	models	 for	

the	development	of	such	peculiar	textures.	

The	first	mechanism	proposed	for	the	development	of	such	peculiar	textures	is	

the	process	known	as	transient	boiling	in	microfluidic	industry	(Zhao	et	al.,	2000;	

Visentini	 et	 al.,	 2013),	which	 is	 also	described	as	 “nucleate”	boiling	 (Dhir,	1991).	

Transient	 boiling	 is	 reported	 in	 many	 micromechanical	 devices	 (e.g.,	 cladding	

tubes	of	nuclear	reactors)	as	a	process	whereby	liquids	flowing	in	thin	cavities	are	



	 221	

instantaneously	overheated	(by	10-30	°C)	to	generate	a	vapour	phase	that	expands	

up	to	explosive	boiling.	Experimental	(Lida	et	al.,	1993;	Visentini	et	al.,	2013)	and	

numerical	(Wang	et	al.,	2017)	studies	show	that	this	process	is	transient	because	

the	 overheating	 conditions	 are	 met	 for	 tens	 of	 µs,	 and	 that	 during	 this	 time	 a	

myriad	of	expanding	vapour	bubbles	fill	the	volume	initially	occupied	by	the	liquid.	

If	the	Bisciarelle	fault	core	developed	according	to	this	mechanism,	fault	pearls	and	

matrix	formed	together	and	instantaneously	and	their	texture	would	reflect	stages	

of	mineral	deposition	during	bubble	growth.	Thus,	the	closely	packed	fault	pearls	

would	 represent	 the	mineralized	 products	 of	 vapour	 generated	 by	 the	 transient	

boiling	 of	 the	 hydrothermal	 fluid	 at	~250	 °C	 and	 the	 porous	 fault	 pearls	matrix	

would	 represent	 the	 co-existing	 liquid	 phase.	 The	 concentric	 bands	 of	 the	 large	

fault	pearls	would	be	a	product	of	boiling	events	during	which	some	fault	pearls	

expand	 at	 the	 expenses	 of	 the	 small	 ones	 with	 a	 sequence	 of	 stops	 and	 onsets	

(pulses)	 that	were	probably	governed	by	variations	of	T	and	Pvap	 at	 the	 fracture	

wall.	 Competitive	 bubble	 growth	 and	 cyclic	 variations	 of	 Pvap	were	 described	 by	

experimental	(Visentini	et	al.,	2013;	Zhao	et	al.,	2000)	and	numerical	(Dhir,	1991)	

studies	of	transient	boiling.		

According	 to	 this	model,	 a	 fault	 pearls	 level	 could	 result	 from	 an	 initial	 shear	

heating	event,	testified	by	the	several	shear	surfaces	with	textures	linkable	to	high	

velocity	slip,	 followed	by	precipitation	of	dolomite	 from	the	expanding	vapour	at	

the	 vapour-liquid	 interface.	 This	 is	 documented	 for	 dolomite	 in	 vapour	

precipitation	 processes	 in	 which	 vapour	 bubbles	 represent	 heterogeneous	

nucleation	sites	(e.g.,	Babu	et	al.,	2016;	Tsuchiya	et	al.,	2017).	Such	mechanism	is	

characterised	by	epitaxial	growth	(Sunagawa,	1978),	which	is	observed	in	the	fault	

pearls.	Dolomite	deposition	took	place	at	about	250	°C,	i.e.,	a	temperature	at	which	

carbonates	 are	 known	 to	 be	 part	 of	 boiling	 assemblages	 in	 mineral	 deposits	

(Drummond	and	Ohmoto,	1985).	

Transient	 boiling	 is	 consistent	with	 the	 chemical	 compositions	 of	 fault	 pearls,	

matrix,	 and	 chalcedony.	 The	 fault	 pearls	 composition	 would	 reflect	 that	 of	 the	

vapour	 phase,	 i.e.,	 essentially	 CO2	 precipitating	 dolomite.	 In	 contrast,	 the	

compositions	of	the	thin/massive	fault	pearls	bands	and	of	the	porous	fault	pearls	

matrix	 –	which	 are	 both	 fine	 grained	 and	 enriched	 in	 a	 large	 number	 of	 poorly	

volatile	elements	(e.g.,	Fe,	Al,	K,	Sr,	Cr,	Zn,	etc.)	–	would	reflect	the	composition	of	

the	 liquid	 phase	 of	 the	 boiling	 fluid,	 in	 agreement	 with	 experimental	 data	 (cf.	
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Pokrovski	 et	 al.,	 2005).	 Thin	 bands	 and	 fault	 pearls	 matrix	 have	 similar	

compositions	 because	 they	 both	 represent	 the	 liquid	 phase	 of	 the	 transiently	

boiling	hydrothermal	fluid.	

Finally,	the	chalcedony	shear	veins	would	represent	the	precipitation	product	of	

an	Ag-As-Ga-Sb-In-rich	ore	fluid	that	lost	CO2	due	to	boiling.	

The	second	model	proposed	for	the	development	of	the	fault	pearls	is	related	to	

a	development	during	several	cycle	of	hydrothermal	fluid	flows	(T	around	250°C),	

coeval	with	 a	 stick-slip	movement,	 with	 cycles	 of	 fluid	 pressure	 build-ups,	 fault	

opening,	fluid	flushing,	and	mineral	precipitation	during	the	seismic	failure	of	the	

fault,	according	to	what	proposed	by	Sibson	et	al.	(1988).	

In	Figure	104	I	sketched	the	inferred	stages,	which	led	to	the	development	of	

the	above	described	meso-	and	microstructures.	At	T1	(Fig.	104)	incipient	first	

slipping	events,	linked	to	the	fluid	pressure	raise.	Between	T1	and	T2,	thanks	to	

fluid	pressure,	the	fault	opens.	

At	T2a	(Fig.	104)	the	co-seismic	slipping,	due	to	over-pressured	fluids,	leads	

to	 brecciation	 of	 the	wall	 rock,	 recorded	 by	 the	 hydraulic	 breccia.	 Impurities	

within	 the	 fluid,	 consisting	 both	 of	micro-clasts	 or	 crystallites,	 act	 as	 growth	

center	 for	 the	 fault	 pearls,	 particularly	 the	 serpentinite	micro-clasts	 produce	

the	 minor	 fault	 pearls	 with	 carbonated	 serpentinite	 core.	 The	 fluid	 flushing	

along	 the	 structure	and	 the	 resulting	 fluid-rock	 interaction	also	 leads	 to	 clast	

and	 fault	 walls	 carbonation.	 The	 carbonation	 of	 serpentinite	 leads	 to	 the	

formation	of	Ca+Mg±Fe	carbonates,	with	the	release	of	SiO2	into	the	fluids.	The	

almost	total	lack	of	silica,	associated	with	carbonates,	indicates	a	high	pH,	that	

holds	 the	 silica	 in	 solution	 and	 enhances	 the	 precipitation	 of	 carbonates	

(Akbulut	et	al.,	2006).	Even	 if	small	quantities	of	chalcedony	 is	present	 in	 the	

vuggs	between	the	pearls,	it	may	be	due	to	the	fluctuation	in	the	pH	conditions	

linked	to	the	cyclic	precipitation	of	carbonates.	

At	T2b	 (Fig.	104),	during	 the	 initial	phase	of	 rapid	pressure	drop	 linked	 to	

the	 seismic	 rupture,	 the	 radial	 texture	 of	 the	pearls	 develops	 similarly	 to	 the	

growth	of	sferulites	(Beck	and	Andreassen,	2010);	 this	stage	 is	comparable	to	

grain-inertial	 flow	 (Rowe	 and	 Griffith,	 2015	 and	 reference	 therein).	 Then,	

during	 the	 new	 stage	 of	 fluid	 pressure	 build	 up,	 the	 fluid	 flushing	 stage,	

comparable	 to	 the	 laminar	 flow	 (Rowe	 and	 Griffith,	 2015),	 the	 fault	 pearls	

develop	their	laminated	texture	(T3,	Fig.	104).	These	events	(T2a-T3)	of	static	
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and	 dynamic	 overpressure	 are	 repeated	 cyclically	 during	 a	 stick-slip	

movement,	as	witnessed	by	the	several	sets	of	concentric	layers,	recognized	in	

the	fault	pearls.	

Once	 the	 fluids	 precipitated	 the	 carbonate	 component,	 developing	 the	

carbonate	 matrix	 filling	 the	 vuggs	 between	 distinct	 grains,	 the	 fault	 core	

become	a	high-strength	 level.	Then,	 after	 the	 total	 carbonates	precipitation,	 a	

relatively	silica	enrichment	occurs	into	the	fluids	until	its	saturation.	

At	 T4	 stage	 (Fig.	 104)	 the	 fast	 fault	 slip,	 testified	 by	 the	 mirror-like	 slip	

surfaces,	injection	veins	and	chalcedony	shear	veins,	causes	the	flashing	of	fluid	

in	 response	 to	 seismic	 activity	 producing	 a	 rise	 in	 fluid	 pressure	 and	

consequent	 fault	 opening.	 The	 rapid	 opening,	 also	 witnessed	 by	 fault	 pearls	

microbreccia,	 can	 induce	 the	 fluid	 pressure	 drop	 causing	 the	 liquid	 phase	 to	

instantly	 vaporize.	 In	 this	 case	 amorphous	 silica	 gel	 with	 widespread	 gold	

particles	will	 precipitate.	Microstructural	 quartz	 assemblages	 and	 chalcedony	

non-oriented	porosity	witness	fast	slips	and	flash	vaporization	of	fluids.	These	

textures	 compared	 with	 those	 described	 by	 Moncada	 et	 al.,	 (2012),	 can	 be	

explained	 by	 evolution	 from	silica	gel,	which	 solidified	 as	 hydrous	 silica	 then	

recrystallized	 to	 anhydrous	 quartz	 (Faber	 et	 al.,	 2014).	 The	 presence	 of	

amorphous	 silica	 gel	 leads	 to	 an	 almost	 complete	 loss	 of	 strength	 along	 slip	

surfaces	 (Faber	 et	 al.,	 2014),	 preventing	 the	 fault	 pearls	 from	 being	 fully	

brecciated	during	this	stage.	The	occurrence	of	 two	types	of	chalcedony	veins	

(VA-VB	 described	 in	 chapter	 8)	 testify	 the	 cyclicity	 of	 vaporization;	 their	

filamentous	 surfaces	 are	 related	 to	 the	 mechanical	 amorphization	 and	

constitute	 a	 low-strenght	 level	 that	 possibly	 acted	 as	 further	 preventer	 of	

brecciation	of	fault	pearls.	

The	close	association	of	fault	pearls	with	seismic-related	structures	such	as	

sub-micron	 carbonate	 coating	 of	 slip	 surfaces,	 quartz	microtexture	 related	 to	

silica	 gel	 deposition,	 and	 syn-kinematic	 filamentous	 phase	 along	 slip	 zone	

support	 the	 hypothesis	 that	 also	 the	 fault	 pearls	 are	 paleo-seismic	 events	

indicators.	 On	 the	whole,	 the	 association	of	 all	 these	 structures	 record	paleo-

seismic	 events.	 Nanograins	 cause	 weakening	 mostly	 at	 high	 slip	 rates,	

coinciding	 with	 the	 development	 of	 fault	 mirror	 surfaces,	 which	 are	 due	 to	

extreme	 localization	 of	 slip	 only	 at	 high-velocity	 and	 not	 at	 sub-seismic	 slip	

velocities	 (Rowe	and	Griffith,	2015	and	 reference	 therein).	 Several	 co-seismic	
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processes	 can	 produce	 amorphous	 materials,	 e.g.	 precipitation	 from	 fluid,	

related	to	fluid	flashing	(Moncada	et	al.,	2012),	or	mechanical	processes,	related	

to	loss	of	structure	(Hayward	et	al.,	2016).	

	

	

	
Figure	104:	Structural	evolution	of	fault	pearls	simplified	scheme	(not	to	scale).	

	

Although	 both	 the	 two	models	proposed	 fit	 the	 presented	 and	 described	 data	

with	similar	degree	of	reliability,	to	decide	which	of	the	two	effectively	led	to	the	

development	of	the	fault	pearls,	are	necessary	further	analysis	as	3D	tomography	

to	effectively	demonstrate	that	the	fault	pearls	did	not	grow	in	contact.	Moreover,	

for	 the	 first	 time	 Prokofiev	 et	 al.	 (2017)	 described	 the	 natural	 occurrence	 of	

colloidal	 silica	 inclusions	 in	 chalcedony-hosted	 vacuoles	 similar	 to	 the	 moss-

textures	 described	 in	 the	 chalcedony	 shear	 veins	 of	 the	 Bisciarelle	 Creek	 thrust	

fault;	 so	 another	 possibility	 is	 to	 look	 for	 and	 analyse	 similar	 colloidal	 silica	

inclusions	 in	 the	 samples	 of	 the	 area	 to	 better	 constrain	 the	 P-T	 conditions	 and	

chemical	composition	of	the	fluids	and	therefore	provide	a	direct	evidence	for	the	

boiling.	
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9.11.7	–	Concluding	remarks	about	the	fault	pearls	

	

The	close	association	of	fault	pearls	with	seismic-related	structures	such	as	sub-

micron	carbonates	coating	of	slip	surfaces,	quartz	microtexture	related	to	silica	gel	

deposition,	 syn-kinematic	 filamentous	 phase,	 injection	 veins	 with	 similar	

characteristics	 and	 overpressure	with	 respect	 to	 seismic	 pseudotachylites	 along	

slip	zone	supports	the	hypothesis	that	fault	pearls	developed	during	shear	events	

at	seismic	rates,	and	hence	are	considerable	as	paleo-seismic	events	indicators.	

On	the	whole,	the	association	of	all	these	structures	record	paleo-seismic	events.	

Nanograins	 cause	 weakening	 mostly	 at	 high	 slip	 rates,	 coinciding	 with	 the	

development	of	fault	mirror	surfaces,	which	are	due	to	extreme	localization	of	slip	

only	at	high-velocity	and	not	at	sub-seismic	slip	velocities	(Rowe	and	Griffith,	2015	

and	 reference	 therein).	 Several	 co-seismic	 processes	 can	 produce	 amorphous	

materials,	 e.g.	 precipitation	 from	 fluid,	 related	 to	 fluid	 boiling	 (Moncada	 et	 al.,	

2012),	or	mechanical	processes,	related	to	loss	of	structure	(Hayward	et	al.,	2016).	

Fault	pearls	described	along	this	fault	are	new	in	the	geological	record,	and	so	is	

the	 possibility	 that	 boiling	 hydrothermal	 fluids	 within	 faults	 may	 generate	

undeformed,	 static	 structures	 at	 seismic	 velocity.	 The	 Bisciarelle	 fault	 could	

represent	a	good	example	of	such	case;	however,	the	poor	documentation	of	fault	

pearls	 in	 field	 studies	 suggests	 that	 they	 are	 either	 rare,	 or	 alternatively	

overlooked.	
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10	–	Concluding	remarks		
	

The	 Lavagnina	 Lakes	 area	 revealed	 interesting	 information	 about	 the	 ductile,	

brittle-ductile	to	pure	brittle	structures	in	ultramafic	rocks	and	the	consequences	

of	 fluid-rock	 interaction	 processes	 in	 these	 structures;	 moreover	 this	 study	

furnished	 new	 hints	 on	 the	 formation	 of	 gold	 and	 chalcedony	 hydrothermal	

mineralization	along	faults.	

The	 Lavagnina	 Lakes	 area	 is	mainly	 characterized	 by	 the	 occurrence	 of	 high-

pressure	metaophiolite	of	the	Voltri	Massif	in	contact	in	the	North-Eastern	sector	

with	sedimentary	rocks	of	the	Tertiary	Piedmont	Basin.	The	area	of	the	Lavagnina	

Lakes	is	known	since	the	Roman	age	for	its	gold	deposits	along	the	Gorzente	River	

(Pipino,	2001);	 the	most	 interesting	gold	mineralisations	of	 the	Lavagnina	Lakes	

area	 could	 be	 divided	 into	 two	 types:	 i)	 quartz	 vein	 systems,	 or	 ii)	 lode	

mineralization	related	to	fault-linked	listvenites.	

On	the	basis	of	the	geological	survey	and	the	field	data	presented	in	this	work,	the	

study	 area,	 during	 late-	 to	 post-orogenic	 evolution,	 underwent	 a	 complex	

polyphasic	tectonic	history	comparable	to	the	one	described	for	other	areas	of	the	

Voltri	Massif.	

The	mesoscale	structural	data	suggest	that	in	the	Lavagnina	Lakes	area	the	late-

orogenic	 evolution	went	 from	 late-Eocene	 to	Present	 and	 recorded	 both	 the	 last	

stages	of	 the	Alpine	history	and	the	 first	events	of	 the	Apennine	tectonics.	 In	 the	

analysed	domains,	 the	 interaction	between	the	two	orogenic	phases	resulted	 in	a	

complex	 superposition	 of	 upper	 crustal	 deformations	 (UCD)	 that	 are	 linked	 to	

different	structural	levels.	

The	upper	crustal	levels	deformation	(UCD)	are	characterised	by	brittle-ductile	

to	brittle	structures	and	are	mainly	represented	by	three	main	tectonic	phases	(i.e.	

D3,	D4,	and	D5).	

The	older	D3	event	caused	the	development	of	dragged	fold	with	chevron	style	

and	of	reverse	shear	zones	(RSZ1)	and	has	been	related	to	the	first	early	orogenic	

stage	described	for	the	Western	Alps	evolution	(pre-35	Ma),	associated	with	nappe	

stacking	and	early	stages	of	exhumation	of	parts	of	nappes	buried	to	high-P.	

The	 D4	 event	 caused	 the	 development	 of	 open	 parallel	 folds	 and	 of	 reverse	

shear	 zones	 (RSZ2-A,	RSZ2-B);	RSZ2-A	have	been	 related	 to	 the	 second	orogenic	

stage	 of	 the	 Western	 Alps	 evolution	 (35-25	 Ma),	 that	 can	 reliably	 be	 linked	 to	
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thrusting	along	the	Penninic	Front;	RSZ2-B	are	possibly	linked	to	the	beginning	of	

the	 third	 orogenic	 stage	 of	 the	 Western	 Alps	 evolution	 (25	 Ma	 to	 present),	

associated	to	the	oroclinal	bending	in	the	southernmost	Alpine	chain.	

The	 younger	 event	 (D5	 event)	 has	 been	 related	 to	 a	 late	 extensional	 /	

transtensional	 reactivation	 phase	 of	 the	 pre-existing	 discontinuities,	 developed	

during	the	post	collisional	evolution.	

The	detailed	study	of	RSZs	structures	in	the	Lavagnina	Lakes	area	showed	that,	

though	they	are	similar	in	attitude	to	other	RSZs	widespread	throughout	the	Voltri	

Massif,	 they	 contain	 particular	 mineralisations	 (e.g.	 gold	 and	 chalcedony)	 and	

structures	that	have	been	described	for	the	first	time	in	this	work.	

Analysing	general	RSZ2	structures	and	in	particular	the	Bisciarelle	Creek	Fault,	

it	appears	clear	that	the	fluid	involved	in	the	development	of	gold	mineralization	of	

the	 Lavagnina	 Lakes	 area	 can	 be	 related	 to	 a	 tectonically	 driven	 hydrothermal	

system	and/or	orogenic	system	gold	deposits.	

The	mapping		of	gold	mineralization	and	of	chalcedony	occurrences	in	the	Voltri	

Massif	 allowed	 to	 highlight	 that,	 at	 a	 km-scale,	 they	 occur	 along	 a	 lineation	 of	

mineralization	associated	with	chalcedony	and	quartz	veins.	At	regional	scale	this	

lineation	 is	 oriented	 mainly	 NNW-SSE,	 similarly	 to	 the	 axes	 trend	 of	 D4	 folds.	

Hence	 the	 RSZ2	 in	 the	 Voltri	 Massif	 could	 effectively	 represent	 a	 regional	

tectonically	driven	hydrothermal	systems.	

A	 detailed	 outcrop-scale	 investigation	 highlighted	 that	 the	 Bisciarelle	 Creek	

Thrust	 fault,	 that	 I	 related	 to	 the	 RSZ2	 system,	 shows	 peculiar	 fault	 textures,	

organized	in	bands,	called	fault	pearls.	

This	 fault	 (exposed	 for	 ca.	 100	 m)	 shows	 a	 complex	 core	 characterised	 by	

parallel	to	sub-parallel	multiphase	slip	surfaces	that	are	mainly	sub-horizontal	or	

gently	dipping	 to	W-SW	with	 top	 to	NE;	 it	 is	 coeval	with	 syntectonic	Au-bearing	

quartz	and	chalcedony	shear	veins.		

Fault	 activity	 was	 accompanied	 by	 fluid	 infiltration	 that	 caused	 an	 almost	

complete	 replacement	 of	 the	 original	 host	 rock	 mineralogy,	 now	 characterised	

mainly	by	dolomite	and	ferroan-dolomite	and	smectite	alteration.	Fluid	infiltration	

and	 related	 mineral	 by	 mineral	 replacement	 were	 enhanced	 by	 schistosity	 and	

veins.	

Micro-structural	 investigations	 revealed	 that	 fault	 pearls,	 which	 characterise	

the	 Bisciarelle	 fault	 core,	 are	 novel	 and	 unique	 textures	 never	 reported	 in	
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literature.	 The	 most	 similar	 fault	 meso-structures,	 in	 term	 of	 textural	 and	

compositional	 characteristics,	 to	 those	 described	 here,	 are	 the	 clast	 cortex	

aggregates.	The	clasts-cortex	grains	however	consist	of	core	grains	(quartz,	 lithic	

clasts,	or	clasts	of	older	cemented	gouge)	with	concentric	coating	of	smaller	clasts	

in	a	fine-grained	matrix;	on	the	other	hand,	our	fault	pearls	rarely	show	a	core	clast	

of	different	nature	and	 the	 coating	 is	made	of	newly	 crystallized	 carbonates	and	

not	 of	 smaller	 existing	 clasts,	 sticked	 together.	 Thus,	 the	 genetic	 mechanism	 of	

clasts-cortex	grains	must	be	distinct	from	that	of	the	fault	pearls.	

The	 fault	pearls	are	moreover	associated	with	injection	veins,	carbonate	shear	

surface	 with	 characteristic	 similar	 to	 mirror-like	 surface,	 vescicular	 porosity,	

chalcedony	 shear	 veins	 with	 textures	 testifying	 crystallization	 over	 silica	 gel,	

chalcedony	shear	surface	characterised	by	quartz	surrounded	by	filamentous	silica	

matrix;	 in	 literature	all	 these	 textures	are	 related	 to	 fast	slip	and	possible	paleo-

seismic	events.	

The	morphometric	image	analysis	showed	that	the	fault	pearls	are	well-sorted	

spherical	 objects	 and	 they	 seem	 to	 be	 related	 only	 to	mineral	 precipitation	 syn-

kinematic	 to	 the	 fault	 movement.	 This	 hypothesis	 is	 also	 supported	 by	 the	

orientation	 data	 of	 the	 fault	 pearls,	 that	 show	 a	weak	 peak	 at	 101°	 on	 the	 face	

parallel	 to	 the	 slickenlines.	 Single-spot	 SEM-EDS	 analyses	 revealed	 that	 ferroan	

dolomite	makes	 the	 pearl	 bands	 (CaO:	 29.13±2.33	wt%;	MgO:	 19.03±4.86	wt%;	

FeO:	 1.77±0.87	 wt%)	 and	 that	 minor	 compositional	 variations	 across	 large	 and	

thin	bands	exist.	

In	general,	mass	transfer	data	show	unequivocally	that	at	the	Bisciarelle	Creek	

Thrust	 fault	 the	 dolomite	 and	 smectite	 alteration	 occurred	 during	 intense	

carbonation	and	hydration	of	the	host	lherzolite,	but	without	a	substantial	transfer	

of	 other	 chemical	 elements.	 This	 evidence	 is	 typical	 for	 the	 carbonation	 of	

ultramafic	rocks,	where	mineralogical	transformations	are	achieved	isochemically	

with	 the	 exception	 for	 the	 volatiles.	 This	 implies	 that	 the	 precipitation	 of	 the	

hydrothermal	 suite	of	metals	within	 the	 fault	pearls	 (Pb,	W,	Cu)	 and	chalcedony	

(Sb,	Ag,	Au,	In)	was	entirely	a	fault-controlled	process,	and	that	the	host-rock	took	

a	poor	record	of	this	hydrothermal	circulation.	
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Elemental	 imaging	 by	 LA-ICPTOFMS	 provides	 a	 detailed	 account	 of	 the	

distribution	 of	 chemical	 elements	 within	 pearls,	 matrix,	 and	 chalcedony	 shear	

veins,	confirming	the	hypothesis	of	hydrothermal	derivation	of	the	fault	rock.	

Hence,	considering	all	these	constraints,	I	propose	two	models	for	the	genesis	of	

such	peculiar	textures:	

i)	 the	 first	 proposed	mechanism	 is	 the	 process	 known	 as	 transient	 boiling	 in	

microfluidic	 industry,	 which	 is	 also	 described	 as	 “nucleate”	 boiling.	 Thus,	 the	

closely	 packed	 pearls	 would	 represent	 the	 mineralized	 products	 of	 vapor	

generated	 by	 the	 transient	 boiling	of	 the	 hydrothermal	 fluid	 at	~250	 °C	 and	 the	

porous	pearl	matrix	would	represent	the	co-existing	liquid	phase;	

ii)	 the	 second	 model	 envisages	 the	 development	 of	 the	 fault	 pearls	 during	

several	cycle	of	hydrothermal	fluid	flows	(T	around	250°C),	coeval	with	a	stick-slip	

movement,	with	cycles	of	fluid	pressure	build-up,	fault	opening,	fluid	flushing,	and	

mineral	 precipitation	 during	 the	 seismic	 failure	 of	 the	 fault,	 according	 to	 what	

proposed	by	Sibson	et	al.	(1988).	

In	 conclusion,	 the	 analysed	 reverse	 shear	 zones,	 that	 I	 related	 to	 the	 RSZ2	

system,	 are	 characterised	 by	 several	 textures	 (e.g.	 carbonate	 shear	 surface	with	

characteristic	similar	to	mirror-like	surface,	vescicular	porosity,	chalcedony	shear	

veins	 with	 textures	 testifying	 crystallization	 over	 silica	 gel),	 and	 by	 	 gold	

mineralisations	 that	 in	 literature	 are	 both	 related	 to	 fast	 fault	 slip	 and	 possible	

paleo-seismic	events	(Lovett,	2013;	Wheatherley	and	Henley,	2013).	This	evidence	

could	support	the	hypothesis	that	at	local	and	probably	at	regional	scale	the	RSZ2	

system	 can	 be	 considered	 a	 system	 of	 paleo-seismic	 structures.	 Further	

investigation	may	provide	important	information	about	this	possibility.	
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Supplementary	materials	

	

X-Ray	Powder	Diffraction	Spectra

	

S1:	Serpentinite	fault	gouge,	characterised	by	the	crystallization	of	clay	minerals	

from	the	Tugello	Creek	Thrust	(Chapter	5.3.2).	

	

S2:	PP35	sample	of	sepiolite	duplex	structures	from	the	Tugello	Creek	Thrust	

(Chapter	5.3.2).	
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S3:	Sample	PP37,	dolomite	level	of	the	central	part	of	the	fault	core	of	the	Tugello	

Creek	Thrust	(Chapter	5.3.2).	

	

S4:	Sample	PP41,	serpentinite	fault	gouge,	from	the	footwall	of	the	Tugello	Creek	

Thrust	(Chapter	5.3.2	
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S5a:	Sample	LLM35,	black	Chatter	marks	from	the	Paganella	Creek	fault	surface	

(Chapter	5.3.3).	
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S6:	sample	LLM7	incohesive	black	level	with	sigmoidal	bodies	Paganella	Creek	

fault	(Chapter	5.3.3).	
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S7:	Sample	RB1,	cataclastic	dolomite	and	emerald	green	saponite	fault	gouge	from	

the	Bisciarelle	Creek	Thrust	fault	(Chapter	5.3.4).	
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S8:	Bulk	rock	chemical	analysis	of	the	transect	RB1-RB10	(Chapter	7).	
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S9:	SEM-EDS	analysis	of	the	fault	pearls,	chalcedony,	and	dolomite	matrix	from	the	

Bisciarelle	Creek	Thrust	fault	(Chapter	8).	


