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ABSTRACT: In Ireland, the Nahanagan Stadial (NS) was characterised by cirque glacier, plateau icefield and
mountain ice cap expansion and is named after the cirque glacier type-site of Lough Nahanagan in the Wicklow
Mountains. This period is broadly equivalent to the Younger Dryas Stadial and Greenland Stadial-1 (GS-1:
~12.9-11.7 ka). Here, we provide the first evaluation of the full extent of NS glaciation in the Wicklow Mountains by
combining solar radiation modelling, mapping of glacial geomorphology, '°Be and Al cosmogenic surface
exposure dating, 3D glacier reconstructions and analysis of snowblow and avalanching potential. We identify seven
sites that hosted cirque glaciers at this time. Glacier extent was very restricted, with most glaciers only partially filling
their cirques. Equilibrium line altitudes (ELAs) ranged from 470 +5m a.s.l. (Lough Nahanagan) to 721 +5m a.s.l.
(Lough Cleevaun), with an average ELA of 599 m a.s.l. Higher snowblow and avalanching contributions at sites with
lower ELAs demonstrate local topoclimatic influence on glacier growth and preservation alongside regional climate.
The Wicklow Mountains provides a good example of marginal cirque glaciation during GS-1 and the importance of

local topography and microclimate for sustaining glaciers in some mountain areas of Britain and Ireland.
© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction

Greenland  Stadial-1  (GS-1:  ~12.9-11.7ka; Rasmussen
et al., 2014) was a period of rapid climate cooling in the North
Atlantic region when ice masses advanced in mountainous
areas of Britain and Ireland (Barr et al., 2017b; Barth et al., 2018;
Bickerdike et al., 2018). Reconstructions of glaciers that formed
during this period provide important information on local and
regional palaeoclimate during the Late Quaternary (e.g., Benn
and Ballantyne, 2005; Lukas and Bradwell, 2010; Finlayson
et al., 2011; Boston et al., 2015; Chandler et al., 2019). This is
valuable for building knowledge on the environmental response
to rapid climatic change in this region.

In Ireland, the Nahanagan Stadial (NS) is considered the
regional expression of GS-1, equivalent to the Loch Lomond
Stadial (LLS) in Britain (Bickerdike et al., 2018), and is based on
the type-site at Lough Nahanagan in the Wicklow Mountains.
Here, a small cirque glacier left a series of moraines within the
confines of the lough, dated to 13 165-10144cala BP and
12111-11 041 cala BP (Colhoun and Synge, 1980; calibrated
from 11500 + 550 '*C a BP and 11 600 + 260 '*Ca BP, respec-
tively, using IntCal20, Reimer et al., 2020). Elsewhere in Ireland,
cirque glaciation of a similar scale has been identified at
Macgillycuddy’s Reeks in the southwest (Anderson et al., 1998;
Harrison et al., 2010), the Derryveagh Mountains in the
northwest (Wilson, 2004) and the Mourne Mountains in the
northeast (Barr et al., 2017a). Cirque glaciation has also been
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reconstructed eastwards across the Irish Sea in Eryri (also known
as Snowdonia; Bendle and Glasser, 2012) and Bannau Brychei-
niog (also known as Brecon Beacons; Coleman and Carr, 2008).

The next best constrained evidence for NS glaciation in the
Wicklow Mountains after Lough Nahanagan is found at
Kelly’s Lough (Leira et al., 2007; Barth et al., 2018). Tomkins
et al. (2018) argued for NS ice at two further sites (Upper
Lough Bray and Mullaghcleevaun) based on Schmidt hammer
exposure dating (SHED) and concluded that snow redistribu-
tion and local topographic controls were likely key compo-
nents of glacier survival during the NS. There is also
geomorphological evidence for small ice masses at several
other sites (Knight et al., 2023), but a full investigation of NS
glacier extent has yet to be undertaken. Here, we (1) identify
potential NS glacier-hosting sites based on solar radiation
modelling, mapping of glacial geomorphology and '°Be and
26Al cosmogenic surface exposure ages and (2) reconstruct
former glacier size and equilibrium line altitudes (ELAs),
including an assessment of regional palaeoclimate and the
influence of wind-driven snow redistribution and avalanch-
ing on glacier accumulation areas.

Study area and glacial history

The Wicklow Mountains are located in eastern Ireland, about
20 km inland from the Irish Sea coast. The mountains consist of
plateaux with rounded peaks, including the highest point of
Lugnaquillia (925 m above sea-level (a.s.l.)) in the south (Fig. 1).
The dominant lithology is granite with mica-schist exposed in
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Figure 1. Location map of the Wicklow Mountains showing major peaks and 22 possible Nahanagan Stadial glacier-hosting sites. Sites are
numbered from west to east. See Table S1 for further details on each site. Red boxes show the locations of the detailed geomorphological maps in
Fig. 5. The grid reference is Irish Transverse Mercator (units: metres). The inset map shows the study area (black rectangle) within Ireland shown on a
relief-shaded elevation model derived from SRTM data (spatial resolution: 30 m). [Color figure can be viewed at wileyonlinelibrary.com]

places, with the geological boundary between the two control-
ling the location of glacial overdeepenings at Glendalough,
Glenmacnass and Lough Tay (Coxon et al., 2012).

At the local last glacial maximum (LLGM) in Britain and
Ireland, the maximum extent of the British—Irish Ice Sheet was
reached at ~30-22 ka in different sectors, and the maximum
ice volume occurred at ~23ka (Clark et al.,, 2022). The
Wicklow Mountains hosted an independent ice dome within
the British—Irish Ice Sheet during the LLGM that covered all but
the highest peaks and was coalescent with terrestrial ice and the
Irish Sea Ice Stream (Ballantyne et al., 2006; Clerc et al., 2012).
Glaciated peaks became ice free after ~21ka based on '°Be
exposure ages (Ballantyne et al., 2006; recalculated by Tomkins
et al., 2018). The ice dome fragmented and transitioned to a

phase of alpine-style glaciation that persisted until ~15.4 ka,
characterised by switches between stable margin positions and
readvances of large valley glaciers fed by summit icefields
(Warren, 1993; Tomkins et al., 2018).

There are a number of topographic hollows with the
potential to host glaciers in a restricted phase of glaciation
such as the NS, including cirques, overdeepenings and
strongly defined valley heads (Fig. 1). NS glacier expansion
in the Wicklow Mountains was previously suggested to be
restricted to cirques >350 m a.s.l. (Colhoun and Synge, 1980).

At Lough Nahanagan (400m a.s.l.) (Fig. 1), Colhoun and
Synge (1980) mapped 13 inner cirque moraine ridges exposed
on the lake bed in 1968 CE when the water level was lowered
~40m during hydroelectric works. The moraine ridges are
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typically <5m high, narrow, sharp-crested and, although
discontinuous, can be traced across the width of the cirque.
Moraine internal structure suggests that most were formed
subaqueously within a glacial lake dammed between the cirque
glacier margin and the much larger, broad and rounded outer
cirque moraine (Colhoun and Synge, 1980). Organic material
found within glaciotectonised lake clays exposed within two of
the subaqueous moraine ridges located furthest from the
backwall returned '*C ages of 13165-10144 cala BP and
12111-11 041 cal a BP (Colhoun and Synge, 1980). A boulder
on the outer cirque moraine has a *°Cl exposure age of
224+1.3ka (Bowen et al., 2002; recalculated from
17.9+1.0ka; see further details in Methods and Table S3).
This same outer moraine has also been dated using SHED to
10.9 + 0.3 ka by Tomkins et al. (2018), who explained this large
discrepancy compared to the *°Cl and '*C chronology as
possibly relating to uncertainties introduced by predepositional
and/or postdepositional processes. Together, the simplest
interpretation of the moraine sequences at Lough Nahanagan
is that the outer cirque moraine (large, broad and rounded) was
deposited by a glacier readvance or stillstand at ~22.4 ka during
overall retreat following the LLGM and the series of inner cirque
moraines were deposited during the NS sometime between 13
and 10 ka (Colhoun and Synge, 1980; Bowen et al., 2002).

The second site where a NS-age glacier has been identified
is Kelly’s Lough (587 m a.s.l.) (Fig. 1). Here, a suite of small,
bouldery moraines have been mapped (Knight et al., 2023),
'%Be exposure dated to 10.8 + 0.5 ka (Barth et al., 2018) and
SHED dated to 12.0 + 0.4 ka (Tomkins et al., 2018). Addition-
ally, a core taken from Kelly’s Lough returned a basal age of
11 160-10750 cal a BP, supporting glacial occupation of the
lough during the NS (Leira et al., 2007).

Suites of moraines of a similar size, morphology and
distribution to those at Lough Nahanagan and Kelly’s Lough
have been mapped within several other cirques (Knight
et al., 2023) and NS ages have been reported by Tomkins et al.
(2018) from two other sites using the SHED technique: Upper
Lough Bray (12.3 0.5 ka) and Mullaghcleevaun (11.4 +0.1 ka;
hereafter, we use Upper Glenmacnass for this site) (Fig. 1). In
addition, at Upper Lough Bray, Bowen et al. (2002) obtained a
*Cl exposure age of 14.3+1.0ka (recalculated from
15.7 + 1.1 ka; see further details in Methods and Table S3).

Methods
Solar radiation modelling

Incoming solar radiation is the dominant source of melt energy
on most glaciers (Olson and Rupper, 2019). Solar radiation
modelling was used to assess the relative radiation receipt in the
Wicklow Mountains to identify sites with enhanced topographic
shading that may have hosted NS glaciers. We used the Solar
Analyst model in Esri ArcGIS 10.4 (e.g., Zhang et al., 2015) and a
digital terrain model (DTM) from Ordnance Survey Ireland (OSI;
spatial resolution: 10 m) to calculate the accumulated incoming
short-wave solar radiation receipt at each grid cell based on 1
day each month (calculated in increments of 30 days before and
after the summer solstice on 21 June). These 12 days,
representative of each month of the year, were summed over a
calendar year to obtain an annual total (in watt-h per m?%
Whm™).

Geomorphological mapping and relative

chronology assessment

The glacial geomorphology in the Wicklow Mountains is
presented in detail in Knight et al. (2023). Here, the focus is

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

on the geomorphology located within sites that potentially
hosted NS glaciers. Glacial, periglacial and fluvial sediment—
landform assemblages were mapped in the field at a scale of
1:10000 and in Esri ArcGIS using a DTM (spatial resolution:
10 m) and orthorectified aerial photographs from OSI (spatial
resolution: 1m) following standard approaches (Chandler
et al., 2018). We used morphostratigraphic principles to identify
and separate glacial events into a relative chronology. This
approach examines variations in individual landform character-
istics and the spatial relationship between suites of different
landforms (e.g., moraines, meltwater channels and river
terraces) to develop a relative sequence of glacial events and
establish a geochronological framework (Lukas, 2006).

Surface exposure dating

Rock samples were collected from the top of prominent
boulders on moraines at Kelly’s Lough, Upper Lough Bray,
Lower Lough Bray and Lough Tay (Fig. 1 and Table S2). Both
multiple boulders on a single moraine (at Upper Lough Bray)
and individual boulders on different moraines (all sites)
were sampled. Horizon shielding was measured by using a
clinometer in the field. All calculated exposure ages are
based on zero erosion, as there are no independent data for
the local lithology by which to make a reliable erosion-
corrected exposure age. However, given that all ages range
between 30 and 10ka, using an assumed erosion rate
typical for similar lithologies of 5mmka™" would incur no
more than a 5% increase in exposure age across this age
range. In addition, corrections for winter snow shielding are
not included due to an absence of long-term historical data
that are required to extrapolate snow shielding corrections
over the past 10-30 ka.

Beryllium-10 and 2°Al Accelerator Mass Spectrometry
(AMS) measurements were performed at ANSTO (Australian
Nuclear Science and Technology Organisation; Fink
et al., 2004) on the T0MV ANTARES AMS facility following
methods reported in Fink and Smith (2007). Where more than
one isotope was measured, ages were combined as weighted
means, with external error as the uncertainty and the
production rate uncertainty added in quadrature. All accepted
ages (be they deduced from single- or dual-isotope ages) from
boulders on the same moraine, or boulders from separate
moraines at the same site that are deemed to have formed
coevally, were statistically combined (using weighted means
and errors) to provide a best estimate of the landform age. All
ages were calculated using the CRONUS-Earth online
exposure age calculator v3 (http://hess.ess.washington.edu/
math/), the LSDn scaling scheme (Lifton et al., 2014), the
primary calibration data set of Borchers et al. (2016) and a rock
density of 2.7 gcm™>. Further details on sample preparation,
AMS measurements and age calculations can be found in
the Supporting Information.

Recalculation of previously published
exposure ages

Two *°Cl exposure ages from the Wicklow Mountains were
recalculated from Bowen et al. (2002) (Tables S3 and S4).
Elevation was determined using the 10 m DTM. A measure-
ment error of 2% was ascribed to major elements (>10%), 5%
to minor elements (<10%) and 10% to trace elements. The
major, minor and trace element composition was normalised
to 100%, assuming 1% = 50% analytical water. Ages were
calculated using CRONUScalc version 2.0 (Marrero
et al., 2016) and were scaled using the SA scheme of Lifton
et al. (2014).

J. Quaternary Sci., Vol. 40(4) 604-621 (2025)
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Glacier reconstruction and ELA calculations

Three-dimensional (3D) glacier reconstruction was carried
out for sites identified as likely to have hosted NS glaciers
through a combination of glacier surface profile modelling
and manually digitised glacier reconstruction (e.g., Boston
et al., 2015; Chandler and Lukas, 2017; Chandler
et al., 2019). Surface profile modelling using the Benn and
Hulton (2010) ‘perfectly plastic’ flowline model was used to
constrain glaciologically plausible ice thicknesses in the
upper part of the cirques where geomorphological evidence
is lacking. Profile modelling was used to identify the likely
area of glacier-backwall interception and to model ice
thickness along the central flowline. The only existing
cirque lough depth data are from Kelly’s Lough, measured at
8 m (Leira et al., 2007). Based on these, small loughs were
given approximate depths of ~8 m, whereas larger loughs
were given approximate depths of up to 20m. The
elevations of latero-frontal moraines, where present, were
used as ‘target elevations’ to guide ice thickness. A yield
stress of ~50kPa was used where possible following
Chandler and Lukas (2017), but 20 kPa had to be used to
fit some target latero-frontal moraines. Yield stresses of
similar magnitude to those in the geomorphologically
constrained parts of the glaciers were used to extrapolate
the former glacier surface into unconstrained areas and
yield stress was increased in association with any steepen-
ing slopes, such as at the backwall (Benn and Hulton, 2010;
Boston et al., 2015).

The ELA is defined as the altitude where net annual
accumulation and ablation are equal. It is primarily
controlled by the balance between temperature and
precipitation (Ohmura et al., 1992), and thus can be used
to derive palaeoclimate information from glacier recon-
structions. We used two methods for ELA calculation: the
accumulation-area ratio (AAR) and the area-altitude bal-
ance ratio (AABR).

The AABR is considered the most reliable ELA calculation
method for the majority of palaeoglaciological situations
(Rea, 2009; Pellitero et al., 2015; Oien et al., 2022), since it
accounts for glacier hypsometry and uses a balance ratio to
include different accumulation and ablation gradients. How-
ever, it assumes that (1) accumulation and ablation gradients
are approximately linear; (2) the ratio between these two
gradients remains fixed over time; and (3) topography
constrains an ice mass to a sufficient extent that changes to
mass balance manifest as a change to terminus position
(advance or retreat).

Based on modern glacier data, Rea (2009) suggested that a
balance ratio of 1.9 +0.81 is most appropriate for mid-
latitude maritime glacier reconstructions and this value has
been adopted by most subsequent studies (e.g., Boston
et al., 2015; Barr et al., 2017b; Chandler and Lukas, 2017;
Chandler et al., 2019). A more recent comparison of
calculated ELAs and measured ELAs from field observations
demonstrated that the global median AABR value of 1.56
provided the closest estimates to measured ELAs (Oien
et al., 2022), and we therefore use this value too. We also
calculated ELAs using AABRs of 1.67, 1.8 and 2.0 for
comparability with previous studies (e.g., Benn and Ballan-
tyne, 2005; Lukas and Bradwell, 2010). Similarly, we also
used the AAR for comparison with other studies, which is
based on contemporary glacier measurements and assumes
that a glacier’s accumulation area occupies a fixed propor-
tion of the total glacier area. We used AARs of 0.5 and 0.6,
meaning that 50% or 60% of the glacier area is in the
accumulation zone. These values are deemed the most

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

representative of mid-latitude glaciers without significant
debris cover (Benn and Ballantyne, 2005).

Following Pellitero et al. (2015), we added a 5 m maximum
error to all ELAs, which is half of the 10 m contour interval used
in the ELA calculations. The exception to this is the ELA
calculations carried out using the 1.9 +0.81 AABR. Here, we
calculated ELA errors using the lower and upper AABRs based
on the +0.81 uncertainty (e.g., 1.09 and 2.71, respectively) and
report this figure instead if it is greater than +5m.

Palaeoprecipitation calculations

The empirical relationship between temperature and precipi-
tation at glacier ELAs is well established (e.g., Ohmura
et al.,, 1992; Ohmura and Boettcher, 2018, and references
therein). Based on this relationship, palaeoprecipitation totals
can be estimated at reconstructed glacier ELAs if an
independent proxy for summer temperatures is available (Benn
and Ballantyne, 2005). Here, palaeoprecipitation values were
calculated using the equation formulated by Ohmura et al.
(1992) to describe the temperature—precipitation relationship.
This method is deemed appropriate for palaeoprecipitation
reconstruction in the Wicklow Mountains, as the equation is
derived from the examination of 70 mid-latitude and high-
latitude contemporary glaciers in localities arguably compar-
able to eastern Ireland during the NS, including Scandinavia
and Iceland.

The relationship between temperature and precipitation is
described by Ohmura et al. (1992) as

P, = 645 + 296T; + 9T

where P, is the annual precipitation (mma™') and T; is the
mean summer (3 months) temperature (°C) at the ELA. Ohmura
et al. (1992) suggested that a standard error of +200 mma~' is
included to account for differences in the relationship between
air temperature and ablation.

An independent proxy for the mean temperature of the
warmest month (July) is needed to calculate precipitation. We
used coleopteran assemblage data from Ballybetagh Bog, ~7 km
northeast of the Wicklow Mountains, which yielded a calibrated
median value for a NS July temperature of 9°C at 230 m a.s.l.
(Coope et al., 1998). This was converted into a July temperature
at sea level of 10.38°C-10.61°C using typical moist adiabatic
lapse rates of 0.006°C-0.007°C m™' (Ballantyne, 2002), equat-
ing to a best estimate mean July temperature at sea level of
10.495°C. The Ohmura et al. (1992) calculation requires the
mean July temperature (at sea level) to be transformed into a
mean summer temperature (at sea level). Here, we use a
sinusoidal function from Hofmann et al. (2024):

o
% X sin (%)

12 . (371')
X — X sin| =—
2 37 12

where Tyean is the mean annual temperature and 6T is the
annual temperature range (°C). This can be simplified as follows:

T3 = Tean +
. 3

T3 = Thean + 5_T X i (%)
sin (%)

To derive Thean, We used:

J. Quaternary Sci., Vol. 40(4) 604-621 (2025)
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TJanuary + TJuIy 5_T

2 - T

Tmean =

where T, is the mean July temperature and Tjanuary is the
mean January temperature. Inputting a 8T of 34°C (lsarin
et al., 1998) and a Ty of 10.495°C into the above equations
yields a T at sea level of 9.156°C. Using an average lapse rate
of —0.0065°Cm™", T; was transformed into the average
summer temperature at the ELA (1.56 AABR) of each
reconstructed glacier. T3 at the ELA was then used to calculate
precipitation for each glacier. In addition to the £200 mma™"
standard error (Ohmura et al., 1992), the lower boundary of
uncertainty (minimum precipitation) was calculated using the
lower adiabatic lapse rate (0.006°C m™") to convert Ty, into
sea level and the upper adiabatic lapse rate (0.007°Cm™') to
convert T3 from sea level into the +5 m ELA (to include the ELA
standard error). Conversely, the upper boundary of uncertainty
(maximum precipitation) was calculated using the upper
adiabatic lapse rate (0.007°Cm™') to convert the Ty, into
sea level and the lower adiabatic lapse rate (0.006°Cm™"') to
convert T; from sea level into the —5 m ELA (to include the ELA
standard error).

We also calculated precipitation values at sea level in order
to be able to compare the results with other studies. Ballantyne
(2002) suggested the following equation to describe changes in
precipitation with altitude:

Py = Pyo/(1 + P*)0-01(22=21)

where Pz; and Pz, are precipitation totals (mm a’') at sea
level and the ELA, respectively. P* is the proportional
increase in precipitation per 100 m increase in elevation. In
the absence of other data, here we use P*=0.0578, derived
by Ballantyne (2002) from a data set for Ben Nevis,
Scotland.

Modelling snowblow and avalanche potential

For small glaciers, non-climatic factors such as enhanced snow
accumulation from windblown snow and avalanching can
exert a strong influence on ELAs (e.g., Benn and Ballan-
tyne, 2005; Coleman et al., 2009; DeBeer and Sharp, 2009;
Mills et al., 2009; Bendle and Glasser, 2012; Chandler and
Lukas, 2017) and sustain glaciers below the regional ELA
(Mitchell, 1996; Lie et al., 2003; Hughes, 2010; Mills
et al., 2019; Hofmann et al., 2024). Glacier accumulation
can be enhanced by windblown snow sourced from all ground
lying above and sloping towards the glacier (Sissons and
Sutherland, 1976) and by snow avalanching from steep slopes
above the glacier (Mitchell, 1996).

To examine the potential for windblown snow, ‘snowblow’,
at each site, potential snowblow areas (PSBAs) and potential
avalanche areas (PAAs) were manually digitised for all
reconstructed glaciers using a DTM-derived slope model.
PSBAs are defined as all ground lying above the ELA and
laterally continuous to the glacier including plateau surfaces
(Mitchell, 1996). Snow can be blown uphill, but steep uphill
slopes may act as snow fences, blocking snow movement
(Robertson, 1989; Coleman et al., 2009; Chandler and
Lukas, 2017). Therefore, a maximum slope angle of 10°
for slopes dipping away from each glacier was used as the
threshold for viable windblown snow (Mitchell, 1996). It is
worth noting, however, that Humlum (2002) argues that
upslope movement of snow is often underestimated, and
therefore, these snowblow calculations should be considered

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

conservative. PAAs are defined as areas sloping towards the
glacier that exceed 20° (Sissons and Sutherland, 1976;
Chandler and Lukas, 2017).

To assess potential snowblow and avalanching from
different wind directions, qualifying areas were divided into
15° sectors and drawn as polar plots. PSBAs and PAAs can be
expressed as snowblow and avalanche ratios, calculated as
the ratio of potential snowblow/avalanche area to glacier
area. However, within each PSBA or PAA, areas further away
from the glacier will contribute less to the glacier than areas
closer, and the snowblow or avalanche ratios do not account
for this. Therefore, Sissons (1980) suggested using snowblow
and avalanche factors, which are calculated by taking the
square root of the snowblow ratio or avalanche ratio,
respectively.

Results
Possible Nahanagan Stadial glacier-hosting sites

We identify 22 possible NS glacier-hosting sites, charac-
terised as topographic hollows with the potential to
accumulate snow and provide shading, including cirques,
overdeepenings and strongly defined valley heads (Fig. 1 and
Table S1). Here, we describe in turn the three key data sets
used to assess the likelihood that a site hosted a glacier
during the NS: (1) solar radiation modelling (Figs. 2 and 3);
(2) geomorphological evidence and morphostratigraphical
analysis (Figs. 4 and 5); and (3) surface exposure ages (Fig. 6
and Table 1). Each approach is first considered indepen-
dently before we perform a combined and considered
assessment of likely NS glacier-hosting sites based on all of
the available evidence.

Solar radiation modelling

There are clear differences in radiation received at
different sites (Figs. 2 and 3). For example, on 21 June
(summer solstice; Julian Day 172), high radiation receipts
of 6371 Whm™ and 6178 Whm™ are modelled at Upper
Glenmacnass (12) and the South Prison (3), respectively
(Figs. 2 and 3a). In contrast, radiation at Lough Ouler (15)
and Lough Nahanagan (11) is significantly lower at 3077 Wh
m~? and 3548 Wh m~?, respectively. Average accumulated
radiation during the ablation season (estimated as the
average of the 6 chosen days from April to September
inclusive) is categorised as medium below 3000 Wh m~?
and low below 1500 Wh m™2, with Lough Nahanagan (11),
Lough Ouler (15) and North Prison (1) fitting between these
illustrative thresholds (Fig. 3b).

Upper Glenmacnass (12), which Tomkins et al. (2018)
suggest hosted a NS glacier, has the highest levels of modelled
average ablation season radiation (Fig. 3b). This value is for the
whole cirque, however, whereas the positioning of moraines
in Upper Glenmacnass (Knight et al., 2023) (Fig. 5g) suggests
that ice would largely have been shaded beneath the western
valley flank (Fig. 2). Other sites previously identified as hosting
NS glaciers (Lough Nahanagan (11) and Kelly’s Lough (7)) have
between low and medium average radiation levels during the
ablation season (Fig. 3b). Similar to Upper Glenmacnass (12),
the configuration of moraines in Kelly’s Lough (7) (Fig. 5b)
indicates glacier ice residing below the southwestern flank of a
larger cirque, which would again reduce the average radiation
values here. Based on this analysis, other sites of interest that
have higher levels of shading include Lough Ouler (15), North
Prison (1), Upper Lough Bray (18), Lower Lough Bray (17),
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Figure 2. Modelled accumulated incoming solar radiation (over 24 h) at the summer solstice on 21 June (Julian Day 172). Numbered locations:
(1) North Prison, (2) Asbawn, (3) South Prison, (4) Upper Fraughan Rock Glen, (5) Glenreeemore, (6) Lower Fraughan Rock Glen, (7) Kelly’s Lough,
(8) Glenmalure, (9) Firrib, (10) Lough Cleevaun, (11) Lough Nahanagan, (12) Upper Glenmacnass, (13) Glendalough, (14) Lugacullen, (15) Lough
Ouler, (16) Lower Glenmacnass, (17) Lower Lough Bray, (18) Upper Lough Bray, (19) Lough Dan, (20) Lough Tay, (21) Raven’s Glen, and (22)
Glensoulan. The grid reference is Irish Transverse Mercator (units: metres). [Color figure can be viewed at wileyonlinelibrary.com]

Lough Cleevaun (10), Glendalough (13) and Lower Fraughan
Rock Glen (6) (Figs. 2 and 3).

Geomorphological evidence and
morphostratigraphical analysis

Moraines occur sporadically across the Wicklow Mountains
(Knight et al., 2023). The number and size of these moraines
are generally low compared to similar upland regions
elsewhere in Ireland (cf. Mourne Mountains; Barr et al., 2017b)
and Scotland (cf. Bickerdike et al., 2018). We divide the
moraines into three classes based on their morphological

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

characteristics and general composition (Fig. 4). Class 1
moraines are large (>10m height), broad-crested and highly
vegetated ridges. Class 2 moraines have distinct crestlines,
typically occur in nested groups and range in height from ~1 to
20m. Class 3 moraines are small (~1-10m height), have
distinct crestlines and are mostly composed of angular
boulders with little vegetation cover. Class 3 moraines are
only found at Lough Nahanagan, Kelly’s Lough, North Prison,
Lough Cleevaun and Lough Ouler (Fig. 5), restricted to high-
elevation cirques (400-684 m a.s.l.). Where Class 3 moraines
are found in the same valley as Class 1 and 2 moraines, they
are always located upvalley of them.
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Figure 3. (a) Accumulated radiation over one calendar year for each of the 22 potential NS glacier-hosting sites. Sites are organised from high (red)
to low (blue) radiation values. (b) Average radiation over the 6 days modelled from April to September at the 22 sites. The coloured dashed lines
define high radiation (4500 Whm™) in red, medium radiation (3000 Wh/m?) in orange and low radiation (1500 Whm™) in blue. Numbered
locations: (1) North Prison, (2) Asbawn, (3) South Prison, (4) Upper Fraughan Rock Glen, (5) Glenreeemore, (6) Lower Fraughan Rock Glen, (7)
Kelly’s Lough, (8) Glenmalure, (9) Firrib, (10) Lough Cleevaun, (11) Lough Nahanagan, (12) Upper Glenmacnass, (13) Glendalough, (14) Lugacullen,
(15) Lough Ouler, (16) Lower Glenmacnass, (17) Lower Lough Bray, (18) Upper Lough Bray, (19) Lough Dan, (20) Lough Tay, (21) Raven’s Glen and
(22) Glensoulan. See Figs. 1 and 2 and Table S1 for more information on the numbered sites. [Color figure can be viewed at wileyonlinelibrary.com]

The difference in the composition of Class 3 moraines
compared to classes 1 and 2 may relate to different glacier
and glaciofluvial dynamics. The lack of finer-grained
sediment and angularity of the boulders within Class 3
moraines could be a result of predominantly supraglacial
or englacial debris transport pathways, whereby supragla-
cial material from rockfall was dumped at the ice margin
(Shakesby, 1989; Winkler and Matthews, 2010; Barr and
Spagnolo, 2015). Limited production of subglacially
derived material may be the result of short transport
distances, which fits with Class 3 moraines always being
located close to valley heads. The absence of finer-grained
material may have been caused by meltwater winnowing
(e.g., Winkler, 2020; Boston et al., 2023). Lithology may
also have played a role since most Class 3 moraines are
composed of granite, which has a high resistance to
erosion (Lukas et al., 2013; Matmon et al., 2020). At Lough
Ouler (Fig. 5e), Class 3 moraines are composed of shale
and schists and, although they are still boulder-dominant,

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

there is a larger volume of intra-boulder sedimentary
material (matrix).

We also attribute some of these observed differences in
moraine morphology, particularly sharp versus subdued
or rounded crestlines, to variations in climatic conditions
during postdepositional stabilisation (Barr and Lovell, 2014).
Following ice retreat, moraines often degrade, flattening
and widening as fine-grained sediments are redistributed
downslope away from the moraine crest (Hallet and Putko-
nen, 1994). Pre-LLS moraines in Britain, for example, were
exposed to periglacial conditions and eroded during the LLS
(Ballantyne, 2019). In contrast, moraines formed during the
LLS would have stabilised relatively quickly due to vegetation
regrowth as a result of rapid climate amelioration at the start of
the Holocene (Lukas, 2006).

Other lines of evidence that have previously been used in
Scotland to identify LLS glacier limits (e.g., Lukas, 2006,
Boston et al., 2015) include boulder spreads, thick valley side
sediment accumulations (drift limits) and well-developed talus
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Figure 4. Examples of the three moraine classifications identified in
the Wicklow Mountains (adapted from Knight et al., 2023). [Color
figure can be viewed at wileyonlinelibrary.com]

slopes. Boulder spreads occur at all cirques where there are
Class 3 moraines (Fig. 5), excluding the submerged Lough
Nahanagan site (Fig. 5a). In the other cirques, the lower limit of
boulder spreads coincides with the outermost Class 3 moraine.
However, boulder spreads are also found to be associated with
Class 2 moraines. Drift limits are notably absent from the Class
3 moraine cirque sites and occur either in association with
Class 1 and Class 2 moraines, or most notably, beyond the
downvalley limit of Class 3 moraines. Finally, mature (thick,
well-developed) talus accumulations are absent near Class 3
moraines, with only thinner more immature talus slopes found
at North Prison (Fig. 5c). However, mature talus is found at
several cirques with Class 2 moraines (e.g., Lough Tay, South
Prison, Lower Fraughan Rock Glen). River terraces have been
relied on heavily as part of the morphostratigraphic signature
at Scottish LLS glacier sites (e.g., Boston et al., 2015; Chandler
et al., 2019), but are rare in the Wicklow Mountains and only
become apparent much further downvalley beyond most
moraines (Knight et al., 2023).

Using the geomorphology at Lough Nahanagan and Kelly’s
Lough (Fig. 5a, b), as the two established examples of NS
glaciation in the Wicklow Mountains, alongside the expected
morphostratigraphic relationships described above (Lu-
kas, 2006), we suggest that NS glaciers in the Wicklow
Mountains are associated with Class 3 moraines. Both
established NS examples contain Class 3 moraines dated to
the NS, and moraines beyond the established glacier limits
are either Class 1 (Lough Nahanagan; dated to 22.4 + 1.3 ka;
recalculated *°Cl age from Bowen et al., 2002) or absent
(Kelly’s Lough). It is important to note that Tomkins et al.
(2018) calculated a NS age for the outer (Class 1) moraine at
Lough Nahanagan (Fig. 5a) using the SHED technique.
However, based on the morphostratigraphic principles
described above, we suggest that the broad, subdued nature
of this moraine indicates that it has been subjected to
prolonged periglacial conditions and therefore relates to an
earlier phase of glaciation more consistent with the Bowen

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

et al. (2002) recalculated *°Cl age of 22.4 + 1.3 ka for this
moraine. We therefore suggest that the other undated sites
that contain Class 3 moraines (North Prison, Lough Cleevaun
and Lough Ouler) (Fig. 5) are potential sites of NS cirque
glaciation.

There are several other potential glacier-hosting sites that
contain moraines (e.g., Upper and Lower Lough Bray, Lower
Fraughan Rock Glen, Glen Firrib and Glen Asbawn), but these
are predominantly Class 2 and some Class 1 moraines. Whilst
Class 2 moraines have distinct crestlines and are therefore
comparable to moraines elsewhere that have been dated to
GS-1 (e.g., Finlayson et al., 2011; Gheorghiu et al., 2012), they
are widespread in the Wicklow Mountains and are often
located well beyond cirques (e.g., Glensoulan, Cloghoge,
Leoh Valley) (Fig. 1) (Knight et al., 2023). They are also
associated with mature talus at several locations and therefore
do not fit a NS morphostratigraphic signature. We also note
that in some areas of Scotland, similar moraines have been
interpreted as being older than the LLS (e.g., Chandler
et al., 2019). However, Tomkins et al. (2018) obtained NS
SHED ages from Class 2 moraines at Upper Lough Bray
(12.3 £ 0.5 ka) and Upper Glenmacnass (11.4 + 0.1 ka). Taking
this into consideration, we suggest that some, but certainly not
all, Class 2 moraines may also be NS in age. The Class 2
moraines at Upper Lough Bray and Upper Glenmacnass
contain a large number of very large boulders, similar to Class
3 moraines. The other possible NS glacier-hosting site to
highlight is Upper Fraughan Rock Glen, which is a high-
elevation north-facing cirque comparable to Lough Cleevaun.
However, no moraines are found in this cirque, so we do not
consider this site further.

Surface exposure ages

Three out of the four samples from boulders located on different
Class 3 moraines at Kelly’s Lough have exposure ages between
10.2+0.8 and 12.2+0.9ka, yielding a mean landform age
representative of coeval moraine formation of 11.1 +0.6ka
(Fig. 6a and Table 1), comparable to the '°Be moraine age of
10.8 £ 0.5 ka from the same site (Barth et al., 2018). These ages
comply with the morphostratigraphical position of the Class 3
moraines and together confirm a NS age for moraines at Kelly’s
Lough. A fourth sample (KL-2) is rejected, as it is clearly an outlier
when compared to the mean of the remaining three accepted
samples, which cluster within 1 sigma of the arithmetic mean.

The moraines at Upper and Lower Lough Bray consist of a
large Class 1 moraine bounding Lower Lough Bray and a series of
narrower Class 2 moraines at the edge of Upper Loch Bray and
upvalley of the Class 1 moraine (Fig. 5f). The Class 1 moraine at
Lower Lough Bray (LBO-3) has a mean exposure age of
21.3 + 2.0 ka, which fits with the '°Be exposure ages of ~21 ka
from Ballantyne et al. (2006; recalculated by Tomkins et al., 2018)
that track the deglaciation of the independent ice dome following
its separation from the British—Irish Ice Sheet. Samples LBO-1 and
LBO-2 obtained from boulders not on moraines but beyond the
Lower Lough Bray Class 1 moraine (Fig. 5f) have similar ages
(Table 1), possibly indicating retreat of ice from the Lower Lough
Bray limit sometime between 21.3 and 24.4 ka.

All five samples from the crestline of the largest of the Class
2 moraines at Upper Lough Bray have relatively consistent
mean ages ranging from 9.7 £ 1.6 to 12.1 + 1.4 ka, yielding a
mean moraine age of 11.2 + 0.6 ka (Fig. 6b and Table 1) and
supporting the assertion by Tomkins et al. (2018) that Upper
Lough Bray hosted a NS glacier.

A mean exposure age of 19.7 +2.4ka was also obtained
from a Class 2 moraine at Lough Tay (Tables 1 and S2; see
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Figure 5. Geomorphological maps of the seven
likely NS glacier-hosting sites. (a) Lough
Nahanagan. (b) Kelly’s Lough. (c) North Prison.
(d) Lough Cleevaun. (e) Lough Ouler. (f) Upper
and Lower Lough Bray (only Upper Lough Bray is
considered a NS glacier-hosting site). (g) Upper
Glenmacnass. Grid references are Irish Transverse
Mercator (units: metres). [Color figure can be
viewed at wileyonlinelibrary.com]
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addition to the established sites of Lough Nahanagan and Kelly’s
Lough (Fig. 5). North Prison, Lough Cleevaun and Lough Ouler
contain Class 3 moraines and fit our interpretation of the NS
morphostratigraphic signature for the Wicklow Mountains. These
sites also had lower annual solar radiation due to topographic

Fig. 1 for location), which indicates that this moraine was
formed during or shortly after the LLGM.

Sites that hosted Nahanagan Stadial glaciers

We suggest that North Prison, Lough Cleevaun, Lough Ouler,
Upper Lough Bray and Upper Glenmacnass hosted NS glaciers, in

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

shading, with most sites lying northeast of northwest-southeast
trending ridges with high radiation values and leeward of the
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Figure 6. Surface exposure samf)le locations (red squares) and
weighted mean exposure ages ( based on paired 2°Al and '°Be
ages where available) shown on the geomorphological maps of (a)
Kelly’s Lough; and (b) Upper and Lower Lough Bray. Landform ages
are reported for Kelly’s Lough and Upper Lough Bray (ULB); see
Table 1 for further details on how these were calculated. The legend is
the same as in Fig. 5. See Table 1 and Tables S2, S7 and S8 for more
details on the ages. Grid references are Irish Transverse Mercator
(units: metres). [Color figure can be viewed at wileyonlinelibrary.com]

dominant southwest wind direction (Figs. 2 and 3). Upper Lough
Bray and Upper Glenmacnass, whilst containing Class 2 rather
than Class 3 moraines, are NS in age based on our exposure ages
and the Tomkins et al. (2018) SHED ages.

Glacier reconstruction, palaeo-ELAs and
palaeoprecipitation

The seven reconstructed glaciers are small, with an average
glacier area of 0.40km? at their maximum extent (Fig. 7).
Equilibrium line altitudes using an AABR of 1.56 range

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

between 470+5 and 721 +5m a.s.l. (Table 2), with an
average ELA of 599 m a.s.l.

The calculated palaeoprecipitation values for NS glaciers in
the Wicklow Mountains are presented in Table 3 and range
from 2081 +391 to 2713 £370mma”" (at the ELA) and from
1387 +332 to 2084+327mma ' (at sea level). These
precipitation estimates are reliant on the reliability of the July
temperature proxy used and the method used to convert July
temperature into the mean summer temperature. Use of a
sinusoidal function here, rather than the equation suggested by
Benn and Ballantyne (2005) that has been used in many British
GS-1 glacier reconstructions, results in palaeoprecipitation
estimates that are ~400 mm lower. This demonstrates the
importance of the approach used to estimate palaeoprecipita-
tion and highlights the limitations of comparing palaeopreci-
pitation estimates across regions if different methodologies
have been used.

ELA lowering from windblown snow and
avalanching

Potential snowblow areas and PAAs are shown in Fig. 8 as a
distribution map, in Table 4 as a total for each glacier and in
Fig. 9 broken down by wind direction sectors. Fig. 8 and
Table 4 show that the Upper Lough Bray glacier had the highest
potential for enhanced accumulation through snowblow due to
a large plateau area to the south and west (snowblow factor:
8.37). Other glaciers with comparatively high snowblow factors
are Upper Glenmacnass, Lough Cleevaun and Lough Nahana-
gan. In contrast, the glaciers at North Prison, Kelly’s Lough and
Lough Ouler had the lowest snowblow factors. These three
glaciers, along with the Lough Cleevaun glacier, had similar
avalanche factors (~0.46), whilst the glaciers at Upper Lough
Bray, Upper Glenmacnass and Lough Nahanagan had the
highest avalanche factors (0.51-0.64).

Discussion

Geomorphological signature of Nahanagan Stadial
glaciation in the Wicklow Mountains

The Wicklow Mountains represent an example of marginal
glaciation in Britain and Ireland during GS-1. We find that the
restricted size of NS glaciers, often only partially occupying
their cirques, overall resulted in fewer landforms (especially
glaciofluvial) than those found at other sites glaciated during
GS-1 (e.g., Northwest Highlands and Monadhliath Mountains,
Scotland) (Lukas, 2006; Boston et al., 2015). This has an
impact on the use of morphostratigraphy to identify NS
glaciation in the absence of numerical ages (e.g., Lukas, 2006)
because there are fewer lines of evidence that can be used to
identify NS glacier limits.

In Scotland, the relationship between glaciofluvial ter-
races and moraines (concurrence of the outermost moraine
with the initiation of a glaciofluvial terrace) can help
identify LLS limits (e.g., Lukas, 2006; Finlayson, 2006;
Boston et al., 2015; Chandler et al., 2019). We do not
identify such a relationship in the Wicklow Mountains.
This is likely because NS ice extent was restricted to
small high-elevation cirque glaciers, and thus the likelihood
of well-developed terraces beyond the NS limits is low
because of the steeper topography and limited fine-grained
sediment aggradation (Menting et al., 2015; Kirkbride and
Deline, 2018).

Talus slope characteristics are also used as a line of evidence
to identify GS-1 glacier limits; mature talus slopes only occur
beyond GS-1 glacier margins due to their development under
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Table 1. Surface exposure ages.

Boulder
['°Be] (10* '%Be exposure [2°Al] (10° [*7Al] 26Al exposure exposure Landform

Sample Lab code atoms g~') age (@)’ atoms g~') (ugg™ age @)’ age @)} age @)
Kelly’s Lough

KL-1 0Z-918 9.00+0.36 12400 £ 500 5.56+0.53 110 10800 + 1000 12150 £940

KL-2 0Z-919 13.55+2.08 19 000 + 2900 8.10+1.45 515 16 100 + 2900 17500 + 2400

KL-3 07-920 5.64 +0.87 212 110001700 11030+1870 1 060£600

KL-4 0Z-921 7.29 +£0.34 9900 + 500 7.29+0.83 188 13900 + 1600 10210+ 840
Lough Bray

LBO-1 0Z-922 11.26 +1.27 245 24 400 + 2800 24400+3270

LBO-2 0Z-923 14.04 £0.95 22000+ 1500 12.78 £1.07 138 28 300 + 2400 23780+2090

LBO-3 0Z7-924 13.09£0.97 21100 + 1600 9.68+1.15 194 22000 + 2600 21290+2010

LBI-1 0Z-926 4.44+0.74 282 9680 + 1630 96801770

LBI-2 0z-927 5.39+0.90 190 11900 + 2000 11870+2170

LBI-3 0Z7-928 1.90+0.17 2900 + 300 5.17+0.79 233 11500 + 1800 11500 £ 1940 11170+ 600

LBI-4 0Z-929 6.78 +0.36 10700 + 600 5.42+0.87 195 12000 + 1900 10800 +930

LBI-5 0Z-930 7.61+£0.50 11900 £ 800 5.51+0.62 162 12100 £ 1400 11950+ 1080
Lough Tay

LT-5 0Z-1205 12.27 £1.80 22800 + 3400 6.89 +£0.88 189 18100 + 2300 19660 + 2360

See Fig. 6 and Table S2 for sample locations, and Tables S2, S7 and S8 for more details on the ages.

Internal error.

*Weighted mean of '°Be and *°Al ages. Final boulder age errors are given by the weighted mean error in quadrature with an estimated 7% local

production rate uncertainty. ltalicised ages are rejected as outliers.

$Landform age and error are calculated as the weighted mean of all accepted boulder ages for the given landform (LBI samples) or set of coeval

landforms (KL samples) and as the weighted mean error, respectively.

intense periglacial conditions during GS-1 (e.g., Ballantyne
and Eckford, 1984; Lukas, 2006; Ballantyne, 2007a). In the
Wicklow Mountains, talus slopes are rare, probably because of
the region’s rolling topography with few high-level cliffs and
rock faces. Therefore, talus development is limited to just a few
sites with steeper terrain (e.g., mature talus at Glenmalure,
Lower Fraughan Rock Glen, Glendalough, South Prison,
Lough Tay and immature talus at North Prison). Compara-
tively, in Eryri, significant talus development is found both
inside and outside of inferred LLS ice limits, but is not present
in all cirques (Bendle and Glasser, 2012). At Ben More
Coigach in Scotland, talus is also more extensive due to
steeper alpine-style topography, but is entirely absent within
the inferred LLS ice limits (Chandler and Lukas, 2017). Thus,
talus slope characteristics could not be used widely in the
Wicklow Mountains as a complementary line of evidence for
identifying NS glacier limits, and we suggest that this is
because of the overall more subdued upland topography.

Perhaps the largest implication of fewer lines of geomor-
phological evidence is that variations in moraine morphology
(e.g., Fig. 4) have played an overly prominent role in defining
NS glacier extents. Nonetheless, the existence of multiple
absolute ages at two sites, Lough Nahanagan and Kelly’s
Lough, has enabled us to identify a NS glacial geomorpholo-
gical signature with some confidence. This signature consists
of restricted cirque glaciation characterised by narrow, sharp-
crested partially openwork (Class 3) moraines within a zone
heavily strewn with boulders.

We thus suggest that the presence of Class 3 moraines is a
clear indicator of NS glaciation in the Wicklow Mountains
(Figs. 4 and 5) (Knight et al., 2023). We argue that differences in
moraine morphology (classes 1-3) in the Wicklow Mountains
are related to debris source and transport pathways, processes of
formation (Benn and Evans, 2010), postdepositional stabilisation
(Hallet and Putkonen, 1994) and relatively short transport
distances from cirque headwall to glacier terminus (maximum
1.1 km, average 550 m across all seven sites), which in part may
be related to age (Lukas, 2006). The bouldery nature of Class 3
moraines is relatively unusual compared to most moraines

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

associated with other GS-1 glaciated sites in Britain and Ireland
(e.g., Barr et al., 2017b; Bickerdike et al., 2018), but does share
similarities with LLS moraines in Scotland on Arran (Ballan-
tyne, 2007a), North Harris (Ballantyne, 2007b) and in the
Cairngorms (Standell, 2014). Bouldery Little Ice Age (Neogla-
cial) and GS-1 moraines are also reported in Norway (e.g., Rea
and Evans, 2007; Winkler and Matthews, 2010; Ffoulkes and
Harrison, 2014) and Sweden (Dahl et al., 1997). The NS Class 3
moraines at Lough Nahanagan vary somewhat from those at
other sites in the Wicklow Mountains, likely due to their
subaqueous formation within the lough. Here, there is evidence
for moraine formation through both dump and push processes
(Colhoun and Synge, 1980). The lough would have provided a
favourable setting for ice-marginal pushing of proglacial
material, as ice was advancing into soft deformable lake
sediments (e.g., Boulton and Eyles, 1979; Bentley, 1996). It is
possible that there are similar push moraines in other loughs in
the Wicklow Mountains.

All ages from Class 3 moraines, both published previously
(Barth et al., 2018; Tomkins et al., 2018) and presented here
(Fig. 5b and Table 1), provide NS ages. The ages from Class
1 moraines are ~21-22ka at Lough Nahanagan (Bowen
et al., 2002) and Lower Lough Bray (Fig. 5f and Table 1),
with the exception of a SHED age at Lough Nahanagan of
10.9 ka (Tomkins et al., 2018). In contrast, ages on Class 2
moraines are mixed. The mean exposure age is 19.7 + 2.8 ka
for a Class 2 moraine at Lough Tay (Fig. 1 and Table 1). Most
SHED ages on Class 2 moraines are pre-NS (~15-16ka),
apart from those at Upper Lough Bray and Upper Glenmac-
nass (Tomkins et al., 2018). We also present NS exposure
ages from a Class 2 moraine at Upper Lough Bray (Table 1),
in agreement with Tomkins et al. (2018). An additional
recalculated *°Cl age of 14.3+1ka (Bowen et al., 2002)
from this same moraine suggests that, on the balance of
probability, NS glacier ice reached the Class 2 moraines at
Upper Lough Bray and Upper Glenmacnass, as we have
reconstructed in Fig. 7.

This range of ages on Class 2 moraines presents an
interesting geomorphological problem. Class 2 moraines are
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Figure 7. Glacier reconstructions of the 707400
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seven Nahanagan Stadial glaciers. Grid
references are Irish Transverse Mercator
(units: metres). [Color figure can be
viewed at wileyonlinelibrary.com]

a Lough Nahanagan

1

699400

N

A

b Kelly’s Loughis® Glacierarea = 0.54 km?

Glacier area = 0.46 km?

691600

650

691000
L

0 025 0.5 km | 0 0.25 05km |
T T T T
703200 707400
| L

701800 702500
L !

C North Prison

692800
)

692200

691600

. Glacierarea =0.61 km2,
2,

Glacier area = 0.16 km?

707200

T =y .}
0 0.125 0.25 km

708800
L

709500
h

€@ LoughOuler

Glacierarea = 0.34 km?

©

FERN >

)
714
[=3
=3 [=3
< 1)
o O
o wn
~ -
~
o
(=3
© -
RI w~
A Y T )
Sl 0 025 0.5 km 3
T T i
708000 708700 =
| |
i
_g/_U,p,per Al = Glaciw Legend
S 600—| O Reconstructed glacier margin
@ L
R
% . Glacier surface contours (10 m)
) 550— | \
5[ |(
, Contour lines (10 m)
.
= , 8 & 497 Summit height (m OD)
3 % »
o ) ‘ ‘ Lough

\“.’l A \_ s

the most numerous and spatially extensive moraines identified
in the Wicklow Mountains and are found both in cirques
(e.g., Upper and Lower Lough Bray, Lough Cleevaun, Lower
Fraughan Rock Glen, Glenreemore), including close to the
headwall (e.g., Upper Lough Bray, Upper Glenmacnass), and
in valleys leading from plateau areas (e.g., Lower Glenmac-
nass, Cloghoge, Glensoulan, Stonecutter’s Glen) (Knight

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

et al., 2023). As noted above, the two Class 2 moraines with
NS ages in Tomkins et al. (2018) and this study are situated
close to their cirque backwalls (<500 m) and are also heavily
covered in large angular boulders. In this respect, they are
similar to Class 3 moraines, but are significantly larger and are
generally less openwork. At Upper Lough Bray, the dated Class
2 moraine is particularly large (7 m in height with a base width
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Table 2. Equilibrium line altitudes (ELAs) for Nahanagan Stadial glaciers in the Wicklow Mountains.

Area AAR 0.5 AAR 0.6 AABR 1.56 AABR 1.67 AABR 1.8 AABR 1.9 +0.81 AABR 2.0
Glacier (site number) (km?) (m as.l.) (m a.s.l.) (m as.l) (m as.l.) (m as.l.) (m as.l.) (m as.l.)
Lough Nahanagan (11) 0.46 465 453 470 469 468 467 +9 467
Kelly’s Lough (7) 0.54 632 627 633 633 632 631+6 631
North Prison (1) 0.61 675 655 679 677 675 673+18 671
Lough Cleevaun (10) 0.16 718 712 721 720 719 719+5 718
Lough Ouler (15) 0.34 608 604 617 616 615 615+5 614
Upper Lough Bray (18) 0.29 487 482 489 488 488 487 +5 487
Upper Glenmacnass (12) 0.41 585 577 582 581 580 579+7 579

Following Pellitero et al. (2015), the maximum error on all ELAs, unless otherwise specified, is +£5 m, which is half of the 10 m contour interval used.
In the text, we report the ELAs calculated using an AABR of 1.56 (shown in bold here).

Table 3. Palaeoprecipitation values for each reconstructed Nahanagan Stadial glacier calculated using the temperature-precipitation relationship

defined by Ohmura et al. (1992).

Glacier ELA (AABR 1.56) (m a.s.l.) Effective precipitation at ELA (mm a™") Effective precipitation at sea level (mm a™')
Lough Nahanagan 470£5 2713 +£370 2084 +327
Kelly’s Lough 633+5 2297 +379 1609 + 330
North Prison 679 +5 2183 £385 1491 + 331
Lough Cleevaun 721 %5 2081 + 391 1387 +332
Lough Ouler 617 +5 2337 +377 1652 + 330
Upper Lough Bray 489 +5 2664 + 357 2024 £ 326
Upper Glenmacnass 582 +5 2425+ 372 1749 + 329

of 30-35m) and is the centremost of two similar, but lower
ridges (Fig. 5f). We suggest that this moraine was formed
during several glacial advances, forming a composite feature
that has resulted in a more ambiguous NS glacial geomorpho-
logical signature here. Together, this suggests that the
characteristics of Class 2 moraines do not align with a single
glacial event.

Glaciation style

All seven NS glaciers were small and only partially filled
the cirques that they occupied. The glaciers formed beneath
north-facing to east-facing slopes in highly shaded areas and in
the lee of the prevailing south-west wind for higher snow
accumulation, as is common in the northern hemisphere (e.g.,
Evans, 1977; Barr et al., 2017a). At Kelly’s Lough and Upper
Glenmacnass, the NS glaciers have not developed at the valley
heads (which have an ~southeast aspect), but rather beneath
the ~northeast-facing side valley slopes (Fig. 7). The glacier
shape at these locations was therefore more elongate than
circular, and ice flow would have been predominantly north or
eastwards, away from the most shaded valley side wall (i.e.,
the NS glacier’s backwall), rather than directly following the
main valley orientation. Similar glacier configurations are
recognised in Bannau Brycheiniog, Wales (Carr and Cole-
man, 2007; Coleman and Carr, 2008), and the Galloway Hills,
Scotland (Cornish, 1981). The North Prison NS glacier was
likely similarly influenced by shading from its north-facing side
wall, although here, the moraine distribution and valley slope
indicate that the glacier did predominantly flow westwards
following the main valley orientation (Fig. 7c), making this
glacier somewhat of an anomaly that is worth further
investigation.

Upper Lough Bray is an interesting case because the NS
glacier was probably hemmed in by a large pre-existing
moraine. Similar to the other cirque locations, ice flow would
have been predominantly north-eastwards away from the

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

cirque backwall, but smaller moraines at the northern and
southeastern edges of the cirque indicate ice flow in both
northern and southeastern directions, escaping the constraints
of the large frontal moraine. We reconstruct a similar
configuration and ice flow pattern for the Upper Glenmacnass
NS glacier (Fig. 7g) based on meltwater channels and scattered
boulders at either end of the main moraine (Fig. 5g).

There is a clear north-easterly aspect for six of the seven NS
cirques identified here, with the west-facing North Prison
being the exception. This demonstrates the importance of
topographic shading and the potential for enhanced snow
accumulation in the lee of the prevailing wind direction (from
the southwest) in areas of marginal glaciation. There are also
considerations for long-term cirque and landscape develop-
ment here. Enlarged cirques or valley heads may be partially
occupied during periods of time where the climate is close to
the glaciation threshold. This may result in uneven erosion of
the cirque back or side walls, leading to compound cirques
(e.g., Barr and Spagnolo, 2015). An interesting question also
arises as to whether a similar pattern of glaciation occurs in
reverse as an area deglaciates, or whether due to hysteresis,
existing glacier ice in the full cirque changes the pattern of
deglaciation compared to glacier growth.

Importance of windblown snow in marginal
glaciation settings

The snowblow analysis indicates that several of the NS glaciers
likely benefitted from enhanced snow accumulation via wind-
blown snow and avalanching (i.e., local rather than regional
climatic factors). This is particularly significant for Lough
Nahanagan, as it is the Irish NS/GS-1 type site (Colhoun and
Synge, 1980), and yet, this glacier’s ELA is probably not truly
representative of regional climatic conditions at the time. The
glacier’s ELA (470 = 5m a.s.l.) is lower than all other calculated
NS ELAs (489-721 m a.s.l.). The glacier has a PSBA of 2.46 km?
(third largest) and associated snowblow factor of 2.31.
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a North Prison b Lough Ouler C Upper Glenmacnass
d Kelly’s Lough @ Lough Cleevaun

f Lough Nahanagan g Upper Lough Bray
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Equilibrium line

Potential snowblow area (PSBA)
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Figure 8. Distribution of potential snowblow and avalanche areas around the reconstructed Nahanagan Stadial glaciers, produced using the
approach of Mitchell (1996). Percentage values can be found in Table 4. Snowblow and avalanche areas broken down into 90° sectors for each
glacier can be found in Fig. 9 and Tables S5 and S6. [Color figure can be viewed at wileyonlinelibrary.com]

The site also benefits from strong topographic shading and snow and avalanching (Table 4), and is a smaller glacier with a
received the lowest amount of solar radiation throughout the higher ELA (0.34 km?, ELA 617 +5m a.s.l.).

ablation season (Fig. 3b). Comparatively, Lough Ouler received Our reconstructed NS glacier at Upper Lough Bray also has
similarly low solar radiation levels but received less windblown a similarly low ELA (489 + 5 m) to Lough Nahanagan and has a
© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 40(4) 604-621 (2025)
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Table 4. Calculated potential snowblow and avalanche areas based on Fig. 8 and approaches outlined by Sissons (1980) and Mitchell (1996).

Glacier Total snowblow Total snowblow Total snowblow Total avalanche Total avalanche Total avalanche

Glacier (aspect) area (km?) area (km?) ratio factor area (km?) ratio factor
Lough Nahanagan (E) 0.46 2.46 5.35 2.31 0.12 0.26 0.51

Kelly’s Lough (N) 0.54 1.02 1.89 1.38 0.11 0.21 0.46
North Prison (W) 0.61 1.55 2.54 1.59 0.13 0.21 0.46
Lough Cleevaun (N) 0.16 1.94 12.11 3.48 0.03 0.22 0.46
Lough Ouler (E) 0.34 0.58 1.71 1.31 0.07 0.20 0.45
Upper Lough Bray () 0.29 20.30 70.01 8.37 0.10 0.35 0.59
Upper Glenmacnass (E) 0.41 6.38 15.57 3.95 0.17 0.41 0.64

Snowblow and avalanche areas broken down into 90° sectors for each glacier can be found in Fig. 9 and Tables S5 and S6.

m

NE SE SW NW S
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NE SE SW NW S W

75 North Prison (W) Lough Ouler (E)
0 | HL
75 Kelly’s Lough (N) Lough Cleevaun (N)
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O snhowblow

@ avalanche

Lough Nahanagan (E) Upper Lough Bray (E)

NE SE SW NW S W

NE SE SW NW S W

90° sectors

Figure 9. Snowblow and avalanche areas for each 90° sector as a percentage of the total snowblow/avalanche area. See Tables S5 and S6 for

full data.

very large PSBA (20.3 km?) and snowblow factor (8.37) due to
being situated on the northeast edge of a plateau area. This
glacier also received one of the lowest solar radiation totals
during the ablation season (Fig. 3b), again suggesting that
enhanced accumulation from windblown and avalanched
snow, and high topographic shading, contributed to this
glacier’s low ELA. We therefore argue that the palaeoprecipi-
tation values calculated in Table 3 are overinflated for Lough
Nahanagan, Upper Lough Bray and Upper Glenmacnass
(which also has a high PSBA and snowblow factor) due to
windblown snow, and are therefore not representative of
regional precipitation during the NS.

In contrast, Kelly’s Lough, Lough Ouler and North Prison
have the lowest snowblow factors and we therefore suggest
that the ELAs calculated for these glaciers are more
representative of a regional climatic ELA. On this basis,
an average of these three ELAs provides a regional climatic
ELA of 643 m, which is just over 40 m higher than the
average ELA from all seven sites. Alternatively, since
Kelly’s Lough is the only site of these three with NS ages,
arguably, its ELA of 633 +£5m best represents a regional
climatic ELA.

Comparison with neighbouring regions of GS-1
marginal glaciation

Our reconstruction of NS ice extent in the Wicklow Mountains
adds to a growing body of work documenting marginal
glaciation in Britain and Ireland during GS-1. The topographic
and latitudinal setting of the Wicklow Mountains is broadly
comparable to the Mourne Mountains (Northern Ireland,

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

100 km to the northeast) and Eryri (Wales, 150 km to the east),
both of which supported small cirque glaciers during GS-1
(Bendle and Glasser, 2012; Barr et al., 2017a). However, NS
cirque glaciation in the Wicklow Mountains (seven glaciers,
total area 2.81 km?) is less extensive than both of these regions.
Twenty-four NS glaciers (total area 5.24km?) have been
identified in the Mourne Mountains and 38 LLS glaciers (total
area 20.74 km®) have been identified in Eryi. In contrast, in
Macgillycuddy’s Reeks (southwestern Ireland, 250 km to the
southwest), just six small NS glaciers (total area 1.42 km?) have
been identified (Anderson et al., 1998), suggesting similarly
restricted NS glaciation.

For the Wicklow Mountains, we have followed a con-
servative approach and have reconstructed two NS glaciers
with high confidence (Lough Nahanagan, Kelly’s Lough) and
the remaining five with lower confidence. If some Class 2
moraines are associated with NS glaciation, five further cirques
that contain small Class 2 moraines (Lower Fraughan Rock
Glen, Glen Firrib, Glenreemore and Glen Asbawn) could be
considered, alongside Upper Fraughan Rock Glen, which is
high-elevation and has a north-facing aspect but does not
contain any moraines. However, this evidence alone is not
convincing enough for us to reconstruct NS glaciers at these
locations. In comparison, in the absence of absolute ages, Barr
et al. (2017b) reconstructed NS glaciers in all cirques in the
Mourne Mountains based on SHED dating, but without
considering differences in the morphostratigraphical context.
Bendle and Glasser (2012) also reconstructed LLS glaciers in
all cirques in Snowdonia, but arrived at this conclusion using a
morphostratigraphic approach. Conversely, in Macgillycud-
dy’s Reeks, absolute ages on moraines (Harrison et al., 2010;
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Barth et al., 2018) demonstrate that not all cirques contained
NS glaciers.

These methodological differences, particularly with the
approach taken in the Mourne Mountains, make it difficult
to directly compare ELAs across sites. However, with this
point in mind, we can broadly compare reconstructed
glaciers in these regions. NS glacier ELAs in the Wicklow
Mountains (average ELA=599m a.s.l., regional climatic
ELA=633 +5m a.s.l.) are at broadly comparable elevations
to those in Macgillycuddy’s Reeks (average ELA 689 m;
Anderson et al., 1998) and Eryri (average 571 m a.s.l.;
Bendle and Glasser, 2012), placing in the middle on a west
to east transect of lowering ELAs. In contrast, ELAs in the
Mourne Mountains have been calculated as much lower
(average 475 + 36 m a.s.l.; Barr et al., 2017a), which could,
at least in part, be explained by the Mourne Mountains
being situated further north, although we suspect that the
methodological differences outlined above are also likely to
have contributed to this. The average ELA in the Wicklow
Mountains fits well with the latitudinal trend in regional GS-
1 ELAs in western Britain spanning 53-57° N presented by
Ballantyne (2007a), with higher average ELAs at lower
latitudes.

For both the Mourne Mountains and Eryri, which have
larger numbers of reconstructed GS-1 glaciers, distinct ELA
gradients were identified (Bendle and Glasser, 2012; Barr
et al., 2017a), with ELAs rising from west to east and
southwest to northeast, respectively. We do not recognise any
ELA gradients within the Wicklow Mountains, largely
because the reconstructed glaciers are broadly positioned
on a north-south transect (Fig. 1). The local-scale ELA
gradients in the Mourne Mountains and Eryri may have been
influenced by local topographic factors (Bendle and Glas-
ser, 2012; Barr et al., 2017a). We also demonstrate that
topography was likely a determining factor in glacier growth
at several NS sites in the Wicklow Mountains, affecting
shading, snowblow and avalanching. These observations
have implications for palaeoclimatic reconstructions using
small ice masses and could indicate that observed spatial
variability, in both overall glacier extent and behavioural
differences between local ice masses, may be more strongly
connected to topographic differences than to a regional
climate signal (Abermann et al., 2011). Snowblow and
avalanche modelling must therefore be incorporated into
any assessment of palaeoclimatic conditions based on cirque
glaciers in order to investigate the reliability of palaeopreci-
pitation estimates.

Conclusions

We present evidence for seven cirque glaciers in the
Wicklow Mountains, eastern Ireland, during the Nahanagan
Stadial, which is the regional expression of Greenland
Stadial-1 and equivalent to the Loch Lomond Stadial in
Britain. Small cirque glaciers existed at Lough Nahanagan,
Kelly’s Lough, North Prison, Lough Cleevaun, Lough Ouler,
Upper Lough Bray and Upper Glenmacnass. The sites were
identified based on a combination of solar radiation
modelling, glacial geomorphology and '°Be and *°Al surface
exposure ages. The surface exposure ages from boulders on
moraines at Kelly’s Lough (10.2+0.8-12.2 +0.9ka) and
Upper Lough Bray (9.7 +£1.8-12.0+ 1.1 ka) provide addi-
tional NS ages to those presented for Lough Nahanagan,
Kelly’s Lough and Upper Glenmacnass in previous work.
Three-dimensional glacier reconstructions for the seven sites
reveal small glaciers (average glacier area=0.40 km?) that

© 2025 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.

only partially filled cirques. Equilibrium line altitudes range
from 470 £ 5m a.s.l. (Lough Nahanagan) to 721 +=5m a.s.l.
(Lough Cleevaun), with an average ELA of 599m a.s.l.
Snowblow and avalanching contributions to glacier accu-
mulation were significant for lowering some ELAs, demon-
strating that local topography had an important role to play
in sustaining marginal glaciers in the Wicklow Mountains
during the NS.
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