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Abstract

During the Last Glaciallaximum, theBritish-Irish Ice $heet extendedcrosshe continental

shelf offshore ofGalway Bay, western Ireland, and reached a maximum westward extent on
the Porcupine Banilew marine geophysal data sediment cores and radiocarbonedatre

used to constrain the style and timing ioé-sheetretreatacrossthe mid to innesshelf.
Radiocarbon dtedshell fragments isubglacial till on the mighelfconstrains iceadvance to

after 26.4 ka BPInitial retreatwas underway befor24.4 ka BP, significantly earlier than

previous recanstructions Groundingline retreat was accompanied by stillstanaisdbr
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localised readvances of the groundlimg. A large compositeMid-Shelf Grounding Zone
Complex marks a majorgroundingline position with the ice grounded andhe margin
oscillating at this positioby, andprobablyafter, 23 ka BP. The continentakhelfwasice-free
by 17.1 calka BP, buttheice sheet mapave retaineé marine margin until c. 15ka BP.
Retreat occurred in a glacimarine setting and theheetwas fringed by a floating ieshelf.
Collectively, this evidenceindicates a dynamiand oscillatorymarineterminatingice sheet

offshore of western Ireland during the last deglaciation.

Key words: GroundingZzone WedgesBritish-Irish Ice Sheetjce Shelf;Glacimaring Last

Glacial Maximum:lce-Sheet RetreaContinental Shelf

1. Introduction

Reconstrugons of former ice sheets provides analogues that are useful for testing the
performance ohumericalice-sheet modelthat seek tpredictice-sheet responés to climate
warming. During the Last Glacial MaximufbGM), at leas60% of theBritish-Irish Ice Sheet
(BIIS) was marinebased(Sejrup et al., 2006 The ice sheet was drained by several large ice
streams and hadaarinemarginextendingromthe west Shetland Shétfthenorth(Bradwell

et al, 2008 Bradwell et al 201pto theshelfedgeof the Celtic Sea the southPraeget al,
2015 Scourseet al, 2019). This broad marine margin, bordeg the North Atlantic, was
sensitive to both oceanograplaicdclimatic drivers as well asealevel changdKnutz et al,
2001, 2007Peck et al., 20065course et al2009) Within the lastdecadeseafloormapping

of the continental shelf offshood Ireland andBritain have provided new geomorphic evidence
of the extent and style &lIS advance and retre&t.g.,Sejrup et al., 2005/an Landeghem

et al., 2009Benetti et al., 201Munlop et al., 201:10 Cofaigh et al 2012). Morerecently

sedimentological and geochronologicalestigationdhave providedmportantconstrairs on
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both thetiming and style oBIIS retreatacross the continentsttelf during the last glacial cycle
(e.g., Peters et.aR015 2016;Praeg et al., 201%allard et al 2018, O Cofaigh et gl2019,

Roberts et al., 2018course et al., 20)9

On theAtlantic continental shelbordering Irelangseveral studiesaveargued thathe western
margin ofthelastBIIS terminatedat the shelf edgeuring theLGM (e.g.,Sejrup et al., 2005:
Benetti et al., 2010; Dunlop et al., 2010; O Cofaigh et al., 201X; ZDAClark et al., 2012;

Peters et al., 2015, 2016; Praeg et al.52Chllard et al., 2018course et al., 20)9Ice rafted

debris (IRD) records from deep sea cores collected along the western Atlantic margin of the

BIIS imply that the ice sheet hadahed a shelédge positioy ~27 to 26.5 ka BP (Knutz et
al. 2001; Peck et al. 2006; 2007; Scourse et al., 260@her tothe north,in the MalinSea
andoffshoreDonegal BayNW Ireland this maximum position occurred aft@$.826.3 ka, BP
with onset ofice-sheet retreabetween 26..24.8ka BP and the majority of the shelf ice free
by 23 ka BP(Callard et al 2018;0 Cofaigh et al 2019. To the southwest, the Irish Sea Ice
Streamreached thehelf edgebetween 2-24 ka BP (Praeget al., 2015Scourse et al., 2019
which is in line withrecentdating of the maximum limit on the Isles of Scilly (Smedley et al.,
2017). In the Irish Sea sector this wialowed by rapidice streanretreatby 25.1-24.2 ka
(Small et al., 2018) witktheice streammarginin thenorthern Irish Sea Basin [81.4 +1.0ka
BP (Chiverrell et al.,2013; 2018). Offshore ofwesern Ireland Peters et al. (2015, 2016)
proposedin icelobe thatextendgdacross Galway Bagndformedthe westerrmostextentof
thelast BIIS with geomorphic evidence of grounded ice out on the Porcupine (Bankl),
some200km from the Irish mainlandPeters et al. (2016) dated this advancsotoetime after
241 ka BP and proposed latestreat of ¢e fromthe shelf with ice still groundedon the
Porcupire Bank as late as 21.8 ka BP amidy reachingthe midshelf by 185 ka BP.This

contrasts with resulen the timing of ice sheet retrdadm elsewhere along the western margin
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(see aboveand warrants further investigatitmdeterminethe relative importance of external
vs. internal controls othe mechanisms behirttie rapid retreat of maringerminating ice

sheets

This paperpresers new marine geophysicasedimentological and geochronologidatato
reconstruct the pattern and timing of grounded ice on theshretfbetween Galway Bay and
the Porcupine Bankyffshore of western Irelan@ig. 1) Theobjectivesareto: 1) describe and
characterise the glacial geomorphology on the mid and-siredf offshore Galwaay, 2) to
determine the nature of the depositional environsxandl style oice sheetetreat, and 3) to
provide a betteconstrained retreat histofgr this sectorof the British-Irish Ice Sheetcross

the midto inner shelf

2. Regional setting.

The study area lies offshore of counties Clare and Galway, central western Ireland and is
confined to the shalloy<200m) mid to inneshelf and the adjacent 0.8lope of the Slyne
Trough that forms a depression in the wieelf sedloor (Fig. 1). This prtion of the shelf
extends and widens for up to 150 km westwards fronirible coastline. Seismic reflection
profiles show that the inner shelf is underlain by an offshore extension of the Precambrian
metasedimentary rocks of Connemara and the Carbougdimestone of the Clare Basin
(Naylor et al., 1999jhat lie close to, and crop out at, the seabed. Pliocene and Quaternary
sediments overlie these basement bedrocks. The relatively filoseaf the inner and mid

shelf is disrupted in the west by the Slyne Trough. This trough forms a gently sldpikm, 7
wide depression in the mighelf. Seismic profiles ahe eastern edge of thdy®e Trough,

reveal a thick (160 m) sequence of Pliocene and Pleistocene sedivhait aredescribed as

a proglacial farby McCarron et al(2018) (seebelow for more detil). The Slyne Trough
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reaches depths e300 m bslbelow sea levéglandlinks the midshelf to the Porcupine Bank
on the outeshelf. Porcupine Bank is a shallpghelfedge bank rising to a minimuof 145
m bsl, located 200 km due westloflandand is bounded to the north and west by the euter

shelf break at ~400 m bs

2.1 Glacial history

During theLGM the Irish Ice Sheet extended from the central Irish Midlands, Keork
Mountains and Connemara Mountains and converged in and across Galy@reenvood
and Clark 2009; Ballantyne and O Cofaigh., 2018he offshorerecordof this sectorof the
BIIS has until recently beenpoorly constraine@ndour understanding has besgliant upon
IRD records from deep sea cores collected south of the study site (core2BDFig. 1;
Peck et al 2006, 2007) and from the DoneBtra Fan to the north (e.g., Knutz et al 2001;
Fig. 1) TheselRD records imply thatthe BlIShadextended onto the continental shelf by 29
ka BP,andreactedthe shelfedge by 27 to 26.5 ka BP. The IRD record from core MROG1
(Fig. 1) contains a constant, but variable, IRD flux between-26.%a BR indicating both a
persistent calving front butlso evidence of destabilisation and readjustment of the marine

margin throughout this period (Peck et al., 2006)

A number ofrecentmarine geological and geophysical investigationghe continental shelf
offshore western Irelanidaveextended our undstanding otheglacial history of this regian
On the Porcupin®ank (Fig 1), Peters et al. (2015, 2016) mappetd datech number of
groundingzone wedge$GZWs) on the basis of which they arguétht grounded icewas
positionedat the shelf edge date as 254 ka BPwith initial ice advance prior to this date

Inshore of the Porcupine Baiaklarge arcuatsediment ridgenarks the midshelfgrounding

line position(Fig. 1) Thi s f eat ur e, t er med EomeWed @lalébway

L
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Peters eal. (2015,2016) putreferredto as thed MiSHelf Grounding Zone Compléin this
study)was dated byPeters et al(2015, 2016)who conclude thatit marksa grounded ice
margindating to c21.218.5ka BP.Further to the east,secondsmallersediment ridgenarks

a grounded ice margonthe midshelfat18.5 ka BP with ice retreatingshoreafter this time

(Fig 1). Based on these daté%eters et al(2016) conclude that retreatcross the innemid
shelfwas rapid. In contrast, McCarron et .al2018) argud thatgrounded icadid not extend
onto the Porcupine Bardkuring the LGM butratherwas restricted to the 200 m isdbanthe
mid-shelf The evidence for this is a thidedimentarffan( t er med t he Oy onne m:
McCarron et al., 2018bhat lies seaward of this position and extends down into the Slyne
Trough. Subbottom seismic datkkom the fan showsa series of stacked sediment layers that
werelikely depositedduring multiple periods of iceccupancy othis groundindine position

(see McCarron et al., 2018)

3. Methodology

Cruise JC106 of theRSJames Cook in August 2014 collected-aattom profiler (chirp) data
and sediment cores (Fig). The SBP120 chirp stiottom profiler is installed as an extension
of the EM120 multibeam system, with frequency limits between Z.%Hz and a maximum
deph resolution of 0.3 ms. SBP profiles wevissualised andnterpreted using the IHS
Ki ngdomE soft war eway (favel timeto depthr estimatés én the-okiom

profile data, weapplied an averagsound velocity 0,600 ms? throughmarine sdiments.

Eighteervibrocores were retrieved (Table 1) using a British Geolo§ualeyvibrocorer with
a 6 m barrel and 8 cm core diametefurther threepiston coresip to7.7 m longwere taken
from the inner shelf withil5 km of theConnemara&oast using &K National Oceanogragh

Centrepiston core with a 12 cm diameter barrélfhe underwater position of each core was
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recordedusing a Sonardyne Ranger USBL beacon attached to the ddreronboard
GEOTEK MSCL measured gamma depsand magnetic susceptibility of each core at two
centimetre resolutiomrior to splitting (results for each core are shown Sapplementary
Information Figures6 to 8). Shear vane measurements were mam¢he split core surface
using a handheld Torvane at 10 cm intervals. A GEOTEK XCT scanner provided X
radiographon the split coreat a 92 um resolution to further refine the core lithofacié®
X-radiographs, visual logs and physical properties were used to identéyithofacies (LFx

LF7).

From the cores a mixture of paired bivalves, mixed benthic foraminifera samples and shell
fragments were collected and cleaned ffadiocarbondating. It is assumedhat dl dated
material lived in a benthic and marine environmébnly whole, unabraded foraminifera
specimens were picked from sieve (500, 180 and 63 um) residues, with the assemblage
dominated by the coldiater specie&lphidium clavatumCassidulina reniformeNonionella
labradoricaandCibicides lobatulusSeventeesamples foradiocarbon dating (Tab® were
collected from cores on the shelf andl-shelfslopeof the Slyne Trougland submitted to the
NERC Radiocarborfacility for dating(SUERC publication codes) or the Keck C Cycle AMS
laboratory, University of California, Wine (UCIAMS publication codes) fdf'C dating The

primary aim of the dating was to constrain the timing ofsiceet advance and retreat across

the shelf.Our dating strategy was therefore threefold: (1) we dated reworked shell fragments
in overconsolidated diamictons interpreted as subglacial tills to provide a maximum age on till
formation and thus ice sheet advance; (2) we dated mixed benthic foramsaifepdes and

shell fragments from glacitectonised glacimarine sediments. These dates constrain the timing
of initial glacimarine deposition and thus ice sheet retreat, but they also provide a maximum

age for the subsequent glacitectonism and grourddiegscillation/readvance; (3) we dated
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shell and foraminiferal samples from deglacial glacimarine sediments to constrain the timing
of ice sheet retreat. These samples were taken from as close to the transition with underlying
subglacial sediments as possildr, where cores bottomed out in glacimarine sediments, we
took the sample from as close as possible to the base of th&lemratigraphic posansof

the datesare shown and are discussed in context with the lithofacies interpretatb@iso(

3,6 and 8)

The conventionat’C ages were calibrated using the Marineat8rationcurve with an inbuilt
marine reservoir correct i Oxoal Reimer£t@lQ 2093 ahes and
ages are reported in the text as the cakboht nZedian result§see Table 2). It is likely the
samples would be subject to | arge and variahb
(e.g., Austin et al., 1995; Peck et al., 2006; Singarayer et al.).2U6$have applied two further

age calibrab n's u s i n+300 artd€700gR(c.f., Small etal,, 2013; Table Ras a

sensitivity test. ldwever the differentpp Rvalues has a modest impaciddue to uncertainties

in the correct reservoir age for this time perfdéanamaker et al., 2012)e have kept thepR

of 0in the textwhilst acknowledging the caveat this could be significantly more.

4. Resultsand Interpretation

4.1 AcousticProfiles

We present three acoustic profiles from the study area describing the major morphological
features and acoustic signature of each. Where cores are available we also bnielude
reference tdhe associatededimentary characteristiesiddwe presat full sedimentological

descriptions in sectiof.2

4.1.1 Mid-inner shelf lines description
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Two acoustic profiles exteritbOkm from the inner shelf westwards to water deptrg5e820

m. The northern profile from-89 km is characterised by a low gradient slegiendng down

into the Slyne Troughvith a high amplitude seafloor reflector that is locally grooved (e.g.,
from 510 km and 182 km Fig. 33. The acoustic return beneath seafloor appears to be
relatively weak Occasional point source reflectors are visible (e.g., at ~25 km). The sediments
become more diffusely stratified with distargestwardsanddownslope (between07 km).

The slope is interrupted by a prominent toqdpic high between 182 km(Fig. 2a, 33. Cores

from this topographic high recovered poetdnantly massive pebbly mutigq5vC and196VC,
Fig.3b), whereas a core from further upslope2#0 m water depth recovered clgstor,

laminatel mud (194/C) (see sectiod.?2).

From 39 km westwards the seismic profile is characterised by a series of low relief and broad
mounds (annotatedsd Mo i n Figs. 2 and 4), at the seaf]l
3972 km (Fig. 2a), is a multrested compositéeature. Internally M1 is acoustically
homogeneoudA core from this location recoverediff, massive matrix-supported diamicton

overlain by bedded gravel and sqf83VC). To theeastthese mounds transition into a series

of 22ridgesthathavea shorter wavelengttirig. 48 and aré>-9 m high andonaverage 720 m

wide. These smaller ridges extend eastwards and beneath mound M2a(Hig. M2 (86.5

104 km; Fig.2a, 43 has a pronounced wedgkaped geometigndis 23 m thick. M3 extends

from 118134 km(Fig. 2a)and shows some steeply dipping sghfloor reflectors. The final

mound along the northern profile is NBig. 2a, 4c)which occurs fromi32-136km (Fig. 2a)

is at leastl9 m high and appears to be predominantly acoustically transparent.

Along the profile acoustically stratified sedimenisfill small basins betweethe mounds

described abovéFig. 2a, 43. Stratification in these infills is variahland up to 27 m thick



225 The most prominent infill F1, occurs between mounds M1 and M2 fro@07l8n on the

226  profile, and onlaps both moundbig. 2a, 43. The lowerhalf of the infill is acoustically

227 transparent and undulating, broadly conformable to the underlying smaller ridges (see above).
228 The infill becomes more stratified the upper halfStratification rages from locally wel

229 developed but contorted in the deeper and central part of the basio filore diffuse

230 elsewhere. At the eastern end of the F1 basin the acoustic stratification is interrupted by a lens
231 of predominantly transparent sediment. Famérnal reflectors are visible in places and the
232 lens is attenuated along profile to the wasill F2 occurs to the east of M2 and comprikés

233 mofacoustically homogeneous sediment with, in places, faint internal reflectors. At the eastern
234  end of theprofile (Fig. 2a, 4c)ymound M4 is oAapped to the west by hummockgntorted

235 sediment (F3) which pinches out westwards. M4 is onlapped to the east by a basin fill of
236 acoustically stratified sediment 25 m thick with parallel internal reflectors (F4jifiSaton

237 varies vertically from more continuous and well laminated to diffAsseries of cores from

238 these basin fillgecovered contortedaminated silty muds (cores 19C, 190/C, 189VC,

239 188vC and 18&/C; Fig. 6) (see sectiod.2).

240

241 The southern profile contains a series of moundd @hd M5M7) extending west to east

242 across the she(Fig. 2b) The outermost mound Mextends from 47 km, is multicrested,

243 and7-21 mhigh. This multicrestedeature is a continuation of M1 identified in Figs. 2a and
244  4a and hencalsonamed M1 in Figs. 2b and 5&ores from this mound comprised bedded
245 sand and gravelpart from211VC, which recovered almost 2 m of massive diamicton @)ig.

246 A series of burid, low amplitude ridges extend from-162 km and similar features are present

247  within M1 from 6671 km (Fig.2b, 5). At 102 km the reflectowhich defines these buried

248 ridges rises to the seabedrom 102116 km eastwardshere are a series ofrregular,

249 undulating sukbottom reflectors. These are overlain by moungl NMhe eastern end of the

10



250 profile from 117147 km is characterised by three well developed low amplitude mourids (M
251  M7) which range from 109 m high and 83 km wide(Fig. 2b) M6 and M7 are internally
252 homogeneous; Blshows some faint, stioorizontal internal reflections towards its western
253 end

254

255 Asinthe northern profileacoustically stratified basin fillsccur between several moun(@g.

256 2b). A basin fill occurs betwee@2 and 92 km, and it is~7 m thick. Internally this is
257 predominantly acoustically stratified, however, locally it contains discrete lenses of
258 acoustically transparent sediment (F29, 5). Towards the eastern end of frefile, a basin
259 fill up to 5 m thick onlaps M and M.

260

261 4.1.2 Mid-inner shelf linesg interpretation

262 Both mid-inner shelf acoustic profileare characterised by a series of mounds separated by
263 basin fills of variably stratified sediment. The mounds are &mplitude features but are
264 typically wide @115 km) and some have a distinct weekleaped geometry with their base
265 defined by a sulbottom reflector (e.g., M2 and Bl Internally they are predominantly
266 acoustically homogeneous although in the case Ddiffuse stratification is visibleThese
267 characteristics are consistent with an interpretation of the mounds as grenon@igatures
268 formedduringice-sheet retreafThe distinct wedgéike geometry in some cases is consistent
269 with groundingzone wedgeqGZWs) described from the literaturécf. Batchelor and
270 Dowdeswell, 2015)The steeply dipping reflectors on M3 on the north@afile may record
271 sediment progradation at the groundlimg or could alternatively reflect, at least in part, the
272  presence of bedrock close to the seafl@orboth acoustiprofiles,the outermost mound (M1)
273 is multi-crested suggestirtge groundingine was oscillating on the outer shelf.

274

11
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Thelow amplitudeburied ridges on the outer sh@dke section 4.above)arepresent on both
profiles and ar@n order of magnitude smaller than the bracketing laB&gaNs (M1/M2 and
M1/M5). Their dimensions are inconsistent with an origin as De Glegaines (cf. Todd te

al., 2007) We interpret these ridges as recessional features formed by stillstands and/or minor
oscillations of the grounding line durifge-sheet retreatShipp et al., 20020 Cofaigh et al.,

2012

The aoustically stratified basin fillshat occur betweerthe mounds reflect sediment
progradation beyond the groundilige, most likely by a range oflacimarineprocesses
including sediment gravity flows, iceberg rafting and suspension settling from turbid meltwater
plumes(Hogan et al., 2012, 2016However in some basins (Fand F3 the subbottom
reflectors are contorted and sediment cén@s Flrecovered d®rmed laminated mudsie
suggest that this represents giacionismby groundedce andprovides further support for an
oscillatory grounding line on the outer shelf. The transparent sediment lens at the eastern end
of the F1 basin may be a debris fl@eaurced from the distal face of the GZW of N2f.
Dowdeswell et al., 2010; Batchelor et al. 201Hpwever it both rises and isttenuated
westwards suggesting an alternative interpretation as a glacitectonic sediméBvaaf,
2018. Thedistribution of mounds separated by stratified glacimarine basin fills across the shelf

indicates ice sheet retreat was episodic with occasional pauses and GZ\illbasmation

West ofthe outermost GZWML1, Fig 1a and 3athe slope extending downtd the Slyne
Trough exhibits diffuse acoustic stratification. This suggests sediment progradation into deeper
water from a groundingine which delivered glacigenimaterial downslope, most likely by
sediment gravity flowrocessesg(g.King et al., 198; Straversand Powell1997. However,

the thick laminated naisequences recovered in c@B2\VC implies deposition also involde

12



300 meltwater delivery The seafloorrcisions are consistent with iceberg scouriBgcchetti et
301 al., 2015; Thébaudeau et al., 2016)

302

303 4.1.3.Inner shelf offshor€onnemara description

304 A third subbottom profile ~23.5km in length andrientated SENW, was collected fromi5

305 km offshore of the Connemara coagte acoustic basemenisible in the pofile is regionally

306 extensive andigh amplitudgFig. 7). It forms an irregular topography characterised by a series
307 of highs, that crop out d@he sea bed rd interveningoasirs some of which contain sediment
308 infills between 414 m thick(see below).

309

310 The basin infills are characterised by two distinct acoustic fagibiEh have a consistent
311 vertical arrangement along the profile. The lower acoustic faeghes up t@0 mthick and

312 internally is variably acoustically stratified ranging from continuous horizontally layered
313 sediments within the basins (e.g., location of core 184Pgib), to contorted, disrupted
314 and discontinuous internal reflectors (e.g., location of core 181\KRyirvb). This unit was

315 captured in four cores (180PC81VC, 183VC, 184PC) and comprises silty clay and clayey
316 silt thatis variably laminateaontorted (seeextion4.2). The upper boundary of this acoustic
317 facies is smooth to undulating and of medium to high strength. Where sampled this boundary
318 comprises matrbsupported, poorly sorted, sandy gravel with abundant shell fragments.

319

320 The basin fills are cappdyy a welldeveloped, prominent acoustically transparent facies (Fig.
321 7). This reaches a maximum thicknessl&fm in the deepest basinSores from this facies
322 recovered well sortedaturatedsilty sandthatis massive and bioturbatets upper boundary
323 is marked by a high amplitude, smooth reflecidnich often forms the seaflo@Fig. 7).

324
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4.1.4 Inner shelf offshore Connemaranterpretation

The acoustic basement visible in the profile is interpreted as bedrock on account of its high
amplitude, distribution (both cropping out at seafloor and underlying stratified basin fills) and
irregular form.The basin fills are consistent with formation deglacial and postglacial
environments. The lower acoustically stratified fadessistof laminated taccontorted muds

and is interpreted as a product of glacimarine sedimentation during ice sheet reti®at (cf.
Cofaigh et al., 2016).hese types of sadient are often produced by the rait offine-grained
sediment from suspensiaiternating withsediment gravity flow processes. Contorted bedding
most likely reflects high sedimentation rates and the irregular topogtaphwould have

facilitated downslope resedimentation of figi|@ined meltwater depositidogan et al., 2012

These glacimarine sediments are separated from the overlying acoustically transparent facies
by poorlysorted sandy gravel with abundant shelich is interpreted as a lag deposit
associated with bottom current reworkifigianna et al., 1988)The overlying transparent

facies comprisewell sorted saturated silty sands and are suggestive of a more quiescent

depositional setting, most likely potdgial (Cooper et al., 2002

4.2 Lithofacies descriptions
A total oftwenty-onecores, three piston cores agighteervibrocores, were collected offshore
of the Connemaracoastlineand across the slope and rsigelf of Galway BayFrom these

coreswe identifysevenithofacies(LF1-7) and describe these below

4.2.1 LF1: Massive diamicton@¥mm) and minor stratified diamictofminor Dms)
LF1 predominantlycomprises massive, matrsupported diamictofDmm). It isthe basal

lithofacies insix cores two from the midshelf slope (195VC and 196V @ig. 3, three

14
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(193VC, 18¥%C and 211VCFig. 6) from the tops of the mighelf groundingzone wedges
(seesection4.1) and one fronmhe inner shelbffshoreof Connemara (181V(Fig. 8. In core

191VC from a mieshelf stratified basin fill, LF1 oveds laminated mud (LF2 and LF3).

In cores 195VC and 196VC from the nstlelf slope LF1 is a dark grey (10YR 4/fjatrix-
supported diamicton, with clasilt matrix that contains abundant subrounded gravel to pebble
sized clasts. In 196VC LF1 is predominantly massive. Shear strengths in this cores@re 20
kPa increasing downcore (Fig). In core 195VCLF1 is also massive below 250 cm depth
and shear strength values are generally greater than 60 kPa and reaching a maximum of 108
kPa at the base of the core. Above 250 cm depth in 19bM@everLF1 ranges from massive

to, locally, diffusely stratifiedThe diffuse stratification is localised, only visible in the x
radiographs and is imparted by stwizontal grain alignments and subtle textural variation
(Fig. 9b, SupplementarynformationFig. 3). The shear strength of LF1 above 250 cm depth in
this cae is generally less than 30 kPa with a minimum of 10 kPa. Clast abundance of LF1 in
cores 195VC and 196VC is variable. It is noticeably higher in 196VC (sag kg. 9a and
Supplementary InformatiolRig. 3 and4 for comparisons)The physical properties of Dmm in
core 195VC and 196VGhow a medium wet bulk density and magnetic susceptibility
averaging 2.03 gr/mm and 104x320° SI respectively(see Supplementarylnformation for

details).

Shell and coral fragmentand foraminifera are abundant throughout ca8s/C and 1964/C.
Radiocarbon dates on five shell fragments, four from 195VC and one from 196VC, constrain
the age oL.F1 (Table2, Fig. 3). In core 195VCthree dates were obtained from the massive
stiff diamicton below 250 cm depth. gample from 30810 cm was beyond the range of

radiocarbon dating butvo further samples provided ages of 32994 + 48PBP (SUERG
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375 60169 and32407 + 561cal BP (SUERG60168) A fourth sample a219cm depth from th
376 softer massive to diffusely stratified diamicton dagB849 + 231cal BP (SUERG60165
377 (Table2, Fig. 3). Finally, ashell fragment from 14847 cm in core 196VC dated 15349 + 204
378 calBP(SUERG60170.

379

380 Inthe midshelf coresand offshore ConnemaraF1 is amassive matrixsupporeddiamicton
381 with a claysilt matrix. It is poorly sorted containingbundant gravel tgranulesizedclass
382 including subroundedpebblesreaching up to 4 cm in diametefhe matrixis dark grey (5Y
383 4/1), predominantly massive, and contains occasional sandg aond shell fragments.
384 However,in core 211VC the matrix exhibitsgradational colour chang®wncore from dark
385 grey (7.5 YR 4/2) to very dakey(7.5 YR 4/1)and there is mrked textural variation imparted
386 by more clastich/gravelly zonedn core 191VC, LF1 is underlain &7 cm of laminated mud
387 (LF2) which becomes progressively more deformdd-3) up-core forming a mixed or
388 Oamal gamati on z o%eSupplemeritany Infofmatiom(igF L). grhe upper
389 boundary between LF1 and the overlying laminated mud of LF2 is sharp and the laminations
390 are well preserved (Fi@d, Supplementary Informatiokig. 1). In these mieshelf cores, LF1
391 s very stiff with shear strength values ranging fromid@32Z00 kPaOverall, LF1from the mid
392 outer shelhas ahighwet bulkdensity and magnetic susceptibility averagintbym/cc and
393 1631x10° Sl respectively (seBupplementary Informaticior details).

394

395 Fourradiocarbon dates were obtained from LF1 on theshalf. A shell fragment from 177
396 cm depthin core 191VC returned a rarite age. The oldest age, from core 193VC ig126
397 + 284cal BP (SUERG60164. A further two ages collected from core ¥ are 2,957 *
398 210cal BP(SUERG60158 and 17,319 + 192al BP (SUERG60179 respectively

399
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400 4.2.2 LF2: Laminated mudFl)

401 LF2, laminated mudpccurs insix coresand consists of laminated clgsior mud. In cores
402 180PC, 183VC and 184REig. 8)from offshoreof Connemareaon the inner shelf, LFfbrms
403 the basal lithofaciesin core 181VC, LF2 overlies Dmm(LF1). It comprisesthe basal
404 lithofacies in core 194V@Fig. 3)from the midslopeand also occurs in 191V(Eig. 6)where
405 it is interbedded with L& (FI (def)) and LA (Dmm). LF2 comprisesdark grey to very dark
406 grey (5Y 3/1, 5Y 4/1xalternatinghorizontally laminatedilts and claysIndividual laminae
407 rang from mmcm thick. The upper and lower contacts vary from sharp, to diffuse and
408 undulating. In some instangdhe laminaehavea wispy appearance (e.g., core 181VC, Fig.
409 9e). In core 184Pdndividual laminae become thicker and more diffuse up cbfe is
410 predominantly clast free bubcally may contain gravelto granulesized clast that lie in
411 discreet horizons (e.g., core 184PC.Bly, or asoccasional isolated pebklg.g., cordd94VC
412 Supplementary InformationFig 2. Whole bivalves, abundant shell fragments and
413 foraminifera are present througho®ioturbationis visible as burrowsn the xradiographs
414 andas black mottlesn core sectiorbut declines in frequency with deptlowncore Shear
415 strengths in LF2 are variable. ¢dore 194VC from the midlopeLF2 is stiff, exhibiting shear
416 strengths of 550 kPa In core 19YC shear strengths ofH2 range from 6@0 kPa This
417 contrasts with cores from the inner shelf offshore Corara where shear stigths measured
418 in LF2 aremuch lower atLl0-20 kPa.Wet bulk density is comparatively low, averaging 1.99
419 gm/cc whilst magnetic susceptibility is higher averaging 184.8° SI. However, when
420 comparisons are made betwegaas, thaveragenagneticsusceptibility is much higher from
421 cores collected from offshore Connemara (180PC, 181VC, 183VC and 184VC) compared to
422  the Fl captured on the mihelf (191VC and 194VC) with values aaging 260.610° S| and

423  75.9x10° Slrespectively This likely reflects dextural difference with the Camemara cores,
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whichlie close to the preseqlay shorelineandhawe an increasgsandy component compared

to the midshelf core{seeSupplementarynformationfor details).

A sample ofmixed benthic foraminiferérom the base of 194V@ated24361 + 20Zal BP
(SUERG58323. A further three radiocarbodates were obtained from samples from the bases
of cores 180PC and 184PC. A sample of mikedthic foraminifera from 180PC vyielded a
calibrated age of 1862 + 214cal BP (SUERG63562) while two articulated bivalves from the
base of 184PC dated 101 + 270cal BP (UCAIMS-18692) and 17101 + 247cal BP

(UCAIMS-186924 respectively.

4.2.3 LF3: Deformed laminated mugdFl (def))

LF3 comprises deformed laminated mud. It was recovéanesevencores from the slope
(194VC, Fig. 3 andmid-shelf (186/C, 188VC, 189VC, 190VC191VC and 212VCFig. 6,
andtwo coresfrom offshore Connemard80PC and 184PEig. 8. LF3is a heavily deformed
laminatedmud (FI (def)) that variesin nature spatially. In core 194VC ef) is a stiff (2456
kPa) colour mottled, silty clay and ckysilt containingwater escape structures in the form of
ball andpillow features that are visible innay (Fig. 99, Supplementary InformatioRig. 2).
Whole bivalves, shell fragments and foraminifera are ptabeoughout as well as occasional
small gravelsizedclass. In core194VC the deformed laminated mud of Bigradationally

overlies the laminated mud of LF2.

Across the mieshelf,Fl (def) is onlyrecoveredn coresfrom the basin infillsandit forms the
basal lithofacies of these corétere LR3 comprises heavily deforme¢e.g., 189VC, Fig9f),
laminated fine sand and silty claindividual laminadayersrange frommm to 2 cm in

thickness The laminae have blurragoper and lower boundaries. The matrix varies in colour
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with the fine sand units being bla¢kYR 2.5/2)and the silty clay$®eing dark grey (10YR
4/1). In these mieshelf cores, LB ranges from firm to stiff withshear strengths that range
from a minimumof 17 kPa (core 20VC) to 88 kPa(Core 191VC) The wet bulk density for
LF3 across the mighelf andSlyne Troughis high, averaging2.11 gm/cc whilst magnetic

susceptibility is mediuraveragingl31.8x10° S| (seeSupplementary Informaticior details).

Threeradiocarbon dates were obtained from3LR core 190VC. The dates are in reverse
stratigraphic order (oldest at the t@)d are 2264 + 329cal BP (UCIAMS-164434 (192
194 cm), 2414 £ 241cal BP (UCIAMS-176384 (180-182 cm) and 2267 + 202cal BP
(SUERG68873 (150152 cm). A furthedatefrom LF3in core 191VC returned an age beyond

the range of radiocarbon dating.

In thetwo coresfrom the inner shelbffshoreof Connemard.F2 consists ofalternating besl

of fine sandandclay-silt with abundant single and paired bivalves as well as shell fragments.
These beds are contorted and show prominent development-véiigal to vertical wavy
laminae consistent with water escapedtrtes, as well as localised development of ball and
pillow structures(Fig. 9). Theboundaries of the individual laminaeeoftenblurred and hard

to discern In both these cores I3exhibits localised zones of bioturbation in the form of
Chondrites burrowd he matrix is soft to firm, with shear strength measurements not exceeding
20 kPa The physical properties collected on thesessihew a low average wet bulk density

of 1.98 grmm but a very high magnetic susceptibility averadgiggx10° Sl.

4.2.4 LF4: Massive mudKm)
LF4 is the basal lithofacies in core 186\0@ly (Fig. 6)andconsists of dark grey (2.5Y 4/1)

clastfree, massive silty clayFm) that is very compact, increasing in shear strength #f6m
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474  kPato B0 kPa It contains occasional silt stringaand isolated zones of diffuse stratification
475 towards the top of this bed that are only visible in #hradiographsLF4 was not datedBoth
476 the wet bulk density and magnetic susceptibility are low, averaging only 1.98 gr/mm and 85.6
477  x10° Sl respectivelyand contrast with the overlying Elef) (FF3) where tiseaverages are
478 considerable higheséeSupplementary Informatiofor more detail). This is likely a result of
479 the change in matrix with the overlying (élef) containing a large sand component.

480

481 4.2.5LF5: Matrix-supported gravel@mg

482 LF5 is a matrixsupported gravelith a muddysandy natrix and abundant shell fragments
483 (Gms).This lithofaciesis poorly sorted with subounded to swangular clagtthat range in
484  size from 0.5 to 3 cm in diameter. The upper and lower boundarigsfrom sharp to diffuse,
485 andwhereoverlain byLF7 (Sm) the boundary isften gradationalLF5 occursin all the cores
486 from the inner shelbffshoreof Connemara forming a 100 cm thick unithat directly overlies
487 LF3 or LF2 and is overlaim turnby LF7. LF5 wasrecovered iffour coreson theinner and
488 mid-shelf 186VC,192VC, 193VC and 208V{Fig. 6. In these coresndividual bedf LF5
489 rangein thicknessfrom 1044 cm and ofterhavea sharp upper and lower boundary. The
490 exception is cord93VC where the Gmasf LF5 grades into the overlyingR?7. The phical
491 properties show high average values for both wet bulk density, 2.26 gr/mm, and magnetic
492  susceptibility, 240.%10°SI.

493

494 4.2.6 LF6: Clast supported gravel3m)

495 LF6is identified in three cores from the outer rsitelf (190VC 192VC and 193VEig. 6).
496 LF6 comprises massiyelastsupported gravelGm) with clast size ranging from G4cm in
497 diameter.It forms the upper lithofacies in core 192Vi@.core 193VCLF6 formstwo beds

498 the lowermost is 20 cm thick and directly overlies MAilst the seconds interbedled with
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499 theGmsof LF5 and is only 1(cm thick. Finally, a 12 cm thick bed directly overlyind-2

500 occurs in core 190V(As expected with a large gravel component, both the wet bulk density
501 and magnetic susceptibility are exceedingly high with average values of 2.45 gr/mm and 718.6
502 x10°Slrespectively

503

504 4.2.7.LF7: Massive sand3m

505 LF7isthe uppenostlithofacies in all cores collected in the study aweish the sole exception

506 of 192VC.LF7 is a saturated, olive (5Y 4/3nassive bioturbatedine to medium sand (Sm

507 containing abundant shell fragmermtsd occasional gravel size clasfThe basal contact is
508 sharp, convoluted and often truncates, mixes with or intrudes the underlying Einits

509 relativelythin in the slope and midhelf cores, ranging from 26 115cmin thicknessin the

510 cores from the inner shelfffehore Connemara,R7 ranges fron80 cm to a maximurof 480

511 cm in core 179PCThe wet bulk density is low, averaging 1.99 gr/mm whilst the magnetic
512 susceptibility provides a medium average 13440° Sl. A basal radiocarbon age fromshell

513 fragmentin core 179PC provides a limiting afg@ this unit of 12684 + 96cal BP (SUERC

514  63556.

515

516 4.3 Lithofacies Interpretations

517 4.3.1 LF1: Massive diamicton (Dmpand minor stratified diamicton (minor Dms)

518 Massive, matrixsupported diamictons can be produbgdseveraprocesses includingethris

519 flows (Eyles and Eyles 1989iceberg rafting and scourindd¢wdeswell et al., 1994;

520 WoodworthLynas and Dowdeswell 199), as well as subglacialleposition/deformation

521 (Evans, 2018)The shear strengths of this lithofacies, however, are consistently high, in some
522 cases reachinglOkPg implying they are overconsolidatethis is difficult to reconcilevith

523 an origin as a subagueous debris flow or icebafigd deposit produced bgin out through
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524 the water colum. Such processes would be much nlikely to produce sediments with low
525 shear strength3hus, he high shear strengthaggest that formation of LF1 involved sediment
526 compaction. Massive diamictons with high shear strengths from glaciated continental shelves
527 have often been interpreted as subglacial tills with the high shear strengths attributed to
528 compaction by groundede (Wellner et al., 2001; Dowdeswell et al., 204 Cofaigh et al.,

529 2005 2013. Thisis our preferred interpretation for cores 193\181VC,187VCand the basal

530 160 cmof core 195VC The deformed mudheneath LF1 in core 191VC also supports this
531 interprettion. The pesence of shell fragments in Lkhplies reworking of marine fauna
532 Dates on such reworkeghells provide a maximum age fitre enclosing till and thuer ice

533 advance. Based on the date of426al ka BPfrom the till in 193VC from the mighelf

534 groundingzone wedge (see sectidi?.1 above) this indicates that ice was grounded on the
535 mid-shelfwest of Irelandafter 264 cal ka BP

536

537 The massive diamictann cores 211VCand 196VC arghowever, more difficult to reconcile
538 with an interpretation as subglacial tilh 211VC te youngest radiocarbon daem a

539 reworked shelindicates diamicton formation after 17 &lka BP.Similarly, a reworked shell

540 in 196VC dated 15.3 cal ka BRowever, deglacial ages from the base of core 184PC from the
541 inner shelf103km furtherinshore of 211VC indicate that thsite was ice free by at least 17.1
542 calka BP or everearlier(see sectiod.3). It is therefore unlikely that the ice sheet was still
543 grounded on the midhelf at this time. Taking into account both the high shear strenfjths
544 LF1in 211VC and 196V@nd the radiocarbon datege suggest that thmassivediamicton

545 in both these coress most likely to be an iceberg turbatef. WoodworthLynas and

546 Dowdeswel] 1994)with younger material being mixed into the underlying sediment, hence
547  the young ages$uch scouring byhe keels of grounded icebergs would be expected to deform

548 and compact the surrounding sediment and offers a plausible atipiafor the high shear
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549 strengths in LF1This interpretation is further supported by the seismic data that shows clear
550 evidence of iceberg scouring on the bathymetric high, where core 196VC was (6og.t8)

551

552 In the upper 250 cm of core 195VIF1 comprses matrixsupported diamictorihat is

553 predominantly massive but places is diffusely stratified (minor Dms). The associated shear
554  strengths are relatively low, particularly when compared to the subglacial $idisltukl above.

555 We interpret these characteristics as compatible with a subaqueous depositional environment
556 at 22.8 cal ka BHn which sedimentation was by theirmaut of icebergrafted debris

557 supplemented bguspension settling from turbid meltwater plef{i2owdeswell et al., 1994,

558 2000; Cowan et al., 1997

559

560 4.3.2 LF2: Laminated mudK]l)

561 Laminated claspoor muds with abundant marine fauna, including articulated bivalves and
562 well preserved glacimarine foraminifera swiadE. clavatumandC. reniforme are indicative

563 of meltwaterrelated sedimentation aglacimarine environmentlpyd et al., 2011; Jennings

564 et al.,, 201). They indicate that the core sites were fofeyrounded iceat the time of LF2

565 formation and thus that this lithofaciesrined duringice-sheet retreatSuch laminated

566 glacimarine muds can form by a range of processes including suspension settling from turbid
567 overflow plumes (Cowan and PowelBd0; O Cofaigh and Dowdeswell, 2008ugford and

568 Dowdeswell, 201)1or depositiorfrom fine-grained turbidity currentsStow and Shanmugam.,

569 1980. Laminae vithin 194VC are well preserved and in places have a wispy appearance with
570 laminae boundaries sometimes blurred and hard to define. We suggest that these sediments are
571 predominantly the result of suspension settling from turbid pluktessg et al., 1997; Lucchi

572 et al., 2013) witha minimal contribution from iceberg rafting.basal datef 24.4cal ka BP
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from LF2 in the base of core 194VC shows that glacimarine condipeevailed at this core

site at that time and the site was fodgrounded ice

In contrast the low shear strengtlaminated sequences from the cores on the inner shelf
offshore Connemara show greater variability in terms of thickness, the occases®ice of

load structures and clear normal grading as well as discrete granule horizons, characteristic
which we suggest indicates that they formed, at least in part, from turbidity currents facilitated
by the irregular topography of the inrsgrelf(Stow and Piper 1989. The three dates from the

bases of cores 180PC and 184PC indicate the inner shelf was free of grounded ice by at least

17.1 cal ka BP.

4.3.3 FL3: Deformed laminated mud (Fdef)

Formation of theleformed laminated msdecovered fronbasin fills across the mighelfis
inferred to have occurred in twstages. The first stage involved deposition by a range of
subaqueous processes similar to thatlpcong the laminated muds of LERee above)lhese

muds were then deformed by an oscillating grounded ice margin. The evidertbés is
fivefold: (i) the presence of contortion, load structures and water escape structures (e.g.,
191VC, 190VC, 194VC); (ii)He facies relationship of LF2 and LF3 in whithe deformed

muds characteristically overlie undeformed laminated sequences. In core 191VC undeformed
laminated muds are overlain by massih@micton (LF) and the transitiobetween the tws

marked by an amalgamation zone of deformed mixed sedifbig. facies sequence is
consistent with a glatectonitesubglacial till origin in which laminated glacimarine sediments

are overridden by grounded iad.(O Cofaigh et al., 201 Evans 2018)Core 194VC shows a
similar vertical transition frommndeformed laminated mud (RFinto heavily contorted muds;

(i) high shear strengths of up to 150 kPa of the deformed facies and, in some cases the
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underlying laminated muds of LF2 (e.g., core 194VC), which is consistent with compaction by
grounded ice(iv) the sequence of three ages in the deformed facies of 190MCh arein
reverse stratigraphic ordeand (v) interbedding of the deformed and undeformed laminated
muds in several cores (191VC and 194VC). Collectively this indicates a dyrasuikdaing
grounded icesheet on the mighelf thatdeposited and then glacitectonised glacimarine
sedimentsluring episodic retreat across the sheHis is consistent with the study®@éters et

al. (2015, 2016yvho interpreted the outermost and largest gdmgzone wedge on the mid

shelf as a composite feature produced during stillstand()sailthtions ofgrounded ice.

Chronological control on the ageld¥3 and the oscillatory margin is provided by several dates
from cores 190VC and 194VC on the nsldelf and miegshelf slope respectively. The date of
24.4 cal ka BP from the base of 194VC provides a maximum age on the overriding and
deformation of the lamiated glacimarine sediments in this core. Similarly, in core 190VC the
youngest of the three dates (23 cal ka BP) fromibBRates that glacimare sediments were

overridden after this time.

Deformed laminated sediments of LF4 were also recovered fneninnershelf offshore
Connemara in cores 180PC and 184PC. These sediments are characterised by low shear
strength not eoeeding 20 kPa and contain dreent well preservedarticulated bivalves
(Yoldiella sp) and bioturbation. We infer that these are ighacine sediments that, in contrast

to the midshelf, have not been overridden by grounded ice. Rather we attribute the deformation

in these sediments to relate to mass movement in which glacimarine sediments deposited on

an irregular inner shelf underweshbtwrslope resedimentation

4.3.4.LF4: Massive mudKm)
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623 Lithofacies LF4 (massive mud) was only observed in a single core (186KE€jnassive, fine
624 grained nature of LF4 is interpreted iaslicative of aquiescentglacimarinesettingwith
625 sediment depositeay suspensiossettlingthrough the water columithe absence of clasts and
626 bioturbation (burrows, mottlingduggests that iceberg delivery and/or IRD deposition and
627  productivityweresuppressed. This could be due to sedimentatiam iiceshelf cavity away
628 from the grounding linecf. Domack and Harris, 1988; Kilfeather et al., 2011) or the presence
629 of sea ice fringing the iesheet marginaf. Dowdeswell et al., 200Q@ennings et al., 2018).
630 The highshear strengths that characterise lithefacies (75150 kPa) may reflect overriding
631 by grounded ice similar to LF2 and LF3 above.

632

633 4.3.5.LF5,6and7: Clast supported grave§m), Matrix supported gravel@mg andMassive
634 sand Gn)

635 Massivegravel and sand units (BF7) form the upper lithofaciesequencen all cares
636 collected from across the shdli~7 oftenoverlies eithera gravel lagr LF5 and/or LF6This
637 fining upward sequence of gravels (LF5), sandy gravels (LF6) to massive saiijishdtHs
638 seenin several cores (e.dl93vVC, 190VC, 186V (s either evidence of a gradual weakening
639 in bottom current activity, or alternatively represeat marine transgression and gradual
640 increasean water depth{Viannaet al., 1998; Howe et al., 2001; Plets et al., 2015).

641

642 5. Discussion

643 5.1.Geomorphological and sedimentary signatures of theBaisish-Irish Ice Sheet on the
644  Atlantic shelf west of Ireland

645 Overconsolidated subglacial tills in a series of cores (see set@bove) indicate advance
646 of theBIIS as a grounded ice maasross the continental shelffshore ofGalway Bay and

647 western Ireland. A date on reworked shell from till in core 193VC prevadmaximum age
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for this advance and indicates that it occurred after 26.4 cal ka BP, and thus durilodpdhe g
LGM (gLGM) (26.519 cal ka BP;Clark et al., 2009). However, core 193VC only penetrated
the upper few metres of tiMid-Shelf Grounding Zone GQopleximplying that much othis
landform pre-dates theadvance andvas overridden byt. Hence, as McCarron et al. (2018)
arguetheMid-Shelf Grounding Zon€omplex maywell be a product of more than one glacial
cycle. The advance extended west offhé-Shelf Grounding Zone Compleas indicated by

the presence of subglacial till in core 195VC from the-gfidlf slope, and it grounded to at
least 240m water depth inhe Slyne Trough. An extensive advance across the shelf is also
supported byPeters et al. (2015, 2016) who document geomorphological and sedimentary
evidence in the form of GZWs and subglacial till for grounded ice from the last glacial period
further weston the Porcupine Bank. This contrasts with the interpretation of McCarron et al.
(2018) who inferredhelastice sheet margiwasrestrictedtothe mid hel f ( 61 r i s h

Shel fo).

Our seismic data indicate that retreat across the shelpuvatuated by stillstarscand minor
readvancsof thegrounding line This is recorded by a series of large GZWs and intervening
smaller moraines. The outermost GZW on the-gfidlf forms the largMid-Shelf Grounding

Zone Complexand is a composite, muitrested featurewhich contains overridden
glacimarine muds on its eastern side implying an oscillatory grounding line. Basin fills between
the GZWs across the shelf contgiacimarine sedimentnd are inferred to be a product of
subaqueous sedimentation beyond the grourlitiegwhen the ice sheet was positioned at a
GZW. Hence the basin fills are a product of tirtensgressive deglacial glacimarine
deposition. It is notable, however, tha¢ thasin fill sediments are often deformed and hgavi
consolidated indicating theyave been overridden and glacitectonised, both on thesineid

and in the Slyne Trough (core site 194VC). Collectively this indicates iteegheet
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retreabccurred in a glicimarine setting and was punctuated by readvances of the grounding

line, which overrode and deformed these deglacial sedinfjehnt3eters et al., 2016).

Although the GZWs and small moraines are both interpreted as deglacial landforms recording
episodic, oscillatory, groundinlne retreat across the shelf, there is a marked contrast in size
between them. The larger GZWs are several tens of kilometres wide and typieaiyn.(h
amplitude. In contrast, the moraines are less than 1 km wideamptitudes of 8 m, and in

some cases are buried by the larger GZWss(Rig4a, 4b and see sectiof.2 above). One
interpretation for the contrast in size could be that the large GZWs are associated with
deposition in a suire shelf cavity, while themaller ridges are a product of formation along

a grounded tidewater ideont (Powell and Domack, 1995; Batchelor and Dowdeswell, 2015).
We corsider this unlikely, however, due to the intimate spatial relationship between these
landforms on the midhelfwhereby the smaller moraines occur between the larger GZWs and
are in turn overprinted by them. A more likely explanation is that the stillstands which formed
the smaller buried ridges were of shorter duration than those associated with the larger GZWs

andor were associatedith lower sediment flux to the grounditige.

5.2.Timing and dynamics of iegheet retreat

Radiocarbon dates from glacimarine sediments in our cores constrain the tingagbéet
retreatacross the shelf. The earliest date on retreat is from core 194VC from the Slyne Trough.
Lamnated glacimarine muds (LF2) frothe base of the comated 244 cal kaBP, showing

that this site was icree by that time (Fig. 10) It also provides a maximum age on the
subsequent readvance recordedthe upper part of 194VC (see section 4.Bhis is
significantly earlier than the daté¢ <21.8 cal ka BP proged for initial retreat from Porcupine

Bank byPeters et al. (2016)eck et al (2006) use peaks in BH8urced IRD as evidence for periods
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of ice-marginal destabilisation. They show that the first increase inlBI5occurred from 26-25.8
ka BP, buthat this was followed by a more prolonged interval of high BRB flux between 25.5
23.4 which they relate to significamte-marginal instability. This is broadly coincident with our

interpretation of icesheet retreat ande-free conditions occurring at core site 194VC by 24.4 ka BP.

The Mid-Shelf Grounding Zon€omplexmarks a major groundinline position on the mid
shelf. A date oR3 calka BP from glacitectonised glacimarine sediments in core 190VC from
the east side of éhmoraine provides a maximum age for the most recent period of ice
occupancy at the moraindhe geomorphology and glacitectonised sedimeefiect the
oscillatory groundingine that advanced over adéformedhese deglacial sediments. This is
broadly ©onsistent with icdree conditions and glacimarine sedimentation dated to 22.8 cal ka
BP on the slope of the Slyne Trough (core site 195VC). Additional constraint on the age of the
Mid-Shelf Grounding Zone Complex provided bytwo dates oR1.1 cal ka BRand 18.5 cal

ka BPfrom benthic foraminifera in glacitectonised sediments from the flank of the moraine
(Peters et al., 2@). This indicates the groundidme was still occupying thélid-Shelf
Grounding Zon&€omplex athis time(Fig. 10)and deforming glacimarine sediments. Hence
the Mid-Shelf Grounding ZoneComplex marksa prolonged stillstand of an oscillatory
groundingline on the mieshelf The flux of BlISderived IRD is variable throughout this
period, possibly reflecting the odaiiory pattern of icenarginal dynamics that we record on

the shelf (c.f. Peck et al 2006, 2007).

The timing ofice sheet retreandthesubsequent groundidme stabilisation athe Mid-Shelf
Grounding Zone Complezoincides withboth Greenland Interstadial 2 (GI222-24 ka BR
(Andersen et al., 2006andthe Heinrich 2(H2) event that led toreabruptrise insea leveht
c. 24 ka BRSiddall et al., 2003; Scourse et al., 2009). The climatic and oceanographic changes

associated witls12 and H2 are therefore potentedternalforcing mechanisson ice sheet
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724  dynamicon the Atlantic shelf offshor@alway Bay. However, theZWs and smaller moraine

725 ridgesthat we documenacross the midhelf point to numerous stillstands and readvances
726 interrupting overall icesheet retreatHence,it is likely that internal mechanisms were also
727 important controls on iesheet retreat dynamica. well-known internal control on ice shelf
728 and tidewater glacier dynamics that can mttependently of climatic or oceanographic
729 controls is sedimentation at the grounding line (PanEd91, Alley et al., 2007Brinkerhoff

730 et al.,, 201). Where rates of sediment delivery to the grounding line are high, a positive
731 feedback is introduced smthat sediment deposition builds moraines or GZWs which in turn
732 actto reduce water depth and thereby facilitate further groutidimgtabilisation and, in some
733 casesa shortlived readvanceHence while climate forcing is a plausible control on retre

734 dynamics across the mghelf given the available radiocarbon chronology, we suggest that
735 localised internal glaciodynammechanisms related to sediment delivery at the grounding
736 line may also help to explain the numerous stillstands and the osyiltetoaviour at the Mid

737  Shelf GroundingZzone Complex.

738

739 A date of 21 cal ka BP (core 211VC) from an iceberg turbate from west of th&Hhéid

740 Grounding Zone Complex provides further constrainicersheet retreatt is possible that the

741 ice sheet wastill grounded at the Mi&helf Grounding Zone Complex at this tirfieg 10)

742 Radiocarbon dates on deglacial sediments from offshore Connemara indicate that much of the
743 shelf wasice-freeby or beforel7.1 cal ka BRFig. 10) There is no evidence of aysificant

744  readvance of the ice sheet onto the continental shelf after this time. Nevertheless, a date of 15.3
745 cal ka BP from iceberg turbate in core 196%@m west of the MidShelf Grounding Zone

746  Complex implies that icebergs were still transiting thdfstiehis time, although the source of
747  these bergs cannot be determined from the available data.

748
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6. Conclusiors

New amustic stratigraphicsedimentologicahnd geochronological data frotime continental

shelfoffshore central western Irelapdovides new insights on the timing and style of ice sheet

advance and retreat during the last glacial cyletem the integrated analysig, five-fold

sequence of events is proposed belsee Fig. 1Q)

1.

Ice sheetdvance 6 aMid-Shelf Grounding Zone Complesometime after 26.4 cal ka
BP. Subglacial till cored from within the Slyne Trough, at 240 m belowesesh,
confirms that grouned ice exteneéd beyond this mieshelf position and likely
grounded on the Porcupine Bafdk Peters et al, 2015).

Ice sheet retreat was underway beftel cal ka BRis indicated by radiocarbon dated
glacimarine sedimenis the Slyne TroughThe timing of initial etreat is earlier than
previouslyproposed for this region (Peters et al., 2015, 2016) but is consigtant
dates on retredtom the Atlantic shelf further to the nortind south(Callard et al
2018;0 Cofaigh et al 2019; Scourse et.aR019. It is also consistent witevidence
of destabalisation of the BIIS from 25.5 to 24.1 ka BP basdtieypeak IRD fluxin
deepseacore MD012461 (Peck et al., 2006, 2007).

Overconsolidated glacimarine sedimeatsl subglacial tills in cores from ti&yne
Troughrecordgroundingline readvance sometime after 24zl ka BP.

Ice sheet retreat across the shelf was characteriseal dyynamic andoscillating
groundingline asrecordedby GZWs, moraines and deformed glacimarine sediments.
Dating of overconsolidated glacimarine muds collected in this study conabivith
thechronology from Petsret al (2016) indicate thagroundedce was still oscillating

at theMid-Shelf Grounding Zone Compldetween 23.8.5cal ka BP.
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5. Most of thecontinental shelf was ice freeyld7.1 cal ka BPEvidence of iceberg
turbationat 15.3 ka BRmpliesa marine terminating margiit this timealthough we

foundno evidenc®n the shelfor a readvance of ice after 17.1 ka BP.
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Figures:

Figure 1:Location mawith a) Regional schematic map showing the maximum extent of the

British Irish Ice Sheet during the last glacial, modified from Peters et al. (2015) with ice
marginal and Donegal Barra Fan positions previously publishéarbishaw et al. (2000),
Knutz et al. (201), Benetti et al(2010), Dunlop et al.(20109 Cofaigh et al(2012),
Sacchetti et al. (2012), Thébaudeau et al. (2016)Cdentt et al. (208) and b) Galway Bay
continental shelf showing the labelled core locations (red circles) and seismic prafidas s

in Figs 2, and 7 (black lines labelled).

Figure 2:Seismic lines that span the nstelf trough to migshelf with a) in the north and b)

in the south of the shelf.

Figure 3: a) close up of the seismic line over core sites 198V C withinterpreation
panel underneath, the vertical red lines mark the core location and peneNat®the

seabed artefactsible in the top righthand side of this imad® core logs for core 196VC,

aci i

195VC and 194VC, with calibrated radiocarbon dates, shear strength measurements in kPa

and lithofacies codes with colour representing the associated acoustic unit in the

interpretation panel above.

Figure 4: Closaup seismigmages from the northern line, with a) the seismic data and

interpretation panel covering mounds 1 to 3 {8)Idescribed in sectiohl, b) seismic data
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1088 and interpretation panel for cores locations 191VC and 190VC, and c) seismic data and
1089 interpretation pnel for Mound 5 and core location 186VKhe vertical red lines mark the
1090 core location and penetration.

1091

1092

1093 Figure 5: Closaip seismic image and interpretation panel of mounds 5 to 6 identified in the
1094 southern linend described in section 4The verticalred lines mark the core location and
1095 penetration.

1096

1097

1098 Figure 6: core logs for all cores collected on the-gtidIf, with calibrated radiocarbon dates,
1099 shear strength measurements in kPa and lithofacies codes with colour representing the
1100 associated acoustimit in the interpretation panel of Figures 4 and 5.

1101

1102 Figure 7: Seismic lines from offshore Connemara coastline,-siradf, with a) a 23 km long
1103 seismic line with interpretation panel of the seismic data below, and bjugasiethe

1104 seismic data and ietpretation panel for cores 184VC to 181M@e vertical red lines on
1105 mark the core location and penetration.

1106

1107 Figure 8: Core logs of cores collected in the irstezlf offshore the Connemara coast with
1108 calibrated radiocarbon dates, shear strength measnotsiin kPa and lithofacies codes with
1109 colour representing the associated acoustic unit in Figure 7.

1110

1111 Figure 9: Example core photograph andhgiographs of the different lithofacies described in

1112 section4.3. The white dashed lines mark stratigraphic bauies.
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1134

Figure 10:Time-distance diagram of iegheet extent on the continental shelf offshore
Galway Bay from the Last Glacial Maximum (LGM) to 17 ka BP. The position of the ice
sheet margin is shown as a solid black line with the dashed line repregemiods of

retreat. The shekdge position at 226 ka BP is implied from the IRD records of Peck at al.
(2006, 2007), whilst the midhelf margins are based on radiocarbon dates in this study and
from Peters et al. (2016). Doubdeded arrows represehe oscillating ice margin on the

mid-shelf

Tables

Tablel. Location, water depth and core recovery of cores collected from Galway Bay

Table 2 Radiocarbon results for cores discussed in this study
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