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1. INTRODUCTION 46 

Understanding the dynamic behaviour of marine-based sectors of large ice sheets is of considerable 47 

importance due to the potential inherent instability of these ice masses and their impact on sea level 48 

(Bamber et al., 2007; Rignot et al., 2014; Joughin et al., 2014). Numerical ice sheet models that 49 

seek to predict the future dynamic behaviour of marine-based ice sheets and, in particular, how they 50 

will deglaciate in response to a warming climate are often limited by the short time period over 51 

which modern observations extend. Such models are strengthened when tested against 52 

chronologically, geomorphologically and stratigraphically well-constrained retreat histories 53 

extending over centuries to millennia for individual ice sheets and ice sheet sectors (e.g., Lecavalier 54 

et al., 2011; Bentley et al., 2014; Stroeven et al., 2016).  55 

The British-Irish Ice Sheet (BIIS) reached its maximum about 27 ka when it was estimated to have 56 

been ca. 840,000 km2 in area, of which ca. 300,000 km2 was marine-based (Clark et al., 2012), and 57 

it was drained by several fast-flowing ice streams (Eyles and McCabe 1989; Ó Cofaigh and Evans, 58 

2001; Bradwell et al., 2007; Livingstone et al., 2010; C. Clark et al., 2012; Chiverrell et al., 2013).  59 

Although the BIIS was relatively small, its proportionately large marine-based area, combined with 60 

its location bordering the North Atlantic, an area known to have experienced large-scale climatic 61 

and oceanographic changes during the last cold stage, would have meant that it was sensitive to 62 

external forcing(s) and thus make it a useful analogue for how marine-influenced ice sheets 63 

deglaciate (C. Clark et al., 2012). While there has been well over a century of research on the last 64 

BIIS, the majority of this work, with some exceptions (Scourse et al. 1991, 2000; Stoker, 1995), has 65 

focused on its terrestrial geological and geomorphological record. In the last decade, however, the 66 

application of improved marine geophysical techniques such as multibeam swath bathymetry (e.g., 67 

Van Landeghem et al., 2009; Dunlop et al., 2011; Ó Cofaigh et al., 2012) and the compilation of 68 

single beam datasets such as OLEX (Bradwell et al., 2008;; C. Clark et al., 2012; Sejrup et al., 69 

2016) has accelerated this research on the continental shelves adjoining Ireland and Britain  70 

In this paper we refer to the global Last Glacial Maximum (gLGM) and local Last Glacial 71 

Maximum (lLGM). The term gLGM is used to refer to the period of 26.5-19 ka when eustatic sea 72 

level was at a minimum and sheets were at their maximum extent (P. Clark et al., 2009). However, 73 

it is accepted that the timing of the maximum extension of individual ice sheets and different sectors 74 
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ridge being the older of the two. It is also supported by the presence of heavily contorted Facies B 269 

sediments in the eastern side of the moraine which we suggest were glactectonised following their 270 

initial subaqueous (see below) deposition (Fig. 9).   Undeformed, acoustically stratified, 271 

conformable sediments of Facies B to the east of the Donegal Bay Moraine were deposited after the 272 

ice margin had receded from the moraine into the inner part of Donegal Bay. 273 

Facies B 274 

The well-developed stratification and on-lapping geometry of Facies B, combined with sediment 275 

core evidence which shows it is composed of laminated and massive muds are consistent with fine-276 

grained sediment input in a subaqueous setting. Such facies have been commonly described from 277 

glacimarine environments where they are formed by rain-out from turbid meltwater plumes and 278 

iceberg rafting, likely combined with localised deposition from dilute sediment gravity flows 279 

(Gilbert et al., 1985; Powell and Domack, 1995; Hogan et al., 2012; Ó Cofaigh et al., 2016b). 280 

Facies B tends to infill the depressions between the topographic highs of Facies A rather than drape 281 

them and this suggests that emplacement of Facies B was likely time-transgressive and associated 282 

with sediment being sourced from the vicinity of the topographic highs.  283 

Facies C 284 

Stratigraphically this is the uppermost acoustic facies in the study area and is therefore the 285 

youngest. It is acoustically transparent or structureless and occurs beneath the seafloor reflector. 286 

Cores from Facies C show that it variably comprises sand and poorly-sorted clast- and matrix-287 

supported gravel, in some cases rich in single and broken bivalve shells. Facies C is interpreted to 288 

post-date ice sheet retreat in the bay. The sedimentological evidence for clast-supported gravels and 289 

shell hash points to bottom-current winnowing (cf. Howe et al., 2011; Howe 2006) and Facies C is 290 

therefore interpreted largely as a product of post-glacial sedimentation and bottom-current activity 291 

(Viana et al., 1998). 292 

4. SEDIMENT CORES  293 

4.1 Radiocarbon Dates 294 

Twenty two radiocarbon dates were obtained on samples of shells and foraminifera from cores 295 

across the shelf (Tables 1 and 2). The dates are shown at their stratigraphic depths on the core logs 296 

in Fig. 6. Samples for dating were selected predominantly to constrain the timing of retreat across 297 

the shelf but two samples of reworked shell fragments were dated to constrain the maximum age of 298 

till formation and thus ice sheet advance on the outer shelf. The conventional radiocarbon and 299 

calibrated ages are shown in Table 2.  300 
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2012). Radiocarbon dates on two samples of mixed benthic foraminifera from the base of 429 

Lithofacies 1b in core CE08-010 and from 6 cm above its upper contact bracket the age of the 430 

diamicton and thus glacimarine sedimentation at this core site (mid-shelf). The sample from the 431 

core base dated 18063+167 cal BP (SUERC-58324) and the sample from above the diamicton dated 432 

15250+145 cal BP (UCIAMS-133551) (Fig. 6 and Table 2).  433 

Lithofacies 2 comprises fine-grained, soft laminated mud and is common in cores from the mid- and 434 

inner-shelf. It corresponds to acoustic Facies B. Lamination is typically horizontal or sub-horizontal 435 

and clasts within the muds are small and relatively infrequent. The presence of grading, 436 

rhythmicity, sharp laminae bases, and horizontal or sub-horizontal lamination with relatively minor 437 

and localised deformation indicates that the laminated muds are a product of meltwater deposition, 438 

most likely from the settling of suspended sediment from turbid meltwater plumes issuing from the 439 

retreating ice-margin during deglaciation although it is possible that at least some of the lamination 440 

is a product of deposition from turbidity currents (Makiewicz et al., 1984; Hesse et al., 1997; 441 

Ashley and Smith, 2000; Ó Cofaigh and Dowdeswell et al., 2001). Clasts within the muds are 442 

relatively rare and small implying that iceberg rafting was low and was subsidiary to meltwater 443 

deposition (Cowan et al., 1997; Lloyd et al., 2005). Benthic foraminifera indicative of cold, Arctic 444 

glacimarine conditions (E. excavatum f. clavata; Cassidulina reniforme) are common in Lithofacies 445 

2 and 3 (see section 5 below) indicating that subaqueous sedimentation and ice-sheet retreat 446 

occurred  in a glacimarine depositional environment (cf. Hald and Korsun, 1997; Lloyd et al., 2005; 447 

Jennings et al., 2006).  448 

Lithofacies 3, massive mud (Fm) is interpreted as a product of rapid meltwater sedimentation in 449 

which high sedimentation rates of fine-grained material settling from suspension supressed the 450 

formation of laminations. A similar origin is proposed for the formation of the massive mud with 451 

clasts  (Fmd) but one in which the rain-out of iceberg-rafted debris played a significant role 452 

(Elverhøi et al., 1983; (Domack, 1984; McCabe, 1986; Dowdeswell et al., 1994).  453 

Radiocarbon dates from the laminated and massive glacimarine mud facies (lithofacies 2 and 3) 454 

provide age constraints on the timing of glacimarine sedimentation on the mid-shelf and thus ice 455 

sheet retreat. Five dates were obtained from samples of mixed benthic foraminifera from the bases 456 

of cores JC106-099VC, JC106-101VC, JC106-102VC, JC106-105VC and JC106-106VC. The 457 

oldest date is 24804±388 cal BP (UCIAMS-164437) with the other dates ranging from 23.7-20.2 ka 458 

cal BP (UCIAMS-164431, UCIAMS-164438, UCIAMS-164435, UCIAMS-164429) (Fig. 6 and 459 

Table 2). Further inshore two samples of mixed benthic foraminifera from laminated glacimarine 460 

muds close to the base of core JC106-095VC from the Donegal Bay Moraine and from core CE08-461 
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recording the former presence of a grounded, shelf-edge terminating ice sheet that then underwent 657 

lobate, episodic retreat back across the shelf and into Donegal Bay. This is consistent with glacial 658 

geomorphological mapping by Dunlop et al. (2010) from the Malin Sea immediately to the north, 659 

which indicated extensive shelf edge glaciation with convergent ice flows from western Scotland 660 

and northwest Ireland reaching the shelf edge at the lLGM. Ó Cofaigh et al. (2012) suggested an 661 

lLGM age for the shelf-edge advance offshore Donegal Bay based on comparison to the timing of 662 

BIIS IRD fluxes onto the Barra Fan which implied that maximum ice sheet growth was attained by 663 

24 cal ka BP and deglaciation occurred at 23 cal ka BP (Scourse et al., 2009). However, the 664 

moraines were not dated directly and thus the timing of ice sheet advance and retreat across the 665 

Atlantic shelf northwest of Ireland remained poorly constrained until the present study. 666 

Working further to the south, offshore of Galway Bay,  Peters et al. (2015, 2016) presented marine 667 

geophysical and geological evidence supported by radiocarbon dating which indicated that the last 668 

BIIS extended across the shelf west of Ireland and onto the Porcupine Bank, with retreat underway 669 

by 21.8 cal ka BP. Extensive grounded ice on the shelf is also supported by the recent study of 670 

Callard et al. (2018) from the Malin Sea. These authors propose advance of the Barra Fan Ice 671 

Stream to the shelf edge west of Scotland at the lLGM with retreat underway by 25.9 cal ka BP and 672 

the majority of the shelf ice free by 23.2 cal ka BP. 673 

Cores JC106-108VC, JC106-111VC and JC106-112VC from the outer shelf offshore Donegal Bay 674 

recovered stiff, matrix-supported diamictons (see above). The characteristics of these diamictons 675 

are consistent with their formation as subglacial tills associated with a grounded ice sheet.  Two 676 

AMS radiocarbon dates on reworked shells from JC106-112VC provide a maximum age for till 677 

formation and thus the advance of ice onto the outer shelf (see above). They indicate this occurred 678 

after 26.3 ka cal BP (Fig. 9). This was a little later than previous interpretations of the timing of the 679 

lLGM at 27 ka (C. Clark et al., 2012), but is consistent with IRD records from the Barra Fan which 680 

indicate shelf-edge glaciation occurred after 27 ka (Scourse et al., 2009).  681 

Retreat of the ice sheet from the outer shelf is constrained by several dates from laminated sand and 682 

mud facies that record glacimarine conditions during deglaciation in cores from the outer and mid-683 

shelf. A date of 23,796±267 cal BP (UCIAMS-133552) from mixed benthic foraminifera in core 684 

CE08-018 dates retreat from the outer shelf but older dates from the mid-shelf of 24,804+388 cal 685 

BP (UCIAMS-164437) from glacimarine muds in JC106-102VC and 26,319+247 cal BP (SUERC-686 

63558) from massive sands at the base of JC106-103VC indicates that the ice sheet retreat from the 687 

outer shelf was actually underway before this time. The date of 26,319+247 cal BP (SUERC-688 

63558) is within the 2 sigma error  range of the dates from till in core JC106-112VC. This either 689 
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implies a very short-lived rapid advance/retreat on the outer shelf or, perhaps more likely, that the 690 

date of 26,319+247 cal BP is actually a maximum constraint on retreat. Either way the dates on 691 

reworked shells from tills and on benthic foraminifera from glacimarine deposits constrain the most 692 

recent episode of ice occupancy on the outer shelf to between 26.3 and 24.8 cal ka BP and thus 693 

during the gLGM when eustatic sea level was at a minimum (P. Clark et al., 2009; Lambeck et al., 694 

2014). This implies the existence of ice free conditions and crustal depression immediately prior to 695 

that advance, at least on the outer shelf 696 

The new radiocarbon dates from till and deglacial sediments that we present in this study provide 697 

directly dated evidence for an extensive grounded ice sheet offshore of northwest Ireland at the 698 

gLGM. It is consistent with earlier work which proposed a similar reconstruction on 699 

geomorphological grounds (Dunlop et al., 2010; Ó Cofaigh et al., 2012), and a recent study from 700 

the Malin Sea Shelf which inferred a shelf edge advance of the Barra Fan Ice Stream after 26.7 cal 701 

ka BP (Callard et al., 2018). Collectively we suggest that this implies a shelf-edge terminating BIIS 702 

along the continental margin offshore of northwest Ireland and western Scotland at the lLGM.. This  703 

refutes earlier proposals (Bowen et al., 2002; McCabe et al., 2007), which argued for a restricted 704 

LGM advance onto the shelf in this region. Given the weight of geomorphological, 705 

sedimentological and chronological evidence for a grounded ice sheet emanating from Donegal Bay 706 

and extending to the shelf edge at the LGM the four Glenulra dates on benthic foraminfera 707 

(McCabe et al., 2007) are inferred to be anomalous (Ballantyne and Ó Cofaigh, 2016). As proposed 708 

by Ballantyne and Ó Cofaigh (2016) they could be explained by preservation beneath LGM ice, 709 

possibly in permafrost, due to their protected position in a valley orthogonal to the direction of ice 710 

sheet flow, or alternatively they are reworked and thus provide only maximum ages for the timing 711 

of ice sheet retreat. 712 

5.2 Glacimarine conditions during deglaciation 713 

Our sedimentological and foraminiferal data demonstrate that retreat of the last ice sheet across the 714 

Atlantic shelf northwest of Ireland took place in a glacimarine environment (Fig. 9). This 715 

interpretation is supported by laminated and massive muds with dropstones (lithofacies 2 and 3 716 

above) that contain a foraminiferal assemblage with abundant E. excavatum f. clavata and C. 717 

reniforme. These species are common in modern glacier-influenced, Arctic fjord and shelf 718 

environments which are characterised by low salinity and cold temperatures (Hald and Korsun, 719 

1997; Korsun and Hald, 2000; Lloyd 2006). Present day water depths in the study area are deepest 720 

at the shelf edge (125 m) but then decrease to less than 80 m at the mouth of Donegal Bay, where 721 

the Donegal Bay Moraine is located. The cores containing glacimarine sediments generally were 722 
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retreat dynamics once the ice sheet reached the fjords and islands of western Scotland which acted 790 

as pinning points (Small et al., 2017). 791 

 The ice sheet underwent ~81 km of retreat from the shelf edge to the Donegal Bay Moraine which 792 

formed ca. 20-19 ka BP. Dates of 26.3 ka from reworked shells in till from the outer shelf provide a 793 

maximum age for the timing of retreat and a date of 24.8 ka from glacimarine sediments on the 794 

mid-shelf provides a minimum age for retreat from the outer shelf. These dates allow an envelope 795 

of retreat rates to be  estimated. If these are averaged across the outer shelf to the Donegal Bay 796 

Moraine they range from 11.25 m/yr to 14 m/yr. It is, however, perhaps more instructive to break 797 

this down further into retreat from the shelf edge to the mid-shelf (core JC106-102VC with retreat 798 

dated at 24.8 ka BP) and then retreat from JC106-102VC to the Donegal Bay Moraine over 799 

distances of 50 km and 32 km respectively. This gives a minimum retreat rate of 35.7 m/yr from the 800 

shelf edge to the mid-shelf with the caveat that this retreat must actually have been faster as the 26.3 801 

ka date constraining pull-back from the shelf edge is a maximum date for retreat. Ice sheet retreat 802 

then slowed to 5.5 m/yr from core site JC106-102VC to the Donegal Bay Moraine. While retreat 803 

across the outer shelf was faster when compared to that from the mid-shelf to the Donegal Bay 804 

Moraine, overall these retreat rates are slow and consistent with the geomorphological evidence 805 

which points to episodic retreat characterised by numerous still-stands. By way of comparison they 806 

are an order of magnitude less than retreat rates recorded for contemporary ice streams in West 807 

Antarctica (e.g., 120-450 m/yr; Conway et al., 1999; Thomas et al., 2011) and the largest ice stream 808 

of the BIIS the Irish Sea Ice Stream (100-550 m/yr; Chiverrell et al., 2013).  These relatively slow 809 

retreat rates offshore NW Ireland are consistent with the predominantly normal bed slope across the 810 

shelf and lack of major overdeepenings (cf. Briner et al., 2009; Stokes et al., 2014). 811 

Our radiocarbon chronology indicates that the timing of initial BIIS retreat from the Atlantic shelf 812 

offshore of NW Ireland occurred relatively early during the gLGM (Clark et al., 2009), thereby 813 

implying that atmospheric warming is unlikely to have been the main driver of initial retreat. 814 

Furthermore, the foraminiferal assemblages within the cores show no evidence for the advection of 815 

warm ocean waters during initial deglaciation across the shelf. Rather they are dominated by 816 

glacimarine and cold-water indicator species. This, and the presence of glacimarine sediments along 817 

the adjoining coastline of north Mayo (see above), argues against ocean warming as a trigger for ice 818 

sheet retreat from the shelf and indicates high relative sea level during deglaciation. It is notable 819 

that extensive zones of well-developed iceberg ploughmarks occur immediately offshore of the 820 

outermost moraines on the shelf (Benetti et al., 2010; Ó Cofaigh et al., 2012).  Initial retreat from 821 

the shelf edge therefore appears to have been linked to a major episode of ice-sheet break-up and 822 

iceberg calving (cf. Bradwell et al., 2008; Small et al., 2017). It is likely that retreat was triggered 823 
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Table 1. Site information on sediment cores from Donegal Bay and the adjoining shelf 
Core name Location Water depth (m) Recovery (m) 
CE08-003 54.6415° N, 8.9324° W 88 5.12 
CE08-004 54.6601° N, 9.0260° W 82 2.75 
CE08-005 54.6679° N, 9.0414° W 67 6.9 
CE08-008 54.7869° N, 9.3348° W 90 3.22 
CE08-009 54.7891° N, 9.3428° W 90 0.74 
CE08-010 54.8316° N, 9.4233° W 97 5.78 
CE08-011 54.8370° N, 9.4332° W 95 1.39 
CE08-015 54.8403° N, 9.6179° W 99 2.78 
CE08-017 54.8926° N, 9.6872° W 122 1.3 
CE08-018 54.9822° N, 9.9172° W 122 1.0 

JC106-
092VC 54° 24.331'N, 9° 10.608'W 75 2.7 

JC106-
093VC 54° 33.898'N, 8° 59.177'W 81.6 3.55 

JC106-
094VC 54° 34.009'N, 9° 0.049'W 75.6 0.86 

JC106-
095VC 54° 34.238'N, 9° 1.832'W 77.6 2.31 

JC106-
096VC 54° 28.913'N, 9° 10.181'W 75 3.06 

JC106-
097VC 54° 27.287'N, 9° 10.322'W 75 4.71 

JC106-
098VC 54° 26.115'N, 9° 10.446'W 75 0 

JC106-
099VC 54° 36.218'N, 9° 20.139'W 99 4.75 

JC106-
100VC 54° 36.243'N, 9° 20.496'W 99 4.97 

JC106-
101VC 54° 36.784'N, 9° 25.241'W 100 5.65 

JC106-
102VC 54° 37.407'N, 9° 31.134'W 90.5 2.52 

JC106-
103VC 54° 38.438'N, 9° 35.833'W 100 1.49 

JC106-
104VC 54° 40.393'N, 9° 41.239'W 102 0.94 

JC106-
105VC 54° 40.917'N, 9° 42.838'W 108 5.82 

JC106-
106VC 54° 41.202'N, 9° 43.656'W 105 3.94 

JC106-
107VC 54° 48.783'N, 10° 4.829'W 117 1.22 

JC106-
108VC 54° 49.023'N, 10° 5.607'W 119 0.45 

JC106-
109VC 54° 49.521'N, 10° 7.189'W 120 0 

JC106-
110VC 54° 49.714'N, 10° 7.808'W 122.7 0.31 
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JC106-
111VC 54° 49.739'N, 10° 7.881'W 123 0.3 

JC106-
112VC 54° 50.708'N, 10° 10.882'W 125 1 

JC106-
113VC 54° 50.742'N, 10° 10.98'W 125 0.23 
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  foraminifera mid-shelf 
T6-106VC-

389 
 

UCIAMS-
164435 

 

389 Mixed 
benthic 

foraminifera 

18850±90 22307±237 22007±274 21484±310 From massive glacimarine 
mud, 106VC base, mid-

shelf 
T6-112VC-

51 
 

SUERC-
63584 

 

51 Shell 
fragment 

22582±67 26382±257 26082±178 25791±153 From massive diamicton 
(till), 112VC, outer shelf 

T6-112VC-
59.5 

 

SUERC-
63585 

 

59.5 Shell 
fragment 

22572±71 26372±259 26074±180 25783±159 From massive diamicton 
(till), 112VC, outer shelf 

T6CE08-018-
CC 

UCIAMS-
133552 

core 
catcher 

Mixed 
benthic 

foraminifera 

20170±90 23796±267 23436±310 22964±308 From laminated sand, base, 
CE08-018, outer shelf 

T6CE08-015-
272 

SUERC-
47518 

 

272 Shell 
fragment 

12495±40 13976±137 13645±151 13272±104 From massive sand, CE08-
015, mid- shelf 

T6CE08-010-
573 

SUERC-
58324 

 

573-578 Mixed 
benthic 

foraminifera 

15263±43 18063±167 17743±176 17241±196 From massive glacimarine 
diamicton CE08-010, mid- 

shelf 
T6CE08-010-

471 
 

UCIAMS-
133551 

471-478 Mixed 
benthic 

foraminifera 

13205±35 15250±145 14735±339 13987±131 From massive sand, 
CE08-010, mid- shelf 

T6CE08-004-
264 

 

SUERC-
47522 

264-273 Mixed 
benthic 

foraminifera 

15130±44 17918±161 17584±178 17036±212 From laminated glacimarine 
mud, CE08-004, inner shelf, 

inshore of  DBM 
T6CE08-004-

217 
 

SUERC-
47517 

 

217 Shell 
fragment 

11555±39 13030±139 12730±110 12371±208 From massive sand,  CE08-
004, inner shelf, inshore of  

DBM 
T6CE08-003-

493 
 

UCIAMS-
133550 

493-499 Mixed 
benthic 

foraminifera 

11345±30 12800±118 12595±76 11981±157 From laminated glacimarine 
mud, CE08-003, inner shelf 

T6CE08-003-
477 

 

SUERC-
47516 

477 Single 
valve, 

Macoma 

11219±39 12702±102 12472±157 11725±270 From laminated glacimarine 
mud, CE08-003, inner shelf 
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calcarea 
T6CE08-003-

466 
 

SUERC-
47515 

466 Single 
valve, 

Macoma 
calcarea 

11091±38 12622±80 12266±220 11469±247 From laminated glacimarine 
mud, CE08-003, inner shelf 

T6CE08-003-
387 

SUERC-
47514 

387 Shell 
fragment 

10802±38 12284±218 11683±274 11107±112 From laminated glacimarine 
mud, CE08-003, inner shelf 
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Table 3: Lithofacies in cores from Donegal Bay and adjoining shelf (after Eyles et al., 
1983) 
Lithofacies Description 
Dmm (minor 
Dml) 

Diamict, matrix-supported and massive. Can be divided into two sub-
facies. Lithofacies 1a (Dmm) is stiff, massive, contains reworked shells 
fragments, matrix of silt-clay with dispersed clasts of no apparent preferred 
orientation. Lithofacies 1b is a massive diamicton (Dmm) that is locally 
transitional to a diffusely laminated diamicton (Dml) with dropstones. 
Texturally it ranges from zones of clast-poor to clast-rich diamicton. Well 
preserved benthic glacimarine foraminiferal assemblage. 

Gm Gravel, clast-supported 
Gms Gravel, matrix-supported 
Suf Sand, normally graded.  
Sh Sand, horizontally-laminated 
Sm  Sand, massive 
Fl Mud, laminated. 
Fld Mud, laminated with clasts 
Fm Mud, massive 
Fmd Mud, massive with clasts. Occasionally transitional to Dmm 
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