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a b s t r a c t

We summarize 121 14C and in-situ cosmogenic (10Be and 36Cl) ages that constrain fluctuations of the
Irish Ice Sheet (IIS) since the Last Glacial Maximum (LGM) that can be linked to abrupt climate changes
in the North Atlantic region. These data provide a robust means to date ice-sheet fluctuations because
similar-age events can be identified from widely spaced sites, they are constrained by stratigraphy, and
they can be related to large changes in the configuration of a dynamic ice sheet. The following events
are recognized. (1) AMS 14C ages and 10Be and 36Cl ages as well as offshore data suggest that the last
maximum advance of the IIS occurred between w27 and 23 cal ka. (2) Deglaciation began on the
western continental shelf and in the Irish Sea Basin at w23 cal ka. Dated sites from around Ireland
constrain subsequent widespread retreat of ice-sheet margins from the shelf onto Irish coastlines
during the Cooley Point Interstadial �20 cal ka. AMS 14C ages suggest that the Cooley Point Interstadial
continued until �18.2 cal ka B.P. During this interstadial, retreat of the ice-sheet margin into the
northern Irish Sea Basin indicates that the IIS may have lost up to two-thirds of its mass. (3) Dated sites
from northwestern and eastern Ireland indicate that the Cooley Point Interstadial was terminated by
ice readvance during the Clogher Head Stadial at w18.2 cal ka. (4) The Linns Interstadial was a brief
interval (�17.0e�16.5 cal ka) of ice recession following the Clogher Head Stadial that is identified from
raised marine sediments in eastern and northern Ireland and cosmogenic ages elsewhere in Ireland. (5)
The IIS subsequently readvanced during the Killard Point Stadial, reaching its maximum extent
w16.5 cal ka, indicating that the readvance began sometime earlier. (6) Widespread retreat of the IIS
began by w15.5 cal ka during the Rough Island Interstadial. (6) Readvance of cirque glaciers in western
Ireland occurred during the Younger-Dryas equivalent Nahanagan Stadial.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The last glaciation was characterized by abrupt millennial-scale
climate changes that involved changes in the Atlantic Meridional
Overturning Circulation (AMOC) and associated ocean heat trans-
port (Broecker et al., 1990; Ganopolski and Rahmstorf, 2001; Clark
et al., 2002) with a strong feedback from changes in sea ice
(Mikolajewicz et al., 1997; Li et al., 2005; Liu et al., 2009). Model
simulations with appropriate glacial boundary conditions demon-
strate that these changes would cause substantial changes in
surface air temperature and precipitation downwind of the North
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Atlantic (Hostetler et al., 1999; Liu et al., 2009), thus strongly
affecting themass balance of Eurasian ice sheets (Clark et al., 2007).

Because of its proximity to the North Atlantic as well as its small
size (<0.5 m sea-level equivalent, or <7% of the modern Greenland
Ice Sheet), the Irish Ice Sheet (IIS) should have been particularly
sensitive to the abrupt climate changes induced by changes in the
AMOC. To a first order, we thus expect the abrupt climate changes
of the last glaciation to have caused corresponding fluctuations of
the IIS margin. Early models of deglaciation of the IIS, however,
inferred monotonic retreat following its last maximum extent,
albeit interrupted by intervals when the margin stabilized
(Charlesworth, 1928). This perspective changed, however, when
Synge (1969) and McCabe (1969) first inferred large shifts in
centers of ice dispersion from patterns of streamlined bedforms
and cross-cutting moraines and striae. In particular, this recon-
struction showed that, after a period of ice retreat, the remaining
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ice masses readvanced during what Synge (1969) referred to as the
Drumlin Readvance, providing the first evidence of a dynamic ice
sheet that experienced substantial changes in ice flow. Subsequent
work documented further evidence for large-scale changes in ice
flow during the last deglaciation (McCabe et al., 1998), and detailed
stratigraphic and geochronologic investigations documented
widespread fluctuations of the IIS margin that corresponded to
North Atlantic abrupt climate changes (Bowen et al., 1996, 2002;
McCabe and Clark, 1998; McCabe et al., 2005, 2007b; Clark et al.,
2009a; Clark et al., 2009b).

Despite the overwhelming evidence for significant fluctuations
of the IIS during the last deglaciation, recent work based on
undated flowlines has reverted to a model of monotonic thinning
and retreat of the IIS in which the evidence for ice-margin read-
vances was either disputed or relegated to events of only local
significance (Greenwood and Clark, 2009b; Clark et al., in press).
Moreover, Greenwood and Clark (2009a) suggested that “there has
been relatively little attention paid to deciphering the flow geom-
etry of the ice sheet” (p. 3086), thus overlooking over 100 years of
published research on just this topic (e.g., Charlesworth, 1928;
Synge, 1969; McCabe et al., 1998, and references therein).

A reconstruction of slow incremental retreat of the IIS margin
during a time of known large and abrupt climate changes would
require that ice sheets are relatively insensitive to climate change.
Insofar as this has broad implications to our understanding of past
and future ice sheeteclimate interactions, a detailed assessment of
this claim is required. To address this issue, we provide a compre-
hensive summary of the geochronology of the IIS by incorporating
all of the published age constraints derived from a number of sites
that can be directly associated with stratigraphic evidence of ice-
sheet margin fluctuations. In particular, this synthesis provides
a rigorous test of whether previously documented fluctuations
were synchronous (within dating uncertainties) around the ice
margin, or isolated events that do not uniquely constrain a response
by the IIS to the abrupt climate changes of the last deglaciation. In
developing this synthesis, we note that prior to 1998, there were
only two radiocarbon dates from Ireland that, other than limiting
ages on post-glacial lakes and peat bogs, provided any information
on the last deglaciation (McCabe et al., 1986). Since McCabe and
Clark (1998) and McCabe et al. (1998) reported the first AMS 14C
ages on monospecific foraminifera, nearly 120 new ages have been
published that now provide a well-constrained geochronology for
the IIS during the last glaciation, particularly since the Last Glacial
Maximum (LGM). This synthesis reinforces and elaborates on
previous work in demonstrating a dynamic IIS that responded to
the abrupt climate changes in the North Atlantic region.

2. Geochronology

2.1. Radiocarbon

The majority of the ages used here are based on radiocarbon
measured on fossil shells from raised marine sediments, and the
majority of these ages are on foraminiferal tests from massive to
rhythmically bedded clay, silt and fine sand units (herein referred to
as “marine mud”) and diamictic muds. During most of the 20th
century, all muds exposed in outcrop were thought to be till. Subse-
quent application of facies analysis to sedimentary sequences
deposited in association with the IIS, particularly along the Irish Sea
coast, recognized thatmanyof thesemudunitswere in factmarine in
origin, often containing marine microfauna that represent in situ
biocoenoses (McCabe,1986;McCabeandHaynes,1996). These faunas
are dominated by the foraminifera Elphidium clavatum (85e95%) and
the ostracode Roundstonia globulifera (5e10%) that shows intact
instars. Shell tests are characterized by pristine glossy preservation
together with a range of sizes and an absence of temperate forms.
Somemarinemuds also contain variable percentages of other Arctic
microfaunas, including fragile polymorphinids, lagena and miliolids
(McCabe and Clark, 2003). Similar opportunistic biocoenoses have
been recorded from contemporary arcticesubarctic areas recently
vacated by tidewater glaciers (Hald et al., 1994). McCabe (1995)
recognized that these in situ faunas, which are compositionally
distinct from other mixed assemblages that are commonly rede-
posited at ice-sheet margins by reworking (Haynes et al., 1995),
provide an outstanding opportunity for developing a 14C geochro-
nology of glacial and sea-level fluctuations in Ireland.

2.2. In-situ cosmogenic nuclides

Bowen et al. (2002) reported the first constraints on IIS
geochronology derived from cosmogenic nuclides, in this case 36Cl.
Their strategy involved a reconnaissance sampling of individual
erratics from across Ireland, although in general several in situ
cosmogenic ages from a single landform are preferred in order to
evaluate thepossibilityof outliers and reduceuncertainty (Gosse and
Phillips, 2001). A similar issue pertains to the 10Be ages reported by
Ballantyne et al. (2006, 2007, 2008). As discussed below, many of
their results are consistentwith the timing of events suggested from
calibrated 14C ages. However, the large uncertainties associatedwith
single ages preclude robust correlations on millennial timescales.
Moreover, independent evidence suggests that some sites that were
covered by ice during the LGM have pre-LGM ages 36Cl, suggesting
inheritance of preexisting cosmogenic 36Cl. In other cases, some
single-site 10Be ages disagree with each other in a given region,
providing only broad and imprecise constraints on deglaciation. In
those cases where there is clear disagreement between the 10Be or
36Cl ages and 14C ages, or where the 36Cl ages have very large
uncertainties (>20%), we use only the 14C ages in the synthesis.

3. Site-specific summaries

The following discussion provides brief summaries of the
localities where geochronological constraints have been developed
(Fig. 1). The reader is referred to the original references for detailed
illustrations and photographs of the stratigraphic and sedimento-
logic relations summarized below.

3.1. Eastern Ireland e 14C geochronology

3.1.1. Rathlin Island
Carter (1993) reported a 14C age on shells (12,735 � 80 yr B.P.;

Beta-48580) from a raised gravel barrier beach on Rathlin Island
(Table 1; Figs. 1 and 2) that provides a minimum age for deglacia-
tion of the Northern Irish coast by at least 14.3 � 0.2 cal ka
(1 sigma).

3.1.2. Belfast Lough
Kelley et al. (2006) reported four 14C ages on shells frommarine

cores in Belfast Lough (Table 1; Figs. 1 and 2) that suggest that
relative sea level was w30 m below present 13.4 � 0.1 cal ka.

3.1.3. Rough Island
Drumlins in the Rough Island area (Fig. 1) that formed in

associationwith the Killard Point readvance (see below) are draped
by red marine clay up to about 20 m above sea level (a.s.l.)
(Stephens, 1963). At Rough Island, basal till comprising a drumlin is
overlain directly by w3 m of rhythmically bedded sand and mud
thick. Massive mud beds occur at the base of the section and are
gradually replaced upwards by interlaminated sand and mud,
suggesting a falling relative sea level in association with isostatic



Fig. 1. Locationof siteswithgeochronologicaldatadiscussed in thetext. Elevationdataused in this imagewereacquiredbytheShuttleRadarTopographyMissionaboard theSpaceShuttle
Endeavour, Color coding isdirectly related to topographic height,withgreenat the lowerelevations, rising throughyellowandtan, towhiteat thehighestelevations. Imageacquired from:
http://photojournal.jpl.nasa.gov/catalog/PIA06672. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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uplift following deglaciation. Marine microfaunas are well
preserved in the basal 20 cm of the massive mud. The oldest of two
samples dated by AMS 14C provides a limiting age for deglaciation
of the Killard Point readvance at 16 � 0.4 cal ka (Table 1) (McCabe
and Clark, 1998; McCabe et al., 2005).

3.1.4. Ard Peninsula
Hill and Prior (1968) reported a 14C age on reworked shells on

the Ard Peninsula (Table 1, Figs. 1 and 2) suggesting ice advance
across the site sometime after 28.6 � 0.7 cal ka.

3.1.5. Killard Point
Killard Point lies to the south of Rough Island (Fig. 1) near

the northern end of a northeast-to-southwest zone (ca. 1-km
wide) of hummocky topography (McCabe and Clark, 1998;
McCabe et al., 1998). Sediments exposed at Killard Point were
deposited as subglacial debris transported to a tidewater ice
margin recorded by the hummocky topography. Drumlins located
a few kilometers inland are perpendicular to the zone of glacigenic
hummocky topography and are therefore interpreted as part of
the same glacial system that was responsible for depositing the
glacial sediments exposed at Killard Point. At the base of the
section, stratified diamict rests on striated bedrock. Shallow
scours (1e2 m across) infilled with interbedded mud, sand, gravel
and diamict occur within and towards the top of the massive
diamict facies and indicate that diamict beds were deposited by
mass flows (McCabe et al., 1984). The diamict is overlain by
laminated and graded sand containing discontinuous mud
laminae, water-escape structures, mud rip-up clasts, flow folds
and occasional isolated cobbles. The overlying gravel facies occurs
as a set of 14 stacked and infilled channels (50e100 m across,
10e15 m deep). Channel infills are dominated (80%) by a range of
boulder facies with subordinate sand and pebble facies. Overall
the gravel facies coarsen upwards within individual channels, and
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Table 1
Compilation of radiocarbon ages (and their calibrated ages) discussed in the text.

Lab number 14C age 14C error Calibrated age e

lower (Calib 6.0)
Calibrated age e

upper (Calib 6.0)
Cal age (ka) Cal error (ka) Reference

AA56707 16328 67 18937 19261 19.099 0.162 McCabe et al. (2005)
AA56706 16389 74 18972 19306 19.139 0.167 McCabe et al. (2005)
AA56703 16627 83 19262 19476 19.369 0.107 McCabe et al. (2005)
AA56704 16830 130 19424 19591 19.5075 0.0835 McCabe et al. (2005)
SSR-2713 16940 120 19673 19848 19.7605 0.0875 McCabe et al. (2005)
AA53589 16980 120 19643 19871 19.757 0.114 McCabe et al. (2005)
AA56705 18675 99 21595 22017 21.806 0.211 McCabe et al. (2005)
AA68976 15590 85 18482 18606 18.544 0.062 McCabe et al. (2007b)
AA68975 15700 90 18505 18680 18.5925 0.0875 McCabe et al. (2007b)
CAMS105063 15850 45 18594 18725 18.6595 0.0655 McCabe et al. (2007b)
CAMS105064 16440 550 18645 19598 19.1215 0.4765 McCabe et al. (2007b)
AA17693 15420 110 18055 18347 18.201 0.146 McCabe et al. (2005)
AA17694 15790 110 18546 18727 18.6365 0.0905 McCabe et al. (2005)
AA17695 15800 140 18542 18771 18.6565 0.1145 McCabe et al. (2005)
AA32315 14445 100 16903 17216 17.0595 0.1565 McCabe and Clark (2003)
AA33831 15425 95 18058 18338 18.198 0.14 McCabe and Clark (2003)
AA45967 15590 150 18084 18308 18.196 0.112 McCabe and Clark (2003)
AA45968 16120 160 18666 18973 18.8195 0.1535 McCabe and Clark (2003)
AA45966 16460 430 18750 19567 19.1585 0.4085 McCabe and Clark (2003)
AA33832 17540 110 20169 20477 20.323 0.154 McCabe and Clark (2003)
AA21818 15105 130 17638 18043 17.8405 0.2025 McCabe et al. (2005)
AA21819 16005 140 18644 18874 18.759 0.115 McCabe et al. (2005)
SRR-2714 17370 100 20015 20328 20.1715 0.1565 McCabe et al. (1986)
AA56702 400 220 24939 25604 25.2715 0.3325 McCabe et al. (2007a)
CAMS115268 400 90 26089 26373 26.231 0.142 McCabe et al. (2007a)
CAMS111594 400 110 28030 28383 28.2065 0.1765 McCabe et al. (2007a)
CAMS111595 400 110 28109 28460 28.2845 0.1755 McCabe et al. (2007a)
CAMS105065 400 90 28195 28548 28.3715 0.1765 McCabe et al. (2007a)
CAMS105068 400 110 28296 28672 28.484 0.188 McCabe et al. (2007a)
CAMS115273 400 120 29045 29471 29.258 0.213 McCabe et al. (2007a)
CAMS115271 400 130 29320 29583 29.4515 0.1315 McCabe et al. (2007a)
CAMS115272 400 160 31170 31362 31.266 0.096 McCabe et al. (2007a)
CAMS115066 400 130 31280 31480 31.38 0.1 McCabe et al. (2007a)
CAMS115266 400 170 31334 31612 31.473 0.139 McCabe et al. (2007a)
CAMS115274 400 220 34077 34687 34.382 0.305 McCabe et al. (2007a)
CAMS115267 400 340 37787 38793 38.29 0.503 McCabe et al. (2007a)
CAMS115269 400 390 38927 39999 39.463 0.536 McCabe et al. (2007a)
CAMS105067 400 490 43235 44079 43.657 0.422 McCabe et al. (2007a)
CAMS89687 16940 70 19688 19826 19.757 0.069 Clark et al. (2004)
CAMS89686 17040 70 19571 19885 19.728 0.157 Clark et al. (2004)
AA22352 17150 160 19799 20133 19.966 0.167 Clark et al. (2004)
AA22351 17160 130 19816 20131 19.9735 0.1575 Clark et al. (2004)
CAMS89688 17370 190 19876 20375 20.1255 0.2495 Clark et al. (2004)
AA22820 14185 115 16773 16999 16.886 0.113 McCabe and Clark (1998)
AA22821 14395 105 16890 17170 17.03 0.14 McCabe and Clark (1998)
AA56700 14557 69 17035 17272 17.1535 0.1185 McCabe et al. (2005)
AA56701 14650 130 17121 17549 17.335 0.214 McCabe et al. (2005)
Beta - 48580 12735 80 14063 14534 14.2985 0.2355 Carter (1993)
AA21822 13140 95 14883 15259 15.071 0.188 McCabe and Clark (1998)
AA68680 13525 70 15596 16332 15.964 0.368 McCabe and Clark (1998)
SRR-6427 12295 50 14028 14245 14.1365 0.1085 Lowe et al. (2004)
AA-34265 12430 85 14190 14742 14.466 0.276 Lowe et al. (2004)
Beta215771 20710 70 24086 24408 24.247 0.161 O Cofaigh and Evans (2007)
Beta222305 20820 120 24142 24528 24.335 0.193 O Cofaigh and Evans (2007)
Beta215772 21300 80 24726 25074 24.9 0.174 O Cofaigh and Evans (2007)
Beta222304 21660 130 25116 25607 25.3615 0.2455 O Cofaigh and Evans (2007)
Beta215778 525 90 26550 26839 26.6945 0.1445 O Cofaigh and Evans (2007)
Beta222303 525 140 27024 27368 27.196 0.172 O Cofaigh and Evans (2007)
Beta222306 525 150 27779 28195 27.987 0.208 O Cofaigh and Evans (2007)
Beta222302 525 150 28521 29051 28.786 0.265 O Cofaigh and Evans (2007)
Beta215773 525 130 30298 30586 30.442 0.144 O Cofaigh and Evans (2007)
Beta222308 525 190 31132 31339 31.2355 0.1035 O Cofaigh and Evans (2007)
Poz-15803 525 350 34428 34970 34.699 0.271 O Cofaigh and Evans (2007)
Beta215770 525 290 36846 37899 37.3725 0.5265 O Cofaigh and Evans (2007)
Beta222314 525 420 40967 41684 41.3255 0.3585 O Cofaigh and Evans (2007)
Beta222311 525 440 41361 42015 41.688 0.327 O Cofaigh and Evans (2007)
Beta215776 525 600 42510 43477 42.9935 0.4835 O Cofaigh and Evans (2007)
Beta222307 525 640 44409 45324 44.8665 0.4575 O Cofaigh and Evans (2007)
Beta222309 525 830 45116 46457 45.7865 0.6705 O Cofaigh and Evans (2007)
N/A 12330 220 13487 14003 13.745 0.258 Kershaw (1986)
N/A 13140 230 14501 15620 15.0605 0.5595 Kershaw (1986)
N/A 13750 250 15864 16788 16.326 0.462 Kershaw (1986)
N/A 15720 470 17937 18934 18.4355 0.4985 Kershaw (1986)

(continued on next page)
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Table 1 (continued )

Lab number 14C age 14C error Calibrated age e

lower (Calib 6.0)
Calibrated age e

upper (Calib 6.0)
Cal age (ka) Cal error (ka) Reference

N/A 19210 690 21580 23286 22.433 0.853 Kershaw (1986)
N/A 20040 610 22603 24106 23.3545 0.7515 Kershaw (1986)
UB-7185 12865 60 15104 15532 15.318 0.214 Watson et al. (2010)
Beta 202998 11990 40 13343 13469 13.406 0.063 Kelley et al. (2006)
Beta 202999 12000 40 13347 13482 13.4145 0.0675 Kelley et al. (2006)
Beta 203000 11670 40 13115 13221 13.168 0.053 Kelley et al. (2006)
Beta 203001 12030 40 13378 13514 13.446 0.068 Kelley et al. (2006)
I-3268 24050 650 27859 29285 28.572 0.713 Hill and Prior (1968)
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channel axes indicate southward progradation. The margins of the
most northerly channels are draped conformably by red mud
(w1 m thick) containing in situ marine microfauna. Mud laminae
are massive or normally graded and are interbedded conformably
Fig. 2. Map showing location of dates that relate to events during the last deglaciation. Sit
whereas sites outlined in black are associated with calibrated 14C ages. Color coding is dire
yellow and tan, to white at the highest elevations. Image acquired from: http://photojourn
figure legend, the reader is referred to the web version of this article).
with muddy diamict. Two AMS 14C ages on the in situ marine
microfauna from these red muds constrain the age of the Killard
Point readvance at its maximum extent as 17 � 0.1 cal ka (Table 1,
Fig. 2) (McCabe and Clark, 1998; McCabe et al., 2005).
es outlined in red are associated with in situ cosmogenic nuclide dates (10Be and 36Cl),
ctly related to topographic height, with green at the lower elevations, rising through
al.jpl.nasa.gov/catalog/PIA06672. (For interpretation of the references to colour in this

http://photojournal.jpl.nasa.gov/catalog/PIA06672
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3.1.6. Irish Sea core
Kershaw (1986) reported 16 14C ages on marine shells from

a 2.05-m core obtained in the Irish Sea due east of Killard Point
(Fig. 1). The 14C ages indicate that the sediments from the upper
0.55 m of the core are bioturbated. Of significance to this study,
however, are the ages from the lower part of the core that provide
constraints on ice-free intervals in this part of the Irish Sea. In
particular, the lowest 14C age indicates that the northern Irish Sea
was deglaciated by at least 23.3 � 0.7 cal ka (Table 1, Fig. 3). The
absence of any coarse gravels or other glacigenic sediments
overlying these dated muds indicates that this part of the Irish Sea
basin remained ice free from that time on.

3.1.7. Kilkeel Steps
The Kilkeel site is exposed in coastal bluffs along the Mourne

Plain, which occurs between the Mourne Mountains and the Irish
Fig. 3. Map showing location of dates that relate to events prior to and constraining the age
(10Be and 36Cl), whereas sites outlined in black are associated with calibrated 14C ages. Colo
rising through yellow and tan, to white at the highest elevations. Image acquired from: http
colour in this figure legend, the reader is referred to the web version of this article).
Sea south of Killard Point (Fig. 1). McCabe (1986) concluded that the
deposits beneath the Mourne Plain are glaciomarine because of
their position below the marine limit (w30 m a.s.l.), their sediment
geometry, the presence of thick (w10 m) muds with dropstones,
interbedded facies sequences with dropstones, and the overlying
raised beach facies. The general vertical facies succession, from
stratified diamict (debris flows) to interbedded sand and gravel
(subaqueous outwash) to beach sand/gravel (upper shoreface) is
characteristic of an emergent deglacial facies sequence. The sedi-
ment geometry of the coastal exposures cut into the Mourne Plain
shows that following deglaciation of the Mourne Plain, southward
flowing rivers from the mountains eroded broad channels into the
diamict that was deposited as the ice margins retreated across the
site of the Mourne Plain. These channels are graded to a sea level
similar to or lower than at present, indicating that by the time they
formed, the region had emerged by isostatic uplift since formation
of the LGM. Sites outlined in red are associated with in situ cosmogenic nuclide dates
r coding is directly related to topographic height, with green at the lower elevations,
://photojournal.jpl.nasa.gov/catalog/PIA06672. (For interpretation of the references to
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of the marine limit w30 m a.s.l. Marine mud now filling the river
channels indicates that a falling RSL due to isostatic emergence was
subsequently reversed by a rise in global sea level.

Five AMS 14C ages on well-preserved E. clavatum from four
different levels in channel-fill marine muds indicate nearly
instantaneous sedimentation of the muds, with radiocarbon ages at
the base being statistically the same (at 1 s) as the radiocarbon age
at the top (Table 1, Fig. 3) (Clark et al., 2004). Applying a standard
modern reservoir age correction of 400 years to these five samples
results in a mean calibrated age of 19.9� 0.2 cal ka. These ages thus
provide a minimum age for initial deglaciation of the Irish Sea coast
following the LGM.

3.1.8. Cranfield Point
CranfieldPoint is 3e4kmsouthwestofKilkeel Steps, on thenorth

side of the entrance to Carlingford Lough (Fig. 1). At the base of the
section, 1.5 m of marine muds are comprised of millimeter-scale
fine-sandemud couplets. The upper surface of the mud is planar
and overlain bymore than 4mof crudely bedded diamict composed
of angular and glacially faceted clasts set in a granule to pebble
matrix. Thediamict formspart of the Cranfield Pointmoraine,which
marks the limit of a regional southeastwards ice readvance from the
Irish lowlands into Carlingford Lough (McCabe et al., 2005). Marine
conditions at the ice margin are suggested by the presence of raised
late-glacial beach deposits and erosional notches immediately
outside the Cranfield ice limit but not within the ice-tongue
depression, which was occupied by the grounded Carlingford ice
lobe. Inland (6e7 km northwestwards) from the terminal outwash,
streamlinedbedforms trendingnorthwestesoutheast arepartof the
same drumlin field that terminates at Killard Point, and are thus
associated with the Killard Point readvance. Two AMS 14C ages on
well-preserved E. clavatum from the marinemuds at the base of the
section constrain theageof raisedmarine conditionsdepositedprior
to the Killard Point readvance as occurring from 17.8 � 0.2 cal ka to
18.8 � 0.1 cal ka (Table 1, Fig. 3) (McCabe et al., 2005; McCabe et al.,
1998).

3.1.9. Dundalk Bay
A prominent moraine, named the Clogher Head moraine, occurs

on the southern margin of Dundalk Bay (Fig. 1) between Keenan’s
Cross and Clogher Head. The moraine trends northwest to south-
east, is up to 25m high, has steep slopes to the east, and thins to the
west, where it terminates against bedrock slopes. The location of
the moraine and its internal structure indicates that it was depos-
ited near the frontal margin of a large ice lobe that advanced into
Dundalk Bay and extended into the Irish Sea beyond Clogher Head.
Immediately distal to the moraine at Clogher Head and extending
as far south as the Boyne estuary, swash gullies and raised
foreshore gravels indicate former high relative sea levels contem-
poraneous with the ice readvance (McCabe, 1973; Stephens and
McCabe, 1977).

McCabe et al. (1987) also identified moraines on the south side
of Dundalk Bay that record a more restricted, and thus younger,
position of an ice lobe than the Clogher Headmoraine. Northwest of
Keenan’s Cross, McCabe (1973) mapped the southern limit of
a gravelly moraine complex that continues southwestwards from
Ardee as ice-marginal ridges that arew1 km across, corresponding
to themaximum extent of Synge’s (1969) drumlin readvance. Along
the southern shore of Dundalk Bay, correlative ridges occur
between Linns and Dunany Point (McCabe et al., 1987). McCabe
et al. (2007b) associated the two northwest/southeast trending
moraines on the north shore of Dundalk Bay with the same ice limit
as recorded by the Dunany moraine complex. Both moraines
stratigraphically overlie marine muds along the northern margin of
the bay, and at one location the outwash is interbedded with thick
beds of marine mud, demonstrating they are contemporaneous
(McCabe et al., 1987).

In summary, the glacial geology suggests that there were two
readvances of the ice margin into Dundalk Bay, with intervals of
high relative sea level occurring before and after each readvance.
There are four sites where AMS 14C ages on well-preserved
E. clavatum from marine muds deposited during times of high
relative sea level constrain the timing of these readvances. The first
is from Cooley Point (Fig. 1), where exposures of marine mud are
part of a regional mud drape exposed intermittently along the
northern shore of Dundalk Bay (McCabe and Haynes, 1996). A
boulder facies, comprising a bed of single clasts with local
concentrations of near-touching clasts, is embedded across the
upper surface of the mud, forming a prominent pavement. The
pavement upper surface is undulating and the upper surfaces of
individual clasts are strongly beveled and show cross-cutting stri-
ations. Similar pavements formed across subarctic tidal flats have
been recorded by many authors (Dionne, 1981). The platform
surface is draped by alternating siltesand laminae, which are
overlain by cross-bedded sand and gravel contained within shallow
scours. These facies are part of an apron of outwash associated with
an ice limit marked by a well-defined ice-pushed moraine ridge at
Rathcor, 1.8 km to the east. A late-glacial raised beach w20 m a.s.l.
at Templetown directly overlies this outwash and occurs immedi-
ately distal to the ice limit at Rathcor. The overall facies succession
(open-water muds e intertidal boulder pavement e subaqueous
outwash/beach) records a shallow-water marine environment fol-
lowed by an ice advance into Dundalk Bay correlative to the Clogher
Head moraine on the south side of the bay. Three AMS 14C ages on
well-preserved E. clavatum from the marine muds constrain raised
marine conditions prior to the Clogher Head readvance as occurring
between 18.2 � 0.1 cal ka to 18.7 � 0.1 cal ka (Table 1, Fig. 3)
(McCabe et al., 1998, 2005).

The northeasternmargin of the Dundalk Bay ice lobe terminated
in a narrow arm of the sea and deposited a series of coalescing,
ice-proximal, coarse clastic deltas interbedded distally with
subaqueous sand and diamicton. At Rathcor Bay (Fig. 1), these
deposits were ice pushed and overlie deformed fossiliferousmarine
muds (McCabe et al., 2005). These deposits are associated with the
two northwest/southeast trending moraines on the north shore of
Dundalk Bay that record the same ice limit as that recorded by the
Dunanymoraine complex on the south side of the bay. One AMS 14C
age onwell-preserved E. clavatum from themarinemuds constrains
interstadial, raised marine conditions prior to this readvance as
occurring at 17.3 � 0.2 cal ka (Table 1, Fig. 2) (McCabe et al., 2005,
2007b).

The Linns site (Fig. 1) is an exposure into one of the moraines on
the south side of Dundalk Bay that records a more restricted
position of an ice lobe than the Clogher Headmoraine. Facies on the
southernmargin of the ice lobe consist of muds and diamictic muds
with minor amounts of sand/gravel forming well-defined morainal
banks. The moraine ridge at Linns is relatively subdued (10e15 m
high) and consists of a core of marine mud overlain by listric
shear surfaces developed in sand, gravel and mud. These structures
rise southwards, recording compression and stratigraphic dupli-
cation, and are a result of ice movement from the north. One AMS
14C age on well-preserved E. clavatum from the interstadial marine
muds constrains raisedmarine conditions prior to this readvance as
occurring at 17.2 � 0.1 cal ka (Table 1, Fig. 2) (McCabe et al., 2005,
2007b).

Coastal erosion a few kilometers north of (and thus proximal to)
the Clogher Head moraine near Port (Fig. 1) has exposed up to 3 m
of diamicton overlain by 2.5 m of sand and gravel. The diamicton is
compact and matrix supported, with matrix texture ranging from
mud to sand, and about 60% of the clasts are glacially facetted.
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McCabe et al. (2007a) interpreted the diamicton to be a basal till
because the clast fabric is parallel to stacked subparallel shear
planes that are 5e20 cm apart, rise southwards at 5e10�, and can
be traced along the entire (40 m) exposure. At one point along the
section, a steeply inclined intrusion of grey mud 1.5 m high and up
to 0.5 m across cuts across the tectonic stratification of the till. The
mud contains a microfossil assemblage dominated by E. clavatum,
indicating a marine origin. These relationships suggest that ice
overrode marine mud during its advance into Dundalk Bay, and the
mud was injected into the till from below as a result of ice loading
subsequent to shearing of the till. Four AMS 14C ages on well-
preserved E. clavatum from the marine muds constrain intersta-
dial, raised marine conditions prior to this readvance as occurring
between 18.5 � 0.1 cal ka to 19.1 � 0.5 cal ka (Table 1, Fig. 3)
(McCabe et al., 2007b).

3.2. Eastern Ireland e in-situ cosmogenic nuclides

In the Wicklow Mountains south of Dublin (Fig. 1), Bowen et al.
(2002) reported a 36Cl age of 22.3 � 2.0 ka on a single erratic that,
within uncertainties, is consistent with 14C ages from coastal sites
that constrain initial deglaciation (Fig. 3). They also reported a 36Cl
age of 17.1 � 0.9 ka from an erratic fronting a cirque basin (Fig. 2),
suggesting renewed cirque glaciation following the LGM.
Ballantyne et al. (2006) reported three 10Be ages from separate
localities in the Wicklow Mountains (Fig. 3) that are generally
consistent with calibrated 14C ages for the time of deglaciation of
the Irish Sea coast.

3.3. Southeastern Ireland e 14C geochronology

O’Cofaigh and Evans (2007) reported 26 AMS 14C ages on
glacially transported marine shells from diamicts exposed at four
sites near Ardmore Bay on the southern Ireland coast (Fig. 1). The
ages range from 20,185 � 70 14C yr B.P. to >50,000 14C yr B.P.
(Table 1; Fig. 3), reflecting the reworked nature of the shells, but
O’Cofaigh and Evans (2007) interpreted the two youngest ages as
limiting (maximum) ages for the last ice-sheet advance in this
region as occurring sometime after 24.2 � 0.2 cal ka.

3.4. Western Ireland e 14C geochronology

3.4.1. Belderg Pier
McCabe et al. (1986) concluded that fossiliferous fine-grained

sediments exposed at Belderg Pier, northwest Ireland (Fig. 1)
were in situ glaciomarine sediments. Schistose bedrock adjacent to
the exposure was moulded and striated by northwesterly ice flow
onto the continental shelf. This surface is directly overlain by
laminated mud and sand containing occasional pebbles, massive
mud, lens-shaped bodies of cobble gravel, and a massive tabular
unit of diamictic mud that can be traced discontinuously for about
11 km along the coast. McCabe et al. (1986) originally dated this site
by a conventional 14C age on paired valves of Macoma calcarea
(Table 1). McCabe et al. (2005) obtained six AMS 14C dates on
micro- and macrofaunas in order to replicate the original conven-
tional 14C date and to evaluate whether there are significant age
differences in the vertical profile. Six of the seven dates support the
original conventional 14C age and suggest that glaciomarine
sedimentation occurred between 19.1�0.2 cal and 19.8� 0.1 cal ka
(Table 1; Fig. 3). One older date (18,675 � 100 14C yr B.P. (AA56705),
21.8 � 0.2 cal ka) on Quinqueloculina seminulum, however, signifi-
cantly differs from the other dates measured on both macro- and
microfaunas. This outlier, measured on a different species, may be
derived from older sediments.
McCabe et al. (2005) interpreted the sediments at Belderg Pier
as recording deglaciation from the last major ice sheet advance
onto the continental shelf and subsequent glaciomarine conditions
along an isostatically depressed southern margin of Donegal Bay. It
is possible that the base of the Belderg section is incomplete and
deglaciation of this region occurred earlier, as suggested by the age
of 20.2 � 0.2 cal ka on M. calcarea from marine mud exposed at
Fiddauntawnanoneen, 1 km to the east (Table 1; Figs. 1 and 3)
(McCabe et al., 1986).

3.4.2. Glenulra
McCabe et al. (2007a) sampled shells for radiocarbon dating

from two sites exposed in the lower part of the Glenulra valley on
the south side of Donegal Bay (Fig. 1). On the west side of the valley,
at Glenulra Farm, four fossiliferous facies are exposed in a river cut.
The lowermost facies is comprised of locally derived, brecciated
slabs of sandstone bedrock up to 25 cm long. Above this facies is
1.5 m of matrix-supported, overconsolidated massive diamict
containing dispersed, glacially beveled and edge-rounded clasts up
to 25 cm long. Derived shell fragments of Arctic islandica are
present in both of these units. The diamict facies is overlain by up to
7 m of laminated mud (mixture of clay and silt) containing in situ
marine microfauna. This facies is overlain by 4 m of low-angle,
poorly-sorted matrix-to-clast supported pebble and cobble gravel
beds within meter-scale cut and fill structures. The gravel, which
contains derivedmarine shell fragments, forms a distinct terrace on
both sides of the valley at about 80 m asl.

The marine microfauna from the mud facies are dominated
(>90%) by E. clavatum with subsidiary species comprised of cold-
water foraminifera, including Cytheropteron dimlingtonense and
C. montrosiense, and a range of juveniles. Species composition, lack
of sorting, range of instars and excellent preservation show that the
marine microfauna from the mud facies at Glenulra are in situ.

A river cut on the east side of the valley at a sand and gravel
quarry, 400 m downstream from Glenulra Farm, exposes five facies,
with only one containing fossils of A. islandica. The lowermost
facies is a compact diamict similar to that found upstream. The
facies overlying the diamict consists of amalgamated beds of
massive, mainly clast-supported disorganized boulder gravel
containing outsized clasts and discontinuous drape-like beds of
sand or pebbly sand. Boulders and cobbles are angular to edge-
rounded, with clast long axes suggesting deposition from the
south. Derived shell fragments are present throughout the unit.
This facies is overlain by massive, laminated and cross-bedded
sands which contain three mud beds up to 1.5 m thick. A marked
erosional contact separates the sand from the overlying pebble
gravel foresets which dip consistently at 15� to the northwest. The
foresets are truncated by crudely bedded, disorganized boulder
gravel. Occasional finer beds and discontinuous lenses of sand,
granules and pebble sand provide stratification to the boulder
gravel. The surface of this sequence forms a terrace at w80 m asl,
which is paired with the terrace across the valley at Glenulra Farm.

McCabe et al. (2007a) obtained 15 AMS radiocarbon dates from
shells contained within each of the fossiliferous units exposed at
Glenulra that extend our understanding of the glacial and relative
sea-level history of the west of Ireland byw20 kyr beyond the LGM
(Table 1; Fig. 3). Only the four ages on foraminifera from the marine
mud facies at Glenulra Farm are in situ, with the remainder being on
individual fragments of reworked shells. All ages on foraminifera
from the marine mud are on hand-picked, glossy tests of
E. clavatumwhich often had the last aperture intact, and they are in
stratigraphic order. The ages on reworked shells range from
26.2� 0.1 cal ka to 43.7� 0.4 cal ka, but because they are reworked,
these ages are not necessarily in stratigraphic order. The in situ ages
on foraminifera at Glenulra Farm, however, provide a known-age
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datum against which ages on reworked shells from units above and
belowmust stratigraphically conform. Accordingly, the fact that the
ages on the uppermost unit are similar to or older than the ages of
the underlying marine mud indicates that the event which caused
deposition of this uppermost unit reworked preexisting shells from
some location upvalley after deposition of the marine mud. On the
other hand, the ages on the lowermost unit must be older than the
marine mud to conform to the law of superposition.

3.5. Western Ireland e in-situ cosmogenic nuclides

Bowen et al. (2002) reported a number of 36Cl ages on erratics
from single sites ranging from County Kerry in the south to County
Donegal in the north (Fig. 1). A number of sites suggest that
deglaciation of the southwestern and central-western Irish coasts
occurredw20e22 ka (Fig. 3), which is consistent with the timing of
coastal deglaciation elsewhere suggested from calibrated 14C ages.
Bowen et al. (2002) also reported 36Cl ages from moraines in two
cirque basins on Achill Island, outer Clew Bay. 36Cl ages on boulders
on a moraine near sea level from Lough Nakeeroge are 17.0 � 2.1 ka
and 18.0 � 4.0 ka, and ages on boulders on the inner and outer
moraines of the Lough Acorrymore cirque are 11.8 � 0.6 ka and
13.6 � 0.6 ka, respectively (Fig. 2). Ballantyne et al. (2008) also
reported three ages from the Lough Acorrymore cirque (Fig. 2).
Although generally consistent with the 36Cl ages from Bowen et al.
(2002), the two ages on erratics from the inner and outer moraines
are stratigraphically reversed, suggesting complex exposure. In any
event, these cirque ages suggest that the IIS margin did not read-
vance across the area following retreat from its LGM position
offshore.

Ballantyne et al. (2008) reported ten additional 10Be ages from
the Clew Bay area, western Ireland, that constrain IIS vertical limits
in the area. Three samples that dated >36 ka were from high-
elevation weathered bedrock surfaces that occur above a regional
weathering limit, indicating former nunataks that remained
exposed above LGM ice, although coverage by cold-based, non-
erosive ice could not be excluded. Seven 10Be ages on bedrock
surfaces from below the weathering limit range from 13.2 � 0.8 ka
to 24.0� 1.6 ka. Although their younger ages are consistent with an
interpretation of warm-based, erosive ice below the weathering
limit, their broad range suggests that at least some of the samples
have experienced a complex exposure history.

Based on mapping contemporaneous ice flowlines derived from
inland centers of ice dispersion (essentially the Drumlin Readvance
ice sheet of Synge (1969)), McCabe et al. (1998) proposed that
a moraine system identified across western Ireland was correlative
with the Killard Point readvance identified in eastern Ireland. This
moraine system is associated with ice-flow features that crosscut
LGM flow indicators in Clew Bay and terminate at a prominent
moraine at Furnace Lough (McCabe et al., 1998; Clark et al., 2009b).
This readvance moraine extends northwards into the Lough Conn
Lowlands to the east of the Nephin Beg range, and then across the
extensive area of hummocky topography between Crossmolina and
Ballina. Clark et al. (2009b) revised the position of this moraine to
encompass the hummocky topography in the Lough Conn
Lowlands, naming it the Tawnywaddyduff moraine. They mapped
the moraine as extending offshore into Donegal Bay, where its
identification from geophysical surveys of the seafloor suggests
that ice nearly filled the bay during this event (Clark et al., 2009b).

Clark et al. (2009b) reported eight 10Be surface exposure ages
each from segments of the moraine system at Furnace Lough and in
the Ox Mountains (Fig. 1). The mean of the 10Be dates from the Ox
Mountains indicate that final deposition of the moraine occurred
15.6 � 0.5 ka (mean age), while the 10Be dates from Furnace Lough
(mean age of 15.6 � 0.4 ka) are statistically indistinguishable from
the Ox Mountain samples (Fig. 2). The two age groups were thus
combined to derive a composite mean age of 15.6 � 0.3 ka for the
Tawnywaddyduff moraine. These ages are equivalent to the age of
deglaciation of the Irish Sea Basin following the Killard Point Stadial
as recorded at Rough Island, thus confirming the correlation of the
western Ireland moraine system with the Killard Point Stadial and
constraining widespread retreat of the IIS margin at 15.5e16.0 ka.

In discussing the Tawnywaddyduff moraine, Clark et al.
(in press) stated: “we do not find any basis, either geomorpholog-
ical, stratigraphical or chronological, for explaining this ice margin
as a readvance limit, although of course, it might have been.
Instead, we note that the ice margin remains close to the west coast
for a considerable period after initial ice free enclaves appear
(19 ka).” We note first that Clark et al. (in press) have no inde-
pendent chronological or stratigraphical basis to make this claim.
That the moraine system identified by McCabe et al. (1998) repre-
sented a readvance rather than a recessional phase of the ice sheet,
however, is based on clearly expressed geomorphic evidence of
cross-cutting relations of ice-flow indicators related to the younger
moraine system. Ballantyne et al. (2008) similarly agreed with the
interpretation that drumlins in the areas were realigned during
a post-LGM readvance. Moreover, Clark et al. (in press) provided no
supporting chronological evidence that the ice margin remained
close to the coast after initial deglaciation w19e20 ka. After
a number of years of detailed field work in the region, we are
unable to provide any constraints on how far the ice margin
retreated prior to readvance of the Kilkeel Point ice margin.

3.6. Northwestern Ireland e 14C geochronology

3.6.1. Corvish section
McCabe and Clark (2003) described six AMS 14C ages from an

exposurenearCorvish (Fig.1) on thedistal endof anoutwash surface
that constrain the timing of a readvance of the northwestern ice-
sheet margin. McCabe and Clark (2003) identified four main facies
on the basis of vertical position in the section, textural changes,
degree of interbedding and lamination, degree of sediment defor-
mation, changes in marine microfaunal assemblages and AMS 14C
dating ofmarinemicrofaunas. The oldest unit consists of at least 3m
of finely laminated light greymuds containing only occasional small
pebbles. Two AMS 14C ages on E. clavatum constrain aminimum age
for early deglaciation from the Last Glacial Maximum and
a maximum age for subsequent readvance as occurring between
19.2 � 0.4 cal ka and 20.3 � 0.2 cal ka (Table 1; Fig. 3).

The second unit found immediately above beach level consists
of deformed laminated sand and mud containing clasts up to 10 cm
across. At beach level the rhythmically bedded laminae are
0.5e1.0 cm thick but are deformed into rounded to irregularly
shaped pods up to 30 cm across. Upwards the deformation becomes
more intense, with bed continuity becoming more difficult to trace
towards the top of this unit and the sand bodies becoming very
irregular in outline and distinctly lenticular. Themarinemicrofauna
from the deformed mud and sand is similar to that in the unde-
formed mud below beach level. Three AMS 14C dates from the
deformed unit are consistently older than the date obtained from
the top of the underlying laminated mud (Table 1), suggesting that
the deformed muds record reworking of the lower laminated mud
by an ice advance over the site.

The deformed mud is overlain by 1.8 m of undeformed, rhyth-
mically bedded mud. Discontinuous wisps of fine sand several
grains thick emphasize the laminations. An AMS 14C age on
a monospecific sample of E. clavatum provides a minimum age for
final deglaciation following the readvance, as well as evidence for
high relative sea level, as occurring at 17.1 � 0.2 cal ka (Table 1;
Fig. 2).
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3.6.2. Lough Nadourcan
Watson et al. (2010) reported a basal age on a core from

a lowland lake (Lough Nadourcan) in County Donegal (Fig. 1) that
suggested a minimum age for final deglaciation of the region of
15.3 � 0.2 cal ka (Table 1; Fig. 2).

3.7. Northwestern Ireland ein situ cosmogenic nuclides

Ballantyne et al. (2007) reported four 10Be surface exposure ages
from two localities in County Donegal: three are on erratics from
separate sites, and one is on a quartz vein from bedrock (Fig. 3).
Within uncertainties, these ages are consistent with the regional
history of deglaciation suggested by calibrated 14C ages.

Clark et al. (2009a) obtained eight 10Be surface exposure ages
from granitic erratics on a moraine deposited on Bloody Foreland
(Fig. 1). Two of these ages are outliers, with the remaining six
constraining a minimum age of initial deglaciation of the IIS from
its LGM position on the continental shelf to be 19.4 � 0.3 ka.
Because the one age reported by Ballantyne et al. (2007) from the
moraine at Bloody Foreland (18.6 � 0.9 ka) is statistically indis-
tinguishable from the six new 10Be ages, Clark et al. (2009a)
included it to derive a mean age of 19.3 � 0.3 ka (Fig. 3).

4. Synthesis of the geochronology of the Irish Ice Sheet and
its relation to climate change

We update the synthesis of the geochronology of the IIS from
McCabe et al. (2005) based on the new AMS 14C and 10Be ages that
have since been published (Kelley et al., 2006; Ballantyne et al.,
2007, 2008; McCabe et al., 2007a, 2007b; O Cofaigh and Evans,
2007; Clark et al., 2009a; Clark et al., 2009b; Watson et al., 2010).
In particular, this new information considerably improves our
understanding of pre-LGM ice-sheet history as well as the record of
deglaciation. Fig. 4 shows the ages from the three main geographic
regions of Ireland with good age control: western Ireland (Fig. 4b),
northwestern Ireland (Fig. 4c), and eastern Ireland and the
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Fig. 4. Synthesis of geochronology of the Irish Ice Sheet and cirque glaciers for 10e30 ka.
green ¼ 10Be from Ballantyne et al. (2008). (b) Ages from western Ireland (red ¼ calibrated
green diamonds ¼ individual 10Be ages, forest green square ¼ mean 10Be age). (c) Ages
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et al., 2007). (g) Ice-rafted debris flux from core DAPC2 (58�58.100N, 09�36.750W, 1709 m
(58�12.59N, 47�22.40W, 3380 m water depth) (powder blue fill) (Hillaire-Marcel and Bilode
2000) showing Heinrich events 0e2. (For interpretation of the references to colour in this
southeastern Irish coast (Fig. 4d), with dates from all regions
combined on Fig. 4e. Ages related to cirque glaciation are shown in
Fig. 4a. Also shown on Fig. 4e is the stratigraphic terminology
(interstadials and stadials) that is applied to the deglacial events of
the IIS following the LGM.

4.1. Marine isotope stage 3

The addition of the AMS 14C ages from Glenulra (McCabe et al.,
2007a) and the southern coast of Ireland (O’Cofaigh and Evans,
2007) significantly expands our understanding of the IIS prior to
the LGM. The 14C ages on raised marine deposits from Glenulra
confirm the presence of extensive ice on the Donegal coast for
w20 kyr prior to the LGM previously suggested from records of ice-
rafted debris (Knutz et al., 2001; Scourse et al., 2009). Specifically,
McCabe et al. (2007a) interpreted the Glenulra deposits to record
an ice sheet situated on the western seaboard of Ireland with
attendant isostatic loading sufficient to maintain high relative sea
level formuch of thew20 kyr interval bracketed by the radiocarbon
ages. McCabe et al. (2007a) were unable to distinguish from these
data whether relative sea level remained continuously above the
Glenulra site from 26 to 45 cal ka or fluctuated to lower elevations
in response to changes in eustatic level and ice loading. Never-
theless, when compared to the record of eustatic changes (Siddall
et al., 2003), the data indicate that the Donegal coast was isostat-
ically depressed by 150 m to more than 180 m during much of this
interval (McCabe et al., 2007a).

The youngest 14C age in the lower diamict at Glenulra Farm
indicates an ice advance across the site after 28.4 cal ka, whereas
the oldest 14C age from the overlying undisturbed marine mud
indicates ice retreat before 28.5 cal ka, suggesting an extremely
rapid but likely small ice-margin fluctuation possibly in response to
the short stadial between interstadials 3 and 4 in the Greenland ice
cores (McCabe et al., 2007a). The sedimentological evidence that
Glenulrawas never overridden again indicates that the LGMmargin
in this region was less extensive than the 28 cal ka event.
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AMS 14C ages indicate that the southern coast of Ireland
remained ice free from before 45.7 cal ka until the advance of ice
that occurred across the coast offshore to its LGM limit after
24.2 cal ka (O’Cofaigh and Evans, 2007) (Fig. 4d).

4.2. Last Glacial Maximum (27e23 cal ka)

The timing of advance to the LGM limit in the Irish Sea basin and
onto the southern continental shelf is not well constrained. On the
Irish Sea coast, a 14C age on reworked shells from till on the Ards
Peninsula suggests ice advance across the site sometime after
28.6 cal ka (Hill and Prior, 1968). Otherwise, limiting 14C ages are
only available to constrain advance of the southern ice-sheet
margin onto the continental shelf sometime after 24.2 cal ka
(O’Cofaigh and Evans, 2007). Trimlines in the Wicklow Mountains
w120 km to the north suggest the LGM IIS surface elevation over
the central Irish Sea coast was w600 m (Ballantyne et al., 2007).
Corresponding isostatic depression is indicated by fossiliferous
raised marine deposits, ice-contact deltas and glaciomarine
morainal banks along the Irish Sea coast that record high relative
sea level associated with the northward retreat from the LGM
margin (Eyles and McCabe, 1989). The marine limit that formed at
30 m asl at Kilkeel following retreat of LGM ice in the Irish Sea, for
example, suggests isostatic depression of w160 m (Clark et al.,
2004), consistent with the LGM ice loading reconstructed by
Ballantyne et al. (2007).

A calibrated 14C age from the base of a marine core east of Killard
Point (Kershaw, 1986) suggests that deglaciation of the Irish Sea
began w23.3 ka (Fig. 4d). This is earlier relative to coastal sites
which remained ice covered until w20 ka (see below), suggesting
that a deep reentrant initially developed in the core of the Irish Sea
with the ice margin remaining on the basin margins. It is likely that
the ice margin stabilized at this point as it retreated onto the coast,
and may have formed reequilibration moraines, perhaps such as
the Bride moraine on the Isle of Man. This early deglaciation of the
Irish Sea combined with the limiting ages that suggest ice advance
across the southern Irish coast w24.2 cal ka (O’Cofaigh and Evans,
2007) indicates that the ice margin in the Irish Sea advanced and
retreated in w1 kyr (Fig. 4d). The timing of this fluctuation corre-
sponds to a large peak in IRD flux in cores to the south and
southwest of the Irish Sea (Scourse et al., 2009) as well as to the
northwest of Scotland (Knutz et al., 2007) (Fig. 4g). The IRD includes
a source from the British and Irish ice sheets as well as from the
Laurentide Ice Sheet associatedwith Heinrich event 2 (H2) (Fig. 4h),
reinforcing the hypothesis by McCabe and Clark (1998) and Bowen
et al. (2002) that the IIS was particularly sensitive to climate change
at the time of Heinrich events. Subsequent deglaciation as a deep
reentrant may have developed by way of a calving bay (Eyles and
McCabe, 1989). Additional dating is required to evaluate this
hypothesis.

Along the western IIS margin, McCabe et al. (2007a) concluded
from the stratigraphy at Glenulra that following a short-lived
advance that overrode the site at w28 cal ka B.P. the site
remained unglaciated during the LGM and subsequent deglacia-
tion. Evidence for high relative sea level, however, suggests that the
ice margin remained in Donegal Bay during the LGM. In particular,
the presence of undisturbed marine muds at Glenulra suggests that
although the site remained ice free, a high relative sea level of at
least 80 m asl remained until at least 25.2 cal ka. Because global
eustatic sea level had reached its LGM lowstand of w130 m below
present by this time (Lambeck and Chappell, 2001), these relations
suggest at least 210 m of isostatic depression at the site, requiring
a substantial ice load nearby. On the other hand, fossiliferous
glaciomarine muds overlying bedrock at the Belderg and
Fiddauntawnanoneen sites w5 km west of Glenulra indicate that
these low-elevation sites remained ice covered until deglaciation
w20e21 cal ka (Table 1) (McCabe et al., 2005). In this case, the
marine sediments constrain relative sea level to be at least 10 m asl
when the site became ice free w20 cal ka, corresponding to
a minimum isostatic depression of 140 m. The existing sea-level
data thus indicate significant isostatic depression of the south
coast of Donegal Bay for much of the interval between ca. 40 cal ka
until at least 19 cal ka.

To explain why the Glenulra site remained ice free while the
lower elevation Belderg and Fiddauntawnanoneen sites were
covered by ice during the LGM,we hypothesize that as ice advanced
through Donegal Bay, its surface remained below the Glenulra site
because it was underlain by low permeability, easily deformable
sedimentsflooring the bay, resulting in lowbasal shear stresses, thin
ice, and a corresponding low ice-surface gradient. The ice margin
likely terminated at an arcuate moraine that extends from the
westernmost point of the south Donegal coast (35 km west of Gle-
nulra) onto the continental shelf (Clark et al., in press). The ice
margin then came onshore w10 km east of Glenulra, where low-
elevation, low-relief topography allowed it to extend south
towards Clew Bay, abutting the Nephin Range. This position corre-
sponds to the Ballycastle-Mulrany moraine identified by Synge
(1969) and is just distal to the Tawnywaddyduff Moraine associ-
ated with the subsequent Killard Point readvance (Clark et al.,
2009b). While the ice margin was at this position, meltwater
would have flowed through a col of the Nephin Range and down the
valley to Glenulra, depositing the gravelly outwash that overlies the
undisturbedmarinemuds. Ballantyneet al. (2008) reconstructed the
LGM ice surface over the Clew Bay area with northeastesouthwest
trending contours; extrapolating the contours to the northeast
results in a corresponding ice-surface gradient that places the ice
margin against the Nephin Range as suggested here.

The terrestrial records summarized here only indicate when the
IIS margin had advanced off of or retreated onto land, and thus do
not constrain the age when it reached its maximum extent on the
continental shelf, nor when it began its subsequent retreat. Based
on IRD records and moraines on the shelf, Clark et al. (in press)
inferred that the IIS reached its western LGM limit at the edge of
the continental shelf at 27 ka, although we note that their limit
generally lies beyond the position identified by the mapped
moraines off the western Irish coast. One of the critical records for
constraining the timing of the Irish and British ice sheet extent on
the western continental shelf comes from the Barra Fan, where the
first occurrence of glacimarine turbidites at w27 ka is interpreted
as marking the arrival of the ice margin to its LGM limit (Kroon
et al., 2000; Wilson et al., 2002), in good agreement with the
timing of expansion of other Northern Hemisphere ice sheets to
their LGM limits (Clark et al., 2009c). We consider three possible,
complementary mechanisms to explain ice advance of the western
IIS margin to its LGM limit at w27 ka. First, this corresponds to the
time when global sea level reached its LGM lowstand following
a fairly rapid and large fall (Lambeck and Chappell, 2001; Peltier
and Fairbanks, 2006; Clark et al., 2009c), suggesting a sea-level
control. Second, the expansion of Northern Hemisphere ice sheets
to their LGM limits would have had a significant cooling effect on
Northern Hemisphere temperatures through the ice-albedo effect,
suggesting a climatic forcing. Third, this age corresponds to an
abrupt cooling recorded in Greenland ice cores following Green-
land interstadial 3, also suggesting a climatic forcing.

Clark et al. (in press) speculated that retreat of the IIS LGM
margin began 26 ka in response to rising sea level, citing the Bar-
bados sea-level record (Peltier and Fairbanks, 2006). We note,
however, that Peltier and Fairbanks (2006) concluded that sea level
only rose 5 m at a rate of �1 m kyr�1 from 26 to 21 ka, which is
highly unlikely to trigger deglaciation (Alley et al., 2007). We
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instead suggest that the cessation of turbidite sedimentation on the
Barra Fan should be used to identify onset of LGM ice retreat in the
same way it was used to constrain onset of the LGM. In this regard,
turbidite sedimentation continued untilw23 ka (Kroon et al., 2000;
Wilson et al., 2002), suggesting that the LGM ice margin began to
retreat from its position near the Barra Fan at nearly the same time
as the deglaciation of the Irish Sea but earlier than most other
Northern Hemisphere ice sheets (Clark et al., 2009c). Insofar as
global sea level remained low and other Northern Hemisphere ice
sheets remained large at this time, onset of the retreat of the LGM
British and Irish ice-sheet margins on the western shelf and in the
Irish Sea basin may have occurred in response to the abrupt
warming recorded in sea-surface temperature proxies around the
IIS (Knutz et al., 2007; Scourse et al., 2009) (Fig. 4f), corresponding
to Greenland interstadial 2 that followed H2.

4.3. Cooley Point Interstadial (�20e�18.2 cal ka)

Geochronological data from the southwestern, western and
northwestern Irish coasts as well as the Irish Sea coast indicate
near-contemporaneous retreat of the IIS margin from the shelf onto
land at 20e22 ka (Fig. 4e), suggesting ongoing but relatively slow
retreat following the LGM. In the Irish Sea Basin, McCabe and Clark
(1998) first identified the onset of coastal deglaciation from AMS
14C ages at the Cooley Point site, and named the corresponding
interval the Cooley Point Interstadial (Fig. 4e). Other sites in the
northern Irish Sea Basin provide additional evidence for deglacia-
tion and high relative sea level after 20 cal ka (Port, Kilkeel, Rathcor
Bay). The mean of the three 10Be ages from theWicklowMountains
(w18.6 � 1.2 10Be ka) (Ballantyne et al., 2006) is statistically
indistinguishable from the calibrated 14C ages.

Bowen et al. (2002) reported 36Cl ages from the southwestern
sector of the ice sheet that identify deglaciation of coastal regions as
occurring w20e22 36Cl ka (Fig. 4b). Fossiliferous glaciomarine
muds from the Belderg and Fiddauntawnanoneen sites indicate
deglaciation of Donegal Bay w20e21 cal ka (McCabe et al., 2005).
In northwestern Ireland, the age of the Bloody Foreland moraine
(19.3 � 1.2 10Be ka) provides a minimum age for deglaciation of the
Donegal ice dome (Ballantyne et al., 2007; Clark et al., 2009a)
(Fig. 4c). This age is in excellent agreement with the calibrated 14C
age of from Corvish, w70 km east of Bloody Foreland, which indi-
cates deglaciation had occurred by 20.3 cal ka (Fig. 4c).

Thewidespread retreat of the IIS margin during the Cooley Point
Interstadial indicates that the IIS may have lost up to two-thirds of
its LGM mass (McCabe et al., 1998, 2005). The AMS 14C ages from
raised marine sediments that constrain the duration of the inter-
stadial, however, also indicate that a high relative sea level was
sustained aroundwestern and northwestern coasts as well as in the
northern Irish Sea Basin, requiring the persistence of a substantial
ice mass over the north-central Irish Lowlands to isostatically
depress the coastline below the eustatic sea level of the time. The
relative abundance of Neogloboquadrina pachyderma sinistral (Nps)
remained at the same levels as those following the termination of
the LGM (Fig. 4f), suggesting that the smaller ice sheet may have
come into mass balance under the regional climate.

4.4. Clogher Head Stadial (�18.2e�17.1 cal ka)

Dated sites from the Irish Sea Basin and northwestern Ireland
provide constraints on termination of the Cooley Point Interstadial
by a contemporaneous readvance of the IIS margin during the
Clogher Head Stadial (McCabe et al., 2007a) (Fig. 4e). In Dundalk
Bay, the stratigraphy and sedimentology of the Port and Cooley
Point sites identify ice readvance following an interval of marine
sedimentation. McCabe et al. (2007a) reported AMS 14C ages from
the Port site that, combined with AMS 14C ages from Cooley Point,
suggest that this readvance occurred after 18.2 cal ka. A correlative
readvance is recorded by the sediments and AMS 14C ages from
Corvish, whereby the top of the lowermost undisturbed unit dates
to 18.2 cal ka, providing a maximum age for the subsequent ice
readvance that deposited the overlying deformed unit. Readvance
of the IIS during the Clogher Head Stadial may have occurred in
response to a decline of the AMOC (McManus et al., 2004) and
attendant cooling into the Oldest Dryas recorded in sea-surface
temperature proxies around the IIS (Fig. 4f) (Knutz et al., 2007;
Scourse et al., 2009) as well as other high northern latitude sites
(Shakun and Carlson, 2010). There is an increase in IRD flux to
marine sites adjacent to the British and Irish ice sheets at this time
(Fig. 4g) (Knutz et al., 2007; Scourse et al., 2009), and more-distal
high-resolution North Atlantic records have identified an
equivalent-age IRD peak (Fig. 4h) (Bond and Lotti, 1995; Bond,1997;
Bard et al., 2000), suggesting contemporaneous ice-sheet
variability in the North Atlantic basin. There is also a notable
increase in Nps in several marine cores adjacent to the British and
Irish ice sheets during the Clogher Head Stadial (Fig. 4f) (Knutz
et al., 2007; Scourse et al., 2009), consistent with a climatic
forcing of the readvance.

4.5. Linns Interstadial (�17.3e�17.0 cal ka)

The Linns Interstadial (Fig. 4e) was a brief interval of ice reces-
sion following the Clogher Head Stadial that is identified from
marine sediments in Dundalk Bay and at Corvish. In Dundalk Bay,
the interstadial is recorded by the marine muds at Linns and
Rathcor Bay that were deposited before and subsequently
reworked by an ice readvance during the Killard Point Stadial.
Accordingly, the associated AMS 14C ages on these sediments
(17.1 cal ka, 17.3 cal ka) not only identify minimum ages for the start
of the interstadial but also provide limiting maximum ages for the
termination of the Clogher Head Stadial. The age marking the
retreat of the Clogher Head readvance from Corvish (17.1 cal ka) is
statistically indistinguishable from those marking retreat in Dun-
dalk Bay, suggesting near-synchronous retreat of the ice margin in
the Irish Sea Basin and on the northwestern coast of Ireland.
Otherwise, we have no constraints on the extent of retreat. Several
Nps records from marine cores adjacent to the British and Irish ice
sheets suggest a corresponding interval of abrupt SST warming
during the Linns Interstadial (Fig. 4f) (Knutz et al., 2007; Scourse
et al., 2009), again consistent with a climatic forcing for the brief
period of IIS retreat.

4.6. Killard Point Stadial (�17.1e�16.0 cal ka)

The AMS 14C ages from raised marine muds interbedded with
outwash at Killard Point constrain the age of the Killard Point
readvance at its maximum extent to be w17.0 cal ka (Fig. 4e),
indicating that the Killard Point Stadial began sometime earlier.
This age is in good agreement with the limiting maximum ages
from the Linns and Rathcor sites in Dundalk Bay that constrain
readvance to the inner ice margin position to be <17.1 cal ka,
suggesting that this Dundalk Bay readvance occurred during the
Killard Point Stadial (McCabe et al., 2007a).

There are no ages that constrain the start of the Killard Point
readvance elsewhere in Ireland. However, the 10Be ages from
western Ireland indicate that the retreat of the ice margin from the
Tawnywaddyduff Moraine occurred 15.6 � 1.0 ka (Fig. 4b), which is
correlative to the minimum age of retreat of the Killard Point ice
margin in the Irish Sea suggested from AMS 14C ages from Rough
Island (16.0 cal ka). We thus infer that the start of readvance in the
west was also likely synchronous with that constrained by ages
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from Killard Point. In any event, the Killard Point Stadial is equiv-
alent in age to H1 (Fig. 4h) (McCabe and Clark, 1998; McCabe et al.,
1998). Regional (Fig. 4f) (Knutz et al., 2007) and hemispheric
(Shakun and Carlson, 2010) SST reconstructions indicate that this
w1-kyr interval was as cold as any time during the deglaciation,
likely in response to a strong reduction in the AMOC induced by H1
(McManus et al., 2004).

Near-synchronous retreat of the ice margin occurred during the
Oldest Dryas stadial, w1000 yr prior to the onset of the Bølling
interstadial 14.6 cal ka B.P. Clark et al. (2009b) suggested that this
earlier (pre-Bølling) deglaciation of the IIS may have occurred in
response to an earlier abrupt warming that is recorded in the GISP2
d18O ice core record and in a marine record from a core that was
recovered east of the maximum extent of the British Ice Sheet
margin off western Scotland (Fig. 4f) (Knutz et al., 2007). This
earlier abruptwarming is about one-quarter of the amplitude of the
Bølling warming, which represented w10 �C of atmospheric
warming over Greenland (Severinghaus and Brook, 1999). If scaled
accordingly, there may thus have been 2e3 �C of atmospheric
warming at 15.5 ka. Assuming a lapse rate of 6�C/1000 m and no
change in precipitation, this warming would induce a 330e500 m
rise of the equilibrium line altitude (ELA) of the IIS, which would
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readvance. Several key age constraints for time of deglaciation also shown.
cause the entire ice sheet to be in the ablation zone and retreat
rapidly (Clark et al., 2009b).

4.7. Rough Island Interstadial (�16.0e12.9 cal ka)

AMS 14C ages from marine muds at Rough Island, north of Kil-
lard Point, indicate that deglaciation of the Killard Point readvance
had begun�16.0� 0.4 cal ka, marking the start of the Rough Island
Interstadial (Fig. 4e) (McCabe and Clark, 1998; McCabe et al.,
2007b). At the start of this interstadial, relative sea level started
to fall rapidly, reaching its lowest level of �30 m in Belfast Lough
during the Bølling interstadial (Kelley et al., 2006; McCabe et al.,
2007c). This relative sea-level fall is consistent with the final
demise of the IIS and its attendant isostatic unloading suggested by
the climatic forcing of rapid ice-sheet retreat (Clark et al., 2009b).

4.8. Nahanagan Stadial (12.9e11.5 cal ka)

The Nahanagan Stadial represents a time of cirque glaciation
only that occurred during the Younger Dryas (Fig. 4e). Bowen et al.
(2002) and Ballantyne et al. (2008) provided the only direct dating
of cirque moraines formed at this time (Figs. 4a and 5).
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5. Implications for ice-sheet response to climate change

Results from detailed sedimentologic, stratigraphic, and
geochronologic studies unequivocally demonstrate that relative sea
level remained high following the LGM until the end of the Killard
Point Stadial, indicating that the post-LGM IIS retreated to a size
that was sufficient to maintain substantial isostatic depression
(order of 120e140 m) over this w5-kyr interval (>20 to <15 ka)
(McCabe et al., 2007c). Moreover, these studies demonstrate that
during this period of a smaller IIS, its margin fluctuated at the same
time as abrupt changes in North Atlantic SSTs, indicating that the
mass balance of the IIS was closely coupled to the abrupt climate
changes that originated in the adjacent North Atlantic Ocean
through variations in the AMOC.

These results are in marked contrast to the model proposed by
Clark et al. (in press), whereby following a relatively brief LGM
phase w27 ka, the British and Irish ice sheets gradually and
continuously thinned and retreated until their final demisew15 ka.
First, we note that the dated marine evidence from the Barra Fan
(Kroon et al., 2000; Wilson et al., 2002) and from the Irish Sea Basin
(Kershaw, 1986) constrain the LGM to have persisted until w23 ka.
The sea-level forcing inferred by Clark et al. (in press) for an earlier
retreat was too negligible to have had an impact on ice-sheet
retreat (Alley et al., 2007). Second, the evidence for high relative
sea level throughout the deglaciation until the start of the Rough
Island Interstadial w16.0 ka (McCabe et al., 2007c) demonstrates
that the post-LGM IIS did not thin significantly through this period.
Thirdly, Clark et al. (in press) “chose not to incorporate putative
readvances reported in the literature mostly because they were
below the resolution of our analysis and also because the distance
of retreat and then readvance is either small (kilometers),
unspecified, or restricted to tidewater outlet glacier situations,
which might be expected to experience frequent, but small oscil-
lations. Clearly ice sheet scale readvances (over say 50 km and for
large tracts of the margin) are crucial for understanding
iceeclimateeocean interactions, and they deserve considerable
attention.” We emphasize that the stratigraphy summarized here
clearly demonstrates that the fluctuations of the IIS margin are real;
there is nothing putative about them. Moreover, in each case,
intervals of synchronous (within uncertainties) retreat or read-
vance are documented from multiple margins of the IIS, and thus
represent ice-sheet wide events rather than random, non-climatic
events. Finally, we are unaware of any protocol that requires an
advance or retreat to attain some distance before being considered
significant to understanding “ice sheeteclimateeocean interac-
tions,” particularly when they are demonstrably associated with
ice-sheet wide events. For perspective, we note that some of the
largest fluctuations of the southern margin of the Laurentide Ice
Sheet (200 km) occurred when the radius of the ice sheet was
w2000 km (Clayton and Moran, 1982; Mickelson et al., 1983; Dyke,
2004), corresponding to a w1:10 relationship; many other well-
documented Laurentide readvances were less extensive. The
post-LGM IIS had a radius of w70 km, so that a readvance of 7 km
could be considered comparable to one of the more prominent
Laurentide margin readvances. Accordingly, kilometer-scale read-
vances of multiple segments of the IIS margin that are sustained
over centuries to millennia and are associated with abrupt climate
changes are significant. The dated stratigraphic record of the IIS
synthesized here thus requires that we reject the model of
a monotonically thinning and retreating ice sheet developed from
undated flowlines by Clark et al. (in press).

Clark et al. (in press) conclude: “intuitively, given documented
millennial-scale climate oscillations (DansgaardeOeschger and
Heinrich Events) one might expect the ice sheet to have
experienced frequent readvances, during cool episodes, within
the overall retreat. We could thus expect there to be numerous
climate-driven readvances in the sedimentary record.” As synthe-
sized here, this is exactly what the published literature since
McCabe and Haynes (1996) has documented from the stratigraphy
and geochronology of the IIS sedimentary record.
6. Conclusions

We have developed a comprehensive synthesis that constrains
the timing of IIS fluctuations during the last glaciation. From these
constraints, we suggest that the dated stratigraphic record of the
IIS synthesized here supports a dynamic, rather than monotonic
(Clark et al., in press), retreat history for the ice sheet. We draw the
following conclusions.

(i) AMS 14C ages from Glenulra, found at elevations of w80 m
above sea level, record high relative sea level on the western
coast of Ireland between ca 40 and 19 cal ka, requiring
substantial isostatic loading by the IIS during that interval.
These data fromwestern Ireland support amino acid ratios on
marine shells from the Irish Sea Basin (Bowen et al., 2002) in
identifying an extensive and thick IIS prior to the LGM.

(ii) Marine records indicate that the IIS LGM occurred between 27
and 23 ka. This interval encompasses the H2 event, and onset
of retreat was likely in response to the abrupt warming that
occurred after H2.

(iii) Widespread retreat of the IIS margin from the continental
shelf onto coastal regions is well constrained from sites around
Ireland as having begun �20 cal ka, marking the start of the
Cooley Point Interstadial. Ages from western and north-
western Ireland indicate near-synchronous retreat of the ice
margin in those regions with the retreat of the margin in the
Irish Sea Basin.

(iv) The presence of raised marine sediments from the Irish Sea
Basin and western and northwestern Ireland constrain a sus-
tained high relative sea level from>20 ka to<15 ka, indicating
that the post-LGM IIS retreated to a size that was sufficient
to maintain substantial isostatic depression (order of
120e140 m) over this w5-kyr interval, with only modest (10-
m scale) oscillations (McCabe et al., 2007c). Moreover, during
this period of a smaller IIS, its margin fluctuated at the same
time as abrupt changes in North Atlantic SSTs, indicating that
the mass balance of the IIS was closely coupled to the abrupt
climate changes that originated in the adjacent North Atlantic
Ocean through variations in the AMOC.
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