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16 Abstract

17The central sector of the last British-Irish Ice Sheet (BIIS) etesacterised by considerable
18 complexity, both in terms of its glacial stratigraphy and geomorphabgignature. This
19 complexity is reflected by the large number and long history of papatrfiave attempted to
20 decipher the glaciodynamic history of the region. Despite significdaarees in our
21 understanding, reconstructions remain hotly debated and relatively toeadby hindering
22 attempts to piece together BIIS dynamics. This paper seeks to adlaesssissues by
23 reviewing geomorphological mapping evidence of palimpsest flow sigisatune providing
24 an upto-date stratigraphy of the region. Reconciling geomorphological and sedlowoal
25 evidence with relative and absolute dating constraints has allonmeddevelop a new six-
26 stage glacial model of ice-flow history and behaviour in the cesgmetior of the last BIIS
27 with three major phases of glacial advance. This includes: twkass ice flow through
28 prominent topographic corridors of the north Pennines; Il. Cessation of the Staim@ore i
29 flow pathway and northwards migration of the North Irish Sea Basin icelegiVil.
30 Stagnation and retreat of the Tyne Gap Ice Stream; IV. BlacklmaltiM@osforth Oscillation;
31 V. Deglaciation of the Solway Lowlands; and VI. Scottish Re-advandesubsequent final
32retreat of ice out of the central sector of the last BIIS. Theheetswas characterised by
33 considerable dynamism, with flow switches, initiation (and ternoniof ice streams, draw-
34 down of ice into marine ice streams, repeated ice-marginal fllmgaand the production of
35 large volumes of meltwater, locally impounded to form ice-dammeatiajl lakes.
36 Significantly, we tie this reconstruction to work carried out and modelslapeat for the
37 entire ice sheet. This therefore situates research in the ceettar within contemporary
38nderstanding of how the last BIIS evolved over time.

39 Key Words: British-lIrish Ice Sheet; ice-sheet reconstruction; Late Desansi
4Gedimentology; geomorphology; glaciodynamic

41
42 1. INTRODUCTION
43 Recent modelling studies have demonstrated that the last Brisbhice Sheet (BIIS) was
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44 highly dynamic, drained by a number of oscillating, fast-flowing iceashs (Boulton &
Hatjslorn, 2006; Hubbard et al., 2009) and associated with rapid switches in ice-flow direction
46 driven by shifting ice-dispersal centres and ice divides (Salv&ng 2004; Greenwood &
47 Clark, 2008, 2009a,b; Hughes, 2008; Livingstone et al., 2008; Davies et al., 2008, déiva
48 al., 2009; Finlayson et al., 2010). These reconstructions are in accord wWitidlevidence,
49which is characterised by a rich diversity and complexity of Latéstelcene sediments and
50 landforms (Clark et al., 2004; Evans et al., 2005). The last BIIS extended as faasadbe
51 Isles of Scilly (Scourse, 1991; Hiemstra et al., 2006), covered almosf &eland (O
Cofifigh & Evans, 2007; Greenwood & Clark, 2009a,b), extended to the northern and western
53 continental shelf edges (Sejrup et al. 2005, 2009; Bradwell et al., 2007, 2@8aiQh, et
54 al., 2010a) and coalesced with Scandinavian ice in the North Sea(Basinet al., 2006;
55 Bradwell et al., 2008; Sejrup et al., 2009; Davies et al., 2011). Thehémt was drained by
56large, fast-flowing ice streams and outlet glaciers in the CafticIrish Sea basins (Evans &
G Tofaigh, 2003; O Cofaigh & Evans, 2007; Roberts et al., 2007; Thomas & Chiverrell,
58 2007; Bigg et al., 2010), the north-western and north-eastern margins of S¢bt&antt et
59 al., 1995; Bradwell et al., 2007), and southwards down the east coast of Englatidr{B
60 Hagdorn, 2006; Catt, 2007; Davies et al., 2009a; Boston et al., 2010; Evans & ®hpmps
61 2010). Deglaciation was typified by periodic calving into the Atla@gean (Knutz et al.,
62 2001, 2002; Peck et al., 2007; Hibbert et al. 2010; Scourse et al. 2009), pro-gleeial
63 development along its southern edge (Evans et al., 2005; Bateman2&08)), oscillating
64 margins (Evans & O Cofaigh, 2003; Thomas et al., 2004; Thomas & Chiverrell, 2007;
65 McCabe et al., 2007; Livingstone et al. 2010a,b) and numerous regional re egj\some of
66 which have been correlated with Heinrich Events (McCabe & Clark, 1998; Mc€tadle
67 2005). Constraints on the temporal evolution of the ice-sheet, gleaned fronri&trdesing
68 techniques (e.g. Bateman et al., 2008, 2011; Ballantyne, 2010; Telfer et al. M&@&yoll
6%t al. 2010; O Cofaigh et al., 2010b) and offshoearafted debris (IRD) records (e.g. Peck et
70 al., 2007; Hibbert et al., 2009; Scourse et al., 2009; Bigg et al., 2010)phavieed a
71 chronological framework from which the asynchronous response of different sectors of the
72 ice sheet and the associated ice streams can be compared andedotelalimatic
78uctuations (see Chiverrell & Thomas 2010 for a review).

74 The central sector of the BIIS, which in this article refers to the northish Sea Basin
75 across to NE England (Fig. 1) and covers the counties of Cumbria, Dumfriesaslire
76 Durham, had an important role to play in modulating a dynamic, non-lineaxtenstiee ice
77 sheet (cf. Boulton & Hagdorn 2006; Evans et al., 2009; Hubbard et al., 2009; Cddrklet
78 press). This is due to its central location and close proximity to the oapord ice-dispersal
79 centres of the Southern Uplands, Lake District, Cheviots and Pennines 1F&s2),
80 promoting a complex geomorphological ice-flow signature reflecting multiyteamic
81 changes in ice-flow direction, flow reversals and oscillatory marde.g. Trotter, 1929;
Hei#lingworth, 1931; Huddart, 1970, 1991, 1994; Letzer, 1978, 1987; Mitchell, 1994, 2007,
83 Clark, R. 2002; Huddart & Glasser, 2002; Livingstone et al., 2008; Daviak, €009a;
84 Evans et al., 2009; Stone et al., 2010; Davies et al., In press)thdrefore a key area in
85 terms of reconstructing the palaeo-dynamics of the ice sheet ithtioeigast glacial cycle and
86 the linkages between major ice-flow phases, divide shifts, ice-staginal oscillations and
87 sub-OLODQNRYLWFK VFDOH FOLPDWH HYHQMWM)V WKIH SUDHIM REX
88 connection with western and eastern England through the major topographiofidies
89 Stainmore and Tyne Gaps (Livingstone et al., 2008) (Figs. 1 & 2), ipotsntial for
90elucidating the asynchronicity in ice dynamics exhibited betweeiNbrth Sea and Irish Sea
91 sectors of the last BIIS (Thomas & Chiverrell, 2010; Clark et al. IsspreThe Solway
92 Lowlands and Dumfries-shire are also located in the former onsetotdhe Irish Sea Ice
93 Stream (Merritt & Auton, 2000; Roberts et al. 2007) and therefore could havel @daye

2



94 important role in regulating its drainage, whilst the glacial lobe that occugédhté of York
95 was sourced from ice in the Lake District and Howgill Fells (e.dgt, @@07; Chiverrell &
96 Thomas, 2010). Similarly NE England was affected by competing ice fotnrasboth NW
97 England and Scotland, with ice flow through the Tyne Gap and as part dfvded Ice

98 Stream thus impacting upon the dynamics of the North Sea ice lobea(eésl®t al., 2009a,
99 2011).

100Given the growing body of research in this sector of the ice sheetheviast decade and the
101 long-standing history of glaciological investigation in this areg. (€oodchild, 1875, 1887;
T@hchmann, 1915; Trotter, 1929; Hollingworth, 1931; Huddart, 1970; Letzer, 1978, 1981,

103 1987), it is now pertinent to review and synthesize the evidence toderaviholistic

104 reconstruction of ice sheet dynamics in the central sector of the BIIS oatekiualise this

105 with regard to the overall pattern of ice-flow. This paper thereforetwasaims: (a) to

106 compile and review the stratigraphical and geomorphological evidendeefdlow in the

107 central sector of the last BIIS; and (b) to produce an ice-sheet rectinstrior the central

108 sector of the BIIS that conforms to glacial theory and best fitsattaglable geological

1@9idence (both at a regional and national scale).

110

111 2. TRADITIONAL MODELS OF DYNAMIC ICE-FLOW IN THE CENTRAL
112 SECTOR OF THE LAST BIIS

113 Over the last decade, the glacial landscape inherited from the last BIIS hasdogerisesl to
114 exhibit a signature of dynamic ice flow (e.g. Salt, 2001; Salt & E\2034; Greenwood &
11%Clark, 2008). The paradigm shift from a static modekefdispersal centres (e.g. Flint 1943,
116 1971; Bowen, 2002) to a dynamic model of rapid flow phases caused by miging i
117 divides and dispersal centres was driven by conceptual breakthroughs lamal g
118 geomorphological mapping of palaeo-ice sheets in the northern hemigplydee et al.
1982; Punkari, 1982, 1993; Dyke & Prest 1987; Boulton & Clark, 1990a,b; Clark, 1997,
@k et al., 2000; Clark & Meehan, 2001; Hughes, 2008; Greenwood & Clark, 2009a,b),
121 reverting to an early conceptual model proposed by Tyrrell (1898). Indeed,nibwis
122 recognised that several generations of subglacial lineations or other glacialkfeatuozoss-
123 cut each other, resulting in palimpsest flow signatures whicllgamment changing ice flow
124 directions and record a relative chronology of flow phasing (Fig. 3) (e.g. BoultGiag,
125 1990a,b; Clark, 1999; Clark & Meehan, 2001; Livingstone et al., 2008; Hughes, 2008;
126 Greenwood & Clark, 2009a,b).

127 Early attempts to reconstruct palaeo-ice flows in the centrabrset the BIIS proposed
128 3EDVDOKHFREV ™ WR H[SODLQ WKH FRPSOH[ GUXPO)LIQ RULHQW
129 and stratigraphy in the Vale of Eden (Harmer 1928; Hollingworth, 1931); a cothagps
130 now incompatible with our modern knowledge of glacier physics (cf. van dam ¥899;
131 Cuffey & Paterson 2010). Rose and Letzer (1977) were the first to suggest thegitre
132 contained overprinted subglacial bedforms that recorded migrating ice-disperdres, a
133 concept that was revisited by Mitchell (1991a, b, 1994) and Mitchell ary RD06) and
134 used to prove ice-flow reversal in the Vale of Eden due to ice-divigeation associated
135with a Dales Ice Centre over the uplands of the western Yorkshire Bxtlending across the
136 Howgill Fells to the Lake District (Mitchell, 1994; Mitchell Riley, 2006). The mobility of
137 the local northern Pennine ice divide has similarly been reconstrbgtéditchell (2007)
138 based upon superimposed drumlins in the Cow Green area, whilst Livingstaine(2008)
139 provided a relative chronology of ice-flow phases from cross-cutting landforms hiotug
140 the Vale of Eden, Solway Lowlands and through the Tyne and StainmorgRegp3b). To
&l north of the Solway, Salt and Evans (2004) provided evidence of four early,
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142 topographically unconstrained ice flow stages and three later topograplucastrained
143 stages for SW Scotland. Similarly Roberts et al. (2007) identified tetoncli phases of ice
144flow on the Isle of Man, with the first phase sourced from Scottisklisygersal centres and

145 the second phase from the Solway Lowlands. In NE England, severakpifase flow are
146 recognised in the stratigraphic record. They reflect the oscillation ofytteeGap Ice Stream
147 in response to shifting ice divides and drawdown in the Irish Sea Basin, tlefarereasing

148 dominance of the Scottish-sourced North Sea Lobe during the DimlingtdialSt2avies et

149 al., In presk

150 The landform evidence in the lowlands to the west of the Pennines has been used traditionally
151 to identify three distinct phases (Fig. 3a) during the last glaciatmhyding: an early
152 uB6FRWWLVK $GYDQFHY IROORZHG E\ D MK HBG YOIALHIW ER Q
153 Trotter & Hollingworth, 1932b). An additional ‘Gosforth Oscillation’, between 'kh&in
154 Glaciation' and the 'Scottish Readvance', was proposed by Trotter (1937)sagdirned
18&cent support from Merritt & Auton (2000) and Livingstone et al. (2010a).

156 7KH HDUO\ p6FRWWLVK $GYDQFHY L\MGH®@L WKMHHER EWHKHUDW
157 and traced up the Vale of Eden and across the Stainmore Gap, and in th®dowent
158 valley (Trotter, 1929; Hollingworth, 1931; Trotter & Hollingworth, 1932b). Erraticsailso

irficate the flow of Lake District ice over the Stainmore Gap during this phase.

160 ErraWLF WUDLQV )LJ DQG GUXPOLQV LQ VWKHQIW®BH RO QG
160D D F L DHErmierQAP28; Trotter, 1929), which was characterised by northerly flowing
162 Lake District ice coalescing with Scottish ice in the Solviaylands, before streaming
163 eastwards through the Tyne Gap (Fig. 3) (Harmer, 1928; Trotter, 1929). Wéstsihg ice
164 was also recorded in this phase by drumlins trending around the northern margihakehe
1@3istrict into the Irish Sea Basin (Fig. 3) (Trotter, 1929; Hollingworth, 1931).

166 The Scottish Readvance is recorded by a thin till, eskers andcdddjaosits, marking a

167 temporary re-advance of Scottish ice into the Solway Lowlands duringoign (Trotter,
1632, 1923, 1929; Trotter & Hollingworth, 1932; Huddart, 1970, 1971a, b, 1991, 1994;

169 Huddart & Tooley, 1972; Huddart et al., 1977, Huddart & Clark, 1994; Livingstone, et al

170 2010). The Scottish Readvance also impacted on the Cumbrian coast as feasouth as

171 Annaside and Gutterby, where Scottish Readvance ice laid down aills\térlie glacigenic

172 deposits attributed to the Gosforth Oscillation (Trotter, 1937; Me&ritiuton 2000; see

173 Huddart & Glasser 2002 for review).

174 Livingstone and co-authors (2008) expounded upon the three-stage reconstructiomiad dyna
175 ice flow by producing a regional map of the glacial bedforms and flow Sets&en major
176 phases oice flow were recorded in the region, based on cross-cutting relationships3pigs
177 & 5) (Livingstone et al., 2008, 2010c). Flow phases LT1-3, ST1-2 and ESdssoeiated

178vith the Main Glaciation (Stage 1: Table 1) when ice flowedwessis, across the Pennines,
179 through the Tyne and Stainmore Gaps (Figs. 3b & 5) (Livingstone @088, 2010c). The
180 subsequent migration of ice-divides back towards major upland massifs timeanajor ice
181 drainage arteries of the Tyne and Stainmore Gaps diminished (Bt&alele 1), resulting in
182 flow phases LT4 and ST3-4 down the North Tyne and out of Teesdale reslye@tigs. 3b,
183 5c, d). A major flow switch occurred when ice drained westwards into theSea Basin
184 (LT5) (Figs. 3b & 5a, b) as a fast-flowing tributary of the Irish Sea3tream (Stage IV:
185 Table 1) (Livingstone et al., 2008, 2010a). This stage (IV) is also caueldth flow phase
186 EC1 (Figs. 3b & 5a), which records the inland advance and southerly expangierNafrth
187 Sea Lobe. The youngest flow phases are thought to record the final re-agfvereceto the
188 Solway Lowlands (LT6 and SF1) (Fig. 3b) and the subsequent retreatiftackpland
tiepersal centres (Stage VI: Table 1) (Livingstone et al. 2008, 2010b).

4



190 The till sequence in NE England has been traditionally attributédaghases, with initial
191 iceflow from NW Britain moving through the Tyne Gap, followed by a southegyflow
192 from the Cheviots/Tweed region (Lunn, 1995; Teasdale & Hughes, 1999; Davads et
193 2009a). The later southerly flow is interpreted as surging in response &xthhation of
194 different ice dispersal centres (Eyles et al., 1982, 1994, Catt, 1991a,baBoiig91; Evans
195 et al.,, 1995; Teasdale & Hughes, 1999; Boulton & Hagdorn, 2006; Davies et al, 2009a
196 Boston et al., 2010). This North Sea Lobe may have been deflected by ¢aemhas ice
197 (Boulton et al., 1991; Carr et al., 2004; Davies et al., 2011) or a relidbioe in the central
198 North Sea (Clark et al., In prgss

199
200 3. STRATIGRAPHIC FRAMEWORK

200 7KH OLWKRVWUDWLJUDSK\ XVHG KHUH PDLQRS KRRZAANZV
202 framework covering all onshore Quaternary deposits in Great Britain (Moiviglt al., 2011).
203All glacigenic deposits (glacial, glaciofluvial, glaciolacustirglaciomarine) younger than
204 the Ipswichian (MIS 5e) are assigned in this framework to the Caledtaégénic Group,
205 which embraces subgroups containing formations and members with common ilithlolog
206 characteristics and properties. Older deposits are assignednmilaa snanner to the Albion
207 Glacigenic Group. Descriptor epithets have been formally reintroduced tbeaigser. The
208 subgroups in northern England (Fig. 6) broadly distinguish tills laid down bgn@nating
209from local ice dispersion centres from tills deposited by coastadtieams and their onset
210 zones. The major till units of the central sector of the BIIS are sunedarisTable 2. All
211 units mentioned here have been defined inB@&S Lexicon of Named Rock Unésd the
212 Index of Computer Codébttp://www.bgs.ac.uk/lexicop/
213
214 The Quaternary stratigraphic succession of northern England falls largely the glacial
215 limits of the Main Late Devensian (MLD) Glaciation, with gldcexosion having been
216 effective in removing most evidence of older glaciations (Stone et al. 2010). This is supported
217 by the regional chronostratigraphy, with well-dated events such aBithiengton Stadial
218 (Rose, 1985; Bateman et al., 2008) and the extension of the Irish Sea Ice ®trgam
219 maximum extent in the Celtic Sea (e.g. O Cofaigh & Evans, 2007) besied to provide
220 constraints on key flow phases (Table 1). This is exemplified by thedioee through the
221 Tyne Gap (see Livingstone et al. 2010a), which has been correlatetthevBtackhall Till at
222 Whitburn Bay and assigned to the Dimlington Stadial (Davies et al.,a2088nilarly, ice
223 flow through the Stainmore Gap formed the Escrick moraine in theo¥aterk (Table 1),
224 which has been dated to the Late Devensian, and formed when the Nortbb®edaldcked
225 the Humber Estuary, resulting in the formation of Glacial-Lake Humber (Catt, 2007; Batema
226 etal., 2008).

227
2283.1. Pre-Devensian Glaciations

229 Fragmentary evidence of pre-Devensian deposits in central and weéatenbria that
230 survived the Ilast glaciation provide additional constraints on the igglac
231 chronostratigraphy (Stone et al., 2010; McMillan et al., 2011) (Table 1). At Tdilbrns
(Ra#onal Grid Reference (NGR) NY 381 242) and Mosedale (NY 356 239), a sequence
233 comprising two till units separated by a prominent palaeosol andedgirovides evidence
234 of multiple glacial cycles, with the lowermost Thornsgill THought to correlate with a pre-
235 Devensian (MIS 6 or older) advance (Table 1), and the peat layer w#lttr ¢he last
236 (Ipswichian) interglacial (Huddart & Glasser, 2002); or with an Earlyebsian interstadial


http://www.bgs.ac.uk/lexicon/

(B8@rdman, 2002). The basal unit from a borehole at Wigton (NY 2532 4866) (Eastwood et
238 al. 1968, p227), which comprised red clay containing ostracods, foraminiferuentella
239 communigWigton Marine Bed: Table 1) is thought to be Ipswichian in age. A pneebsian
240 till has also been observed in a glaciotectonically disturbetseat Scandal Beck (NY 742
241 024) below organic deposits that have been ascribed to the Ipswicleagldaial on the
242 basis of pollen analysis (Carter et al., 1978; Letzer, 1978; Mitchell, 2002)itt\ed Auton
243 (2000) conclude that the products of at least one major pre-Devensian giaciatiestern
244  Cumbria are represented in cored boreholes around Drigg and Lower Wasdale (Drigg Ti
245 (Fig. 7a). Ice possibly flowed out of Wasdale during MIS 4 to lay down thedsike Till.
246 Varved glaciolacustrine deposits (Carleton Silt) were subsequentlyigepas proglacial
247 lakes when the glacier retreated, possibly on two occasions. The Carlepass&es upwards
248 into cold-water marine deposits (Glannoventia Formation) recording a nmeairsgression
@&4@® contemporary sea level of at least 20 m below a.s.l., probably during MIS 3.

250 In County Durham, a buried valley at Warren House Gill contains threeictisrs
251 interbedded with silts, sands and gravels. The basal diamiceoAsthGill Member of the
252 Warren House Till Formation, is a glaciomarine to subglacial giactionite and traction till
253 with erratics from the North Sea Basin, Scotland and, rarely, Scarali(l@avies et al.,
254 2010b). This diamicton is older than the MIS-7 Easington Raised Beach Formation @avies
255 al., 2009b), which contains erratics interpreted as being derived from the Ash Gill Member

256
232. Devensian multiple till and stratified sediment sequences
258 3.2.1. Background

259 The complex sequences of glacigenic deposits that characterisenthed sector of the BIIS
26(have been subject to ongoing debate since tWeCEB1tury, featuring in the development of
261 conceptual models outlining how glacial sediments can be depoditétuddart & Glasser,
262 2002). Tripartite successions comprising clay, silt and sand sandwichecbeiivenits are
co2@don throughout northern England and have traditionally been assigned to the waxing and
264 waning of glaciers over multiple glaciations (cf. Huddart & Glas26€02). However,
265 Goodchild (1875, 1887) fitted the deposits of Cumbria into a model of englacial and
266ibglacial meltout durinm situ downwasting of stagnant ice during a single glaciation. In a
267 seminal paper, Carruthers (1953) used the laminated clay and silt deposits of the d&e of E
268 DQG 1( (QJODQRG WR SURSRVH JODFLDO :*XQGHGPBOWKDW
269 multiple and complex sequences can be deposited during one glaciati®nfurireer
de¥/Bloped in the 1960s and 70s (e.g. Boulton, 1972, 1977) and applied to some of the
Qi¥hbrian deposits by the work of Huddart (1970). Research undertaken by the British
272 Geological Survey in the 1920s and 1930s had taken a different view, favaumogel of
273 iceffrontal advance and retreat associated with proglacial depositign Teotter, 1929;
274 Hollingworth, 1931).

275 The tripartite sequence that characterises much of the field dtethexr complicated by the

276 identification of an additional thin till cap in the Solway Lowlandsyelated to the Scottish
277 Readvance (cf. Livingstone et al. 2010b for a review). This interpretation afaihyging till

278 has been challenged however, with some authors dismissing igaly ltlusory (Evans &
279  Arthurton, 1973; Pennington, 1978). Eyles and McCabe (1989, 1991) interpreted the till as a
280 gIDFLRPDULQH PXG GUDSH LQ OLQH ZLWK, WKV 8 HIID OO0F\LIRP |

28limplication of this model is that rising sea level in an tstically depressed marine basin
282 caused the rapid retreat of the Irish Sea Ice Stream and resuftedine limits up to 140 m
283.1 (see Huddart and Glasser 2002 for discussion).




284 The following section provides a comprehensive account of the regioal gaatigraphy

285 of the last BIIS in northern England and Dumfries-shire (see Tables Infl Eigs. 4-7). By

286 compiling this information we are able to highlight current controverare$ relate our
283tratigraphical framework to the glacial geomorphology.

288
289 3.2.2. Central and Western Cumbria

290 Early in the twentieth century a ‘tripartite’ stratigraphy wageised in central west
291 Cumbria (Trotter 1929; Hollingworth 1931; Trotter & Hollingworth 1932b). This comprised
292 a 'Lower Boulder Clay', 'Middle Sands and Gravels' and an 'Upper Bouldér &thgugh
293 additional units were known to occur locally and the two tills couldhb@otlistinguished
294 where the intervening sand and gravel was absent. The lower till was linked toith@ae
295 Devensian) Glaciation whereas tills higher in the sequence weedlito readvances of
296 Scottish ice, either the Gosforth Oscillation or the succeedingiSc&eadvance (Trotter et
akR971937). Subsequent work along the coast by Huddart (1971) broadly reconfirmed the
298 tripartite stratigraphic model, but dismissed evidence for the Gosfathla@ion proposed
299 by Trotter et al., (1937). The lower (Selker) till was interpreted tdhedasal till deposited
300by the Main Late Devensian ice sheet, the middle (Annasidelssand gravels were retreat
301 VWDJH VDQGXU VHGLPHQWYV DQG WKH XSSHUQWVXWBAWHWE\ 6
pBoduct of the Scottish Readvance (Huddart and Tooley, 1972; Huddart et al., 1977).

303 Following extensive investigations in western Cumbria undertaken in the d@38=half of
304 UK Nirex Ltd (Bowden et al., 1998), a more comprehensive lithostratigrapiarakework
305 was set up (Nirex, 1997; Merritt and Auton, 2000) (Fig. 7a). This scheme, wambhaces
sol@ounits named by Huddart and Tooley (1972) and formalised by Thomas (1999), has been
307 updated by McMillan et al., (2011); it includes three subgroups, 13 formatimhsi@
308 members. The Central Cumbria Glacigenic Subgroup includes erratics daedeatninantly
309 from the Lake District and Shap Fell, whereas the West Cumbria &hcigubgroup
310 includes material from southern Scotland, the Solway Lowlands, the west @ambri
311 Coalfield and the northern Cumbrian mountains (Fig. 7a). The deposits ofténesidigroup
312 were laid down by ice flowing through the Solway Lowlands, swinging ardlecdorth-
313 western side of the Lake District and feeding into the Irish Se&tleam (Flow-set LTS5 of
314 Figs. 3b & 5a-c). Formations and members within the two subgroups intateligptally,
315 notably in lower Wasdale (Fig. 7a), where they reveal former interadbietwgeen locally-
316 sourced and far-travelled ice. An increase in the proportions of Scottiskesematiils occurs
317 toward the top of several multi-till sequences in the district, imdigathat Scottish ice
318 gradually became dominant over ice emanating from the mountains éash (Eastwood et
31%l., 1931; Trotter et al., 1937; Nirex 1997).

320 Glaciers advanced from the western valleys of the Lake Distridicyarly Wasdale, to lay

321 down the very stony Holmrook Till (Fig. 7a). This occurred during the huplaf the Late

322 Devensian ice sheet, which probably reached its maximum exteptiredlS 2, when the
323whole region was glaciated. Scottish ice within the Irish Seatream eventually deflected

324 Lake District ice southwards and flowed across Lower Wasdale, laying thewRavenglass
325 Till (Table 2) (Merritt and Auton, 2000).

326 The Irish Sea Ice Stream became dominant during several readvascesorded by thinly
327 interbedded tills and sands and gravels within the Gosforth Glacigemeaton (Fig. 7a,
328 Table 2). The first major readvance (Gosforth Oscillation) followed sagmifi deglaciation.
329 Asthe Irish Sea Ice Stream thickened and encroached inland, thick sequences oini@tg-gra
330 laminated glaciolacustrine sediment accumulated within Lowesddfa (Whinneyhill



331 Coppice Clay) and other major valleys of the district (e.g. Ehen Vallgy(Fig. 7a). During
tr#8@&osforth Oscillation, ice over-rode most of the coastal plain up to a height of about 100 m
333 a.s.l., a scenario previously proposed by Trotter et al., (1937). Local ice expandssl a
334 Lower Wasdale to lay down the Green Croft Till (Table 2). On its reareé&ce marginal lake
335 reformed, within which the glaciolacustrine Holmeside Clay and delfamsgate Wood
336 Sand and Gravel were deposited (Fig. 7a). The lake was impounded byskth&da Ice
337 Stream, the margin of which oscillated across the estuary of the River Irt devesllaying
338 down the Drigg Beach, Fishgarth Wood and other tills (Fig. 7a & Tabl@H&se minor
339 oscillations were probably contemporaneous with the creation of the knaiin
340glacitectonically stacked moraine at St. Bees (Williams.ef@01), 30 km to the north-west,
341 widely attributed to the Scottish Readvance (Huddart and Glasser, 2002, farghaes

342 therein).
343
344 3.2.3. Solway Lowlands and Vale of Eden

345 The oldest glacigenic deposits associated with the Main Lateri3&an Glaciation in the
346 Vale of Eden and Solway Lowlands are the Gillcambon and Chapelknow€ofiiations
347 (cf. Stone et al., 2010; McMillan et al., 2011; Tables 1 & 2; Figs. 5a,b,Thke till units
348 contain an extensive suite of Scottish Southern Upland erratics incl@tifigl and

349 Dalbeattie granite and greywacke (Table 2). The Gillcambon il ebntains erratics from

350 the Lake District and Vale of Eden and it is therefore difficultifferentiate its erratic and
351 geochemical provenance from other glacigenic sediments (e.g. Greydtdkarmation) in
352 the region (e.g. Dixon et al., 1926; Livingstone et al., 2010a). The Gillcaffilhdras been

353DVVLIQHG WR WKH p(DUO\ $GYDQFH Rio3ER BtAMNY&GapH XS V
354 and into Eastern England (Trotter, 1929; Hollingworth, 1931; Trotter & Hollingworth, 1932b
355 Raistrick, 1934; Huddart, 1970; Catt, 1991, 2007). However, at the entrance tdeha Va
356 Eden, it has been reconciled with ice-flow convergence on the $dlaxaands from the
357 Southern Uplands and the Lake District, before streaming eastwards througmeh&ap

358 (Livingstone et al., 2010c) (Fig. 5a,c). The easterly flow of ice throgyne Gap during
359 deposition of the Gillcambon Formation is equivocal given the identicadf this till at
360 Willowford and the corresponding till fabric orientations (NE to NNE) (Emttl929;
361 Huddart, 1970; Livingstone et al. 20)0c

362 Overlying the Gillcambon Till in the Vale of Eden and Solway Lowls are a discontinuous

363 series of sands, gravels and laminated clays and silts termedididée’ Sands' (cf. Trotter
86d Hollingworth, 1932b) (Fig. 7b). Goodchild (1875, 1887) and Huddart (1970) attributed

365the deposits to the subglacial melting of a single, stagnantass, while Trotter (1929) and
366 Hollingworth (1931) surmised that they were formed proglacially, thus delimatipeyiod of
367 partial deglaciation, followed by re-advance. The interpretation dingalorth (1931) has
368 recently been reinforced by the identification of a sequence of clastiessat Blackhall
369 Wood, which were deposited in a pro-glacial lake formed in the Solway Basin (Loiegst
370 al., 2010b). These varved sediments and the associated debris flow and @amggravel
371 and diamicton deposits exposed in the Caldew Valley and identified @hdder records

372 between Carlisle and Penrith (see Livingstone et al. 2010a), teliperiod of retreat and
373 ice-free conditions; the associated lithostratigraphic unit has beerdritam&lackhall Wood

374Glaciolacustrine Formation (Fig. 7b; Table 1).

375 An upper till in the Vale of Eden and Solway Lowlands (Edenside Telintder of Greystoke

376 7L0O0O )RUPDWLRQ LV DVVLJQHG WR WKRUMOKOLQ *OBGLOWMDQ
377 al., 2011) (Table 2). This red-brown till is generally between 5-20 nk @el forms the

378 drumlinoid landforms that cover the Vale of Eden and Solway Lowlands (Figbat,
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379 Table 1) (Livingstone et al., 2010b). It is characterised by a mixecepamee of Scottish,
B&Ke District and local erratics (Trotter, 1929; Hollingworth, 1931; Huddart, 1970) and due to

381 its position above the Blackhall Wood Glaciolacustrine Formation is lmeligeved to have

382 been deposited during the Blackhall Wood/Gosforth Re-advance (Livingstaie 28t10b;

383 Table 1).

384 In the Solway Lowlands and SE Dumfries-shire, the Chapelknowe and Greystbke T
385 formations are overlain locally by gravels, sands and clays (Pl&ampe Sand and Gravel &
386 Great Easby Clay formations) and then capped by a thin (<5 m) uppelt (€detna Till
387 Formation) (Livingstone et al., 2010b; McMillan et al., in press; Fig. 7ble§al & 2). The
388 Great Eashy Clay and Plumpe Farm Sand and Gravel Formation relate to gletimla and
389 glaciofluvial deposition respectively, including that associatedh @tacial-Lake Carlisle
390 (Dixon et al., 1926; Huddart, 1970), during the partial deglaciation of the region, probably
391 following the Blackhall Wood/Gosforth Oscillation. The Great Easby CRymation
392 consists of dark reddish brown clays, silts and very fine-grained sandar¢hgenerally
393 thinly laminated and locally varved. Both formations show evidence for hmangglly
394 deformed. These sediments have been traced as far west as Annan, ratigholm
395(McMillan et al., in press), east as far as Great Easby (with twlsthtictures, dropstones
a3fabthick proximal varves, Huddart, 1970) and just to the south of Carlisle (Livingstone et al.,
397 2010b). Also overlying the Greystoke Till is the Brampton sand and g@vaplex
398 (Baronwood Sand and Gravel Formation), deposited in the lee of Pennines (astoue et
al392910d; Table 1; Fig. 7). This landform-sediment assemblage, which is 44 km2 and up to 25
400 m thick, comprises a series of kettle holes, discontinuous ridges (eshkdrdat-topped hills
40de-walled lake plains) (Huddart, 1970, 1983; Livingstone et al., 2010d).

402 The Gretna Till (Fig. 7b, Table 2) has a western Southern Upland provemahpmehes out
403east and south of Carlisle, and has therefore been associatedlatéhstage re-advance of
404 Scottish ice into the Solway Lowlands (Fig. 5a) (e.g. Dixon et al., 1926tter &
405 Hollingworth 1932; Huddart, 1970, 1994). Phillips et al., (2007) suggest that thallthin t
406sheet is a function of a short-lived pulse moving rapidly across-satierated sediment and
407 into proglacial lakes dammed up against higher ground to the eastioé¢ tide short-lived
408 nature of the re-advance coupled with the buffering effects provided ®Br-saitirated
409 sediment at the ice-bed interface resulted in the re-advancengxeetyligible depositional,
410 erosional or deformational influence (Livingstone et al., 2010b). Also asedcwith the
411 Scottish Re-advance, and overlying drumlins comprising the GreysttikesTihe 9 km?
412 Holme St. Cuthbert sand and gravel complex (Kilblane Sand and Granmehtion: Figs. 3
413 & 5a; Table 1) (Huddart, 1970); interpreted as an ice-contact delta (Huddart, 1B970,
414 Huddart & Tooley, 1972; Huddart et al., 1977; Huddart & Glasser, 2002; Livingstale et
415 2010b). Palaeocurrents are from the west and north-west, with an erratiblaggefrom the
416 Southern Scottish coast indicated by high percentages of Criffel granita distinctive
41ower Calciferous Sandstone conglomerate.

418 3.2.4. Dumfries-shire-Langholm area
419 It is apparent both from the composition of the Gretna and Chapelknowarndishe
420 predominant orientation of drumlins that the lowlands north of the inner Solwtaywere
421 crossed by ice flowing from the west (Figure 3b, flow-sets LT3). itlkisvas mainly sourced
422 in western and central parts of the Southern Uplands, specifically in ahew@y Hills
423 (including Criffel) and the Moffat Hills, and it flowed into the Solwhgwlands via the
424 valleys of the Nith and Annan respectively (Figs. 5a & 7). Reliativtle ice flowed into the
425 Solway Lowlands from the Langholm Hills, north of Gretna, apart from when $ete/LT5
426 and LT7 were created following the LGM (Fig. 3b). This scenario is sumpdryethe




427 distribution of red, sandstone-rich (Gretna) and yellowish-brown, greywacke-rich
428 (Langholm) tills in the district (BGS 2005, 2006) (Fig. 7c). Furthermore, tiespread

429 presence of red, granite-bearing till passing upwards into rubbly, greywabk&Hrinorth
430 and west of Langholm indicates that ice overwhelmed southern pahs bangholm Hills
431 from the west during an early phase of the last glaciation (Lumsdén £067; McMillan et
432 al., in press), probably during the LGM. NEXTMap images of the Langhbll® reveal
433 that this region of the Southern Uplands has been relatively littbfied by glacial erosion
434 (Merritt & Phillips 2010, Fig. 46), probably because it was a minor ice idigpeentre and
435 overlain by mainly sluggish, cold-based ice. A minor, southward re-ae\anice from the
436 Langholm Hills occurred following the separation of ice masses duringpai@igon

48umsden et al., 1967), laying down the Mouldy Hills Formation (BGS, 2006).
438
AUBBugh the Gretna and Chapelknowe till formations have not been mapped out to the north-
440 east of Langholm, it is clear that red, sandstone and gramtexpeills occupy much of
441 Liddesdale (Day, 1970) and a suite of far-travelled glacial erratiexed in the Galloway
442 Hills have been recorded high on the catchment divide north of Kieldaudigl1889). This
443suggests that some transfluence of ice may have occutcethéncatchment of the Tweed at
444 the LGM (see Fig. 9: dotted arrows). This is supported by the resulistelfite image
445 interpretation undertaken by BGS (McMillan et al., 2011, in press), whichfiderglongate,
446 glacially streamlined landforms arcing north-eastwards towards the divide, boddsatvith
447 the conclusions of Livingstone et al. (2008), who identified no flow sets temsigith such
448 flow (see Fig. 5a). The features identified by the BGS are interpretezhihsis having
449 formed by ice flowing in the opposite direction, towards the Irish Sea, bh&drGM (Figure
450 3b, flow-set LT5). The blunt ends of some drumlins in Liddelsdale do indeedtmdimath-
451 westward flow (Day, 1970), but it is likely that this flow set hasaxencomplicated history
4537 results from more than one flow phase of the last glaciation.
453

454  3.2.5. Tyne Gap

455 Only one major till unit has been recorded in the Tyne Gap (Wearorith&tion) (Table 2),
456 which ranges in thickness up to 90 m in concealed channels, principally easheoast
457  (Lunn, 2004; Hughes et al., 1998 (Figure 7d). Lineations representing both erosidnal a
458 depositional features relate to ice flow through the Tyne Gap as a tppmgiéy-controlled
459 ice stream during the LGM (Livingstone et al., 2010c). The Wear Titharacterised by
460 mixed provenance with both Lake District (e.g. Borrowdale Volcanic Group, Carrdick Fe
461 gabbro, Penrith sandstone and Threlkeld grey quartz porphyry) and Southern Upland (e.g
462 Dalbeattie and Criffel granite, greywacke and Silurian grits) esrdfcy. 4), and probably
463 correlates with the Gillcambon Till (Tables 1 & 2). This is supportedrbtter (1929), who
464 correlated the till at Willowford with the lower-most till of thale of Eden. The boundary
465 separating two distinct erratic trains associated with Lakeri@isind Southern Upland
466 provenances is indistinct, with a general southerly increase in Desect erratics towards
467 the north Pennines (Fig. 4). This diffuse boundary is indicative of competripivs, with
468 both Scottish and Lake District ice-dispersal centres becoming donahalifferent times
469 (Fig. 5¢) (Lunn, 2004). From west to east the till in the Tyne gap chémgesa red colour,
470 inherited from the Permo-Triassic sandstones of the Solway Lowladdgate of Eden, to a
471 grey colour, reflecting the Carboniferous rocks of the Tyne. Till in the I&weith Tyne
472/alley is typically a hard, stiff, grey-brown clay. Clasts drated, and comprise sandstone,
473 limestone, greywacke, granite and dolerite, which accords with theragdstdecrease of
474 Lake District erratics noted by Trotter (1929), and which in turn has beenaisdosith a
475 later phase of south-easterly, Scottish-sourced ice down the Noehvalley (Dwerryhouse,
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4761902; Livingstone et al., 2010c).

477 The Wear Till is overlain by a sequence of silts, clayey sandgawels, both intercalated
478 with, and locally capped by diamicton (Lovell, 1981; Allen and Rose, 1986).s€hisence
479 (Ebchester Sand and Gravel Formation) appears chaotically depositednamdtieought to
480 have formed as the ice retreated westward into the Tyne Gap ahtety allowing
481 glaciofluvial outwash and glaciolacustrine deposits (due to lodajmding) to infill the
482 valley as meltwaters drained from the western margin of the(Moeke et al., 2007).
483 Diamicton is discontinuously exposed above the sands and gravels in theTamitvalley,

484 representing either a re-advance subglacial till (Huddart and GI288#), or a series of

485 debris flows or re-worked deposits (Yorke et al., 2007). Kamiform deposits are galyicul

486 extensive along the flanks of the present course of the Tyne (Yorke 20Q¥), and there is

487 evidence for a major lake (Glacial Lake Wear) which extended up ther [Byne Valley
A@&istrick, 1931; Smith, 1994; Teasdale and Hughes, 1999).

489
490 3.2.6. Pennines and Stainmore Gap:

491 In contrast to the detailed information now known from the complex lithag@atiic
492 sequences exposed in the lowlands of northwest and northeast Englandretfere recent
493 investigations of the superficial deposits of the intervening Pennine uplafitihell,
494 1991a,b; 2007). This has restricted the development of a formal lithostratidchp8ione et
al498010) for the uplands that would enhance correlation across northern England. The
496 3HQQLQHV GR KRZHYHU IHDWXUH SURPLQHQWOWXEX HDUC
497 investigations on Pennine tills that formed the basis for understargingeéchanics of till
498 depositional processes within the paradigm of land-based ice shedtgngPd872;
499riddeman, 1872; Goodchild, 1875,1887).

500 These early workers and the subsequent mapping by the Geological Havedpe and
501 Hughes, 1888; Dakyns, et al., 1890; 1891) confirmed that the superficial degmpsince is
502 dominated by widespread, compact diamicton (Yorkshire Dales Till Formatibicidillan
503 et al., 2011) (Table 2). This till is notable for its lack of faciesality and the dominance
504 of local Carboniferous rock types (Fig. 4) characteristic of the Penninesbyhedicating
505 that the western Pennine uplands had been covered by local ice cmréreBaugh Fell
506 (Dakyns, et al., 1891; Raistrick, 1926), with a separate centre over CrbsstRelnorthern
507 Pennines (Dwerryhouse, 1902). Only in the lower ground associated with itha@®@Gap
508 is there another compact diamicton (Stainmore Forest Till FormationcMildn et al.,
509 2011) dominated by local Carboniferous lithologies but with notable Shap granitalkad L
510 District erratics which can be traced eastwards into the lowlandstefe&ngland (Figs. 4,
Hd & Table 2) (Madgett & Catt, 1978; Burgess and Holliday, 1979; Mills and Hull, 1976).

512
513 3.2.7. North-east coast of England:

514 Along the east coast of northern England, two subglacial tills have been recognisedheithi
515 North Sea Coast Glacigenic Subgroup (Figure 7d). The lower, greyish-lalclehBIl Till is
chatécterised by abundant Carboniferous rocks from the Tyne Gap and a component of
517 Southern Upland erratics (Table 2) (Francis, 1970; Davies et al., 2009a). Théadlaill
518 was deposited by ice flowing eastwards through the Tyne Gap (Fig. 5e}ri¢kai1931;
519 Catt, 1991; Davies et al., 2009a; Table 1) and is correlated with theTWezdrthe Tyne Gap
520 (Figure 7d & Table 2). It was probably laid down when ice extended southwardstdew
521 Vale of York (Clark et al., In press), to the shelf-edge in northern Brigiadwell et al
522 2008), and was confluent with the Fennoscandian ice sheet in the $¢@tBasin (Carr et
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523 al., 2006; Sejrup et al., 2009; Davies et al., 2009a, 2011, in press). Streamingdocctivee
524 suture zone between the two ice sheets in the North Sea Basin (Getlahn2007). The
525 topographically controlled Tyne Gap Ice Stream potentially retre@tedesponse to

526 drawdown in the Irish Sea, resulting in an ice-free enclavasteen Co. Durham. At Warren
527 House Gill, the Blackhall Till contains evidence of deposition of sandsgravels in cavities
528 at the ice-bed interface, as well as periods of ice-marginal oscillatimeet al., in pre3s

529 Overlying the Blackhall Till is the Peterlee Sand & Gravel Formatwoar(cis, 1970), a series
530 RI vDQGV DQG JUDYHOV GHSRVLWHG DV D VDQGXU LQ
531 (Davies et al., in press) (Table 1). Inland, the Wear Till, whidateyally equivalent to the
532 Blackhall Till (Figure 7d), is widely overlain by glaciolacustrisiis and clays of the Tyne
533 and Wear Glaciolacustrine Formation, which were deposited inabGlaake Wear, when it
534 was dammed by the North Sea Lobe (Raistrick, 1931; Smith, 1994, Stone et al., B@$6). T
535 deposits are believed to have been deposited between the southwards-NortimgSea
536 Lobe off the east coast (Teasdale & Hughes, 1999) and westerbt retriee from the Tyne
537 Gap (Livingstone et al., 2010c).

538 The North Sea Lobe was formed from the coalescence of several amasgmanating from
539 the Forth, Tweed and Grampian Highlands. It periodically surged in resposkédting ice
540 divides, resulting in the dominance of different ice-accumulation ceaind producing a
541 thrust and stacked series of tills at Skipsea in Yorkshire (Boston,e204l0; Evans &
542 Thomson, 2010). During the Dimlington Stadial, the North Sea Lobe becamelamngant
543 on the Durham coast, pushing inland (cf. Catt, 1991) and depositing the upper, red Horden
544 Till (Table 2) (Smythe, 1912; Francis, 1970; Davies et al.,, 2009a). A bouldempat,
545 comprising well-orientated, striated and faceted limestone and sandstodersookcurs
546 locally at the contact between the Blackhall and Horden tillsexample, at Whitburn Bay.
547 The pavement, together with associated sands and gravels, is integzretelepositional lag
548 created at the ice-bed interface of the North Sea Lobe as itodeeearlier glacigenic
549 sediments. Meltwater winnowing removed finer grained material and yodafiosited the
550 coarser fractions of the reworked glacigenic sediments, whereas ploughingdgedént
pbddesses orientated and striated the boulders (Davies et al., 2009a).

552 Based on the provenance, the Horden Till is correlative with the @kidsenber of the
553 Holderness Formation in Yorkshire and the Bolders Bank Formation offshore (Table 2)
554 (Francis, 1970; Madgett & Catt, 1978; Carr et al., 2006; Davies et al., 2089&s et al.,
555 2011). It contains erratics derived from Northumberland, the Cheviots, the Soutiienus)
556 and the Grampian Highlands. Further south, the North Sea Lobe impinged arastbeofc
557 north Norfolk (Straw, 1960; Pawley et al. 2006) and dammed a series of gikeial(Evans
558 et al.,, 2005; Clark et al., 2004), the largest being Glacial-Lake Humlech was in
559 existence from at least 22 ka BP until after Heinrich Event 1, at ~BPk@ateman et al.,
5602008, 2011; Murton et al., 2009).

561 The eastern limits of the North Sea Lobe are usually takemr titneblimits of the Bolders
562 Bank Formation. This gives the lobe the characteristic shape dé&§nBdulton et al (2002)
563 during the Last Glacial Maximum. The sediments onshore in eastern Emgtaord local ice
564 flow to the southwest (Davies et al., 2009a), but in the offshore region nedvadhethey
565 appear to record a radial flow towards the east (Cameron et al. 1992t@h 2006). The
566 North Sea Lobe was probably constrained in the North Sea Basin byrihesEandian Ice
567 Sheet, with which it was confluent at the LGM (29-22 ka BP). This prexad@echanism to
568 force the flow of the lobe southwards over the deformable marine sedimeimsihdrith Sea
569 bed. Dates on Glacial Lake Humber indicate that the North Seawadbe existence untt
570 least ~16 ka BP. However, there is evidence of ice-free conditidhe imorthern and central
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571 North Sea by 25 ka BP (Sejrup et al., 2005), indicating that this icensteaained in
572 existence after the removal of confining stresses. An alternativenatipla, proposed by
573 Clark and co-authors (In press), is that, following maximum glaciation of the North Sea Basin
574 during the Last Glacial Maximum, a stagnant dome of ice remaim#éukisouthern-central
5Morth Sea Basin, thus deflecting the North Sea Lobe.

576
ST7A. RECONSTRUCTION OF THE CENTRAL SECTOR OF THE LAST BIIS

578 Given the complex array of glacial landforms and deposits in Northerraiithgind the
579 relevance this has for resolving the glaciodynamics of the laSt Blis important that we
580 elucidate its glacial history. The following section provides an tgpdglacial reconstruction
581 by combining glacial geomorphological mapping (Section 2; Figs. 3b & T e
58ftatigraphic framework outlined above (Section 3; Tables 1 & 2).

583 Clark et al., (In press) have attempted to reconstruct the pattern ang tifmetreat of the
584 BIIS based on glacial landform evidence and deglacial dates (Fig. 8&).cfitonological
585 control provides a contextual template aghsZKLFK ZH FDQ pILWY DQG WXQH
586 phases, derived from the geomorphology (Fig. 3b; Section 2), and stratigraphiwdr&me
587 outlined in Section 3 into our six-stage reconstruction (below), and theesiodel greater
58Pertinence at the ice-sheet scale.

589

590 4.1. Constraints on the onset and termination of glaciation in the cemti@ stthe last
591 BIIS

592 Temporal constraints on the onset and recession of ice in the central sector of th& last Bl
593 poor. However, there is now a general consensus that the major exparisabe DEvensian
594 ice began sometime between 29-26 ka cal. BP (Fig. 8) (Huddart &«Bl@2902; Hall et al.,

595 2003; Bos et al., 2004; Brown et al., 2006; Telfer et al., 2009; Clark &t pkes$. The

596deglacial history is more difficult to determine due to thgnelsronous nature of retreat (cf.
597 Clark et al., In press and Fig. 8). However, a date at Windermerespiieglaciation at ca.
598 17.7 ka cal. BP (Coope & Pennington, 1977), while loess deposited in kastessions at

599 Morecambe Bay and the Yorkshire Dales have been dated to 19 +2 ka eald BP +2 ka

600 cal. BP respectively (Telfer et al. 2009); and erratic boulders datédrlér in the Yorkshire
601 Dales suggest that deglaciation was as late as 18 +£1.6 kari®er{i/et al., 2010). However,

602 this probably does not reflect the dynamic multiphase retreat of ice in the Solway Fegion (

603 8). Moreover, the proximity of three key dispersal centres (Lake DisBaetthern Uplands
604nd Pennines) and the identification of multipbeadvances (cf. Huddart & Glasser, 2002)

605 preclude a rapid return to permanent ice-free conditions over the regisris Exemplified

606 by a date of 14.7 £0.6 ka cal. BP on peat reported at St. Bees in westdinaQ@oope &
607 Joachim, 1980), whilst exposure ages from the Southern Uplands and Lake Bigfgest
608 that ice persisted in source areas after ~14.3 ka BP (McCatrroll et al., 283@xnE=ngland
609 meanwhile was thought to have become ice free sometime aftekdl BB (Bateman et al.,

610 2011).

611
612.2. Initial expansion of ice out of upland areas:

613 Implicit within previous glacial reconstructions has been the advah&eottish ice up the
614 Vale of Eden and into the Stainmore Gap (533 m a.s.l.) (Trotter, 1929; Hollimgw&31;
Biditer & Hollingworth, 1932a, b; Huddart, 1970; Catt, 1991). Evidence for this flow phase is
616 limited to a suite of Scottish erratics and several exposures adwlee, Ired-brown to grey-
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617 brown Gillcambon Till interpreted to have been deposited during this adv&ge4)
618rotter, 1929; Hollingworth, 1931; Trotter & Hollingworth, 1932; Huddart, 1970) (red
619 dashed arrows of Stage [, Fig. 9). An alternative explanation proposed byefan$2009)
620 is that Scottish ice encroached into NW England during a previoustgiac and/or an early
621 stage of the Late Devensian glaciation, and provided a ready supphutifeBh Upland
622 erratics which were subsequently dispersed by localised ice flowkislfstrong flow of
623 Scottish ice into NW England indeed occurred during the last glacidten the prevalence
624 of Scottish erratics throughout the stratigraphic sequence demand that it be assatiaed w
625 early ice movement. This could relate to the initial expansion obu¢eof upland dispersal
626 centres. Such a movement has been identified in the NE IrisBa&Séa with Salt and Evans
627 (2004) and Roberts et al., (2007) both recognising that initial ice flow into the neg®n
628riven by Scottish Highlandse flowing out of the Firth of Clyde and down the west coast
629 (also see Boulton & Hagdorn, 2006). Further inland across southern-central S¢bhdand
630 subglacial bedform evidence and dispersal trains indicate that Bddigielands ice did not
631 overwhelm this region, instead reaching as far south as the upper Netjy Banquhar Gap,
632 before subsequently being forced back as the Southern Upland dispersal cerdsedhire
633 dominance (Charlesworth, 1926; Eyles et al., 1949; Sutherland, 1984; Finlayso2&tGL.,
634 Eventually the Southern Uplands ice centre extended across the northeBe&i8asin into
635 Irenland (Greenwood & Clark, 2009a). Within the central sector of the BIIS,cdifiow
636 stage was likely characterised by congestion and thickening dhroaghout the Vale of
637 Eden and Solway Lowlands, reinforced by the expansion of ice out of the lisketD
638 Howgill Fells and Pennines. This interpretation is based @ppnori knowledge governing
639 the general growth and expansion of ice sheets (instantaneous glaorerikaes et al.,
640 1975).

641
642 4.3. Stage l
643 Eastwards ice flow through prominent topographic corridors of the north Pennines

644 During stage | the ice divide straddling the northern sector of the leiglB8sin reached its
645 southern-most point, pinning Galloway ice against the Cumbrian coast amuftuake
646 District ice eastwards (cf. Evans et al., 2009; Fig. 9). Ice ingh&a sector of the BIIS had
647 also reached its maximum observed thickness, overwhelming the egtoe end moving
648 independently of topography over cols in the northern Pennines (see Fig.eQhighest
649 mountains in the north Pennines, Cold Fell and Cross Fell, maintainedcecalgs that fed
650 into the main body of ice (Dakyns et al., 1891; Dwerryhouse, 1902; Trotter, \te2ent,
651 1969; Lunn, 1995; Mitchell, 2007). The local ice-caps on the highest massifdeapreted
652 as cold-based plateau icefields, as inferred from the survival of pralglaterfluve
653 geomorphology (Kleman & Glasser, 2007) and the paucity of subglacial bediwdioative
654 of temperate ice flow (Mitchell, 2007). Stage | therefore comprises tletegterecorded
655 mass of ice in the central sector of the BIIS and is thus correlatednaiximum ice sheet
656expansion at ~29-23 cal. ka BP (Table 1). It was at this timehbajrounded Irish Sea Ice
657 Stream reached its maximum extent, advancing into the Celsm Band reaching as far
658 south as the Isles of Scilly (Scourse et al., 1990; Scourse, 1991; Hiansita2005; O
659 Cofaigh & Evans, 2007; McCarroll et al., 2010). This is supported by reworked §tosti
660 Irish Sea till from the southern coast of Ireland which provided Af@Sdates of 25-24 cal.
661 ka BP (O Cofaigh & Evans, 2007; O Cofaigh et al., 2010a), OSL dates of 24.ka2ftdn
662 deglacial outwash above the Irish Sea Till (O Cofaigh et al., 2010)asmdogenic nuclide
663 dates from Scilly of 22.1 +2.8 to 20.9 £ 2.2 ka BP (McCarroll et al., 2010). In @udikie
oft&hore record indicates a peak in ice-rafted debris from Goban Spur, off the Celtic Basin, at
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665 ~25-24 ka BP (Scourse et al., 2009; Haapaniemi et al., 2010), whilst @ae&vClark
666 (2009b) constrain the maximum limits of the Irish Ice Sheet to betw2@24 ka BP (stage

667 1ll-1V of Greenwood & Clark, 2009b). Similarly, the northern sector of the BlIBasght to
668 have extended to the continental shelf and become confluent veitidiBavian ice between
669 ~30-25 cal. ka BP (Bradwell et al., 2008). As ice-flow during stage lpemsrally easterly, it
670 is therefore inferred that large parts of the central sector of lilsed® not function as a
671 tributary of the Irish Sea Ice Stream during its maximum expansion t8cilig Isles (see

672 Fig. 9). The glacial model for the Irish Ice Sheet proposed by Greenwood akdZL09b)
673 envisaged a broad ice divide centred over the northern Irish Sea Basmjiegttowards
674 Galloway during maximum ice extent, and this can be reconcilédtiaé evidence from the
675 central sector of the ice sheet during this phase that shows icddliog forced eastwards

67@&hrough mountain passes (Fig. 9).

677 The build-up of ice in the central sector of the BIIS coincided witiee the advance of
678 Scottish ice through the Stainmore Gap (see red dashed arrows, Fig. 9) and/or the
679 development of an ice divide across the Vale of Eden/Solway Lowldnds9) (Letzer,
680 1978). This is reconciled with geomorphological evidence indicating conveiiganinto
681 and across Stainmore Gap (533 m) from the NW, W and SW (ice-flow phaseSTHStom
682 Figs. 3b & 5b, d) (Hollingworth, 1931; Letzer, 1978; Mitchell, 1991a,b, 1994; Mitdaell
683 Letzer, 2006; Livingstone et al., 2008; Fig. 7). Erratic trains of thindisve Shap Granite
6B8d Permian Brockram (Trotter, 1929; Hollingworth, 1931; Letzer, 1978) constrain the
68%easterly flow of Lake District ice from the Howgill Fells ari teastern sector of the Lake
686 District (Fig. 4), and the development of another ice divide extending frerhake District
687 to the western Dales Ice Centre (Mitchell, 1991a, 1994) (Fig. 9). The cencergnd flow
688 of ice through the Stainmore Gap suggests that it acted as a loajartery, transferring ice
689 to the eastern side of the country (Fig. 5d). Flow was supplemented hyRerhine ice
690 from the Cross Fell ice cap, and in the Vale of York and Vale of Mowbragebffawing out
691 of the major valleys of the Yorkshire Dales; principally Wensleydaleghvacted as a major
692 conduit of ice from the Yorkshire Dales Ice Centre (cf. Mitchell, 1994, 2007 hMitet al.,
693 2010; Fig. 9).

694 Erratics, particularly Shap granite, demonstrate the eastwards flovak& District ice
695 through the Stainmore Gap southwards into the Vale of York as well as flaling the east
696 coast to Holderness as part of the North Sea Lobe (Fig. 4). Lake Destatics and Shap
697 Granite form part of the Withernsea Member in Yorkshire (Catt & Penny, 1966gdita&
Ca9a978), and boulders of Shap Granite are reported on the Yorkshire coast (Fig. 4, Harmer,
699 1928). It is perhaps puzzling that Lake District erratics have not diessrved in the lower
700 Skipsea Till on the Yorkshire coast given that it has been dated1t@ +16.2 cal. ka BP
701 (during stages I-Ill) (Catt et al., 2007; Bateman et al., 2011). Differentiating theytégatic
702 content alone is difficult given the mixed provenance and similarhgaoical signatures of
703 the tills. Indeed, this complex provenance signature implies thatllthbave cannibalised
704 underlying sediments and were heavily glaciotectonised (e.g. Bost@in 2010; Evans &
705 Thomson, 2010). However, as the Vale of York Lobe was also fed by the Yorkshesel&a
706 Centre, perhaps the Stainmore drainage outlet initially flowed eastwartisowards the
maQih of the Tees (cf. Kendall & Wroot, 1924). As the North Sea Lobe expanded and became
708 dominant following shutdown of the Stainmore and Tyne Gap ice-drainage pat{Btage
709 11-111), ice was forced southwards and the previous sediments deposited bgitirad®e Ice
710 Stream were cannibalised and transported down the east coass Jupgorted by an OSL
711 date of 18.3 ka on the formation of Glacial-Lake Tees (Platter.,eR2@00) that indicates
712 deglaciation of the Tees Estuary prior to the deposition of the Withernkaadiherefore a
713 northerly source of the North Sea Lobe during stage VI (also see Robdrtsaetepted). It
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714 is also worth considering the implications of the lowermost BaseniléonTthe Holderness
715 coast being Late Devensian (Eyles et al., 1994). If so, the Bas@itheaiuld correlate with
716 LGM ice flow (stage 1) and the Skipsea Till could correlate wighadvance during stage llI,
717 and this would give three major phases of ice advance as subgetites paper for the NE
718 sector of the Irish Sea Basin. However, the idea that the Bas@&ithest_ate Devensian has
Heen strongly challenged (e.g. Catt & Penny, 1966; Catt, 2007).

720 In the Vale of York, ice coalesced with ice from the Yorkshire Dalesifyra major trunk
721 glacier that flowed southwards, depositing the reddish brown Vale of Yorkdrithation and
722 the Escrick and York moraine ridges (stage | and early in stageble Ta (cf. Catt, 2007).
723 The southerly limit of this glacier lobe is contentious, with Gaunt (1976, 198fgesting
724 that it may have surged beyond the Escrick moraine into Lake Humbech(was
725 impounded by the North Sea Lobe) and to a temporary ice limit 50 km soutk ofdhaine,
726 marked by a discontinuous line of gravels at Wroot and Thorne (cf. Catt, 2007efoew,
727 and also Bateman et al., 2008; Murton et al., 2009; Fairburn, 2011). Althoughessilibject
728 of debate, Glacial-Lake Humber is thought to have existed from ~24leasit16.6 cal. ka
729 BP (Bateman et al., 2000, 2008, 2011; Murton et al., 2009), with the Vale of Yaikrgla
730 reaching its maximum limit at ~23 ka BP (Murton et al., 2009; Chivegrdlhomas, 2010;
731 Clark et al., In pregs

732 Overprinted relationships of subglacial lineations in the Stainmore Ggg. (&, 5b, 5d)
733(Livingstone et al., 2008) reveal a shift in the influence of iepelisal centres, possibly
734 related to the southwards migration of the Vale of Eden ice divide 9F As the influence
735 of ice from the Vale of Eden waned, the area of the Howgill Bdisgh Fell became the
736 dominant ice-dispersal centre, resulting in NE ice flow through thier8bre Gap (ice-flow
PBéase ST2 from Fig. 3b) (Letzer, 1978, 1987; Livingstone et al., 2008; Fig. 9).

738 During stage |, ice flow through the Tyne Gap (152 m) consisted of an ErEding
739 topographic ice stream (Beaumont, 1971; Bouledrou, et al., 1988; Livingstong2&18ic;
740 Figs. 5b & 9). It was characterised by convergent flow from the Southeamdiphnd Lake
741 District ice centres, with tributaries of locally sourced ice flowimg the main artery from
742 the northern Pennines (Dwerryhouse, 1902; Trotter, 1929; Clark, R. 1969; Livingstdne e
743 2010c) (Fig. 9). It must be noted that if Scottish ice had flowed acrosStaivenore Gap
744 (Scenario la; Fig. 9) then the convergence of Lake District and $cimitigshrough the Tyne
745 Gap Ice Stream must have occurred during a later phase, or that Lake Bigatics in the
746 Solway Lowlands were dispersed eastwards by Scottish ice, producing a agdtirsinsport
747 history. The sensitivity of the Tyne Gap Ice Stream to the magradf ice divides and ice-
748 dispersal centres is demonstrated by shifts in ice-flow direction N&mo E (ice-flow
749 phases LT1-3 from Figs. 3b & 5b) (Livingstone et al., 2008, 2010c; Fig. 9). Ehéte
750 reflect a change in dominant regional flow through the Tyne Gap, betvagenDistrict and
751 Scottish Southern Upland ice (Livingstone et al. 2010c), and als@atioig of the Irish Sea
752 Basin ice divide back towards Scotland, as suggested by Salt (20@lgn&&vans (2004)
753and Greenwood and Clark (2009b).

754 Advance of the North Sea Lobe across the eastern end of the Vale ofrigjckstilted in the
755 construction of moraine ridges extending from Scarborough to Flamborough Head (cf. Catt
756 2007), which dammed the eastwards drainage of the North York Moors rivers leatieg

757 formation of Glacial-Lake Pickering, which extended c. 40 km westwards besftataishing

758 an outflow at the Kirkham Gorge (Kendall, 1902; Clark, et al., 2004; Egtuas, 2005).

759 Given the configuration of the ice sheet during its maximal exparfsign Clark et al., In

760 press) it is hypothesised that Glacial-Lake Pickering formed during this esagéy (§tig. 9).

761
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762 4.4. Stagell

763 Cessation of the Stainmore Gap ice flow pathway and northwards migration of the North
764 Irish Sea Basin ice divide

765 Stage Il is characterized by a gradual reduction in ice volume regiritthe migration of ice
766 divides back into upland regions, leading to significant changes iramowice dynamics
767 primarily related to the eastwards flow of ice through the Tyne and Stainmore Gaps (Table 1).

768These two major ice-flow pathways are treated independently dstage I, because cross-

769 cutting relationships fail to distinguish between the relative itextions of ice flow over
770 each of these cols. However, given the height of the Stainmg€538 m a.s.l.) compared

771 to the Tyne Gap (152 m a.s.l.), and their relative locations compareddo ineadispersal
772centres and ice divides (Fig. 10), it is logical to assume keaStainmore Gap would be
773more sensitive to ice-flow dynamics.

774
775 4.4.1. Stainmore Gap

776 As the ice divide situated across the Vale of Eden continued totengpathwards, ice flow
777 across Stainmore Gap from the western side of the Pennines lmegaaken. This is
778 demonstrated by the youngest set of subglacially-formed lineationse ahdlintain pass,
779 which indicate SE ice flow towards the Vale of York, dominated byaceced in the Upper
780 Tees (ice-flow phases ST3-4 from Figs. 3b, 5d) (Mitchell, 2007; Livingstorad., 2008;
781 Table 1).

782 Further retreat of the ice divide and surface lowering west of the St@n@ap eventually
783 resulted in a switch in ice direction towards the north (Fig. 10), thesemring the flow of
784 ice over the Stainmore col (Table 1) (Trotter, 1929; Letzer, 1987; Mitkh€lark, 1994;
785 Smith, 2002; Mitchell & Riley, 2006; Livingstone et al., 2008; Evansl.et28@09). This is
786 clearly represented by cross-cutting patterns in the Vale of Eden, WHE orientated
787 drumlins preserved in Stainmore becoming increasingly scarce towardeshewhere the
788later northwards flow from the Dales ice centre (Mitchell & Ri2Q0D6) exerted a greater
789 influence in re-moulding the landscape (Fig. 5b) (cf. Evans et al., 2009)fi&igtly, this
790 marked the end of its utility as a major ice transfer corridor. Prasenvof the earlier
791 convergent flow set towards Stainmore Gap was probably a result ebastd ice, possibly
792 associated withanic6LYLGH VLWXDWHG RYHU 6WDLQPRUHYV ZHVWH

793 Further changes in ice configuration were limited to localised shifennine ice-dispersal
794 centres, probably contemporaneous with the large-scale regional re-atigani<ross-

795 cutting drumlins at the head of the Tees Glacier, in a region6®@&m a.s.l., indicate a shift
796 in ice flow from a restricted N-S (ice-flow phase ST3 from Fig. 3bi& Bb) movement

797 down the valley, to an easterly trajectory (ice-flow phase ST4 frgm3Bj) as the ice divide
798 expanded westwards (cf. Mitchell, 2007). Part of the Pennine iceece¢hat previously

799 contributed to the southern feeder zone of the Stainmore Ice Streasg thalght to have
800 been captured by the upper zone of Wensleydale Ice Stream, as edibgrmess-cutting

80wmlins in Grisedale and Aisgill Moor on East Baugh Fell (Fig. 10) (Mitchell, 1991, 1994).

802 It remains a challenge correlating the subsequent retreat of Stainmore ice acressitnesP
803 However, the Vale of York Ice Lobe is thought to have been in relne&0.5 ka BP
804 (Bateman et al., 2008; Clark et al., In press), which may relate to théoatmubf the
805 Stainmore ice drainage outlet. East of Stainmore, deglaciatiomneofTées Estuary is
806 constrained by a date of 18.3 ka BP on the formation of Glacial-Lake Witbshe lake
807 thought to have been in existence until 16.3 ka BP (Plater et al., 2000)tdraér@argin of
808 Stainmore ice during retreat is defined by the Feldom moraine alongddpe of the
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809 meltwater channel of Gilling Beck to the north of Richmond. The largare# systems that
810 lie outside this limit at Marske and feed into the Swale ratated to this ice margin
gBlidgland et al., 2011). The landforms of the Vale of York show numerous drumlins
812 associated with ice flow southwards from Stainmore and eastern Engldmd witmber of
813 retreat phases marked by moraines. Cross-cutting landforms in the eagtefrifgaoriginal
81l4Nensleydale valley near Bedale indicate that Wensleydal@aseable to extend eastwards
815 into the Vale of York, forming the Leeming moraine after the ice retéhtn the Vale of
816 York (Bridgland et al., 2011), possibly during stage IV (Fig. 5d). An uppewiilh Cheviot
817 erratics, exposed in gravel quarries at Catterick and Scorton irelzaéadvance of ice into
818 the upper part of the Vale of York associated with the North Sea Lobe, wiaghbe
819 associated with Great Smeaton moraine just south of the presenalleggMitchell et al.,
820 2010) and which predates the damming of the lower Tees by the ice daesmablieh (Agar,
821 1954).
822

823 4.4.2. Tyne Gap:

824 As the ice divide in the Irish Sea Basin continued to retreatthrdowestern Southern
825 Uplands and Northern Ireland, so the influence of the Tyne Gap as anyethsiarig ice
826 stream weakened. Instead, ice flow became dominated by Scottiébwioey SE down the
827 North Tyne Valley and out of the Bewcastle Fells (Fig. 10; ioe~fpbhase LT4 from Figs. 3b
828 & 5c; Table 1 (Clark, R. 2002; Livingstone et al., 2010c [stage Il])agé&tll therefore
829 corresponds with the eastwards migration of the Southern Uplands-Scottisintigyite
830 divide, (Salt & Evans, 2004; Livingstone et al., 2008, 2010c; Finlayson €0aD) causing
831 the central Southern Uplands to become increasingly important ag-alispersal centre.
832 Finlayson et al., (2010) tentatively inferred that the eastward expaofsiba ice divide may
833 have coincided with the Clogher Head Readvance (18.5-16.7 cal. ka BB)galtthis seems
834 too late for our reconstruction.

835
836 4.5. Stage lll
837 4.5.1. Stagnation and retreat of the Tyne Gap Ice Stream

838 Stage lll was characterised by widespread deglaciation of thealceettor of the BIIS
839 (Table 1; Fig. 11). Ice in the Tyne Gap underwent incremental reneskits eastern-most
840 margin, as delimited by a series of transverse moraines (Fig. h{jh& 1912; Livingstone
841 et al., 2008). This resulted in decoupling of the Tyne Gap ice from the NorttoBealn the
842 lower South Tyne and Derwent valleys further retreat was associatedwidespread
843 stagnation and ablation, as evidenced by chaotic sequences of debrigidlowtons,
844 kamiform deposits and ice-contact glaciofluvial and glaciolacussedénents (Clark, 1970;
845 Douglas, 1991; Mills & Holiday, 1998; Yorke et al., 2007) (Fig. 11). Eventutiky,lower
846 Tyne and the eastern coast of northern England formed a lacgdhge enclave with ice
847 constrained to the higher ground of the Pennines. The development of icediaes in
848eastern England can be reconciled with eastward migrating ice-dadeshe subsequent
849 capture and drawdown of ice into the Irish Sea Ice Stream (e.g. Lomegst al., 2008;
850 Finlayson et al., 2010). At Warren House Gill on the Durham coast, a saneuRre(tbrlee
851 Sand and Gravel) was deposited at the westerly margin of the expaatitigSea Lobe
852 (Fig. 11). Ice in the Tyne Valley supplied sediment-charged rasdtw to the valley and
853 lowlands as part of a major proglacial drainage network (Livingstoaé 2010c, Table 1).
854 Ice flow down the North Tyne Valley probably persisted during this (andalf@ving)
855 stage(s) (Table 1), while glacial flow from local Pennine ice-dispersatres similarly
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856 remained (Fig. 11).
857
858 4.5.2. Scenario llla

859 Ice-free enclave in NW Cumbria and the development of ice-damrkesl &ong the margin
860 of the Irish Sea Ice Stream

861 Further deglaciation as recorded by extensive spreads of glaciofluviallasidlagustrine

862 sediments (including clastic varves) and debris-flow deposits mark the ainse ice-free
863 enclave within the Solway Lowlands (Livingstone et al., 2010a;1diy. Its western margin,
864 off the Cumbrian coast, was delimited by ice feeding the Irish ISe Stream (Fig. 11),
865 which, towards the end of stage lll, acted to impede meltwatenagiai leading to the
866 development of proglacial lakes in the Solway Lowlands (Livingsadred., 2010a; Fig. 11)

867 and lower Wasdale (Merritt and Auton, 2000). Clastic varves identified akligd Wood

868 (Blackhall Wood Clay Formation) indicate that the proglacial lake (&ld@ake Blackhall

869 Wood) existed for at least 261 years, while stratigraphic correlation otligr laminated
870 sediments suggest that the lake occupied an area of at least 14Qikngs{one et al.,

871 2010a; Fig. 11; Table 1).

872
873 4.5.3. Scenario lllb
874 Downwasting, stagnating Main Late Devensian ice in the Solway Lowlands

875 In contrast to scenario llla, Huddart (1970, 1983) envisaged a much more cord@ats
876 of depositional environments associated with downwasting, stagnating3Weciation ice in
877 the Eden, Petteril and Caldew valleys (i.e. Stage V, Fig. 13)lmhd\s younger in age than
878 the Brampton Kame Belt. Furthermore, he did not recognise any extghstelacustrine
879 unit, or a readvance (as suggested later in Stage V). Insteegl;dgnised four small lakes
880 in the Eden valley at Baronwood and Lazonby, surrounded by downwasting,nstegnan
881 the Petteril valley, the M6 motorway boreholes and sections relvémienated clays at
882 various altitudes and occurring either as intrabeds in till and sanddistexst stratigraphic
883 units. Topographically the laminated clays are situated in bagsitiset lee of the higher
884 drumlinised ground to the west and in the Petteril valley to the €asther detailed
885 observations at Calthwaite Beck-Low Oaks (motorway chainage 645-71&t ahalss Pool
886 (Huddart, 1970, p86-94) indicate deposition in small, subaerial, ice-margiued, |with
887 associated multiple debris flow diamictons derived from adjacksit Similarly, Huddart
888 (1970, 1981) reported a motorway excavation at Carrow Hill that contained sands and
889 gravels, laminated silts and clays and supraglacially-derives flow diamictons,
890 interpreted by him as an unstable ice-walled lake plain (Clayton &r¢Zh&d67) that
891 persisted for at least 87 years (varve counts). Similar depositeamatonments were
892 envisaged by Huddart (1970) for exposures in the Caldew Valley to the weslighitty
893 lower elevations Huddart (1970) interpreted outcrops of stratified sedimentssab B
89deltas deposited into a small ice-marginal lake and at Caretankame terrace sequence
895 related to ice downwasting in the Petteril valley (Huddart, 1970, p.165-16G)sttiae
896 deposits found in the Caldew Valley to the west are interpreted by Hd8Z0) as a series
897 of marginal or ice-walled lake basins. There is thus controversy imtérpietations of these
898 sediments at Blackhall Wood: either a result of a readvance of ice duenside
899 (Livingstone et al., 2010a), or as a result of continued downwasting andtstagofathe
9@Main Glaciation ice sheet (Huddart, 1970, 1981, 1983).

901
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902 4.5.4. Reqional significance:

903 Deglaciation during stages lI-lll (Table 1) is thought to correspond with réped
904 deglaciation of the Irish Sea Ice Stream from its maximum southein kuowever, the
905 northern sector of the Irish Sea Basin is thought to have remainedeglagdiaing this and
906 the subsequent stage (IV) proposed in this paper. The most compeitiegae for this is
907 provided by Roberts et al., (2007) who propose a two-phase ice-flow model toeptptaal

908 geomorphology on the Isle of Man; an initial SE flow from the Southern Uplandse(pha
909 followed by SW flow out of the Solway Firth (phase Il). Both phases aribudéd to
910 streaming associated with the Irish Sea Ice Stream and are thextfireted to the LGM
911 (Roberts et al., 2007). Based on the Event Stratigraphy presented in Tablasé, | pof
912 Roberts et al., (2007) can be correlated confidently with stage | and Il iwilinevidence

913ndicating drainage of ice coalescing in the Solway Lowlandsvead$ across the Pennines
914 rather than into the Irish Sea as a tributary of the ice streame(TabThe only significant

915 flow of ice into the Irish Sea Basin from the Solway Lowlands occurred duegg $V (ice-
916 flow phase LT5 from Figs. 3b 5a), during the Blackhall Wood Re-advance, asel bmaust
917 therefore correlate with this event (see below). Therefore, ice isnettedpto have overrun
918 the Isle of Man throughout stages | to IV and stretched down the Quesbrian coast,

919 impounding lakes aDLQVW KLJKHU JURXQG GXULQJ VWDJH ,,, VFFL
9202000; Livingstone et al. 2010a).
921

9224.6. Stage IV (following on from scenario llla)
923 Blackhall Wood-Gosforth Oscillation

924 Despite the reservations noted above (see Scenario llIb) and idenay presented in
925 Huddart (1970, 1981, 1983, 1991), an alternative view is that the overall pattetreat in
926 the central sector of the BIIS was reversed during the Blackhall WoaabRece phase
927 (stage IV). This re-advance was characterised by a switchvindirection, with ice moving
928 down the Vale of Eden from the western Pennines/Howgill Fells beforeng westwards
929 around the northern edge of the Lake District and out into the Irish Saa(Bz-flow phase
930 LT5 from Figs. 3b & 5a) (Livingstone et al., 2008, 2010a; Fig. 12). Subglhcedtions
931 constructed by Scottish ice provide evidence for a coeval advance of r@outilands ice
932 out of the Esk Valley, across the Solway Firth and down the Cumbrian(toasgstone et
933 al., 2008, 2010; Fig. 12), with the SW flow direction indicative of a dominantinde in
934 the central Southern Uplands maintained from the previous stage. TUaeaimwvarm' of
935 subglacial lineations (Fig. 12) display sedimentological and morphologiGiacteristics
936 typical of a fast-flow signature such as high elongation ratios (12:1) wicénee of
937 pervasive glaciotectonic deformation (Stokes & Clark, 2001). It is eyedlsthat ice moving
938 rapidly into the Irish Sea Basin from the Solway Lowlands coalesdbdamd functioned as
93% tributary of, the Irish Sea Ice Stream during this stage @stme et al., 2010a). The fast
94(low signature of stage IV subglacial lineations in the Solwaylands suggests that ice was
941 being vigorously drawn-down into the Irish Sea Ice Stream (Eyldé4c&abe, 1989; Evans
®20 Cofaigh, 2003; O Cofaigh & Evans, 2007). A northwards transition into hummocky
943 terrain and ribbed moraine delimits the lateral margin, where iafeces velocities were
9dinificantly reduced (Livingstone et al., 2008, 2010a; Figs. 5a & 12).

945 The Blackhall Wood Re-advance (Livingstone et al., 2010a) is tegltaterrelated with the

946 Gosforth Oscillation in Cumbria (Trotter, 1937), prior to which there was a tenypeteeat
947 of Lake District valley glaciers and proglacial lakes dammexanag Irish Sea Ice (stage llla)
948 (Merritt & Auton, 2000). The subsequent Gosforth Re-advance (stage IV, Table Lakaw
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949 District ice again coalescent with the Irish Sea Ice S8tredeading to extensive
a@mlinisation of the region (Merritt & Auton, 2000). However, Huddart (1970, 1991) had

951 suggested that there was no need for the Gosforth Oscillation anthéhlndforms and
952 sediments could be accommodated into earlier phases (stage Ill). Masking arcuate
953 drumlins associated with flow-phase LTS5 (Fig. 3b) by the Holme St. Cutlusdtdic
954 sequence (Huddart, 1970) verifies that this re-advance occurred prior toattishSRe-
955 advance (Livingstone et al., 2010a; Table 1)(see below). The influenve oémtral sector of
956 the BIIS on the Irish Sea Ice Stream during this stage (IV) ofadlaniis replicated in the
957 regional geological record, for example by overprinted bedforms on thefl$¥an that

958reveal a late SW phase of ice flow initiated in the Solwaylands (Roberts et al., 2007:
959 phase II).

960 A considerable part of the northern Irish Sea basin might have become deglaciateddollowi
961 a widespread collapse of the Irish Sea Ice Stream during the interval betwe&@Mti{sthge
962 1) and the Gosforth Oscillation Re-advance (stage V), for if the Cardigan Bay Fammati
963 within that region is correctly correlated with the LGM (Jackson et al., 1995), then thé retrea
mudbhave been considerable and prolonged. This is because the overlying Upper Western
965 Irish Sea Formation includesaMGHVSUHDG GLVFRQMR@QIRNVEN VOORH | ;
9%Bich Merritt and Auton (2000) conclude formed subglacially during the Gosforth
O¢gdlration (see Huddart and Glasser, 2002, Fig. 5.24). A sequence of clay, silt and mud up to
a68ut 35 m thick within the Upper Western Irish Sea Formation below the X-unconformity
969 formed in a cold-water, low-salinity, proglacial glaciomarine environmentt{(® 1977,
1998Pand, based on average accumulation rates calculated for such sediments (Boulton
1991), would have taken 3000 years or more to accumulate. These coarsely laminated
972 GHSRVLWYV IRUPHG ZLWKLQ WKH p9D &tdthe R f1§n, ZKLFK Ol
pr&¥bly connected to the open sea to the south-west (Thomas, 1985). The Vannin Sound
974 sequence has been correlated with the Dogmills Member, some 20 km to the rsbroim-we
th@/Ble of Man, and hence to the glacial readvance responsible for creating of the Bride
MioBaine on that island (Thomas, 1985). The sediments underlying the X-unconformity within
thedvannin Sound contain dropstones and ice-berg dump structures and were interpreted by
978 Pantin (1977, 1978) to have accumulated sub-tidally by sediment-laden meltwates plume
979 adjacent to a floating ice shelf. These sediments may be re-interpreted tiebawieposited
980 from low-velocity hyperpycnal flows, a style of sedimention that was charstatent
@®hditions in the North Atlantic during H1, particularly between 16.7 and 15.1 ka BP
@8tanford et al., 2011). Indeed, if the X-unconformity is correctly attributed to a glacial re-
983 advance associated with the Gosforth Oscillation, this event terminated calgmgdaod in
984 WKH QRUWKHUQ ,ULVK 6HD WKDW LV VLPLODU LQ GXUDWLR(
g&bnost 4000 years proposed by Standford et al., 2011).
986

987The regional-scale of the Blackhall Wo&d-advance (Gosforth Oscillation) implies that it
988 was maybe triggered by an external forcing mechanism such as tia¢ k8 BP meltwater
989 pulse (Table 1), an event which caused an abrupt decrease in tinicAtteridional
990 overturning circulation leading to widespread cooling of the NE Atlantic (Yaka et al.,
991 2000; Clark, et al., 2004; Hall et al., 2006); although without direct chronolagiogtol this
9@th only be tentatively inferred (e.g. see Livingstone et al., 2010e).

993 A coeval re-advance of ice in the Tyne Gap may have led to depositthe Butterby Till
994 Member of the Wear Till Formation, which locally caps the Tyne andr\@aciolacustrine
995 Formation around Durham (Francis, 1970; McMillan et al., 2011) (Table 2 & Fig. 5d).
996 However, there is no geomorphological evidence for the Tynei€aponnecting with the
997 North Sea Lobe (e.g. Livingstone et al. 2008, 2010c), with the stratigraphial riecthe
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998 Tyne Valley supporting continuous westward retreat and sandur developmentetYairk
999 2007). It is now thought that the North Sea Lobe flowed southwards into Yorkahiteas
1000 far south as the north Norfolk coast) during two major oscillations, between 21.KalBR2
1001 (Skipsea Till) and 16.2-15.5 ka BP (Withernsea Till) (Bateman et al., 20his).bfoadly
1002 correlates with additional dating controls along the east coast oérthgivhich place the
1003 deposition of the Skipsea Member along the Yorkshire Coast to the Dimlingtial ~21
1004 cal. ka BP) (Catt & Penny, 1966; Rose, 1985; Davies et al., 2009, in presss.t€hgoral
&O0&traints provide further evidence for the asynchronicity of the BIIS, with the eastern sector
1006 of the BIIS not reaching it maximal limits until much later, duresgeriod where other
1007 sectors of the ice sheet where undergoing major deglacial episobtés ITéHubbard et al.,
1008 2009; Clark et al., In press). Indeed, the southwards expansion of the North Seadmbe s
1009 to have coincided with (and was maybe triggered by) shutdown of majerlgdlowing ice
1010 drainage pathways of the central sector of the BIIS (Davies et al.,;200@astone et al.,
1011 2010c). Thus, the southerly expansion of the North Sea Lobe can be constrainedthl stage
1012VI (Table 1). Stages IV and VI offer the most plausible options ag tiedste to expansions
1013 of the ice sheet along the Irish coast. Sedimentological and geomoiiphbkegdence in
1014 Yorkshire demonstrates that the North Sea Lobe most likely underwent cepeagig as it
1015 advanced southwards (Boston et al., 2010; Evans & Thomson, 2010) and that @édddrem
16fenber, leading to the development of Glacial-Lake Humber (Murton et al., 2009).

1017
1018 4.7. StageV

1019 Deglaciation of the Solway Lowlands:

1020 Following the Blackhall Wood Re-advance ice continued to retreat obe dbwlands of the
1021 central sector of the BIIS (Fig. 13). Initially ice receded eastwardsind the northern
1022 margin of the Lake District (Hollingworth, 1931; Livingstone et al., 2010b), andhnort
1023 eastwards back into the Scottish Southern Uplands (Livingstone et al., ZFifb}3).
1024 Local glacial-flow out of the northern Lake District became decougtethe ice retreated
1025 eastwards, with ice-marginal or subglacial meltwater chaneeisintating in perched fans
1026 which delimit successive still-stand positions (Hollingworth, 1931 vitasd, et al., 1968;
1027 Greenwood et al., 2007; Table 1); similarly ice-marginal charatelBiglands constrain the
1028 retreat of Scottish ice (Fig. 13). Downwasting at the northern boundary ofcédimg Lake
1029 District/Eden Valley ice along the southern Solway Lowlands rekiite considerable flux
1030 of meltwater, as recorded by glaciofluvial and deltaic deposits a¢tGar(Huddart, 1970;
1031 Livingstone et al., 2010b). Such an environment is replicated throughout thernaséector
1032 of the Solway Lowlands, with tripartite divisions clearly demonstrativeglater re-advance
1033 of Scottish ice (Stage VI) over glaciofluvial/glaciolacustringatgts (Dixon et al., 1926;

10Bebtter, 1929; Huddart, 1970; Phillips et al., 2007; McMillan et al., in press).

1035 As ice retreated across the Irthing-South Tyne watershed onto theerslggs of the Tyne
1036 Gap it bifurcated into two distinct ice lobes, with Lake Detice receding SW into the Vale
1037 of Eden and Scottish ice contracting west towards Dumfries-shire (Tro®29; Fig. 13).
1038 During this stage Glacial-Lake Carlisle formed against the revelope of the Tyne Gap
10Btter & Hollingworth, 1932; Huddart, 1970; Fig. 13; Table 1). The lake was impounded
1040 against ice in the Carlisle region and characterised by fallintgrwavels and westerly
1041 expansion in response to further retreat and down-wasting of the two ése(fg. 13). The
1042 temporal evolution of the lake margin is constrained by a series of deltaned between 60
1043 and 43 m a.s.l. (Huddart, 1970; Livingstone et al., 2008). It must be notedl#azl-Lake
1044 Carlisle might also/alternatively have formed during stage lllacegetreated westwards
1045 away from the Tyne Gap (Huddart, 1970). There is a lack of sedimentdlegidance
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1046 related to the Blackhall Wood Re-advance in this region, but becausgathefluvial and

1047glaciolacustrine deposits are positioned stratigraphically behlmv Scottish Re-advance
104Bamicton, they have been correlated with stage V.

1049Ice in the Solway Lowlands stagnated and downwastsdu (Fig. 13) as described in detail
1o5Gection 4.4.3 (Scenario llib) (cf. Huddart, 1970, 1983). It is during this phase of ice
1051 stagnation that the extensive Brampton kame belt was formed (Fig. 5ahi®)glacial
1052 landform-sediment assemblage wraps around the NW edge of the northeme®ema is
1053associated with a suite of meltwater channels trending alongetiver@ escarpment and into
1954 yne Gap (Trotter, 1929; Huddart, 1970, 1983; Arthurton & Wadge, 1981; Greenwood et
1055 al., 2007; Livingstone et al., 2008, 2010d, f). It is thus envisaged that theptra kame
1056 belt, and associated meltwater channels, formed in a time-transgresanner. Initial
1057 recession, westwards across the Tyne Gap, was characterised bgcislibgleltwater
1058 breaching the Irthing-Tyne watershed (e.g. Gilsland meltwater chandedudbglacial esker
1059 development) and feeding into the South Tyne Valley proglacial deirmsgwork
1060 (Livingstone et al., 2010c, d). Significantly this implies that the é&amelt and Pennine
1061 escarpment meltwater channels are the upstream (subgkdahsion of the Tyne Valley
1062 drainage network. This suggests a stable hydrological regime opeaatihg base of this
HeBor of the ice sheet during the last glacial (cf. Boulton et al., 2007a, b; 2009).

1064 The physiographic position of the Brampton kame belt in the lee of ti@rfés and pinned
1065 against the Penrith sandstone ridge to the west (Fig. 5a, b) fadilgeagnation anth situ
1066 downwasting of the ice mass (Huddart et al., 1970, 1983; Livingstone et al., 20m8d). T
1067 spatial and temporal evolution of the Brampton kame belt resulted in ancaeydforms
1068 and sediment assemblages comprising flat-topped hills, depressions andsliaep topped
1069 ridges (Trotter, 1929; Huddart, 1970, 1983; Livingstone et al., 2010d). These are inderprete
1070as ice-walled lake plains as at Whin Hill (Faugh), kettle $jo#end ice-contact meltwater
1071 drainage networks or fluvial crevasse fills as at Whin Hill (How)MFaugh, Moss Nook
1072 and Hardbanks respectively (Huddart, 1970, 1983; Livingstone et al., 2010d). Livingstone
1073 al., (2010d, g) inferred that this type of landform-sediment assemblagehameldormed by
107Zenlargement of a complex glacier karserfsuClayton, 1964). The deposition of large
1075 glaciofluvial moraine complexes has typically been associateld wier-lobate (suture)
199%es (e.g. Warren & Ashley, 1994; Thomas & Montague, 1997; Punkari, 1997).
1077 Interestingly, a narrow suture zone is likely to have developed wheflowdag NW down
1078 the Vale of Eden was joined by ice emanating from the S-N orientated Pennine ice éw®ide (s
1079 ice flow vectors in Fig. 12). Both the Pennine escarpment meltwateonkeand the
1080 Brampton kame belt are located along this narrow corridor and is therefosusbfd
1081 mechanism for their formation. Suture zones are associated with tiecereonfigurations
1082hat concentrate meltwater drainage, whilst the unzipping of integlabatmasses can lead
11@388e stagnation and the net deposition of glaciofluvial sediment (Punkari, 1997).

1084 The Brampton kame belt was fed by a large meltwater channebrketsending along the
1085 edge of the Pennine escarpment (Fig. 5b) (Totter, 1929; Arthurton & Wadge, 1981;
1086 Greenwood et al., 2007; Livingstone et al., 2010d, f), and also from meltwatengdrafhi
1087 the Penrith sandstone ridge (Arthurton & Wadge, 1981; Livingstone et al., 2010d, f). The
1088 drainage network documents the progressive deglaciation and down-waisice in the

1089 Vale of Eden (stages V and VI) and comprises anastomosing subglanalets and flights

10900f lateral channels. The morphology of the meltwater system dmle & best explained as

1091 time-transgressive, with channels running parallel to each other and formeccassvely
1092 lower elevations (Livingstone et al., 2008). Ice surface lowering eaiytled to the
1093 Brampton kame belt being cut-off from the meltwater drainage netwaskalso tentatively
1094 suggested that the current River Eden was occupied by a large tutexeldvaing the last
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1095 glaciation (Livingstone et al., 2010d, f). The dense network of meltwagnels on the
1096 Penrith sandstone ridge (e.g. Livingstone et al.,, 2010f), and formation afearontact
1097 glaciofluvial complex at Baronwood (cf. Huddart, 1970) provides a further exampte of

1098 being pinned against and stagnating on top of the ridge during ice surfacidpimethe
1099 Vale of Eden (Huddart, 1970).

1100 Further meltwater channels have been mapped at the southern end\aiethef Eden
1101 (Letzer, 1978; Livingstone et al., 2008), comprising four distinct dendritic netyweak$ of
1102 which leads into a major trunk channel. (Letzer, 1978; Livingstone eR@08). These
1103 meltwater systems trend SSW-NNE, running parallel to the orientafithe drumlins in the

1104 region (stages llI-V) and are interpreted to be subglacially formedtaltleeir complex
1108orphology and discontinuous profiles (cf. Letzer, 1978).

1106As the east coast became deglaciated as Pennine ice ceiremtisvards large volumes of
1107 meltwater became trapped between the western flank of the NorttoBeawhich was still
1108 extensive at this time (see Bateman et al. 2011), and higher groundatesthd his resulted
1109 in numerous proglacial lakes developing in the zone between Pennine ahdS¥arice,

1110 including Glacial-Lake Tees and Glacial-Lake Wear (Fig. 13) (Ként@02; Penny &
11Rawson 1969; Smith & Francis 1967; Smith 1981, 1994).

1112
1113 4.8. Stage VI

1114 Scottish Re-advance and subsequent final retreat of ice out of the central sector of the BIIS

1115The final stage in the observed glacial history of the BIIS ig¢h@dvance of Scottish ice
1116 onto the fringe of the west Cumbrian coast as far south as Annaside-Gqtterfigw phase
1HF1 from Figs. 3b & 5a) (Trotter, 1922, 1923, 1929; Trotter & Hollingworth, 1932; Huddart,
1P, 19714, b, 1991, 1994; Huddart & Tooley, 1972; Huddart et al., 1977, Huddart & Clark,
1119 1994; Livingstone et al., 2010b; Stone et al., 2010) (Fig. 14; Table 1)l-Atatid recorded
1120 by the Holme St. Cuthbert deltaic sequence, moraines at Annasideb@udtel St. Bees,
1121 proglacial lacustrine deposits in Wasdale and proglacial sandur degiosieerington and
1122 Broomhills mark the most obvious limits of the Scottish Re-advancegTgb{Huddart &
1T2®ley, 1972; Huddart et al. 1977; Huddart, 1994; Merritt & Auton, 2000). A radiocarbon
1124 date of 14.7 £0.6 ka BP from an infilled hollow at the top of the moraine sexjaefit. Bees
droxddes a maximum constraint on the re-advance (Coope & Joachim, 1980). The Jurby
1126 Formation on the Isle of Man, which was deposited between 18.5-14.3 daP kas also
1127 been tentatively correlated with the Scottish Re-advance, with deposiferred to be
1128 associated with dynamic retreat of the Irish Sea Ice Strefamihgemas et al., 2004), whilst
1129 McCabe et al. (1998) and McCabe & Clark (1998) have proposed a correlation with the
1130 Killard Point Stadial (~16.8 cal. ka BP) as part of a pan Irish Sea resfmohisenrich Event
1131 1 (Table 1). However, the poor chronological constraints in the centrar s#cthe BIIS,
1132 coupled with the ill-defined imprint and inferred transient behaviour of tltiSit Re-
1133advance make it difficult to determine conclusively whetherSbettish Re-advance formed

1134 part of a regional re-advance signal or a local internal re-adjustment of this part ofige B
1135 Irish Ice Sheet.

1136 The Holme St. Cuthbert delta provides evidence for ice-dammed lake fommatithe
1137 vicinity of Wigton (Fig. 10), with the foreset structures revealing a kaight between 42-49
1138 m a.s.l. and a water depth of ~30 m (Huddart, 1970; Huddart & Tooley, 1972; tonegst

1139 al., 2010b). Subdued eskers and a thin, patchy upper till sheet in the Sowlayds have
1140 allowed the margin to be traced as far inland as Thursby, Sowewbyg ¥#hd Carleton and

1141 possibly as far east as Lanercost (Dixon et al., 1926; Trotter et al., Te@®r &
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1H4Ringworth, 1932; Huddart, 1970, 1973, 1994, Livingstone et al., 2010b). Huddart (1970)

1143 suggested that in the Carlisle plain the readvance ice reworkedhalasigipes but did not
1144 override deltas at 30m a.s.l. He located an upper till as far e@stasholme (near Corby

1145 Hill), EXW WKLV GLG QRW UHDFK DV IDU DV 7URW@HWARYVW

1146 Brampton and Cumwhitton. The thin geometry of the till sheet, coupled gthatk of
1147 observable strandlines and glaciolacustrine sediments associdtethevice-dammed lake
1148 suggest that the Scottish Re-advance probably represents a shoridimeTeotter, 1929;
1149 Livingstone et al., 2010b). The composition of the Annaside-Gutterby and & .nB@raines
1150 (complex glaciotectonised sequences of pre-existing sediments) do not necesststd pe
1151 prolonged subglacial transport of sediment and is therefore compatibléhigitmodel (e.qg.

115%villiams et al., 2001; Evans & O Cofaigh, 2003).

1153 A lobate re-advance of Lake District ice is evident from a S-Nntaied flowset of
1154 subglacial lineations (icdORZ SKDVH /7 LQ 9DOH RI (GHQ IURP )LJ
1155 encroaching into the Solway Lowlands from the Vale of Eden (Livingsainal., 2008,
1156 2010a,b; Fig. 14). This re-advance is bounded at its northern end by a belk alidmicton
1157 interpreted as an end-moraine, while meltwater channels emanatinghieciormer glacier
1158 margin, and coalescing with the Dalston overspill channel, are aldenéwat the northern
1159 edge of the Vale of Eden (Livingstone et al., 2008, 2010a,b; McMillan,eharess). It is,
1160however, difficult to reconcile whether this event was coeval thghScottish Re-advance or
1161 merely a late-stage internal re-adjustment of Lake Distrastill Fells ice (Livingstone et
1162 al., 2010b; Merritt, 2010

1163 As ice down-wasted and retreated into upland massifs, flow became f{opoghy
1164 constrained, as illustrated by a series of final late-stagedess-fivhich are clearly restricted
1165 to valleys of the main upland dispersal centres (ice-flow phasésfrom Fig. 3b) (e.g.
1166 Charlesworth, 1926; Raistrick, 1926; Trotter, 1929; Hollingworth, 1931; Salt & Evans, 2004;
1167 Livingstone et al. 2008). Cosmogenic exposure ages from Wasdale in th®isaket and
1168 Glen Trool in the Southern Uplands suggest that ice persisted i@ tipdsnd dispersal
11@@ntres after ~14.3 cal. ka BP (McCarroll et al., 2010).

1170 In comparison to the NW coast, the dating control in eastern Englandtpenore direct
1171 correlation between ice-flow events and forcing mechanisms. During HeiBreht 1
1172 (which may have occurred during stage VI), the North Sea Lobe continuedrge s
1173 southwards, damming Glacial-Lake Humber and depositing the Withernibg&idi 14)
1174 (Bateman et al., 2008, 2011; Evans & Thomson, 2010; Davies et al., in pressjne ice
1175 had retreated from the coast by this time, leaving ice-dammesl ilaleastern England, with
1tw6North Sea Lobe still acting as a barrier to meltwater drainage (Fig. 14).

1177
1178 5. CONCLUSIONS

1179 This review demonstrates the inherent dynamism of the central séthar BIIS during the
1180 last glaciation. The ice sheet was characterised by flovelsest initiation (and termination)
1181 of ice streams, draw-down of ice into marine ice streams, repeatethigaial fluctuations
1182 and the production of large volumes of meltwater, locally impounded to foruaitened
1183 glacial lakes. Numerical ice-sheet modelling demonstratesd@dlow switches can occur
1184 rapidly over short time-scales (Evans et al., 2009; Hubbard et al., 2009)leflcsion of a
1185 dynamic ice sheet heavily influenced by fast-flowing ice stremms accord with recent
1186 fieldwork and modelling studies that recognise dynamic shifts in ice flow direction doeng t
1187 glaciation of the last BIIS (e.g. Greenwood & Clark, 2008, 2009a,b; Hubbard et al., 2009;
1188 Finlayson et al., 2010). The topographic complexity of the region provides an yimglerl
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1189 control for the multi-phase ice flow patterns exhibited. Upland regions providiédtihe
1190 initial and final focal points from which ice radiated (under topographicraipntwvhile
1191 during later phases ice was streamed through topographic lows (e.gGap)eand was
1192 influenced by changes in the dominance of upland ice-dispersal centres.i©hdfts in
1193flow direction were primarily driven by the migration of ice-dispersitres and ice divides.
1194This is depicted in the generalised migration patterns of ice digitigsce-dispersal centres
1195 of the BIIS, with ice first expanding and then contracting back into uplandifsgs.g.
1196 Evans et al., 2009). Ice streams both within and in the immediatétyiof the central sector
1197 of the BIIS also influenced the dynamics of the ice sheet through theddrnaw{and thus
1198 thinning) of the ice (e.g. lrish Sea Ice Stream). This impacted upomitjration of ice
1199 divides initiating rapid changes in flow behaviour and direction; e.g. ifyhe Gap. Ice
1200 streams themselves are observed to be non-permanent and highlyeséeaitires of the
1201 BIIS; with the Tyne Gap, for example, shown to be heavily influenced bythetBouthern
1202 Uplands and Lake District ice-dispersal centres, before eventualyedjsating as the Irish
1203 Sea ice divide shifted northwards. The Irish Sea Ice Stream howlaverot influence the
1204 central sector of the BIIS until a late stage of deglaciationgd¥y probably with the ice
1205 divide in the northern part of the Irish Sea Basin instead providing af@ ffux of ice from
1206 this sector.

1207Six major phases of ice-flow activity have been recognised inpdyer and these are
1268mmarised below and detailed in Table 1 and Figs. 9-14:

1209 1. Stage | comprised the greatest recorded masseah the central sector of the last

1210 BIIS and is therefore correlated with maximum ice sheet expansion2@-28}. ka
1211 BP). Ice drained eastwards through prominent topographic corridors (Tyne Gap and
1212 Stainmore Gap) of the northern Pennines.
1213 2. Stage Il was characterised by a gradual reduction in ice volumdingsin the
1214 migration of ice divides back towards uplands massifs. This eventeliyed the
1215 cessation of the Stainmore Gap ice-flow path and a switch to Hgriteflow down
1216 the Vale of Eden into the Solway Lowlands. This ice-flow dwitoay have been
1217 coincident with the shutdown of the Vale of York Ice Lobe. The easterly flowing T
1218 Gap Ice Stream likely weakened during this stage due to the indreagertance of
1219 the central Southern Uplands ice-dispersal centre, with ice flowinghifd a SE
1220 direction down the North Tyne Valley.
1221 3. Stage lll was associated with widespread deglaciation of theatsrctor of the last
1222 BIIS. The Tyne Gap ice stream decoupled from the North Sea Lobe |eaving-
1223 free enclave in eastern England. This allowed a large progliraimage network to
1224 develop in the Tyne Valley, whilst a sandur was deposited on the Durbash c
1225 against the western margin of the expanding North Sea Lobe. We offecanaries
1226 for ice retreat in the Solway Lowlands: lllathe formation of an ice-free enclave
1227 constrained by the Irish Sea Ice Stream to the west and cheexttby proglacial
1228 lake development; or lllatstagnation andh situ downwasting of ice in the valleys of
1229 the Solway Lowlands. The fundamental difference between these tnarissais that
1230 lllb does not recognise the stage IV re-advance (which is based on varved
1231 glaciolacustrine sediments sandwiched between two till units),is therefore the

1232 equivalent of stage V of the Illa model (see Table 1).
1233 4. Stage IV records thee-advance of ice into the Solway Lowlands (Blackhall Wood-

1234 Gosforth Oscillation) and is associated with a switch in ice @inve@nd behaviour,
1235 with ice flowing rapidly into the Irish Sea, perhaps as a tributary ofrite Sea Ice
1236 Stream.

1237 5. Stage V was characterised by the deglaciation of the Solveaylabhds, with
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1238 stagnation and downwasting significant (see stage IlIb). This led tirtimation of

1239 an extensive glaciofluvial complex in the lee of the Pennines (Boania@me belt),
1240 which formed part of a larger meltwater network trending along the Pennine
1241 Escarpment and into the Tyne Gap. As the east coast of Englamdebdeglaciation
1242 as Pennine ice retreated westwards numerous proglacial lakes ddvatfpest the
1243 flank of the North Sea Lobe, including Glacial-Lake Tees and Glacial-Lake Wear.
1244 6. The final stage (VIwas the re-advance of Scottish ice onto the fringe of the west
1245 Cumbrian coast as far south as Annaside-Gutterby, and was followed fipahe

1246 retreat of ice out of the central sector of the last BIIS.

1247 During stages IV to VI the North Sea Lobe flowed southwards into Yorksihimeng two
1248 major oscillations between 21.7-16.2 ka BP (Skipsea Till) and 16.2-15.5 K&/Bferhsea
1249 Till) (Bateman et al. 2011). Geomorphological and sedimentological reséddemonstrates
1250 that the North Sea Lobe underwent repeated surging as it advancedasdat(Boston et al.
1251 2010; Evans & Thomson, 2010), whilst it also dammed the Humber leadingftortiegion
12520f Glacial-Lake Humber until after 16.6 ka BP.

1253 Two major oscillations (the Blackhall Wood Re-advance and Scottish Re&xeelvhave been
1254 identified within the central sector of the BIIS. Both re-advanceyg b®a part of more
1255 regionally extensive Irish Sea Ice Basin re-adjustments andopossiated to the Gosforth
1256 Oscillation at ~19.5 cal. ka BP (Merritt & Auton, 2000) and Killard Point Stadial at ~16.8 cal
1257 ka BP (McCabe et al., 2007) respectively although the absence of chronatogical from
1B&&entral sector of the ice sheet make these correlations tentative.
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Figures:

Fig. 1: Location map showing bounds of central@eof the last BIIS, orography, key towns and
fieldsites mentioned in the text, and major riv&ashed boxes show the locations of Fig. 5. H-St C:
Holme-St. Cuthbert; BW: Blackhall Wood; MN: Moss No®WH(F): Whin Hill (Faugh); HB:
Hardbank; HM: How Mill; Gr: Greenholme; PSR: Pen@hndstone Ridge; A-I-W: Applebig-
Westmorland.

Fig. 2: NEXTMap image illustrating the complex topaghy & array of glacial landforms of northern
England and southern Scotland (lines refer to &etssn Fig. 7)

Fig. 3: Geomorphological maps: (a) Generalizedlme directions in northern England and southern
Scotland (after Taylor et al.1971): (b) Generalimedflow phases in the central sector of the Bik$
during the Late Devensian and Table showing redatiwonology flow stacks from cross-cutting
bedform relationships (from Livingstone et al. 2RD(Aowsets are stacked vertically according to
cross-cutting relationships (with the bottom bldelg. LT1) being the oldest and the top block the
youngest (e.g. LT6)) with horizontal blocks dengtitiscrete regional groupings where cross-cutting
relationships can be directly observed

Fig. 4: Distribution of glacial erratics in the ¢eal sector of the last BIIS (modified from Harmer,
1928).

Fig. 5: NEXTMap DEMs of the key flow corridors of thentral sector of the last BIIS, showing the
relationship between the glacial geomorphologywfl@ctors (based on Fig. 3b) and key field sites:
(a) Solway Lowlands; (b) Vale of Eden; (c) Tyne Gapd (d) Stainmore Gap. The dotted arrows in
Fig. 5d refer to general flow directions that weas outside of the relative chronology derived ig.F
3b.

Fig. 6: Distribution of named surficial units off tivithin the Caledonia Glacigenic Group in norther
England and southern Scotland (after McMillan et2911)

Fig. 7: (a) Generalised stratigraphy of western Guan (after Merritt and Auton, 2000); (b)
generalised stratigraphy of the Solway LowlandenfrBGS, 2006); (c) generalised stratigraphy of
Dumfries-shire (from Stone et al., 2010); and (eiperalised stratigraphy of NE England (from Stone
et al., 2010).

Fig. 8: (a) Reconstruction of the pattern of ratadahe BIIS based on the distribution of moraines
eskers, ice-dammed lakes and drumlins and thaitioekhip to bed topography. Solid black lines
record palaeo-margins and dotted lines are intatjpols between them (from Clark et al. In pyess
and (b) Isochrones of ice retreat of the BIIS bamedetreat margin positions (Fig. 5a) and the
compilation of dates associated with retreat (flolark et al. in press).

Fig. 9: Stage |. Eastwards ice flow through promirtepographic corridors of the north Pennines
during maximum expansion of the BIIS. Dashed-dolitegs refer to ice divides (with the thick dotted
lines indicating possible ice-saddles) and thevesrmdicate ice flow vectors (dotted arrows indécat
alternative ice flow scenarios). This reconstruti®based on this review of the central sectdhef
last BIIS, integrated with regional ice sheet restarctions (e.g. Salt & Evans, 2001; Finlayson,
2010), new dates from eastern England (Batemaln 2041) and ice-sheet scale reconstructions
(Hughes, 2008; Clark et al. 2011). The inset diagrare based on reconstructed British Ice Sheet
time slices from Hughes (2008). The ice dividehia Yale of Eden is inferred from lineation
orientations leading into the Stainmore Gap. Thied@shed vectors refer to Scenario b, with Sdottis
ice flowing into the Stainmore Gap. Although thiagtam depicts one moment in time, during stage |
both the Stainmore Gap and Tyne Gap were assodigtiedhifting ice flow directions in response to
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migrating ice divides and ice-dispersal centresci@al-Lake Pickering is inferred, based on the ice
sheets configuration.

Fig. 10: Stage II: Cessation of the Stainmore Gagflow pathway and northwards migration of the
North Irish Sea Basin ice divide. Eastward flowotigh the Tyne Gap was superseded by SE flow of
ice down the North Tyne Valley and out of Bewcatidls due to the eastward migration of the
Southern Upland ice divide.

Fig. 11: Stage lll: Stagnation and retreat of threTGap Ice Stream. This resulted in the decoupling
of the Tyne Gap Ice Stream from the North Seamckdevelopment of a major proglacial drainage
network in the eastern Tyne Valley. An ice-freelane developed on the east coast of northern
England, with a large proglacial sandur accretathdunitial advance of the North Sea Lobe. In
scenario llla, the lowland regions of NW Cumbriscabecame ice-free, with ice-dammed lakes
(Glacial-Lake Blackhall Wood) developing against #astern margin of the Irish Sea Ice Stream. In
contrast scenario lllb envisages a much more congaees of depositional environments associated
with downwasting, stagnating Main Glaciation iceghe Solway Lowlands (see Stage V). The ice-
limits during this retreat are not very well coastied, both on the eastern and western coast,rand a
therefore speculative.

Fig. 12: Stage IV: Blackhall Wood Re-advance (frBoenario Illa). Reversal of ice flow associated
with drawdown of ice into the Irish Sea Ice Stre@n.the eastern side of the Pennines it is envikage
that the North Sea Lobe was coevally surging soattiw/as far as Norfolk. This resulted in the
formation of Glacial-Lake Humber. It is inconclusiwhether the Tyne Gap re-connected with the
North Sea Lobe during this stage and is therefahg shown to be for simplicity. Similarly, it is ho
known when Stainmore fully deglaciated and this aye occurred much early than illustrated here.

Fig. 13: Stage V: Deglaciation of the Solway LovdanThis stage was initially associated with
clockwise retreat of ice around the northern magajithe Lake District followed by ice stagnation in
the Vale of Eden and Solway Lowlands (cross-hatphiScottish ice retreated back towards the
Southern Uplands. As ice was downwasting duringjgtage it is difficult to reconcile ice thicknesse
However, it is likely that nunataks become prevaterer the Lake District and Pennines during this
stage and therefore that flow was constrained pgdmaphic divides (faint blue dashed-line).
Stagnation of ice in the lee of the Pennines, pbssis part of a suture zone between Vale of Eden
and Pennine ice resulted in development of the Btamkame belt. This glaciofluvial feature was
associated with a large glacial hydrological systeanding along the Pennine escarpment and across
the Tyne Gap. Melt-water ponded against the revaogee of the Tyne Gap as ice retreated out of the
Solway Lowlands leading to the formation of Gladiake Carlisle.

Fig. 14: Stage VI: Scottish Re-advance and subsedumal retreat of ice out of the central sectbr o
the BIIS. Scottish ice dammed the drainage of negiwout of the Solway Lowlands leading to the
formation of Glacial-Lake Wigton in NW Cumbria aatso potentially Glacial-Lake Carlisle against
the reverse-slope of the Tyne Gap. The blue hattihedndicates a possible coeval re-advance of
Lake-District-Pennine-Howgill Fell ice down the ¥abf Eden. The Lake District and Pennines would
probably have been characterised by valley glaxialiy this time and it is therefore not shown on
this figure. The North Sea Lobe was repeatedly exlirdguring this stage with ice-dammed lakes
forming against its western flank (Glacial-Lakekeidng, Glacial-Lake Wear).

Tables:

Table 1: Event Stratigraphy for the central seofdhe last British-Irish Ice Sheet.

Table 2: Summary of tills in the central sectottad last BIIS.
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Schematic inter-relationships of named glacigenic units around Canonbie
(Not to scale)
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1890
1891 Fig. 8
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1894
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1898
1899 Fig. 10

1900
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1901
1902 Fig. 11

1903
1904
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1905
1906 Fig. 12

1907
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1908
1909 Fig. 13
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1910
1911

1912 Fig. 14
1913
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1914
1915

Lithostratigraphic Formation Flow-
Stage Event ] ] ] Durham Key Geomorphic Features & Events hases Regional Correlation Date (cal. ka BP)
Cumbria Dumfries-shire Tyne Gap Coast P
Holme St. Cuthbert delta; Glacial- SF1: St Bees & Annaside-Gutterby moraines; Jurby
Vi Scottish Re- Plumpe Bridge Till M [Gretna Till F]; Lake Wigton; Glacial Lake Carlisle LT6" moraines on the IOM (?), Killard Point Stadial (?) -16.8
advance Kilblane S & G F; Cullivait Silt F Ebchester S (?); Thursby and Sowerby Wood (LT7’) North Se_a Lobe sur_ging sot_Jthwards & depositing 1 :
&GF eskers; Gretna sands and gravels Withernsea Till; Glacial-Lake Humber.
v o Teesside Glacial-Lake Carlisle; Wiza Becl_< GIaciaI-LaI_<e Pickerin_g & Glacial-Lake Humber, &
(1ib) Deglaciation Plumpe S & GF; Great Easby Clay Clay F mwec; Brampton kame belt; Pennine the formation Qf GIauaI-La}ke Tees & Glacial-Lakg
) escarpment mwc Wear; Orrisdale moraines on the IOM (?)
Horden Till F —
Gosforth Oscillation;
) ) ! Clogher Head Stadial (?); SW ice-flow over the Is
v Blackhall Wood Greystoke Till F Butterby Till Ice-flow tributary of the Irish Sea Ice LT5: EC1 of Man; North Sea Lobe advances and deposits { ~21to
Re-advance F Stream . e L 19.5
Gretna Till E Horden Till (& Skipsea Till?); deglaciation of the
and Vale of York. _E
Chapelknowe _ Ice free enclaves g
Till P Tyne & Wear lgn%afrzzr;]oﬁgtla?lc ]
llla degplzgilglion BIacIéT:;/I '\:N ood undivided Glaciolacustri Peterl:e S&G Glacial-Lake Blackhall Wood (LT4) of a large drainagg g
ne F network in the ki
Rapid retreat of Irish Sea Ice| Tyne Valley and c
Stream from Celtic Basin. sandur at Peterleq g
LT4; Initial development of Glacial
ST3-4; Lake Wear (?)
Acklinton Till ice flow Escrick moraine
1] F SE flow down the N. Tyne Valley | down the vale of York '
Chapelk Blackhall Till \gfar?f (Skipsea Till?);
Main Glaciation | Gillcambon Till F* e e A (ECD) Glacial Lake | ~23-29
- - Humber (?);
Maximum extent of Irish Sea Glacial-Lake
Eastward ice-flow through the Tyne| LT1-3; Ice Stream and Irish Ice Shee Pickering (?)
| Wear Till F Gap (as a topographic ice stream) a| ST1-2; Shelf-edge glaciation; e
Stainmore Gap. ES1 confluent BIIS and FIS in the
North Sea Basin.
Early Scandal Beck Peat
Devensian B; Mosedale Beck ODLGHQT MIS 5a-d
. ) S&GF
interstadials Peat B
Ipswichian Wigton Marine Bed, Ipswichian
- Troutbeck Palaeoso
Interglacial B MIS 5e
PreA—CI]DVe;/necnesmn Th((.)rrrr;i?tllle-cr:ll) F Warren House Till F Pre-lpswichian
Table 1

58




1916

Region Formation Member Facies/Sediments Chrono- Regional correlatives | Reference
stratigraphy
Gosforth Fishgarth Thin, red tills with some Scottish erratics capping Gretna Till F Nirex, 1997; Merritt & Auton, 2000.
GlacigenicF | Wood Till M sequences in West Cumbria.
How Man Till
M MIS2
Drigg Beach | Thin, red, clayey till with some Scottish erratic Gretna or Greystoke Til
cCaw Till M F
. St Bees Till *UH\ FOD\H\ p,ULVK 6HDY WLC(
Cumbria M
Aikbank Farm | Greencroft Thin, grey LD till within glaciolacustrine sequence MIS2 Greystoke Till F Merritt & Auton, 2000.
GlacigenicF | TillM
Seascale Ravenglass Red till with Cumbrian Coalfield and some Scottig Greystoke Till F Nirex, 1997; Merritt & Auton, 2000.
GlacigenicF | TillM erratics. MIS2
Lowca Till M

Solway Gretna Till F Plumpe Red, thin till sheet, which caps the sequence in McMillan et al., 2011. In press; Stone ef

Lowlands & Bridge Till M | Dumfries-shire & Langholm and pinches out in th MIS2 al. 2010.

VofE/Dumfr Solway Lowlands. Dominated by greywacke &

ies-shire granite erratics of the Southern Uplands.

Greystoke Till | Edenside Till | Red-brown till, generally 5-20 m thick that forms Eastwood et al., 1968; Huddart, 1971
F M the drumlinoid bedforms of the Vale of Eden. Mix¢ MIS2 McMillan et al., 2011.
provenance of local, LD & Scottish erratics.

Solway Gillcambon Lower red-brown to grey-brown, compact, & in Wear Till F, Tyne Gap. | Goodchild, 1875; Eastwood et al., 1968

Lowlands & | Till F parts fissile, till with a mixed provenance of LD, MIS2 Huddart 1971.

VofE Scottish & local erratics. Outcrops in the Vale of
Eden.

Thornsgill Till Deeply weathered till with LD erratics. Mid- Boardman, 2002.
F Pleistocene

Dumfries- Chapelknowe Lower, red till dominated by Southern Upland Gillcambon Till F McMillan et al., 2013 McMillan et al.,

shire- Till F erratics (including Criffel & Dalbeattie granites). MIS2 2011, In Press

Langholm 2XWFURSV«

Butterby Till F Thin grey till with Tyne Gap and Pennine erratics MIS2 Horden Till F in part Francis, 1970; Stone et al., 2010.
around Durham.

Acklinton Till Upper grey till with Northumberland and Cheviot MIS2 Horden Till F in part McMillan et al., 2011

F erratic.

Tyne Gap Wear Till F Red to grey-brown till with LD & Scottish erratics, Blackhall Till F, Francis, 1970; Hughes, 1998; Livingsto
but increasingly dominated by local Carboniferou Durham coast. et al. 2010c; Stone et al., 2010; Yorke e
lithologies towards the east. The till outcrops MIS2 al., submitted.
throughout the Tyne Gap & valley & ranges in
thickness from veneers to ~90 m in in-filled valley

Pennines & | Yorkshire Massive, compact till, with a dominance of Penni Avelin & Hughes, 1888; Dakyns et al.,

Stainmore | Dales Till F Carboniferous erratics, extensive throughout MIS2 1890, 1891; McMillan et al., 2011.

Gap western Pennines.
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Stainmore

Compact till with local Carboniferous & LD

Vale of York Till F

Burgess & Holliday, 1979; Mills & Hull,

Forest Till F erratics. Extensive outcrops in the Stainmore Gay MIS2 1976; McMillan et al., 2011.
Horden Till F Overlies & interdigitates with PeterlS&&G F Skipsea Member Francis, 1970; Lunn, 1995; Davies et al
Brown sandy till with Cheviot and near-coast Nor (Yorkshire), which is 2009a; Davies et al., submitted; Stone ¢
Sea erratics. Extensive outcrops on Durham coas MIS2 dated to 21 cal. ka BP | al., 2010.
using radiocarbon on
Durham mosses. Bolders Bank
Coast _ _ _ _ _ Format_lon (North Sea). _ _ |
Blackhall Till Thick, grey-brown till, Permian & Carboniferous Wear Till, Tyne Gap. Davies et al., 2009a; Francis, 1970, 19
F lithologies, extensive outcrops on Durham coast. MIS2 Bolders Bank Davies et al., submitted.
Formation (North Sea).
Warren House | Ash Gill M Glaciomarine to subglacial diamicton, sparse No Mid- Davies et al., in press; Davies et al.,
F Sea & Scandinavian erratics. Pleistocene submitted.
1917 Table 2
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