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Abstract 
 

Understanding	the	dynamics	of	shallow	earthquake	rupture	and	coseismic	slip	
in	 carbonate-dominated	 fault	 zones	 is	 exceptionally	 important	 in	 many	 areas	
worldwide.	Although	constraints	are	available	from	rock	mechanics	experiments	and	
paleoseismological	 investigations	 of	 surface	 breaks,	 little	 is	 currently	 known	 about	
the	dynamic	processes	 that	occur	 in	narrow	fault	slipping	zones	 in	 the	near-surface	
(<3	km)	environment.	

The	Tre	Monti	Fault,	 central	 Italy	(exhumed	from	depths	<2	km)	 is	an	active	
carbonate-dominated	fault	zone	that	has	probably	hosted	large	(Mw	>6)	earthquakes.	
In	previous	 studies	of	 the	principal	 slip	 zone	 (PSZ)	of	 the	Tre	Monti	 Fault,	 peculiar	
aggregate-	 type	 grains	 were	 recognised	 and	 termed	 	 “Clast-Cortex	 Aggregates”	
(CCAs).	Such	grains	contain	a	central	clast	(often	angular)	of	host	rock	or	reworked	
cataclasite	 surrounded	 by	 an	 outer,	 often	 laminated	 cortex	 containing	 much	 finer-
grained	material.	 CCAs	were	only	 identified	 in	 the	high-strain	PSZ	of	 the	Tre	Monti	
Fault	(i.e.	they	are	restricted	to	an	ultracataclastic	layer	<2	cm	thick)	and	as	such	they	
potentially	record	 the	effects	of	 localized	dynamic	slip	processes	during	 the	seismic	
cycle.	 However,	 because	 of	 their	 monomineralic	 composition,	 fine	 grain	 size	 and	
extremely	low	porosity,	previous	attempts	to	image	CCAs	using	standard	SEM-based	
techniques	were	not	successful.	

Using	 high-resolution	 Electron	 Backscatter	 Diffraction	 (EBSD)	 analysis	 of	 a	
single	CCA,	 this	 thesis	presents	new	observations	 regarding	 the	microstructure	and	
evolution	 of	 CCAs	 in	 carbonate-dominated	 fault	 zones.	 Results	 indicate	 that:	 1)	 the	
diameter	 of	 individual	 grains	 comprising	 the	 CCA	 outer	 cortex	 and	 surrounding	
matrix	 of	 the	 PSZ	 is	 on	 the	 order	 of	 1-5	 μm;	 2)	 mean	 grain	 size	 decreases	
progressively	 from	 the	 inner	 laminations	 towards	 the	 outer	 laminations;	 3)	 in	 all	
locations	around	the	CCA,	and	in	the	surrounding	matrix	of	the	PSZ,	individual	grains	
are	markedly	elongate	(mean	aspect	ratio	between	1.5	and	2.1)	and	are	aligned	at	c.	
70°-90°	 to	 the	principal	 slip	 surface,	 and;	4)	 there	 is	no	 significant	 crystallographic	
preferred	ordinations	of	grains	within	the	laminations	of	the	outer	cortex.	

These	new	results	support	a	model	in	which	CCAs	form	by	accretion	of	grains	
on	to	the	outside	of	a	central	clast	rotating	clast	within	the	cataclastic	PSZ	at	shallow	
depths	(<2	km).	The	PSZ	 is	progressively	crushed	during	slip	events	decreasing	 the	
grain	size	and	resulting	in	grain	size	grading	within	the	laminations	of	the	CCAs.	The	
formation	of	CCAs	may	be	related	to	coseismic	slip,	however	the	data	does	not	allow	
tight	constraints	on	slip	rates	during	formation.	Following	the	formation	of	the	CCAs,	
compaction	 within	 the	 fault	 zone,	 perhaps	 accommodated	 by	 pressure	 solution	
processes,	 results	 in	 individual	 grains	 within	 the	 CCA	 and	 surrounding	 matrix	
developing	a	systematic	elongate	shape.	such	distributed	compaction	may	correspond	
to	the	shallow	interseismic	creep	that	has	been	observed	at	shallow	depths	following	
major	recent	earthquakes	in	carbonate-dominated	fault	zones.	
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Chapter One Introduction 
	
	
	

1.1	Carbonates	and	Earthquakes	

	
Carbonate	rocks	(i.e.	 limestone	and	dolostone)	make	up	c.	2.0%	of	the	Earths	

crust	(Figure	1.1.1)	(Ronov	and	Yaroshevsky,	1968),	although	in	areas	such	as	central	

Europe	up	to	20%	of	the	upper	crust	is	carbonate.	In	particular,	many	earthquakes	in	

seismically	active	regions	such	as	Greece,	central	Italy,	the	Rockies	and	the	Himalayas	

nucleate	 and	 propagate	 within	 thick	 (>5	 km	 thick)	 layers	 of	 platform	 carbonates	

(Jackson,	 1994,	 Smith	 et	 al.,	 2013,	 Vittori	 et	 al.,	 2011)	 (Figure	 1.1.2).	 This	 close	

correlation	between	earthquake	activity	and	the	location	of	carbonate	rocks	makes	it	

essential	to	understand	how	carbonate	rocks	deform	and	behave	during	the	seismic	

cycle:	that	is	at	slip	velocities	ranging	between	slow	aseismic	creep	and	relatively	fast	

seismic	slip.	

	

	

1.2	Fossil	Earthquakes	and	Deformation	Processes	in	Carbonate-
Bearing	Fault	Zones	
	

Much	 experimental	work	 has	 been	 carried	 out	 at	 both	 seismic	 and	 aseismic	

(creep)	slip	velocities,	and	over	a	broad	range	of	temperatures,	in	order	to	develop	an	

understanding	of	how	carbonate	fault	rocks	behave	at	different	stages	of	the	seismic	

cycle	 (Barnhoorn	et	al.,	2004,	Barnhoorn	et	al.,	2005,	Pieri	et	al.,	2001a,	Pieri	et	al.,	

2001b,	 Rempe	 et	 al.,	 2014,	 Rutter,	 1995,	 Schmid	 et	 al.,	 1977,	 Schmid	 et	 al.,	 1980,	

Smith	et	al.,	2013).	
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Figure	1.1.1.	The	blue	areas	indicate	the	global	distribution	of	carbonate	rocks	such	as	limestone	and	
dolostone	 at	 the	 Earth’s	 surface.	 The	map	was	 constructed	 in	 ArcMap	 using	 the	 digital	 database	 of	
lithology	established	by	Durr	et	al.,	(2005).	
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Figure	1.1.2.	Map	of	 central	Europe	 showing	Greece	and	 Italy.	Blue	areas	are	 those	where	platform	
carbonate	 rocks	 appear	 at	 the	 surface.	The	dots	 indicate	 the	 epicentre	of	 earthquakes	with	moment	
magnitude	 greater	 than	 1.8.	 The	 map	 was	 constructed	 in	 ArcMap	 using	 the	 digital	 database	 of	
lithology’s	(Durr	et	al.,	2005).	The	map	shows	a	strong	correlation	between	earthquake	epicentres	and	
the	surface	distribution	of	carbonate	rocks.	
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In	 silica-bearing	 rocks,	 pseudotachylytes	 (solidified	 frictional	 melts)	 are	

generally	accepted	as	evidence	for	seismic	slip	(where	slip	nucleates	at	one	point	and	

propagates	 along	 a	 fault)	 (Cowan,	 1999,	 Sibson,	 1975).	 However,	 pseudotachylytes	

are	not	 found	 in	many	 rock	 types	 including	 carbonates	 (Wilshire,	 1971).	 Currently,	

there	 are	 no	 widely	 accepted	 indicators	 of	 “fossil	 earthquakes”	 within	 carbonates,	

although	much	recent	and	ongoing	research	is	being	dedicated	to	these	topics.	It	can	

often	 be	 difficult	 to	 determine	 and	 differentiate	 the	 differences	 in	 the	 rock	 record	

between	seismic	slip	and	aseismic	creep	(Rowe	and	Griffith,	2015).	Because	frictional	

melts	 do	 not	 occur	 in	 carbonate	 rocks,	 other	 microstructural	 features	 should	 be	

sought	 to	 determine	 if	 seismic	 slip	 has	 occurred	 (Magloughlin	 and	 Spray,	 1992,	

Sibson,	 1975).	 Recent	 work	 attempting	 to	 document	 microstructural	 evidence	 of	

seismic	 slip	 in	 carbonate	 rocks	 has	 focused	 on	 the	 possible	 microstructural	 and	

geochemical	signatures	of	coseismic	temperature	rise	or	fault	rock	fluidization	during	

seismic	slip	(Kurz	et	al.,	2000).	

	

1.2.A	Why	are	frictional	melts	not	formed	in	carbonate	rocks?	

	

In	order	to	generate	a	frictional	melt,	there	must	be	enough	heat	produced	to	

reach	the	melting	temperature	of	the	rock.	Carbonates	typically	melt	at	temperatures	

greater	than	1500°	C	(i.e.	calcite	at	c.	1610°	C,	and	dolomite	at	c.	1585°C	(Irving	and	

Wyllie,	1975)).	However	during	seismic	slip	events	in	carbonate	rocks,	temperatures	

do	 not	 reach	 this	 level	 because	 other	 physico-chemical	 processes	 are	 triggered	 at	

temperatures	below	this	point.	These	include:	

•	 1.	Thermal	decomposition	of	calcite	and	dolomite	occur	at	respectively	c.	700°C	

and	 c.	 600°C	 (Han	 et	 al.,	 2007).	 The	 two	 most	 significant	 decomposition	

reactions	in	carbonate	rocks	are:	

•	 Between	 c.	 720°C	 and	 900°	 C	 thermal	 decomposition	 of	 calcite	 to	 form	

CaO	(lime)	+	CO2	occurs	(Han	et	al.,	2007).	
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•	 Between	 c.	 	 550°C	 and	 600°	 C;	 Dolomite	 decomposes	 to	 form	 MgO	

(periclase)	+	CO2	+	Mg-calcite	(De	Paola	et	al.,	2011,	Ganino	et	al.,	2013,	

McIntosh	et	al.,	1990,	Samtani	et	al.,	2002).	

•	 The	 magnesium	 rich	 calcite	 formed	 in	 the	 above	 dolomite	

decomposition	reaction	can	then	thermally	decomposes	at	c.	720°C	

and	900°	C	to	CO2	gas	and	Lime	(Han	et	al.,	2007).	

•	 2.	 Calcite	 grains	 can	 recrystallise,	 sinter	 and	 anneal	 due	 to	 frictional	 heating	

during	localised	seismic	slip	(Smith	et	al.,	2013).	Sintering	processes	occur	at	a	

maximum	temperature	of	1150°	C	(Rodriguez-Navarro	et	al.,	2009).	

•	 3.	 Vaporization	 of	 pore	 fluid	 occurs	 at	 c.	 100°	 C.	 This	 has	 the	 potential	 to	

pressurise,	fluidize	and	lubricate	the	fault,	reducing	the	effective	normal	stress	

and	hence	 frictional	 strength.	 Fluid	 vaporization	 also	potentially	 “buffers”	 the	

coseismic	temperature	rise	at	c.	100°	C	(Brantut	et	al.,	2011,	Lachenbruch,	1980,	

Rice,	2006,	Sibson,	1973).		

	

	

1.3	 Clast-Cortex	 Aggregate	 Grains	 (CCAs)	 in	 calcite-bearing	 fault	
zones	

	

In	 an	 analysis	 of	 the	 ultracataclastic	 principal	 slip	 zone	 (PSZ)	 (an	

approximately	1-2	cm	thick	layer	that	lies	adjacent	to	the	principal	slip	surface	(PSS)	

(where	 the	 bulk	 of	 coseismic	 displacement	 takes	 place	 (Chester	 and	Chester,	 1998,	

Sibson,	 2003))	 of	 the	 Tre	 Monti	 Fault,	 central	 Italy,	 a	 previously	 unidentified	

microstructure	was	noted	by	Smith	et	al.,	(2011).	The	microstructure	is	characterised	

by	 clusters	 of	 peculiar	 rounded	 fault	 “pellets”	 that	 consist	 of	 a	 central	 clast	 (often	

angular)	 of	 reworked	 cataclasite	 or	 host	 rock	 surrounded	 by	 a	 fine-grained	 outer	

cortex	 (Figure	 1.3.1).	 Within	 the	 outer	 cortex	 various	 laminations	 were	 identified.	

These	 laminations	 are	defined	by	 the	basis	 of	 apparent	 grain	 size	 and	 colour	when	

viewing	 them	 optically.	 Smith	 et	 al.,	 (2011)	 termed	 these	 microstructures	 “Clast-
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Cortex	Aggregates	 (CCAs)”	 and	 reported	 they	were	 restricted	 to	 the	PSZ	of	 the	Tre	

Monti	Fault	(i.e.	not	present	in	wall	rocks	or	brecciated	fault	core	outside	the	PSZ).	A	

wide	range	of	morphologies	were	identified	ranging	from	relatively	simple	CCAs	with	

single	 layers	 in	 the	 outer	 cortex,	 to	 more	 complicated	 CCAs	 showing	 multiple	

laminations	 in	 the	 outer	 cortex	 (Figure	 1.3.2).	 CCAs	 are	 not	 larger	 than	 2	 mm	 in	

diameter.	On	the	basis	of	microstructural	evidence,	Smith	et	al.,	(2011)	concluded	that	

CCAs	formed	during	coseismic	slip.	

	

Subsequently,	 Rempe	 et	 al.,	 (2014)	 performed	 an	 experimental	 study	 using	

calcite	fault	gouge	deformed	in	the	rotary-shear	apparatus	“ROSA”	at	the	University	of	

Padua,	 Italy.	 CCAs	 were	 identified	 in	 the	 deformed	 gouge	 layer	 at	 slip	 velocities	

between	 100	 μm/s	 and	 1	 m/s	 (Figure	 1.3.3).	 Rempe	 et	 al.,	 (2014)	 noted	 the	

appearance	of	experimental	CCAs	that	 formed	at	 low	normal	stresses	(≤5	MPa)	and	

slip	 rates	 between	 100	 μm/s	 and	 1	 m/s.	 The	 experimental	 CCAs	 were	 better	

developed	 at	 larger	 total	 displacements	 and	 were	 not	 formed	 when	 water	 was	

present	in	the	sample.	It	was	concluded	that	the	formation	of	the	experimental	CCAs	

was	due	to	rotation	of	clasts	in	granular	flow,	with	the	outer	cortex	being	related	to	

accretion	of	fine	matrix	material	possible	facilitated	by	electrostatic	forcing	(Rempe	et	

al.,	2014).	Rempe	et	al.,	(2014)	concluded	that	CCAs	were	not	an	indicator	of	seismic	

slip	velocities	of	c.	1	m/s	as	they	were	also	formed	a	much	lower	velocities.	
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Figure	1.3.1.	Diagram	of	CCAs	 from	the	Tre	Monti	Fault	 slipping	zone	showing	 the	central	clast	and	
outer	cortex.	a)	Transmitted	light	microscope	image	of	a	thin	section	of	the	PSZ.	b)	the	corresponding	
tracing	 of	 CCAs	where	 the	 lighter	 shade	 is	 the	 central	 clast	 and	 the	 darker	 grey	 is	 the	 outer	 cortex	
(Smith	et	al.,	2011).		
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Figure	 1.3.2.	 Transmitted	 light	 microscope	 images	 and	 traces	 of	 the	 CCAs	 of	 varying	 complexity	
showing	the	defining	zones	and	 laminations.	The	central	clast	 in	(c)	 is	reworked	cataclasite,	while	 in	
(a),	 (b)	 and	 (d),	 the	 central	 clast	 is	 constructed	 of	 host	 rock.	 Laminations	 in	 the	 outer	 cortex	 area	
indicated	by	the	variations	of	colours	in	the	traces	of	the	outer	cortex	(Smith	et	al.,	2011).	

	
	
	

	
Figure	1.3.3.	CCAs	observed	in	calcitic	fault	gouge	experiments.	A)	SEM	image	of	well	formed	CCAs	in	
the	fault	gouge.	B)	SEM	image	of	a	poorly	formed	CCA	in	the	experimental	gouge	(Rempe	et	al.,	2014).	
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1.4	Similar	aggregate	grains	in	clay-bearing	fault	zone	
	
	

Although	the	CCAs	described	in	the	previous	section	have	only	been	found	in	

calcite-dominated	fault	zones	(Smith	et	al.,	2011),	similar	rounded	aggregate	grains,	

termed	 clay-clast	 aggregates,	 have	 been	 identified	 in	 natural	 clay-dominated	 fault	

zones	(Boullier	et	al.,	2009,	Boutareaud	et	al.,	2010,	Boutareaud	et	al.,	2008,	Warr	and	

Cox,	2001).	They	have	also	been	produced	in	experiments	performed	on	clay-bearing	

fault	 gouges	 in	 both	wet	 and	 dry	 conditions	 (Ujiie	 et	 al.,	 2011).	 Two	main	 types	 of	

clay-clast	 aggregates	 were	 identified	 through	 experimental	 deformation	 of	 clay	

bearing	 fault	 gouge;	 the	 first	 features	 a	 central	 clast	 of	 either	 quartz,	 feldspar	 or	

calcite,	 and	 the	 second	 features	 a	 foliated	 central	 clast	 composed	 of	 clay	 particles	

showing	 a	 strong	 preferred	 orientation	 (Figure	 1.4.1).	 Both	 types	 of	 clast	 feature	 a	

concentric	 outer	 coating	 of	 finer-grained	 clay	material.	 The	 coatings	 become	more	

spherical	with	increasing	thickness.	Thickness	of	the	outer	coating	ranges	between	5	

μm	 and	 10	 μm	 (Boutareaud	 et	 al.,	 2010,	 Boutareaud	 et	 al.,	 2008).	 Boullier	 et	 al.,	

(2009)	 identified	 several	 compacted	 layers	 containing	 clay-clast	 aggregates	 in	 core	

material	 collected	 from	 the	 Chelungpu	 fault	 zone,	 with	 each	 individual	 layer	

suggested	 to	 relate	 to	 an	 earthquake	 (seismic)	 event.	 Similar	 clay	 aggregates	were	

also	identified	in	the	clay-rich	gouge	of	the	PSZ	formed	in	the	Chi-Chi	earthquake	(Mw	

7.4)	 (Boullier	 et	 al.,	 2009).	 Clay-clast	 aggregates	 are	 thought	 to	 form	 due	 to	

fluidization	of	the	fault	gouge,	perhaps	combined	with	frictional	heating	and	thermal	

pressurisation	(Boullier	et	al.,	2009).	Boutareaud	et	al.,	(2010)	speculated	that	these	

clay-clast	 aggregate	 grains	 have	 been	 formed	 in	 conditions	 involving	 seismic	 slip	

rates.	 However,	 clay-clast	 aggregates	 have	 also	 been	 reported	 in	 experimentally	

deformed	 clay-bearing	 fault	 gouge	 at	 velocities	 as	 low	as	 500	μm/s,	 indicating	 that	

they	can	also	be	formed	in	slower	creep	(Han	and	Hirose,	2012).		
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Figure	 1.4.1.	 Clay-clast	 aggregate	 grains	 in	 experimentally	 deformed	 clay-bearing	 fault	 gouge.	 (a)	
Clay-clast	aggregate	with	a	quartz	central	clast	and	a	much	finer	outer	rim	made	of	clay	particles,	(b)	
Clay-clast	aggregate	grain	with	a	foliated	central	clast	of	clay	particles	(Boutareaud	et	al.,	2008).	

	
	
	

1.5	Geological	Setting	of	Calcite	CCAs	
	

The	Central	Apennines	of	Italy	has	produced	many	large	earthquakes	of	c.	Mw	

7	 from	 active	 normal	 faults	 related	 to	 crustal	 extension	 that	 began	 in	 the	 late	

Messinian.	 Extension	 is	 superimposed	 on	 an	 upper	 crustal	 fold-thrust	 belt	 that	

developed	 in	 the	 Tortonian-Pliocene.	 (Cavinato	 and	 De	 Celles,	 1999,	 Smith	 et	 al.,	

2011).	 Figure	 1.5.1	 shows	 a	 tectonic	 and	 geological	 map	 of	 the	 Central	 Apennines	

region.	One	of	the	active	normal	faults	in	the	Central	Apennines	is	the	Tre	Monti	Fault.	

It	 is	 in	 this	 slip	 zone	 that	 the	 only	 documented	 occurrence	 of	 natural	 CCAs	 in	

carbonate	rocks	has	been	recorded.	
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Figure	 1.5.1.	 A	 generalised	 geological	 and	 tectonic	 map	 of	 central	 Apennines	 fault	 systems	 (after	
Cavinato	and	De	Celles,	1999).	The	Tre	Monti	Fault	 is	highlighted	 in	 red	with	 the	Triassic	 carbonate	
limestones	to	the	north	and	the	Quaternary	sediments	to	the	south.	

		

The	Tre	Monti	fault	strikes	NE-SW	and	shows	a	total	displacement	of	between	

1.5	and	2	km.	The	fault	zone	dips	50°-55°	SE	–	SEE	and	the	fault	itself	is	identified	as	a	

Holocene	fault	scarp	(Smith	et	al.,	2011).	Average	Holocene	extension	rates	of	0.04	-	

0.22	mm/year	have	been	determined	by	the	offset	of	glacial	terraces	across	the	fault	

(Smith	et	al.,	2011).	Through	 the	combination	of	 sedimentalogical	and	paleoseismic	

analysis,	 it	was	determined	 that	 the	Tre	Monti	 fault	has	been	active	 since	 the	early	

Pliocene	and	is	currently	active	(Galadini	et	al.,	1997,	Palumbo	et	al.,	2004,	Piccardi	et	

al.,	1999,	Smith	et	al.,	2011).	In	the	upper	few	kilometres	of	the	crust,	the	Tre	Monti	

fault	 cross	 cuts	 through	 Triassic	 limestone’s	 and	 Quaternary	 sediments	 as	 shown	
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schematically	in	Figure	1.5.2		(Smith	et	al.,	2011).	Geological	constraints	indicate	that	

the	PSZ	of	 the	Tre	Monti	 fault	 currently	 exposed	 at	 the	 surface	was	 exhumed	 from	

depths	of	less	than	2	km	(Smith	et	al.,	2011).	

	

	

Figure	1.5.2.	Tre	Monti	fault	CCA	occurrence.	A)	Cross	sectional	sketch	of	through	the	Tre	Monti	Fault	
zone.	B)	Scanned	thin	section	of	the	principal	slip	zone	where	the	CCA	are	located	(after	Smith	et	al.,	
2011).		

	

A	 continuous	 layer	 of	 cataclasite	 and	 ultracataclasite	 adjacent	 to	 the	 PSS	

identifies	the	PSZ	of	the	Tre	Monti	Fault.	The	PSZ	has	a	total	thickness	of	up	to	several	

centimetres.	Through	energy	dispersive	X-Ray	Spectroscopy	and	X-Ray	diffraction,	it	

was	 determined	 that	 the	 PSZ	 is	 almost	 entirely	 composed	 of	 calcium	 carbonate	

(calcite)	(Smith	et	al.,	2011).		
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1.6	Aims	of	the	thesis	and	work	to	be	carried	out	on	the	CCAs	
	
	

1.6.A	Motivations	and	Aims	of	the	Study	
	

Smith	et	al.,	(2011)	established	that	natural	calcite	CCAs	are	only	present	in	the	

thin	PSZ	of	the	Tre	Monti	Fault,	and	are	thus	related	to	processes	of	slip	localization	

during	 the	 seismic	 cycle.	 They	 concluded	 from	 microstructural	 analysis	 that	 the	

natural	CCAs	likely	formed	during	coseismic	slip.	However,	the	experimental	results	

of	Rempe	et	al.,	(2014)	suggest	that	calcite	CCAs	may	also	form	at	slip	velocities	much	

lower	than	1	m/s	(a	typical	coseismic	slip	velocity).	Similarly,	in	clay-bearing	gouges,	

Boullier	et	al.,	 (2009),	Boutareaud	et	al.,	 (2008),	Boutareaud	et	al.,	 (2010)	conclude	

clay-clast	aggregate	grains	as	an	indicator	of	seismic	slip,	yet	recently	they	have	been	

produced	 in	 slip	 velocities	 as	 low	 as	 500	 μm/s	 by	 Han	 and	 Hirose,	 (2012).	 These	

somewhat	conflicting	results	motivate	a	more	detailed	study	of	the	microstructure	of	

the	natural	CCAs	 in	 carbonate	 fault	 zones.	Potentially,	 the	CCAs	preserve	 important	

information	 regarding	 the	 dynamics	 of	 slip	 and	 localization	 at	 shallow	 depths	 in	

carbonate-bearing	 faults.	 However,	 the	 deformation	 processes	 leading	 to	 the	

formation	 of	 CCAs,	 and	 the	 details	 of	 their	 microstructure	 remain	 very	 poorly	

understood.	 In	part	 this	 is	because	 the	natural	examples	are	particularly	difficult	 to	

study	using	“standard”	SEM-based	imaging	techniques	(more	detail	in	Chapter	2).	To	

address	 this,	 and	 to	 provide	 insights	 into	 the	 deformation	 process	 leading	 to	 the	

formation	 of	 calcite	 CCAs	 in	 fault	 slipping	 zones,	 this	 thesis	 presents	 a	 detailed	

microstructural	study	focussed	on	addressing	the	set	of	questions	outlined	below.	By	

answering	 these	 questions,	 this	 thesis	 provides	 new	 and	 important	 information	

relevant	 to	 the	 formation	 of	 natural	 calcite	 CCAs	 and	 fault-related	 deformation	

processes	 during	 the	 seismic	 cycle.	 This	 has	 important	 implications	 for	 our	

understanding	 of	 carbonate	 fault	 systems	 and,	 more	 generally,	 the	 dynamics	 of	

shallow	earthquake	slip.	
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•	 1.	 Is	 there	 a	 calcite	 Crystallographic	 Preferred	 Orientation	 (CPO)	 within	 the	

outer	cortex	of	the	CCAs	or	in	the	surrounding	matrix?		

Electron	 Backscatter	 Diffraction	 (EBSD)	 can	 provide	 insights	 into	 the	 CPO	 of	 grain	

aggregates	within	the	CCAs	and	the	surrounding	matrix.	The	calcite	matrix	of	the	PSZ	

does	contain	a	CPO	in	some	areas	as	shown	by	Smith	et	al.,	(2011)	who	suggested	that	

it	 developed	during	 slow	post-seismic	 creep.	However,	 EBSD	 analysis	 has	 not	 been	

carried	out	 on	 the	CCAs	 themselves.	Determining	 the	 crystallographic	properties	of	

the	CCAs	using	EBSD	will	provide	insights	in	to	different	zones	and	laminations	and	

will	help	in	our	understanding	of	the	conditions	involved	in	the	formation	of	CCAs.	

	

•	 2.	What	is	the	grain	size	distribution	in	the	matrix	and	in	the	outer	cortex?		

Through	optical	analysis,	it	appears	that	there	is	variation	in	grain	size	between	each	

lamination	within	the	CCAs	and	between	the	outer	cortex	and	the	matrix	of	the	PSZ.	If	

so,	this	thesis	will	quantify	this	and	attempt	to	establish	why	this	occurs.	

	

•	 3.	How	do	the	shape	and	alignment	of	the	grains	in	the	laminations	vary?		

EBDS	 analysis	 will	 provide	 important	 information	 on	 the	 shape	 of	 the	 grains.	 This	

includes	 the	 elongation	 (aspect	 ratio)	 and	 alignment	 of	 the	 grains	 throughout	 the	

laminations.	 It	 is	 important	 to	see	how	they	change	as	 it	 could	hold	very	 important	

information	 as	 to	 how	 different	 laminations	 have	 formed	 and	 the	 tectonic	 process	

that	are	involved.		

	

•	 4.	How	do	the	grains	that	make	up	the	laminations	differ	from	those	that	make	

up	the	matrix	of	the	PSZ?		

By	comparing	the	shape,	size,	and	alignment	of	grains	in	the	laminations	to	those	in	

the	matrix,	we	can	determine	if	there	have	been	any	processes	that	have	occurred	in	

both	 laminations	 and	matrix	 that	 could	 relate	 to	 the	 formation	of	 the	CCAs	or	post	

formation	events.		
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•	 5.	How	were	the	CCAs	formed?	

Addressing	questions	1-4	 above	will	 help	 to	understand	 the	deformation	processes	

that	led	to	the	formation	of	CCAs.	Rempe	et	al.,	(2014)	hypothesised	that	the	laminar	

structure	of	CCAs	could	result	from	accretion	of	grains	due	to	electrostatic	forces	in	a	

fluidised	 layer.	However,	 it	 is	unknown	what	makes	 the	CCA-bearing	 layer	different	

from	the	rest	of	the	cataclastic	slipping	zone.	If	 it	 is	possible	to	define	the	structural	

and	 microstructural	 differences	 between	 the	 outer	 cortex	 of	 the	 CCAs	 and	 the	

surrounding	 matrix,	 this	 could	 help	 to	 determine	 the	 processes	 that	 lead	 to	 the	

formation	of	the	CCAs.	
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Chapter Two Methodology 

	

	

2.1	Primary	Field	work	and	Sample	Collection	
	

Smith	 et	 al.,	 (2011)	 completed	 initial	 extraction	 of	 fault	 rocks	 from	 the	 Tre	

Monti	fault	prior	to	the	commencement	of	this	project.	Highly	consolidated	blocks	of	

fault	rocks	containing	the	principal	slip	surface	(PSS),	principal	slip	zone	(PSZ)	and	

cataclasite	were	 collected.	 In	 order	 to	 do	 the	 primary	 analysis	 of	 these	 rocks,	 thin	

sections	with	 a	 thickness	 of	 30	 μm	were	 constructed	 parallel	 to	 the	 lineation	 and	

perpendicular	to	the	PSS	(Figure	2.1.1).	Samples	of	the	rock	were	cut	into	rectangular	

blocks	so	that	 they	could	be	used	 in	 future	analysis.	More	details	of	previous	study	

performed	on	these	rocks	by	Smith	et	al.,	(2011)	is	included	in	Chapter	1.	

	

	

	
Figure	2.1.1.	Sketch	showing	the	cut	used	for	thin	sections	relative	to	the	field	location.	A)	Cross	
section	of	the	Tre	Monti	Fault	Zone.	The	black	box	along	the	fault	scarp	indicates	the	area	where	
the	 rocks	were	 extracted	 from,	 the	 PSS	 is	 indicated	 in	 red	 (after	 Smith	 et	 al.,	 2011).	 B)	 Three	
dimensional	model	of	how	the	rocks	were	cut	into	thin	section	parallel	to	the	lineation	present	in	
the	rock.	The	PSS	is	indicated	as	red.	
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2.2	Introduction	to	Imaging	Techniques	

	

Analysis	 of	 the	 Clast-Cortex	 Aggregate	 grains	 (CCAs)	 found	 in	 the	 PSZ	 is	

exceptionally	difficult.	This	is	because	the	PSZ	is	constructed	entirely	out	of	calcium	

carbonate	 (calcite),	 is	 very	 fine-grained,	 and	 well	 consolidated	 with	 next	 to	 no	

density	or	porosity	variations.	Because	of	how	fine-grained	the	internal	structure	of	

the	 CCAs	 is,	 the	 best	way	 to	 image	 the	 samples	 is	 to	 use	 high-resolution	 scanning	

electron	 microscope	 (SEM)	 based	 techniques.	 However,	 standard	 SEM	 techniques	

such	 as	 backscatter	 diffraction	 are	 ineffective	 on	 these	 rocks	 due	 to	 their	 entirely	

calcitic	 composition.	 In	 order	 to	 image	 effectively,	 Electron	 Backscatter	 Diffraction	

(EBSD)	 is	 used	 in	 this	 thesis.	 EBSD	 constructs	maps	 based	 on	 the	 crystallographic	

orientation	 of	 each	 analysis	 point	 in	 order	 to	 image	 collectively	 grain	 aggregates	

based	on	differences	in	crystallographic	orientation,	as	opposed	to	using	mineralogy	

or	density	variations.	Modern	EBSD	techniques	are	able	to	image	grains	smaller	than	

1	μm	in	size	(Humphreys,	2004).	In	this	case,	EBSD	allows	us	to	image	areas	of	the	

CCAs	 in	 high	 resolution	 to	 gain	 information	 (e.g.	 grain	 size,	 grain	 orientation,	

crystallographic	 orientation)	 on	 individual	 grains	 that	 make	 up	 the	 most	 distinct	

microstructures	within	the	CCAs.	

	

2.2.A	Basics	of	Electron	Backscatter	Diffraction	

	

EBSD	 is	 carried	 out	 by	 emitting	 a	 high-energy	 beam	 of	 electrons	 onto	 a	

sample	 tilted	 at	 70°	 (Figure	 2.2.1).	 The	 electrons	 diffract	 from	 the	 minerals’	

diffraction	 plane	 at	 a	 depth	 of	 c.	 20	 nm.	 Depending	 on	 the	 orientation	 of	 crystal	

lattice,	the	electrons	will	diffract	differently	and	produce	banded	patterns	when	they	

hit	 the	 phosphors	 screen	 on	 the	 specialised	 EBSD	 camera	 (Schwartz	 et	 al.,	 2000).	

These	are	Kikuchi	Bands	(Figure	2.2.2).	Diffraction	patterns	are	made	when	multiple	

Kikuchi	bands	 intersect	can	be	used	 to	determine	 the	 lattice	orientation	(Adams	et	

al.,	1993).	Diffraction	patterns	were	first	 identified	in	backscatter	mode	(Nishikawa	
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and	Kikuchi,	1928).	Each	point	of	a	selected	area	is	recorded	and	after	completing	an	

area,	a	grain	orientation	map	is	constructed	out	of	information	on	crystal	orientation.	

	

	

	

	

	
Figure	2.2.1.	Schematic	sketch	of	the	SEM	setup	for	EBSD	analysis.		
	

	 	



Chapter	Two	Methodology	 	 	

	20	

	

	

	
Figure	2.2.2.	Kikuchi	bands	as	a	result	of	electron	backscatter	diffraction.	Top)	Schematic	sketch	
of	 how	 Kikuchi	 bands	 are	 formed	 when	 diffracting	 off	 a	 diffraction	 plane	 within	 the	 mineral	
(Schwartz	et	al.,	2000).	Bottom)	example	of	a	Kikuchi	pattern,	 this	example	 is	 from	a	cadmium	
mineral	(Schwartz	et	al.,	2000).	
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2.3	Data	Collection	

	

2.3.A	EBSD	Imaging	
	

To	 analyse	 the	 CCAs	 in	 detail,	 high-resolution	 EBSD	maps	were	 taken	 from	

various	 locations	 around	 one	 single	 CCA	 on	 a	 carbon	 coated	 thin	 section	 (s54b)	

(more	 detail	 in	 Chapter	 4).	 EBSD	 imaging	 was	 performed	 using	 the	 Zeiss	 Field-

Emission	SEM	in	the	Otago	Centre	for	Electron	Microscopy	at	the	University	of	Otago.	

The	thin	section	was	carbon	coated	in	order	to	prevent	charging	occurring	(Welton,	

1984)	 and	 a	 small	 variable	 pressure	 was	 also	 applied	 for	 imaging	 to	 prevent	

charging.	Each	map	collected	was	done	using	the	same	acquisition	settings	so	as	to	

get	a	consistent	data	set.	Through	trial	and	error	the	ideal	EBSD	acquisition	setting	

for	these	samples	were	established	(Table	2.3.1).	

	
Table	2.3.1.	EBSD	settings	used	to	image	each	of	the	analysed	maps.	

Binning	 1x1	
Gain	 9	
Beam	Power	 30	KV	
Number	of	Bands	 12	
Working	Distance	 32	mm	
Step	Size	 0.2	μm	
Framing	Average		 2	Frames	
Aperture	 300	μm	
Variable	Pressure	 20	Pa	

	

	

2.3.B	Forescatter	Imaging	

	

Forescatter	images	were	also	taken.	Forescatter	images	are	taken	in	the	SEM	

with	 an	 inclined	 sample	 (in	 this	 case	 70°).	 Forescatter	 imaging	 requires	 specialist	

detectors	 that	 provide	 an	 orientation	 contrast	 image	 using	 electron	 backscatter	

patterns	(Prior	et	al.,	1997).	 Images	were	taken	using	four	detectors	(two	chemical	
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detectors	and	two	crystallographic	topography	detectors).	Combining	and	balancing	

the	 images	produced	by	each	detector	produces	 a	 forescatter	 image.	These	 images	

revealed	more	about	the	surface	 in	question	than	the	backscatter	 images,	however,	

did	not	 provide	 enough	 information	 for	 analysis	 of	 the	 grains	within	 them	 (Figure	

2.3.1).	

	

	
Figure	 2.3.1.	 Forescatter	 image	 taken	 for	map	 s54b	 27102015	 S8	M6.	 The	 Forescatter	 image	
reveals	more	about	the	area	than	a	backscatter	 image,	but	not	enough	to	show	individual	small	
grains.	However	the	central	clast	 is	evident	in	the	top	left	corner	(indicated	by	the	dashed	line)	
and	larger	grains	are	visible	throughout.	
	

	

Because	backscatter	imaging	could	not	be	used,	a	reference	map	needed	to	be	

loaded	into	the	SEM	imaging	software	to	be	used	for	navigating	around	the	sample	

when	 in	 the	SEM.	Forescatter	 images	were	used	 for	navigating	around	small	areas.	

Four	EBSD	maps	 from	around	 the	CCA	were	 taken	 (Chapter	 4)	 and	one	 additional	

map	 from	 the	matrix	 of	 the	PSZ	 (Chapter	 5).	Due	 to	 the	 exceptionally	 fine-grained	
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nature	of	the	sample,	indexing	was	poor	at	times	(maps	with	less	than	a	30%	hit	rate	

were	not	considered)	and	getting	good	quality	maps	was	difficult.	Many	maps	were	

not	 analysed,	 as	 the	 indexing	 on	 them	 was	 poor	 and	 provided	 no	 valuable	

information.	

	

	

2.4	EBSD	Map	Processing	and	Data	Acquisition	

	

After	 the	 EBSD	maps	were	 collected	 they	were	 opened	 in	Oxford	 computer	

software	AZTEC.	In	AZTEC	the	maps	can	be	viewed	and	Exported	as	a	Channel5	file.	

Processing	of	the	raw	EBSD	maps	is	possible	in	Channel5.	

	

2.4.A	Noise	Reduction	
	

Maps	 are	 opened	 in	 the	 Tango	 window	 of	 Channel5	 to	 enable	 processing.	

Tango	shows	a	visual	of	the	map	and	allows	for	many	different	plot	types	of	the	map	

to	 be	 constructed.	 The	 most	 important	 part	 of	 the	 processing	 is	 to	 apply	 noise	

reduction	to	tidy	up	the	maps	and	remove	errors.		

	

The	 first	 part	 is	 to	 remove	 misorientations	 and	 incorrectly	 indexed	 data	

points.	This	is	done	with	a	neighbour	extrapolation.	This	works	by	taking	each	point	

and	 comparing	 it	 to	 the	 number	 specified	 of	 neighbouring	 points.	 If	 the	 point	 in	

question	 is	different	 and	 the	number	of	neighbours	 specified	are	all	 the	 same,	 it	 is	

considered	 a	 misorientation	 and	 is	 corrected	 (Figure	 2.4.1).	 Performing	 one	

neighbour	 correction	 is	 not	 enough	 to	 get	 a	 clean	 map.	 Therefore	 a	 systematic	

process	was	carried	out.	This	was	 initially	performed	for	8	neighbours	with	 iterate	

on.	Iterate	continuously	reruns	the	process	until	there	is	no	more	corrections	to	be	

made	at	eight	neighbours.	This	is	then	preformed	with	7	neighbours	on	iterate,	then	

6	 neighbours	 on	 iterate,	 and	 finally	 5	 neighbours	 not	 on	 iterate.	 The	 final	 step	 is	
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extrapolating	wildspikes.	 This	 clears	 any	 left	 over	 one	 off	 pixels	 that	 haven’t	 been	

fixed	(Figure	2.4.2).	

	

	
Figure	 2.4.1.	 Sketch	 of	 the	 noise	 reduction	 process	 involving	 the	 removing	 misorinetated	
neighbours.	 Each	 box	 is	 representative	 of	 a	 point	 imaged.	 Different	 coloured	 points	 represent	
different	orientations.		

	

	
Figure	2.4.2.	Noise	reduction	steps	example	using	the	collected	map	s54b	27102015	S8	M6.	A)	
Raw	EBSD	map	pre	noise	reduction.	B)	Map	following	the	extrapolation	of	neighbours.	C)	Noise	
reduction	finalised	including	neighbours	and	wild	spikes	applied.	Note,	all	maps	are	coloured	to	
pole	figure	X	sampling.	



Chapter	Two	Methodology	 	 	

	 25	

2.4.B	Grain	Detection	in	Channel5	

	

Following	 Noise	 reduction,	 the	 map	 can	 then	 be	 used	 to	 gain	 information	

about	each	 individual	grain	within	 the	 laminations	of	 the	CCA.	Firstly	however,	 the	

maps	 were	 separated	 in	 to	 their	 various	 zones	 that	 correspond	 to	 individual	

laminations	within	the	outer	cortex	of	the	CCA.	This	was	done	so	that	the	grain	size	

data	could	be	analysed	separately.	For	example,	map	s54b	27102015	S8	M6	needed	

to	 be	 separated	 into	 Lamination	 1	 and	 Lamination	 2	 (laminations	 explained	 in	

Chapter	1	and	each	maps	division	identified	in	Chapter	4).	This	was	done	using	the	

Shape	 selection	 tool	 in	 Tango.	 The	 outline	 of	 the	 laminations	 was	 traced	 and	 the	

grains	were	analysed	from	that.	The	individual	laminations	or	selection	are	saved	as	

a	subsection	of	the	map	(Figure	2.4.3).		

	

	
Figure	2.4.3.	Subsection	map	of	lamination	1	following	noise	reduction	of	s54b	27102015	S8	M6	
selected	 using	 the	 shape	 tool	 in	 Channel5.	 The	 blank	 area	 to	 the	 left	 of	 the	 lamination	 is	 the	
location	of	 the	 central	 clast,	 and	 to	 the	 right	 is	 the	 location	of	 lamination	2.	This	 selection	was	
carried	out	for	all	of	the	laminations	in	each	of	the	EBSD	maps	collected.	
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Using	 the	 noise-reduced	 map	 in	 Tango,	 the	 grain	 data	 can	 be	 acquired	 by	

using	 the	 grain	 detect	 function.	 This	 works	 by	 determining	 individual	 grains	 as	 a	

collection	of	contacting	points	with	the	same	orientation	(Figure	2.4.4).	The	data	that	

is	collected	in	grain	detector	includes;	grain	area,	diameter,	aspect	ratio,	slope	(long	

axis	orientation),	and	the	X	and	Y	coordinate	of	the	centre	of	the	grain	in	the	map	(in	

pixels).	This	created	a	data	set	that	contained	statistics	for	all	of	the	individual	grains	

in	the	map.	Edge	and	corner	grains	were	also	removed	from	the	data	as	they	are	not	

complete	and	do	not	give	a	full	representation	of	the	grain.	The	data	is	exported	as	a	

Microsoft	Excel	spread	sheet.	

	

	
Figure	2.4.4.	Example	of	how	grains	are	determined	using	crystallographic	orientation,	different	
colours	represent	different	orientation	of	crystallographic	axis.	A)	Selection	of	grains	from	map	
s54b	27102015	 S8	M6.	 B)	 Trace	 of	 the	 grain	 boundaries	 of	 the	 grains	 that	 are	 determined	by	
Channel5.	

	

2.4.C	Manual	Grain	Detection	using	Image	SXM	

	

One	of	 the	 issues	 in	 these	 samples	was	 that	 some	 single	 but	 polycrystalline	

grains	 were	 recognised	 by	 this	 software	 as	 multiple	 grains.	 This	 was	 especially	 a	

problem	in	the	larger	grains.	The	reason	for	this	is	that	many	of	the	larger	grains	are	

fragments	 of	 fossils	 where	 the	 fossil	 has	 different	 crystallographic	 orientations	

within	 it	due	to	growth	patterns.	 In	order	 to	correct	 the	data	 for	 these	grains,	 they	

were	 removed	 from	 the	data	 set.	 To	 get	 the	 correct	 information	 for	 these	 grains	 a	
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different	 process	 was	 followed.	 The	 larger	 grains	 in	 each	 lamination	 of	 each	map	

were	manually	 traced	 in	Adobe	 Illustrator.	The	 traced	 images	 (with	a	black	border	

and	white	infill	and	scale	bar	included)	were	exported	as	a	tiff	file	and	opened	in	the	

software	Image	SXM.	Using	the	scale	bar	(traced	from	the	scale	bar	Aztec	applied	to	

the	EBSD	map)	 in	 Image	SXM	 the	 scale	was	 set	 so	 that	 a	defined	amount	of	 pixels	

represented	a	measurable	length.	The	image	colour	was	then	inverted	(white	border	

with	black	background	and	grain	infill)	so	that	could	then	be	measured	in	Image	SXM	

using	 the	same	parameters	as	detected	using	Channel5.	This	process	 is	shown	as	a	

flow	 in	 Figure	 2.4.5.	 The	 data	 collected	was	 then	 added	 to	 the	 data	 collected	with	

Channel5	to	create	a	full	and	more	accurate	data	set.	

	

	
Figure	2.4.5.	Flow	of	manual	grain	tracing	and	identification	using	Image	SXM.	A)	EBSD	map	of	
lamination	1	in	s54b	27102015	S8	M6,	showing	larger	grains	with	multiple	orientations.	B)	EBSD	
band	 contrast	 image,	 this	 is	 easier	 to	 see	 how	 the	 grains	 are	 actually	 constructed.	 C)	 Grain	
boundary	 trace,	 this	 is	 done	 by	 tracing	 over	 the	 grains	 seen	 in	 the	 band	 contrast	 image.	 D).	
Inverted	 grain	 boundary	 trace.	 In	 order	 for	 Image	 SXM	 to	 detect	 the	 grains,	 the	 image	 must	
consist	 of	 a	 black	 background	with	white	 grain	 outlines.	 E).	Detected	 grains	 using	 Image	 SXM.	
During	 the	 detection	 the	 background	 turns	 grey.	 The	 numbers	 represent	 where	 Image	 SXM	
detects	a	grain.	
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2.4.D	Grain	data	Analysis	

	

When	 analysing	 the	 data	 sets	 in	 Microsoft	 Excel,	 the	 mean,	 maximum,	

minimum,	 standard	 error	 and	 standard	 deviation	 for	 each	 grain	 statistic	 is	

calculated.	 Histograms	 were	 created	 to	 show	 distribution	 using	 the	 frequency	

feature,	 and	 for	 some	 parameters	 cumulative	 frequency	 plots	 are	 established.	

Kolmogorov-Smirnov	tests	were	performed	using	the	Real-Statistics	Excel	plugin	to	

show	if	there	is	statistical	significance	between	data	sets	(where	applicable).	

	

2.4.E	Crystallographic	Preferred	Orientation	

	

One	of	the	aims	of	this	project	is	to	see	if	there	is	a	developed	Crystallographic	

Preferred	 Orientation	 (CPO)	 in	 the	 individual	 laminations	 of	 the	 CCA.	 Because	 the	

EBSD	map	is	collected	using	the	orientation	of	the	crystal	 lattice,	this	 is	a	relatively	

easy	and	simple	procedure.	In	order	to	do	this,	the	noise	reduced	map	is	opened	in	

Tango	 and	 grain	detection	 is	 applied.	 From	 there	 a	 new	 subsection	 is	 created	 as	 a	

“One	Point	per	Grain”	map.	This	 is	done	because	otherwise,	when	constructing	 the	

CPO	 pole	 figure,	 all	 points	 indexed	 in	 the	map	would	 be	 used	which	would	 give	 a	

misrepresentation	 where	 large	 grains	 orientations	 would	 appear	 more	 prominent	

than	 small	 grains	orientation.	Next	 the	one	point	per	 grain	 subsection	and	 specific	

lamination	subsection	(as	described	in	section	2.4.B)	are	combined	so	that	we	get	a	

new	 subsection	 where	 one	 point	 per	 grain	 is	 shown	 only	 for	 grains	 in	 a	 certain	

lamination.	The	new	subsection	was	then	opened	in	the	Mambo	viewer	in	Channel5.	

This	 shows	 the	 crystallographic	orientation	of	 each	grain	 in	 a	 stereonet	know	as	 a	

pole	 figure	 plot.	 Contoured	 Pole	 Figure	 diagrams	 where	 the	 density	 of	 points	 is	

reflected	 by	 colour	 can	 be	 constructed	 from	 this.	 These	were	 done	 for	 each	 of	 the	

laminations	 in	 each	 map	 using	 the	 same	 settings	 (Equal	 Area	 Lower	 hemisphere	

projections,	 contouring	done	at	a	half	width	of	10°,	and	a	cluster	size	of	3°).	These	

steps	 were	 preformed	 for	 each	 lamination,	 matrix	 and	 central	 clast	 in	 each	 EBSD	

map.
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Chapter Three Sample Descriptions 

	
	

3.1	Block	Sample	
	

Highly	 consolidated	 fault	 rocks	 containing	 the	 principal	 slip	 surface	 (PSS),	

principal	slip	zone	(PSZ)	with	an	approximate	thickness	of	between	1	and	2	cm,	and	

the	underlying	layer	of	cataclasite	were	extracted	from	the	present-day	scarp	of	the	

Tre	 Monti	 fault	 (Smith	 et	 al.,	 2011).	 The	 fault	 rocks	 of	 interest	 result	 from	

deformation	 in	 a	 thick	 package	 of	 limestones	 (Smith	 et	 al.,	 2011)	 and	 are	 a	 cream	

colour	(Figure	3.1.1).	The	boundary	between	the	PSZ	and	the	underlying	cataclasite	

is	very	obvious	and	defined	by	a	change	 in	colour	where	 the	PSZ	 is	a	much	 lighter	

colour	than	the	cataclasite	(Figure	3.1.1).	Visible	grain	size	 in	the	cataclasite	 is	also	

much	 greater	 than	 in	 the	 PSZ,	 with	 grains	 in	 the	 cataclasite	 as	 large	 as	 2	 cm	 in	

diameter	(as	visible	in	Figure	3.1.1).	The	PSS	is	identified	as	a	boundary	between	the	

cream	deformed	 limestone	 (of	 the	 PSZ),	 and	 brown	Quaternary	 sediments	 (Figure	

3.1.2).	

	

	

3.2	Thin	Sections	
	

Block	 samples	were	made	 into	 thin	 section	 samples.	 One	 sample,	 s54b	was	

chosen	 for	 detailed	 microstructural	 analysis.	 The	 thin	 section	 scan	 below	 (Figure	

3.2.1)	 shows	 the	PSS,	 PSZ	 and	 the	underlying	 cataclasite.	 Sample	 s54b	was	 chosen	

due	to	the	large	number	of	clear	Clast-Cortex	Aggregate	grains	(CCAs)	present	within	

the	PSZ.	
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Figure	3.1.1.	Annotated	image	of	s54	(4)	block	sample	from	the	Tre	Monti	fault.	The	annotations	
indicate	the	various	layers	that	are	visible	in	the	sample.	The	boundary	between	the	PSZ	and	the	
cataclasite	 is	 clearly	 visible	 by	 a	 change	 in	 colour,	 and	 the	 larger	 grains	 of	 the	 cataclasite	 are	
clearly	visible.	

	

	

	
Figure	3.1.2.	“Birds	eye	view”	looking	down	on	the	principal	slip	surface	of	s54	(4).	The	brown	
material	 is	 the	Quaternary	 sediments,	while	 the	 cream	block	 is	 the	deformed	 limestone	on	 the	
other	side	of	the	Tre	Monti	Fault.	
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Figure	3.2.1.	Scanned	thin	section	s54b,	annotations	on	the	image	show	the	PSS,	PSZ	and	layer	of	
cataclasite	 that	make	up	 the	sample.	 	The	shear	 sense	 indicators	 show	 the	 relative	direction	of	
slip	along	on	the	fault.		
	

3.2.A	Principal	Slip	Zone	Description	

	

The	 PSZ	 is	 distinguished	 in	 thin	 section	 under	 plane	 polarized	 light	 by	 its	

exceptionally	 fine	 matrix	 grain	 size	 and	 smaller	 clast	 sizes	 compared	 to	 the	

underlying	 cataclasite	 layer.	 Remnants	 of	 fossils	 are	 apparent	 in	 the	 PSZ	

representing	 shells	 that	 made	 up	 the	 initial	 limestone	 before	 it	 was	 deformed.	

However,	 the	 most	 unique	 characteristic	 of	 the	 PSZ	 is	 the	 presence	 of	 rounded	

aggregate	type	grains	with	 laminar	structure.	These	were	termed	CCAs	by	Smith	et	

al.,	(2011)	and	are	the	focus	of	more	detailed	microstructure	analysis.	Within	the	PSZ	

of	sample	s54b,	many	CCA’s	are	apparent	(Figure	3.2.2).	More	detailed	traces	of	some	

CCA’s	are	included	in	Figure	3.2.3.	More	details	as	to	the	study	performed	on	CCAs	is	

in	Chapter	4.	
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Analysis	 of	 the	 PSZ	 also	 identified	 foliations	 in	 close	 proximities	 to	 the	 PSS	

Smith	et	al.,	(2011)	(Figure	3.2.4).	The	foliations	are	only	visible	in	thin	section	and	

are	defined	by	the	banding	of	dark	colours.	

	

	

	

	
Figure	 3.2.2.	 Trace	 of	 the	 CCA’s	 present	 within	 the	 PSZ	 of	 s54b.	 Top)	 Mosaic	 Image	 from	
microscopic	images	taken	in	plane-polarized	light	of	the	PSZ.	Bottom)	Simple	trace	of	the	CCA’s	
present	within	the	CCA	layers.	Light	grey	being	the	outer	cortex	margins	(laminations	have	not	
been	included	in	the	trace)	and	dark	grey	being	the	central	clasts.	
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Figure	3.2.3.	Detailed	traces	of	CCAs	present	in	the	PSZ	of	sample	s54(6).	The	images	on	the	left	
are	the	optical	images	taken	in	plane	polarized	light,	on	the	right	are	the	traces	made.	The	colours	
in	 the	 outer	 cortex	 indicate	 the	 apparent	 grain	 size	 through	 visual	 analysis	 of	 the	 CCAs	 under	
plane	polarized	light,	where	the	darker	the	colour	the	finer	the	grain	size.	These	CCAs	range	from	
simple	structures	(i.e.	5)	to	more	complicated	structures	(i.e.	4	(no	central	clast)	and	1	(multiple	
laminations	which	cross	cut	each	other)).	
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Figure	 3.2.4.	 Foliations	 identified	 in	 optical	 images	 of	 sample	 s54b.	 Images	 taken	 in	 plane	
polarized	light.	The	foliations	are	noticeable	by	changes	in	the	shade	of	colour	and	are	annotated	
as	white	lines	on	the	image.	
	

3.2.B	Cataclasite	Description	

	

There	are	many	differences	between	the	PSZ	und	the	underlying	cataclasite.	

The	 most	 obvious	 and	 significant	 change	 is	 that	 in	 the	 cataclasite,	 the	 gain	 size	

appears	to	be	much	larger	(Figure	3.2.5).	This	is	both	the	matrix	and	the	clasts.	It	is	

not	only	the	grain	size	that	appears	to	have	changed,	but	also	the	shape,	grains	are	

more	angular	and	appear	to	have	just	been	fractured	compared	to	the	rounder	grains	

that	 have	 undergone	 additional	 deformation	 processes	 in	 the	 PSZ.	 Fossils	 are	 also	

present	in	the	cataclasite	layer.	
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Figure	 3.2.5.	 Comparison	 between	 the	 PSZ	 and	 Cataclasite	 in	 thin	 sections	 taken	 under	 plane	
polarized	 light.	A)	Fine	grained	PSZ	with	 larger	grounded	clasts	 and	CCAs	present.	B)	More	 coarse-
grained	matrix	and	larger	angular	clasts	of	the	cataclastic	layer	that	lies	directly	below	the	PSZ.	
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Chapter Four Clast-Cortex Aggregate 
Grain 001 Results  

	
	
	
	

4.1	Introduction	
	

For	 detailed	 microstructural	 analysis,	 we	 focused	 on	 a	 single	 Clast-Cortex	

Aggregate	Grain,	(termed	CCA001)	located	in	sample	s54b	(Figure	4.1.1).	CCA001	is	a	

complicated	CCA	that	consists	of	a	 large	central	clast	and	 four	exterior	 laminations	

within	 the	outer	 cortex	 (Figure	4.1.2.).	 CCA001	appears	 to	have	been	 truncated	by	

the	Principal	Slip	Surface	(PSS).	

	
Figure	4.1.1.	Location	of	CCA001	in	thin	section	s54b.	A)	Scanned	thin	section	with	the	location	
of	CCA001	identified	in	the	box.	B)	Optical	image	of	CCA001	taken	in	plane	polarized	light.	
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Figure	4.1.2	Left)	Optical	image	of	s54CCA001	taken	in	plane	polarized	light.	Right)	Trace	of	the	
grain	 showing	 the	 complexity	of	 the	 laminations	 in	 the	outer	 cortex.	The	numbers	 indicate	 the	
corresponding	lamination	with	CC	identifying	the	central	clast.	
	

Through	optical	analysis,	it	appears	that	the	central	clast	is	a	fossil	fragment,	

and	 that	 there	 is	 a	 grain	 size	 variation	 between	 laminations.	 The	 lamination	

boundaries	are	determined	by	clear	colour	changes,	which	could	be	due	to	a	change	

in	grain	size	within	the	lamination.	There	is	also	often	a	dark	line	that	separates	the	

laminations	from	one	another.		

• Lamination	1	is	a	very	thin	(maximum	thickness	of	c.	200	μm)	lamination	that	

contains	a	large	proportion	of	relatively	coarse	grains	within	it.		

• Lamination	2	is	much	thicker	than	lamination	1	(maximum	thickness	of	c.	800	

μm)	 and	 also	 contains	 larger	 clasts	 within	 it,	 however	 not	 as	 many	

proportionally.	Lamination	2	appears	to	be	slightly	darker	than	lamination	1.	

• Lamination	3	is	the	thickest	lamination	and	is	present	around	the	entire	outer	

margin	of	the	CCA.	The	grains	in	lamination	3	appear	finer	than	in	lamination	

2.	It	is	also	the	darkest	of	all	the	laminations	optically.	
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• Lamination	 4	 only	 exists	 on	 one	 side	 of	 the	 CCA	 and	 is	much	 thinner	 than	

laminations	 2	 and	 3	 (maximum	 thickness	 of	 c.	 400	 μm).	 The	 grain	 size	 in	

lamination	 4	 appears	much	 finer	 than	 the	 others	with	 very	 few	 large	 clasts	

present.	

	

	

4.2	EBSD	Data	Collection	
	

Electron	 Backscatter	 Diffraction	 (EBSD)	 data	 was	 collected	 from	 four	

locations	around	CCA001,	which	 included	areas	containing	all	 four	 laminations,	 the	

central	 clast	 and	 surrounding	 matrix.	 EBSD	 maps	 following	 noise	 reduction	 (as	

described	in	Chapter	2)	are	shown	in	Figure	4.2.1.	
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Figure	4.2.1.	EBSD	maps	collected	from	CCA001.	The	maps	are	viewed	as	inverse	pole	figure,	X	
sampling	 maps,	 where	 each	 colour	 represents	 a	 crystallographic	 orientation	 as	 shown	 by	 the	
legend.		
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Each	of	the	EBSD	maps	includes	several	laminations.	The	laminations	imaged	

in	each	of	the	EBSD	maps	are	shown	in	Figure	4.2.2.	

	

	
Figure	4.2.2.	Left)	Band	contrast	EBSD	maps	taken	from	the	sample.	Right)	Band	contrast	image	
with	the	laminations	and	zones	present	overlying.	Areas	left	blank	are	the	matrix.	
	

	

4.3	Grain	Area	
	

4.3.A	Distribution	of	Grain	Area	
	

Histograms	were	 constructed	 to	 show	 the	distribution	of	 grain	 area	 in	 each	

lamination	within	each	EBSD	map.	One	for	lamination	2	in	s54b	27102015	S8	M6	is	

shown	 in	 Figure	 4.3.1.	 Grain	 area	 is	 used	 as	 a	 representation	 of	 grain	 size	

(Heilbronner	and	Barrett,	2014).	
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Figure	 4.3.1.	 Grain	 area	 distribution	 histogram	 of	 all	 grains	 in	 lamination	 2	 in	 map	 s54b	
27102015	S8	M6.	The	mean	grain	area	for	this	lamination	is	11.47	μm2	with	a	standard	deviation	
of	46.7	μm2.	Note:	the	binning	scale	is	variable	within	the	histogram.	
	

The	dataset	shown	in	Figure	4.3.1	is	clearly	skewed	with	a	large	proportion	of	

grains	 in	 the	 finer	 end	 of	 the	 distribution.	 Because	 of	 this,	 higher	 resolution	

histograms	 were	 produced	 to	 show	 a	 smaller	 grain	 size	 range	 but	 get	 a	 more	

accurate	depiction	of	how	the	fine	grain	size	fraction	is	distributed.	This	is	shown	for	

the	same	lamination	in	Figure	4.3.2.		

	

	
Figure	 4.3.2.	 Grain	 area	 distribution	 histogram	 for	 grains	 with	 an	 area	 less	 than	 10	 μm2	 in	
lamination	2	in	map	s54b	27102015	S8	M6.		
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The	remaining	histograms	for	other	laminations	within	this	map	and	all	other	

maps	have	been	included	in	Appendix	1.	

	

In	order	to	see	how	the	laminations	relate	to	each	other	and	if	there	are	any	

identifiable	trends	in	the	grain	size	distribution,	a	mean	comparison	graph	has	been	

produced	and	shown	in	Figure	4.3.3	

	

	
Figure	4.3.3.	A	comparison	graph	 identifying	 the	mean	grain	area	 in	each	 lamination	analysed	
from	the	four	EBSD	maps.	The	error	bars	represent	two	standard	errors.	M	on	the	x-axis	refers	to	
the	matrix.	
	

Figure	4.3.3	shows	a	trend	where	mean	grain	area	slightly	decreases	from	the	

central	 clast	 outwards	 towards	 the	matrix.	 This	 indicates	 that	 grains	 further	 away	

from	the	central	clast	on	average	have	a	smaller	grain	area	than	those	closer	to	the	

central	clast.	

	
	
	 	



Chapter	Four	CCA001	Results	

	44	

4.3.B	Logarithmic	Distribution	

	

Due	 to	 the	 exceptionally	 fine-grained	 material	 in	 the	 samples,	 a	 standard	

histogram	is	not	the	best	way	to	show	if	there	is	a	variance	between	the	layers	and	

the	samples.	In	order	to	get	a	better	understanding	a	logarithmic	distribution	of	grain	

area	 is	used.	Figure	4.3.4	 shows	a	 logarithmic	distribution	of	 lamination	2	 for	map	

s54b	27102016	S8	M6.	

	

	
Figure	 4.3.4.	 Logarithmic	 Distribution	 histogram	 of	 grain	 area	 in	 lamination	 2	 in	 map	 s54b	
27102015	S8	M6.	The	histogram	shows	an	approximately	 log-normal	distribution.	The	mean	 is	
0.62	with	a	standard	deviation	of	0.57.	
	

	

Figure	4.3.5	shows	all	of	the	log	area	histograms	for	each	lamination	in	each	

map	 and	 relation	 to	 their	 location	 of	 CCA001.	 Figure	 4.3.5	 illustrates	 that	 the	

distribution	 of	 the	 grain	 areas	 within	 all	 laminations	 are	 approximate	 log-normal	

distribution.	
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Figure	4.3.5.	Overview	 figure	of	 the	 log	of	 grain	 area	 in	 each	 lamination	 (including	matrix)	 in	
each	map	taken	from	s54b	CCA001.	The	horizontal	scale	for	each	graph	is	the	same,	however	the	
vertical	scale	varies.	
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4.3.C	Cumulative	Frequency	and	K-S	Test	

	
	

In	order	to	see	if	there	is	a	significant	difference	in	the	mean	grain	areas	in	the	

different	 laminations,	cumulative	graphs	and	Kolmogorov-Smirnov	(K-S)	tests	were	

used.	The	graphs	are	constructed	with	a	logarithmic	x-axis.	A	graph	was	constructed	

for	each	of	 the	EBSD	maps	collected.	They	show	the	cumulative	 frequency	of	grain	

area	for	each	lamination.	The	graphs	for	the	four	different	EBSD	maps	are	shown	in	

Figure	4.3.6,	Figure	4.3.7,	Figure	4.3.8	and,	Figure	4.3.9.	

	

	
Figure	4.3.6.	Cumulative	frequency	comparison	graph	showing	the	accumulation	of	logarithmic	
grain	area	in	map	s54b	27102015	S8	M6.	The	map	includes	all	lamination	observed	in	the	map.		
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Figure	4.3.7.	Cumulative	frequency	comparison	graph	showing	the	accumulation	of	logarithmic	
grain	area	in	map	s54b	28102015	S2	M6.	The	map	includes	all	lamination	observed	in	the	map.		
	

	
Figure	4.3.8.	Cumulative	frequency	comparison	graph	showing	the	accumulation	of	logarithmic	
grain	area	in	map	s54b	EBSD	S4	M5.	The	map	includes	all	lamination	observed	in	the	map.		
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Figure	4.3.9.	Cumulative	frequency	comparison	graph	showing	the	accumulation	of	logarithmic	
grain	area	in	map	s54b	EBSD	S8	M7.	The	map	includes	all	lamination	observed	in	the	map.		
	
	

In	order	to	see	if	the	laminations	are	statistically	comparable,	K-S	tests	were	

performed.	 These	 tests	 are	 used	 to	 compare	 datasets	 based	 on	 a	 cumulative	

frequency	and	test	for	significant	difference	when	both	datasets	have	more	than	one	

hundred	data	points.	K-S	Tests	were	carried	out	in	order	to	compare	the	laminations	

within	 each	 map.	 The	 results	 are	 shown	 in	 Table	 4.3.1.	 In	 the	 test,	 if	 the	 D-Stat	

(largest	 difference	 between	 points)	 is	 greater	 than	 the	 D-Crit	 (5%	 confidence	

interval),	then	the	two	samples	are	considered	to	be	significantly	different	from	one	

another.	This	is	also	represented	by	the	P-Value.	If	the	P-Value	is	greater	than	5,	then	

there	 is	 more	 than	 a	 5%	 difference	 between	 the	 two	 datasets,	 and	 they	 are	

significantly	different.		
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Table	4.3.1.	Summary	of	K-S	Tests	carried	out	between	each	of	the	lamination	measured	in	the	EBSD	
maps.	
	

Comparison	between	 D-Stat	 D-Crit	 P	Value	 Significantl
y	Different	

EBSD	Map	s54b	27102015	s8	m6	
Lamination	1	 Lamination	2	 0.07012	 0.04743	 7.39	 Yes	

EBSD	Map	s54b	28102015	s2	m6	
Lamination	2	 Lamination	3	 0.22240	 0.04742	 23.45	 Yes	
Lamination	2		 Matrix	 0.22617	 0.04966	 22.77	 Yes	
Lamination	3	 Matrix	 0.01486	 0.04804	 1.55	 No	

EBSD	Map	s54b	EBSD	s4	m5	
Lamination	2	 Lamination	3	 0.06681	 0.06678	 5.00	 Yes	
Lamination	2	 Lamination	4	 0.05951	 0.07210	 4.13	 No	
Lamination	3	 Lamination	4	 0.02976	 0.07020	 2.12	 N0	

EBSD	Map	s54b	EBSD	s8	m7	
Lamination	1	 Lamination	2	 0.08621	 0.09825	 4.39	 No	
Lamination	1	 Lamination	3	 0.03284	 0.07149	 2.30	 No	
Lamination	1	 Lamination	4	 0.09948	 0.66620	 0.75	 Yes	
Lamination	2	 Lamination	3	 0.06465	 0.09354	 3.46	 No	
Lamination	2	 Lamination	4	 0.02880	 0.08990	 1.60	 No	
Lamination	3	 Lamination	4	 0.05545	 0.05938	 4.67	 No	

	

	

Using	the	K-S	tests,	it	seems	as	if	EBSD	map	s58b	27102015	S8	M6	and	map	

s54b	 280102015	 S2	 M6	 show	 significant	 differences	 in	 the	 grain	 areas	 between	

laminations.	However	on	the	most	part,	maps	s54b	EBSD	S4	M5	and	s54b	EBSD	S8	

M7	do	not.												

	
	

4.4	Grain	Aspect	Ratio	
	

4.4.A.	Distribution	of	Aspect	Ratio	
	

Aspect	ratio	is	the	ratio	between	the	long	axis	and	short	axis	lengths,	and	is	a	

measure	of	grain	elongation.	The	closer	the	value	is	to	one,	the	more	circular	(i.e.	less	
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elongate)	the	grain	is.	Data	on	grain	aspect	ratio	were	collected	using	a	combination	

Channel5	and	Image	SXM,	and	are	useful	in	showing	whether	or	not	the	shape	of	the	

grains	 changes	 between	 the	 laminations	 and	matrix	 in	 the	 sample.	 To	 analyse	 the	

aspect	 ratio	 data,	 histograms	 of	 the	 distribution	 were	 created.	 	 The	 histograms	

created	for	each	dataset	were	limited	to	aspect	ratios	less	than	3	(therefore	does	not	

include	 all	 grains	 in	 the	 lamination).	 Figure	 4.4.1	 shows	 a	 histogram	 of	 the	 aspect	

ratio	of	grains	in	Lamination	2	of		map	s54b	27102015	S8	M6.	

	

	
Figure	4.4.1.	Histogram	of	the	aspect	ratios	less	than	3	in	lamination	2	of	map	s54b	27102015	S8	
M6.	The	mean	aspect	ratio	for	the	laminations	is	1.74	with	a	standard	deviation	of	0.64.	
	

Figure	4.4.2	shows	a	synthesis	of	all	of	the	histograms	for	the	aspect	ratios	of	

all	the	laminations	analysed	in	CCA001.		

	

In	 order	 to	 see	 if	 the	 aspect	 ratios	 of	 the	 grains	 are	different	 in	 each	of	 the	

laminations,	 a	 comparison	 graph	was	 established,	 showing	 the	mean	 aspect	 ratios	

and	standard	deviations	per	lamination	for	each	map	(Figure	4.4.3).	
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Figure	4.4.2.	Overview	 figure	of	 the	aspect	 ratios	 in	each	 lamination	 (including	matrix)	of	 each	
EBSD	map	taken	from	CCA001	(SD	indicates	the	standard	deviation).	
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Figure	4.4.3.	Compassion	of	mean	aspect	ratio	in	each	lamination	and	matrix	from	the	four	EBSD	
maps	collected	around	CCA001.	The	error	bars	represent	two	standard	errors.	
	

Overall	mean	aspect	ratios	for	individual	laminations	vary	between	c.	1.5	and	

c.	2.1	showing	that	grains	are	elongate.	In	Figure	4.4.3,	maps	s54b	27102015	S8	M6	

and	 s54b	 28102015	 S2	 M6	 both	 show	 a	 decrease	 in	 mean	 aspect	 ratio	 with	 an	

increasing	distance	from	the	central	clast,	however	maps	s54b	EBSD	S4	M5	remains	

neutral	and	s54b	EBSD	S8	M7	shows	an	increase	followed	by	a	decrease.	From	this	

we	can	gather	that	there	is	no	overall	correlation	between	the	lamination	order	and	

the	mean	aspect	ratio.	The	aspect	ratio	for	s54b	EBSD	S8	M7	is	much	higher	than	the	

other	maps.	This	map	is	 located	in	an	area	where	the	laminations	are	exceptionally	

thin	(as	shown	in	Figure	4.2.1).	

	

4.4.B	Skewness	Comparison	

	
	

The	 distributions	 shown	 in	 Figure	 4.4.2	 are	 skewed	 approximate	 normal	

distribution.	 Skewness	 of	 a	 distribution	 can	 be	 measured	 in	 a	 numerical	 unit.	

Skewness	 is	a	measure	of	 the	difference	between	the	mode	(most	common),	mean,	
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and	median	 (central	 data	 point)	 and	 how	 they	 affect	 the	 shape	 of	 the	 distribution	

curve.	 The	 lower	 the	 skewness,	 the	 less	 skewed	 the	 plot	 is.	 Figure	 4.4.4	 shows	 a	

comparison	plot	of	the	skewness	for	each	of	the	laminations	in	each	map.		

	

	
Figure	4.4.4.	Skewness	compression	graph	showing	the	skewness	of	each	lamination	observed	in	
all	 of	 the	 EBSD	maps	 collected.	 The	 error	 bars	 show	 two	 standard	 errors,	 however	 due	 to	 the	
scale		and	low	calculated	standard	error	they	are	not	easily	visible.	
	

Figure	4.4.4	 shows	 that	maps	 s54b	27102015	S8	M6	and	s54b	EBSD	S4	M5	

show	a	decrease	in	the	skewness	as	the	lamination	order	moves	out	from	the	central	

clast.	This	is	also	shown	in	the	overall	trend	of	s54b	EBSD	S8	M7,	but	this	is	only	due	

to	 a	 high	 value	 for	 lamination	 1,	 the	 remaining	 three	 laminations	measured	 in	 the	

map	 show	 an	 increasing	 trend.	 s54b	 281029015	 S2	 M6	 shows	 an	 increase	 in	

skewness	 as	 the	 laminations	move	 out	 from	 the	 central	 clast.	 Overall,	 there	 is	 no	

correlation	 between	 the	 lamination	 order	 and	 the	 skewness	 of	 the	 aspect	 ratio	

distributions.	The	skewness	in	map	s54b	27102015	S8	M6	is	much	higher	than	the	

other	 maps,	 especially	 s54b	 EBSD	 S8	 M7	 where	 there	 is	 very	 little	 comparative	

skewness.	
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4.5	Long	Axis	Orientation	
	

4.5.A	Distribution	of	Long	Axis	Orientation	

	

In	 the	 previous	 section	 it	 was	 established	 that	 individual	 grains	 within	 the	

CCAs	are	 typically	 elongate,	with	aspect	 rations	much	higher	 than	1.	Analysing	 the	

orientation	 of	 the	 grain	 long	 axes	 (measured	 in	 this	 case	 anti	 clockwise	 from	

horizontal)	 is	 important	 as	 it	 shows	 if	 there	 is	 any	 correlation	 between	 the	

lamination	 borders	 or	 central	 clast,	 and	 the	 elongation	 of	 the	 grains	 within	 the	

various	laminations.	Using	a	combination	of	Channel5	and	Image	SXM,	a	dataset	of	all	

the	grain	long	axes	orientations	was	established.	This	data	used	to	create	histograms	

showing	 the	distribution	of	orientations.	An	example	of	 is	shown	as	a	histogram	in	

Figure	4.5.1.	

	

	
Figure	4.5.1	Distribution	of	the	long	axes	orientations	of	all	grains	in	lamination	2	of	map	s54b	
27102015	S8	M6.	The	mean	angle	of	 orientation	 for	 the	 laminations	 is	92.71°	with	a	 standard	
deviation	of	34.59°.	
	

Figure	 4.5.2	 shows	 all	 the	 long	 axes	 orientation	 distributions	 for	 each	 of	 the	

laminations	and	zones	in	each	of	the	EBSD	maps.	
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Figure	4.5.2.	Overview	figure	of	the	long	axes	orientations	in	each	lamination	(including	matrix)	
of	 each	EBSD	map	 taken	 from	 s54b	CCA001.	All	 of	 the	 graphs	 illustrate	 that	 there	 is	 a	 normal	
distribution	of	long	axis	orientations.	SD	indicates	the	Standard	deviation.	
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Chapter	Four	CCA001	Results	

	 61	

In	 order	 to	 see	 if	 there	 is	 an	 overall	 grain	 long	 axis	 orientation	 trend,	 the	

average	grain	orientations	for	each	map	(all	laminations	combined)	are	summarized	

in	Figure	4.5.3.	

	

	
Figure	4.5.3.	Mean	long	axis	orientation	for	each	map.	The	orientation	of	the	bars	along	side	the	
map	 locations	 indicate	 the	 mean	 angle	 of	 orientation	 of	 the	 long	 axes	 for	 all	 the	 laminations	
combined	in	each	map.	In	the	bottom	left	corner	is	a	guide	as	to	how	the	angle	of	orientation	is	
measured.	SD	indicates	the	standard	deviation.	
	

	

Figure	4.5.3	identifies	an	overall	trend,	where	each	of	the	EBSD	maps	show	a	

similar	 grain	 alignment,	 somewhat	 perpendicular	 to	 the	 slip	 direction	 and	 roughly	

parallel	to	the	overall	alignment	of	the	CCA.	To	see	how	the	orientation	of	the	grains	

varied	 through	 the	 laminations	 in	 each	 map,	 a	 comparison	 graph	 was	 created	

showing	 the	mean	angle	of	 long	axes	orientation	 (Figure	4.5.4).	Figure	4.5.4	shows	
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that	there	is	no	trend	in	the	variations	of	 long	axis	orientation	between	the	various	

laminations	or	between	laminations	and	the	matrix	in	the	analysed	EBSD	maps.	

	

	
Figure	4.5.4.	Comparison	graph	of	mean	long	axis	orientation	in	each	of	the	laminations	analysed	
using	the	collected	EBSD	maps.	The	error	bars	represent	two	standard	errors.	

	

	

4.5.B	Standard	Deviation	Comparison	

	

Because	the	 long	axes	orientations	are	normally	distributed	(Figure	4.5.2),	a	

comparison	of	the	standard	deviation	for	each	dataset	was	carried	out.	Overall	each	

lamination	 in	 each	map	 shows	 a	normal	distribution,	 but	 the	 shapes	of	 the	 graphs	

vary,	 this	 is	 due	 to	 variance	 in	 the	 standard	 deviations.	 Figure	 4.5.5	 shows	 the	

comparison	of	standard	deviations	between	the	laminations	of	each	EBSD	map.	
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Figure	 4.5.5.	 Comparison	 graph	 of	 standard	 deviations	 for	 grain	 orientation	 in	 the	 individual	
laminations	analysed	from	each	of	the	EBSD	maps.	The	error	bars	represent	two	standard	errors.	
	

Figure	 4.5.5	 shows	 that	 there	 is	 also	 no	 relationship	 between	 the	 standard	

deviation	 and	 the	 lamination.	 However,	 in	 the	 map	 where	 the	 laminations	 are	

thinner	(s54b	EBSD	S8	M7),	the	standard	deviation	is	much	lower	than	in	the	thicker	

laminations	(i.e.	s54b	28012015	S2	M6),	indicating	that	the	data	is	more	centralised	

around	the	mean	where	the	laminations	are	thinnest.	

	

	

4.6	Crystallographic	Preferred	Orientation	
	

Using	Channel5	to	analyse	the	EBSD	data,	the	crystallographic	orientation	for	

each	grain	can	be	identified.	Analysing	the	data	was	broken	up	into	subsections	for	

each	maps,	where	all	grains	 in	a	particular	 lamination	or	 the	matrix	were	analysed	

together	 to	 determine	 whether	 a	 fabric	 or	 Crystallographic	 Preferred	 Orientation	

(CPO)	 is	 present.	 The	 crystallographic	 orientations	 are	 portrayed	 in	 a	 pole	 figure	

diagram,	 where	 the	 orientations	 of	 each	 axis	 are	 shown	 on	 a	 stereonet.	 This	 was	
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done	for	the	both	the	C	(0001)	and	A	(11-20)	axes.		Figure	4.6.1	shows	an	equal	area	

lower	hemisphere	pole	figure	plot	(PF)	for	lamination	2	in	EBSD	map	s54b	27102015	

S8	M6.	

	

	

	
Figure	4.6.1	Pole	figure	diagram	of	crystallographic	axes	for	lamination	2	of	map	s54b	27102015	
S8	M6.	Left)	orientation	of	grain	C	(0001)	axis.	Right)	orientation	of	grain	A	(11-20)	axis.	

	

A	contoured	PF	is	created	from	the	PF	in	order	show	if	there	is	a	CPO	present.	

Figure	4.6.2	 shows	 the	 contoured	PF	of	 lamination	2	 from	map	s54b	27102015	S8	

M6	(contoured	PF	of	Figure	4.6.1).	
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Figure	 4.6.2.	 Contoured	 pole	 figure	 diagram	 of	 crystallographic	 axes	 for	 lamination	 2	 of	map	
s54b	27102015	S8	M6.	Left)	Orientation	of	grain	C	(0001)	axis.	Right)	Orientation	of	grain	A	(11-
20)	axis.	The	pole	 figure	 indicates	a	maximum	multiple	of	uniform	density	(MUD)	value	of	1.83	
and	a	minimum	of	0.44.	
	

Through	 analysing	 the	 orientations,	 only	 a	 very	 weak	 fabric	 appears	 to	 be	

present	in	lamination	2	of	map	s54b	27102015	S8	M6.	This	is	shown	in	the	Multiple	

of	Uniform	Density	(MUD)	value,	which	indicates	the	strength	in	the	observed	CPO,	

where	the	higher	the	number,	the	stronger	the	CPO	fabric.	A	maximum	MUD	value	of	

1.83	indicates	that	the	CPO	is	exceptionally	weak	and	probably	not	significant.		

	

Figures	 4.6.3	 &	 4.6.4	 show	 an	 overview	 of	 each	 PF	 for	 each	 lamination	

analysed	in	CCA001.	Figures	4.6.5	&	4.6.6	show	an	overview	of	each	contoured	PF	for	

each	lamination	analysed	in	CCA001.	All	of	the	PF	and	contoured	PF	were	collected	

with	the	same	parameters	(i.e.	half	width	=	10°,	and	cluster	size	=	3°	in	an	equal	area	

lower	hemisphere	projection).	
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Chapter	Four	CCA001	Results	

	 67	

	
Figure	4.6.3.	PF	for	each	lamination	(including	matrix	and	central	clast	where	possible)	in	EBSD	
maps	s54b	280102015	S2	M6	and	s54b	27102015	S8	M6.	In	each	PF,	the	left	is	the	pole	figure	of	
the	C	(0001)	axis	and	the	right	is	the	pole	figure	for	the	A	(11-20)	axis.	
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Figure	4.6.4.	PF	for	each	lamination	(including	matrix	and	central	clast	where	possible)	in	EBSD	
maps	 s54b	 EBSD	 S4	M5	 and	 s54b	 EBSD	 S8	M7.	 In	 each	 PF,	 the	 left	 is	 the	 pole	 figure	 of	 the	 C	
(0001)	axis	and	the	right	is	the	pole	figure	for	the	A	(11-20)	axis.	
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Figure	 4.6.5.	 Contoured	 PF	 for	 each	 lamination	 (including	 matrix	 and	 central	 clast	 where	
possible)	 in	EBSD	maps	s54b	280102015	S2	M6	and	s54b	27102015	S8	M6.	In	each	contoured	
PF,	the	left	is	the	pole	figure	of	the	C	(0001)	axis	and	the	right	is	the	pole	figure	for	the	A	(11-20)	
axis.	
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Figure	 4.6.6.	 Contoured	 PF	 for	 each	 lamination	 (including	 matrix	 and	 central	 clast	 where	
possible)	in	EBSD	maps	s54b	EBSD	S4	M5	and	s54b	EBSD	S8	M7.	In	each	contoured	PF,	the	left	is	
the	pole	figure	of	the	C	(0001)	axis	and	the	right	is	the	pole	figure	for	the	A	(11-20)	axis.	
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CPOs	observed	in	the	laminations	are	very	weak.	This	 is	evident	 in	the	MUD	

values	for	each	dataset	being	relatively	low	indicating	that	there	is	no	fabric	present.	

These	MUD	values	are	shown	in	Table	4.6.1	

	
Table	 4.6.1.	Maximum	 and	minimum	MUD	 values	 for	 each	 of	 the	 zones	 in	 each	 of	 the	 EBSD	maps	
collected.		
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

The	MUD	value	observed	 in	 one	of	 the	maps	 from	 the	 central	 clast	 is	much	

higher	than	that	from	the	laminations.	This	is	due	to	the	central	clast	being	a	fossil,	

the	CPO	is	recognising	the	growth	patterns	of	the	shell.	

	

	 	

Zone	 Maxiumum	 Minimum	
EBSD	map	s54b27102015	S8	M6	

Central	Clast	 10.07	 0.00	
Lamination	1	 2.15	 0.29	
Lamination	2	 1.61	 0.25	

EBSD	map	s54b28102015	S2	M6	
Central	Clast	 1.83	 0.44	
Lamination	2	 1.97	 0.35	
Lamination	3	 2.16	 0.24	
Matrix	 2.07	 0.29	

EBSD	map	s54b	EBSD	S4	m5	
Lamination	2	 2.20	 0.18	
Lamination	3	 2.31	 0.23	
Lamination	4	 2.73	 0.04	

EBSD	map	s54b	EBSD	S8	m7	
Central	Clast	 2.46	 0.14	
Lamination	1	 3.21	 0.09	
Lamination	2	 3.61	 0.00	
Lamination	3	 2.60	 0.08	
Lamination	4	 2.47	 0.11	
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4.7	Summary	of	CCA001	Data	
	
	

The	results	from	the	EBSD	maps	provide	insight	into	the	processes	that	occur	

in	the	formation	of	the	CCAs.	In	two	of	the	analysed	maps,	mean	grain	size	decreases	

from	 the	 inner	 laminations	 towards	 the	 outer	 laminations.	 Grains	 in	 all	 of	 the	

analysed	 areas	 are	 elongate,	 with	 mean	 aspect	 ratios	 between	 c.	 1.5	 and	 c.	 2.1.	

Overall	the	grain	long	axes	orientations	are	similar	and	show	that	grains	are	elongate	

at	 high	 angles	 to	 the	 PSS.	 This	 is	 an	 unexpected	 result	 that	 is	 discussed	 further	 in	

section	6.4.	There	is	no	CPO	present	in	the	laminations	of	the	CCA,	or	the	surrounding	

matrix.	
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Chapter Five EBSD Analysis of the PSZ 
Matrix 

	
	
	

5.1	Introduction	
	

An	additional	Electron	Backscatter	Diffraction	 (EBSD)	map	 (s54b	02032016	

S3	M5)	was	 taken	 from	the	matrix	of	 the	principal	 slip	zone	 (PSZ)	 in	 sample	s54b.	

The	 map	 was	 taken	 close	 to	 the	 boundary	 between	 the	 PSZ	 and	 the	 underlying	

cataclasite	 (Figure	 5.1.1).	 	 The	 initial	 purpose	 of	 the	 map	 in	 the	 matrix	 was	 to	

determine	 any	 similarities	 between	 the	 outer	 cortex	 laminations	 in	 the	 CCA	

described	in	previous	chapters.	

	

	
Figure	5.1.1.	Location	of	the	EBSD	map	collected	from	the	matrix	of	the	PSZ.	Left)	Scanned	image	of	
thin	section	s54b.	Right)	Optical	image	taken	under	plane	polarized	light,	with	the	EBSD	scanned	area	
outlined	by	the	box.	
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5.2	EBSD	Data	Collection	
	

The	EBSD	map	was	 taken	 from	a	 location	 just	 above	 the	boundary	between	

the	cataclasite	and	the	PSZ,	in	the	matrix	of	the	PSZ.	The	EBSD	map	following	noise	

reduction	is	shown	in	Figure	5.2.1.	

	

	
Figure	5.2.1.	 Inverse	Pole	Figure	 sample	X	EBSD	map	 following	noise	 reduction	 for	map	 s54b	
02032016	S3	M5.	Location	of	the	map	identified	in	Figure	5.1.1.	The	black	area	at	the	bottom	was	
not	indexed	due	to	time	constraints.	The	colour	of	the	grains	indicates	the	grains	crystallographic	
orientations	as	per	the	scale	in	the	bottom	right	corner.	

	
	

5.3	Examinable	Parameters	
	

Analysing	 the	EBSD	map	using	Oxford	Channel5	software,	each	grain	can	be	

quantified	 and	 data	 about	 the	 collection	 of	 grains.	 In	 total,	 3255	 analysable	 grains	

were	identified	in	the	map.	
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5.3.A	Grain	Area	and	Grain	Radius	

	
Histograms	were	constructed	using	the	grain	area	data	collected	in	Channel5	

in	order	to	see	the	distribution.	Figure	5.3.1	shows	a	histogram	including	all	grains	in	

the	map,	while	 Figure	5.3.2	 is	 a	 histogram	at	 higher	 resolution	 showing	 grain	 that	

have	an	area	of	less	than	20	μm2.	The	mean	grain	area	is	7.98	μm2,	with	a		standard	

deviation	of	12.71	μm2.	

	

5.3.B	Aspect	Ratio	
	

Aspect	ratio	data	was	collected.	Figure	5.3.3	shows	the	distribution	of	aspect	

ratios,	with	 all	 grains	 that	 have	 an	 aspect	 ratio	 of	 less	 than	 3	 included.	 The	mean	

aspect	ratio	is	1.47	with	a	standard	deviation	of	0.37.	

	

5.3.C	Long	Axis	Orientation	

	
The	 orientation	 of	 the	 long	 axis	 for	 all	 grains	 was	 examined.	 Figure	 5.3.4	

shows	a	histogram	including	every	grains	long	axis	orientation.	The	mean	long	axis	

orientation	is	82.91°	with	a	standard	deviation	of	40.12°.	

	

In	the	EBSD	map	shown	in	Figure	5.2.1	it	appears	as	though	grains	at	the	top	

of	the	map	are	rotated	so	that	the	long	axis	of	the	grains	are	aligned	50-70°.	To	test	

this,	Figure	5.3.5	shows	the	long	axis	of	the	grains	plotted	against	the	distance	of	the	

centre	of	the	grain	to	the	top	of	the	map.	
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Figure	5.3.1.	Grain	area	distribution	of	all	grains	included	in	the	EBSD	map	s54b	02032016	S3	M5.	
	

	
Figure	5.3.2.	 Grain	 area	distribution	 for	 all	 grain	with	 an	 area	 less	 than	20	μm2	 in	EBSD	map	
s54b	02032016	S3	M5.	
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Figure	 5.3.3.	 Aspect	 ratio	 distribution	 for	 the	 EBSD	 map	 s54b	 02032016	 S3	 M5.	 This	 graph	
includes	all	grains	with	an	aspect	ratio	less	than	3.	
	

	
Figure	5.3.4.	Distribution	of	long	axes	orientations	in	EBSD	map	s54b	02032016	S3	M5.	
	

	

The	angle	of	orientation	of	long	axes	distribution	and	the	mean	are	similar	in	

to	the	laminations	and	matrix	measured	in	CCA001	(section	4.5).	
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Figure	5.3.5.	Angle	of	orientation	of	all	grains	in	map	s54b	02032016	S3	M5	against	their	depth	
in	sample.	Depth	is	measured	in	pixels	from	the	top	of	the	EBSD	map.	

	

Figure	5.3.5	shows	a	clear	change	in	angle	orientation	of	grains	as	they	reach	

the	 top	 of	 the	 map	 as	 speculated	 from	 the	 visual	 observations	 of	 the	 EBSD	 map.	

There	 is	 a	 switch	 from	 where	 grains	 are	 oriented	 around	 80°	 at	 the	 bottom	 to	

between	50°	and	60°	at	the	top	of	the	map.	There	are	also	fewer	grains	from	between	
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100	 and	 300	 pixels	 in	 the	map	 that	 show	 extreme	 values	 (i.e.	 well	 outside	 of	 the	

general	trend).	

	

5.3.D	Crystallographic	Preferred	Orientation	
	

It	 is	 important	 to	 examine	 whether	 or	 not	 there	 is	 a	 Crystallographic	

Preferred	Orientation	(CPO)	or	a	fabric	in	the	matrix.	Pole	figure	diagrams	(PF)	were	

constructed	 that	 contain	 the	 crystallographic	 orientation	 of	 each	 grain	 that	 is	

included	 in	 the	map.	This	 is	shown	in	Figure	5.3.6.	Figure	5.3.7	 is	a	contoured	pole	

figure	diagram	collected	with	the	same	settings	as	in	section	4.6.	

	

	
Figure	 5.3.6	 Pole	 figure	 of	 crystallographic	 axis	 for	 EBSD	map	 s54b	 020302016	 S3	M5.	 Left)	
orientation	of	grain	C	axis	(0001).	Right)	orientation	of	grain	A	axis	(11-20).	
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Figure	5.3.7.	Contoured	pole	figure	of	crystallographic	orientation	for	EBSD	map	s54b	02032016	
S3M5.	Left)	Orientation	of	grain	C	(0001)	axis.	Right)	Orientation	of	grain	A	(11-20)	axis.	The	pole	
figure	indicates	a	maximum	Multiple	of	Uniform	Density	(MUD)	value	of	2.01	and	a	minimum	of	
0.29.	
	

Because	the	maximum	MUD	value	is	only	2.01,	it	can	be	concluded	that	there	

is	 a	weak	 fabric	present.	This	 is	 similar	 to	what	was	noted	 in	 c-axis	orientation	by	

Smith	et	al.,	(2011)	in	analysis	of	the	matrix	and	foliations	in	these	samples.	

	

	

5.4.	Separation	into	Two	Zones	
	

After	 initial	analysis	of	 the	map	(Figure	5.2.1),	 it	appears	as	 if	 there	are	 two	

sections	 within	 the	 map.	 The	 top	 section	 where	 the	 grains	 appear	 larger,	 more	

compacted	together,	become	progressively	more	rotated	towards	becoming	parallel	

to	 the	PSS,	and	 indexing	was	much	higher.	And	 the	bottom	section	where	 indexing	

rates	were	not	as	high	and	grains	are	finer	in	size.	Figure	5.4.1	shows	the	defining	of	

the	sections.	
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Figure	5.4.1.	 Identification	of	 the	Top	and	Bottom	sections	on	a	band	contrast	EBSD	map	from	
s54b	 02032016	 S3	 M5.	 The	 boundary	 between	 the	 two	 sections	 is	 where	 the	 grains	 become	
visibly	less	compacted	and	rotation	ends.	
	

5.4.A	Grain	Area	

	

Through	visual	observation	of	the	map,	it	appears	as	if	the	top	section	is	much	

coarser	grained	than	the	bottom.	In	order	to	test	this,	the	distribution	of	grain	area	is	

compared.	 	 Figure	5.4.2	 shows	 the	distribution	of	 grains	 areas	 in	both	 the	 top	and	

bottom	sections.	Figure	5.4.3	show	the	distribution	of	grain	areas	in	the	two	sections	

at	a	higher	resolution,	comparing	grains	that	are	less	than	20	μm2.	
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Figure	5.4.2.	Distribution	of	grain	areas	in	the	two	sections	of	EBSD	map	s54b	02032016	S3	M5.	
Top)	Distribution	for	the	top	Section.	Bottom)	Distribution	for	the	bottom	section.	
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Figure	5.4.3.	Distribution	of	grain	areas	 for	grains	with	an	area	of	 less	 than	20	μm2	 in	 the	 two	
sections	 of	 EBSD	 map	 s54b	 02032016	 S3	 M5.	 Top)	 Distribution	 for	 the	 top	 Section.	 Bottom)	
Distribution	for	the	bottom	section.	
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Figure	5.4.2	and	Figure	5.4.3	show	that	the	distribution	plots	of	grains	in	the	

top	 section	 have	 a	 significantly	 larger	 tail	 off	 than	 in	 the	 bottom	 despite	 the	

maximum	grain	size	observed	in	the	bottom	section	is	greater	than	in	the	top.	Table	

5.4.1	compares	the	calculated	parameters	of	the	two	sections.	

	
Table	5.4.1.	Comparison	between	the	datasets	of	grain	area	in	the	Top	and	Bottom	section	of	EBSD	

map	s54b	02032016	S3	M5	

		 Top	Section	 Bottom	Section	
Mean	 8.28	 7.97	
Maximum	 88.28	 200.40	
Minimum	 0.40	 0.40	
Standard	Deviation	 10.27	 13.67	
Standard	Error	 0.32	 0.28	

	

	

The	 mean	 grain	 area	 in	 the	 top	 section	 is	 slightly	 larger	 than	 that	 in	 the	

bottom	section.	In	order	to	see	if	the	datasets	are	significantly	different	or	similar	to	

each	other,	cumulative	frequency	plots	are	constructed	(Figure	5.4.4.),	and	a	K-S	test	

is	performed.	
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Figure	 5.4.4.	 Cumulative	 frequency	 comparison	 of	 grain	 area	 between	 the	 top	 and	 bottom	
sections	of	s54b	02032016	S3	M5.	Grain	area	is	shown	in	a	log	scale.		
	

Using	 the	 Cumulative	 frequency,	 a	 K-S	 test	 can	 be	 carried	 out	 to	 identify	

whether	the	datasets	are	significantly	different	from	each	other.	The	K-S	test	carried	

out	between	 the	 two	datasets	 identified	a	D-Statistic	of	0.08704	and	a	D-Critical	of	

0.05029.	Because	the	D-Critical	is	smaller	than	the	D-Statistic,	this	means	that	there	

is	a	significant	difference	in	grain	area	between	the	two	datasets	(as	in	section	4.3.C).	

	

5.4.B	Aspect	Ratio	

	

To	test	if	there	is	a	difference	in	the	elongation	of	the	grains	between	the	two	

sections,	the	distributions	of	aspect	ratios	are	compared	(Figure	5.4.5.).	
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Figure	 5.4.5.	 Comparison	 between	 the	 aspect	 ratio	 distributions	 in	 the	 two	 sections	 of	 s54b	
02032016	 S3	 M5.	 Top)	 Aspect	 ratio	 distribution	 in	 the	 top	 section.	 Bottom)	 Aspect	 ratio	
distribution	in	the	bottom	section.	This	plot	is	limited	to	grains	with	an	aspect	ratio	of	less	than	3.	
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Comparing	 the	 two	plots	 in	Figure	5.4.5	shows	 that	grains	are	slightly	more	

elongate	in	the	top	section	than	in	the	bottom.	In	the	top	section,	the	largest	peak	in	

the	histogram	is	at	1.4	while	it	is	at	1.3	in	the	bottom.	This	data	is	supported	in	Table	

5.4.2	which	compares	datasets.	

	
Table	5.4.2.	Comparison	between	the	datasets	of	aspect	ratio	in	the	Top	and	Bottom	section	of	EBSD	
map	s54b	02032016	S3	M5	
	

		
Top	

Section	 Bottom	Section	
Mean	 1.51	 1.44	
Maximum	 4.79	 4.50	
Minimum	 1.01	 1.00	
Standard	Deviation	 0.35	 0.37	
Standard	Error	 0.01	 0.01	
Skewness	 2.09	 2.53	

	

The	 largest	variance	between	 the	 two	datasets	 is	 the	 skewness.	The	dataset	

from	 the	 bottom	 section	 is	 significantly	more	 skewed	 than	 the	 top	 section.	 This	 is	

because	the	peak	of	the	histogram	is	closer	to	1	than	in	the	top	section.	With	the	peak	

being	at	1.3	and	 the	mean	as	1.4,	 it	means	 that	 there	are	much	more	grains	 larger	

than	the	mode	(most	common)	than	smaller	than	it.	

	

5.4.C.	Crystallographic	Preferred	Orientation	

	
It	 is	 important	 to	see	 if	 there	 is	a	 fabric	associated	with	 the	change	 in	grain	

structures.	 In	 order	 to	 do	 this	 the	 crystallographic	 orientation	of	 each	 grain	 in	 the	

various	 sections	 are	 plotted	 on	 pole	 figures	 (Figure	 5.4.6).	 Using	 the	 pole	 figure	

diagrams,	contoured	pole	figure	diagrams	can	be	used	to	plot	concentrations	too	see	

if	there	is	a	fabric	present	(Figure	5.4.7).	
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Figure	5.4.6.	 Pole	 figure	 of	 crystallographic	 axes	 for	 EBSD	map	 s54b	020302016	 S3	M5.	 Top)	
Pole	 figure	diagram	for	 the	top	section.	Bottom)	Pole	Figure	diagram	for	 the	bottom	section.	 In	
both	the	left	diagram	is	the	orientation	of	grain	C	axis	(0001),	and	the	right	diagram	is	orientation	
of	grain	A	axis	(11-20).	
	
	
	



Chapter	Five	Matrix	Results	

	 93	

	

	
Figure	5.4.7.	Contoured	pole	figure	of	crystallographic	axes	for	EBSD	map	s54b	020302016	S3	
M5.	 Top)	 contoured	 pole	 figure	 diagram	 for	 the	 top	 section.	 Bottom)	 contoured	 pole	 figure	
diagram	for	the	bottom	section.	In	both	the	left	diagram	is	the	orientation	of	grains	C	axes	(0001),	
and	the	right	diagram	is	orientation	of	grains	A	axes	(11-20).	
	
	

Comparing	the	contoured	pole	figures	(Figure	5.4.7)	can	help	us	to	identify	if	

there	 has	 been	 a	 fabric	 develop,	 or	 change	 between	 the	 two	 sections.	 It	 was	 not	

expected	 that	 there	 would	 be	 a	 CPO,	 so	 the	 presence	 of	 one	 would	 indicate	 a	

significant	change.	The	top	section	has	a	MUD	value	of	2.31	and	the	bottom	is	2.18.	

This	implies	that	there	is	a	minor	difference	between	the	two.	However,	those	MUD	

values	also	indicate	that	there	is	only	a	weak	fabric	present,	similar	to	that	identified	

by	Smith	et	al.,	(2011)	and	of	that	recorded	in	CCA001	(section	4.6).	
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5.4.D	Summary	of	the	Data	

	

Analysing	 the	 EBSD	map	 s54b	 020232016	 S3	M5	 has	 shown	 that	 there	 are	

two	distinct	sections	to	this	area	of	the	matrix.	Grains	in	the	top	section	are	slightly	

coarser	and	more	elongate	than	the	ones	recorded	in	the	bottom	section.	There	is	a	

significant	difference	in	grain	sizes	between	the	two	as	concluded	from	the	K-S	test.	

Grain	sizes	in	both	sections	of	the	matrix	are	smaller	than	those	in	CCA001	(section	

4.3).	There	is	a	weak	CPO	present	in	both	the	top	and	the	bottom	section	similar	to	

that	 found	by	Smith	et	 al.,	 (2011)	 in	 a	previous	EBSD	analysis	of	 the	matrix	 in	 the	

PSZ,	 and	 no	 variance	 to	 that	 observed	 in	 CCA001.	 The	 most	 significant	 variance	

between	 the	 two	 is	 in	 grain	 orientation	 between	 the	 two	 sections.	 The	 mean	

orientation	in	the	bottom	section	is	85°,	while	in	the	top	section	its	77°	(i.e.	Grains	in	

the	top	section	are	rotated	clockwise	compared	to	grains	in	the	bottom	section).		
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Chapter Six Discussion 

	

	

6.1	Summary	of	Data:	Structure	of	the	CCAs	
	

Electron	Backscatter	Diffraction	(EBSD)	data	collected	from	various	locations	

around	 CCA001	 and	 the	 matrix	 of	 the	 PSZ	 in	 sample	 s54b	 has	 aided	 in	 our	

understanding	of	the	microstructure	of	carbonate-hosted	CCAs.	The	main	results	are	

summarized	graphically	in	Figure	6.1.1	and	outlined	below	

	

Grain	Size	

Two	 of	 the	 EBSD	maps	 indicate	 that	 there	 is	 a	 decrease	 in	mean	 grain	 size	

from	the	inner	laminations	towards	the	outer	lamination	and	matrix.		

Aspect	Ratio	

The	mean	aspect	ratio	of	grains	was	similar	in	all	laminations	and	within	the	

matrix.	However,	in	areas	where	the	laminations	were	thinner	(i.e.	on	the	right	hand	

side	 of	 CCA001	 in	 above	 figures),	 the	 aspect	 ratios	were	 generally	 higher	 (i.e.	 the	

grains	 were	 more	 elongate)	 and	 the	 grains	 also	 showed	 a	 more	 well-defined	

preferred	orientation	(as	indicated	by	analysis	of	standard	deviations).	

Grain	Alignment	

Each	 EBSD	 map	 showed	 very	 similar	 grain	 alignments	 throughout	 all	

laminations.	 Grains	 were	 on	 average	 aligned	 at	 large	 angles	 to	 the	 principal	 slip	

surface	(PSS)	at	all	locations	around	the	outer	cortex	(i.e.	mean	orientations	between	

77°	and	93°).	This	alignment	was	present	both	in	the	laminations	and	the	matrix	of	

the	principal	slip	zone	(PSZ).	The	alignment	was	at	its	strongest	(as	indicated	by	the	

standard	deviations)	in	areas	where	the	laminations	were	thinnest.		

	

Crystallographic	Preferred	Orientation		
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The	data	showed	that	there	was	no	or	only	a	weak	Crystallographic	Preferred	

Orientation	(CPO;	MUD	values	<2.73)	in	the	laminations	of	the	CCA.	Most	of	the	maps	

show	essentially	random	CPO.	A	weak	CPO,	with	MUD	values	of	2.01	and	2.07,	was	

detected	in	the	matrix	of	the	PSZ.	This	CPO	is	similar	to	that	observed	in	Smith	et	al,	

(2011)	who	observed	densities	between	2.13	and	2.35	in	the	matrix.		

Matrix	Microstructures	

The	matrix	 has	 a	 finer	mean	 grain	 size	 than	 in	 the	 laminations.	 Grain	 angle	

orientation	 between	 the	matrix	 and	 the	 laminations	 of	 the	 outer	 cortex	were	 very	

similar,	both	aligned	at	c.	90°	to	the	slip	direction	(as	illustrated	in	Figure	6.1.1)	

	

	
Figure	6.1.1.	 Sketch	 to	 summarise	 the	 data	 collected.	 The	 figure	 shows	 a	 sketch	 through	 a	 CCA	
from	 the	 central	 clast	 to	 the	 matrix	 including	 four	 laminations.	 The	 grains	 shown	 are	 based	
schematically	 on	 their	 size	 and	orientations	 as	 gathered	 from	 the	EBSD	data	 of	 CCA001	and	 the	
matrix.	The	colours	of	the	grains	represent	their	crystallographic	orientation	as	done	in	an	EBSD	
map	(as	per	the	key	in	the	bottom	right	corner);	The	thick	dark	grey	lamination	borders	indicate	
how	there	are	defined	in	the	EBSD	maps	with	dark	blank	areas	of	poor	to	no	indexing.	Note,	grains	
are	 shown	 more	 elongate	 than	 in	 the	 actual	 maps.	 This	 is	 done	 to	 highlight	 the	 long	 axis	
orientation.	
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6.2	Possible	Models	for	the	formation	of	CCAs	
	

Below,	two	possible	models	for	the	formation	of	the	CCAs	are	presented	and	

discussed.	The	 first	model	 is	 that	 the	grains	 from	 the	matrix	 are	accreted	onto	 the	

central	 clast	 to	 form	 the	 laminations;	 the	 second	model	 is	 that	 the	 laminations	are	

formed	through	the	breakdown	and	fracturing	of	the	central	clast	due	to	successive	

slip	events.	

	

6.2.A	Model	1:	Accretion	of	Matrix	grains	
	

Concept	

This	 concept	 is	 based	 around	 the	 accretion	 of	 grains	 and	 addition	 of	

laminations	periodically,	i.e.	grains	from	the	matrix	are	accreted	to	form	laminations	

in	 individual	 events	within	 the	 ultracataclastic	 slip	 zone	 of	 the	Tre	Monti	 Fault.	 In	

each	event,	 grains	 from	 the	matrix	 are	plastered	onto	 the	 central	 clast	or	previous	

lamination	 in	 order	 to	 form	 an	 additional	 lamination	 (similar	 to	 an	 accretionary	

lapilli	where	ash	particles	are	accreted	onto	a	 larger	 clast	when	 the	binding	 forces	

exceed	 the	 grains	 dispersive	 forces	 in	 a	 turbulent	 ash	 cloud	 (Brown	 et	 al.,	 2010,	

Gilbert	and	Lane,	1994,	Schumacher	and	Schmincke,	1995)).	Initially	the	matrix	grain	

size	was	equivalent	to	the	grain	size	observed	in	the	inner	lamination,	on	the	order	of	

25	-30	μm2	(mean).	Larger	grains	 in	the	matrix	are	accreted	 in	the	slip	events,	and	

during	 successive	 slip	 events,	 the	 matrix	 is	 progressively	 crushed	 and	 hence	 the	

mean	grain	 size	decreases.	 In	 this	model,	 each	 lamination	 therefore	 represents	 the	

mean	 grain	 size	 distribution	 of	 the	 matrix	 at	 the	 time	 when	 the	 lamination	 was	

accreted.	 This	 causes	 lamination	 grain	 size	 to	 decrease	 as	 they	 form	 successively	

(Figure	 6.2.1).	 Smith	 et	 al.,	 (2011)	 noted	 that	 there	 was	 an	 apparent	 grain	 size	

grading	 within	 single	 laminations,	 where	 grain	 size	 would	 decrease	 towards	 the	

outer	margin	of	the	lamination.	(i.e.	the	larger	grains	were	closer	to	the	central	clast).	

These	 observations,	 together	with	 the	 data	 presented	 here	 showing	 the	 grain	 size	
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decrease	overall	 from	the	inner	to	the	outer	laminations,	would	support	this	model	

as	larger	grains	are	accreted	first	into	the	laminations	of	the	outer	cortex.	

	

	
Figure	6.2.1.	 Process	of	 Formation	of	CCAs	due	 to	 accretion	of	 the	 grains	 that	 form	 the	 laminations	
during	 slip	 events.	 A)	 Prior	 to	 any	 formation	 of	 a	 CCA,	 a	 large	 shell	 fragment	 or	 piece	 of	 reworked	
cataclasite	is	within	the	matrix	of	the	PSZ.	The	matrix	has	a	random	grain	size	and	no	grain	alignment.	
B)	During	an	event	of	seismic	slip	or	during	aseismic	creep	the	shell	fragment	rotates	due	to	granular	
flow.	 As	 it	 rotates	 the	 larger	 grains	 from	 the	matrix	 accrete	 to	 the	 outside	 of	 the	 shell.	 C)	 The	 shell	
continued	 to	 rotate	 and	 accrete	 these	 larger	 grains.	 After	 the	 event,	 the	 larger	 grains	 are	 accreted	
around	the	shell	(now	the	central	clast)	and	form	the	first	lamination	of	the	outer	cortex	and	the	overall	
grain	size	of	the	matrix	has	decreased.	During	these	events,	the	matrix	is	crushed	and	grains	within	are	
fractured	 also	 aiding	 in	 decreasing	 the	 mean	 grain	 size	 of	 the	 matrix.	 D)	 A	 second	 event	 leads	 to	
accretion	of	the	larger	grains	left	in	the	matrix	(due	to	the	first	event	the	larger	grains	in	the	matrix	are	
smaller	 than	 those	 that	were	 there	 initially	 as	 the	 larger	 grains	were	 initially	 accreted),	 this	 forms	a	
second	 lamination.	E)	The	same	process	 leads	to	the	 formation	of	 the	third	 lamination.	F)	The	fourth	
lamination	is	formed	in	a	fourth	event,	the	larger	grains	are	now	in	the	CCA	and	the	matrix	is	left	as	an	
exceptionally	fine-grained	mass.	
	

Cause	of	the	Accretion	

When	 the	 slip	 occurs	within	 the	 PSZ,	 the	 central	 clast	 rotates,	 causing	 it	 to	

interact	and	attract	grains	 from	the	granular	matrix.	The	grains	plaster	 themselves	

onto	the	central	clast.	Why	do	the	grains	initially	accrete	in	this	manner?	Smith	et	al.,	

(2011)	suggested	that	this	was	due	to	localised	fluidisation	of	the	PSZ,	and	Rempe	et	
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al.,	 (2014)	 also	 suggested	 that	 it	 could	 be	 due	 to	 the	 potential	 for	 electrostatic	

charges	 during	 the	 formation	 of	 CCAs.	 This	 was	 also	 hypothesised	 in	 clay	 clast	

aggregates	along	with	thermal	pressurisation	(Boutareaud	et	al.,	2010,	Boutareaud	et	

al.,	2008).		

	

Electrostatic	charges	can	occur	in	fine-grained	powders	where	the	grains	are	

constructed	from	identical	material	due	to	frictional	contact	(triboelectric	charging)	

(Lacks	and	Levandovsky,	2007,	Matsusaka	et	al.,	2010).	Grains	become	charged	when	

they	 rub	 against	 each	 other	 (Matsusaka	 et	 al.,	 2010)	 or	 due	 to	 short	 impacts	with	

each	 other	 (Lacks	 and	 Levandovsky,	 2007;	 Matsusaka	 and	 Masuda,	 2003).	 Fine	

grains	are	more	likely	to	become	triboelectrically	charged	than	coarser	grains.	This	

may	help	to	explain	why	the	outer	 laminations	appear	to	be	much	thicker	than	the	

inside	laminations.	Due	to	a	fine-grained	granular	matrix,	frictional	contact	will	occur	

and	 triboelectric	 charging	 is	 possible	 in	 both	 seismic	 slip	 and	 aseismic	 creep.	 This	

charging	of	grains	would	allow	them	to	accrete	to	the	central	clast	by	attraction.	The	

charging	of	grains	would	mean	we	would	expect	to	see	alignment	of	grains	within	the	

outer	 cortex,	where	 the	positively	 charged	 sides	 of	 grains	 attract	 to	 the	negatively	

charged	sides	of	other	grains.	EBSD	data	indicated	that	there	is	a	strong	alignment	of	

grains	throughout	all	of	the	laminations	and	the	surrounding	matrix.	The	alignment	

however	is	not	entirely	as	we	would	expect	to	see.	

	

6.2.B	Model	Two:	Breakdown	of	Central	Clast	

	

Concept	

The	second	possible	model	 to	explain	the	 formation	of	 the	 laminations	 is	by	

fracturing	 and	 breakdown	of	 a	 large	 central	 clast	 in	 slip	 events.	 In	 this	model,	 the	

laminations	 represent	 separate	breakdown	events,	 and	 the	outer	 laminations	were	

formed	first	(i.e.	lamination	4	in	CCA001	represents	the	first	event)	and	subsequent	

events	 cause	 the	 grains	 to	 fracture	 internally.	 This	 process	 is	 illustrated	 in	 Figure	

6.2.2.	
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Evidence	for	Clast	Breakdown	Model	

Due	to	the	high	levels	of	stress	accommodated	in	the	PSZ	during	seismic	slip	

or	aseismic	creep,	larger	grains	fracture	from	the	outside	as	the	grain	rotates.	Within	

lamination	 1	 in	 map	 s54b270102015	 s8	 m6	 there	 are	 several	 large	 grains	 that	

appear	 to	 have	 been	 derived	 from	 breakdown	 of	 the	 central	 clast	 and	 then	

“protected”	by	the	shape	of	the	central	clast	(Figure	6.2.3).	The	way	they	have	been	

protected	means	that	they	would	have	subjected	to	less	stresses	when	then	the	grain	

was	being	rotated	during	a	slip	event.	Because	of	this	they	would	have	been	broken	

up	 less.	 When	 optically	 observing	 the	 CCAs,	 many	 of	 the	 larger	 grains	 in	 the	

laminations	 have	 the	 same	 or	 very	 similar	 structures	 that	 are	 present	 within	 the	

central	clast.	An	example	of	this	is	shown	in	Figure	6.2.3.	Similar	features	to	those	in	

image	 B	 of	 Figure	 6.2.3	 are	 common.	 Figure	 6.2.4	 shows	 the	 same	 feature	 in	 a	

different	CCA	in	a	different	sample	(sample	s54).	

	

	
Figure	6.2.2.	Breakdown	of	central	clast	leading	to	the	formation	of	laminations	through	either	seismic	
slip	or	aseismic	creep.	A)	Initial	fossil	or	piece	of	reworked	cataclasite	located	in	the	PSZ	surrounded	by	
a	fine-grained	matrix.	B)	After	either	slip	or	creep	the	outsides	of	the	grains	fracture	to	form	new	grains	
in	the	outer	cortex	with	the	initial	clast	becoming	the	central	clast.	C)	Subsequently	the	grains	that	were	
previously	formed	fracture	again	to	become	smaller,	new	grains	are	formed	as	the	outsides	of	the	initial	
clast	 fracture	 again.	 D	 and	 E	 show	more	 events	where	 new	 grains	 are	 formed	 and	 grains	 that	were	
present	are	broken	up	further	to	become	smaller.	F)	The	older	formed	grains	are	smaller	than	the	more	
recent	ones.	This	creates	the	laminations	(indicated	by	the	red	dashed	lines)	based	on	variance	of	grain	
size.	Note,	the	grains	in	the	laminations	of	the	outer	cortex	are	much	finer	relatively	to	the	central	clast	
than	depicted	in	this	figure.	
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Figure	 6.2.3.	 Evidence	 of	 the	 breakdown	 model	 observed	 in	 s54b	 CCA001.	 A)	 An	 area	 in	
lamination	1	where	 the	grains	have	been	broken	off	 the	 central	 clast	 and	been	protected	by	 the	
shape	 of	 the	 central	 clast.	 B)	 Larger	 grains	 that	 make	 up	 the	 lamination	 have	 similar	 visible	
internal	structure	and	colour	to	the	central	clast.	
	

	
Figure	6.2.4.	Larger	clasts	in	the	lamination	in	the	box	are	similar	in	structure	to	the	central	clast.	
In	the	lamination	closest	to	the	CCA	in	the	box,	the	larger	grains	shape	amatches	that	of	the	central	
clast.	
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Problems	with	the	Clast	Breakdown	Model	

If	 this	 model	 were	 applicable,	 one	 would	 expect	 to	 see	 “mini”	 CCA-type	

structures	 in	 each	 of	 the	 laminations	 in	 the	 outer	 cortex,	 as	 individual	 clasts	

progressively	 break	 down	 in	 a	 manner	 analogous	 to	 “onion	 skin”	 weathering	 in	

granatoid	 rocks.	 However,	 none	 of	 these	 structures	 were	 observed	 in	 the	

laminations.	 There	 are	 also	 grains	 that	 are	 similar	 in	 structure	 to	 those	 seen	 as	

central	 clasts	 in	 the	matrix	 as	 well	 as	 within	 the	 laminations.	 These	 grains	 in	 the	

matrix	are	not	associated	with	any	CCA	suggesting	that	the	breakdown	of	grains	may	

not	be	 related	 to	 the	 formation	of	 laminations.	These	 issues	are	enough	 to	 suggest	

that	this	cannot	be	the	primary	cause	of	formation.	

	

	
	

6.3	Post-CCA	Formation	Compaction	of	the	PSZ	
	

Neither	the	accretion	nor	the	breakdown	models	can	satisfactorily	explain	the	

consistent	alignment	of	grain	long	axes	that,	on	average	are	oriented	at	large	angles	

(>70°)	 to	 the	 slip	 surface,	 both	 in	 the	 laminations	 of	 the	 studied	 CCA	 and	 in	 the	

surrounding	matrix.	Because	this	alignment	occurs	in	both	the	CCA	and	surrounding	

matrix,	it	is	likely	related	to	a	process	that	occurred	after	the	formation	of	the	CCAs.	

The	 alignment	 could	 be	 explained	 by	 compaction	 within	 the	 PSZ	 following	 a	 slip	

event	 causing	 shape	 change	 to	 individual	 grains	within	 the	 CCAs	 and	 surrounding	

matrix	(Figure	6.3.1).	

	

	

	



Chapter	Six	Discussion	

	 103	

	
Figure	6.3.1.	Compaction	of	the	PSZ	alters	the	grain	long	axes	orientation	into	a	position	which	is	
close	 to	perpendicular	 the	PSS.	A)	A	collection	of	grains	with	 their	 long	axis	 indicated	by	 the	red	
line.	B)	The	same	grains	following	compaction	(compaction	direction	indicated	by	the	arrows).	The	
long	axes	have	been	altered,	in	some	of	the	grains	they	have	rotated	with	the	grain	(i.e.	3),	in	grain	
1	and	4	the	long	axis	has	been	slightly	repositioned	and	rotated,	and	in	grain	2	the	short	axis	has	
become	 the	 long	 axis.	 In	 all	 cases	 the	 long	 axis	 orientation	 has	 become	 closer	 to	 90°	 (i.e.	
perpendicular	to	the	compaction	direction).	
	

6.4.A	Evidence	for	Compaction	

	

In	map	 s54b	EBSD	S8	M7,	 the	distribution	of	 grain	alignments	measures	by	

the	 standard	 deviation	 is	 much	 more	 tightly	 clustered	 than	 any	 other	 map.	

Additionally,	 the	mean	 aspect	 ratio	 (grain	 elongation)	 of	 grains	 is	 higher	 than	 any	

other	map.	In	the	area	of	this	map,	all	four	laminations	are	apparent	and	are	at	their	

thinnest	 around	 the	 CCA	 (Figure	 4.2.1).	 These	 observations	 are	 consistent	 with	

enhanced	compaction	in	this	area	of	the	CCA	causing	grain	angles	to	rotate	towards	a	

common	plane.	 It	 can	be	speculated	 that	 the	central	 clast	of	 the	CCA	acted	as	 rigid	

inclusion	in	the	PSZ,	causing	the	laminations	to	undergo	more	compaction	relative	to	

zones	where	there	was	no	rigid	backstop.	
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6.3.B	Geological	Implications	

	

The	Tre	Monti	 Fault	 has	been	exhumed	 from	depths	of	<2	km	 (Smith	 et	 al.,	

2011).	Although	a	relatively	shallow	depth	compared	to	earthquake	focal	regions	(c.	

7-15	km),	 there	still	would	have	been	a	significant	amount	of	overburden	pressure	

on	the	fault	zone	at	a	depth	of	2	km	following	a	slip	event	(confining	pressure	at	2	km	

is	expected	to	be	c.	50	MPa	(Davies	and	Reynolds,	1996)).	This	overburden	pressure	

is	likely	to	have	caused	compaction	of	the	fault	core	during	the	interseismic	period.	

Compaction	 occurring	 in	 the	 cores	 of	 carbonate-dominated	 fault	 zones	 is	 a	 well-

documented	 occurrence	 and	 typically	 results	 in	 the	 disappearance	 of	 pore	 space	

(Micarellia	 et	 al.,	 2006)	 and	 the	 formation	 of	 stylolites	 due	 to	 pressure	 solution	

(Smith	 et	 al.,	 2011,	 Tondi	 et	 al.,	 2006).	 Compaction	 is	 a	 fluid-assisted	 deformation	

mechanism	(such	as;	mineral	alteration)	(Chester	et	al.,	1993)	although	it	can	occur	

due	to	mechanical	rearrangement	of	grains	(Borg	et	al.,	1960).		

	

Evidence	for	compaction	in	the	PSZ	of	the	Tre	Monti	Fault	was	documented	by	

Smith	et	al.,	(2011)	in	the	form	of	discontinuous,	sub	horizontal	stylolites	that	were	

oriented	 at	 large	 angles	 to	 horizontal	 (relative	 to	 the	 fault	 plane).	 The	 stylolites	

reported	 by	 Smith	 et	 al.,	 (2011)	 were	 found	 in	 secondary	 slip	 zones	 (those	 with	

displacements	of	 less	than	a	 few	meters)	of	 the	Tre	Monti	Fault,	 indicating	that	the	

secondary	 slip	 zones	 experienced	 localized	 removal	 of	 material	 due	 to	 pressure	

solution	 (Giuseppe,	 1984,	 Rutter,	 1983,	 Tondi	 et	 al.,	 2006).	 However,	 no	 stylolites	

were	found	in	the	PSZ	of	the	Tre	Monti	Fault	where	the	CCAs	were	formed.	Our	new	

data	 suggest	 that	 compaction	 in	 the	 PSZ	may	 have	 occurred	 in	 a	more	 distributed	

manner,	 with	 individual	 grains	 undergoing	 changes	 in	 shape	 (possibly	 due	 to	

dissolution	 processes)	 as	 a	 result	 of	 compaction,	 rather	 than	 the	 development	 of	

localized	stylolites.		

	

Compaction	by	dissolution	processes	may	accommodate	shallow	post-seismic	

afterslip	 in	 fault	 cores	 (Fielding	 et	 al.,	 2009,	Wilkinson	et	 al.,	 2010).	 Fielding	 et	 al.,	
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(2009)	 and	Wilkinson	 et	 al.,	 (2010)	 used	 high-resolution	 interferometric	 synthetic	

aperture	radar	(Fielding	et	al.,	2009)	and	terrestrial	laser	scanning	(Wilkinson	et	al.,	

2010)	 analysis	 to	 identify	 the	 post-seismic	 afterslip	 that	 occurred	 following	 large	

earthquake	with	a	Mw	6.5	in	Bam,	Iran	(Fielding	et	al.,	2009),	and	the	Mw	6.2	2009	

L’Aquila	 earthquake	 	 (Wilkinson	 et	 al.,	 2010).	 Wilkinson	 et	 al.,	 (2010)	 found	 that	

post-seismic	afterslip	following	the	L’Aquila	earthquake	was	equivalent	to	c.	50%	of	

the	coseismic	slip.	The	new	analysis	of	 the	PSZ	 from	the	Tre	Monti	 fault	presented	

here	 indicates	 that	 the	 documented	 shallow	 afterslip	 in	 carbonate-dominated	 fault	

zones	may	be	accommodated	by	distributed	pressure	solution	on	the	grain-scale,	as	

well	as	localized	pressure	solution	and	the	formation	of	stylolites.	

	

	

6.4	Variability	in	matrix	microstructure	
	

Analysis	of	EBSD	map	s54b	02032016	S3	M5	taken	 from	an	area	of	 the	PSZ	

matrix	close	to	the	underlying	cataclasite	layer	(Figure	5.1.1)	showed	that	there	were	

two	different	 regions.	 The	 first	 region	 (at	 the	 top	of	 the	 in	 Figure	5.4.1)	 contained	

significantly	larger	and	more	elongate	grains,	and	the	angle	of	grain	long	axis	rotate	

closer	towards	c.	70°.	The	second	region	(at	the	bottom	of	the	map	in	Figure	5.4.1)	

had	 slightly	 smaller	 grains	 oriented	 closer	 to	90°	 to	 the	PSS	 (perpendicular	 to	 slip	

direction).	

	

6.4.A	Reasons	for	variability	
	

The	 above	 observations	 could	 indicate	 that	 the	 amount	 of	 compaction	

throughout	 the	 matrix	 is	 not	 entirely	 evenly	 distributed.	 This	 could	 be	 due	 to	

variation	 in	 the	PSZ,	 i.e.	 larger	 grains	 are	harder	 to	 compact	 so	 they	 could	make	 a	

variance	 lens	 of	 differing	 compactions	 protecting	 surrounding	 grains	 from	

compaction	creating	a	shadowing	or	shielding	effect.	
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6.5	Preferred	Model	for	CCA	Formation	and	Modification	
	
	

6.5.1	The	model	
	

With	 all	 evidence	 considered,	 it	 is	 clear	 that	 the	 accretionary	 model	 for	

formation	of	the	CCAs	best	fits	the	new	microstructural	data.	Following	the	literature,	

it	is	speculated	that	the	laminations	are	formed	as	a	result	of	triboelectric	charging	of	

matrix	grains	that	accrete	to	the	central	clast	or	previous	lamination	in	a	slip	event.	

Following	the	formation	of	the	CCAs,	compaction	occurred	within	the	PSZ	to	become	

elongate	and	aligned	at	high	angles	to	the	slip	surface	(Figure	6.5.1).	

	

	 The	preferred	model	suggests	that	the	CCAs	most	likely	formed	coseismically.	

However,	 the	 data	 does	 not	 provide	 constraints	 on	 the	 slip	 rates	 at	 which	 this	

occurred.	 It	 is	 assumed	 that	 formation	 was	 at	 high	 slip	 rates,	 however	 with	 no	

temperature	 signature	 recorded	 in	 the	 rock	 this	 is	 uncertain.	 The	 compaction	 that	

occurred	 in	 the	 PSZ	 following	 the	 formation	 of	 CCAs	 is	 assumed	 to	 be	 related	 to	

afterslip	processes	following	coseismic	slip.			
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Figure	6.5.1.	Process	that	lead	to	the	formation	of	CCAs	in	the	PSZ	of	the	Tre	Monti	Fault.	A)	Initial	
fossil	 or	 reworked	 cataclasite	 in	 the	matrix	 of	 the	 PSZ.	 The	matrix	 grain	 size	 and	 orientation	 is	
random.	 B)	 As	 the	 fossil	 is	 rotated	 during	 seismic	 slip	 or	 aseismic	 creep,	 part	 of	 it	 fractures	 off	
(indicated	 by	 the	 grey	 grain	 next	 to	 the	 grey	 central	 clast).	 Grains	 in	 the	 matrix	 become	
triboelectrically	charged	and	accrete	onto	the	central	clast.	C-F)	CCA	initially	forms	as	described	in	
Figure	6.2.1.	During	continuous	creep	or	seismic	slip	events,	the	matrix	is	crushed	and	grain	size	is	
decreased.	G)	Post	formation,	compaction	of	the	fault	core	due	to	afterslip	occurs	affecting	the	PSZ.	
G)	is	orientated	with	a	dip	of	55°	to	reference	to	the	dip	of	the	fault,	the	red	line	representing	the	
PSS.	
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Chapter Seven Suggestions for Future 
Studies 

	
	

7.1	Three-Dimensional	Microstructural	Analysis	
	

One	 of	 the	 limitations	 of	 this	 project	 was	 working	 in	 two-dimensions	 on	 a	

complex	three-dimensional	structure.	Being	able	to	analyse	the	microstructures	of	a	

Clast-Cortex	Aggregate	(CCA)	 in	three	dimensions	would	prove	 invaluable.	A	three-

dimensional	 model	 would	 provide	 useful	 information	 regarding	 shape,	 size,	 and	

orientation	of	 the	overall	CCA	and	 individual	grains	 that	comprise	 it.	Following	 the	

preferred	 model	 proposed	 in	 Chapter	 6,	 that	 there	 has	 been	 post-formation	

compaction	in	the	PSZ,	we	would	expect	to	see	that	grains	in	the	outer	cortex	and	the	

central	 clast	 are	 not	 spherical	 but	 instead	 more	 ellipsoid.	 A	 three-dimensional	

analysis	 of	 the	 CCAs	 was	 initially	 attempted	 during	 this	 project,	 but	 proved	

unsuccessful	 for	 various	 reasons.	The	methodology	 that	was	attempted	 is	 included	

below.		

	

7.1.A	Methodology	used	in	this	Project	

	

A	 block	 of	 the	 fault	 rock	 (1.6	 cm	 (width)	 x	 2	 cm	 (length)	 x	 0.5	 cm	 (depth))	

containing	 the	 principal	 slip	 zone	 (PSZ)	 and	 a	 small	 sliver	 of	 the	 Quaternary	

sediments	 was	 mounted	 onto	 a	 glass	 slide	 (Figure	 7.1.1).	 The	 top	 surface	 was	

levelled	 off	 and	polished	 to	1	 μm.	The	polished	 side	 of	 the	block	was	 then	 imaged	

using	cold	cathodoluminescence.		
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Figure	 7.1.1.	 Block	 sample	 s54(3)_1	 mounted	 to	 a	 glass	 slide	 following	 levelling	 off	 and	
polishing.	This	block	sample	was	used	to	collect	cathodoluminescence	images.	
	

Cathodoluminescence	 is	 an	 imaging	 technique	 that	 works	 by	 emitting	 an	

electron	beam	onto	the	sample	in	a	vacuum.	The	electron	beam	causes	the	electrons	

within	atoms	that	make	up	the	minerals	to	excite	and	jump	between	shells	emitting	

energy	and	causing	the	mineral	to	illuminate.	Different	minerals	illuminate	different	

colours	and	slight	variations	 in	a	mineral	will	mean	 that	 it	will	 illuminate	different	

shades	 and	 intensities	 (Ozawa,	 2007),	 making	 this	 technique	 possible	 in	 these	

samples	despite	being	entirely	calcite.		

	

One	 of	 the	 largest	 problems	 was	 that	 the	 cathodoluminescence	 was	 not	

consistent	 and	was	 very	 temperamental.	 This	made	 imaging	 very	 difficult	 and	 the	

settings	were	not	consistent	between	images.	Ideally	the	TORR	was	set	to	less	than	

20,	K.V.	of	around	5	Volts,	and	Gun	Current	between	400	and	600	Amps	used.	Images	

were	taken	with	an	exposure	time	of	between	6	and	12	seconds.	 In	order	to	 image	

the	whole	 surface,	 approximately	50	photos	were	 taken.	The	 images	were	 stitched	
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together	using	the	photomerger	tool	in	Adobe	Photoshop.	An	example	of	the	merged	

photo	is	shown	in	Figure	7.1.2.	

	

After	the	mosaic	was	constructed,	the	polished	block	was	reduced	in	height	by	

c.	 200	 μm	 using	 a	 Kemet	 KPL	 300	 automatic	 thin	 sectioning	 machine.	 Accurate	

measuring	to	ensure	the	correct	intervals	were	used	was	taken	using	a	micrometre.	

The	 block	 was	 then	 polished	 again	 to	 1	 μm.	 The	 cathodoluminescence	 imaging	

process	was	repeated	before	the	sample	was	filed	down	again.		

	

The	idea	behind	this	methodology	was	to	carry	out	serial	sectioning	through	a	

large	CCA,	and	produce	a	useful	high-resolution	image	of	the	internal	structure	of	the	

CCA	 that	 could	 be	 extrapolated	 to	 produce	 a	 pseudo-three	 dimensional	 model.	

Although	 the	 technique	 was	 partly	 successful,	 a	 number	 of	 problems	 were	

encountered.	Cathodoluminescence	 imaging	was	not	as	effective	as	anticipated	due	

to	its	temperamental	and	unpredictable	nature,	and	because	microstructural	details	

within	 the	CCAs	were	not	clear	 in	 the	 images	 taken.	A	better	 imaging	 technique	or	

higher-resolution	 cathodoluminescence	 would	 be	 needed	 to	 image	 the	 CCAs	 at	 a	

useful	resolution	and	to	construct	a	three-dimensional	model.	

	

7.2	Study	on	the	Boundary	of	the	Laminations	
		

It	 is	 still	unclear	what	makes	up	 the	boundaries	between	 the	 laminations	 in	

the	CCAs.	The	EBSD	maps	show	non-indexed	areas	that	correspond	to	the	lamination	

boundaries.	 It	 is	 likely	 that	 the	grain	size	 in	 the	 lamination	boundaries	 is	 too	small	

(i.e.	 grain	 area	 <1	 μm2)	 for	 our	 EBSD	 capabilities,	 but	 it	 is	 also	 possible	 that	 the	

boundaries	contain	amorphous	material.	A	more	detailed	study	would	be	needed	to	

provide	 data	 on	 what	 defines	 these	 boundaries.	 This	 could	 include	 Transmission	

Electron	 Microscopic	 (TEM)	 analysis	 or	 Transmission	 Kikuchi	 Diffraction	 (TKD)	

analysis	 in	the	SEM.	TEM	has	been	used	in	the	analysis	of	microstructures	 in	zones	
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<250	nm	thick	(Kohlstedt	and	Vander	Sande,	1973)	so	it	should	provide	the	detailed	

required.	

	

	
Figure	7.1.2.	Compiled	cathodoluminescence	image	of	the	imaged	block.	The	brighter	section	at	
the	 bottom	 is	 the	 cataclasite	 layer	 beneath	 the	 PSZ.	Within	 the	 PSZ	 a	 few	 potential	 CCAs	 are	
visible,	however,	the	details	within	them	are	not	clear.	
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Chapter Eight Conclusion 

	

	

By	 analysing	 high-resolution	 Electron	 Backscatter	 Diffraction	 (EBSD)	 data,	

this	 thesis	 provides	 valuable	 new	 information	 regarding	 the	 microstructure	 and	

formation	 mechanisms	 of	 peculiar	 Clast-Cortex	 Aggregates	 (CCAs)	 found	 in	 the	

carbonate	principal	 slip	 zone	 (PSZ)	 of	 the	Tre	Monti	 Fault,	 central	 Italy.	 The	EBSD	

data	reveal	the	following	main	microstructural	characteristics:	

• In	 general,	 the	 laminations	 of	 the	 CCAs	 and	 the	 surrounding	 matrix	 are	

composed	of	aggregates	of	calcite	grains	with	areas	on	the	order	of	between	5	

and	 40	 μm2.	 The	 boundaries	 between	 different	 laminations	 could	 not	 be	

indexed,	either	because	the	grain	size	in	these	areas	is	substantially	less	than	

1	μm2,	or	because	the	material	comprising	the	boundary	is	amorphous.	

• Laminations	 within	 the	 outer	 cortex	 of	 the	 CCAs	 show	 only	 a	 weak	

Crystallographic	 Preferred	 Orientation	 (CPO).	 Therefore	 no	 CPO	 developed	

during	the	formation	of	the	CCAs.	

• There	is	grain	size	grading	between	the	laminations.	Laminations	closer	to	the	

central	 clast	 have	 a	 larger	 mean	 grain	 size,	 and	mean	 grain	 size	 decreases	

towards	the	outer	laminations.	The	matrix	of	the	PSZ	has	a	finer	mean	grain	

size	than	the	laminations	of	the	outer	cortex.	

• There	 is	a	strong	alignment	of	grains	 long	axes	 in	all	of	 the	 laminations	and	

the	surrounding	matrix.	On	average,	grain	long	axes	are	aligned	between	70°	

and	90°	to	the	principal	slip	surface	(PSS).	This	alignment	is	roughly	parallel	

to	the	overall	elongate	shape	of	the	studied	CCA	(and	its	central	clast).	

	

Based	 on	 these	 microstructural	 characteristics,	 we	 interpret	 the	 following	

processes	to	be	important	in	the	formation	of	the	CCAs.	

• The	 formation	of	 the	 laminations	surrounding	 the	central	 clast	 is	due	 to	 the	

accretion	of	fine-grained	matrix.	Each	lamination	is	the	result	of	a	slip	event.		



Chapter	Eight	Conclusion	 	 	

	114	

• The	matrix	becomes	progressively	finer-grained	during	successive	slip	events,	

which	 generates	 concentric	 laminations	 that	 show	 a	 decrease	 in	 grain	 size	

from	the	inner	lamination	to	the	outer	lamination.	Each	lamination	represents	

the	grain	size	of	the	matrix	at	the	time	of	its	accretion.	

• Although	more	work	is	required	to	understand	the	accretion	mechanisms,	we	

speculate	 based	 on	 previous	 work	 that	 grains	 were	 accreted	 due	 to	

triboelectric	charging	during	slip	events.	

• Following	 the	 formation	 of	 the	 CCAs,	 compaction	 due	 to	 afterslip	 occurred	

within	the	PSZ.	The	compaction	was	mainly	sub	parallel	to	the	slip	direction,	

causing	individual	grains	within	the	CCAs	and	surrounding	matrix	to	develop	

an	elongate	shape.	
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