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Abstract	
	
The	focus	of	this	thesis	is	former	ice	mass	extent	and	evolution	in	the	Wicklow	Mountains,	

Ireland,	during	the	Last	Glacial-Interglacial	Transition	(LGIT;	~20–10	ka).	Whilst	previous	

research	has	established	the	existence	of	a	local	ice	cap,	confluent	with	the	wider	British-

Irish	Ice	Sheet	(BIIS)	at	the	Last	Glacial	Maximum	(LGM;	~24	ka	BP),		the	nature	of	ice	mass	

recession	during	the	LGIT	and	subsequent	glacier	regrowth	during	the	Younger	Dryas	(YD;	

12.9–11.7	ka)	requires	evaluation.	This	thesis	aims	to	produce	the	first	regional	assessment	
of	 the	 local	 palaeoglaciological	 record.	 The	 results	 of	 systematic	 geomorphological	

mapping,	based	on	a	combination	of	remote	sensing	and	field	techniques,	are	presented	in	

the	form	of	the	first	glacial	geomorphological	map	of	the	Wicklow	Mountains.	The	post-LGM	

evolution	of	local	ice	is	examined	based	on	an	assessment	of	the	geomorphological	record,	

establishing	the	extent,	style,	and	evolution	of	LGIT	mountain	glaciation	during	deglaciation.	

Using	morphostratigraphic	principles,	two	distinct	phases	of	glaciation	are	recognised;	(1)	

marginal	 cirque	 glaciation	 during	 the	 YD,	 and	 (2)	 sub-stages	 of	 more	 extensive	

topographically-restricted	mountain	glaciation	earlier	in	the	LGIT.		
	

A	conservative	approach	based	on	an	assessment	of	topographic	setting,	geomorphology,	

and	radiation	modelling	indicates	that	the	region	hosted	six	small	YD	cirque	glaciers.	The	

glaciers	had	an	average	size	of	0.39	km2	and	covered	a	total	area	of	2.33	km2,	based	on	their	

reconstruction	 using	 a	 combination	 of	 geomorphology	 and	 surface	 profile	 modelling.	

Reconstructed	ELAs	(Area-Altitude	Balance	Ratio;	AABR	1.9	±	0.81)	range	from	467	±	9	m	

to	739	±	8	m,	with	a	 regional	average	of	621	±	9	m.	Glacier-derived	palaeoprecipitation	

calculations	 imply	 wetter	 conditions	 than	 at	 present.	 However,	 topoclimatic	 modelling	

demonstrates	 that	 local	 glacier	mass	 balances	were	 augmented	 by	 the	 redistribution	 of	

snow	by	wind	and	avalanching,	and	topographic	shading,	which	artificially	lowered	ELAs.	

These	processes	were	essential	for	marginal	YD	glacier	initiation	and	survival.		

	

The	style	and	pattern	of	wider	LGIT	ice	recession	is	also	established	and	identifies	that	local	

post-LGM	ice	did	not	recede	and	thin	as	one	coherent	ice	mass.	Instead,	it	separated	into	

multiple	 topographically-controlled	 ice	 masses	 of	 different	 size	 (alpine	 icefield,	 plateau	

icefield,	 valley	 glaciers,	 and	 cirque	 glaciers)	 in	 coeval	 existence.	 Topography	 exerted	 a	

control	 on	 the	 pattern	 of	 local	 glacier	 recession	 and	 associated	moraine	 distribution.	 A	

combination	of	topographic	pinning	points	(i.e.	topographic	steps,	lateral	constriction,	and	

tributary	valley	incursion),	favourable	slope	gradients	(0-15°),	and	changes	in	slope	appear	

to	have	had	 an	 important	 influence	on	where	moraines	 formed,	 implying	 an	 element	of	

glacier	stability	at	such	locations.	This	provides	further	insight	into	non-climatic	controls	

on	moraine	formation	and	presence/absence.	
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This	thesis	delivers	a	more	detailed	understanding	of	post-LGM	glaciation	in	the	Wicklow	

Mountains.	 It	provides	 clarification	on	 the	 scale	of	YD	glaciation	and	 the	 impact	of	 local	

topoclimatic	processes	on	cirque	glacier	initiation	and	survival.	It	also	provides	insight	into	

the	significant	role	of	topography	in	controlling	retreat	patterns	and	stability	of	ice	masses,	

in	response	to	climate	amelioration	throughout	the	wider	LGIT.	
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Chapter	1:	Introduction	

1.1 Scientific	rationale		

1.1.1	The	glacial	geological	record	in	Ireland	and	Britain		

Glaciated	 landscapes	 offer	 long-term	 (centennial	 to	 millennial	 scale)	 records	 of	 glacier	

extent,	behaviour,	and	glacier-climate	interactions	(Lukas	and	Benn,	2006;	Schaefer	et	al.,	

2009;	 Putnam	 et	 al.,	 2010;	 Kirkbride	 and	 Winkler,	 2012;	 Mackintosh	 et	 al.,	 2017).	 A	

substantial	body	of	palaeoglaciological	reconstructions	of	ice	sheets	(e.g.	Greenwood	and	

Clark,	2008,	2009a,b;	Clark,	C.D.	et	al.,	2012;	Hughes,	A.L.	et	al.,	2014,	2016;	Patton	et	al.,	

2016,	 2017;	 Darvill	 et	 al,	 2017,	 2018;	Margold	 et	 al.,	 2018)	 and	mountain	 glaciers	 (e.g.	

Harrison	et	al.,	2010;	Serrano	et	al.,	2012;	Boston	et	al.,	2015;	Makos	et	al.,	2016;	Bickerdike	

et	al.,	2018a,b;	Schweinsberg	et	al.,	2018;	Chandler	et	al.,	2018;	Martin	et	al.,	2019)	highlight	

the	 importance	 of	 the	 geomorphological	 record	 for	 refining	 our	 knowledge	 and	

understanding	of	ice	mass	evolution	and	obtaining	quantitative	palaeoclimatic	information.		

In	Ireland	and	Britain,	complex	records	of	Quaternary	(2.6–0	Ma)	glacial	landforms,	formed	

in	ice-marginal	and	subglacial	positions,	offer	excellent	opportunities	to	reconstruct	former	

ice	 extents,	 flow	 configurations,	 patterns	 of	 advance	 and	 recession,	 and	 glacier	 thermal	

regimes,	as	well	as	providing	vital	insight	into	amphi-North	Atlantic	environmental	change	

(for	stratigraphic-based	terminology	see	Table	1.1).	Previous	research	has	established	that	

glacial	landform	assemblages	in	Ireland	and	Britain	are	predominately	associated	with	Late	

Devensian	 glaciation,	 (31–11.7	 ka	 BP)	 specifically	 the	 British-Irish	 Ice	 Sheet	 (BIIS;	 e.g.	

Greenwood	and	Clark,	2008,	2009a,	b;	Clark,	C.D.	et	al.,	2012,	2018;	Hughes	et	al.,	2014)	and	

less	extensive	Younger	Dryas	ice	masses	(YD,	12.9–11.7	ka	BP,	Rasmussen	et	al,	2007;	Lowe	

et	al.,	2008;	e.g.	Colhoun	and	Synge,	1980;	Ballantyne	and	Ó	Cofaigh,	2016;	Bickerdike	et	al.,	

2016,	2018a).	However,	whilst	there	is	a	long	history	of	glacial	geomorphological	research	

in	 Ireland	 and	 Britain	 (e.g.	 Goodchild,	 1875;	 Hull,	 1878;	 Geikie,	 1894),	 with	 recent	

significant	advances	in	reconstructing	the	evolution	of	the	BIIS	(e.g.	BRITICE,	Clark	et	al.,	

2004	 and	BRITICE-CHRONO,	 Clark	 et	 al.,	 2018)	 and	YD	 (predominately	 in	 Scotland;	 e.g.	

Pearce,	2014;	Boston	et	al.,	2015,	2019;	Bickerdike	et	al.,	2016,	2018a,b;	Small	et	al.,	2016;	

Chandler	et	al.,	2019a,b;	Lowe	et	al.,	2019),	progress	in	our	understanding	of	regional	and	

local	glaciation	in	Ireland	has	been	more	limited.	
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Table	 1.1.	 Terminology	 used	 in	 Europe,	 Britain,	 and	 Ireland	 to	 define	 correlating	 Quaternary	
chronostratigraphic	periods.	Traditionally,	 Irish	terminology	 is	based	on	the	 local	 type	site	 in	 the	
stratigraphic	record.	However,	this	can	make	correlation	with	the	wider	literature	difficult.	Where	
possible,	this	thesis	adopts	the	British	and	European	terminology	to	facilitate	comparison	with	wider	
work.		

European	

terminology	

British	

terminology	

Irish		

terminology	

Date	(ka	BP)	

Late	Weichselian		 Late	Devensian		 Late	Midlandian		 31–11.7	ka	BP	(MIS2)		

-	 -	 Glenavy	Stadial	 31–14.7	ka	BP	

-	 -	 Cooley	Point	Interstadial	 20–18.2	ka	BP	

-	 -	 Clogher	Head	Stadial	 18.2–17.4	ka	BP	

-	 -	 Killard	Point	Stadial	 17.3–16.6	ka	BP	

Bølling-Allerød	 Late	Glacial		 Woodgrange	Interstadial		 14.7–12.9	ka	BP	(GI-1)		

Younger	Dryas	 Loch	Lomond	 Nahanagan	Stadial	 12.9–11.7	ka	BP	

	

Recent	work	has	provided	significant	insight	into	key	areas	of	the	Irish	sector	of	the	BIIS,	

including	the	Irish	Sea	Ice	Stream	(ISIS;	Smedley	et	al.,	2017a;	Small	et	al.,	2018;	Scourse	et	

al.,	2019),	the	southern	(Ó	Cofaigh	et	al.,	2012a;	Praeg	et	al.,	2015;	Smedley	et	al.,	2017b)	

and	western	off-shore	ice	extents	(Peters	et	al.,	2015,	2016;	Ó	Cofaigh	et	al.,	2019),	vertical	

ice	extent	(Ballantyne	et	al.,	2006,	2008,	2011,	2015;	Ballantyne	and	Ó	Cofaigh,	2018),	and	

former	ice	 flow	directions	(Greenwood	and	Clark,	2008,	2009a,b;	Ó	Cofaigh	et	al.,	2008).	

There	has	also	been	an	 increased	focus	on	regional	patterns	of	deglaciation	 in	key	areas	

such	as	Donegal	and	northern	Ireland	(Ballantyne	et	al.,	2007;	McCarron,	2013;	Wilson	et	

al.,	2019),	western	Ireland	(Clark	et	al.,	2009a;	McCullagh,	2019),	the	Midlands	(Delaney,	

2002;	 Pellicer	 et	 al.,	 2012;	 Delaney	 et	 al.,	 2018;	 Knight	 2019),	 southeastern	 Ireland	

(Ballantyne	and	Stone,	2015;	Barth	et	al.,	2016a,	b;	Knight	et	al.,	2016;	Smedley	et	al.,	2017a;	

Small	et	al.,	2018),	and	southwestern	Ireland	(Anderson	et	al.,	1998;	Ballantyne	et	al.,	2001;	

Rae	et	 al.,	 2004;	Harrison	et	 al.,	 2010).	However,	detailed	 consideration	of	 ice	dynamics	

throughout	the	wider	Last	Glacial	Interglacial	Transition	(LGIT;	~20–11	ka	BP),	and	not	just	

during	 initial	deglaciation,	 is	more	 limited	(e.g.	Clark	et	al.,	2009b;	Harrison	et	al.,	2010;	

Barth	 et	 al.,	 2017).	 Typically,	 such	 investigations	 require	 a	 regional	 focus	 in	 order	 to	

ascertain	the	complexities	of	regional	to	local	ice	behaviour.		

In	many	areas	(e.g.	Wicklow	Mountains,	Tomkins	et	al.,	2018a;	Mourne	Mountains,	Sutton,	

1998;	Wilson,	 K.R.,	 2004;	 Barr	 et	 al.,	 2017a;	 Sperrin	Mountains,	 Colhoun,	 1971;	 Knight,	

1997;	MacGillycuddy	Reeks,	Anderson	et	al.,	1998;	Barth	et	al.,	2017),	there	is	still	a	poor	

understanding	 of	 ice	 extent	 and	 dynamics	 during	 deglaciation,	 especially	 following	 the	

transition	to	 topographically-restricted	 ice	(mountain	glaciation).	 In	addition,	whilst	 it	 is	
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widely	 accepted	 that	 YD	 glaciation	 was	 likely	 limited	 to	 selected	 cirques	 in	 Ireland	

(Ballantyne	 and	 Ó	 Cofaigh,	 2016),	 efforts	 to	 establish	 the	 extent	 of	 YD	 glaciation	 (e.g.	

Warren,	1979;	Colhoun	and	Synge,	1980;	Anderson	et	al.,	1998;	Harrison	et	al.,	2010;	Barr	

et	 al.,	 2017a;	 Barth,	 2017;	 Tomkins	 et	 al.,	 2018a)	 have	 not	 been	 systematic.	 These	

knowledge	 gaps	 result,	 in	 part,	 from	 limited	 glacial	 geomorphological	mapping	 in	many	

areas	and	an	underappreciation	of	the	importance	of	geomorphological	context	(e.g.	Barth	

et	al.,	2017;	Tomkins	et	al.,	2018a),	and	the	paucity	of	available	chronological	data.	

	

1.1.2	Palaeoclimatic	significance	of	glacier	reconstructions	

The	glacial	geomorphological	record	of	ancient	ice	masses	enables	reconstruction	of	their	

three-dimensional	form	(extent,	morphology,	and	thickness)	and	the	derivation	of	steady	

state	palaeo-equilibrium	line	altitudes	(ELAs),	temperature,	and	palaeo-precipitation	totals	

(e.g.	Coleman	et	al.,	2009;	Bendle	and	Glasser,	2012;	Barr	et	al.,	2017a;	Chandler	and	Lukas,	

2017).	This	type	of	data	is	useful	for	synthesis	across	local	and	regional	areas	to	improve	

understanding	 of	 former	 climatic	 gradients	 and	 precipitation	 patterns	 (e.g.	 Benn	 and	

Ballantyne,	2005;	Mills	et	al.,	2012;	Boston	et	al.,	2015;	Chandler	and	Lukas,	2017;	Chandler	

et	 al.,	 2019a).	 In	 addition,	 palaeoclimatic	 data	 derived	 from	glacier	 reconstructions	 also	

allows	 landform	assemblages	(e.g.	moraines)	 to	be	 linked	directly	 to	climatic	conditions,	

providing	an	 insight	 into	glacier-climate	 interactions	 (e.g.	Benn	and	Lukas,	2006;	Lukas,	

2007a;	 Chandler,	 2018).	 Finally,	 palaeoclimate	 data	 can	 provide	 empirical	 climatic	

boundary	 information	to	 facilitate	 the	parameterisation	and	testing	of	numerical	models	

used	 to	 investigate	 past	 glacier-climate	 interactions	 (e.g.	 Golledge	 and	 Hubbard,	 2005;	

Golledge	et	al.,	2008;	Ely	et	al.,	2019).			

Whilst	glacier	reconstructions	are	frequently	used	to	infer	past	atmospheric	climate,	local	

processes	(e.g.	windblown	snow,	snow	avalanching)	controlled	by	topoclimatic	variables	

can	 supplement	 direct	 (precipitation)	 inputs	 to	 mass	 balance	 (Sissons	 and	 Sutherland,	

1976;	Mitchell,	1996;	Chandler	and	Lukas,	2017;	Mills	et	al.,	2019).	Likewise,	topographic	

shading	 can	 reduce	mass	 loss	 via	 ablation	 (Pearce,	 2014;	 Vargo	 et	 al.,	 2018;	 Olson	 and	

Rupper,	2019).	Therefore,	whilst	palaeoclimatic	calculations	are	useful	indicators	of	glacier-

climate	 interactions,	 it	 is	 important	 to	account	 for	 these	additional	 local	 factors	 to	avoid	

misleading	interpretations	of	regional	climate	using	glacier-derived	ELAs.	It	is	particularly	

important	 to	 determine	 the	 significance	 of	 topoclimatic	 variables	 in	 areas	 of	 marginal	

glaciation	(i.e.	Chandler	and	Lukas,	2017),	as	topoclimatic	controls	are	suggested	to	have	a	

disproportionately	 larger	 impact	 on	 smaller	 glaciers	 than	 on	 larger	 ones	 (Plummer	 and	

Phillips,	 2003)	 and	 can	 promote	 glaciation	 beyond	 that	 facilitated	 by	 regional	 climate	
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envelopes	 (Coleman	et	 al.,	 2009).	Therefore,	whilst	palaeoglaciological	 reconstruction	of	

former	 ice	 masses,	 such	 as	 in	 the	 Wicklow	 Mountains,	 are	 useful	 for	 improving	 our	

understanding	of	palaeoclimate.	It	is	vital	that	the	non-climatic	controls	(e.g.	topoclimatic	

variables)	on	glacier	 initiation	and	survival	are	also	considered	 in	order	to	ascertain	the	

reliability	of	calculated	palaeoclimatic	boundary	conditions.	

	

1.1.3	Nature	of	the	problem	in	the	Wicklow	Mountains	

Despite	 a	 long	 history	 of	 Quaternary	 glacial	 geological	 investigations	 (e.g.	 Hull,	 1878;	

Farrington,	 1934,	 1944,	 1957;	 Charlesworth,	 1937;	 Huddart,	 1977;	 Colhoun	 and	 Synge,	

1980;	 Warren,	 1993;	 Ballantyne	 et	 al.,	 2006;	 Leira	 et	 al.,	 2007;	 Tomkins	 et	 al.,	 2018a;	

discussed	 further	 in	Chapter	2),	understanding	of	 the	extent	and	dynamics	of	 former	 ice	

masses	 in	 the	 Wicklow	 Mountains	 remains	 incomplete.	 Whilst	 previous	 research	 has	

established	the	existence	of	a	 local	 ice	cap,	confluent	with	regional	 ice	at	the	Last	Glacial	

Maximum	(LGM;	~	24	ka	BP;	Ballantyne	et	al.,	2006;	Clark,	C.D.	et	al.,	2012),	there	has	been	

inadequate	 consideration	 of	 the	 style	 of	 ice	 retreat	 in	 response	 to	 climate	 amelioration	

during	 the	 LGIT	 (~20–11	 ka	 BP).	 Instead,	 existing	 studies	 have	 focused	 either	 on	

establishing	ice	presence	in	isolated	valleys	(e.g.	Lough	Nahanagan,	the	YD	type	site	(12.9–

11.7	 ka	 BP);	 Colhoun	 and	 Synge,	 1980;	 discussed	 in	 Chapter	 2)	 without	 apparent	

consideration	of	ice	extent	or	dynamics	at	other	local	sites,	or	have	focused	upon	larger	scale	

patterns	of	 glaciation	 (e.g.	Warren,	 1993;	Ballantyne	 et	 al.,	 2006;	Tomkins	 et	 al.,	 2018a;	

reviewed	in	Chapter	2).	This	existing	work	provides	a	useful	framework	for	overall	patterns	

of	 deglaciation	 in	 the	 area.	 However,	 a	 detailed	 assessment	 of	 the	 geomorphological	

evidence	and	regional	context	is	required	in	order	to	reconstruct	the	style	and	configuration	

of	 ice	 recession.	 In	 addition,	 the	 area	 is	 considered	 marginal	 for	 YD	 glaciation	 and	

characterised	 only	 by	 small	 cirque	 glaciers	 in	 upland	 locations	 (Warren,	 1993).	 This	 is	

supported	by	absolute	dating	at	Kelly’s	Lough	(Barth	et	al.,	2017)	and	Lough	Nahanagan	

(Colhoun	and	Synge,	1980),	as	well	as	additional	relative	dating	at	Upper	Lough	Bray	and	

Mullaghcleevaun	(Tomkins	et	al.,	2018a).	However,	a	full	regional	assessment	of	YD	extent	

has	not	yet	been	undertaken.		

Since	previous	work	has	tended	to	focus	on	selected	sites	(e.g.	Colhoun	and	Synge,	1980;	

Barth	et	al.,	2017;	Tomkins	et	al.,	2018a)	and/or	general	patterns	of	regional	ice	extent	(e.g.	

Warren,	1993;	Ballantyne	et	al.	(2006;	Tomkins	et	al.,	2018a),	no	systematic	and	detailed	

glacial	 geomorphological	mapping	 of	 the	Wicklow	Mountains	 has	 been	 undertaken.	 The	

existing	mapping	is	either	limited	to	one	site	(e.g.	Colhoun	and	Synge,	1980)	or	consists	of	

‘generalised’	geomorphological	maps	(e.g.	Geological	Survey	of	Ireland,	2013;	Tomkins	et	
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al.,	2018a),	which	provide	an	indication	of	overall	patterns	of	glacier	extent,	but	do	not	allow	

detailed	 reconstructions	 to	 be	made.	 As	 a	 result,	 there	 are	 significant	 omissions	 in	 our	

current	understanding	of	glaciation	in	the	Wicklow	Mountains,	including:	

(1) the	transition	to	mountain	glaciation	during	the	LGIT	(~20–11	ka	BP)	as	a	result	of	

ice	cap	recession	and	thinning;	

(2) detailed	patterns	of	local	ice	recession	and	style(s)	of	glaciation	during	the	LGIT;	

(3) the	prevalence	of	glaciers	in	the	region	during	the	YD	(12.9–11.7	ka	BP);	

(4) topoclimatic	 controls	of	 ice	extent	and	associated	 implications	 for	palaeoclimate.	

	

Not	 only	 are	 there	 large	 areas	 of	 the	 Wicklow	 Mountains	 where	 LGIT	 ice	 extent	 and	

associated	dynamics	have	not	been	considered	(either	at	all,	or	in	any	detail),	there	are	also	

conflicting	 interpretations	 of	 the	 glacial	 geomorphological	 record	 in	 association	 with	

absolute	 (e.g.	Colhoun	and	Synge,	1980;	Bowen	et	al.,	2002;	Ballantyne	et	al.,	2006)	and	

relative	 dates	 (e.g.	 Tomkins	 et	 al.,	 2018a)	 (discussed	 in	 Chapter	 2).	 This	 illustrates	 the	

importance	of	establishing	the	geomorphological	context	 in	order	to	effectively	interpret	

dates.	

The	 Wicklow	 Mountains	 are	 a	 key	 area	 for	 improving	 understanding	 of	 post-LGM	 ice	

response	to	climatic	variations.	Their	location	between	the	mountains	of	western	Ireland	

and	mainland	Britain	enables	an	assessment	of	differences	along	a	west-east	or	southwest-

northeast	transect	between	Ireland	and	Wales/Scotland,	and	exploration	of	the	sensitivity	

of	the	region	to	North	Atlantic	cooling	during	the	Lateglacial	(e.g.	Finlayson	and	Bradwell,	

2007;	Bendle	and	Glasser,	2012;	Boston	et	al.,	2015;	Chandler	and	Lukas,	2017;	Jones	et	al.,	

2017;	Bickerdike	et	al.,	2018a,b).	Gaps	in	knowledge	on	the	region’s	glacial	history	can	be	

addressed	 by	 a	 detailed	 assessment	 of	 glacial	 geomorphology	 using	 a	 combination	 of	

remote	sensing	and	fieldwork,	as	demonstrated	elsewhere	in	Ireland	(e.g.	Anderson	et	al.,	

1998;	Rae	et	al.,	2004;	Greenwood	and	Clark,	2008;	Harrison	et	al.,	2010;	Clark	et	al.,	2018;	

Delaney	et	al.,	2018)	and	Britain	 (e.g.	Pearce,	2014;	Boston	et	al.,	2015;	Chandler,	2018;	

Clark	et	al.,	2018).	

	

1.2	Aims	and	objectives	

In	light	of	the	presently	limited	and	fragmentary	understanding	of	glacial	geomorphology	

in	 the	 Wicklow	 Mountains,	 this	 study	 aims	 to	 produce	 the	 first	 systematic	 regional	

assessment	 of	 the	 local	 palaeoglaciological	 record.	 This	 will	 be	 used	 to	 focus	 on	 the	

evolution	of	local	ice	following	the	LGM,	with	specific	focus	upon	(1)	ice	extent	and	dynamics	
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during	 and	 following	 the	 transition	 from	 a	 local	 ice	 cap	 to	 topographically	 constrained	

mountain	glaciation,	(2)	the	re-establishment	of	ice	during	the	YD,	and	(3)	the	topoclimatic	

controls	of	ice	extent	and	their	palaeoclimatic	implications.	Collectively,	this	will	produce	a	

more	robust	chronology	of	glacial	events	in	the	region	by	ascertaining	the	extent,	style,	and	

timings	of	glaciation	during	the	LGIT	(~20–11	ka	BP).	

	In	order	to	achieve	these	aims,	six	specific	objectives	are	defined:		

(a) record	the	glacial	and	associated	landforms	in	the	Wicklow	Mountains	to	produce	a	

geomorphological	framework	for	palaeoglaciological	reconstructions;		

(b) establish	 a	 sequence	 of	 glacial	 events	 in	 the	 Wicklow	 Mountains,	 based	 on	

geomorphological	evidence	and	the	available	geochronological	data;	

(c) examine	 the	 patterns,	 styles,	 and	 dynamics	 of	 glaciation	 following	 the	 transition	

from	an	ice	cap	to	a	topographically	constrained	ice	mass(es)	during	the	LGIT;	

(d) establish	the	controls	on	patterns	of	ice	mass	recession	during	the	LGIT;		

(e) determine	the	3D	extent	of	glaciation	during	the	YD	(12.9–11.7	ka	BP);		

(f) 	examine	the	palaeoclimatic	conditions,	including	the	influence	of	local	topoclimatic	

factors,	required	to	produce	the	pattern	of	YD	glaciation	identified	in	objective	(e).	

	

	

1.3	Thesis	structure	

Chapter	1,	 Introduction:	This	 chapter	 introduced	 the	 scientific	 rationale	 for	 the	 thesis,	

knowledge	gaps	associated	with	the	current	research,	and	the	aims	of	the	research	project.	

Chapter	 2,	 Glacial	 history	 of	 the	 Wicklow	 Mountains:	 Provides	 the	 contextual	

framework	 for	 the	 thesis	 by	 firstly	 putting	 the	 Wicklow	 Mountains	 into	 a	 wider	

geographical,	 geological,	 and	 glaciological	 context,	 and	 secondly	 by	 offering	 a	 detailed	

appraisal	of	the	glacial	history	of	the	Wicklow	Mountains.	

Chapter	 3,	 Landsystems	 review:	 Discusses	 the	 potential	 glacial	 landsystem	 models	

present	in	the	Wicklow	Mountains	in	the	context	of	the	topographic	setting	and	previously	

proposed	models	of	glaciation	for	the	region.		

Chapter	4,	Primary	data	collection	and	analysis:	Describes	the	principal	methods	used	

in	 this	 study,	 namely	 geomorphological	 mapping	 (remote	 sensing	 and	 field)	 and	

morphostratigraphy.	

Chapter	5,	Geomorphological	evidence	 for	glaciation:	Presents	 the	geomorphological	

evidence	for	glaciation,	thematically	describing	key	landform	assemblages	in	the	Wicklow	
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Mountains	and	their	spatial	distribution	in	order	to	identify	multiple	glacial	landsystems.	

This,	 along	 with	 published	 absolute	 dates,	 is	 used	 to	 develop	 a	 modified	

morphostratigraphic	framework	to	aid	identification	of	multiple	glacial	events	during	the	

LGIT.	

Chapter	6,	YD	glaciation:	Examines	the	 likely	extent	of	YD	glaciation	using	topographic	

setting,	 the	 glacial	 geomorphological	 evidence,	 radiation	 modelling,	 and	 surface	 profile	

modelling.	The	palaeoclimatic	implications	of	reconstructed	ice	extent	are	also	considered,	

along	 with	 the	 effects	 of	 local	 topoclimatic	 factors	 (topographically	 enhanced	 snow	

accumulation	 and	 ablation)	 upon	 glacier	 initiation	 and	 survival.	 YD	 glacier	 limits	 are	

identified	before	assessment	of	the	wider	LGIT	as	this	is	the	most	recent	phase	of	glaciation	

and	is	likely	imprinted	on	top	of	the	LGIT	record.	In	addition,	renewed	YD	glaciation	should	

have	a	distinct	geomorphological	signature	(e.g.	Lukas,	2006;	Pearce,	2014;	Boston	et	al.,	

2015;	Bickerdike	et	al.,	2018a,b)	and	once	YD	extent	is	established,	the	remaining	glacial	

geomorphology	outside	of	YD	limits	can	be	presumed	to	relate	to	wider	LGIT	ice	recession.		

Chapter	7,	LGIT	ice	mass	configuration	and	evolution:	Examines	ice	mass	configuration	

and	 evolution	 in	 the	Wicklow	Mountains	 during	 the	 LGIT,	 and	 presents	 potential	 two-

dimensional	 LGIT	 recessional	 scenarios,	 based	 on	 a	 combination	 of	 geomorphological	

evidence,	 surface	 profile	modelling,	 and	 the	 available	 absolute	 dating.	 Former	 ice	 limits	

during	 recession	 are	 also	 reconstructed	 across	 the	 study	 area	 based	 on	 the	 pattern	 of	

moraines	and	are	used	to	(a)	identify	different	styles	and	patterns	of	deglaciation	and	(b)	

consider	controls	on	retreat	patterns.	

Chapter	8,	Discussion:	Discusses	the	wider	implications	of	the	main	findings	of	the	thesis,	

this	 includes:	 glacial	 reconstructions	 of	 small	 ice	 masses	 (paucity	 of	 glacial	

geomorphological	 evidence;	 suitability	 of	 morphostratigraphy);	 YD	 glaciation	

(reconstructed	ice	extent;	the	Wicklow	Mountains	in	the	context	of	marginal	YD	glaciation	

in	 Ireland	 and	 Britain);	 LGIT	 glaciation	 (glaciation	 extent,	 style,	 and	 evolution;	 the	 co-

existence	of	different	sized	ice	masses;	the	controls	on	ice	recession	patterns);	and	insights	

into	ice	recession	in	areas	of	more	complex	topography.	

Chapter	 9,	 Summary	 and	 conclusions:	 Summarises	 the	 key	 findings	 of	 the	 study	 and	

identifies	opportunities	for	future	research.	
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Chapter	2:	Glacial	history	of	the	Wicklow	Mountains

The	aim	of	this	chapter	is	to	explain	the	context	of	the	study	area	in	terms	of	its	physical	

location,	 topography	 (section	 2.1),	 and	 geology	 (section	 2.2),	 as	 well	 as	 the	 present	

understanding	of	regional	 (section	2.3)	and	 local	 (section	2.4)	glaciation	during	 the	Late	

Devensian.	Section	2.3	provides	an	overview	of	the	current	understanding	of	the	wider	BIIS	

at	the	LGM	(section	2.3.1),	regional	post-LGM	ice	retreat	(section	2.3.2),	and	the	extent	of	

glaciation	in	Britain	and	Ireland	during	the	YD	(section	2.3.3).	Following	this	in	section	2.4,	

there	is	a	review	and	discussion	of	the	previous	Quaternary	glacial	research	in	the	Wicklow	

Mountains	with	a	focus	on	existing	models	of	ice	extent	at	the	LGM	(section	2.4.1),	post-LGM	

ice	 retreat	 and	 ice	 dynamics	 during	 the	 LGIT	 (section	2.4.2),	 and	YD	 ice	 extent	 (section	

2.4.3).	

	

2.1	Study	area:	The	Wicklow	Mountains	

The	 Wicklow	 Mountains	 (52°53’N-53°15’N;	 06°11’W-06°36’W)	 are	 situated	 in	 eastern	

Ireland,	around	15	km	south	of	Dublin	and	20	km	inland	from	the	Irish	Sea	coast	(Figure	

2.1).	The	region	forms	the	largest	expanse	of	continuous	upland	in	Ireland	(Malone,	1908),	

covering	an	area	of	~500	km2.	The	main	mountain	axis	extends	for	~27	km	southwest	from	

the	northern	high	point	of	Kippure	(757	m)	to	the	highest	point	in	the	Wicklow	Mountains,	

Lugnaquillia	(925	m),	located	in	the	southwest	of	the	region.	Broadly,	the	high	ground	of	the	

main	mountain	axis	 is	characterised	by	a	rolling	peat-covered	plateau	(400–700	m).	The	

plateau	is	interrupted	by	a	number	of	rounded	summits	(360–925	m),	numerous	cirques,	

and	deep	glacial	troughs	that	are	generally	aligned	northwest-southeast.	

	

The	region	can	be	divided	into	three	distinct	zones;	North	(mid-level	plateau),	Central	(high-

level	plateau),	and	South	(alpine	topography)	(Figure	2.2).	In	the	northern	zone,	a	mid-level	

(400–500	m	elevation)	sloping	plateau	covering	an	area	of	~	45	km2	stretches	from	Liffey	

Head	(northeast),	through	Sally	Gap,	to	Inchavore.	The	plateau	is	bordered	to	the	north	and	

west	by	the	rounded	summits	of	Carrigvore	(682	m),	Gravale	(718	m),	Duff	Hill	(720	m),	

Mullaghcleevaun	East	(795	m),	Barnacullian	(714	m),	and	Tonelagee	(817	m).	The	east	and	

south	 of	 the	mountain	 plateau	 is	 fringed	 by	 eight	 lower	 level	 outlet	 valleys	 and	 several	

higher	summits	(Luggala,	595	m;	Knocknacloghoge,	534	m;	Kanturk,	523	m;	Scarr,	641	m;	

Djouce,	725	m;	War	Hill,	686	m).	To	the	southwest	of	this	region,	beyond	the	high-level	pass	

of	Wicklow	Gap	(~460	m),	the	central	Wicklow	Mountains	is	characterised	by	a	high-level		
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Figure	2.1.	Location	of	the	Wicklow	Mountains	in	Ireland	and	other	key	locations	referred	to	in	the	
text.	See	appendix	for	more	details.		
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plateau	(~650	m).	This	peat-covered	plateau	covers	~7	km2,	stretching	roughly	northeast-

southwest.	 Nine	 outlet	 valleys	 extend	 radially	 from	 the	 plateau	 edge.	 Several	 are	

characterised	by	gently	sloping	backwalls	(e.g.	Glenealo,	Glenealo	Tributary,	Glenmalure,	

Glenmalure	 Tributary,	 Glenogvore,	 Firrib)	 but	 others	 have	 steep	 backwalls	 distinctly	

separating	the	outlets	from	the	higher	ground	(e.g.	Glenreemore,	Asbawn,	Knickeen).	The	

eastern	edge	of	the	plateau	abruptly	ends	at	Lough	Nahanagan,	a	large	cirque	eroded	into	

the	sidewall	where	the	plateau	meets	the	Wicklow	Gap.		
	

Figure	2.2.	Location	of	the	Wicklow	Mountains,	including	North,	Central,	and	South	zones.	Elevation	
is	presented	as	metres	over	datum	(m	OD).	See	appendix	for	more	details.	
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Alpine-style	topography	occurs	to	the	southwest	of	the	high-level	plateau,	separated	by	the	

deep	glacial	 trough	of	Glenmalure.	Lugnaquillia	(925	m)	dominates	the	 landscape	in	this	

zone	and	several	outlet	valleys	emanate	from	its	flanks	via	steep	cirques	(e.g.	North	Prison,	

South	 Prison,	 Fraughan	 Rock	 Glen).	 Beyond	 this,	 several	 other	 alpine-style	 cirques	 and	

valleys	 (e.g.	 Kelly’s	 Lough/Carrawaystick,	 Art’s	 Lough,	 Leoh)	 characterise	 the	 steep	

topography	in	this	area.	Cirques	are	not	just	limited	to	this	southern	sector	of	the	Wicklow	

Mountains,	with	numerous	cirques	dotted	on	the	peripheries	of	the	aforementioned	central	

high-plateau	(e.g.	Lough	Nahanagan)	and	northern	mid-level	mountain	plateau	(e.g.	Lough	

Ouler,	Lough	Cleevaun,	Lough	Tay,	and	Upper	and	Lower	Lough	Bray).		

	

2.2	Geology	

The	Wicklow	Mountains	are	characterised	by	a	large	northeast-southwest	trending	granite	

batholith	(Figure	2.3),	forming	the	main	mountain	axis	(Ballantyne	et	al.,	2006).	This	is	part	

of	the	Leinster	Granite	Batholith,	the	largest	continuous	body	of	granite	(200km2)	in	Ireland,	

which	 runs	 from	 Dún	 Laoghaire	 in	 County	 Dublin	 to	 New	 Ross	in	 County	 Wexford	

(Cunningham	et	al.,	2003).	The	batholith	is	comprised	of	five	plutons	that	were	diapirically	

emplaced	 into	 the	Ordovician	Maulin	 formation	 (shales	 and	 sandstones)	 of	 the	 Leinster	

Massif	during	the	mountain	building	phase	of	the	Late	Caledonian	(404	±	24	Ma;	O’Connor	

and	 Brück,	 1978).	 During	 granite	 intrusion,	 surrounding	 Ordovician	 rocks	 were	

metamorphosed,	 forming	 an	 aureole	 of	 mica-schist,	 slate,	 and	 quartzite.	 However,	

subsequent	denudation	via	weathering	and	erosion	has	 largely	removed	this	material	 to	

expose	 the	originally	deep-seated	granite	 (Warren,	1993).	The	granite	 is	cut	by	younger	

quartz	veins	containing	lead	and	zinc,	which	have	been	mined	in	the	region	(Croke,	1994).	

Fragments	of	overlying	mica-schist	can	still	be	found	in	a	few	areas,	particularly	on	selected	

high-level	 summits	 (e.g.	 Lugnaquillia,	 Scarr,	Djouce),	whose	 steep	morphology	 contrasts	

with	the	more	prevalent	round	granite	summits	(e.g.	War	Hill,	Gravale,	Carrigvore)	(Figure	

2.3).	Remnants	of	the	mica-schist	aureole	are	also	found	at	the	edge	of	the	central	granite	

core	of	the	mountains	(Holland	and	Sanders,	2009).	The	geological	divide	between	granite	

and	schist	is	identifiable	at	sites	such	as	Glendalough,	Glenmacnass,	and	Lough	Tay,	where	

the	geological	transition	has	controlled	the	formation	of	glacial	overdeepenings	(Coxon	et	

al.,	2012).	Towards	the	coast,	beyond	the	extent	of	the	study	area,	quartzite	is	still	present	

on	the	eastern	summits	of	Bray	Head,	Little	Sugar	Loaf,	and	Great	Sugar	Loaf.	



	 	
Chapter	2:	Glacial	history	of	the	Wicklow	Mountains	

 

  12 

Figure	2.3.	Geology	of	the	Wicklow	Mountains	(1:50,000).	Faults	are	indicated	by	solid	black	lines.	
Elevation	is	presented	as	metres	over	datum	(m	OD).	Geological	data:	contains	Irish	Public	Sector	
Data	(Geological	Survey)	licensed	under	a	Creative	Commons	Attribution	4.0	International	(CC	BY	
4.0)	licence).		
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2.3	The	British-Irish	Ice	Sheet	(BIIS)	

2.3.1	The	BIIS	at	the	LGM	(27–24	ka	BP)	

The	BIIS	has	a	long	history	of	research	dating	back	to	the	19th	century	(e.g.	Jamieson,	1874;	

Wood,	1877;	Geikie,	1886;	Lewis,	1886,	1894).	This	body	of	work	includes;	studies	of	the	

terrestrial	(e.g.	Greenwood	and	Clark,	2008,	2009a,b;	Hughes	et	al.,	2010,	2014;	Clark,	C.D.	

et	al.,	2012,	2018)	and	marine	(e.g.	Dunlop	et	al.,	2010;	Finlayson	et	al.,	2014;	Roberts	et	al.,	

2019;	Scourse	et	al.,	2019;	Callard	et	al.,	2020)	imprints	of	glaciation,	the	geochronology	of	

the	 ice	 sheet	using	absolute	dating	 techniques	 including	radiocarbon	 (e.g.	McCabe	et	 al.,	

2005,	2007a;	Brown	et	al.,	2007;	Ó	Cofaigh	and	Evans,	2007;	Praeg	et	al.,	2015;	Peters	et	al.,	

2016),	optically	stimulated	luminescence	(OSL)	(e.g.	Bateman	et	al.,	2008;	Smedley	et	al.,	

2017b;	Glasser	et	al.,	2018;	Roberts	et	al.,	2019),		cosmogenic	nuclides	(CN)	(e.g.	Bowen	et	

al.,	 2002;	 Ballantyne,	 2010;	 Everest	 et	 al.,	 2012;	 Clark,	 J.	 et	 al.,	 2012;	 Fabel	 et	 al.,	 2012;	

Hughes,	A.L.	et	al.,	2016;	Small	et	al.,	2017),	and	numerical	modelling	of	ice	sheet	growth	

and	decline	(e.g.	Hubbard	et	al.,	2009;	Patton	et	al.,	2013,	2016,	2017;	Gandy	et	al.,	2019).	

The	last	twenty	years	has	seen	a	concerted	community	effort	to	make	the	BIIS	one	of	the	

best	constrained	and	well-mapped	ice	sheets	in	the	world	(c.f.	Hughes	et	al.,	2015;	Ely	et	al.,	

2017)	through	the	compilation	and	validation	of	existing	datasets,	and		targeted	acquisition	

of	new	datasets,	as	part	of	the	BRITICE	(Clark,	C.D.	et	al.,	2004,	2012)	and	BRITICE	version	

2	(including	BRITICE-CHRONO,	Clark	et	al.,	2018)	projects.	As	a	result,	in	recent	years	our	

understanding	of	the	extent,	dynamics,	and	chronology	of	the	last	BIIS	has	been	radically	

transformed.	Whilst	 the	 focus	of	 this	 thesis	 is	on	 the	most	 recent	period	of	glaciation,	 it	

should	be	acknowledged	that	detailed	understanding	of	BIIS	limits	are	not	just	restricted	to	

Devensian	glaciation	(MIS	2)	but	also	stretch	back	to	the	Anglian	glaciation	(MIS	12;	~478–

424	ka	BP)	(Rose,	2009;	Lee	et	al.,	2011).	

	It	is	now	widely	accepted	that	large	sectors	of	the	BIIS	were	marine	based	(Clark,	C.D.	et	al.,	

2012,	2018)	and,	at	the	LGM,	this	is	thought	to	have	accounted	for	at	least	50%	of	the	ice	

sheet	(Sejrup	et	al.,	2016;	Callard	et	al.,	2020).	The	ice	sheet	is	now	recognised	to	be	much	

larger	than	previously	suggested	(e.g.	Bowen	et	al.,	1986;	Clark	et	al.,	2004).	The	maximum	

limits	of	the	ice	sheet	are	now	thought	to	have	extended	from	the	west	of	the	Shetland	Shelf	

in	the	north	(Bradwell	et	al.,	2019)	to	the	shelf-edge	in	the	Celtic	Sea	in	the	south	(Praeg	et	

al.,	2015;	Scourse	et	al.,	2019),	and	from	the	Porcupine	Bank	in	the	west	(Peters	et	al.,	2016;	

Callard	et	al.,	2018;	Ó	Cofaigh	et	al.,	2019;	Scourse	et	al.,	2019;	Callard	et	al.,	2020)	to	the	

North	Sea	Basin,	where	the	ice	sheet	was	briefly	confluent	with	the	Fennoscandian	Ice	Sheet	

(FIS;	Sejrup	et	al.,	2005,	2009;	Becker	et	al.,	2018;	Hjelstuen	et	al.,	2018;	Bradwell	et	al.,	

2019).		
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The	BIIS	is	thought	to	have	covered	~850,000	km2	at	the	LGM	(27–24	ka	BP)	(Clark,	C.D.	et	

al.,	 2012;	 Bradwell	 et	 al.,	 2019).	 However,	 maximum	 ice	 sheet	 extent	 was	 not	

contemporaneous	 across	 all	margins	 at	 the	 LGM	 and	 the	 ice	 sheet	 reached	 a	maximum	

extent	at	different	times	in	various	sectors	(Figure	2.4;	Clark	et	al.,	2018).	Advances	of	the	

southern	margin	(e.g.	ISIS;	23	ka	BP)	post-dated	the	northern	and	western	LGM	extents,	and	

the	 ice	 sheet	 also	 experienced	 asymmetrical	 retreat	 (Ballantyne	 and	 Ó	 Cofaigh,	 2017).	

Understanding	 of	 the	 BIIS	 has	 also	 shifted	 away	 from	 a	 conceptual	 model	 of	 fixed	 ice-

dispersal	centres	to	a	dynamic	ice	sheet	with	shifting	ice	divides	drained	by	several	large,	

fast-flowing	ice	streams	(e.g.	ISIS,	Minch,	Tweed,	Tyne	Gap,	Strathmore),	which	played	a	key	

role	 in	 ice	 sheet	 growth	 and	 demise	 (Hubbard	 et	 al.,	 2009;	 Benn	 and	 Evans,	 2010;	

Livingstone	 et	 al.,	 2012;	Hughes	 et	 al.,	 2014).	 Several	 areas	 of	 active	 discussion	 remain,	

including;	the	timings	of	coalescence	with	the	FIS	(Merritt	et	al.,	2017;	Roberts	et	al.,	2018)	

and	the	potential	role	of	surge-type	behaviour	at	a	number	of	areas	of	the	ice	sheet	margin		

(e.g.	Eyles	et	al.,	1994;	Boston	et	al.,	2010;	Evans	and	Thomson,	2010;	Bateman	et	al.,	2018;	

Bradwell	et	al.,	2019).	

	

	

	

	

	

	

	

	

	

	

	

Figure	2.4	a)	Reconstruction	of	the	BIIS	retreat	pattern	inferred	from	the	BRITICE	v2	database;	b)	
overview	of	 the	proposed	maximum	ice	sheet	extent,	note	 that	 this	 time-transgressive	across	 the	
sectors.	Traditional	ice	sheet	extent	(e.g.	Bowen	et	al.,	1986)	is	depicted	by	the	red	line,	the	white	
shaded	area	indicates	ice	extent	at	27	ka	BP	with	black	lines	depicting	subsequent	advances	of	the	
southern	margin.	Location	of	the	Wicklow	Mountains	is	 indicated	in	both	scenarios	by	the	purple	
box.	Source:	Clark	et	al.,	2018.		

a) b) 
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Ireland	was	not	included	in	the	first	BRITICE	compilation	(Clark	et	al.,	2004),	despite	a	long	

history	 of	 glacial	 geomorphological	 investigation	 (e.g.	 Close,	 1864,	 1867;	 Hull	 1878;	

Dwerryhouse,	 1923;	 Charlesworth,	 1924,	 1928,	 1939).	 BRITICE	 v2	 (Clark	 et	 al.,	 2018)	

expanded	to	the	Irish	sector	of	the	BIIS,	incorporating	more-recent	research	(e.g.	Clark	and	

Meehan,	2001;	Greenwood	and	Clark	2008,	2009a,	2009b;	Clark,	C.D.	et	al.,	2012)	(Figure	

2.4).	Prior	to	this	work,	traditional	models	of	the	last	Irish	Ice	Sheet	(IIS)	had	persisted	since	

the	19th	century	and	portrayed	a	largely	land-terminating	ice	sheet	of	restricted	extent	(e.g.	

Hull,	1878;	Lewis,	1894;	Charlesworth,	1928;	Bowen	et	al.,	2002;	Knight	et	al.,	2004)	(Figure	

2.5).	The	traditional	model	was	largely	founded	on	the	division	of	glaciogenic	deposits	into	

‘younger’	and	 ‘older’	drift	(Wright,	1914)	based	on	 ‘freshness’	and	degree	of	weathering.	

Critically,	a	 large	discontinuous	 ‘moraine	belt’	 (largely	kames,	kettled	sand	and	gravels),	

known	 as	 the	 South	 Ireland	 End	Moraine	 (SIEM),	 which	 extends	 from	 the	 south	 of	 the	

Wicklow	Mountains	across	the	Irish	Midlands	to	the	Shannon	Estuary,	was	interpreted	as	

the	southern	terminal	limit	of	the	Late	Devensian	IIS	(Charlesworth,	1928).	This	was	based	

on	‘fresh’	deposits	north	of	the	moraine,	compared	to	seemingly	more	weathered	deposits	

to	the	south,	interpreted	to	relate	to	a	pre-Devensian	glaciation	(Ballantyne	and	Ó	Cofaigh,	

2017).		As	part	of	this	traditional	model,	an	independent	Kerry-Cork	ice	cap	in	southwestern	

Ireland	was	proposed	based	on	 the	 radial	 distribution	of	 striae	 and	 roches	moutonnées	

(Figure	2.5;	Warren,	1979).		

The	SIEM	model	of	maximum	ice	extent	(Charlesworth,	1928)	has	now	been	superseded	

and	it	is	recognised	that	the	SIEM	represents	a	retreat	stage,	rather	than	the	limit	of	LGM	

ice	extent	(Greenwood	and	Clark,	2008,	2009a,b;	Clark,	C.D.	et	al.,	2012).	Offshore	extension	

of	 the	 Irish	 ice	margin	 is	 supported	by	 a	 range	of	 both	 terrestrial	 and	marine	 evidence,	

including;	identification	of	suites	of	offshore	moraines	(Benetti	et	al.,	2010;	Dunlop	et	al.,	

2010;	Clark,	C.D.	et	al.,	2012),	various	deglaciation	ages	from	radiocarbon	dated	material	

obtained	from	ocean	cores	(Scourse	et	al.,	2009;	Purcell,	2014;	Peters	et	al.,	2015),	dated	

stratigraphic	sequences	along	the	coast	of	southern	Ireland	(Ó	Cofaigh	and	Evans,	2007;	Ó	

Cofaigh	et	al.,	2012;	Gallagher	et	al.,	2015),	CN	ages	outside	the	traditional	limits	of	the	last	

IIS	(Bowen	et	al.,	2002;	Ballantyne	et	al.,	2007,	2008;	Clark,	2009;	Ballantyne	and	Stone,	

2015;),	 and	 trimline	 extrapolation	 offshore	 (Ballantyne	 et	 al.,	 2007,	 2008).	 The	 current	

consensus	 is	 that,	 at	 the	 LGM,	 all	 of	 terrestrial	 Ireland	 was	 covered	 by	 ice,	 which	 was	

confluent	with	British	ice	to	form	the	wider	BIIS	(Figure	2.4;	Clark,	C.D.	et	al.,	2012).		
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Figure	 2.5.	Models	 of	 the	 extent	 of	 ice	 in	 Ireland	 and	 the	 adjacent	 shelf	 during	 the	 LGM.	 a)	 The	
tradition	model	of	ice	extent	terminating	at	the	SIEM	(McCabe,	1987);	b)	a	revised	model	indicating	
offshore	ice	extension	and	full	terrestrial	ice	cover,	except	an	unglaciated	enclave	in	the	southwest		
(Warren	and	Ashely,	1994);	c)	model	of	LGM	ice	extent	extending	to	the	shelf	edge	west	of	Ireland	
and	south	across	the	Celtic	Sea	(Sejrup	et	al.,	2005).	Note	that	ice	extent	has	now	been	confirmed	
further	south	than	depicted,	at	the	shelf	edge	(cf.	Praeg	et	al.,	2015).	Source:	Ballantyne	and	Ó	Cofaigh,	
2017.	

	

2.3.2	Deglaciation	of	the	BIIS	(23–11	ka	BP)	

The	timings	of	 ice	advance	and	recession	 in	association	with	deglaciation	of	 the	BIIS	are	

continuously	being	adjusted	due	to	the	significant	number	of	new	dates	emerging	from	the	

BRITICE-CHRONO	 project.	 Current	 knowledge	 suggests	 that	 by	 23	 ka	 BP,	 the	 BIIS	 was	

retreating	across	its	northern	boundaries	(i.e.	northwest	Scotland)	(Clark,	C.D.	et	al.,	2012)	

as	 southern	margins	were	 expanding	 (i.e.	 transient	 ice	 streaming	 in	 the	 Irish	 Sea;	 ISIS)	

(Smedley	et	al.,	2017a;	Small	et	al.,	2018;	Scourse	et	al.,	2019).	The	BIIS	as	a	whole	was	in	

significant	 decline	 by	 as	 early	 as	 19	 ka	 BP	 (Walker	 and	 Lowe,	 2019),	 but	 long-term	

disintegration	 (19–15	 ka	 BP)	 of	 the	 ice	 sheet	 occurred	 via	 separation	 into	 a	 number	 of	

individual	 ice	 masses	 (e.g.	 Welsh,	 Southern	 Uplands,	 Northwest	 Highlands,	 Orkney,	

Shetland,	Outer	Hebrides,	Kerry-Cork,	 and	Western	and	Northern	 Irish	 Ice	Caps),	 rather	

than	retreat	as	a	single	ice	mass	(Figures	2.6,	2.7;	Greenwood	and	Clark,	2009b;	Clark,	C.D.	

et	al.,	2012).	The	marine	margins	of	the	ice	sheet	were	in	a	state	of	collapse	by	19	ka	BP,	

with	significant	ice	loss	both	off	the	west	coast	of	Ireland	and	in	the	Irish	Sea	(Ballantyne	

and	Ó	Cofaigh,	2017).	It	is	thought	that	the	marine	sectors	had	fully	collapsed,	and	most	ice	

margins	had	retreated	onshore	by	17	ka	BP	(Clark,	C.D.	et	al.,	2012).	Between	16.5–16	ka	

BP,	the	Irish	and	British	sectors	of	the	ice	sheet	separated	into	autonomous	Irish	and	British	

ice	domes	(Figure	2.6;	Clark,	C.D.	et	al.,	2012;	Finlayson	et	al.,	2014).	Ice	margin	retreat	was	

interrupted	 by	 several	 local	 stillstands	 and	 readvances,	 driven	 either	 by	 internal	

reorganisation	within	 the	 ice	sheet	or	climatically-induced	changes	 in	mass	balance	(e.g.	
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Killard	Point	Readvance,	~17.3–16.6	ka	BP,	McCabe	et	 al.,	 2005,	2007b,	Finlayson	et	 al.,	

2014;	Wester	Ross	Readvance,	16.9–14.7	ka	BP;	Robinson	and	Ballantyne,	1979).	Most	of	

lowland	Scotland	is	thought	to	have	been	ice	free	by	~15	ka	BP	(Clark,	C.D.	et	al.,	2012),	and	

ice	was	 confined	 to	 the	Western	Highlands	 by	~14	 ka	 BP	 (Ballantyne	 and	 Small,	 2019;	

Walker	and	Lowe,	2019).		

In	 Ireland,	 deglaciation	 ages	 suggest	 that	 the	 ice	margin	 retreated	 to	 the	 coastal	 fringes	

before	 ~	 20	 ka	 BP	 (Ballantyne	 and	 Ó	 Cofaigh,	 2017;	 Figure	 2.5,	 2.6).	 Offshore	 to	 the	

northwest	of	Ireland,	nested	end	moraines	and	recessional	moraines	on	the	marine	shelf	

indicate	the	net	retreat	of	a	grounded	ice	margin,	interrupted	by	stillstands	or	readvances	

(Benetti	et	al.,	2010;	Dunlop	et	al.,	2010;	Ó	Cofaigh	et	al.,	2012a).	Iceberg	furrows	on	the	

outer	shelf	record	ice-sheet	breakup	via	calving,	which	may	have	been	triggered	by	rising	

sea	 levels.	 Northwest-southeast	 aligned	 moraines	 indicate	 ice	 retreat,	 thought	 to	 have	

initiated	~	 23	 ka	BP,	 back	 towards	 the	modern	 coastline	 (Dunlop	 et	 al.,	 2010).	West	 of	

Ireland,	the	marine	ice	margin	retreated	(initiating	~	24.4	ka	BP)	as	a	grounded	ice	mass	

from	the	Porcupine	Bank	(Callard	et	al.,	2020).	A	major	stillstand	created	the	Galway	Lobe	

Moraine	 complex,	 which	 has	 recently	 been	 reinterpreted	 as	 a	 recessional	 moraine	 or	

grounding-zone	wedge	(Peters	et	al.,	2015),	rather	than	the	maximum	westward	extent	of	

the	BIIS	as	previously	postulated	(e.g.	Sejrup	et	al.,	2005;	Scourse	et	al.,	2009;	Clark,	C.D.	et	

al.,	 2012).	 Based	 on	 a	 radiocarbon	 age	 from	marine	 sediments	 overlying	 a	 transitional	

glaciomarine	lithofacies,	 it	was	inferred	that	open	water	(ice	free)	conditions	were	likely	

established	in	the	area	at	~	19	cal	ka	BP	(Peters	et	al.,	2015).	This	is	supported	by	36Cl	CN	

exposure	ages	obtained	for	Loop	Head	Peninsula	(20.3	±	18	ka	BP)	and	the	northern	coast	

of	Galway	Bay	(20.9	±	2.7	ka	BP;	Bowen	et	al.,	2002),	which	provide	indicative	ages	for	ice-

margin	retreat	to	the	modern	coast	of	western	Ireland.	

Until	recently,	the	ISIS	had	been	one	of	the	most	poorly-understood	components	of	the	BIIS.	

However,	it	is	now	recognised	that	a	grounded	ISIS	extended	as	far	as	the	continental	shelf	

break	during	the	LGM	(27–24	ka	BP;	Praeg	et	al.,	2015;	Lockhart	et	al.,	2018;	Scourse	et	al.,	

2019).	This	advance	was	transient	(Ó	Cofaigh	and	Evans,	2007;	Scourse	et	al.,	2019)	and	

possibly	 surge-like	 (Scourse	 and	 Furze,	 2001).	 Both	 OSL	 and	 CN	 dating,	 along	 with	 an	

absence	of	large	moraines,	indicate	rapid	northwards	deglaciation	soon	after	the	LGM.	The	

ISIS	margin	had	retreated	to	the	Isles	of	Scilly	by	~	25.5	±	1.5	ka	BP	(Smedley	et	al.,	2017a),	

to	the	vicinity	of	the	St	Georges	Channel	by	24.3	ka	BP	(sea	channel	between	Ireland	and		

Great	Britain)	where	the	ice	margin	oscillated	(Small	et	al.,	2018),	and	to	the	Llŷn	Peninsula	

by	23.9	ka	BP	(another	quasi-stable	position,	Smedley	et	al.,	2017b;	Scourse	et	al.,	2019),	

before	completely	collapsing	at	the	Isle	of	Man	by	19.1	ka	BP	(Scourse	et	al.,	2019).		
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Figure	2.6.	Reconstructions	 of	 the	
demise	of	the	BIIS.	Ice	margins	are	
based	 on	 retreat	 analysis	 (Clark,	
C.D.	 et	 al.,	 2012),	 whereas	 ice	
divide	 positions	 and	 flow	
configurations	are	partly	based	on	
flow	 evidence	 (Greenwood	 and	
Clark,	2009a;	Hughes	et	al.,	2010)	
but	 are	 schematic	 in	 areas	where	
this	 is	 unknown.	 Ice	 divides	
(white),	 ice	 streams	 (thick	 blue	
arrows)	 and	 sheet-flow	 geometry	
(thin	 blue)	 are	 shown.	 Adapted	
from:	Clark,	C.D.	et	al.,	2012.	
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Figure	2.7.	Generalised	ice	sheet	reconstruction	of	Ireland.	Ice	divides	are	represented	by	thick	solid	
black	lines,	the	outer	line	is	the	proposed	ice	sheet	limit,	flowlines	are	represented	by	thin	solid	black	
lines	and	join	the	ice	divide.	The	reconstructions	are	stylised	but	based	on	detailed	geomorphological	
evidence.	Ice	margin	retreat	is	shown	in	each	stage	as	two	separate	time	steps:	an	outer	(shaded)	
margin	 followed	 by	 retreat	 to	 an	 inner	 position.	 Final	 vestiges	 of	 ice	 are	 thought	 likely	 to	 have	
features	in	the	mountains	of	Connemara,	Leitrim,	and	Donegal	(Stage	VII).	Local	ice	centres	beyond	
the	 southern	margins	 of	 the	 ice	 sheet	 (e.g.	 Kerry-Cork	 and	Wicklow	 Ice	 Caps)	 are	 not	 included.	
Adapted	from:	Greenwood	and	Clark,	2009b.		

	

	

	

	

	

	



	 	
Chapter	2:	Glacial	history	of	the	Wicklow	Mountains	

 

  20 

Reconstructions	of	ice-margin	retreat	rates	indicate	rapid	initial	deglaciation	(300-600	m	a-

1)	in	the	Celtic	Sea,	transitioning	to	much	slower	rates	(~26	m	a-1)	where	the	ice	stream	was	

topographically	 constrained	 within	 the	 St	 George’s	 Channel	 (between	 24.2–22.1	 ka	 BP;	

Small	et	al.,	2018).	CN	dating	suggests	that	at	~22.1–21.6	ka	BP	the	ISIS	margin	remained	

south	of	County	Wicklow	but	was	retreating	rapidly	at	average	rates	of	152	m	a-1.	By	21.6–

19.5	 ka	BP,	 ice	 retreat	 had	 slowed	 to	~21	m	a-1	 and	was	 in	 the	 vicinity	 of	 the	Wicklow	

coastline,	 with	 sedimentological	 evidence	 for	 an	 ice	 margin	 stillstand	 at	 Greystones	

(McCabe	and	Ó	Cofaigh,	1995)	and	oscillatory	ice	margin	retreat	at	Killiney	(Rijsdijk	et	al.,	

2010;	Small	et	al.,	2018).	There	remains	some	disagreement	as	to	whether	retreat	of	the	ISIS	

was	primarily	driven	by	internal	oscillations	(Scourse	et	al.,	2019)	or	regulated	by	trough	

geometry	with	pacing	 independent	of	 climate-oceanic	 forcing	 (Small	 et	 al.,	 2018).	 It	 has	

been	suggested	that	rapid	deglaciation	on	the	outer	shelf	may	have	been	initiated	by	rising	

sea	level	driven	by	glacio-isostatic	depression	during	peak	glaciation,	before	transitioning	

to	 slower	 retreat	 controlled	 by	 topographic	 restriction	 in	 the	 vicinity	 of	 the	 St	 George’s	

Channel	(Scourse	et	al.,	2019).	In	addition,	the	established	chronology	of	rapid	ice	stream	

advance	and	withdrawal	is	also	consistent	with	numerical	modelling	studies	of	the	wider	

BIIS,	which	have	struggled	to	simulate	a	steady	state	ice	stream	on	the	scale	of	the	ISIS	(e.g.	

Boulton	and	Hagdorn,	2006;	Hubbard	et	al.,	2009).	

In	the	south	of	Ireland,	CN	dates	imply	that	mountain	summits	emerged	from	the	thinning	

ice	before	~	21	ka	BP	(Ballantyne	and	Stone,	2015).	This	includes	10Be	ages	averaging	23.4	

±	 1.2	 ka	 BP	 (high-level	 ice	 moulded	 bedrock)	 on	 Blackstairs	 Mountain	 (County	

Carlow/Wexford	boundary),	 an	exposure	date	of	22.8	±	 1.1	ka	BP	 (glacially	 transported	

boulder)	 on	 Slievenamon	 (County	 Tipperary),	 and	 three	 consistent	 10Be	 dates	 in	 the	

Comeragh	Mountains	averaging	21.7	±	1.1	ka	BP	(Ballantyne	and	Ó	Cofaigh,	2017).	This	is	

also	coherent,	within	dating	uncertainties,	with	a	 36Cl	age	obtained	 for	 the	Mottee	Stone	

(22.3	 ±	 2.0	 ka	 BP),	 located	 southeast	 of	 the	 Wicklow	 Mountains	 (Bowen	 et	 al.,	 2002).	

Unfortunately,	ice-marginal	geomorphological	evidence	is	limited	in	southern	Ireland.	As	a	

result,	all	existing	ice	sheet	reconstructions	use	the	SIEM	as	the	southernmost	terrestrial	ice	

limit	during	deglaciation	(Greenwood	and	Clark,	2009b;	Clark,	C.D.	et	al.,	2012).	An	arbitrary	

age	of	19	ka	BP	has	been	assigned	to	the	feature	(Clark,	C.D.	et	al.,	2012),	although	it	is	not	

clear	what	chronological	evidence	this	date	is	based	on.	Beyond	the	ice	sheet	margin,	local	

mountain	glaciation	ensued,	most	notably	the	independent	Kerry-Cork	Ice	Cap	(Clark,	C.D.	

et	 al.,	 2012).	 A	 10Be	 CN	 exposure	 date	 of	 19.5	±	 1.6	 ka	BP,	 obtained	 for	 a	 valley	 glacier	

moraine	 (Harrison	 et	 al.,	 2010),	 suggests	 that	 by	 ~	 19–18	 ka	 BP	 ice	 was	 restricted	 to	

mountain	 source	 areas	 in	 the	 Macgillycuddy’s	 Reeks.	 By	 18	 ka	 BP,	 it	 is	 proposed	 that	
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regional	ice	had	retreated	north	of	the	Wicklow	Mountains	(Figure	2.6)	but	remained	across	

the	Irish	Midlands	(Greenwood	and	Clark,	2009a,b).		

The	 pattern	 of	 retreat	 identified	 by	 Greenwood	 and	 Clark	 (2009a,b)	 suggests	 notable	

reorganisation	 of	 the	 flow	 geometry	 over	 Ireland	 and	 increasing	 ice	 sheet	 asymmetry	

(Figure	2.7),	with	ice	divides	migrating	westwards,	potentially	in	response	to	the	large-scale	

purging	 of	 ice	 from	 the	 east	 coast	 by	 the	 ISIS	 (Clark,	 C.D.	 et	 al.,	 2012).	 In	 addition,	 the	

crosscutting	 of	 successive	 generations	 of	 subglacial	 bedforms	 strongly	 indicates	 that	 ice	

sheet	retreat	was	interrupted	by	local	readvances	as	well	as	characterised	by	migration	of	

ice	divides	and	changing	flow	directions	(Greenwood	and	Clark,	2009b).	The	most	notable	

readvances	of	the	Irish	sector	of	the	BIIS	have	been	dated,	suggesting	coeval	readvances	of	

ice	in	the	northeast	and	north	of	Ireland	in	association	with	(1)	the	Clogher	Head	Readvance	

(~	18.4	ka	BP;	McCabe	et	al.,	1998,	2005,	2007b;	Clark,	J.	et	al.,	2012)	and	(2)	the	Killard	

Point	 Readvance	 (17.3–16.6	 ka	 BP)	 along	 the	 northeast	 coast	 (McCabe	 et	 al.,	 1998;	

Finlayson	et	al.,	2014b).	However,	there	is	disagreement	as	to	whether	these	readvances	

represent	major	 regional-scale	 events	 in	 response	 to	 rapid	 cooling	 in	 the	North	Atlantic	

region	 (e.g.	 decline	 in	 Atlantic	 Meridional	 Overturning	 Circulation/AMOC;	 Knutz	 et	 al.,	

2007;	Scourse	et	al.,	2009;	Stanford	et	al.,	2011)	or	relatively	minor	localised	oscillations	of	

the	retreating	ice	margin	(Greenwood	and	Clark,	2009b;	Clark,	C.D.	et	al.,	2012).	Irrespective	

of	this	debate,	it	is	probable	that	ice	sheet	readvance	may	have	been	accompanied	by	local	

readvance	of	some	mountain	glaciers	in	peripheral	areas.			

During	continued	deglaciation,	the	ice	sheet	in	Ireland	is	thought	to	have	fragmented	into	

multiple	 ice	 masses,	 each	 progressively	 retreating	 and	 decaying	 to	 their	 respective	

mountain	 source	 areas	 (e.g.	 Connemara,	 Leitrim,	 and	 Donegal).	 This	model	 of	 ice	 sheet	

fragmentation	is	necessary	to	satisfy	the	extensive	deglacial	landform	record	but	is	likely	to	

be	an	oversimplification	(Greenwood	and	Clark,	2008;	Figure	2.7).	In	addition,	whilst	few	

ages	 constrain	 the	 final	 disappearance	 of	 Irish	 ice,	 it	 is	 inferred	 that	 low	 ground	 was	

completely	 deglaciated	 following	 rapid	 warming	 by	 ~15.0	 ka	 BP	 (Woodgrange	

Interstadial/Late	Glacial;	14.7–12.9	ka	BP;	Lowe	et	al.,	2004)	and	that	the	final	sites	of	ice	

demise	were	likely	to	have	been	over	the	mountains	of	Donegal,	Leitrim,	and	Connemara	

(Greenwood	and	Clark,	2009b).	However,	small	glaciers	may	have	survived	for	 longer	 in	

favourable	upland	locations	(Ballantyne	and	Ó	Cofaigh,	2017).		
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2.3.3	Younger	Dryas	ice	extent	in	Britain	and	Ireland	(12.9–11.7	ka	BP)	

The	YD	Stadial,	equivalent	to	Greenland	Stadial-1	(GS-1),	was	a	short-lived	period	of	rapid	

cooling	which	 occurred	 between	 12.9–11.7	 ka	 BP	 (Lowe	 et	 al.,	 2008;	 Rasmussen	 et	 al.,	

2014).	 Substantial	 climatic	 deterioration	 resulted	 in	 the	 regrowth	 or	 readvance	 of	 ice	

masses	in	upland	areas	of	Britain	(Sissons	and	Sutherland,	1976;	Sissons,	1980a;	Ballantyne,	

2002;	McDougall,	2001,	2013;	Benn	and	Ballantyne,	2005;	Lukas,	2005a;	Coleman	and	Carr,	

2008;	Sahlin	and	Glasser,	2008;	Finlayson	et	al.,	2011;	Bendle	and	Glasser,	2012;	Pearce,	

2014;	Boston	et	al.,	2015;	Chandler	and	Lukas,	2017;	Bickerdike	et	al.,	2018a,b;	Chandler	et	

al.,	2019a,b;	Lowe	et	al,.	2019)	and	Ireland	(Colhoun	and	Synge,	1980;	Anderson	et	al.,	1998;	

Harrison	et	al.,	2010;	Barr	et	al.,	2017a;	Barth	et	al.,	2017;	Tomkins	et	al.,	2018a).	

The	most	significant	YD	ice	mass	constituted	a	large	ice	mass	encompassing	the	length	of	

the	Western	Highlands	in	Scotland	(Bennett	and	Boulton,	1993;	Thorp,	1986;	Bickerdike	et	

al.,	2016;	Figure	2.8),	most	recently	referred	to	as	the	Western	Highlands	Glacier	Complex	

(Bickerdike	et	al.,	2016).	This	ice	mass	has	been	largely	characterised	as	an	alpine	icefield	

(topographically	 constrained);	 however,	 components	 diagnostic	 of	 ice	 cap	 behaviour	

(topographically	 unconstrained)	have	been	 identified	 in	 the	 centre	 of	 this	 ice	mass	 (e.g.	

Rannoch	 Moor/Glen	 Lyon,	 Lairig	 an	 Lochain,	 and	 Ben	 Lui-Ben	 Oss;	 Golledge,	 2010;	

Bickerdike	et	al.,	2018b),	suggesting	highly	complex	ice	dynamics	and	differing	degrees	of	

topographic	 control.	 Peripheral	 to	 the	 Western	 Highlands	 Glacier	 Complex,	 	 numerous	

satellite	 ice	masses	 have	been	 identified	 (i.e.	 Bickerdike	 et	 al.,	 2018b)	 including	plateau	

icefields	(e.g.	Monadhliath,	Gaick,	Creag	Meagaidh,	Tweedsmuir),	alpine	icefields	(e.g.	Mull,	

West	Sutherland,	Skye,	Arran),	peripheral	valley	glaciers	(e.g.	Lewis,	Rum,	Arran)	and	cirque	

glaciers	(e.g.	Skye,	Lewis,	Arran,	Mull,	Cairngorms,	Applecross,	Sutherland).	Elsewhere	in	

mainland	Britain,	 ice	extent	was	more	restricted	(Figure	2.8).	In	the	Lake	District,	YD	ice	

was	 limited	 to	 two	 plateau	 icefields	 (McDougall,	 2001,	 2013;	 Brown	 et	 al.,	 2013)	 with	

peripheral	cirque	glaciers	 (Wilson,	2002).	 In	 the	Pennines,	glaciation	was	marginal,	only	

existing	in	the	form	of	limited	cirque	glaciers	(Wilson	et	al.,	1995;	Mitchell,	1996).	Likewise,	

in	 Wales,	 conditions	 were	 only	 just	 above	 the	 required	 threshold	 for	 glaciation	 and	

therefore	entirely	restricted	 to	cirques	 in	Snowdonia	 (Sahlin	and	Glasser,	2008;	Hughes,	

2009;	Bendle	and	Glasser,	2012)	and	the	Brecon	Beacons	(Carr,	2001;	Coleman	and	Carr,	

2008).		

Similar	to	these	examples	of	restricted	glacier	extent	in	the	Lake	District,	Snowdonia,	and	

the	Brecon	Beacons,	YD	glaciation	in	Ireland	is	thought	to	have	been	marginal	and	limited	

to	upland	areas	within	cirques	(Mitchell,	1981;	Gray	and	Coxon,	1991;	Coxon	and	McCarron,		
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Figure	2.8	(previous	page).	Spatial	distribution	of	YD	ice	masses	in	Britain,	classified	by	landsystems.	
Note	that	the	Gaick	Plateau	(GA)	has	recently	been	revaluated	and	found	to	be	less	extensive	than	
depicted	here	(see	Chandler	et	al.,	2019a).	CL	=	Cul	Mor;	LS	=	Loch	na	Sealga;	AP	=	Applecross;	TD	=	
Torridon;	AF	=	Abernethy	Forest;	MN	=	Monadhliath;	CM	=	Creag	Meagaidh;	GA	=	Gaick;	BI	=	Beinn	
Iutharn	Mhor;	GM	=	Glen	Mark;	GR	=	Glen	Roy;	FW	=	Fort	William;	WD	=	West	Drumochter;	GL	=	Glen	
Lyon;	LL	=	Loch	Lomond;	MT	=	Menteith;	BL	=	Balminnoch	Loch;	WB	=	Whitrigg	Bog;	CH	=	Crag	Hill;	
WC	=	Wolf	Crags;	SF	=	Shap	Fells.	Source:	Bickerdike	et	al.,	2018b.	

	

2009).	However,	glacial	geomorphological	studies	considering	Irish	YD	glaciation	remain	

fairly	limited	in	comparison	to	upland	Britain	(e.g.	Colhoun	and	Synge,	1980;	Coudé,	1985;	

Gray	and	Coxon,	1991;	Wilson,	K.R.,	 2004;	Ballantyne	et	 al.,	 2008;	Harrison	et	 al.,	 2010;	

Barth	et	al.,	2017;	Barr	et	al.,	2017a;	Tomkins	et	al.,	2018a;	Wilson	et	al.,	2019).	Suspected	

individual	 YD	 cirque	 glaciers	 have	 been	 identified	 in	 several	 upland	 regions,	 largely	 via	

conspicuous	 end	moraines	 identified	 in	 cirques	 (e.g.	 Mourne	 Mountains	 –	Wilson,	 K.R.,	

2004;	Barr	et	al.,	2017a;	Macgillycuddy’s	Reeks	-	Anderson	et	al.,	1996,	1998;	Harrison	et	

al.,	 2010;	 Derryveagh	Mountains	 –	Wilson,	 P.,	 2004;	Wicklow	Mountains	 -	 Colhoun	 and	

Synge,	1980,	Barth	et	al.,	2017;	Tomkins	et	al.,	2018a).	However,	systematic	assessments	of	

the	 full	glacial	geomorphological	 record	of	mountainous	regions	remain	 limited	 (e.g.	 the	

Wicklow	 Mountains,	 Nephin	 Beg	 Range,	 Derryveagh	 Mountains,	 Galtee	 Mountains,	

Maumturk	Mountains,	Comeragh	Mountains,	and	Partry	Mountains;	see	Figure	2.1	for	range	

locations).	 As	 a	 result,	 either	 suspected	 YD	 glaciers	 have	 been	 identified	 without	

considering	the	wider	local	extent	of	YD	ice	presence,	or	inferences	about	the	extent	of	YD	

glaciation	 have	 been	 made	 without	 a	 full	 understanding	 of	 the	 local	 geomorphological	

signature.			

The	work	 to	 date	 on	YD	 glaciation	 in	 Ireland	 suggests	 that	 ice	was	 largely	 restricted	 to	

upland	cirques.	Some	authors	have	argued	for	a	YD	age	for	selected	cirque	moraines	based	

on	geomorphological	evidence	(i.e.	moraine	morphology,	 talus	development;	e.g.	Warren	

1979;	Anderson	et	 al.,	 1998;	Wilson,	K.R.,	2004;	Wilson,	P.,	2004;	Harrison	et	 al.,	 2010),	

whereas	others	suggest	that	the	majority	of	cirque	moraines	are	either	likely	to	be	YD	in	age	

(e.g.	 Coudé,	 1977;	 Kenyon,	 1986;	 Barr	 et	 al.,	 2017a)	 or	 	 pre-date	 the	 YD	 entirely	 (e.g.	

Farrington,	 1953;	 Synge,	 1963,	 1968).	 The	 existing	 chronological	 control	 on	 cirque	

moraines	 shows	 a	 significant	 divergence	 in	 ages,	 as	 CN	 dating	 of	 boulders	 on	 cirque	

moraines	throughout	Ireland	has	yielded	markedly	different	results	(Table	2.1;	Ballantyne	

and	Ó	Cofaigh,	2017).	A	combination	of	10Be	and	Cl36	CN	dating	has	obtained	cirque	moraine	

ages	ranging	from	26.2	±	1.9	to	12.4	±	0.6	ka	BP	(Ballantyne	and	Ó	Cofaigh,	2017),	with	the	

wide	range	of	dates	demonstrating	that	several	cirque	moraines	in	Ireland	pre-date	the	YD.		
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Table	2.1.	Selected	10Be	and	36Cl	CN	exposure	ages	for	cirque	moraines	in	Ireland.	Source:	Ballantyne	
and	Ó	Cofaigh,	2017.	

Location	 Sample	code	 Altitude		

(m	OD)	

Irish	grid	

reference	
Exposure	age	(ka	BP)	

LL	LPR	 NWH11.6	LPR	

Achill	Island,	western	Ireland	(36Cl:	Bowen	et	al.,	2002;	10Be	ages:	Ballantyne	et	al.,	2008)	
10Be	

Lough	Acorrymore	

	

LAC0R-06	

	

190	

	

F	581058	

	

13.2	±	0.6	

	

12.4	±	0.5	

Lough	Acorrymore*	 LACOR-09	 198	 F	579057	 17.1	±	0.9	 16.0	±	0.7	
	

36Cl		

Lough	Acorrymore	

	

	

23	

	

	

200	

	

	

F	578059	

	

	

12.4	±	0.6	

	

	

-	

Lough	Acorrymore	 22	 190	 F	581056	 13.5	±	0.6	 -	

Lough	Acorrymore*	 9	 190	 F	581056	 21.6	±	5.3	 -	

Lough	Nakeeroge	 18	 5	 F	600076	 16.6	±	1.9	 -	

Lough	Nakeeroge	 14	 5	 F	600076	 17.7	±	3.8	 -	

Wicklow	Mountains,	eastern	Ireland	(36Cl:	Bowen	et	al.,	2002)	

Lough	Bray	 20	 460	 O	138155	 15.8	±	1.1	 -	

Lough	Nahanagan	 17	 440	 O	083993	 16.6	±	1.9	 -	

Macgillycuddy’s	Reeks,	southwestern	Ireland	(10Be:	Harrison	et	al.,	2010)	

Hag’s	Glen	(outer	moraine)	 GV1	 484	 V	823846	 19.5	±	1.6	 18.2	±	1.4	

Hag’s	Glen	(outer	moraine)*	 GV2	 468	 V	823836	 26.2	±	1.9	 24.5	±	1.9	

Hag’s	Glen	(inner	moraine)	 GV3	 570	 V	827840	 17.1	±	1.1	 16.0	±	0.9	

Hag’s	Glen	(inner	moraine)	 GV4	 569	 V	827840	 16.9	±	2.0	 15.8	±	1.8	

Galtee	Mountains,	southern	Ireland	(10Be:	Ballantyne	and	Stone,	unpublished	data)	

Lough	Diheen	(outer	moraine)	 IRE-SE-05	 592	 R	884244	 15.5	±	0.7	 14.5	±	0.8	

Lough	Diheen	(inner	moraine)	 IRE-SE-07	 580	 R	884243	 13.4	±	0.7	 12.5	±	0.5	

Lough	Muskry	(outer	moraine)	 IRE-SE-26	 456	 R	918252	 16.7	±	0.8	 15.6	±	0.6	

Lough	Muskry	(outer	moraine)	 IRE-SE-27	 440	 R	922252	 15.9	±	0.8	 14.9	±	0.6	

	
Analytical	data	are	available	in	the	original	sources.	NWH11.6	LPR:	10Be	ages	calculated	using	the	
NWH11.6	local	production	rate.	LL	LPR:	10Be	ages	calculated	using	the	Loch	Lomond	local	production	
rate.	10Be	ages	were	calculated	using	the	Lm	scaling	of	the	CRONUS-Earth	online	calculator	(Balco	et	
al.	2008).	All	ages	assume	a	sampling	surface	erosion	rate	of	1	mm	ka−1.	Asterisked	(*)	samples	may	
have	been	compromised	by	insufficient	rock	removal,	yielding	anomalously	‘old’	ages.	
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2.4	Glacial	research	in	the	Wicklow	Mountains		

There	is	a	long	history	of	interest	in	the	glacial	geomorphology	of	the	Wicklow	Mountains	

(e.g.	Close,	1878;	Hull,	1878;	Charlesworth,	1928,	1937;	Farrington,	1934,	1944)	dating	back	

to	Louis	Agassiz’s	visit	 in	1840,	when	he	declared	that	the	region	had	been	a	substantial	

centre	of	glaciation	(Close,	1878).	This	section	will	now	discuss	and	review	the	previous	

glacial	research	in	the	Wicklow	Mountains.		

	

2.4.1	Last	Glacial	Maximum	(~24	ka	BP)	

There	is	general	agreement	that	the	Wicklow	Mountains	supported	an	independent	ice	cap	

at	the	LGM	(Farrington,	1934;	Charlesworth,	1928,	1937;	Warren,	1993;	Ballantyne	et	al,	

2006),	 based	 on	 inland	 limestone	 erratic	 dispersal	 around	 the	 western	 and	 eastern	

peripheries	of	the	massif	(Farrington,	1934).	However,	the	role	of	local	Wicklow	ice	as	part	

of	the	wider	BIIS	remained	unclear	in	these	early	studies	(Figure	2.9;	Charlesworth,	1928;	

Synge	and	Stephens,	1960;	McCabe,	1987).	It	was	recognised	that	the	Wicklow	Mountains	

formed	a	topographical	barrier	to	regional	ice,	both	from	the	Irish	Midlands	(flowing	from	

west	 to	east)	and	to	southwards	 flowing	 ice	 in	 the	Irish	Sea	basin	(Charlesworth,	1928).	

However,	it	remained	uncertain	whether	ice	in	the	Wicklow	Mountains	was	connected	to	

faster	flowing	zones	of	regional	surrounding	ice	(Figure	2.9a;	Charlesworth	1928;	McCabe,	

1987;	Warren,	1993)	or	acted	as	an	independent	ice	mass	with	ice	free	corridors	remaining	

between	the	local	Wicklow	ice	and	lowland	ice	masses	(Figure	2.9b;	Synge	and	Stephenson,	

1960;	 Farrington,	 1934).	 	 Based	on	 the	 recognition	of	 the	 SIEM	as	 a	 recessional	 feature	

rather	than	LGM	ice	extent	(discussed	section	2.3.1;	Greenwood	and	Clark,	2009a,b;	Clark,	

C.D.	et	al.,	2012),	it	is	now	widely	accepted	that	local	Wicklow	ice	was	confluent	with	the	

larger	BIIS	at	the	LGM	(Warren,	1993;	Ballantyne	et	al.,	2006;	Clark,	C.D.	et	al.,	2012,	2018;	

Figure	2.10).	It	is	thought	the	Wicklow	Mountains	were	not	overrun	by	regional	ice	based	

on	(1)	the	absence	of	limestone	erratics	in	the	interior	of	the	Wicklow	Mountain	and	(2)	the	

widespread	dispersal	of	erratics	around	the	east	and	west	of	the	mountains	(Farrington,	

1934;	Warren,	1993).	Instead	it	is	postulated	to	have	formed	an	independent	ice	dispersal	

centre.	
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Figure	2.9.	Examples	of	traditional	models	of	the	extent	of	the	last	Irish	ice	sheet;	(a)	from	Synge	and	
Stephens	(1960),	(b)	from	McCabe	(1987).	Source:	Ballantyne	et	al.,	2006.		

	

The	vertical	extent	of	ice	in	the	Wicklow	Mountains	at	the	LGM	is	debated.	Warren	(1993)	

proposed	that	ice	covered	all	high	ground,	apparently	based	on	a	combination	of	geological	

evidence,	 geomorphology,	 and	 stratigraphy	 (Figure	 2.10a).	 However,	 Warren’s	 (1993)	

evidence	 is	 limited	 to	 several	 brief	 geomorphological	 descriptions,	making	 it	 difficult	 to	

understand	 the	 reasoning	behind	 this	 conclusion	on	vertical	 ice	 extent.	Ballantyne	et	 al.	

(2006)	 suggested	 a	 maximum	 ice	 thickness	 of	 ~725	 m	 (Figure	 2.10b)	 based	 on	 a	

combination	of	geomorphological	mapping	of	 the	evidence	 for	upper	 limits	of	glaciation	

(e.g.	ice	moulded	bedrock	vs	periglacially	weathered	detritus),	differences	in	the	chemical	

properties	 of	 soil	 (presence	 of	 gibbsite	 only	 above	~	 725	m	 trimline),	 and	 CN	dates	 on	

bedrock	outcrops	 that	 suggested	 the	overriding	of	 selected	summits	 (i.e.	Djouce,	725	m;	

Kanturk,	 523	m;	 Scarr,	 641	m)	by	LGM	warm-based	 ice.	This	 in	 turn	would	 suggest	 the	

presence	of	six	nunataks	(e.g.	Lugnaquillia,	925	m;	Camenabologue,	758	m;	Tonelagee,	817	

m;	Mullaghcleevaun,	849	m;	Mullaghcleevaun	East	Top,	795	m;	Kippure,	757	m).	However,	

the	presence	of	a	trimline	cannot	be	reconciled	with	more	recent	evidence	of	ice	extent	in	

the	Irish	Sea	Basin.	Praeg	et	al.	(2015)	used	radiocarbon	dating	of	an	unabraded	mollusc	

valve	(24.26	±	0.19	cal	ka	BP)	to	identify	the	extension	of	the	ISIS	beyond	the	Isles	of	Scilly	

towards	 the	continental	 shelf,	 implying	 that	 the	BIIS	extended	150	km	 farther	seawards	

than	previously	proposed	(Scourse	and	Furze,	2001;	Scourse	et	al.,	2009).	This	 indicates	

that	 ice	 would	 have	 needed	 to	 be	 thicker	 in	 the	 Wicklow	 Mountains	 than	 previously	

postulated	(by	Ballantyne	et	al.,	2006)	 in	order	 for	 it	 to	reach	beyond	the	contemporary	

coastline.	 This	 is	 supported	 by	 numerical	 modelling	 of	 the	 BIIS,	 which	 suggests	 Irish	

summits	were	covered	by	ice	during	the	LGM	(Hubbard	et	al.,	2009).	In	such	a	scenario,	the	

725	m	 trimline	 identified	 by	 Ballantyne	 et	 al.	 (2006)	 is	 likely	 to	 represent	 an	 englacial	

(a) (b) 
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thermal	 boundary	 (McCarroll,	 2016),	 rather	 than	 absolute	 ice	 sheet	 thickness.	 This	

interpretation	would	suggest	that	all	summits	 in	the	Wicklow	Mountains	may	have	been	

subsumed	by	ice	at	the	LGM,	as	proposed	by	Warren	(1993).	

Ballantyne	et	al.	(2006)	also	suggested	that	there	was	a	zone	of	ice	streaming	around	the	

perimeter	of	the	Wicklow	Mountains,	based	on	limestone	erratic	dispersal	and	the	lack	of	

evidence	 for	 ice	 outflow	 from	 the	mountains	 at	 the	 LGM.	However,	 the	 glacial	 bedform	

record	(cf.	Greenwood	and	Clark,	2008;	Geological	Survey	of	Ireland,	2013)	is	not	consistent	

with	fast-flowing	ice	around	the	full	periphery	of	the	Wicklow	Mountains.	Whilst	there	is	

such	evidence	to	the	southwest	and	south	(e.g.	streamlined	bedrock,	glacial	lineations,	there	

is	an	absence	of	this	geomorphology	to	the	north	and	west	of	the	mountains.		(cf.	Greenwood	

and	Clark,	2008;	Geological	Survey	of	Ireland,	2013).	

	

Figure	2.10.	Existing	reconstructions	of	ice	extent	in	the	Wicklow	Mountains	and	surrounding	area	
at	the	LGM	(a,	Warren,	1993;	b,	Ballantyne	et	al.,	2006).	

	

	

	

	

	

	

	



	 	
Chapter	2:	Glacial	history	of	the	Wicklow	Mountains	

 

  29 

2.4.2	Last	Glacial-Interglacial	Transition	(~20–11	ka	BP)		

Prior	 to	 this	 thesis,	 the	 key	 research	 on	 the	 post-LGM	 glacial	 history	 of	 the	 Wicklow	

Mountains	was	undertaken	by	Warren	(1993),	Ballantyne	et	al.	(2006),	and	Tomkins	et	al.	

(2018a).	Warren	 (1993)	 provided	 an	 initial	 insight	 into	 the	 separation	 of	 regional	 (ice	

sheet)	and	 local	 (mountain)	 ice	during	 the	early	 stages	of	deglaciation.	Ballantyne	et	al.,	

(2006)	built	upon	this	work	by	considering	the	thinning	of	a	postulated	post-LGM	local	ice	

cap	using	CN	dating.	More	recently,	Tomkins	et	al.	(2018a)	used	schmidt	hammer	dating	

(SHD),	a	relative	dating	technique,	to	examine	ice	retreat	during	the	LGIT	in	more	detail.	

The	existing	understanding	of	LGIT	ice	extent	in	the	Wicklow	Mountains,	based	on	these	

studies,	is	now	discussed	in	detail.	

	

Initial	post-LGM	deglaciation		

In	the	early	stages	of	deglaciation,	Warren	(1993)	suggested	that	local	ice	‘unzipped’	from	

regional	ice,	forming	an	independent	local	ice	cap	(Stage	1,	Figure	2.11).	During	this	period,	

ice-marginal	lakes	formed	to	both	the	east	and	west	of	the	Wicklow	Mountains,	signified	by	

the	presence	of	ice-marginal	deltas.	To	the	east	of	the	range,	meltwater	pooled	between	the	

ice	margin	and	the	high	ground	of	the	coastal	foothills	(e.g.	Great	Sugar	Loaf	and	Long	Hill).	

Charlesworth	(1957)	identified	11	different	ice	front	positions	as	ice	retreated	northward	

across	 the	 coastal	 plain,	 based	 on	 the	 distribution	 of	 ice-marginal	 deltas	 and	 drainage	

channels,	the	most	extensive	of	which	are	found	in	the	area	around	Enniskerry	and	Glencree	

(Warren,	1993).	This	 interpretation	remains	generally	accepted	as	 the	best	model	of	 ice	

front	recession	from	the	east	of	the	Wicklow	Mountains.	To	the	west	of	the	range,	regional	

ice	is	thought	to	have	stabilised	on	the	Slievethoul	ridge,	blocking	drainage	from	the	River	

Liffey	 in	 the	 Pollaphuca	 region	 (Philcox,	 2019).	 As	 a	 result,	 it	 is	 inferred	 that	 a	 large	

temporary	 ice-dammed	 lake	 (Glacial	 Lake	Blessington;	 Figure	 2.12)	 formed	 close	 to	 the	

present	 day	 Pollaphuca	 Reservoir	 (northwest	 of	 the	Wicklow	Mountains).	 According	 to	

Warren	(1993),	three	distinct	lake	configurations	are	identifiable	(Figure	2.12);	these	were	

controlled	by	the	interplay	of	local	and	regional	ice,	topography,	and	a	series	of	meltwater	

channels.	At	 its	maximum,	the	Glacial	Lake	Blessington	lake	 level	reached	approximately	

271–277	m	(Synge,	1979;	Warren,	1993;	Philcox,	2019)	and	was	controlled	by	the	height	of	

the	 lowest	col	 (Toor	Glen,	268–283	m).	The	 lake	drained	 from	this	col	 to	 form	the	Toor	

channel	and	it	is	suggested	that	meltwater	subsequently	flowed	along	and	then	under	the	

regional	 ice	margin	 to	 create	 the	 Hollywood	 Glen	meltwater	 channel	 complex	 (Warren	

1993).	Multiple	 delta	 deposits	 are	 found	 at	 a	 range	 of	 heights	 surrounding	 the	modern	
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Pollaphuca	Reservoir,	and	Warren	(1993)	linked	these	deltas	to	stages	of	lake	development	

during	deglaciation.	

It	 is	 not	 immediately	 clear	 how	 Warren’s	 (1993)	 Stage	 1	 local	 and	 regional	 ice	

configurations	 have	 been	 constrained.	 There	 appears	 to	 be	 little	 direct	 ice-marginal	

evidence	coincident	with	the	suggested	margins	(cf.	Geological	Survey	of	Ireland,	2013)	and	

Warren	(1993)	does	not	present	any	numerical	ages.	 It	appears	 that	Warren	(1993)	has	

predominately	based	the	northwestern	and	western	ice	extent	on	delta	development	and	

inferred	lake	configurations.	For	example,	it	is	possible	that	the	northwestern	local	ice		

Figure	2.11.	Warren’s	(1993)	Stage	1	reconstruction	of	ice	extent	in	the	Wicklow	Mountains	during	
initial	 deglaciation	 following	 the	 LGM.	 Note	 that	 Glacial	 Lake	 Blessington	 is	 not	 included	 in	 the	
scenario.	
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Figure	2.12.	The	inferred	extent	of	Glacial	Lake	Blessington	at	three	stages	during	deglaciation.		These	
stages	occurred	between	Warren’s	Stage	1	and	Stage	2	reconstructions,	see	Figures	2.11	and	2.13	
(redrawn	from	Warren,	1993).		

	

margin	may	have	been	based	on	the	Athdown	moraine-delta	complex	(Farrington,	1966),	

but	this	 is	not	specified,	and	the	landform	has	now	been	largely	destroyed	by	quarrying.	

Elsewhere,	Warren	(1993)	also	suggests	that	thinning	in	the	interior	of	the	ice	cap	led	to	the	

emergence	of	Lugnaquillia	(925	m)	and	Djouce	(725	m)	as	nunataks.	Whilst	Lugnaquillia	is	

the	highest	summit	in	the	region,	Djouce	is	the	tenth	highest	mountain,	and	all	other	high	

summits	are	depicted	as	still	covered	by	ice	in	Stage	1	(Figure	2.11).	It	is	not	clear	therefore	

what	evidence	Warren’s	(1993)	inference	of	ice	thickness,	or	the	majority	of	the	local	Stage	

1	ice	margins,	are	based	upon.		

Warren’s	 (1993)	 Stage	 2	 of	 deglaciation	 (Figure	 2.13)	 shows	 complete	 separation	 of	

regional	and	local	ice	and	the	drainage	of	Glacial	Lake	Blessington.	At	this	chronologically-

unconstrained	stage	in	deglaciation,	Warren	(1993)	depicts	a	significantly	more	restricted	

mountain	icefield,	with	additional	nunatak	emergence	in	the	interior	at	Tonelagee	(817	m)	

and	Scarr	(641	m).	Icefield	margins	are	suggested	to	have	retreated	in	all	sectors	from	the	

lowland	 plains	 surrounding	 the	 mountains,	 most	 notably	 in	 the	 east,	 southeast,	 and	

northwest.	Djouce	(725	m)	is	no	longer	depicted	as	a	nunatak,	having	emerged	entirely	at	

the	edge	of	the	icefield.	It	is	not	clear	why	the	aforementioned	mountains	are	depicted	as	

nunataks	 in	 the	Warren	(1993)	Stage	2	scenario,	whilst	other	 topographic	highs	such	as	

Carrigvore	(682	m),	Gravale	(718	m),	Kippure	(752	m),	Camaderry	(698	m),	Conavalla	(734	

m),	 Mullaghcleevaun	 (849	 m)	 and	 Table	 Mountain	 (701	 m)	 remain	 under	 ice	 cover.	
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Additionally,	 closer	 inspection	 of	 the	 reconstructed	 ice	 extent	 in	 selected	 areas	 reveals	

curiosities	regarding	the	depiction	of	ice	margins	in	relation	to	topography.	For	example,	

the	 summit	 of	 Mullaghcleevaun	 (849	m)	 is	 shown	 beneath	 the	 ice,	 yet	 lower	 elevation	

ground	on	the	mountainside	is	depicted	as	ice	free,	and	Carrawaystick	Valley	(Kelly’s	Lough)	

is	only	partially	covered	by	ice,	with	the	southern	side	of	the	valley	apparently	beyond	the	

ice	margin.	 Some	areas	of	Warren’s	 (1993)	 local	 icefield	 at	 Stage	2	 can	be	 correlated	 to	

known	ice-marginal	evidence	(Geological	Survey	of	Ireland,	2013),	such	as	at	Glensoulan	

and	Lough	Bray.	However,	 it	 is	unclear	what	evidence	has	been	used	 to	define	other	 ice	

limits	(i.e.	southeastern	and	southern),	as	Geological	Survey	of	Ireland	(2013)	mapping	did	

not	identify	geomorphological	evidence	in	these	areas	to	support	this	ice	margin		

Figure	2.13.	Warren’s	(1993)	Stage	2	reconstruction	of	ice	extent	in	the	Wicklow	Mountains	during	
initial	deglaciation	following	the	LGM.		
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interpretation.	In	the	southwest,	the	outer	moraine	at	Leoh	valley	(Figure	2.14,	Tomkins	et	

al.,	2018a)	appears	to	have	been	used	to	define	the	ice	margin,	but	the	margin	stretching	

north	into	Knickeen	and	over	the	west	of	Table	Mountain	does	not	seem	to	be	coincident	

with	any	geomorphological	evidence.	

Elsewhere,	 based	 on	 Warren’s	 (1993)	 Stage	 2	 ice	 margin	 positions	 and	 published	

geomorphological	mapping	(Geological	Survey	of	Ireland,	2013),	it	is	inferred	that	western	

outlets	were	constrained	based	on	 the	aforementioned	delta	deposits.	However,	Warren	

(1993)	appears	to	have	used	the	same	evidence	to	establish	ice	extent	in	multiple	stages	of	

deglaciation	(Blessington/Athdown	Stage	of	Glacial	Lake	Blessington,	Figure	2.12,	and	Stage	

2).	It	is	unlikely	that	the	ice	margin	remained	stationary,	especially	as	there	is	no	evidence	

suggesting	ice-margin	stability	(i.e.	moraines).	Similarly,	the	northwestern	local	ice	margin	

appears	 to	be	based	on	 the	 innermost	part	of	 the	Athdown	moraine-delta	complex,	only	

slightly	inset	from	the	margin	presented	in	Stage	1.	In	addition,	the	ice	margin	is	shown	in	

areas	as	topographically	restricted	(e.g.	separation	of	ice	around	Mullaghcleevaun,	except	

the	summit,	849	m)	but	it	is	not	clear	upon	what	evidence	such	interpretations	are	based.		

Collectively,	whilst	Warren’s	 (1993)	Stage	2	 local	 ice	mass	 reconstruction	appears	 to	be	

partially	 based	 on	 geomorphological	 evidence,	 there	 are	 large	 areas	 without	 apparent	

geomorphological	 constraint	 (e.g.	 eastern,	 southeastern,	 southern,	 central	 western,	 and	

northern	margins)	and	there	is	no	discussion	or	acknowledgement	of	the	assumptions	made	

in	extrapolating	the	ice	margin	in	these	areas.		This	highlights	the	difficulties	in	correlating	

the	 ice-margin	positions	of	Warren’s	 (1993)	 initial	deglaciation	stages	with	 ice-marginal	

evidence,	either	presented	by	Warren	(1993)	or	published	elsewhere.	As	such,	the	Warren	

(1993)	scenarios	are	perhaps	best	viewed	as	a	useful	conceptual	model	for	the	initial	stages	

of	deglaciation	that	require	critical	reappraisal.	Placing	the	Warren	(1993)	stages	within	the	

existing	chronological	framework	is	also	challenging.	Based	on	published	scenarios	of	the	

retreat	of	Irish	ice	(Greenwood	and	Clark,	2009b;	Clark,	C.D.	et	al.,	2012),	it	appears	likely	

that	separation	of	local	and	regional	ice	occurred	between	~19–18	ka	BP	(Figure	2.6).	This	

is	broadly	consistent	with	 three	CN	exposure	dates	 from	Ballantyne	et	al.	 (2006),	which	

suggest	progressive	ice	thinning	and	summit	exposure	~19–18	ka	BP	(e.g.	Djouce,	725	m,	

19.1	±	1.2	ka	BP;	Kanturk,	600	m,	18.5	±	1.2	ka	BP;	Scarr,	523	m,	18.2		±	1.2	ka	BP).		

	

Continued	ice	retreat	in	the	LGIT	

Warren	(1993)	and	Tomkins	et	al.	(2018a)	both	considered	the	continued	disintegration	of	

the	Wicklow	Ice	Cap	in	the	LGIT	following	the	initial	stages	of	deglaciation.	Warren	(1993)	



	 	
Chapter	2:	Glacial	history	of	the	Wicklow	Mountains	

 

  34 

suggested	that	following	the	Stage	2	scenario	(Figure	2.13),	ice	rapidly	receded	until	only	

individual	valley	glaciers	remained,	before	these	in	turn	subsequently	retreated	into	small	

cirque	glaciers.	The	precise	geomorphological	(or	otherwise)	evidence	upon	which	Warren	

(1993)	based	this	interpretation	is,	again,	difficult	to	ascertain.		

Based	on	SHD	of	boulders	on	moraines	and	ice	moulded	bedrock,	Tomkins	et	al.	(2018a)	

suggested	that,	following	downwasting	of	the	Wicklow	Ice	Cap	(cf.	Ballantyne	et	al.,	2006),	

the	 region	 experienced	 a	 rapid	 transition	 to	 summit	 ice	 fields	 with	 outlet	 glaciers	 (e.g.	

Glenmacnass,	 Glendasan,	 Glenmalure),	 which	 persisted	 until	 ~15.4	 ka	 BP	 (Figure	 2.14;	

Table	2.3).	However,	the	location,	number,	and	size	of	the	proposed	local	 icefields,	along	

with	the	total	number	and	locations	of	all	outlet	valley	glaciers,	are	not	explicitly	detailed.	

SHD	is	also	used	to	suggest	that	the	deglaciation	of	Carrigshouk	(571	m)	at	~16.6	ka	BP	

marked	a	local	shift	to	topographically-constrained	ice	flow	due	to	its	central	location	in	the	

Wicklow	Mountains.	This	summit	is	in	close	proximity	to	two	CN-dated	summits	thought	to	

have	become	ice	free	by	~	18	ka	BP	(e.g.	Scarr,	641	m,	18.2	±	1.2	ka	BP;	Kanturk,	523	m,	18.5	

±	1.2	ka	BP;	Ballantyne	et	al.,	2006;	Table	2.2).	Tomkins	et	al.	(2018a)	suggest	that	the	‘distal’	

positioning	 of	 Scarr	 and	 Kanturk	 explains	 their	 earlier	 deglaciation.	 However,	 both	 are	

situated	 in	 the	central	Wicklow	Mountains	 in	close	proximity	(separated	by	a	saddle)	 to	

Carrigshouk.	Therefore,	it	is	unclear	how	Tomkins	et	al.	(2018a)	resolve	the	deglaciation	of	

the	 adjacent,	 lower	 summit	 of	 Kanturk	 (18.5	±	 1.2	 ka	 BP)	 potentially	 ~2	 ka	 before	 the	

emergence	of	Carrigshouk	summit	(16.64	±	0.82	ka	BP).	Whilst	these	ages	improve	upon	

the	limited	availability	of	dates	in	the	region,	it	should	be	noted	that	SHD	remains	a	relative	

dating	technique	(Shakesby	et	al.,	2006),	despite	efforts	to	calibrate	SHD	dates	(cf.	Winkler,	

2009;	 Tomkins	 et	 al.,	 2016,	 2018b).	 This	 may	 help	 to	 explain	 some	 of	 the	 noted	

discrepancies	 in	 ages	between	published	absolute	 (Bowen	et	 al.,	 2002;	Ballantyne	et	 al.,	

2006)	and	relative	(Tomkins	et	al.,	2018a)	dates	in	the	region.		

Irrespective	of	the	exact	timing,	the	deglaciation	of	mountain	summits	signifies	a	transition	

to	 topographically-confined	 ice	 flow.	 Tomkins	 et	 al.	 (2018a)	 suggest	 that	 this	 switch	 to	

alpine-style	glaciation	probably	reflects	a	time-progressive	response	to	reduced	moisture	

availability	and	increased	winter	aridity	(Kelly	et	al.,	2010).	SHD	dating	(e.g.	Glenmacnass	

Waterfall,	 16.46	±	 0.58	ka	BP;	Upper	Glendasan;	16.21	±	 0.60	ka	BP;	 and	Carrawaystick	

Brook,	15.41	±	0.30	ka	BP)	suggests	that	several	large	valley	glaciers	were	able	to	persist	

throughout	the	majority	of	the	LGIT,	possibly	until	the	onset	of	Greenland	Interstadial	1	(GI-

1;	14.7–12.9	ka	BP)	(Tomkins	et	al.,	2018a).	However,	CN	(36Cl)	dates	on	the	cirque	moraines	

at	Upper	Lough	Bray	(15.7	±	1.1	ka	BP)	and	Lough	Nahanagan	(17.1	±	0.9	ka	BP),	presented	

by	Bowen	 et	 al.	 (2002),	 suggest	 that	 other	 local	 ice	masses	 retreated	 to	 favourable	 and	
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sheltered	 high-level	 cirques	 prior	 to	 abrupt	 warming	 during	 the	 GI-1/Bølling-Allerød	

interval	(14.7	ka	BP).	

Tomkins	et	al.	(2018a)	also	advocate	both	extensive	moraine	deposition	during	the	Oldest	

Dryas	 (17.5–14.7	 ka	 BP;	 GS-2.1a;	 Rasmussen	 et	 al.,	 2014)	 and	 numerous	 oscillations	 of	

glacier	termini	during	long-term	retreat.	However,	the	geomorphological	evidence	that	this	

is	based	on	(i.e.	moraine	distribution)	 is	not	clearly	presented	(Figure	2.14).	 In	addition,	

Tomkins	 et	 al.	 (2018a)	 suggest	 that	 valley	 glacier	 retreat	 was	 synchronous	 across	 the	

region,	 as	 demonstrated	 by	 deglaciation	 from	 “low	 to	 high	 elevation”	 (Tomkins,	 2018a,	

p.617),	 and	 therefore	 that	 post-LGM	 retreat	 (~17–15	 ka	 BP)	 was	 primarily	 driven	 by	

climate.	Tomkins	et	al.	(2018a)	acknowledge	that	there	was	a	likely	topographic	influence	

on	 local	 retreat	 patterns,	 but	 the	 impact	 of	 this	 on	 the	 pattern	 of	 deglaciation	 is	 not	

established.	

	

	

	

	

	

	

	

	

	

	

	

	

	 	
	
Figure.	2.14.	Geomorphological	map	of	the	Wicklow	Mountains	from	Tomkins	et	al.	(2018a).	Tomkins	
et	al.	(2018a)	SHD	indicated	in	the	white	boxes.	Recalculated	CN	dates	from	Ballantyne	et	al.	(2006)	
indicated	in	the	brown	boxes.	(see	Table	2.2	for	original	dates).	The	geomorphological	mapping	is	
modified	from	Clark	et	al.	(2018).	Ca:	Camenabologue;	Dj:	Djouce	Mountain;	Ka:	Kanturk;	Ki:	Kippure;	
Lq:	Lugnaquillia;	Mu:	Mullaghcleevaun;	Sc:	Scarr;	Tg:	Tonelagee.	CB:	Carrawaystick	Brook;	KL:	Kelly’s	
Lough;	UGD:	Upper	Glendasan;	LN:	Lough	Nahanagan;	GW:	Glenmacnass	Waterfall;	LB:	Lough	Brook;	
MC:	Mullaghcleevaun;	CS:	Carrigshouk;	ULB:	Upper	Lough	Bray.	Source:	Tomkins	et	al.,	2018a.		
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Table	2.2.	Collated	published	LGIT	absolute	dates	for	the	Wicklow	Mountains.	Dates	are	reported	as	in	original	publications	and,	if	recalculated,	by	Tomkins	et	al.	(2018a).	
Ballantyne	et	al.	 (2006)	calibrate	dates	using	a	production	rate	of	5.06	±	0.30	atoms	g-1	yr-1	 (Lal,	1991).	Barth	et	al.	 (2017)	calibrate	dates	using	CRONUS-Earth	online	
calculator,	using	a	production	rate	of	3.92	±	0.31	atoms	g-1	yr-1	(Marrero	et	al.,	2015).	Tomkins	et	al.	(2018a)	also	calibrate	dates	using	CRONUS-Earth	online	calculator	but	
use	a	production	rate	of	4.02	±	0.18	atoms	g-1	yr-1	(Loch	Lomond	production	rate;	Fabel	et	al.,	2012).	Bowen	et	al.	(2002)	calibrate	dates	using	the	data	reduction	program	
CHLOE	(Phillips	and	Plummer,	1996)	but	it	is	unclear	what	production	rates	were	used.	All	calibrated	radiocarbon	ages	presented	here	(as	cal	yrs	BP)	have	been	calibrated	
using	the	IntCal20	internationally	accepted	calibration	curve	(Reimer	et	al.,	2020)	at	2	sigma	error.	Year	0	is	1950.	

Reported	date	 Recalculated	date	reported	

by	Tomkins	et	al.	(2018a)	

Sample	site	 Elevation	 Technique	 Context		 Author	

19.1	±	1.2	ka	BP	 21.9	±	1.1	ka	BP	 Djouce	 725	m	 10Be	 Ice-scoured	summit	 Ballantyne	et	al.,	2006	

18.5	±	1.2	ka	BP	 21.0	±	1.1	ka	BP	 Kanturk	 600	m	 10Be	 Ice-scoured	summit	 Ballantyne	et	al.,	2006	

18.2	±	1.2	ka	BP	 21.1	±	1.1	ka	BP	 Scarr	 523	m	 10Be	 Ice-scoured	summit	 Ballantyne	et	al.,	2006	

17.1	±	0.9	ka	BP	 -	 Lough	Nahanagan	 450	m	 36Cl	 Outer	cirque	moraine	 Bowen	et	al.,	2002	

15.7	±	1.1	ka	BP	 -	 Upper	Lough	Bray	 420	m	 36Cl	 Inner	cirque	moraine	 Bowen	et	al.,	2002	

13,086-12,079	cal	yrs	BP	

	

-	 Ballybetagh	

(Glencullen)	

230	m	 14	C	 Deepest	organic	sample	from	

bog,	overlying	basal	clay	

Cwynar	and	Watts,	1989	

13,165-10,144	cal	yrs	BP	

	

-	 Lough	Nahanagan	 382	m	 14	C	 Organic	material	from	

submerged	lough	moraine	

Colhoun	and	Synge,	1980	

12,111-11,041	cal	yrs	BP	

	

-	 Lough	Nahanagan	 382	m	 14	C	 Organic	material	from	

submerged	lough	moraine	

Colhoun	and	Synge,	1980	

10.8	±	1.0	ka	BP	 -	 Kelly’s	Lough	 573	m	 10Be	 Outer	cirque	moraine	 Barth	et	al.,	2017	
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Table	2.3.	Collated	published	LGIT	relative	dates	for	the	Wicklow	Mountains.	

Relative	date	 Location	 Elevation	 Technique	 Context		 Author	

16.64	±	0.82	ka	BP		 Carrigshouk	 571	m	 Schmidt	Hammer	 Summit		 Tomkins	et	al.,	2018a	

16.46	±	0.58	ka	BP	 Glenmacnass	waterfall	 268	m	 Schmidt	Hammer	 Mid-valley	moraine	 Tomkins	et	al.,	2018a	

16.21	±	0.60	ka	BP	 Upper	Glendasan	 332	m	 Schmidt	Hammer	 ‘Mid-valley	moraine’	 Tomkins	et	al.,	2018a	

15.48	±	0.35	ka	BP	 Carrawaystick	Brook	 421	m	 Schmidt	Hammer	 Mid-valley	moraine	 Tomkins	et	al.,	2018a	

15.41	±	0.30	ka	BP	 Lough	Brook	(Mid	Glenmacnass)	 393	m	 Schmidt	Hammer	 Mid-valley	moraine	 Tomkins	et	al.,	2018a	

12.31	±	0.51	ka	BP	 Upper	Lough	Bray	 466	m	 Schmidt	Hammer	 Cirque	moraine	 Tomkins	et	al.,	2018a	

12.00	±	0.44	ka	BP	 Kelly’s	Lough	 585	m	 Schmidt	Hammer	 Cirque	moraine	 Tomkins	et	al.,	2018a	

11.40	±	0.13	ka	BP	 Mullaghcleevaun	(Upper	Glenmacnass)	 571	m	 Schmidt	Hammer	 Upper	valley	moraine	 Tomkins	et	al.,	2018a	

11.38	±	0.26	ka	BP	 Lough	Nahanagan		 443	m	 Schmidt	Hammer	 Cirque	moraine	 Tomkins	et	al.,	2018a	
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2.4.3	Younger	Dryas	(12.9–11.7	ka	BP)		

It	is	generally	accepted	that	the	Wicklow	Mountains	hosted	cirque	glaciers	during	the	YD	

(Colhoun	and	Synge,	1980;	Warren,	1993;	Coxon	et	al.,	2012;	Tomkins	et	al.,	2018a).	The	

most	 thorough	 investigation	 into	 local	 cirque	 glaciation	 was	 undertaken	 at	 Lough	

Nahanagan	(Colhoun	and	Synge,	1980).	In	the	late	1960s,	the	lough	was	partially	drained	

for	hydroelectric	works	and	the	construction	of	Turlough	Hill	Reservoir.	The	lowering	of	the	

water	 level	 revealed	 13	 ice-marginal	 moraines	 within	 Lough	 Nahanagan	 along	 with	

interspersed	 laminated	 and	 ice-pushed	 clays.	 Organic	 silts	 were	 found	 within	 these	

glaciotectonised	 clays,	 which	 contained	 a	 Lateglacial	 Juniperus-Empetrum	 vegetation	

assemblage	radiocarbon	dated	to	11,500	±	550	¹⁴C	years	(uncal)	and	11,600	±	260	¹⁴C	years	

(uncal).	Calibration	of	 these	ages	using	Reimer	et	al.	 (2020)	adjusts	 the	dates	 to	13,165-

10,144	 cal	 yrs	 BP	 and	 12,111-11,041	 cal	 yrs	 BP,	 respectively.	 Therefore,	 since	moraine	

formation	post-dated	deposition	of	the	organic	silts,	the	moraines	were	interpreted	to	be	

YD	in	age.	Colhoun	and	Synge	(1980)	concluded	that	the	cirque	floor	moraines	and	latest	

cirque	 glacier	 advance	 occurred	 ~11–10.5	 ka	 BP	 (Figure	 2.15).	 As	 a	 result,	 Lough	
Nahanagan	became	 the	YD	 type	 site	 for	 Ireland	and	 the	phrase	 ‘Nahanagan	Stadial’	was	

coined	and	defined	as	equivalent	 to	 the	YD	 (GS-1;	Lowe	et	 al.,	 2008;	Rasmussen	et	 al.,	

2014).	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	2.15.	YD	glacier	extent	at	Lough	Nahanagan	identified	by	Colhoun	and	Synge	(1980),	depicted	
at	the	outer	limit	of	the	identified	inner	cirque	moraines.	The	outer	cirque	moraine.,	identified	as	one	
large,	broad	moraine	across	the	floor	of	the	Glendasan	valley,	is	inferred	as	an	earlier	Late	Glacial	ice	
limit.	Source:	Colhoun	and	Synge,	1980.	
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A	YD-age	cirque	glacier	has	also	been	established	at	Kelly’s	Lough	through	absolute	dating	

(Barth	et	al.,	2017).	Here,	CN	samples	yielded	an	age	of	10.8	±	1.0	ka	BP,	indicating	YD	ice	

presence	at	the	site	and	supporting	previous	coring	work	at	the	lough	presented	by	Leira	et	

al.	(2007).	Leira	et	al.	(2007)	found	basal	pollen	samples	indicating	the	termination	of	the	

YD	 and	 a	 return	 to	warmer	 climatic	 conditions.	 The	 core	 also	 identified	 the	 absence	 of	

Lateglacial	sediments	 from	the	site.	This	was	 interpreted	as	evidence	that	the	 lough	was	

likely	glaciated	during	the	YD,	an	observation	consistent	with	data	from	other	YD	cirque	

loughs	in	Ireland	(Gray	and	Coxon,	1991).	

The	absolute	dating	work	at	Lough	Nahanagan	and	Kelly’s	Lough	highlights	that	marginal	

cirque	glaciers	existed	in	the	Wicklow	Mountains	during	the	YD.	It	has	also	been	suggested	

in	general	that	marginal	YD	cirque	glaciers	likely	existed	elsewhere	above	350	m	(Warren,	

1993;	Coxon	and	McCarron,	2009).	For	example,	Warren	(1993)	suggested	that,	in	addition	

to	 Kelly’s	 Lough,	 the	 innermost	 cirque	 moraines	 at	 Upper	 and	 Lower	 Lough	 Bray	 and	

Fraughan	Rock	Glen	(also	referred	to	as	Baravore)	were	also	of	YD	age,	based	on	their	high	

boulder	content	and	sharp	crestlines.	Tomkins	et	al.	(2018a)	investigated	the	ages	of	several	

cirque	moraines	using	the	SHD	approach	(Table	2.3).	Relative	ages	were	acquired	at	Kelly’s	

Lough	(12.00	±	0.44	ka	BP),	Lough	Nahanagan	(11.38	±	0.26	ka	BP),	Upper	Glenmacnass	

(referred	to	in	the	Tomkins	et	al.	(2018a)	study	as	Mullaghcleevaun;	11.40	±	0.13	ka	BP),	

and	Upper	Lough	Bray	(12.31	±	0.51	ka	BP)	(Tomkins	et	al.,	2018a),	which	are	consistent	

with	a	YD	age	for	the	cirque	moraines.	Whilst	this	is	in	general	agreement	with	other	studies	

which	 suggest	 that	 YD	 ice	 extent	 in	 the	Wicklow	Mountains	was	 limited	 to	 cirques	 (e.g.	

Colhoun	and	Synge,	1980;	Warren,	1993;	Coxon	and	McCarron,	2009;	Barth	et	al.,	2017),	

some	discrepancies	are	apparent.	In	particular,	at	Lough	Nahanagan,	Tomkins	et	al.	(2018a)	

sampled	 the	 outer	 cirque	 moraine	 (Figure	 2.15)	 and	 inferred	 that	 this	 was	 of	 YD	 age.	

However,	 this	moraine	was	also	previously	sampled	 for	CN	(Cl36)	dating	by	Bowen	et	al.	

(2002),	returning	a	pre-YD	age	of	17.1	±	0.9	ka	BP.	 In	addition,	the	YD	radiocarbon	ages	

presented	by	Colhoun	and	Synge	(1980)	that	defined	the	Lough	Nahanagan	type	site	were	

from	the	inner	cirque	moraines	(i.e.	within	the	lough	basin)	(Figure	2.15)	and	this	research	

does	not	appear	to	have	been	acknowledged	by	Tomkins	et	al.	(2018a).	The	difference	in	

ages	for	the	outer	moraine	determined	by	Bowen	et	al.	(2002)	and	Tomkins	et	al.	(2018a)	

may	well	be	explained	by	the	nature	of	a	relative	dating	approach	(i.e.	SHD)	compared	to	an	

absolute	dating	approach	(i.e.	CN).			
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	In	summary,	YD	cirque	glaciation	has	been	convincingly	demonstrated	at	a	handful	of	sites	

(e.g.	 Lough	 Nahanagan,	 Colhoun	 and	 Synge,	 1980;	 Kelly’s	 Lough,	 Barth	 et	 al.,	 2017).	

However,	 it	 remains	 unclear	 if	 all	 cirques	 in	 the	 region	 hosted	 YD	 glaciers.	 Whilst	

widespread	YD	cirque	glaciation	has	been	suggested	in	comparable	regions	(e.g.	Mourne	

Mountains,	Barr	et	al.,	2017a),	this	has	also	been	questioned	(Wilson	et	al.,	2019),	and	other	

work	 (using	 CN	 dating)	 suggests	 a	 range	 of	 glaciation	 dates	 for	 cirque	moraines	 across	

Ireland	(24.5	±	0.7	ka	BP	to	11.0	±	0.3	ka	BP;	Figure	2.16;	Barth	et	al.,	2017).	Together,	this	

indicates	that	YD	glaciation	in	the	Wicklow	Mountains	was	likely	restricted	to	cirques,	but	

that	 not	 all	 cirques	 necessarily	 hosted	 YD	 glaciers.	 Therefore,	 establishing	 the	 wider	

geomorphological	 context	 of	 cirque	 moraines	 is	 crucial	 to	 further	 assessment	 of	 YD	

glaciation	in	the	region.		

	

 

 

 

 

 

	

	

	

	

	

Figure	2.16.	Barth	et	al.	(2017)	10Be	moraine	chronology	and	North	Atlantic	climate.	A:	14	moraines	
Be10	dates	from	multiple	sites	across	Ireland.	Kelly’s	Lough	is	denoted	in	light	blue.	Horizontal	lines	
show	uncertainty.	Note	that	only	four	of	the	14	sample	cirque	moraines	fall	within	the	YD	(including	
uncertainty).	 B:	 minimum	 number	 of	 deglacial	 events	 (black	 squares)	 determined	 by	 combined	
overlapping	moraine	ages.	C:	Sea-surface	temperature	(SST)	from	marine	sediment	core	NA22-87	
(blue)	located	just	west	of	Ireland(55.5ÆN,14.7ÆW;	Waelbroeck	et	al.,	2001).	D:	North	Atlantic	(N.	

Atl.)	SST	stack	(red)	as	deviation	from	early	Holocene	(11.5–6.5	ka	BP)	SST,	with	1σ	uncertainty	band	
(Shakun	 et	 al.,	 2012).	 E:	 Greenland	 mean-annual	 temperature	 reconstruction	 (orange)	 with	 1σ	
uncertainty	 band	 (Buizert	 et	 al.,	 2014).	 Grey	 boxes	 correspond	 to	well-defined	 interstadials	 and	
stadials	and	Holocene	interglaciation	(GS-3,	GS-2,	and	GI-2	correspond	to	Greenland	stadials	3	and	2	
and	Greenland	 interstadial	 2	 (Rasmussen	 et	 al.,	 2014),	 respectively;	 B-A	 corresponds	 to	 Bølling-
Allerød	 warm	 interval;	 YD	 corresponds	 to	 Younger	 Dryas	 cold	 interval;	 HOL	 corresponds	 to	
Holocene).	Source:	Barth	et	al.,	2017.		
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There	has	 also	been	 some	 recognition	of	 the	 importance	of	 local	 topoclimatic	 factors	 in	

enabling	 the	existence	of	cirque	glaciers	 in	 the	region,	 in	marginal	YD	glacial	conditions.	

Warren	 (1993)	 briefly	 acknowledged	 the	 preferential	 formation	 of	 ice	 in	 the	 lee	 of	

mountains	 in	 order	 to	 maximise	 protection	 from	 solar	 radiation	 through	 topographic	

shading.	 In	 addition	 to	 this,	 Tomkins	 et	 al.	 (2018a)	 recognised	 the	 likely	 importance	 of	

snowblow	for	glacier	initiation	and	survival	in	the	Wicklow	Mountains.	They	suggest	that	

snowblow	was	essential	 for	the	presence	of	all	 four	identified	cirque	glaciers	(e.g.	Lough	

Nahanagan,	Mullaghcleevaun,	Kelly’s	Lough,	Upper	Lough	Bray)	and	that	glacier	retreat	was	

strongly	 controlled	 by	 local	 topography	 and	 the	 redistribution	 of	windblown	 snow	 and	

avalanche	material.	Snowblow	modelling	identified	a	strong	negative	correlation	between	

snow	contributing	area	and	deglaciation	age	(R2	=	0.9966),	suggesting	 that	glaciers	with	

large	 snowblow	areas	were	 sustained	were	 longer	during	 the	YD.	This	 suggests	 that	 for	

small	 YD	 glaciers,	 local	 topoclimatic	 controls	 may	 be	 significant	 in	 determining	 cirque	

glacier	 functioning	 and	 the	 timing	 of	 final	 deglaciation	 and,	 as	 a	 result,	 cirque	 glacier	

dynamics	may	be	partly	decoupled	from	larger	scale	climate	(Tomkins	et	al.,	2018a).		

	

2.4.4	Summary	of	glacial	research	in	the	Wicklow	Mountains		

Previous	research	has	established	a	general	consensus	that,	at	the	LGM,	ice	in	the	Wicklow	

Mountains	was	confluent	with	the	wider	BIIS	(Clark,	C.D.	et	al.,	2012)	but	that	the	area	was	

not	overrun	by	regional	Midland	ice	(Warren,	1993;	Ballantyne	et	al.,	2006).	However,	it	is	

unclear	whether	ice	was	thick	enough	to	subsume	all	mountain	summits	(cf.	Ballantyne	et	

al.,	2006).	There	is	also	common	agreement	that	a	local	independent	ice	cap	persisted	after	

the	LGM,	although	it	is	not	clear	how	long	an	ice	cap	configuration	was	sustained.	During	

initial	deglaciation,	the	unzipping	of	local	and	regional	ice	led	to	the	development	of	Glacial	

Lake	 Blessington,	 northeast	 of	 the	 mountains,	 in	 a	 similar	 location	 to	 the	 modern	 day	

Pollaphuca	 Reservoir	 (Warren,	 1993).	 This	 lake	 drained	 following	 continued	 retreat	 of	

regional	 ice	 (Philcox,	 2019).	 Ice	 in	 the	Wicklow	Mountains	 continued	 to	 thin,	 revealing	

mountain	 summits	 (Ballantyne	 et	 al.,	 2006;	 Table	 2.2)	 and	 transitioned	 to	 mountain	

glaciation	 (Tomkins	 et	 al.,	 2018a;	 Table	 2.3).	 However,	 there	 has	 been	 no	 detailed	

assessment	 of	 the	 transition	 to	 topographically	 restricted	 mountain	 glaciation,	 of	

subsequent	styles	of	deglaciation,	or	of	spatial	variations	in	recession	dynamics	of	local	ice	

masses.	 It	 is	 also	 unclear	 whether	 ice	 disappeared	 entirely	 during	 the	 LGIT	 before	 re-

establishment	during	the	YD.	Ice	presence	during	the	YD	has	been	confirmed	by	absolute	

dating	 (Table	 2.2)	 at	 Lough	 Nahanagan	 (Colhoun	 and	 Synge,	 1980)	 and	 Kelly’s	

Lough/Carrawaystick	(Barth	et	al.,	2017).	YD	ice	masses	have	also	been	proposed	at	Upper	
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Lough	Bray	and	Mullaghcleevaun	(Tomkins	et	al.,	2018a),	supported	by	SHD	(Table	2.3).	

However,	there	is	yet	to	be	a	full	assessment	of	YD	ice	extent	in	the	region	or	of	the	local	

controls	upon	marginal	cirque	glaciation.	

	

2.5	Chapter	summary	

This	chapter	has	provided	a	brief	overview	of	glaciation	in	Britain	and	Ireland	in	relation	to	

the	last	BIIS	and	the	YD.		It	has	also	reviewed	the	glacial	history	of	the	Wicklow	Mountains,	

demonstrating	 that	 the	 area	 has	 received	 intermittent	 research	 attention	 since	 the	 19th	

century	(e.g.	Close,	1878).	The	foremost	issue	with	previous	work	in	the	area	has	been	the	

fragmented	approach	to	landscape	evaluation.	There	has	never	been	a	systematic	mapping	

campaign	of	the	entire	Wicklow	Mountains.	Instead	a	piecemeal	approach	has	meant	that	

geomorphological	assessment	is	spatially	sporadic,	often	concentrating	only	on	valleys	with	

an	obvious	glacial	signature	and	usually	focusing	on	single	lines	of	evidence	(e.g.	moraines)	

rather	 than	 focusing	on	 the	 full	 geomorphological	 record	over	a	 larger	area.	As	a	 result,	

there	has	not	been	a	detailed	assessment	of	regional	ice	behaviour	following	the	LGM.	The	

Wicklow	Mountains	also	hosts	the	type	site	for	YD	glaciation	in	Ireland	at	Lough	Nahanagan.	

It	has	been	suggested	that	several	other	cirques	across	the	study	area	hosted	YD	glaciers	

(e.g.	Warren,	 1993;	Barth	 et	 al.,	 2017;	 Tomkins	 et	 al.,	 2018a),	 but	 there	 has	 yet	 to	 be	 a	

systematic	evaluation	of	the	full	extent	of	YD	glaciation	in	the	region.	This	thesis	will	address	

these	knowledge	gaps	through	the	aims	and	objectives	outlined	in	Chapter	1.	The	following	

Chapter	3	reviews	the	potential	glacial	 landsystems	in	the	Wicklow	Mountains,	based	on	

regional	topography	and	the	literature	discussed	in	this	chapter.			
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Chapter	3:	Glacial	landsystems		

The	 discussion	 in	 Chapter	 2	 focussed	 on	 existing	 palaeoglaciological	 research	 in	 the	
Wicklow	Mountains	and	the	conceptual	models	proposed	for	former	Late	Devensian	and	YD	
glaciation	in	the	region.	A	clear	consensus	was	established	in	the	literature	on	the	following	
points:	(1)	the	Wicklow	Mountains	hosted	a	local	ice	cap	confluent	with	the	main	BIIS	at	the	
LGM	(Ballantyne	et	al.,	2006),	and	(2)	the	area	likely	hosted	cirque	glaciers	during	the	YD	
(Colhoun	and	Synge,	1980;	Warren,	1993;	Tomkins	et	al.,	2018a).	However,	understanding	
of	ice	extent	and	dynamics	during	the	LGIT	and	YD	is	patchy.	In	particular,	ice	configurations	
during	 the	 transition	between	 ice	 cap	 (post-LGM/early	LGIT)	and	cirque	glaciation	 (YD)	
remain	largely	unknown.	The	varied	range	of	topography	in	the	present	day	(i.e.	plateaux,	
isolated	summits,	deep	valleys,	and	cirques;	see	Figure	2.2)	suggests	that	a	number	of	glacial	
landsystems	may	have	co-existed	during	this	period.	An	examination	of	the	potential	glacial	
landsystems	that	may	have	existed	in	the	region	provides	an	important	starting	point	for	
interpreting	 the	 palaeoglacial	 record	 in	 the	 Wicklow	 Mountains.	 The	 landsystems	
considered	here,	using	examples	from	both	similar	upland	palaeoglaciological	settings	and	
modern	environments,	are	the	 ice	cap,	plateau	icefield,	alpine	 icefield,	valley	glacier,	and	
cirque	glacier	landsystems.	

Landsystem	models	based	on	observations	from	modern	glacial	environments	have	been	
instrumental	 in	 refining	 palaeoglaciological	 reconstructions	 because	 the	 spatial	 and	
temporal	 complexity	 of	 glacial	 landscapes	 makes	 it	 necessary	 to	 compile	 process-form	
models	linked	to	specific	glaciation	styles	and	dynamics	(Evans,	2003).	In	formerly	glaciated	
terrain,	landsystem	models	can	be	regarded	as	broad	templates	to	facilitate	interpretation	
of	 glaciogenic	 landform-sediment	 assemblages	 (cf.	 Bickerdike	 et	 al.,	 2018b).	 The	
comparison	 of	 empirical	 field	 evidence	with	 landsystem	 elements	 and	 units	 can	 enable	
determination	 of	 glaciation	 styles	 and	 dynamics	 in	 differing	 climatic,	 geological,	 and	
topographic	environments	(Evans,	2003).	In	addition,	careful	analysis	of	a	landsystem	has	
the	power	to	characterise	the	evolution	and	demise	of	former	ice	masses,	as	well	as	steady-
state	dynamics	(Clark,	1997).	Landsystem	models	are	becoming	more	frequently	applied	to	
glacial	 landforms	 and	 deposits	 in	 Britain	 (e.g.	 Benn	 and	 Lukas,	 2006;	 Golledge,	 2007;	
Bradwell	et	al.,	2007;	Finlayson	et	al.,	2011;	Pearce,	2014;	Boston	et	al.,	2015;	Bickerdike	et	
al.,	2018b;	Chandler	et	al.,	2019a),	but	in	Ireland	the	landsystems	approach	remains	more	
limited	(e.g.	Delaney,	2002).	

In	 this	 chapter,	 there	 is	 a	 focus	 on	 ice	 caps	 and	 topographically	 restricted	 landsystems	
rather	than	ice	sheets,	as	LGIT	glaciation	in	the	Wicklow	Mountains	was	likely	characterised	
by	small	ice	masses,	with	increasing	topographic	control,	following	the	retreat	of	the	BIIS	
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(Warren,	1993;	Tomkins	et	al.,	2018a).	In	addition,	whilst	there	is	general	understanding	
about	 the	 broad	 mechanisms	 of	 successive	 landsystem	 transitions	 during	 ice	 sheet	
deglaciation	(i.e.	to	ice	cap,	to	plateau	icefield	etc.),	specific	examples	remain	limited	(e.g.	
Finlayson	et	al.,	2011;	Fu	et	al.,	2012;	Pearce	et	al.,	2014;	Chandler,	2018)	particularly	given	
the	large	number	of	areas	that	would	have	been	affected	by	landsystem	evolution.	Despite	
this,	it	is	understood	that	during	ice	mass	thinning,	the	underlying	topography	increasingly	
exerts	control	on	both	ice	distribution	and	flow	direction	(Fu	et	al.,	2012)	and	the	response	
of	local	ice,	at	this	point,	is	likely	dependent	upon	both	the	nature	of	climatic	amelioration	
and	 the	 influence	 of	 local	 topography.	 In	 addition,	 transitions	 through	 multiple	 glacial	
landsystems	during	a	glacial	period	(e.g.	 local/regional	to	 large-scale	ice	cover,	reverting	
back	 to	 local-scale	 glaciation	 following	 climate	 amelioration;	 Evans,	 2003)	 creates	 a	
palimpsest	 landscape	 with	 multifaceted	 geomorphological	 signatures	 (Kleman,	 1994),	
which	may	be	difficult	 to	decipher.	Alternatively,	understanding	of	 landsystem	evolution	
may	 be	 compounded	 by	 large	 temporal	 gaps	 in	 both	 geomorphological	 and	
sedimentological	evidence.	

	

3.1	Ice	cap	landsystem	

3.1.1	Ice	caps	

Ice	caps	are	topographically-discordant	 ice	masses	which,	due	to	sufficient	 ice	thickness,	
flow	 largely	 independent	 of	 topography	 (Golledge,	 2007;	 Benn	 and	 Evans,	 2010).	
Contemporary	 ice	 caps	 are	 found	 in	 polar	 and	 sub-polar	 regions	 (e.g.	 Vatnajökull	 and	
Mýrdalsjökull	 (Figure	 3.1),	 Iceland;	 Barnes	 Ice	 Cap	 and	 Baffin	 Island,	 Canada;	
Nordaustlandet	and	Austfonna,	Svalbard)	and	palaeo-ice	caps	have	been	identified	globally	
(e.g.	 Western	 Highlands,	 Scotland;	 Alexander	 Island,	 Antarctica;	 Shaluli	 Shan,	 Tibet;	
Daocheng,	 Sichuan).	 In	 Scotland,	 parts	 of	 the	 Western	 Highlands	 Glacier	 Complex	 are	
recognised	as	a	YD	ice	cap	system	(e.g.	Rannoch	Moor/Glen	Lyon,	Lairig	an	Lochain,	and	Ben	
Lui-Ben	Oss;	 Golledge,	 2010;	 Bickerdike	 et	 al.,	 2018b),	 as	well	 as	 considered	 important	
inception	centres	of	the	last	BIIS	(Hubbard	et	al.,	2009;	Bickerdike	et	al.,	2018a).	

There	are	two	main	components	of	an	ice	cap	(Golledge,	2007);	(1)	dome(s),	where	slow	
moving	 ice	 flows	radially	outwards	 from	high	elevation	dispersal	 centres,	and	(2)	outlet	
glaciers,	where	mass	 is	more	rapidly	discharged	 towards	 ice	cap	peripheries,	usually	by	
exploiting	 geological	 discontinuities	 and	 topographic	 troughs	 (selective	 linear	 erosion,	
which	can	only	happen	 in	areas	of	 temperate	 ice;	Sugden,	1968,	1974;	Sugden	and	John,	
1976).	 Ice	 thickness	 (100s-of-m	 in	 the	 central	 area)	 and	 low	 surface	 slopes	 regulate	 ice	
driving	stresses	(Golledge,	2007),	the	velocity	of	ice	flow	(Weertman,	1973;	Thorp,	1991;	
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Mitchell,	1994),	and	thermal	regime	(Glasser,	1995;	Glasser	and	Siegert,	2002).	As	a	result,	
in	an	established	 ice	cap,	 topographically	 independent	 ice	movement	occurs	via	 internal	
deformation,	basal	sliding	(meltwater	lubricated),	substrate	deformation,	or	a	combination	
of	all	three	(Golledge,	2007).	

	

	

	

	

	

	

	

	

	

	 	
	
Figure	3.1.	Landsat	image	of	Mýrdalsjökull	ice	cap,	south	Iceland.	Mýrdalsjökull	has	a	surface	area	of	
~590	km2	and	is	the	fourth	largest	ice	cap	in	Iceland.	The	ice	cap	consists	of	a	central	dome	forming	
contiguous	cover	 from	~1490	–	1000	m,	below	this	 it	 is	 surrounded	by	a	 radial	 system	of	outlet	
glaciers.	 	 The	 ice	 cap	 is	 most	 well-known	 for	 covering	 the	 volcano	 Katla.	 Image:	 NASA	 Earth	
Observatory.			

	
The	thermal	regime	of	an	ice	cap	is	not	uniform	throughout	and	a	central	temperate	zone	
may	be	fringed	by	thin	cold-based	ice	at	the	margins,	or	polythermal	outlets	(Fu	et	al.,	2012;	
Hambrey	and	Glasser,	2012).	This	relationship	is	not	static	and	evolves	over	the	course	of	a	
glacial	cycle	with	ice	dynamics	and	thermal	regime	affected	by	changes	in	ice	cap	geometry	
during	growth	and	recession.	However,	ice	cap	fragmentation	does	not	mirror	inception	and	
growth	(Golledge,	2008),	 therefore,	areas	of	 initial	 ice	mass	 inception	may	not	persist	as	
areas	 of	 refuge	 during	 ice	mass	 retreat	 (Finlayson,	 2014).	 This	 is	 highlighted	 by	 recent	
modelling	which	shows	that	many	contemporary	ice	caps	(e.g.	Hardangerjøkulen,	Norway,	
and	 Han	 Tausen	 Iskappe,	 Greenland)	 could	 not	 grow	 from	 ice-free	 conditions	 to	 their	
current	size	under	today’s	climate,	due	to	hysteresis	(i.e.	dependence	on	initial	conditions;	
Åkesson	et	al.,	2017;	Zekollari	et	al.,	2017).	Instead,	these	ice	masses	exist	in	their	current	
states	as	remnants	of	a	previous	climate	and	are	highly	sensitive	to	surface	mass	balance	
changes.	Modelling	suggests	a	close	relationship	between	mass	balance,	altitude,	and	 ice	
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volume,	known	as	mass	balance-altitude	feedback	(Letréguilly	and	Oerlemans,	1990).	This	
relationship	 indicates	 that	 increasing	 (or	 decreasing)	 ice	mass	 extent	 also	 affects	mean	
surface	elevation	which	in	turn	affects	temperature	(i.e.	reduction	with	increased	elevation,	
increase	with	reduced	elevation).	As	a	result,	this	feedback	leads	to	either	a	more	positive	
mass	balance	and	further	ice	mass	growth,	or	more	negative	mass	balance	and	further	ice	
mass	 retreat.	 The	 sensitivity	 of	 this	 relationship	 is	 affected	 by	 ice	 cap	 hypsometry	
(altitudinal	distribution	of	ice;	Åkesson	et	al.,	2017).	

The	 interruption	 of	 steady	 state	 conditions,	 via	 positive	 or	 negative	 mass	 balance	 in	
response	to	climate,	will	affect	ice	cap	stability.	Small	ice	caps	and	associated	outlet	glaciers	
are	 climatically	 sensitive	 with	 relatively	 short	 response	 times	 to	 climate	 perturbations	
(Oerlemans	 et	 al.,	 1998).	 Conversely,	 larger	 ice	 caps	 with	 greater	 ice	 surface	 area,	 ice	
thickness,	and	associated	higher	albedo	have	longer	response	times	and	as	a	result	are	often	
less	 affected	 by	 short-term	 local	 climate	 variations	 (Möller	 and	 Schneider,	 2008).	
Independent	of	ice	cap	size,	outlet	glaciers	are	more	reactive	to	climate	variation	than	ice	
cap	interiors,	responding	more	quickly	via	outlet	expansion,	retreat,	or	thinning	(Knap	et	
al.,	1996).	In	contrast,	ice	cap	interiors	exhibit	response	to	climatic	variation	via	thickening	
or	thinning	of	the	ice	surface,	reflecting	greater	changes	in	ice	cap	volume	(Flowers	et	al.,	
2005)	but	 this	 requires	significant	changes	 in	 inputs	 (e.g.	precipitation)	and,	 in	 terms	of	
thinning,	for	the	ELA	to	be	within	the	interior	of	the	ice	cap.	

	
3.1.2	Geomorphological	signature	of	ice	caps	

Discussions	 on	 the	 geomorphological	 signature	 of	 the	 ice	 cap	 landsystem	 are	 rare	 in	
comparison	 to	 other	 glacial	 landsystems	 (cf.	 Evans,	 2003).	 Golledge	 (2007)	 provides	 a	
holistic	view	of	the	landform-sediment	assemblages	typical	of	the	landsystem,	along	with	
theoretical	diagnostic	 criteria	 to	 aid	 identification	 in	 the	palaeo-record.	Bickerdike	et	 al.	
(2018b)	builds	upon	this	work,	specifically	considering	the	ice	cap	landsystems	associated	
with	YD	glacial	geomorphology	in	Britain.	However,	aside	from	this	focus	on	past	ice	caps	
in	Britain,	 research	 on	 ice	 caps	 in	 a	 landsystem	 context	 remains	 limited	 to	 a	 handful	 of	
studies	in	Iceland	(e.g.		Evans,	2011;	Evans	et	al.,	2016;	2018a,b),	where	the	focus	is	mainly	
on	outlets	rather	than	the	overall	landsystem.		

In	an	ice	cap	landsystem,	ice	flow	is	usually	collectively	identifiable	as	radial	from	a	central	
dome,	local	dome,	or	ice	divide.	The	location	and	orientation	of	geomorphological	landforms	
are	predominately	determined	by	the	ice	slope	irrespective	of	the	underlying	topography.	
As	 a	 result,	 the	 geomorphological	 signature	 of	 an	 ice	 cap	 is	 often	 discordant	 with	 the	
underlying	topography	(Figure	3.2),	contrasting	sharply	with	many	other	landsystems	(cf.	
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Evans,	2003;	Golledge,	2007;	Bickerdike	et	al.,	2018b).	The	ice	cap	landsystem	is	strongly	
characterised	by	moraines	aligned	transverse	to	topographically	restricted	ice	flow,	both	on	
high	surface	plateaus	and	valley	floors.	In	some	locations,	there	may	be	evidence	of	cross-
cutting	 flow	 pathways	 and	 overriding	 of	 previous	 landforms	 (Fu	 et	 al.,	 2012).	
Topographically-discordant	flow	is	also	highlighted	through	the	asymmetrical	distribution	
of	till	on	valley	sides,	particularly	in	areas	where	ice	flowed	obliquely	across	valley	and	up	
a	 reverse	 slope,	 or	 over	 a	 col	 (Thorp,	 1991).	 In	 such	 cases,	 till	 accumulations	 may	 be	
particularly	thick	in	areas	where	ice	flow	was	not	controlled	by	underlying	topography	(e.g.	
where	flow	was	against	reverse	slopes	or	obliquely	across	valleys;	Golledge,	2007).			

	

	

	

	

	

	

	

	

Figure	3.2.	Schematic	representation	of	the	glaciogenic	landforms	produced	by,	and	used	to	identify,	
an	 icecap	 landsystem.	 This	 conceptual	model	 is	 based	 on	 the	 Younger	 Dyas	 landform	 record	 in	
Scotland.	1	=	pre-YD	moraines	overridden	by	YD-aged	 lineations;	2	=	moraines	 in	valleys	aligned	
discordant	to	topography;	3	and	4	=	thick	accumulations	of	preserved	till;	5	=	roche	moutonées;	6	=	
whalebacks;	7	=	ice-moulded	bedrock	in	the	high	cols;	8	=	transition	from	ice-moulded	bedrock	to	
frost-weathered	debris;	9	=	solifluction	features	and	frost-weathered	regolith.	Source:	Bickerdike	et	
al.	(2018b).	

	

In	 addition	 to	 this,	 a	 combination	of	 streamlined	bedforms,	 striae,	 and	 erratic	 transport	
paths	can	be	used	to	indicate	radial	flow	(usually	from	a	central	ice	dome)	irrespective	of	
the	 trending	of	major	valleys.	 	However,	 there	may	be	differences	 in	erosional	 landform	
distribution.	 For	 example,	 roche	 moutonnées	 have	 been	 noted	 on	 lower	 valley	 sides,	
whereas	 whalebacks	 are	 predominately	 found	 at	 higher	 elevations	 (Bickerdike	 et	 al.,	
2018b).	Ice-moulded	bedrock	may	be	present	in	high	cols	if	the	ice	had	sufficient	thickness	
to	 modify	 bedrock	 surfaces.	 However,	 some	 slopes	 may	 feature	 a	 trimline	 where	 ice-
moulded	bedrock	transitions	to	frost-weathered	debris	on	mountain	summits.		
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Whilst	 isolated	 occurrences	 of	 topographically-discordant	 moraines,	 asymmetrical	 till,	
streamlined	bedforms,	striae,	erratics,	ice-moulded	bedrock,	trimlines,	and	frost-shattered	
regolith	may	not	be	particularly	insightful,	the	widespread	presence	of	such	features	may	
be	diagnostic	of	 an	 ice	 cap	 landsystem.	Using	 this	 collective	geomorphological	 evidence,	
seven	theoretical	diagnostic	criteria	have	been	identified	by	Golledge	(2007)	to	facilitate	ice	
flow	 identification	 and	 the	 differentiation	 of	 an	 ice	 cap	 from	other	 landsystems	 such	 as	
plateau	and	alpine	icefields	(Table	3.1).		

	
Table	 3.1.	 Summary	 of	 generalised	 landsystem	 elements	 (physical,	 geomorphological,	 and	
sedimentological	 characteristics)	 for	 the	 icecap	 landsystem.	 (Adapted	 from	 Golledge,	 2007;	
Bickerdike	et	al.,	2018b).	
Landsystem	elements	 Icecap	landsystem	

Geometry	 Mainly	domed	accumulation	area,	with	relative	
steep	outlet	glaciers	

Ice	marginal	landforms	and	sediments	 Deglacial	features	often	discordant	with	local	
topographic	slope,	may	also	feature	on	high	
plateaus.	

Subglacial	sediment	deposition	 Asymmetric	deposition	of	till	on	valley	sides.	
Accumulation	of	thick	sediment	sequences	in	valley	
floors,	particularly	at	foot	of	reverse	slopes	or	in	
topographic	hollows.	

Ice	scouring	 Ice-moulded	bedrock	through	landsystem.	Roche	
moutonnées	on	lower	valley	sides	transitioning	into	
whalebacks	at	higher	elevations.	High	level	cols	
often	overtopped	and	streamlined,	particularly	in	
central	areas.	

Pattern	of	local	ice	flow	shown	by	
kinematic	indicators	

Determined	by	ice	surface	slope,	irrespective	of	
topographic	slope	

Direction	of	flow	of	ice-marginal	drainage	 Away	from	ice	margins	either	with	or	against	
topography	

Style	of	palaeo-ice	flow	of	whole	ice	mass	 Predominately	radial	from	a	central	or	local	dome,	
or	ice	divide	

	
	

3.2	Plateau	icefield	landsystem	

3.2.1	Plateau	icefields	

A	plateau	icefield	 is	a	non-domed	ice	mass	acting	as	an	independent	 ice	dispersal	centre	
(Figure	3.3)	and	icefields	have	been	identified	in	both	contemporary	(e.g.	Norway;	Arctic	
Canada,	Greenland)	and	ancient	(e.g.	Britain	Portugal,	Morocco)	environments.	Within	this	
landsystem,	ice	flow	is	influenced	by	underlying	topography	and	discharges	mass	towards	
lower	 ground	 by	 exploiting	 paths	 of	 least	 topographic	 resistance,	 such	 as	 outlet	 valleys	
(Sugden	and	John,	1976).	Plateau	icefields	usually	form	on	high	elevation	plateaux	which	
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act	as	large	accumulation	areas.	These	regions	often	lie	above	the	regional	glaciation	level	
and	therefore	collect	snow	more	readily	than	lower	elevation	corries	or	upper	valleys	(Rea	
and	Evans,	2003).		

	

	

	

	

	

	

	

	

	

Figure	 3.3.	Oblique	 aerial	 photograph	 (1950)	 of	 plateau	 icefields	 on	 northwest	 Ellesmere	 Island,	
Canadian	 high	 arctic.	 Source:	 Evans,	 2003.	 Original:	 T408R-222,	 Energy,	 Mines	 and	 Resources,	
Canada.	

	
Less	extensive	and	narrow	plateaux	require	higher	relative	elevations	above	the	regional	
snow	 line	 (and	 thus	 lower	 mean	 temperatures)	 in	 order	 to	 maintain	 snow	 cover	 and	
promote	ice	formation	(Figure	3.4;	Manley,	1955).	As	a	result,	cold-based	ice	(i.e.	ice	that	is	
below	pressure	melting	point)	is	usually	dominant	on	these	‘narrow	summits’	or	smaller	
plateaux,	as	a	consequence	of	the	lower	temperatures	required	to	support	ice	formation	and	
preservation.	In	contrast,	warm-based	ice	is	more	prevalent	on	lower	and	wider	plateaus	
where	 ice	 is	 thicker	 and	 at	 pressure	melting	 point	 (Rea	 and	 Evans,	 2003).	 The	 plateau	
icefield	 thermal	 regime	 is	 also	 affected	 by	 the	 presence	 of	 permafrost	 (Dyke,	 1993),	
particularly	 if	permafrost	 is	situated	 in	 the	accumulation	area	(Rea	and	Evans,	2003).	 In	
addition,	the	slope	of	the	glacier	bed	can	also	influence	thermal	regime	as	this	dictates	strain	
rate	within	 the	 ice.	 Consequently,	 cold-based	 ice	 is	 generally	 associated	with	 low	 slope	
angles	and	associated	low	strain	rates	(Rea	et	al.,	1998).	Therefore,	the	low	gradient	of	a	
plateau	 combined	with	 thin	 ice	 often	 results	 in	 the	 dominance	 of	 a	 cold-based	 thermal	
regime.	 The	 thermal	 regime	 of	 a	 plateau	 icefield	 has	 substantial	 significance	 for	 ice	
dynamics	and	controls	the	geomorphological	signature	of	the	landsystem.		
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Figure	3.4.	(a)	Relationship	between	summit	breath	and	height	of	summit	above	firn	line	required	
for	plateau	 icefield	development	 (Source:	Manley,	1955);	 (b)	Glaciated	and	non-glaciated	summit	
heights	 plotted	 against	 an	 extended	 version	 of	 Manley’s	 original	 curve	 (with	 power	 law	 fitted).	
Includes	additional	summit	data	from	north	Norway	(Rea	et	al.,	1998).	Source:	Evans	(2003).	

	

3.2.2	Geomorphological	signature	of	plateau	icefields	

Plateau	icefields	create	landforms	largely	concordant	with	topography,	as	ice	flow	is	usually	
in	 the	 direction	 of	 land	 surface	 slope.	 However,	 any	 erosional	 or	 depositional	 features	
produced	by	an	icefield	are	dependent	upon	the	thickness	and	extent	of	ice	cover,	and	its	
associated	thermal	regime	(Rea	and	Evans,	2003).	Spatial	and	temporal	variations	in	these	
factors	can	create	a	complex	landsystem,	as	highlighted	by	Figure	3.5.	Cold-based	ice	is	non-
erosive	and	ice	movement	is	predominately	due	to	ice	creep	(Benn	and	Evans,	2010).	Due	
to	 this,	 cold-based	 plateau	 ice	 produces	 little	 evidence	 of	 its	 existence	 and,	 since	many	
plateau	 icefields	 may	 have	 been	 predominately	 cold-based,	 there	 is	 often	 little	 or	 no	
erosional	or	depositional	evidence	of	a	former	plateau	icefield	(cf.	McDougall,	2013;	Pearce,	
2014;	Boston	et	al.,	2015).	Likewise,	existing	landforms	can	survive	unmodified	and	intact	
beneath	cold-based	ice	(c.f.	Rea	et	al.,	1998;	Fabel	et	al.,	2012;	Corbett	et	al.,	2016;	Marr	et	
al.,	 2019).	 Non-erosive	 ice	 can	 preserve	 pre-existing	 blockfields,	 weathered	 bedrock,	
solifluction	lobes,	and	periglacial	trimlines,	as	confirmed	by	surface	exposure	dating	(Fabel	
et	al.,	2002;	Stroeven	et	al.,	2002;	Davies	et	al.,	2006;	Andersen	et	al.,	2018).	However,	 if	
plateau	ice	is	at	or	above	the	pressure	melting	point,	then	erosion	of	the	plateau	surface	can	
take	place	and	this	can	remove	pre-existing	blockfields	or	regolith,	streamline	bedrock,	and	
create	striations.		

	

(a)	 (b)	



	
	 	 	 Chapter	3:	Glacial	landsystems	

		

 51 

	

	

	

	

	

	

	

	
	
Figure	3.5.	Schematic	representation	of	the	glaciogenic	landforms	produced	by,	and	used	to	identify,	
a	plateau	icefield	landsystem.	This	conceptual	model	is	based	on	the	YD	landform	record	in	Scotland	
and	is	characteristic	of	upland	areas	with	gently	undulating	summits,	on	which	ice	accumulated.	The	
plateau	was	drained	by	outlets	glaciers	in	the	surrounding	valleys.	1	=	recessional	moraines	in	the	
valley;	2	=	recessional	moraines	at	the	valley	head,	which	rise	onto	the	plateau;	3	=	ice	moulding	and	
roche	moutonées	at	the	valley	head;	4	=	ice-marginal	meltwater	channels;	5	=	periglacial	blockfields	
and	solifluction	lobes.	Source:	Bickerdike	et	al.	(2018b).	

	

The	lack	of	a	clear	geomorphological	signature	exclusively	associated	with	cold-based	ice	
means	that	former	plateau	icefields	are	often	difficult	to	recognise	in	the	palaeoglaciological	
record.	The	evidence	of	ice	presence	on	the	plateau	surface	may	be	subtle	(cf.	Evans,	2016),	
a	problem	which	can	be	further	compounded	by	the	presence	of	thick	peat.	Collectively,	this	
is	 likely	why	many	 former	plateau	 icefields	have	 remained	unrecognised	until	 relatively	
recently	(e.g.	Lake	District,	McDougall,	2013;	Creag	Meagaidh,	Finlayson,	2006;	Beinn	Dearg,	
Finlayson	et	al.,	2011;	Monadhliath	Mountains,	Boston	et	al.,	2015;	Tweedsmir	Hills,	Pearce,	
2014)	and	that	the	alpine	glacier	landsystem	has	remained	dominant	in	British	and	Irish	
Quaternary	research	(e.g.	Sissons,	1977;	1980a).		The	absence	of	erosional	and	depositional	
evidence	has	been	traditionally	interpreted	as	an	indication	of	the	absence	of	ice.	However,	
this	notion	has	been	reassessed	in	recent	decades	and	the	potential	presence	of	cold-based	
ice	investigated.		Although	cold-based	ice	is	associated	with	a	lack	of	glacial	geomorphology,	
lateral	meltwater	channels	may	form	at	the	margin,	as	water	is	unable	to	flow	subglacially	
due	to	the	frozen	glacier	bed	(Benn	&	Evans,	2010).	As	such,	extensive	lateral	meltwater	
channels	 have	 been	 identified	 on	 plateaux	 (e.g.	 Somerset	 Island,	 Dyke	 et	 al.,	 1993;	
Monadhliath	 Mountains,	 Boston	 et	 al.,	 2015;	 Gaick,	 Chandler	 et	 al.,	 2019a,b),	 providing	
evidence	for	the	location	of	former	ice	margins.	In	instances	where	a	plateau	icefield	was	
entirely	cold-based,	lateral	meltwater	channels	may	constitute	the	only	geomorphological	
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evidence,	 on	 the	 plateau,	 to	 identify	 the	 existence	 of	 a	 former	 plateau	 icefield	 (Rea	 and	
Evans,	2003).	

Plateau	ice	may	reach	pressure	melting	point	at	the	plateau	edge,	through	a	combination	of	
increased	 basal	 stress	 and	 strain	 heating	 promoted	 by	 a	 steeper	 bed	 gradient	 (i.e.	 ice	
flowing	 over	 the	 plateau	 edge).	 Peripheral	 warm-based	 ice	 has	 been	 identified	 in	 both	
contemporary	and	palaeoenvironments	through	the	identification	of	erosional	features	(e.g.	
striated	 bedrock,	 ice-moulded	 bedrock,	 roches	 moutonnées;	 Rea	 and	 Evans,	 2003).	 In	
addition,	moraines	can	sometimes	be	found	on	plateau	edges	or	on	gentler	slopes	that	lead	
away	from	the	plateau	at	outlet	valley	heads,	indicating	the	existence	of	local	warm-based	
conditions	(Evans	et	al.,	2006).	Outlet	glaciers	often	display	a	geomorphological	signature	
similar	to	valley	glacier	systems	(e.g.	obliquely	trending	valley	floor	moraines,	meltwater	
channels,	 erratics,	 striated	 bedrock,	 streamlined	 bedforms,	 and	 glaciofluvial	 and	
glaciolacustrine	sediments;	Benn	and	Lukas,	2006).	

These	types	of	observations	have	led	to	recognition	of	two	landscape	zones	associated	with	
plateau	 icefields	 (Dyke,	 1993;	 Rea	 and	 Evans,	 2003);	 (1)	 a	 central	 zone	 exhibiting	 very	
little/or	 no	 glacial	 modification	 (cold-based	 centre),	 and	 (2)	 an	 outer	 zone	 with	 both	
erosional	and	depositional	features	(warm-based	periphery).	These	observations	contrast	
with	the	thermal	regime	associated	with	an	ice	cap	(temperate	central	zone	due	to	thick	ice,	
cold-based	 thin	 ice	peripheries)	 and	 if	 the	 geomorphological	 record	of	 a	 former	plateau	
icefield’s	central	zone	presents	no	erosional	or	depositional	evidence	it	may	imply	that	the	
warm-based	 zone	 did	 not	 migrate	 inwards	 during	 deglaciation	 (Evans	 and	 Rea,	 2003).	
Consequently,	as	a	result	of	a	complex	thermal	regime,	the	geomorphological	signature	of	
plateau	 icefields	 is	 multifaceted	 (Boston	 et	 al.,	 2015)	 and	 in	 order	 to	 identify	 plateau	
icefields,	 careful	 assessment	 of	 the	 geomorphological	 evidence	 is	 essential	 in	 order	 to	
confidently	differentiate	between	valley	glacier	and	plateau	icefield	landsystems.		

	

3.2.3	Effect	of	plateau	ice	on	equilibrium	line	altitudes	(ELAs)		

Correct	identification	of	a	former	plateau	icefield	(rather	than	a	valley	glacial	landsystem)	
is	 important,	 as	 the	 presence	 of	 a	 higher	 elevation	 accumulation	 zone	 will	 affect	 ELA	
calculations	 and,	 in	 turn,	 estimations	 of	 former	 regional	 climate	 (Rea	 and	Evans,	 2003).	
Plateau	 icefield	presence	will	 result	 in	an	 increase	 in	 the	calculated	ELA	since	 there	 is	a	
larger	volume	of	ice	at	a	higher	altitude,	compared	to	when	ice	is	only	reconstructed	within	
the	valley	(Figure	3.6;	Rea	and	Evans,	2003;	Barr	and	Lovell,	2014).	The	area	of	land	above	
the	ELA	governs	the	distance	that	glaciers	are	able	to	extend	below	the	regional	climatic	
ELA	(Furbish	and	Andrews,	1984;	Chenet	et	al.,	2010;	Pratt-Sitaula	et	al.,	2011;	Barr	and	
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Lovell,	 2014),	 however,	 this	 relationship	 also	means	 that	 such	 outlet	 glaciers	 are	more	
responsive	 and	 sensitive	 to	 changes	 in	 climate.	 This	 was	 demonstrated	 at	 two	
contemporary	glaciers	in	Norway,	Goverdalsbreen	and	Fauldalsbreen	in	the	Lyngen	Alps,	
which	were	plateau	icefield	outlets	at	the	time	of	study	by	Rea	et	al.	(1999).	These	outlet	
valley	glaciers	existed	below	the	regional	firn	line	but	were	sustained	by	plateau	ice	and	
able	 to	 expand	 in	 response	 to	 even	 small	 increases	 in	 winter	 precipitation	 and/or	
temperature	decreases	(Rea	et	al.,	1999).	However,	this	meant	that	the	glaciers	were	also	
highly	sensitive	to	climate	amelioration,	as	shown	from	their	recession	which	can	be	seen	
in	recent	aerial	photographs.	As	predicted	by	Rea	et	al.	(1999),	increased	temperatures	have	
caused	ice	to	retreat	from	the	plateau	edge,	resulting	in	detachment	of	these	outlet	glaciers	
from	their	plateau	source.	As	both	glaciers	are	situated	below	the	regional	firn	line,	they	are	
now	decaying	following	detachment	 from	the	plateau	accumulation	area.	This	behaviour	
has	also	been	observed	affecting	outlets	of	the	Columbian	Icefield	(Rippin	et	al.,	2019).	Here,	
rapid	 ice	mass	 retreat	 (stagnation	 and	 thinning)	 is	 detected	 at	 outlets	which	 have	 fully	
detached	from	their	high-level	accumulation	region,	compared	to	those	still	connected	to	
the	 icefield.	 This	 highlights	 the	 reliance	 of	 such	 outlet	 glaciers	 on	 replenishment	 by	
upglacier	ice	flow	for	their	long-term	survival	and	that	detachment	may	occur	as	a	precursor	
to	the	rapid	loss	of	plateau	icefield	outlet	glaciers.		

	

	

	

	

	

	

	

	

	 	

	 	
	 	
	
Figure	3.6.	Schematic	 illustrating	how,	under	uniform	climatic	 conditions	 (reflected	by	a	uniform	
ELA),	(a)	mountain	glacier	height	and	(b)	plateau	and	non-plateau	topography	can	lead	to	variation	
in	 glacier	 dimensions	 and	 associated	 moraine	 distribution.	 Blue	 zones	 represent	 glacier	
accumulation	areas	(Ac).	Source:	Barr	and	Lovell	(2014).		
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The	 sustaining	 effect	 of	 plateau	 ice	 has	 also	 been	 recognised	 in	 the	 British	
palaeoglaciological	record	(McDougall,	1998,	2001,	2013).	In	the	Lake	District,	a	reappraisal	
of	 the	 local	 glacial	 geomorphology	 identified	 that	 plateau	 ice	 supported	 fairly	 extensive	
glaciers	in	the	region	during	the	YD.	The	plateau	icefield	landsystem	provides	a	significantly	
simplified	 explanation	 for	 ice	 sustenance	 compared	 to	 Sissons’	 (1980a)	 valley	 glacier	
explanation.	In	this	earlier	work,	Sissons	had	reconstructed	three	individual	snow	intensity	
zones	in	order	to	explain	why	his	(erroneous)	ELAs	were	so	low	compared	to	other	small	
ice	 masses	 in	 the	 area.	 McDougall’s	 (1998,	 2001)	 work	 highlighted	 the	 importance	 of	
identifying	 former	plateau	 icefields	and	 incorporating	 them	 in	glacier	 reconstructions.	 It	
signified	a	paradigm	shift	in	British	Quaternary	glacial	research	and	the	movement	away	
from	an	unquestioning	 acceptance	of	 the	 alpine	 landsystem.	Multiple	 studies	have	 since	
identified	other	plateaus	which	acted	as	 source	areas	 for	 ice	masses	during	 the	YD	 (e.g.	
Brown	et	al.,	2011,	2013;	Finlayson	et	al.,	2011;	Pearce	et	al.,	2014;	Boston	et	al.,	2015;	
Chandler	et	al.,	2019a).	As	re-evaluation	of	early	geomorphological	mapping	continues	it	is	
highly	likely	that	more	plateau	icefield	landsystems	will	be	identified.		

	

3.3	Alpine	icefield	landsystem	

3.3.1	Alpine	icefields	

Alpine	icefields	are	areas	of	interconnected	(transection)	glacier	networks	in	mountainous	
regions	 and	 are	 characterised	 by	 valley	 glaciers	 connected	 by	 cols	 at	 valley	 heads	 (e.g.	
Juneau	 icefield,	 Alaska;	 Northern	 and	 Southern	 Patagonia	 icefields;	 Ha-Iltzuk	 icefield,	
British	Columbia;	Figure	3.7).	Whilst	ice	masses	are	connected,	ice	thickness	is	insufficient	
to	subsume	all	topography	and	consequently	high	elevation	summits	and	arêtes	frequently	
project	 through	 the	 ice	 as	 nunataks	 (Benn	 &	 Evans,	 2010).	 As	 a	 result,	 ice	 flow	 is	
topographically	concordant,	and	both	glacier	morphology	and	debris	transport	pathways	
are	strongly	 influenced	by	 the	 topography	(Benn	et	al.,	2003).	Glacier	dynamics	are	also	
controlled	by	thermal	regime	and	alpine	glaciers	are	generally	temperate	or	polythermal	
ice	masses	with	(at	least	some)	ice	at	pressure	melting	point,	enabling	ice	movement	via	
both	basal	sliding	and	ice	deformation	(Hambrey	and	Glasser,	2012).	‘Alpine’	topography	in	
Ireland	and	Britain	is	relatively	low	(often	only	a	few	hundred	metres	from	valley	floor	to	
mountain	 summits)	 in	 comparison	 to	 other	 notable	 alpine	 regions	 (e.g.	 Himalayas,	
European	Alps,	New	Zealand	Alps)	and,	as	a	result,	contribution	of	supraglacial	debris	from	
surrounding	steep	slopes	onto	ice	masses	would	be	less	significant	(Benn	and	Lukas,	2006;	
Bickerdike	et	al.,	2018b).	
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Figure	3.7.	Landsat	image	of	the	Ha-Iltzuk	icefield	in	British	Columbia,	Canada.	It	has	an	approximate	
area	of	3610	km2	and	is	the	largest	icefield	in	the	Coast	Mountains	region.	The	icefield	is	dominated	
by	 the	 Klinaklini	 Glacier	 draining	 southwards	 from	Mount	 Silverthrone	 (2864	m).	 Source:	 NASA	
Earth	Observatory.		

	

The	alpine	icefield	landsystem	is	considered	as	being	at	the	‘opposite	end’	of	the	mountain	
icefield	 landsystem	 continuum	 to	 plateau	 icefields	 (Bickerdike	 et	 al.,	 2018b)	 due	 to	 the	
differences	 in	 topography	between	 the	 two	mountain	 landsystems.	 In	 the	alpine	 icefield	
landsystem,	glacial	valleys	and	cirques	are	well-developed	and	plateau	surfaces	are	usually	
limited	 or	 absent	 altogether.	 In	 the	 palaeoglaciological	 record,	 the	 alpine	 icefield	
landsystem	appears	 to	have	been	widespread	 in	Scotland	during	the	YD,	with	numerous	
alpine	 mountain	 areas	 occupied	 by	 interconnected	 glacier	 networks	 (e.g.	 Sutherland	
Mountains,	Lukas	and	Bradwell,	2010;	Skye,	Benn	et	al.,	1992;	Mull,	Ballantyne	et	al.,	2002a),	
where	 networks	 of	 valley	 glaciers	 were	 fed	 by	 higher	 elevation	 accumulation	 areas	 in	
cirques	 and	 upper	 valleys.	 Smaller	 YD	 alpine	 icefields	 are	 also	 thought	 to	 have	 been	
nourished	on	Lewis,	Harris,	Rùm	and	Arran	(Bickerdike	et	al.,	2018b).		

	

3.3.2	Alpine	icefield	geomorphological	signature	

Landforms	associated	with	an	alpine	icefield	are	all	topographically	concordant.	Beyond	the	
typical	 alpine	 topography	 of	 steep	 valley	 sides,	 well-developed	 arêtes	 and	 cirques,	 the	
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alpine	icefield	landsystem	is	strongly	characterised	by	sequences	of	recessional	moraines	
(Figure	3.8).	These	often	constitute	arcuate	chains	of	ridges,	obliquely	trending	across	the	
floors	 and	 lower	 slopes	of	 valleys.	 Chaotic	moraine	mounds	may	be	present,	 along	with	
eskers,	but	are	not	necessarily	widespread	within	the	alpine	icefield	landsystem	(Bickerdike	
et	al.,	2018b).	Sequences	of	recessional	moraines	may	be	present	throughout	the	length	of	
the	valley	or	 limited	 to	a	depositional	zone	near	 the	glacier	 terminus.	 In	addition,	 fluted	
sediment	has	also	been	noted	in	areas	downvalley	of	steep	slopes,	suggesting	the	downslope	
acceleration	of	warm-based	ice	and	the	streamlining	of	subglacial	sediment	(Benn,	1994;	
Benn	 and	 Lukas,	 2006).	 Medial	 moraines	 may	 also	 mark	 the	 confluence	 between	 two	
neighbouring	valley	glaciers	but	are	rare	due	to	low	preservation	potential	(Bennett,	1991).		

In	many	valleys,	erosional	features	have	been	noted	as	becoming	progressively	dominant	
nearer	valley	heads	(e.g.	roche	moutonées),	suggesting	a	warm	thermal	regime	for	outlet	
glaciers;	this	is	further	supported	by	the	presence	of	ice-moulded	bedrock	on	high	cols	(Fu	
et	al.,	2012).	High-level	ice-moulded	bedrock	on	cols	is	an	essential	component	of	the	alpine	
icefield	landsystem	as	it	provides	direct	evidence	of	glacier	coalescence	in	the	accumulation	
area.	Vertical	ice	extent	may	be	marked	by	trimlines	separating	zones	of	ice	moulding	and	
periglacial	features	above	the	inferred	upper	ice	limit	(Ballantyne,	2002a;	2007a;	Lukas	and	
Lukas,	2006a,b).	However,	 trimlines	could	also	represent	an	englacial	 thermal	boundary	
and	the	transition	from	temperate	erosive	ice	to	cold	non-erosive	ice	(McCarroll,	2016).		

	

	

	

	

	

	

	

	

Figure	3.8.	Schematic	representation	of	the	glaciogenic	landforms	produced	by,	and	used	to	identify,	
an	alpine	icefield	landsystem.	This	conceptual	model	is	based	on	the	Younger	Dyas	landform	record	
in	Scotland	and	is	found	in	areas	of	steep	alpine	topography	where	interconnected	networks	of	valley	
glaciers	develop.	The	extent	of	glaciation	 is	highly	 influenced	by	topography	with	most	mountain	
summits	remaining	exposed	above	the	ice.	1	=	recessional	moraines;	2	=	chaotic	moraines,	mounds,	
and	ridges;	3	=	esker;	4	–	medial	moraine;	5	–	restricted	belt	of	end	moraines;	6	=	flutings;	7	=	roche	
moutonées;	8	=	ice-smoothed	bedrock;	9	=	periglacial	trimline.	Source:	Bickerdike	et	al.	(2018b).	
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3.4.	Valley	glacier	landsystem		

3.4.1	Valley	glaciers	

Valley	glaciers	are	similar	 to	 the	previously	discussed	alpine	 icefield	 landsystem	(Figure	
3.8)	 and	 are	 confined	within	 bedrock	 valleys	 and	 fed	 by	 higher	 elevation	 accumulation	
areas,	 such	as	 a	 valley	head	or	 cirque	 (Figure	3.9).	However,	while	 tributaries	 are	often	
connected	 in	 a	 valley	 glacier	 landsystem,	 ice	 masses	 are	 not	 interconnected	 across	
watersheds	(i.e.	cols	are	not	overrun)	(Benn	et	al.,	20003).	The	surrounding	higher	elevation	
ground,	such	as	mountain	summits	and	ridges,	largely	remains	ice	free	because	the	ground	
is	too	steep	to	support	ice	presence	(e.g.	Himalayas;	Hambrey	et	al.,	2008)	and/or	because	
climatic	conditions	have	resulted	in	the	thinning	of	ice	so	that	high	elevation	areas	are	now	
ice	 free	 (e.g.	 European	 Alps;	 Manley,	 1955).	 These	 glaciers	 are	 highly	 restricted	 by	
topography	 with	 the	 hypsometry	 of	 an	 individual	 glacier	 controlled	 by	 its	 topographic	
setting,	including	the	shape	and	size	of	its	accumulation	area	(Jiskoot	et	al.,	2009;	Raper	and	
Braithwaite,	 2009).	 Topography	 also	 exerts	 a	 control	 upon	 glacier	 retreat	 dynamics,	 as	
although	valley	glaciers	respond	to	climate	amelioration,	they	are	not	solely	controlled	by	
climatic	 forcing.	 Catchment-	 and	 glacier-scale	 ice	 mass	 variability	 (advance,	 retreat),	
independent	of	larger	scale	climate	forcing,	has	been	identified	in	both	contemporary	(e.g.	
Chenet	 et	 al.,	 2010;	 Tennant	 et	 al.,	 2012;	 King	 et	 al.,	 2017)	 and	 former	 alpine	 glacier	
geomorphological	records	(e.g.	Thackray	et	al.,	2008;	Pratt-Sitaula	et	al.,	2011;	Rodríguez-
Rodríguez	 et	 al.,	 2015;	 Turu	 et	 al.,	 2017).	 Whilst	 the	 asynchronous	 behaviour	 of	
neighbouring	ice	masses	remains	complex,	glacier	hypsometry	(Jiskoot	et	al.,	2009;	Raper	
and	Braithwaite,	2009;	Nuth	et	al.,	2013),	topographic	shading	(Aberman	et	al.,	2011;	Olson	
and	Rupper,	2019),	and	slope	gradient	(Bennet	et	al.,	2012;	Kumar	Garg	et	al.,	2017;	Boston	
and	 Lukas	 2019)	 have	 all	 been	 identified	 as	 topographic-related	 controls	 on	 glacier	
dynamics,	independent	of	larger-scale	regional	(macro-)	climate.		
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Figure	3.9	(previous	page).	Aletsch	Glacier,	Bernese	Alps,	Switzerland,	 is	the	largest	glacier	 in	the	
Alps.	It	has	an	area	of	~81.7	km2	and	is	~23	km	in	length.	Photo:	Dirk	Beyer.	

	

3.4.2	Valley	glacier	geomorphological	signature	

The	valley	glacier	(glaciated	valley)	landsystem	features	in	every	latitudinal	environment,	
ranging	from	polar	(Bennet	et	al.,	2010;	Evans	et	al.,	2012)	to	tropical	regions	(Benn	et	al.,	
2005;	Malecki	et	al.,	2018).	As	a	result,	there	is	significant	variability	within	the	landsystem	
and	 its	geomorphological	 signature	 is	highly	 influenced	by	 topography,	differential	 solar	
geometry,	sediment	availability,	and	thermal	regime	(Benn	et	al.,	2003).	For	 this	reason,	
insights	 from	 the	 British	 YD	 geomorphological	 record	 (Bickerdike	 et	 al.,	 2018a	 and	
references	 therein)	 are	 the	 most	 suitable	 landsystem	 comparison	 for	 post-LGM	 glacial	
geomorphology	in	the	Wicklow	Mountains.		

The	geomorphological	signature	of	a	valley	glacier	is	similar	in	nature	to	an	alpine	icefield	
and	 the	 two	 landsystems	 therefore	 share	many	of	 the	 same	 topographically	 concordant	
geomorphological	 components	 (Figure	 3.8;	 cf.	 Bickerdike	 et	 al.,	 2018a).	 However,	 some	
differences	arise	due	 to	 the	greater	degree	of	 topographic	 restraint	 in	an	 isolated	valley	
glacier	landsystem.	In	particular,	high	elevation	topography	is	likely	to	display	a	periglacial	
rather	than	glacial	geomorphological	signal,	with	an	absence	of	ice	moulding	on	high-level	
cols	(Stone	and	Ballantyne,	2006;	Ballantyne,	2018).	However,	if	a	valley	glacier	landsystem	
becomes	 established	 due	 to	 the	 thinning	 and	 retreat	 of	 an	 alpine	 icefield,	 ice-moulded	
bedrock	 will	 exist	 on	 high-level	 topography	 (Ballantyne,	 2002a).	 This	 highlights	 the	
transient	and	evolving	nature	of	ice	masses	and	glacial	landsystems.	

	

3.5.	Cirque	glacier	landsystem	

3.5.1	Cirque	glaciers	

Cirque	glaciers	are	found	in	nearly	all	alpine	landscapes	that	support	ice	accumulation	and	
are	either	situated	in	cirques	(armchair-shaped	bedrock	hollows	on	a	mountain	side;	Figure	
3.10)	or	in	the	uppermost	parts	of	glacier	troughs.	In	both	the	contemporary	and	palaeo-
record,	these	small	glaciers	typically	exist	in	locations	either	peripheral	to	the	main	centres	
of	 glaciation	 (e.g.	 Keller	 Peninsula,	 Antarctica,	 Simões	 et	 al.,	 2004;	 Ben	 More	 Coigach	
(Scottish	YD),	Chandler	et	al.,	2017)	or	in	areas	marginal	for	glaciation	(e.g.	Sierra	Nevada,	
California,	 Owen	 et	 al.,	 2003;	 Snowdonia	 (Welsh	 YD),	 Bendle	 and	 Glasser,	 2012).	 The	
presence	of	cirques	is	 indicative	of	restricted	mountain	glaciation	within	topographically	
favourable	 sites,	 where	 larger-scale	 climate	 conditions	 were	 not	 conducive	 for	 the	
development	of	valley	glaciers	(Bickerdike	et	al.,	2018b).		
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In	the	northern	hemisphere	mid-latitudes,	there	is	an	observed	preference	for	northeastern	
cirque	aspects,	due	to	enhanced	topographic	shading		(Evans,	2015;	Barr	et	al.,	2017b;	Ipsen	
et	 al.,	 2017;	 Oien	 et	 al.,	 2019)	 and	 prevailing	 westerly	 winds	 which	 deposit	 snow	
preferentially	 in	 the	 lee	of	high	ground	 (i.e.	 particularly	on	east-facing	aspects;	Mitchell,	
1996).	In	the	cirque	landsystem,	the	build-up	and	movement	of	ice	is	strongly	controlled	by	
topography	(Bickerdike	et	al.,	2018b)	which	controls	preferential	snow	collection.	Ice	flow	
typically	 emanates	 from	 the	 backwall	 towards	 the	 glacier	 margin	 and,	 initially,	 cirque	
glaciers	have	minimal	erosive	capabilities	due	to	limited	size	and	low	ice	discharge	(Barr	
and	 Spagnolo,	 2015).	 However,	 in	 time,	 glaciers	 are	 able	 to	 erode	 and	 generate	 well	
developed	 overdeepened	 cirques	 via	 rotational	 flow	 (Lewis,	 1949;	 1960).	 This	 process	
maximises	 subglacial	 (basal)	 sliding,	 as	 basal	 friction	 is	 overcome,	 removing	 eroded	
material	from	the	glacier	bed	by	quarrying	and	abrasion	(Barr	and	Spagnolo,	2015).		
	
As	 a	 result,	 cirque	 evolution	 is	 largely	 controlled	 by	 thermal	 regime	 and	 therefore	 ice	
thickness,	as	sufficient	 ice	thickness	is	required	for	the	glacier	to	reach	pressure	melting	
point	 and	 enable	 basal	 sliding.	 Consequently,	 cirque	 glaciers	 with	 temperate	 thermal	
regimes	flow	via	a	combination	of	basal	sliding	and	internal	deformation,	whereas	thinner	
ice	masses	with	a	cold-thermal	regime	flow	solely	by	internal	deformation	and	are	unable	
to	further	excavate	the	glacier	bed	(Benn	and	Evans,	2010).	Monitoring	of	contemporary	
cirque	glaciers	suggests	that,	in	many	cases,	ice	masses	are	marginal	cold-based	ice	masses,	
principally	surviving	due	to	favourable	topographic	position	(Brown	et	al.,	2010).	However,	
observations	highlight	significant	variability	in	response	to	climatic	warming	(Bolch	et	al.,	
2010).	The	sensitivity	of	cirque	glaciers	to	climate	warming	is	varied	making	the	projection	
of	future	change,	as	well	as	interpretation	of	ongoing	changes,	difficult.		
	

Figure	3.10	Palisade	Glacier	in	Sierra	Nevada,	California.	Photo:	Christopher	Sunnen.	
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3.5.2	Cirque	glacier	geomorphological	signature	

Whilst	 the	 cirque	 glacier	 landsystem	 distinguishes	 the	 smallest	 and	 most	 marginal	 ice	
masses,	 it	 has	 a	 characteristic	 geomorphological	 signature	 (Figure	3.11)	 that	 is	 strongly	
controlled	 by	 topography,	 ice	 dynamics,	 and	 sediment	 supply.	 Cirque	 glaciers	 create	
landforms	concordant	with	topography,	as	ice	flow	is	in	the	direction	of	surface	slope	and	
usually	emanates	 from	the	cirque	headwall.	However,	 cirques	may	not	be	 located	at	 the	
valley	 head,	 as	 aspect	may	 result	 in	 topographic	 shading	 at	 valley	 sidewalls	 and	 glacier	
development	is	most	feasible	in	areas	with	preferential	snow	accumulation	(sheltered	and	
in	the	lee	of	prevailing	winds)	and	enhanced	retention	(shaded).		Regardless,	cirque	glaciers	
are	limited	to	their	preferential	areas	of	refuge	and	their	maximum	extent	is	often	indicated	
by	 sequences	 of	 recessional	moraine	 ridges	 (e.g.	 Cwm	 Idwal	 in	 Snowdonia;	 Bendle	 and	
Glasser,	 2012)	 or	 a	 single	 prominent	 arcuate	 terminal	 moraine	 ridge	 (Marchlyn	 Bach;	
Bendler	and	Glasser,	2012).	Recessional	sequences	can	extend	from	the	outermost	limit	to	
the	former	ice	mass’s	source	area	but	more	frequently	form	a	belt	near	the	outermost	limit	
before	 transitioning	 to	 an	 erosional	 signature	 (ice-moulded	 bedrock)	 in	 the	middle	 and	
upper	cirque	area	(Bickerdike	et	al.,	2018b).	

Moraine	production	 is	dependent	on	sufficient	sediment	supply	 to	 the	glacier	margin.	 In	
cirque	 environments	 it	 has	 been	 suggested	 that	 the	majority	 of	 clasts	 enter	 the	 system	
supraglacially,	and	the	short	transport	distance	of	material	can	limit	englacial	and	subglacial	
incorporation	and	reworking	of	material	(Boulton,	1978;	Benn	et	al.,	2003).	However,	clast	
shape	analysis	 in	other	studies	 indicates	that	both	passive	high-level	sediment	transport	
and	 tractive	 transport	 occur	 at	 the	 bed-ice	 interface,	 and	 contribute	 to	 cirque	 glacier	
moraine	formation	(Benn,	1989;	Lukas	et	al.,	2012).	In	Scotland,	prominent	cirque	moraines	
have	been	noted	enclosing	areas	of	hummocky	drift	mounds	in	several	areas	(Bickerdike	et	
al.,	2018b).	Other	features	of	the	cirque	glacier	landsystem	may	include	paraglacial	slope	
failures	 and	 relict	 periglacial	 features	 (e.g.	 mature	 talus	 slopes	 mantling	 valley	 sides,	
solifluction	lobes,	frost-weathered	detritus,	protalus	ramparts,	and	summit	blockfields).	In	
some	 cases,	where	 features	occur	 close	 to	 the	 cirque	backwall,	 there	may	be	difficulties	
differentiating	 between	 single	 terminal	 moraines	 and	 protalus	 ramparts	 due	 to	 similar	
morphology	 and	 composition	 (openwork	 angular	 clasts;	 Shakesby	 and	Matthews,	 1993;	
Carr	and	Coleman,	2007;	Matthews	et	al.,	2017).	
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Figure	3.11.	Schematic	representation	of	the	glaciogenic	landforms	produced	by,	and	used	to	identify,	
a	 cirque/niche	glacier	 landsystem.	This	 conceptual	model	 is	based	on	 the	YD	 landform	record	 in	
Scotland	and	shows	the	main	characteristics	of	the	landsystem	which	is	found	predominately	in	areas	
where	 conditions	 only	 marginally	 meet	 the	 glaciation	 threshold.	 1	 =	 recessional	 moraines;	 2	 =	
hummocky	drift;	3	=	protalus	rampart;	4	=	rockslope	failure	debris;	5	=	blockfield.	Source:	Bickerdike	
et	al.	(2018b).		

	

3.6	Synthesis	

Landforms	 and	 landform	 associations	 found	 within	 glaciated	 environments	 vary	
significantly	and	comparison	of	identified	landforms	with	those	typical	of	different	types	of	
glacial	 landscapes	 can	 allow	 the	 most	 appropriate	 style	 of	 glaciation	 and	 associated	
landsystem	 to	 be	 identified	 (Golledge,	 2007).	With	 respect	 to	 correctly	 recognising	 the	
range	of	former	post-LGM	glacial	landsystems	in	the	Wicklow	Mountains,	several	key	points	
are	identified:		

- Ice	geometry	significantly	affects	glacier	dynamics:	therefore,	different	styles	of	
glaciation	are	 likely	to	produce	contrasting	glacial	 landsystems	(Benn	and	Evans,	
2010;	 Evans,	 2003).	 However,	 ice	 mass	 morphologies	 can	 be	 thought	 of	 as	 a	
continuum	rather	than	as	distinct	and	separate	entities	(Benn	and	Evans,	2010),	and	
as	a	result,	overlaps	between	the	landsystem	models	are	to	be	expected.	In	addition,	
it	is	rare	for	all	elements	of	a	landsystem	to	be	present	in	every	case	(Stokes	and	
Clark,	1999).		

- Topographic	situation	must	be	considered:	it	is	not	only	the	presence	or	absence	
of	 landform	units	 that	determines	a	 landsystem	classification,	 the	distribution	of	
landforms	in	relation	to	proposed/modelled	glacial	limits	and	underlying	relief	is	
fundamental	to	understanding	the	landsystem	present.		
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- Landsystems	 are	 time-transgressive:	 landsystem	 development	 is	 time	
transgressive	 with	 large	 ice	 masses	 retreating	 and	 thinning	 becoming	 more	
topographically	 constrained	 throughout	 deglaciation.	 Therefore,	 it	 should	 be	
recognised	that	clear	distinctions	between	ice	mass	types	are	rare.	Instead	it	is	more	
realistic	 that	 ice	masses	all	 lie	along	a	 “spatial	and	 temporal	 continuum	of	 form”	
(Golledge,	 2007,	 p.214).	 This	 has	 been	 recognised	 in	 the	 Rannoch	 Basin,	 with	
Bickerdike	 et	 al.	 (2018b)	 suggesting	 that	 the	 area	 represented	 an	 intermediate	
transition	zone	between	an	 icecap	and	alpine	 icefield	 landsystem,	which	became	
increasingly	 alpine	 over	 time	 with	 topographic	 constraint	 due	 to	 retreat	 and	
downwasting.		

- Similar	 combination(s)	 of	 landform	 units	 may	 be	 found	 in	 each	 of	 the	

landsystems	 identified:	 Geomorphological	 overlaps	 may	 make	 it	 difficult	 to	
confidently	 distinguish	 different	 landsystem	 signatures.	 This	 is	 particularly	
prevalent	 within	 the	 British	 YD	 geomorphological	 signature	 and	 may	 be	 partly	
attributable	 to	 the	 relatively	 small	 spatial	 and	 temporal	 scale	 of	 glaciation.	 This	
observation	is	relevant	to	the	Wicklow	Mountains	as	reconstructions	of	the	Wicklow	
Ice	Cap	suggest	an	area	of	~	980	±	100	km2	at	the	LGM	(Ballantyne	et	al.,	2006)	and	
this	moderately	small	ice	mass	may	have	been	highly	sensitive	to	climatic	variation,	
and	 therefore	 susceptible	 to	 rapid	 landsystem	 evolution.	 As	 a	 result,	 glacial	
landsystem	signatures	may	overlap.		

It	 is	 important	 to	 identify	 and	 examine	 the	 range	of	 glacial	 landsystems	 in	 the	Wicklow	
Mountains	 during	 the	 LGIT,	 as	 the	 style	 of	 glaciation	 has	 both	 glaciodynamic	 and	
palaeoclimatic	implications.	The	prevalence	of	the	alpine	landsystem	has	been	previously	
overestimated	in	Britain	(e.g.	Sissons,	1980a),	resulting	in	the	underestimation	of	ice	during	
the	YD,	but	following	reinvestigation	of	the	palaeo-record	(e.g.	Lake	District,	cf.	McDougall,	
2011;	Monadhliath	Mountains,	cf.	Boston	et	al.,	2015;	Tweedsmir	Hills,	cf.	Pearce,	2014),	the	
plateau	icefield	landsystem	is	now	recognised	as	significant	in	several	formerly	glaciated	
areas	in	upland	Britain.		

Whilst	there	has	been	little	previous	consideration	of	the	role	of	plateaux	topography	in	the	
Wicklow	Mountains,	there	is	reason	to	consider	its	influence	on	ice	mass	configuration	in	
the	region.	The	area	contains	two	clear	separate	icefield	accumulation	areas,	a	central	high	
elevation	plateau	and	a	northern	lower	mid-elevation	mountain	plateau	enclosed	by	several	
large	summits,	and	both	plateaux	 feed	 into	outlet	valleys	(see	Figure.	2.2).	This	 is	highly	
suggestive	 of	 separate	 plateau	 and	 alpine	 icefields	 landsystems.	 In	 fact,	 based	 on	
topography,	 it	 is	 feasible	that	the	Wicklow	Mountains	may	have	hosted	a	combination	of	
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(potentially	concurrent)	plateau	icefield,	alpine	icefield,	valley	glaciers,	and	cirque	glaciers	
during	 the	 LGIT	 (cf.	Marcott	 and	 Shakun,	 2017;	Menounos	 et	 al.,	 2017).	 This	 thesis	will	
determine	both	the	style	and	dynamics	of	local	LGIT	glaciation	through	the	use	of	glacier	
landsystems.		

	

3.7	Chapter	summary	

This	chapter	has	described	the	current	understanding	of	the	ice	cap,	plateau	icefield,	alpine	
icefield,	valley	glacier,	and	cirque	glacier	landsystems,	with	a	focus	on	understanding	gained	
from	the	British	YD	 landform	record.	Previous	work	has	demonstrated	that	 the	process-
form	 regimes	 inherent	 within	 glacial	 geomorphology	 can	 be	 used	 to	 identify	 differing	
landsystems.	However,	it	should	also	be	recognised	that	landsystems	form	a	continuum	and	
this,	 along	 with	 the	 complexities	 of	 a	 palimpsest	 landsystem	 landscape,	 may	 make	 it	
challenging	in	some	topographic	settings	to	confidently	elucidate	the	specific	palaeoglacial	
landsystem.	The	next	chapter,	Chapter	4,	will	outline	the	main	data	collection	and	analysis	
methods	used	to	address	the	research	aims	and	objectives	identified	in	Chapter	1.		
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Chapter	4:	Primary	data	collection	and	analysis	

This	chapter	discusses	and	reviews	the	literature	relevant	to	the	methods	used	in	the	study,	

and	also	explains	how	these	methods	have	been	used	to	collect	data	 for	 this	 thesis.	This	

includes:	(1)	geomorphological	mapping,	which	was	undertaken	via	remote	sensing	(using	

aerial	 photographs	 and	 a	 digital	 terrain	 model	 (DTM))	 and	 fieldwork;	 and	 (2)	

morphostratigraphy,	 whereby	 the	 landform	 data	 presented	 in	 Chapter	 5	 were	 used	 to	

establish	 a	 relative	 chronology	 of	 glacial	 events	 in	 the	 Wicklow	 Mountains.	 Additional	

analyses	using	the	geomorphological	evidence	are	presented	in	Chapters	6	and	7,	including	

radiation	modelling,	 glacier	 surface	profile	modelling,	 glacier	 reconstructions,	 snowblow	

and	 avalanche	 modelling,	 palaeoclimatic	 reconstructions,	 ice	 margin	 reconstruction,	

moraine	 spacing,	 and	slope	analysis.	The	details	on	 these	methods	are	outlined	 in	 these	

chapters.	

	

4.1	Geomorphological	mapping	

Geomorphological	 mapping	 uses	 the	 visualisation	 of	 surface	 morphology	 to	 facilitate	

understanding	 of	 processes	 that	 have	 shaped	 that	 environment	 (Hubbard	 and	 Glasser,	

2005;	 Smith	 and	 Clark,	 2005;	 Otto	 and	 Smith,	 2013;	 Chandler	 et	 al.,	 2018).	 Landform	

mapping	played	an	import	role	in	early	glaciological	research	in	Ireland	(e.g.	Close,	1864,	

1867;	Wright,	1914),	and	continues	to	be	a	core	element	of	palaeoglaciology.	More	widely,	

ice	 mass	 reconstructions	 have	 been	 routinely	 based	 on	 the	 interpretation	 of	 glacial	

geomorphological	 evidence,	 from	 early	work	 at	 the	 start	 of	 the	 20th	 century	 through	 to	

modern	studies	(e.g.	Anderson	et	al.,	1998;	Clark	et	al.,	2000;	Benn	and	Ballantyne,	2005;	

Heroy	 and	 Anderson,	 2005;	 Glasser	 et	 al.,	 2008;	 Greenwood	 and	 Clark,	 2009a,b;	

Winsborrow	 et	 al.,	 2010;	 C.D.	 Clark	 et	 al.,	 2012;	 Barr	 et	 al.,	 2017a;	 James	 et	 al.,	 2019;	

Sutherland	et	al.,	2019). Detailed	glacial	geomorphological	mapping	has	also	allowed	the	

identification	of	multiple	glacial	landsystems	through	the	recognition	of	sediment-landform	

assemblages	 linked	 to	 particular	 glacial	 processes	 and	 environments	 (e.g.	 Fookes	 et	 al.,	

1975;	 Evans,	 2003;	 discussed	 in	 Chapter	 3).	 Geomorphological	 data	 has	 therefore	 been	

important	 for	 the	 interpretation	 of	 palaeo-ice	 mass	 behaviour	 and	 dynamics,	 and	

increasingly	used	to	compliment	other	primary	techniques,	for	example	(1)	numerical	ice	

flow	models	for	model	calibration	and	verification	(e.g.	Hubbard,	1999;	Kleman	et	al.,	2002;	

Golledge	and	Hubbard,	2005;	Napiealski	et	al.,	2007;	Golledge	et	al.,	2008;	Evans	et	al.,	2009;	

Stokes	and	Tarasov,	2010;	Livingstone	et	al.,	2015;	Seguinot	et	al.,	2016;	Patton	et	al.,	2017),	

and	 (2)	 absolute	 dating	 campaigns	 to	 provide	 both	 an	 initial	 relative	 chronological	

framework	 to	 be	 tested,	 and	 to	 establish	 the	 geomorphological	 context	 of	 samples	 (e.g.	
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Owen	et	al,.	2005;	Clark	et	al.,	2009;	Harrison	et	al.,	2010;	Barrell	et	al.,	2011,	2013;	J.	Clark	

et	al.,	2012;	Darvill,	2013;	Gribenski	et	al.	,2016;	Blomdin	et	al.,	2018).		

Early	 geomorphological	 mapping	 (e.g.	 Passarge,	 1914;	 Caldenius,	 1932)	 was	 entirely	

dependent	 upon	 physical	 site	 visits.	 Consequently,	 the	 advent	 of	 remote	 sensing	

technologies	revolutionised	the	accessibility	of	the	technique	(Otto	and	Smith,	2013).	The	

widespread	use	of	aerial	photography	since	the	1950s	has	led	to	numerous	detailed	glacial	

geomorphological	maps,	combining	both	aerial	photography	(analogue	or	digital)	and	field	

mapping	(e.g.	Lueder,	1959;	Price,	1963;	Welch,	1967;	Prest,	1983;	Sahlin	and	Glasser,	2008;	

Brown	et	al.,	2011;	Boston,	2012a,b;	Pearce	et	al.,	2014;	Barr	et	al.,	2017a),	including	the	

assessment	of	 regions	previously	 inaccessible	or	difficult	 to	map	on	 foot	 (e.g.	Lukas	and	

Lukas,	 2006a,b).	 Using	 this	 approach,	 the	 first	 map	 of	 glacial	 landform	 distribution	 in	

Ireland	was	produced	by	Synge	and	Stephens	(1960).	This	map	has	since	been	replicated	

and	periodically	updated	(e.g.	Synge,	1970;	McCabe,	1985;	1987,	2008;	Knight	et	al.,	2004;	

Farrell	et	al.,	2005).	

Geomorphological	mapping	 can	 be	 undertaken	 using	 a	 combination	 of	 remotely	 sensed	

resources,	 including	 aerial	 photographs,	 satellite	 images	 and	 digital	 elevation	 models	

(DEMs),	 and	 analogue	 and	 digital	 datasets.	 Analogue	 vertical	 panchromatic	 aerial	

photographs	have	traditionally	been	used	in	stereopairs	and	viewed	using	a	stereoscope	

(e.g.	Benn	and	Ballantyne,	2005;	Lukas	and	Lukas,	2006a,b;	Boston,	2012b;	Chandler	and	

Lukas,	2017),	and	remain	a	useful	method	for	determining	the	location,	shape	and	planform	

of	small	glacial	features	(e.g.	Ballantyne,	2007a,b;	Boston,	2012a,b;	Chandler	et	al.,	2019a).	

Digital	remote	mapping	has	become	a	powerful	tool	for	glacial	geomorphological	mapping	

due	 to	 the	 widespread	 availability	 of	 GIS	 software	 (e.g.	 ArcGIS,	 QGIS)	 and	 the	 recent	

proliferation	in	digital	imagery.	Digital	aerial	photographs	(ground	resolution	<	0.5	m	per	

pixel)	are	now	widely	available	and	used	routinely	 in	glacial	geomorphological	mapping	

(e.g.	Brown	et	 al.,	 2011;	Bradwell	 et	 al.,	 2013;	Pearce	et	 al.,	 2014;	Chandler	et	 al.,	 2016;	

Allaart	 et	 al.,	 2018;	 Chandler	 et	 al.,	 2019b)	 and	digital	 aerial	 photographs	 (and	 scanned	

versions	 of	 archival	 aerial	 photographs)	 are	 now	 far	more	widely	 used	 than	 hard-copy	

stereoscopic	aerial	photographs	(Chandler	et	al.,	2018).		

In	addition,	high	resolution	optical	imagery	is	increasingly	available	at	low	or	no-cost	for	

most	 parts	 of	 the	 globe	 (e.g.	 Google	 Earth,	 Bing	maps)	 and	 advances	 in	 satellite	 sensor	

capabilities	means	that	satellite	images	are	now	available	with	resolutions	comparable	to	

aerial	photographs	(e.g.	Quickbird,	WorldView-2)	(see	Chandler	et	al.,	2018).	These	datasets	

can	 be	 highly	 suitable	 for	mapping	 smaller	 landforms	 and/or	 complex	 glacial	 landform	
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assemblages	(e.g.	Chandler	et	al.,	2016;	Ewertowski	et	al.,	2016;	Malecki	et	al.,	2018),	 in	

particular	providing	an	 important	 resource	 for	 the	glacial	 geomorphological	mapping	of	

mountain-scale	ice	masses.	However,	there	may	be	landform	misinterpretations	from	the	

use	of	remote	sensing	alone,	as	well	as	potential	limitations	due	to	cloud	cover	obscuring	

the	landscape,	and	terrain	appearing	‘flat’	due	to	inappropriate	lighting	conditions	(Smith	

and	Wise	2007;	Chandler	et	al.,	2018).	Despite	these	potential	issues,	remote	sensing	is	an	

important	way	 to	 conduct	 initial	mapping	of	 an	area	and	 can	provide	useful	 context	 for	

landforms	 identified	 in	 the	 field.	This	 is	because	establishing	 the	 spatial	occurrence	and	

patterns	 of	 landforms	 can	 become	 clearer	 when	 seen	 from	 an	 aerial	 perspective;	 this	

includes	 feature	orientation	and/or	 the	 relationship	 to	other	 landforms	 (e.g.	 linearity	of	

hummocky	moraine).	

Issues	of	‘flat’	terrain	and	landscape	visualisation	common	to	aerial	photograph	and	satellite	

image	 analysis	 can	 be	 largely	 overcome	 by	 the	 inclusion	 of	 DEMs	 and	 their	 derivatives	

(DTMs	 and	 digital	 surface	 models	 (DSMs)).	 For	 geomorphological	 mapping,	 DEMs	 and	

DTMs	 enable	 (1)	 visualisation	 of	 the	 terrain	 (through	 the	 use	 of	 hillshade	models	 etc.),	

allowing	areas	to	be	explored	in	3D	and	helping	the	identification	of	subtle	landforms	and	

their	 context;	 and	 (2)	 the	 extraction	 of	 elevation	 and	 terrain	 data	 (e.g.	 landform	 and	

landscape	 metrics).	 As	 a	 result,	 DEMs	 are	 now	 standard	 tools	 for	 geomorphological	

mapping	(cf.	Smith	et	al.,	2011;	Chandler	et	al.,	2018).		

The	 availability	 of	 high-resolution	 elevation	 data	 has	 been	 very	 beneficial	 for	 glacial	

geomorphological	mapping	 investigations.	 In	Britain,	NEXTMAP	 (5	m	 spatial	 resolution)	

has,	 until	 recently,	 been	 the	 primary	 countrywide	 elevation	 dataset	 for	 detailed	 terrain	

assessment.	NEXTMAP’s	release	resulted	in	a	growth	of	glacial	geomorphological	studies	at	

the	scales	of	both	ice	sheets	and	mountain	glaciation	(e.g.	Livingstone	et	al.,	2008;	Boston,	

2012a,b;	Hughes	et	al.,	2012;	Turner	et	al.,	2014;	Chiverrell	et	al.,	2016;	Barr	et	al.,	2017b;	

Bateman	et	al.,	2018;	Boston	and	Lukas,	2017;	Chandler	and	Lukas,	2017;	Jones	et	al.,	2017;	

Arosio	et	al.,	2018;	Falcini	et	al.,	2018;	Kearsey	et	al.,	2019)	and	has	been	revolutionary	in	

transforming	 understanding	 of	 the	 last	 BIIS	 and	YD	 glaciation	 in	Britain	 (e.g.	 Finlayson,	

2006;	Livingstone	et	al.,	2008;	Sahlin	and	Glasser,	2008;	Boston,	2012a,b;	Pearce	et	al.,	2014;	

Boston	et	al.,	2015;	Hall	et	al.,	2016;	Small	and	Fabel,	2016;	Bickerdike	et	al.,	2016,	2018a,b;	

Clark	et	al.,	2018;	Bradwell	et	al.,	2019;	Boston	and	Lukas,	2019;	Chandler	et	al.,	2019a,b,c).	

NEXTMAP	has	now	largely	been	superseded	by	the	availability	of	higher-resolution	LiDAR	

(light	detection	and	ranging)	covering	much	of	Britain	and	some	parts	of	Ireland.	LiDAR	has	

been	 used	 extensively	 in	 Scandinavia	 (Johnson	 et	 al.,	 2015;	 Putkinen	 et	 al.,	 2017)	 to	

investigate	a	range	of	glacial	geomorphological	features	including:	ribbed	and	hummocky	
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moraine	 areas	 (Möller	 &	 Dowling,	 2015);	 De	 Geer	 recessional	moraines	 (Bouvier	 et	 al.,	

2015;	Ojala	et	al.,	2015;	Dowling	et	al.,	2016;	Ojala	2016);	 subglacial	meltwater	systems	

(Sarala	 et	 al.,	 2015);	 lateral	 meltwater	 channels	 (Eilertsen	 et	 al.,	 2015);	 streamlined	

bedforms	 (Dowling	 et	 al.,	 2015);	 and	 bedrock	 lineaments,	 fracture	 sets,	 and	 fissures	

(Scheiber	 et	 al.,	 2015;	 Skyttä	 et	 al.,	 2015).	 In	 particular,	 LiDAR	data	 has	 been	 shown	 to	

surpass	other	sources	(e.g.	topographic	maps,	fieldwork,	aerial	photos)	in	revealing	De	Geer	

moraines	and	has	led	to	the	establishment	of	national	databases	recording	the	nationwide	

distribution	of	the	landform	(e.g.	Bouvier	et	al.,	2015;	Johnson	et	al.,	2015).		

In	 Britain,	 the	 recent	 release	 of	 Environment	 Agency	 LiDAR	 data	 (1	m	 resolution,	 60%	

coverage	 of	 England	 and	 Wales)	 is	 starting	 to	 facilitate	 more	 detailed	 glacial	

geomorphological	mapping	(cf.	Davies	et	al.,	2019;	Lovell	et	al.,	2019),	but	in	Ireland,	LiDAR	

availability	remains	more	limited	(cf.	Ordnance	Survey	Ireland;	OSI).	Delaney	et	al.	(2018)	

demonstrated	that,	where	available	in	Ireland,	LiDAR	can	be	used	to	enhance	understanding	

of	complex	palaeo-ice	sheet	dynamics.	Using	high-resolution	DTMs	(0.5-1	m	horizontal	and	

0.12-0.25	m	vertical),	 they	 identified	 a	 series	 of	 previously	unrecognized	 low-amplitude	

glacial	 landforms	 (e.g.	 crevasse	 squeeze	 ridges,	mega-scale	 glacial	 lineations)	 in	 central	

Ireland.	This	highlights	the	potential	for	LiDAR-derived	DTMs	to	be	used	to	map	landform	

evidence	 that	may	 have	 been	difficult	 or	 impossible	 to	 identify	 from	 alternative	 remote	

sensing	datasets	or	in	the	field.	This	in	turn	can	improve	palaeoglaciological	reconstructions	

and	insight	into	regional	deglacial	dynamics.		

Prior	 to	 Delaney	 et	 al.	 (2018),	 the	 most	 significant	 recent	 progress	 had	 been	 made	

reconstructing	and	understanding	the	evolution	of	the	last	IIS	(Greenwood	and	Clark,	2008,	

2009a,b)	by	mapping	subglacial	bedforms	using	OSI	DTMs	(25m	spatial	resolution,	derived	

from	topographic	maps).	However,	these	DTMs	(also	available	with	spatial	resolutions	of	

10	m)	are	still	too	coarse	for	identifying	the	smaller	landforms	associated	with	mountain	

glaciation,	the	research	focus	of	this	thesis.	This	limits	the	applicability	of	widely	available	

remote-sensing	datasets	for	studying	small-scale	local	ice	masses	in	Ireland.	Nevertheless,	

as	high-resolution	elevation	data,	particularly	LiDAR,	becomes	more	widely	available,	this	

will	 present	 an	 excellent	 opportunity	 to	 conduct	 detailed	 glacial	 geomorphological	

assessments	and	reassessments	across	Ireland,	including	in	upland	glaciated	regions	such	

as	the	Wicklow	Mountains.		

In	this	study,	geomorphological	mapping	was	used	to	enable	a	systematic	assessment	of	the	

glacial	 geomorphology	 within	 the	 Wicklow	 Mountains.	 A	 holistic	 approach	 combined	

remotely-sensed	and	field	data	in	a	geographical	information	system	(GIS)	to	produce	a	new	
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glacial	 geomorphological	 map	 for	 the	 Wicklow	 Mountains.	 This	 map	 was	 a	 necessary	

requirement	to	achieve	objectives	(a)–(f),	outlined	Chapter	1,	as	presented	in	Chapters	5,	6,	

and	7.	Using	a		combination	of	both	remote	and	field	mapping	is	an	established	method	for	

glacial	geomorphological	studies	(e.g.	C.D.	Clark	et	al.,	2004,	2012;	2018;	Lukas	and	Lukas	

2006a,b;	Greenwood	and	Clark,	2008;	Brown	et	al.,	2012;	Boston,	2012a,b;	Pearce	et	al.,	

2014;	 Barr	 et	 al.,	 2017a;	 Chandler	 et	 al.,	 2018,	 2019a,b,c)	 and,	 therefore,	 the	 most	

appropriate	approach	to	assess	glaciation	in	the	Wicklow	Mountains.	The	absence	of	high-

resolution	elevation	data	(such	as	LiDAR,	NEXTMAP)	in	the	area	means	that	both	remote	

and	field	mapping	are	essential	to	fully	assess	the	geomorphological	record.		

	

4.1.1	Data	sources			

In	light	of	the	previous	discussion,	it	was	decided	to	employ	a	variety	of	data	sources	for	

remote	 mapping	 and	 a	 combination	 of	 elevation	 data,	 optical	 imagery,	 and	 digital	

topographic	maps	were	used.	Table	4.1	summarises	the	range	of	remote	sensing	data	used	

in	this	thesis	for	glacial	geomorphological	mapping,	as	well	as	the	main	mapping	use.	

	

Table	4.1	Summary	of	remote	sensing	data	used	in	study.	

Data	 Source	 Resolution	 Main	mapping	use	

Digital	terrain	
model	(DTM,	
derived	from	
topographic	
maps)	

Ordnance	
Survey	Ireland	
(OSI)	

10	m	(±	10	m	
vertical	accuracy)	

- Initial	landscape	
familiarisation/reconnaissance	

- Hillshade	model	production	
- Identification	of	large	erosional	

features	(e.g.	meltwater	
channels	>100	m)		

- Contour	production	

Digital	
orthorectified	
aerial	
photographs	
(2000	and	2004-
2006)	

OSI	product	
accessed	with	
permission	of	
Geological	
Survey	of	
Ireland	(GSI)	

1	m	 - Initial	landscape	familiarisation	
- Validation	of	field	mapping	
- Assisting	feature	placement	

digitizing	field	mapping	
	

Google	Earth	 Various		
(e.g.	Digital	
Globe/Maxar	
Technologies,	
Copernicus,	
Worldview-2)	

Optical	data:		
15	m	–	15	cm	
Elevation:	90	m	
(±	30	m	vertical	
accuracy)	

- Initial	landscape	familiarisation	
- Validation	of	field	mapping	
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Bing	maps	 Digital	
Globe/Maxar	
Technologies	

30	cm		
(Western	Europe)	

- Initial	landscape	familiarisation	
- Validation	of	field	mapping	

Digital	
topographic	map	

OSI	 1:50,00	scale	 - Digitisation	of	field	mapping	
	

	

4.1.2	Remote	mapping	approach	

An	 OSI	 DTM	 (10	 m	 spatial	 resolution)	 was	 used,	 in	 combination	 with	 two	 sets	 of	 OSI	

orthorectified	digital	colour	aerial	photographs	(courtesy	of	the	GSI;	~	1	m	pixel	resolution,	

~1:40,000),	 for	 landscape	familiarisation,	reconnaissance,	and	preliminary	mapping.	The	

DTM	 is	 derived	 from	 a	 combination	 of	 aerial	 photography	 and	 topographic	 maps	 with	

postings	every	10	m	(with	data	extrapolated	between	postings)	and	a	vertical	accuracy	of	±	

10	m.	However,	numerous	artefacts	and	errors	were	evident,	which	may	have	been	a	result	

of	prior	digital	removal	of	trees	and	buildings	or	‘terracing’	from	contour	lines	(Figure	4.1).	

The	two	sets	of	OSI	aerial	photographs	were	captured	in	July	2000	and	between	2004	and	

2006	respectively	(Table	4.1).	Where	key	areas	were	obscured	on	the	aerial	photographs	

(e.g.	 shadowing),	 imagery	 within	 Google	 Earth	 (Digital	 Globe/Maxar	 Technologies,	

Copernicus,	Worldview-2)	and	Bing	maps	(Digital	Globe/Maxar	Technologies)	was	used	to	

enable	complete	coverage	of	the	study	area.	

Hillshade	models	were	created	from	the	DTM	using	the	Spatial	Analyst	tool	in	ESRI	Arc	Map	

10.3,	to	facilitate	large	landform	identification	and	GIS	mapping	(cf.	Paine	and	Kiser,	2012).	

Artificial	illumination	was	used	to	produce	hillshade	models,	which	introduced	the	risk	of	

azimuth	biasing,	where	landforms	appear	to	have	different	morphologies	depending	on	the	

use	of	different	solar	illumination	directions.	This	bias	in	landform	detectability	is	widely	

reported	 (Smith	 and	Wise,	 2007)	 and	 arises	 from	 differences	 between	 linear	 landform	

orientation	and	the	chosen	illumination	azimuth	(direction	of	illumination).	Therefore,	two	

different	hillshade	models	were	created	with	illumination	azimuths	of	45°	(northeast)	and	

315°	(northwest).	The	use	of	multiple	illumination	orientations	created	variation	in	shadow	

distribution	and	allowed	landform	identification	with	minimum	bias	(Smith	and	Clark	2005;	

Livingstone	et	al.,	2008;	Turner	et	al.,	2014).	These	azimuths	(45°	and	315°)	were	used	as	

they	 are	 considered	 the	optimum	 for	 glacial	 geomorphological	mapping	 in	 the	northern	

hemisphere	(Chen	and	Rose,	2008;	Hughes	et	al.,	2010;	Boston,	2012a;	Pearce	et	al.,	2014;	

Chandler	 et	 al.,	 2018).	 An	 illumination	 angle	 of	 30°	 was	 used	 as	 a	 fairly	 low	 angle	 of	

incidence	is	recommended	to	increase	the	visibility	of	subtle	landforms	through	increased	

shadow	length	(Smith	and	Wise,	2007;	Boston,	2012b;	Pearce	et	al.,	2014).		
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Despite	this,	due	to	the	spatial	resolution	(10	m),	both	DTM	and	hillshade	models	were	of	

limited	 use	 for	 mapping	 some	 smaller	 features	 that	 are	 common	 in	 upland	 glacial	

geomorphology	(e.g.	moraines,	especially	where	infilled	with	peat).	As	a	result,	the	hillshade	

models	were	mainly	useful	for	identifying	large	scale	erosional	features	such	as	meltwater	

channels	(~	100	m	width,	~	30	m	depth;	Figure	4.1).		The	DTM	was	most	helpful	for	initial	

landscape	familiarisation	and	providing	a	context	for	targeted	field	mapping	(Table	4.1).		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
	
Figure	4.1	Hillshade	model	of	Glencree	area	derived	from	OSI	DTM.	There	are	multiple	problems	with	
the	quality	of	the	DTM.	Contour	lines	are	detectable	in	the	hillshade	model	and	there	are	areas	where	
data	is	missing	or	there	are	artefacts.	These	have	been	labeled.	However,	meltwater	channels	(~100	
m	width,	~	30	m	depth)	are	clearly	visible	in	northeast	of	the	image.		

	

The	use	of	aerial	photographs	allowed	a	spatially	extensive	assessment	of	the	landscape.	

However,	significant	areas	of	shadow	on	the	aerial	photographs	meant	that	they	were	of	

limited	 use	 in	 areas	 of	 steep	 topography,	 particularly	 in	 north-facing	 valley	 heads	 and	

cirques	 and	 on	 steep	 north-facing	 slopes.	 Identification	 of	 small	 landforms,	 particularly	

moraines,	 was	 difficult	 from	 aerial	 photographs,	 due	 to	 the	 low	 relief	 of	 many	

geomorphological	 features	 in	 the	 study	 area.	 Therefore,	 initial	 identification	 and	

classification	(solely	from	aerial	photographs	and	the	DTM)	was	very	limited,	and	mapping	

was	primarily	undertaken	in	the	field	(see	section	4.1.4).	Landform	identification	was	also	

hindered	by	a	significant	thickness	of	peat	(up	to	2	m	thick)	in	many	areas,	which	caused	
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landforms	 to	 be	 subdued	 and,	 in	 some	 areas,	 gave	 a	 false	 impression	 on	 the	 aerial	

photographs	of	moraines,	which	were	actually	mounds	caused	by	fluvial	dissection.		

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	4.2.	 (top)	Hillshade	model	 from	 the	OSI	DTM	showing	Kelly’s	Lough,	 a	 cirque	with	a	high	
number	of	moraines	(azimuth	315°,	angle	of	incidence	30°).	(lower)	Final	geomorphological	mapping	
of	 Kelly’s	 Lough.	 Note	 that	 the	 10	 m	 resolution	 of	 the	 DTM	 limits	 its	 effectiveness	 for	 detailed	
geomorphological	mapping.		
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The	 digital	 aerial	 photographs	 were	 useful	 during	 the	 process	 of	 digitising	 the	 field	

mapping.	The	aerial	photographs	were	overlain	in	ArcMap	onto	a	DTM	hillshade	model	with	

a	transparency	of	30-60%.	This	data	combination	provided	the	clearest	depiction	of	breaks	

in	slope	whilst	using	the	highest	spatial	resolution	mapping	base.	It	also	helped	to	verify	the	

accurate	placement	of	landforms	(i.e.	re-positioning	a	moraine	orientation	once	the	aerial	

context	was	clear).		

	

4.1.3	Field	mapping		

Field	 mapping	 was	 undertaken	 over	 two	 campaigns	 in	 summer	 2015	 and	 2016	 for	 a	

combined	total	of	12	weeks.	Field	maps	were	drawn	at	a	scale	of	1:10,000	onto	enlarged	

1:50,000	OSI	topographic	maps.	Landforms	were	identified	and	mapped	according	to	the	

mapping	 criteria	 outlined	 in	 Table	 4.2.	 Mapped	 features	 included	 moraines,	 glacially-

transported	boulders,	terraces,	rock	slope	failures	(RSFs),	meltwater	channels,	blockfields,	

and	talus	(Figure	4.3).	Feature	placement	was	guided	by	proximity	relative	to	landmarks	

identified	on	the	OSI	maps,	such	as	 large	mounds	or	ridges,	river	bends	and	confluences	

(Boston,	2012a,b;	Otto	and	Smith,	2013).	Difficulties	associated	with	accurately	positioning	

features	on	field	maps,	in	terms	of	scale	and/or	orientation,	were	minimised	by	examining	

features	 from	multiple	vantage	points	 to	eliminate	distortion	created	by	perspective	 (cf.	

Chandler	et	al.,	2018).	Feature	orientations	were	recorded	using	a	compass.	A	Garmin	eTrex	

Venture	HC	handheld	GPS	was	used	to	verify	locations	(accuracy	of	±	3	m)	of	features	when	

needed	 (cf.	 Lukas	and	Lukas,	2006a,b;	Boston,	2012a;	Pearce	et	 al.,	 2014).	Colour	aerial	

photographs	were	consulted	during	field	mapping	to	ensure	features	identified	remotely	

were	cross-referenced	and	checked	in	the	field	(cf.	Lovell,	2014).	
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Figure	 4.3	 Digitised	 versions	 of	 geomorphological	maps	 drawn	 in	 the	 field	 for	 a)	 Lough	 Tay,	 b)	
Glensoulan	and	c)	Firrib	Valley.
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Landform	 Identification	criteria	 Boundary	definition	 Considerations	 Significance	

Moraine		 Ridge	or	mound	composed	of	glaciogenic	material.		
Typically,	~1-100	m	in	height.	Sharp	or	rounded	
crest	lines.	Composition	may	range	from	
predominately	boulders	to	matrix	supported.	
Arcuate	or	crenulated	planform,	trending	
obliquely	down	valley.	Ridges	are	often	found	
parallel	to	other	ridges.	Typically	found	on	valley	
floor,	may	also	feature	(less	frequently)	on	valley	
sides.	

Lower	break	of	slope.	May	be	
highlighted	by	shadowing	or	a	
change	in	vegetation.		

Low	relief	ridges	difficult	to	
detect	remotely	and	subdued	
ridges	may	be	confused	with	peat	
mounds	in	imagery.	Field	
validation	required	to	confirm	
presence	of	ridge	(not	dissected	
peat)	trending	obliquely	down	
valley.			

Marks	the	lateral	or	frontal	
extent	of	a	former	ice	margin.	

Boulder	spread	
and	
downvalley	
limit	

Termination	of	an	area	of	densely	concentrated	
spread	(apron)	of	boulders,	may	or	may	not	be	
associated	with	moraines.	The	distribution	of	
boulders	may	form	a	distinct	boundary.	

Most	down-valley	extent	of	
boulders.	

Boulder	termination	not	always	
exclusively	indicative	of	an	ice	
limit,	other	evidence	required	to	
confirm.		

Boulder	presence	due	to	
transportation	and	
subsequent	deposition	by	ice,	
distinct	limits	may	mark	
former	ice	margins.	

Glacially-
transported	
boulders	

Accumulations	of	boulders,	not	necessarily	
associated	with	moraines.	Isolated	boulder	or	
small	clusters.	Less	densely	concentrated	than	
boulder	spreads.		

Outermost	extent	of	boulders.	 Material	may	have	been	
redistributed	following	initial	
deposition	(e.g.	slope	processes).	

Evidence	of	former	ice	
presence/flow.	Lithology	may	
indicate	material	source.	

Drift	limit	 Sub-horizontal	linear	feature(s)	on	valley	sides.	
Marks	uppermost	edge	of	glaciogenic	deposition.	
May	feature	as	a	sediment	‘bench’,	with	multiple	
levels	within	the	limit,	or	as	a	single	boundary.	

Changes	in	slope	(sediment	
thickness),	vegetation	type.	

Potential	confusion	with	lateral	
moraines.	Subtle	drift	limit	may	
not	be	identified.	

Indicative	of	former	glacier	
thickness	and	surface	profile	
slope,	or	englacial	thermal	
boundary.		

Table	4.2	Identification	criteria	used	to	aid	the	systematic	mapping	of	landforms.	Adapted	from	Hubbard	and	Glasser,	2005;	Bendle	et	al.,	2017.			 



	
	
	
	
	

						Chapter	4:	Primary	data	collection	and	analysis	
 

 

 75 

Trimline	 Sub-horizontal	linear	erosional	boundary	on	
valley	sides.	Marks	uppermost	edge	of	glaciogenic	
erosion.	Usually	features	as	a	single	boundary	
highlighted	by	differential	weathering.		

Lower	weathering	limit	and	upper	
ice-scoured	bedrock.	

Subtle	trimlines	may	not	be	
identified.	

Indicative	of	former	glacier	
thickness	and	slope,	or	
englacial	thermal	boundary.	

Ice-moulded	
bedrock		

Exposure	of	bare	rock	with	smooth	surface.	 Outermost	extent	of	bare	modified	
bedrock.	

Limited	exposures	due	to	
significant	peat	presence,	this	
may	lead	to	underrepresentation	
of	landform	extent.	

Evidence	of	subglacial	erosion.	
Absence	of	plucking	implies	
ice	remained	in	contact	with	
bedrock.	

Streamlined	
erosional	
bedform	

Glacially	modified	bedrock	highlighting	ice	flow	
direction,	including	roche	moutonnées	and	
whalebacks.	The	former	may	also	be	associated	
with	plucking.		

Edge	of	landform/modified	
bedrock.		

Limited	exposures	due	to	
significant	peat	presence,	this	
may	lead	to	underrepresentation	
of	landform	extent.	

Indicates	ice	flow	direction.	
Evidence	of	warm-based	
glacier	flow.		

Meltwater	
channel	
	

	

Sinuous	or	meandering	channel(s)	cut	into	rock	or	
sediment.	Often	with	abrupt	initiation	and	
termination	and	usually	not	related	modern	
fluvial	catchment.	Channels	may	be	isolated	and	
meandering	(proglacial)	or	straight	and	closely	
spaced	(lateral).	Often	occur	in	association	with	
moraines.		

Location	of	channel	inception	and	
termination.	Channel	margins	
defined	by	shadowing	associated	
with	relief	change.	

Potential	misidentification	of	
modern	drainage	routes.		

Indicates	meltwater	
production	and	former	
discharge	routes.	Marks	
approximate	position	of	
glacier	margin.	

Palaeo-lake	
shoreline	

Near	continuous	curved	break	in	slope,	may	be	
parallel	to,	but	above,	the	modern	lake	shoreline.	
Can	occur	as	a	series	of	palaeo-shorelines	in	areas.	

Flat	or	very	gently	grading	break	in	
slope,	may	be	highlighted	by	
shadowing	along	former	lake	level.	

May	be	faint/subtle	in	areas	with	
low	sediment	cover	(e.g.	
bedrock).		

Marks	elevation	of	former	
glacial	lake.	

Gullies	 Intensively	gullied	sediment	covering	the	valley	
sides.		

Location	of	gully	inception	and	
termination.	Erosional	channels	cut	
into	sediment.	Gully	highlighted	by	

Gullying	may	modify	sediment	
morphology	to	create	false.	

Weathering	highlights	
thickness	of	unconsolidated	
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shadowing	associated	with	relief	
change.	

sediment	(glaciogenic	
material)	on	slopes.		

Debris	cone	 Conical	accumulation	of	debris,	usually	emanating	
from	the	bottom	of	a	gully	and	deposited	at	the	
break	in	valley	wall	slope.	

Lower	and	outermost	breaks	in	
slope.		

Need	to	ensure	convex	
morphology	to	classify	as	cone	
not	a	fan.	

Significant	unconsolidated	
sediment	on	valley	sides	for	
redistribution.	

River	terrace	 Single	river	terrace	above	current	floodplain.	May	
combine	with	others	to	form	a	staircase	of	river	
terraces.	

Flat	top	with	steep	break	in	slope	
at	edge.	

Differentiable	from	glaciofluvial	
terraces	based	on	
geomorphological	context.		

Indicative	of	hydrological	or	
climatic	shift	causing	renewed	
down	cutting.	

Glaciofluvial	
terrace	

Flat	topped	or	gently	sloping	glaciofluvial	
accumulations	raised	above	valley	floors.	May	
gently	slope	away	from	inferred	former	ice	front.	
Often	associated	with	other	ice-marginal	deposits	
(e.g.	moraines).	Situated	higher	than	river	
terraces,	with	river	terraces	usually	set	inside	
glaciofluvial	terraces.		

Homogenous	surface	distinct	from	
adjacent	terrain.	Highlighted	by	
perimeter	breaks	in	slope.	

Differentiable	from	river	terraces	
and	deltas	based	on	
geomorphological	context.	

Ice	contact	glaciofluvial	
deposit.	Marks	former	
position	of	glacier.	Indicative	
of	high	meltwater	discharges.	

Delta	 Gently	sloping	sediment	accumulation.	Sediment	
exposures	reveal	foresets	and	topsets.		

Homogenous	surface	distinct	from	
adjacent	terrain	

Feature	may	not	be	identified	as	
delta	deposit	if	internal	sediment	
structure	is	unknown.	

Delta	front	break	in	slope	
approximates	former	glacial	
lake	level.	

Talus	 Cones	or	fans	of	loose	scree	material	located	on	
valley	sides,	often	below	scarps/outcrops.	May	be	
mature	(extensive,	often	continuous	sheets,	
partially	vegetated)	or	immature	(less	extensive,	
unstable	and	sparsely	vegetated).	

Outermost	edge	of	talus,	the	
transition	to	vegetation,	sediment	
cover	or	bedrock,	

No	formal	distinction	between	
mature/immature	talus.	Term	is	
subjective.	

Indicative	of	periglacial	
conditions.	Should	be	a	
difference	in	maturity	
inside/outside	former	YD	ice	
limits.	
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Blockfield	 Mountain-top	frost-weathered	rock	detritus.	 Outermost	edge	of	material.	May	be	
difficult	to	identify	due	to	presence	
of	peat.	

Ongoing	debates	regarding	
blockfield	age.	Blockfield	may	
have	formed	since	the	previous	
interglacial	or	may	be	pre-
Quaternary	and	preserved	by	
cold	ice.	

Indicative	of	periglacial	
conditions	but	not	necessarily	
indicative	of	ice-free	
conditions	at	last	time	region	
was	glaciated.	

Rock	slope	
failure	(RSF)		

Evidence	of	rock	displacement	on	valley	sides.	
May	constitute	scarp	and	hollow	located	on	valley	
side	and	associated	rock	debris	on	lower	valley	
side/floor	or	scarp	and	hollow	with	rock	debris	
still	within	the	concavity.	

Valley-side	scarp	highlighted	by	
break	in	slope.	Main	failure	
identifiable	by	break	in	slope	at	
edge	of	isolated	rock	detritus.	

RSFs	in	granite	(dominant	
lithology)	are	rare.	RSFs	more	
likely	in	the	limited	areas	of	
shales	and	schists.	

If	RSF	debris	is	present	failure	
likely	occurred	after	the	last	
time	the	region	was	glaciated.	
Presence	of	RSF	scarp	but	
absence	of	debris	suggests	
that	some	mechanism	for	the	
removal	of	debris	(e.g.	glacier)	
has	subsequently	occurred.		

Landslide	 Landside	scarp	on	valley	side	and	associated	
landslide	foot	(failed	superficial	material).	

	

Valley	side	scarp	highlighted	by	
break	in	slope.	Landslide	foot	
identifiable	by	break	in	slope	at	
edge	of	chaotic	assemblage.	

Useful	to	differentiate	from	RSF.	 Post-glacial	event,	highlights	
presence	of	significant	
superficial	material,	which	
may	be	glaciogenic.	
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4.1.4	Geomorphological	map	production		

The	 final	 glacial	 geomorphological	 map	 was	 produced	 by	 combining	 the	 techniques	

discussed	in	the	previous	sections	(Figure	4.4).	In	line	with	the	recommendations	of	similar	

studies	(e.g.	Smith	&	Wise,	2007;	Boston,	2012b;	Pearce	et	al.,	2014;	Chandler	et	al.,	2018),	

an	 iterative	 process,	 involving	 multiple	 consultations	 of	 the	 evidence	 derived	 from	 the	

various	 mapping	 techniques,	 was	 used	 to	 ensure	 robust	 landform	 interpretations	 for	

inclusion	in	the	final	map.	Contour	intervals	of	50	m	were	created	in	ArcMap	from	the	DTM.	

The	final	map	was	produced	in	Esri	ArcMap	and	Adobe	Illustrator.	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	4.4.	Summary	of	the	approaches	and	process	involved	in	geomorphological	map	production	
Adapted	from	Boston,	2012b.						
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4.2	Morphostratigraphy	

Morphostratigraphy	was	used	 to	establish	a	 relative	chronology	 for	glacial	events	 in	 the	

Wicklow	 Mountains	 based	 on	 the	 mapped	 geomorphology	 (presented	 in	 Chapter	 5).	

Morphostratigraphy	uses	the	“spatial	relationship	between	individual	landforms	to	assign	

them	to	events	or	periods”	(Lukas,	2006,	p.	721;	Hughes,	2010;	Lüthgens	and	Böse,	2012).	

This	is	especially	important	in	areas	where	numerical	(both	absolute	and	relative)	dating	of	

landforms	or	former	ice	margins	is	absent,	limited,	or	equivocal	(and	even	contradictory).	

In	 such	 examples,	morphostratigraphy	 can	 be	 used	 to	 establish	 a	 relative	 chronological	

framework	based	on	 the	geomorphology,	which	can	 then	be	used	 to	guide	 future	dating	

campaigns.	The	morphostratigraphic	approach	also	recognizes	that	landform	development	

can	be	related	to	particular	climatic	conditions	(Lukas,	2006).	Therefore,	both	the	grouping	

and	juxtaposition	of	landforms	can	enable	the	development	of	a	relative	sequence	of	events	

between	suites	of	landforms	in	different	areas	(Lowe	and	Walker,	2015).		

While	previous	work	has	not	always	formally	acknowledged	the	use	of	morphostratigraphy,	

the	approach	has	been	widely	used	as	a	relative	dating	tool	in	a	large	number	of	former	ice	

mass	 reconstructions	 in	 Britain	 and	 Ireland	 (e.g.	 Sissons,	 1974;	 Anderson	 et	 al.,	 1996;	

Ballantyne,	 2002a,	 2007;	 Benn	 and	 Ballantyne,	 2005;	 Finlayson,	 2006;	 Finlayson	 and	

Bradwell,	 2007;	Harrison	et	 al.,	 2010;	Lukas	 and	Bradwell,	 2010;	Finlayson	et	 al.,	 2011;	

Pellicer	et	al.,	2012).	The	technique	is	widely	applicable,	even	in	areas	where	there	is	some	

absolute	dating,	as	it	is	often	not	feasible	to	date	every	glacier	outlet	or	ice	limit	within	a	

large	 study	 area.	 Instead,	 a	 common	 approach	 has	 been	 to	 use	 morphostratigraphy	 to	

extrapolate	ice	limits	from	areas	that	are	chronologically	constrained	into	other	areas	with	

no	absolute	dates	(e.g.	Lukas	and	Bradwell,	2010;	Finlayson	et	al.,	2011;	Serrano	et	al.,	2012;	

Carrasco	et	al.,	2015).	The	technique	has	also	been	used	in	areas	where	there	is	a	complete	

absence	of	absolute	dates	(e.g.	Boston	et	al.,	2015;	Chandler	et	al.,	2019)	by	finding	the	same	

landform	signatures	as	in	dated	areas.	

	

4.2.1	Morphostratigraphical	criteria		

Lukas	(2006)	formalised	the	morphostratigraphic	criteria	used	for	identifying	the	limits	of	

YD	glaciation	in	upland	Britain,	and	this	has	been	adapted	for	this	study	(Table	4.3).	Key	

landforms	used	to	differentiate	glacial	events	are	discussed	below.	These	criteria	have	been	

applied	to	the	geomorphological	evidence	mapped	in	the	Wicklow	Mountains	(presented	in	

the	first	part	of	Chapter	5)	to	produce	a	relative	chronology	for	glacial	events	(presented	in	

the	second	part	of	Chapter	5).		
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Moraines	

Numerous	studies	have	observed	marked	differences	 in	moraine	morphology	 inside	and	

outside	of	dated	YD	 limits	 (e.g.	 Sissons,	1974,	1979a;	Ballantyne,	1988;	1989;	Benn	and	

Ballantyne,	2004,	2005;	Lukas	and	Bradwell,	2010;	Finlayson	et	al.,	2011;	Serrano	et	al.,	

2013;	Boston	et	al.,	2015;	Carrasco	et	al.,	2015;	Chandler	and	Lukas,	2017).	Moraines	can	be	

broadly	categorised	as	either	(1)	sharp-crested,	relatively	narrow,	and	often	closely-spaced	

moraines,	or	(2)	large,	broad,	and	more	widely-spaced	moraines	that	may	not	have	distinct	

crestlines.	These	moraines	have	been	interpreted	as	characteristic	of	YD	glaciation	and	LGM	

ice	recession,	respectively.	Observed	differences	in	moraine	morphology,	particularly	the	

sharpness	and	breadth	of	features,	are	due	to	variations	in	climatic	conditions	during	post-

depositional	 stabilisation	 (Barr	 and	 Lovell,	 2014).	 Following	 ice	 retreat,	moraines	 often	

degrade,	 flattening	 and	 widening,	 due	 to	 the	 redistribution	 of	 fine-grained	 sediments	

downslope	away	 from	 the	moraine	 crest	 (Hallet	 and	Putkonen,	1994).	Moraines	 formed	

during	the	YD,	stabilised	relatively	quickly	due	to	vegetation	regrowth	as	a	result	of	rapid	

climate	amelioration	at	the	start	of	the	Holocene.	In	contrast,	pre-YD	moraines	remained	

vegetation	free	for	longer	and	therefore	were	exposed	to	YD	periglacial	conditions	and	more	

sustained	paraglacial	adjustment	(Ballantyne,	2019).		

Meltwater	channels	

Small	meltwater	channels	have	been	observed	within	dated	YD	limits	in	multiple	areas	of	

Scotland	(e.g.	Benn	and	Lukas,	2006;	Boston	et	al.,	2015;	Pearce,	2014).	These	meltwater	

channels	are	often	related	to	the	ice-marginal	positions	of	YD	ice	masses	(Benn	and	Lukas,	

2006)	and	contrast	distinctly	with	larger	ice-marginal	and	subglacial	channels	associated	

with	a	retreating	ice	sheet,	that	would	have	been	occupied	by	considerably	higher	volumes	

of	water	(e.g.	Greenwood	et	al.,	2007;	Livingstone	et	al.,	2010).	However,	caution	should	be	

exercised	in	using	meltwater	channel	size	as	a	sole	indicator	of	YD	limits	as	there	may	be	

similar	 scale	 meltwater	 channels	 outside	 of	 YD	 limits	 associated	 with	 valley	 glacier	

recession	during	the	LGIT	as	ice	masses	became	topographically	constrained	(e.g.	Finlayson	

et	al.,	2011).		

Glacially-transported	boulders	and	boulder	spreads	

Large	concentrations	of	boulders	have	been	observed	inside	dated	YD	ice	limits	and	absent	

outside	of	YD	ice	extent	(Sissons,	1979b;	Gray	and	Coxon,	1991;	Benn,	1992;	Ballantyne,	

2007a;	Boston	et	al.,	2015	Chandler	and	Lukas,	2017).	At	contemporary	glacier	limits,	such	

boulder	 concentrations	 have	 been	 identified	 as	 the	 result	 of	 the	 toppling	 and	 sliding	 of	



	
				Chapter	4:	Primary	data	collection	and	analysis	

 

 81 

boulders	on	the	surface	of	ice	masses	(e.g.	Benn	and	Evans,	2010)	suggesting	a	supraglacial	

origin	of	concentrated	YD	boulder	accumulations.	

Sediment	covered	slopes	

Thick	sediment	accumulations	have	been	identified	on	valley	slopes	within	YD	limits	(e.g.	

Sissons,	1974;	Thorp,	1986;	Gray	and	Coxon,	1991;	Lukas,	2006;	Boston	et	al.,	2015;	Pearce,	

2014).	The	upper	limit	of	such	sediment	accumulations,	the	‘drift	limit’,	has	previously	been	

used	to	delineate	YD	glacier	surfaces	(e.g.	Ballantyne	&	Wain-Hobson,	1980;	Gray,	1982;	

Thorp,	 1986;	 Ballantyne,	 1989;	 2002;	 Gray	 and	 Coxon,	 1991;	 Hughes,	 2002;	 Benn	 and	

Ballantyne,	2005;	Lukas	2006;	Boston	et	al.,	2015;	Chandler	and	Lukas	2017).	The	thickness	

of	sediment	deposited	by	YD	glaciers	is	attributed	to	the	incorporation	and	reworking	of	

easily	 available,	 previously	 deposited,	 glaciogenic	 material	 originating	 from	 LGM	 ice	

presence	 (Ballantyne,	 2002b).	 However,	 slope	 sediment	 thickness	 is	 also	 limited	 by	

sediment	availability	and	slope	steepness	 (angle	of	 repose).	Additionally,	 thick	sediment	

accumulation	 should	 not	 be	 considered	 solely	 diagnostic	 of	 YD	 ice	 presence,	 as	 debris	

mantled	slopes	also	occur	outside	of	YD	limits.		

Periglacial	features		

Areas	 that	 remained	 unglaciated	 during	 the	 YD	 in	 Britain	 and	 Ireland	 were	 subject	 to	

intense	 periglacial	 conditions	 and	 consequently	 many	 of	 these	 areas	 exhibit	 strong	

periglacial	geomorphological	signatures.	Intense	frost	weathering	led	to	the	production	of	

in	situ	blockfields,	solifluction	sheets,	and	patterned	ground	outside	of	YD	limits	(Sissons,	

1974;	 Ballantyne,	 1984,	 1987;	 Ballantyne	 and	Harris,	 1994;	 Lukas,	 2006;	 Pearce,	 2014;	

Boston	et	al.,	2015;	 Jones	et	al.,	2017;	Chandler,	2018).	Therefore,	 the	presence	of	 relict	

periglacial	features	can	be	used	to	identify	areas	outside	the	limits	of	YD	glaciation	(Lukas,	

2006;	Ballantyne,	2007a,b;	Finlayson	et	al.,	2011;	Boston	et	al.,	2015).	In	particular,	‘mature’	

talus	slopes	have	been	extensively	noted	outside	of	YD	limits	 in	Scotland	(Sissons,	1972;	

Thorp,	1986;	Ballantyne	&	Harris,	1994;	Anderson	et	al.,	1998;	Curry,	2000;	Boston	et	al.,	

2015)	and	 Ireland	 (Mitchell,	1977;	Wilson,	1990;)	and	differences	 in	 the	degree	of	 talus	

development	can	be	used	to	aid	reconstruction	of	glacial	limits.		

River	terraces	

River	 terrace	 formation	 is	 the	morphological	 response	 of	 a	 river	 to	 changing	 boundary	

conditions	such	as	discharge,	sediment	load,	and/or	transport	capacity	(Gurnell	et	al.,	1999)	

and	is	essentially	controlled	by	changes	in	climate	processes	(Coulthard	et	al.,	2005;	Lukas,	

2005a;	 Bridgland	 and	Westaway,	 2008;	 Macklin	 et	 al.,	 2012;	 Lowe	 and	Walker,	 2015).	
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Terraces	 develop	 as	 the	 result	 of	 alternating	 cycles	 of	 aggradation	 and	 downcutting	

(Vandenberghe,	2015)	but	exact	terrace	development	within	a	climatic	cycle	is	still	debated,	

with	different	types	of	terraces	(and	associated	sedimentary	successions)	originating	from	

aggradation,	incision,	or	lateral	migration	(Vandenberghe,	2015).	Specifically,	three	periods	

of	fluvial	activity	are	usually	identified	in	response	to	climatically	driven	glacier	change:	(1)	

proglacial	aggradation	due	to	glacier	expansion	and	increased	sediment	loads	(Bridgland,	

2000;	Owczarek	et	al.,	2014;	Cordier	et	al.,	2017);	(2)	terrace	generation	via	incision	and	

downcutting	 of	 proglacial	 sediments	 during	 the	 transition	 to	 interglacial	 conditions	 and	

promoted	 by	 high	 discharge	 from	melting	 ice	masses	 and	 permafrost	 (Bridgland,	 2000;	

Marren	 and	 Toomath,	 2013);	 and	 (3)	 paraglacial	 aggradation	 following	 deglaciation	

(Church	and	Slaymaker,	1989;	Ballantyne,	2002b).	

In	Britain,	rapid	climate	amelioration	at	the	end	of	the	YD	led	to	glacier	retreat,	high	river	

discharge,	 and	 intense	 fluvial	 downcutting	 (Bridgland,	 2000;	 Bridgland	 and	Westaway,	

2008;	Vandenberghe,	2015).	Rivers	incised	into	the	thick	glaciofluvial	sediments	deposited	

during	glaciation	to	create	large	glaciofluvial	terraces	(Maizel	and	Aitken,	1991;	Ballantyne,	

2008).		

In	Scotland,	the	concurrence	of	a	YD	glacier	limit	(e.g.	outer	moraine)	with	the	upstream	

limit	of	a	 large	river	or	outwash	terrace	has	been	observed	in	multiple	locations	(Young,	

1974,	1978;	Benn,	1991;	Benn	and	Ballantyne,	2005;	Lukas	and	Bradwell,	2010;	Finlayson	

et	al.,	2011;	Boston	et	al.,	2015;	Ballantyne,	2019)	and	this	has	been	used,	along	with	other	

morphostratigraphic	evidence,	to	define	YD	ice	limits	(cf.	Lukas,	2006;	Boston	et	al.,	2015).	

However,	care	must	be	taken	when	using	river	terraces	to	help	define	ice	limits,	not	only	

due	 to	 the	 existence	 of	 the	 Main	 Holocene	 Terrace	 (a	 3	 m	 high	 terrace	 attributed	 to	

floodplain	 aggradation	 and	 renewed	 incision	 around	 2.5	 cal.	 ka	 BP	 (Ballantyne	 and	

Whittington,	1999;	Ballantyne,	2008)),	but	because	outwash	terraces	have	been	identified	

initiating	 inside	YD	end	moraines	 (attributed	 to	 continued	 terrace	 formation	during	 the	

initial	 stages	of	deglaciation	 (Sissons,	1974;	Boston,	2012a)).	Caution	 is	also	 required	 in	

areas	which	experienced	palaeolake	formation,	and	areas	with	significant	variation	in	slope	

gradient	(Lukas,	2006),	as	terrace	formation	in	such	localities	may	have	been	interrupted.		
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Landform	 Mountain	glaciation:	
Indicative	of	YD	landform	

Ice	sheet	glaciation:	
Indicative	of	pre-YD	landform	

Studies	(not	an	exhaustive	list)	

Moraines	 Prominent	lateral	and	terminal	moraines,		
bouldery	moraines,	‘hummocky	moraine’	
(disconnected	hummocks	and	ridges,	no	clear	
spatial	pattern	unless	viewed	from	above),	
sharp	crested	moraines,	narrow	and	closely	spaced	

Isolated	moraines,	may	be	ridges	or	
mounds	
	
More	rounded	or	subdued	
morphology	

Sissons,	1967;	1974;	1976;	1977;	1979a,b;	Ballantyne	and	Wain-
Hobson,	1980;	Gray,	1982;	Ballantyne,	1988;	1989;	2002;	Benn,	
1990;	1992;	Bennett,	1999;	Hughes,	2002;	Lukas,	2006;	Lukas	and	
Bradwell,	2010;	Finlayson	et	al.,	2011;	Boston	2012;	Boston	et	al.,	
2015;	Pearce,	2014;	Chandler	and	Lukas,	2017,	Chandler,	2018	

River	terraces	 One	river	or	no	terrace	above	present	floodplain	 Series	of	distinct	river	terraces		 Lukas,	2006;	Boston,	2012a;	Boston	et	al.,	2015;	Pearce,	2014	

Talus	 Talus	deposits	below	bedrock	scarps.	Will	be	less	
extensive,	unstable,	and	lacking	notable	vegetation	

Extensive	talus	sheets	described	as	
‘mature	talus’.	Deposits	can	cover	
valley	sides	in	large	sheets,	often	
partially	vegetated	

Sissons	(1967;	1974;	1976);	Ballantyne	and	Wain-Hobson	(1980);	
Ballantyne	(1984;	2002);	Curry	(2000);	Benn	and	Ballantyne	
(2005);	Lukas	(2005);	Lukas	and	Bradwell	(2010);	Finlayson	et	al.,	
2011);	Boston	(2012a);	Pearce	(2014);	Chandler	and	Lukas	
(2017);	Jones	(2017)	

Alluvial	fans	 Smaller	alluvial	fans	developed	at	valley	mouth	 Large,	prominent	alluvial	fans,	
several	meters	high	and	often	cut	
by	present	river	system	

Boston	et	al.,	2013;	Pearce,	2014	

Glaciofluvial	
landforms	

Outwash	fans/terraces,	kame	terraces,	occasional	
beaded	eskers	

Large	kames,	eskers,	extensive	
kettled	outwash	plains	

Young,	1974;	1978;	Sissons,	1974;	1976;	Thomas	and	Montague,	
1997;	Lukas,	2006	

Table	4.3.	Summary	of	contrasting	geomorphological	evidence	used	in	the	reconstruction	of	the	maximum	extent	of	YD	glaciation	in	upland	Britain	(Adapted	from	Lukas,	2006).	All	
lines	of	evidence	should	be	used	in	combination	with	other	evidence	supportive	of	YD	ice	presence.	
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Meltwater	
channels	

Smaller	and	regularly	spaced	channels,	found	in	
upper	valley	and	higher	altitudes	

Channels	are	larger	in	all	
dimensions	and	can	trend	for	
hundreds	of	metres,	found	at	lower	
altitudes	

Sissons,	1974;	McDougall,	2001;	2013;	Benn	and	Lukas,	2006;	
Greenwood	et	al.,	2007;	Livingstone	et	al.,	2008;	Boston,	2012a;	
Boston	et	al.,	2015;	Pearce,	2014	

Sediment-
covered	slopes	

Intensively	gullied,	small	debris	cones,	localised	
‘immature’	talus	sheets	or	cones,	

Upslope	and	lateral	termination	of	thick	sediment	
cover	(‘drift	limit’),	limits	of	glacially	transported	
boulders,	meltwater	channels,	lateral	moraines	

Large	solifluction	lobes,	patterned	
ground,	scree,	
Large	debris	fans	at	foot	of	slopes,		

Extensive	‘mature’	talus	sheets		

Gray	and	Brooks,	1972;	Sissons,	1974;	Ballantyne	and	Waint-
Hobson,	1980;	Thorp,	1986;	Ballantyne,	1989;	2002;	Curry,	2000;	
Hughes,	2002;	Benn	and	Ballantyne,	2004;	2005;	Lukas,	2006;	
Lukas	and	Bradwell,	2010;	Finlayson	et	al,	2011;	Boston	2012;	
Boston	et	al.,	2015;	Pearce,	2014	

Bedrock		 ‘Freshly’	glacially	polished	bedrock	with	little	debris	
accumulation	at	foot,	

Ice-moulded	and	plucked	bedrock	

Heavily	jointed	bedrock,	summit	
blockfields,		

Patterned	ground	

Ballantyne,	1982;	1989;	2002;	Thorp,	1986;	McCarroll	et	al.,	1995;	
Hughes,	2002;	Benn	and	Ballantyne,	2005;	Lukas,	2006;	Finlayson	
et	al.,	2011;	Pearce,	2014;	Chandler	and	Lukas,	2017	
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4.2.2	Application	of	morphostratigraphy		

The	 aforementioned	 morphostratigraphical	 criteria	 (section	 4.2.1)	 was	 applied	 to	 the	

geomorphological	data	collected	via	mapping	(section	4.1).	Whilst	morphostratigraphical	

relationships	 were	 considered	 concurrently	 with	 both	 remote	 and	 field	 mapping,	 the	

method	was	formally	applied	to	geomorphological	data	following	the	completion	of	the	final	

glacial	 geomorphological	 map.	 This	 enabled	 a	 comprehensive	 assessment	 of	 landform	

associations	 within	 the	 full	 study	 area	 and	 the	 recognition	 of	 morphostratigraphical	

similarities	across	multiple	sites.	Previous	work	in	the	Wicklow	Mountains	(Colhoun	and	

Synge,	1980;	Warren,	1993;	Coxon	et	al.,	2012;	Tomkins	et	al.,	2018a)	and	elsewhere	 in	

Ireland	(Coudé,	1977;	Warren	1979;	Kenyon,	1986;	Anderson	et	al.,	1998;	Wilson,	K.R.,	2004;	

Wilson,	P.,	2004;	Harrison	et	al.,	2010;	Barr	et	al.,	2017a)	suggests	that	YD	glaciation	was	likely	

limited	to	cirque	glaciers.	This	means	that	the	morphostratigraphical	criteria	was	applied	

to	an	upland	mountain	system	to	identify	the	limits	of	potential	small	cirque	glaciers,	rather	

than	more	 extensive	 YD	 ice	masses	 such	 as	 in	 Scotland	 (cf.	 Lukas,	 2006;	 Pearce,	 2014;	

Boston	et	al.,	2015).	Consequently,	elements	of	the	cirque	glacier	landsystem	(e.g.	moraines,	

boulder	 spreads,	 drift	 limits,	 and	 meltwater	 channels)	 may	 be	 the	 most	 important	

morphostratigraphical	aspects	to	focus	on	in	the	local	geomorphological	record,	in	order	to	

identify	local	YD	ice	limits	(presented	Chapter	5).	

	

4.3	Chapter	summary	

Geomorphological	 mapping	 and	 morphostratigraphy	 were	 the	 main	 methods	 used	 to	

address	 the	aims	and	objectives	 identified	 in	Chapter	1.	This	chapter	has	reviewed	both	

approaches	 and	 discussed	 how	 they	 were	 specifically	 used	 in	 this	 thesis.	 Firstly,	

geomorphological	 mapping	 was	 undertaken	 using	 a	 combination	 of	 remote	 and	 field	

mapping	but,	due	to	data	constraints,	was	highly	dependent	on	 field	mapping	 for	robust	

landform	 interpretation.	 Landforms	were	 identified	 based	 on	 strict	mapping	 criteria,	 as	

highlighted	in	Table	4.2.	This	enabled	the	compilation	of	a	final	glacial	geomorphological	

map	in	Arc	GIS	(presented	in	Chapter	5,	Appendix	I).	Following	this,	the	geomorphological	

evidence	was	used	in	association	with	an	established	morphostratigraphic	criteria	(Section,	

4.2.1;	Table	4.3)	to	identify	the	limits	of	YD	glaciation	(Section	5.6,	Chapter	6),	and	establish	

a	chronology	of	LGIT	glacial	events	in	the	Wicklow	Mountains	(Section	5.6,	Chapter	7).	
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Chapter	5:	Geomorphological	evidence	for	glaciation	

This	chapter	describes	and	synthesises	the	geomorphological	evidence	for	glaciation	in	the	

Wicklow	Mountains.	These	data	 are	organised	and	presented	 thematically	 into	 common	

landform	 assemblages	 (i.e.	 Chandler,	 2018),	with	 a	 focus	 on	 the	 spatial	 relationships	 of	

landforms	 across	 the	 study	 area.	 This	 approach	 is	 typical	 of	 much	 modern	 glacial	

landsystem	 research	 (e.g.	 Evans	 and	 Twigg,	 2002;	 Schomacker	 et	 al.,	 2014),	 with	

descriptions	organised	according	to	landform	assemblages,	for	succinctness	and	clarity.		

Three	 main	 categories	 of	 landform	 assemblage	 genesis	 are	 identified	 for	 descriptive	

purposes:	glacial	(section	5.1),	glaciofluvial	(section	5.2),	and	periglacial	(section	5.3).	The	

chapter	does	not	attempt	to	cover	every	location	in	the	Wicklow	Mountains	as	there	is	very	

sporadic/limited	 geomorphological	 evidence	 in	 some	 valleys.	 Instead,	 examples	 of	

landforms	within	each	category	are	presented,	with	an	emphasis	on	sites	with	 the	most	

significant	 evidence	 for	 interpreting	 the	 glacial	 history	 of	 the	Wicklow	 Mountains.	 The	

geomorphological	criteria	for	identifying	and	interpreting	landforms	can	be	found	in	Table	

4.2.	Landforms	are	discussed	both	in	the	context	of	individual	sites	and	the	wider	study	area.	

In	section	5.4,	the	collective	geomorphological	signatures	are	discussed	in	relation	to	glacial	

landsystems	 (as	presented	 in	Chapter	3)	 to	 identify	 styles	of	 glaciation	during	 the	LGIT.	

Following	this,	in	section	5.5,	the	spatial	distribution	of,	and	relationships	between,	different	

landforms	are	used	to	develop	a	morphostratigraphic	framework.	This	lays	the	foundations	

for	establishing	a	relative	chronology	of	glacial	events	in	the	Wicklow	Mountains	(Chapters	

6	and	7).		

The	location	of	discussed	sites	and	geomorphological	map	extracts	are	shown	in	Figure	5.1.	

A	detailed	glacial	geomorphological	map	of	the	entire	area	can	be	found	in	Appendix	I	and	

a	map	of	place	names	in	the	Wicklow	Mountains	in	Appendix	II.		
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Figure	5.1.	Map	indicating	the	locations	of	the	geomorphological	extracts	included	in	this	chapter.	
Map	frames	are	colour	coded	to	indicate	the	examined	genetic	category:	green	=	glacial	landforms	
(section	5.1),	purple	=	glaciofluvial	landforms	(section	5.2),	orange	=	periglacial	landforms	(section	
5.3).	Examples	of	broader	landform-assemblage	areas	are	indicated	in	black	(section	5.5).	
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5.1	Glacial	landforms	

The	following	sections	discuss	key	locations	that	are	dominated	by	glacial	landforms.	Whilst	

emphasis	is	given	to	describing	the	relevant	glacial	feature,	associated	landforms	are	also	

highlighted,	along	with	variation	in	the	type	of	landforms,	and	their	overall	spatial	context.	

It	 is	 imperative	 to	 establish	 these	 relationships	 in	 order	 to	 establish	 a	 morpho-

stratigraphical	framework	to	infer	common	timings	for	landform	formation.		

	

5.1.1	Moraines	

Areas	with	the	most	extensive	geomorphological	evidence	for	glaciation	contain	sequences	

of	ridges	and	mounds,	interpreted	as	moraines,	on	valley	floors	and	lower	slopes.	However,	

moraine	presence	is	not	uniform	throughout	the	Wicklow	Mountains	(see	Table	5.1)	A	total	

of	762	moraines	were	identified	in	the	study	area.	These	moraines	are	interpreted	as	ice-

marginal	(formed	at	ice-margin)	based	on	spatial	distribution,	specifically	the	linearity	in	

moraine	chains	(Table	4.2).	This	is	in	agreement	with	findings	in	Scotland	(cf.	Benn	et	al.,	

1992;	 Bennett	 and	 Boulton,	 1993;	 Evans,	 2003;	 Lukas,	 2005;	 Boston	 and	 Lukas,	 2013;	

Boston	and	Lukas,	2019).	However,	the	number	and	size	of	these	moraines	is	generally	low	

compared	to	similar	mountainous	sites	elsewhere	in	Ireland	(cf.	Mourne	Mountains;	Barr	et	

al.,	2017a)	and	Scotland	(cf.	Bickerdike	et	al.,	2018a).		

Lough	Nahanagan		

Lough	Nahanagan	(Figure	5.2)	is	located	within	a	cirque	(Grade	1;	Evans	and	Cox,	1995).	

The	cirque	is	1100	m	wide	and	from	the	headwall	to	the	lip	is	1150	m	in	length.	The	headwall	

is	205	m	in	height	and	provides	significant	shading	due	to	the	northeastern	aspect.	The	floor	

elevation	 of	 the	 cirque	 is	 407	 m	 and	 the	 contemporary	 lough	 level	 is	 ~397	 m.	 Two	

palaeoshorelines	are	present	at	402–405	m	and	421–423	m	(Figure	5.3a).	Hydroelectric	

works	in	the	late	1960s	partially	drained	the	lough	for	a	short	period	of	time,	lowering	the	

water	level	by	37.7	m	and	exposing	~60%	of	the	lough	floor.	Drainage	of	the	lough	allowed	

Colhoun	and	Synge	(1980)	to	identify	13	ice-marginal	moraines	and	interspersed	laminated	

and	ice-pushed	clays	within	three	zones	in	the	southern,	central,	and	northern	parts	of	the	

cirque	floor	(Figure	5.2).	These	moraines	(2–30	m	width,	2–10	m	height)	had	steep	proximal	

slopes	and	were	entirely	restricted	to	the	floor	of	the	cirque	basin.	They	were	reported	to	

have	 high	 proportions	 of	 granite	 blocks	with	 sand	 and	 clay	 compositions	 (Colhoun	 and	

Synge,	1980).	The	moraines	were	interpreted	as	forming	in	an	ice-contact	position	and	the	

deformation	of	lake	clays	on	the	proximal	side	suggests	that	most	of	the	ridges	formed	as	

push	moraines	(Colhoun	and	Synge,	1980).	In	this	thesis	it	was	not	possible	to	further		
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Table	5.1.	Moraine	presence	in	the	Wicklow	Mountains.	Valleys/sites	host	either	suites	of	moraines,	
sporadic/	isolated	moraines,	or	no	moraines.	See	Appendix	I	for	detailed	geomorphological	mapping.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Valley	 Moraine	presence	

Stonecutter’s	Glen	 Suites		

Raven’s	Glen	 Sporadic/isolated	

Glensoulan	 Suites	

Glensoulan	Trib	East	 Suites	

Glensoulan	Trib	West	 Suites	

Lough	Tay	 Suites	

Clogehoge	 Suites	

Inchavore	 Sporadic/isolated	

Inchavore	Trib	 Suites	

Glenmacnass		 Suites	

Lugacullen	 Suites	

Lavarney	 No	moraines	

Lugduff	 No	moraines	

Liffey	 No	moraines	

Glenealo	 Suites	

Glenealo	Trib	 Suites	

Glenmalur	 Suites	

Leoh	 Suites	

Glenogvore	 No	moraines	

Asbawn	 Suites	

Glenreemore	 Suites	

Firrib	 Suites	

Fraughan	Rock	Glen	 Suites	

Kelly’s	Lough	 Suites	

North	Prison	 Sporadic/isolated	

Ow		 Sporadic/isolated	

South	Prison	 Sporadic/isolated	

Art’s	Lough	 Sporadic/isolated	

Lough	Nahanagan	 Suites	

Lough	Cleevaun	 Sporadic/isolated	

Lough	Ouler	 Sporadic/isolated	

Lough	Bray	Lower	 Suites	

Lough	Bray	Upper	 Suites	
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examine	the	moraines	as	they	now	largely	re-submerged,	with	just	the	crestlines	of	some	

moraines	visible	during	low	water	levels	(Figure	5.3a).		

Above	the	contemporary	lough	level,	moraines	observed	within	the	cirque	basin	(outside	of	

the	lough)	are	limited.	There	has	also	been	extensive	modification	of	the	northwest	floor	of	

the	cirque	due	 to	 the	hydroelectric	works.	At	 the	northern	edge	of	 the	cirque,	 there	 is	a	

medium-sized,	highly-vegetated	moraine	(7m	height,	53	m	wide,	crestline	elevation	436	m).	

A	 road	 for	 the	 hydroelectric	 works	 has	 been	 built	 around	 the	 base	 of	 the	 feature,	

emphasising	its	morphology,	but	the	landform	itself	does	not	appear	to	have	been	modified	

by	construction	works.	It	is	possible	that	there	were	other	moraines	within	the	cirque	that	

may	 have	 been	 destroyed	 by	 building	 activity	 associated	with	 the	 hydroelectric	 works.	

Outside	 the	 works,	 the	 ground	 is	 mantled	 by	 1-2	 m	 of	 blanket	 peat,	 subduing	 the	

topography.	Where	peat	is	absent,	ice-moulded	bedrock	is	common,	particularly	along	the	

lower	parts	of	the	headwall.		At	the	outer	cirque	edge,	a	large	moraine	extends	for	over	1	

km,	resting	on	granite	bedrock	(Figure	5.3b).	The	ridge	is	characterised	by	a	broad	convex	

profile	and	ranges	in	width	from	100-550	m,	with	a	maximum	crestline	elevation	of	446	m.	

The	distal	slope	is	gently	inclined	between	3-7°,	whereas	the	proximal	slope	has	a	steeper	

incline	 ranging	 10-20°.	 The	moraine	 is	 highly	 vegetated	 and	 littered	with	 large	 granite	

boulders,	often	more	than	1	m	in	diameter.	Immediately	beyond	this	ridge	(i.e.	in	a	direction	

away	from	the	cirque),	there	is	a	similar	broad,	highly	vegetated	moraine	(width	100-	300	

m,	maximum	crest-height	409	m),	also	scattered	with	granite	boulders.		
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Figure	 5.2	 (previous	 page).	 Glacial	 geomorphology	 of	 Lough	 Nahanagan.	 Previously	 mapped	
moraines	are	derived	from	Colhoun	and	Synge	(1980)	as	these	landforms	are	now	either	submerged	
in	the	refilled	lough	or	have	been	destroyed	by	the	hydroelectric	works.	Colhoun	and	Synge	(1980)	
mapped	these	features	along	ridge	crestlines	(via	lines),	rather	than	delimiting	the	entire	landform	
base.	The	mapping	here	replicates	this	original	representation.	See	Figure	5.1	for	location.	

	

Figure	5.3	(a)	Partially	submerged	moraines	(white	dashed	line	on	crestlines)	and	shorelines	(orange	
dashed	lines)	at	Lough	Nahanagan;	(b)	outer	cirque	moraine	at	Lough	Nahanagan	(white	dashed	line	
on	crestline).		

	

The	Brays		

The	Brays	are	two	adjacent	cirques	(Grade	1,	Evans	and	Cox,	1995)	at	the	head	of	Glencree,	

in	the	north	of	the	Wicklow	Mountains	(Figure	5.4).	Both	Lower	Lough	Bray	(374	m	lake	

level	 elevation)	 and	 Upper	 Lough	 Bray	 (443	m	 lake	 level	 elevation)	 have	 northeastern	

aspects	 and	 are	 characterised	 by	 steep	 headwalls,	 with	 heights	 of	 191	 m	 and	 104	 m	

respectively.	The	lower	lough	is	the	bigger	of	the	two	sites	at	820	m	wide	and	1130	m	from	

the	base	of	the	headwall	to	the	cirque	lip.	In	comparison,	Upper	Lough	Bray	is	960	m	wide	

and	390	m	in	length	from	the	headwall	to	the	cirque	lip.	Both	the	upper	and	lower	loughs	

are	constrained	by	moraines	at	their	downvalley	extents,	but	these	have	distinctly	different	
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morphologies.	Beyond	the	upper	cirque	lip	(distal	to	cirque),	there	is	significant	evidence	of	

peat	cutting	at	the	site,	indicating	>1	m	depth	of	peat.	The	lower	lough	is	bound	by	a	broad	

ridge,	which	is	up	to	70	m	in	height,	has	a	width	of	250	m,	and	is	scattered	with	boulders	

(Figures	5.4,	5.5a).	Inside	of	this,	five	smaller	moraines	are	situated	above	the	northwestern	

shore	of	the	lough,	adjacent	to	the	cirque	headwall.	These	moraines	descend	steeply	from	

the	valley	side	and	are	inferred	to	constrain	the	lateral	margins	of	the	former	cirque	glacier	

(Figure	5.4,	5.5b).	Each	of	these	moraines	is	characterised	by	a	sharp	crestline.	All	are	highly	

vegetated	and	boulders	are	present	on	the	ridges	but	are	not	widespread.		

The	 upper	 lough	 is	 also	 bordered	 by	 an	 outer	 moraine	 ridge	 (Figure	 5.4,	 5.5c).	 The	

morphology	of	this	moraine	ridge	differs	significantly	compared	to	the	lower	lough	outer	

moraine.	 Instead,	 this	moraine	 is	 narrow	 (30-35	m	base	width),	 tall	 (17	m	height),	 and	

steep-sided	with	numerous	large	boulders	(>1	m)	spread	across	the	ridge.	There	are	two	

smaller	moraines,	one	on	either	side	of	 the	main	moraine	ridge.	The	surface	of	all	 three	

moraines	 is	 densely	 vegetated	 and	 covered	 by	 large	 boulders	 (>1	 m).	 The	 innermost	

moraine	 has	 been	 superimposed	 onto	 the	 stoss-side	 of	 the	main	moraine	 ridge.	 At	 the	

northern	end	of	the	lough,	a	series	of	smaller	moraines	are	present	on	the	valley	side	leading	

down	towards	the	lower	lough.		

	

	

	

	

	

	

	

	 	

	

	

	

	

Figure	5.4	Glacial	 geomorphological	map	of	Lower	Lough	Bray	 (top	 lake)	 and	Upper	Lough	Bray	
(bottom	lake).	See	Figure	5.1	for	location.	
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Figure	5.5.	The	Brays.	(a)	Lower	Lough	Bray	with	a	large	moraine	bounding	the	distal	edge	of	the	lake	
(view	from	Eagle’s	Crag);	(b)	inner	cirque	moraines	at	Lower	Lough	Bray	(view	is	towards	the	north);	
(c)	Lower	Lough	Bray	(left)	and	Upper	Lough	Bray	(right;	view	from	the	north	end	of	Upper	Lough	
Bray,	towards	the	northeast).	White	dotted	lines	denote	crestlines	in	all	images.		
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Clogehoge	

Clogehoge	is	a	5.6	km-long	valley	in	the	central	Wicklow	Mountains,	connecting	to	the	mid-

reaches	 of	 the	 Tay	 Valley	 (Figure	 5.6).	 The	 mid-lower	 valley	 (up	 to	 1.5	 km	 from	 the	

confluence	with	 Lough	 Tay)	 is	 topographically	 constrained	 by	 the	 slopes	 of	 Luggla	 and	

Knocknaclogehoge.	 Above	 this	 the	 valley	 rapidly	 transitions	 into	 open	 topography,	with	

slopes	of	~3°	and	no	lateral	topographic	constraint.	This	upper	region	forms	part	of	a	wide	

and	gently	sloping	central	mountain	plateau	(connecting	with	the	upper	Inchavore	valley	

and	wider	Sally	Gap	area)	(Figure	5.1).	The	northern	extent	of	the	valley	is	marked	by	the	

gently	rounded	summits	of	Carrigvore	(682	m)	and	Gravale	(718	m).		

In	Clogehoge,	moraine	distribution	is	largely	limited	to	the	topographically	restricted	lower-

mid	valley.	Here,	a	series	of	ice-marginal	moraines	(Figure	5.6,	5.7)	can	be	traced	upvalley	

for	just	over	1	km,	until	the	valley	broadens.	Moraine	distribution	is	initially	asymmetrical	

(i.e.	present	on	only	one	valley	 side),	predominately	on	 the	 southern	 face	of	Luggla,	but	

moraines	 become	 present	 on	 both	 sides	 of	 the	 valley	 after	 ~	 400	 m.	 All	 ridges	 trend	

obliquely	downvalley	and	display	similar	morphologies	of	small	to	mid-sized	moraines	(3-

7	m	height,	 footprints	of	up	 to	20	m)	with	distinct	crestlines	and	are	densely	vegetated. 

Boulders	are	present,	ranging	in	size	from	<50	cm	to	1	m,	but	landforms	are	not	dominated	

by	boulder	presence	(Figure	5.7).	Several	moraines	are	dissected	by	meltwater	channels	

and	the	frequency	of	channels	increases	upvalley.	Ice-moulded	bedrock	is	present	near	the	

contemporary	stream,	where	fluvial	activity	has	restricted	peat	development.	Otherwise,	

peat	 is	 extensive,	 particularly	 in	 the	 upper	 valley	 where	 the	 topography	 flattens,	 and	

moraines	are	not	present.		
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Figure	5.6.	Moraine	distribution	in	the	Clogehoge	valley.	Moraines,	associated	meltwater	channels,	
and	ice-moulded	bedrock	are	limited	to	the	lower	and	middle	valley.	No	glacial	geomorphology	is	
found	in	the	upper	part	of	the	valley,	which	does	not	display	a	glacial	geomorphological	signature.	
See	Figure	5.1	for	location.	

	

	
Figure	5.7.	Moraines	 in	 the	Clogehoge	Valley,	which	are	denoted	by	black	dashed	 lines	 (mapping	
crestlines).	View	is	downvalley	(east)	towards	the	confluence	with	the	Tay	Valley.		
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Kelly’s	Lough	

Kelly’s	Lough	(587	m	lake	elevation)	is	located	in	the	mid-upper	part	of	the	Carrawaystick	

Valley	(Figure	5.8).	The	valley	has	a	southeastern	aspect	and	gently	slopes	onto	a	saddle	

leading	 up	 to	 Lugnaquillia	 (925	m).	 In	 lieu	 of	 a	 steep	 valley	 head,	 the	 valley’s	 southern	

sidewall	has	been	over	steepened	and	modified	by	glacial	erosion	into	a	poorly	developed	

cirque	(Grade	4,	cf.	Evans	and	Cox,	1995).	The	cirque	has	a	width	of	1130	m,	a	headwall	

height	of	182	m,	and	it	is	570	m	from	the	headwall	to	the	edge	of	the	cirque.	Ice-moulded	

bedrock	 is	 present	 on	 the	 cirque	 headwall	 and	 the	 entire	 cirque	 is	 covered	 by	 glacially	

transported	boulders	(often	greater	than	1	m	in	diameter).	There	is	also	extensive	blanket	

peat	at	the	site,	with	depths	of	up	to	1-2	m.			

Figure	5.8.	Glacial	geomorphological	mapping	of	Kelly’s	Lough.	Moraine	distribution	suggests	that	ice	
emanated	from	the	valley’s	southern	sidewall.	Moraines	are	not	identified	in	the	lower	valley.	See	
Figure	5.1	for	location.	
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Moraines	are	restricted	to	the	mid-upper	reaches	of	the	valley,	where	they	emanate	from	

the	 valley	 sidewall.	 All	 moraines	 exhibit	 similar	 morphologies	 (Figure	 5.9).	 The	 ridge	

surfaces	are	covered	by	dense	accumulations	of	large	boulders	(often	>	1m	diameter)	and	

are	partially	openwork,	with	vegetation	often	featuring	only	on	the	lowermost	parts	of	the	

ridge.	 Moraines	 have	 a	 maximum	 height	 of	 10	 m	 and	 a	 width	 of	 up	 to	 20	 m.	 Distinct	

crestlines	 are	 discernible	 in	 some	 cases	 but	 are	 not	 ubiquitous.	Moraines	 vary	 between	

continuous	features	spanning	large	areas	of	the	cirque	floor	and	smaller	ridges,	which	may	

be	dissected	by	meltwater	channels	(Figure	5.8).	A	sinuous	mid-valley	moraine	constitutes	

the	most	prominent	and	continuous	ice-marginal	feature	(Figure	5.9).	Downvalley	of	this,	a	

large	bouldery	moraine	sits	at	the	base	of	the	northern	sidewall	as	a	large	lateral	moraine,	

with	an	associated	meltwater	channel.	Finally,	there	are	two	distinct	sediment	benches	on	

the	northern	valley	side,	providing	an	indication	of	ice	thickness	(see	Table	4.2).	

	
Figure	5.9.	Moraine	 at	Kelly’s	 Lough.	The	 surface	of	 all	 ridges	 at	 the	 site	 are	dominated	by	 large	
boulders.		

	
	
Classification	of	moraine	assemblages		

As	described	above,	moraine	morphology	in	the	Wicklow	Mountains	varies	between	large	

broad	features	with	rounded	crestlines	to	sharp	crested,	small	boulder-rich	ridges.	On	this	

basis,	three	distinct	moraine	classifications	emerge	(Class	1,	2,	3)	and	examples	of	each	class	

are	highlighted	in	Figure	5.10.	These	moraine	classifications	have	been	devised	using	the	

moraine	 record	 in	 the	 Wicklow	 Mountains	 and	 are	 not	 based	 on	 morphological	

characteristics	identified	elsewhere	in	association	with	the	Scottish	YD	record	(e.g.	Pearce,	

2014;	Boston	et	al.,	2015;	Chandler,	2018;	Chandler	et	al.,	2019b).	These	classifications	are	

used	in	all	future	references	to	moraines	in	this	thesis.	
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Figure	5.10.	Differences	in	moraine	morphology	used	to	categorise	ridges	into	three	distinct	classes.	

	

There	are	no	areas	of	chaotic	moraine	distribution	or	irregular	drift	providing	evidence	of	

ice	stagnation	(cf.	Benn	et	al.,	1992;	Benn,	1992).	Therefore,	all	moraines	identified	in	the	

region	are	interpreted	as	ice-marginal	and	to	have	formed	at	the	terminus	of	a	glacier	during	

readvance	or	a	period	of	ice	margin	stability,	recording	the	glacier’s	frontal	position	at	the	

time	of	creation	(Benn	et	al.,	2003).		

Class	1	moraines,	the	largest	ice-marginal	features	in	the	region,	are	uncommon,	with	only	

eight	identified.	These	landforms	are	found	in	two	distinct	localities;	either	in	lower	valleys	

(e.g.	Glensoulan,	Glendalough/Glendasan,	Fraughan	Rock	Glen/Glenmalure)	or	in	cirques,	

where	the	moraines	bound	the	distal	margins	of	loughs	(e.g.	Lough	Nahanagan,	Art’s	Lough,	

Lough	Ouler,	Lower	Lough	Bray).	The	size	of	these	features	(10-30	+	m	height,	+100	m	base	

width)	and	broad	crestlines	make	them	distinct	from	other	moraine	morphologies.	Class	1		

-	Mid-sized	ridges	(1–20	m	height).	

-	Usually	distinct	crestline.	

-	Mid-sized	base	width	(5–80	m).	

-	Occur	in	groups.	Larger	moraines	may	

occur	in	isolation.	

-	Highly	vegetated	surface.		

-	Frequent	boulders.	

-	Smallest	ridges	(1–10	m	height).	

-	Distinct	crestline.	

-	Narrowest	base	width	(1–30	m).	

-	Occur	inset	from	Class	1	and	Class	2	

moraines.	

-	Boulder-rich	ridges,	partially	openwork	

(highlighted	by	limited	vegetation).	

Class	1	
-	Large	broad	ridges	(10-30+	m	height).	

-	Rounded	with	broad	crestline.	

-	Wide	base	width,	often	+	100	m.	

-	May	feature	in	isolation	or	close	to	other	

moraines	classes.	

-	Highly	vegetated	surface,	frequent	

boulders.	

Class	2	

Class	3	
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moraines	 can	 occur	 in	 isolation	 (e.g.	 Art’s	 Lough)	 and	 often	 occur	 downvalley	 of	 either	

extensive	(e.g.	Glensoulan,	Glendalough,	Fraughan	Rock	Glen)	or	more	limited	(e.g.	Lough	

Ouler,	Lower	Lough	Bray,	Lough	Nahanagan)	sequences	of	Class	2	and/or	Class	3	moraines.	

Wherever	present,	Class	1	moraines	constitute	the	outermost	(downvalley)	identifiable	ice	

margin.	

Class	 2	 moraines	 are	 more	 common	 and	 form	 the	 majority	 of	 ice-marginal	 moraines	

identified	in	the	region.	These	moraines	usually	have	distinct	crestlines	and	are	mid-sized	

ranging	from	1-20	m	in	height	with	a	base	width	of	5-80	m.	All	Class	2	moraines	are	heavily	

vegetated.	Boulder	presence	is	dependent	upon	lithology;	granite-derived	moraines	have	

frequent	boulders,	but	shale/schist	derived	moraines	have	fewer,	although	some	are	still	

present.	 Class	 2	moraines	 are	 found	 either	 as	 isolated	 ridges	 (e.g.	 upper	 Glenmacnass),	

fragments	 (e.g.	 Inchavore),	 or	 as	 sequences	 (e.g.	 Leoh,	 Clogehoge,	 Stonecutter’s	 Glen,	

Glensoulan).		These	moraines	are	found	in	a	wide	range	of	topographic	situations,	including	

cirques	(e.g.	The	Brays,	Lough	Tay,	South	Prison),	plateaux	(e.g.	Table	Mountain	Plateau,	

Inchavore/mid-level	 plateau),	 and	 outlet	 valleys	 (e.g.	 Fraughan	 Rock	 Glen,	 Firrib,	

Lugacullen,	Glenreemore).	In	areas	of	gentle	topography	(e.g.	Inchavore/mid-level	plateau),	

smaller	moraines	can	be	largely	obscured	by	thick	accumulations	of	peat.		

The	 remaining	 ice-marginal	 moraines	 are	 categorised	 as	 Class	 3	 moraines.	 These	 are	

exclusively	 limited	to	high-elevation	cirques	and	only	feature	at	 five	sites	(Kelly’s	Lough,	

North	Prison,	Lough	Ouler,	Mullaghcleevaun,	and	Lough	Nahanagan).	These	moraines	are	

the	 smallest	 identified	 in	 the	Wicklow	Mountains	and	are	 less	 than	10	m	 in	height	with	

narrow	 base	 widths	 (<30	 m).	 Class	 3	 moraines	 have	 distinct	 crestlines	 and,	 most	

distinctively,	are	partially	openwork	and	boulder-rich.	 If	multiple	moraine	classifications	

are	present	in	the	same	valley,	Class	3	moraines	always	occur	inset	of	Class	1	and	Class	2	

moraines.	These	landforms	may	feature	as	a	single	Class	3	moraine	(e.g.	Lough	Cleevaun),	

possibly	 with	 an	 additional	 inset	 Class	 3	 ridge	 (e.g.	 Lough	 Ouler,	 North	 Prison)	 or,	 in	

contrast,	as	a	series	of	Class	3	ice-marginal	moraines	(e.g.	Kelly’s	Lough,	Lough	Nahanagan).	

However,	the	size	of	moraines	(1-10	m),	composition	(boulder	dominated,	angular	clasts;	

based	 on	 observations	 of	 the	moraine	 surface),	 and	 topographic	 situation	 (inner	 cirque	

basin)	all	support	inclusion	of	these	features	within	the	Class	3	category.	It	should	be	noted	

that	there	may	be	some	overlap	between	moraine	classifications,	both	in	size	(Figure	5.11)	

and	in	character;	for	example,	between	Class	2	and	Class	3	moraines	with	significant	boulder	

presence.	This	is	typified	at	Upper	Lough	Bray,	where	the	inner	moraine	is	categorised	as	a	

Class	2	moraine	due	to	the	large	size	of	the	feature	(e.g.	17	m,	35	m	footprint)	and	highly	
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vegetated	surface.	However,	this	moraine	has	a	substantial	boulder	cover	which	could	be	

considered	Class	3	in	nature.			

Figure	5.11.	Size	continuum	of	the	three	moraine	classifications	identified	in	the	Wicklow	Mountains.	
Overlaps	in	size	(m)	are	indicated	by	dashed	lines.		

	
	
5.1.2	Glacially-transported	boulders	and	boulder	spreads	
Boulders	are	abundant	throughout	the	study	area	(see	Table	4.2	for	description).	This	may	

in	part	be	due	to	the	dominant	granite	lithology,	which	is	more	resistant	to	erosion	than	

other	 geologies	 such	 as	 schists	 and	 shales (which	 disintegrate	 into	 fine	 material	 more	

easily).	Extensive	high-level	boulder	accumulations	are	found	on	Table	Mountain	Plateau	

(~650	m	elevation)	(Figure	5.1).	Here,	large	granite	boulders	(>1	m	in	height)	are	strewn	

across	the	entire	plateau.	The	plateau	is	largely	covered	in	thick	peat	but,	in	some	locations,	

the	boulders	rest	directly	on	exposed	ice-moulded	bedrock	(Figure	5.12).		

Elsewhere,	boulder	spreads	(concentrated	accumulations	of	boulders,	£1	km2;	Table	4.2)	

are	 only	 found	 at	 eight	 sites	 (e.g.	 Fraughan	Rock	Glen,	 Glenmacnass,	 Stonecutter’s	 Glen,	

Lough	Nahanagan,	Lough	Ouler,	Lough	Cleevaun,	North	Prison,	Kelly’s	Lough),	five	of	which	

also	contain	Class	3	moraines	(e.g.	Lough	Nahanagan,	Lough	Ouler,	Lough	Cleevaun,	North	

Prison,	Kelly’s	Lough;	Appendix	I).	At	these	five	sites,	the	boulder	spreads	feature	inside,	as	

well	 as	 seeming	 to	 extend	 onto,	 the	 Class	 3	 moraines	 (due	 to	 bouldery	 moraine	

composition).	 At	 the	 remaining	 sites	 (Glenmacnass,	 Stonecutter’s	 Glen,	 Fraughan	 Rock	

Glen),	boulder	accumulations	occur	in	association	with	Class	2	rather	than	Class	3	moraines.	

In	most	cases,	boulders	are	concentrated	across	a	wide	area	within	each	site.	However,	in	

Stonecutter’s	Glen	boulders	are	only	present	on	 the	northern	 side	of	 the	valley	and,	 are	

entirely	absent	on	the	southern	valley	side	(Figure	5.13).		
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Figure	5.12.	Large	glacially-transported	boulder	resting	on	ice-moulded	bedrock	on	Table	Mountain	
Plateau	(~650	m	elevation).	

	

	

	

	

	

	

	

	

	

	

	

	 	

	 	

	
Figure	5.13.	Glacial	geomorphological	map	of	Stonecutter’s	Glen.	Note	that	both	glacially-transported	
boulders	and	moraines	are	limited	to	the	northern	side	of	the	valley.	See	Figure	5.1	for	location.	
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5.1.3	Ice-moulded	bedrock	

Ice-moulded	bedrock,	exposures	of	bare	rock	with	smooth	surface	(Table	4.2),	is	abundant	

throughout	the	Wicklow	Mountains	including	on	high	summits	and	cols,	valley	heads,	and	

valley	floors.	It	is	present	on	numerous	summits	where	blockfields	(or	peat	development)	

are	absent	(i.e.	Scarr,	641	m;	Kanturk,	523	m;	Knocknacloghoge,	534	m;	Carrigshouk,	571	

m).		Such	summits	are	situated	in	the	central	Wicklow	Mountains	and	fringe	the	southern	

periphery	of	a	large	mid-level	plateau	surrounded	by	higher	peaks	(see	Appendix	II).	High-

level	ice-moulded	bedrock	is	also	identified	on	the	edge	of	Table	Mountain	Plateau	(~650	

m	elevation),	where	it	is	exposed	on	the	shores	of	Lough	Firrib	(Figure	5.14).	Ice-moulded	

bedrock	is	not	exposed	anywhere	else	on	the	plateau	edge	due	to	thick	peat	development.	

However,	 several	 valleys	 leading	 from	 the	 plateau	 (e.g.	 Firrib,	 Glenreemore,	 Asbawn)	

feature	ice-moulded	bedrock	close	to	the	valley	headwalls.	High-level	ice-moulded	bedrock	

is	 also	 identified	 on	 Camenabologue	 col	 (~625	 m	 elevation),	 which	 links	 Glenmalur	

(southwestern	outlet	of	Table	Mountain	Plateau)	to	the	Leoh	valley.		

	

	

	

	

	

	

	

	

Figure	5.14.	Ice-moulded	bedrock	on	the	edge	of	Table	Mountain	Plateau,	leading	northeast	down	
into	the	Firrib	valley.	

	

In	addition,	ice-moulded	bedrock	is	also	identified	on	mountain	sides,	most	notably	at	ice-

modified	 tors	 on	Mullaghcleevaun	 and	 Glenealo	 (Figure	 5.15).	 At	 Mullaghcleevaun,	 ice-

modified	 tors	 are	 situated	 on	 the	 northern	 slope	 of	 the	mountain,	 below	 the	 start	 of	 a	

blockfield	that	covers	the	mountain	from	the	summit	down	to	an	elevation	of	~750	m.	Ice-

moulded	bedrock	also	occurs	close	to	Lough	Cleevaun	but	outside	(downvalley)	of	the	Class	

2	 and	 3	moraines	 identified	 at	 the	 site.	 Ice-moulded	 bedrock	 is	 particularly	 prominent	

within	cirques	where	bedrock	is	visible	(i.e.	not	subsumed	by	peat;	e.g.	Lough	Ouler,	Lough	
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Nahanagan,	Kelly’s	Lough,	Fraughan	Rock	Glen,	North	Prison,	Raven’s	glen)	and	at	the	edge	

of	overdeepenings	(e.g.	Glendalough,	Glenmacnass).	The	most	substantial	exposure	of	ice-

moulded	bedrock	in	the	Wicklow	Mountains	is	found	in	Raven’s	Glen,	a	small	cirque	which	

leads	 up	 onto	 the	 mid-level	 plateau	 in	 the	 north	 of	 the	 study	 area.	 Here,	 ice-moulded	

bedrock	dominates	the	site	from	~250	m	up	to	the	headwall	at	450	m,	albeit	increasingly	

interrupted	 by	 peat	 and	 vegetation	 development	 at	 higher	 elevations.	 The	 landform	

signature	in	this	cirque	is	predominately	erosional,	with	only	a	small	number	of	moraines	

in	the	upper	part	of	the	cirque	close	to	the	plateau	edge.	

Ice-moulded	bedrock	is	not	widely	found	on	low-level	valley	floors;	however,	this	is	likely	

due	to	thick	peak	development	which	would	obscure	it.	Substantial	peat	cover	throughout	

the	Wicklow	Mountains	suggests	that	the	identified	areas	of	 ice-moulded	bedrock	are	an	

underestimate	of	ice-moulded	bedrock	presence.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
Figure	5.15.	Ice-modified	tors	on	(a)	the	northern	flank	of	Mullaghcleevaun	(~690	m	elevation)	and	
(b)	Glenealo	(~	450	m	elevation;	southeastern	aspect).		

	

	

(a) 

(b) 
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5.1.4	Fluted	surfaces	

Fluted	surfaces	(Table	4.2)	are	rare	and	are	only	found	at	two	sites:	Glenmacnass	(Figure	

5.16,	5.17)	and	Lough	Tay.	At	Glenmacnass,	two	streamlined	landforms	(both	~	80	m	length,	

~	 2	m	 height)	 are	 found	 in	 the	 lower	 valley,	 ~	 600	m	 from	 the	 base	 of	 a	 geologically-

controlled	overdeepening	(granite/schist	transition),	which	created	Glenmacnass	waterfall.	

These	 sediment	 accumulations	 (composition	 inferred	 from	 small	 sections)	 occur	

downvalley	 of	 a	 moraine	 ridge	 but	 are	 dissimilar	 to	 the	 moraine	 due	 to	 differences	 in	

boulder	 presence	 (minimal	 vs	 abundant),	 the	 absence	 of	 a	 crestline	 (distinctly	 broad	

morphology	vs	subtle	crestline),	and	orientation	(trending	directly	downvalley,	parallel	to	

palaeoice	flow	vs	slight	oblique	orientation).	These	fluted	surfaces	are	broadly	similar	to	

those	identified	in	Deepdale	(Lake	District,	McDougall,	2015),	although	not	as	numerous	or	

large.	

	

	

	

	

	

	

	

	

Figure	5.16.	Glacial	geomorphological	map	of	lower	Glenmacnass.	Note	the	fluted	surfaces	within	
the	geologically-controlled	overdeepening.	See	Figure	5.1	for	location.	

	

	

	

	

	

	

	
	
Figure	5.17.	Streamlined	sediment	(fluted	surfaces)	in	Glenmacnass	highlighted	by	dashed	line	along	
crestline,	with	palaeoice	flow	direction	(south)	indicated	by	the	arrow.	
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5.1.5	Sediment-covered	slopes	

Thick	 sediment	 accumulations	 (drift	 limits;	 Table	 4.2)	 are	 extensive	 throughout	 the	

Wicklow	Mountains,	 with	 slopes	 in	many	 valleys	mantled	 by	 debris	 and,	 at	 some	 sites,	

heavily	 gullied.	 In	 valleys	 with	 abundant	 sediment	 accumulations,	 at	 least	 one	 of	 the	

identified	moraine	 classifications	 is	 found	and	 slope	deposits	often	 continue	beyond	 the	

extent	of	mapped	moraines	(e.g.	Kelly’s	Lough,	Firrib,	Glenreemore,	and	Glenmalure;	Figure	

5.18).	 Elsewhere,	 drift	 limits	 correlate	 with	 moraine	 boundaries	 and	 together	 indicate	

former	ice	thickness	and	frontal	extent	(e.g.	Leoh	glacier;	Figure	5.19).	However,	this	is	rare	

as	 slope	deposits	 usually	 continue	beyond	mapped	moraine	boundaries	 (and	 associated	

small	 scale	 meltwater	 channels,	 boulder	 limits;	 e.g.	 North	 Prison,	 Kelly’s	 Lough,	 Lough	

Ouler,	Lough	Cleevaun)	and	appear	to	be	related	to	more	extensive	ice.	

	

Figure	5.18.	Slope	deposits	in	Kelly’s	Lough.	Here,	two	benches	of	sediment	are	visible	on	the	valley	
side,	both	mantled	by	boulders	(bench	tops	highlighted	by	black	dashed	line).	Whilst	these	deposits	
are	found	within	the	Class	3	moraine	limits,	the	height	and	orientation	of	these	features	suggests	that	
they	are	not	associated	with	the	ice	mass	that	produced	the	moraines	(Figure	5.23),	instead	it	is	likely	
that	these	sediment	deposits	relate	to	two	different	phases	of	an	earlier,	more	extensive	ice	mass.	
Photo	taken	looking	at	the	northern	sidewall	of	the	Carrawaystick	Valley.	



 
 	 	
	

Chapter	5:	Geomorphological	evidence	for	glaciation	

 

 106 

Figure	5.19.	Glacial	geomorphology	of	the	Leoh	Valley	in	the	south	of	the	Wicklow	Mountains.	The	
drift	limit	on	the	northern	valley	side	clearly	transitions	into	a	large	Class	2	lateral	moraine	and	wider	
moraine	assemblage.	See	Figure	5.1	for	location.		

	

5.2	Glaciofluvial	landforms	

	5.2.1	Meltwater	channels	

Immediately	 outside	 the	 boundaries	 of	 this	 study	 area,	 there	 are	 large	 networks	 of	

meltwater	channels	(+10	m	width;	e.g.	Hollywood	Glen)	 that	have	no	relationship	to	 the	

modern	drainage	network	(Figure	5.20a;	Table	4.2).	Indeed,	much	of	the	zone	surrounding	

the	Wicklow	Mountains	is	characterised	by	deeply	cut	drainage	channels	(Warren,	1993;	

Geological	Survey	of	Ireland,	2013).	These	large	ice-marginal	and	subglacial	channels	are	

attributed	to	deglaciation	of	the	BIIS,	rather	than	mountain	glaciation.	However,	this	kind	of	

large-scale	meltwater	channel	is	absent	from	the	mapped	region.	

In	contrast,	smaller	isolated	meltwater	channels	(~1.5	m	width;	Table	4.2)	occur	within	the	

mapped	 region,	 usually	 in	 conjunction	with	Class	2	 and/or	Class	3	moraines.	Meltwater	

channels	 feature	both	on	 the	high	elevation	plateau	and	within	valleys.	 Small	meltwater	

channels	are	found	at	the	periphery	of	the	Table	Mountain	plateau	and	lead	northeast	into	

the	Firrib	Valley	(Figure	5.20b,	5.21),	in	association	with	Class	2	moraines	and	ice-moulded	

bedrock.	Meltwater	channels	are	also	identified,	this	time	in	isolation,	on	the	northwestern	

part	of	the	plateau	and	drain	into	the	head	of	the	Asbawn	Valley.		
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Figure	 5.20.	 Meltwater	 channels,	 denoted	 by	 black	 arrows;	 (a)	 large	 meltwater	 channels	 at	
Hollywood	 Glen	 (periphery	 of	 Wicklow	 Mountains,	 outside	 mapped	 area,	 photo	 taken	 looking	
southwest),	(b)	small	meltwater	channels	leading	from	Table	Mountain	Plateau	into	the	upper	Firrib	
valley	 (photo	 taken	 facing	 southwest,	 looking	 towards	 the	 northern	 edge	 of	 the	 plateau),	 (c)	
meltwater	channel	at	Kelly’s	Lough	situated	in	the	upper	valley	on	the	distal	side	of	a	large	Class	3	
lateral	moraine	(photo	taken	adjacent	to	the	northern	sidewall,	looking	westwards	upvalley).	

	

The	Class	2	moraines	and	accompanying	meltwater	channels	mostly	occur	 in	the	central	

region	of	the	valleys	(e.g.	Lugacullen,	Glensoulan	Asbawn,	Glenreemore),	with	some	situated	

at	the	outermost	edge	of	cirques	(e.g.	Lough	Cleevaun,	Upper	Lough	Bray).	In	contrast,	Class	

3	moraines	and	associated	meltwater	channels	occur	only	in	selected	upper	cirques	(e.g.	

Kelly’s	Lough,	North	Prison;	Figure	5.20c,	5.23).	It	is	possible	to	differentiate	between	ice-

marginal	 meltwater	 channels	 and	 proglacial	 meltwater	 channels	 (cf.	 Greenwood	 et	 al.,	

(a)	

(b)	

(c)	
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2007).	For	example,	the	valley-side	meltwater	channels	found	in	the	Firrib	Valley	(Figure	

5.21)	are	likely	to	be	ice-marginal	due	to	their	positioning	on	the	valley	wall.	Similarly,	the	

large	meltwater	channel	at	the	base	of	the	valley	sidewall	in	Kelly’s	Lough	(Figure	5.22)	is	

also	 probably	 an	 ice-marginal	 channel.	 In	 contrast,	 the	 rest	 of	 the	 meltwater	 channels	

(central	valley,	often	dissecting	moraines)	at	Kelly’s	Lough	are	likely	proglacial	meltwater	

channels	as	signified	by	their	position.	

	

	

	

	

	

	

	

	

	

Figure	 5.21.	 Geomorphological	 map	 of	 Lough	 Firrib	 (Table	 Mountain	 Plateau).	 Note	 meltwater	
channels	leading	off	the	plateau.	See	Figure	5.1	for	location.	

	 	
	 	
	 	
	 	
	 	
	 	

	

	

	

	

	

	

	

	
Figure	5.22.	Geomorphological	map	of	Kelly’s	 Lough.	Note	meltwater	 channels	dissecting	 several	
moraines	and	as	well	the	large	meltwater	channel	located	at	the	distal	side	of	a	large	lateral	moraine	
(Figure	5.20c).	See	Figure	5.1	for	location.	
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5.2.2	Glaciofluvial	terrace	

In	lower	Glendalough,	a	large	gently	sloping	terrace	(~7	m	high,	~105	m2)	is	situated	near	

the	confluence	of	Glendalough	and	Glendasan,	by	a	 large	Class	1	medial	moraine	(Figure	

5.25).	The	terrace	is	the	site	of	an	ancient	monastic	city	(10th	century)	that	has	been	the	

subject	 of	 archaeological	 excavations	 (Elliot,	 2011;	Warren,	 2015).	 These	 investigations	

have	identified	that	the	terrace	is	predominately	composed	of	sands	and	gravels,	featuring	

additional	silts.	This	is	supported	by	an	earlier	investigation	of	the	landform	by	Hull	(1878)	

that	identified	stratified	gravels	and	sands.	The	reported	composition	and	the	location	of	

the	terrace	in	the	lower	reaches	of	a	glaciated	valley	(see	Appendix	I)	strongly	suggests	a	

glaciofluvial	origin	(Table	4.2).		

	

	

	

	

	

	

	
Figure	 5.23.	 Glaciofluvial	 terrace	 at	 Glendalough,	 denoted	 by	white	 dashed	 line.	 A	 section	 of	 the	
adjacent	medial	moraine	(at	the	confluence	of	Glendalough	and	Glendasan)	is	visible	in	the	rear	of	
the	photo,	denoted	by	a	solid	white	line.	Photo	(taken	facing	north):	Arnstein	Rønning.		

	
 

5.2.3	River	terraces	

Fluvial	terraces	(Table	4.2)	are	limited	and	are	often	entirely	absent	from	valleys,	including	

many	 with	 moraines	 and	 other	 glacial	 landforms	 (e.g.	 Stonecutter’s	 Glen,	 The	 Brays,	

Clogehoge,	Inchavore,	Leoh,	North	Prison,	Fraughan	Rock	Glen,	Lough	Nahanagan).	Where	

present,	 river	 terraces	 are	 either	 found	 (1)	 beyond	 ice-marginal	 moraines	 (e.g.	 Kelly’s	

Lough/Carrawaystick,	 Ow,	 Glenmalur,	 Firrib,	 Lugacullen,	 Lough	 Cleevaun,	

Glendasan/Glendalough),	(2)	where	there	is	no	glacial	evidence	(e.g.	Liffey,	Ballydonnell;	

Figure	 5.24),	 or	 (3)	 close	 to	 Class	 2	 moraine	 assemblages	 (e.g.	 Asbawn,	 Glenreemore,	

Glenmacnass,	Lough	Tay).		

Where	terraces	are	present	in	situations	(1)	and	(2),	it	suggests	that	they	are	not	related	to	

glaciofluvial	activity	and	could	instead	be	related	to	general	post-glacial	fluvial	adjustment	
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(cf.	Macgillycuddy’s	Reeks,	Anderson	 et	 al.,	 2004).	This	 is	 confirmed	 in	 the	Upper	Liffey	

catchment,	 where	 a	 combination	 of	 radiocarbon	 dating,	 dendrochronology,	 and	 pollen	

analysis	has	been	used	to	date	the	river	terraces	(comprised	of	repeated	layers	of	sandy	

alluvium	with	 layers	of	soil).	Here,	 the	oldest	 floodplain	terrace	 is	attributed	to	the	mid-

Holocene,	forming	between	8–3	ka	BP,	and	the	younger	Holocene	terrace	is	thought	to	have	

accumulated	between	2–0.5	ka	BP	(Meehan	et	al.,	2014).		

In	contrast,	in	situation	(3),	small	(<1	m)	terraces	initiate	within	Class	2	moraines.	However,	

terraces	usually	do	not	occur	further	upvalley	or	continue	beyond	moraine	outer	extent	(e.g.	

Glenreemore,	Asbawn,	Glenmacnass).	 An	 exception	 to	 this	 is	 at	 Lough	Tay,	where	 small	

terraces	continue	~500	m	beyond	the	extent	of	the	Class	2	moraines	and	fluted	sediment	

(Figure	 5.23).	 It	 should	 also	 be	 noted	 that	 flights	 of	 terraces	 are	 absent	 in	 the	Wicklow	

Mountains	and	river	terraces	are	not	noted	in	association	with	Class	1	or	3	moraines.	There	

are	also	no	examples	where	moraines	(or	meltwater	channels)	terminate	downvalley	and	

subsequently	 river	 terraces	 begin	 (cf.	 Lukas,	 2006;	 Pearce,	 2014;	 Boston	 et	 al.,	 2015;	

Chandler,	2018).	

	

	

	

	

	

	

	

	

	

	

	

	 	
Figure	5.24.	Glacial	geomorphology	of	Lough	Tay	where	river	terraces	are	present	within	the	outer	
limit	of	Class	2	moraines.	See	Figure	5.1	for	location.	
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Figure	5.25.	River	terrace	distribution	in	the	northern	Wicklow	Mountains.	Note	that	no	moraines	
are	 present	 in	 the	 Liffey	 and	 Lavarney	 valleys,	 whereas	 Lugacullen	 has	 multiple	 ice-marginal	
moraines.	See	Figure	5.1	for	location.	

	

5.2.4	Deltas	

The	King’s	River	Valley	is	situated	to	the	west	of	the	main	mountainous	region	and	hosts	the	

only	major	deltaic	system	in	the	Wicklow	Mountains	(Figure	5.26;	Table	4.2).	These	features	

are	 habitually	 referred	 to	 as	 the	 King’s	 river	 terraces	 even	 though	 the	 deposits	 are	 not	

strictly	river	terraces	(Figure	5.27;	Thorp	and	Gallagher,	1999).	There	has	been	significant	

incision	(~	10m;	Figure	5.28)	of	sediment	to	create	large	benches	stretching	for	~3.5	km	

upvalley	(from	the	edge	of	the	contemporary	Poulaphouca	Reservoir),	all	with	a	consistent	

elevation	of	~211	m.	This	incision	was	caused	by	either	glacial	meltwater	after	deposition,	

or	post-glacial	 fluvial	 incision.	 Large	 foresets	 indicate	 the	prograding	of	material	 from	a	

nearby	large	upvalley	fluvial	system,	likely	fed	by	glacial	meltwater	from	the	upper	King’s	

River	 Valley	 and	 adjacent	 side	 valleys	 (Asbawn,	 Glenreemore,	 Firrib).	 The	 terracing	 of	

deltaic	deposits	begins	~4.5	km	and	~9	km	down	valley	of	moraines	in	Glenreemore	and	

Lough	Nahanagan,	respectively.	These	are	the	only	identified	deltaic	deposits	in	the	mapped	
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area.	However,	there	are	extensive	examples	further	to	the	west	of	the	Wicklow	Mountains	

caused	by	regional	ice	damming	and	the	formation	of	Glacial	Lake	Blessington	(see	Philcox,	

2019).		

	

	

	

	

	

	

	

	

	 	
	
Figure	5.26.	Geomorphological	map	of	the	lower	King’s	River	Valley,	highlighting	the	distribution	of	
‘terraced’	deltaic	deposits	near	the	confluence	of	the	Kings	River	and	the	Pollaphuca	Reservoir.	See	
Figure	5.1	for	location.	

	

Figure	5.27.	Foresets	and	topsets	in	a	King’s	River	Valley	‘terrace’	exposure	revealed	by	quarrying.	
This	exposure	is	the	downvalley	of	the	bench	in	Figure	5.28.		
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Figure	5.28.	Incised	delta	in	the	King’s	River	Valley.	The	feature	composition	is	indicated	by	a	nearby	
quarry	section	(Figure	5.27).	Photo	taken	facing	northwest.		

	
	
5.3	Periglacial	landforms	and	surface	cover		

5.3.1	Talus	

Talus	is	not	widespread	in	the	Wicklow	Mountains,	perhaps	due	to	the	rolling	nature	of	the	

topography	and	the	limited	high-level	cliffs	and	rock	faces	(Table	4.2).	As	a	result,	there	is	a	

lack	of	weathered	material	 to	supply	 lower	slopes	and	consequently	the	region	does	not	

contain	large	continuous	sheets	of	well-developed	talus,	unlike	in	areas	of	upland	Scotland	

(cf.	Lukas,	2006;	Ballantyne,	2019).	 Instead,	 talus	only	 features	at	 sites	 characterised	by	

steeper	 ‘alpine-style’	 topography.	 The	 most	 extensive	 talus	 development	 occurs	 in	

Glenmalur	and	Glendalough,	within	 large	geologically-controlled	overdeepenings	(Figure	

5.29,	5.30).	The	talus	accumulations	at	Glenmalur	are	heavily	gullied.	Here,	it	stretches	from	

the	 valley	 floors	 to	 high-level	 crags	 along	 the	 valley	 walls	 and,	 at	 both	 sites,	 talus	

development	 ceases	 near	 the	 upvalley	 initiation	 of	 the	 overdeepening,	 where	 the	

topography	is	less	steep	and	there	is	no	high-level	material	source.	More	common	is	less	

spatially	extensive	but	stable	and	partially	vegetated	(therefore	often	appearing	‘patchy’)	

talus.	This	style	of	talus	development	is	found	below	scarps	in	cirques	with	steep	rock	faces	

and	is	present	at	Lough	Tay,	South	Prison,	and	Lower	Fraughan	Rock	Glen.	At	these	sites,	

vegetation	has	likely	been	able	to	re-establish	due	to	the	presence	of	fine	material,	not	just	

coarse	 debris	 (Ballantyne,	 2019).	 Both	 types	 of	 talus	 development	 are	 interpreted	 as	

‘mature’	as	they	are	spatially	extensive	and	stable.	
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Talus	is	also	found	in	the	North	Prison	on	the	cirque	headwall	beneath	large	crags	(Figure	

5.31).	However,	its	extent	is	very	restricted	and	poorly	developed,	forming	only	a	number	

of	thin	patches.	There	is	also	a	complete	absence	of	vegetation,	which	suggests	that	the	talus	

is	 unstable	 (Kershaw	 and	 Gardner,	 1986)	 and/or	 is	 comprised	 of	 only	 coarse	 material	

(Ballantyne,	2019).	Whilst	talus	development	occurs	both	inside	and	outside	of	Class	1	and	

Class	2	moraines,	 only	one	 incidence	 is	 found	 inside	of	Class	3	moraines	 –	 at	 the	North	

Prison,	where	talus	is	classified	as	immature	due	to	limited	spatial	extent.	

	

Figure	5.29	(a)	Geomorphological	mapping	and	(b)	aerial	photograph	highlighting	extensive	talus	
development	at	Glendalough.	Image:	Google	Earth.	See	Figure	5.1	for	location.	
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Figure	5.30.	Talus	development	at	Glendalough	(a,b)	and	Glenmalur	(c).	Note	that	talus	development	
in	Glenmalur	(c)	extends	from	valley	floor	to	upper	crags	but	is	heavily	vegetated	therefore	appearing	
‘patchy’	 compared	 to	 talus	 in	 Glendalough	 (a,b).	 The	 talus	 accumulations	 in	 Glenmalur	 are	 also	
heavily	gullied	with	associated	debris	cones	at	the	foot	of	gullies.		

	

	

	

(a) 

(b) 

(c) (c) 
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Figure	5.31.	Geomorphological	map	of	the	North	Prison,	highlighting	the	relationship	between	talus	
development	and	Class	3	moraines.	See	Figure	5.1	for	location.	Warren	(1993)	mapped	additional	
moraines	 inset	of	 those	 identified	 in	 this	study.	These	 landforms	have	not	been	 included	as	 their	
presence	was	not	identified	in	the	field	(albeit	with	limited	access	to	the	site)	or	via	remote	sensing.	

	

5.3.2	Blockfields		

Numerous	summits	in	the	Wicklow	Mountains	have	large,	well-developed	blockfields	(e.g.	

Camenabologue	(758	m),	Tonelagee	(817	m),	Stoney	Top	(714	m),	Mullaghcleevaun	(849	

m),	Mullaghcleevaun	East	Top	(795	m),	Duff	Hill	(720	m),	Gravale	(718	m),	Carrigvore	(682	

m),	Kippure	(757	m),	Tonduff	North	(642m),	War	Hill	(686	m),	Djouce	(725	m);	Figure	5.32,	

5.33;	Table	4.2),	assumed	to	have	 formed	under	periglacial	 conditions	 (Ballantyne	et	al.,	

2006).	 The	 lower	 limit	 of	 these	 blockfields	 appears	 to	 be	 around	 ~640	 m,	 which	 is	

approximately	 the	 maximum	 elevation	 of	 ice-moulded	 bedrock.	 However,	 the	 mapped	

blockfield	extent	may	underrepresent	the	true	blockfield	presence	as	many	local	summits	

and	surrounding	slopes	are	blanketed	by	widespread	peat.	

Figure	5.32.	Blockfield	on	Tonelagee	summit.	Note	that	the	blockfield	is	partially	subsumed	by	peat,	
which	is	the	case	for	all	identified	blockfields	in	the	area.		
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Figure	5.33.	Distribution	of	blockfields	in	the	north-central	Wicklow	Mountains.	See	Figure	5.1	for	
location.	

	

5.4	Summary	of	the	geomorphological	evidence		

Geomorphological	mapping	has	identified	a	range	of	landforms	in	the	Wicklow	Mountains	

and	 these	 have	 been	 discussed	 and	 classified	 according	 to	 their	 genesis	 (i.e.	 glacial,	

glaciofluvial,	periglacial).	Moraines	are	the	dominant	glacial	landform	and	display	distinct	

morphologies,	allowing	them	to	be	categorised	into	three	different	classes	(Class	1,	Class	2,	

Class	3).		They	are	also	closely	associated	with	glacially-transported	boulders,	ice-moulded	

bedrock,	 fluted	 surfaces,	 and	 meltwater	 channels.	 Other	 glaciofluvial	 features,	 such	 as	

terraces,	do	not	occur	in	such	close	proximity	to	the	mapped	glacial	landforms	and	are	often	

limited	 to	 outer	 valley	 regions.	 The	 region	 has	 also	 experienced	 periglacial	 conditions,	

indicated	by	 the	presence	of	both	 talus	and	blockfields.	However,	 there	 is	an	absence	of	

other	 periglacial	 landforms	 that	 may	 be	 expected	 in	 mountainous	 environments	 (e.g.	

solifluction	lobes,	weathered	bedrock).	Collectively,	geomorphological	mapping	(Appendix	

I)	has	highlighted	the	spatial	distribution	of	various	landforms	throughout	the	study	area.	

This	is	now	used	to	identify	and	distinguish	different	landsystems	that	existed	in	the	region,	

in	 turn	 reflecting	 different	 styles	 of	 glaciation	 (section	 5.5).	 Following	 this,	 a	 relative	
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chronology	of	LGIT	glacial	events	in	the	region	is	established	using	the	spatial	distribution	

of	landforms	(section	5.6).	

	

5.5	Landsystem	identification	and	classification				

Chapter	2	established	 the	wide	 range	of	 topographic	 settings	and,	 thus,	potential	 glacial	

landsystems	that	may	have	existed	in	the	Wicklow	Mountains.	These	include	plateaux	(both	

high	 and	 mid-level),	 deep	 glacial	 troughs,	 alpine	 valleys,	 and	 cirques.	 These	 divergent	

landscapes	 suggest	 that	 there	 was	 wide	 spatial	 and	 temporal	 variation	 in	 glacial	

landsystems	across	the	landscape	(cf.	Bickerdike,	2018b)	during	the	LGIT.	This	distribution	

of	landforms	(Appendix	I)	will	now	be	explored	with	respect	to	the	ice	cap,	plateau	icefield,	

alpine	icefield,	valley	glacier,	and	cirque	glacier	landsystems	discussed	in	Chapter	3.		

	

5.5.1	Ice	cap	landsystem	

The	 geomorphological	 signature	 of	 the	 ice	 cap	 landsystem	 is	 strongly	 associated	 with	

topographically-discordant	landforms	(e.g.	moraines	that	indicate	ice	flow	across/upslope	

and	asymmetric	till	deposition	on	valley	sides	and	floors)	and	evidence	of	ice	presence	at	

high	 elevation	 (e.g.	 high-level	 moraines	 and	 ice-moulded	 bedrock	 on	 high	 cols	 and	

summits).	 Despite	 a	 post-LGM	 ice	 cap	 featuring	 prominently	 in	 the	 literature	 (e.g.	

Farrington,	1934;	Charlesworth,	1928,	1937;	Warren,	1993;	Ballantyne	et	al,	2006),	 it	 is	

difficult	to	identify	a	distinct	ice	cap	geomorphological	signature	in	the	Wicklow	Mountains	

as	there	is	an	absence	of	the	aforementioned	explicit	evidence	for	an	ice	cap	landsystem	(cf.	

Golledge,	2008;	Bickerdike	et	al.,	2018b).	Despite	this,	the	presence	of	an	ice	cap	should	not	

be	discounted	as	there	is	a	range	of	geomorphological	evidence	which	still	may	support	ice	

cap	presence.			

For	 example,	 although	 not	 ubiquitous,	 high-level	 ice	 moulded	 bedrock	 is	 present	 in	

numerous	areas	(e.g.	Camenabologue	col,	625	m;	Table	Mountain	Plateau,	~650	m;	Scarr,	

641	m;	Kanturk,	 523	m),	which	 indicates	 the	 existence	of	 high-level	 temperate	 ice.	This	

suggests	that	ice	was	thick	enough	above	these	summits	to	reach	pressure	melting	point.	In	

other	areas	of	similar	(e.g.	Tonduff	North,	642	m;	Carrigvore,	682	m;	War	Hill,	686	m)	or	

higher	 (e.g.	 Djouce,	 725;	 Kippure,	 757	 m;	 Gravale,	 718	 m;	 Tonelagee,	 817	 m;	

Mullaghcleevaun,	849	m)	elevations,	the	survival	of	blockfields	does	not	necessarily	indicate	

the	absence	of	ice.	Instead	it	signifies	that	any	ice	existing	over	these	summits	would	have	

been	cold-based,	and	therefore	probably	thinner.	
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In	addition,	the	absence	of	topographically-discordant	ice	flow	does	not	necessarily	mean	

the	absence	of	a	small	ice	cap	(~980	±	100	km2;	Ballantyne	et	al.,	2006).	As	an	ice	cap	dome	

of	limited	size	may	not	have	been	able	to	gain	enough	mass	to	flow	entirely	independent	of	

topography	 and	 may	 have	 had	 ice	 flow	 directions	 broadly	 similar	 to	 the	 underlying	

topography.	Whilst	moraine	distribution	indicates	ice	flow	within	and	downvalley,	which	

may	be	the	result	of	a	smaller	topographically	constrained	ice	mass,	it	also	cannot	entirely	

rule	of	the	presence	of	small	ice	cap.	Therefore,	whilst	a	definitive	ice	cap	landsystem	is	not	

clearly	evidenced	in	the	glacial	geomorphological	record	presented	here,	the	presence	of	a	

post-LGM	ice	cap,	potentially	partly	cold-based,	cannot	be	ruled	out.		

	

5.5.2	Plateau	icefield	landsystem		

In	the	central	Wicklow	Mountains	(Figure	5.35),	 there	is	a	high-level	plateau	at	~650	m,	

known	 as	 Table	Mountain	 Plateau.	 The	 central	 region	 is	mostly	 subsumed	 by	 peat	 that	

largely	obscures	the	bedrock.	However,	when	bedrock	is	present	at	the	surface	(both	in	the	

interior	and	edge	of	plateau),	it	is	ice	moulded.	There	is	also	an	abundance	of	large	glacially-

transported	granite	boulders	(<1	m	in	height)	across	the	plateau.	 Ice-marginal	moraines	

and	associated	meltwater	channels	are	also	found	on	the	plateau,	mainly	at	the	plateau	edge,	

leading	 into	 valleys.	 This	 is	most	 prominent	 in	 the	 vicinity	 of	 Lough	 Firrib,	where	 both	

moraines	and	meltwater	channels	lead	from	the	plateau	down	into	the	Firrib	Valley.	Ice-

marginal	moraines	are	also	present	on	several	sloping	outlet	valley	headwalls	(e.g.	Glenealo	

Tributary,	Firrib)	but	meltwater	channels	are	not	always	present	(cf.	Boston	et	al.,	2015;	

Chandler	et	al.,	2019b).	These	features	are	all	concordant	with	topography	and	flow	in	the	

direction	of	the	land	surface	slope.		

Collectively,	the	geomorphological	record	(Appendix	I)	therefore	suggests	the	existence	of	

a	plateau	icefield	landsystem	centred	on	Table	Mountain	plateau	(cf.	Rea	and	Evans,	2003).	

The	prevalence	of	meltwater	channels,	associated	moraines,	glacially-transported	boulders,	

and	 ice-moulded	bedrock	 indicates	 that	 the	high-elevation	plateau	hosted	an	 icefield	(cf.	

Rea	and	Evans,	2003;	Boston	et	al.,	2015;	Boston	and	Lukas,	2019;	Chandler,	2019a,b).	In	

addition,	the	distribution	of	moraines	on	gently	sloping	valley	headwalls	(leading	from	the	

plateau)	 suggests	 that	multiple	 outlet	 glaciers	 drained	 the	 icefield.	 The	 presence	 of	 ice-

moulded	bedrock	on	the	plateau	suggests	that,	at	some	point	during	glaciation,	ice	on	the	

plateau	had	a	temperate	thermal	regime	(cf.	Evans	et	al.,	2010).	This	could	be	associated	

with	either	a	LGIT	icefield	or	an	earlier	ice	cap	landsystem	(section	5.5.1).	
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Figure	5.34.	Glacial	geomorphology	of	the	Table	Mountain	Plateau	region.	It	is	inferred	that	the	high-
elevation	plateau	hosted	an	icefield	with	associated	outlet	glaciers.	See	Figure	5.1	for	location.	

	

5.5.3	Alpine	icefield	landsystem		

The	central	northern	area	of	the	Wicklow	Mountains	(Inchavore/Clogehoge/Sally	Gap	area;	

Figure	 5.34)	 is	 characterised	 by	 a	 large	 gently	 sloping	 plateau	 at	 moderate	 elevations	

(~400–550	m),	surrounded	by	higher-elevation	mountain	summits	and	drained	by	lower	

level	 outlet	 valleys.	 The	 distribution	 of	 moraines	 in	 the	 outlet	 valleys	 leading	 from	 the	

plateau	indicates	that	ice	masses	in	these	valleys	were	likely	sustained	by	a	central	source	

area.	 This,	 along	 with	 the	 presence	 of	 higher	 summits,	 suggests	 the	 existence	 of	 a	

topographically-constrained	icefield	landsystem	during	the	LGIT.	However,	whilst	the	area	

is	 characterised	 by	 geomorphological	 evidence	 characteristic	 of	 an	 alpine	 icefield	

landsystem	(cf.	Bickerdike	et	al.,	2018b),	it	should	be	noted	that	the	topography	is	not	truly	

alpine	 in	 character	 compared	 to	 many	 of	 the	 areas	 associated	 with	 alpine	 icefield	

landsystems	 in	 Scotland	 (e.g.	 West	 Highland	 Glacier	 Complex,	 Sutherland,	 Skye,	 Mull).	

Instead,	 mountain	 summits	 are	 rounded	 (e.g.	 Carrigvore,	 Gravale,	 Duff	 Hill,	 War	 Hill,	

Djouce),	and	valley	heads	are	gently	sloping,	both	in	outlets	leading	down	from	the	plateau	

and	in	higher-level	valleys	leading	onto	the	plateau.	In	this	region	of	the	Wicklow	Mountains,	
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well-developed	alpine	topographic	features	are	limited	to	either	cirques	(e.g.	Lough	Ouler,	

Mullaghcleevaun,	Lough	Tay)	or	overdeepenings	(e.g.	Tay	valley,	Glenmacnass).		

Within	 valleys,	 landforms	 are	 topographically	 concordant.	 Moraines	 trend	 obliquely	

downvalley	 and	 sequences	 can	 be	 present	 throughout	 the	 length	 of	 the	 valley	 (e.g.	

Stonecutter’s	Glen,	Glensoulan,	Inchavore	Tributary,	Lugacullen),	limited	to	clusters	(often	

near	the	outer	identified	ice	limit;	e.g.	Clogehoge,	Lough	Tay,	Lough	Cleevaun,	Lough	Ouler),	

or	limited	to	several	fragments	(e.g.	Inchavore).	There	are	several	outlets	without	moraine	

deposition	at	all	(e.g.	north-facing	outlets	-	Carrigvore,	Lugduff,	and	Lavarney)	and	moraines	

are	also	absent	on	large	areas	of	the	central	plateau.	There	is	one	incidence	of	moraines	in	

a	 high-level	 valley	 that	 leads	 down	 onto	 the	 plateau	 (Inchavore	 Tributary).	 In	 selected	

valleys	(e.g.	Clogehoge,	Inchavore,	Glenmacnass),	moraines	trace	ice	recession	up	onto	the	

central	 mid-level	 plateau	 source	 area.	 Fluted	 sediment	 is	 observed	 in	 the	 lee	 of	 the	

Glenmacnass	 and	 Tay	 overdeepenings,	 signifying	warm-based	 ice	 flow	 from	 the	 central	

plateau.	The	 southern	 side	of	 the	plateau	 is	 fringed	by	outlet	 valleys,	which	would	have	

transported	ice	away	from	this	mid-level	accumulation	area.	However,	the	northern	plateau	

is	constrained	by	four	round-topped	summits	(Carrigvore	682	m,	Gravale	718	m,	Duff	Hill	

720	 m,	 Mullaghcleevaun	 East	 795	 m).	 The	 presence	 of	 peat	 obscures	 any	 potential	

identification	of	ice-moulded	bedrock	on	the	cols	between	these	summits,	so	it	is	not	clear	

from	the	geomorphological	record	alone	if	the	alpine	icefield	supported	an	interconnected	

network	of	glaciers,	including	the	Carrigvore,	Lugduff,	and	Lavarney	valleys	(where	there	is	

an	absence	of	ice-marginal	evidence,	explored	further	in	Chapter	7),	or	if	the	icefield	sourced	

outlet	glaciers	only	to	the	east	and	south.	
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Figure	5.35.	Glacial	geomorphology	of	the	northern	Wicklow	Mountains.	It	is	inferred	that	this	mid-
elevation	region,	fringed	by	mountains,	hosted	an	alpine	icefield	with	associated	outlet	glaciers.	See	
Figure	5.1	for	location.	

	

	

	

	

	

	

	

	

	

	



 
 	 	
	

Chapter	5:	Geomorphological	evidence	for	glaciation	

 

 123 

5.5.4	Valley	glacier	landsystem	

Evidence	for	independent	valley	glaciers	occurs	in	the	southern	Wicklow	Mountains,	where	

the	topography	is	alpine	in	character	(Figure	5.36).	This	is	centred	around	Lugnaquillia	(925	

m)	where	 several	 steep-sided	valleys	 radiate	 from	 the	 flanks	of	 the	peak	 (North	Prison,	

South	Prison,	Carrawaystick/	Kelly’s	Lough,	and	Fraughan	Rock	Glen).		

Ice-marginal	moraine	distribution	(obliquely	trending	downvalley,	limited	to	valley	floors)	

and	 meltwater	 channel	 distribution	 (closely	 associated	 with	 moraines)	 suggests	

topographically-concordant	 ice	 masses	 in	 these	 valleys.	 Drift	 limits	 (e.g.	 North	 Prison,	

Carrawaystick/	Kelly’s	 Lough)	 and	 lateral	moraines	 (e.g.	 Fraughan	Rock	Glen)	 on	 valley	

sidewalls	 indicate	 upper	 ice	 limits,	 suggesting	 that	 ice	 was	 not	 thick	 enough	 near	 the	

backwall	 to	 connect	 to	 ice	 (if	 there	 was	 any)	 on	 the	 higher	 summits.	 For	 example,	 the	

maximum	elevation	of	the	drift	limit	in	the	North	Prison	is	~685	m,	indicating	that	ice	was	

not	thick	enough	to	subsume	the	summit	of	Lugnaquillia	(925	m).	High-level	topography	

above	these	limits	has	a	distinct	periglacial	signature,	including	a	blockfield	on	Lugnaquilla	

that	appears	to	continue	onto	connecting	summits	but	becomes	increasingly	obscured	by	

peat	development.	It	is	possible	that	these	summits	were	covered	by	thin	ice	or	perennial	

snow	patches.	However,	there	is	an	absence	of	high-level	ice-moulded	bedrock	or	scouring	

to	suggest	that	ice	masses	were	interconnected.	Mature	talus	is	present	in	lower	Fraughan	

Rock	Glen	and	the	South	Prison,	implying	that	these	sites	experienced	prolonged	exposure	

to	periglacial	 conditions	and	rockfall	debris.	Talus	 is	also	present	 in	 the	upper	cirque	of	

North	Prison,	inside	Class	3	moraines,	but	is	immature	and	more	spatially	restricted.		

Elsewhere	 in	 the	Wicklow	Mountains,	 it	 is	 anticipated	 that	 valley	 glaciers	 likely	became	

more	widespread	as	the	LGIT	progressed	due	to	the	thinning	of	the	aforementioned	alpine	

icefield	and	plateau	icefield	landsystems.	At	some	point	during	ice	retreat,	outlets	are	likely	

to	have	detached	 from	high-level	 source	 areas	 and	 transitioned	 into	 independent	 valley	

glaciers	(cf.	Rippin	et	al.,	2019),	and	this	will	be	explored	further	in	Chapter	7.		
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Figure	 5.36.	 Glacial	 geomorphology	 of	 the	 southern	 Wicklow	 Mountains.	 The	 valley	 glacier	
landsystem	is	identified	in	multiple	valleys	in	this	area	including	the	North	Prison,	South	Prison,	and	
Fraughan	Rock	Glen.	See	Figure	5.1	for	location.	

	

5.5.6	Cirque	glacier	landsystem	

Throughout	the	Wicklow	Mountains	there	are	numerous	glacial	cirques	(e.g.	North	Prison,	

South	Prison,	Kelly’s	Lough,	Fraughan	Rock	Glen,	Lough	Nahanagan,	Lough	Ouler,	Lough	

Mullagcleevan,	 Lough	Tay,	 and	Upper	 and	 Lower	 Lough	Bray;	 Figure	 5.37).	 The	 cirques	

range	in	size,	degree	of	development	(cf.	Evans	and	Cox,	1995),	and	cirque	floor	altitude	

(247	m–685	m).	The	presence	of	ice-marginal	moraines,	associated	meltwater	channels,	ice-

moulded	 bedrock,	 and	 glacially-transported	 boulders	 (see	 Appendix	 I	 for	 full	mapping)	

within	cirques	have	been	identified	as	dominant	landforms	of	the	cirque	glacier	landsystem	

(cf.	Bickerdike	et	al.,	2018b).	This	suggests	that	the	Wicklow	Mountains	previously	hosted	

a	number	of	small	cirque	glaciers.	However,	it	should	be	noted	that	these	geomorphological	

components	 (e.g.	 moraines,	 meltwater	 channels,	 glacially-transported	 boulders,	 ice-

moulded	bedrock)	do	not	occur	within	all	 cirques.	This	 suggests	 that	 some	did	not	host	

glacier	 ice	 or	 did	 not	 host	 ice	 for	 a	 sufficient	 length	 of	 time	 to	 record	 a	 glacial	

geomorphological	 imprint.	 The	 extent	 and	 timing	 of	 cirque	 glaciation	 in	 the	 Wicklow	

Mountains	is	explored	in	detail	in	Chapters	6	and	7.	Several	valleys	hosting	the	cirque	glacier	
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landsystem	 also	 have	 additional	 downvalley	 evidence	 of	more	 extensive	 glaciation.	 The	

transition(s)	between	landsystems	in	such	areas	is	explored	in	detail	in	Chapter	7.	

	

	

	

	

	

	

	

	

	

	
Figure	5.37.	Glacial	geomorphology	of	Lough	Cleevaun,	an	example	of	the	cirque	glacier	landsystem	
in	the	Wicklow	Mountains.	See	Figure	5.1	for	location.	

	

5.6	Establishing	a	relative	chronology	of	LGIT	glacial	events		

This	section	uses	the	geomorphological	evidence	presented	in	sections	5.1–5.5	to	develop	a	

relative	 chronological	 framework.	 The	 framework	 can	 then	 be	 used	 correlate	 sites	with	

published	numerical	dates	(i.e.	Bowen	et	al.,	2002;	Ballantyne	et	al.,	2006;	Tomkins	et	al.,	

2018a;	see	Chapter	2,	Tables	2.3	and	2.4)	to	other	sites	of	unknown	age.	The	result	is	an	

‘extrapolated	 chronology’	 for	 LGIT	 glacial	 events	 in	 the	 Wicklow	 Mountains.	 Using	 the	

criteria	outlined	in	section	4.3.1,	it	is	possible	to	distinguish	LGIT	glacial	events	(explored	

in	Chapters	6	and	7)	due	to	clear	contrasts	in	landform	assemblages	throughout	the	study	

area.	This	relative	chronological	 framework	also	provides	an	 informed	starting	point	 for	

any	future	absolute	dating	campaigns	in	the	region.	

Absolute	dates	are	available	for	moraines	at	Lough	Nahanagan	(13,165-10,144	cal	yrs	BP	

and	12,111-11,041	cal	yrs	BP,	Colhoun	and	Synge,	1980;	17.1	±	0.9	ka	BP,	Bowen	et	al.,	

2002),	Kelly’s	Lough	(10.8	±	1.0	ka	BP,	Barth	et	al.,	2017),	and	Upper	Lough	Bray	(15.7	±	1.1	

ka	BP,	Bowen	et	al.,	2002).	These	ages	are	from	moraines	classified	in	this	study	as	Class	1	

(Lough	 Nahanagan),	 Class	 2	 (Upper	 Lough	 Bray),	 and	 Class	 3	 (Kelly’s	 Lough,	 Lough	

Nahanagan).	As	a	result,	at	least	one	absolute	date	is	available	for	all	three	moraine	classes.	

Schmidt	hammer	dating	(SHD)	ages	also	exist	for	all	three	classes	of	moraines	(Tomkins	et	

al.,	2018a),	although	it	is	worth	noting	that	some	of	the	SHD	ages	do	not	seem	to	fit	with	
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previously	 published	 absolute	 dates.	 For	 example,	 the	 SHD	 age	 of	 11.38	 ±	 0.26	 ka	 BP	

acquired	for	the	a	Class	1	moraine	at	the	outer	edge	of	Lough	Nahanagan	seems	at	odds	with	

the	 radiocarbon	 dates	 of	 13,165-10,144	 cal	 yrs	 BP	 and	 12,111-11,041	 cal	 yrs	 BP	 from	

moraines	 within	 the	 cirque	 basin	 that	 suggest	 a	 significantly	 smaller	 YD	 cirque	 glacier	

(Colhoun	and	Synge,	1980).	For	 consistency	and	 to	aid	 comparisons	between	sites,	 only	

absolute	 numerical	 dates	 (acquired	 using	 established	 geochronological	 techniques)	 are	

used	 to	 produce	 the	 extrapolated	 chronologies.	 The	 SHD	 ages	 are,	 however,	 discussed	

further	 in	 the	 context	 of	 this	 study’s	 YD	 glacier	 reconstructions	 (Chapter	 6)	 and	 LGIT	

scenarios	of	ice	dynamics	(Chapter	7).		

	

5.6.1	Younger	Dryas	glaciation	

Cosmogenic	 radionuclide	 dating	 of	 Class	 3	 moraines	 at	 Kelly’s	 Lough	 and	 radiocarbon	

dating	of	Class	3	moraines	at	Lough	Nahanagan	yielded	dates	of	10.8	±	1.0	ka	BP	(Barth	et	

al.,	2017)	and	13,165-10,144	cal	yrs	BP	and	12,111-11,041	cal	yrs	BP	(Colhoun	and	Synge,	

1980),	respectively,	indicating	moraine	formation	during	the	YD.	Class	3	moraines	are	also	

found	at	three	undated	sites	-	North	Prison,	Lough	Ouler,	and	Lough	Cleevaun.	Collectively,	

Class	3	moraine	distribution	varies	from	an	individual	moraine	(e.g.	North	Prison,	Lough	

Ouler,	Lough	Cleevaun),	to	a	series	of	moraines	(e.g.	Kelly’s	Lough,	Lough	Nahanagan),	yet	

all	moraines	exhibit	similar	bouldery	morphologies.		Class	3	moraines	are	also	restricted	to	

high	elevation	cirques	(400–684	m)	and	all	other	moraine	classifications,	where	they	are	

present	in	the	same	valley,	occur	exclusively	down	valley	of	Class	3	moraines.	These	factors	

(moraine	morphology,	elevation,	and	moraine	succession)	point	towards	a	conclusion	that	

the	undated	Class	3	moraines	are	also	YD	in	age.	This	assertion	is	explored	further	below	

with	respect	 to	processes	relating	to	moraine	morphology	and	the	association	of	Class	3	

moraines	with	other	landforms,	following	a	morphostratigraphic	approach	(Lukas,	2006).	

The	bouldery	morphologies	of	these	moraines	are	likely	to	be	a	result	of	moraines	being	in	

close	proximity	 to	 the	cirque	backwalls	and	clasts	experiencing	short,	 likely	supraglacial	

(based	on	clast	angularity),	transport	pathways	(Brynjólfsson	et	al.,	2014;	Matthews	et	al.,	

2017).	To	this	end,	it	is	possible	that	the	similar	morphologies	simply	reflect	similar	debris	

transport	pathways	and	processes	of	moraine	formation	only,	and	do	not	necessarily	mean	

that	the	moraines	formed	at	a	similar	time.	However,	if	the	Class	3	moraines	at	the	currently	

undated	sites	are	older	than	YD,	the	boulders	might	be	expected	to	be:	(1)	more	weathered,	

given	 that	 sites	 devoid	 of	 glacier	 ice	 during	 the	 YD	would	 have	 experienced	 periglacial	

conditions	 (Anderson	 et	 al.,	 1998;	Kirkbride,	 2005;	Kirkbride	 and	Bell,	 2010);	 (2)	more	

matrix-supported,	 since	 periglacial	 weathering	 would	 cause	 some	 breakdown	 of	 the	
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boulders	into	finer	grained	constituents	(Ballantyne,	1984;	Kuhlemann	et	al.,	2009);	and	(3)	

more	vegetated,	since	a	finer-grained	matrix	would	be	more	conducive	to	vegetation	growth	

and	development	(Mimura	et	al.,	2012;	Eichel	et	al.,	2013;	Johnson	et	al.,	2015).		

Boulder	 spreads	 occur	 at	 all	 cirques	 where	 there	 are	 Class	 3	 moraines,	 excluding	 the	

submerged	Nahanagan	site	where	boulder	extent	is	unknown.	At	these	sites,	the	lower	limit	

of	boulder	spreads	coincides	with	the	outermost	Class	3	moraine,	suggesting	that	Class	3	

moraines	at	least	represent	a	distinct	phase	of	glaciation,	rather	than	just	a	later	phase	in	

recession	 of	 a	 larger	 ice	 mass	 (cf.	 Lukas,	 2006;	 Chandler	 and	 Lukas,	 2017).	 However,	

boulder	 spreads	 are	 also	 found	 in	 association	 with	 Class	 2	 moraines,	 indicating	 that	

boulder-rich	debris	transport	was	not	limited	to	the	most	recent	phase	of	glaciation,	as	also	

documented	 elsewhere	 (e.g.	 Ballantyne,	 2007a,b).	 Thick	 valley-side	 sediment	

accumulations	are	notably	absent	from	the	Class	3	moraine	cirque	sites	and	occur	either	in	

association	with	Class	1	and	Class	2	moraines	or	most	notably,	beyond	their	downvalley	

limit.	 This	may	 relate	 to	 paraglacial	 reworking	 of	 glaciogenic	material	 under	 periglacial	

conditions	during	the	LGIT	(Ballantyne,	2002b),	whilst	renewed	YD	glaciation	excavated	the	

cirque	 heads	 of	 unconsolidated	 sediment	 (Hallet	 et	 al.,	 2013).	 In	 addition,	 the	 cirques	

hosting	Class	3	moraines	are	all	at	relatively	high	and	broadly	similar	altitudes	(e.g.	North	

Prison,	677	m;	Lough	Cleevaun,	684	m;	Lough	Ouler,	567	m;	Kelly’s	Lough,	587	m;	Lough	

Nahanagan,	 400	m).	 Finally,	mature	 (thick,	well	 developed)	 talus	 accumulations	 are	 not	

found	 in	 the	vicinity	of	Class	3	moraines,	with	only	 thinner	more	 immature	 talus	 slopes	

found	at	one	site,	the	North	Prison.	However,	mature	talus	is	found	at	several	cirques	in	the	

region	with	Class	2	moraines	(e.g.	Lough	Tay,	South	Prison,	Lower	Fraughan	Rock	Glen).	

Since	 mature	 talus	 develops	 under	 prolonged	 exposure	 to	 periglacial	 conditions	

(Ballantyne,	 2018),	 areas	 with	 mature	 talus	 have	 been	 found	 to	 predominantly	 occur	

outside	any	YD	glacier	limits	(Lukas,	2006).	The	absence	of	mature	talus	slopes	inside	the	

Class	3	moraine	limits	therefore	also	points	towards	a	YD	age	for	the	Class	3	moraines.	

Collectively,	 the	 aforementioned	 geomorphological	 evidence	 and	 the	 published	 absolute	

dates	support	the	interpretation	of	Class	3	moraines	as	likely	YD	(12.9–11.7	ka	BP)	in	age.	

This	will	be	tested	further	in	Chapter	6.	

	

5.6.2	Glaciation	during	the	LGIT	

Two	further	published	absolute	dates	on	moraines	 in	the	Wicklow	Mountains	have	been	

obtained	from	the	outer	Class	1	moraine	at	Lough	Nahanagan	(17.1	±	0.9	ka	BP;	Bowen	et	

al.,	2002;	Figures	5.2,	5.3)	and	the	innermost	Class	2	moraine	at	Lough	Bray	(15.7	±	1.1	ka	



 
 	 	
	

Chapter	5:	Geomorphological	evidence	for	glaciation	

 

 128 

BP;	 Bowen	 et	 al.,	 2002;	 Figures	 5.4,	 5.5).	 These	 dates	 potentially	 suggest	 that	 Class	 1	

moraines	 are	 older	 than	 Class	 2	moraines.	However,	 the	 close	 proximity	 (within	 10s	 of	

metres)	of	Class	1	moraines	to	not	only	Class	2	moraines	(e.g.	Fraughan	Rock	Glen),	but	also	

Class	 3	 moraines	 (e.g.	 Lough	 Ouler)	 and	 the	 limited	 number	 of	 dates	 mean	 that	 it	 is	

impossible	to	confidently	suggest	that	Class	1	moraines	are	always	older	than	Class	2.	The	

differences	in	moraine	characteristics	between	Class	1	and	Class	2	moraines	could	also	be	a	

reflection	 of	 different	 formation	 processes	 and/or	 duration,	 rather	 than	 necessarily	

different	glacial	events/advances.			

Class	1	moraines	are	relatively	infrequent	and	found	at	only	five	sites	(Glensoulan,	Lough	

Ouler,	Lough	Nahanagan,	Fraughan	Rock	Glen,	Art’s	Lough).	These	broad	moraines	occur	as	

the	outermost	moraine	mapped	in	their	respective	valleys.	Based	on	their	significant	size,	

they	are	interpreted	to	indicate	areas	of	major	ice	front	stability	as	moraine	size	is	linked	to	

both	length	of	time	that	the	ice	margin	was	in	the	same	position	(Kirkbride	and	Winkler,	

2012)	 and	debris	 availability	 (Barr	 and	Lovell,	 2014).	However,	 based	on	differences	 in	

moraine	size	within	the	same	valley,	it	seems	that	the	function	of	time	(ice-margin	stability)	

is	 most	 probable.	 The	 rounded	 crestlines	 suggests	 that	 subsequent	 paraglacial	 and	

periglacial	 reworking	 has	 occurred,	 consistent	with	 pre-YD	 age.	 Class	 2	moraines	 are	 a	

common	 feature	 in	most	valleys	 in	 the	study	area	and	usually	occur	 in	groups,	although	

sometimes	 feature	 in	 isolation.	Based	on	 the	position	of	Class	2	moraines	 inside	Class	1	

moraines	where	they	are	located	together,	these	moraines	are	inferred	to	document	LGIT	

ice	retreat	prior	to	the	YD.	As	stated	above,	the	fact	that	Class	2	moraines	always	occur	inside	

Class	1	moraines	could	indicate	that	Class	2	moraines	are	younger	than	Class	1	moraines.	

However,	whilst	this	is	apparently	the	case	within	valleys	that	contain	both	moraine	classes,	

it	 is	 unclear	 if	 this	 holds	 between	 different	 valleys	 due	 to	 the	 lack	 of	 absolute	 dates	 at	

present.	For	example,	it	may	also	be	possible	that	topographic	differences	between	valleys	

led	to	asynchronous	periods	of	stability	(cf.	Kuhn	et	al.,	1985;	Barr	&	Lovell,	2014).	As	a	

result,	Class	1	moraines	may	not	necessarily	pre-date	Class	2	moraines	in	every	incidence.		

	

5.7	Chapter	summary	

This	chapter	has	presented	the	geomorphological	evidence	for	glaciation	 in	the	Wicklow	

Mountains	and	thematically	highlighted	the	spatial	relationships	of	 landforms	across	the	

area.	Based	on	this,	collective	geomorphological	signatures	were	discussed	in	relation	to	

glacial	landsystems.	This	enabled	the	clear	identification	of	multiple	LGIT	landsystems	in	

the	 region:	 plateau	 icefield,	 alpine	 icefield,	 valley	 glacier,	 and	 cirque	 glacier.	 It	 also	
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highlighted	 the	 likelihood	 of	 a	 small	 post-LGM	 ice	 cap,	 despite	 a	 paucity	 of	 unequivocal	

geomorphological	 evidence.	 Following	 this,	 the	 spatial	 distribution	 of,	 and	 relationships	

between,	 landforms	 was	 used	 to	 establish	 the	 morphostratigraphical	 context	 of	 broad	

glacial	events	during	the	LGIT.	This	identified	two	distinct	phases	of	glaciation;	YD	cirque	

glaciation	and	an	earlier	more	extensive	period	of	mountain	glaciation.	A	combination	of	

moraine	morphology	 (Class	 3),	 boulder	 spreads,	 talus	 development,	 and	 absolute	 dates	

strongly	suggest	that	YD	glaciation	was	limited	to	cirques.	Whereas	the	distribution	of	Class	

1	 and	 2	 moraines	 (and	 associated	 landforms)	 suggests	 the	 presence	 of	 multiple	 larger	

topographically	restricted	ice	masses	(i.e.	plateau	icefield,	alpine	icefield,	valley	glaciers,	and	

cirque	glaciers)	earlier	in	the	LGIT.	The	following	chapters	will	use	the	morphostratigraphic	

framework	 identified	 here	 to	 reconstruct	 ice	 mass	 extent,	 configuration,	 and	 evolution	

during	the	YD	(Chapter	6)	and	LGIT	(Chapter	7).	

	

	

	



	
	 Chapter	6:	Younger	Dryas	glaciation	

 130 

Chapter	6:	Younger	Dryas	glaciation

This	chapter	will	explore	YD	glaciation	in	the	Wicklow	Mountains.	As	discussed	in	Chapter	
2,	glaciation	in	the	area	during	the	YD	was	likely	to	be	marginal	and	limited	to	cirques	above	
350	m	(Coxon	and	McCarron,	2009).	This	was	recognised	through	identification	of	the	Irish	
YD	type	site	at	Lough	Nahanagan	(Colhoun	and	Synge,	1980).	More	recently,	Barth	et	al.	
(2017)	identified	YD	ice	presence	at	Kelly’s	Lough	via	absolute	dating	(10.8	±	1.0	ka)	and	
Tomkins	et	al.	(2018a)	suggested	YD	ice	presence	at	two	further	sites	(Upper	Lough	Bray,	
Upper	 Glenmacnass),	 based	 on	 SHD.	 Tomkins	 et	 al.	 (2018a)	 also	 concluded	 that	 snow	
redistribution	was	likely	important	for	glacier	survival	during	the	YD,	but	the	study	did	not	
attempt	to	establish	the	full	extent	of	glaciation	at	this	time.		

In	this	thesis,	following	a	morphostratigraphic	approach,	five	cirques	(Lough	Nahanagan,	
Kelly’s	 Lough,	 Lough	 Ouler,	 North	 Prison,	 and	 Lough	 Cleevaun)	 which	 contain	 Class	 3	
moraines	were	suggested	in	Chapter	5	to	be	of	YD	age.		

In	order	to	build	on	both	this	prior	work	and	the	 initial	morphostratigraphic	evaluation,	
several	key	questions	remain;		

(1) Were	other	cirques	occupied	by	ice	during	the	YD?		
(2) What	was	the	3D	extent	of	ice	within	cirques	during	the	YD?	
(3) What	 impact	 did	 local	 topoclimatic	 processes,	 specifically	 radiation	 and	

snowblow,	have	upon	glacier	initiation	and	survival?		

Topography,	elevation,	glacial	geomorphology,	and	radiation	modelling	is	used	to	further	
investigate	sites	that	are	likely	to	have	hosted	YD	glaciers	(section	6.1).	This	approach	tests	
the	 sites	 that	were	 identified	 using	morphostratigraphy	 in	 Chapter	 5,	 and	 examines	 the	
potential	of	other	cirques,	without	Class	3	moraines,	to	have	hosted	YD	glaciers.	Glaciers	
within	 viable	 sites	 are	 then	 reconstructed	 (section	 6.2)	 in	 3D	 using	 a	 combination	 of	
geomorphological	 evidence	 and	 glacier	 surface	 profile	 modelling.	 YD	 palaeoclimate	 is	
examined	through	calculating	former	glacier	ELAs	(section	6.3.1)	and	palaeoprecipitation	
(section	6.3.2).	The	additional	role	of	snowblow	and	avalanching	in	contributing	towards	
glacier	size	is	also	modelled	and	considered	(section	6.3.3),	with	respect	to	a	regional	YD	
glacier	ELA	(section	6.3.4).	Figure	6.1	provides	an	overview	of	the	processes	used	in	this	
chapter.		
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Figure	6.1.	The	process	used	to	determine	YD	glacier	extent	in	the	Wicklow	Mountains.	

	
6.1	Extent	of	glaciation	in	the	Wicklow	Mountains	during	the	Younger	Dryas		

In	 this	 section	multiple	 approaches	 are	 used	 to	 identify	 a	 conservative	 estimate	 for	 the	
extent	of	glaciation	in	the	Wicklow	Mountains	during	the	YD.	Firstly,	a	broad	assessment	of	
topography	and	elevation	across	the	whole	study	area	is	undertaken	to	identify	potential	
areas	of	YD	glacier	initiation	and	refuge	(for	details	see	section	6.1.1).	It	was	felt	important	
to	undertake	a	such	a	systematic	assessment	using	objective	criteria	in	order	to	formalise	
identification	 and	 characterisation	 of	 sites	 of	 interest.	 Following	 their	 identification,	
potential	 sites	 are	 investigated	 in	 more	 detail	 through	 consideration	 of	 their	
geomorphological	record	(section	6.1.2)	and	radiation	modelling	(section	6.1.3).	Together,	
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these	lines	of	evidence	are	used	to	determine	which	sites	contain	the	strongest	evidence	for	
having	hosted	glaciers	during	the	YD	(section	6.1.4).		

	

6.1.1	Identification	of	possible	glacier	hosting	sites	based	on	topography	and	

elevation	

An	assessment	of	topography	was	undertaken	remotely,	using	topographic	maps	and	DEMs,	
to	ensure	the	full	study	area	was	systematically	assessed	and	to	identify	potential	sites	for	
YD	cirque	glaciation.	The	process	started	with	the	 identification	of	glacial	cirques,	which	
reflect	former	areas	of	glacier	initiation	(Barr	and	Spagnolo,	2013)	and	are	the	most	likely	
sites	 for	 renewed	 glaciation	 in	 marginal	 conditions.	 Cirques	 are	 widely	 recognised	 as	
erosional	 glacial	 geomorphological	 features	 and	 often	 described	 as	 “armchair-shaped	
erosional	hollows”	(Barr	and	Spagnolo,	2015,	p.49).	Cirques	are	typified	by	steep	headwalls	
and	overdeepened	floors,	sometimes	hosting	a	small	lake	(Figure	6.2).	Assessment	of	the	
Wicklow	Mountains	identified	13	cirques	ranging	from	well-defined	to	poor	according	to	
the	Evans	and	Cox	(1995)	classification	system	(Tables	6.1,	6.2).		

Glacial	 cirques	 share	 some	 characteristics	 (scarps,	 hollows)	with	 geologically-controlled	
glacial	 overdeepenings	 and	 landslides/rock	 slope	 failures	 (RSFs),	 which	 presents	 the	
potential	 for	 misidentification.	 There	 are	 multiple	 geologically-controlled	 glacial	
overdeepenings	 in	 the	 Wicklow	 Mountains	 (e.g.	 Lough	 Tay,	 Lower	 Glenmacnass,	 and	
Glensoulan)	 (discussed	 in	 Chapter	 5).	 Here,	 consideration	 of	 geological	 control	 and	
elevation	(overdeepenings	are	generally	found	at	lower	elevations	than	cirques)	as	well	as	
ground	 truthing	 enabled	differentiation	of	 such	 features.	However,	 overdeepenings	may	
provide	suitable	areas	for	snow	accumulation	and	preservation,	and	for	this	reason	the	five	
identified	overdeepenings	have	been	included	as	potential	YD	glacier-hosting	sites	(Table	
6.2,	6.3).	Landslide	scars	and	RSF	scarps	can	also	be	mistaken	for	small	cirques	(Evans	and	
Cox,	1974).	However,	in	the	Wicklows,	the	dominant	granite	geology	means	that	landslides	
and	RSFs	are	relatively	rare	compared	to	areas	such	as	the	Lake	District	(Wilson	and	Jarman,	
2015).	This	significantly	reduces	the	risk	of	misinterpretation,	but	landslides	and	RSF	both	
occur	in	the	region	(Lough	Tay	and	South	Prison	respectively)	but	both	sites	have	distinct	
runouts	(failed	debris)	that	clearly	differentiate	the	features	from	cirques.	

In	addition	to	cirques	and	overdeepenings,	strongly-defined	valley	heads	are	also	identified	
and	 considered	 as	potential	 sites	 for	YD	glaciers.	As	previously	discussed,	 gentle	 rolling	
topography	characterises	much	of	 the	Wicklow	Mountains.	This	means	 that	many	valley	
heads	 gradually	 connect	with	 higher	 ground	 and	 there	 is	 an	 absence	 of	 steep,	 strongly-
defined	 valley	 heads	 throughout	much	 of	 the	 region.	 This	 type	 of	 rolling	 topography	 is	
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exposed	 to	 high	 levels	 of	 radiation	 and	 wind	 abrasion,	 meaning	 that	 the	 preservation	
potential	of	snow	is	low.	It	is	inferred	that	valley	heads	characterised	in	this	way	are	not	
likely	 sites	 for	YD	glaciation.	However,	 six	 valley	heads	with	 steeper	backwalls,	 offering	
more	 topographic	 shelter,	 are	 inferred	 as	 possible	 YD	 glacier-hosting	 sites	 (Table	 6.3).	
Although	some	of	these	valley	heads	may	be	topographically	similar	to	cirques,	these	sites	
are	not	categorised	as	such	as	they	do	not	meet	the	classifications	outlined	in	Table	6.1.	

	

	

	

	

	

	

	

	

	
Figure	6.2.	Schematic	cross	section	of	a	 ‘textbook’	cirque	with	a	cirque	divide	(upper	limit),	steep	
headwall	 (>27°),	 a	 shallow	 cirque	 floor	 (<27°),	 and	 a	 defined	 cirque	 threshold.	Note	 that	 not	 all	
described	geomorphological	features	are	present	in	every	cirque.	Source:	Barr	and	Spagnolo,	2015.	

	

Table	 6.1.	 Evans	 and	 Cox	 (1995)	 cirque	 classification	 system	 (Adapted	 from	Barr	 and	 Spagnolo,	
2015).		

Grade	 Description	 Features	

Grade	1	 ‘Classic	cirque’	 Cirque	has	all	textbook	attributes	(see	Figure	6.2).	
Grade	2	 ‘Well-defined’	cirque	 Headwall	 and	 floor	 clearly	 developed,	 and	 headwall	 curves	

around	floor.	
Grade	3	 ‘Definite’	cirques	 No	 doubt	 over	 cirque	 status,	 but	 one	 characteristic	 may	 be	

weak.	
Grade	4	 ‘Poor’	cirque	 Some	 doubt	 about	 cirque	 status	 but	 well-developed	

characteristics	compensate	for	weak	ones.	
Grade	5	 ‘Marginal’	cirque	 Cirque	status	and	origin	are	doubtful.	
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Another	factor	to	consider	when	identifying	potential	YD	glacier-hosting	sites	is	elevation.	
Colhoun	and	Synge	 (1980)	 suggested	 that	 in	 the	Wicklow	Mountains,	YD	glaciers	would	
need	 a	 minimum	 cirque	 floor	 elevation	 of	 350	m,	 based	 on	 their	 assessment	 of	 Lough	
Nahanagan	(400	m	cirque	floor	elevation).	However,	this	is	based	on	just	one	reconstruction	
which	may	not	be	representative	of	all	YD	glaciation	in	the	area.	In	the	Mourne	Mountains,	
a	minimum	cirque	 floor	elevation	of	280	m	has	been	 identified	 through	multiple	glacier	
reconstructions	 (Barr	 et	 al.,	 2017a).	 In	 Snowdonia,	 YD	 reconstructions	 identify	 a	 cirque	
floor	 minimum	 elevation	 of	 400	 m	 (Bendle	 and	 Glasser,	 2012),	 illustrating	 a	 120	 m	
difference	between	 two	mountain	areas,	both	of	which	are	geographically	 similar	 to	 the	
Wicklow	 Mountains.	 Therefore,	 the	 previously	 proposed	 350	 m	 cirque	 floor	 minimum	
suggested	for	the	Wicklow	Mountains,	although	not	in	conflict	with	results	nearby,	should	
be	used	with	caution.	Here,	no	minimum	cirque	floor	altitude	is	set	for	site	selection.	Instead,	
selection	 has	 been	 based	 on	 topography	 with	 site	 elevation	 only	 a	 supplementary	
consideration	 of	 YD	 site	 selection,	 with	 more	 significance	 given	 to	 geomorphology	 and	
radiation	modelling.	

Using	topography	(with	an	awareness	of	cirque	elevation),	a	total	of	22	potential	glacier-
hosting	sites	were	identified	(Table	6.2,	Figure	6.3.).	It	should	be	noted	that	at	some	sites	
the	aspect	of	the	area	of	 interest	(AOI;	 i.e.	suspected	area	of	glacial	 initiation)	may	differ	
from	that	of	the	overall	valley	(e.g.	North	Prison,	Kelly’s	Lough,	and	Lough	Tay).

Table	6.2.	The	 location,	 elevation	 (cirque/valley	 floor)	 and	aspect	 of	 the	22	potential	YD	glacier-
hosting	sites	identified	based	on	topographical	analysis.	Sites	are	ordered	from	west	to	east.		Area	of	
interest	(AOI)	aspect	refers	to	the	suspected	initiation	area,	which	may	differ	from	the	overall	valley	
aspect.		
Site	 Lat.	(°N)	 Long	(°W)	 Elevation	 Valley	aspect	 AOI	aspect	

1.	North	Prison	 52.581	 6.282	 677	m	 NW	 N	
2.	Asbawn	 53.013	 6.282	 553	m	 N	 N	
3.	South	Prison	 52.575	 6.272	 594	m		 SE	 SE	
4.	Upper	FRG	 52.582	 6.272	 685	m			 NE	 NE	
5.	Glenreemore	 53.021	 6.271	 447	m	 NW	 NW	
6.	Lower	FRG	 52.585	 6.261	 328	m	 NE	 NE	
7.	Kelly’s	Lough	 52.573	 6.253	 587	m		 SE	 NE	
8.	Glenmalure	 52.594	 6.254	 258	m	 SE	 N	
9.	Firrib	 53.015	 6.251	 503	m	 NW	 NW	
10.	Lough	Cleevaun	 53.062	 6.240	 684	m				 NE	 NE	
11.	Lough	Nahanagan	 53.015	 6.233	 400	m			 NE	 NE	
12.	Upper	Glenmacnass	 53.052	 6.231	 554	m	 SE	 NE	
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13.	Glendalough	 53.001	 6.223	 162	m	 E	 N	
14.	Lugacullen	 53.063	 6.242	 567	m	 NW	 NW	
15.	Lough	Ouler	 53.033	 6.222	 567	m			 NE	 NE	
16.	Lower	Glenmacnass	 53.034	 6.201	 259	m	 SE	 SE	
17.	Lower	Lough	Bray	 53.110	 6.175	 374	m			 NE	 NE	
18.	Upper	Lough	Bray	 53.103	 6.180	 443	m				 NE	 NE	
19.	Lough	Dan	 53.043	 6.180	 207	m	 E	 S	
20.	Lough	Tay	 53.061	 6.160	 247	m				 S	 E	
21.	Raven’s	Glen	 53.094	 6.142	 275	m	 NE	 NE	
22.	Glensoulan		 53.084	 6.123	 170	m	 E	 NE	
	

	
Table	6.3.		Topographic	metrics	for	the	22	identified	sites.	Metrics	are	for	possible	YD	glacier-hosting	
areas	(i.e.	cirques,	valley	heads,	and	overdeepenings).	Cirque	classifications	are	based	on	the	Evans	
and	Cox	(1995)	structure	discussed	in	Table	6.1.	*	with	subsidiary	marginal	cirque	(AOI),	**	with	
subsidiary	poor	cirque	(AOI).	

Site	 Width	 		Profile	length	 Mean	headwall	height	 Classification		

1.	North	Prison	 0.72	km	 0.88	km	 289	m	 Well-defined	cirque	
2.	Asbawn	 0.52	km	 0.41	km	 102	m	 Strong	valley	head	
3.	South	Prison	 0.53	km	 0.92	km	 259	m	 Definite	cirque	
4.	Upper	FRG	 0.65	km	 0.59	km	 200	m	 Definite	cirque	
5.	Glenreemore	 0.71	km	 0.91	km	 172	m	 Strong	valley	head	
6.	Lower	FRG	 1.02	km	 1.3	km	 195	m	 Definite	cirque	
7.	Kelly’s	Lough	 1.13	km	 0.57	km	 182	m	 Poor	cirque	
8.	Glenmalure	 0.62	km	 1.7	km	 202	m	 Glacial	trough	
9.	Firrib	 0.68	km	 1.06	km	 153	m	 Strong	valley	head	
10.	Lough	Cleevaun	 0.61	km	 0.45	km	 141	m	 Well-defined	cirque	
11.	Lough	Nahanagan	 1.1	km	 1.15	km	 205	m	 Classic	cirque	
12.	Upper	Glenmacnass	 1.06	km	 1.4	km	 159	m	 Strong	valley	head	
13.	Glendalough	 		0.89	km	 1.2	km	 135	m	 Overdeepening	
14.	Lugacullen	 0.68	km	 0.89	km	 111	m	 Strong	valley	head	
15.	Lough	Ouler	 0.67	km	 0.85	km	 147	m	 Classic	cirque	
16.	Lower	Glenmacnass	 0.78	km	 1.07	km	 100	m	 Overdeepening	
17.	Lower	Lough	Bray	 0.82	km	 1.13	km	 191	m	 Classic	cirque	
18.	Upper	Lough	Bray	 0.96	km	 0.39	km	 104	m	 Classic	cirque	
19.	Lough	Dan	 0.57	km	 312	km	 187	m	 Overdeepening	*		
20.	Lough	Tay	 0.68	km	 0.81	km	 325	m	 Overdeepening	**		
21.	Raven’s	Glen	 0.93	km	 0.94	km	 267	m	 Poor	cirque	
22.	Glensoulan	 1.2	km	 1.4	km	 202	m	 Overdeepening		
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Figure	 6.3.	 Location	 of	 the	 22	 potential	 YD	 glacier-hosting	 sites	 identified	 from	 topographical	
assessment.	Sites	are	numbered,	west	to	east.	Lough-based	sites	are	indicated	in	blue.		
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6.1.2	Geomorphological	evidence	for	YD	glaciers	

Following	the	identification	of	22	potential	YD	glacier-hosting	sites,	an	assessment	of	the	
geomorphology	of	each	site	was	undertaken.	As	part	of	this	evaluation,	Class	3	moraines	
were	identified	as	being	likely	YD	in	age	(see	section	5.6.1).	Figure	6.4	provides	a	summary	
of	moraine	class	distribution	throughout	the	study	area.	Class	3	moraines	are	present	at	5	
sites;	North	Prison,	Kelly’s	Lough,	Lough	Nahanagan,	Lough	Ouler,	and	Lough	Cleevaun.	At	
most	sites,	Class	3	moraines	feature	in	association	with	another	moraine	classification.	For	
example,	at	Lough	Ouler,	Class	1	and	Class	3	moraines	are	present	and	at	Lough	Cleevaun,	
Class	2	and	3.	Lough	Nahanagan	is	the	only	site	to	host	all	three	moraine	classifications.	In	
contrast,	North	Prison	and	Kelly’s	Lough	have	only	Class	3	moraines.	Based	on	the	presence	
of	Class	3	moraines,	it	is	deemed	likely	that	YD	glaciers	were	present	at	North	Prison,	Kelly’s	
Lough,	Lough	Nahanagan,	Lough	Ouler,	and	Lough	Cleevaun.	

Elsewhere,	 sites	containing	only	Class	2	moraines	are	 the	most	 frequent	 in	 the	Wicklow	
Mountains	 with	 eleven	 sites	 displaying	 just	 evidence	 indicative	 of	 active	 ice-margin	
recession	 (see	 Chapter	 5	 for	 details).	 There	 are	 three	 further	 sites	 containing	 Class	 2	
moraines	 along	with	Class	 1	 (Lough	Bray	Lower,	 Lough	Tay,	 and	Lower	Fraughan	Rock	
Glen).	 Notably,	 Glensoulan	 is	 the	 only	 site	 to	 host	 only	 Class	 1	 moraines.	 Based	 on	
geomorphology,	these	14	sites	are	deemed	unlike	to	have	hosted	YD	glaciers.	

There	are	also	two	potential	sites	which	do	not	feature	any	moraines	at	all	(Figure	6.4,	6.5),	
these	are	Upper	Fraughan	Rock	Glen	and	Lough	Dan.	However,	the	geomorphology	of	these	
two	 sites	 differs	 distinctly.	 The	 site	 at	 Lough	 Dan	 is	 situated	 in	 an	 overdeepening	 at	 a	
geological	 boundary,	 the	 valley’s	 sidewalls	 are	 steep,	 particularly	 the	 southern	 face	 of	
Knocknacloghoge.	 However,	 there	 is	 no	 evidence	 of	 glacial	 deposition	 (e.g.	 moraines,	
boulders)	or	erosion	(e.g.	ice	moulded	bedrock,	meltwater	channels)	at	the	site	and	an	active	
fluvial	 system	 strongly	 characterises	 the	 site.	 It	 is	 deemed	 unlikely	 that	 the	 site	 was	
glaciated	during	the	YD,	based	on	geomorphology.		

In	contrast,	Upper	Fraughan	Rock	Glen	is	a	cirque	situated	on	the	side	of	Lugnaquillia	(925	
m)	 and	 although	 there	 are	 no	 moraines	 within	 the	 cirque,	 the	 site	 has	 multiple	
geomorphological	 similarities	 with	 the	 other	 identified	 YD	 sites,	 particularly	 the	 North	
Prison.	 These	 include	 an	 abundance	 of	 glacially-transported	 boulders,	 ice-moulded	
bedrock,	and	the	‘freshly	glaciated’	appearance	of	the	exposed	ground,	plus	an	absence	of	
peat.	Whilst	the	absence	of	moraines	makes	it	difficult	to	ascertain	the	ice	limit	at	Upper	
Fraughan	Rock	Glen,	 the	site	 is	 characteristic	of	YD	cirque	glaciation	when	compared	 to		
other	YD	sites	(e.g.	Mourne	Mountains,	Barr	et	al.,	2017a;	Macgillycuddy’s	Reeks,	Anderson	
et	 al.,	 1996;	 and	 Snowdonia,	 Bendle	 and	 Glasser,	 2012).	 Therefore,	 although	 Class	 3	



	
	 Chapter	6:	Younger	Dryas	glaciation	

 138 

moraines	are	absent	at	the	site,	the	remaining	geomorphological	signature	suggests	the	site	
experienced	a	recent	phase	of	glaciation.	

Figure	6.4.	Classification	of	potential	YD	glacier-hosting	sites	based	on	types	of	moraines	identified	
at	each	locality.	See	Figure	6.3	for	key	site	numbers.		
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Figure	6.5.	Examples	of	geomorphological	mapping	of	the	eight	different	combinations	of	moraine	
classifications	(highlighted	in	Figure	6.4).	
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6.1.3	Radiation	modelling	

The	 impact	 of	 direct	 incoming	 solar	 radiation	 on	 glaciers	 has	 been	 documented	 in	
contemporary	environments	(Oerlemans	and	Knapp,	1998;	Hock,	2005;	Brock	and	Arnold,	
2000;	Huss	et	al.,	2009;	Pellicciotti	et	al.,	2011;	Vargo	et	al.,	2018),	but	little	work	has	been	
undertaken	 considering	 its	 potential	 role	 on	mountain-scale	 palaeo-ice	masses	 (Pearce,	
2014).	 In	 mountainous	 regions,	 topography	 has	 a	 significant	 control	 on	 the	 receipt	 of	
incoming	solar	radiation	(slope	angle,	aspect,	and	shading),	which	in	turn	is	the	dominant	
source	of	melt	energy	on	most	glaciers	(Bash	and	Marshall,	2014;	Olson	and	Rupper,	2019).	
The	survival	of	snow	or	ice	throughout	the	ablation	season	may	help	to	explain	the	existence	
of	cirque	glaciers	in	some	locations.	Therefore,	solar	radiation	modelling	is	used	to	assess	
relative	 radiation	 receipt	over	a	 calendar	year,	 and	subsequently	 to	 identify	 sites	where	
topography	exercises	a	significant	control	on	the	creation	of	potential	refuges	for	snow	and	
ice	(e.g.	enhanced	topographic	shading).		

Area-based	spatial	modelling	of	solar	radiation	receipt	requires	elevation	data	(slope	and	
aspect	specifically)	to	calculate	 insolation	for	every	location	within	a	specified	landscape	
(Fu	and	Rich,	1999).	This	method	has	been	prominent	since	the	early	2000s	and	is	usually	
integrated	within	a	GIS	(Zaksek	et	al.,	2005;	Tovar-Pescador	et	al.,	2007;	Pearce,	2014).	In	
this	thesis,	the	Solar	Analyst	model	(ERSI	ArcGIS	10.4	Solar	Analyst	extension)	was	used	for	
all	radiation	modelling.	The	model	uses	elevation	data	to	calculate	present	day	incoming	
solar	 radiation	and	produce	 insolation	maps.	The	model	 takes	 into	account	site	 latitude,	
slope	and	aspect,	shadow	casting	by	topography,	and	atmospheric	attenuation	to	yield	best	
estimates	 of	 global,	 direct,	 and	 diffuse	 radiation	 for	 a	 specified	 time	 period.	 Alternative	
models,	which	 take	 into	 account	 additional	 astronomical	 (e.g.	Milankovitch	 forcing)	 and	
meteorological	 (e.g.	 atmospheric	 transmissivity)	 could	 have	 been	 used	 (e.g.	Wilson	 and	
Gallant,	 2000).	 However,	 this	 high-level	 of	 modelling	 was	 not	 considered	 necessary	 to	
achieve	the	aforementioned	aims	of	the	modelling.		

For	each	time	step	the	model	estimates	both	direct	and	diffuse	radiation	at	each	grid	cell.	
The	direct	component	received	by	the	surface	is	derived	from	solar	angle,	slope,	and	aspect.	
Elevation	data,	provided	by	the	OSI	10	m	DTM,	was	used	to	generate	an	upward	looking	
hemispherical	viewshed	for	every	location,	which	in	turn	was	used	to	calculate	topographic	
screening.	 At	 screened	 locations,	 the	 total	 radiation	 is	 solely	 the	 diffuse	 component.	
Otherwise	 the	 total	 radiation	 is	 the	 sum	of	direct	 and	diffuse	 components	 (Fu	and	Rich,	
1999;	 2000).	 Initial	 sensitivity	 tests	 were	 undertaken	 for	 sample	 areas	 (single	 valley,	
southern	sector,	and	entire	study	area)	to	assess	the	trade-off	between	output	resolution	
and	computational	time.	The	DTM	was	resampled	to	25	x	25	m2	resolution	in	an	effort	to	



	
	 Chapter	6:	Younger	Dryas	glaciation	

 142 

decrease	computational	time.		However,	this	resulted	in	poor	quality	model	outputs	with	
significant	banding.	Therefore,	the	original	10	m	DTM	resolution	was	deemed	necessary	to	
provide	optimum	resolution.	The	use	of	the	DTM	makes	the	necessary	assumption	that	the	
topography	during	the	YD	was	broadly	the	same	as	today.		

The	solar	 radiation	modelling	was	used	 to	calculate	 the	relative	radiation	receipt	over	a	
calendar	year	for	the	possible	glacier-hosting	sites.	In	order	to	achieve	this,	particular	model	
parameters	were	required.	The	latitude	of	the	study	area	was	required	for	calculations	of	
solar	 declination	 and	 solar	 position	 (solar	 elevation	 and	 azimuth).	 As	 the	 latitudinal	
difference	of	the	study	area	is	minimal,	a	single	latitude	derived	from	the	centre	point	of	the	
DTM	was	sufficient	for	the	modelling	(Fu	and	Rich,	1999).	The	sky	is	divided	into	segments	
for	topographic	screening	calculation	and	the	resolution	(sky	size)	needs	to	be	defined.	A	
finer	resolution	of	the	viewshed,	sky	map,	and	sun	map	rasters	is	clearly	desired,	but	again	
there	 is	 a	 trade-off	 between	 detail	 and	 computation	 time.	 A	 value	 of	 200	 is	 generally	
considered	 sufficient	 for	 calculations	 for	 a	 whole	 DTM,	 whereas	 a	 value	 of	 512	 is	
appropriate	for	more	detailed	calculations	at	specific	locations	(Fu	and	Rich,	2000;	Pearce,	
2014).	A	sun	map	is	also	used	to	show	the	solar	position	and	track	during	the	time	period	
chosen,	its	spatial	resolution	is	determined	by	the	sky	size	(sun	can	either	be	in	the	chosen	
pixel,	or	not).		

If	modelling	using	small	intervals,	sun	tracks	may	overlap	if	the	sky	size	resolution	is	not	
large	enough.	This	results	in	zero	or	lower	radiation	values	for	that	track	(Corripio,	2010;	
Pearce,	2014).	The	issue	can	be	rectified	by	increasing	the	resolution,	this	provides	a	more	
accurate	result.	In	order	to	ensure	representative	radiation	values	for	sun	tracks,	a	range	of	
sky	sizes	were	tested;	200,	300,	400	and	1000.	Increasing	the	sky	size	significantly	affected	
computational	time,	which	ranged	from	30	minutes	to	over	24	hours	per	model,	but	the	use	
of	higher	sky	size	resolution	did	not	influence	the	results.	This	is	likely	due	to	the	limited	
DTM	grid	size.	More	detailed	outputs	would	be	 feasible	with	higher	resolution	elevation	
data.	As	model	resolution	was	not	affected	by	the	sky	size	in	our	tests,	a	sky	size	of	200	was	
used.	 This	 did	 not	 affect	 output	 resolution,	 minimised	 computational	 time,	 and	 was	
sufficient	for	the	purpose	of	comparing	differences	in	solar	radiation	receipt	throughout	the	
study	area	

Numerous	parameters	can	be	altered	within	the	solar	analyst	model.	Zenith	and	azimuth	
define	 sectors	 of	 the	 skymap	 (without	 altering	 calculation	 speed).	 Divisions	 and	 values	
within	 the	model	must	be	 in	multiples	of	eight	 (8,	16,	24,	32).	According	 to	Fu	and	Rich	
(1999),	 satisfactory	 results	 can	 be	 obtained	 with	 just	 eight	 zenith	 and	 eight	 azimuth	
divisions.	Typically,	a	value	of	eight	or	16	is	sufficient	for	areas	of	gentle	topography	while	
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for	 complex	 topography	 a	 value	 of	 32	 is	 required	 (Fu	 and	 Rich,	 1999).	 The	 Wicklow	
Mountains	can	be	characterised	as	undulating	rather	than	an	area	of	extreme	topography	
(e.g.	European	Alps,	Himalayas).	Consequently,	a	division	of	16	was	selected,	following	the	
approach	of	other	modelling	work	undertaken	in	the	Tweedsmuir	Hills,	Scotland,	which	has	
similar	rolling	topography	(Pearce,	2014).			

The	 model	 was	 operated	 using	 clear	 sky	 conditions	 in	 all	 runs,	 meaning	 that	 diffuse	
radiation	was	isotropic.	Although	it	is	unrealistic	that	the	region	experienced	continuously	
clear	skies,	it	is	only	under	clear	sky	conditions	that	the	impacts	of	topographic	shading	can	
be	 highlighted.	 Using	 overcast	 conditions	 would	 essentially	 smooth	 the	 topographic	
response	 due	 to	 the	 associated	 increase	 of	 isotropic	 diffuse	 radiation.	 In	 addition,	 a	
diffusivity	input	must	be	included.	This	is	the	fraction	of	global	normal	radiation	flux	that	is	
diffuse.	Values	range	from	0	to	1	and	are	set	according	to	atmospheric	conditions,	0.3	is	the	
default	value	for	a	generally	clear	sky.	As	the	aim	of	the	modelling	was	to	maximise	potential	
topographic	shading,	a	diffusivity	value	of	0.2	was	used	for	all	model	runs	to	guarantee	very	
clear	sky	conditions	(Pearce,	2014).	

Finally,	the	last	model	input	variable	was	transmissivity.	This	is	the	ratio	of	energy	received	
at	the	upper	edge	of	the	atmosphere	to	that	reaching	to	earth’s	surface	via	the	shortest	path	
(in	 the	 direction	 of	 the	 zenith),	 averaged	 over	 all	 wavelengths	 (Pearce,	 2014).		
Transmissivity	ranges	from	0	(no	transmission)	to	1	(complete	transmission).	Values	of	0.6	
or	0.7	are	used	 for	very	clear	sky	conditions,	whereas	0.5	 is	deemed	representative	of	a	
generally	clear	sky.	For	the	purpose	of	this	modelling,	consistently	clear	skies	were	required	
so	a	value	of	0.6	was	used.	It	should	be	noted	that	the	radiation	model	uses	present	day	solar	
output	and	orbital	parameters.	In	order	to	correct	these	to	YD	solar	angles,	to	account	for	
Milankovitch	 variation	 in	 obliquity	 and	 eccentricity	 (Berger,	 1978;	 Berger	 and	 Loutre,	
1991),	the	model	command	line	would	have	required	altering.	This	was	not	undertaken	as	
likely	changes	would	have	been	very	small.	Therefore,	it	was	not	considered	necessary	to	
do	this	in	order	to	achieve	the	aim	of	the	modelling	-	an	assessment	of	relative	radiation	
receipt.	

The	model	was	run	using	the	parameters	outlined	above	for	one	day	each	month	throughout	
a	 calendar	 year.	 The	 selected	modelling	 days	were	 calculated	 in	 increments	 of	 30	 days	
before	and	after	 the	 summer	solstice	 (21st	 June).	 Selecting	one	day	each	month	 reduced	
computation	time,	and	since	the	changing	movement	of	the	solar	path	is	gradual	over	the	
course	of	the	year,	the	sum	of	the	twelve	chosen	days	provides	a	good	estimate	of	the	annual	
total.	Each	model	was	run	for	24	hours.	Mean	global	solar	radiation	values	are	output	in	
Wh/m2	as	raster	files	(Figure	6.6).		
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Figure	 6.6	 (previous	 two	 pages).	Modelled	 incoming	 short-wave	 solar	 radiation	 for	 the	Wicklow	
Mountains	summed	over	a	calendar	year.	Each	month	is	calculated	as	an	additional	30	days	before	
or	after	the	summer	solstice	(Julian	day	(JD)	172,	21st	June).	Numbered	dots	refer	to	key	sites	(see	
Figure	6.3).	

	
Figure	 6.6	 shows	modelled	 incoming	 direct	 shortwave	 radiation	 throughout	 the	 twelve	
months	of	a	calendar	year.	It	highlights	an	increase	in	received	radiation	with	progression	
towards	the	summer	solstice	(Julian	Day	(JD)	172),	after	which	radiation	levels	reduce	until	
mid-winter	 (here	 JD	 352,	 three	 days	 before	 the	 winter	 solstice	 on	 JD	 355).	 The	 high	
radiation	 levels	 of	mid-summer	 are	 associated	with	 high	 sun	 angles	 (Oerlemans,	 2001).	
There	are	also	clear	differences	in	received	radiation	in	association	with	aspect.	Northern	
and	 northeastern	 slopes	 receive	 significantly	 less	 direct	 radiation	 than	 southern	 and	
southwestern	slopes,	due	to	topographic	shading.	This	pattern	has	been	widely	observed	
elsewhere	 in	 the	 northern	 hemisphere	 (Evans,	 1977;	 Olson	 and	 Rupper,	 2018).	 To	 aid	
visualisation	 of	 the	 variation	 in	 direct	 shortwave	 radiation	 throughout	 the	 year	 and	
between	potential	YD	sites,	radiation	is	plotted	in	Figure	6.7	using	the	data	presented	in	
Table	6.4.	Average	radiation	values	were	calculated	using	the	zonal	statics	tool	in	ArcMap.	
These	were	obtained	for	each	of	the	22	potential	YD	glacier-hosting	sites.	The	graph	clearly	
shows	an	 increase	 in	 incoming	 solar	 radiation	 from	 the	 start	of	 the	year.	This	 increases	
rapidly	following	the	onset	of	the	ablation	season	(defined	as	April	–	September).	Radiation	
receipt	peaks	at	all	sites	at	the	summer	solstice,	before	gradually	reducing	with	progression	
towards	mid-winter.		

There	are	clear	differences	in	the	levels	of	radiation	experienced	at	different	sites	(Figure	
6.7).	 For	 example,	 at	 the	 summer	 solstice,	 radiation	 receipts	 of	 6371	Wh/m2	 and	 6178	
Wh/m2	are	modelled	at	Upper	Glenmacnass	and	the	South	Prison,	respectively.	In	contrast,	
radiation	 at	 Lough	Ouler	 and	 Lough	Nahanagan	 is	 significantly	 lower,	 detected	 at	 3077	
Wh/m2	and	3548	Wh/m2,	respectively.	This	relationship	can	be	more	clearly	recognised	by	
considering	the	average	radiation	experienced	throughout	the	ablation	season	(Figure	6.8).	
Here,	it	is	possible	to	categorise	sites	based	upon	the	average	amount	of	radiation	received.	
Three	distinct	site	 types	have	been	 identified;	 (1)	sites	receiving	high	 levels	of	 radiation	
(above	4500	Wh/m2),	(2)	sites	receiving	medium	levels	of	radiation	(between	3000–4500	
Wh/m2),	and	(3)	sites	receiving	low	levels	of	radiation	(below	3000	Wh/m2).	Of	the	22	sites,	
only	three	experience	low	levels	of	radiation	throughout	the	ablation	season	(North	Prison,	
Lough	Nahanagan,	and	Lough	Ouler).	 In	contrast,	 seven	sites	 (South	Prison,	Glenmalure,	
Upper	Glenmacnass,	Lugacullen,	Glenmacnass,	Lough	Tay,	and	Glensoulan)	experience	high	
levels	of	radiation.	The	other	12	sites	receive	between	3000	–	4500	Wh/m²	on	average	over	
the	course	of	the	ablation	season.			
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Table	6.4.	Average	solar	radiation	(Wh/m²)	modelling	values	(used	in	Figures	6.7,	6.8)	for	the	22	potential	YD	glacier-hosting	sites.	Each	month	is	calculated	as	an	additional	
30	days	before	or	after	the	summer	solstice.	Ablation	season	is	defined	as	April	to	September,	inclusive.	

Julian	date	 22	 52	 82	 112	 142	 172	 202	 232	 262	 292	 322	 352	 Ablation	season	

average	(Wh/m²)	Date	 22-Jan	 21-Feb	 23-Mar	 22-Apr	 22-May	 21-Jun	 21-Jul	 20-Aug	 19-Sep	 19-Oct	 18-Nov	 18-Dec	

	 	 	 	 	 	 	 	 	 	 	 	 	 	

1.	North	Prison	 131	 279	 1370	 2030	 3762	 4436	 3870	 2049	 501	 306	 129	 69	 2775	

2.	Asbawn	 129	 596	 1856	 3678	 5151	 5513	 4650	 3877	 1542	 382	 132	 73	 4068	

3.	South	Prison	 855	 1512	 2706	 5130	 6138	 6460	 6178	 5151	 3597	 2088	 838	 463	 5442	

4.	Upper	FRG	 134	 295	 1612	 3644	 5242	 5858	 5338	 3680	 1777	 613	 135	 80	 4257	

5.	Glenreemore	 134	 298	 1413	 3625	 3988	 4866	 4686	 3741	 1713	 302	 126	 72	 3770	

6.	Lower	FRG	 122	 282	 1232	 2913	 3817	 4734	 4404	 2808	 1227	 275	 119	 65	 3317	

7.	Kelly's	Lough	 133	 435	 1729	 2979	 4471	 5080	 4563	 3008	 1407	 884	 133	 73	 3584	

8.	Glenmalure	 525	 1309	 2611	 4115	 5694	 6584	 5635	 4628	 3151	 1583	 557	 290	 4968	

9.	Firrib	 130	 333	 1451	 2537	 4209	 5203	 4676	 3307	 1823	 725	 125	 75	 3626	

10.	Lough	Cleevaun	 138	 297	 966	 2540	 4024	 4629	 4117	 2746	 1215	 308	 137	 76	 3212	

11.	Lough	Nahanagan	 135	 291	 476	 790	 3454	 4068	 3548	 807	 463	 218	 126	 66	 2188	

12.	Upper	Glenmacnass	 693	 1562	 3381	 5066	 6165	 6659	 6371	 5141	 3372	 1741	 641	 327	 5462	

13.	Glendalough	 106	 243	 760	 1973	 4302	 4766	 4531	 2673	 1270	 256	 108	 59	 3252	

14.	Lugacullen	 133	 735	 2024	 3518	 5426	 5995	 5543	 4315	 2465	 942	 276	 129	 4544	

15.	Lough	Ouler	 177	 325	 868	 1787	 3109	 3556	 3077	 1731	 758	 651	 135	 74	 2336	

16.	Lower	Glenmacnass	 664	 1834	 2601	 4641	 5314	 6223	 5882	 4358	 2628	 1223	 438	 172	 4841	

17.	Lower	Lough	Bray	 116	 273	 1050	 2558	 4001	 4751	 4103	 2588	 1007	 662	 199	 66	 3168	
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18.	Upper	Lough	Bray	 123	 656	 1828	 2684	 3835	 4286	 3903	 2718	 1481	 297	 126	 66	 3151	

19.	Lough	Dan	 124	 630	 1842	 3576	 5090	 5671	 5076	 3623	 1911	 540	 122	 70	 4158	

20.	Lough	Tay	 220	 929	 2130	 4754	 5960	 6178	 5903	 4911	 3356	 1135	 343	 121	 5177	

21.	Raven's	Glen	 129	 293	 1363	 3133	 4392	 4758	 4636	 3065	 1129	 295	 130	 72	 3519	

22.	Glensoulan	 471	 615	 1864	 3823	 5658	 6494	 5545	 3837	 2861	 1055	 444	 205	 4703	
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Figure	6.7.	Average	radiation	over	a	calendar	year	for	each	of	the	22	identified	potential	YD	sites.		Sites	are	organised	from	high	(red)	to	low	(blue)	radiation	values.
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Figure	6.8.	Average	radiation	(Wh/m²)	throughout	the	ablation	season	(April	–	September)	at	the	22	
sites.	Sites	above	the	red	dashed	line	(4500	Wh/m²)	experience	high	levels	of	radiation.	Sites	above	
the	orange	dashed	line	(3000	Wh/m²)	experience	medium	levels	of	radiation.	Sites	above	the	blue	
dashed	line	(1500	Wh/m²)	experience	low	levels	of	radiation.	No	sites	surveyed	experience	very	low	
levels	of	radiation	(below	1500	Wh/m²).		

	

Figure	6.9.	provides	examples	of	two	sites	from	each	radiation	category.	These	sites	have	

been	selected	as	they	typify	the	 low,	medium,	and	high	radiation	categories,	and	distinct	

visual	differences	are	identifiable	between	the	categories	and	sites.	Lough	Nahanagan	and	

Lough	Ouler	are	both	northeast	facing	well-developed	cirques.	Here,	the	presence	of	large	

shaded	headwalls	creates	suitable	areas	for	glacier	initiation	and	survival.	The	two	medium	

radiation	 sites	 (Kelly’s	 Lough,	 Upper	 Fraughan	 Rock	 Glen)	 also	 have	 north-northeast	

aspects,	but	both	sites	are	 less	developed	cirques	with	significantly	 less	protection	 from	

topographic	shading.	In	contrast,	both	examples	of	high	radiation	sites	(South	Prison,	Upper	

Glenmacnass)	are	well-developed	cirques	but	S	and	SE	aspects	ensure	that	these	sites	are	

exposed	to	high	levels	of	radiation	throughout	the	ablation	season,	making	it	more	difficult	

for	ice	or	snow	to	survive.	Five	of	the	six	sites	in	the	high	radiation	category	have	either	

southeast	 or	 south	 aspects	 (Figure	 6.8;	 Upper	 Glenmacnass,	 South	 Prison,	 Lough	 Tay,	

Glenmalure,	Lower	Glenmacnass).	In	contrast,	all	three	sites	in	the	low	radiation	category	

(Figure	 6.8;	 North	 Prison,	 Lough	 Ouler,	 Lough	 Nahanagan)	 have	 either	 northeast	 or	

northwest	aspects.	For	the	medium	radiation	category,	valley	aspects	range	from	northwest	

to	southeast.
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Figure	6.9.	The	range	of	incoming	solar	radiation	(Wh/m2)	modelled	at	six	selected	sites	on	JD	172	
(June	21st,	summer	solstice)	exemplifying	sites	with	predominantly	low,	medium,	and	high	radiation	
levels:	 a)	 Lough	 Nahanagan	 (low),	 b)	 Lough	 Ouler	 (low),	 c)	 Kelly’s	 Lough	 (medium),	 d)	 Upper	
Fraughan	Rock	Glen	(medium),	e)	South	Prison	(high),	and	f)	Upper	Glenmacnass	(high).	
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6.1.4	Inferred	extent	of	Younger	Dryas	glaciation	

A	 conservative	 estimate	 for	 the	 extent	 of	 YD	 glaciation	 is	 now	 evaluated	 based	 on	 the	

presented	geomorphology	and	solar	radiation	data.	The	presence	of	a	YD	ice	mass	is	deemed	

likely,	unlikely,	or	inconclusive	at	each	of	the	22	potential	sites	(Table	6.5;	Figure	6.10).	

Assessment	of	the	geomorphological	record	indicates	that	there	is	ice-marginal	evidence	of	

YD	glaciers	at	five	sites;	North	Prison,	Kelly’s	Lough,	Lough	Nahanagan,	Lough	Ouler,	and	

Lough	Cleevaun	(section	6.1.2).	These	sites	are	all	characterised	by	Class	3	moraines,	which	

are	interpreted	as	being	of	YD	age	based	on	morphostratigraphy	and	published	numerical	

ages	 (see	 Chapter	 5).	 The	 geomorphological	 record	 (e.g.	 abundant	 glacially-transported	

boulders,	 ‘freshly’	exposed	bedrock)	and	topographic	setting	(high-elevation	cirque)	also	

potentially	 suggests	a	 recent	phase	of	glaciation	at	Upper	Fraughan	Rock	Glen,	 although	

there	are	no	moraines	associated	with	this	site.	There	are	several	reasons	why	moraines	

may	not	have	been	 formed	or	preserved	here,	 during	 the	YD.	 For	 example,	 if	 present,	 a	

glacier	may	 have	 been	 cold-based	 and	 relatively	 inactive,	with	minimal	 or	 no	 erosional	

capacity,	resulting	in	both	low	potential	for	moraine	production.	Short	transport	pathways	

due	 to	 the	 very	 small	 size	 of	 the	 proposed	 glacier	 (less	 than	 0.3	 km2)	 may	 have	 also	

contributed	to	low	moraine	production.	Alternatively,	smaller	moraines	may	have	formed	

but	may	have	not	been	preserved	(Kirkbride	and	Winkler,	2010;	Barr	and	Lovell,	2014).	

Despite	 the	 absence	 of	moraines	 there	 has	 been	 glacial	 deposition	 in	 the	 form	 of	 large	

quantities	of	boulders,	although	due	to	peat	presence,	boulder	distribution	cannot	be	used	

to	define	an	absolute	ice	limit.	

Investigation	of	radiation	has	identified	three	different	levels	of	radiation	receipt	(Figures	

6.8	and	6.9).	All	sites	in	the	low	radiation	category	(less	than	3000	Wh/m2)	are	suggested	

to	be	 likely	YD	glacier-hosting	sites	(North	Prison,	Lough	Nahanagan,	Lough	Ouler).	Low	

incoming	solar	radiation	enables	snow	survival	throughout	the	ablation	season,	and	this	is	

feasible	 at	 the	 identified	 sites.	 The	 northeastern	 aspect	 of	 Lough	Nahanagan	 and	 Lough	

Ouler	provides	significant	topographic	shading	within	these	two	classic	cirques.	The	North	

Prison	has	a	northwestern	orientation,	which,	while	less	exposed	than	southern	aspects,	is	

not	generally	associated	with	the	lowest	levels	of	radiation.	However,	the	suspected	area	of	

glacier	 initiation	 (AOI)	 has	 a	 northern	 aspect	 and	 would	 have	 experienced	 more	

topographic	shading	than	other	parts	of	the	site.	In	addition,	the	 ‘extreme’	topography	is	

partly	responsible	for	the	low	average	radiation	receipt	at	the	site.	The	North	Prison’s	steep	

valley	walls	(289	m	headwall	height	difference)	provide	enhanced	topographic	shading.		

There	are	six	sites	which	receive	high	levels	of	radiation	(above	4500	Wh/m2):	South	Prison,	

Glenmalure,	 Upper	 Glenmacnass,	 Lugacullen,	 Lower	 Glenmacnass,	 Lough	 Tay,	 and	
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Glensoulan.	 All	 sites,	 except	 Lugacullen,	 have	 southern,	 southeastern	 or	 eastern	

orientations,	which	would	have	highly	exposed	sites	to	short-wave	radiation	and	enhanced	

ablation,	making	it	unlikely	that	snow	would	survive	to	form	glacial	ice.	Lugacullen	has	a	

northwestern	 orientation,	 which	 could	 be	 assumed	 to	 imply	 mid	 or	 even	 low	 levels	 of	

radiation	based	upon	radiation	receipt	at	other	sites	(e.g.	North	Prison).	However,	the	site	

experiences	fairly	high	radiation	levels	(4544	Wh/m2).	The	topography	in	this	area	of	the	

Wicklow	Mountains	is	not	as	extreme	as	the	southern	sector	containing	the	North	Prison;	

there	is	just	111	m	of	height	difference	(headwall	to	valley	floor)	at	Lugacullen.	The	reduced	

topographic	shading	provided	by	the	more	subdued	topography	is	unable	to	protect	the	site	

from	all	direct	solar	radiation.	All	 six	sites	 in	 the	high	radiation	category	are	considered	

unlikely	to	be	viable	YD	glacier-hosting	sites	due	to	the	levels	of	incoming	solar	radiation.	

Finally,	there	are	12	sites	which	receive	medium	levels	of	radiation	(3000	–	4500	Wh/m2)	

and	it	is	likely	that	several	of	these	sites	supported	a	YD	glacier.	At	two	of	the	12	medium	

radiation	 level	 sites,	YD	glacier	presence	 is	 supported	by	 ice-marginal	geomorphological	

evidence	(Class	3;	Kelly’s	Lough,	and	Lough	Cleevaun)	and	these	sites	are	accepted	as	likely	

YD	sites.	Upper	Fraughan	Rock	Glen	also	received	medium	levels	of	solar	radiation	and	is	

accepted	as	 a	 likely	YD	site	based	on	geomorphology,	 although	undeniably	with	weaker	

evidence	due	to	the	absence	of	Class	3	moraines.	There	are	four	other	medium	radiation	

sites	 (Asbawn,	 Firrib,	 Lower	 Lough	 Bray,	 and	 Upper	 Lough	 Bray)	 with	 cirque	 floor	

elevations	broadly	similar	(553–374	m)	to	the	accepted	YD	sites	(684–400	m)	and	although	

the	sites	do	not	have	geomorphological	evidence	to	support	ice	presence	(absence	of	Class	

3	moraines,	boulder	spreads),	it	is	possible	that	small	niche	glaciers	may	have	existed	on	

cirque	 headwalls.	 Assessment	 of	 these	 four	 sites	 has	 been	 inconclusive	 and,	 with	 the	

available	 evidence	 (Table	 6.5),	 it	 is	 not	 possible	 to	 identify	 if	 these	 sites	were	 glaciated	

during	the	YD.	The	remaining	five	sites	are	considered	unlikely	to	have	hosted	YD	glaciers	

based	on	geomorphology	(no	evidence	of	recent	glaciation,	topographic	setting	(including	

relatively	low	elevation),	and	radiation	modelling	(medium	levels	of	solar	radiation).		

In	summary,	six	sites	have	been	suggested	as	likely	YD	glacier-hosting	sites	(Figures	6.10,	

6.11)	 based	 on	 topography,	 geomorphological	 evidence,	 and	 radiation	 modelling.	 The	

glacier	extent	at	these	six	sites	will	be	reconstructed	in	section	6.2.	Five	sites	have	direct	ice-

marginal	evidence	of	YD	glacier	extent,	with	clear	delineation	of	their	YD	down	valley	ice	

limits.	These	limits	are	highlighted	via	solid	green	lines	on	Figure	6.11.	At	Fraughan	Rock	

Glen,	 as	 detailed	 in	 section	 6.1.2,	 there	 is	 no	 direct	 ice-marginal	 evidence	 at	 the	 site.	

Therefore,	possible	glacier	extent	(depicted	by	dashed	green	line	in	Figure	6.11)	is	based	on	

topographic	 situation	 (likely	 area	 of	 cirque	 development,	 boulder	 limit),	 radiation	

modelling,	and	the	relative	size	of	other	glaciers.	
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Table	6.5.	Final	combined	criteria	used	to	determine	sites	likely	glaciated	during	the	YD.	(L	=	low,	M	
=	medium,	H	=	high	refers	to	the	defined	radiation	categories).	

Sites	 Elevation	 Geomorphology	 Radiation	 YD	glacier?	

1.	North	Prison	 (677	m)		 Y	 L	 Y	

2.	Asbawn	 (553	m)		 N	 M	 ?	

3.	South	Prison	 (594	m)		 N	 H	 N	

4.	Upper	FRG	 (685	m)		 Y	 M	 Y	

5.	Glenreemore	 (447	m)		 N	 M	 N	

6.	Lower	FGR	 (328	m)		 N	 M	 N	

7.	Kelly’s	Lough	 (587	m)			 Y	 M	 Y	

8.	Glenmalure	 (258	m)		 N	 H	 N	

9.	Firrib	 (503	m)		 N	 M	 ?	

10.	Lough	Cleevaun	 (684	m)			 Y	 M	 Y	

11.	Lough	Nahanagan	 (400	m)		 Y	 L	 Y	

12.	Upper	Glenmacnass	 (554	m)		 N	 H	 N	

13.	Glendalough	 (162	m)		 N	 M	 N	

14.	Lugacullen	 (567	m)		 N	 H	 N	

15.	Lough	Ouler	 (567	m)		 Y	 L	 Y	

16.	Lower	Glenmacnass	 (259	m)		 N	 H	 N	

17.	Lower	Lough	Bray	 (374	m)		 N	 M	 ?	

18.	Upper	Lough	Bray	 (443	m)		 N	 M	 ?	

19.	Lough	Dan	 (207	m)		 N	 M	 N	

20.	Lough	Tay	 (247	m)	 N	 H	 N	

21.	Raven’s	Glen	 (275	m)		 N	 M	 N	

22.	Glensoulan		 (170	m)		 N	 H	 N	
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Figure	 6.10.	 Likely,	 unlikely,	 and	 inconclusive	 YD	 sites,	 based	 on	 assessment	 of	 topography,	
geomorphology,	and	radiation	modelling.	This	classification	is	summarised	in	Table	6.5.		
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Figure	6.11.	Geomorphological	maps	of	the	six	likely	YD	glacier-hosting	sites.		
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6.2	Reconstruction	of	YD	glaciers	

Glacier	reconstructions	establish	the	former	extent	of	an	ice	mass	at	a	given	point	in	time	

(e.g.	Bendle	and	Glasser,	2012;	Boston	et	al,	2015;	Barr	et	al.,	2017a;	Chandler	and	Lukas	

2017).	This	 is	 important	as	 it	provides	estimates	of	palaeo-ELAs,	which	can	be	 linked	to	

palaeo-climate	to	derive	both	palaeo	estimates	of	temperature	and	precipitation	(Sissons,	

1967;	Sutherland,	1984;	Benn	and	Ballantyne,	2005;	Carr	et	al.,	2010;	Lukas	and	Bradwell,	

2010).	 In	 areas	 of	 marginal	 glaciation,	 such	 as	 the	 Wicklow	 Mountains,	 cirque	 glacier	

reconstruction	provides	vital	insight	into	both	rapid	climate	forcing	and	spatio-topographic	

control	upon	 ice	development	and	survival.	This	 is	because	small	glaciers	respond	more	

rapidly	to	climate	forcing	than	larger	ice	masses	and	cirque	glaciers	are	routinely	influenced	

by	local	topographic	variations,	such	as	aspect	and	enhanced	material	accumulation.		

Traditionally,	 cartographic	methods	 are	 used	 for	 glacier	 reconstruction	 and	have	 a	 long	

heritage	(Sissons,	1974,	1980b;	Sutherland,	1984;	Mitchell,	1991,	1996;	McDougall,	2001,	

2013;	Benn	and	Ballantyne,	2005;	Lukas	and	Bradwell,	2010;	Finlayson	et	al.,	2011;	Boston	

et	al.,	2015;	Chandler	and	Lukas,	2017).	This	type	of	approach,	now	often	undertaken	within	

GIS	software	such	as	ESRI	ArcGIS,	involves	the	manual	drawing	of	ice	surface	contours	at	10	

m	intervals	to	show	ice	thickness,	with	positions	estimated	using	topographic	maps.	The	

aim	 is	 to	 create	 a	 glaciologically-plausible	 glacier	 reconstruction	based	on	 the	 empirical	

evidence	 (Benn	 and	 Ballantyne,	 2005).	 Terminal	 and	 lateral	 moraines,	 ice-marginal	

meltwater	channels,	and	trimlines	can	be	used	to	reconstruct	the	three-dimensional	form	

of	glacier	surfaces	(Finlayson	et	al.,	2011;	Pearce,	2014;	Boston	et	al.,	2015).	In	cases	where	

evidence	 is	 poorly	 preserved,	 ambiguous	 or	 absent,	 reconstructed	 ice	 surfaces	must	 be	

extrapolated	beyond,	or	interpolated	between,	known	areas.	

Six	sites	likely	to	have	been	glaciated	during	the	YD	have	been	identified	in	the	previous	

section	 (section	6.1.4)	and	 the	down	valley	 ice	 limits	of	 these	glaciers	were	 indicated	 in	

Figure	 6.11.	 This	 section	 now	 focusses	 on	 three-dimensional	 glacier	 reconstruction	 for	

these	six	sites	using;	(1)	glacier	surface	profile	modelling	(section	6.2.1)	and	(2)	a	traditional	

hand-drawn	 glacier	 reconstruction	 approach	 (section	 6.2.2).	 Surface	 profile	 modelling	

(section	6.2.1)	is	necessary	as	there	is	a	distinct	lack	of	evidence	constraining	ice	thickness	

in	the	upper	part	of	cirques	and	moraine	and	meltwater	channel	distribution	suggests	that	

YD	cirque	glaciers	were	not	fed	by	high-level	terrain	such	as	plateau	icefields	(cf.	Chandler	

and	Lukas,	2017).		In	fact,	geomorphological	evidence	related	to	YD	glacier	thickness	is	very	

limited,	as	trimlines	are	absent	at	all	sites	and	latero-frontal	moraines	are	present	at	only	

three	sites.	Therefore,	modelling	is	used	to	establish	a	realistic	estimate	of	ice	thickness	and	

the	upper	glacier	limits.			



	 	 	Chapter	6:	Younger	Dryas	glaciation	

 

 158 

6.2.1	Surface	profile	modelling		

For	small	cirque	glaciers,	geomorphological	evidence	of	 ice	extent	 is	often	 limited	to	 the	

lower	regions	of	glaciers,	specifically	the	glacier	terminus	(Bickerdike	et	al.,	2018b).	The	

absence	of	geomorphological	evidence	in	the	upper	part	of	cirques	(e.g.	lateral	moraines,	

trimlines,	talus)	can	make	extrapolation	of	the	ice	surface	profile	into	the	accumulation	zone	

difficult.	In	order	to	address	gaps	within	empirical	ice	surface	reconstructions,	theoretical	

glacier	surface	profiles	are	often	used	(e.g.	Schilling	and	Hollins,	1981;	Carr	and	Coleman,	

2007;	Rea	and	Evans,	2007).	These	are	simple	steady-state	models	assuming	a	 ‘perfectly	

plastic’	ice	rheology,	meaning	that	ice	will	not	deform	until	the	driving	stress	reaches	the	

yield	stress	(van	der	Veen,	1999).	Whilst	steady-state	conditions	have	not	been	observed	in	

contemporary	 glacier	 environments,	 the	 concept	 is	 often	 adopted	 in	 modelling	 for	

simplification.	

Here,	the	Benn	and	Hulton	(2010)	Profiler	model	is	used	to	estimate	realistic	ice	surface	

profiles	(Figure	6.12)	in	the	absence	of	geomorphological	evidence.	The	main	aim	was	to	

identify	the	likely	area	of	glacier-backwall	interception	and	to	model	glacier	ice	thickness.	

Two	versions	of	the	model	are	available:	(v1)	a	basic	model	requiring	bed	topography	along	

a	central	flowline	and	a	constant	yield	stress	for	ice,	and	(v2),	which	is	a	more	sophisticated	

model	allowing	yield	stress	variation	along	the	central	flowline	and	the	incorporation	of	the	

effects	of	valley-side	drag	on	the	glacier	profile.	Both	versions	of	Profiler	allow	the	optional	

input	 of	 ‘target	 ice	 elevations’	 derived	 from	 geomorphological	 mapping	 (e.g.	 lateral	

moraines)	but	these	are	not	a	required	input.	The	simple	model	(v1)	was	used	for	initial	

familiarisation,	but	the	more	sophisticated	model	(v2)	was	used	for	all	data	production	and	

analysis.	

	The	centreline	topographic	profile	of	the	glacier	bed	provides	bed	elevation	for	the	model,	

capturing	topographic	variability	along	the	profile.	The	topographic	profile	of	the	glacier	

bed	was	obtained	along	each	former	glacier’s	centreline,	recording	both	the	distance	from	

the	terminus	(x)	and	the	elevation	(y)	at	10	m	intervals	from	the	DTM	in	ArcGIS.	Glacier	bed	

profiles	 required	 adjustment	 to	 account	 for	 overdeepenings	 at	 the	 four	 sites	 containing	

lakes	(Lough	Nahanagan,	Lough	Ouler,	Kelly’s	Lough	and	Lough	Cleevaun).	Lake	depths	of	

up	to	30	m	have	been	reported	at	Glendalough	(Wicklow	Mountains	National	Park,	2017)	

but	 bathymetric	 surveys	 are	 only	 available	 for	 Kelly’s	 Lough	 (very	 small	 cirque	 lough,	

maximum	depth	8	m;	Leira	et	al.,	2007).	Based	on	these	reports	and	the	size	of	the	loughs,	

discretion	was	used	to	judge	lough	depth.	Small	loughs	similar	to	Kelly’s	Lough	(e.g.	Lough	

Cleevaun)	were	given	 shallower	depths	of	up	 to	8	m,	whereas	 larger	 loughs	 (e.g.	 Lough	

Nahanagan,	Lough	Ouler)	were	given	depths	up	to	20	m.	Whilst	the	model	does	not	account	

for	variations	in	thermal	regime	or	bed-type	along	the	centre	line,	both	of	which	could		
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Figure	6.12	Modelled	glacier	surface	profiles	of	the	six	likely	YD	glaciers	based	on	Benn	and	Hulton	
(2010).				
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influence	the	glacier	profile,	the	model	provides	a	feasible	glacier	profile	in	the	absence	of	

geomorphological	data.		

Where	available,	geomorphological	evidence	of	ice	extent	was	used	as	an	empirical	guide	to	

find	 the	 best-fit	 value	 of	 the	 yield	 stress	 (Benn	 and	Hulton,	 2010).	 At	 two	 sites	 (Kelly’s	

Lough,	 Lough	 Ouler),	 target	 elevations	 based	 on	 latero-frontal	 moraines	 were	 used	 to	

ascertain	palaeoglacier	thickness.	Yield	stress	values	were	adjusted	to	fit	to	the	ice	thickness	

defined	by	geomorphological	evidence.	This	was	then	interpolated	and	extrapolated	across	

the	 rest	 of	 the	 glacier	 surface,	 where	 geomorphological	 evidence	 was	 absent.	

Topographically-confined	ice	masses	may	experience	significant	resistance	to	flow	due	to	

side-drag	and	longitudinal	stress	gradients.	This	effect	is	not	accounted	for	in	the	‘perfect	

plasticity’	model.	However,	Benn	and	Hulton	 (2010)	 account	 for	 the	 effects	 of	 side-drag	

through	incorporation	of	a	‘shape	factor’	(Nye,	1952).	The	shape	factor	is	determined	using	

cross-profile	distance	and	bed	elevation	data.	For	each	of	the	modelled	glaciers,	multiple	

shape	factors	were	calculated	for	each	of	the	glacier	surface	profiles	to	account	for	cirque	

topography	variation	with	increasing	distance	from	the	backwall.	A	shape	factor	of	1	means	

that	 there	 is	 no	 lateral	 drag	 and	 ice	 is	 topographically	 unconfined	 (e.g.	 on	 a	 plateau).	

Calculated	shape	factors	ranged	from	0.4	to	0.8	for	the	study	sites.	

Finally,	 yield	 stress	 is	 incorporated	 in	 the	 Profiler	model.	 In	 v2,	 this	 can	 vary	 along	 the	

longitudinal	profile	(10	m	intervals).		Yield	stresses	of	modern	valley	glaciers	are	estimated	

to	range	from	50	to	150	kPa	(Benn	and	Evans,	2010).	Previous	palaeoglaciological	studies	

that	have	applied	the	Benn	and	Hulton	(2010)	model	have	required	yield	stresses	ranging	

from	50	kPa	(Chandler	and	Lukas,	2017)	to	250	kPa	(Boston	et	al.,	2015)	in	order	to	fit	the	

model	to	the	geomorphological	record.		Here,	an	initial	yield	stress	of	~	50	kPa	was	used,	

following	 Chandler	 and	 Lukas	 (2017),	 who	 were	 also	 assessing	 small	 cirque	 glaciers.	

However,	significantly	lower	yield	stresses	(<20	kPa)	were	required	in	order	to	satisfy	the	

target	 elevations	 based	 on	 latero-frontal	 moraines	 at	 the	 glacier	 termini,	 otherwise	

modelled	ice	fronts	were	too	steep	and	thick.	Yield	stresses	of	similar	magnitude	to	those	in	

the	 geomorphologically-constrained	 parts	 of	 the	 glaciers	 were	 used	 to	 extrapolate	 the	

former	 glacier	 surface	 into	 unconstrained	 areas	 and	 yield	 stress	 was	 increased	 in	

association	with	any	steepening	slopes,	i.e.	at	the	backwall	(Benn	and	Hulton,	2010;	Boston	

et	al.,	2015).	As	 there	 is	no	geomorphological	evidence	of	 ice	contributions	 from	terrain	

located	above	 the	cirques	 (e.g.	plateaus,	established	section	5.6.1),	 the	modelled	 ice	was	

forced	to	intercept	the	cirque	headwalls.	However,	steep	headwalls	are	problematic	for	the	

model.	The	model	is	calculated	with	the	assumption	of	constant	basal	stress,	meaning	that	

glacier	thickness	will	always	be	finite.	As	a	result,	the	modelled	glacier	surface	is	unable	to	

fully	‘intercept’	the	headwall,	instead	very	thin	ice	is	created	(<5	m).	Upper	glacier	limits	are	
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identifiable	by	these	sharp	inflections	in	the	glacier	surface	profile.	The	reduction	of	yield	

stress	near	the	top	of	the	headwalls	to	10	–	15	kPa	forced	the	production	of	sharp	inflections	

and	‘interception’	of	cirque	headwalls.	

	

Modelled	 glaciers	 intercept	 with	 the	 bedrock	 between	 30–60	 m	 from	 the	 top	 of	 the	

headwall.	 This	 agrees	 with	 the	 theory	 that	 30	 m	 is	 the	 likely	 depth	 of	 snow-firn-ice	

transformation	and	therefore	the	likely	distance	of	ice	(top	of	the	glacier)	from	the	top	of	

the	cirque	headwall.	However,	there	are	limitations	to	this	assumption	as	marginal	cirque	

glaciers	may	not	be	of	sufficient	size	to	fill	the	whole	cirque.	For	example,	glacier	ice	may	

not	be	present	in	the	uppermost	levels	of	the	backwall,	as	observed	at	contemporary	cirque	

glaciers	 in	 Norway	 and	 Iceland.	 Despite	 this,	 the	 Gray	 (1982)	 approach	 provides	 best	

estimation	of	upper	ice	extent	at	present	given	the	lack	of	geomorphological	evidence	to	

constrain	upper	 ice	 extent	 and	has	been	used	 extensively	 in	other	 studies	with	 realistic	

results	(e.g.	Wilson	and	Clark,	1998;	Carr,	2001;	Brown	et	al.,	2013).	

	

6.2.2	Glacier	reconstructions	

Empirically-based	 three-dimensional	 representations	 of	 the	 six	 YD	 cirque	 glaciers	were	

hand-drawn	 within	 ArcMap,	 using	 the	 geomorphological	 evidence	 and	 surface	 profile	

modelling	outlined	above	as	a	guide.	These	are	presented	 in	Figure	6.31.	The	 termini	of	

glaciers	are	marked	by	moraines	at	all	sites	except	Upper	Fraughan	Rock	Glen,	which	has	

no	associated	moraines	or	definitive	indication	of	an	ice	limit,	as	discussed	in	section	6.1.4.	

A	boulder	spread	is	present	at	Upper	Fraughan	Rock	Glen.	However,	it	is	not	clear	if	this	

should	be	used	to	define	the	glacier	limit	because	of	significant	peat	development.	Instead,	

as	 discussed	 in	 section	 6.1.4,	 the	 glacier	 limit	 is	 based	 on	 the	 likely	 area	 of	 cirque	

development	using	a	combination	of	 topographic	situation	(exposure	to	solar	radiation),	

the	 limited	 geomorphological	 evidence,	 and	 the	 relative	 size	 of	 the	 other	 reconstructed	

palaeoglaciers.	At	their	maximum	extent,	the	six	glaciers	had	a	total	combined	surface	area	

of	2.33	km2	and	an	average	glacier	area	of	0.39	km2.	
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Figure	 6.13.	 Glacier	 reconstructions	 of	 inferred	 YD	 sites,	 based	 on	 geomorphological	 evidence,	
radiation	modelling,	elevation	and	surface	profile	modelling.	
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6.3	Palaeoclimatic	inferences	

6.3.1	Glacier	ELAs	

The	ELA	is	defined	as	the	altitude	where	net	annual	accumulation	and	ablation	are	equal,	a	

relationship	 largely	 controlled	 by	 climate	 (Ohmura	 et	 al.,	 1992).	 Temperature	 and	

precipitation	are	widely	regarded	as	the	primary	parameters	controlling	the	altitude	of	the	

ELA.	However,	existence	of	the	ELA	is	partly	theoretical,	as	in	reality	the	ELA	rarely	occurs	

as	a	single	 line	at	constant	altitude	across	a	glacier	surface	(Oerlemans,	2001;	Benn	and	

Evans,	2010).	Nevertheless,	it	provides	useful	indication	of	the	altitude	at	which	the	glacier	

is	 in	equilibrium	as	 there	 is	neither	mass	gain	nor	 loss.	Consequently,	 the	ELA	 is	closely	

related	to	a	glacier’s	annual	net	mass	balance.	Fluctuations	of	 the	ELA	reflect	changes	 in	

glacier	mass	balance	which	is	a	function	of	climate	(Porter,	1975).	A	glacier	in	equilibrium	

with	the	climate	will	have	a	net	annual	mass	balance	of	zero,	its	ELA	is	therefore	known	as	

a	steady-state	ELA.	However,	the	existence	of	a	steady-state	ELA	could	be	argued	to	also	be	

theoretical,	as	it	is	rare	for	glaciers	to	have	an	annual	mass	balance	of	zero	(Benn	and	Evans,	

2010).		

This	relationship	highlights	the	sensitivity	of	the	ELA	to	variations	in	both	accumulation	and	

ablation.	As	a	result,	changes	in	the	ELA	are	an	important	indication	of	fluctuations	in	both	

local	 and	 regional	 climate	 (Benn	 and	 Evans,	 2010).	 ELAs	 calculated	 in	 palaeoglacier	

reconstructions	are	often	referred	to	as	steady-state	ELAs	(Benn	et	al.,	2005)	because	it	is	

assumed	 that	 the	 palaeoglacier	was	 in	 climatic	 equilibrium	 at	 the	 time	 of	 its	maximum	

position.	 Whilst	 in	 reality	 this	 is	 unlikely,	 comparison	 of	 calculated	 steady-state	 ELAs	

provide	 an	 important	 indicator	 of	 glacier	 response	 to	 climatic	 change,	 enabling	 the	

reconstruction	of	former	climates	(Pearce,	2014).	Multiple	methods	of	ELA	reconstruction	

have	 been	 proposed,	 each	 with	 different	 approaches	 and	 associated	 advantages	 and	

disadvantages.	 Three	 main	 methods	 (Accumulation	 Area	 Ratio,	 Area-Weighted	 Mean	

Altitude	and	Area-Altitude	Balance	Ratio)	have	become	prevalent	in	studies	deriving	ELAs	

from	palaeoglacier	reconstructions	(Table	6.6).		

The	Accumulation	Area	Ratio	(ARR)	is	based	on	contemporary	glacier	measurements	and	

assumes	that	a	glacier’s	accumulation	area	occupies	a	fixed	proportion	of	the	total	glacier	

area.	In	glacier	reconstructions,	this	is	typically	applied	as	a	range	between	0.5–0.8,	meaning	

that	the	accumulation	area	can	occupy	between	50–80%	of	the	total	glacier	area.	A	value	of	

0.6	AAR	is	generally	adopted	as	characteristic	of	temperate	valley	and	cirque	glaciers	(Meier	

and	 Post,	 1962;	 Porter,	 1975;	 Rea,	 2009).	 The	 AAR	method	 assumes	 that	 all	 parts	 of	 a	

glacier’s	 accumulation	 and	 ablation	 area	 contribute	 equally	 to	 glacier	 mass	 balance.	

However,	this	is	not	representative	as	in	reality	net	accumulation	and	net	ablation	increases	
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in	opposing	distances	from	the	ELA.	In	addition,	as	noted	by	Benn	and	Lehmkuhl	(2000),	

observed	steady-state	AARs	can	range	between	0.55–0.8	over	several	years,	depending	on	

glacier	 hypsometry	 and	 latitude.	 In	 addition	 to	 this,	 the	AAR	 fails	 to	 account	 for	 glacier	

hypsometry	(the	distribution	of	area	with	altitude).	This	is	a	significant	issue	as	hypsometry	

can,	 in	 some	 circumstances,	 significantly	 impact	 the	 ELA	 (Rea	 and	 Evans,	 2007).	 The	

altitudinal	distribution	of	a	glacier	controls	its	sensitivity	to	a	rise	in	the	ELA.	For	example,	

a	glacier	with	large	and	relatively	flat	accumulation	area	(low	altitudinal	range)	will	be	more	

sensitive	 to	 increases	 in	 the	 ELA,	 than	 a	 glacier	 with	 steeper	 accumulation	 area	 (high	

altitudinal	range)	(Furbish	and	Andrews,	1984;	Barr	and	Lovell,	2014).		

		
Table	6.6.	Key	assumptions	of	the	three	most	widely	used	methods	of	ELA	reconstruction.	

Method	 Assumptions	 Relevant	studies	

Accumulation	

Area	Ratio	(AAR)	

-	Accumulation	area	occupies	fixed	proportion	of	

total	glacier	area	

-	All	parts	of	accumulation	and	ablation	areas	

contribute	equally	to	glacier	mass	balance	

-	Does	not	account	for	glacier	hypsometry	

Porter,	1977;	Kuhn,	1989;	

Benn	and	Lehmkuhl,	2000	

Area-Weighted	

Mean	Altitude	

(AWMA)	

-	Ablation	and	accumulation	gradients	are	

identical	

-	ELA	is	dependent	on	altitudinal	distributions	of	

a	glacier	surface	

-	Accumulation	and	ablation	gradients	are	

identical	and	linearly	related	to	ice	surface	

-	Accounts	for	glacier	hypsometry	

Sissons,	1974;	Sissons	and	

Sutherland,	1976;	

Ballantyne,	1989;	Mitchell,	

1991;	McDougall,	2001	

Area-Altitude	

Balance	Ratio	

(AABR)	

-	Ablation	and	accumulation	gradients	are	not	

identical	but	are	linear	and	fixed	over	time	

-	Uses	balance	ratio	to	represent	mass	balance	

gradients	

-	Accounts	for	glacier	hypsometry	

Furbish	and	Andrews,	

1984;	Benn	and	Gemmell,	

1997;	Benn	and	Lehmkuhl,	

2000;	Osmaston,	2005;	

Rea,	2009	

	

The	Area-Weighted	Mean	Altitude	(AWMA)	has	been	widely	used	to	calculate	YD	ELAs	in	

upland	Britain	since	its	introduction	by	Sissons	(1974;	see	Table	6.6).	The	method	estimates	

variations	in	the	altitudinal	distribution	of	palaeoglaciers	using	the	assumption	that	ELA	is	

dependent	on	altitudinal	distributions	of	a	glacier	surface.	For	this	reason,	it	has	been	used	

on	 both	 valley	 and	 plateau	 icefields	 (Mitchell,	 1991;	McDougall,	 2001).	 The	model	 also	

assumes	that	both	the	ablation	gradient	(the	rate	that	ablation	decreases	with	altitude)	and	

accumulation	gradient	are	linearly	related	to	ice-surface	altitude	(Lowe	and	Walker,	1997).	
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A	 significant	 limitation	 of	 the	 model	 is	 the	 assumption	 that	 ablation	 and	 accumulation	

gradients	are	identical.	This	is	not	observed	in	contemporary	glaciers,	ablation	gradients	

are	demonstrated	to	be	typically	steeper	than	accumulation	gradients	(Oerlemans,	2001).	

The	AWMA	method	uses	assumptions	that	oversimplify	 the	relationship	between	glacier	

mass	balance	and	altitude,	which	can	lead	to	overestimation	of	ELAs	(Benn	and	Ballantyne,	

2005).	

Furbish	and	Andrews	(1984)	addressed	the	static	problems	associated	with	the	AWMA	and	

AAR	methods,	 through	 the	 use	 of	 the	 Area-Altitude	 Balance	 Ratio	 (AABR).	 The	method	

specifically	 accounts	 for	 glacier	 hypsometry	 and	 includes	 accumulation	 and	 ablation	

gradients.	The	AABR	has	become	increasingly	adopted	by	studies	(e.g.	Benn	and	Gemmell,	

1997;	Osmaston,	2005;	Rea,	2009;	Bendle	and	Glasser,	2012;	Peace,	2014;	Boston	et	 al.,	

2015;	 Barr	 et	 al.,	 2017a;	 Chandler	 and	 Lukas,	 2017).	 However,	 there	 are	 three	 key	

assumptions	 that	 the	 AABR	 method	 applies	 when	 calculating	 palaeo-ELAs:	 (1)	

accumulation	and	ablation	gradients	are	approximately	linear;	(2)	the	ratio	between	these	

two	 gradients	 remains	 fixed	 over	 time;	 and	 (3)	 topography	 constrains	 an	 ice	 mass	 to	

sufficient	extent	that	changes	to	mass	balance	manifest	as	a	change	to	terminus	(advance	or	

retreat).	The	accuracy	of	the	assumption	that	both	ablation	and	accumulation	gradients	are	

linear	remains	an	unknown	factor	 in	glacier	reconstructions	using	AABR.	While	 this	will	

cause	 error	 if	 it	 is	not	 the	 case,	 assessment	of	 contemporary	 accumulation	and	ablation	

gradients	by	Rea	(2009)	saw	that	the	majority	of	gradients	satisfied	this	assumption.		

As	 glacier	 reconstructions	 usually	 take	 place	 in	 a	 formerly	 glaciated	 setting,	 without	 a	

contemporary	local	glacier	for	balance	ratio	calibration,	a	representative	AABR	has	to	be	

assumed	(Rea,	2009).	Balance	ratios	ranging	from	1.8–2.2	have	been	used	for	reconstructed	

mid-latitude	glaciers,	in	association	with	proposed	high	summer	ablation	rates	(Benn	and	

Gemmell,	1997;	Benn	and	Lehmkuhl,	2000;	Osmaston,	2005).	Furbish	and	Andrews	(1984)	

identified	 an	 average	 balance	 ratio	 of	 1.8	 through	 the	 analysis	 of	 22	 modern	 glaciers,	

meaning	that	vertical	change	in	mass	balance	was	1.8	times	greater	in	the	ablation	area	than	

the	 accumulation	 area.	 Although	 it	 could	 be	 argued	 that	 these	 balance	 ratios	 were	 not	

necessarily	 obtained	 from	 glaciers	 in	 equilibrium.	 A	 detailed	 review	 by	 Rea	 (2009)	

suggested	that	a	balance	ratio	of	1.9	±	0.81	is	the	most	appropriate	balance	ratio	for	use	in	

mid-latitude	 maritime	 glacier	 reconstructions	 and	 has	 now	 been	 adopted	 by	 multiple	

studies	(e.g.	Lukas	and	Bradwell,	2010;	Pearce,	2014;	Boston	et	al.,	2015;	Boston	and	Lukas,	

2017;	Barr	et	al.,	2017a;	Chandler	and	Lukas,	2017).	

The	Area-Altitude	Balance	Ratio	 (AABR)	has	been	established	as	 the	most	 rigorous	ELA	

calculation	method	for	the	majority	of	palaeoglaciological	situations	and	the	most	reliable	

approach	 for	 calculating	 true	 climatic	 ELAs.	 However,	 for	 comparability	 with	 previous	
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studies,	 AARs	 (0.5,	 0.6)	 and	AABRs	 (1.67,	 1.8,	 1.9	 ±	 0.81,	 2.0)	 are	 calculated	 for	 the	 six	

reconstructed	YD	glaciers	(Table	6.7).	These	AAR	values	were	used	as	these	are	deemed	the	

most	 representative	 of	mid-latitude	 glaciers	without	 significant	 debris	 cover	 (Benn	 and	

Ballantyne,	2005).	For	this	study,	ELAs	calculated	from	an	AABR	balance	ratio	of	1.9	±	0.81	

are	 considered	 the	 most	 representative,	 as	 this	 balance	 ratio	 has	 been	 determined	 by	

calculations	using	mid-latitude	glaciers	(e.g.	Rea,	2009)	comparable	to	those	in	the	Wicklow	

Mountains.	This	balance	ratio	also	incorporates	an	error	range,	unlike	other	balance	ratios.	

Using	this	AABR	value	and	10	m	contour	intervals,	ELAs	range	from	467	±	9	–	719	±	5	m,	

with	an	average	ELA	of	621	±	9	m.	Note	that	Fraughan	Rock	Glen	(739	±	8	m)	has	not	been	

included	in	regional	calculations	as	a	definitive	YD	ice	limit	is	absent.	The	AAR	derived	ELAs	

range	from	465	–	718	(0.5	AAR)	to	453	–	712	(0.6	AAR)	and	are	fairly	similar	to	ELAs	derived	

from	the	AABR	method	(Table	6.6).		

Previous	 studies	 have	 identified	 ELA	 gradients,	 which	 often	 explain	 the	 range	 in	 ELAs.	

However,	 in	 the	Wicklow	Mountains,	 there	 is	no	 clear	ELA	gradient	 to	 explain	 the	 large	

range	in	calculated	ELAs.	This	contrasts	with	Snowdonia	(Bendle	and	Glasser,	2012),	the	

Mourne	Mountains	(Barr	et	al.,	2017a),	and	the	Pennines	(Mitchell,	1996),	all	of	which	all	

display	distinct	west-east	increases	in	ELAs.	However,	as	the	regional	sample	constitutes	

only	five	glaciers	(excluding	Upper	Fraughan	Rock	Glen),	it	just	may	not	be	possible	to	detect	

an	ELA	gradient	with	the	available	data.		

	

Table	6.7.	ELAs	for	reconstructed	YD	cirque	glaciers	calculated	using	the	AAR	and	AABR	approach.	
Uncertainty	for	ELAs	calculated	using	the	AABR	of	1.9	in	the	range	of	±0.81	(Rea,	2009)	is	included.	
It	is	suggested	that	using	an	AABR	of	1.9	is	most	appropriate	and	have	highlighted	these	values	in	
bold.	Glaciers	are	organised	from	west	to	east	in	the	Wicklow	Mountains	and	the	dominant	direction	
of	 flow	 for	 each	 glacier	 in	 brackets.	 Upper	 Fraughan	 Rock	 Glen	 is	 excluded	 from	 any	 regional	
calculations,	as	a	definitive	YD	glacier	extent	is	absent.	

Glacier	(aspect)		 Area	(km²)	 AAR		 	 AABR		 		 	 	
	 	 0.5	 0.6	 1.67	 1.8	 1.9	±	0.81	 2.0	
North	Prison	(W)	 0.61	 675	 655	 677	 675	 673	±	18	 671	
Fraughan	Rock	Glen	(NE)	 0.22	 750	 740	 741	 740	 739	±	8	 738	
Kelly’s	Lough	(NE)	 0.54	 632	 627	 633	 632	 631	±	6	 631	
Lough	Cleevaun	(NE)	 0.16	 718	 712	 720	 719	 719	±	5	 718	
Lough	Nahanagan	(NE)	 0.46	 465	 453	 469	 468	 467	±	9	 467	
Lough	Ouler	(NE)	 0.34	 608	 604	 616	 615	 615	±	5	 614	
	 	 	 	 	 	 	 	
Regional	average		 0.42	 620	 610	 623	 622	 621	±	9	 620	
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6.3.2	Palaeoprecipitation	

The	empirical	relationships	between	temperature	and	precipitation	at	glacier	ELAs	are	well	

established	(e.g.	Ohmura	et	al.,	1992;	Ohmura	and	Boettcher,	2018	and	references	therein),	

meaning	 that	 the	 sensitive	 link	 between	 glaciers	 and	 climate	 can	 be	 used	 to	 derive	

palaeoclimatic	 variables.	 Based	 on	 this	 relationship,	 palaeoprecipitation	 totals	 can	 be	

estimated	 at	 reconstructed	 glacier	ELAs	 if	 concurrent	 summer	 temperatures	 are	 known	

(Benn	 and	 Ballantyne,	 2005;	 Ballantyne,	 2007a;	 Carr	 and	 Coleman,	 2007).	 Here,	

palaeoprecipitation	 values	 are	 calculated	 using	 the	 equation	 devised	 by	 Ohmura	 et	 al.	

(1992)	to	describe	the	temperature-precipitation	relationship	(Table	6.8).	This	method	is	

deemed	appropriate	for	palaeoprecipitation	reconstruction	in	the	Wicklow	Mountains	as	

the	equation	is	derived	from	the	examination	of	70	mid-	and	high-latitude	contemporary	

glaciers,	 in	 localities	 arguably	 comparable	 to	 eastern	 Ireland	 during	 the	 YD,	 including	

Scandinavia	and	Iceland.	

Ohmura	et	al.	(1992)	examined	the	relationship	between	mean	summer	temperature	and	

total	annual	precipitation	at	the	ELA.	The	following	equation	was	developed	to	describe	this	

relationship:	

Pa	=	645	+	296T3+9T32	

Where	 Pa	 is	 the	 annual	 precipitation	 (mma-1)	 and	 T3	 is	 the	 three-month	mean	 summer	

temperature	(°C)	at	the	equilibrium	line.		

This	relationship	between	temperature	and	precipitation	at	the	ELA	enables	calculations	of	

one	of	 these	 variables	 if	 an	 independent	 value	 is	 known	 for	 the	 other.	 It	 has	 been	used	

widely	in	Scotland	to	derive	palaeoprecipitation	at	the	ELA	of	YD	glaciers,	through	use	of	an	

independent	 temperature	 proxy	 (usually	 chironomids;	 e.g.	 Benn	 and	 Ballantyne,	 2005;	

Lukas	and	Bradwell,	2010;	Finlayson	et	al.,	2011;	Boston	et	al.,	2015).	However,	there	has	

been	debate	over	the	its	suitability	for	palaeoclimatic	reconstruction	in	Scotland	(Dahl	&	

Nesje,	1996;	Dahl	 et	 al.,	 1997;	Kaser	&	Osmaston,	2002;	Benn	et	 al.,	 2005;	Evans,	2006;	

Braithwaite,	 2008;	 Golledge	 et	 al.,	 2010).	 It	 has	 been	 suggested	 that	 the	 use	 of	 a	 global	

dataset	 cannot	 produce	 meaningful	 results,	 at	 a	 regional	 to	 local	 level,	 because	 the	

relationship	between	temperature	and	precipitation	varies	between	geographic	locations	

due	to	variations	in	incoming	solar	radiation	and	local	factors	(e.g.	topography,	aspect,	wind	

direction).	However,	there	is	a	counterargument	that	in	fact	by	using	a	global	dataset,	local	

variations	are	‘evened	out’,	resulting	in	a	more	reliable	dataset	than	if	attempting	to	account	

for	local	variability	in	areas	without	modern	glaciers	(Benn	and	Ballantyne,	2005;	Lukas	and	

Bradwell,	 2010).	 For	 this	 reason,	 the	 Ohmura	 et	 al.	 (1992)	 calculation	 is	 deemed	
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appropriate	for	use	in	the	Wicklow	Mountains,	enabling	palaeoclimate	comparisons	with	

other	studies.	

In	 this	 thesis,	 an	 independent	 temperature	 proxy	 was	 acquired	 from	 Ballybetagh	 Bog	

(Coope,	1998;	~7	km	northeast	of	the	Wicklow	Mountains),	which	identified	a	mean	YD	July	

temperature	 of	 9°C	 (230	 m).	 This	 was	 converted	 to	 temperature	 at	 sea	 level	 (10.38–

10.61°C)	using	wet	adiabatic	lapse	rates	of	0.006–0.007°	C	m-1	(Rea,	2009),	equating	to	a	

mean	July	sea	level	temperature	of	10.495°C.			

Ohmura	et	al.	(1992)	next	requires	the	mean	July	temperature	(10.495°C,	at	sea	level)	to	be	

transformed	into	a	mean	summer	temperature	(at	sea	level).	This	was	undertaken	using	the	

following	equation:	

T3	=	0.97TJ	

Where	 T3	 is	 the	 mean	 summer	 (three-month)	 temperature	 and	 TJ	 is	 the	 mean	 July	

temperature.	

Using	an	average	wet	adiabatic	lapse	rate	of	0.0065°	C	m-1	(Rea,	2009),	T3	was	subsequently	

transformed	 from	 average	 summer	 temperature	 at	 sea	 level	 to	 average	 summer	

temperature	 at	 the	 six	 reconstructed	ELAs	 (Table	6.7).	Although	 there	 are	uncertainties	

surrounding	 how	 representative	 this	 lapse	 rate	 is	 (Rea,	 2009),	 its	 use	 provides	 an	

approximation	of	the	likely	adiabatic	lapse	rate.	Error	margins	for	palaeoprecipitation	were	

calculated	from	the	differences	between	the	maximum	and	minimum	precipitation	values	

(using	0.0006	and	0.0007°	C	m-1	lapse	rates)	and	the	average	precipitation	value.	A	standard	

error	of	±	200	mm	was	added	to	this	error	to	include	differences	in	the	relationship	between	

air	temperature	and	ablation	(Ohmura	et	al.,	1992).		

Palaeoprecipitation	values	for	YD	glaciers	in	the	Wicklow	Mountains	are	presented	in	Table	

6.8	and	range	from	2497	±	573	–	3219	±	278	mma-1	(at	the	ELA)	and	1648	±	569	–	2476	±	

273	(at	sea	level).	Contemporary	precipitation	values	in	the	Wicklow	Mountains	are	~2000	

mma-1	(Noone	et	al.,	2015).	These	calculations	imply	a	wetter	climate	during	the	YD	than	at	

present	day,	which	contradicts	recent	work	that	suggests	a	more	arid	YD	climate	in	Scotland	

(Golledge	et	al.,	2010;	Palmer	et	al.,	2012)	and	wider	northeastern	Europe	(Renssen	and	

Isarin,	1998;	Renssen	and	Vandenberghe,	2003),	 in	association	with	 increased	northeast	

Atlantic	sea	ice.	However,	these	calculated	precipitation	values	may	not	be	solely	reflective	

of	regional	climate,	as	local	topoclimatic	processes	may	have	affected	glacier	size.	This	has	

been	demonstrated	in	other	marginally	glaciated	regions	such	as	Snowdonia	(Bendle	and	

Glasser,	2012)	and	the	Mourne	Mountains	(Barr	et	al.,	2017a).	It	is	thus	likely	that	the	wide	

range	 of	 calculated	 ELAs,	 and	 therefore	 precipitation	 estimates,	 actually	 reflects	 the	
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influence	 of	 topographically	 enhanced	 snow	 accumulation.	 Snowblow	 and	 avalanche	

modelling	provides	a	way	to	account	for	this.			

	
Table	 6.8.	 Palaeoprecipitation	 values	 and	 uncertainty	 for	 YD	 cirque	 glaciers	 in	 the	 Wicklow	
Mountains	at	 their	 respective	ELAs	and	at	 sea	 level,	 calculated	using	 the	AABR	=	1.9	±	0.81	ELA.	
Results	are	derived	using	the	Ohmura	et	al.	(1992)	precipitation-temperature	relationship.		

Glacier	 ELA		
(m	asl)	

Effective	precipitation	
at	ELA	(mma-1)	

Effective	precipitation	at	sea	
level	(mm	a-1)	

North	Prison	 673	 2667	±	493	 1827	±	467	
Fraughan	Rock	Glen	 739	 2497	±	573	 1648	±	569	
Kelly’s	Lough	 631	 2777	±	449	 1948	±	434	
Lough	Cleevaun	 719	 2548	±	311	 1701	±	279	
Lough	Nahanagan	 467	 3219	±	278	 2476	±	273	
Lough	Ouler	 615	 2819	±	294	 1995	±	272	
	

	

6.3.3	Snowblow	and	avalanche	modelling	

Windblown	and	avalanched	snow	are	likely	to	have	been	a	key	factor	in	glacier	initiation	

and	survival	 in	the	Wicklows	during	the	YD	(Tomkins	et	al.,	2018a),	as	also	 identified	 in	

other	marginally	glaciated	regions	(e.g.	Brecon	Beacons,	Coleman	et	al.,	2009;	Lesotho,	Mills	

et	al.,	2009;	Snowdonia,	Bendle	&	Glasser,	2012;	Parâng	Mountains,	Gheorghiu	et	al.,	2015;	

Mourne	 Mountains,	 Barr	 et	 al.,	 2017a;	 Ben	 More	 Coigach,	 Chandler	 &	 Lukas,	 2017;	

Monashee	Mountains,	DeBeer	and	Sharp,	2017).	In	areas	of	marginal	glaciation,	where	there	

is	a	prevalent	wind	direction,	snowblow	may	be	responsible	for	the	existence	of	glaciers	at	

relatively	 low	altitudes	 (Ballantyne	&	Benn,	1994;	Mitchell,	 1996).	 In	 Ireland,	prevailing	

wind	 directions	 have	 been	 identified	 from	 aeolian	 records	 and	 model	 simulations	 (e.g.	

Isarin	et	al.,	1997;	Isarin	et	al.,	1998;	Isarin	and	Renssen,	1999)	indicating	that	W-SW	winds	

prevailed	(similar	to	present	day),	particularly	during	the	winter	(snow	bearing)	months.	

These	prevailing	winds	may	have	redistributed	snow	in	the	Wicklow	Mountains,	potentially	

leading	to	topographically	enhanced	snow	accumulation	for	YD	glaciers.		

Sissons	and	Sutherland	(1976)	recognised	that	all	ground	lying	above	the	accumulation	area	

of	a	glacier	sloping	towards	the	glacier	surface	has	the	potential	to	contribute	mass	to	the	

glacier.	This	includes	redistribution	of	snow	by	both	wind	and	avalanching.	However,	this	

does	 not	 account	 for	 the	 redistribution	 of	 snow	via	 uphill	movement	which	 can	 further	

increase	snow	accumulation	(Robertson,	1989).	Instead,	Mitchell	(1996)	proposed	that	to	

account	for	lateral	and	uphill	snow	movement,	all	ground	lying	above	the	ELA	and	laterally	

continuous	 to	 a	 glacier	 should	 be	 defined	 as	 a	 potential	 snowblow	 area	 (PSBA).	 This	

includes	plateau	surfaces	above	glaciers.	This	method,	used	originally	to	assess	snowblow	
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in	the	Pennines	(Mitchell,	1996),	has	become	the	standard	approach	for	considering	snow-

blown	contributions	to	glacier	accumulation.	However,	steep	slopes	(above	glaciers)	may	

act	as	snow	fences	actively	blocking	snow	transfer	towards	ice	masses	(Robertson,	1989;	

Coleman	et	al.,	2009;	Chandler	&	Lukas,	2017)	so,	for	ground	above	a	glacier,	a	maximum	

slope	 angle	 of	 10°	 (dipping	 away	 from	 a	 glacier)	 is	 defined	 as	 the	 threshold	 for	 viable	

snowblow	(Mitchell,	1996).	However,	snowblow	has	been	observed	crossing	near	vertical	

slopes	in	Svalbard	(Humlum,	2002),	casting	doubt	on	the	effect	of	snow	fences.	Therefore,	

all	snowblow	calculations	should	be	considered	a	conservative	minimum,	rather	than	an	

absolute	 value.	 Slopes	 surrounding	 glaciers	 also	 have	 the	 potential	 to	 contribute	 mass	

through	avalanching	(Sissons	&	Sutherland,	1976;	Gruber,	2007),	or	through	the	collapse	of	

cornices	developed	on	cirque	cliff	edges	(Mitchell,	1996).	Areas	sloping	towards	the	glacier	

exceeding	 20°	 have	 been	 identified	 as	 potential	 avalanche	 areas	 (PAAs;	 Sissons	 &	

Sutherland,	1976;	Chandler	&	Lukas,	2017).		

PSBAs	(all	laterally	continuous	ground	above	the	ELA,	including	slopes	dipping	up	to	<10°	

away	from	the	glacier)	and	PAAs	(areas	sloping	towards	the	glacier	exceeding	20°)	were	

digitised	in	ArcGIS	for	the	six	reconstructed	glaciers,	with	slope	models	used	to	facilitate	

area	 identification.	 The	 size	 and	 relative	 contributions	 of	 PSBA	 and	 PAA	 areas	 were	

calculated	(Table	6.9,	6.10).	In	order	to	assess	the	potential	significance	of	different	wind	

directions,	total	areas	were	divided	into	15°	sectors	and	drawn	as	polar	plots	(Figure	6.14).	

This	information	is	summarised	in	Tables	6.9	and	6.10,	considering	each	90°	quadrant	from	

north	 (NE,	 SE,	 SW,	NW)	 along	with	 a	 southern	 (135-225°)	 and	western	 quadrant	 (225-

315°),	to	assess	the	contribution	of	southern	and	western	winds.		

The	significance	of	PSBAs	were	assessed	by	 the	calculation	of	PSBA	ratios	 (PSBA:glacier	

area).	This	method	has	been	widely	adopted	(e.g.	Sissons,	1980a;	Sutherland,	1984;	Bendle	

and	Glasser,	2012;	Barr	et	al.,	2017a;	Tomkins	et	al.,	2018a),	but	does	not	take	into	account	

that	 with	 increasing	 distance	 from	 the	 glacier,	 snow	 is	 less	 likely	 to	 contribute	 to	

accumulation.	Consequently,	not	all	PSBAs	will	provide	equal	snow	supply	to	the	glacier	(cf.	

Mitchell,	 1996;	 Mills	 et	 al.,	 2012).	 Sissons	 (1980b)	 proposed	 that	 this	 issue	 could	 be	

addressed	through	the	calculation	of	‘snowblow	factors’,	the	square	root	of	the	PSBA	ratio.	

Snowblow	and	avalanche	factors	have	been	calculated	for	the	reconstructed	glaciers	in	the	

Wicklow	Mountains	(Table	6.9,	6.10).		

Assessment	of	the	snowblow	areas	using	bivariate	plots	of	glacier	ELAs	plotted	against	both	

snowblow	(Ac)	and	avalanche	(Ag)	ratios	and	factors	(Figure	6.15)	highlights	three	distinct	

YD	glacier	outliers:	Lough	Nahanagan,	Lough	Cleevaun,	and	Fraughan	Rock	Glen.	Firstly,	

Lough	Nahanagan	(467	m	ELA)	has	the	second	highest	snowblow	ratio	(5.35)	and	factor	
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(2.31)	and,	if	individual	90°	snowblow	sectors	are	considered,	dominant	snowblow	aspects	

are	 evident.	 The	 southwestern	 and	 western	 sectors	 indicate	 the	 highest	 potential	 for	

snowblow	with	factors	of	1.40,	and	1.45	which	relates	well	(by	coincidence)	to	the	identified	

west	to	southwest	prevailing	YD	winds	(Isarin	et	al.,	1998;	Isarin	and	Renssen,	1999).	This	

means	that	snowblow	had	the	potential	to	contribute	significant	mass	to	the	glacier	and,	

due	to	prevailing	wind	directions,	it	is	highly	probable	that	snow	redistribution	occurred	at	

the	site	and	this	may	help	to	explain	the	low	ELA. 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 6.14.	 Distribution	 of	 potential	 snowblow	 and	 avalanche	 areas	 around	 the	 six	 YD	 glaciers.	
Produced	using	the	approach	of	Mitchell	(1996).		
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Table	6.9.	Potential	snowblow	areas	(expressed	as	the	percentage	of	total	snowblow	area)	and	snow	blow	factors	for	each	90°	sector,	calculated	based	on	approaches	
outlined	by	Sissons	(1980b),	Mitchell	(1996),	and	Chandler	and	Lukas	(2017).	Ac/Ag	ratios	(snow	blow	area/glacier	area)	are	also	presented	(Barr	et	al.	(2017a).	

	

Table	6.10.	Potential	avalanche	areas	(expressed	as	a	percentage	of	the	total	avalanche	area)	and	avalanche	factors	for	each	90°	sector,	calculated	on	the	approach	outlined	
by	Chandler	and	Lukas,	2017.		

	 	 	 Snowblow	area	by	90°	sectors	
(percentage	of	total	area)	

	 Snowblow	factor	by	90°	sectors	 	 	 	

Glacier	(aspect)	 Area	
(km²)	

Total	snowblow	
area	(km²)	

NE	 SE	 SW	 NW	 S	 W	 	 NE	 SE	 SW	 NW	 S	 W	 Total	snowblow	
ratio	

Total	snowblow	
factor	

Ac/Ag	
ratio	

North	Prison	(W)	 0.61	 1.55	 28.1	 69.2	 2.6	 0.2	 4.2	 0.8	 	 0.84	 1.32	 0.26	 0.07	 0.33	 0.14	 2.54	 1.59	 2.54	
Fraughan	Rock	Glen	(N)	 0.22	 1.15	 0.0	 16.9	 23.5	 59.6	 29.1	 49.1	 	 0.00	 0.94	 1.11	 1.77	 1.23	 1.60	 5.24	 2.29	 5.22	
Kelly’s	Lough	(N)	 0.54	 1.02	 0.0	 26.7	 34.7	 38.6	 23.4	 65.8	 	 0.00	 0.71	 0.81	 0.86	 0.67	 1.12	 1.89	 1.38	 1.88	
Lough	Cleevaun	(N)	 0.16	 1.94	 0.0	 29.7	 69.6	 0.7	 61.8	 12.7	 	 0.00	 1.90	 2.90	 0.30	 2.74	 1.24	 12.11	 3.48	 12.13	
Lough	Nahanagan	(E)	 0.46	 2.46	 2.4	 34.7	 69.9	 26.0	 43.9	 39.4	 	 0.36	 1.36	 1.40	 1.18	 1.53	 1.45	 5.35	 2.31	 5.35	
Lough	Ouler	(E)	 0.34	 0.58	 4.3	 27.2	 26.3	 42.3	 10.9	 55.9	 	 0.27	 0.67	 0.67	 0.85	 0.43	 0.98	 1.71	 1.31	 1.71	

	 	 	 Avalanche	area	by	90°	sectors	
(percentage	of	total	area)	

	 Avalanche	factor	by	90°	sectors	 	 	

Glacier	(aspect)	 Area	
(km²)	

Total	avalanche	
area	(km²)	

NE	 SE	 SW	 NW	 S	 W	 	 NE	 SE	 SW	 NW	 S	 W	 Total	avalanche	
ratio	

Total	avalanche	factor	

North	Prison	(W)	 0.61	 0.13	 60.5	 57.6	 11.9	 0.0	 37.1	 0.0	 	 0.26	 0.35	 0.16	 0.00	 0.28	 0.00	 0.21	 0.46	
Fraughan	Rock	Glen	(N)	 0.22	 0.11	 0.0	 35.7	 43.1	 21.3	 53.9	 36.2	 	 0.00	 0.43	 0.47	 0.33	 0.52	 0.43	 0.51	 0.71	
Kelly’s	Lough	(N)	 0.54	 0.11	 0.0	 17.9	 38.1	 43.9	 33.7	 66.3	 	 0.00	 0.19	 0.28	 0.30	 0.26	 0.37	 0.21	 0.46	
Lough	Cleevaun	(N)	 0.16	 0.03	 0.0	 27.3	 53.8	 18.9	 36.7	 50.8	 	 0.00	 0.24	 0.34	 0.20	 0.28	 0.33	 0.22	 0.46	
Lough	Nahanagan	(E)	 0.46	 0.12	 0.0	 15.1	 32.9	 51.9	 30.9	 43.4	 	 0.00	 0.20	 0.30	 0.37	 0.29	 0.34	 0.26	 0.51	
Lough	Ouler	(E)	 0.34	 0.07	 0.0	 10.0	 63.9	 26.1	 45.1	 52.6	 	 0.00	 0.14	 0.36	 0.23	 0.30	 0.33	 0.20	 0.45	
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Figure	6.15.	Glacier	
equilibrium-line	
altitudes	(ELAs)	plotted	
against	snowblow	(Ac)	
and	avalanche	(Ag)	
ratios	and	factors.	Sites	
are	classified	by	colour.	
Upper	FRG:	orange,	
North	Prison:	blue,	
Lough	Cleevaun:	purple,	
Lough	Nahanagan:	
green,	Lough	Ouler:	
yellow,	Kelly’s	Lough:	
red.	
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Two	further	outliers	feature	in	association	with	the	two	highest	identified	cirque	glaciers	

(Lough	Cleevaun,	ELA	719	m;	Upper	Fraughan	Rock	Glen,	ELA	739	m).	These	sites	also	have	

the	 highest	 and	 third	 highest	 snowblow	 ratios	 (12.11;	 5.24)	 and	 factors	 (3.48;	 2.29),	

respectively,	and	the	glaciers	are	the	smallest	that	have	been	reconstructed	(0.16	km2;	0.22	

km2).				

Whilst	the	sites	have	northeastern	aspects	and	are	classified	as	grade	2	(Lough	Cleevaun)	

and	 3	 (Upper	 Fraughan	 Rock	 Glen)	 cirques	 (cf.	 Evans	 and	 Cox,	 1995),	 both	 experience	

relatively	high	levels	of	radiation.	For	instance,	at	the	summer	solstice	radiation	levels	of	

4629	 Wh/m2	 (Lough	 Cleevaun)	 and	 5858	 Wh/m2	 (Fraughan	 Rock	 Glen)	 are	 modelled,	

putting	both	sites	into	the	high	radiation	level	category	(4500	Wh/m2	threshold).	Despite	

the	favourable	aspect,	the	topography	is	not	able	to	protect	the	sites	from	intense	radiation	

during	the	peak	of	summer.	This	is	likely	due	to	the	limited	height	of	the	cirque	headwalls,	

just	141	m	and	200	m,	respectively,	which	were	not	able	to	provide	protective	shade	due	to	

the	 summer	 sun’s	 high	 angle	 of	 incidence.	 It	 is	 interpreted	 that	 enhanced	 snow	

accumulation,	particularly	in	the	western	and	southwestern	quadrants,	as	demonstrated	by	

high	snowblow	factors	(Lough	Cleevaun:	2.90,	2.74;	Upper	Fraughan	Rock	Glen;	1.60,	1.11),	

enabled	the	establishment	and	survival	of	both	YD	glaciers,	despite	receiving	relatively	high	

incoming	solar	radiation	during	the	ablation	season.	

High	 avalanche	 factors	 at	 all	 six	 sites	 indicate	 significant	 potential	 for	 avalanching	 onto	

glacier	 surfaces.	 This	 is	 especially	 prominent	 at	 Upper	 Fraughan	 Rock	 Glen,	 where	 an	

avalanche	factor	of	0.71	is	recorded.	Other	avalanche	factors	remain	substantial,	ranging	

from	0.45	to	0.51.	These	values	are	higher	than	those	presented	in	similar	studies	at	British	

sites	 (cf.	 Coleman	 et	 al.,	 2009;	 Chandler	 and	 Lukas,	 2017),	 and	 this	 is	 attributed	 to	 the	

limited	size	of	the	cirque	glaciers	in	the	Wicklows.	These	YD	glaciers	did	not	occupy	the	full	

cirque,	thus	providing	larger	PAAs.	This	is	particularly	evident	at	Upper	Fraughan	Rock	Glen	

and	Lough	Nahanagan,	where	significant	areas	of	the	cirque	headwall	were	not	glaciated	

due	to	the	restricted	glacier	size.	Western	and	southwestern	avalanche	sectors	consistently	

display	high	avalanche	 factors	at	all	 sites	except	Lough	Nahanagan,	where	southern	and	

southeastern	 sectors	 are	dominant,	 and	Kelly’s	 Lough	where	western	and	northwestern	

have	 the	 highest	 avalanche	 factors.	 The	 dominance	 of	 the	 largest	 PAAs	 (southern	 and	

southwestern	quadrants)	correspond	with	preferentially	avalanching	slopes	(northeastern	

facing	slopes)	in	the	northern	hemisphere,	and	both	the	dominant	snowblow	areas	and	the	

prevailing	wind	direction	during	the	YD	(Isarin	et	al.,	1998;	Isarin	and	Renssen,	1999).		

Traditional	 modelling	 of	 snowblow	 (Mitchell,	 1996)	 was	 also	 supported	 by	 numerical	

modelling	 in	GIS.	Using	 the	 toolbox	builder	 in	ArcMap,	 a	 Snow_Blow	model	 (Mills	 et	 al.,	

2019)	was	 used	 to	 simulate	 the	 redistribution	 of	 snow	 by	wind.	 The	model,	 written	 in	
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Python,	is	an	improved	version	of	a	GIS	snowdrift	model	originally	developed	by	Purves	et	

al.	(1999).	Snow_Blow	uses	a	shelter	index	based	on	an	elevation	model	to	identify	areas	of	

snow	removal	and	accumulation	due	to	snowdrift	processes	(Mills	et	al.,	2019).	The	model	

uses	a	series	of	rules	to	describe	relative	snow	accumulation	over	complex	terrain,	creating	

a	‘snowdrift	index’	for	areas	based	on	their	relative	snow	accumulation.	Thus,	areas	can	be	

ranked	with	 respect	 to	neighbouring	regions	 (mean	 index	=	0,	positive	 index	means	net	

accumulation,	 negative	 index	means	net	 erosion).	 As	 a	 result,	 the	model	 can	be	used	 to	

determine	which	locations	are	more	susceptible	and	mostly	likely	to	have	benefited	from	

supplementation	by	snowdrift,	depending	on	wind	direction.	The	model	does	not	calculate	

absolute	 snow	 accumulation	 depths	 and	 this	 relative	 approach	 means	 that	 the	 model	

requires	only	basic	meteorological	inputs	(see	Table	6.11)	which	makes	it	suitable	for	use	

in	palaeoglaciological	environments	 (e.g.	Monadhliath,	Scotland;	Mills	et	al.,	unpublished	

data),	 where	 palaeometeorological	 data	 is	 scarce,	 as	 well	 as	 contemporary	 glacial	

environments	 (e.g.	 Ellsworth	 Mountains,	 Antarctica;	 Mills	 et	 al.,	 2019).	 In	 fact,	 the	

application	of	the	model	to	contemporary	glacial	environments	has	enabled	assessment	of	

the	validity	of	outputs	(Mills	et	al.,	2019),	increasing	the	confidence	in	using	the	model	in	

palaeoglaciological	settings.		

The	main	data	inputs	required	for	the	model	are	elevation	and	wind	direction.	The	OSI	DTM	

was	 used	 for	 elevation.	 However,	 the	 DTM	 required	 resampling	 from	 10	 m	 to	 40	 m	

resolution	due	to	computational	power	limitations.	Higher	resolution	subsets	of	the	data	

were	also	tested	in	key	areas	(YD	sites),	but	this	led	to	errors	in	snow	redistribution	such	as	

widespread	scouring	of	all	 snow	apart	 from	substantial	preferential	 collection	 in	gullies.	

This	is	a	limitation	of	the	model	as	noted	by	Mills	et	al.	(2019).	The	model	appears	able	to	

simulate	general	large-scale	trends	but	the	simplicity	of	functions	such	as	the	shelter	index	

and	 wind	 speed	 modification	 seems	 unable	 to	 fully	 reproduce	 physical	 processes.	

Therefore,	whilst	Snow_Blow	is	effective	at	representing	 large-scale	snow	redistribution,	

which	 is	 sufficient	 for	 the	 purpose	 of	 this	 study,	 the	 model	 cannot	 simulate	 accurate	

processes	at	high	resolution	in	areas	of	complex	topography	(Mills	et	al.,	2019).		

Dominant	wind	direction	was	defined	as	southwest	(225°)	based	on	aeolian	records	and	

previous	model	 simulations	 (Isarin	 et	 al.,	 1997;	 Isarin	 et	 al.,	 1998;	 Isarin	 and	 Renssen,	

1999).	In	addition,	it	should	be	noted	that	the	model	can	be	run	for	multiple	iterations	with	

higher	repetitions	representing	sustained	snowdrift	conditions.	Here,	the	model	was	run	

for	eight	iterations	as	this	was	found	to	be	the	optimum	number	of	repetitions	required	in	

order	to	clearly	identify	areas	of	snow	scouring	and	accumulation.		Fewer	iterations	did	not	

clearly	 highlight	 snow	 redistribution	 and	 more	 iterations	 did	 not	 cause	 additional	

scouring/accumulation	in	the	region	(the	model	had	stabilised).	Other	parameters	used	in	



	 Chapter	6:	Younger	Dryas	glaciation	

 

 176 

Snow_Blow	were	defined	based	on	a	combination	of	recommendations	by	Mills	et	al.	(2019)	

and	parameter	testing.	The	parameters	used	in	this	thesis	are	summarised	in	Table	6.11.	

	
Table	 6.11.	 Parameters	 used	 for	 Snow_Blow	model	 based	 on	 recommendations	 from	Mills	 et	 al.	
(2019),	published	palaeo-wind	directions,	and	systematic	parameter	testing.		

Variable	 Value	 Implication	
Wind	direction		 Southwest	

(225°)	
Direction	wind	coming	from	(Isarin	et	al.,	1997;	Isarin	et	
al.,	1998;	Isarin	and	Renssen,	1999)	

Maximum	wind	speed	 15	m/s	 Realistic	for	mountain	environments	(Mills,	personal	
correspondence)	and	found	to	produce	results	in	
agreement	with	both	upper	and	lower	contemporary	
catchments	(Mills	et	al.,	2019)	

Threshold	wind	speed	 5	m/s	 Speed	at	which	snow	picked	up	and	transported	(default	
setting,	Mills	et	al.,	2019)	

Depositional	distance	 690	m	 Reports	up	to	800	m	for	saltating	snow	grains	(Braaten	
and	Ratzlaff,	1998)	but	generally	thought	to	be	between	
300	m	(Takeuchi,	1980)	and	500	m	(Pomeroy	et	al.,	1993).	
Mills	et	al.	(2019)	suggest	690	m	

Mean	depositional	
distance	

150	m	 Proportion	of	snow	deposited	decays	rapidly,	majority	of	
snow	deposited	within	first	150	m	(Braaten	and	Ratzlaff,	
1998)	

Curvature	 On	(1)	 Identifies	if	slope	is	concave	or	convex	
Curvature	value	 0.5		 Default.	Improved	agreement	of	snow	distribution	in	areas	

of	convex	or	concave	topography	(Mills	et	al.,	2019)	
Minimum	slope	value	 5°	 Default.	Slope	index	value	set	to	zero	until	exceeds	5°	
Maximum	slope	 Off	(0)	 Steepest	slope	angle	in	DEM	used	as	maximum	slope	value	
Boundary	snow	 On	(1)	 Adds	snow	with	each	iteration	
Erosional	scaling	 On	(1)	 Normalises	erosion	values	between	0	and	1	
	

The	model’s	final	output	is	a	‘snow	depth	index’	which	ranges	from	-1	to	>1,	with	any	values	

above	0	 indicative	of	net	snow	gain.	To	derive	the	relative	 index,	 the	maximum	erodible	

snow	 in	 a	 model	 gridcell	 is	 initially	 one	 ‘unit’	 of	 snow	 but	 this	 may	 change	 or	 remain	

constant	following	model	runs.	For	example,	if	a	gridcell	is	located	on	flat	exposed	terrain,	

it	is	likely	that	the	entire	one	unit	of	snow	would	be	eroded	by	wind	but	if	this	is	replaced	

by	one	unit	of	snow	from	a	neighbouring	cell,	it	would	result	in	no	change	in	snow	depth	

(i.e.	snow	depth	value	of	zero).	In	contrast,	if	snow	is	not	blown	into	the	cell,	replacing	snow	

from	neighbouring	cells	(e.g.	snow	starvation),	this	would	result	in	a	net	loss	of	snow	and	a	

negative	snow	depth	value.	Finally,	 if	a	cell	 is	 in	a	 favourable	sheltered	position,	erosion	

would	be	less	than	the	whole	snow	unit	and	the	cell	could	also	benefit	from	snow	blown	in	

from	upwind	cells.	Collectively,	this	could	lead	to	a	net	gain	of	snow	in	the	cell	and	a	positive	

snow	depth	value.	This	value	can	be	greater	than	one	if	snow	is	blown	into	the	cell	from	

several	 neighbouring	 cells.	 It	 is	 also	 important	 to	 recognise	 that	 in	 Snow_Blow,	 snow	

accumulation	does	not	vary	with	altitude	and	an	equal	distribution	of	snow	is	assumed	over	
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the	whole	topography	(at	the	start	of	the	iteration).	This	is	not	entirely	appropriate	for	the	

YD	 in	 Wicklow	 Mountains	 as	 there	 would	 have	 been	 a	 critical	 threshold	 for	 solid	

precipitation	(snowline)	within	the	area.	Therefore,	to	provide	context,	the	reconstructed	

glacier	outlines	 are	 indicated	 (Figure	6.16)	 to	highlight	 the	areas	of	 interest	but	 the	 full	

regional	 snowblow	modelling	 is	 included	 to	 illustrate	 the	potential	widespread	scouring	

and	redistribution	of	snow.		

Snow_Blow	modelling	of	the	full	study	area	(Figure	6.16)	with	a	southwest	wind	direction	

demonstrates	 clear	 patterns	 of	 snow	 redistribution	 as	 there	 are	 distinct	 zones	 of	 snow	

accumulation	and	scouring	 in	association	with	 topography.	 In	particular,	 it	 appears	 that	

headwalls	and	ridges	act	as	snow	fences	to	the	prevailing	winds,	depositing	snow	within	a	

few	metres	of	the	crest	in	association	with	wind	speed	reduction	in	the	lee	of	the	mountain.	

This	means	that,	 in	association	with	southwest	winds,	snow	is	consistently	deposited	on	

northeast	 facing	 slopes.	 These	 areas	 have	 positive	 snow	 depth	 indexes	 as	 the	 result	 of	

topographic	 sheltering	 and	 wind	 deflection,	 which	 protects	 snow	 from	 wind	 driven	

redistribution.	In	areas	without	topographic	protection,	extensive	snow	scouring	is	evident	

via	negative	snow	depth	indexes.	A	consistent	pattern	is	evident,	with	initial	high	negative	

indexes	 (indicating	 widespread	 snow	 erosion)	 that	 transition	 into	 tapered	 lower	 index	

‘tails’	 (as	 you	move	 downwind,	 from	 SW	 to	 NE)	which	 illustrate	 the	 reduction	 in	 snow	

redistribution	due	to	limited	transportation	(fetch)	distances.		

Looking	specifically	at	snow	depth	indexes	at	the	YD	sites	(Figure	6.16,	6.17),	it	is	clear	that	

five	of	the	six	reconstructed	YD	glaciers	(Figure	6.17)	show	augmented	snow	accumulation	

due	to	windblown	snow	(Lough	Cleevaun,	Lough	Ouler,	Lough	Nahanagan,	Fraughan	Rock	

Glen,	Kelly’s	Lough).	These	sites	all	have	northeast	aspects	and,	as	a	result,	benefit	 from	

windblown	 snow	 on	 the	 upper	 reaches	 of	 the	 glacier	 that	 are	 situated	 in	 the	 lee	 of	 a	

mountainside.	The	steep	headwalls	of	all	five	sites	appear	to	be	highly	suitable	for	trapping	

snow	 to	 supplement	direct	 snow	accumulation.	However,	modelling	 in	 the	North	Prison	

(Figure	6.17a)	shows	only	a	small	area	with	a	positive	snow	depth	index,	on	the	northeast	

facing	 sidewall	 of	 the	 cirque.	 Elsewhere	 the	 cirque	 experiences	 a	 largely	 negative	 snow	

depth	 index	 and	 therefore	 snow	 removal.	 The	 poor	 degree	 of	 snow	 supplementation	 is	

likely	due	to	the	overall	aspect	of	the	cirque	(west)	and	the	steep	slopes	to	the	southwest	of	

the	cirque	which	likely	acted	as	snow	fences,	limiting	the	transportation	of	snow	over	the	

ridge	 into	 the	 cirque.	 Collectively,	 the	 Snow_Blow	 modelling	 indicates	 that	 the	

reconstructed	 YD	 glaciers	 benefited	 from	 enhanced	 accumulation	 via	 snowblow	

redistribution	 but	 that	 the	 North	 Prison	 benefited	 the	 least	 from	 snowblow	

supplementation,	 in	 the	 prevailing	 southwest	 wind	 direction.	 This	 agrees	 with	 the	

traditional	 	
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Figure	6.16.	Snow	depth	index	using	the	Mills	et	al.	(2019)	Snow_Blow	model	for	the	full	study	area.	
Areas	of	blue	indicate	snow	accumulation,	areas	of	red/pink	indicate	areas	of	snow	loss	via	snowdrift,	
and	white	indicates	area	of	no	change.	The	outlines	of	the	six	reconstructed	YD	glaciers	are	included	
for	reference.	LC:	Lough	Cleevaun,	LO:	Lough	Ouler,	LN:	Lough	Nahanagan,	FRG:	Upper	Fraughan	
Rock	Glen,	KL:	Kelly’s	Lough,	NP:	North	Prison.	These	sites	are	looked	at	more	closely	in	Figure	6.17.	
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Figure	6.17.	Snow	depth	index	using	the	Mills	et	al.	(2019)	Snow_Blow	model	for	the	six	likely	YD	
sites.	 Reconstructed	 glacier	 outlines	 are	 included	 to	 show	 areas	 of	 interest	 as	well	 as	 the	wider	
potential	snowblow	area	southwest	of	the	ice	mass.	Areas	of	blue	indicate	snow	accumulation	via	
snowdrift,	areas	of	red/pink	indicate	snow	loss	via	snowdrift,	and	white	indicates	area	of	no	change.	
50	m	contours	are	denoted	by	dashed	grey	lines,	providing	topographic	context.	
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traditional	 snowblow	 method	 findings	 (Figure	 6.14;	 Mitchell,	 1993)	 and	 suggests	 that	

modelled	areas	of	snow	erosion	and	accumulation	are	strongly	governed	by	the	sheltering	

effect	of	topography	in	relation	to	the	prevailing	wind	direction	(Zwinger	et	al.,	2015;	Mills	

et	al.,	2019).	However,	the	Snow_Blow	model	(Mills	et	al.,	2019)	does	not	consider	the	role	

of	 potential	 avalanche	 contributions	 which,	 as	 discussed	 above,	 are	 recognised	 as	

particularly	important	in	regions	with	steep	inclines	(Gruber,	2007;	Bernhardt	and	Schulz,	

2010).	 Still,	 the	 extension	 of	 positive	 snow	 indexes	 beyond	 the	 upper	 limits	 of	 the	

reconstructed	YD	 glaciers	 suggests	 that	 these	 parts	 of	 the	 headwall	 also	 benefited	 from	

windblown	snow	contributions	and	therefore	had	a	good	supply	of	snow	to	avalanche	onto	

the	glacier	surface.		

Collectively,	 the	 assessment	 of	 potential	 snowblow	 and	 avalanche	 contributions	 via	

traditional	methods	and	GIS	modelling	highlights	 that	enhanced	accumulation	was	 likely	

essential	 for	 YD	 ice	 mass	 survival	 in	 the	 Wicklow	 Mountains.	 In	 particular,	 Lough	

Nahanagan,	Lough	Cleevaun,	and	Upper	Fraughan	Rock	Glen	appear	to	have	been	strongly	

influenced	by	windblown	snow	and	avalanches	and,	it	could	be	argued,	may	have	only	been	

able	 to	 exist	 during	 the	 YD	 due	 to	 additional	 input.	 The	 combination	 of	 snowblow	 and	

avalanching	may	help	to	explain	the	low	ELA	at	Lough	Nahanagan	(ELA	467	±	9	m)	and	may	

have	helped	YD	glacier	survival	at	Lough	Cleevaun	and	Upper	Fraughan	Rock	Glen,	despite	

exposure	to	relatively	high	solar	radiation	levels.		

	

6.3.4	Regional	ELA	

A	large	range	of	ELAs	have	been	calculated	(739	–	467	m)	for	YD	glaciers	in	the	region,	this	

has	resulted	in	a	wide	range	of	precipitation	estimates	(2497	±	573	–	3219	±	278	mma-1).	

However,	these	estimates	are	already	hindered	by	uncertainties	(see	section	6.3.2)	in	the	

current	precipitation	calculation	approach.	Therefore,	 it	 is	difficult	to	identify	which	ELA	

and	precipitation	estimate	may	be	most	representative	of	the	region	(sensu	Porter,	1975).	

These	uncertainties	also	make	it	difficult	to	compare	a	 ‘regional’	ELA	with	other	areas	in	

Britain	(Snowdonia,	Bendle	and	Glasser,	2012)	and	Ireland	(Mourne	Mountains,	Barr	et	al.,	

2017a;	Macgillycuddy’s	Reeks,	Anderson	et	al.,	1998)	and	to	contribute	to	the	wider	body	

of	 knowledge.	 However,	 snowblow	 and	 radiation	 modelling	 has	 demonstrated	 that	

enhanced	 snow	accumulation	and	 retention	 could	 lead	 to	 an	ELA	 that	 is	 lower	 than	 the	

‘regional’	ELA,	although	this	is	likely	to	be	more	of	an	issue	with	small	cirque	glaciers	than	

larger	 reconstructed	 ice	 masses	 (Colucci,	 2016).	 So,	 while	 an	 average	 of	 the	 five	 ELAs	

(excluding	 Upper	 Fraughan	 Rock	 Glen)	 has	 been	 calculated	 (621	 m),	 this	 does	 not	

necessarily	represent	what	the	regional	ELA	might	have	been.		
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Therefore,	 in	 order	 to	 identify	 a	most	 likely	 regional	 ELA,	 sites	were	 assessed	 for	 their	

potential	 for	 enhanced	 snow	 accumulation	 and	 topographic	 shading	 (sections	 6.1.3	 and	

6.3.3).	Sites	with	the	lowest	potential	for	snowblow,	avalanching,	and	topographic	shading	

were	 identified,	 in	 order	 to	 ascertain	 a	 regional	 ELA	 most	 appropriate	 for	 subsequent	

palaeoclimatic	reconstructions.	In	6.3.3,	three	distinct	snowblow	and	avalanche	outliers	are	

identified	 -	 Lough	 Nahanagan,	 Lough	 Cleevaun,	 and	 Upper	 Fraughan	 Rock	 Glen.	 These	

glaciers	 all	 benefited	 from	 enhanced	 accumulation	 via	 snowblow	 and	 avalanches.	 As	 a	

result,	 their	ELAs	are	not	solely	 the	result	of	direct	precipitation	and	are	 therefore	poor	

representatives	of	a	regional	ELA,	as	 they	may	primarily	reflect	 local	climatic	conditions	

rather	than	past	regional	climatic	conditions	(Mills	et	al.,	2019).	These	glaciers	should	not	

be	 included	 in	 regional	 ELA	 calculations	 as	 all	 glaciers	 benefited	 from	 enhanced	

accumulation	and	are	poor	representatives	of	YD	climatic	conditions.	

This	is	particularly	significant	for	Lough	Nahanagan	as	it	is	the	Irish	YD	type	site	(Colhoun	

and	Synge,	1980),	yet	the	glacier	is	not	truly	representative	of	YD	palaeoclimatic	conditions	

in	the	region.	Due	to	the	influence	of	local	topoclimatic	processes,	the	glacier’s	ELA	(467	±	

9	m)	is	significantly	lower	than	the	other	calculated	YD	ELAs	(739	–	615	m).	The	glacier	has	

a	large	PSBA	of	2.46	km2	and	associated	snowblow	factor	of	2.31,	this	is	the	second	largest	

in	the	region.	The	site	also	benefits	 from	strong	topographic	shading	(reducing	ablation)	

and	received	an	average	of	2188	Wh/m2	throughout	the	ablation	season.	For	context,	the	

South	Prison	(a	site	deemed	not	likely	to	have	hosted	a	YD	glacier)	received	5442	Wh/m2	

on	 average	 during	 the	 same	 period,	 a	 difference	 of	 more	 than	 3200	Wh/m2.	 Together,	

snowblow	and	enhanced	topographic	shading	facilitated	the	survival	of	a	large	YD	glacier	

at	 Lough	 Nahanagan	 (0.46	 km2;	 third	 largest	 glacier	 in	 the	 area).	 Enhanced	 snow	

accumulation	 and	 retention	 enabled	 the	 initiation	 and	 survival	 of	 the	 glacier,	 possibly	

beyond	the	regional	climatic	envelope.	Without	these	favourable	processes	the	site	may	not	

have	been	able	to	support	a	glacier	during	the	YD	or	may	have	only	hosted	a	much	smaller	

niche	glacier,	restricted	to	the	cirque	headwall.	

Direct	 ice	 marginal	 evidence	 is	 absent	 at	 Upper	 Fraughan	 Rock	 Glen.	 Therefore,	 it	 is	

excluded	from	any	regional	calculations.	However,	the	existence	of	the	glacier	during	the	YD	

is	interesting	because	Upper	Fraughan	Rock	Glen	has	the	highest	ELA	(739	±	8	m),	a	large	

snowblow	 factor	 (2.29),	 and	 the	biggest	avalanche	 factor	 (0.71)	of	 the	six	 reconstructed	

glaciers.	 The	 glacier’s	 high	 elevation	 and	 potential	 for	 enhanced	 snow	 accumulation	

suggests	 favourable	 conditions	 for	 the	 establishment	 and	nourishment	 of	 a	 large	 cirque	

glacier	during	the	YD	but,	as	detailed	in	6.1.2,	there	is	no	definitive	ice	limit	evidenced	in	the	

geomorphological	record.	The	limited	size	of	Upper	Fraughan	Rock	Glen	may	be	explained	

by	consideration	of	both	radiation	and	topography.	Solar	radiation	modelling	indicates	that	
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although	the	site	is	northeast	facing,	it	experienced	high	levels	of	radiation	throughout	the	

year,	particularly	during	the	ablation	season	(4257	Wh/m2	on	average).	This	is	the	highest	

level	of	 solar	 radiation	modelled	at	all	 six	 reconstructed	sites	and	 it	 is	 inferred	 that	 this	

limited	expansion	of	the	glacier	beyond	the	topographically	sheltered	northeastern	face	of	

Lugnaquilla.	This	also	suggests	that	the	glacier	was	only	able	to	exist	during	the	YD	due	to	

enhanced	snow	accumulation,	which	appears	to	have	compensated	the	high	radiation	levels	

experienced	at	the	site.	

A	similar	situation	is	found	at	Lough	Cleevaun,	the	smallest	of	the	reconstructed	YD	glaciers	

(0.16	km2;	ELA	719	±	5	m).	This	glacier	was	particularly	small	even	though	it	had	a	large	

potential	 for	 enhanced	 accumulation,	 as	 demonstrated	 by	 its	 snow	 blow	 (3.48)	 and	

avalanche	factors	(0.46).	In	fact,	the	site	had	the	highest	snowblow	potential	in	the	region.	

However,	this	is	due	to	high	continuous	land	south	of	the	cirque,	rather	than	southwest	(the	

prevailing	wind	direction),	as	a	result	the	cirque	glacier	likely	did	not	benefit	from	its	full	

PSBA.	 Radiation	 modelling	 shows	 that	 the	 site	 received	 an	 average	 of	 3212	 Wh/m2	

throughout	 the	ablation	 season.	This	 indicates	 that	 the	 site	was	 relatively	 sheltered	and	

suggests,	as	with	the	other	YD	sites,	that	topographic	shading	was	essential	for	ice	retention	

and	preservation.	It	is	likely	that	without	this,	the	YD	glacier	would	not	have	existed.	

In	contrast,	Kelly’s	Lough	and	Lough	Ouler	have	the	lowest	snowblow	factors	for	the	region	

(1.38,	1.31	 respectively).	 From	 this,	 it	 could	be	 inferred	 that	 these	glaciers	 are	 the	 least	

affected	by	enhanced	snow	accumulation	and	 therefore	 the	most	suitable	candidates	 for	

establishing	 a	 representative	 regional	 ELA.	 However,	 the	 North	 Prison	 should	 also	 be	

considered	 for	 regional	 ELA	 inclusion,	 as	 although	 the	 site	 has	 a	 marginally	 higher	

snowblow	factor	overall	(1.59),	its	western	and	southwestern	quadrants	(prevailing	wind	

direction)	have	considerably	lower	snowblow	factors	(W	0.14,	SW	0.26)	than	Kelly’s	Lough	

(W	1.12,	SW	0.81)	and	Lough	Ouler	(W	0.98,	SW	0.67).	This	suggests	that	whilst	the	North	

Prison	had	a	higher	PSBA	overall,	 it	 is	 likely	 that	 it	 received	 less	windblown	snow	 from	

prevailing	 southwestern	 and	 western	 winds.	 This	 is	 supported	 by	 modelling	 using	

Snow_Blow	(Mills	et	al,	2019;	Figure	6.16).	In	addition,	the	North	Prison,	along	with	Lough	

Ouler,	 received	 the	 lowest	average	radiation	over	 the	ablation	season,	apart	 from	Lough	

Nahanagan.	This	demonstrates	that	in	the	absence	of	(or	minimal)	enhanced	accumulation,	

topographic	 shading	 was	 essential	 for	 glacier	 survival.	 Due	 to	 the	 smaller	 impact	 of	

enhanced	snow	accumulation	via	redistribution,	the	ELAs	of	Kelly’s	Lough,	Lough	Ouler,	and	

the	North	Prison	are	therefore	probably	more	representative	of	regional	palaeoclimate	than	

Lough	 Nahanagan,	 Lough	 Cleevaun,	 or	 Fraughan	 Rock	 Glen.	 However,	 the	 effects	 of	

topographic	shading	should	also	be	considered	as	a	local	control	of	glacier	ELAs	as	all	six	

reconstructed	glaciers	benefited	from	snow/ice	retention	due	to	topographic	shading.	This	
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highlights	 that	 during	marginal	 glaciation,	 shading	 is	 essential	 for	 glacier	 initiation	 and	

survival.	 Consequently,	 as	 all	 sites	 experiences	 significant	 topographic	 shading	 and	

associated	ice	retention,	it	is	not	possible	to	exclude	this	local	topoclimatic	process	from	the	

consideration	 of	 a	 regional	 ELA.	 However,	 it	 is	 vital	 to	 be	 aware	 of	 the	 influence	 of	

topographic	shading	when	establishing	representative	palaeoglacier	ELAs.	

Using	 only	 the	 three	 ‘representative’	 glacier	 ELAs	 (Kelly’s	 Lough,	 Lough	 Ouler,	 North	

Prison),	the	regional	ELA	increases	from	621	±	9	m	to	640	±	10	m.	This	demonstrates	that	

in	order	to	derive	a	more	representative	regional	ELA,	sites	experiencing	enhanced	snow	

accumulation	should	be	excluded	from	regional	calculations,	otherwise	palaeoprecipitation	

calculations	may	be	erroneously	high.		

	

6.4 Chapter	Summary	

This	chapter	has	established	that	not	all	cirques	in	the	Wicklow	Mountains	accumulated	ice	

during	 the	YD;	 the	conservative	approach	used	 in	 this	 thesis	suggests	 that	 just	 six	small	

cirque	glaciers	existed	during	the	stadial,	with	an	average	size	of	0.39	km2,	covering	a	total	

area	of	just	2.33	km2.	Reconstructed	ELAs	(AABR	1.9	±	0.81)	range	from	467	±	9	m	to	739	±	

8	m,	with	a	regional	average	of	621	±	9	m	(excluding	Upper	Fraughan	Rock	Glen).	Glacier-

derived	 palaeoprecipitation	 calculations	 imply	 wetter	 conditions	 than	 at	 present	 in	 the	

Wicklow	 Mountains.	 However,	 snowblow	 and	 avalanche	 modelling	 demonstrates	 that	

glacier	 mass	 balance	 was	 augmented	 by	 the	 redistribution	 of	 snow	 by	 wind	 and	

avalanching.	 Therefore,	 the	 ELAs	 of	 glaciers	 that	 had	 high	 contributions	 of	wind-blown	

snow	are	likely	to	be	lower	than	what	might	be	considered	as	a	regional	ELA	(640	±	10	m).	

As	a	result,	differences	in	the	precipitation	estimates	derived	from	these	ELAs	reflect	the	

influence	 of	 topographically	 enhanced	 snow	 accumulation	 and	 shading.	 Radiation	

modelling	has	demonstrated	that	aspect	and	topographic	shading	are	significant	controls	of	

glacier	 initiation	 and	 survival	 in	 marginal	 areas.	 In	 fact,	 some	 degree	 of	 topographical	

shading	 was	 probably	 essential	 for	 all	 YD	 glacier	 presence	 in	 the	 Wicklow	 Mountains.	

Collectively,	this	highlights	the	importance	of	assessing	local	topoclimatic	processes	when	

using	 small	 glaciers	 in	 palaeoclimatic	 reconstructions	 and	 this	 work	 contributes	 to	 the	

growing	evidence	for	cirque	glaciation	in	upland	areas	of	Ireland	and	Britain	during	the	YD.	

The	 following	 Chapter	 7	will	 consider	 ice	mass	 configuration	 and	 landsystem	 evolution	

throughout	the	wider	LGIT.	Focusing	on	ice-marginal	evidence	(i.e.	moraines),	the	style(s)	

and	pattern(s)	of	LGIT	ice	recession	within	the	Wicklow	Mountains	are	examined.		
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Chapter	7:	LGIT	ice	mass	configuration	and	evolution	
This	chapter	will	examine	ice	mass	configuration	and	evolution	in	the	Wicklow	Mountains	

throughout	the	LGIT.	As	discussed	in	Chapter	2,	whilst	it	is	accepted	that	the	region	hosted	

a	local	ice	cap	that	was	confluent	with	the	wider	BIIS	at	the	LGM	(Ballantyne	et	al.,	2006),	

the	assessment	of	local	ice	retreat	during	deglaciation	remains	limited	(e.g.	Warren,	1993;	

Ballantyne	et	al.,	2006;	Tomkins	et	al.,	2018a).	Up	until	now,	only	three	aspects	of	LGIT	ice	

behaviour	have	been	considered:	(1)	Warren	(1993)	suggested	that	the	transition	from	a	

local	 topographically-independent	 ice	 cap	 to	 a	 topographically-constrained	 ice	 mass	

occurred	 during	 the	 late	 stages	 of	 ice	 sheet	 deglaciation;	 (2)	 Ballantyne	 et	 al.	 (2006)	

suggested	 ice	 cap	 thinning	 and	 summit	 emergence	 ~19	 ka-18	 ka;	 and	 (3)	 using	 SHD,	

Tomkins	et	al.	(2018a)	argued	that	summit	icefields	in	the	Wicklow	Mountains	were	likely	

to	 have	 been	 important	 for	 post-LGM	 ice	 survival.	 There	 remains	 an	 incomplete	

understanding	of	glacier	change	during	the	LGIT	from	the	LGM	local	ice	cap	to	YD	cirque	

glaciation	(Chapter	6).	

To	address	this,	Chapter	7	uses	the	geomorphological	mapping	and	identified	landsystems	

presented	 in	 Chapter	 5	 in	 conjunction	 with	 the	 broader	 topography	 of	 the	 area	 and	

published	 numerical	 (or	 absolute)	 datasets	 to	 explore	 the	 style	 and	 pattern	 of	 LGIT	 ice	

recession	 in	 the	 Wicklow	 Mountains.	 In	 section	 7.1,	 potential	 two-dimensional	 LGIT	

recessional	 scenarios	 are	 presented,	 which	 depict	 possible	 ice	 configurations	 at	 three	

different	 time	 slices.	 	 These	 scenarios	 are	 based	 on	 a	 combination	 of	 the	 previously	

discussed	 geomorphological	 evidence,	 surface	 profile	 modelling,	 and	 available	 absolute	

ages.	 In	 section	 7.2,	 the	 controls	 on	 LGIT	 recession	 patterns	 are	 explored.	 First	 by	

reconstructing	individual	ice	margins	(section	7.2.1),	which	allows	an	assessment	of	specific	

retreat	 patterns	 (section	 7.2.2)	 and	 the	 styles	 of	 ice	 recession	 associated	 with	 each	

landsystem	 (section	 7.2.3).	 Finally,	 the	 topographic	 controls	 of	 retreat	 dynamics	 are	

examined	(section	7.2.4).	

	

7.1	Two-dimensional	LGIT	recession	scenarios	

Having	identified	the	limits	of	former	YD	glaciers	(Chapter	6),	the	assumption	is	made	that	

any	topographically-constrained	glacial	geomorphological	evidence	outside	these	YD	limits	

relates	 to	 an	 earlier	 period	 of	 deglaciation	 following	 BIIS	 ice	 sheet	 disintegration.	 As	

described	 in	 Chapter	 5,	 there	 is	 little	 geomorphological	 evidence	 for	 a	 topographically-

unconstrained	 ice	 cap,	 as	 proposed	 by	 Ballantyne	 et	 al.	 (2006),	 as	 the	 likely	 ice	 mass	

configuration	at,	and	immediately	following,	the	LGM.	Therefore,	this	chapter	focuses	on	the	

remaining	landsystems	that	were	identified	from	the	geomorphological	evidence	in	Chapter	
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5	and	how	they	most	likely	fit	into	the	phases	of	LGIT	deglaciation	following	thinning	of	an	

initially	topographically-unconstrained	ice	cap.	The	geomorphological	record	indicates	that	

four	different	landsystems	(see	Chapter	3	for	definitions)	exist	in	the	Wicklow	Mountains.	

These	include:		

(1)	Alpine	icefield	with	outlet	glaciers	(Landsystem	1	or	LS1)	

(2)	Plateau	icefield	with	outlet	glaciers	(LS2)	

(3)	Independent	valley	glaciers	(LS3)	

(4)	Cirque	glaciers	(LS4)	

Using	the	geomorphological	record	(Chapter	5,	Appendix	I),	surface	profile	modelling	(Benn	

and	 Hulton,	 2010),	 and	 published	 absolute	 ages	 (see	 Chapter	 2),	 a	 two-dimensional	

conceptual	 model	 is	 presented	 for	 three	 potential	 stages	 during	 LGIT	 (Figures	 7.1	

(overview),	 7.2,	 7.3,	 7.4).	 The	 spatially	 and	 temporally	 transgressive	 nature	 of	 LGIT	

glaciation	 is	discussed,	with	specific	examples	of	 landsystem	transitions	and	support	 for	

scenario	configurations	provided	where	relevant.	Whilst	 relative	SHDs	were	not	used	 to	

inform	models,	they	are	included	for	reference	(Tomkins	et	al.,	2018a).	The	scenarios	depict	

possible	 stages	 in	 deglaciation	 post-dating	Warren’s	 (1993)	 Stage	 2	model	 (Figure	 7.1).	

Despite	 the	 lack	 of	 evidence	 reported	 by	 Warren	 (1993)	 to	 constrain	 this	 model	 (see	

Chapter	2),	 it	represents	the	only	(and	therefore	best)	early	LGIT	ice	mass	configuration	

when	ice	was	still	expanded	onto	the	lowlands	surrounding	the	Wicklow	Mountains.		

In	 Chapter	 5,	 a	 modified	 morphostratigraphic	 framework	 demonstrated	 that	 different	

moraine	morphologies,	in	association	with	other	geomorphological	evidence,	can	be	related	

to	different	periods	or	processes	of	landform	construction.	It	was	established	that	Class	3	

moraines	are	likely	to	be	YD	in	age,	whereas	Class	1	and	2	moraines	are	interpreted	as	pre-

YD	(wider	LGIT).	However,	it	is	difficult	to	definitely	say	that	Class	1	moraines	are	always	

older	 than	 Class	 2	 moraines.	 Where	 possible,	 scenarios	 are	 hypothesised	 based	 on	

geomorphological	 evidence	 (e.g.	moraines,	 boulder	 spreads,	 drift	 limits,	 see	 Chapter	 5),	

numerical	datasets,	and	likely	ice	configurations	based	on	topography	and	potential	ELAs.	

In	 the	absence	of	other	evidence,	 stylised	 ice	 flowlines	and	placement	of	 ice	divides	are	

based	on	present-day	watersheds,	 although	 it	 is	 likely	 that	 these	may	have	moved	with	

increased	ice	thickness.	The	scenarios	do	not	depict	the	ice	as	a	3D	reconstruction	due	to	a	

lack	of	geomorphological	evidence	for	ice	thickness	and	because	there	is	no	‘maximum’	limit	

as	 such,	 as	 these	 represent	 stages	 during	 overall	 deglaciation.	 Since	 there	 are	 also	

uncertainties	regarding	the	contemporaneity	of	individual	ice	margin	positions,	and	only	a	

limited	 number	 of	 absolute	 ages	 exist,	 the	 ice	 mass	 depictions	 in	 Figure	 7.1	 should	 be	
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considered	 as	 possible	 scenarios	 of	 former	 ice	 configuration	 based	 on	 the	 available	

evidence,	and	what	is	glaciologically	plausible,	rather	than	a	definitive	snap	shot	in	time.	

These	scenarios	are	most	likely	time-transgressive	in	nature.	Tentative	scenario	dates	are	

included	based	on	the	published	numerical	ages.	

The	limited	occurrence	of	moraines	on	the	periphery	of	the	Wicklow	Mountains	indicates	

either	 low	 moraine	 formation	 rates	 or	 lack	 of	 preservation,	 and	 suggests	 that	 initial	

recession	following	the	LGM	was	likely	to	have	been	sustained	and	probably	characterised	

by	large-scale	disintegration	of	the	post-LGM	ice	cap.	There	are	large	regions,	particularly	

in	the	north	of	the	study	area	(e.g.	Lugacullen,	Liffey,	Lugduff,	Lavarney),	where	there	is	an	

absence	of	moraines	and	other	glacial	geomorphological	evidence	to	constrain	former	ice	

extent.	The	widespread	lack	of	a	recessional	pattern	suggests	that	ice	in	the	outer	Wicklow	

Mountains	 may	 have	 retreated	 rapidly	 and	 in	 an	 uninterrupted	 manner,	 leaving	 no	

sequential	 ice-marginal	 evidence,	 or	 could	 have	 been	 cold-based	 with	 limited	

geomorphological	impact	(cf.	Rea	and	Evans.,	2003).	However,	given	the	size	of	the	ice	mass	

at	this	stage	and	climatic	amelioration	(Lowe	et	al.,	2008),	a	cold	thermal	regime	is	unlikely.	

As	 a	 result,	 there	 is	 insufficient	 geomorphological	 evidence	 corresponding	 to	Warren’s	

(1993)	Stage	2	 limits.	 Instead,	 the	distribution	of	 ice-marginal	evidence	identified	in	this	

thesis	(Chapter	5)	implies	that	ice	masses	only	stabilised	once	they	had	retreated	into	their	

respective	valleys.	Since	substantial	moraine	formation	does	not	appear	to	have	occurred	

on	wide	open	ground	(with	the	exception	of	the	Leoh	Glacier),	it	suggests	that	topography	

(i.e.	slope	and	lateral	restriction),	in	addition	to	climate,	had	an	important	role	in	regulating	

ice	mass	stability	and	associated	moraine	formation.	The	role	of	topography	is	explored	in	

section	7.2.4.	

The	LGIT-1	time	slice	(~18	ka)	(Figure	7.2)	is	reconstructed	based	on	a	combination	of	the	

outermost	moraine	limits	identified	in	the	study	area	(combination	of	Class	1	and	Class	2	

moraines),	 drift	 limits,	 surface	 profile	 modelling,	 and	 published	 numerical	 ages.	 The	

outermost	moraines	are	used	to	delineate	LGIT-1	ice	extents	as	moraines	signify	ice	mass	

stabilisation	 following	 large-scale	 retreat	 from	 the	 lowlands.	 A	 Class	 1	 moraine	 is	

interpreted	 to	 indicate	 a	 longer	 period	 of	 stabilisation,	whereas	 the	 presence	 of	 Class	 2	

moraines	suggests	that	a	change	in	ice	mass	dynamics	enabled	moraines	to	form,	but	any	

stabilisation	was	likely	more	short-lived	(section	5.6.2).	In	LGIT-1,	all	four	landsystems	are	

present:	an	alpine	icefield	(LS1;	~80	km2,	assuming	margins	are	broadly	contemporaneous)	

in	 the	northeast;	 a	 plateau	 icefield	 (LS2;	 7	 km2)	 in	 the	 central	 zone;	 independent	 valley	

glaciers	 (LS3)	 in	 the	 southwest;	 and	 cirque	 glaciers	 (LS4)	 in	 high-elevation	 cirques	

throughout	the	region.	Numerical	ages	are	limited	in	the	study	area.	10Be	dating	suggests			
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Figure	7.1.	Warren’s	(1993)	reconstruction	
of	deglaciation	and	possible	scenarios	of	ice	
extent	 in	 the	 Wicklow	 Mountains	 at	
multiple	 stages	during	 the	LGIT.	 Ice	 limits	
are	 constrained	 by	 geomorphological	
evidence	 (i.e.	 moraines)	 and/or	 surface	
profile	modelling	(Benn	and	Hulton,	2010).	
Dashed	 lines	 and	 question	marks	 indicate	
where	 position	 of	 the	 glacier	 margin	 is	
uncertain.	Tentatively	proposed	timings	of	
stages	 are	 based	 on	 published	 numerical	
(absolute)	 datasets	 (Colhoun	 and	 Synge,	
1980;	Bowen	et	al.,	2002;	Barth	et	al.,	2017).	
These	 reconstructions	 are	 conceptual	
models	that	require	future	testing	through	
numerical	modelling	and	absolute	dating.	
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Figure	7.2.	LGIT	1	scenario.	Four	landsystems	are	identified;	Mountain	ice	field	(LS1),	Plateau	icefield	
(LS2),	Valley	glacier	 (LS3),	Cirque	glacier	 (LS4).	 Ice	 flow	units	are	abbreviated	as	 follows:	Lower	
Lough	Bray	(LLB),	Upper	Lough	Bray	(ULB),	Stonecutter’s	Glen	(SG),	Raven’s	Glen	(RG),	Glensoulan	
(GLE),	 Glensoulan	 East	 Tributary	 (GLET),	 Glensoulan	 West	 Tributary	 (GLWT),	 Lough	 Tay	 (LT),	
Clogehoge	(CL),	Inchavore	(IN),	Inchavore	Tributary	(INT),	Glenmacnass	(GLM),	Lough	Ouler	(LO),	
Lough	Cleevaun	(LC),	Lugacullen	(LUG),	Lavarney	(LA)	Lugduff	(LU),	Liffey	(LI),	Lough	Nahanagan	
(LN),	 Glenealo	 Tributary	 (GLT),	 Glenealo	 (GL),	 Glenmalur	 (GML),	 Leoh	 (LE),	 Glenogvore	 (GLG),	
Asbawn	(AS),	Glenreemore	(GLR),	Firrib	(FI),	Fraughan	Rock	Glen	(FRG),	Art’s	Lough	(AL),	Kelly’s	
Lough	(KL),	Ow	(OW),	Corrigasleegaun	(CO),	South	Prison	(SP),	North	Prison	(NP).	The	‘timeslice’	is	
based	on	three	36Cl	dates	of	summits	(Kanturk,	Ka;	Scarr,	Sc;	Djouce,	Dj;	Ballantyne	et	al.,	2006).	
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that	mountain	summits	were	progressively	surfacing	from	the	thinning	ice	by	~19-18	ka	

(Djouce,	725m,	19.1	±	1.2	ka;	Kanturk,	600	m,	18.5	±	1.2	ka	Scarr,	523	m,	18.2	±	1.2	ka;	

Ballantyne	et	al.,	2006),	either	becoming	nunataks	or	emerging	from	the	ice	margin.	This	is	

broadly	supported	by	surface	profile	modelling	as,	using	the	outermost	moraines	to	define	

ice	extent,	modelling	suggests	an	upper	ice	limit	of	the	alpine	icefield	of	~620–640	m.	Based	

on	absolute	ages,	ice	limits	shown	in	LGIT-1	may	have	occurred	~18	ka.	It	is	possible	that	

this	could	correlate	to	the	Clogher	Head	Stadial	(~18.2	ka	BP;	J.	Clark	et	al.,	2012)	and	may	

mean	that	local	ice	readvanced	to	the	identified	margins,	rather	than	just	stabilising	in	situ	

during	retreat.	

At	LGIT-2	(~17	ka;	Figure	7.3),	ice	extent	is	defined	at	each	site	by	the	outermost	moraine	

of	 the	 next	 cluster	 of	 recessional	 moraines	 (upglacier	 from	 LGIT-1	 moraines).	 These	

margins	are	chosen	to	represent	the	next	prominent	stage	in	deglaciation,	as	the	clusters	

signify	re-stabilisation	of	ice	margins	following	a	period	of	retreat.	These	are	used,	along	

with	plausible	ice	configurations	based	on	topography,	to	depict	more	restricted	ice	extent	

in	the	Wicklow	Mountains.	This	generally	occurs	from	500	m	to	1	km	inside	the	outer	limits	

used	in	LGIT-1,	although	an	absence	of	ice-marginal	evidence	(i.e.	moraines)	suggests	that	

the	 northeastern	 sector	 of	 the	 alpine	 icefield	may	 have	 experienced	more	 sustained	 ice	

retreat	(up	to	3	km).	The	absence	of	ice-marginal	evidence	between	the	two	reconstructed	

stages	implies	continuous	recession	between	the	two	proposed	scenarios.		

Numerical	ages	are	limited	in	association	with	the	LGIT-2	scenario:	there	is	a	single	36Cl	date	

for	the	cirque	moraine	at	Lough	Nahanagan	(17.1	±	0.9	ka;	Bowen	et	al.,	2002),	which	is	

used	to	tentatively	constrain	a	broad	timing	of	the	proposed	stage.	This	date	also	broadly	

corresponds	with	the	Killard	Point	Stadial	(~16.5	ka)	and,	similarly	to	LGIT-1,	could	mean	

that	ice	masses	readvanced	rather	than	simply	stabilised	in	situ	during	retreat.	Three	SHDs	

are	available	(Tomkins	et	al.,	2018a)	but	imply	slightly	more	extensive	ice	extent	at	~17	ka	

than	depicted	here	but	as	SHD	 is	a	 relative	 technique,	dates	may	not	 represent	 the	 true	

timing	of	ice	response.	Based	on	moraine	distribution	and	plausible	ice	mass	configurations,	

it	is	suggested	that	the	four	identified	landsystems	were	likely	still	in	existence.	However,	

the	spatial	extent	of	moraines	indicates	that	the	distribution	of	ice	within	each	landsystems	

had	probably	changed	by	LGIT-2,	as	both	the	alpine	(LS1)	and	plateau	(LS2)	icefield	had	

significantly	 retreated,	with	partial	 (cf.	Rippin	et	al.,	2020)	or	 full	 (cf.	Boston	and	Lukas,	

2019)	detachment	of	several	outlet	glaciers	(e.g.	Firrib,	Glenealo	Tributary,	Glenmacnass,	

Lough	Ouler,	Lough	Cleevaun,	Lugacullen).	This	continued	ice	thinning	and	margin	retreat	

led	to	the	establishment	of	additional	independent	valley	glaciers	and	cirques,	increasing	

small	(cirque)	and	larger	(valley	glaciers,	icefields)	ice	mass	co-existence	(cf.	Menounos	et	
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al.,	2017).	However,	additional	numerical	ages	are	required	 to	assess	 the	validity	of	 this	

suggestion.		

Finally,	the	boundaries	in	the	final	proposed	LGIT-3	scenario	(~16	ka;	Figure	7.4)	are	based	

on	 innermost	 moraine	 limits	 (excluding	 YD	 Class	 3	 moraines;	 see	 Chapter	 6).	 Ice	

configurations	are	based	on	topography	and	potential	regional	ELAs	where	there	is	poor	

geomorphological	 evidence	 (i.e.	 keeping	 ice	 masses	 within	 the	 same	 landsystem	 (e.g.	

plateau	 icefield	outlets)	at	a	similar	size).	The	presence	of	moraines	on	the	plateau	edge	

(near	Lough	Firrib)	indicates	that	a	small	part	of	the	icefield	was	still	able	to	actively	form	

moraines	until	late	in	the	LGIT	deglaciation.	However,	it	seems	that	all	other	outlets	appear	

to	have	detached	from	the	plateau	at	some	point	during	LGIT	retreat	as	there	is	no	evidence	

(absence	of	moraines	or	meltwater	channels)	suggesting	widespread	active	ice	retreat	onto	

the	plateau	(cf.	Boston	et	al.,	2015).	A	single	36Cl	date	(15.7	±	1.1	ka)	is	available	at	Upper	

Lough	Bray,	on	the	inner	moraine	at	the	lough	edge	(Bowen	et	al.,	2002).	This	indicates	a	

possible	timeframe	of	~16	ka	for	LGIT-3.	Two	relative	SHDs	from	Tomkins	et	al.	(2018a)	

suggest	 the	 existence	 of	more	 extensive	 valley	 glaciers	 at	 this	 time	 in	Glenmacnass	 and	

Carrawaystick	 (Kelly’s	 Lough).	 However,	 the	 LGIT-3	 scenario	 presented	 here	 (based	 on	

morphological	evidence)	 favours	 the	 interpretation	that	by	this	stage	 in	deglaciation,	 ice	

masses	were	likely	small	and	restricted	to	topographically	favourable	sites	(Figure	7.4).	
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Figure	7.3.	LGIT-2	scenario.	It	is	suggested	that	all	four	landsystems	remain	in	existence,	but	moraine	
distribution	suggests	 that	 the	retreat	of	 ice	masses	with	 the	alpine	 icefield	 (LS1)	and	 the	plateau	
icefield	(LS2)	 is	notably	more	restricted	than	in	LGIT-1.	The	number	of	valley	and	cirque	glaciers	
appears	to	have	increased,	although	ice	masses	are	smaller.	There	is	one	36Cl	age	at	Lough	Nahanagan	
(LN;	Bowen	et	al.,	2002)	on	the	outer	cirque	moraine,	this	is	used	to	constrain	the	 ‘timeslice’.	For	
reference,	Tomkins	et	al.	 (2018a)	provide	 three	relative	SHDs	 for	Upper	Glendasan	(UGS),	Lower	
Glenmacnass	 (LGLM),	 and	 Carrigshouk	 (CS)	within	 this	 time	 frame	 but,	 based	 on	morphological	
evidence,	 this	 study	 interprets	 that	 ice	 presence	 is	 likely	 to	 be	more	 restricted	 by	 this	 point	 in	
deglaciation.	
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Figure	 7.4.	 LGIT-3	 scenario.	 Moraine	 distribution	 suggests	 significant	 retreat	 of	 ice	 masses	
throughout	the	Wicklow	Mountains.	It	would	suggest	that	the	alpine	icefield	(LS1)	is	no	longer	in	
existence,	yet	it	is	possible	that	the	plateau	icefield	(LS2)	may	have	persisted,	limited	to	cold-based	
ice.	The	remaining	glaciers	have	transitioned	to	small	valley	glaciers	or	cirque	glaciers.	There	is	one	
36Cl	age	at	Upper	Lough	Bray	(ULB;	Bowen	et	al.,	2002)	on	the	inner	cirque	moraine,	this	is	used	to	
constrain	the	‘timeslice’.	For	reference,	Tomkins	et	al.	(2018a)	provide	two	relative	SHDs	for	Middle	
Glenmacnass	(MGLM)	and	Carrawaystick	Brook	(CB),	known	in	this	study	as	Lower	Kelly’s	Lough	
(LKL),	within	this	time	frame	but,	based	on	morphological	evidence,	this	study	interprets	that	 ice	
presence	is	likely	to	be	more	restricted	by	this	point	in	deglaciation.
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7.2	Exploring	the	controls	on	LGIT	recession	patterns	

Section	7.1	has	examined	the	broader	patterns	of	 ice	mass	recession	during	the	LGIT	by	

attempting	 to	 tie	 the	 available	 geomorphological	 evidence	 into	 the	 limited	 number	 of	

existing	 dates	 in	 the	 region	 (Figures	 7.1-7.4),	 adding	 further	 insight	 to	 the	 existing	

understanding	of	the	local	LGIT	deglacial	history	(Figures	2.10,	2.12).	In	order	to	assess	the	

controls	on	this	retreat	in	more	detail,	patterns	of	recession	were	assessed	for	individual	

glaciers	using	a	‘barcode’	approach	(sensu	Lukas,	2006).	This	is	achieved	by	reconstructing	

individual	ice	margins	(section	7.2.1).	This	enabled	an	assessment	of	both	retreat	patterns	

(section	 7.2.2)	 and	 styles	 of	 ice	 recession	 in	 association	 with	 each	 landsystem	 (section	

7.2.3).	This	is	followed	by	an	examination	of	the	topographic	controls	of	retreat	dynamics	

(section	7.2.4).			

	

7.2.1	Reconstructing	ice	margins	

Ice-marginal	moraines	 record	 the	 frontal	position	of	 an	 ice	mass	 at	 the	 time	of	 creation	

(discussed	in	section	5.1)	and	if	retreat	is	punctuated	by	minor	advances	and	stillstands,	

sequences	of	moraines	may	be	created	with	younger	moraines	formed	inset	of	previously	

deposited	moraines	 (active	 retreat;	 cf.	 Bickerdike	 et	 al.,	 2018).	 This	 process	 provides	 a	

detailed	record	of	successive	ice	margin	positions	during	recession	(e.g.	Price,	1970;	Benn,	

1992;	Evans	and	Twigg,	2002;	Lukas	and	Benn,	2006;	Lukas,	2012;	Chandler	et	al.,	2016;	

Boston	and	Lukas,	2019).	As	a	result,	ice-marginal	moraines	are	commonly	used	to	identify	

both	the	extent	of	former	ice	masses	and	to	examine	patterns	of	recession	(e.g.	Lukas,	2006;	

Lukas	and	Benn,	2006;	Boston	et	al.,	2015;	Jones	et	al.,	2017;	Chandler,	2018;	Boston	and	

Lukas,	2019).	In	the	Wicklow	Mountains,	moraines	feature	as	mounds	and	ridges	aligned	

along	chains	trending	obliquely	downslope.	Here,	following	established	methods	(e.g.	Benn,	

1992;	Benn	et	al.,	1992;	Bennett	and	Boulton,	1993;	Lukas,	2003;	Golledge	and	Hubbard,	

2005;	Lukas	and	Benn,	2006;	Finlayson	et	al.,	2011;	McDougall,	2013;	 Jones	et	al.,	2015;	

Boston	and	Lukas,	2019),	former	ice	fronts	are	reconstructed	from	the	moraine	record,	as	

described	below.		

	

Working	 upvalley	 from	 the	 outermost	 LGIT	 limit	 identified	 at	 each	 glacier,	 clearly	

identifiable	linear	sequences	of	moraines	were	linked	together	by	joining	the	crestlines	of	

moraine	fragments	(Figures	7.5,	7.6).	In	a	few	selected	areas,	moraines	were	dissected	by	

intervening	meltwater	 channels	 (e.g.	Kelly’s	 Lough,	 Lough	Firrib),	 however	 this	was	not	

widespread.	Based	on	ice-margin	patterns	identified	at	the	majority	of	modern	glaciers	(e.g.	

Lukas,	2012;	Chandler	et	al.,	2016),	inset	moraines	were	presumed	to	be	subparallel	to	the	
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outermost	 former	 ice	 margin	 (Boston	 and	 Lukas,	 2019)	 and	 moraine	 fragments	 were	

connected	to	create	a	symmetrical	ice	front.	This	process	was	undertaken	throughout	the	

entire	study	area	using	the	geomorphological	mapping	presented	in	Chapter	5	(Figure	7.7).	

	

Moraine	bifurcations	(where	a	single	moraine	splits	in	two	downvalley)	are	rare	and	only	

identified	at	one	site	(Lough	Cleevaun).	At	some	sites,	moraines	are	only	present	on	one	side	

of	the	valley	due	to	asymmetrical	moraine	formation	or	poor	preservation.	Therefore,	some	

ice	margins	required	extrapolation	beyond	mapped	moraines,	which	was	undertaken	using	

the	altitude	and	surface	gradient	of	the	moraine	(Figure	7.5,	7.6).	It	is	acknowledged	that	

this	 is	 a	 relatively	 subjective	 approach	 and	 that	 not	 all	 ice	 fronts	 are	 symmetrical	 (e.g.	

Thome,	1972).	However,	this	approach	has	been	used	successfully	(cf.	Boston	and	Lukas,	

2019)	to	reconstruct	a	general	pattern	of	former	ice	fronts	(i.e.	areas	of	moraine	production	

vs	areas	of	no	moraine	production)	and	can	be	subsequently	used	to	investigate	controls	on	

moraine	incidence	(section	7.2.4).	

	

Figure	7.5.	Example	of	 the	approach	used	 to	 link	moraines,	using	moraines	 in	Stonecutter’s	Glen	
(LGIT-1);	 (a)	 mapped	 moraine	 mounds	 and	 ridges,	 (b)	 known	 ice	 margins,	 (c)	 extrapolated	 ice	
margin	 positions.	 Contours	 are	 at	 50	 m	 intervals.	 Refer	 to	 overall	 map	 (Figure.	 7.7)	 where	
Stonecutter’s	Glen	can	be	identified.	
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Figure	7.6.	A	more	complex	example	of	the	approach	used	to	link	moraines	associated	with	the	LGIT-
1	scenario	timeslice.	Here,	in	Glensoulan,	moraine	distribution	indicates	the	readvance	of	ice	from	a	
tributary	valley	(purple	ice	margins)	into	the	main	valley	(green	ice	margins).	The	valley	confluence	
is	inferred	to	have	acted	as	a	topographic	pinning	point,	promoting	stability	of	the	main	Glensoulan	
Glacier	 after	 the	 terminus	 had	 retreat	 upvalley	 of	 the	 confluence.	 This	 is	 inferred	 to	 be	 due	 to	
increased	lateral	constriction	of	the	glacier	and	the	 ice	margin	position	at	the	top	of	a	slope.	This	
scenario	is	discussed	further	in	section	7.2.3.	
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Figure	7.7.	Reconstructed	ice	margins	for	outlet	glaciers	in	the	Wicklow	Mountains,	with	insets	for	
the	(a)	northern,	(b)	central),	and	southern	sectors	(continued	on	the	following	page).		
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Figure	7.8.	 Insets	 (a)	northern,	 (b)	 central	 and	 (c)	 southern	
sectors	 of	 ice-margin	 reconstructions	 in	 the	 Wicklow	
Mountains.	
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7.2.2	Ice	margin	retreat	patterns	and	styles	

Using	 the	distribution	of	 reconstructed	 ice	margins	 established	above,	 an	assessment	of	

how	ice	margins	are	likely	to	have	retreated	in	individual	valleys	can	be	made,	as	well	as	

across	the	wider	region.	The	distances	between	individual	ice	margins	(ice	margin	spacing,	

section	7.2.2.1)	are	analysed	 in	order	 to	 infer	deglaciation	patterns	 (section	7.2.2.2)	and	

identify	styles	of	retreat	in	the	region	(section	7.2.2.3).		

	

7.2.2.1	Ice	margin	(moraine)	spacing	

In	total,	34	ice-flow	units	were	identified	in	the	study	area	(based	on	LGIT-1;	Figure	7.9,	

derived	in	turn	from	Figure	7.2).	However,	four	valleys	do	not	contain	any	moraines	and	are	

therefore	not	 included	 in	 this	 analysis	 (Table	7.1).	 In	 order	 to	 assess	 the	 spacing	of	 the	

reconstructed	ice	margins,	‘barcode’	diagrams	are	presented	for	each	former	ice-flow	unit	

(Figure	 7.10,	 7.11).	 This	 allowed	 visual	 representation	 of	 the	 distances	 between	

reconstructed	ice	margins	(Figure	7.10),	differences	in	elevations	between	reconstructed	

ice	margins	(Figure	7.11),	and	distribution	of	moraines	with	elevation	in	relation	to	both	

outlet	aspect	(Figure	7.12)	and	landsystem	(Figure	7.13).		

Ice	 margin	 spacing	 was	 examined	 by	 measuring	 the	 distance	 between	 each	 former	 ice	

margin	 along	 an	 inferred	 central	 flowline	 and	 ice	 margin	 elevation	 was	 examined	 by	

measuring	the	elevation	of	the	central	point	of	each	reconstructed	ice	margin.	Both	distance	

and	 elevation	 measurements	 were	 undertaken	 from	 the	 outermost	 identified	 LGIT	 ice	

margin	to	the	valley	head	or	ice	divide	(dependant	on	existence	as	an	independent	glacier	

or	part	of	a	 larger	 icefield).	On	each	barcode,	an	 individual	 ice	 front	 is	 represented	by	a	

vertical	line	(cf.	Lukas	and	Benn,	2006;	Boston	and	Lukas,	2019)	and	the	valley	head/ice	

divide	by	the	symbol	>|.		

It	should	be	noted	that	this	technique	is	usually	used	to	assess	retreat	patterns	during	one	

distinct	 climatic	 period	 (e.g.	 YD,	 c.f.	 Bennet	 and	 Boulton,	 1993;	 Lukas	 and	 Benn,	 2006;	

Boston	 and	 Lukas,	 2019)	with	 known	maximum	 ice	 limits.	 However,	 here,	 it	 is	 used	 to	

evaluate	deglaciation	for	an	ice	mass	with	no	definitive	outer	limit.	This	is	still	important	to	

do	in	order	to	understand	controls	on	ice	mass	recession	over	this	time	period.		In	addition,	

there	are	likely	to	be	additional	former	LGIT	ice	margins	(within	assessed	valleys)	that	left	

no	 evidence	 (either	 due	 to	 low	 moraine	 production	 or	 lack	 of	 preservation)	 in	 the	

geomorphological	record.	Therefore,	this	evaluation	only	assesses	a	minimum	record	of	ice-

margin	 retreat	 positions.	 Finally,	 ice	 fronts	 attributed	 to	 YD	 glacier	 readvance	 are	 not	

included	 in	 the	 LGIT	 assessment	 (Figures	 7.10,	 7.11;	 including	 Kelly’s	 Lough	 where	 all	
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moraines	 at	 the	 site	 are	 attributed	 to	 the	 YD).	 Instead,	 these	 barcodes	 are	 discussed	

separately	(Figure	7.15),	as	these	moraines	represent	a	distinct	period	of	glacier	advance	

and	recession	that	is	separate	from	post-ice	cap	recession	events	during	the	LGIT.	However,	

this	means	that	 in	areas	where	a	YD	readvance	occurred,	evidence	for	the	final	stages	of	

LGIT	recession	is	likely	to	be	missing,	having	been	removed	by	subsequent	YD	ice.		

	

Figure	7.9.	The	34	identified	former	ice	flow	units	(using	LGIT-1	extent)	identified	in	the	Wicklow	

Mountains.		
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Figure	7.10	(two	pages	previous).	‘Barcodes’	indicating	the	distance	between	recessional	moraines	

(vertical	lines)	in	29	outlet	valleys	in	the	Wicklow	Mountains	(Kelly’s	Lough	is	excluded	as	only	YD	

moraines	identified	as	site).	Barcodes	are	organised	by	the	primary	associated	landsystem	and	valley	

aspect	(also	indicated	after	valley	name).	A	change	in	line	colour	indicates	the	transition	to	a	different	

landsystem.	Valley	heads/ice	divides	are	denoted	by	the	symbol	>|.	YD	moraines	are	excluded	from	

the	barcodes.	

Figure	7.11	 (previous	page).	 ‘Barcodes’	 indicating	 the	 elevation	of	 recessional	moraines	 (vertical	

lines)	in	29	outlet	valleys	in	the	Wicklow	Mountains	(Kelly’s	Lough	is	excluded	as	only	YD	moraines	

identified	as	site).	Barcodes	are	organised	by	the	primary	associated	landsystem	and	valley	aspect	

(also	 indicated	 after	 valley	 name).	 A	 change	 in	 line	 colour	 indicates	 the	 transition	 to	 a	 different	

landsystem.	Valley	heads/ice	divides	are	denoted	by	the	symbol	>|.	YD	moraines	are	excluded	from	

the	barcodes.	

	

Figure	 7.12.	 Distribution	 of	 moraines	 (excluding	 those	 associated	 with	 the	 YD)	 with	 elevation.	

Moraines	are	categorised	based	on	valley	aspect.	No	moraines	are	identified	below	100	m	or	above	

700	m.		

	

	

	

	

	

	

	

	

	

Figure	7.13.	Distribution	of	former	ice	fronts	(excluding	those	associated	with	the	YD)	with	elevation	

within	the	four	identified	landsystems.	AIF:	alpine	icefield,	PIF:	plateau	icefield,	VG:	valley	glacier,	

CG:	cirque	glacier.	No	moraines	are	identified	below	100	m	or	above	700	m.		
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7.2.2.2	Ice	recession	patterns		

The	barcodes	generated	from	the	map	of	reconstructed	ice	margins	(Figure	7.7)	allow	an	

assessment	of	 the	spacing	(Figure	7.10)	and	elevation	(Figure	7.11)	differences	between	

moraines	 for	 29	 identified	 ice	 flow	 units	 (this	 excludes	 Liffey,	 Lugduff,	 Lavarney,	 and	

Glenogvore	(no	moraines)	and	Kelly’s	Lough	(only	YD	moraines);	cf.	Lukas	and	Benn,	2006;	

Boston	and	Lukas,	2019).	The	number	of	ice	marginal	positions	ranges	from	1	at	Art’s	Lough	

to	 19	 in	 Stonecutter’s	 Glen.	 Where	 the	 moraines	 are	 closely	 spaced	 (i.e.	 as	 a	 moraine	

sequence),	typical	distances	between	moraine	crestlines	vary	between	2–6	m	but	the	largest	

gaps	between	ice	margins	can	be	>	1	km.	Moraine	elevations	range	from	159	m	(Fraughan	

Rock	Glen)	to	683	m	(Lough	Cleevaun)	but	are	predominately	found	in	the	elevation	band	

300–500	m	(Figure	7.12,	7.13).	Collectively,	 there	are	fewer	moraines	 in	the	region	than	

comparable	areas	in	Scotland	(cf.	Bickerdike	et	al.,	2018)	and	there	is	an	absence	of	long	

recessional	moraine	sequences	throughout	most	of	the	region	(Figure	7.10,	711).	Notably,	

there	is	an	absence	of	chaotic	moraine	assemblages	and	irregular	drift.	This	suggests	that	

recession	remained	predominately	active	in	the	valleys	and	up	to	the	valley	heads,	although	

gaps	in	moraines	indicate	that	there	were	periods	when	moraines	apparently	did	not	form.		

The	alpine	icefield	is	the	largest	identified	landsystem	(~80	km2)	and	is	drained	by	13	outlet	

glaciers	(with	moraines	identified	in	10).	It	has	the	highest	number	of	identified	moraines	

(n	=	141)	but	these	are	 largely	 limited	to	mid-lower	parts	of	valleys.	There	are	very	few	

moraines	in	the	central	icefield	region	and	those	present	are	predominately	associated	with	

the	 Inchavore	 outlet	 glacier.	 The	 majority	 of	 the	 moraines	 (n	 =	 88)	 are	 limited	 to	

topographically-restricted	 outlet	 valleys.	The	plateau	 icefield	 record	 is	 similar,	with	 ice-

marginal	evidence	largely	restricted	to	seven	of	its	eight	outlet	valleys.	In	contrast,	the	valley	

and	cirque	landsystems	typically	feature	moraines	distributed	throughout	retreat	(from	the	

outermost	 identified	 limit)	 into	 their	 respective	 source	 areas.	 Collectively,	 excluding	 YD	

associated	moraines,	cirque	glaciers	have	a	higher	number	of	moraines	(n	=	29)	than	the	

valley	glacier	landsystem	(n	=	17).	This	may	suggest	that	valley	glaciers	experienced	more	

uninterrupted	retreat	than	smaller	cirque	glaciers	and	could	imply	that,	due	to	their	higher	

elevation	and	the	influence	of	local	topoclimatic	processes	(Benn	and	Lehmkuhl,	2000;	Mills	

et	 a.,	 2012,	 2019),	 cirque	 glaciers	 remained	 viable	 for	 longer	 than	 lower	 altitude	 valley	

glaciers.		

Collectively,	north-facing	valleys	have	the	highest	number	of	moraines	(n	=	106),	closely	

followed	by	east-	(n	=	83)	and	south-	(n	=	81)	 facing	valleys;	 few	moraines	are	found	in	

west-facing	 valleys	 (n	 =	 14).	 The	 largest	 incidence	 of	 moraines	 is	 found	 at	 300-400	m	

elevation	 in	east-facing	valleys.	This	 suggests	 that	glacier	aspect	had	an	 influence	on	 ice	
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stability	and	retreat,	as	has	been	demonstrated	in	relation	to	ice	mass	survival	during	the	

YD	 (see	 section	 6.1.3).	 It	 is	 likely	 that	 north-facing	 glaciers	 benefited	 from	 topographic	

shading	(Evans,	1997;	Olson	and	Rupper,	2018)	and	north-	and	east-facing	from	enhanced	

accumulation	through	snow	blow	(Evans,	1997;	Barr	et	al.,	2017b;	Oien	et	al.,	2020)	due	to	

prevailing	west-southwest	winds	(Isarin	et	al.,	1997;	Isarin	et	al.,	1998;	Isarin	and	Renssen,	

1999).	Consequently,	it	appears	that	these	ice	masses	experienced	more	oscillatory	retreat	

than	some	of	their	southern	and,	in	particular,	western	counterparts,	potentially	as	a	result	

of	remaining	closer	to	equilibrium	with	local	climate	(Ballantyne,	2002a;	Lukas	and	Benn,	

2006).	 In	selected	valleys	associated	with	the	alpine	icefield,	 there	are	similarities	 in	the	

outermost	moraine	elevation	(~350	m;	e.g.	Stonecutters	Glen,	Glensoulan	Tributary	East,	

Glensoulan	 Tributary	 West,	 Lugacullen,	 Raven’s	 Glen).	 However,	 this	 is	 not	 consistent	

across	 the	 entire	 landsystem	 or	 within	 the	 other	 landsystems,	 as	 elsewhere	 there	 is	

generally	high	disparity	between	the	elevations	of	outermost	identified	ice	limits.	In	other	

landsystems,	there	are	just	a	few	sites	where	outermost	moraines	are	at	similar	elevations.	

For	example,	the	adjacent	plateau	icefield	outlets	of	Glenealo	(171	m)	and	Glenmalur	(170	

m).	Likewise,	Firrib	and	Glenealo	Tributary	(also	plateau	icefield	outlets	draining	the	north	

and	south	of	the	east	alpine	icefield)	have	similar	outermost	moraine	elevations	of	464	m	

and	 473	 m	 respectively.	 In	 addition,	 the	 innermost	 moraines	 of	 Firrib	 and	 Glenealo	

Tributary	are	also	situated	at	similar	elevations	(575	m	and	577	m	respectively)	and,	as	a	

result,	are	thought	to	have	behaved	similarly	during	retreat	(e.g.	detachment	from	plateau	

icefield).	This	is	discussed	further	in	section	7.2.2.3.		

There	is	some	limited	evidence	of	moraine	clustering	at	similar	elevations	during	retreat	

(e.g.	 alpine	 icefield	 –	 Stonecutter’s	 Glen/Lugacullen;	 plateau	 icefield	 –	 Glenealo/	

Glenmalur/Leoh;	 valley	 glacier	 –	 Inchavore	 Tributary/Corrigasleegaun;	 cirque	 glacier	 –

Lough	 Ouler/South	 Prison	 and	 Lough	 Nahanagan/	 Upper	 Lough	 Bray)	 but	 these	

relationships	are	usually	 limited	to	 just	two	corresponding	sites	and	a	single	moraine	or	

small	group	of	moraines.	There	also	seems	to	be	several	sites	that	transition	from	valley	to	

cirque	landsystems	at	similar	elevations,	likely	due	to	the	relatively	narrow	elevation	range	

in	which	cirque	topography	is	located.	For	example,	moraine	distribution	suggests	that	both	

Asbawn	 and	 Fraughan	 Rock	 Glen	 transition	 to	 cirque	 glacier	 landsystems	 at	 a	 similar	

elevation	(~	550	m).	Similarly,	at	Upper	Lough	Bray,	cirque	moraines	begin	at	 the	same	

elevation	(~240	m)	as	both	Leoh	and	Glenreemore,	again	due	to	similar	elevation	cirque	

basins.	Based	on	moraine	distribution,	 these	glaciers	appear	to	have	stabilised	 following	

transition	from	valley	to	cirque	glacier.	Notably,	moraine	deposition	begins	at	both	Lower	

Lough	Bray	and	Lough	Nahanagan	at	similar	elevations	(~	360	m),	suggesting	that	these	ice	

masses	 only	 stabilised	 once	 restricted	within	 their	 respective	 cirque	 source	 areas.	 It	 is	
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inferred	that	these	changes	are	likely	linked	to	climate	amelioration,	as	a	transition	to	cirque	

glaciation	has	been	noted	at	multiple	sites	in	Ireland	in	association	with	abrupt	warming	at	

the	onset	of	the	Bølling-Allerød	interval	(14.7	ka)	during	the	Late	Glacial	(Harrison	et	al.,	

2010;	Barth	et	al.,	2017).	However,	the	limited	numerical	ages	for	cirque	moraines	in	the	

Wicklow	Mountains	(17.1	±	0.9,	15.7	±	1.1	ka	BP;	excluding	YD	dates)	suggest	 that	 local	

transition	to	the	cirque	landsystem	occurred	over	a	wider	time	period.		

Moraine	 bifurcations	 are	 rare	 in	 the	 Wicklow	 Mountains.	 There	 are	 few	 large	 lateral	

moraines	 in	 the	 region,	 which	 is	 where	 many	 bifurcations	 have	 been	 reported	 in	 both	

previously	 glaciated	 (Boston	 and	 Lukas,	 2019;	 Chandler,	 2018)	 and	 modern	 glacial	

environments	 (Iturrizaga,	 2008).	 In	 the	 study	 area,	 moraine	 bifurcation	 only	 occurs	 at	

Lough	Cleevaun.	The	bifurcation	 is	 characterised	by	greater	 retreat	 of	 the	 ice	margin	 at	

lower	elevation	 (the	 terminus)	 than	 ice	surface	 thinning	 further	up-glacier,	enabling	 the	

lateral	portion	of	 the	 ice	margin	 to	 remain	 stable.	This	 suggests	 spatial	 variations	 in	 ice	

margin	 retreat	 and,	 as	 a	 result,	 the	 production	 of	 a	 new	moraine	 at	 a	 subsequent	 inset	

margin	but	adjoined	to	the	original	moraine	where	ice	remained	stable	(or	readvanced)	to	

the	 same	position	 (e.g.	Bennett	 and	Boulton,	1993;	Lukas,	2003;	Benn	and	Lukas,	2006;	

Iturrizaga,	2008;	Boston	and	Lukas,	2019).	This	bifurcation	may	reflect	a	sensitive	response	

of	the	cirque	glacier	to	changes	in	mass	balance	(Boston	and	Lukas,	2019).		

Large	gaps	between	moraines	may	be	either	a	result	of	no	moraines	being	deposited,	or	lack	

of	preservation	of	moraines	that	were	deposited	due	to	paraglacial	processes	(Ballantyne,	

2002b;	Barr	and	Lovell,	2014).	Several	justifications	have	been	offered	to	explain	the	poor	

glaciogenic	 landform	 signature,	 including	 low	 debris	 turnover	 and	 availability,	

uninterrupted	retreat,	and	differences	in	bed	topography	(Barr	and	Clark,	2012;	Barr	and	

Lovell,	 2014;	 Boston	 et	 al.,	 2015;	 Bickerdike	 et	 al.,	 2018).	 Localised	 gaps	 in	 moraine	

deposition	have	been	reported	from	the	Monadhliath	(morainic	evidence	absent	from	23	of	

53	assessed	valleys;	Boston	et	al.,	2015),	the	West	Highland	Glacier	Complex	(absence	of	

ice-marginal	 evidence	 in	 the	west	 valleys;	Bennett	 and	Boulton,	 1993),	 the	Mull	 icefield	

lobes	(poor	evidence	compared	to	the	proximal	Spelve-Don	ice	lobe;	Ballantyne,	2002),	and	

the	 English	 Lake	 District	 (little	 to	 no	 moraine	 evidence	 in	 Langdale	 and	 Sharp	 Fell;	

McDougall,	2001,	2013).		

It	has	been	suggested	that	spatial	variability	in	debris	availability	may	offer	an	explanation	

for	disparities	in	moraine	distribution	(Bickerdike	et	al.,	2018).	It	is	also	possible	that	an	

absence	of	moraines	may	be	related	to	the	efficient	removal	of	glacigenic	debris	from	the	

ice	margins	where	glacial	 and	proglacial	 fluvial	 systems	were	 coupled	 (Ally	et	 al.,	 1997;	

Evans,	2003;	Lukas	et	al.,	2005;	Weber	et	al.,	2019).	At	coupled	sites,	Benn	et	al.,	 (2003)	
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suggests	that	sediments	would	be	removed	from	the	terminus	by	meltwater	streams	and	

subsequently	 deposited	 in	 extensive	 outwash	 plains	 rather	 than	 moraines.	 Finally,	

topography	has	been	shown	to	play	an	important	role	in	the	formation,	and	preservation	of	

moraines	 (Barr	 and	 Lovell	 2014	 and	 references	 therein).	 Therefore,	 it	 is	 possible	 that	

differences	in	moraine	patterns	results	from	juxtapositioned	glaciers	experiencing	different	

retreat	styles	due	to	localised	variations	in	glacier	catchment	topography,	aspect,	elevation,	

and	glacier	hypsometry.	This	is	explored	in	detail	in	section	7.2.4.		

	

7.2.2.3	Retreat	styles	

29	ice-flow	units	were	identified	with	LGIT	ice-marginal	evidence	(Table	7.1;	Figure	7.9).	

Their	barcodes	(Figure	7.10,	7.11)	indicate	retreat	patterns	varied	between	valleys	and	that	

individual	 glacier	 retreat	 dynamics	 varied	 throughout	 LGIT	 deglaciation.	 Applying	 the	

Bickerdike	et	al.	 (2018b)	retreat	style	classification,	all	 three	principle	 retreat	 styles	are	

found	to	characterise	deglaciation	in	the	Wicklow	Mountains.	These	are	designated	‘active	

retreat’	(continuous	recessional	moraines),	‘two-stage	retreat’	(active	retreat	followed	by	

uninterrupted	retreat),	and	‘uninterrupted	retreat’	(no	moraines	inside	the	outermost	one)	

and	are	summarised	in	Figure	7.14.		

In	the	Wicklow	Mountains,	most	sites	did	not	experience	continuous	active	retreat	which,	

has	been	widely	identified	in	association	with	the	Scottish	YD	geomorphological	record	(cf.	

Bickerdike	et	al.,	2018b).	Instead,	many	sites	appear	to	be	characterised	by	phases	of	active	

oscillatory	 retreat,	 followed	 by	 uninterrupted	 retreat	 where	 there	 was	 no	 moraine	

formation	 (or	 vice	 versa;	 two-phased	 retreat).	 Moraine	 distribution	 indicates	 that	 two-

phased	retreat	dominated	glacier	recession	during	the	LGIT	in	the	Wicklow	Mountains.	In	

total,	22	flow	units	are	characterised	by	two-phased	retreat,	four	by	active	retreat,	and	three	

by	uninterrupted	retreat	(Table	7.1).		

Active	 retreat	 –	 This	 is	 identified	 in	 four	 valleys	 in	 the	 Wicklow	 Mountains	 and	 is	

characterised	by	a	(near)	continuous	sequence	of	recessional	moraines	extending	from	the	

outermost	identified	glacier	margin	to	the	former	source	area.	The	distribution	of	moraines	

throughout	 the	 valleys	 suggests	 that	 glaciers	 may	 have	 remained	 close	 to	 equilibrium	

during	 large	 proportions	 of	 retreat	 and	 that	 retreat	 was	 interrupted	 by	 stillstands	 and	

minor	 readvances	 throughout	 (cf.	 Ballantyne,	 2002;	 Lukas	 and	 Benn,	 2006;	 Boston	 and	

Lukas,	2019).	This	implies	that	the	ice	masses	responded	to	changes	in	climate,	via	minor	

oscillations	throughout	recession	(Bickerdike	et	al.,	2018).	There	is	no	evidence	within	the	

geomorphological	record	for	any	readvances	that	were	substantial	enough	for	ice	masses	
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to	readvance	over	previously	deposited	moraines	(cf.	Lukas,	2006;	Benn	and	Lukas,	2006;	

Boston	and	Lukas,	2019).	

Active	retreat	was	experienced	by	an	alpine	icefield	outlet	glacier	(Stonecutter’s	Glen)	and	

tributary	glacier	(Inchavore	tributary),	alongside	two	plateau	icefield	outlet	glaciers	(Firrib,	

Glenealo	 tributary).	 As	 discussed	 above,	 it	 is	 suggested	 that	 both	 Firrib	 and	 Glenealo	

tributary	likely	detached	from	their	plateau	source	area	(Figure	7.3;	LGIT-2).	Moraines	are	

absent	near	the	valley	head	in	Stonecutter’s	Glen	and	do	not	lead	onto	the	adjoining	higher	

ground	(alpine	icefield	accumulation	area).	This	suggests	that	ice	did	not	actively	retreat	

into	the	icefield	source	area,	but	instead	disconnected	at	the	valley	head	due	to	thinning.	

The	four	glaciers	range	in	length	from	1-2	km	and	all	have	narrow	widths	(250–300	m),	

which	may	suggest	that	lateral	topographic	restriction	from	valley	sides	promoted	ice	front	

stability	 during	 retreat	 (Barr	 and	 Lovell,	 2014;	 role	 of	 topography	 discussed	 further	 in	

section	7.2.4).	

Figure	7.14.	Conceptual	retreat	styles	of	British	and	Irish	mountain	glaciers.	Grey	horizontal	 lines	

indicate	 formation	 of	 a	 recessional	moraine	 during	 a	minor	 readvance	 or	 a	 standstill.	 (a)	 Active	

oscillatory	 retreat	 throughout	 deglaciation:	 (near)	 continuous	 sequence	 of	 recessional	 moraines	

stretching	from	glacier	terminus	to	source	area.	(b)	Two-phased	retreat	(active	retreat	followed	by	

transition	to	uninterrupted	retreat):	recessional	moraines	largely	restricted	to	outermost	terminal	

zone.	 (c)	 Uninterrupted	 retreat	 throughout	 deglaciation:	 terminal	 moraine	 but	 absence	 of	

recessional	moraines.	Phase	of	uninterrupted	retreat	(right	of	dashed	line)	from	terminus	position	

leads	to	an	absence	of	recessional	moraines.	Modified	from	Bickerdike	et	al.,	2018.	

	

Two-phased	 retreat	 –	 This	 is	 the	 most	 common	 style	 of	 ice	 retreat	 in	 the	 Wicklow	

Mountains,	affecting	22	flow	units.	Here,	recessional	moraines	are	not	distributed	evenly	

throughout	each	valley,	suggesting	that	retreat	was	initially	active	(moraine	formation)	but	

followed	by	a	period	of	more	 continuous	 recession	 (no	moraine	 formation).	Upvalley	of	

moraine	limits	(active	retreat	phase),	the	absence	of	ice-marginal	evidence	is	suggestive	of	

rapid,	 uninterrupted	 retreat.	 In	 the	 Wicklow	 Mountains,	 this	 is	 found	 at	 six	 sites	
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characterised	by	active	retreat	followed	by	uninterrupted	retreat	(e.g.	Glensoulan	Tributary	

East,	Glensoulan	Tributary	West,	Lough	Tay,	Clogehoge,	Glenmalur,	Ow).	

Two	variations	of	Bickerdike	et	al.’s	(2018)	two-phased	retreat	are	identified.	The	first	is	

characterised	by	alternating	phases	of	active	and	uninterrupted	retreat,	in	which	there	is	a	

renewed	phase	of	active	retreat	relatively	close	to	the	valley	head,	sometimes	followed	by	a	

final	phase	of	uninterrupted	retreat.	This	pattern	is	identified	at	11	sites	(e.g.	Glensoulan,	

Inchavore,	Glenmacnass,	Lugacullen,	Glenealo,	Leoh,	Asbawn,	Glenreemore,	Fraughan	Rock	

Glen).	The	second	is	typified	by	an	extensive	zone	of	uninterrupted	glacier	retreat	upvalley	

until	the	ice	mass	stabilised	in	a	topographically	restricted	situation	and	then	experienced	

active	 (moraine	 forming)	 retreat	over	a	 short	distance.	This	 is	 largely	 restricted	 to	 sites	

where	(and	the	point	at	which)	a	valley	glacier	transitions	into	a	cirque	glacier	(e.g.	South	

Prison,	 Lough	Nahanagan,	 Lough	 Cleevaun,	 Lower	 Lough	Bray,	 and	Upper	 Lough	Bray),	

suggesting	ice	stabilisation	due	to	topography.		

In	Scotland,	two-phased	retreat	has	been	recognised	in	association	with	the	alpine	icefield	

landsystems	on	Skye	(Benn,	1990;	Benn	et	al.,	1992)	and	in	Torridon	(McCormack,	2011).	

Both	of	these	regions	have	topographic	similarities	to	the	alpine	icefield	identified	in	the	

study	area,	in	particular	a	shallow	bed	slope	in	central	areas.	In	the	Wicklow	Mountains,	the	

low	topographic	gradient	of	the	alpine	icefield’s	central	area	suggests	that	once	the	ELA	had	

risen	above	~	500	m,	ice	probably	retreated	rapidly,	as	much	of	the	accumulation	zone	likely	

transitioned	into	the	ablation	zone	over	a	relatively	short	period	of	time.	In	total,	nine	of	11	

glaciers	associated	with	the	alpine	icefield	experienced	two-phased	retreat,	suggesting	that,	

as	in	Skye	and	Torridon,	topography	may	have	had	a	strong	control	on	ice	retreat	dynamics.	

In	addition,	two-phased	retreat	is	also	identified	in	association	with	five	of	the	seven	plateau	

icefield	flow	units,	and	all	but	three	of	the	12	flow	units	associated	with	the	valley	and	cirque	

glaciers.		

Uninterrupted	 retreat	 –	 This	 style	 of	 retreat	 was	 only	 identified	 at	 three	 sites	 (North	

Prison,	 Lough	 Ouler,	 Art’s	 Lough).	 The	 absence	 of	 recessional	 moraines	 at	 these	 sites	

indicates	 that	 recession	 was	 continuous.	 At	 the	 North	 Prison,	 the	 outermost	 margin	 is	

signified	by	moraine	fragments,	rather	than	a	large	distinct	moraine,	suggesting	either	the	

deposition	of	glaciogenic	sediment	in	isolated	areas	around	the	margin	(not	across	whole	

margin)	or	significant	post-depositional	modification	of	the	former	ice	margin.	In	contrast,	

at	Art’s	Lough	and	Lough	Ouler,	the	former	ice	margin	is	signified	by	a	large	single	Class	1	

moraine,	suggesting	likely	formation	by	the	glacier(s)	oscillating	around	approximately	the	

same	position.	Such	ice-margin	oscillation	would	have	been	required	for	a	sustained	period	
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in	order	to	allow	sufficient	debris	accumulation	for	large	moraine	formation	at	the	glacier	

terminus.	A	high	supply	of	debris	would	have	produced	a	large	moraine	more	quickly.		

The	reason	for	uninterrupted	retreat	is	not	clear,	but	it	may	be	connected	to	the	limited	size	

of	the	small	cirque	glaciers	at	Art’s	Lough	and	Lough	Ouler.	It	appears	that	ice	retreat	from	

the	post-LGM	 ice	 cap	was	 initially	uninterrupted	until	 stabilising	at	 the	Class	1	moraine	

position	and,	once	retreat	was	reinitiated,	the	glaciers	may	have	been	too	small	to	produce	

any	further	moraines.	Outside	the	Wicklow	Mountains,	uninterrupted	retreat	appears	to	be	

similarly	prominent	only	at	small	ice	masses	(e.g.	Bowscale	and	Scales	tarn,	Lake	District,	

Sissions,	1980;	Cul	Mor	Assynt,	Sissons,	1977;	Llyn	y	Fach,	Brecon	Beacons,	Shakesby,	2007;	

Melynllyn,	Snowdonia,	Bendle	and	Glasser,	2012).	Whilst	these	ice	masses	are	all	associated	

with	YD	ice	retreat,	rather	than	broader	LGIT,	the	same	principle	likely	applies	–	ice	masses	

were	unable	to	maintain	quasi-stable	ice	fronts	after	a	particular	climatic	point	and	thus	

retreated	in	an	uninterrupted	manner	(Bickerdike	et	al.,	2018a).		

YD	 ice	 retreat	 –	 Examination	 of	 the	 YD	 retreat	 signal	 in	 isolation	 from	 the	wider	 LGIT	

recessional	signal	(Class	3	moraines	only;	Figure	7.15)	highlights	uninterrupted	YD	glacier	

retreat	at	only	Lough	Cleevaun.	Two-phase	retreat	is	identified	at	North	Prison	and	Lough	

Ouler,	where	two	closely	spaced	ice	fronts	followed	by	an	absence	of	ice-marginal	evidence	

suggests	a	period	of	active	retreat	and	minor	ice	margin	oscillation	before	a	transition	to	

uninterrupted	 retreat.	 In	 contrast,	 active	 retreat	 is	 identified	 at	 both	 Kelly’s	 Lough	 and	

Lough	Nahanagan,	as	both	sites	appear	to	have	had	an	actively	oscillating	ice	margin	with	

numerous	moraines	and	reconstructed	ice	fronts.	At	these	sites,	a	relatively	large	number	

of	YD	ice	fronts	are	reconstructed	(9	and	10	respectively)	for	a	cirque	landsystem,	indicating	

that	both	 ice	masses	were	able	 to	maintain	quasi-stable	 ice	margins	after	reaching	 their	

maximum	 YD	 positions	 and	 thus	 experienced	 active	 oscillatory	 retreat	 throughout	

deglaciation.	It	is	not	clear	why	these	cirque	glaciers	behaved	differently	(to	the	other	three	

identified	YD	ice	masses)	during	retreat,	although	Lough	Nahanagan	is	protected	from	solar	

insolation	via	topographic	shading	(section	6.1.3).	It	appears	that	after	the	YD	maximum,	

these	 cirque	 glaciers	 were	 not	 able	 to	 maintain	 quasi-stable	 ice	 fronts	 and	 therefore	

experienced	uninterrupted	retreat	(cf.	Bickerdike	et	al.,	2018a).		
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Figure	7.15	‘Barcodes’	indicating	distance	between	recessional	Class	3	moraines	(inferred	YD,	

vertical	lines)	in	five	outlet	valleys	in	the	Wicklow	Mountains.	Valley	heads	are	denoted	by	the	

symbol	>|.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Table	7.1	(next	page).	Retreat	style	of	33	glaciers/ice	 lobes	 in	the	Wicklow	Mountains	(excluding	

Kelly’s	Lough,	as	only	YD	moraines	identified).	Each	outlet	is	primarily	associated	with	one	of	four	

identified	landsystems;	valley	glacier,	cirque	glacier,	plateau	icefield	(PIF)	or	alpine	icefield	(AIF).	

Some	outlets	transitioned	into	different	landsystems	during	the	LGIT,	as	explored	in	Figure	7.9.	Note	

that	at	four	sites	moraines	are	absent.		
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Glacier/ice	lobe	 Landsystem	 Retreat	style	 No	moraines	

present		 	 Active		 Two-phased	 Uninterrupted	

Stonecutter’s	Glen	 AIF		 ü	  	 	

Raven’s	Glen	 AIF		 	 ü 	 	

Glensoulan	 AIF		 	 ü 	 	

Glensoulan	Trib	East	 AIF		 	 ü 	 	

Glensoulan	Trib	West	 AIF	 	 ü 	 	

Lough	Tay	 AIF		 	 ü 	 	

Clogehoge	 AIF		 	 ü 	 	

Inchavore	 AIF		 	 ü 	 	

Inchavore	Trib	 Valley	 ü	  	 	

Glenmacnass		 AIF		 	 ü 	 	

Lugacullen	 					AIF	 	 ü 	 	

Lavarney	 AIF		 	  	 ü	

Lugduff	 AIF		 	  	 ü	

Liffey	 AIF		 	  	 ü	

Glenealo	 PIF		 	 ü 	 	

Glenealo	Trib	 PIF		 ü	  	 	

Glenmalur	 PIF		 	 ü 	 	

Leoh	 PIF		 	 ü 	 	

Glenogvore	 PIF	 	  	 ü	

Asbawn	 PIF	 	 ü 	 	

Glenreemore	 																PIF		 	 ü 	 	

Firrib	 PIF		 ü	  	 	

Fraughan	Rock	Glen	 Valley	 	 ü 	 	

Corrigasleegaun	 Valley	 	 ü 	 	

North	Prison	 Valley		 	  ü	 	

Ow		 Valley		 	 ü  	

South	Prison	 Cirque	 	 ü  	

Art’s	Lough	 Cirque	 	  ü	 	

Lough	Nahanagan	 Cirque	 	 ü 	 	

Lough	Cleevaun	 Cirque	 	 ü 	 	

Lough	Ouler	 Cirque	 	  ü	 	

Lough	Bray	Lower	 Cirque	 	 ü 	 	

Lough	Bray	Upper	 Cirque	 	 ü 	 	
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7.2.3	Examples	of	complex	ice	lobe	interactions		

The	two-dimensional	scenarios	presented	 in	section	7.1	offer	an	overview	of	 ice	retreat.		

However,	at	some	sites,	the	moraine	distribution	provides	an	insight	into	more	complex	ice	

lobe	 interactions.	 Here,	 two	 specific	 examples	 of	 this	 are	 explored,	 at	 Glenmalur	 and	

Glensoulan,	respectively.		

	

7.2.3.1	Glenmalur	

In	Glenmalur,	a	large	Class	1	moraine	marks	the	outermost	identified	LGIT	ice	extent,	inset	

by	several	smaller	Class	2	moraines	(Figure	7.16).	However,	the	moraine	does	not	relate	to	

ice	originating	from	Glenmalur,	but	instead	its	position	implies	that	it	was	deposited	by	the	

adjacent	Fraughan	Rock	Glen	Glacier.	The	 location	of	 this	 feature	 in	 the	main	Glenmalur	

valley	 suggests	 that	either	 (1)	Fraughan	Rock	Glen	had	a	more	stable	 ice	margin	during	

separation	of	the	two	ice	lobes,	or	(2)	after	the	Glenmalur	Glacier	retreated	upvalley	of	the	

confluence,	the	Fraughan	Rock	Glen	Glacier	readvanced	into	Glenmalur.	If	the	moraine	was	

formed	by	a	readvance	from	Fraughan	Rock	Glen,	it	may	have	been	climatically	controlled	

or	 the	possible	glacier	advance	may	have	been	driven	by	 internal	dynamics	utilising	 the	

newly	available	space	at	its	terminus	(Glasser	et	al.,	2004).	If	the	readvance	was	a	climatic	

response,	 the	 asynchronous	 behaviour	 of	 the	 glaciers	 may	 be	 attributable	 to	 glacier	

catchment	size.	As	an	isolated	valley	glacier,	with	a	smaller	catchment	and	high	elevation	

range,	Fraughan	Rock	Glen	may	have	had	a	quicker	response	time	than	Glenmalur	which	

was	likely	an	outlet	of	a	larger	plateau	icefield	system	(Bahr	et	al.,	1998).	However,	there	is	

no	 readvance	 signal	 from	 neighbouring	 isolated	 valley	 glaciers	 (e.g.	 Kelly’s	 Lough,	 Ow,	

North	Prison).	Instead,	the	size	of	the	Class	1	moraine	suggests	that,	following	readvance,	

the	Fraughan	Rock	Glen	 ice	margin	remained	relatively	stable,	oscillating	around	a	 fixed	

position	(Barr	and	Lovell,	2014).	In	contrast,	the	suite	of	Class	2	moraines	associated	with	

the	 Glenmalur	 Glacier	 suggests	 that	 recession	 had	 commenced,	 but	 was	 punctuated	 by	

periods	of	stability/minor	advance	and	moraine	formation,	The	incidence	of	moraines	in	

close	proximity	to	the	valley	confluence	may	be	due	to	its	potential	role	as	a	topographic	

pinning	 point	 (Barr	 and	 Lovell,	 2014),	 where	 it	 may	 have	 provided	 stability	 for	 the	

Glenmalur	Glacier.	
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Figure	7.16.	(a)	Class	1	(grey)	and	Class	2	(black)	moraines	in	Glenmalur	(main	valley)	and	Fraughan	

Rock	Glen	(FRG;	tributary	valley).	These	moraines	mark	the	outermost	extent	of	mapped	LGIT	ice	

presence	in	the	area	(LGIT-1).	Moraine	distribution	and	size	suggests	that	Fraughan	Rock	Glen’s	ice	

margin	remained	stable	(oscillating	to	the	same	position,	creating	the	large	Class	1	moraine)	whilst	

the	Glenmalur	ice	margin	stabilised	at	several	upvalley	positions	(b)-(d)	creating	multiple	Class	2	

moraines.			

	

7.2.3.2	Glensoulan	

A	large	Class	1	moraine	marks	the	outermost	identified	LGIT	ice	margin	and	is	inset	by	a	

series	 of	 Class	 2	moraines	 in	 the	main	 Glensoulan	 valley	 and	 the	 two	 tributary	 valleys	

(Glensoulan	 Tributary	 East,	 Glensoulan	 Tributary	 West;	 Figure	 7.17).	 The	 absence	 of	

moraines	in	the	mid-reaches	of	the	Glensoulan	valley	suggests	that	once	ice	retreated	from	

the	outer	limit,	it	only	re-stabilised	(in	the	main	valley)	near	the	confluence	of	Glensoulan	

Tributary	West.	 There	 is	 an	 absence	 of	 geomorphological	 evidence	 to	 suggest	 that	 the	

Glensoulan	 glacier	 stabilised	 in	 proximity	 to	 the	 downvalley	 Glensoulan	 Tributary	 East	

confluence.	 Class	 2	 moraines	 are	 present	 at	 the	 eastern	 tributary-valley	 confluence,	

however,	the	orientation	and	positioning	of	moraines	(trending	obliquely	downvalley	on	

valley	confluence	sidewall),	in	the	tributary	rather	than	main	valley,	suggests	that	they	were	

not	sourced	from	the	main	Glensoulan	Glacier	(Figure	7.17	1a).	However,	the	presence	of	

moraines	 in	 lower	 Glensoulan	 Tributary	 East	 suggests	 that	 the	 tributary	 glacier	 likely	

remained	relatively	 stable	 (active	 retreat,	oscillating	 ice	margin)	after	 ice	had	separated	

from	the	main	valley	glacier.	

At	this	stage,	it	is	unclear	if	Glensoulan	Tributary	West	remained	connected	with	the	main	

Glensoulan	Glacier	or	if	these	ice	masses	had	disconnected	following	the	separation	of		
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Figure	7.17.	(a)	Class	1	(grey)	and	Class	2	(black)	moraines	in	Glensoulan	(main	valley),	Glensoulan	

Tributary	East,	Glensoulan	Tributary	West.		These	moraines	mark	the	outermost	extent	of	mapped	

LGIT	 ice	 presence	 in	 the	 area	 (LGIT-1,	 (b)).	 It	 is	 unclear	 if	 Glensoulan	 Tributary	West	 remained	

connected	with	the	main	Glensoulan	valley	or	if	ice	masses	separated	during	the	proposed	stage	(c).	

However,	moraine	distribution	suggests	readvance	of	Glensoulan	Tributary	West	(d)	after	the	retreat	

of	the	main	Glensoulan	glacier,	followed	by	separation	and	retreat	of	ice	masses	(e,	f).	

	

Glensoulan	Tributary	East	and	the	main	Glensoulan	Glacier	(Figure	7.17c).	However,	 the	

cross-cutting	of	moraines	(see	Figure	7.6	for	detailed	reconstructed	ice	fronts)	suggests	that	

once	 the	 Glensoulan	 Glacier	 had	 retreated	 upvalley	 of	 the	 Glensoulan	 Tributary	 West	

confluence,	 the	 Glensoulan	 Tributary	 West	 Glacier	 advanced	 slightly	 into	 the	 main	

Glensoulan	 valley	 (Figure	 7.17d).	 It	 is	 suggested	 that	 the	 valley	 confluence	 acted	 as	 a	

topographic	pinning	point	(due	to	increased	lateral	constriction),	promoting	stability	of	the	

Glensoulan	Glacier	after	 the	 terminus	had	 retreated	upvalley	of	 the	 confluence	 slope,	 as	

signified	 by	 moraine	 deposition	 (Barr	 and	 Lovell,	 2014).	 The	 inferred	 readvance	 of	

Glensoulan	 Tributary	West	 is	 based	 upon	 the	 distribution	 of	 tributary	moraines.	 These	
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moraines	trend	obliquely	downvalley	(tributary	valley)	and	their	positioning	on	the	side	of	

the	valley	confluence	slope	suggests	lateral	constriction	(and	stability)	of	the	tributary	ice	

margin.	As	with	the	Fraughan	Rock	Glen	Glacier,	it	is	unclear	(based	on	moraine	distribution	

alone)	if	the	Glensoulan	Tributary	West	advance	was	climatically	driven	or	if	the	retreat	of	

the	Glensoulan	glacier	allowed	an	internally	driven	advance	of	the	tributary	ice	mass	into	

previously	unavailable	space	(i.e.	spreading	of	the	ice	lobe;	Glasser	et	al.,	2004).	In	addition,	

as	re-initiation	of	moraine	deposition	in	the	main	Glensoulan	valley	occurs	in	association	

with	the	Glensoulan	Tributary	West	confluence	(Figure	7.17),	it	suggests	that	the	ice	margin	

stabilised	 in	 this	area	 following	a	period	of	uninterrupted	retreat	(from	Class	1	moraine	

below	Glensoulan	waterfall),	where	the	valley	confluence	may	have	acted	as	a	topographic	

pinning	point	(Barr	and	Lovell,	2014).		

	

7.2.4.	Topographic	controls	on	glacier	retreat	patterns		

Topography	is	well	known	to	regulate	both	the	location	and	timing	of	moraine	deposition	

(Barr	and	Lovell,	2014),	therefore	exerting	a	control	on	the	pattern	of	glacier	recession	and	

moraine	 distribution.	 This	 is	 frequently	 examined	 in	 association	with	modern	 ice-mass	

stability,	including	the	role	of	topography	on	mountain-scale	ice-mass	dynamics	(e.g.	López-

Moreno	et	al.,	2006;	DeBeer	and	Sharp,	2009;	Scherler	et	al.,	2011),	and	a	growing	number	

of	 studies	 are	now	starting	 to	 consider	 associated	 implications	 in	 the	palaeorecord	 (e.g.	

Warren	and	Hulton,	1990;	Kaplan	et	al.,	2009;	Barr	and	Clark,	2012;	Pedersen	and	Egholm,	

2013;	Tomkins	et	al.,	2018a;	Boston	and	Lukas,	2019;	Weber	et	al.,	2019).		

Here,	 the	 influence	of	 topographic	pinning	points	(e.g.	 topographic	steps,	reverse	slopes,	

lateral	 constrictions,	 tributary	 valley	 incursion;	 Greene,	 1992;	 Barr	 and	 Lovell,	 2014)	 is	

explored	 in	 order	 to	 consider	 the	 effect	 on	 ice	 retreat	 patterns	 in	 individual	 glacier	

catchments.	 Moraines	 are	 often	 deposited	 at	 such	 locations	 (Warren,	 1991)	 but	 their	

distributions	are	unique	as	 recession	patterns	are	partially	governed	by	 the	 topography	

within	an	 individual	glacier	basin	 (Greene,	1992).	 In	particular,	glacier	bed	gradient	has	

been	noted	to	have	an	effect	on	rates	of	glacier	recession	(Oerlemans,	1989,	2012;	Kerr,	

1993;	Barr	and	Lovell,	2014;	Davies	et	al.,	2018;	Boston	and	Lukas,	2019;	Weber	et	al.,	2019)	

and	can	act	as	a	physical	barrier	to	ice	advance	(Barr	and	Lovell,	2014).	This	can	regulate	

where	moraines	are	deposited.		

Variations	 in	bed	topography	can	exert	a	control	on	moraine	 formation	by	 impacting	on	

glacier	 mass	 balance.	 For	 example,	 in	 topographically-constrained	 glaciers,	 the	 glacier	

surface	profile	is	mainly	controlled	by	the	underlying	topography	(Benn	and	Hulton,	2010).	

Consequently,	changes	in	the	ELA	disproportionally	affect	glaciers	with	gentle,	as	opposed	
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to	steeper,	surface	gradients	(Kuhn	et	al.,	1985;	Giesen	and	Oerlemans,	2010;	Oerlemans,	

2012).	An	equivalent	ELA	rise	on	a	gently	sloping	glacier	will	cause	a	greater	increase	in	

ablation	area	than	on	a	steep	sloping	glacier	(Figure	7.18).		

Examination	of	the	style	and	pattern	of	ice	retreat	indicates	that	there	is	a	close	association	

between	 the	 gradient	 of	 the	 valley	 floor	 and	moraine	 location	 (Figures	 7.19,	 7.20,	 7.21,	

7.22).	Whilst	outlet	valleys	with	zones	of	consistent	gradient	(e.g.	Clogehoge,	Raven’s	Glen,	

Glenmacnass,	 Glenealo	 Tributary,	 Glenmalur)	 tend	 to	 have	 more	 evenly	 distributed	

moraines	in	those	regions,	a	consistent	gradient	(along	the	ice	mass	central	flowline)	does	

not	necessarily	result	in	moraine	formation	throughout	the	valley	(e.g.	Corrigasleegaun	or	

Glensoulan	Tributary	West;	Figure	7.22).	Figure	7.19	shows	the	effect	of	variations	in	slope	

gradient	on	glacier	retreat	and	demonstrates	that	moraine	spacing	is	generally	closer	on	

steeper	 topography	 (>5°,	 e.g.	 Inchavore	 Glacier,	 (d)).	 At	 some	 sites,	 there	 is	 a	 visible	

transition	in	moraine	spacing	based	upon	changes	in	bed	gradient.	For	example,	at	Glenealo	

Tributary	 there	 is	 a	 transition	 from	widely-spaced	moraines	 in	 the	gently	 sloping	 lower	

valley	to	more	closely-spaced	moraines	with	increased	bed	gradients	and	proximity	to	the	

increasingly	 narrow	 valley	 head	 (Figure	 7.22).	 This	 is	 partly	 controlled	 by	 the	

aforementioned	relationship	between	ice	mass	surface	gradient	and	ELA	rise	(Figure	7.18),	

but	 also	 suggests	 that	 lateral	 constraint	 of	 ice	 (from	valley	 sides)	may	be	 important	 for	

promoting	 ice	 margin	 stability.	 The	 combined	 influence	 of	 bed	 gradient	 and	 lateral	

topographic	constraint	on	moraine	formation	is	also	evident	at	Clogehoge	(Figure	7.19c).	

Here,	ice	margins	are	closely	spaced	in	the	lower	valley	where	the	slope	gradient	is	<5°	and	

there	is	a	lateral	topographic	restriction	of	ice	by	steep	valley	sides.	In	contrast,	as	the	bed	

gradient	becomes	steeper	(~10°)	upvalley,	moraine	formation	ceases	(Figure	7.22).	Shortly	

following	this,	lateral	topographic	restriction	reduces	as	the	valley	opens	into	a	wide	central	

accumulation	area	of	the	alpine	icefield.	In	this	example,	therefore,	both	slope	and	lateral	

topographic	restriction	appear	to	have	affected	moraine	formation.	

	

	

	

	 	

Figure	7.18	The	 effect	 of	 slope	 on	 changes	 in	 the	 location	 of	 the	 equilibrium	 line	 altitude	 (ELA),		

illustrating	that	the	same	vertical	rise	in	the	ELA	will	increase	the	size	of	the	ablation	area	more	on	a	

flatter	glacier	(b)	than	on	a	steeper	glacier	(a).	The	original	ELA	is	represented	by	a	solid	red	line,	the	

dotted	red	line	denotes	the	new	ELA.	Change	in	ELA	elevation	is	Δh	and	ΔL	is	the	horizontal	distance	

travelled	by	 the	ELA,	which	 is	 eventually	 translated	 into	a	 change	 in	 glacier	 length	visible	 at	 the	

terminus.	Source:	Boston	and	Lukas,	2019.	
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Figure	7.19.	Ice	margins	during	retreat	for	(a)	Glenealo	Tributary	Glacier,	(b)	Inchavore	Tributary	

Glacier,	 (c)	 Clogehoge	 Glacier,	 (d)	 Inchavore	 Glacier,	 and	 (e)	 Leoh	 Glacier.	 Glenealo	 Tributary	

demonstrates	 the	 influence	 of	 slope	 upon	 moraine	 distribution,	 with	 moraines	 becoming	 more	

closely	spaced	upvalley	in	association	with	an	increase	in	slope	(from	<10°	to	>15°).	Similarly,	the	
Inchavore	Tributary	Glacier	highlights	closely	spaced	ice	margins	in	association	with	steep	slope	(up	

to	20°).	 In	 contrast,	 sites	 such	as	Clogehoge	and	 Inchavore	 illustrate	 that	wide,	 open,	 and	gently	
sloping	areas	feature	limited	moraines.	There	may	be	limited	moraine	production	throughout	the	

site	 (Inchavore)	 or	 there	may	 be	 a	 switch	 to	 limited	moraine	 production	with	 transition	 from	 a	

steeper	topographically	restricted	(narrow)	area	to	an	open	and	gently	sloping	area.	Finally,	Leoh	

Glacier	indicates	that	at	closely	spaced	moraines	can	also	be	found	in	association	with	gentle	slopes	

(<10°)	and	here	moraine	clustering	reduces	upvalley	with	increase	in	slope	and	topographic	control	
(valley	narrowing).	
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However,	 closely	 spaced	 moraines	 are	 not	 exclusively	 found	 on	 steep	 slopes.	 At	 Leoh	

(Figure	 7.19c;	 7.22),	 suites	 of	 closely	 spaced	 moraines	 are	 situated	 on	 a	 slope	 of	 <5°,	

emanating	from	the	main	valley	onto	a	laterally	unconstrained	plain,	highlighting	a	small	

piedmont	ice	mass	configuration.	These	moraines	may	be	due	to	a	glacier	readvance	or	a	

still-stand	 in	 retreat.	 If	 associated	 with	 readvance	 of	 the	 Leoh	 Glacier,	 then	 the	 lateral	

spreading	of	 ice	onto	 the	plain	and	 the	 creation	of	 a	 large	ablation	area	 likely	 created	a	

topographically	induced	period	of	ice	margin	stability,	forming	lobate	moraines	(Barr	and	

Lovell,	2014).		

	

	

	

	

	

	

	

	

Figure	 7.20.	 Moraine	 distribution	 in	 relation	 to	 slope,	 categorised	 based	 on	 valley	 aspect.	 YD-

attributed	moraines	are	excluded	from	the	assessment.	

	

	

	

	

	

	

	

	

	

	 	

	 	

Figure	7.21.	Moraine	distribution	 in	 relation	 to	 slope	within	 the	 four	 identified	 landsystems.	YD-

attributed	moraines	are	excluded	from	the	assessment.	
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In	areas	of	minimal	lateral	topographic	restriction	(e.g.	central	alpine	icefield	accumulation	

area,	plateau	icefield	accumulation	area)	and	gentle	slopes,	moraine	distribution	is	limited	

(Figure	7.22).	Moraines	are	usually	found	on	slopes	with	~5°	gradient	(Figure	7.19,	7.21).	

Moraine	clustering	is	 limited	but,	 if	present,	 is	often	found	immediately	before	or	after	a	

change	 in	 slope;	 for	 example,	 at	 Inchavore,	moraine	 clustering	 is	 found	 at	 the	base	 of	 a	

reverse	bed	slope	(<0°).	The	association	of	moraines	with	breaks	in	slope	suggests	that	this	

may	play	a	role	in	promoting	ice-margin	stability	by	acting	as	an	obstruction	to	ice	flow,	

encouraging	moraine	deposition	(Kerr,	1993;	Cook	and	Swift,	2012).	Reverse	bed	slopes	are	

identified	 in	association	with	 the	alpine	 icefield	and	cirque	glaciers	with	eastern	aspects	

(Figure	7.20,	7.21)	and,	at	these	sites,	moraines	are	frequently	found	at	the	base	of	the	slope.	

However,	it	should	be	noted	that	there	is	an	underestimation	of	moraines	on	reverse	slopes,	

as	any	moraines	terminating	in	loughs	(n	=	31;	where	centre	point	of	reconstructed	moraine	

is	in	the	lough)	are	excluded	from	the	assessment	of	distribution	with	slope	due	to	a	lack	of	

bathymetric	 data.	 For	 schematic	 purposes,	 lough	 topographic	 profiles	 have	 been	

extrapolated	in	Figure	7.22,	but	slope	gradients	are	unknown.	

Whilst	 changes	 in	 slope	 seem	 to	 promote	 glacier	 stabilisation,	 moraine	 formation/	

preservation	appears	to	reduce	on	very	steep	slopes	as	moraines	on	slopes	>20°	are	rare	

and	no	moraines	are	identified	on	slopes	>25°.	In	fact,	ice	fronts	reconstructed	on	slopes	

>20°	(e.g.	Fraughan	Rock	Glen)	are	extrapolated	from	lateral	moraines	(Figure	7.20,	7.21).	

This	highlights	that	on	steeper	slopes,	mainly	lateral	moraines	rather	than	frontal	moraines	

are	preserved.	However,	 this	 lateral	moraine	presence	 still	 indicates	 a	period	of	margin	

stability	when	moraines	were	forming.		

Former	ice	margin	positions	are	reconstructed	on	centreline	slopes	mainly	between	0-15°	

(Figure	7.20,	7.21).	Moraines	associated	with	 the	alpine	 icefield	are	 identified	on	 slopes	

£15°	 whereas	 the	 plateau	 icefield	 also	 has	 associated	 moraines	 on	 slopes	 up	 to	 20°.	

Moraines	on	slopes	15-20°	are	also	found	in	association	with	valley	and	cirque	glaciers.	In	

the	plateau	icefield	landsystem,	few	moraines	are	identified	on	the	plateau	meaning	that	

moraine	distribution	is	mostly	limited	to	outlet	valleys,	where	glacier	bed	topography	often	

steepens	 with	 increased	 proximity	 to	 the	 ice	 divide	 and	 moraine	 distribution	 is	 found	

throughout	valleys.	In	contrast,	outlets	associated	with	the	alpine	icefield	mostly	become	

more	gently	sloping	with	increased	proximity	to	the	ice	divide,	transitioning	from	narrow,	

steeper,	 and	 laterally	 constrained	 outlets	 into	 a	 central	 wide	 accumulation	 area	 where	

moraine	deposition	is	more	limited.		
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Figure	 7.22	 (continued	 from	previous	 page).	 ‘Barcodes’	 for	 each	 outlet	 glacier	with	 ice	marginal	

evidence	associated	with	LGIT	ice	dynamics.	YD	attributed	moraines	are	excluded	(including	Kelly’s	

Lough).	The	barcodes	are	overlain	onto	normalised	bed	topography	along	the	central	flowline	of	each	

respective	outlet	from	the	glacier	terminus	(1.0)	up	to	the	ice	divide	(0.0).	The	bed	topographies	are	

organised	 by	 landsystem	 and	 aspect	 (denoted	 in	 brackets	 after	 the	 outlet	 name).	 The	 general	

gradient	of	the	bed	is	indicated	in	degrees	at	key	locations	along	each	profile,	bed	gradients	are	not	

detailed	at	sites	where	the	bed	topography	has	had	to	be	extrapolated	due	to	an	absence	of	data	(e.g.	

overdeepenings	in	loughs).	Overall	approach	based	on	Boston	and	Lukas,	2019.		
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Ice	margin	stability	also	appears	to	have	occurred	at	valley	junctions,	as	a	number	of	the	

identified	moraine	clusters	are	 located	slightly	upvalley	of	a	confluence	(e.g.	Glensoulan,	

Glensoulan	East	Tributary,	Glensoulan	West	Tributary,	Glenmalure,	Fraughan	Rock	Glen,	

Glenealo	 Tributary,	 Clogehoge).	 At	 these	 sites,	 ice	 margins	 appear	 to	 have	 stabilised	

following	retreat	and	disconnection	with	 ice	 in	 the	adjacent	valley	and	there	are	several	

possible	explanations	for	this.	 Ice	retreat	from	a	topographically	open	(valley	confluence	

region)	 to	 a	 more	 topographically	 restricted	 (upvalley	 of	 confluence)	 area	 may	 have	

increased	 topographic	 sheltering	 (shading),	 resulting	 in	 a	 reduction	 of	 ablation	 and	

promoting	ice	margin	stability	(cf.	Lukas,	2007;	Barr	and	Clark,	2012;	Barr	and	Lovell,	2014)	

and	 the	 reduction	 in	 valley	 width	 would	 also	 increase	 lateral	 constriction	 of	 ice	 and	

potentially	promote	ice	margin	stability	(cf.	Warren	and	Hulton,	1990;	Lukas,	2007;	Barr	

and	Clark,	2012).		

Generally,	north-	and	east-facing	outlets	contain	the	highest	number	of	moraines	(Figure	

7.20),	suggesting	that	these	glaciers	experienced	more	ice	margin	stability	during	retreat	

(Barr	and	Lovell,	2014).	This	is	probably	a	result	of	topographic	shading	from	valley	sides	

sheltering	 ice	 from	 solar	 insolation	 compared	 to	 south-facing	 valleys	 (cf.	 Pearce,	 2014).	

However,	a	large	number	of	outlets	of	the	alpine	icefield	have	southern	aspects	and	likely	

received	greater	solar	insolation	and	yet	have	more	detailed	patterns	of	retreat	than	their	

north-facing	 counterparts	which	 have	 almost	 no	moraine	 record.	 It	 is	 possible	 that	 the	

southern	ice	masses	have	a	more	detailed	record	of	retreat	as	these	outlets	benefited	from	

a	larger	accumulation	zone	(central	icefield)	and,	collectively,	ice	masses	were	likely	warm-

based	due	to	sufficient	ice	thickness	(+100	m	in	central	zones)	(cf.	Kaplan	et	al.,	2009).	In	

contrast,	 the	 northern	 outlets	 were	 only	 connected	 to	 the	 icefield	 via	 cols	 and	 did	 not	

receive	significant	mass	input	from	the	central	icefield	and,	as	a	result	of	small	accumulation	

areas,	were	likely	smaller,	thinner,	and	potentially	cold-based	ice	masses	with	lower	rates	

of	moraine	production	(cf.	Andrews	et	al.,	1970;	Barr	and	Clark,	2012).			

Finally,	whilst	the	southern	alpine	icefield	outlet	valleys	host	suites	of	moraines,	it	is	worth	

nothing	 that	 the	 central	 alpine	 icefield	 accumulation	 area	 (south-facing	 aspect)	 is	 very	

poorly	constrained	by	ice-marginal	evidence.	The	widespread	absence	of	moraines	in	this	

area	suggests	either	ice	did	not	actively	form	moraines	(possibly	due	to	thermal	regime,	cf.	

Rea	and	Evans,	2003)	or	this	area	experienced	uninterpreted	ice	retreat	during	the	LGIT	(cf.	

Benn,	1992;	McCormack,	2011;	Bickerdike	et	al.,	2017).		Given	the	large	size	of	the	central	

icefield’s	accumulation	area,	low	bed	gradient,	and	poor	topographic	protection	from	solar	

insolation	(Olson	and	Rupper,	2018),	it	is	likely	that	once	the	ELA	had	risen	above	~	500	m	
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ice	 retreated	 rapidly	 from	 the	 area	 (Kuhn	 et	 al.,	 1985;	 Oerlemans,	 2010)	 via	 sustained	

thinning	as	well	as	lateral	margin	retreat.		

	

7.4	Chapter	summary	

This	chapter	has	examined	potential	ice	mass	configurations	and	recession	in	the	Wicklow	

Mountains	during	the	LGIT.	Hypothetical	scenarios	of	how	alpine	icefield,	plateau	icefield,	

valley	glacier,	and	cirque	glacier	landsystems	may	have	evolved	throughout	the	LGIT	were	

presented	via	 two-dimensional	 conceptual	models	at	 three	different	 timeslices	based	on	

surface	profile	modelling,	available	absolute	datasets,	and	geomorphological	evidence.	The	

timing	of	outlet	glacier	recession	remains	subject	to	testing	via	targeted	absolute	dating	and	

therefore	 these	scenarios	will	 likely	need	 to	be	revised	as	more	data	becomes	available.	

Nonetheless,	the	research	importantly	identifies	that	the	Wicklow	Ice	Cap	did	not	recede	

and	thin	as	one	coherent	ice	mass,	but	it	separated	into	multiple	topographically-controlled	

ice	masses.	

This	 chapter	 also	examined	LGIT	 ice	 recession	 through	 the	 reconstruction	of	 former	 ice	

margins	 and	 analysis	 of	 ice	 margin	 spacing.	 This	 analysis	 indicates	 that	 ice	 recession	

patterns	differ	across	the	region	and	ice	masses	experienced	either	active,	two-phased,	or	

uninterrupted	retreat.	Two-phased	retreat	was	the	dominant	style	of	LGIT	ice	retreat	in	the	

region.	Analysis	 of	moraine	patterns	 also	highlights	 that	 (1)	 there	 is	 an	 absence	of	 long	

recessional	moraine	sequences	throughout	most	of	the	study	area,	(2)	there	are	multiple	

valleys	with	a	complete	absence	of	ice-marginal	evidence,	and	(3)	there	are	areas	with	large	

gaps	between	moraine	formation.	Further	analysis	has	identified	that	topography	exerted	

a	control	on	the	pattern	of	local	glacier	recession	and	moraine	distribution.	A	combination	

of	 topographic	 pinning	 points	 (i.e.	 topographic	 steps,	 lateral	 constriction,	 and	 tributary	

valley	incursion),	favourable	slope	gradients	(0-15°),	and	changes	in	slope	had	an	important	

influence	on	where	moraines	formed,	 implying	some	element	of	glacier	stability	at	these	

locations.	In	the	following	Chapter	8,	the	LGIT	and	YD	data	(presented	in	Chapters	6	and	7)	

will	discussed	within	the	wider	context	of	the	implications	of	LGIT	glaciation	in	the	Wicklow	

Mountains.		
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Chapter	8:	Discussion

This	chapter	provides	a	broader	discussion	of	the	key	themes	that	have	emerged	from	the	

assessment	 of	 glaciation	 in	 the	 Wicklow	 Mountains	 presented	 in	 Chapter	 5	 (glacial	

geomorphology),	Chapter	6	(Younger	Dryas	glacial	extent),	and	Chapter	7	(LGIT	ice	mass	

evolution).	 The	 first	 section	 (section	 8.1)	 considers	 the	 complexities	 of,	 and	 challenges	

arising	 from,	 empirical	 ice	mass	 reconstructions	 in	 areas	 with	 small	 ice	masses.	 In	 the	

Wicklow	 Mountains,	 specific	 issues	 encountered	 include	 the	 paucity	 of	 glacial	

geomorphological	evidence	(section	8.1.1)	and	issues	with	using	morphostratigraphy	in	a	

marginally	glaciated	area	(section	8.1.2).	Following	this,	the	chapter	focuses	on	the	wider	

context	and	implications	of	the	reconstructed	YD	ice	extent	(section	8.2)	and	LGIT	ice	mass	

evolution	 (section	 8.3).	 The	 reconstructions	 presented	 in	 this	 thesis	 are	 compared	with	

previous	reconstructions	for	the	study	area	(sections	8.2.1,	8.3.1).	The	likely	co-existence	of	

a	 range	of	glacier	 sizes	and	 types	 is	discussed	with	 respect	 to	other	palaeo	and	modern	

examples	(section	8.3.2),	along	with	the	main	controls	on	ice	retreat	during	the	LGIT	(8.3.3).	

Finally,	there	is	a	brief	discussion	of	analogous	ice	mass	behaviour	in	palaeo	and	modern	

glacier	environments	(section	8.3.4).		

	

8.1	Glacier	reconstruction	in	areas	with	small	ice	masses		

Traditional	 glacier	 reconstructions	 rely	 on	 the	 wealth	 of	 geomorphological	 evidence	

available	in	a	given	area	and,	as	a	result,	it	is	often	regions	with	abundant	evidence	that	have	

been	the	focus	of	research	interest.	However,	this	risks	strategically	important	locations	(in	

the	context	of	BIIS	evolution,	for	example)	being	potentially	overlooked	or	understudied,	

where	 the	glacial	 record	 is	poor	 (and	 incorrect	 conclusions	possibly	being	drawn).	Such	

areas	may	be	lacking	in	an	abundance	of	evidence	typically	used	in	glacial	reconstructions	

(i.e.	 ice-marginal	 landforms)	 for	 a	 number	 of	 reasons	 (i.e.	 low	moraine	 formation,	 poor	

moraine	preservation).	Whilst	this	can	pose	significant	challenges	for	palaeoglaciological	

reconstruction,	 it	 does	 not	mean	 that	 such	 regions	 are	 of	 less	 glaciological	 importance;	

indeed,	piecing	together	the	glacial	history	of	an	area	 from	an	 incomplete	or	very	subtle	

landform	record	is	arguably	more	challenging	and	thus	a	vital	contribution	to	the	field.	

Consequently,	 ice	 masses	 peripheral	 or	 marginal	 to	 glaciation,	 with	 subtle	

geomorphological	signatures,	have	received	significantly	less	research	attention	than	areas	

where	glacial	conditions	have	produced	unequivocal	glacial	signatures	(Benn	and	Evans,	

2010;	Evans,	2016).	Peripheral	glaciation	is	generally	considered	as	an	ice	sheet	marginal	

zone	 (Evans,	 2016),	 whereas	 marginal	 glaciation	 relates	 to	 isolated	 small	 ice	 mass(es)	
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surviving	 in	 borderline	 climatic	 glacial	 conditions	 (Anderson	 et	 al.,	 1998;	 Zasadni	 and	

Kłapyta,	2016).	In	both	instances,	inconspicuous	glacial	geomorphological	signatures	have	

historically	led	to	an	underestimation	of	ice	presence,	as	subtle	geomorphological	evidence	

created	 under	 short-lived	 glacial	 conditions	 can	 be	 easily	 overlooked.	 However,	 careful	

reconsideration	of	areas	with	subtle	glacial	geomorphological	impact	can	offer	an	improved	

insight	into	ice	extent	and	dynamics.		In	the	Wicklow	Mountains,	YD	glaciation	was	marginal	

(discussed	8.12	and	8.2),	sustained	by	climate	and	favourable	local	topoclimatic	conditions	

at	 just	 six	 sites.	 In	 contrast,	 wider	 LGIT	 (de)glaciation	 was	 more	 extensive	 (discussed	

section	7.1)	but,	in	many	regions,	there	is	still	a	relative	paucity	of	glacial	geomorphological	

evidence	 (discussed	 8.1.1),	 which	 could	 be	 considered	 broadly	 similar	 to	 peripherally	

glaciated	environments	(e.g.	poor	depositional	record;	cf.	Evans,	2016).	

As	detailed	geomorphological	mapping	has	identified	(Chapter	5,	Appendix	I),	there	is	an	

absence	of	ice-marginal	glaciogenic	evidence	(e.g.	moraines,	meltwater	channels)	in	large	

expanses	of	the	Wicklow	Mountains,	particularly	in	areas	characterised	by	open	and	gently	

sloping	topography.	The	relative	inattention	of	LGIT	research	in	the	region	is	perhaps	due	

to	a	combination	of	the	limited	landform	record	(making	landform	identification	difficult).	

It	 is	now	recognised	that	a	 lack	of	 ice-marginal	evidence	could	be	attributed	to	(1)	cold-

based	ice	with	low	sediment/landform	production	(Rea	and	Evans,	2003;	Barr	and	Clark,	

2009;	 Evans,	 2016),	 (2)	 poor	 post-depositional	 preservation	 of	 landforms	 (e.g.	 removal,	

burial,	 submergence;	 Barr	 and	 Clark,	 2009;	 Barr	 and	 Lovell,	 2014),	 and/or	 (3)	 rapid,	

uninterrupted	ice	retreat	(Shakesby	et	al.,	1990;	Bickerdike	et	al.,	2018a).	Collectively,	this	

demonstrates	that	investigation	of	the	morphological	signature	of	peripheral	and	marginal	

ice	masses	 can	 provide	 important	 insight	 into	 ice	mass	 behaviour	 and	 this	 is	 becoming	

increasingly	 recognised	 (e.g.	 Evans,	 2016),	 but	 continued	 work	 is	 required	 to	 further	

improve	understanding	of	ice	masses	on	the	limit	of	glaciation.	

	

8.1.1	Paucity	of	glacial	geomorphological	evidence		

Accurate	identification	of	glacial	landforms	is	essential	in	any	geomorphological	mapping	

survey,	but	this	is	particularly	challenging	when	dealing	with	limited	and	sporadic	evidence.	

There	are	large	areas	in	the	Wicklow	Mountains	where	glacial	landforms,	in	particular	ice-

marginal	moraines,	are	either	subdued	or	entirely	absent.	This	 is	most	prominent	 in	 the	

central	and	northern	sectors	 that	hosted	an	alpine	 icefield	(Figure	7.8a)	and	these	areas	

highlight	 the	 difficulties	 of	 reconstructing	 ice	 extent	 in	 regions	 with	 limited	 glacial	

geomorphological	evidence.	For	example,	in	the	central	icefield	accumulation	area	(head	of	

Clogehoge/Inchavore;	 Figure	 7.8a),	 moraines	 are	 infrequent	 (as	 expected	 in	 an	
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accumulation	 area)	 and	 those	 present	 have	 been	 significantly	 subdued	 by	 peat	

accumulation.	As	a	result,	these	features	are	difficult	to	identify,	particularly	on	the	remote	

sensing	 imagery	available	 to	 this	study	(10	m	DTM	and	colour	aerial	photographs).	This	

highlights	 the	 importance	 of	 detailed	 ground	 surveys	 for	 landform	 identification	 when	

reconstructing	 ice	 extent	 in	 areas	 with	 subtle	 glacial	 geomorphological	 signatures,	

especially	 with	 limited	 resolution	 remotely	 sensed	 data	 (Chandler	 et	 al.,	 2018).	 The	

identification	and	mapping	of	subtle	landforms	would	have	been	significantly	enhanced	by	

the	availability	of	high-resolution	(1-2	m	spatial	resolution)	remote	sensing	dating,	such	as	

DEMs	derived	from	LiDAR	and	UAV	surveys	(cf.	Delaney	et	al.,	2018).		

In	 addition,	 the	 northern	 outlet	 valleys	 (Lavarney,	 Lugduff,	 Liffey;	 Figure	 7.8a,	 7.9)	

extending	 from	the	 identified	alpine	 icefield	contain	no	 ice-marginal	evidence	at	all,	 just	

scattered	boulders	(cf.	Evans,	2016).	This	could	be	due	the	presence	of	cold-based	ice	with	

limited	geomorphological	impact	(cf.	Rea	and	Evans,	2003)	or	poor	landform	preservation	

(Ballantyne,	 2002b;	 Barr	 and	 Lovell,	 2014).	 Alternatively,	 the	 absence	 of	 ice-marginal	

evidence	could	be	interpreted	to	mean	that	these	outlets	did	not	host	glaciers	during	LGIT	

mountain	 glaciation.	However,	 surface	profile	modelling	 (Benn	and	Hulton,	 2010)	of	 ice	

extent	in	the	alpine	icefield’s	southern	valleys	(with	ice-marginal	evidence)	indicates	that	

the	 icefield	had	 sufficient	 ice	 thickness	over	 the	 cols	 (separating	northern	and	 southern	

valleys)	 to	 suggest	 that	 there	was	 at	 least	 some	 ice	 flow	 into	 the	 northern	 valleys.	 This	

emphasises	that	although	direct	ice-marginal	evidence	may	be	absent	at	sites,	this	can	not	

necessarily	rule	out	the	presence	of	ice	(Evans,	2016).		

The	paucity	of	moraines	is	not	ubiquitous	throughout	the	entire	Wicklow	Mountains	and,	as	

demonstrated	 in	section	7.2,	 there	are	areas	where	reconstructed	 ice	 fronts	can	provide	

detailed	 insight	 into	 patterns	 of	 ice	 retreat.	 However,	 it	 should	 be	 noted	 that	 the	 total	

number	of	moraines	mapped	in	the	Wicklow	Mountains	(n	=	762;	284	reconstructed	 ice	

fronts)	 are	 considerably	 fewer	 than	 in	 other	 similar	 upland	 settings	within	 Ireland	 and	

Britain	(cf.	Lukas	and	Benn,	2006;	Barr	et	al.,	2017a;	Barth	et	al.,	2017;	Bickerdike	et	al.,	

2018a;	 Boston	 and	 Lukas,	 2019).	 In	 particular,	 large	 suites	 of	 moraines	 extending	

throughout	 entire	 valleys	 are	 generally	 absent	 in	 the	 region	 (cf.	 Barr	 et	 al.,	 2017a;	

Bickerdike	 et	 al.,	 2018a).	 The	 generally	 sporadic	 nature	 of	 moraines	 in	 the	 Wicklow	

Mountains,	compared	to	densely-spaced	moraines	in	many	Scottish	valleys	(Bickerdike	et	

al.,	2018b)	is	noteworthy.	However,	it	is	important	to	recognise	that	although,	in	most	cases,	

similar	 glacial	 landsystems	 are	 being	 compared,	 moraine	 deposition	 is	 associated	 with	

different	time	frames.	In	the	Wicklow	Mountains,	ice	recession	is	primarily	associated	with	

the	wider	LGIT,	whereas	in	upland	Scotland,	the	majority	of	recorded	moraines	are	YD	in	
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age.	 Consideration	 of	 the	 wider	 LGIT	 Scottish	 retreat	 patterns	 are	 more	 limited.	

Observations	on	Skye	(large	isolated	moraines,	CN	dates;	Small	et	al.,	2012)	suggest	that	

pre-YD	LGIT	 ice	extent	was	also	 topographically	 restricted	but	 that	 local	 ice	 readvanced	

prior	to	~14.7	ka.	There	is	no	unequivocal	evidence	of	LGIT	ice	readvance	in	the	Wicklow	

Mountains.	More	similarly,	ice-margin	reconstructions	of	LGIT	(pre-YD)	retreat	of	the	Beinn	

Dearg	 Ice	 Cap	 (Finlayson	 et	 al.,	 2011)	 suggests	 ice-margin	 stabilisation	 (and	 moraine	

initiation),	in	association	with	lateral	topographic	restriction	(ice	retreating	into	a	valley).	

Moving	east,	distinctly	different	styles	of	LGIT	(pre-YD)	moraine	distributions	are	found.	In	

the	Monadhliath	(Boston,	2012a,b;	Boston	et	al.,	2015),	pre-YD	moraines	are	more	sporadic	

and	less	densely	spaced	than	the	region’s	YD	moraines,	although	there	are	still	more	LGIT	

moraines	than	in	the	Wicklow	Mountains.	Whereas,	in	the	Gaick	(Chandler,	2018;	Chandler	

et	 al.,	 2019a,b),	 pre-YD	 LGIT	 recessional	 moraines	 are	 dominated	 by	 closely-spaced	

hummocky	morphologies,	which	are	absent	in	the	Wicklow	Mountains.		

There	 is	more	evidence	of	 local	mountain	sources	of	LGIT	 ice	(e.g.	Gaick,	Chandler	et	al.,	

2018,	 2019a,b,c;	 Cairngorms,	 Standell,	 2014;	 Southeast	 Grampians,	 Sissons	 and	 Grant,	

1972;	Sissons	and	Sutherland,	1976;	Tweedsmuir,	Pearce,	2014)	with	increased	distance	

from	 the	 YD	 West	 Highlands	 Glacier	 Complex.	 This	 is	 presumably	 because	 LGIT	

geomorphological	 evidence	has	not	been	over-printed	 to	 such	an	extent	by	 renewed	YD	

glaciation	 further	 east,	 due	 to	 more	 restricted	 YD	 ice	 extent.	 The	 presence	 of	 LGIT	

hummocky	moraine	(cf.	Chandler	et	al.,	2019c)	suggests	that	some	ice	masses	experienced	

oscillatory	retreat,	producing	closely	spaced	moraines,	due	to	close	equilibrium	with	the	

climate.	In	the	Wicklow	Mountains,	evidence	of	oscillatory	retreat	(closely-spaced	Class	2	

moraines)	is	limited,	indicating	that,	when	present,	it	was	short-lived.	Instead,	during	LGIT	

retreat,	Wicklow	Mountain	ice	masses	were	largely	out	of	equilibrium	with	the	climate.	

Several	reasons	can	be	considered	when	evaluating	the	scarcity	of	ice-marginal	evidence	in	

an	area,	 such	as	 the	Wicklow	Mountains:	 (1)	 rapid	 ice	 recession	resulting	 in	 insufficient	

margin	stability	for	moraine	formation	(Andrews	et	al.,	1970;	Barr	and	Clark,	2012;	Barr	

and	Lovell,	2014);	(2)	insufficient	debris	supply	to	the	glacier	margin	for	moraine	formation	

(Benn	 et	 al.,	 2003;	Małecki	 et	 al.,	 2018);	 and	 (3)	 poor	 preservation	 potential	 of	 formed	

moraines	 (small	 moraine	 size,	 paraglacial	 ‘flattening’/sediment	 redistribution,	 peat	

infilling,	meltwater	erosion;	Humlum	et	al.,	1996;	Lukas	et	al.,	2005;	Barr	and	Lovell,	2014).	

The	absence	of	moraines	could	also	generally	be	assumed	to	indicate	that	moraines	have	

not	 formed	 as	 observations	 at	 modern	 ice	 margins	 indicate	 that	 small	 moraines	 can	

experience	such	significant	post-depositional	modification	to	the	extent	where	they	are	no	

longer	present/visible	(Reinardy	et	al.,	2013).		
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Analysis	in	section	7.2.2.2	identified	that	moraines	were	predominately	present	and	more	

closely	spaced	in	association	with	lateral	topographic	restriction	(from	valley	sides).	As	a	

result,	moraines	are	predominately	found	within	icefield	outlet	valleys	and	isolated	valleys.	

The	highest	 incidences	of	moraines	are	within	 the	valley	and	cirque	glacier	 landsystems	

(Figures	7.10,	711),	where	moraines	often	map	ice	retreat	fully	into	their	respective	source	

areas.	This	relationship	is	not	observed	in	association	with	the	alpine	and	plateau	icefields	

and,	in	these	source	areas,	moraines	are	more	limited.	This	could	be	attributed	to	reduced	

lateral	topographic	restriction	but	is	more	realistically	associated	with	ice	mass	hypsometry	

and	its	effect	on	the	ELA.	The	low	slope	gradients,	and	therefore	small	elevation	range,	of	

the	icefield	accumulation	areas	means	that	these	regions	responded	rapidly	to	ELA	changes	

in	their	altitudinal	zone.	The	large-scale	absence	of	moraines	in	these	zones	indicates	that	

by	the	point	ice	masses	had	receded	into	these	zones,	the	ELAs	had	probably	risen	close	to	

or	 above	 the	 elevation	 range	 of	 the	 icefield,	 causing	 the	 accumulation	 area	 to	 become	

predominately	 or	 all	 an	 ablation	 area,	 resulting	 in	 rapid	 ice	 retreat	 without	 moraine	

deposition.	

The	sensitivity	between	glacier	ELA	and	glacier	hypsometry	has	been	observed	at	both	the	

palaeo	and	modern	ice	masses.	Modelling	of	the	former	Serra	de	Estrela	Icefield	(Portugal;	

Vieria,	2008,	as	well	as	the	ongoing	evolution	of	the	Hardangerjøkulen	Ice	Cap	(southern	

Norway;	 Giesen	 and	 Oerlemans,	 2010;	 Åkesson	 et	 al.,	 2017)	 and	 Yakutat	 Icefield	

(southeastern	Alaska;	Trüssel	et	al.,	2015)	has	identified	that	hypsometry	has	a	significant	

impact	on	mass	balance-altitude	 feedback.	The	 relatively	 flat	 topography	of	 all	 three	 ice	

masses	 has	made	 them	 highly	 sensitive	 to	 surface	mass	 balance	 changes	 and	 therefore	

vulnerable	to	rapid	climatic	warming.	The	two	contemporary	ice	masses,	Hardangerjøkulen	

and	Yakutat,	are	considered	unsustainable	under	present-day	climate	conditions	(Trüssel	

et	al.,	2015;	Åkesson	et	al.,	2017).	Both	ice	masses	are	far	from	equilibrium	with	the	climate	

and	are	not	expected	 to	 transition	back	 to	steady	state,	even	without	additional	climatic	

warming.	 It	 is	 expected	 that	 both	 Hardangerjøkulen	 and	 Yakutat	 will	 experience	

uninterrupted	retreat	and,	similar	to	the	icefields	in	the	Wicklow	Mountains,	are	likely	to	

experience	little	ice-margin	stabilisation	and	associated	moraine	deposition.		

In	the	Wicklow	Mountains,	substantial	moraine	development	does	occur	in	lower	elevation	

flat	areas	without	lateral	margin	restriction,	however	this	is	predominately	restricted	to	one	

site,	the	Leoh	Valley	in	the	southern	Wicklow	Mountains.	Here,	the	most	complex	moraine	

assemblage	in	the	entire	region	denotes	the	former	margin	of	a	piedmont	glacier	extending	

onto	 a	 low-level	 plain	 (Figure	 7.19e).	 Whilst	 the	 ice	 terminus	 of	 a	 piedmont	 glacier	 is	

unconfined,	the	terminus	likely	stabilised	due	to	the	rapid	increase	in	the	size	of	the	glacier’s	
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ablation	area	as	ice	spread	onto	the	plain	(Barr	and	Lovell,	2014).	Although	the	ice	margin	

itself	was	not	laterally	constricted,	this	could	be	effectively	considered	a	topographically-

induced	period	of	margin	stability	that	resulted	in	the	formation	of	large,	lobate	piedmont	

moraines	(Dugmore,	1989;	Hubbard,	1997;	Barr	and	Clark,	2012).		

Whilst	the	massif	is	surrounded	by	low-level	plains,	this	is	the	only	incidence	of	a	piedmont	

lobe.	This	contrasts	with	the	LGIT	moraine	record	in	both	Macgillycuddy’s	Reeks	(Harrison	

et	al.,	2010;	Barth	et	al.,	2016)	and	the	Mourne	Mountains	(Barr	et	al.,	2017a),	where	LGIT	

moraine	distribution	 indicates	 that	multiple	piedmont	 lobes	 extended	onto	 surrounding	

low-level	plains.	The	variation	in	piedmont	glacier	incidence	is	likely	related	to	topography,	

as	both	the	Mourne	Mountains	and	Macgillycuddy’s	Reeks	are	characterised	by	steep	alpine-

style	topography	surrounded	by	flat	plains.	In	contrast,	steep	alpine-style	topography	in	the	

Wicklow	Mountains	is	limited	to	just	the	southern	sector,	where	Leoh	Glacier	is	situated.	

Here,	 glacial	 breeching	 of	 the	 Camenabologue	 col	 by	 ice	 sourced	 from	 Table	 Mountain	

Plateau/Glenmalur	 created	 the	 steep	 elevation	 gradient	 required	 (and	 associated	 high	

balance	 velocity)	 to	 sustain	 a	 piedmont	 glacier	 (Benn	 and	 Evans,	 2010).	 The	 sizable	

accumulation	area	of	 the	 southwestern	 sector	of	plateau	 icefield	enabled	 survival	of	 the	

piedmont	 lobe,	 likely	below	 the	 regional	ELA.	The	 rolling	 topography	and	 low	elevation	

ranges	of	 the	central	and	northern	Wicklow	Mountains	meant	 that	 steep	valleys	did	not	

meet	with	 open	plains	 (cf.	Malaspina	Glacier,	Alaska;	 Elephant	 Foot	Glacier,	 Greenland),	

hence	the	absence	of	piedmont	lobes	elsewhere	in	the	area.	

Collectively,	 this	 demonstrates	 that	 LGIT	 ice	 distribution	 and	 recession	 in	 the	Wicklow	

Mountains	was	strongly	impacted	by	topography.	Topography	affected	ice-margin	stability	

and	associated	moraine	deposition,	effectively	stabilising	 ice	masses	for	short	periods	as	

they	 became	 increasingly	 out	 of	 equilibrium	with	 climate,	 due	 to	 ongoing	 LGIT	 climatic	

amelioration.	The	paucity	of	LGIT	evidence	in	some	areas	of	the	Wicklow	Mountains	(e.g.	

northern	alpine	icefield	outlets)	contrasts	starkly	with	other	regions	of	interest	in	Ireland	

(Mourne	Mountains,	Barr	et	al.,	2017a;	Macgillycuddy’s	Reeks,	1998)	and	Scotland	(Gaick,	

Chandler	et	al.,	2018a,b,c;	Monadhliath,	Boston	et	al.,	2015;	Beinn	Dearg,	Finlayson	et	al.,	

2011)	but	this	appears	to	be	due	to	poor	topographic	restraint	(wide,	open	valleys	with	low	

topographic	gradients)	and	small	accumulation	zones,	which	likely	led	to	the	presence	of	

non-erosive	cold-based	ice.		

The	subtle	nature	of	the	glacial	geomorphological	signature,	in	large	areas	of	the	Wicklow	

Mountains,	 has	 meant	 that	 the	 region	 has	 been	 largely	 overlooked	 as	 a	 landscape	

characterised	 by	 glaciation.	 The	 research	 undertaken	 here	 adds	 to	 a	 growing	 body	 of	

evidence	indicating	that	some	ice	masses	leave	a	limited	glacial	geomorphological	signature,	
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these	include	ice	masses	on	the	peripheries	of	glaciation	(e.g.	Dartmoor,	Evans	et	al.,	2013;	

Exmoor,	Harrison	et	al.,	1998,	2001;	Isles	of	Scilly,	Scourse	and	Furze,	2001;	Hiemstra	et	al.,	

2006;	Banks	Island	(Arctic	Canada),	Evans	et	al.,	2014;	Vaughan	et	al.,	2014)	and	marginally	

glaciated	 regions	 (e.g.	 Mourne	 Mountains,	 Barr	 et	 al.,	 2017a;	 Macgillycuddy’s	 Reeks,	

Anderson	et	al.,	1998;	Snowdonia,	Bendle	and	Glasser,	2012;	Brecon	Beacons,	Coleman	and	

Carr,	 2008).	 Ice	 extent	 in	 the	 Wicklow	 Mountains	 falls	 on	 this	 continuum.	 Whilst	 YD	

glaciation	was	undoubtedly	marginal,	ice	extent	in	the	wider	LGIT	was	more	extensive	but,	

in	places,	created	a	discreet	geomorphological	signature	comparable	to	areas	of	marginal	

glaciation.	However,	careful	examination	of	the	geomorphological	record,	supplemented	by	

surface	 profile	 modelling	 and	 CN	 ages,	 provides	 compelling	 evidence	 for	 post-LGM	 ice	

masses	in	the	region	and	their	response	to	LGIT	climate	amelioration.	

	

8.1.2	Morphostratigraphy	in	areas	of	marginal	glaciation  

Morphostratigraphy	uses	 the	 “spatial	 relationship	 between	 landforms	 to	 assign	 them	 to	

events	or	periods”	(Lukas,	2006,	p.	721).	 In	 this	 thesis,	morphostratigraphy	was	used	to	

differentiate	between	YD	glacier	extent	and	ice	presence	earlier	in	the	LGIT	(section	5.6)	

and	 it	 identified	 that	 YD	 ice	 extent	 was	 limited	 to	 selected	 cirques.	 The	

morphostratigraphical	 approach	 outlined	 by	 Lukas	 (2006)	 has	 rarely	 been	 used	 in	

marginally	glaciated	environments	but	exceptions	to	this	include	Snowdonia	(Bendle	and	

Glasser,	 2012)	 and	 Ben	 More	 Coigach,	 Scotland	 (Chandler	 and	 Lukas,	 2017).	 These	 YD	

glaciated	regions	were	also	on	the	peripheries	of	glaciation	(cf.	YD	West	Highlands	Glacier	

Complex;	 Bickerdike	 et	 al.,	 2018a)	 and	 only	 supported	 small	 cirque	 glaciers.	 In	 these	

studies,	 morphostratigraphy	 was	 similarly	 used	 to	 identify	 a	 single	 distinct	 phase	 of	

glaciation	(YD).	Although	morphostratigraphy	has	only	recently	been	formalised	by	Lukas	

(2006),	the	approach	has	been	used	informally	and	globally	for	decades	(e.g.	Colhoun,	1988;	

Skinner	and	Porter,	1987;	Lemmen	and	England,	1992;	Chadwick	et	al.,	1997;	Lehmkuhl,	

1998;	Richards	et	al.,	2000;	Dahms,	2002).	Lukas’	(2006)	formalised	morphostratigrpahic	

approach	has	primarily	been	used	to	differentiate	YD	glaciation	in	Scotland.	The	Wicklow	

Mountains	therefore	offered	an	opportunity	to	assess	how	well	it	performs	in	other	areas,	

particularly	in	areas	that	are	marginal	for	glaciation.	In	theory,	as	YD	climate	was	broadly	

similar	 in	 Ireland	 and	 Scotland	 (Isarin,	 1997;	 Isarin	 and	 Bohncke,	 1999),	 the	 Wicklow	

Mountains	may	be	expected	 to	have	a	similar	glacial	and	periglacial	 response	 to	sites	 in	

Scotland.		

The	majority	of	 research	 in	which	a	 formalised	morphostratigraphic	 approach	has	been	

applied	is	in	areas	of	plateau	icefield	or	local	ice-cap-scale	glaciation	during	the	YD	(e.g.	NW	
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Scottish	 Highlands,	 Lukas,	 2006;	 Monadhliath,	 Boston	 et	 al.,	 2015;	 Tweedsmuir	 Hills,	

Pearce,	 2015;	 Gaick,	 Chandler	 et	 al.,	 2019a,b).	 In	 these	 areas,	 a	 wide	 range	 of	 glacial,	

periglacial,	 and	 (glacio)fluvial	 landforms	 are	 often	 present,	 which	 enables	 a	 variety	 of	

relationships	 between	 different	 landforms	 to	 be	 examined	 (Table	 4.3).	 This	 leads	 to	

increased	confidence	in	the	morphostratigraphic	approach	when	multiple	lines	of	evidence	

point	 to	 the	 same	conclusion,	 the	 likely	 location	of	 a	YD	glacier	 limit.	 In	 contrast,	 in	 the	

Wicklow	Mountains,	the	restricted	size	of	YD	glaciers	(see	Chapters	5	and	6)	has	resulted	in	

fewer	 landforms,	 specifically	 glaciofluvial	 and	 periglacial,	 by	 which	 to	 examine	 the	

relationships	between	landform	assemblages,	leading	to	fewer	lines	of	evidence	with	which	

to	identify	the	location	of	YD	glacier	limits.	

The	relationship	between	glaciofluvial	 terraces	and	moraines	(concurrence	of	outermost	

sharp-crested	moraine	and	initiation	of	glaciofluvial	terraces)	has	been	heavily	relied	on	in	

many	areas	of	Scotland	to	help	identify	YD	limits	(e.g.	Lukas,	2006;	Finlayson,	2006;	Pearce,	

2014;	Boston	et	al.,	2015;	Chandler	et	al.,	2019a).	Although	this	relationship	is	not	always	

clear-cut,	since	glaciofluvial	terraces	have	been	observed	inside	(upstream	of)	outermost	

sharp-crested	 moraines	 (Boston	 et	 al.,	 2015;	 Boston	 and	 Lukas,	 2017)	 and	 at	 multiple	

altitudes	 (Chandler	 et	 al.,	 2019a,b).	 In	 the	 Wicklow	 Mountains,	 aside	 from	 a	 lowland	

glaciofluvial	 terrace	 in	 Glendalough,	 no	 glaciofluvial	 terraces	 were	 found	 to	 aid	 the	

identification	 of	 YD	 limits.	 	 This	 is	 probably	 because	YD	 ice	 extent	was	 limited	 to	 small	

glaciers	 in	 high-elevation	 cirques,	 which	 are	 areas	 characterised	 by	 relatively	 steep	

topography.	These	areas	are	not	conducive	to	glaciofluvial	terrace	formation	due	to	poor	

sediment	 aggradation	 (for	 subsequent	 post-glacial	 incision;	 Maddy	 et	 al.,	 2000;	

Summerfield,	2014)	and	may	have	been	further	impeded	by	insufficient	discharge	and	poor	

sediment	 load	due	to	the	small	size	of	 the	YD	ice	masses	(Maddy	et	al.,	2000;	Bridgland,	

2004).	If	minor	glaciofluvial	terraces	were	able	to	form	at	the	studied	sites,	they	were	too	

small	 for	 long-term	 preservation	 (e.g.	 due	 to	 post-depositional	 material	 redistribution	

and/or	peat	 infilling;	Woolderink	 et	 al.,	 2019).	As	 a	 result,	 glaciofluvial	 terraces	 are	not	

identified	 in	 proximity	 to	 YD	 limits.	 The	 small	 river	 terraces	 identified	 in	 the	Wicklow	

Mountains	 are	 situated	 on	 areas	 of	 gentle	 topography	 and	 (excluding	 the	 glaciofluvial	

terrace	 in	 Glendalough)	 are	 attributed	 (discussed	 section	 5.2.3)	 to	 general	 post-glacial	

fluvial	adjustment,	as	also	found	in	Macgillycuddy’s	Reeks	(Anderson	et	al.,	2004)	during	

the	Holocene,	based	on	absolute	dating,	dendrochronology,	and	pollen	analysis	(Meehan	et	

al.,	2014).	

The	absence	of	glaciofluvial	terraces	in	association	with	YD	moraines	is	not	unique	to	the	

Wicklow	 Mountains.	 Glaciofluvial	 terraces	 were	 also	 not	 identified	 in	 association	 with	
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cirque	moraines	 in	 either	 Snowdonia	 (Bendle	 and	 Glasser,	 2012)	 or	 Ben	More	 Coigach	

(Chandler	and	Lukas,	2017).	Glaciofluvial	 terraces	are	also	not	noted	 in	association	with	

Bickerdike	 et	 al.’s	 (2018b)	 wider	 assessment	 of	 the	 YD	 cirque	 glacier	 landsystem	 in	

Scotland.	This	does	not	appear	to	be	an	observation	limited	to	the	YD	in	Ireland	and	Britain,	

as	there	is	an	observed	absence	of	glaciofluvial	terraces	in	association	with	both	YD	and	LIA	

cirque	 moraines	 in	 numerous	 regions,	 including	 Norway	 (Dahl	 and	 Østedal,	 1997),	

Southeast	 Spain	 (Schulte,	 2002),	 Svalbard	 (Mangerud	 and	 Landvik,	 2007),	 and	 Bolivia	

(Małecki	 et	 al.,	 2018).	 This	 suggests	 that	 the	 absence	 of	 glaciofluvial	 terraces	may	 be	 a	

common	theme	in	association	with	small	upland	glacier	limits.			

The	contrast	between	‘immature’	and	‘mature’	talus	development	is	also	frequently	used	in	

Scotland	as	a	line	of	evidence	by	which	to	differentiate	between	YD	and	pre-YD	landforms	

(i.e.	mature	talus	development	is	only	found	outside	YD	glacier	limits,	due	to	exposure	to	

intense	periglacial	conditions	during	the	YD)	(e.g.	Sissons,	1967,	1974,	1976;	Ballantyne,	

1984,	2002;	Curry,	1999;	Benn	and	Ballantyne,	2005;	Lukas,	2006;	Lukas	and	Bradwell,	

2010;	Finlayson	et	al.,	2011;	Pearce,	2014;	Boston	et	al.,	2015;	 Jones	et	al.,	2017).	 In	 the	

Wicklow	Mountains,	there	is	a	lack	of	widespread	talus.	This	is	linked	to	the	region’s	rolling	

topography	and	the	general	absence	of	high-level	cliffs	and	rock	faces	(for	source	material),	

meaning	 that	 talus	 development	 is	 limited	 to	 just	 a	 few	 sites	 with	 steeper	 terrain	 (e.g.	

mature	talus:	Glenmalur,	Lower	Fraughan	Rock	Glen,	Glendalough,	South	Prison,	Lough	Tay;	

immature	talus:	North	Prison;	Appendix	I).	In	those	areas	where	talus	is	present,	clear	‘talus	

trimlines’	are	absent	(see	section	5.3.1)	whereas,	in	Scotland,	talus	trimlines	are	frequently	

used	to	identify	the	upper	limit	of	YD	glaciers	(Lukas,	2006;	Boston	et	al.,	2015;	 Jones	et	

al.,2017;	Ballantyne,	2019;	Chandler	et	al.,	2019b).	Whilst	talus	trimlines	cannot	be	used	to	

identify	YD	ice	extent	in	the	Wicklow	Mountains,	the	presence	of	mature,	immature,	or	an	

absence	of	talus	in	cirques	is	insightful.	Mature	talus	development	in	the	cirques	at	Lower	

Fraughan	 Rock	 Glen,	 South	 Prison,	 and	 Lough	 Tay	 indicates	 prolonged	 exposure	 to	

periglacial	 conditions	 and	 likely	 absence	 of	 YD	 ice.	 Whereas	 the	 absence	 of	 talus	 (or	

presence	of	immature	talus)	in	other	cirques	may	be	suggestive	of	more	recent	ice	presence.	

Outside	 of	 the	Wicklow	Mountains,	 talus	development	 appears	 to	 be	more	 extensive.	 In	

Snowdonia	(Bendle	and	Glasser,	2012),	significant	talus	development	is	found	both	inside	

and	outside	of	inferred	YD	ice	limits	(mapped	as	scree	slopes)	but	talus	development	is	not	

present	in	all	cirques.	At	Ben	More	Coigach	(Chandler	and	Lukas,	2017),	talus	is	again	more	

extensive	 in	the	general	 landscape	due	to	steeper	alpine-style	topography	but	 is	entirely	

absent	 within	 the	 inferred	 YD	 ice	 limits.	 Collectively,	 this	 suggests	 that	 there	 is	 some	

relationship	between	talus	development	and	ice	present,	even	when	considering	restricted	

cirque	glaciation.	
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Finally,	 whilst	 the	 relationships	 between	 moraines	 and	 glaciofluvial	 terraces	 and	 talus	

slopes	in	the	Wicklow	Mountains	do	not	provide	the	expected	evidence	to	aid	identification	

of	 YD	 glacier	 limits,	 differences	 in	 moraine	 morphology	 (Class	 3	 versus	 Class	 1	 and	 2	

moraines)	 are	 clearly	 distinguishable	 and	 are	 therefore	 used	 more	 confidently	 to	

differentiate	between	YD	and	older	LGIT	landforms	(see	Figure	5.	10	and	section	5.6).	The	

morphostratigraphic	 criteria	 set	 out	by	Lukas	 (2006),	 based	on	observations	 in	 the	NW	

Scottish	Highlands,	 suggests	 that	 YD	moraines	 should	 have	 sharper	 crests	 and	 be	more	

narrow	 than	 pre-YD	 moraines	 as,	 unlike	 pre-YD	 moraines,	 they	 were	 not	 exposed	 to	

prolonged	periglacial	conditions	during	the	YD,	and	were	rapidly	stabilised	by	vegetation	at	

the	start	of	the	Holocene	due	to	climatic	amelioration	(Lukas,	2006).	This	difference	in	terms	

of	moraine	morphology	is	seen	in	the	Wicklow	Mountains;	Class	3	(YD)	moraines	are	sharp-

crested	and	narrow	compared	to	Classes	1	&	2.		However,	the	Class	3	moraines	are	partially-

openwork	 and	 scarcely	 vegetated	 due	 to	 the	 lack	 of	 a	 matrix,	 something	 which	 is	

infrequently	documented	in	a	palaeoglacial	setting.		

Differences	in	moraine	morphology	between	classes	are	likely	related	to	debris	source	and	

formation	processes	(Benn	and	Evans,	2010;	Lanman	et	al.,	2016),	age	(Coleman	et	al.,	1986;	

Peck	 et	 al.,	 1990;	 Manley	 et	 al.,	 2001;	 Pearson	 et	 al.,	 2007),	 and	 post-depositional	

stabilisation	(Ivy-Ochs	et	al.,	2008;	Barr	and	Lovell,	2014).	In	Chapter	5,	it	was	suggested	

that	 the	 significant	 large	 and	 angular	 boulder	 content	 of	 Class	 3	 moraines	 indicates	 a	

dominant	 supraglacial	 source	 of	 material	 (Evans	 et	 al.,	 2002;	 Evans	 and	 Benn,	 2004;	

Matthews	et	al.,	2017),	and	that	the	partially	openwork	nature	of	ridges	with	limited	matrix	

presence	may	be	due	to	a	relatively	short	transport	distance	from	cirque	headwall	to	glacier	

terminus	(maximum	1.1	km,	average	550	m).	This	 likely	 limited	the	breakdown	of	clasts	

into	 finer	 material	 (Pettijohn,	 1984;	 Sissons,	 1977;	 Everest,	 2003;	 Hallet	 et	 al.,	 2013;	

Shrivastava	et	al.,	2014),	and	may	have	been	further	impaired	by	granite’s	(the	dominant	

lithology)	high	resistance	to	erosion	(Lukas,	2006;	Matmon	et	al.,	2020),	which	has	been	

noted	 to	 lead	 to	 highly	 angular	 and	 coarse	 deposits	 (Pettijohn,	 1984;	 Shrivastava	 et	 al.,	

2014;	Zasadni	and	Kłapyta,	2016).	Class	3	moraines	are	also	found	at	one	site	derived	from	

shale	and	schists	(e.g.	Lough	Ouler)	where,	although	moraines	remain	boulder	dominant	

(based	on	observations	of	the	moraine	surface),	there	is	a	greater	matrix	presence	based	on	

the	fact	the	surface	is	more	vegetated.		

The	highly	bouldery	nature	of	Class	3	moraines	is	not	consistent	with	most	incidences	of	YD	

moraines	in	association	with	the	Irish	(e.g.	Barr	et	al.,	2017a;	Barth	et	al.,	2017)	and	British	

YD	 (cf.	 Bickerdike	 et	 al.,	 2018a),	 although	 highly	 bouldery	 cirque	 moraines	 have	 been	

recognised	at	multiple	sites	on	Arran	(Ballantyne,	2006),	North	Harris	(Ballantyne,	2007),	
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and	 in	 the	 Cairngorms	 (Standell,	 2014).	 Generally,	 Class	 3	 moraines	 appear	 more	

comparable	to	bouldery	Little	Ice	Age	and	YD	moraines	reported	from	Norway	(McCarroll,	

1989;	Rea	and	Evans,	2007;	Aa,	1996;	Matthews	et	al.,	2017),	Sweden	(Rapp,	1984;	Rapp	et	

al.,	1986;	Dahl	et	al,.	1997;	Heyman	and	Hätterstrand,	2006),	and	the	French	Alps	(Kirkbride	

and	 Deline,	 2018).	 In	 particular,	 LIA	 moraines	 in	 Norway’s	 Jotunheimen	 region	 are	

apparently	strongly	characterised	by	granite	boulders	(Ffoulker	and	Harrison,	2014).	It	is	

the	 high	 boulder	 content	 of	 LIA	 moraines	 that	 has	 made	 these	 features	 the	 focus	 of	

numerous	 SHD	 studies	 (e.g.	McCarroll,	 1987;	Matthews	 and	 Shakesby,	 1984;	McCarroll,	

1989;	Cook-Talbot,	 1991;	Winkler	 et	 al.,	 2003;	 Shakesby	 et	 al.,	 2004,	 2006;	Owen	et	 al.,	

2007;	Matthews	et	al.,	2011,	2014).	However,	it	should	be	noted	that	these	LIA	moraines	

appear	to	have	a	higher	matrix	presence	than	identified	in	the	Wicklow	Mountains.		

The	dominance	of	supraglacial	material	has	also	been	noted	at	cirque	moraines	outside	of	

the	 Wicklow	 Mountains	 (i.e.	 Kenyon,	 1986;	 Nyberg,	 1988;	 Ballantyne	 and	 Benn,	 1994;	

Wilson	P.,	2004;	Hättestrand	et	al.,	2008;	Kirkbride	and	Bell,	2010,	Brynjólfsson	et	al.,	2014;	

Chandler	and	Lukas,	2017)	and	has	been	attributed	to	deposition	via	dumping	at	the	 ice	

margin	 (Ballantyne	and	Benn,	1994;	Hättestrand	et	 al.,	 2008).	However,	observations	 in	

glaciated	environments	(Bennett,	2001;	Benn	and	Evans,	2010;	Matthews	et	al.,	2017)	and	

at	 modern	 glacier	 margins	 (Benn	 and	 Evans,	 2010;	 Winkler	 and	 Matthews,	 2010;	

Brynjólfsson	et	al.,	2014)	have	also	identified	cirque	moraine	formation	by	push	processes,	

incorporating	proglacial	sediment	by	bulldozing.	Interpretations	of	ice-pushed	sediments	

at	 Lough	 Nahanagan	 (Colhoun	 and	 Synge,	 1980)	 suggests	 that	 both	 dump	 and	 push	

processes	 (cf.	 Boulton	 and	 Eyles,	 1979;	 Lukas,	 2003;	 Brynjólfsson	 et	 al.,	 2014)	 were	

involved	 in	 YD	 moraine	 formation	 at	 the	 site.	 However,	 these	 moraines	 appear	 to	 be	

different	to	the	other	YD	moraines	identified	in	the	region	(excluding	Lough	Ouler	where	

access	to	YD	moraines	was	restricted),	where	the	open	work	nature	of	moraines	indicates	

the	absence	of	push	processes	(absence	of	matrix	and	therefore	glaciotectonism).	It	is	likely	

that	Lough	Nahanagan	provided	a	favourable	setting	for	ice-margin	pushing	of	proglacial	

material,	 as	 ice	was	 advancing	 into	 soft	 deformable	 lake	 floor	 sediments.	 There	may	be	

similar	push	moraines	in	other	loughs	but,	at	present,	there	is	no	evidence	to	establish	this.		

The	relative	absence	of	a	matrix	in	association	with	cirque	moraines	could	also	be	attributed	

to	 glaciofluvial	 processes,	 specifically	 the	 ‘flushing’/removal	 of	 finer	material	 by	 glacial	

meltwater	(Hambrey	and	Glasser,	2012).	It	is	possible	that	meltwater	flowing	around	ice	

margins	may	have	removed	fines,	leading	to	a	relative	enrichment	of	the	coarser	fraction	of	

the	sediments	(Shrivastava	et	al.,	2014).	In	addition,	even	if	the	YD	cirque	glaciers	were	cold-

based,	observations	of	modern	meltwater	channels	indicate	that	small	cold-based	glaciers	
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can	 be	 active	 geomorphic	 agents	 and	 produce	 sufficient	 meltwater	 for	 sediment	

redistribution	(Fitzsimons,	2003;	Atkins	and	Dickinson,	2008;	Hambrey	and	Glasser,	2012).	

However,	substantial	glaciofluvial	sediment	redistribution	would	likely	be	indicated	by	the	

significant	 presence	 of	 meltwater	 channels	 in	 close	 association	 with	 Class	 3	 moraines.	

Whilst	meltwater	channels	are	present	in	some	YD	sites	(e.g.	Kelly’s	Lough),	their	presence	

is	 not	 universal	 and	 there	 is	 an	 absence	 of	meltwater	 channels	 in	 association	with	 the	

majority	 of	 Class	 3	 moraines.	 This	 suggests	 the	 sediment	 flushing	 alone	 is	 likely	 not	

responsible	for	the	distinctive	openwork	nature	of	Class	3	moraines.	Instead	it	is	possible	

that	 the	 openwork	 nature	 is	 the	 result	 of	 combination	 of	 lithology,	 transport	 pathways	

(supraglacial,	 incapable	 of	 much	 erosion	 to	 create	 fine	 sediment),	 and	 some	 degree	 of	

glaciofluvial	‘flushing’	at	the	ice	margin.		

In	 order	 to	 use	 morphostratigraphy	 effectively	 in	 any	 glaciated	 environment,	 a	

comprehensive	 and	 detailed	 understanding	 of	 the	 local	 geomorphological	 signature	 is	

essential.	Whilst	absolute	dates	can	provide	ages	for	landforms,	this	is	not	necessarily	useful	

for	elucidating	deglacial	history	and,	if	the	geomorphological	context	is	ignored,	could	result	

in	misinterpretation	of	glacial	events.	Therefore,	a	relative	geomorphological	 framework	

should	be	always	be	established	before	any	 campaign	dating	 is	undertaken.	 Ideally,	 this	

should	 subsequently	be	 tested	by	other	 lines	of	 evidence	 (e.g.	 absolute	dating,	 radiation	

modelling,	surface	profile	modelling).		

This	research	has	shown	that	morphostratigraphy	can	be	used	effectively	 in	marginally-

glaciated	landscapes,	such	as	the	Wicklow	Mountains,	to	identify	YD	ice	limits.	However,	it	

should	be	recognised	that	in	a	marginally-glaciated	landscape	there	may	be	fewer	or	more	

subtle	lines	of	morphostratigraphic	evidence	than	suggested	in	Lukas’	(2006)	formalised	

morphostratigraphic	approach.	This	 is	because	marginally-glaciated	 landscapes	 typically	

host	small	 ice	masses	(e.g.	cirques),	which	have	 less	developed	glacial	geomorphological	

signatures	than	larger	ice	masses	(e.g.	icefields,	valley	glaciers).	The	more	restricted	range	

of	geomorphological	evidence	may	lead	to	lower	confidence	level	in	inferences,	therefore,	

as	 with	 all	 morphostratigraphical	 studies,	 additional	 approaches	 should	 be	 used	 to	

supplement	morphostratigraphy.	

Based	on	the	Wicklow	Mountains,	an	adapted	morphostratigraphic	approach	for	areas	of	

marginal	YD	glaciation	is	presented	in	Table	8.1.	It	is	intended	that	this	framework	should	

be	used	as	an	initial	point	of	reference	for	investigating	the	extent	of	small	glaciers	in	similar	

locations,	such	as	upland	areas	in	Ireland	and	Britain.	Further	adaptation	of	the	criteria	may	

be	 necessitated,	 dependent	 upon	 the	 presence	 or	 absence	 of	 landforms	 or	 degree	 of	

landform	development.	The	YD	glacial	geomorphological	signal	in	the	Wicklow	Mountains		
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Table	8.1.	Summary	of	the	contrasting	geomorphological	evidence	used	in	the	reconstruction	of	the	extent	of	marginal	YD	glaciers	in	the	Wicklow	Mountains.	Adapted	from	
Lukas,	2006.	The	main	divergences	from	Lukas’	(2006)	are	also	highlighted.	

Landform/landform	

assemblage	

Inside	YD	limit	 Outside	YD	limit	 Differences	to	Lukas	(2006)	

Moraines	 Small	sharp-crested,	boulder	rich,	partially	openwork	
ridges.	May	have	limited	matrix	presence.	Found	in	
isolation	or	in	short	sequences.	

Larger	ridges	(height	and	base	width),	may	or	
may	 not	 have	 distinct	 crestline.	 Highly	
vegetated	 surface,	 boulders	may	 be	 frequent.	
Found	isolated	or	in	longer	sequences.	
	

Significant	 boulder	 content	 on	 YD	
moraines.	 Little	 to	 no	 matrix	
presence.	 Absence	 of	 hummocky	
moraine.	

Boulder	spread	 Concentrated	boulder	accumulations.	Feature	inside,	as	
well	 as	 seeming	 to	 extent	 onto,	 bouldery	 moraines.	
Terminates	 in	 association	 with	 outermost	 bouldery	
moraine.	
	

Not	present.	 Similar	observations.		

Talus/periglacial	
features	

Either	 absence	 of	 talus	 or	 presence	 of	 immature	 and	
unstable	 talus	 in	 cirque.	 Ice-moulded	 and	 plucked	
bedrock.	
	

Thick,	 mature,	 vegetated	 and	 stable	 talus	
presence,	 where	 topography	 is	 conducive	 to	
talus	 development.	 Ice-moulded	 bedrock	 still	
present	but	blockfields	on	some	summits.	
	

YD	 ‘talus	 trimlines’	 absent.	 General	
absence	 of	 periglacial	 trimlines	
(bedrock	weathering)	in	association	
with	YD	ice	extent.		

Glaciofluvial	
landforms	

Absence	 of	 glaciofluvial	 terraces.	 Meltwater	 channels	
may	be	found	in	association	with	YD	moraines	but	not	
found	extensively	at	sites.		

Small	 glaciofluvial	 and	 river	 terraces,	 deltas,	
meltwater	 channels	 may	 be	 present	 in	
association	with	moraines.	
	

Complete	absence	of	glaciofluvial	
terraces	in	proximity	to	YD	ice	
margins.		

Slope	features	 Glacially	 plucked	 headwalls,	 cirque	 slopes	 may	 be	
debris	free	but	sediment	heavily	gullied,	if	present,	with	
small	debris	cones.	

Thick	 sediment	 accumulations	 gullied	 with	
large	debris	cones	at	foot	of	slopes.	

Absence	of	drift	limits	in	association	
with	YD	ice	extent.		
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is	relatively	subtle	but	this	can	provide	a	blueprint	for	the	types	of	evidence	which	may	be	

preserved	in	other	mountainous	regions.	Other	mountainous	regions	in	Ireland	worthy	of	

YD-related	 investigation	 include:	 Comeragh	 Mountains,	 Galtee	 Mountains,	 Maumturk	

Mountains,	 Partry	 Mountains,	 Nephin	 Beg,	 Derryveagh	 Mountains	 (see	 Figure	 2.1	 for	

locations).		

	

8.2	Younger	Dryas	glaciation	in	the	Wicklow	Mountains	

8.2.1	Glaciated	sites	and	reconstructed	ice	extents		

A	conservative	reconstruction	of	YD	glaciation	has	identified	six	likely	YD	glacier-hosting	

sites	in	the	Wicklow	Mountains	(Lough	Cleevaun,	Lough	Ouler,	Lough	Nahanagan,	Kelly’s	

Lough,	 Upper	 Fraughan	 Rock	 Glen,	 and	 North	 Prison;	 Figures	 6.10,	 6.11),	 based	 on	 an	

assessment	 of	 topography,	 geomorphological	 evidence,	 and	 radiation	 modelling.	 An	

additional	four	sites	may	have	hosted	YD	glaciers,	but	the	evidence	was	inconclusive	(Upper	

Lough	 Bray,	 Lower	 Lough	 Bray,	 Firrib,	 and	 Asbawn).	 A	 further	 12	 sites	 were	 deemed	

unlikely	to	have	hosted	YD	glaciers.	Tomkins	et	al.	(2018a)	also	suggested	the	presence	of	

YD	glaciers	in	the	study	area	based	on	SHD	of	boulders	on	moraines	at	a	selection	of	sites.	

Their	work	is	in	agreement	with	this	thesis	in	identifying	that	Lough	Nahanagan	(11.38	±	

0.26	ka	SHD	age)	and	Kelly’s	Lough	(12.00	±	.044	ka	SHD	age)	hosted	YD	glaciers,	although	

there	is	divergence	regarding	the	size	of	these	glaciers,	as	will	be	discussed	further	below.	

Tomkins	et	al.	(2018a)	also	suggested	YD	ice	presence	at	Upper	Lough	Bray	based	on	SHD	

returning	 an	 age	 of	 12.31	 ±	 0.51	 ka,	 which	 was	 deemed	 to	 be	 a	 site	 with	 inconclusive	

evidence	 for	 YD	 glaciation	 in	 this	 thesis.	 Finally,	 Upper	 Glenmacnass	 was	 suggested	 by	

Tomkins	et	al.	(2018a)	to	have	hosted	a	YD	glacier	based	on	an	SHD	age	of	11.40	±	0.13	ka,	

which	is	not	supported	by	the	morphostratigraphical	and	solar	radiation	work	presented	

here.	In	summary,	Tomkins	et	al.	(2018a)	suggest	four	YD	glacier-hosting	sites	compared	to	

the	 six	 identified	 in	 this	 thesis,	 of	which	 two	 only	 are	 in	 agreement.	 It	 is	 clear	 that	 the	

Tomkins	et	al.	(2018a)	study	was	not	a	comprehensive	assessment	of	YD	glaciation	in	the	

Wicklow	 Mountains	 because	 they	 do	 not	 present	 geomorphological	 mapping	 from	 the	

entire	study	area	and	only	report	dates	from	a	small	selection	of	sites,	and	this	may	partly	

explain	some	of	the	observed	discrepancies.	These	major	differences	are	now	explored	in	

more	detail.	

Whilst	both	this	thesis	and	Tomkins	et	al.	(2018a)	agree	that	YD	ice	was	present	at	Kelly’s	

Lough	and	Lough	Nahanagan,	there	is	disagreement	regarding	reconstructed	ice	extent.	At	

Lough	Nahanagan,	Tomkins	et	al.	(2018a)	reconstruct	a	YD	glacier	that	terminated	at	the	
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outer	cirque	moraine	from	which	they	derived	a	SHD	age	of	11.38	±	0.26	ka.	This	contrasts	

with	the	reconstruction	presented	in	this	thesis,	in	which	the	YD	glacier	terminated	within	

the	extent	of	the	modern	lough	(Figures	6.11e,	6.13e).	There	are	three	main	issues	with	the	

Tomkins	et	al.	(2018a)	reconstruction	that	are	not	explained	and	can	account	for	their	larger	

YD	 glacier	 (1.1	 km2,	 compared	 to	 0.46	 km2).	 Firstly,	 there	 is	 no	 explanation	 of	 how	 the	

Tomkins	et	al.	(2018a)	ice	extent	can	be	rectified	with	the	existing	radiocarbon	dates	for	

moraines	 in	 the	 lough,	which	 originally	 established	 this	 location	 as	 the	 type	 site	 for	 YD	

glaciation	 in	 Ireland.	 This	 thesis	 bases	 YD	 glacier	 extent	 on	 a	 combination	 of	

morphostratigraphy	(Class	3	moraines)	and	the	absolute	dates	of	the	inner	cirque	(lough-

based,	13,165-10,144	cal	yrs	BP	and	12,111-11,041	cal	yrs	BP;	Colhoun	and	Synge,	1980)	

and	outer	cirque	(17.1	±	0.9	ka;	Bowen	et	al.,	2002)	moraine	limits.	Secondly,	Tomkins	et	al.	

(2018a)	 appear	 to	 ignore	 clear	 geomorphological	 differences	 between	 the	 large,	 broad	

outer	cirque	moraine	(Class	1)	and	the	previously	mapped	small,	bouldery	moraines	(Class	

3)	within	the	lough.	Thirdly,	Tomkins	et	al.	(2018a)	do	not	provide	any	explanation	for	the	

discrepancy	between	their	SHD	‘YD’	age	for	the	outer	cirque	moraine,	which	defines	their	

YD	glacier	limit,	and	the	previously	published	CN	(36Cl)	age	of	17.1	±	0.9	ka	for	this	same	

moraine	presented	by	Bowen	et	al.	(2002).	

The	YD	limit	identified	at	Kelly’s	Lough	by	Tomkins	et	al.	(2018a)	also	diverges	from	that	

reconstructed	 in	 this	 thesis	 (Figure	 6.13).	 Tomkins	 et	 al.	 (2018a)	 suggested	 a	 relatively	

restricted	YD	glacier	terminating	at	the	prominent	inner	cirque	moraine	(the	only	moraine	

sampled)	from	which	they	derived	their	SHD	age	of	12.00	±	.044	ka	(also	10Be	dated	by	Barth	

et	al.,	(2017)	to	10.8	±	1.0	ka).	In	contrast,	this	thesis	proposes	that	YD	ice	filled	the	cirque	

and	 that	 the	 YD	 ice	 limit	 is	 instead	 indicated	 by	 the	 outermost	 Class	 3	 moraine.	 This	

interpretation	is	based	on	several	lines	of	evidence:	(1)	the	morphology	and	composition	of	

inner	and	outer	cirque	moraines	is	similar,	with	both	areas	identified	as	Class	3	moraines	

and	therefore	likely	being	derived	from	the	same	glacial	period;	(2)	there	is	an	absence	of	

differential	weathering	between	boulders	on	inner	and	outer	cirque	moraines,	which	would	

be	 expected	 if	 the	 outer	moraine	 pre-dates	 the	 YD	 (as	 is	 implied	 by	 the	 Tomkins	 et	 al.	

(2018a)	interpretation);	and	(3)	the	site	is	strongly	characterised	by	a	boulder	spread	that	

terminates	in	conjunction	with	the	outer	cirque	moraine,	as	has	been	observed	at	a	number	

of	YD	glacier	limits	(e.g.	Arran,	Ballantyne,	2007a;	Harris,	Ballantyne,	2007b).	It	is	therefore	

considered	unlikely	that	this	clear	boulder	limit	would	continue	uninterrupted	to	the	outer	

moraine	if	 this	outer	moraine	represented	a	recessional	LGIT	feature	rather	than	the	YD	

readvance	limit.	In	addition,	the	outer	moraine	has	not	been	dated	using	either	absolute	or	

relative	techniques,	therefore	cannot	be	definitively	known	to	pre-date	the	YD.		
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This	highlights	 the	 importance	of	using	morphostratigraphy	 to	provide	a	 framework	 for	

absolute	dating.	Here,	at	Kelly’s	Lough,	the	approach	has	identified	a	target	moraine	to	date	

rather	than	simply	putting	the	YD	limit	at	the	moraine	that	has	been	dated	(cf.	Barth	et	al.,	

2017;	Tomkins	et	al.,	2018a)	as	there	is	another	downvalley	moraine	that	may	also	relate	to	

the	 same	 general	 time	 period.	 This	 issue	 is	 not	 unique	 to	 the	Wicklow	Mountains.	 For	

example,	 in	 the	 Monadhliath,	 Scotland,	 some	 YD	 limits	 have	 been	 identified	 based	 on	

moraines	with	a	CN	age	(Gheorghiu	et	al.,	2012),	ignoring	morphostratigraphically	similar	

moraines	without	ages	(Boston,	2012;	Boston	et	al.,	2015).	Similarly,	YD	limits	can	also	be	

placed	 at	 morphostratigraphically	 ‘older’	 moraines	 based	 on	 comparable	 CD	 ages	

(Gheorghiu	et	al.,	2012),	without	considering	the	potential	issues	of	moraine	stabilisation	

(Hallet	and	Putkonen,	1994;	Kirkbride	and	Winkler,	2012;	Barr	and	Lovell,	2014),	including	

boulder	exhumation	(Putkonen	and	Swanson,	2003),	and	boulder	toppling	(Darvill,	2013),	

which	could	result	in	an	erroneously	young	boulder	age.	It	is	possible,	in	such	situations,	

that	 the	morphostratigraphy	 is	 incorrect	and	CN	age	 is	right	but	 the	 juxtaposition	of	 the	

morphostratigraphy	and	CD	age	should	prompt	further	investigation	of	the	discrepancy.		

Tomkins	et	al.	(2018a)	also	support	YD	ice	existence	at	Upper	Glenmacnass	based	on	an	

SHD	age	of	11.40	±	0.13	ka	from	a	moraine	within	the	valley	head.	In	this	thesis	however,	

YD	 ice	 presence	 at	 the	 site	 is	 considered	 unlikely	 due	 to	 a	 combination	 of	 no	 Class	 3	

moraines	 (they	 are	 all	 Class	 2),	 the	 absence	 of	 a	 boulder	 spread	 (Appendix	 I),	 and	high	

incoming	 solar	 radiation	 due	 to	 local	 slope	 exposure	 (Figure	 6.9f).	 The	 site’s	 Class	 2	

moraines	do	have	a	relatively	high	boulder	presence	and	are	relatively	small	(~2	m	high,	

~5	m	wide)	 features,	 but	 the	 high	matrix	 presence	 (based	 on	 the	moraines	 being	 very	

vegetated)	places	the	moraine	into	the	Class	2	category	(see	Figure	5.10).	In	addition,	Upper	

Glenmacnass	receives	the	highest	ablation	season	solar	radiation	average	(5462	Wh/m2)	of	

all	22	investigated	sites	due	to	the	valley’s	southeastern	aspect.	Therefore,	 it	seems	very	

unlikely	 that	 Upper	 Glenmacnass	was	 able	 to	 host	 a	 cirque	 glacier	 during	marginal	 YD	

glaciation,	and	the	moraine	sampled	by	Tomkins	et	al.	(2018a)	is	interpreted	to	be	an	older	

LGIT	recessional	feature.	The	YD	SHD	date	acquired	by	Tomkins	et	al.	(2018a)	should	be	

considered	a	relative	rather	than	an	absolute	age	and	the	major	discrepancy	between	this	

SHD	and	the	available	36Cl	age	(Bowen	et	al.,	2002)	highlights	concerns	about	the	use	of	SHD	

for	producing	reliable	numerical	ages.		

Upper	Lough	Bray	is	also	suggested	to	have	hosted	a	YD	glacier	by	Tomkins	et	al.	(2018a)	

based	on	their	SHD	age	of	12.31	±	0.51	ka	taken	from	the	largest,	most	prominent	moraine.	

This	 thesis	 recognises	 that	 it	would	 be	 reasonable	 to	 assume	YD	 ice	 presence	 at	 Upper	

Lough	Bray	because	the	site	has	topography	conducive	to	support	snow	accumulation	and	
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survival	(Figure	6.5).	This	is	supported	by	radiation	modelling,	which	indicates	that	the	site	

received	only	moderate	levels	of	solar	radiation	during	the	ablation	season	(3152	Wh/m2;	

Table	 6.4,	 Figures	 6.6	 and	 6.7).	 However,	 there	 is	 no	 geomorphological	 evidence	 of	 YD	

glaciation	 at	 the	 site	 (Table	 8.1).	 Based	 on	 morphostratigraphy,	 the	 identified	 Class	 2	

moraines	are	suggested	 to	have	 formed	earlier	 in	 the	LGIT.	Whilst	 the	high	 incidence	of	

boulders	bares	some	similarities	with	Class	3	moraines,	 the	moraines	are	categorised	as	

Class	 2	 moraines	 (pre-YD)	 based	 on	 considerable	 matrix	 presence	 (i.e.	 not	 openwork	

boulders)	and	landform	size.	For	example,	the	main	moraine	bounding	the	lough	is	17	m	in	

height	with	 a	 base-width	of	 30-35	m.	This	makes	 it	 one	of	 the	 largest	 Class	2	moraines	

identified	 in	the	region	and	almost	double	the	height	of	any	Class	3	moraines.	Similar	to	

Lough	Nahanagan,	there	are	contrasting	ages	for	this	moraine	presented	by	Tomkins	et	al.	

(2018a;	SHD	age	of	12.31	±	0.51	ka,	indicating	YD)	and	Bowen	et	al.	(2002;	36Cl	age	of	15.7	

ka	±	1.1,	indicating	pre-YD).	Together,	the	available	evidence	does	not	necessarily	mean	that	

the	site	did	not	accumulate	ice	during	the	YD,	as	it	is	possible	that	the	lough	contains	as	yet	

undiscovered	submerged	YD	moraines	similar	to	those	at	Lough	Nahanagan.	Alternatively,	

it	is	feasible	that	YD	glaciation	was	limited	to	a	small	niche	glacier	on	the	cirque	headwall	

and	 geomorphological	 evidence	 of	 ice	 presence	 may	 be	 unidentifiable	 due	 to	 current	

vegetation	cover.	However,	for	the	reasons	outlined	above,	it	seems	unlikely	that	any	YD	

glacier	at	the	site	was	responsible	for	forming	the	large	moraine	as	suggested	by	Tomkins	

et	al.	(2018a),	and	based	on	the	available	evidence	it	is	prudent	to	consider	the	presence	of	

YD	ice	at	this	site	as	inconclusive.			

These	 discrepancies	 regarding	 multiple	 YD	 sites	 highlight	 the	 importance	 of	 detailed	

mapping	when	reconstructing	glacial	histories,	regardless	of	the	availability	of	absolute	or	

relative	dates.	It	also	emphasises	the	importance	of	establishing	the	local	geomorphological	

context	as	this	provides	greater	insight	to	local	ice	extent	and	dynamics	than	isolated	dates	

are	able	to.	This	is	exemplified	by	Barth	et	al.	(2017),	who	undertook	extensive	dating	of	

cirque	moraines	 in	western	 Ireland	 but	 did	 not	 appear	 to	 conduct	 detailed	mapping	 or	

consider	local	geomorphological	signatures.	Barth	et	al.	(2017)	indicate	that	it	was	expected	

that	 the	majority	of	cirque	moraines	would	be	attributable	 to	 the	YD	but	dating	actually	

established	 that	 the	majority	of	 sampled	moraines	pre-dated	 the	YD.	This	highlights	 the	

importance	of	establishing	geomorphological	context	when	identifying	likely	YD	moraines	

to	sample.		

This	 thesis	 has	 used	 a	 conservative	 approach	 to	 identify	 six	 sites	 that	 likely	 hosted	 YD	

glaciers.	Thus,	identifying	the	minimum	extent	of	YD	glaciation,	as	four	further	sites	remain	

inconclusive.	This	highlights	the	importance	of	detailed	geomorphological	investigation	for	
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differentiating	 sites	 that	 likely	 did/did	 not	 host	 YD	 ice.	 It	 has	 also	 demonstrated	 how	

assessment	of	ice	extent	in	marginal	areas	can	be	improved	by	including	further	analysis	

(e.g.	 radiation	and	snowblow	modelling).	Future	work	(discussed	 further	 in	section	9.5),	

including	 a	 targeted	 absolute	 dating	 campaign	 that	 builds	 on	 the	 geomorphological	

framework	established	in	this	thesis,	is	required	to	improve	understanding	of	unresolved	

sites	and	strengthen	interpretations	of	YD	ice	presence.	

	

8.2.2	The	Wicklow	Mountains	in	the	context	of	marginal	YD	glaciation	in	Ireland	and	

Britain	

The	evaluation	of	YD	ice	extent	in	the	Wicklow	Mountains	presented	in	this	thesis	adds	to	a	

growing	body	of	work	documenting	marginal	glaciation	in	Ireland	and	Britain	during	the	

YD.	 The	 topographic	 and	 latitudinal	 setting	 of	 the	 Wicklow	 Mountains	 is	 broadly	

comparable	 to	 the	Mourne	Mountains	 (Northern	 Ireland,	 100	 km	 to	 the	 northeast)	 and	

Snowdonia	(Wales,	150	km	to	the	east;),	both	of	which	supported	small	YD	cirque	glacier	

systems	(Bendle	and	Glasser,	2012;	Barr	et	al.,	2017a).	However,	YD	cirque	glaciation	in	the	

Wicklow	Mountains	 (6	glaciers,	 total	area	2.33	km2)	 is	 less	extensive	 than	both	of	 these	

regions.	24	YD	glaciers	(total	area	5.24	km2)	have	been	identified	in	the	Mourne	Mountains	

and	 38	 YD	 glaciers	 (total	 area	 20.74	 km2)	 in	 Snowdonia	 (Table	 8.2).	 In	 contrast,	 in	

Macgillycuddy’s	Reeks	(southwestern	Ireland,	250	km	to	the	southeast),	just	six	small	YD	

glaciers	(total	area	1.42	km2)	have	been	identified,	suggesting	very	restricted	YD	glaciation	

(Anderson	et	al.,	1998).	However,	it	should	be	noted	that	Macgillycuddy’s	Reeks	is	a	small	

range	within	a	larger	mountainous	area	in	southwestern	Ireland	but	YD	glacier	extent	in	the	

wider	region	remains	poorly	understood	Whilst	the	Macgillycuddy’s	Reeks	range	covers	a	

smaller	area	 (~80	km2)	 than	 the	Mourne	Mountains	 (~150	km2)	and	Snowdonia	 (~300	

km2),	 the	 low	 number	 of	 YD	 glaciers	 in	 Macgillycuddy’s	 Reeks	 compared	 to	 the	 other	

mountain	 ranges	 is	 noteworthy	 because	 the	 region	 is	 situated	 on	 the	 extreme	western	

seaboard	of	Ireland.	This	means	that	North	Atlantic	climate	shifts	were	transmitted	rapidly	

to	the	local	glacial	systems	(including	YD-associated	cooling)	and	there	was	likely	a	west-

east	 precipitation	 gradient	 across	 Ireland	 (wettest	 in	 west),	 as	 identified	 in	 Scotland	

(Golledge,	2010;	Boston	et	al.,	2015).	

The	reconstruction	of	YD	glacial	extent	in	the	Wicklow	Mountains	follows	a	conservative	

approach,	whereby	sites	were	only	included	if	several	lines	of	evidence	were	in	agreement	

(e.g.	moraine	classification,	morphostratigraphy,	and	solar	radiation	modelling,	augmented	

by	 the	 available	 numerical	 dating).	 Following	 this	 approach,	 four	 possible	 YD	 glacier-

hosting	sites	were	designated	an	 inconclusive	classification.	 It	 is	 therefore	probable	 that	
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some	 of	 the	 discrepancies	 between	 the	 restricted	 YD	 glaciation	 extent	 in	 the	 Wicklow	

Mountains	and	the	more	extensive	glaciation	reconstructed	in	the	Mourne	Mountains	(Barr	

et	al.,	2017a)	and	Snowdonia	(Bendle	and	Glasser,	2012)	can	be	attributed	to	differences	in	

the	approaches	taken	in	these	studies	–	and	in	particular	the	level	of	conservatism	applied.	

For	 example,	 Barr	 et	 al.	 (2017a)	 reconstruct	 YD	 glaciers	 in	 all	 cirques	 in	 the	 Mourne	

Mountains.	However,	this	does	not	appear	to	have	taken	into	account	a	differentiation	of	YD	

and	 pre-YD	 moraines	 using	 a	 local	 morphostratigraphical	 context,	 as	 was	 found	 to	 be	

essential	in	the	Wicklow	Mountains.	Bendle	and	Glasser	(2012)	use	morphostratigraphy	to	

reconstruct	YD	glacier	extent	in	Snowdonia.	However,	they	do	not	provide	many	details	on	

the	process	and	evidence	used	to	constrain	the	morphostratigraphical	relationships,	simply	

specifying	 that	 the	 “regional	 consistency	 of	 the	 observed	 morphostratigraphical	

relationships	implies	that	a	single	distinct	phase	of	restricted	glaciation	was	responsible	for	

the	formation	of	the	observed	landforms”	(Bendle	and	Glasser,	2012,	p.	132).		

Further	details	on	the	nature	of	the	regional	consistency	in	landform	relationships	would	

be	very	interesting,	both	in	Snowdonia	and	the	Mourne	Mountains,	and	would	allow	a	better	

comparison	of	the	YD	glacial	signature	between	these	three	sites	(including	the	Wicklow	

Mountains)	 in	 close	 geographical	 proximity.	 In	 Snowdonia	 (and	 like	 the	 Mourne	

Mountains),	YD	glaciers	are	reconstructed	in	all	cirques	with	moraines,	suggesting	that	all	

identified	moraines	are	attributable	to	the	YD.	There	are	currently	no	absolute	dates	from	

the	 cirque	 sites	 in	 Snowdonia	 to	 support	 this	 interpretation.	 For	 comparison,	 if	 this	

approach	had	been	taken	in	the	Wicklow	Mountains	(i.e.	assuming	all	cirques	containing	

moraines	were	of	YD	age),	the	number	of	YD	glacier-hosting	sites	would	increase	to	11	–	but	

with	several	of	 these	 featuring	geomorphological	evidence	entirely	 inconsistent	with	YD	

glaciation.	Similarly,	Anderson	et	al.	(1998)	demonstrate	that	if	all	cirques	with	moraines	in	

Macgillycuddy’s	Reeks	had	been	assumed	to	be	YD	in	age	(i.e.	ignoring	for	one	moment	the	

absolute	dates	that	show	this	to	be	incorrect;	e.g.	Harrison	et	al.,	2010;	Barth	et	al.,	2017),	

the	 reconstructed	YD	 glacier	 extent	would	have	been	 significantly	 overestimated.	 These	

four	 examples	 from	 similar	 upland	 locations	 in	 relative	 geographical	 proximity	

demonstrate	the	importance	of	applying	a	full	range	of	methodologies,	where	possible,	in	

order	to	decipher	the	scale	of	YD	glaciation.	Further	work	in	these	areas	should	prioritise	

(1)	 establishing	 a	 clear	morphostratigraphical	 framework	 to	make	 an	 initial	 distinction	

between	YD	moraines	and	those	that	pre-date	the	YD;	(2)	glacier	reconstructions	based	on	

the	geomorphological	evidence;	and	(3)	absolute	dating	to	test	the	morphostratigraphical	

framework.		
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That	said,	comparisons	based	on	the	available	published	datasets	of	YD	glacier	extents	in	

the	 different	 locations	 (Wicklow	 Mountains,	 Mourne	 Mountains,	 Snowdonia,	

Macgillycuddy’s	Reeks),	and	the	palaeoclimatic	inferences	these	allow,	are	still	important.	

A	comparison	of	reconstructed	mean	regional	ELAs	(Table	8.2)	suggests	that	YD	glaciation	

in	the	Wicklow	Mountains	(regional	ELA	=	621	±	9	m)	was	at	a	broadly	comparable	elevation	

to	Macgillycuddy’s	Reeks	(689	m;	Anderson	et	al.,	1998)	and	Snowdonia	(571	m;	Bendle	and	

Glasser,	2012),	with	ELA	differences	of	+79	m	and	-50	m,	respectively.	In	contrast,	average	

ELA	in	the	Mourne	Mountains	(475	±	36	m;	Barr	et	al.,	2017a)	was	146	m	lower	(Table	8.2).	

PPT	calculations	(not	available	 for	Macgillycuddy’s	Reeks)	suggest	 that	both	the	Mourne	

Mountains	and	Snowdonia	experienced	wetter	 climates	 than	 the	Wicklow	Mountains.	 In	

particular,	the	calculations	suggest	that	the	Mourne	Mountains	received	up	to	441	mma-1	

more	rain	 than	 the	Wicklow	Mountains,	even	 though	 the	regions	are	both	relatively	dry	

because	 of	 their	 relatively	 easterly	 location	 within	 Ireland	 and	 are	 thought	 to	 have	

experienced	comparatively	continental	conditions	during	the	YD	(Isarin	et	al.,	1998).		

Based	 on	 observations	 from	 the	Wicklow	 Mountains	 and	 cirque	 glaciation	 globally	 (cf.	

Mitchell,	1996;	Carr,	2001;	Lewis	and	Illgner,	2001;	Coleman	et	al.,	2009;	Mills	et	al.,	2009;	

Gheorghiu	 et	 al.,	 2015;	 Chandler	 &	 Lukas,	 2017;	 DeBeer	 and	 Sharp,	 2017;	 Brook	 and	

Kirkbride,	2018),	it	is	unlikely	that	these	PPT	calculations	truly	reflect	regional	rainfall.	Both	

Barr	et	al.	(2017a)	and	Bendle	and	Glasser	(2012)	recognise	the	likely	role	of	redistributed	

	

Table	 8.2.	 Glacier	metrics	 and	 PPT	 values	 for	 YD	 ice	masses	 in	 the	Wicklow	Mountains,	Mourne	
Mountains	(Barr	et	al.,	2017a),	Snowdonia	(Bendle	and	Glasser,	2012),	and	Macgillycuddy’s	Reeks	
(Anderson	et	al.,	1998).	ELAs	for	the	Wicklow	Mountains	and	Mourne	Mountains	are	calculated	using	
AABR	1.9	±	0.81,	Snowdonia	ELAs	are	calculated	using	ABBR	1.8,	and	Macgillycuddy’s	Reeks	using	
AWMA.	Although	ELA	calculations	have	been	derived	using	different	methods,	results	are	broadly	
comparable	as	differences	in	method	typically	result	in	variations	of	<20	m	(section	6.3.1).	PPT	values	
(mma-1,	 at	 ELA)	 were	 calculated	 using	 Ohmura	 et	 al.,	 1992.	 PPT	 values	 are	 not	 available	 for	
Macgillycuddy’s	Reeks.	Representative	regional	ELAs	are	calculated	by	each	respective	study.	In	the	
Wicklow	Mountains,	regional	calculations	exclude	Upper	Fraughan	Rock	Glen.	

	 Wicklow	Mountains	 Mourne	Mountains	 Snowdonia	 Macgillycuddy’s	

Mountain	range	area	(km2)	 ~500	 ~150	 ~	300	 ~	80	

Total	glacier	area	(km2)	 2.33	 5.24	 20.74	 1.42	

Average	glacier	area	(km²)	 0.39	 0.21		 0.55	 0.24	

ELA	range	(m)	 467	±	9-739	±	8		 356	±	33-570	±	9		 380-838	 646-766	

Average	ELA	 621	±	9	 475	±	36		 571		 700	

PPT	range	(mma-1)		 2497	±	573-3219		

±	278		

2938	±	294-3530	±	

316	

2844-3575	

	

N/A	

Representative	regional	ELA		 640	±	10	 529	±	4	 654/770	 N/A	
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snow	in	lowering	ELAs.	Unlike	the	Wicklow	Mountains,	a	distinct	ELA	gradient	is	noted	in	

both	 the	Mourne	Mountains	 and	 Snowdonia	 (increasing	 from	west-east	 and	 southwest-

northeast	 respectively).	 Bendle	 and	 Glasser	 (2012)	 partly	 attribute	 Snowdonia’s	 steep	

precipitation	gradient	to	proximity	to	the	coast	as	well	as	the	redistribution	of	snow.	In	the	

Mourne	Mountains,	snowblow	from	a	high-level	plateau	west	of	the	range	is	suggested	to	

have	 disproportionately	 driven	 enhanced	 accumulation	 in	 western	 cirques	 (Barr	 et	 al.,	

2017a).	 Thus,	 in	 both	 ranges,	 the	 recognised	 local-scale	 ELA	 gradient	 is	 not	 primarily	

climatically	driven.			

By	 excluding	 ice	 masses	 effected	 by	 significant	 topographically-enhanced	 snow	

accumulation	 from	 regional	 calculations,	 representative	 regional	 climatic	 ELAs	 (section	

6.3.4;	calculated	using	only	North	Prison,	Kelly’s	Lough,	Lough	Ouler),	can	be	derived	for	the	

Wicklow	Mountains	(640	±	10	m).	Representative	regional	ELAs	are	also	available	for	the	

Mourne	 Mountains	 (529	 ±	 4	 m;	 Barr	 et	 al.,	 2017a),	 and	 Snowdonia	 (654	 m	 over	 the	

Moelwyns,	770	m	over	the	Carneddau;	Bendle	and	Glasser,	2012)	but	these	have	instead	

been	 calculated	 by	 extrapolation	 of	 regression	 lines	 (ELA	 vs	 snowblow/avalanche	 ratio	

(Ac/Ag))	 simulating	 conditions	 for	 hypothetical	 glaciers	 receiving	 no	 accumulation	 from	

redistributed	snow	or	ice	(i.e.	Ac/Ag	=	0).		

If	 this	 approach	 is	 used	 to	 calculate	 a	 regionally	 representative	 ELA	 for	 the	 Wicklow	

Mountains,	it	results	in	an	ELA	of	590	m	(R2	=	0.0915;	including	sites	with	a	strong	enhanced	

accumulation	influence,	except	Upper	Fraughan	Rock	Glen).	This	ELA	is	31	m	less	than	the	

average	ELA	(621	m	±	9),	which	is	unrealistic	as	enhanced	snow	accumulation	would	have	

artificially	lowered	ELAs,	not	increased	them.	It	appears	that	the	large	snowblow/avalanche	

ratio	 of	 Lough	 Cleevaun	 (12.13)	 skews	 the	 relationship.	 However,	 exclusion	 of	 all	 sites	

strongly	affected	by	enhanced	accumulation	(Lough	Cleevaun,	Lough	Nahanagan)	 lowers	

the	 ELA	 to	 500	 m	 (R2	 =	 0.9943),	 further	 highlighting	 issues	 with	 the	 regression	

extrapolation	approach	used	by	Bendle	and	Glasser	(2012)	and	Barr	et	al.	(2017a).	This	is	

highlights	that	there	is	no	relationship	between	glacier	ELA	and	snowblow	and	avalanche	

ratio	in	the	Wicklow	Mountains.	Therefore,	the	original	regional	representative	ELA	(640	±	

10	m),	calculated	in	section	6.3.4,	is	used	for	the	Wicklow	Mountains.		

It	 should	 also	 be	 noted	 that	 the	 strong	 correlation	 between	ELA	 and	 snow-contributing	

ratios	(snowblow	and	avalanche	ratio)	identified	by	Bendle	and	Glasser	(2010)	and	Barr	et	

al.	(2017a)	may	not	be	truly	representative	of	YD	ice	mass/local	topoclimatic	relationships.	

As	both	studies	reconstructed	YD	glaciers	 in	all	 cirques,	often	 to	 the	cirque	 lip	and,	as	a	

result,	 may	 have	 overestimated	 YD	 ice	 extent.	 The	 identified	 correlation	 actually	 may	
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represent	 the	 longer	 term	 favourable	 local	 topoclimatic/glacial	 conditions	 for	 more	

extensive	cirque	glaciation,	rather	than	restricted	YD	glaciation.	

Despite	 this,	 the	 ELAs	 collectively	 indicate	 that	 topographically-enhanced	 snow	

accumulation	did	have	a	definite	impact	on	YD	glaciation.	Local	topoclimatic	conditions	may	

have	 been	 a	 determining	 factor	 in	 glacier	 survival	 at	 several	 YD	 sites	 (Lough	 Cleevaun,	

Fraughan	Rock	Glen,	Lough	Nahanagan),	based	on	the	19	m	difference	between	the	average	

ELA	(621	m	±	9)	and	recalculated	regionally	representative	ELA	(640	m	±	10).	YD	glaciation	

in	 the	Mourne	Mountains	and	Snowdonia	was	also	clearly	supported	by	enhanced	snow	

accumulation	 with	 large	 differences	 between	 the	 average	 ELAs	 and	 regionally	

representative	 ELAs	 (Mourne	Mountains	 -	 54	m;	 Snowdonia	 -	 199	m	 Carneddau,	 83	m	

Moelwyns).	These	recalculated	climatic	ELAs	are	significantly	higher	than	their	standard	

ELA	equivalents,	indicating	that	that	glaciers	in	all	cases	were	not	the	results	of	prevailing	

regional	climate	alone	(Coleman	et	al.,	2009).	

These	 observations	 have	 implications	 for	 palaeoclimatic	 reconstructions	 using	 small	 ice	

masses	and	could	indicate	that	observed	spatial	variability,	of	both	overall	glacier	extent	

and	behavioural	differences	between	local	ice	masses,	may	be	more	strongly	connected	to	

topographic	differences	than	to	a	regional	climate	change	signal	(Abermann	et	al.,	2011).	

Comparison	 of	 snowblow	 and	 avalanche	modelling	 in	 the	Wicklow	Mountains,	 Mourne	

Mountains,	 and	 Snowdonia	 has	 highlighted	 that	 local	 topoclimatic	 conditions	 must	 be	

incorporated	 into	 any	 assessment	 of	 palaeoclimatic	 conditions	 based	on	 cirque	 glaciers.	

	

8.3	LGIT	glaciation	in	the	Wicklow	Mountains	

8.3.1	Glaciation	extent,	style,	and	evolution		

Previous	work	suggested	the	existence	of	a	local	ice	cap	during	and	following	the	LGM	based	

on	the	 interpretation	that	 the	area	was	not	overrun	by	regional	LGM	ice	(e.g.	absence	of	

Midland	 erratics;	 Warren,	 1993;	 Ballantyne	 et	 al.,	 2006).	 Geomorphological	 mapping	

undertaken	 in	this	 thesis	did	not	 identify	unequivocal	evidence	of	an	 ice	cap	 landsystem	

(presented	 in	 section	 5.5).	 However,	 based	 on	 erratic	 dispersal	 around	 the	 range’s	

periphery	(Warren,	1992),	it	is	accepted	that	the	region	hosted	a	local	ice	mass	centre	of	

ice-cap	size	(~	980	±	100	km2;	Ballantyne	et	al.,	2006)	that	was	confluent	with	the	BIIS.		

It	also	seems	unlikely	that	LGM	ice	thickness	in	the	Wicklow	Mountains	was	limited	to	725	

m	(Ballantyne	et	al.,	2006),	as	both	ocean	coring	(Scourse	and	Furze,	2001;	Scourse	et	al.,	

2009;	Praeg	et	al.,	2015)	and	modelling	of	the	BIIS	(Hubbard	et	al.,	2009)	suggest	that	ice	

reached	beyond	the	contemporary	Irish	coastline.	This	would	not	be	feasible	with	an	ice	
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sheet	 just	725	m	thick,	based	on	Benn	and	Hulton	(2010)	modelling.	 Instead,	 the	725	m	

geochemical	(gibbsite)	trimline	identified	by	Ballantyne	et	al.	(2006)	perhaps	more	likely	to	

be	an	englacial	thermal	boundary,	rather	than	the	upper	limit	of	ice	(McCarroll,	2016).		

Collectively,	little	evidence	consistent	with	the	suggested	ice	cap	(Warren,	1993)	(Figures	

2.11,	2.13)	was	found	within	the	mapped	area.	However,	as	the	proposed	ice	cap	limits	are	

largely	based	outside	of	the	mapped	area,	future	work	could	focus	on	searching	for	relevant	

evidence.	

Post-LGM	 and	 LGIT	 ice	 configurations	 in	 the	Wicklow	Mountains	 have	 received	 limited	

research	 attention	 before	 this	 thesis.	 Warren	 (1993)	 provided	 largely	 conceptual	

estimations	of	the	initial	stages	of	deglaciation	(Figure	2.11),	and	Ballantyne	et	al.	(2006)	

and	Tomkins	et	al.	(2018a)	examined	patterns	of	recession	following	these	initial	stages.	

Ballantyne	 et	 al.	 (2006)	 suggested	 the	 progressive	 emergence	 of	 high-level	 summits,	 as	

indicated	 in	 the	 LGIT-1	 scenario	 presented	 in	 section	 7.2	 of	 this	 thesis.	 However,	 ice	

marginal	evidence	suggests	that	the	southern	margin	of	the	alpine	icefield	at	this	time	was	

in	the	locality	of	Kanturk	and	Scarr	(summit	deglaciation	dates	of	18.5	±	1.2	ka	and	18.2	±	

1.2	ka	respectively;	Ballantyne	et	al.,	2006),	rather	than	these	peaks	only	just	emerging	from	

the	ice.	Collectively,	this	suggests	a	more	restricted	ice	extent	than	envisaged	by	Ballantyne	

et	al.	 (2018a),	but	 there	 is	no	evidence	of	 ice	stabilisation	prior	 to	 the	 limits	depicted	 in	

LGIT-1	(inferred	to	be	~18	ka;	Figure	7.2).	For	this	reason,	it	is	suggested	that	this	thesis’	

LGIT-1	stage	slightly	post-dates	the	Ballantyne	et	al.	(2006)	dates.	

This	 thesis	 identified	 two	 separate	 alpine	 and	 plateau	 icefields,	 based	 on	 topographic	

situation	and	geomorphological	evidence	(section	5.5,	Figures	5.34	-5.37)	and	suggests	that	

they	existed	as	soon	as	local	ice	became	topographically	restricted.	Tomkins	et	al.	(2018a)	

recognise	the	post-LGM	establishment	of	summit	icefields	in	the	region	but	provide	little	

detail	to	elaborate	on	the	location,	extent	or	timing	of	these	icefields.	However,	this	thesis	

disagrees	 with	 Tomkins	 et	 al.	 (2018a)	 regarding	 the	 timing	 of	 mountain	 summit	

deglaciation	and	the	persistence	of	ice	masses	throughout	the	LGIT.	Based	on	SHD,	Tomkins	

et	al.	(2018a)	favour	a	later	deglaciation	of	mountain	summits	(~16.5	ka)	than	suggested	

by	the	scenarios	presented	in	section	7.2,	which	were	constrained	by	10Be	dating	(~18	ka;	

Ballantyne	et	al.,	2006).	Tomkins	et	al.	(2018a)	also	suggest	that	several	large	valley	glaciers	

were	able	to	persist	throughout	the	majority	of	the	LGIT,	possibly	until	the	onset	of	GI-1	

(14.7	ka).	However,	this	is	at	odds	with	the	scenarios	presented	in	this	thesis,	which	suggest	

that	after	~17-16	ka	large	ice	masses	rapidly	retreated	into	source	areas	(Figures	7.3,	7.4).	

These	scenarios	are	based	on	absolute	dating	of	high-level	cirques	(17.1	±	0.9	ka,	15.7	±	.1	

ka;	 Bowen	 et	 al.,	 2002)	 combined	 with	 the	 observations	 of	 relatively	 limited	 moraine	
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distribution	 throughout	 the	 region,	 which	 seems	 incompatible	 with	 the	 Tomkins	 et	 al.	

(2018a)	interpretation	of	implied	glaciological	stability	and	large	valley	glaciers	persisting	

for	much	of	 the	LGIT.	 Ice-marginal	 evidence	 (upper	valley	moraine	 sequences	and	 large	

areas	without	moraine	 deposition,	 see	 section	 7.2.1;	 Figures	 7.8,	 7.10-7.11)	 favours	 the	

existence	of	small	glaciers	later	in	the	LGIT,	rather	than	large	outlet	glaciers.	It	is	possible	

that	small	ice	masses	in	topographically-favourable	locations	persisted	throughout	the	LGIT	

(scenario	LGIT-3;	Figure	7.4),	towards	the	GI-1/	Bølling-Allerød	interval	(14.7–12.9	ka	BP),	

although	 this	 requires	 testing	 through	 absolute	 dating.	 However,	 there	 is	 poor	

geomorphological	 evidence	 and,	 at	 present,	 no	 absolute	 dating	 evidence	 to	 support	

Tomkins	et	al.’s	 (2018a)	SHD	based	 interpretation	of	 large	 ice	mass	survival	 throughout	

most	of	the	LGIT.	Finally,	Tomkins	et	al.	(2018a)	suggested	that	valley	glacier	retreat	was	

synchronous	 across	 the	 region	 and	 progressed	 from	 low	 to	 high	 elevation	 (Tomkins,	

2018a).	 However,	 detailed	 geomorphological	 mapping	 (Appendix	 I)	 and	 ice-margin	

reconstruction	(section	7.2)	in	this	study	suggests	otherwise,	as	differing	patterns	of	glacial	

retreat	show	large	variations	in	retreat	patterns	between	neighbouring	valleys	and	across	

the	whole	study	area.	Tomkins	et	al.	(2018a)	also	suggested	that	ice	retreat	in	the	region	

was	primarily	driven	by	climate,	but	 this	does	not	account	 for	 the	potential	 influence	of	

topography	on	local	retreat	patterns.	This	is	discussed	further	in	section	8.3.3.	

	

8.3.2	Coeval	ice	masses	of	different	sizes	

Based	on	geomorphological	analysis,	it	was	identified	that	initial	post-LGM	ice	retreat	in	the	

Wicklow	Mountains	was	probably	continuous,	with	limited	moraine	production,	until	 ice	

had	become	 topographically	 restricted	and	disintegrated	 into	 four	separate	 landsystems	

(section	7.2,;	e.g.	plateau	icefield,	alpine	icefield,	valley	glaciers,	and	cirque	glaciers;	Figure	

7.2).	This	signifies	that	due	to	the	absence	of	a	single	main	source	area	(cf.	Melville	Island	

Ice	Cap;	Nixon	and	England,	2013),	 ice	did	not	retreat	radially	as	one	coherent	 ice	mass.	

Instead	ice	acted	as	a	series	of	smaller	independent	ice	masses,	with	specific	ice	response	

dependant	 on	 topographic	 situation.	 The	 initial	 thinning	 of	 ice	 caused	 topographic	 high	

points	 to	 emerge	 as	 nunataks	 and,	 as	 recession	 continued,	 ice	 became	 separated	 into	

distinct	 catchments	 and	 isolated	 source	 areas	 (cf.	 Carrasco	 et	 al.,	 2013).	 The	

geomorphological	record	(Chapter	5,	Appendix	I)	and	available	absolute	dating	(Table	2.3)	

supports	ice	masses	of	different	sizes	coexisting	at	the	same	time	(section	7.2).	For	example,	

the	distribution	of	Class	2	moraines,	the	formation	of	which	is	assumed	to	be	broadly	coeval,	

suggests	the	existence	of	an	alpine	icefield	in	the	northern	sector,	a	plateau	icefield	in	the	

central	sector,	and	 individual	valley	glaciers	 in	 the	southern	sector	at	approximately	 the	
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same	time.	The	prevalence	of	large	Class	1	moraines	in	high	elevation	cirques	also	indicates	

the	relatively	early	LGIT	retreat	of	selected	ice	masses	to	preferential	areas	of	refuge	(e.g.	

Lough	 Nahanagan	 by	 17.1	 ±	 0.9	 ka;	 Bowen	 et	 al.,	 2002),	 whilst	 larger	 ice	masses	were	

oscillating	and	depositing	Class	2	moraine	sequences.		

The	co-existence	of	large	and	small	ice	masses	has	also	been	recognised	in	association	with	

larger	scale	ice	sheet	retreat	(e.g.	Cordilleran	Ice	Sheet;	Menounos	et	al.,	2017),	whereby	the	

emergence	of	peaks	from	thinning	ice	is	recognised	as	the	controlling	factor	in	the	dissection	

and	separation	of	ice	masses	into	valley	glaciers	and	high-level	cirques.	In	central	southern	

Scandinavia,	 it	 is	 now	 recognised	 that	 cirque	 glaciers	 became	 common	 place	 during	 ice	

sheet	 deglaciation,	 emerging	 from	 the	 thinning	 ice	 sheet,	 and	 proximal	 to	 networks	 of	

icefields	and	valley	glaciers	which	became	established	as	 the	 ice	sheet	continued	to	 thin	

(Dahl	et	al.	1997).	On	a	smaller	scale	in	Sierra	de	Béjar	(Iberian	Peninsula,	Spain),	post-LGM	

ice	 cap	 thinning	 led	 to	 plateau	 icefield	 establishment	 with	 co-existing	 neighbouring	

independent	 valley	 glaciers	 and	 cirque	 glaciers	 (Carrasco	 et	 al.,	 2013).	 Collectively,	 this	

demonstrates,	 albeit	 on	 larger	 scales	 than	 the	 Wicklow	 Mountains,	 how	 mountain	

topography	can	modulate	ice	mass	response	to	climate	change	(Marcott	and	Shakun,	2017).		

It	is	also	important	to	recognise	that	ice	mass	size	(and	ice	retention)	may	be,	in	part,	related	

to	its	legacy	(i.e.	hysteresis;	dependence	on	initial	conditions;	Åkesson	et	al.,	2017;	Zekollari	

et	al.,	2017).	The	post-LGM	ice	cap	in	the	Wicklow	Mountains	would	have	been	thicker	in	

the	 larger	 outlet	 valleys	 and	 where	 it	 was	 linked	 to	 large	 source	 areas	 (e.g.	 icefield	

accumulation	areas),	compared	to	other	areas	(perhaps	those	closer	to	the	periphery).	As	a	

result,	during	LGIT	recession,	ice	would	have	persisted	for	longer	in	areas	where	ice	had	

been	thickest	or	had	a	large	source	area	to	sustain	it	(cf.	Giesen	and	Oerlemans,	2010).	The	

juxtaposition	of	glacier	ice	of	differing	sizes	is	apparent	in	currently	glaciated	regions,	such	

as	Østre	Svartisen.	Here,	the	presence	of	a	large	accumulation	area	(plateau)	has	enabled	

the	persistence	of	a	large	icefield,	whereas	adjacent	topography	(with	poor	accumulation	

areas)	has	only	allowed	the	survival	of	smaller	cirque	and	valley	glaciers	(Figure	8.1).	
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Figure	8.1.	Østre	Svartisen	 icefield	 (ØS)	 in	 the	Saltfjellet	Mountains	 (western	Norway).	The	 large	
plateau	(accumulation	area)	enables	the	survival	of	the	icefield	and	associated	outlet	glaciers.	These	
ice	masses	are	able	to	extend	further	than	adjacent	isolated	valley	and	cirque	glaciers	(Source:	Barr	
and	Lovell,	2014).		

	

8.3.3	Controls	on	ice	recession	patterns		

Following	 the	 LGM,	 ice	 in	 the	 Northern	 Hemisphere	 retreated	 due	 to	 ongoing	 climatic	

amelioration	induced	by	an	increase	in	northern	summer	insolation	(Clark	et	al.,	2009).	As	

a	 result,	 overall	 LGIT	 ice	 retreat	 in	 the	 Wicklow	 Mountains	 was	 climatically	 forced.	

However,	detailed	inspection	of	the	patterns	of	deglaciation	in	the	region	(section	7.2.2.2)	

has	 clearly	 identified	 that	 retreat	 was	 not	 only	 governed	 by	 a	 response	 to	 large-scale	

climate.	Topography	played	a	large	role	in	regulating	the	response	of	mountain	ice	masses	

to	climatic	warming	(section	7.2.4).	The	 influence	of	 topography	 is	apparent	 throughout	

deglaciation	during	the	LGIT,	beginning	with	the	disintegration	of	the	local	ice	cap	into	at	

least	 four	 separate	 ice	 masses	 (discussed	 in	 section	 8.3.1;	 Figure	 7.2).	 At	 this	 time,	

topography	dictated	how	the	ice	was	able	to	respond	to	the	warming	temperatures	with	

mid-	to	high-level	ridges	and	plateaux	causing	the	separation	of	ice	into	multiple	separate	

systems.	This	differs	distinctly	with	multiple	examples	of	ice	cap	radial	retreat	(Ó	Cofaigh	et	

al.,	2000;	Buffen	et	al.,	2009;	Nixon	and	England,	2014),	where	simpler	topography	(with	a	

clear	 central	 source	 area)	 does	 not	 promote	 ice	mass	 separation	 but	 retreat	 as	 a	 single	

entity.	 This	 highlights	 how	 the	 more	 complex	 topography	 of	 the	 Wicklow	 Mountains	

regulated	and	controlled	variable	ice	response.		
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In	 addition,	 the	 absence	 of	 ice-marginal	 evidence	 on	 the	 outskirts/lowlands	 of	 the	

mountains	 indicates	 that	 the	 climatically	 driven	 large-scale	 initial	 ice	 retreat	 did	 not	

stabilise	until	the	recession	reached	areas	of	topographic	restriction.	This	could	suggest	that	

the	outer	 limits	 identified	 in	the	region	may	not	necessarily	be	climatically	 linked,	as	 ice	

margin	stabilisation	could	be	the	result	of	valley	constriction	(Barr	and	Lovell,	2014),	rather	

than	ice	masses	attaining	temporary	equilibrium	with	the	climate.	However,	the	identified	

outer	ice	margins	do	not	always	correspond	to	the	first	instance	of	topographic	restriction	

(i.e.	valley	narrowing)	and,	 in	 some	areas,	 ice	 retreat	 continued	uninterrupted	 following	

topographic	restriction.	Therefore,	it	is	likely	that	margin	stabilisation	was	controlled	by	a	

range	of	factors	including	lateral	restriction,	slope,	glacier	hypsometry,	and	glacier-climate	

sensitivity,	as	has	been	discussed	elsewhere	(Barr	and	Lovell,	2014).	

The	influence	of	non-climatic	factors	on	ice	retreat	is	also	clearly	exhibited	in	the	retreat	

patterns	 found	 throughout	 the	 Wicklow	 Mountains.	 Whilst	 the	 majority	 of	 valleys	 are	

characterised	by	two-phased	retreat	(section	7.2.2.3,	Bickerdike	et	al.,	2018b),	there	is	clear	

asymmetry	in	regional	moraine	distribution,	as	highlighted	by	the	examination	of	individual	

barcodes	of	adjacent	valleys	with	similar	aspects	(e.g.	Glensoulan	Tributaries	East	and	West;	

Clogehoge	and	Inchavore;	Asbawn,	Glenreemore,	and	Firrib;	Figure	7.10),	 indicating	that	

retreat	patterns	are	unique	to	each	valley.	This	relationship	is	not	exclusive	to	the	Wicklow	

Mountains	and	has	been	noted	by	Lukas	and	Benn	(2006)	and	Boston	and	Lukas	(2019),	in	

Sutherland	 and	 the	Monadhliath	 respectively.	 Collectively,	 these	 differences	 in	moraine	

patterns	indicate	that	glaciers	exhibited	notable	variations	in	the	magnitude	and	possibly	

timing	of	ice-margin	stabilisation	or	readvance	in	response	to	short-term	climate	variation.	

It	 highlights	 that	 moraine	 distribution	 is	 not	 just	 a	 function	 of	 macro-climate	 and	 that	

external	 control	 factors	 (e.g.	basin	morphology,	 aspect,	 glacier	 size,	propensity	 for	 snow	

redistribution)	can	have	significant	 influence	on	glacier	response	to	climate	(Sutherland,	

1984;	Benn,	1990;	Benn	and	Lehmkuhl,	2000;	Lukas	and	Benn,	2006;	Barr	and	Clark,	2012;	

Barr	and	Lovell,	2014).	

The	varied	topography	of	the	Wicklow	Mountains	helps	to	highlight	the	relationship	of	these	

factors	in	regulating	ice	mass	response	to	climatic	variation.	For	example,	the	icefield	outlets	

and	individual	glaciers	(on	steeper	slopes	than	accumulation	areas)	were	able	to	deposit	

numerous	moraines,	due	to	ice	margin	stability.	This	relative	ice	margin	stability,	afforded	

by	the	steeper	slope	(and	higher	relative	ELA),	was	also	enhanced	by	lateral	topographic	

restriction.	 In	 contrast,	 there	 is	 a	 relative	 absence	 of	 moraines	 on	 the	 plateaux	 which	

suggests	that	ice	margins	retreated	quickly	in	these	areas.	This	is	due	to	low	slope	gradients	

which	meant	that	these	areas	were	highly	susceptible	to	rapid	ice	mass	change	in	response	
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to	 climatic	 variations	 (Oerlemans	 et	 al.,	 1998;	 Barr	 and	 Lovell,	 2014).	 Collectively,	 this	

demonstrates	 how	 variations	 in	 bed	 slope,	 along	 with	 lateral	 constriction,	 had	 a	 direct	

influence	 on	 the	 number	 of	 moraines	 preserved	 in	 the	 various	 areas	 of	 the	 Wicklow	

Mountains.	It	also	highlights	how	variations	in	bed	slope	gradient	and	lateral	constriction	

can	 have	 a	 direct	 influence	 on	 both	 the	 characteristics	 (size)	 and	 number	 of	 moraines	

deposited	and	preserved	at	a	specific	site.	This	complicates	the	‘matching’	of	moraines	both	

between	valleys	and	across	an	entire	mountainous	region	(Hubbard,	1997;	Barr	and	Lovell,	

2014).	

In	addition,	cirque	glaciers	are	prominent	in	the	region	and,	as	discussed	in	section	8.3.3,	

co-existed	with	larger	ice	masses	during	the	LGIT.	The	uninterrupted	retreat	of	several	large	

LGIT	 ice	 masses	 into	 valley	 heads	 (e.g.	 Lough	 Nahanagan,	 Lough	 Ouler,	 The	 Brays),	 as	

indicated	by	the	absence	of	moraines	until	 large	Class	1	moraines	at	 the	cirque	edges,	 is	

likely	in	response	to	climatic	forcing	that	could	not	be	moderated	by	topographic	restriction.		

However,	 the	 presence	 of	 large	 Class	 1	 cirque	 moraines	 at	 these	 sites	 signifies	 the	

subsequent	 stability	 of	 these	 ice	 masses	 and	 suggests	 that	 the	 ice	 likely	 became	 less	

sensitive	 to	 regional	 climatic	 changes	 once	 confined	 to	 a	 cirque,	 due	 to	 the	 increased	

influence	of	local	topoclimatic	controls	(Ballantyne	and	Benn,	1994;	Mitchell,	1996).		

Collectively,	 the	 differences	 in	 moraine	 patterns	 between	 neighbouring	 valleys	 and	 the	

clustering	 of	 moraines	 when	 there	 is	 a	 change	 in	 slope	 suggests	 that	 the	 individual	

topography	 of	 each	 valley	 plays	 some	 role	 in	moderating	 the	 response	 of	 ice	masses	 to	

macro-scale	climate	change.	This	adds	to	a	growing	body	of	research	that	demonstrates	the	

importance	 of	 topography	 in	 how	 glaciers	 respond	 to	 climate	 change	 (Mercer,	 1961;	

Funder,	1972;	Warren	and	Hulton,	1990;	Allen,	1998;	Benn	and	Lehmkuhl,	2000;	López-

Moreno	et	al.,	2006;	Lukas	and	Benn,	2006;	Barr	and	Clark,	2012;	Barr	and	Lovell,	2014;	

Boston	and	Lukas,	2019)	and	has	implications	for	how	the	moraine	record	is	examined	with	

respect	to	climate	variability	(Kirkbride	and	Winkler,	2012).		

This	 is	supported	by	recent	modelling	of	 the	controls	of	 ice	cap	 inception	and	demise	 in	

Iceland	 (Anderson	 et	 al.,	 2019),	which	has	 identified	 that	 topography	 appears	 to	 be	 the	

primary	glacier-specific	 control	on	glacier	 lifespan.	The	difference	between	 the	ELA	and	

highest	local	topography	has	been	shown	to	be	ten-times	as	important	to	ELA	sensitivity	as	

temperature	(rate	of	summer	temperature	change)	(Anderson	et	al.,	2019).	This	supports	

observations	 in	 the	Wicklow	Mountains,	particularly	 the	 likely	survival	of	high	elevation	

glaciers	 (e.g.	 North	 Prison,	 Fraughan	 Rock	 Glen,	 Lugacullen)	 for	 longer	 than	 those	with	

smaller	topographic	ranges	(e.g.	Glensoulan,	Stonecutter’s	Glen),	even	if	these	outlets	had	

larger	 accumulation	 areas.	 This	 relationship	 is	 also	 connected	 to	 ice	 mass	 hypsometry	
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(Jiskoot	et	al.,	2009),	which	controls	the	loss	of	accumulation	area	as	the	ELA	rises.	Outlets	

of	the	alpine	icefield	(e.g.	Glensoulan,	Stonecutter’s	Glen)	likely	rapidly	retreated	once	the	

ELA	reached	the	gently	sloping	mid-level	accumulation	area	(~400-550	m	elevation).	

Linking	the	moraine	record	to	former	climatic	conditions	in	any	location	is	complex	(Barr	

and	Clark,	2012).	Tomkins	et	al.	 (2018a)	 linked	 ice	retreat	 in	 the	Wicklow	Mountains	 to	

reduced	moisture	 availability	 and	 increased	winter	 aridity	 during	 the	 LGIT	 (Kelly	 et	 al.,	

2010)	and	this,	along	with	increasing	insolation	(Clark	et	al.,	2009),	likely	drove	the	overall	

regional	 pattern	 of	 retreat.	 However,	 as	 clearly	 demonstrated	 in	 this	 thesis,	 the	 role	 of	

topography	 on	 regulating	 ice	 mass	 response	 can	 be	 significant.	 An	 assessment	 of	 the	

contemporaneity	of	identified	ice	limits	would	probably	be	required	to	provide	additional	

insight	on	 the	role	of	both	climatic	and	 topographic	controls	on	 ice	dynamics	across	 the	

region.		

	

8.3.4	Insights	into	ice	recession	in	areas	of	more	complex	topography				

A	key	finding	of	this	study	has	been	the	disintegration	of	the	Wicklow	Ice	Cap	into	several	

topographically	 restricted	 ice	 masses,	 rather	 than	 retreat	 as	 one	 coherent	 entity.	

Topographically	 controlled	 ice	 disintegration	 should	 be	 expected	 to	 increasingly	

characterise	ongoing	ice	retreat	in	modern	glacial	environments.	Modern	ice	cap	retreat	will	

similarly	 respond	 to	 topographic	 setting,	 with	 the	 distribution	 of	 topography	 (e.g.	 high	

ground/ice	divides,	 source	 areas	 (plateaus,	 valley	heads))	dictating	how	 ice	masses	will	

behave	and	which	landsystems	will	become	established.	In	areas	of	interest,	this	could	be	

predicted	by	an	assessment	of	known	topography	using	elevation	data	(topographic	maps,	

DEMs)	and	airborne	radar	surveys	to	image	subglacial	topography	(cf.	Operation	IceBridge,	

NASA)	to	forecast	how	specific	ice	masses	may	fragment.		

Observations	from	Arctic	Canada	are	already	highlighting	increasing	topographic	control	

upon	large	ice	masses,	for	example	the	Prince	of	Wales	icefield	(Ellesmere	Island)	is	now	

partially	isolated	from	the	thicker	ice	cap	due	to	surface	thinning	and	lateral	margin	retreat.	

As	 a	 result,	 several	 dozen	 outlets	 are	 now	 topographically	 controlled	 and	 fed	 by	 the	

diminishing	icefield	(Curley	et	al.,	2018).	This	shows	the	real-time	topographic	transition	of	

a	previously	topographically	independent	ice	mass	and	constitutes	just	one	of	many	rapidly	

evolving	large	ice	masses	in	the	Arctic	(i.e.	Braun	et	al.,	2004;	Boon	et	al.,	2008;	Gilbert	et	al.,	

2017;	Pendleton	et	al.,	2017;	Sánchez-Gámez	et	al.,	2019).	As	demonstrated	in	the	Wicklow	

Mountains,	 the	 continued	 retreat	 of	 icecaps	 and	 icefields	 will	 lead	 to	 the	 transition	 to	

smaller	ice	masses	more	strongly	regulated	by	topography.	Observations	from	the	Wicklow	

Mountains	indicate	that	initially	the	region	experienced	rapid	retreat,	until	ice	masses	had	



	
Chapter	8:	Wider	discussion	and	implications	

 

	 253	
	

retreated	 into	 the	main	mountain	 ‘core’.	This	behaviour	may	be	observed	at	modern	 ice	

masses	 and	 could	 dominate	 ice	 mass	 response	 to	 ongoing	 climate	 warming,	 before	

stabilisation	in	association	with	increased	topographic	restriction.		

Dependent	upon	 topographic	 setting,	 these	 transitions	may	 lead	 to	 coeval	 ice	masses	of	

different	sizes	(discussed	section	8.3.2)	as	found	in	the	Wicklow	Mountains	(icefields,	valley	

glaciers,	cirque	glaciers)	and	in	association	with	larger-scale	deglaciation	(e.g.	Cordilleran	

Ice	Sheet,	Menounos	et	al.,	2017;	Scandinavian	Ice	Sheet,	Dahl	et	al.,	1997).	In	Greenland,	

Disko	Island	and	Scoresby	Sund	host	small	ice	caps,	which	were	previously	confluent	with	

the	 Greenland	 Ice	 Sheet	 but	 now	 have	 autonomy	 over	 ice	 dynamics	 (Kelly	 and	 Lowell,	

2009).	 These	 regions	 are	 undergoing	 continued	 Holocene	 evolution	 of	 coeval	 ice	 caps,	

valleys	 glaciers,	 and	 cirque	 glaciers	 (Yde	 and	 Knudsen,	 2007;	 Lowell	 et	 al.,	 2008),	with	

topography	increasingly	regulating	ice	mass	response	as	retreat	from	LIA	limits	continue	

(Yde	and	Knudsen,	2007;	Kelly	and	Lowell,	2009).		

Based	on	the	examination	of	ice	mass	recession	in	the	Wicklow	Mountains,	contemporary	

ice	masses	might	be	expected	 to	 experience	 fragmentation	 in	different	ways,	dependent	

upon	 size	 and	 topography.	 For	 example,	 ice	 masses	 may	 disintegrate	 into	 multiple	

accumulation	areas,	such	as	in	the	Wicklow	Mountains,	or	alternatively,	retreat	radially	into	

a	single	source	area.	However,	during	spatial	and	temporal	transgressive	evolution,	even	

single	source	area	ice	masses	should	be	expected	to	eventually	break	up	and	maintain	ice	

presence	only	where	it	is	thickest,	such	as	depressions	on	a	plateau	(cf.	Hardangerjøkulen;	

Giesen	and	Oerlemans,	2010).	The	widespread	absence	of	moraines	in	central	flat	areas	in	

the	 Wicklow	 Mountains	 (alpine	 icefield,	 plateau	 icefield)	 strongly	 indicates	 the	 rapid	

recession	of	ice	once	ice	margins	had	reached	these	zones.	A	similar	relationship	should	be	

expected	 to	 affect	 contemporary	 ice	 masses	 with	 low	 gradient	 accumulation	 areas	 (cf.	

Oerlemans	et	al.,	1998;	Barr	and	Lovell,	2014).	Whereas,	ice	masses	with	steeper	elevation	

gradients	 may	 survive	 for	 longer	 under	 ongoing	 climate	 warming.	 Icefields	 may	 also	

increasingly	experience	the	detachment	of	glacier	outlets	as	 icefield	thinning	progresses.	

This	 topographically	 controlled	 retreat	behaviour	has	been	 identified	 in	both	 the	palaeo	

record	 (e.g.	 Wicklow	 Mountains,	 discussed	 in	 section	 7.2.2.3;	 Monadhliath,	 Boston	 and	

Lukas,	 2019;	 Sierra	 de	 Béjar,	 Carrasco	 et	 al.,	 2013)	 and	 in	 modern	 environments	 (e.g.	

Clemenceau	Icefield,	Jiskoot	et	al.,	2009;	Columbian	Icefield,	Rippin	et	al.,	2019)	and	has	led	

to	faster	glacier	retreat	(Jiskoot	et	al.,	2009).		
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8.4	Chapter	summary	

This	 chapter	 has	 synthesised	 the	main	 findings	 of	 this	 thesis	 and	 discussed	 their	wider	

implications.	First	focus	was	given	to	the	complexities	of	ice	mass	reconstruction	in	areas	

with	 small	 ice	 masses	 (section	 8.1),	 particularly	 if	 there	 is	 a	 paucity	 of	 glacial	

geomorphological	 evidence	 (8.1.1).	 The	 Wicklow	 Mountains	 has	 a	 more	 limited	

geomorphological	record	of	LGIT	glacier	retreat	(i.e.	moraines)	than	other	areas	in	Ireland	

(Mourne	Mountains,	Barr	et	al.,	2017a;	Macgillycuddy’s	Reeks,	Harrison	et	al.,	2010;	Barth	

et	 al.,	 2016)	 and	 Scotland	 (Monadhliath,	 Boston,	 2012a,b;	 Boston	 et	 al.,	 2015;	 Gaick,	

Chandler,	2018;	Chandler	et	al.,	2019a,b,c).	This	is	attributed	to	either	(or	a	combination	of):	

rapid	retreat	(ice	masses	out	of	equilibrium	with	climate);	presence	of	cold-based	ice	(with	

little	 geomorphological	 impact);	 or	 poor	 landform	 preservation	 (post-deposition	

modification).	 The	 section	 also	 discussed	 the	 difficulties	 of	 using	 a	morphostratigraphic	

approach	to	identify	YD	ice	extent	in	areas,	such	as	the	Wicklow	Mountains,	where	the	ice	

masses	were	marginal	(section	8.1.2).	Problems	indicated	that	there	are	likely	to	be	fewer	

landforms	 (glacial,	 periglacial,	 and	 (glacio)fluvial)	 to	 examine	 landform	 assemblage	

relationships	giving	less	confidence	in	assigning	YD	glacier	limits	(cf.	Lukas,	2006;	Boston	

et	al.,	2015).	 	A	modified	version	of	Lukas’	 (2006)	criteria,	 specific	 for	cirque	glaciers,	 is	

presented	 (Table	 8.1),	 and	 it	 is	 recommended	 that	 other	 approaches	 are	 used	 in	

conjunction,	 such	 as	 radiation,	 snowblow	modelling,	 and	 absolute	 dating	 to	 add	 further	

lines	of	evidence.		

Following	 this,	 a	 conservative	 estimate	 for	 the	 extent	 of	 YD	 glaciation	 in	 the	 Wicklow	

Mountains	was	discussed	in	section	8.2	with	specific	 focus	on	comparisons	with	existing	

work	(section	8.2.1)	and	the	nature	of	glaciation	in	relation	to	comparable	areas	in	Ireland	

and	 the	 UK	 (8.2.2).	 This	 highlighted	 several	 sites	which	 remain	 contentious	 (e.g.	 Upper	

Lough	Bray,	Upper	Glenmacnass)	and	require	additional	investigation	via	absolute	dating.	

It	was	also	recognised	that	YD	glaciation	in	the	Wicklow	Mountains	(6	glaciers)	was	very	

limited	 compared	 to	 the	Mourne	Mountains	 (24)	 and	 Snowdonia	 (38)	 but	 has	 a	 similar	

extent	 to	 Macgillycuddy’s	 Reeks	 (6	 glaciers),	 although	 the	 ranges	 are	 of	 different	 sizes	

(Table	8.2).	ELAs	ranges	between	the	four	regions	are	broadly	comparable	(Table	8.2)	but	

both	the	Mourne	Mountains	(356	±33	–	570	±	9)	and	Snowdonia	(380	–	838)	appear	to	have	

been	able	to	sustain	YD	ice	at	lower	elevations	than	the	Wicklow	Mountains	(467	±9	–	739	

±8)	and	Macgillycuddy’s	Reeks	(646	–	766).	It	is	evident	that	local	topoclimatic	factors,	in	

particular	redistributed	snow,	were	essential	for	YD	ice	existence	in	all	ranges	(excluding	

Macgillycuddy’s	Reeks,	which	has	not	 been	 assessed)	 as	 regionally	 representative	ELAs,	

which	account	for	enhanced	snow	accumulation,	are	consistently	higher	than	average	ELAs	
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in	the	Wicklow	Mountains	(+19	m),	Mourne	Mountains	(+54	m),	and	Snowdonia	(+83/199	

m).		

Next,	 the	wider	 LGIT	was	 considered	with	 a	 discussion	 of	 existing	work	 (section	8.3.1),	

highlighting	the	similarities	and	differences	with	the	key	work	of	Tomkins	et	al.	(2018a).	

Whilst	there	is	broad	agreement	on	the	progressively	restricted	nature	of	local	glaciation,	

further	work	with	absolute	dating	is	required	to	assess	the	different	timings	proposed	by	

both	this	thesis	and	Tomkins	et	al.	(2018a).	Following	this,	the	increasing	recognition	of	the	

co-existence	of	dissimilarly	sized	ice	masses	(section	8.3.2)	was	discussed.	A	key	finding	of	

this	thesis	is	the	separation	of	the	Wicklow	Ice	Cap	into	a	number	of	independent	ice	masses	

(and	landsystems),	rather	than	recession	into	a	central	source	area.	This	was	controlled	by	

the	underlying	topography.	Initial	thinning	of	ice	caused	topographic	high	points	to	emerge	

as	nunataks	and,	as	recession	continued,	ice	became	separated	into	distinct	catchments	and	

isolated	source	areas.	This	linked	to	the	wider	discussion	of	the	main	controls	on	ice	retreat	

(8.3.3),	climate	vs	topography,	which	identified	that	although	climate	amelioration	was	the	

main	driver	of	 ice	 retreat,	 individual	valley	 response	was	also	a	 function	of	 topographic	

setting.	

After	this,	in	section	8.3.4,	implications	for	modern	ice	masses,	based	on	observations	in	the	

Wicklow	Mountains,	were	discussed.	It	was	emphasised	that	modern	ice	caps	and	small	ice	

masses	will	 likely	 see	 increased	 degrees	 of	 topographic	 control	 in	 response	 to	 ongoing	

climatic	warming.	The	specific	behaviour	of	ice	masses	will	be	dependent	on	their	unique	

topographic	situation	(e.g.	 single	source	area,	multiple	source	areas	and	 ice	divides).	 Ice	

masses	will	retreat	either	as	a	single	unit	or	by	disintegration	into	independent	ice	masses,	

such	as	 in	 the	Wicklow	Mountains.	 Ice	 fragmentation	will	 become	more	prevalent	 in	 all	

environments	as	topographic	restriction,	and	local	(valley)	influence,	increases.			

The	 next	 and	 final	 chapter	 summarised	 the	 main	 findings	 of	 this	 thesis,	 providing	 an	

overview	of	the	key	themes	and	findings.	Finally,	the	thesis	concludes	by	outlining	areas	for	

further	work	in	the	region.		
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Chapter	9:	Summary	and	conclusions

This	 study	 aimed	 to	 reconstruct	 post-LGM	 glaciation	 in	 the	 Wicklow	 Mountains	 by	

undertaking	a	systematic	assessment	of	glacial	geomorphology.	This	was	used	to	elucidate	

ice	response	to	LGIT	climatic	amelioration	and	renewed	glaciation	during	the	YD.	The	thesis	

explored	 four	 key	 themes:	 (1)	 the	 glacial	 geomorphology	 of	 the	 Wicklow	 Mountains	

(Chapter	 5);	 (2)	 establishment	 of	 a	 relative	 chronology	 of	 LGIT	 and	 YD	 glacial	 events	

(Chapter	7);	(3)	patterns	of	and	on	controls	of	ice	recession	in	the	LGIT	(Chapter	7);	and	(4)	

extent	of	YD	glaciation	and	palaeoclimatic	implications	(Chapter	6).	

	

9.1	Glacial	geomorphology	of	the	Wicklow	Mountains	

Summary	

Whilst	the	Wicklow	Mountains	have	been	the	subject	of	numerous	investigations	(e.g.	Hull,	

1878;	 Farrington,	 1934,	 1944,	 1957;	 Charlesworth,	 1937;	 Huddart,	 1977;	 Colhoun	 and	

Synge,	1980;	Warren,	1993;	Ballantyne	et	al.,	2006;	Leira	et	al.,	2007;	Tomkins	et	al.,	2018a),	

studies	have	either	entailed	broad	incomplete	overviews	or	detailed	investigations	limited	

to	 individual	 sites.	 As	 a	 result	 of	 this	 fragmented	 approach,	 often	 leading	 to	 inadequate	

understanding	of	the	regional	glacial	geomorphology,	a	full	and	systematic	assessment	of	

the	extent	and	evolution	of	former	ice	masses	in	the	region	was	required.	To	address	this,	

geomorphological	mapping	was	 used	 as	 the	 primary	 research	 tool	 to	 record	 and	 assess	

glacial	geomorphological	evidence	in	the	study	area.	This	was	undertaken	predominately	

through	field	mapping	but	was	supported	by	mapping	from	aerial	photographs	and	DTMs	

(hillshade	models).	Collectively,	a	glacial	geomorphological	map	of	the	region	was	produced	

(Appendix	 I).	 The	 geomorphological	 mapping	 revealed	 a	 range	 of	 glacial	 (moraines,	

glacially-transported	 boulders,	 ice	moulded	 bedrock),	 glaciofluvial	 (meltwater	 channels,	

river	 terraces,	 deltas),	 and	 periglacial	 (talus,	 blockfields)	 landforms	 and	 their	 spatial	

distribution.		

	

Implications	

Systematic	assessment	of	the	regional	glacial	geomorphological	evidence	identified	a	range	

of	 glaciogenic	 features	 in	 the	Wicklow	Mountains	 relating	 to	 glaciation	during	 the	LGIT,	

many	of	which	had	not	previously	been	recorded.	Therefore,	 this	map	provides	 the	 first	

detailed	 documentation	 of	 the	 glacial	 geomorphology	 of	 the	 Wicklow	 Mountains.	 The	

systematic	 approach	 to	 mapping	 has	 enabled	 subsequent	 development	 of	 a	 relative	
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chronology	 of	 LGIT	 glacial	 events	 (section	 9.2),	 establishment	 of	 the	 patterns	 and	 non-

climatic	controls	of	ice	recession	(section	9.3),	as	well	as	investigation	of	the	extent	of	YD	

glaciation	and	the	implications	for	palaeoclimate	(section	9.4).

	

9.2	Establishment	of	a	relative	chronology	of	LGIT	and	YD	glacial	events

Summary	

Using	a	combination	of	geomorphological	evidence	(cf.	Lukas,	2006)	and	published	absolute	

dates,	a	modified	morphostratigraphical	framework	was	developed	and	used	to	identify	an	

extrapolated	relative	chronology	for	LGIT	glacial	events	in	the	Wicklow	Mountains	(section	

5.5).	 Clear	 contrasts	 in	 landform	 assemblages	 throughout	 the	 study	 area	 (i.e.	moraines,	

meltwater	 channels,	 glacially-transported	 boulders,	 sediment-covered	 slopes,	 talus,	

blockfields,	 ice-moulded	 bedrock,	 deltas)	 are	 suggestive	 of	 multiple	 glacial	 events	 and	

stages	of	(de)glaciation.	Here,	with	limited	chronological	constraint,	these	were	divided	into	

three	potential	scenarios	of	LGIT	ice	configuration	during	deglaciation	(~20-14	ka	BP)	and	

one	YD	phase	of	 renewed	glaciation	 (12.9-11.7	 ka	BP).	 These	were	 each	presented	 as	 a	

hypothetical	 two-dimensional	 LGIT	 conceptual	 model	 of	 ice	 mass	 configuration	 and	

evolution	during	the	LGIT,	based	on	a	combination	of	geomorphological	evidence,	surface	

profile	modelling,	and	available	absolute	dating	(section	7.2).		

The	absence	of	ice-marginal	evidence	on	the	peripheries	of	the	Wicklow	Mountains	suggests	

that,	following	the	LGM,	initial	deglaciation	was	fairly	rapid.	However,	the	presence	of	deltas	

(Kings	River	Valley)	supports	the	temporary	presence	of	an	ice-dammed	lake	to	the	west	of	

the	Wicklow	Mountains	during	early	deglaciation	(cf.	Warren,	1993;	Philcox,	2019).	Local	

moraine	 distribution	 suggests	 that	 ice	 masses	 only	 stabilised	 once	 topographically	

restricted,	following	large-scale	disintegration	of	the	former	ice	cap.	The	geomorphological	

record	 suggests	 the	 establishment	 of	 four	 spatially	 and	 temporally	 transgressive	

landsystems;	alpine	icefield,	plateau	icefield,	valley	glacier,	and	cirque	glacier	(section	7.1).	

A	 large	 mid-elevation	 alpine	 icefield	 (~80	 km2)	 existed	 in	 the	 north	 during	 the	 LGIT,	

whereas	the	central	Wicklow	Mountains	featured	a	high-elevation	plateau	icefield	(~7	km2).	

Both	 icefields	were	 drained	 by	 outlet	 glaciers.	 The	 southern	 region	 hosted	 independent	

valley	glaciers	and	isolated	cirque	glaciers	were	found	throughout	the	study	area.	Based	on	

the	pattern	of	moraines	(section	7.2)	and	CN	dating	(Bowen	et	al.,	2002),	it	appears	likely	

that	valley	glaciers	and	small	cirque	glaciers	co-existed	with	the	large	icefields,	before	the	

icefields	progressively	 transitioned	 to	 smaller	 ice	masses	 as	deglaciation	progressed	 (cf.	

Rippin	et	al.,	2019).	
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Implications	

The	relative	chronology	of	glacial	events	established	 in	 this	 thesis	has	several	 important	

implications	 for	 understanding	 former	 glaciation	 in	 the	 Wicklow	 Mountains.	 Firstly,	

detailed	assessment	of	the	geomorphological	record	has	led	to	the	recognition	of	multiple	

phases	 of	 glaciation.	 The	 hypothesised	 scenarios	 presented	 here	 provide	 a	 relative	

chronological	framework	and	an	informed	starting	point	for	testing	the	contemporaneity	of	

individual	glacier	limits	through	targeted	absolute	dating.	Secondly,	whilst	the	presence	of	

icefield(s)	has	been	hypothesised	and	briefly	alluded	to	by	previous	work	(cf.	Tomkins	et	

al.,	2018a),	 there	has	been	limited	consideration	of	 their	 location	and	spatial	extent.	The	

identification	of	multiple	icefields	in	this	thesis	adds	to	a	growing	body	of	work	on	LGIT	ice	

extent	 and	 recession	patterns	 in	 upland	 areas	 of	 Ireland	 and	Britain	 (e.g.	 Boston,	 2012;	

Small	et	al.,	2012;	Pearce,	2014;	Boston	and	Lukas,	2015;	Chandler,	2018;	Chandler	et	al.,	

2019b).	 Finally,	 this	 work	 identifies	 that	 during	 the	 demise	 of	 the	Wicklow	 Ice	 Cap,	 it	

separated	into	multiple	topographically-controlled	ice	masses,	rather	than	receding	as	one	

coherent	 ice	mass.	 As	 a	 result,	 four	 separate	 likely	 co-existing	 glacial	 landsystems	were	

identified.	Collectively,	this	not	only	significantly	adds	to	knowledge	on	the	nature	of	local	

mountain	glaciation	during	the	LGIT	and	the	evolution	of	local	small	ice	masses	in	response	

to	 climatic	 amelioration,	 it	 also	 demonstrates	 that	 mountain	 topography	 can	 strongly	

modulate	 ice	 response	 to	 climate	 change.	 In	 the	Wicklow	Mountains,	 this	 led	 to	 the	 co-

existence	of	small	high-level	(e.g.	cirque	glaciers)	and	larger	lower-level	(e.g.	valley	glaciers)	

ice	masses	(cf.	Menounos	et	al.,	2017),	due	to	topographically-controlled	thinning	of	post-

LGM	ice	cap	remnants.	

	

9.3	Patterns	of	and	controls	on	ice	recession	in	the	LGIT		

Summary	

Detailed	patterns	of	ice	recession	were	examined	for	individual	glaciers	by	reconstructing	

former	ice	margins	(through	linking	moraines,	section	7.2.1)	and	measuring	the	distances	

between	them	to	create	glacier	‘barcodes’	(sensu	Lukas,	2006,	section	7.2.2.1).	This	enabled	

an	assessment	of	both	retreat	patterns	(section	7.2.2.2)	and	the	styles	(section	7.2.2.3)	of	

ice	 recession	observed	 in	 association	with	 the	 four	 landsystems	 (alpine	 icefield,	 plateau	

icefield,	valley	glacier,	cirque	glacier).	Moraine	distribution	in	both	the	alpine	and	plateau	

icefields	 was	 largely	 limited	 to	 topographically-restricted	 outlet	 valleys	 as	 ice-marginal	

evidence	was	 limited	 the	 central	 accumulation	 areas.	 In	 contrast,	 the	 valley	 and	 cirque	

landsystems	 often	 feature	moraine	 distribution	 throughout	 retreat	 (from	 the	 outermost	



	
	 Chapter	9:	Summary	and	conclusions	

 

	259	

identified	limit)	into	their	respective	source	areas.	Closer	assessment	of	the	29	identified	

ice-flow	 units	 (with	 LGIT	 ice-marginal	 evidence)	 indicates	 that	 whilst	 retreat	 patterns	

varied	 between	 valleys	 and	 individual	 glacier	 retreat	 dynamics	 varied	 throughout	 LGIT	

deglaciation,	 three	principle	retreat	styles	were	found	to	characterise	deglaciation	in	the	

Wicklow	 Mountains	 (cf.	 Bickerdike	 et	 al,	 2018b):	 active	 retreat,	 two-stage	 retreat,	 and	

uninterrupted	retreat.	In	total,	22	flow	units	were	characterised	by	two-phased	retreat,	four	

by	active	retreat,	and	three	by	uninterrupted	retreat.	Two	variations	of	Bickerdike	et	al.’s	

(2018b)	 two-phased	 retreat	 were	 identified;	 (1)	 alternating	 phases	 of	 active	 and	

uninterrupted	 retreat,	 and	 (2)	 extensive	 uninterrupted	 retreat	 until	 topographically-

controlled	 ice	margin	 stabilisation,	 followed	by	active	 retreat	over	 a	 short	distance.	The	

prevalence	of	 two-phased	 retreat	 suggests	 that	 ice	masses	 switched	between	periods	of	

moraine	formation	and	no	moraine	formation,	 interpreted	as	phases	of	active	oscillatory	

retreat	and	uninterrupted	retreat	respectively.		

Analysis	of	moraine	patterns	also	highlights	that	(1)	there	is	an	absence	of	long	recessional	

moraine	sequences	throughout	most	of	the	study	area,	(2)	there	are	multiple	valleys	with	a	

complete	absence	of	ice-marginal	evidence,	and	(3)	there	are	areas	with	large	gaps	between	

moraine	 formation.	 Further	 analysis	 identified	 that	 topography	appears	 to	have	 exerted	

control	on	the	pattern	of	local	glacier	recession	and	moraine	distribution.	A	combination	of	

topographic	pinning	points	(i.e.	topographic	steps,	lateral	constriction,	and	tributary	valley	

incursion),	 favourable	 slope	 gradients	 (0-15°),	 and	 changes	 in	 slope	 influenced	 where	

moraines	formed,	implying	some	element	of	glacier	stability	at	these	locations.	However,	

without	high	resolution	climate	data	and	detailed	moraine	ages,	a	 full	assessment	of	 the	

extent	to	which	moraine	spacing	was	topographically	controlled	is	not	possible.		

	

Implications	

This	 thesis	 provides	 the	 first	 in-depth	 study	 of	 glacier	 retreat	 patterns	 in	 the	Wicklow	

Mountains	 and	 adds	 to	 a	 growing	 body	 of	 work	 considering	 detailed	 mountain	 glacier	

retreat	dynamics	(cf.	Lukas	and	Benn,	2006;	Kaplan	et	al.,	2010;	Briner	et	al.,	2009;	Serrano	

et	al.,	2013;	Chandler	et	al.,	2016;	Bickerdike	et	al.,	2018b;	Boston	and	Lukas,	2019;	Weber	

et	al.,	2019).	The	research	clearly	demonstrates	 the	 influence	of	 topography	on	moraine	

distribution,	in	particular	the	relationship	between	valley	morphology	(i.e.	slope	and	width)	

and	associated	patterns	of	ice	mass	recession.	It	highlights	the	link	between	steeper	slopes	

and	more	closely	spaced	moraines	(cf.	Boston	and	Lukas,	2019;	Weber	et	al.,	2019)	and	the	

importance	of	 lateral	 constriction	 for	promoting	stabilisation	of	 the	glacier	 terminus	 (cf.	

Barr	 and	 Lovell,	 2014).	 The	 prevalence	 of	 widespread	 areas	 with	 little	 to	 no	 moraine	
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presence	(e.g.	central	plateau	accumulation	areas,	northern	alpine	icefield	outlet	valleys)	

indicates	 either	 (1)	 the	 presence	 of	 cold-based	 ice	 in	 areas	 (cf.	 Rea	 and	 Evans,	 2003),	

including	some	outlet	glaciers	(cf.	Boston	et	al.,	2015)	or	(2)	uninterrupted	ice	retreat	(cf.	

Benn,	1992;	McCormack,	2011;	Bickerdike	et	al.,	2018b).	Collectively,	this	provides	further	

insight	 into	 non-climatic	 controls	 on	 moraine	 formation	 and	 absence.	 In	 addition,	 the	

identified	patterns	of	deglaciation	have	 important	 implications	 for	our	understanding	of	

local	glacial	history	and	multiple	glacial	landsystems.	In	particular,	the	two-phased	retreat	

identified	in	association	with	the	alpine	landsystem	replicates	retreat	dynamics	observed	

for	 former	 alpine	 icefields	 on	 Skye	 (Benn,	 1990;	 Benn	 et	 al.,	 1992)	 and	 in	 Torridon	

(McCormack,	2011)	and	demonstrates	clear	topographic	control	on	ice	retreat	dynamics,	

including	the	rapid	deglaciation	of	central	accumulation	areas.		

	

9.4	Extent	of	YD	glaciation	and	palaeoclimatic	implications	

Summary	

This	study	established	that,	of	22	identified	potential	YD	glacier-hosting	sites	in	the	Wicklow	

Mountains,	6	 likely	hosted	YD	glaciers:	North	Prison,	Upper	Fraughan	Rock	Glen,	Kelly’s	

Lough,	 Lough	 Cleevaun,	 Lough	 Nahanagan,	 and	 Lough	 Ouler.	 These	 ice	 masses	 were	

identified	and	reconstructed	using	a	combination	of	geomorphology,	radiation	modelling,	

surface	profile	modelling,	and	extrapolation	of	published	absolute	YD	ages.	Assessment	of	

YD	 ice	 presence	 at	 four	 sites	 (Asbawn,	 Firrib,	 Lower	 Lough	 Bray,	 Upper	 Lough	 Bray)	

remains	 inconclusive	due	 to	a	 lack	of	geomorphological	evidence,	but	medium	radiation	

levels	 may	 have	 been	 conducive	 to	 ice	 growth,	 and	 therefore	 requires	 additional	

investigation.	 This	 represents	 a	 conservative	 approach	 to	 identifying	 YD	 glacier-hosting	

sites,	relying	on	multiple	lines	of	evidence	that	are	in	agreement.	The	remaining	12	sites	are	

considered	unlikely	to	have	hosted	a	YD	glacier	due	to	a	combination	of	topographic	setting,	

high	 incoming	 solar	 radiation,	 and	 a	 lack	 of	 geomorphological	 evidence.	 However,	 it	 is	

possible	that	additional	YD	cold-based	niche	glaciers	may	have	existed	at	these	sites,	leaving	

very	little	(if	any)	geomorphological	evidence,	but	the	presence	of	such	ice	masses	cannot	

be	corroborated	by	the	techniques	used	in	this	study.	Radiation	modelling	highlighted	the	

importance	of	topography-related	microclimatic	controls	for	YD	glacier	presence,	as	all	YD	

sites	benefited	from	topographic	shading	(north-northeast	aspects)	and	resultant	enhanced	

snow	preservation.	A	total	glacierised	area	of	2.33	km2	was	reconstructed,	with	an	average	

glacier	area	of	0.39	km2	and	reconstructed	ELAs	(AABR	1.9	±	0.81)	ranging	from	467	±	9	to	

739	 ±	 8	 m,	 with	 a	 regional	 average	 of	 621	 ±	 9	 m.	 However,	 snowblow	 and	 radiation	

modelling	 identified	 that	 enhanced	 snow	 accumulation	 and	 retention	 at	 multiple	 sites	
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(Lough	Nahanagan,	Lough	Cleevaun,	Upper	Fraughan	Rock	Glen)	artificially	 lowered	 the	

regional	ELA.	As	a	result,	the	mean	ELA	was	not	‘climatically	representative’	of	YD	glaciers.	

Recalculation	of	 the	regional	ELA,	using	only	 representative	glacier	ELAs	 (Kelly’s	Lough,	

North	Prison,	Lough	Ouler)	increased	the	regional	ELA	from	621	±	9	m	to	640	±	10	m.	There	

is	 no	 clear	 ELA	 gradient	 to	 explain	 the	 large	 range	 in	 calculated	 ELAs.	 However,	 as	 the	

regional	sample	constitutes	such	a	small	number	of	glaciers,	it	just	may	not	be	possible	to	

detect	an	ELA	gradient	with	the	available	data.	

Finally,	assessment	of	snowblow	and	avalanche	modelling	also	highlighted	that	enhanced	

accumulation	was	likely	essential	for	the	survival	of	several	marginal	YD	ice	masses	in	the	

region.	 In	 particular,	 Lough	Nahanagan,	 Lough	 Cleevaun,	 and	 Fraughan	Rock	Glen	were	

strongly	influenced	by	enhanced	accumulation	and,	it	could	be	argued,	their	initiation	and	

survival	may	have	only	been	due	to	this	additional	input.	Lough	Nahanagan,	for	example,	

may	 have	 been	 able	 to	 survive	 below	 the	 regional	 ELA	 due	 to	 non-precipitation	

contributions	to	mass	balance.		

	

Implications	

This	research	indicates	that	not	all	cirques	in	the	Wicklow	Mountains	were	glaciated	during	

the	YD.	This	adds	to	recent	recognition	that	cirque	moraines	in	Ireland	may	not	necessarily	

be	the	result	of	renewed	glaciation	during	the	YD	(Barth	et	al.,	2017)	and	that,	in	the	absence	

of	 absolute	 dating,	 careful	 establishment	 of	 geomorphological	 context	 is	 essential	 to	

accurately	 determine	 the	 extent	 of	 YD	 glaciation	 (cf.	 Barr	 et	 al.,	 2017a).	 Glacier-derived	

palaeoprecipitation	calculations	(1648	±	569	to	2476	±	273	mma-1)	imply	wetter	conditions	

during	the	YD	than	at	present	in	the	Wicklow	Mountains	(~2000	mma-1;	Noone	et	al.,	2015),	

at	odds	with	reports	of	more	arid	YD	conditions	in	Scotland	(Golledge	et	al.,	2010;	Palmer	

et	al.,	2012).	However,	 the	augmentation	of	glacier	mass	balance	by	snow	redistribution	

(snowblow	and	avalanching)	and	enhanced	preservation	(topographic	shading),	artificially	

lowered	glacier	ELAs	from	more	regionally	representative	ELAs.	Collectively,	this	highlights	

the	 importance	 of	 assessing	 local	 topo-climatic	 factors	 when	 using	 small	 glaciers	 in	

palaeoclimatic	reconstructions,	as	not	all	reconstructed	ELAs	are	truly	representative	of	the	

regional	palaeo-climatic	conditions.	This	analysis	adds	to	the	growing	evidence	for	topo-

climatically	 influenced	 cirque	 glaciation	 in	 uplands	 areas	 of	 Ireland	 (cf.	 Anderson	 et	 al.,	

1998;	 Barth	 et	 al.,	 2017;	 Barr	 et	 al.,	 2017a)	 and	 Britain	 (cf.	 Bendle	 and	 Glasser,	 2012;	

Chandler	and	Lukas,	2017)	during	the	YD.		
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9.5	Future	work	

The	research	presented	in	this	thesis	has	identified	scope	for	future	research	in	the	Wicklow	

Mountains.	This	final	section	outlines	key	areas	for	further	work	in	the	region.	

- Constraining	 the	 timing	 of	 LGIT	 (including	 YD)	 glacial	 events	 in	 the	 Wicklow	 Mountains	

through	targeted	absolute	dating	

This	 research	 has	 established	 a	 robust	 relative	 LGIT	 chronological	 framework	 for	 the	

Wicklow	Mountains	that	provides	the	basis	for	a	targeted	absolute	dating	programme.	This	

would:	(1)	test	the	inferred	relative	sequence	of	glacial	events;	(2)	provide	constraints	on	

the	timing	of	deglaciation,	as	there	are	still	large	uncertainties	over	ice	mass	response	to	

climatic	warming	during	the	LGIT;	and	(3)	test	the	extent	of	YD	glaciation	established	by	

this	study	(6	likely	sites,	4	of	which	are	currently	undated,	plus	4	inconclusive	sites	and	2	

contentious	sites	(e.g.	Upper	Glenmacnass,	Upper	Lough	Bray;	cf.	Tomkins	et	al.,	2018a).	

Extension	of	high-	and	mid-level	CN	dating	of	bedrock	(cf.	Ballantyne	et	al.,	2006)	would	

provide	further	insight	on	ice	cap	thinning	and	its	separation	into	a	number	of	smaller	ice	

masses.	Targeted	CN	dating	of	key	moraines	(both	low-level	outlets	(e.g.	Leoh,	Glenmalur,	

Lower	Glenmacnass,	Lough	Dan,	Lough	Tay,	Glensoulan,	Lugacullen)	and	high-level	cirques	

(e.g.	Upper	Lough	Bray,	 Lower	Lough	Bray,	 Lough	Ouler,	 Lough	Cleevaun,	North	Prison,	

South	Prison,	Upper	Glenmacnass)	would	provide	a	further	insight	into	the	response	of	LGIT	

ice	 to	 climatic	 amelioration,	 the	 inferred	 co-existence	 of	 different	 sized	 ice	 masses	 (cf.	

Menounos	et	al.,	2017),	and	the	extent	of	YD	cirque	glaciation.	

	

- Numerical	modelling	of	LGIT	ice	extents	identified	in	the	Wicklow	Mountains	

The	two-dimensional	scenarios	of	LGIT	ice	recession,	presented	in	this	thesis,	were	limited	

by	the	lack	of	clear	vertical	limits.	Whilst	surface	profile	modelling	(Benn	and	Hulton,	2010)	

has	provided	some	indication	of	likely	ice	thicknesses,	high-resolution	three-dimensional	

thermomechanical	modelling	(e.g.	Hubbard	et	al.,	2009;	Patton	et	al.,	2017;	Seguinot	et	al.,	

2018)	 particularly	 of	 the	 main	 proposed	 icefields	 (alpine	 and	 plateau),	 would	 provide	

insight	on	ice	mass	response	to	climatic	forcing	during	the	LGIT,	including	the	glaciological	

viability	 of	 the	 three	 scenarios	 presented	 in	 section	 7.1,	 and	 how	 synchronous	 or	

asynchronous	 glacial	 retreat	within	 and	 between	 the	 different	 ice	mass	 types	was.	 The	

detailed	mapping	presented	in	this	thesis	provides	an	essential	basis	for	constraining	and	

testing	any	future	numerical	modelling.		
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- Extension	of	geomorphological	mapping	via	lough	surveys	

The	Wicklow	Mountains	hosts	13	loughs	and	moraine	presence	at	Lough	Nahanagan	has	

demonstrated	 that	 these	 overdeepenings	 may	 contain	 further	 ice-marginal	 evidence.	

Bathymetric	surveys	of	loughs,	where	submerged	moraine	presence	is	possible	(i.e.	Upper	

Lough	Bray,	Lower	Lough	Bray,	Lough	Ouler,	Lough	Tay,	Lough	Dan,	and	Upper	and	Lower	

Glendalough),	 could	provide	additional	 insight	 into	either	YD	extent	or	LGIT	 recessional	

dynamics	 (if	 renewed	 glaciation	 during	 YD	 did	 not	 occur	 at	 the	 site).	 Any	 identified	

submerged	moraines	 could	 be	 targeted	 for	 radiocarbon	 dating	 (cf.	 Colhoun	 and	 Synge,	

1980).	

	

- Testing	of	inferred	extent	of	YD	glaciation	through	targeted	coring	of	loughs		

This	study	has	reconstructed	YD	glaciers	at	six	sites,	four	of	which	contain	loughs.	Coring	at	

one	of	these	sites	(Kelly’s	Lough)	has	established	the	absence	of	a	tripartite	sequence	(Leira	

et	al.	(2003),	supporting	the	presence	of	YD	ice	at	the	site.	Systematic	coring	of	high-level	

cirque	 loughs,	 to	 identify	 the	 presence/absence	 of	 Lateglacial	 sediments	 (cf.	 Lukas,	 and	

Bradwell,	2010),	could	be	used	to	support	absolute	dating	to	help	confirm	the	extent	of	YD	

glaciation	in	the	Wicklow	Mountains.		
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