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Abstract. Understanding the retreat behaviour of past marine-based ice sheets provides vital context for ac-
curate assessments of the present stability and long-term response of contemporary polar ice sheets to climate
and oceanic warming. Here new multibeam swath bathymetry data and sedimentological analysis are combined
with high resolution ice-sheet modelling to reveal complex landform assemblages and process dynarriics asso-
ciated with deglaciation of the Celtic ice sheet within the Irish Sea Basin. Our reconstruction indicates a non-
linear relationship between the rapidly receding Irish Sea Ice Stream and the retreat of outlet glaciers draining
the adjacent, terrestrially based ice cap centred over Wales. Retreat of Welsh ice was episodic; superimposed
over low-order oscillations of its margin are asynchronous outlet readvances driven by catchment-wide mass
balance variations that are amplified through migration of the ice cap’s main ice divide. Formation of large,
linear ridges which extend at least 12.5 kffsbore (locally known as sarns) and which dominate the regional
bathymetry are attributed to repeated frontal and medial morainic deposition associated with the readvancing
phases of these outlet glaciers. Our study provides new insight into ice-sheet extent, dynamics and non-linear
retreat across a major palaeo-ice stream confluence zone, and has ramifications for the interpretation of recent
fluctuations observed by satellites over short timescales across marine sectors of the Greenland and Antarctic
ice sheets.

1 Introduction sheets thereforefi@rs an opportunity to explore dynamic be-
haviour and interactions, providing critical insight and con-

The mass balance and stability of ice sheets is strongly detef€Xt to potential centennial- to millennial-scale responses of
mined by the dynamic behaviour of fast-flowing ice streams®Ur Present-day polar ice sheets and their contribution to
and outlet glaciers, as it is through these rapid conveyors oflobal sea-level rise (e.g. Calov et al., 2002; Knutz et al.,
mass that the majority of ice flux and ultimate loss to caly- 2007; Greenwood and Clark, 2009; Hubbard et al., 2009).

ing and melt occur. However, our understanding of long-term Agross the British—lrigh continental shelf, high—resoluf[ion,
stability of contemporary ice sheets is fundamentally ham-marine based, geophysical data sets have helped to shift con-
pered by the slow thermodynamic response and evolution of€nSus on the maximum reconstructed extent of the last ice
the ice-sheet system, leading to large uncertainties in the presheet centred over Britain and Ireland to a version that was
diction of ice-sheet responses on timescales longer than thi&rgely marine-influenced, characterised by high dynamism
satellite-derived observational record (Hindmarsh, 1995; varnd advanced asynchronously across much of the continen-

der Veen, 2004: IPCC WG1, 2007; Bamber et al., 2007).tal shelf (Bowen et al., 2002; Bradwell et al., 2008; Hubbard
Reconstruction of the complex deglaciation of palaeo-ice®t al-, 2009; Chiverrell and Thomas, 2010; Clark et al., 2012;

Published by Copernicus Publications on behalf of the European Geosciences Union.



54 H. Patton et al.: Rapid marine deglaciation

Cofaigh et al., 2012). However, the Irish Sea Basin, host tg
the largest ice stream of the ice sheet, has received relative
little attention, and inferences on its advance, rapid recessior
and interaction with adjacent ice accumulation centres hawvg
largely relied on sedimentological interpretations and cos-
mogenic isotope exposure ages taken from coastal sectior [ | pata domain
(Eyles and McCabe, 1989; Huddart, 1991; Merritt and Au- |\ - 7 A ¢
ton, 2000; Glasser et al., 2001; O Cofaigh and Evans, 2001 g@iddx‘“ewe'y”
Evans and Cofaigh, 2003; Patton and Hambrey, 2009; Var %\ N
Landeghem et al., 2009; Chiverrell et al., 2013). B Siowdon

In this paper we present new high-resolution, multibeam S
echo sounder data from the eastern margin of the Irish Se VrEi 7 B #( .
Basin that reveal submarine glacial landforms close to th A :
former confluence zone of the Irish Sea Ice Stream and th Cors oyl GO
terrestrially based Welsh Ice Cap (Fig. 1). Geomorphologi- U RenfiusT /\
cal mapping, in combination with previous sedimentological PZS«/»P“ P i
interpretations and numerically modelled output, are used t 5 X %
propose a regional reconstruction of complex ice dynamic s ey
and retreat that is driven, in part, by a response to climat
variations, and also to internal flow reorganisations. Rathe
than treating the empirical evidence and modelling as sep
rate exercises (or one tested against the other), here we
oneer a new approach that uses both to yield a modelling
informed empirical reconstruction of ice-sheet history.

Insight concerning the retreat of the Welsh Ice Cap, par
ticularly so for its location at the peripheral margin of the
glacierised area of Celtic Britain, is seen as a useful analogu
for the future response of contemporary terrestrially based
ice caps, such as those in Svalbard (Moholdt et al., 2010)fgure 1. The terrestrially based Welsh Ice Cap, a semi-
Canada (Burgess and Sharp, 2004) and Iceland (Magnl]ssd'l‘ﬂepe_”d?m acgumgla_tiorj centre on the southern periphery of
et al., 2005; Bradwell et al., 2013). Predictions of eustatiCgIaCk.';ltlon in Celtic Brltalln.(lnse.t box). The study area of Tremadog
sea-level rise in the 21st century indicate glaciers such a ay in NW Wales, delimited in red, is bounded to the north by

- S . > e Lyn Peninsula, and Sarn Badrig to the south. Coastal sed-
these will be significant contributors (e.g. Meier et al., 2007,)'imentological sections: Porth Oer (PO), Porth Neigwl (PN), Tai

The bathymetric data also elucidate more details of the enigy,q,t4 (TM), Porth Ceiriad (PC), Gwydir Bay (GB), Glanllynnau
matic “sarns” (large gravel ridges) that extend into Cardigan(G), Morannedd (M), and Tonfanau (T). Towns: Abererch (A). Re-
Bay, the origins of which are still equivocal. lief is displayed using NEXTMap Britain (Intermap Technologies)
data onshore, and British Geological Survey (BGS) DigBath250
bathymetry datafshore.
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1.1 Geological context

The stark geological flierences between the Irish Sea Basin
and Welsh hinterland allow for relatively easy discrimina- the Welsh Ice Cap flowing west (e.g. Morannedd) (Campbell
tion of clast provenances within glacial deposits. The Irishand Bowen, 1989; Fig. 1). The exposure of Welsh-sourced till
Sea Basin is characterised largely by Mesozoic sandstonest Porth Ceiriad places an important constraint on the max-
mudstones and limestone, while volcanic and metamorphiémum eastward limit of Irish Sea ice on thejil Peninsula
rocks of Neoproterozoic to Ordovician age dominate the(Whittow and Ball, 1970), emphasising St. Tudwal’s Penin-
LIgn Peninsula in NW Wales. The Welsh mountains are com-sula as an important confluence zone between Welsh and
posed largely of Cambro-Ordovician volcanic and clasticIrish Sea ice masses.
sedimentary rocks, flanked by extensive Silurian mudstones For coastal exposures in this vicinity, the history of depo-
and sandstones. sition has been complicated by numerous interpretations de-
The LIyn Peninsula marks an important glaciological zone rived over the last century, particularly in terms of the num-
of confluence between the former Irish Sea Ice Stream andber of Irish Sea and Welsh glacial phases (even glaciations),
Welsh Ice Cap in the eastern Irish Sea Basin, where a distheir relative timings, and the limits of glaciation associ-
tinction can be made between glacial sediments to the wesited with each (Jehu, 1909; Smith and George, 1961; Synge,
deposited exclusively by Irish Sea ice flowing southwards1964; Saunders, 1968a, b; Whittow and Ball, 1970; Mitchell,
(e.g. Porth Oer), and those to the east deposited solely b§972; Bowen, 1973a, b; Boulton, 1977). More recent and
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extensive stratigraphic description, mapping and interpretay s
tion (Thomas et al., 1998; Thomas and Chiverrell, 2007)#&%
across the I§in Peninsula have since established a lithostrati-j#§1
graphical framework, recording a set of sediment—landformg
assemblages that reflect rapidly changing erosional and deg
positional environments during ice interaction and deglacia
tion within a single glaciation.

An important 2km section at Tonfanau has shown Irish
Sea-sourced diamicton to overlie Welsh till (Patton and Ham-y
brey, 2009). @shore in Cardigan Bay, numerous boreholes.
and geophysical surveys have identified a limit of Welsh-
sourced till broadly perpendicular to the western end of the
three sarns (Garrard and Dobson, 1974; Fig. 1).

"] sarn Badrig
Multibeam (m a.s.l.)

Sarn Badrig
(Garrard & Dobson, 1974)

1.2 Data collection

High-resolution bathymetric data covering 270%nof
Tremadog Bay were collected using a multibeam echo-§#
sounder during 2006 as part of the UK Civil Hydrography
Programme co-ordinated by the Maritime and Coastguarg
Agency. A Kongsberg 3002D 300 kHz multibeam was used
for data collection. Sound velocity data were also collectedy,,
from a hull-mounted AML Smart sound velocity sensor. At- %
titude (heave, pitch and roll), heading and positional data
were collected using an Applanix POS MV motion sensor,
Ashtech GSR2200, Siemens GSM and Trimble DSU4100
Dynamic Global Positional Systems. All data were com-
piled on board using Kongsberg Seafloor Information Sys
tems software. Post-acquisition data processing to remove ) ) _

data artefacts and prepare basic mean bathymetric and CUBEY!® 2. (A) Hillshaded high-resolution bathymetry of Tremadog
(Combined Uncertainty Bathymetric Evaluation) surfaces Bay with Iocatloqs of the transect§ in Flg. 3 |dent|f|ed. Inset boxes
was conducted by the UK Hydrographici@e. The British relate to close views of the data in Fig. @) Glacial landforms

Geoloaical S ied out sub t dat ._and features in Tremadog Bay are mapped from multibeam echo-
eological survey carried out subsequent data processing,, ,qer gata. Interpreted moraines have been grouped according

and visualisation using Caris HIPS and SIPS, and Fledery, g,ggested mechanisms of deposition. The grey outline of Sarn
maus software. Surface models (grids) and @gisobf the  Badrig is defined from original survey results by Garrard and Dob-

xyz data were produced at a horizontal resolution of 7 m. Toson (1974). Contains Maritime and Coastguard Agency bathymetry
describe the geomorphological features, a variety iedi  data© Crown Copyright.

ent data formats were used, including acoustic backscatter

(amplitude of return, essentially a proxy for seabed substrate

physical properties, such as hardness and roughness), hil-1 Recessional moraines

shaded bathymetric models, and xyz elevation data. Digita‘\/loraines in the mapped site are divided into 3 sets (a—

mapping of glacial landforms was carried out using ArcMap c) based on their distinctive morphologies and locations
GIS software. (Fig. 2)

I Gullies

B Streamlined bedform

[ Sarn Badrig

Il Voraine ridge

@ Erratic boulders
Hummocky moraine
2m contours

. . 2.1.1 Moraines: (a
2 Geomorphological mapping results I (@)

Description To the SW of the domain lie a number of curvi-
Tremadog Bay is dominated by a generally uniform NE- linear ridges, parallel to each other and running perpendic-
SW trending shallow depression, bounded to the north byular to Sarn Badrig and the §th Peninsula, although near
a large rocky platform extending from thefid Peninsula. the margins of the bay they turn towards the coastline fol-
Maximum water depths recorded in the multibeam data reactowing the bathymetric contours. Near Sarn Badrig, the most
24.3 m below present-day sea level approximately at the midiandward moraine changes develops a relatively strong sin-
point in the basin. A number of landforms are clearly visible uous form. Their sharp crest lines are generally gently ar-
on the seabed (Fig. 2): cuate, trending NE at their northern end. The ridges vary in

www.earth-surf-dynam.net/1/53/2013/ Earth Surf. Dynam., 1, 53—-65, 2013



56 H. Patton et al.: Rapid marine deglaciation

8
9 " .

-10

-11 4

-18 T T T T T T T T Dislam:efm"'—
1] 500 1000 1500 2000 2500 3000 3500 4000 4500

-11
-12

Depth /m
i

Depth /m

Distance / m
0 500 1000 1500 2000 2500 3000 3500 4000 4500

E'

Depth / m

— Distance / m

o 200 400 600 800 1000 1200 1400 1600 1800 2000

Figure 3. Vertical transects across landforms visible on the seabed of Tremadog Bay, taken from Fig. 2a. Landforms are interpreted as
(A—A") glaciotectonic push moraines, (ByBtreamlined bedforms, (CtCfrontal dump moraine, (D-1) transverse profile of the gullies
on Sarn Badrig, and (E-4JEalong-profile of one gully.

height from 3 to 5m above the sea floor on their stoss sideand must have been deposited following separation from
In cross-section their profiles are asymmetrical, with the leelrish Sea ice during overall ice-sheet retreat.
slopes 2—3 m higher (Fig. 3a). Associated with the ridges are
a number of boulders recognisable against the subdued relief 1 2 \ioraines: (b)
of the seabed, the majority of which are found on the distal
(western) slopes of the ridges (Fig. 4a). Description.Northeast from set (a) towards theyhl Penin-
Interpretation On the basis of their morphology, distribu- Sula are two sets of ridges slightlyfidirent in character;
tion, and setting, the curvilinear features are interpreted agidge-lines are generally less pronounced, more symmetrical
end moraines associated with ice flow from the Welsh Ice(Fig. 3c), and in places appear to have undergone rotational
Cap. Their arcuate, steep-crested, asymmetrical, and soméliding (Fig. 4b). As before, a number of boulders can be
times sinuous form is typical of contemporary glaciotec- found close by, and in areas where the ridges have slumped,
tonic push moraines that develop during a period of positivethey can also be found on the proximal (eastern) side. The
mass balance or glacier surge (Boulton, 1986; Boulton et al.positions of these ridges may to be linked with bedrock rises
1999; Bennett, 2001; Ottesen and Dowdeswell, 2006; Benaround the margins of Tremadog Bay.
nett and Glasser, 2009), and have been previously described Interpretation.Based on their position, form, nested char-
in a number of other submarine environments (e.g. Ottese@cter, and association with numerous large boulders, these
and Dowdeswell, 2006; Ottesen et al., 2007; Nygard et al.ridges are interpreted as ice-marginal moraines (e.g. Small,
2008). The fact that these ridges are found well within the1983; Benn and Evans, 2010). Structurally, the ice-proximal
Welsh drift limit identified by Garrard and Dobson (1974) Parts ofice-marginal moraines tend to be complex because of
and east of exposures of Welsh till on thgIPeninsula at Widespread collapse and reworking following the removal of
Porth Ceiriad (Whittow and Ball, 1970) indicates that theseiCe support and melt out of buried ice (e.g. Benn and Owen,
ridges do not mark the maximum extent of Welsh glaciation,2002).
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Figure 4. Magnified views of the Tremadog Bay seabed. Locations of each box are given in F{@)2doraines and boulders on the
western edggB) slumped moraines, ar{€) contrasts between the smoothed terrain and moraine deposits to the north. Contains Maritime
and Coastguard Agency bathymetry d@t&Crown Copyright.

2.1.3 Moraines: (c) of the domain, overprinting the northern flank of the sarn and

D intion. To th h f th q . trending the same direction as the bedforms in the centre of
escription. To the northwest o .t € study area, running y,q bay. The elongation ratios (lengilidth) of these features
southwestwards from the coastline near Abererch, smal

5 ve i id be found : ary from7:1to12:1.
(<2m), yet extensive, linear ridges can be found associate Interpretation. Although not on the scale of mega-scale

with numerous large scattered boulders. The general topograg-lacial lineations (e.g. Clark, 1993), without further knowl-

lphy & :c:omposedhoflsubdur(? d humn_ﬁocak)t/) relief Wi(tjh an irrt_a dgu'edge of the subsurface components of these features they are
ar surface morphology, characterised by meandering ri geﬁnerpreted using the non-genetic term, streamlined bedforms

a”df CO"SC“‘?”S of mO‘;”dSH up t040 " Wideba’;d d""ith N0 {cf- © Cofaigh et al., 2002; King et al,, 2009). Their long
preferred orientation. Further west, the seabed dramatically, g _ 5 high, blunt stoss end pointing in the upstream di-

changes character, becoming smooth and dissected by a nu Sction and a more gently sloping, pointed end (tail) facing

ber of large gullles. e ) down-ice (Fig. 4b) — indicates principal ice flow to be associ-
Interpretation. One possibility is that the irregular and ated with Welsh-sourced ice emanating from Snowdonia and

chaotic topography repr.esenttlsd here is the remnantoha flowing into Tremadog Bay towards the southwest (Glasser
trolled hummocky moraine, with the pronounced transverse, 4 Bannett 2004)

elements inherited from concentrated debris bands within

the downwasting Tremadog outlet glacier (Boulton, 1972;

Evans, 2009). Genetically, humr_nocky moraine r_]a_s bgerb_g Sarn Badrig

used to encompass landforms with a variety of origins, in-

cluding ice stagnation and englacial thrusting (cf. HambreyDescription. The southern edge of the data domain en-
et al., 1997, 1999). However, in its more restrictive sense itcroaches onto Sarn Badrig, which is an obvious topographi-
is used to refer to moraines deposited during the melt outal ridge extending at least 12.5 km to the SW. This substan-
of debris-mantled glaciers (Sharp, 1985; Benn and Evanstial seabed feature divides the northern basin of Cardigan Bay
1998). Without detailed glaciotectonic and sedimentological(Tremadog) from the mid-basin (Mawddach), and even at its
analyses, the term “hummocky moraine” is used here purelywestern end the sea floor in places is still oaly.5 m below

in its purely descriptively sense. An adjacent coastal expo-sea level. Our new mapping from the bathymetric data indi-
sure at Glanllynau, previously interpreted by Boulton (1977) cate that the sarn is4 km wide, almost double its previously
as the result of stagnating ice-cored ridges, could form armapped width.

important onshore equivalent of thifshore feature. Interpretation. The superimposed streamlined bedforms,
combined with the high percentage of clasts it contains from
the Welsh hinterland (Foster, 1970), strongly indicates a
glacial origin for this broad gravel ridge. Considering the
Description.In the centre of Tremadog Bay lie a number of position of all three sarns in Cardigan Bay at the inter-
smooth, partially oval-shaped hills (Fig. 2b). They are 3-5mfluve of major onshore valleys in West Wales (Fig. 5b),
high and 2-3 km long with length-to-width ratios less than Sarn Badrig is interpreted as a large “ice-stream” interac-
50: 1. The landforms are not associated with any obviougion medial moraine — the merging of two lateral moraines
exposed bedrock features, and their long axes are all aligne(Eyles and Rogerson, 1978a). This type of moraine forms at
perpendicular to the end moraines interpreted above. Similathe intersection of confluent valley glaciers below or close
elongated features are also present along the southern edge the equilibrium line, and their morphological expression

2.2 Streamlined bedforms

www.earth-surf-dynam.net/1/53/2013/ Earth Surf. Dynam., 1, 53-65, 2013
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Figure 5. (A) Numerically modelled flowlines in the Irish Sea Basin and Welsh domain during the Last Glacial Maximum (LGM). Data are
taken from the median experiment E109b8 by Hubbard et al. (20BP}lowlines of the independently modelled Welsh Ice Cap by Patton
et al. (2013a). The limit of Welsh till in Cardigan Bay was delimited by Garrard and Dobson (1974).

is influenced by the amount of available debris, with large over several kilometres. Morphological transects reveal a
amounts of englacial and pre-convergence subglacial debristepped profile, with a steep section on their northwestern
encouraging long-lived, high-relief moraine ridges. Lateral end (Fig. 3e). The depressions and associated ridges show a
compression between the fast-flowing glaciers forces the dedistinct increase in spacing in a down-ice direction (Fig. 3d).
bris into a longitudinal septum (Smiraglia, 1989), with com- Interpretation.One possible interpretation is that these de-
plex surface forms also prone to develop if the two glacierspressions are erosional gullies, possibly formed through a
have diferent velocities (Eyles and Rogerson, 1978a, b).combination of (or solely by) debris flows, ice-marginal dis-
We propose that its present submarine position accounts focharge, or ice-cored moraine slumping (e.g. Bennett et al.,
much of the fines being removed, probably by a combination2000). Whether these gullies represent subaerial or subma-
of wave washing and marine currents, leaving a predomi+ine erosion is equivocal; iceberg pits, scour marks and De
nantly gravel ridge, visible in places at low tide. Based on Geer moraines fishore from north Wales>(36 m present
Sarn Badrig’s relatively large volume @ km?) and proxim-  water depth) indicate that deglaciation of grounded Irish Sea
ity to the main accumulation centres of the Welsh Ice Cap,Basin ice occurred in the presence of a proglacial water body
it is speculated that the three sarns in Cardigan Bay are enVan Landeghem et al., 2009). However, given that present
during features that have been reworked and added to ovewater depths in Tremadog Bay range from 8 to 22m, and
the course of numerous glaciations during the Pleistocenemany coastal sections around the central and southern Irish
This is supported by boreholes indicating “Welsh drift” over Sea Basin have been shown to be deposited terrestrially (e.g.
100 m deep in the centre of Tremadog Bay (Garrard andlThomas et al., 1998; Glasser et al., 2001; Lambeck and Pur-
Dobson, 1974), attesting to long-lived dodrapid rates of  cell, 2001), we suggest that subaerial processes are more
glacigenic sediment deposition in this area. probable. A possible source for proglacial meltwater dis-
charge on this flank of the sarn is the frontal margin of the ad-
jacent Mawddach Glacier. With Tremadog Bay free of ice, a
2.4 Parallel ridges and linear depressions readvance of the adjacent Mawddach outlet lobe as far as the
southern flank of Sarn Badrig could provideistient melt-
e\fvater to have initiated erosion of these gullies. A more ex-
tensive multibeam survey and further mapping of the whole
sarn would be required to test this hypothesis.
An alternative interpretation is that the intervening sub-
parallel ridges are constructional glacigenic features. In light

Description.On the western flank of Sarn Badrig, approx-
imately 10 superimposed linear depressions and parall
ridges occur orientated predominantly NW-SW. They are
~200-400 m wide and 2 m deep, and contain along-profile
undulations of< 0.5 m. Gradients along the floor of the de-
pressions are very shallow, sometimes dropping erym
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Figure 6. State of the modelled Welsh Ice Cap while readvancing during deglaciation at 21.15 ka BP. Areal extents of the Tremadog (north-
ern) and Mawddach (southern) Glacier catchments are highlighted. A coastal section at Tonfanau (T) records Irish Sea-sourced diamicton
overlying a till of distinct Welsh origin.

of only geomorphological data, several possibilities for their minus, or time-indefinite processes such as ice streaming,
formation exist: (1) closely spaced recessional moraines, laidvith little indication of glaciodynamics occurring through a
down at the retreating margin of a large (probably land-glacial cycle. When viewed in combination with modelled
terminating) outlet glacier. Numerous analogous landformsdata, however, insights concerning landscape evolution can
currently exist around the margins of the present-day icebe more objectively assessed.

sheet and large ice caps in Greenland and Iceland (Evans High-resolution modelled output used for comparison
and Twigg, 2002; Forman et al., 2007). (2) They could alsohere is taken from experiments carried out by Patton et
be low-amplitude Rogen (ribbed) moraines, formed by sub-al. (2013a, b), who modelled the independent Welsh Ice Cap
glacial deformation under a partially thawed or warm-basedduring the last glacial cycle. The optimal experiment referred
thermal regime (Lundgvist, 1989; Mdller, 2006). The long to in this paper, E397, was derived using a 3-D thermome-
axes of these short ridges align transverse to ice flow, conehanical model and ensemble methodology, whereby the sen-
sistent with the main Welsh ice-flow direction from Snow- sitivities of key individual parameters in the model were ex-
donia; however their morphology is subdued and not typ-amined through the systematic perturbation of their values.
ical of these landforms. (3) The third formation possi- “Optimal” experiments were chosen based on how well the
bility is polygenetic ridges, possibly formed by ice over- modelled data matched key empirical constraints (e.g. mar-
riding and reshapingnodifying pre-existing ice-marginal gin positions, inferred retreat dates), whilst still within a re-
moraines. Some workers have proposed this model for sitealistic parameter space.

of closely spaced transverse ridges where sedimentary struc- Key characteristics for the experiment E397 include a
tures reveal complex (polyphase) formation histories (e.gmaximum temperature suppression at the Last Glacial Max-
Moller, 2006). Without knowledge of the sediment facies imum (LGM) of 11.85°C, combined with a precipitation re-

or structures within these submarine landforms in Tremadogluction of~ 1/3rd of present-day values. Moraine limits to
Bay, their precise origin remains speculative. the east of the domain were matched by applying an en-
hanced west—east precipitation gradient (rain shadtee.

Post LGM, temperature and precipitation suppressions were
moderately relaxed, although still kept scaled with the GISP2

The major benefit of numerical modelling is in its ability climate curve. MO(_jeIt_ime slices from the northwest sector of
Wales are shown in Figs. 5—7.

to describe ice masses holistically and time-transgressively.
Geomorphological mapping commonly records isochronous
events such as the maximum extension of the glacier ter-

3 Comparison with modelled output

www.earth-surf-dynam.net/1/53/2013/ Earth Surf. Dynam., 1, 53—-65, 2013
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by Welsh-sourced ice, and at least in part, represent inter-
stream or medial moraine deposits.

It was during this time period that the Irish Sea Ice Stream
was advancing through the Irish Sea Basin (Scourse, 1991;
McCarroll et al., 2010; Chiverrell et al., 2013), coalescing
with the Welsh Ice Cap (Fig. 5a). The confluence of these two
glaciers would have led to high localised shear strain rates,
with the flow units of dffering velocities being forced along
a path of convergence, inferred here as the Welsh “drift”
limit mapped by Garrard and Dobson (1974). Direct map-
ping of present-day ice-sheet systems reveal ubiquitous lon-
gitudinal surface lineations called flow stripes or flow lines
(Casassa et al., 1991; Casassa and Brecher, 1993; Fahne-
stock et al., 2000), which are sometimes interpreted as lon-
gitudinal foliation (Reynolds and Hambrey, 1988; Casassa
et al,, 1991; Casassa and Brecher, 1993; Hambrey and
Dowdeswell, 1994; Glasser and Scambos, 2008; Glasser et
al., 2011). Where glaciers converge, larger flow units tend to
“pinch out” these structures where they meet smaller tribu-
tary glaciers (e.g. Glasser and Gudmundsson, 2012). Based
on these contemporary analogues, it is speculated here that
the western ends of the sarns would reflect this converging
flow pattern, showing strong deflection southwards. Numer-
ically modelled flow lines indicate that the Welsh Ice Cap
was large enough to deflect advancing Irish Sea Basin ice

Ice-surface velocity
<=10 m per year

B 2sese

24.00 ka BP

Ice-surface velocity (ma")

s

Figure 7. Modelled eastward migration of the central ice divide
between 24.0 and 22.3kaBP significantfeats the asymmetric
response of the Welsh Ice Cap to renewed positive mass balanc . . . " i
during a short-lived climatic downturn in the GISP2 forcing curve. ffom sedimentological sections along thgiPeninsula that
At 22.3kaBP the ice divide covering Snowdonia remains static, Welsh ice dominated in Tremadog Bay and eastern Cardigan
whilst further south around Aran Fawddwy the upper reaches ofBay, leaving St. Tudwal's Peninsula as a key convergence
the Mawddach outlet glacier catchment have notably increased.  point for both ice masses. However, the absence of the hori-
zontal shear stress within the numerical model’s first-order
solution of the ice-flow equations means that the high lo-
31 |ce advance calised shear strain rates predicted above are not replicated
in this reconstruction (cf. Hubbard et al., 2009). More ex-
During advance of the modelled Welsh Ice Cap, conditionspansive submarine mapping of Cardigan Bay would also be
conducive to fast-flowing outlet glaciers are strongly modu-needed to fully unlock the key ice dynamics in this region.
lated by oscillations within the GISP2 record of climate forc-
ing, and triggered by transitions to a relatively warm climate
(Patton et al., 2013a, b). It is envisaged that these “purge > |ce retreat
or fluctuation events would have led to the formation of the
streamlined bedforms described in the data domain aboveThe history and chronology of the Irish Sea Ice Stream has
Figure 5b shows the position of the modelled Welsh Ice Capbeen relatively well constrained using numerous absolute
500yr before its glacial maximum. Of particular note from dating techniques and Bayesian modelling, with retreat start-
this time slice is the position of the ice front on thejhl  ing around 24.0-23.3 ka from the Isles of Scilly (cf. Chiver-
Peninsula and in Cardigan Bay compared with the limit iden-rell et al., 2013). Cosmogenic nuclide ages between 22.5—
tified by Garrard and Dobson (1974) from numerous bore-21.2 ka from the Lfn Peninsula slightly predate general thin-
hole observations. Also of interest are the strikinfOO m ning of the Welsh Ice Cap and the exposure of mountain
high crags just north of Tremadog, which appear to exertsummits in mid-Wales between ca. 20-17 ka (Glasser et al.,
some control on ice flow, close to the transition zone be-2012). The general retreat pattern is complicated, however,
tween fast and slow ice-surface velocities of the Tremadogdoy observations of repeated minor advances. Minor fluctua-
Glacier. The position of the sarns at the interfluves of outlettions of the Irish Sea Ice Stream have been recorded from An-
glaciers entering Cardigan Bay, as well as their orientationglesey (Thomas and Chiverrell, 2007) and southeast Ireland
trending parallel to the direction of modelled flowlines, fur- (Thomas and Chiverrell, 2011), and the sharp-crested end
ther supports the hypothesis that they have been streamlinadoraines (set a) identified in this study north of Sarn Badrig
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also strongly suggest similar small-scale, ice-marginal oscil-Welsh-sourced glacial landforms in Tremadog Bay provides
lations of the Welsh Ice Cap. evidence that Irish Sea Basin ice must have impinged upon

Superimposed on these relatively low-order fluctuationsthe coastline at Tonfanau prior to regional deglaciation, pos-
are the more complex high-magnitude and non-linear re-ssibly when the Welsh Ice Cap and Irish Sea Ice Stream were
sponse of the former ice masses to internal and externatonfluent at the glacial maximum. Irish Sea Basin-sourced
drivers. Bayesian modelling has given strong indication oferratics deposited at Tonfanau may then have been subse-
a general slowdown in the rate of retreat of the Irish Sea Icequently incorporated and reworked into the upper till during
Stream once it reached the narrowing of the Irish Sea Basimeadvance of the Mawddach outlet glacier (Fig. 6). This hy-
between Wales and Ireland, with topographic confinementpothesis may also account for the small proportion of Irish
“sticky spots”, and change in bed slope all cited as proba-Sea erratics within Sarn Badrig (Foster, 1970).
ble reasons (Chiverrell et al., 2013). Similarly, new ice-sheet In light of this hypothesis, rising sea level is not consid-
modelling of the Welsh Ice Cap has indicated deglaciationered to be a driver for asynchronous retreat between adjacent
was punctuated by a phase of major, yet asymmetric readeutlet glaciers in Cardigan Bay since the similarity and shal-
vance along its western margins ca. 21.15 ka BP (Fig. 6). Thigow depth of the seabed around west Wales precludes any po-
minor readvance captured in the model experiment coincidesential diferences in calving rates or in the timing of retreat
with a known Dansgaard—Oeschger event in the GISP2 cli{Fig. 1). Also, despite initial and rapid eustatically forced re-
mate record (Dansgaard et al., 1993; Grootes et al., 1993eat of Irish Sea Basin ice from the Celtic Sea (Scourse and
— a short-lived cold episode that punctuated the last glaciaFurze, 2001; Scourse et al., 2009; Chiverrell et al., 2013),
tion in the North Atlantic region. Analyses of the ice-rafted coastal sections around the central and southern Irish Sea
debris record from the British—Irish continental shelf indi- basin have consistently shown deglaciation occurred under
cate that such millennial-scale variability of palaeo ice-sheeterrestrial conditions (cf. McCarroll, 2001), in contrast to ear-
dynamics in this region was a common phenomenon, withlier interpretations of a glaciomarine model for deglaciation
numerous, large flux events occurring during Marine Isotope(Eyles and McCabe, 1989).
Stages 3 and 2, in phase with known Dansgaard—Oeschger
events (Scourse et al., 2009).

Model output reveals that the asymmetric response of out-
Iet_ glaciers entering Ca_rdlgan Bay at this time s largely Through interpretation of landform mapping, ice-sheet mod-
driven by.the amplification of mass-balance variations t,)e'elling and previously described sedimentological sections,
tween adjacent catchments, enhanced by eastward Mig'gre following sequence of events at the coalescent margin

tir?n oLthe central i::e—dcijvide O.f thg itc):e ﬁap (Eig]l. 7)d Similar, Between the Irish Sea Ice Stream and Welsh Ice Cap is sug-
though more complex, dynamics in both spatial and temporaj, . or the Last Glacial Maximum (Fig. 8):

domains associated with ice divide migration have been in-
ferred from the nearby Irish Ice Cap (Greenwood and Clark, 1. With the onset of widespread glaciation, Welsh-sourced

20009). ice rapidly inundated near-shore areas from proximal

This dynamically-forced readvance episode captured in  accumulation areas in the Welsh hinterland (Fig. 8a).
the model experiment raises another possibility for the for- Meanwhile further north, ice centres in Scotland, north-
mation of Sarn Badrig in particular: it is a composite fea- ern England and Northern Ireland were also growing,

ture, also representing morainic deposition at the frontal mar-  feeding ice into the Irish Sea Basin and initiating ice

gin of the Mawddach outlet glacier. Figure 6 illustrates this drainage, which would eventually stream as far south
variation; once Tremadog Bay is free of ice, the Mawd- as the Scilly Isles (Scourse et al., 1990; Scourse, 1991;
dach Glacier is left unconstrained on its northern side and Hiemstra et al., 2006). In assuming a glacial origin for

is thus free to advance across low-lying ground as far as Sarn  the sarns, these landforms were likely to have been

Badrig. Although the relatively larger volume of Sarn Badrig present in Cardigan Bay throughout much of the Qua-
could be a function of preservation, it may also reflect this ternary (Fig. 8a).

composite development during readvances of the Welsh Ice

Cap. A borehole at Mochras Point at the head of Sarn Badrig 2. During the LGM, Welsh and Irish Sea ice coalesced,;
discovered a large number ofidirent “drift” units up to 77 m the topography of the gh Peninsula, in combination
below OD, some of which have been speculated to be of pre-  with the rapidly expanding Welsh Ice Cap, acted as a
Devensian age (e.g. O'Sullivan, 1971), lending support to re- major obstacle to south-flowing ice, leaving Tremadog
peated deliveries of glacial material from the Welsh hinter- Bay dominated by Welsh-sourced ice (Fig. 8b). As
land. Unfortunately no conclusive ages have been found for  the Tremadog glacier reached maximum mass turnover,
these sediments (cf. Herbert-Smith, 1971). The interpreta-  sediments at its base were being reworked, producing
tion, however, is complicated by the presence of an extensive  the streamlined bedforms observed within the bay and
Irish Sea-sourced diamicton overlying Welsh till at Tonfanau along the northern sarn edge. Abundant Irish Sea er-
(Patton and Hambrey, 2009). The presence of well-preserved  ratics exposed at Tonfanau indicate the Irish Sea Ice
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Figure 8. Proposed schematic sequence of events during the Last Glacial Maximum (LGM) in NW Wales (Welsh Ice: red; Irish Sea ice: blue):
(A) Prior to advance of the Irish Sea Ice Stream, Welsh ice inundated the near-shore areas of Cardi@nMBye LGM, Irish Sea and

Welsh ice coalesced, the boundary defined fighmre borehole records (Garrard and Dobson, 1974) and geomorphological mapping on the
LIgn Peninsula (Thomas et al., 1998). Irish Sea erratics at Tonfanau (T) suggest possible impingement here after advance of Welsh ice (Pattol
and Hambrey, 2009)C) During deglaciation, Welsh Ice still dominated Cardigan Bay, helping create the lacustrine delta terraces at Cors
Geirch (Thomas et al., 1998D) Modelled output indicates a probable readvance during deglaciation of the Welsh Ice Cap ca. 21.15ka BP,
enhanced by migration of the central ice divide and subsequent enlargement of the Mawddach Glacier catchment.

Stream impinged along the coastline here after a period
of Welsh advance (Patton and Hambrey, 2009), possibly
as a result of migration of the confluence zone between

rents within the intertidal zone. The present-day ge-
omorphology on the shallow sea floor of Tremadog
Bay (Fig. 2b) has been subsequently preserved beneath

the two ice masses. Convergence of Welsh and Irish Sea  wave-base level.
ice flow units along the Irish Sea “drift” limit would
probably have extended and deflected sarn-deposition

southeastwards. 5 Conclusions

. While the Irish Sea Ice Stream rapidly retreated
from its unstable maximum extent with the onset of
widespread deglaciation24.0-23.3 ka (Scourse et al.,
2009; Chiverrell et al., 2013), Welsh glaciers still dom-
inated NE Cardigan Bay (Fig. 8c). Evidence for this in-

New multibeam echo-sounder data collected from the east-
ern margin of the Irish Sea Basin reveal insights concerning
glacier dynamics close to the confluence zone of the marine-
influenced Irish Sea Ice Stream and terrestrially based Welsh
cludes the Cors Geirch terraces on thgri Peninsula, Ice .Cap. qu the first 'Flme, deflmtlve glacial landforms as-
sociated with Welsh ice flowing fishore are presented.

which are the remnants of a glacial lake fed by Irish Sea.l. . . :
o hrough a combined approach using landform mapping, sed-
Basin ice from the north, but dammed by Welsh'S‘OurCEd'mentoIogical interpretations and ice-sheet modelling, a re-

. i ) i
g:got% the south (Matley, 1936; Thomas and Chiverrell, gional reconstruction for complex flow and deglaciation for

the eastern Irish Sea Basin is proposed. Superimposed on the

. As deglaciation continued, moraines were laid down inlow-order, small-scale oscillations of both ice masses, a gen-
Tremadog Bay during minor or seasonal readvances®ral pattern of non-linear retreat is suggested for the Welsh
The larger catchment of the Mawddach basin, coupled!c® Cap. with a major asymmetric readvance attributed to
with a shift in the central ice divide, probably drove |ce—d|V|de. migration amplifying mgss-_balance variations be-
a minor readvance of ice from mid-Wales extending tween adjacent catchments. Our findings support others that
as far north as the ridge of Sarn Badrig during the Show asymmetric and asynchronous marginal behaviour to
Dansgaard—Oeschger even21.15kaBP. In contrast, 0€ an emerging characteristic feature of the ice sheet cen-

ice in Tremadog Bay retreated back to the present-dayfed over Britain and Ireland, in response to a range of in-
coastline at this time, during its overall recession to- térnal and external drivers. Such higher-order dynamism un-

wards the N Wales mountains (Fig. 8d). derscores the importance for understanding ice-stream pro-

cesses and dynamics at the scale of individual drainage

. With rapid marine transgression in Cardigan Bay fol- basins — not only to more accurately reconstruct palaeo ice-

lowing deglaciation, the sarns were submerged and wersheet dynamics, but also to predict future centennial- to
probably washed clean of fine glacial sediment by cur-millennial-scale changes of polar ice masses.
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