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A	Lithofacies	Classification	of	Complex	Ash	Aggregates	from	the	536	A.D.	Phreatoplinian	Eruption	

of	Ilopango,	El	Salvador.	

Henry	Hoult	

Abstract	
	
Ash	aggregation	is	a	key	factor	determining	the	residence	time	of	ash	in	the	
atmosphere.	Aggregates	range	in	size	from	particle	clusters	<40	µm	in	diameter	to	
complex	aggregates	several	centimetres	in	diameter.	Complex	aggregates	are	typically	
found	within	ignimbrites	and	are	identified	by	their	sub-spherical	shape	and	multiple	
continuous	and	non-continuous	internal	layers.	Here	I	present	the	first	lithofacies	
classification	scheme	for	the	interior	layers	of	complex	ash	aggregates.	SEM	images	of	
thin	sections	and	X-ray	computed	microtomography	(XCT)	scans	of	whole	aggregates	
allows	these	layers	to	be	analysed	in	both	2D	and	3D.	I	combine	quantitative	image	
analysis	techniques	with	qualitative	observations	to	examine	differences	in	the	particle	
size	and	structure	of	layers	in	complex	aggregates	from	the	536	A.D.	Phreatoplinian	
eruption	of	Ilopango.	Three	end-member	lithofacies	are	identified:	

1. Porous,	clustered	fine	ash	(pcA):	a	moderately	sorted	fine	ash	with	a	
massive	structure	composed	of	ash	clusters	~20-60	µm	in	diameter.		

2. Massive	fine	ash	(mA):	a	very	poorly	sorted	fine	ash	with	a	low	porosity,	
massive	framework	containing	particles	<2	mm	and	sub-rounded	
vesicles	<150	µm.	

3. Massive	ultra-fine	ash	(mFA):	a	medium	to	well	sorted	ultra-fine	ash	
that	fines	outwards	with	a	tightly	packed,	massive	framework.		

Each	of	these	lithofacies	can	be	attributed	to	a	different	formation	mechanism	
dictated	by	the	availability	of	liquid	water.	A	consistent	non-repeating	lithofacies	
appearance	order	is	observed,	indicating	all	aggregates	share	a	linear	formation	
sequence.	Aggregate	growth	is	dominated	by	the	hierarchical	accretion	of	smaller	
aggregates	under	saturated	to	sub-saturated	conditions	within	an	eruption	or	co-
ignimbrite	plume.	Ultra-fine	grained	outer	rims	are	accreted	under	increasingly	dry	
conditions,	requiring	the	final	descent	to	be	into	a	laterally	moving	pyroclastic	density	
current.	
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Table	of	Figures	

Figure	1:	Previously	published	images	of	different	types	of	volcanic	ash	aggregates.	Particle	clusters	(A)	

and	coated	particles	(B)	are	the	most	basic	structures	(both	from	Eyjafjallajokull,	2010	

[Bonnadonna	et	al.,	2011]).	Structure-less	aggregates	several	millimetres	in	diameter	(C)	(example	

from	Soufrière	Hills,	2010	[Burns	et	al.,	2017])	and	complex	aggregates	(D)	with	multiple	layers	

(examples	are	matrix	supported	within	host	ignimbrite,	Oruanui	25.4ka	[Van	Eaton	and	Wilson,	

2013a]).	 10	
Figure	2:	Aggregate	saturation	states	of	Newitt	and	Conway-Jones	[1958],	taken	from	from	Iveson	et	al.	

[2001].	 13	
Figure	3:	Illustration	outlining	several	previously	published	ash	aggregate	formation	models.	 15	
Figure	4:	A)	Map	of	El	Salvador	with	Lake	Ilopango	and	San	Salvador	indicated.	B)	Log	of	the	TBJ	

ignimbrite	stratigraphic	sequence	at	the	sampled	locality	[13°39'21.41"N	89°	9'38.22"W;	Brown	et	

al.,	unpublished	data].	Lithofacies	abbreviations	correspond	to	that	of	Branney	and	Kokelaar	
[2002].	C)	Photo	of	the	sampled	unit	with	abundant	complex	ash	aggregates	standing	proud,	ruler	

scale	is	in	centimetres.	 18	
Figure	5:	Backscatter	SEM	image	montage	of	Sample	21	at	120x	magnification.	The	most	visually	distinct	

horizons	are	outlined.	The	rectangle	across	the	centre	outlines	the	area	imaged	in	six	horizontal	

rows	at	250x	magnification	to	create	a	transect	across	the	centre	of	the	aggregate.	 20	
Figure	6:	(Top)	1024x704	backscatter	SEM	image	taken	at	250x	magnification.	(Bottom)	Splitting	the	

image	into	five	204x704	slices	minimizes	the	impact	of	two	facies	with	distinct	particle	

characteristics	from	affecting	results.	These	totalled	1380	slices	for	analysis	for	all	six	horizontal	

transects.	When	investigating	clustering,	the	original	1024x705	images	were	used	to	allow	for	any	

potential	clustering	on	scales	too	large	to	be	measured	on	the	204x704	slices.	 21	
Figure	7:	Expanded	region	of	a	250x	magnification	backscatter	SEM	image	with	three	dominant	

components	highlighted:	vitric	ash	particles,	clay	matrix	and	empty	pore	space.	Greyscale	intensity	

(pixel	brightness)	represents	density.	Bright	particles	are	crystal	fragments.	The	difference	

between	the	clay	matrix	and	vitric	ash	particles	can	be	slight,	making	defining	particle	edges	

difficult.	 22	
Figure	8:	Pixel	greyscale	intensity	histogram	for	a	backscatter	SEM	image	from	Sample	21.	The	three	

central	peaks	corresponding	to	pore	space,	the	clay	matrix	and	solid	ash	particles	are	indicated	

above.	Dashed	lines	indicate	locations	on	the	histogram	relative	to	these	three	peaks	that	were	

used	when	thresholding	into	binary	images.	When	using	Avizo’s	Autothresholding	module,	two	

pixel	intensity	values	are	input.	Every	pixel	below	the	lower	value	is	assigned	a	value	of	0,	and	

every	pixel	above	the	higher	value	is	assigned	value	of	1.	Pixels	in	between	are	then	assigned	

either	a	1	or	0	by	the	module,	removing	user	bias	when	defining	particle	boundaries.	The	three	

regions	A-C	indicate	the	upper	and	lower	pixel	intensity	inputs	used	when	thresholding	for	analysis	

of	different	characteristics:	A,	modern	porosity	(‘Air);	B,	pre-clay	porosity;	C,	cluster	analysis.	D,	

particle	scale	quantification,	does	not	have	an	upper	value	as	this	threshold	value	was	defined	

manually.	 23	
Figure	9:	Flow	diagram	outlining	the	processing	steps	taken	during	2D	image	analysis	for	all	seven	

samples.	Blue	regions	in	binary	images	indicate	pixels	with	a	value	of	1,	black	regions	are	0.	

Module	input	values	have	been	omitted	as	these	varied	depending	on	sample	image	contrast.	 24	
Figure	10:	Figure	showing	binary	images	of	porosity	after	different	thresholding	levels	were	used.	

Porosity	is	highlighted	in	blue	in	each.	If	the	values	input	into	the	Autothresholding	module	were	

too	low	or	high,	porosity	was	either	under-represented	or	over-represented.	By	including	the	

middle	peak	on	the	greyscale	intensity	histogram	between	the	upper	and	lower	Autothreshold	

values	[Figure	8],	clays	are	incorporated	into	the	porosity.	This	then	gives	a	porosity	estimate	pre-

clay	precipitation,	assuming	no	other	precipitates	covered	the	particles	beforehand	and	particle	

surfaces	have	not	been	dissolved	since.	Subtracting	the	pre-clay	porosity	binary	from	the	modern	

porosity	binary	gives	the	volume	fraction	of	clay	matrix	for	that	image.	 25	
Figure	11:	Descriptions	of	the	Avizo	modules	used	during	2D	and	3D	image	analysis.	 27	
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Figure	12:	Figure	showing	a	particle	with	a	complex,	multi-limbed	morphology.	Dashed	coloured	lines	

indicate	three	similar	feret	width	measurements	(small	axis)	that	give	a	large	range	in	particle	

length	and	orientation	measurements	(long	axis).	Dashed	black	lines	show	the	area	and	

dimensions	of	an	enclosing	ellipsoid	and	contained	ellipsoid.	The	wide	range	in	size	and	orientation	

of	these	ellipsoids	makes	them	unsuitable	for	representing	such	a	complex	morphology.	For	cluster	

analysis,	multiple	other	particles	packed	tightly	around	the	limbs	promote	a	clustered	value	when	

using	edge	to	edge	nearest	neighbour	distance,	regardless	of	their	distribution	around	the	central	

particle.	The	particle	coordinate	representing	the	barymetric	centre	of	mass	(black	cross)	may	not	

represent	the	particle	appropriately	if	most	of	its	mass	is	located	at	one	end	when	viewed	in	2D.	28	
Figure	13:	Figure	showing	a	particle	with	feret	shape	of	1	represented	by	a	single	pixel,	A),	and	particles	

with	feret	shapes	of	³2	represented	by	<25	pixels	where	the	longest	internal	line	lies	between	650	
and	80

0
,	B)	and	C).	Angles	are	measured	from	due	East.	 29	

Figure	14:	Figure	showing	binary	images	produced	after	a	greyscale	image	(A)	was	thresholded	for	

particle	quantification	(B)	and	cluster	analysis	(C).	Accurate	particle	shape	identification	of	the	

finest	material	is	difficult	at	this	magnification,	so	it	was	excluded	when	thresholding	for	particle	

size	analysis	to	ensure	measurements	were	representative	of	the	binary	image	population.	For	

cluster	analysis,	fines	were	included	as	clustered	structures	are	often	indicated	by	fines	grouped	

around	larger	clasts.	Accurate	particle	shape	identification	was	therefore	deemed	less	important	

than	representing	a	particle’s	presence	when	thresholding	and	processing	for	cluster	analysis.	 30	
Figure	15:	Figure	showing	(A)	a	binary	image	of	particles	from	a	poorly	sorted	lithofacies	in	this	study	

represented	as	single	points	when	plotted	in	ArcGIS	(B)	for	particle	centre	Nearest	Neighbour	

Analysis.	This	image	had	a	Nearest	Neighbour	Ratio	of	0.94	and	Z-score	of	-6.78,	meaning	

statistically	there’s	a	<1%	likelihood	that	this	‘clustered’	particle	arrangement	is	due	to	random	

chance.	 31	
Figure	16:	Transects	of	clustering	probability	across	sample	21,	using	particle	centre	NNA	(A)	and	edge	

to	edge	NNA	(B).	Particle	centre	‘Z	score’	gives	the	probability	of	clustering	within	an	image,	while	

edge	to	edge	‘Cluster’	gives	the	percentage	of	ROIs	within	and	image	accepted	as	clustered.	

Transects	across	both	samples	reveal	no	distinction	between	internal	layers,	other	than	indicating	

the	ultra-fine	layers	are	very	strongly	dispersed.	 32	
Figure	17:	Figure	showing	a	greyscale	backscatter	SEM	montage	of	sample	49	(A)	compared	to	a	

greyscale	reconstructed	XCT	projection	of	sample	26	(B).	As	the	SEM	image	is	a	montage,	image	

resolution	remains	very	high	with	increased	magnification.	The	XCT	reconstruction	is	one	single	

image,	so	its	resolution	decreased	rapidly	with	increased	magnification.	 34	
Figure	18:	Flow	diagram	outlining	the	processing	steps	taken	during	the	3D	analysis	of	two	aggregates.	

The	values	used	are	taken	from	the	workflow	of	sample	26.	 36	
Figure	19:	(A)	SEM	image	showing	the	clay	matrix	abundance	within	an	ultra-fine	rim.	(B)	SEM	image	of	

the	inter-particle	matrix	within	the	poorly	sorted	facies	viewed	at	high	magnification	shows	

individual	clay	booklets.	(C)	Backscatter	SEM	image	of	a	large	mudstone	clast	within	the	porous	

sub-facies	of	the	poorly	sorted	facies.	 38	
Figure	20:	(A)	Backscatter	SEM	image	of	a	diatomite	clast	within	the	poorly	sorted	facies,	with	the	white	

rectangle	indicating	area	(B):	the	same	clast	viewed	at	higher	magnification.	 38	
Figure	21:	3D	render	of	the	outer	surface	of	sample	26	showing	surface	lumps	(indicated	by	arrows)	

similar	to	those	in	Figure	22.	 39	
Figure	22:	SEM	image	of	sample	9	showing	two	surface	lumps	caused	by	either	undulation	in	the	outer	

edge	of	the	poorly	sorted	facies	which	is	mantled	evenly	by	the	ultra-fine	rim	(A),	or	coarse	lenses	

within	the	ultra-fine	rim	(B).	 39	
Figure	23:	Figure	showing	a	pumice	clast	(A)	and	a	sub-rounded	vesicle	(B)	at	the	centre	of	two	

aggregates.	 40	
Figure	24:	3D	render	of	a	fork-shaped	vesicle	running	through	the	centre	of	sample	1.	 40	
Figure	25:	Large	internal	fracture	branching	outwards	through	the	aggregates’	layers.	Note	the	pumice	

clast	at	the	centre.	 41	
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Figure	26:	3D	render	of	sample	26’s	porosity.	The	central	fracture	network	is	shaded	light	blue	while	

individual	pores	are	dark	blue.	 41	
Figure	27:	Annotated	SEM	images	of	nine	aggregates	outlining	the	various	architectures	and	features	

observed.	Black	labels	indicate	features	outlined	in	3.2.1.	White	labels	indicate	the	lithofacies	and	

sub-facies	outlined	in	Figure	35	and	Figure	36.	 45	
Figure	28	(Previous):	Representative	transects	of	(A)	mean	particle	length,	(B)	mean	area	and	(C)	

porosity	across	the	width	of	samples	21	and	2.	Each	point	represents	one	cropped	(205x704	pixels)	

slide.	Lithofacies	and	sub-facies	are	highlighted	within	the	SEM	transect	montages	above	each	set	

of	data.	Colours	indicate	observed	changes	to	structure	and	particle	characteristics	to	allow	

comparison	against	quantitative	changes.	Particle	length	and	area	increases	outwards	from	the	

porous,	clustered	ash	(pcA)	interior	into	the	poorly	sorted,	massive	ash	lithofacies	(mA).	The	
porous	sub-facies	pA	shows	higher	porosity	values,	but	similar	particle	area	and	length	values,	to	

the	poorly	sorted,	massive	ash	lithofacies	(mA).	It	is	therefore	associated	with	this	parent	
lithofacies,	rather	than	the	porous,	clustered	lithofacies	(pcA).	Length,	area	and	porosity	all	
decrease	sharply	into	the	laminated	and	massive	ultra-fine	ash	lithofacies	(lFA	and	mFA).	 48	

Figure	29	(Previous	and	here):	Composite	plots	of	(A	and	B)	porosity,	(C)	particle	alignment	and	(D)	

particle	sorting	(i.e.	standard	deviation,	where	lower	values	represent	better	sorting)	against	mean	

particle	length	(F)	(Mz,	calculated	as	per	Folk	and	Ward	[1957]).	Coloured	regions	on	composite	

plots	indicate	lithofacies	and	include	sub-facies.	(B)	shows	porosity	vs	length	per	sample.	The	ultra-

fine	ash	lithofacies	(mFA	and	lFA)	show	the	smallest	particle	lengths,	lowest	porosity,	strongest	

alignment	and	best	sorting.	The	porous,	clustered	ash	(pcA)	and	poorly	sorted,	massive	ash	(mA)	
lithofacies	have	similar	particle	lengths,	alignments	and	degrees	of	sorting.	The	porous,	clustered	

ash	lithofacies	(pcA	and	pclA)	have	the	highest	porosity	values,	with	values	for	the	porous	ash	sub-
facies	(pA)	causing	the	poorly	sorted,	massive	ash	lithofacies	(mA)	region	to	overlap	on	(A)	and	(B).	
Values	for	2	and	21	are	averaged	from	>150	images	from	the	transects,	and	show	clear	segregation	

between	the	three	lithofacies.	Values	for	the	other	four	samples	are	averaged	from	four	images	

each,	as	these	were	subject	to	individual	sampling	[see	2.2.1].	Sample	49	shows	the	same	pattern	

as	2	and	21,	except	its	particle	length	is	consistently	two	phi	less	than	all	other	aggregates.	This	is	

interpreted	as	a	systematic	error	during	data	collection	due	to	differences	in	image	contrast.	The	

laminated	ultra-fine	ash	lithofacies	(lFA)	sometimes	overlaps	with	the	poorly	sorted	one	due	to	the	

presence	of	coarse	lamina	within	it.	 49	
Figure	30	(Previous	and	here):	Composite	plots	of	(A)	porosity,	(C)	particle	alignment	and	(D)	particle	

sorting	(standard	deviation,	where	lower	values	represent	better	sorting)	against	mean	particle	

area	(mm
2
).	Coloured	regions	on	composite	plots	indicate	lithofacies	and	include	sub-facies	within	

them.	(B)	shows	porosity	vs	area	per	sample.	The	ultra-fine	lithofacies	(mFA	and	lFA)	show	the	
smallest	particle	areas,	with	the	porous,	clustered	ash	(pcA)	and	poorly	sorted,	massive	ash	(mA)	
lithofacies	regions	overlapping	significantly.	As	per	Figure	29,	values	for	2,	21	and	49	show	clear	

segregation	between	the	three	lithofacies,	while	the	trend	is	not	as	strong	within	the	other	four.	51	
Figure	31:	Particle	length	histograms	from	sample	21	for	each	lithofacies.	All	are	heavily	skewed	

towards	the	finest	particles,	with	the	presence	or	absence	of	clasts	>~30	µm	visually	distinguishing	

each	lithofacies.	The	two	lines	are	data	collected	by	Van	Eaton	and	Wilson	[2013a]	from	Oruanui	

aggregates.	The	solid	line	is	particle	data	collected	from	an	ultra-fine	rim,	with	the	dashed	line	

representing	the	interior	of	the	aggregate.	 52	
Figure	32:	3D	render	of	the	spherical	vesicles	in	sample	26	diagnostic	of	the	poorly	sorted,	massive	ash	

lithofacies	(mA).	(A)	shows	their	absence	from	the	porous,	clustered,	laminated	ash	(pclA)	interior	

while	(B)	displays	their	sphericity.	 54	
Figure	33	(Previous):	Summary	description	of	the	three	lithofacies	observed.	Mz	is	mean	grainsize,	

calculated	following	the	methodology	of	Folk	and	Ward	[1957].	Abbreviations:	A	fine	ash,	FA	ultra-
fine	ash;	m	massive,	p	porous,	c	clustered,	l	laminated,	k	loose	framework.	 57	
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Figure	34:	Type	images	of	each	of	the	sub-facies	outlined	in	Figure	33;	(A)	shows	the	loose	packed	

framework	of	kA,	(B)	shows	the	high	network	porosity	of	pA,	(C)	shows	a	fine-grained	horizon	
within	pclA	running	bottom	left	to	top	right,	(D)	shows	thin	porous	lamina	within	lFA.	 57	

Figure	35:	Schematic	sketch	log	of	lithofacies	stratigraphic	relationships	from	core	to	rim	within	the	

Ilopango	aggregates.	 58	
Figure	36:	3D	renders	of	lithofacies	outer	surfaces	within	sample	26.	The	poorly	sorted,	massive	ash	

lithofacies	(mA)	has	a	much	more	undulating	outer	surface	than	the	porous,	clustered,	laminated	

ash	lithofacies	(pclA)	inside	it	(B).	Ridges	are	a	relic	from	interpolating	between	slices.	 60	
Figure	37:	Plots	of	(A)	lithofacies	thickness	to	aggregate	radius	ratio	against	aggregate	radius,	and	(B)	

lithofacies	surface	area	to	volume	ratio	against	lithofacies	percentage	volume	of	the	aggregate.	

The	poorly	sorted,	massive	ash	lithofacies	(mA)	is	typically	the	thickest	and	most	voluminous	

lithofacies.	Thickness	and	radius	was	measured	from	the	montages	in	Figure	27	by	averaging	the	

vertical	and	both	horizontal	measurements.	 61	
Figure	38:	Figure	showing	(A)	particle	clusters	collected	from	Soufrière	Hills	Volcano	[Bonadonna	et	al.,	

2002]	and	(B)	the	porous,	clustered	framework	produced	experimentally	by	Van	Eaton	et	al.	

[2012b]	compared	to	(C)	the	porous,	clustered	ash	lithofacies	(pcA)	observed	in	the	Ilopango	
aggregates.	 64	

Figure	39	(Previous):	Figure	showing	formation	of	particle	clusters	under	sub-saturated	conditions.	

Particles	develop	a	thin	coat	of	water	or	ice	and	collide	(A).	Water	collects	at	particle	contacts	due	

to	capillary	forces	or	ice	forms	solid	bridges	at	particle	contacts,	binding	particles	together	to	form	

particle	clusters	(B).	Clusters	collide	with	other	clusters	(C)	to	form	the	porous,	clustered	structure	

of	pcA	(D).	 65	
Figure	40:	Figure	showing	accretion	of	tightly	packed,	poorly	sorted	facies	under	saturated	conditions.	

Saturated	clusters	and	individual	particles	collide	with	the	aggregate	and	successfully	adhere	due	

to	strong	capillary	forces	from	abundant	liquid	water.	Any	interstitial	pore	space	coalesces	to	form	

spherical	vesicles.	 67	
Figure	41:	Figure	showing	accretion	of	ultra-fine	rim	under	dry	to	sub-saturated	conditions.	Aggregates	

enter	a	region	with	sparse	liquid	water	and	a	very	fine	average	particle	size	(A).	Ultra-fine	particles	

adhere	while	any	larger	ones	rebound	due	to	thin	liquid	films	poorly	diffusing	collisional	kinetic	

energy	and	providing	weak	retaining	forces	(B).	As	material	builds,	availability	of	liquid	water	at	

the	aggregate’s	surface	decreases,	gradually	permitting	finer	and	finer	material	to	accrete	(C).	

Particles	accrete	individually,	causing	elongate	ones	to	lie	parallel	to	the	aggregate	surface,	

creating	the	strong	fabric	within	this	lithofacies.	 69	
Figure	42:	Schematic	figure	indicating	the	interpreted	regions	of	growth	for	each	lithofacies	within	the	

Tierra	Blanco	Joven	eruption	of	Ilopango.	 75	
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1)	Volcanic	ash	aggregation	
The	aggregation	of	airborne	volcanic	ash	particles	during	an	eruption	is	an	important	control	on	the	

dispersal	of	ash	through	the	troposphere	and	lower	stratosphere,	and	has	direct	implications	for	

volcanic	hazard	assessment	(e.g.	Horwell	and	Baxter,	2006;	Casadevall,	1994).	Aggregation	results	

in	the	premature	removal	of	fine	ash	from	eruption	clouds,	which	can	result	in	over	thickening	of	

proximal	fall	deposits	(e.g.	Eyjafjallajökull,	Iceland	[Taddeucci	et	al.	2011],	Redoubt,	USA	[Wallace	

et	al.,	2013;	Van	Eaton	et	al.,	2015]).	This	has	been	attributed	to	fine	ash	<20	µm	in	diameter	

adhering	to	coarser	particles	>200	µm	in	diameter	[Gilbert	et	al.,	1991],	which	forms	aggregates	

with	greater	terminal	velocity	than	their	individual	constituents.	Conversely,	secondary	thickening	

of	fall	deposits	100s	km	downwind	of	an	eruption	column	(e.g.	Sorem,	1982;	Eychenne	et	al.,	2017)	

is	also	attributed	to	aggregation.	The	aggregation	of	particles	£200	µm	in	diameter	into	a	cluster	

creates	an	aggregate	with	a	greater	surface	area	to	density	ratio	than	if	it	was	a	single	particle	of	

the	same	size.	This	allows	a	range	of	particle	sizes	to	be	rafted	downwind,	resulting	in	poorly	sorted	

fall	deposits	that	display	secondary	thickness	maxima	[Sorem,	1982;	Gilbert	et	al.,	1991;	James	et	

al.,	2002].		

Ash	aggregation	occurs	within	convecting	vent-derived	plumes,	umbrella	clouds,	and	co-

ignimbrite	plumes	rising	above	pyroclastic	density	currents	(PDCs)	(e.g.	Brown	et	al.,	2010;	Van	

Eaton	and	Wilson,	2013a).	The	successful	aggregation	of	colliding	particles	or	aggregates	depends	

on	the	efficiency	of	kinetic	energy	dissipation	and	the	presence	of	a	post-collision	binding	

mechanism	[Iveson	et	al.,	2001].	Several	mechanisms	have	been	proposed,	including	electrostatic	

forces	(e.g.	James	et	al.,	2002;	James	et	al.,	2003;	Telling	et	al.,	2013),	moist	adhesion	or	

hydrostatic	bonding	(e.g.	Gilbert	and	Lane,	1994;	Durant	and	Rose,	2009;	Van	Eaton	et	al.,	2012b;	

Mueller	et	al.,	2016)	and	ice	sintering	[Van	Eaton	et	al.,	2012b].	During	transport	aggregated	

particles	can	become	cemented	together	through	the	redistribution	of	surface	precipitates	[Gilbert	

and	Lane,	1994].	This	hinders	their	disaggregation	within	turbulent	regions	of	a	plume	or	

pyroclastic	density	current	and	during	depositional	impact	[Mueller	et	al.,	2017b].	A	wide	variety	of	

aggregate	types	have	been	observed	(Figure	1),	from	loosely	bound	particle	clusters	<100	µm	in	

diameter	to	complex	concentrically	layered,	sub-spherical	balls	>20	mm	in	diameter.	The	latter	are	

typically	found	within	the	matrices	of	ignimbrites,	which	suggests	that	their	formation	is	

dependent	on	conditions	within	a	pyroclastic	density	current	[Brown	et	al.,	2010].	

1.1	Observed	aggregate	structures	

The	simplest	aggregate	types	are	loose	clusters	of	fine	particles	<40	µm	in	diameter	(e.g.	Sorem,	

1982;	‘PC1’	Brown	et	al.,	2012;	‘ash	clusters’-	Thordarson,	2004)	or	single	glass	or	crystal	particles	

<1.5	mm	in	diameter	coated	in	a	layer	of	fine	ash	<40	µm	in	diameter	(e.g.	Bonadonna	et	al.,	2002;	

‘PC2’-	Brown	et	al.,	2012)	(Figure	1,	A	and	B).	Both	are	typically	dry	and	disaggregate	on	deposition,	

to	leave	poorly	sorted	fall	deposits	(e.g.	Carey	and	Sigurdsson,	1982;	Durant	et	al.,	2009).		
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	Figure	1:	Previously	published	images	of	different	types	of	volcanic	ash	aggregates.	Particle	

clusters	(A)	and	coated	particles	(B)	are	the	most	basic	structures	(both	from	Eyjafjallajokull,	2010	

[Bonnadonna	et	al.,	2011]).	Structure-less	aggregates	several	millimetres	in	diameter	(C)	(example	

from	Soufrière	Hills,	2010	[Burns	et	al.,	2017])	and	complex	aggregates	(D)	with	multiple	layers	

(examples	are	matrix	supported	within	host	ignimbrite,	Oruanui	25.4ka	[Van	Eaton	and	Wilson,	

2013a]).	

Experiments	by	Bagheri	et	al.	[2016]	reported	a	slightly	more	structured	form	of	clusters	(cored	

clusters)	that	consist	of	a	single	clast	~200-500	µm	in	diameter	completely	covered	in	a	cohesive	

shell	of	particles	<90	µm	in	diameter.	However,	they	are	yet	to	be	observed	in	nature.	Sub-

spherical,	structure-less	aggregates	often	several	millimetres	in	diameter	and	composed	of	

particles	typically	<400	µm	(Figure	1,	C)	are	commonly	observed	in	both	eruption	plume	and	co-

PDC	plume	fallout	deposits	(e.g.	Gilbert	and	Lane,	1994;	Brown	et	al.,	2010;	Van	Eaton	and	Wilson,	

2013a;	ash	pellets-	Thordarson,	2004;	‘AP1’-	Brown	et	al.,	2012).	These	can	be	matrix	or	clast	

supported,	show	signs	of	deformation	on	deposition	and	are	sometimes	constructed	around	a	

single	glass/crystal/pumice	clast	(armoured	lapilli-	Schumacher	and	Schminke,	1991).	They	can	

range	internally	from	highly	porous	to	dense	and	vesicular,	sometimes	observed	with	a	<100	µm	

thick	outer	film	of	fine	ash	[Van	Eaton	and	Wilson,	2013a].		

Laminated,	spherical	to	sub-spherical	aggregates	(Figure	1,	D)	are	found	within	Plinian/co-

PDC	fall	deposits	(e.g.	Scolamacchia	et	al.,	2005;	Van	Eaton	et	al.,	2013a),	with	the	most	complexly	

structured	are	commonly	found	within	PDC	deposits	(e.g.	Branney	et	al.,	2008;	Brown	et	al.,	2010;	
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Van	Eaton	and	Wilson,	2013a).	These	contain	£10	concentric	and/or	non-continuous	layers	around	

a	massive	core,	with	fragile	ultra-fine	grained	outer	rims	(ultrafine	rim-type-	Van	Eaton	and	Wilson,	

2013a;	rim-type	–	Schumacher	and	Schminke,	1991;	accretionary	lapilli	–	Thordarson,	2004).	The	

rims	fine	outwards,	and	the	transition	between	core	and	rims	can	be	either	sharp	or	gradational.	

High	aspect	ratio	particles	within	the	rims	commonly	lie	perpendicular	to	the	aggregate	radius	

[Moore	and	Peck,	1962;	Van	Eaton	and	Wilson,	2013a].	Aggregate	cores	can	either	be	massive	

structure	less	ash,	or	be	composed	of	a	single	large	clast	(pumice,	lithic	or	glass	particle)	or	a	large	

vesicle	(e.g.	Brown	et	al.,	2010;	Scolamacchia	et	al.,	2005;	Van	Eaton	and	Wilson,	2013a).	Some	

show	a	distinct	coarse	core	and	outer	layer	but	lack	a	fine	rim	(core-type-	Schumacher	and	

Schminke,	1991).	Vesicle	cores	within	cylindrical	aggregates	from	El	Chichón	contained	carbonised	

vegetation,	indicating	ash	can	accrete	to	material	other	than	tephra	within	an	umbrella	cloud	or	

plume	[Scholamacchia	et	al.,	2005].		

In	this	study,	particle	cluster	is	used	to	accommodate	all	loosely	bound	aggregates	of	fine	

particles	<40	µm	in	diameter.	‘Simple	aggregate’	refers	to	any	sub-spherical,	structure-less	

aggregates	up	to	several	mm	in	diameter.	‘Complex	ash	aggregate’	is	used	as	an	umbrella	term	for	

all	layered	ash	aggregates,	regardless	of	size	or	variations	in	internal	structure.		

1.2	Aggregation	mechanisms	

1.2.1	Electrostatic	adhesion	
The	electrical	charging	of	eruption	and	co-ignimbrite	plumes	is	indicated	by	the	extensive	lightning	

displays	[McNutt	and	Williams,	2010;	Behnke	et	al.,	2012],	charged	fallout	tephra	[Gilbert	et	al.,	

1991;	Lane	et	al.,	1995]	and	disruption	to	the	local	atmospheric	electric	potential	gradient	[Miura	

et	al.,	1996].	Charging	is	attributed	to	fracto-emission,	where	particle	fracturing	ionises	interstitial	

gases	and	leaves	residual	surface	charges	on	ash	particles	[Lane	and	Gilbert,	1992;	Gilbert	et	al.,	

1991;	James	et	al.,	2000],	and	to	triboelectricity,	where	particle	collisions	release	trapped	electrons	

from	a	high-energy	state	on	one	surface	to	a	low	energy	state	on	another	[Gilbert	et	al.,	1991;	

Lacks	and	Levandovsky,	2007].	The	resulting	charges	are	strong	enough	relative	to	particle	size	to	

stick	colliding	ash	particles	together	within	the	column	or	cloud	to	produce	loosely	bound	particle	

clusters	[Gilbert	et	al.,	1991].		

Particle	clusters	are	rarely	preserved	in	deposits	due	to	their	fragile	structure.	However,	

they	have	been	attributed	as	the	cause	for	secondary	thickness	maxima	in	fall	deposits	at	distance	

of	>100kms	from	the	vent	[Sorem,	1982].	Observations	of	dry	aggregates	range	from	fist-sized	

clumps	striking	aeroplanes	[Hobbs	et	al.,	1981]	to	fragile	clusters	<300	µm	in	diameter	[Sorem,	

1982].	Dry	aggregates	are	typically	structure-less,	with	larger	aggregates	forming	via	the	

aggregation	of	several	smaller	clusters	rather	than	by	continuous	accretion	of	individual	grains	

[James	et	al.,	2002;	James	et	al.,	2003;	Van	Eaton	et	al.,	2012].	Electrostatic	adhesion	potential	

decreases	with	increasing	humidity,	as	the	development	of	liquid	films	on	particle	surfaces	
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dissipates	charge	[Gilbert	and	Lane,	1994].	Electrostatic	adhesion	is	thought	to	dominate	

aggregation	during	the	early	stages	of	plume	formation	when	particles	are	close	together	and	

water	vapour	has	not	yet	condensed	[James	et	al.,	2003].	It	also	dominates	within	distal	eruptions	

clouds,	where	the	water	content	has	been	depleted	through	earlier	precipitation	and	aggregation	

[James	et	al.,	2003].	

1.2.2	Hydrostatic	adhesion:	
Ash	particles	act	as	both	condensation	and	freezing	nuclei	for	eruption	cloud	water	vapour,	

resulting	in	thin	liquid	films	developing	on	individual	particle	surfaces	[Textor	et	al.,	2006;	Van	

Eaton	et	al.,	2015].	The	development	of	a	liquid	film	greater	than	particle	surface	topography	

increases	particle	collisions	efficiency	[Telling	et	al.,	2013].	These	films	diffuse	collisional	kinetic	

energy	and	provide	strong	capillary	forces	that	retain	colliding	particles,	promoting	aggregation	

[Iveson	et	al.,	2001].	Water	is	supplied	to	the	plume	as	an	exsolved	magmatic	volatile	phase	and	

from	water	vapour	in	ambient	atmosphere	entrained	during	convection.	Water	vapour	can	also	

come	via	eruptions	through	a	lake-filled	caldera,	glacier	or	shallow	sea,	where	magma	interacts	

with	surface	water	(‘phreatomagmatism’).	The	high	temperatures	within	an	eruption	plume	keep	

water	in	a	vapour	phase	until	adiabatic	cooling	due	to	both	the	altitude	and	cloud	expansion	allow	

condensation.	

Aggregates	may	exist	in	any	one	of	five	saturation	states:	pendular,	funicular,	capillary,	

droplet	or	pseudo-droplet	(Figure	2)	(as	per	Newitt	and	Conway-Jones	[1958];	[Iveson	et	al.,	2001]).	

In	regions	where	liquid	water	is	sparse,	individual	particles	act	as	condensation	nuclei	and	develop	

a	thin	film	over	their	surface.	This	collects	at	particle-particle	contact	points	to	form	pendular	liquid	

bridges	that	hold	the	aggregate	together.	As	water	abundance	increases,	void	space	becomes	

partially	filled	(funicular)	until	the	aggregate	is	completely	saturated	(capillary).	Under	capillary	

saturation,	capillary	forces	withdraw	the	liquid	surface	back	inside	the	aggregate,	leaving	dry	

particles	as	the	outer	contact	points	with	any	contacting	surfaces.	In	excess	abundance	of	liquid	

water,	particles	are	fully	immersed	within	the	boundary	of	a	droplet.	If	the	aggregate	has	a	poor	

network	porosity,	such	that	it	is	fully	immersed	in	a	droplet	yet	some	pore	spaces	remain	unfilled,	

it	can	be	referred	to	as	a	pseudo-droplet.		

Maximum	aggregate	size	grows	exponentially	larger	with	increasing	water	content	[Van	

Eaton	et	al.,	2012b;	Mueller	et	al.,	2016].	Larger	aggregates	are	more	likely	to	contact	liquid	

droplets	and	so	preferentially	become	more	saturated	than	smaller	ones	[Iveson	et	al.,	2001].	

Clusters	with	pendular	to	capillary	saturation	levels	will	form	networks	that	retain	substantial	inter-

cluster	pore	space	as	capillary	forces	are	restricted	to	particle	contacts.	Clusters	colliding	with	

droplets	or	pseudo-droplets	will	rearrange	their	grains	due	to	particle-particle	lubrication,	forming	

aggregates	with	little	inter-particle	pore	space.	This	in	turn	forces	water	out	to	the	surface	and	so	

promotes	further	aggregation	[Iveson	et	al.,	2001;	Pitt	et	al.,	2017].	Higher	deformability	of	more		
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Figure	2:	Aggregate	saturation	states	of	Newitt	and	Conway-Jones	[1958],	taken	from	from	

Iveson	et	al.	[2001].	

saturated	aggregates	acts	in	conjunction	with	liquid	water	to	elastically	diffuse	collisional	forces,	

aiding	coalescence	[Iveson	and	Lister,	1998].	

Experiments	have	attempted	to	quantify	the	role	of	water	and	ice	in	ash	aggregation	and	

relate	it	to	natural	structures	[Schumacher	and	Schminke,	1995;	Telling	et	al.,	2013;	Van	Eaton	et	

al.,	2012b,	Mueller	et	al.,	2016].	Water	contents	of	<5	wt.%	produced	internally	massive	or	

ungraded	small,	loose	clusters	<5	mm	in	diameter	[Van	Eaton	et	al.,	2012b].	Under	these	

conditions	electrostatic	forces	are	inferred	to	dominate	because	sparse	liquid	bridges	are	

inadequate	for	bonding	[Van	Eaton	et	al.,	2012b;	Schumacher	and	Schminke,	1995].	Above	10-15	

wt.%	water	aggregate	growth	is	dominated	by	the	fractal	coalescence	of	other	aggregates	[Van	

Eaton	et	al.,	2012b].	When	saturation	levels	exceed	20-25	wt.%	aggregates	became	unstable,	and	

can	rearrange	due	to	gravity	after	agitation	has	ceased	[Schumacher	and	Schminke,	1995].	This	

expels	internal	water	to	the	surface	and	flushes	fine	material	outwards	creating	a	thin	(<100	µm)	

fine-grained	rim	[Van	Eaton	et	al.,	2012b].	Particle	size	discrimination	decreases	with	increasing	

saturation:	fully	immersed	slurry	droplets	collect	all	particles	~<2	mm	in	diameter	[Schumacher	and	

Schminke,	1995].		

1.2.3	Ice	sintering/riming:	
The	top	of	plumes	generated	during	Plinian/sub-Plinian	eruptions	can	reach	tens	of	kilometres	into	

the	lower	stratosphere	[Carey	and	Bursik,	2015]	where	the	ambient	temperature	is	around	-75°C	

[Highwood	et	al.,	1998].	Adiabatic	cooling	reduces	temperatures	further	as	the	plume	expands	

upwards	and	supercools	plume	water	vapour.	Ash	particles	become	active	ice-crystallising	nuclei	

from	-10
–
-20

o
C	[Durant	et	al.,	2008].	Particles	become	coated	in	ice	crystals	(riming),	and	form	solid	

ice	bridges	at	particle	contacts	(sintering)	if	particles	are	bound	together	for	at	least	tens	of	

seconds	[Van	Eaton	et	al.,	2015].	The	-20
o
C	isotherm	is	usually	less	than	10	km	above	sea	level	even	

at	low	latitudes,	so	these	processes	will	likely	be	commonplace	in	all	large	water-rich	eruptions	

[Van	Eaton	et	al.,	2015].	Published	observations	of	frozen	aggregates	include	‘ice	glazed-spherical	

balls	of	packed	fine	ash’	falling	at	Grimsvotn,	2011	[Arason	et	al.,	2013]	and	‘internally	massive	to	

weakly-layered’	frozen	aggregates	falling	contemporaneously	to	ash-laden	hailstones	collected	

from	the	2009	eruption	of	Redoubt,	USA	[Van	Eaton	et	al.,	2015].	Aggregates	with	submillimetre	to	

millimetre	scale	irregularly	shaped	voids	at	the	centre	have	been	produced	experimentally	[Van	
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Eaton	et	al.,	2012b]	and	were	interpreted	as	a	sublimed	ice	pellet	nucleus.	Mammatus	clouds	have	

been	observed	during	eruptions,	such	as	Mt	St	Helens	in	1980	where	frozen	aggregates	were	also	

observed	in	fall	deposits.	Ice	sintering	and	sublimation	are	therefore	inferred	to	be	active	processes	

during	aggregation	within	the	eruption	clouds.		

1.2.4	Cementation:	
Within	eruption	columns,	solid	calcium	or	potassium	chloride,	flouride	and	sulphate	salts	

precipitate	from	magmatic	gases	as	aerosols	or	are	adsorbed	on	the	surface	of	ash	particles	

[Naughton	et	al.,	1974;	Oskarsson,	1980].	Acidic	liquids	also	condense	on	the	ash	particles,	

dissolving	the	salts	and	the	surface	of	the	ash	particles.	Capillary	forces	cause	the	liquids	to	collect	

at	particle-particle	contacts,	where	sulphate	and	halide	salts	then	precipitate	that	act	to	bind	the	

particles	together	[Mueller	et	al.,	2017a].	This	process	is	active	over	timescales	relevant	to	airborne	

aggregates,	as	shown	experimentally	[Gilbert	and	Lane,	1994;	Mueller	et	al.,	2016;	Mueller	et	al.,	

2017a]	and	inferred	from	observations	of	calcium	sulphate	and	sodium	chloride	crystals	within	

aggregates	[Tomita	et	al.,	1985;	Gilbert	and	Lane,	1994].		

1.3	Disaggregation:	
Abrasion	during	transport	breaks	up	aggregates,	resulting	in	the	constituent	particles	either	falling	

out	as	individual	particles	or	as	small	clusters,	or	being	re-entrained	back	into	the	plume	or	PDC	

and	so	preventing	fallout.	This	can	be	due	to	aggregate-aggregate,	aggregate-particle	or	aggregate-

substrate	collisions	and	will	affect	the	distribution	of	ash.	Deposits	which	lack	aggregates	may	in	

fact	be	due	to	disaggregation	processes	being	more	efficient	than	aggregation	[Mueller	et	al.,	

2017b].	Experiments	by	Mueller	et	al.	[2017b]	demonstrate	that	larger	constituent	particles	and	

increased	abundances	of	NaCl	binder	at	particle	contacts	produce	the	strongest	aggregates.	When	

fractured,	these	are	prone	to	fragmentation	rather	than	complete	disaggregation.	Fragmented	

aggregates	>1	mm	in	diameter	occur	in	the	matrices	of	some	ignimbrites	[Moore	and	Peck,	1962;	

Brown	et	al.,	2010;	Van	Eaton	and	Wilson,	2013a]	and	are	strong	evidence	of	active	disaggregation	

of	material	during	transport	of	the	largest	aggregates	within	very	turbulent	environments.	Poorly	

sorted	fall	deposits	lacking	evidence	of	aggregate	structures	are	used	as	indicators	of	complete	

disaggregation	on	impact	with	the	ground	(e.g.	Carey	and	Sigurdsson,	1982;	Durant	et	al.,	2009),	

while	complex	dispersal	patterns	are	expected	as	evidence	for	the	airborne	disaggregation	and	re-

entrainment	of	basic	aggregates	[Mueller	et	al.,	2017b].		

1.4	Aggregate	formation	models	

1.4.1	Simple	aggregate	formation	
Dry	clusters	grow	in	regions	where	electrostatic	binding	forces	and	ice	riming	and	sintering	

dominate;	in	the	distal	parts	of	eruption	clouds,	the	tops	of	plumes,	or	soon	after	initial	magma	

fragmentation	(Figure	3)	[James	et	al.,	2003;	Van	Eaton	et	al.,	2015].	Wet	growth	of	consolidated,	

structure	less	aggregates	will	occur	where	temperatures	and	pressures	are	conducive	for	liquid		
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water	condensation	[Moore	and	Peck,	1962].	This	is	either	during	ascent	once	hot	gases	and	

particles	within	the	plume	have	cooled,	or	where	ice-coated	ash	particles	and	aggregates	descend	

from	the	top	of	the	plume	to	lower	altitudes	below	the	0
o
C	isotherm.	Ice	riming	and	sintering	will	

occur	at	the	tops	of	plumes,	either	forming	ash-infused	hailstones	or	frozen	aggregates	[Durant	et	

al.,	2008].	If	ice	is	integral	to	the	aggregate’s	structure,	the	aggregate	will	disaggregate	on	melting.	

If	ice	is	not	integral	to	the	structure,	melting	will	produce	a	saturated	aggregate.	If	descent	is	fast	

enough	for	sublimation,	the	loose-framework	structure	will	be	preserved	[Van	Eaton	et	al.,	2012b;	

Durant	and	Brown,	2016].		

1.4.2	Complex	aggregates	within	pyroclastic	density	currents	(PDCs)	
Pyroclastic	density	currents	(PDCs)	are	mixtures	of	volcanic	gases	and	tephra	that	move	laterally	

downslope	due	to	their	density	being	greater	than	the	surrounding	atmosphere.	They	can	be	

generated	in	several	ways	(see	Branney	and	Kokelaar,	2002).	During	transport,	finer	and	less	dense	

particles	are	elutriated	to	the	upper	levels	of	a	flow	by	fluid	escape	from	settling	clasts	or	local	

upwellings	in	eddies.	If	the	density	of	this	upper	region	is	less	than	the	surrounding	atmosphere	

(due	to	instabilities	along	the	upper	flow	boundary	or	by	sedimentation	of	bedload),	it	becomes	

buoyant	and	rises	as	a	co-PDC	plume.	These	can	reach	altitudes	of	several	tens	of	kilometres	and	

deliver	substantial	amounts	of	material	to	the	upper	troposphere	and	lower	stratosphere:	up	to	

74%	of	the	ash	fall	deposits	for	the	39	ka	Campanian	eruption	[Marti	et	al.,	2016]	and	92%	for	the	

1815	Tambora	eruption	[Sigurdsson	and	Carey,	1989]	were	derived	from	co-PDC	plumes.	The	

abundance	of	aggregates	within	co-PDC	deposits	(e.g.	Las	Cañadas,	Tenerife	[Brown	et	al.,	2003],	

Oruanui,	New	Zealand	[Van	Eaton	and	Wilson,	2013a],	Soufrière	Hills	Volcano,	Montserrat	[Burns	

	

Figure	3:	Illustration	outlining	several	previously	published	ash	aggregate	formation	models.	
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et	al.,	2017])	indicates	aggregation	is	an	important	process	within	co-PDC	plumes.	The	similarity	of	

their	deposits	to	the	deposits	of	vent-derived	plumes	means	that	same	aggregation	mechanisms	

outlined	in	section	1.2	will	operate.	

Complex-structured	ash	aggregates	are	commonly	found	in	or	in	association	with	PDC	

deposits	(e.g.	Brown	et	al.,	2010;	Brown	and	Branney,	2004;	Branney	et	al.,	2008;	Van	Eaton	and	

Wilson,	2013a;	Scolamacchia	et	al.,	2005).	Whole	and	fragmented	complex	aggregates	with	

multiple	lamina	and	ultra-fine	rims	are	typically	matrix-supported	within	the	upper	parts	of	massive	

ignimbrites	[Brown	et	al.,	2010;	Van	Eaton	and	Wilson,	2013a]	or	concentrated	in	lenses	or	

horizons	within	stratified	deposits	(e.g.	Branney	et	al.,	2008).	They	are	usually	absent	from	

overlying	co-PDC	fall	deposits,	which	are	instead	composed	of	clast-supported	ash	pellets	that	lack	

ultra-fine	rims	or	multiple	lamina.	Their	presence	up	to	10	meters	below	the	top	surface	of	the	

ignimbrite	rules	out	the	possibility	that	they	were	deposited	immediately	after	the	current	ceases	

and	impacted	down	into	the	deposit	[Brown	et	al.,	2010].	They	occur	in	different	types	of	PDC	

deposits:	horizons	in	the	Jackpot	formation	in	Nevada	contain	abundant	complex	aggregates	within	

cross-stratified	tuff	from	fully	dilute	currents	[Branney	et	al.,	2008],	while	massive	tuffs	of	the	La	

Caleta	and	Abades	ignimbrites	deposited	from	granular	and	fluid	escape	dominated	flow	

boundaries	are	also	aggregate-rich	[Brown	and	Branney,	2004].	The	presence	of	whole	and	

fragmented	aggregates	either	randomly	distributed	or	in	lenses	within	deposits	shows	they	behave	

like	other	similarly	sized	pumice	and	lithic	lapilli	once	in	the	lower	regions	of	the	PDC.	However,	

pumice	and	lithic	clasts	present	below	the	aggregates	within	a	depositional	unit	imply	their	

absence	at	the	base	is	due	to	changes	in	aggregate	supply,	rather	than	any	vertical	segregation	

processes	occurring	within	the	current	[Brown	et	al.,	2010].		

1.4.3	Complex	aggregate	formation	
Early	models	for	the	formation	of	complex	ash	aggregates	hypothesized	that	the	multiple	

concentric	laminations	arise	from	wet	aggregates	or	pumice	clasts	landing	on	a	bed	of	dry	ash	and	

rolling	downhill	[Reimer,	1983].	Later	models	have	proposed	that	the	variation	in	the	size	of	

particles	available	for	aggregation	[Gilbert	and	Lane,	1994;	Schumacher	and	Schminke,	1995]	or	

variation	in	the	amount	of	liquid	water	available	[Moore	and	Peck,	1962;	Van	Eaton	et	al.,	2015]	

during	recycling	within	the	plume	and	umbrella	cloud	are	responsible	(Figure	3).	The	formation	of	

ultra-fine	rims	may	result	from	the	increasingly	hot	and	dry	conditions	encountered	during	descent	

allowing	only	the	finest	particles	from	a	population	to	accrete	[Moore	and	Peck,	1962].	These	

conditions	are	expected	to	occur	during	descent	into	the	upper	regions	of	a	PDC	[Brown	et	al.,	

2010].	Alternatively,	both	dry	conditions	and	an	exclusively	ultra-fine	population	of	particles	

[Schumacher	and	Schminke,	1995;	Van	Eaton	et	al.,	2012b]	encountered	during	descent	through	

the	ash-choked	atmosphere	elutriated	above	a	PDC	[Van	Eaton	and	Wilson,	2013a]	has	also	been	

proposed.	

1.5	Project	aims	
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The	aim	of	this	study	is	to	provide	the	first	lithofacies	classification	scheme	for	the	internal	layers	of	

complex	ash	aggregates.	The	fragile	nature	and	small	size	of	complex	aggregates	has	previously	

made	detailed	study	of	the	interior	of	such	aggregates	difficult.	Quantitative	aggregate	particle	

data	has	often	been	collected	using	laser	diffraction	or	sieving	of	crushed	whole	aggregates	(e.g.	

Schumacher	and	Schminke,	1991;	Burns	et	al.,	2017),	or	after	segregation	of	outer	rims	from	the	

interior	[Van	Eaton	and	Wilson,	2013a].	This	dismantles	the	complex	internal	structure,	preventing	

the	quantitative	distinction	of	individual	layers.	Here,	I	imaged	thin	sections	cut	through	the	cores	

of	nine	aggregates.	This	preserved	the	internal	structures	of	the	aggregates,	allowing	any	variation	

between	layers	to	be	quantitatively	and	qualitatively	analysed	in	2D.	X-Ray	computed	

microtomography	scans	of	whole	aggregates	provided	non-invasive	quantitative	3D	analysis,	which	

was	used	in	conjunction	with	the	2D	data	to	provide	a	clear	insight	into	the	structural	composition	

of	these	complex	aggregates.	Quantitative	changes	in	particle	size	and	orientation	between	layers	

can	now	be	combined	with	qualitative	and	quantitative	changes	in	structure	to	construct	a	new	

classification	scheme	describing	the	different	lithofacies	observed	within	complex	aggregates.	The	

results	of	published	aggregation	experiments	that	attempted	to	quantify	the	boundary	conditions	

on	various	aggregation	mechanisms	can	then	be	incorporated	to	infer	the	ambient	conditions	and	

timing	of	individual	lithofacies	accretion	within	an	eruption	system.		

1.6 The	Tierra	Blanco	Joven	ignimbrite,	Volcán	Ilopango,	El	Salvador	

The	Ilopango	caldera	is	part	of	the	Central	American	Volcanic	Arc	that	stretches	from	Panama	to	

Guatemala,	150-200	km	east	of	where	the	Cocos	plate	descends	obliquely	beneath	the	Caribbean	

plate	at	~65-85	mm	yr
-1
	[DeMets	et	al.,	2010].	Subduction	of	the	shallow	oceanic	sediments,	

hydrated	basalts	and	serpentinized	upper	mantle	of	the	Cocos	plate	leads	to	volatile-driven	melting	

and	subsequent	explosive	volcanism	[Rupke	et	al.,	2002].	The	caldera	is	an	8	x	11	km	depression	on	

the	eastern	edge	of	San	Salvador,	currently	containing	Lake	Ilopango	(Figure	4,	A).	It	lies	at	the	

western	tip	of	the	40	km	long,	E-W	striking	San	Vincente	fault	zone	that	accommodates	11	mm	yr
-1
	

[Garibaldi	et	al.,	2016;	Staller	et	al.,	2016]	of	dextral	displacement	within	the	El	Salvador	Fault	

System	as	the	Central	American	forearc	migrates	WNW	[Kobayashi	et	al.,	2014].	It	has	been	

postulated	by	Richer	et	al.	[2004]	that	this	complexly	fractured	basement	allows	for	the	ponding	

and	subsequent	differentiation	of	magmas	below	the	caldera.	Mafic	intrusions	making	use	of	the	

fracture	network	replenish	these	stagnant	systems,	possibly	multiple	times,	eventually	providing	

the	eruption-driving	overpressure	and	resulting	in	the	ejection	of	predominantly	silicic	material	

with	occasional	banded	pumice.	

The	distinctive	Tierra	Blanco	Joven	deposit	(TBJ;	“young	white	earth”)	is	the	youngest	

ignimbrite-forming	eruption	from	Ilopango.	It	was	dated	by	Dull	et	al.	[2001]	at	429	A.D.	±	107.	

However,	the	accuracy	of	this	is	debated	[Mehringer	et	al.,	2005],	with	several	climate	proxies	

indicating	a	significant	equatorial	eruption	~536	A.D.	[Dull	et	al.,	2010].	Estimating	to	have	covered		
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at	least	3x10
5
	km

2
	with	~70.6	km

3
	(DRE)	of	rhyodacitic	tephra	[Kutterolf	et	al.,	2008],	the	eruption	

lead	to	a	150	year-long	depopulation	of	the	wider	western	El	Salvador	and	South-Eastern	

Guatemala	area	[Dull	et	al.,	2001].		

A	generalized	TBJ	stratigraphic	sequence	starts	with	a	basal	Plinian	fall	deposit,	overlain	by	

intercalated	PDC	deposits	and	ash	aggregate-rich	co-PDC	fallout	layers.	These	are	overlain	first	by	a	

0.5-3	m	thick	unit	of	alternating	wet	(fine	ash)	and	dry	(coarse	ash	and	lapilli)	Phreatoplinian	fall	

deposits,	followed	by	a	pumiceous	ignimbrite	tens	of	meters	thick	above	that	[Rolo	et	al.,	2004;	

Brown	et	al.,	unpublished	data].	

	

Figure	4:	A)	Map	of	El	Salvador	with	Lake	Ilopango	and	San	Salvador	indicated.	B)	Log	of	the	TBJ	

ignimbrite	stratigraphic	sequence	at	the	sampled	locality	[13°39'21.41"N	89°	9'38.22"W;	Brown	et	

al.,	unpublished	data].	Lithofacies	abbreviations	correspond	to	that	of	Branney	and	Kokelaar	

[2002].	C)	Photo	of	the	sampled	unit	with	abundant	complex	ash	aggregates	standing	proud,	ruler	

scale	is	in	centimetres.			
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2)	Imaging	and	processing	

2.1	Samples	

Samples	for	this	study	were	removed	from	the	lower,	high	energy	PDC	deposit	sequence.	This	

sequence	is	texturally	segregated	into	two	main	units-	a	coarser-grained	PDC	deposit	rich	in	

pumice	and	lithic	lapilli	(Figure	4,	B:	Unit	C)	below	a	bedded,	ash-rich	PDC	deposit	abundant	in	

matrix-supported	complex	aggregates	(up	to	50	wt.	%;	Figure	4,	B:	Unit	D).	In	proximal	locations	

<15	km	from	the	caldera	the	contact	between	the	two	is	gradational,	becoming	sharp	with	

distance.	The	sampled	upper	unit	is	a	fine	ash-rich,	bedded	to	massive	tuff	containing	abundant	

complex	aggregates	and	aggregate	fragments	(Figure	4,	B).	Beds	within	this	unit	are	5-230	cm	thick	

and	defined	by	complex	aggregate	abundance,	often	pinching	and	swelling	laterally.	Figure	4,	C,	

shows	an	exposed	surface	of	this	upper	unit,	with	abundant	sub-rounded	complex	aggregates	

standing	proud	from	the	surface.	All	samples	were	collected	from	one	locality	within	this	unit,	

constraining	the	deposition	(and	inferred	formation)	timing	of	the	aggregates	to	the	same	phase	of	

the	eruption.	SEM	imaging	of	complex	aggregates	and	the	host	ignimbrite	matrix	during	this	study	

show	both	are	permeated	by	a	clay	matrix.	

2.2	2D	Analysis	

2.2.1	SEM	image	acquisition	

Fifteen	complex	aggregates	were	carefully	permeated	with	resin	to	preserve	their	internal	

structures	before	thin	sections	were	cut	through	their	centres.	Nine	were	selected	for	further	

investigation,	because	of	the	complex	structures	observed	under	an	optical	microscope.	These	nine	

thin	sections	were	coated	in	~25	µm	of	carbon	before	being	scanned	using	a	Hitachi	SU70	Scanning	

Electron	Microscope.	Backscatter	images	were	acquired	at	120x	magnification	using	an	automated	

stepwise	grid	collection	programme	in	Oxford	Instruments’	Aztec	software.	These	were	collated	

into	a	composite	‘montage’	image	for	each	sample	using	ImageJ’s	stitching	plugin	(Figure	5)	

(Appendix	1).	Potential	lithofacies	were	highlighted	using	CorelDraw	and	used	to	inform	

quantitative	investigation	locations.	From	these	montages,	two	were	selected	for	preliminary	

quantitative	analysis	that	both	had	complex,	yet	different,	internal	structures.	

For	quantitative	analysis,	all	images	were	acquired	at	250x	magnification.	This	

magnification	was	the	best	compromise	to	accurately	identify	fine	material	<5	µm,	yet	still	measure	

coarse	clasts	and	recognise	larger-scale	structures.	Six	full-diameter	traverses	were	performed	on	

the	two	selected	samples	(2	and	21;	Figure	27,	A	and	I	respectively),	again	using	Aztec’s	grid	

collection,	producing	a	“log”	of	46	and	55	images	per	traverse	(Figure	5)	(Appendix	1).	Structure	

and	particle	characteristics,	collected	per	image,	could	then	be	measured	with	distance	across	the	

aggregate	to	establish	lithofacies	variations.	Individual	images	often	encompass	the	contact	

between	two	facies	with	distinct	characteristics.	This	could	alter	statistical	descriptions	of	the	data		
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Figure	5:	Backscatter	SEM	image	montage	of	Sample	21	at	120x	magnification.	The	most	visually	

distinct	horizons	are	outlined.	The	rectangle	across	the	centre	outlines	the	area	imaged	in	six	

horizontal	rows	at	250x	magnification	to	create	a	transect	across	the	centre	of	the	aggregate.	

and	prevent	facies-specific	analysis.	To	prevent	this,	all	traverse	images	were	split	from	one	

1024x705	pixel	image	into	five	205x705	slices	(Figure	6).		

Once	the	dominant	facies	were	identified,	five	samples	[9,	10,	20,	33,	49],	with	slightly	

differing	internal	facies	architectures	but	typical	examples	of	each,	were	used	to	acquire	high	

resolution	images	of	all	facies.	Four	1024x705	pixel	areas	were	imaged	in	each	at	250x	

magnification	either	as	a	2x2	or	1x4	grid.	The	1x4	grid	was	only	used	for	the	narrowest	facies	where	

a	2x2	grid	was	not	possible.	

2.2.2	Image	processing	

Images	were	converted	from	RGB	to	8-bit	greyscale	images	and	processed	using	the	image	analysis	

software	Avizo	v9.5ã.	The	greyscale	images	were	used	to	generate	binary	images,	where	each	

pixel	is	assigned	a	value	of	either	1	or	0.	‘Segmentation’	or	‘Thresholding’	is	the	process	which	

defines	a	pixel	intensity	value	as	either	belonging	to	a	phase	(assigned	a	value	1)	or	not	belonging	

to	a	phase	(assigned	a	value	of	0).	Different	thresholding	values	and	methods	can	be	applied	to		
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Figure	6:	(Top)	1024x704	backscatter	SEM	image	taken	at	250x	magnification.	(Bottom)	Splitting	

the	image	into	five	204x704	slices	minimizes	the	impact	of	two	facies	with	distinct	particle	

characteristics	from	affecting	results.	These	totalled	1380	slices	for	analysis	for	all	six	horizontal	

transects.	When	investigating	clustering,	the	original	1024x705	images	were	used	to	allow	for	

any	potential	clustering	on	scales	too	large	to	be	measured	on	the	204x704	slices.	

produce	a	binary	map	or	image	of	each	phase.	Backscatter	SEM	images	represent	the	density	of	

the	material	in	view.	Denser	material	has	higher	pixel	intensity	values	and	less-dense	material	

lower	pixel	intensity	values.	Empty	pore	space	is	dark	grey	or	black,	solid	silicate	ash	particles	are	

light	grey	to	white	and	the	clay	matrix	is	intermediate	to	dark	grey	(Figure	7).		

Pixel	greyscale	intensity	histograms	for	all	samples	show	three	peaks	representing	these	

three	“phases”	of	solid	particles,	clay	matrix	and	empty	pore	space	(Figure	8).	The	location	and		
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Figure	7:	Expanded	region	of	a	250x	magnification	backscatter	SEM	image	with	three	dominant	

components	highlighted:	vitric	ash	particles,	clay	matrix	and	empty	pore	space.	Greyscale	

intensity	(pixel	brightness)	represents	density.	Bright	particles	are	crystal	fragments.	The	

difference	between	the	clay	matrix	and	vitric	ash	particles	can	be	slight,	making	defining	particle	

edges	difficult.	

magnitude	of	these	peaks	in	greyscale	intensity	values	depends	on	image	acquisition	conditions.	

Image	brightness	and	contrast	is	not	consistent	between	samples	as	values	are	adjusted	visually	by	

the	user	to	obtain	the	best	image	for	that	thin	section.	Brightness	and	contrast	may	be	influenced	

by	carbon	coat	thickness,	which	varied	by	up	to	15	µm	between	samples	due	to	the	coating	

technique.	Variability	of	composition	within	the	phases	will	also	affect	the	location	of	these	peaks.	

Thresholding	methods	using	histogram	data,	rather	than	a	single	absolute	greyscale	value,	are	

therefore	preferable.	This	means	the	position	of	the	threshold	value	is	constant	relative	to	the	

shape	of	each	sample’s	greyscale	histogram,	not	to	some	arbitrary	value.	The	small	difference	in	

pixel	intensity	(i.e.	density)	between	a	particle	and	the	matrix	surrounding	it,	or	between	the	

porous	matrix	and	the	open	pore	space	is	represented	on	the	histogram	by	the	significant	overlap	

between	the	three	peaks.	This	makes	identifying	particle	contacts	challenging	using	a	single	

algorithm.	Different	thresholding	methods	were	therefore	used	to	generate	the	binary	phase	

images	to	allow	the	most	accurate	analysis	of	the	different	characteristics	(e.g.	porosity	vs.	particle	

shape	and	size)	(Figure	9).	

2.2.2.1	Particle	segmentation	and	separation	

To	mitigate	user	bias	in	identifying	the	pore-clay	interface,	and	to	make	full	use	of	the	greyscale	

intensity	data,	automated	thresholding	was	performed	using	the	Autothresholding	[Tsai	1985]	

module	built	into	Avizo.	This	requires	user	input	of	two	values.		Above	the	higher	value	all	pixels	

are	assigned	to	one	phase	(given	a	value	of	1).	Below	the	lower	value	all	pixels	are	assigned	to	the		
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Figure	8:	Pixel	greyscale	intensity	histogram	for	a	backscatter	SEM	image	from	Sample	21.	The	

three	central	peaks	corresponding	to	pore	space,	the	clay	matrix	and	solid	ash	particles	are	

indicated	above.	Dashed	lines	indicate	locations	on	the	histogram	relative	to	these	three	peaks	that	

were	used	when	thresholding	into	binary	images.	When	using	Avizo’s	Autothresholding	module,	

two	pixel	intensity	values	are	input.	Every	pixel	below	the	lower	value	is	assigned	a	value	of	0,	and	

every	pixel	above	the	higher	value	is	assigned	value	of	1.	Pixels	in	between	are	then	assigned	either	

a	1	or	0	by	the	module,	removing	user	bias	when	defining	particle	boundaries.	The	three	regions	A-

C	indicate	the	upper	and	lower	pixel	intensity	inputs	used	when	thresholding	for	analysis	of	

different	characteristics:	A,	modern	porosity	(‘Air);	B,	pre-clay	porosity;	C,	cluster	analysis.	D,	

particle	scale	quantification,	does	not	have	an	upper	value	as	this	threshold	value	was	defined	

manually.	

other	phase	(given	a	value	of	0).	Pixels	between	the	values	are	assigned	a	phase	according	to	the	

greyscale	moment	[Tsai	1985].	Where	there	are	overlapping	peaks,	the	input	values	should	be	

placed	at	the	point	where	the	overlap	between	neighbouring	peaks	of	the	clay	and	pore	space	

begin	or	end.		However,	deconvolution	is	challenging	as	the	shape	and	skewedness	of	the	peaks	is	

unknown.		The	location	of	the	input	values	for	any	transect	was	therefore	tested.	The	most	visually	

correct	results	were	produced	by	adjusting	their	values	to	maintain	their	positions	relative	to	the	

peaks,	as	shown	in	Figure	10.		

The	images	were	first	thresholded	to	label	the	pores	and	particles,	and	then	a	third	

thresholding	step	which	labelled	porosity	plus	clay	matrix	as	a	single	class.	A	measure	of	the	

volume	fraction	of	clay	per	image	is	obtained	by	subtracting	the	porosity	image	from	the	porosity	

plus	clay	image.	This	approach	(three	separate	thresholding	steps)	was	used	because	the	values	

used	to	most	accurately	label	the	pore	spaces	did	not	distinguish	particle	shapes	or	contacts	

accurately	for	the	finest	particles	(~<1	µm	diameter).		
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Figure	9:	Flow	diagram	outlining	the	processing	steps	taken	during	2D	image	analysis	for	all	seven	

samples.	Blue	regions	in	binary	images	indicate	pixels	with	a	value	of	1,	black	regions	are	0.	Module	

input	values	have	been	omitted	as	these	varied	depending	on	sample	image	contrast.	

For	the	particle	geometry	analysis,	particles	<5	pixels
2
	were	removed	from	the	segmented	

binary	image	of	the	particles,	as	these	will	have	a	high	uncertainty	on	quantitative	measurements	

and	are	likely	to	be,	at	least	in	part,	effected	by	image	noise.	Vesicles	and	open	spaces	within	

particles	were	filled	(Fill	holes	module,	Figure	11)	to	ensure	vesicles	were	not	included	in	porosity	

measurements.	Particles	were	separated	(Separate	Objects,	Figure	11)	to	break	up	any	threshold-

enforced	coalescence.	Their	surfaces	were	then	smoothed	(Opening	module,	Figure	11)	to	mitigate	

the	impact	of	high	frequency	undulations	along	the	particle	surfaces	on	orientation	measurements.			
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Figure	10:	Figure	showing	binary	images	of	porosity	after	different	thresholding	levels	were	used.	

Porosity	is	highlighted	in	blue	in	each.	If	the	values	input	into	the	Autothresholding	module	were	

too	low	or	high,	porosity	was	either	under-represented	or	over-represented.	By	including	the	

middle	peak	on	the	greyscale	intensity	histogram	between	the	upper	and	lower	Autothreshold	

values	[Figure	8],	clays	are	incorporated	into	the	porosity.	This	then	gives	a	porosity	estimate	pre-

clay	precipitation,	assuming	no	other	precipitates	covered	the	particles	beforehand	and	particle	

surfaces	have	not	been	dissolved	since.	Subtracting	the	pre-clay	porosity	binary	from	the	modern	

porosity	binary	gives	the	volume	fraction	of	clay	matrix	for	that	image.	

For	the	cluster	analysis,	all	particles	from	the	segmented	binary	image	of	the	particles	

were	used.		Applying	Separate	Objects	to	correctly	separate	the	finer	material	caused	the	larger	

grains	to	be	artificially	and	overly	broken	up.	Likewise	applying	Separate	Objects	to	correctly	

separate	the	largest	grains	under-fragmented	the	finer	material.		A	two-stage	process	was	

therefore	needed:	the	large	particles	were	first	removed	by	subtracting	the	binary	images	used	for	

particle	shape	analysis,	leaving	just	the	areas	of	fine	particles.	Separate	Objects	was	then	applied	to	

fragment	these,	removing	any	particle	coalescence	during	thresholding,	before	the	large	particles	

were	added	back	to	provide	a	full	image.	For	full	2D	workflows	see	Figure	9.	All	Avizo	binary	files	

produced	are	available	in	Appendix	2.	

2.2.3	Particle	geometry	quantification	

The	Label	Analysis	module	was	then	used	measure	the	area,	length,	feret	shape,	and	orientation	of	

every	particle.	Feret	shape	is	calculated	as	the	ratio	between	the	shortest	line	across	the	inside	of	

the	particle	and	the	longest	approximately	orthogonal	straight	line.	Length	is	given	as	the	longer	of	

these	two	values.	Mean	particle	length	(Mz),	Inclusive	Graphic	Standard	Deviation	(IGSD)	and	

Inclusive	Graphic	Skewness	were	calculated	according	to	the	methodology	of	Folk	and	Ward	

[1957],	as	the	range	and	skewness	of	particle	sizes	between	and	within	lithofacies	means	

‘standard’	measures	of	mean,	median,	mode	and	standard	deviation	are	not	representative	of	the	

population.	The	complex	range	in	particle	morphologies	makes	identifying	a	particle’s	
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Module	title	 Module	function	

Autothresholding	(High)	 All	pixels/voxels	with	intensity	values	above	an	upper	input	value	are	

assigned	a	binary	phase	of	1.	All	pixels/voxels	with	intensity	values	

below	a	lower	input	value	are	assigned	a	binary	phase	of	0.	All	

pixels/voxels	with	intensity	values	between	the	two	input	values	are	

assigned	by	the	module	to	a	binary	phase	according	to	the	selected	

method.		

Interactive	thresholding	 All	pixels/voxels	with	intensity	values	above	an	input	value	are	

assigned	to	one	binary	phase,	while	all	pixels/voxels	below	this	input	

value	are	assigned	to	the	opposite	binary	phase.		

Grow	 Expands	the	selected	region	by	the	input	number	of	pixels/voxels	in	

every	direction.	

Erode	 Shrinks	the	selected	region	by	the	input	number	of	pixels/voxels	in	

every	direction.	

Opening	 Erodes	and	then	grows	the	selected	region	by	the	input	number	of	

pixels/voxels.	

Closing	 Grows	and	then	erodes	the	selected	region	by	the	input	number	of	

pixels/voxels.	

Fill	holes	 Fills	all	internal	holes	within	a	selected	region.	

Separate	objects	 Divides	all	regions	according	to	their	watershed	lines	(i.e.	along	

internal	lines	of	barymetric	highs	that	connect	the	region’s	narrowest	

internal	widths).	Increasing	the	input	‘contrast	value’	increases	the	

sensitivity	of	the	watershed	process	and	so	reduces	the	smoothness	

of	the	lines	of	separation.		

Remove	small	spots	 Removes	all	regions	with	pixel/voxel	sizes	equal	to	or	less	than	the	

input	value.	

Arithmetic	 Subtracts	or	adds	the	phase	assignment	of	each	pixel/voxel	in	one	

binary	image	from	that	of	another	binary	image.	

Invert	 Reverses	the	phase	assignment	for	every	pixel/voxel	in	a	binary	

image.	

Generate	surface	 Generates	a	3D	render	of	the	outer	surface	of	a	selected	region.	
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Volume	fraction	 Measures	the	proportion	of	a	binary	image	occupied	by	regions	with	

phase	values	of	1.	

Label	analysis	 Measures	selected	characteristics	of	each	region	in	a	binary	image	

with	phase	values	of	1.	

Figure	11:	Descriptions	of	the	Avizo	modules	used	during	2D	and	3D	image	analysis.	

length	and	orientation	difficult	(Figure	12),	so	area	was	also	measured.	Maximum	particle	length	

and	area	may	be	slightly	under-representative	for	the	coarsest	facies,	as	some	of	the	very	largest	

particles	(>~250	µm	diameter)	were	not	completely	encompassed	by	a	single	image.	However,	the	

relative	frequency	of	these	particles	was	deemed	too	low	to	impact	the	measured	particle	

distributions.	

2.2.3.1	Particle	orientation	

Particle	orientation	is	given	as	the	orientation	of	the	particle	length	and	is	measured	anticlockwise	

with	0
o
	being	due	East	on	the	image.	The	number	of	particles	aligned	along	each	orientation,	from	

0	to	180
o
	binned	to	5

o
	intervals,	were	converted	into	percentages	for	each	image,	and	the	standard	

deviation	of	these	36	percentage	values	calculated.	The	stronger	the	particle	alignment	within	an	

image,	the	larger	the	standard	deviation.	By	normalising	the	standard	deviation	with	respect	to	the	

number	of	particles	measured,	thereby	accounting	for	differences	in	particle	population	between	

images,	a	new	value	indicating	the	extent	of	particle	alignment	was	generated;	Particle	Alignment	

Index	(PAI).	

Particles	with	a	feret	shape	<2	were	excluded	as	they	do	not	contribute	to	fabric.	Plots	of	

particle	area	(y)	vs	orientation	(x)	for	each	facies	and	transect	also	consistently	showed	two	distinct	

groups	of	particles	£25	pixels2	orientated	650-800	and	1000-1150.	This	is	inferred	to	be	the	result	of	

small	particles	being	simplified	to	squares	or	rectangles,	as	pixels	are	square	shaped,	where	the	

longest	internal	line	runs	diagonally	from	corner	to	corner.	Most	orientation	measurements	would	

consequently	fall	between	~65
0-800	for	particles	with	feret	shape	>2	(Figure	13).	

2.2.4	Porosity	

Porosity	was	calculated	using	a	built-in	volume	fraction	module	and	given	as	the	area	fraction	per	

image.		

2.2.5	Clustering	

Particle	clustering	is	qualitatively	indicated	by	collections	20-60	µm	of	particles	surrounded	by	

roughly	equally	sized	regions	of	pore	space.	Statistical	analysis	of	clustered	patterns	(Nearest		
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Figure	12:	Figure	showing	a	particle	with	a	complex,	multi-limbed	morphology.	Dashed	coloured	

lines	indicate	three	similar	feret	width	measurements	(small	axis)	that	give	a	large	range	in	particle	

length	and	orientation	measurements	(long	axis).	Dashed	black	lines	show	the	area	and	dimensions	

of	an	enclosing	ellipsoid	and	contained	ellipsoid.	The	wide	range	in	size	and	orientation	of	these	

ellipsoids	makes	them	unsuitable	for	representing	such	a	complex	morphology.	For	cluster	analysis,	

multiple	other	particles	packed	tightly	around	the	limbs	promote	a	clustered	value	when	using	

edge	to	edge	nearest	neighbour	distance,	regardless	of	their	distribution	around	the	central	

particle.	The	particle	coordinate	representing	the	barymetric	centre	of	mass	(black	cross)	may	not	

represent	the	particle	appropriately	if	most	of	its	mass	is	located	at	one	end	when	viewed	in	2D.	

Neighbour	Analysis,	NNA)	typically	compares	the	ratio	between	the	measured	mean	inter-particle	

nearest	neighbour	distance	within	an	area	and	the	expected	value	for	the	same	number	of	particles	

randomly	distributed	within	the	same	area	(Nearest	Neighbour	Ratio,	NNR)	[Diggle,	2003].	It	is	

therefore	sensitive	to	the	size	of	area	analysed	relative	to	the	scale	of	clustering.	A	clustered	

pattern	viewed	at	too	low	or	high	magnification	will	appear	randomly	distributed	or	dispersed	

respectively.	For	this	study,	the	same	250x	magnification	images	collected	for	porosity	and	particle	

size	analysis	were	used	for	cluster	analysis.	This	provided	experimental	consistency,	but	also	there	

was	insufficient	time	to	investigate	the	optimal	slide	size	for	the	different	particle	and	cluster	sizes	

observed	in	each	facies.	Two	methods	for	measuring	nearest	neighbour	distances	were	applied;	

one	using	coordinates	of	particle	barymetric	centres	of	mass,	calculated	using	Avizo’s	label	analysis	

module,	and	the	other	using	particle	edge	to	edge	distances,	calculated	using	BioVoxxel’s	Cluster	

Indicator	plugin	in	ImageJ.		

As	discussed,	the	thresholding	for	particle	data	represented	particle	shapes	accurately	but	

discarded	some	of	the	finest	grained	material.	Thresholding	used	in	the	porosity	analysis	on	the		
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Figure	13:	Figure	showing	a	particle	with	feret	shape	of	1	represented	by	a	single	pixel,	A),	and	

particles	with	feret	shapes	of	³2	represented	by	<25	pixels	where	the	longest	internal	line	lies	

between	65
0
	and	80

0
,	B)	and	C).	Angles	are	measured	from	due	East.	

other	hand	sometimes	connected	several	individual	particles.	Cluster	analysis	required	the	

presence	of	all	particles	in	the	binary	image,	so	an	additional	processing	step	was	required	(Figure	

14).	

2.2.5.1	Particle	centre	NNA	

Avizo’s	label	analysis	module	calculated	the	centre	of	mass	of	each	particle-	the	barymetric	centre-	

and	gave	its	coordinates	within	the	image	containing	it.	All	particle	coordinates	from	that	image	

were	then	imported	into	ArcGIS	and	plotted	spatially	as	points	in	2D	space	(Figure	15).	Nearest	

Neighbour	Analysis	(NNA)	was	then	performed	on	these	spatial	point	patterns	by	using	a	Euclidean	

distance	formula	to	measure	the	nearest	neighbour	distances	for	each	particle.	Nearest	Neighbour	

Ratio	values	and	z-scores	(indicating	the	probability	of	clustering)	were	given	per	image.	Repeating	

this	consecutively	for	all	images	in	a	transect	gave	the	probability	of	clustering	with	distance	across	

a	sample,	allowing	clustering	extent	to	be	compared	between	lithofacies.	However,	this	method	

assumes	all	particles	are	spherical	in	shape	and	of	equal	sizes.	The	highly	morphologically	complex	

particle	shapes	found	within	these	samples	make	accurate	computation	of	a	particle’s	barymetric	

centre	of	mass	very	difficult,	and	so	may	not	be	representative	of	a	particle’s	true	location	(Figure	

12).	The	large	range	in	particle	sizes	also	means	that	any	small	particles	grouped	within	the	

interstitial	space	between	larger	particles	will	appear	strongly	clustered,	while	large	particles	

appear	as	regions	of	pore	space	with	a	single	particle	at	the	centre.	
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Figure	14:	Figure	showing	binary	images	produced	after	a	greyscale	image	(A)	was	thresholded	

for	particle	quantification	(B)	and	cluster	analysis	(C).	Accurate	particle	shape	identification	of	the	

finest	material	is	difficult	at	this	magnification,	so	it	was	excluded	when	thresholding	for	particle	

size	analysis	to	ensure	measurements	were	representative	of	the	binary	image	population.	For	

cluster	analysis,	fines	were	included	as	clustered	structures	are	often	indicated	by	fines	grouped	

around	larger	clasts.	Accurate	particle	shape	identification	was	therefore	deemed	less	important	

than	representing	a	particle’s	presence	when	thresholding	and	processing	for	cluster	analysis.	
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Figure	15:	Figure	showing	(A)	a	binary	image	of	particles	from	a	poorly	sorted	lithofacies	in	this	

study	represented	as	single	points	when	plotted	in	ArcGIS	(B)	for	particle	centre	Nearest	

Neighbour	Analysis.	This	image	had	a	Nearest	Neighbour	Ratio	of	0.94	and	Z-score	of	-6.78,	

meaning	statistically	there’s	a	<1%	likelihood	that	this	‘clustered’	particle	arrangement	is	due	to	

random	chance.			

2.2.5.2	Edge	to	edge	NNA	

The	Cluster	Indicator	plugin	within	the	BioVoxxel	toolbox	for	ImageJ	measured	the	edge	to	edge	

distance	between	particles,	rather	than	reducing	them	down	to	point	objects.	This	method	is	more	

appropriate	for	poorly	sorted	particle	distributions	and	complex	particle	morphologies	as	it	takes	

particle	size	into	account	and	so	does	not	suffer	the	issue	of	identifying	a	particle’s	centre.	It	

covered	a	binary	image	with	‘cluster	detectors’-	circular	Regions	of	Interest	(ROIs)-	and	the	

percentage	of	ROIs	in	which	particles	are	clustered	was	given.	The	ROI	radius	was	manually	input	as	

80	pixels,	as	this	was	found	to	be	the	value	most	sensitive	to	structural	variations	within	both	

whole	and	cropped	images.	A	density	value	of	2-fold	the	average	NND	was	used,	requiring	the	

nearest	neighbour	distance	within	an	individual	ROI	to	be	at	least	double	the	image	average	for	

clustering	to	be	accepted	in	each	ROI.	However,	it	will	not	be	representative	of	the	observed	

distribution	if	the	measured	distance	to	a	single	particle	at	one	end	of	central	particle	is	shorter	

than	to	multiple	particles	at	the	other	end	of	the	central	particle.	

2.2.5.3	Clustering	terminology	in	this	study	

Any	references	to	clustering	herein	are	based	on	qualitative	observations,	as	clustering	data	from	

both	methodologies	was	unable	to	clearly	distinguish	between	distinct	clustered	and	non-clustered	

structures	(Figure	16).	Both	indicate	the	ultra-fine	layers	(<~30	µm)	are	very	strongly	dispersed,	

while	all	other	layers	are	strongly	clustered.	This	may	be	because	both	the	centres	and	edges	of	a	

well	sorted	group	of	particles	will	all	be	equidistant	and	so	appear	dispersed.	However,	it	is	more	

likely	that	the	magnification	level	and	so	size	of	area	analysed	is	inappropriate	for	the	scale	on	

which	any	potential	clustering	is	occurring.	
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Figure	16:	Transects	of	clustering	probability	across	sample	21,	using	particle	centre	NNA	(A)	and	

edge	to	edge	NNA	(B).	Particle	centre	‘Z	score’	gives	the	probability	of	clustering	within	an	image,	

while	edge	to	edge	‘Cluster’	gives	the	percentage	of	ROIs	within	and	image	accepted	as	clustered.	

Transects	across	both	samples	reveal	no	distinction	between	internal	layers,	other	than	indicating	

the	ultra-fine	layers	are	very	strongly	dispersed.	

2.3	3D	analysis	

2.3.1	3D	data	acquisition	

In	X-ray	computed	micro	tomography	(XCT)	X-rays	are	emitted	from	a	source,	pass	through	the	

sample	and	are	collected	by	a	detector	on	the	far	side	to	form	an	image	or	‘projection’.	Projections	

are	sensitive	to	changes	in	density	and	thickness	within	the	sample,	as	denser	and	thicker	materials	

will	absorb	more	X-rays	and	so	prevent	these	from	reaching	the	detector.	The	samples	are	rotated,	

and	100’s	or	1000’s	of	projections	are	collected,	each	from	a	different	angle.	Numerical	algorithms	

are	then	used	to	reconstruct	a	3D	attenuation	map	from	the	projection	data.	Two	samples	that	had	

not	been	impregnated	with	resin	or	cut	for	thin	sections	were	analysed	(1	and	26),	allowing	the	

whole	aggregate	to	be	viewed.	They	were	selected	due	to	their	distinct	sizes	and	morphologies.		
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XCT	data	were	acquired	on	an	XRadia	VersaXRM	410	using	a	0.4x	Macro	lens.	3201	

projections	were	collected	over	a	360
0
	rotation	at	a	maximum	accelerating	voltage	of	120-140kV	

and	with	an	exposure	time	of	2-5s.	Accelerating	voltage	and	exposure	time	varied	depending	on	

the	size	of	the	aggregate	being	scanned.	No	filters	were	used	to	modify	the	X-ray	beam.	For	the	

larger	samples	the	wide	field	of	view	mode	was	used	to	double	the	pixel	count	and	hence	achieve	

high	resolution	images	across	the	aggregate	diameter.	The	3D	data	volumes	were	reconstructed	

using	the	Xradia	proprietary	filter	back	projection	algorithm	(Figure	17).	All	visualisation	and	

quantitative	analysis	was	conducted	using	Avizo	v	9.5
TM
.	For	all	reconstructed	data	see	Appendix	3.	

2.3.2	Data	processing	

The	reconstructed	images	of	each	aggregate	were	imported	into	Avizo.	For	details	of	the	full	3D	

workflow	see	Figure	18.	The	greyscale	intensity	histograms	of	the	images	showed	two	dominant	

peaks	corresponding	to	solid	particles	and	pore	space.	By	choosing	a	greyscale	intensity	value	

between	the	two	tallest	peaks	on	the	histogram,	all	solid	material	could	be	segmented	(all	voxels	

within	ash/matrix/crystals	were	given	a	value	of	1,	where	a	voxel	is	the	3D	equivalent	to	a	pixel).	

The	holes	between	particles	were	then	filled	to	create	a	solid	volume	in	the	shape	of	the	aggregate.	

Applying	the	Opening	module	smoothened	the	outer	surface,	removing	minor	topography.	A	

surface	render	of	this	volume	created	a	3D	render	of	the	aggregate’s	outer	surface.		

	 The	spatial	imaging	resolution	of	the	XCT	data	is	was	lower	than	that	of	the	SEM.	The	same	

thresholding	techniques	are	therefore	not	applicable	where	the	particles	are	small	(e.g.	the	tight	

packing	of	the	ultra-fine	material	<~30	µm	diameter	in	the	outer	rims).	The	larger	vesicles	and	

regions	with	high	porosity	appear	dark	grey/black	in	the	reconstructed	images.	As	the	spatial	

resolution	was	not	high	enough	to	distinguish	individual	inter-particle	pores,	quantitative	porosity	

analysis	would	likely	be	a	significant	under-estimate.	The	pores	were	therefore	segmented	

manually	using	the	Interactive	Threshold	module,	taking	a	single	global	value	per	sample	and	

defining	above	this	value	as	solid	and	below	this	value	as	pore	space.	Opening	was	then	used	to	

remove	any	particles	<5	voxels,	and	the	volumes	rendered	to	provide	a	3D	image.	Relative	changes	

in	porosity	between	lithofacies	within	an	aggregate	could	be	observed	(Figure	26),	as	regions	of	

high	network	porosity	and	large	vesicles	could	be	distinguished	from	more	tightly	packed	

surrounding	lithofacies.	Two	of	the	samples	also	contain	a	large	fracture	that	does	not	breach	the	

aggregates’	outer	surface.	This	was	excluded	from	the	aggregate’s	porosity	surface	and	rendered	

separately	as	it	was	unknown	if	this	was	a	syn	or	post-depositional	feature.	

	 Internal	boundaries	were	manually	outlined	every	50	slices	and	interpolated	throughout	

each	aggregate’s	volume.	These	horizons	indicated	changes	in	density,	dictated	by	particle	and	

pore	size	and	the	internal	structure	within	each	layer,	and	are	therefore	inferred	to	represent	

boundaries	between	different	lithofacies.	All	Avizo	files	of	final	surface	renders	are	available	in	

Appendix	4.	Descriptions	of	the	facies	architecture,	and	the	quantitative	analysis	of	the	volume,		
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Figure	17:	Figure	showing	a	greyscale	backscatter	SEM	montage	of	sample	49	(A)	compared	to	a	

greyscale	reconstructed	XCT	projection	of	sample	26	(B).	As	the	SEM	image	is	a	montage,	image	

resolution	remains	very	high	with	increased	magnification.	The	XCT	reconstruction	is	one	single	

image,	so	its	resolution	decreased	rapidly	with	increased	magnification.	

surface	area	and	sphericity	of	each	rendered	aggregate/facies	(acquired	using	Label	Analysis)	are	

discussed	in	section	3.	

2.4	Comments	on	methodology	

When	analysing	2D	particle	shapes	and	orientation,	a	key	question	is	how	representative	the	2D	

measurements	are	of	3D	structures.	Complex	particle	morphologies	in	2D	made	measuring	particle	

lengths,	orientation	and	feret	shape	difficult	in	this	study.	How	representative	the	2D	shapes	are	of	

the	3D	shapes	then	depends	upon	the	location	and	orientation	of	the	thin	section	cut.	Quantitative	

cluster	analysis	methods	cannot	currently	allow	for	such	complex	2D	particle	shapes,	and	again	the	

2D	images	analysed	may	not	be	representative	of	the	3D	particle	arrangement.	If	this	methodology	

were	to	be	repeated	in	further	studies,	XCT	scans	(at	a	resolution	so	individual	particles	<5	µm	can	

be	resolved)	could	be	taken	of	a	core	removed	from	the	centre	of	an	aggregate.	These	XCT	scans	

could	then	be	compared	against	SEM	images	of	the	same	core	to	provide	direct	quantitative	

comparison	of	the	two	methods	and	therefore	an	indication	of	the	quantitative	error	involved	

when	using	2D	images	to	interpret	3D	structures.	

Image	resolution,	magnification,	brightness	and	contrast	also	play	a	significant	role	in	

analysis	outcomes.	The	ultra-fine	layers	are	more	susceptible	to	low	resolution	effects	as	the	

smaller	the	particle,	the	greater	the	error	in	identifying	its	shape	accurately	[Lin	et	al.,	2015].	This	

could	be	minimised	in	future	studies	by	finding	the	optimum	image	resolution	for	each	lithofacies’	

particle	distribution	and	then	analysing	each	lithofacies	separately.	Adjusting	the	brightness	or	

contrast	of	an	image	could	also	alter	the	measured	area,	shape	and	orientation	of	a	particle	by		
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Figure	18:	Flow	diagram	outlining	the	processing	steps	taken	during	the	3D	analysis	of	two	

aggregates.	The	values	used	are	taken	from	the	workflow	of	sample	26.	

changing	which	square	pixel	the	particle	edge	falls	in.	This	may	contribute	to	the	significant	overlap	

between	composite	lithofacies	data	in	Figure	29	and	Figure	30	(A,C,D),	while	lithofacies	data	from	

the	same	aggregate	(and	so	same	brightness	and	contrast)	are	often	more	quantitatively	distinct	

(Figure	29,	Figure	30;	B).		
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3)	Results	

The	ash	aggregates	are	predominantly	composed	of	vitric	ash	shards	that	range	in	size	from	<1	µm	

to	>1000	µm.	The	ash	shard	morphologies	vary	in	shape	from	sub-angular	particles	to	multi-limbed,	

bubble	wall	fragments.	Small	bubbles	are	commonly	preserved	with	the	ash	particles.		Subordinate	

oxide	and	feldspar	crystals	are	indicated	by	very	bright	pixels	in	both	SEM	and	XCT	images	due	to	

their	high	density.	Crystals	are	usually	either	completely	or	partially	enclosed	in	glass.	Sub-rounded	

lithic	clasts	>200	µm	of	mudstone	are	rare	and	are	not	observed	within	the	ultra-fine	outer	rims	

(Figure	19,	C).	Diatoms	are	rare	in	some	aggregates	and	common	throughout	others.	They	appear	

as	both	diatomite	clasts	up	to	200	µm	within	the	interior	layers	and	as	individual	shells	≤20	µm	

within	the	ultra-fine	outer	rims	(Figure	20).	A	clay	matrix	is	present	in	most	aggregates	and	in	the	

surrounding	ignimbrite	(Figure	19,	A).	The	clay	matrix	occurs	as	booklets	(Figure	19,	B)	and	typically	

accounts	for	5-10%	volume	of	the	aggregate,	increasing	to	10-20%	within	the	ultra-fine	rims.		

3.1	Aggregate	structures		

3.1.1	Aggregate	shapes	and	sizes	

Aggregates	range	in	diameter	from	1-4	cm.	They	are	mostly	sub-spherical	in	shape;	some	are	

oblate	spheroids.	Some	are	more	complexly	shaped,	with	multiple	hemispheric	lumps	1-4	mm	in	

diameter	on	their	exteriors	(Figure	21).	These	lumps	result	from	either	coarse	lenses	within	the	

ultra-fine	rims,	or	from	topographic	protrusions	in	the	coarse-grained	layers	beneath	the	ultra-fine	

rims	(Figure	22).		

	 Aggregates	typically	have	three	distinct	internal	regions;	a	porous	central	region	

(accounting	for	20-50%	of	the	aggregate	radius	and	~15%	of	the	aggregate	volume	(Figure	37)),	

enveloped	by	a	massive,	low-porosity,	concentric	region	(accounting	for	25-65%	of	the	aggregate	

radius	and	63-72%	of	the	aggregate	volume),	and	then	a	layered,	low-porosity,	concentric	outer	

zone	(accounting	for	3-16%	of	the	aggregate	radius	and	13-38%	of	the	aggregate	volume).	Ultra-

fine	grained,	concentric	rims	form	the	outermost	layers	of	the	concentric	outer	zone.	

Pumice	clasts	and	sub-rounded	vesicles	0.5-5	mm	in	diameter	occur	at	the	centre	of	some	

aggregates	(Figure	23).	Their	shape	does	not	appear	to	dictate	the	outer	surface	of	the	aggregate	in	

2D	or	3D.	XCT	scans	of	one	sample	reveal	a	fork-shaped	central	vesicle	lying	parallel	to	the	long	axis	

of	the	aggregate	(Figure	24).	Thus,	the	sub-rounded	vesicles	observed	at	the	centre	of	the	

aggregates	in	the	2D	images	may	not	always	be	representative	of	their	3D	shape.	

3.1.2	Internal	fractures	

Large	fractures	are	occasionally	present	in	the	centres	of	both	thin	sectioned	and	unbroken	

aggregates	(Figure	25,	Figure	26).	The	fractures	branch	and	radiate	outwards	through	the	ash	

layers.	The	fractures	do	not	breach	the	outer	surfaces	of	the	aggregates.	As	they	are	observed	in	

both	2D	and	3D	images,	their	formation	cannot	have	been	due	to	the	thin	sectioning	process.	
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Figure	19:	(A)	SEM	image	showing	the	clay	matrix	abundance	within	an	ultra-fine	rim.	(B)	SEM	

image	of	the	inter-particle	matrix	within	the	poorly	sorted	facies	viewed	at	high	magnification	

shows	individual	clay	booklets.	(C)	Backscatter	SEM	image	of	a	large	mudstone	clast	within	the	

porous	sub-facies	of	the	poorly	sorted	facies.	

	

Figure	20:	(A)	Backscatter	SEM	image	of	a	diatomite	clast	within	the	poorly	sorted	facies,	with	the	

white	rectangle	indicating	area	(B):	the	same	clast	viewed	at	higher	magnification.	
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Figure	21:	3D	render	of	the	outer	surface	of	sample	26	showing	surface	lumps	(indicated	by	

arrows)	similar	to	those	in	Figure	22.	

	

Figure	22:	SEM	image	of	sample	9	showing	two	surface	lumps	caused	by	either	undulation	in	the	

outer	edge	of	the	poorly	sorted	facies	which	is	mantled	evenly	by	the	ultra-fine	rim	(A),	or	coarse	

lenses	within	the	ultra-fine	rim	(B).	
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Figure	23:	Figure	showing	a	pumice	clast	(A)	and	a	sub-rounded	vesicle	(B)	at	the	centre	of	two	

aggregates.		

	

Figure	24:	3D	render	of	a	fork-shaped	vesicle	running	through	the	centre	of	sample	1.	
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Figure	25:	Large	internal	fracture	branching	outwards	through	the	aggregates’	layers.	Note	the	

pumice	clast	at	the	centre.	

	

Figure	26:	3D	render	of	sample	26’s	porosity.	The	central	fracture	network	is	shaded	light	blue	

while	individual	pores	are	dark	blue.	

3.2	Aggregate	lithofacies		

Detailed	2D	and	3D	analysis	has	revealed	consistent	variation	in	particle	size	and	structure	between	

layers	within	the	aggregates.	Combining	qualitative	observations	with	quantitative	measurements	

provides	the	foundation	for	the	construction	of	the	lithofacies	classification	scheme	presented	in	

Figure	36	and	Figure	37.	The	most	common	lithofacies	succession,	from	core	to	rim	in	the	

aggregates,	is	a	porous,	usually	clustered	ash	(pcA/pA)	is	surrounded	by	a	poorly	sorted,	massive	

ash	(mA),	which	in	turn	is	surrounded	by	a	rim	of	ultra-fine	ash	(lFA/mFA)	(Figure	27).	Consistent	



	 42	

quantitative	variations	in	the	porosity	values	and	particle	characteristics	from	core	to	rim	in	

samples	2	and	21	support	these	qualitative	visual	observations.	Analysis	of	five	additional	

aggregates	indicates	that	these	variations	are	consistent	across	aggregates	with	different	internal	

structures	and	sizes	(Figure	29,	Figure	30).	

Particle	size	distributions	show	the	data	to	be	heavily	skewed	towards	the	fine	particles	

(Figure	31).	The	particle	size	distributions	of	the	different	lithofacies	can	be	distinguished	by	the	

abundance	of	particles	(~>30	µm).	Particle	fabrics	are	indicated	by	an	alignment	of	particles;	long	

axes	perpendicular	to	an	aggregate’s	radius.	Internal	fractures	also	significantly	increase	porosity	

values	for	any	images	containing	them.	When	the	clay	matrix	is	included	in	pore	space	to	infer	

porosity	pre-clay	precipitation,	all	values	consistently	increase	by	~10%.		
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Figure	28	(Previous):	Representative	transects	of	(A)	mean	particle	length,	(B)	mean	area	and	(C)	

porosity	across	the	width	of	samples	21	and	2.	Each	point	represents	one	cropped	(205x704	pixels)	

slide.	Lithofacies	and	sub-facies	are	highlighted	within	the	SEM	transect	montages	above	each	set	

of	data.	Colours	indicate	observed	changes	to	structure	and	particle	characteristics	to	allow	

comparison	against	quantitative	changes.	Particle	length	and	area	increases	outwards	from	the	

porous,	clustered	ash	(pcA)	interior	into	the	poorly	sorted,	massive	ash	lithofacies	(mA).	The	porous	

sub-facies	pA	shows	higher	porosity	values,	but	similar	particle	area	and	length	values,	to	the	

poorly	sorted,	massive	ash	lithofacies	(mA).	It	is	therefore	associated	with	this	parent	lithofacies,	

rather	than	the	porous,	clustered	lithofacies	(pcA).	Length,	area	and	porosity	all	decrease	sharply	

into	the	laminated	and	massive	ultra-fine	ash	lithofacies	(lFA	and	mFA).	
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Figure	29	(Previous	and	here):	Composite	plots	of	(A	and	B)	porosity,	(C)	particle	alignment	and	(D)	

particle	sorting	(i.e.	standard	deviation,	where	lower	values	represent	better	sorting)	against	mean	

particle	length	(F)	(Mz,	calculated	as	per	Folk	and	Ward	[1957]).	Coloured	regions	on	composite	

plots	indicate	lithofacies	and	include	sub-facies.	(B)	shows	porosity	vs	length	per	sample.	The	ultra-

fine	ash	lithofacies	(mFA	and	lFA)	show	the	smallest	particle	lengths,	lowest	porosity,	strongest	

alignment	and	best	sorting.	The	porous,	clustered	ash	(pcA)	and	poorly	sorted,	massive	ash	(mA)	

lithofacies	have	similar	particle	lengths,	alignments	and	degrees	of	sorting.	The	porous,	clustered	

ash	lithofacies	(pcA	and	pclA)	have	the	highest	porosity	values,	with	values	for	the	porous	ash	sub-

facies	(pA)	causing	the	poorly	sorted,	massive	ash	lithofacies	(mA)	region	to	overlap	on	(A)	and	(B).	

Values	for	2	and	21	are	averaged	from	>150	images	from	the	transects,	and	show	clear	segregation	
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between	the	three	lithofacies.	Values	for	the	other	four	samples	are	averaged	from	four	images	

each,	as	these	were	subject	to	individual	sampling	[see	2.2.1].	Sample	49	shows	the	same	pattern	

as	2	and	21,	except	its	particle	length	is	consistently	two	phi	less	than	all	other	aggregates.	This	is	

interpreted	as	a	systematic	error	during	data	collection	due	to	differences	in	image	contrast.	The	

laminated	ultra-fine	ash	lithofacies	(lFA)	sometimes	overlaps	with	the	poorly	sorted	one	due	to	the	

presence	of	coarse	lamina	within	it.		

	



51	

	

	 	 	

	

Figure	30	(Previous	and	here):	Composite	plots	of	(A)	porosity,	(C)	particle	alignment	and	(D)	

particle	sorting	(standard	deviation,	where	lower	values	represent	better	sorting)	against	mean	

particle	area	(mm
2
).	Coloured	regions	on	composite	plots	indicate	lithofacies	and	include	sub-facies	

within	them.	(B)	shows	porosity	vs	area	per	sample.	The	ultra-fine	lithofacies	(mFA	and	lFA)	show	

the	smallest	particle	areas,	with	the	porous,	clustered	ash	(pcA)	and	poorly	sorted,	massive	ash	

(mA)	lithofacies	regions	overlapping	significantly.	As	per	Figure	29,	values	for	2,	21	and	49	show	

clear	segregation	between	the	three	lithofacies,	while	the	trend	is	not	as	strong	within	the	other	

four.	
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Figure	31:	Particle	length	histograms	from	sample	21	for	each	lithofacies.	All	are	heavily	skewed	

towards	the	finest	particles,	with	the	presence	or	absence	of	clasts	>~30	µm	visually	

distinguishing	each	lithofacies.	The	two	lines	are	data	collected	by	Van	Eaton	and	Wilson	[2013a]	

from	Oruanui	aggregates.	The	solid	line	is	particle	data	collected	from	an	ultra-fine	rim,	with	the	

dashed	line	representing	the	interior	of	the	aggregate.	

3.2.1	Porous,	clustered	fine	ash	(pcA)	
The	porous,	clustered	ash	lithofacies	(pcA)	is	moderately	well	sorted	(0.9-1.25	F	standard	

deviation;	Figure	29),	with	particle	sizes	typically	ranging	from	~1-80	µm	in	diameter.	It	is	

characterised	by	accreted	particle	clusters	~20	to	60	µm	in	diameter	that	(when	viewed	in	2D)	are	

typically	composed	of	~5-15	particles	<40	µm	in	diameter.	Mean	particle	length	and	area	is	about	
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7.7-8.2	F	and	8x10-6-3x10-5	mm
2
	respectively	(Figure	29,	A;	Figure	30,	A).	Intra-cluster	pore	space	

is	negligible	compared	to	the	surrounding	inter-cluster	regions	of	pore	space	that	are	similar	in	size	

to	the	clusters.	Average	porosity	values	are	about	27-33%	(Figure	29,	A).	Particles	have	Particle	

Alignment	Index	(PAI)	values	of	0.013-0.02	and	visually	show	no	preferential	orientation.		

3.2.1.1	Porous,	clustered,	laminated	fine	ash	(pclA)	
Ultra-fine	horizons	within	a	region	of	porous,	clustered	ash	(pcA)	form	multiple	concentric	lamina	

<100	µm	thick	that	either	dissipate	laterally	or	truncate	against	other	laminae	(pclA)	(e.g.	Figure	27,	

A).	Particle	sizes	are	very	similar	to	the	porous,	clustered	ash	lithofacies	(pcA)	in	these	regions.	

Elongate	particles	~>30	µm	within	lamina	in	the	porous,	clustered,	laminated	ash	lithofacies	(pclA)	

show	moderately	strong	fabric,	however	laminae	were	only	present	at	the	edges	of	several	images	

and	thus	would	not	heavily	influence	the	PAI	value.	

3.2.2	Massive	fine	ash	(mA)	
The	massive	ash	lithofacies	(mA)	is	easily	distinguished	by	its	poor	sorting:	1.1-1.25	F	standard	

deviation	[Figure	29])	with	particles	ranging	from	<1	µm	to	~2000	µm	in	diameter.	Mean	particle	

length	and	area	values	are	7.7-8.2	F	and	8x10-6-3x10-5	mm
2
	respectively	(Figure	29,	A;	Figure	30,	

A).	These	are	similar	to	the	porous,	clustered	ash	lithofacies	(pcA)	and	is	due	the	high	proportion	of	

fine	material	surrounding	larger	clasts	lowering	the	mean	values	in	this	lithofacies.	However,	when	

only	lithofacies	from	the	same	aggregate	are	compared	against	each	other,	the	porous,	clustered	

ash	lithofacies	(pcA)	has	slightly	finer	average	particle	lengths	and	areas	than	this	lithofacies	(Figure	

29,	B;	Figure	30,	B).	Sub-spherical	vesicles	up	to	150	µm	in	diameter	(Figure	32)	are	exclusively	

found	in	this	lithofacies	and	are	randomly	distributed	throughout.	Porosity	is	typically	about	20-

25%,	with	any	significant	variations	(>10%)	due	to	images	encompassing	either	the	sub-spherical	

vesicles	or	large	particles	(increasing	or	decreasing	porosity	respectively).	This	lithofacies	has	PAI	

values	of	0.01-0.015,	indicating	no	preferential	particle	orientation.		

3.2.2.1	Porous	fine	ash	(pA)	
Sub-facies	of	the	very	tightly	packed,	poorly	sorted,	massive	ash	(mA)	with	high	network	porosity.	

Particle	size	and	area	values	for	this	sub-facies	are	very	similar	to	the	massive	ash	lithofacies	(mA),	

however	porosity	values	increase	by	up	to	15%.	This	sub-facies	can	visually	show	alignment	of	

particles	~>20	µm	and	has	PAI	values	up	to	0.02,	0.005	higher	than	the	massive	ash	parent	

lithofacies	(mA).	
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Figure	32:	3D	render	of	the	spherical	vesicles	in	sample	26	diagnostic	of	the	poorly	sorted,	massive	

ash	lithofacies	(mA).	(A)	shows	their	absence	from	the	porous,	clustered,	laminated	ash	(pclA)	

interior	while	(B)	displays	their	sphericity.	

3.2.2.2	Loosely	packed	fine	ash	(kA)	
Sub-facies	of	the	very	tightly	packed,	poorly	sorted,	massive	ash	lithofacies	(mA)	with	a	loosely	

packed	framework.	Particle	size	and	area	values	for	this	sub-facies	are	also	very	similar	to	the	

massive	ash	lithofacies	(mA),	however	porosity	values	only	increase	by	~5%.	No	preferential	

particle	orientation	is	observed.		

3.2.3	Massive,	ultra-fine	ash	(mFA)	

The	massive,	ultra-fine	ash	lithofacies	(mFA)	is	well	sorted	(0.75-1.22	F	standard	deviation)	and	

very	fine	grained	with	nearly	all	particles	~<30	µm	(Figure	31).	Mean	particle	length	and	area	

values	reach	8.9	F	and	4x10-6	mm
2
	respectively	(Figure	29;	Figure	30).	Particle	size	decreases	

outwards	across	this	layer.	This	lithofacies	is	tightly	packed,	with	porosity	at	10-25%	(Figure	30).	

This	lithofacies	shows	the	strongest	fabric	with	elongate	particles	of	all	sizes	typically	concentrically	

aligned	and	PAI	values	of	0.016-0.03	(Figure	29,	C;	Figure	30,	C).			

Where	the	massive	and	laminated	ultra-fine	ash	lithofacies	(mFA	and	lFA)	have	similar	

mean	particle	size	values	to	the	other	two	lithofacies	(pcA	and	mA),	it	is	likely	due	to	either	coarse	
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lamina	within	the	laminated,	ultra-fine	ash	lithofacies	(lFA),	or	material	from	a	coarser	interior	

lithofacies	being	incorporated	at	the	edge	of	the	images	increasing	the	values.	Gradational	contacts	

and	narrow	overall	lithofacies	widths	for	both	ultra-fine	ash	lithofacies	(mFA	and	lFA)	made	

determining	lithofacies	boundaries	difficult,	allowing	coarser	material	to	be	included	in	particle	

measurements.	

3.2.3.1	Laminated,	ultra-fine	ash	(lFA)	

Sub-facies	of	the	massive,	ultra-fine	ash	lithofacies	(mFA)	containing	slightly	coarser-grained	

horizons	that	can	often	be	traced	for	over	ten	millimetres	around	the	aggregate.	They	can	also	

contain	distinct	lenses	<5	mm	long	of	particles	~<80	µm	in	diameter.	These	lenses	typically	show	a	

clustered	structure	and	form	protrusions	1-4	mm	wide	on	the	aggregates’	surface	(Figure	21;	

Figure	22).	Both	the	particle	size	and	porosity	measurements	are	similar	to	the	massive,	ultra-fine	

ash	lithofacies	(mFA),	however	with	a	wider	range	in	values	(~1F	and	>10%	porosity)	due	to	the	

coarser,	sometimes	clustered,	lenses	and	lamina.		
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Type	Image	 Description	 Occurrence	 Boundaries	 Sub-facies	

	

Porous,	clustered	fine	ash	[pcA]																		
Moderately	sorted	fine	ash	with;	a	massive	structure	
composed	of	ash	clusters	~20-60	µm	in	diameter;	
particles	lack	preferential	orientation;	rare	large	
clasts	<500	µm;	porosity	is	~30%;	typical	thickness	
~2.75	mm;	Mz	~8	phi;	forms	<46%	of	aggregate	
radius	and	<15%	of	aggregate	volume.	

Commonly	forms	interior	
of	aggregates;	can	occur	in	
thin	truncated	lamina	or	
lenses	exterior	to	mA	that	
infill	topography	and	
abruptly	grade	outward	
into	lFA/mFA.	

Inner:	Gradational	from	
mA/pA.	

Outer:	Gradational	and	
sub-spherical;	when	
forming	the	aggregate’s	
interior	region,	it	coarsens	
outwards	into	mA;	fines	
into	mFA/lFA	when	
forming	lenses	or	lamina	
towards	the	rim.	

Porous,	clustered,	laminated	fine	ash	
[pclA]																																																												
As	pcA	but	exhibits	lamina	indicated	by	
fines-rich	horizons	<100	µm	thick,	
usually	laterally	non-continuous;	
particles	commonly	aligned	parallel	to	
lamina.	

	

Massive	fine	ash	[mA]																																																
Very	poorly	sorted	fine	ash	with	a	low	porosity,	
massive	framework;	contains	particles	<2	mm	and	
sub-rounded	vesicles	<150	µm;	particles	lack		
preferential	orientation;	porosity	is	~22%;	typical	
facies	thickness	~4.5	mm;	Mz	~8	phi;	forms	<90%	of	
aggregate	radius	and	<72%	of	aggregate	volume.	

Occurs	midway	between	
the	core	and	rim;	can	form	
aggregate	interior	or	
outermost	facies	where	
pcA	or	mFA	not	present.	

Inner:	Gradational	and	
sub-spherical	from	pcA	or	
pA.	

Outer:	Sharp	or	
gradational	into	pA;	
gradational	into	mFA/lFA;	
outer	boundary	is	
undulating.	

Loosely	packed	fine	ash	[kA]																			
As	mA	but	with	a	loosely	packed	
framework	(porosity	of	~24%);	occurs	as	
lenses	or	layers	within	mA;	

Porous	fine	ash	[pA]																																		
As	mA	but	with	high	network	porosity	
(~27%);	elongate	particles	>20µm	show	
a	weak	fabric;	occurs	as	lenses	or	layers	
on	the	exterior	of	mA;	contact	with	mA	
is	undulating	and	can	be	both	
gradational	or	sharp	along	the	same	
horizon.			

	

Massive	ultra-fine	ash	[mFA]																													
Medium	to	well	sorted	ultra-fine	ash	with	a	tightly	
packed,	massive	framework;	fines	outwards;	
elongate	particles	typically	aligned	parallel	to	
laminations;	infills	topography	of	mA/pA	surface;	
porosity	is	~18%;	typical	facies	thickness	~0.7	mm;	
Mz	~8.4	phi;	forms	<15%	of	aggregate	radius	and	
<37%	of	aggregate	volume.	

Forms	exterior	rims	of	
most	aggregates;	rarely	
present	as	a	concentric	
layer	within	an	aggregate.	

Inner:	commonly	
gradational	from	pcA,	mA	
or	pA.	

Outer:	Sub-spherical.	

Laminated	ultra-fine	ash	[lFA]																	
As	mFA,	but	exhibits	laminations	<100	
µm	thick,	usually	laterally	non-
continuous,	and	defined	by	variations	in	
porosity	as	a	function	of	grainsize	(<40	
µm).		

100um

100um

100um
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Figure	33	(Previous):	Summary	description	of	the	three	lithofacies	observed.	Mz	is	mean	grainsize,	

calculated	following	the	methodology	of	Folk	and	Ward	[1957].	Abbreviations:	A	fine	ash,	FA	ultra-

fine	ash;	m	massive,	p	porous,	c	clustered,	l	laminated,	k	loose	framework.	

	

Figure	34:	Type	images	of	each	of	the	sub-facies	outlined	in	Figure	33;	(A)	shows	the	loose	packed	

framework	of	kA,	(B)	shows	the	high	network	porosity	of	pA,	(C)	shows	a	fine-grained	horizon	

within	pclA	running	bottom	left	to	top	right,	(D)	shows	thin	porous	lamina	within	lFA.	

3.3	Lithofacies	Associations	

The	most	common	lithofacies	succession,	occurring	in	seven	of	the	nine	imaged	aggregates	in	

Figure	27,	is	(from	core	to	rim):	a	porous,	usually	clustered	ash	(pcA/pA)	interior	is	surrounded	by	a	

poorly	sorted,	massive	ash	(mA),	which	in	turn	is	surrounded	by	a	rim	of	ultra-fine	ash	(lFA/mFA)	

(Figure	35).	The	other	two	aggregates	also	show	this	internal	structure	but	lack	outer	rims	of	ultra-

fine	ash.	

The	porous	interior	region	is	typically	the	second	thickest	layer	within	the	aggregates	

(<46%	of	aggregate	radius;	Figure	37).	Six	aggregates	have	a	porous,	clustered	ash	(pcA)	interior	

region,	two	of	which	contain	regions	of	porous,	clustered,	laminated	ash	(pclA).	In	two	samples,	a	

porous,	clustered	ash	(pcA)	interior	contains	a	single	concentric,	massive	or	laminated,	ultra-fine	

ash	(mFA/lFA)	layer	~	1	mm	thick	(Figure	27,	G,	I).	Particle	size	decreases	and	sorting	improves	

outwards	across	this	ultra-fine	layer	before	it	forms	a	smooth,	outer	contact	with	the	clustered	

material	surrounding	it.	Within	the	three	aggregates	whose	interiors	have	a	high	network	porosity	

but	no	obviously	clustered	structure	(pA),	no	lamina	or	ultra-fine	layers	are	seen.			
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Figure	35:	Schematic	sketch	log	of	lithofacies	stratigraphic	relationships	from	core	to	rim	within	the	

Ilopango	aggregates.	

Moving	outwards	from	the	centre,	the	porous	interiors	grade	into	the	poorly	sorted,	

massive	ash	lithofacies	(mA).	This	contact	is	sub-spherical	[Figure	36].	This	lithofacies	typically	

forms	the	thickest	layer	within	the	aggregates	(<90%	of	aggregate	radius)	and	constitutes	the	

greatest	volume	(<72%;	Figure	37).	Particle	arrangement	within	this	lithofacies	can	grade	both	

laterally	and	radially	from	very	tightly	packed,	poorly	sorted,	massive	ash	(mA)	into	either	a	loosely	

packed	framework	(kA)	or	a	region	of	high	network	porosity	(pA).	The	loosely	packed	framework	

(kA)	occurs	within	seven	aggregates,	most	commonly	as	an	intermediate	layer	within	the	centre	of	

the	poorly	sorted,	massive	ash	lithofacies	(mA)	(e.g.	Figure	27,	I).	The	region	with	high	network	

porosity	(pA)	occurs	within	eight	aggregates,	most	commonly	on	the	exterior	of	the	poorly	sorted,	

massive	ash	lithofacies	(mA).	Within	the	seven	aggregates	where	the	porous	ash	(pA)	is	on	the	

exterior	of	the	poorly	sorted,	massive	ash	(mA),	the	contact	between	the	two	is	highly	undulating,	

and	the	topography	of	this	boundary	usually	strongly	influences	the	aggregates’	final	exterior	
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morphology.	In	these	samples	the	porous	ash	sub-facies	(pA)	thickens	into	depressions	on	this	

surface	and	thus	smooths	the	outer	profile	of	the	aggregate.	The	moderately	well	sorted,	clustered	

lithofacies	(pcA/pclA)	occurs	here	in	five	of	the	aggregates	as	a	layer	<1.5	mm	thick	outside	of	the	

porous	ash	(pA).	Within	the	three	aggregates	where	both	the	clustered	(pcA)	and	non-clustered	

(pA)	ash	lithofacies	occur	here,	the	non-clustered	ash	(pA)	layers	lie	beneath	the	clustered	ash	

(pcA)	layers.	When	present	on	the	exterior	of	the	poorly	sorted,	massive	ash	lithofacies	(mA),	both	

the	porous	ash	(pA)	and	the	porous,	clustered	ash	(pcA)	are	laterally	non-continuous;	pinching	out	

between	the	layers	of	poorly	sorted,	massive	ash	(mA)	and	laminated,	ultra-fine	ash	(lFA)	or	just	

dissipating	laterally.	

The	outermost	layer	in	the	sequence	is	the	tightly	packed,	well	sorted,	laminated,	ultra-

fine	ash	outer	rim	(lFA).	The	ultra-fine	rims	are	typically	the	thinnest	layer	within	the	aggregates	

(<15%	of	aggregate	radius)	[Figure	37].	They	infill	topography	further	to	form	smooth	outer	

surfaces	of	the	aggregates.	In	three	aggregates	the	ultra-fine	rims	contact	the	poorly	sorted,	

massive	ash	(mA)	layers	directly	for	up	to	5	mm,	but	typically	lenses	or	layers	of	the	porous,	

sometimes	clustered	ash	(pcA/pA)	separate	the	two	lithofacies.	These	contacts	are	always	

gradational,	with	grainsize	decreasing	into	and	across	the	laminated,	ultra-fine	ash	lithofacies	(lFA).	
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Figure	36:	3D	renders	of	lithofacies	outer	surfaces	within	sample	26.	The	poorly	sorted,	massive	

ash	lithofacies	(mA)	has	a	much	more	undulating	outer	surface	than	the	porous,	clustered,	

laminated	ash	lithofacies	(pclA)	inside	it	(B).	Ridges	are	a	relic	from	interpolating	between	slices.	
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Figure	37:	Plots	of	(A)	lithofacies	thickness	to	aggregate	radius	ratio	against	aggregate	radius,	and	

(B)	lithofacies	surface	area	to	volume	ratio	against	lithofacies	percentage	volume	of	the	aggregate.	

The	poorly	sorted,	massive	ash	lithofacies	(mA)	is	typically	the	thickest	and	most	voluminous	

lithofacies.	Thickness	and	radius	was	measured	from	the	montages	in	Figure	27	by	averaging	the	

vertical	and	both	horizontal	measurements.		
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4)	Interpretation	

The	distinct	characteristics	of	each	lithofacies,	and	the	multiple	layers	within	each	aggregate,	

indicate	that	the	conditions	under	which	aggregation	occurred	changed	during	the	growth	of	the	

aggregates.		

Pumice	clasts	at	the	centre	of	two	aggregates	(Figure	27,	A	and	B)	are	inferred	to	have	

acted	as	an	accretion	nuclei	around	which	these	aggregates	grew.	This	indicates	clasts	were	

present	that	were	larger	than	those	accreted	during	aggregate	growth,	and	so	particle	accretion	

mechanisms	were	size	selective.	This	would	otherwise	require	highly	efficient	sorting	of	material	

according	to	particle	size	within	a	highly	dynamic	system	capable	of	lofting	much	coarser	material	

than	is	seen	in	co-PDC	fallout	deposits	[Engwell	et	al.,	2016]	or	in	the	aggregates	from	this	study.	

Mudstone	and	diatomite	clasts	within	the	aggregates	indicate	the	incorporation	of	lake	

bed	sediments	into	the	eruption	jet	(e.g.	Van	Eaton	et	al.,	2013b).	

4.1	Formation	of	0.5-5	mm	central	vesicles		

The	sub-angular	to	sub-rounded	vesicles	observed	in	2D	the	centre	of	two	of	the	aggregates	from	

this	study	(Figure	27;	A	and	I)	are	inferred	to	represent	cavities	formed	by	the	melting	of	ice	

crystals	(e.g.	Van	Eaton	et	al.,	2012b).	For	samples	containing	these	large	central	vesicles,	I	infer	

clusters	of	ash	within	the	Ilopango	eruption	plumes	initially	accreted	around	an	ice	crystal	

0.5-5mm,	leaving	the	ice	crystal	at	the	centre	of	the	aggregate.	The	ice	crystal	then	sublimated	

during	rapid	descent,	and	preserved	the	surrounding	clustered	structure	(as	the	water	vapour	can	

disperse	through	the	aggregate	via	connected	pore	spaces)	[Van	Eaton	et	al.,	2012b].	If	descent	is	

slow,	they	would	have	melted	and	the	liquid	water	would	have	erased	the	clustered	structure.	

The	fork-shaped	vesicle	in	Figure	24	is	inferred	to	be	the	cavity	left	after	a	twig	was	

entrained	by	the	plume,	accreted	a	layered	coating	of	ash	and	subsequently	burned	or	rotted.	

Plant	matter	has	been	observed	in	other	ash	aggregates	forming	accretion	nuclei	[Scolamacchia	et	

al.,	2005].		

4.2	Lithofacies	interpretations	

The	availability	of	liquid	water	during	accretion	has	been	shown	by	experiments	to	be	the	

dominant	control	on	the	development	of	complex	volcanic	ash	aggregates	(e.g.	Gilbert	and	Lane,	

1994;	Schumacher	and	Schminke,	1995;	Van	Eaton	et	al.,	2012b;	Mueller	et	al.,	2016).	Increasing	

the	amount	of	liquid	water	increases	both	the	range	of	particle	sizes	that	can	be	accreted	as	well	as	

the	maximum	size	of	the	aggregate,	due	to	stronger	capillary	forces	at	particle	contacts	[Iveson	et	

al.,	2001].	The	different	lithofacies	identified	in	this	study	are	therefore	interpreted	below	to	

represent	variations	in	the	availability	of	liquid	water	at	the	time	of	accretion.	
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4.2.1	Porous,	clustered	fine	ash	(pcA)	

The	size	(~20-60µm),	appearance	and	component	particle	sizes	(predominantly	<30µm;	Figure	31)	

of	the	ash	clusters	forming	this	lithofacies	are	very	similar	to	those	collected	from	eruption	cloud	

and	co-PDC	fallout	deposits	(e.g.	Sorem,	1982;	Bonadonna	et	al.,	2002;	Bonadonna	et	al.,	2011;	

‘PC1’	using	the	terminology	of	Brown	et	al.	[2012b]),	and	produced	experimentally	[Schumacher,	

1994;	James	et	al.,	2003;	Van	Eaton	et	al.,	2012b].	Published	descriptions	of	collected	clusters	have	

included	loosely	bound	clusters	with	a	high-porosity	framework	defined	by	the	arrangement	of	

particles	10-20	µm	(Mt.	St.	Helens	[Sorem,	1982],	and	porous,	irregularly	shaped	clusters	ranging	

in	size	from	10-100	µm	(Soufrière	Hills	Volcano	[Bonadonna	et	al.,	2002];	Figure	38,	A).	

Experiments	have	also	successfully	reproduced	such	clusters	from	natural	and	induced	electrostatic	

charging	of	ash,	producing	low-density	clusters	predominantly	composed	of	particles	<45	µm	

[James	et	al.,	2003;	Schumacher,	1994].	Therefore,	based	on	their	similarity	to	natural	and	

experimental	ash	clusters,	I	infer	that	the	individual	clusters	forming	this	lithofacies	share	the	same	

formation	mechanisms:	binding	forces	are	provided	by	electrostatic	forces	and	weak	capillary	

forces	at	particle-particle	contacts	[James	et	al.,	2002;	Gilbert	and	Lane,	1994;	Van	Eaton	et	al.,	

2012b].		

An	alternative	hypothesis	is	that	this	lithofacies	formed	under	saturated	conditions	and	

that	as	the	saturated	ash	dried,	liquid	water	localised	into	individual	droplets	due	to	surface	

tension	forces.	This	would	have	drawn	individual	ash	particles	together	into	clusters	where	they	

remained	after	any	liquid	water	was	driven	off.	However,	the	moderate	range	in	particle	sizes	

within	this	lithofacies	does	not	indicate	accretion	under	saturated	conditions,	and	this	does	not	

explain	why	the	poorly	sorted,	massive	ash	lithofacies	(mA),	which	is	interpreted	below	to	be	due	

to	saturated	accretion	conditions,	did	not	dry	in	this	manner.	It	also	does	not	match	experimental	

results	of	saturated	ash	aggregation	(e.g.	Van	Eaton	et	al.,	2012).	

The	clustered	framework	of	this	lithofacies,	indicated	by	the	porous	arrangement	of	

multiple	individual	clusters,	is	also	very	similar	to	that	produced	experimentally	by	Van	Eaton	et	al.	

[2012b]	(Figure	38,	B).	During	experiments	where	liquid	water	availability	gradually	increased	from	

dry	to	sub-saturated,	clusters	100-200	µm	initially	formed	under	near	dry	conditions	and	only	

began	adhering	together	once	sub-saturated	conditions	were	reached.	I	therefore	infer	that	the	

porous,	clustered	ash	lithofacies	(pcA)	in	the	Ilopango	aggregates	represents	accretion	under	dry	to	

funicular	saturation	levels	[Newitt	and	Conway-Jones,	1958]	(~0-20	wt.%	liquid	water	[Van	Eaton	et	

al.,	2012b]).	The	individual	particle	clusters	form	first	under	near	dry	conditions,	and	then	adhere	

to	other	particle	clusters	once	saturation	levels	increase	to	assemble	the	porous,	clustered	

framework	observed	in	the	Ilopango	aggregates	(Figure	39).	The	interstitial	pore	space	between	

clusters	is	preserved	due	to	low	aggregate	liquid	water	content	preventing	particles	from	

rearranging	during	or	after	collision	into	a	more	compact	framework	(e.g.,	Iveson	et	al.,	2001).	The		
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Figure	38:	Figure	showing	(A)	particle	clusters	collected	from	Soufrière	Hills	Volcano	[Bonadonna	et	

al.,	2002]	and	(B)	the	porous,	clustered	framework	produced	experimentally	by	Van	Eaton	et	al.	

[2012b]	compared	to	(C)	the	porous,	clustered	ash	lithofacies	(pcA)	observed	in	the	Ilopango	

aggregates.	

weak	bonds	account	for	the	moderate	sorting	of	this	facies:	larger	particles	require	stronger	

capillary	forces,	and	so	higher	water	content,	to	be	retained	post-collision.	Particle	fabrics	are	weak	

as	individual	particles	accrete	as	part	of	a	cluster.	

I	interpret	the	ultra-fine	lamina	observed	within	the	clustered,	laminated	ash	sub-facies	

(pclA)	to	mark	brief	periods	where	accreting	material	changes	from	clusters	to	individual	particles.	

Thin,	saucer	shaped	lenses	of	clustered	material	(pcA)	in	the	ultra-fine	rims	(lFA)	with	sharp	

contacts	(Figure	27;	B	and	C)	most	likely	represent	individual	clusters,	or	smaller	clustered	

aggregates,	colliding	with	a	larger	aggregate	and	being	partially	flattened	against	its	outer	surface.	

This	may	also	occur	during	the	accretion	of	the	poorly	sorted,	massive	ash	lithofacies	(mA),	but	

colliding	clusters	will	be	incorporated	into	the	saturated	framework	and	so	their	structure	will	be	

lost.	
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Figure	39:	Figure	showing	formation	of	particle	clusters	under	sub-saturated	conditions.	Particles	

develop	a	thin	coat	of	water	or	ice	and	collide	(A).	Water	collects	at	particle	contacts	due	to	

capillary	forces	or	ice	forms	solid	bridges	at	particle	contacts,	binding	particles	together	to	form	

particle	clusters	(B).	Clusters	collide	with	other	clusters	(C)	to	form	the	porous,	clustered	structure	

of	pcA	(D).	

4.2.2	Massive	fine	ash	(mA)	

The	massive,	poorly	sorted,	low	porosity	nature	of	this	lithofacies	is	interpreted	as	the	accretion	of	

material	under	capillary	to	droplet	saturation	conditions	[Newitt	and	Conway-Jones,	1958]	(>~20	

wt.%	liquid	water	[Schumacher	and	Schminke,	1995;	Van	Eaton	et	al.,	2012b])	(Figure	40).	Under	

these	conditions	liquid	films	can	entirely	envelop	a	particle	[Iveson	et	al.,	2001],	and	any	particle	

clusters	can	become	saturated.	Liquid	films	efficiently	diffuse	collisional	energy,	increasing	the	

probability	of	accretion	[Iveson	et	al.,	2001].	The	resulting	capillary	forces	are	strong	and	can	allow	

particles	up	to	2	mm	to	accrete	[Schumacher	and	Schminke,	1995].	I	infer	that	the	low	porosity	

values	of	this	facies	result	from	high	liquid	water	contents	that	act	as	an	inter-particle	lubricant,	

allowing	accreted	particles	to	migrate	following	collision	(e.g.,	Iveson	et	al.,	2001;	Pitt	et	al.,	2017).	

Mechanical	compaction	from	subsequent	collisions	with	other	aggregates	or	particles	then	creates	
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a	tightly-packed	particle	arrangement	[Blandin	et	al.,	2003].	The	spherical	vesicles	<150	µm	within	

this	lithofacies	are	inferred	to	be	trapped	air	bubbles	that	formed	from	the	local	coalescence	of	

pore	space	in	the	growing	aggregate	(e.g.	Van	Eaton	et	al.,	2012;	Capaccioni	and	Coniglio,	1995).		

This	lithofacies	may	represent	the	accretion	of	ash	from	a	coarser	source	than	that	

available	during	the	formation	of	the	other	two	lithofacies.	However,	as	mentioned	above,	this	is	

unlikely	as	this	would	require	very	fine	particle	discrimination	within	a	very	dynamic	and	turbulent	

system	[Engwell	et	al.,	2016].	

I	interpret	the	hemispheric	lumps	on	the	outer	contact	of	this	lithofacies	(Figure	21)	to	be	

the	result	of	the	accretion	of	smaller	saturated	aggregates	1-4	mm	in	diameter	on	the	exterior	of	

larger	aggregates.	These	smaller	aggregates	are	deformed	into	hemispherical	geometries	upon	

collision	(Figure	27,	B).	This	‘planetesimal-like’,	hierarchical	growth	process	may	responsible	for	the	

entire	formation	of	this	layer,	with	the	strong	relief	representing	the	last	material	to	accrete	in	this	

way	prior	to	a	change	in	ambient	conditions,	and	thus,	accretion	mechanism.	Surface	tension	

forces	in	the	liquid	bridges	between	particles	support	the	strong	relief.	Accretion	efficiency,	i.e.	the	

probability	of	colliding	particles	of	a	given	size	accreting,	increases	with	greater	liquid	water	

availability	(e.g.	Schumacher	and	Schminke,	1995;	Van	Eaton	et	al.,	2012b;	Mueller	et	al.,	2016)	and	

this	may	explain	why	this	lithofacies	is	typically	the	thickest	and	most	voluminous	within	these	

samples	(Figure	37).		

In	aggregates	in	which	the	poorly	sorted,	massive	ash	lithofacies	(mA)	or	its	porous	ash	

sub-facies	(pA)	form	the	aggregate	interior	(Figure	27;	D,	F,	H),	I	infer	that	either	aggregation	began	

in	saturated	conditions	or	that	a	pre-existing	clustered	interior	structure	became	saturated	after	

entering	wetter	ambient	conditions.	Saturation	of	a	clustered	structure	could	occur	either	due	to	

the	infiltration	of	water	following	collision	with	other	saturated	aggregates	or	water	droplets,	or	

due	to	the	melting	of	an	ice	crystal	at	the	aggregate’s	centre	(if	descent	was	not	rapid	enough	for	

sublimation	to	occur	[Van	Eaton	et	al.,	2012b]).	Saturation	would	then	allow	particles	to	migrate	

and	form	a	more	compact	arrangement.	

The	loosely	packed	ash	sub-facies	(kA)	may	have	resulted	from	ultra-fine	particles	being	

flushed	out	along	with	liquid	water	towards	the	exterior	due	to	particle	compaction	(e.g.	Iveson	et	

al.,	2001;	Thati	and	Rasmuson,	2011).	However,	there	is	no	clear	evidence	for	this	in	the	particle	

size	data	[Figure	29].	It	would	also	be	expected	to	remove	ultra-fine	particles	from	the	innermost	

region	of	the	poorly	sorted,	massive	ash	lithofacies	(mA)	rather	than	mid-way	through,	as	is	

typically	observed	in	the	aggregates	from	this	study	(Figure	27,	C	and	I).	I	infer	that	the	porous	ash	

sub-facies	(pA)	formed	under	saturation	conditions	that	were	insufficient	for	particles	to	rearrange	

and	compact	(such	as	in	the	tight	framework	of	the	poorly	sorted,	massive	ash	lithofacies	(mA),	
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but	that	were	too	saturated	for	clusters	to	be	preserved	(such	as	those	observed	in	the	porous,	

clustered	ash	lithofacies	pcA).	The	size	and	saturation	of	accreting	aggregates	decreased	during	the	

transition	from	the	accretion	of	the	poorly-sorted,	massive	ash	lithofacies	(mA)	to	the	accretion	of	

the	porous	ash	sub-facies	(pA),	indicated	by	the	smoother	outer	surface	of	pA	compared	to	that	of	

mA	(Figure	36).	Layers	of	the	porous	ash	sub-facies	(pA)	thicken	into	depressions	and	thin	across	

highs,	subduing	the	topography	(e.g.	Figure	27,	G).	The	moderate	fabric	strength	in	the	porous	ash	

sub-facies	(pA)	suggests	that	the	longest	elongate	particles	accreted	individually,	rather	than	as	

members	of	colliding	aggregates.	

4.2.3	Massive	ultra-fine	ash	(mFA)	

The	massive,	ultra-fine	grained,	tightly	packed	structure	with	strong	particle	fabrics	in	this	

lithofacies	suggests	that	particles	accreted	individually	under	primarily	dry	conditions	(<5	wt.%	

liquid	water	(e.g.,	Van	Eaton	et	al.,	2012b)).	Under	these	conditions,	electrostatic	forces	dominate	

	

Figure	40:	Figure	showing	accretion	of	tightly	packed,	poorly	sorted	facies	under	saturated	

conditions.	Saturated	clusters	and	individual	particles	collide	with	the	aggregate	and	successfully	

adhere	due	to	strong	capillary	forces	from	abundant	liquid	water.	Any	interstitial	pore	space	

coalesces	to	form	spherical	vesicles.	



68	
	

	 	 	

over	weak	capillary	forces	from	sparse	liquid	bridges.	I	interpret	the	fining	and	increase	in	sorting	

outwards	to	be	a	result	of	a	steady	decrease	in	the	strength	of	binding	forces	as	liquid	water	

availability	gradually	decreases	[Moore	and	Peck,	1962;	Schumacher	and	Schminke,	1995;	Van	

Eaton	et	al.,	2012b]	(Figure	41).	This	was	most	likely	due	to	an	increase	in	temperature,	rather	than	

a	decrease	to	below	freezing,	as	any	ice	on	particle	surfaces	at	high	altitudes	would	melt	during	

aggregate	descent.	A	temperature	decrease	would	result	in	further	accretion	around	the	ultra-fine	

outer	rims	as	the	aggregates	become	saturated,	as	is	only	observed	in	the	interior	of	two	of	the	

nine	imaged	aggregates	(Figure	27,	G	and	I).	Coarser	lenses	within	the	laminated,	ultra-fine	ash	

sub-facies	(lFA)	indicate	where	a	pre-existing	cluster	accreted	and	was	then	partially	flattened	out	

against	an	aggregate’s	exterior	(e.g.	Figure	22).	Continuous,	coarse	lamina	within	the	laminated,	

ultra-fine	ash	sub-facies	(lFA)	may	indicate	a	brief	increase	in	accretionary	mechanism	strength	and	

so	particle	size	(Figure	41,	C).	

4.3	Clay	matrix	

The	clay	matrix	has	overprinted	any	evidence	for	early	mineral	precipitates	on	particle	surfaces	

('cementation’):	a	process	critical	for	aggregate	preservation	in	the	geological	record	[Rose,	1977;	

Gilbert	and	Lane,	1994;	Mueller	et	al.,	2017a].	Aggregate	cementation	has	therefore	been	omitted	

from	any	interpretations	outlined	above	as	there	is	no	observational	evidence	for	it	having	

influenced	the	formation	of	the	Ilopango	aggregates.	The	presence	of	the	clay	matrix	throughout	

Ilopango	aggregates	and	the	ignimbrite	host	indicates	that	the	clays	formed	post-deposition.	

Kaolinite	and	Smectite	have	been	observed	permeating	ignimbrites	after	volcanic	glass	and	

feldspars	interacted	with	interstitial	pore	water	(e.g.	Kadir	and	Karak	[2002]).	I	infer	the	clay	matrix	

to	also	be	caused	by	this,	with	meteoric	water	infiltrating	the	ignimbrites	post-deposition.	The	

clay’s	appearance	in	the	Ilopango	samples	as	booklets	(Figure	19,	B)	indicates	it	is	most	likely	

Kaolinite.	
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Figure	41:	Figure	showing	accretion	of	ultra-fine	rim	under	dry	to	sub-saturated	conditions.	

Aggregates	enter	a	region	with	sparse	liquid	water	and	a	very	fine	average	particle	size	(A).	Ultra-

fine	particles	adhere	while	any	larger	ones	rebound	due	to	thin	liquid	films	poorly	diffusing	

collisional	kinetic	energy	and	providing	weak	retaining	forces	(B).	As	material	builds,	availability	of	

liquid	water	at	the	aggregate’s	surface	decreases,	gradually	permitting	finer	and	finer	material	to	

accrete	(C).	Particles	accrete	individually,	causing	elongate	ones	to	lie	parallel	to	the	aggregate	

surface,	creating	the	strong	fabric	within	this	lithofacies.		
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5)	Discussion	

5.1	Aggregate	growth	summary	

The	three	texturally-distinct	lithofacies	identified	in	Figure	33	are	interpreted	as	three	end	

members	of	an	accretion	process	that	is	largely	controlled	by	the	abundance	of	liquid	water.	

Maximum	particle	size	decreases	from	the	poorly	sorted,	massive	fine	ash	(mA)	into	the	

moderately	well	sorted,	porous,	clustered	fine	ash	(pcA)	and	then	into	the	well	sorted,	massive,	

ultra-fine	ash	(mFA).	This	gradational	sequence	is	interpreted	to	be	due	to	a	decrease	in	aggregate	

saturation	and	so	inter-particle	capillary	forces,	and	is	commonly	observed	towards	the	outer	

regions	of	some	aggregates	(e.g	Figure	27,	A	and	C).	The	poorly	sorted,	porous	fine	ash	(pA)	sub-

facies	represents	an	intermediate	saturation	level	between	the	poorly	sorted,	massive	fine	ash	

(mA)	and	the	porous,	clustered	fine	ash	(pcA).		

The	lithofacies	typically	occur	in	a	consistent,	non-repeating	order,	indicating	that	all	

studied	aggregates	followed	a	similar	growth	path:	a	porous,	clustered	ash	(pcA)	core	is	

surrounded	by	the	poorly	sorted,	massive	ash	lithofacies	(mA),	which	in	turn	is	surrounded	by	an	

ultra-fine	ash	lithofacies	(lFA/mFA)	(Figure	35).	Aggregates	with	a	poorly	sorted	ash	core	(pA	or	mA)	

are	interpreted	either	as	aggregates	whose	formation	initiated	at	a	later	stage	along	this	path,	or	

whose	clustered	interior	structure	was	removed	during	saturation.	This	recognition	of	a	consistent	

growth	sequence	contradicts	the	other	models	that	infer	that	concentric	layering	results	from	the	

recycling	of	a	falling	aggregate	within	eddies	at	the	edges	of	a	plume	or	the	base	of	an	eruption	

cloud	(e.g.	Van	Eaton	and	Wilson,	2013a;	Van	Eaton	et	al.,	2015;	Durant	and	Brown,	2016).	

Recycling	would	produce	repetition	in	the	lithofacies	sequences,	which	is	not	observed	in	the	

aggregates	in	this	study.		

The	hierarchical	growth	process	inferred	for	the	formation	of	the	porous,	clustered	ash	

lithofacies	(pcA)	and	the	poorly	sorted,	massive	ash	lithofacies	(mA),	whereby	an	aggregate	grows	

by	accreting	multiple	smaller	aggregates	rather	than	individual	particles,	has	been	observed	in	

aggregation	experiments	(e.g.	James	et	al.,	2003;	Van	Eaton	et	al.,	2012b)	and	is	acknowledged	in	

industry	literature	(e.g.	Iveson	et	al.,	2001).	This	growth	process	could	account	for	the	rapid	

formation	(minutes	to	tens	of	minutes)	of	natural	complex	aggregates	(e.g.	Gilbert	and	Lane,	1994;	

Brown	et	al.,	2012)	as	it	would	allow	them	to	accumulate	significant	amounts	of	material	from	one	

collision,	rather	than	assembling	piecemeal.	That	the	two	lithofacies	formed	in	this	way	(pcA	and	

mA)	consistently	comprise	most	of	the	volume	of	each	Ilopango	aggregate	(Figure	37)	supports	

this.	

5.2	Fragmented	ultra-fine	rims	
Fragmented	rims	within	ignimbrites	from	this	eruption	and	others	[Brown	et	al.,	unpublished	data;	

Brown	and	Branney,	2004;	Van	Eaton	and	Wilson,	2013a],	as	well	as	within	aggregates	from	this	

study	(Figure	27,	B),	indicate	that	a)	the	development	of	ultra-fine	rims	is	common,	and	b)	they	
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preferentially	break	off	as	fragments.	This	makes	it	very	plausible	that	aggregates	lacking	an	ultra-

fine	rim	(e.g.	Figure	27,	E)	found	within	ignimbrites	did	accrete	one	and	subsequently	had	it	

removed.		

5.3	Lithofacies	formation	during	the	Tierra	Blanco	Joven	eruption	of	Ilopango	

Using	the	interpretations	outlined	in	section	4.2,	each	lithofacies	can	be	linked	to	a	different	region	

within	the	equatorial,	phreatoplinian	eruption	system	that	deposited	the	Tierra	Blanco	Joven	(TBJ)	

ignimbrite.	Combining	this	information	with	the	consistent	lithofacies	occurrence	order	in	3.2.1	

produces	a	model	for	the	growth	of	these	complex	ash	aggregates	from	initial	aggregation	through	

to	deposition	(Figure	42).	

5.3.1	Atmospheric	conditions	during	the	TBJ	eruption	
The	Tierra	Blanca	Joven	(TBJ)	ignimbrite	has	a	radial	distribution	up	to	45	km	from	the	caldera	[Dull	

et	al.,	2010].	Intercalated	ignimbrites	and	co-PDC	fallout	layers	indicate	that	multiple	distinct	

currents	and	co-PDC	plumes	were	generated	during	the	eruption	[Brown	et	al.,	unpublished	data;	

Houghton	et	al.,	2015].	Phreatoplinian	fall	deposits	within	the	TBJ	depositional	sequence	indicate	a	

periodically	unstable,	vent-derived	eruption	plume	was	also	generated.	Modelling	of	

phreatoplinian	eruptions	indicates	the	latent	heat	release	from	plume	water	phase	changes	allows	

both	vent-derived	and	co-PDC	plumes	to	achieve	maximum	altitudes	>30	km	and	neutral	buoyancy	

altitudes	>15	km	[Van	Eaton	et	al.,	2012a].	Periodic	co-PDC	plumes	interact	with	the	vent-derived	

plume	to	produce	hybrid	clouds	with	multiple	spreading	levels	[Van	Eaton	et	al.,	2012a].	I	infer	that	

during	the	TBJ	eruption	ash	aggregation	occurred	within	a	similar	hybrid	eruption	system	of	a	

central,	vent-derived	>20	km	tall	plume	above	radially	spreading	PDCs.	Multiple	co-PDC	plumes	fed	

by	source	areas	of	~6000	km2	interacted	with	the	vent-derived	eruption	cloud.	

At	tropical	latitudes,	the	0oC	isotherm	is	encountered	at	~5	km	[Gaffen	et	al.,	2000]	and	

the	tropopause	at	~17	km	(where	the	temperature	is	~-75oC)	[Highwood	et	al.,	1998].	This	means	

most	of	the	TBJ	eruption	plume	system	would	have	been	ingesting	sub-freezing	air.	Ash	particles	

within	plumes	act	as	nuclei	for	ice	formation	between	-10oC	and	-20oC	[Durant	et	al.,	2008].	

Atmospheric	temperature	decreases	vertically	by	about	5oC	km-1	within	the	lower	tropical	

troposphere	[Gaffen	et	al.,	2000],	so	ice	would	have	begun	to	nucleate	on	ash	particles	above	

altitudes	of	approximately	7	km	within	rising	co-PDC	plumes	(5-10	km	[Van	Eaton	et	al.,	2012a]).		

5.3.2	Porous,	clustered	fine	ash	(pcA)	

I	infer	that	the	sub-saturated	conditions	inferred	for	the	formation	of	this	lithofacies	occurred	at	

the	plume	edges	and	within	the	umbrella	cloud,	once	ascending	plumes	exceeded	~7	km	in	height.	

At	these	altitudes,	liquid	water	was	scarce	(~4	wt.	%	[Van	Eaton	et	al.,	2012a])	and	ash	particles	

developed	thin	coatings	of	ice.	Particles	that	collided	with	other	particles	were	then	bound	

together	by	weak	electrostatic	[James	et	al.	2003]	and	capillary	forces	[Gilbert	and	Lane,	1994].	Ice	

crystals	on	particle	surfaces	may	have	formed	strong	inter-particle	bridges	by	sintering	if	contact	
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was	held	for	tens	of	seconds	[Van	Eaton	et	al.,	2012b].	This	process	resulted	in	the	growth	of	loose	

particle	clusters	that	had	greater	terminal	velocities	than	their	individual	components.	As	these	

loose	clusters	descended,	ice	coatings	began	to	melt,	increasing	the	saturation	levels	of	the	clusters	

and	allowing	multiple	clusters	to	adhere	together.	This	assembled	a	porous	framework	to	form	a	

simple	aggregate	composed	of	the	porous,	clustered	ash	lithofacies	(pcA).	Such	aggregates	then	

continued	to	grow	by	continued	collision	with,	and	accretion	of,	more	clusters.		

Cores	of	the	Ilopango	aggregates	composed	of	the	porous,	clustered	lithofacies	ash	(pcA)	

are	up	to	~4	mm	in	radius	(Figure	37),	with	individual	clusters	typically	~20	µm	in	radius.	

Approximating	both	these	aggregate	cores	and	the	individual	clusters	to	spheres,	and	assuming	a	

porosity	of	~30%	(see	section	3.2.1),	indicates	that	a	4	mm	(radius)	simple	aggregate	of	the	porous,	

clustered	lithofacies	(pcA)	is	composed	of	up	to	~5.6	million	individual	clusters.	This	requires	an	

exceptionally	large	number	of	successful	cluster	collisions,	indicating	these	porous	aggregates	were	

exposed	to	sub-saturated	conditions	for	a	relatively	long	period	of	time.	

5.3.3	Massive	fine	ash	(mA)	
The	saturated	aggregation	conditions	inferred	for	the	formation	of	this	lithofacies	must	have	

occurred	below	the	0oC	isotherm	at	~5	km.	Ice	coatings	on	particles	within	descending	aggregates	

melted	and	formed	liquid	coatings	on	particle	surfaces.	The	efficient	collisional	kinetic	energy	

dispersal	from	thick	liquid	films	on	particle	surfaces	[Iveson	et	al.,	2001]	and	strong	capillary	forces	

from	liquid	bridges	[Schumacher	and	Schminke,	1995]	allowed	a	wide	range	of	particle	sizes	to	

accrete.	Descending	aggregates	predominantly	grew	by	the	hierarchical	accretion	of	smaller,	

saturated	aggregates	<4	mm.	Due	to	the	saturated	conditions,	particles	could	migrate	to	form	a	

low-porosity	arrangement.	Remnant	pore	space	coalesced	into	spherical	vesicles	<150	µm.	The	

high	efficiency	of	accretion	under	saturated	conditions	(e.g.	Schumacher	and	Schminke,	1995)	

resulted	in	rapid	growth,	which	increased	terminal	fall	velocities	and	promoted	further	collisions	

with	ash	particles,	aggregates	or	water	droplets	[Gilbert	and	Lane,	1994;	Iveson	et	al.,	2001].		

Layers	of	the	massive,	poorly	sorted	lithofacies	(mA)	occurring	around	a	porous	core	(pA	or	

pcA)	are	typically	~4	mm	thick	(Figure	37).	By	assuming	the	accreted	aggregates	were	~1	mm	in	

diameter	(Figure	21)	and	had	similar	porosity	to	the	lithofacies	formed	(~20%,	see	section	3.2.2.1),	

and	by	approximating	the	layer’s	boundaries	to	two	spheres	with	4	mm	and	8	mm	radii,	it	can	be	

inferred	that	~448	aggregates	accreted	to	form	this	layer.	This	is	a	sharp	reduction	compared	to	the	

number	of	clusters	required	to	form	a	4	mm	(radius)	interior	of	the	porous,	clustered	lithofacies	

(pcA),	and	may	be	indicative	of	a	relative	increase	in	aggregation	rate.		

5.3.4	Massive	ultra-fine	ash	(mFA)		

The	dry	aggregation	conditions	that	allowed	the	formation	of	this	lithofacies	is	inferred	to	have	

occurred	in	the	higher	temperature,	lower	regions	of	a	co-ignimbrite	plume	above	a	laterally	

moving	PDC	[Van	Eaton	and	Wilson,	2013a].	This	would	have	been	the	last	layer	to	accrete	before	
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the	aggregates	descended	into	the	current	and	were	deposited.	Electrostatic	forces	dominated	

during	aggregation	as	particles	accreted	individually	[Van	Eaton	et	al.,	2012b].	Fining	outwards	

across	this	lithofacies	indicates	a	gradual	decrease	in	strength	of	binding	forces,	which	was	likely	

due	to	residual	liquid	water	evaporating	during	aggregate	descent	into	a	laterally	flowing	PDC	

[Moore	and	Peck,	1962;	Brown	et	al.,	2010]	(where	temperatures	are	typically	~300oC-700oC	

[Dufek	et	al.,	2015]).	Once	in	the	current,	the	aggregates	were	subjected	to	the	same	sorting	

processes	as	other	particles	of	a	similar	size	and	density	and	were	deposited	elsewhere.	This	

highlights	the	critical	role	PDCs	played	during	the	formation	of	the	Ilopango	complex	aggregates,	

and	is	consistent	with	aggregate	distributions	from	other	eruptions	that	show	complex	aggregates	

constrained	to	ignimbrites	(e.g.	Brown	et	al.,	2010).		

The	presence	of	a	concentric	layer	of	the	massive,	ultra-fine	lithofacies	(mFA)	within	a	

clustered	aggregate	interior	(Figure	27;	G	and	I)	is	interpreted	to	represent	a	simple	aggregate	of	

the	porous,	clustered	lithofacies	(pcA)	that	formed	below	the	region	of	aggregate	saturation	and	

above	the	hot,	dry	region	where	the	ultra-fine	rims	accrete.	The	massive,	ultra-fine	grained	

lithofacies	(mFA)	developed	around	the	clustered	interior	as	it	fell	into	the	laterally	moving	PDC.	It	

was	subsequently	re-entrained	into	an	upwelling	within	the	co-PDC	plume,	where	it	was	returned	

to	the	plume	top	for	the	full	accretionary	sequence	outlined	above	to	initiate.	The	sharp	outer	

contact	of	the	massive,	ultra-fine	lithofacies	(mFA)	indicates	no	accretion	occurs	during	ascent	

within	the	wet	plume	core,	which	is	expected	as	the	gas-particle	mixture	rises	due	to	continuous	

convection-driven	expansion.		

5.4	Implications	

The	lithofacies	classification	scheme	in	Figure	33	provides	a	framework	for	the	qualitative	and	

quantitative	comparison	of	aggregation	phases	(and	so	inferred	eruption	cloud	water	saturation	

levels)	between	aggregates.		

Published	descriptions	of	complex	aggregates	typically	describe	structureless,	poorly	

sorted	cores	(e.g.	Moore	and	Peck,	1962;	Burns	et	al.,	2017;	Brown	et	al.,	2010)	containing	crystals	

<2	mm	[Bonadonna	et	al.,	2002]	and	rounded	vesicles	(e.g.	Scolamacchia	et	al.,	2005;	Van	Eaton	

and	Wilson,	2013;	Burns	et	al.,	2017),	matching	the	massive	fine	ash	(mA)	lithofacies	of	the	

Ilopango	aggregates.	This	indicates	that	either	complex	aggregate	formation	typically	initiates	in	

warm,	fully	saturated	conditions,	and	that	the	proportion	of	massive-cored	to	clustered-cored	

aggregates	studied	here	is	not	representative	of	the	TBJ	deposit,	or	that	the	TBJ	eruption	was	

unique	in	consistently	preserving	porous,	clustered	aggregate	interiors.	

Van	Eaton	and	Wilson	[2013]	describe	occasional	porous,	low	density,	massive	ash	cores	in	

Oruanui	aggregates	of	similar	structure	to	that	of	the	porous,	clustered	fine	ash	(pcA)	lithofacies.	

Other	documented	aggregates	generated	from	dome	collapses	[Burns	et	al.,	2017],	smaller	
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phreatomagmatic	[Scolamacchia	et	al.,	2005]	and	drier	plinian	eruptions	[Brown	et	al.,	2010]	do	

not	mention	porous	interiors.	As	the	Oruanui	eruption	was	also	a	phreatoplinian	event,	a	porous	

structure	may	be	exclusive	to	water-saturated	plumes	with	spreading	levels	far	above	the	0oC	

isotherm,	where	descending	particle	clusters	have	sufficient	time	to	aggregate	and	form	a	stable	

porous	framework.	However,	it	may	also	be	due	to	a	failure	to	distinguish	any	clustered	structures	

from	a	lack	of	widespread	investigation	at	the	resolution	of	this	study.	The	lack	of	a	viable	

quantitative	cluster	analysis	method	applicable	to	volcanic	ash	also	makes	comparison	difficult	

between	aggregates.	

Ultra-fine	outer	rims	are	well	documented	in	aggregates	generated	by	a	wide	range	of	

eruption	types	(e.g.	Bonadonna	et	al.,	2002;	Van	Eaton	and	Wilson,	2013;	Brown	et	al.,	2010).	As	in	

the	Ilopango	aggregates,	these	layers	are	dominated	by	concentrically	orientated	particles	<15	µm	

and	grade	normally	outwards.	However,	Van	Eaton	and	Wilson	[2013]	and	Brown	et	al.	[2010]	

describe	aggregates	with	multiple	ultra-fine	layers,	unlike	the	Ilopango	aggregates	which	typically	

have	just	one.	This	may	be	a	failure	to	distinguish	different	lithofacies	at	the	studied	resolution.	It	

may	also	be	that	proportionally	more	aggregation	took	place	within	dry	conditions	during	the	

formation	of	these	aggregates	compared	to	those	from	Ilopango.	

Aggregates	displaying	similar	lithofacies	sequences	to	those	from	this	study	are	inferred	to	

have	similar	aggregate	growth	histories.	Published	descriptions	of	complex	aggregates	commonly	

describe	a	central	poorly	sorted,	massive	ash	core	gradually	fining	outwards	to	a	very	fine	outer	rim	

(e.g.	Brown	et	al.,	2010;	Bonadonna	et	al.,	2002;	Van	Eaton	and	Wilson,	2013),	matching	the	

dominant	outer	sequence	observed	in	this	study.	This	indicates	the	gradual	reduction	in	liquid	

water	availability	from	saturated	to	dry	conditions	during	descent	into	a	PDC	is	a	common	

aggregate	growth	sequence	not	unique	to	the	TBJ	eruption.	
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Figure	42:	Schematic	figure	indicating	the	interpreted	regions	of	growth	for	each	lithofacies	within	the	Tierra	Blanco	Joven	eruption	of	Ilopango.	
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6)	Further	study	

The	lithofacies	classification	scheme	presented	could	be	improved	by	applying	the	same	process	to	

other	complex	aggregates	from	different	horizons	within	the	TBJ	ignimbrite.	This	would	constrain	

further	the	quantitative	changes	that	distinguish	each	lithofacies.	It	would	also	allow	any	variation	

in	lithofacies	order,	and	so	growth	history,	during	the	eruption	to	be	identified.	By	then	applying	

this	methodology	to	aggregates	from	eruptions	of	different	styles,	sizes	and	latitudes	would	allow	

quantitative	comparison	of	aggregates,	and	therefore	aggregation	processes,	under	different	

parameters.		

	 Experiments	investigating	ash	accretion	during	variations	in	liquid	water	availability	would	

also	provide	insight	into	the	timescales	involved	between	changes	in	accretionary	mechanism.	Such	

experiments	would	also	indicate	how	the	accretion	of	new	material	under	different	conditions	

alters	the	characteristics	of	previously	accreted	material	below.	
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7)	Conclusions	

This	study	carried	out	unprecedented	detailed	analysis	of	the	interior	layers	of	complex	ash	

aggregates,	providing	a	unique	insight	into	aggregation	conditions	during	the	Tierra	Blanco	Joven	

eruption	of	Ilopango.	The	use	of	2D	and	3D	imaging	allowed	quantitative	analysis	of	the	particle	

distributions	and	structure	of	each	layer	within	an	aggregate.	This	provided	the	basis	for	a	new	

lithofacies	classification	scheme	that	describes	the	three	distinct	lithofacies	observed	across	all	the	

studied	aggregates:	

Porous,	clustered	fine	ash	(pcA):	a	moderately	sorted	fine	ash	with	a	massive	structure	

composed	of	ash	clusters	~20-60	µm	in	diameter.	Particles	lack	a	preferential	orientation.	Rare	

large	clasts	<500	µm.	Porosity	is	~30%.	Typical	lithofacies	thickness	is	~2.75	mm.	Mean	particle	size	

(Mz)	is	~8	phi.	This	lithofacies	typically	forms	<46%	of	an	aggregate’s	radius	and	<15%	of	an	

aggregate’s	volume.	

Massive	fine	ash	(mA):	a	very	poorly	sorted	fine	ash	with	a	low	porosity,	massive	

framework.	It	contains	particles	<2	mm	and	sub-rounded	vesicles	<150	µm.	Particles	lack	a	

preferential	orientation.	Porosity	is	~22%.	Typical	lithofacies	thickness	is	~4.5	mm.	Mean	particle	

length	(Mz)	is	~8	phi.	This	lithofacies	typically	forms	<90%	of	an	aggregate’s	radius	and	<72%	of	an	

aggregate’s	volume.	

Massive	ultra-fine	ash	(mFA):	a	medium	to	well	sorted	ultra-fine	ash	that	fines	outwards	

with	a	tightly	packed,	massive	framework.	Elongate	particles	are	typically	aligned	parallel	to	

laminations.	This	lithofacies	infills	any	underlying	topography.	Porosity	is	~18%.	Typical	lithofacies	

thickness	is	~0.7	mm.	Mean	particle	length	(Mz)	is	~8.4	phi.	This	lithofacies	typically	forms	<15%	of	

an	aggregate’s	radius	and	<37%	of	an	aggregate’s	volume.	

	Each	lithofacies	can	be	attributed	to	a	different	formation	mechanism,	which	is	dictated	

by	the	availability	of	liquid	water	at	different	levels	within	the	ash	clouds.	The	consistent,	non-

repeating	order	to	lithofacies	appearance	indicates	that	all	aggregates	studied	share	a	common	

linear	formation	sequence:		

1. Fine	ash	particles	in	sub-freezing	temperatures	at	the	top	of	a	vent-derived	or	co-

PDC	plume	aggregated	to	form	loose	particle	clusters	~20-60	µm	in	diameter.		

2. Clusters	then	descended	due	to	their	increasing	mass	and	collided	with	other	

clusters	to	build	a	porous	aggregate	with	a	clustered	framework.		

3. These	porous	aggregates	fell	below	the	atmospheric	0oC	isotherm	and	became	

saturated	in	liquid	water,	rapidly	accreting	a	thick,	poorly	sorted,	massive	layer	of	

fine	ash.		

4. Saturated	aggregates	continued	to	descend	through	ever	hotter	ambient	

temperatures,	where	they	accreted	an	ultra-fine	outer	rim	as	any	liquid	water	was	
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gradually	driven	off,	until	they	fell	into	the	laterally	moving	pyroclastic	density	

current	below.			

The	detailed	analysis	from	this	study	has	also	highlighted	the	critical	role	played	by	PDCs	in	the	

formation	of	the	ultra-fine	outer	rims	of	complex	aggregates,	which	had	only	been	inferred	

previously	from	field	relationships.	It	has	also	shown	that	these	complex	aggregates	predominantly	

grow	by	the	hierarchical	accretion	of	smaller	particle	clusters	or	simple	aggregates,	rather	than	by	

individual	particles,	which	may	account	for	the	rapid	formation	of	aggregates	after	the	onset	of	an	

eruption.	
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8)	Appendices	

See	electronic	resource:	

https://durhamuniversity.box.com/s/3c789jlrj6kenupmmxomsn7j7p49wpwy			

(Access	available	via	email	request	to	Henry.Hoult2@durham.ac.uk).	
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