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ABSTRACT: Inheritance from prior exposure often complicates the interpretation of terrestrial cosmogenic nuclide
(TCN) inventories in glaciated terrain. Lochnagar, a mountain in eastern Scotland, holds a clear geomorphological
record of corrie glaciation and the thinning of the last Scottish ice sheet over the last ~15 ka. Yet attempts to date the
main stages in deglaciation after sampling of 21 granite boulders for '°Be, 2°Al and '*C from corrie moraines, an ice
sheet lateral moraine and boulder spreads revealed widespread, but variable, TCN inheritance. Only the youngest
boulder ages fit within the range of expected deglaciation ages. To identify the sources of geological uncertainty, we
provide simple models of ice cover duration and erosion histories for plateau, corrie and strath landscape domains,
identify the variable nuclide inheritance that derives from different sources for boulders in these domains, and outline
the effects of rotation, splitting and erosion of boulders during glacial transport. The combined effects increase
clustering around arbitrary mean TCN values that exceed deglaciation ages. A further implication is that boulders
have survived beneath overriding ice sheets. Such boulder trapping at Lochnagar may have resulted from topographic

controls on katabatic winds and surface ablation acting on a thinning, cold-based ice sheet.
© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction

Terrestrial cosmogenic nuclide (TCN) inventories have con-
tributed significantly to our understanding of the exposure ages
of landforms and of rates of weathering and erosion during
their development. An important application is the dating of
glacially transported boulders to constrain the timing of
deglaciation. Multiple published datasets for boulders on
moraines show a wide range of TCN concentrations (Apple-
gate et al., 2012, Larsen et al., 2021, Ciner et al., 2017, Jena
et al., 2023), indicating that the deglaciation signal is
complicated by noise, or ‘geological uncertainty’ (Balco,
2011). Common sources of noise in boulder populations in
glaciated terrains include inherited exposure (Putkonen and
Swanson, 2003) and reworking (lvy-Ochs and Kober, 2008).
Furthermore, individual boulders can be exhumed, rotated,
eroded and shielded through time (Gosse and Phillips, 2001,
Putkonen and Swanson, 2003). Hence, TCN inventories and
the derived apparent exposure ages in boulders with noise may
deviate from simple inventories and true deglaciation ages.
The problem of TCN inheritance and strategies for reducing
noise in formerly glaciated areas have been widely discussed
(Hein et al., 2014, Briner et al., 2016, Margreth et al., 2016,
Larsen et al., 2021). Various statistical techniques are available
for identifying mixed populations of boulders in large sample
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sets (Applegate et al., 2010, Dortch et al., 2022, Heyman
et al., 2011, Douglass et al., 2006), but these techniques are
unsuited to small datasets.

Limited consideration has been given previously to the
importance of distinctive geomorphic settings or landscape
domains for understanding geological uncertainty in boulder
populations (Corbett et al., 2016, Kleman et al., 2021). Yet
many studies have shown that this noise is often low in
landscapes with high glacial erosion rates, such as in alpine
mountain ranges (lvy-Ochs et al., 2007), beneath valley
glaciers (Schimmelpfennig et al., 2012) or under fast-flowing
ice streams (Heyman et al., 2011, Corbett et al., 2011).
Generally, geological uncertainty is greater in landscapes with
moderate to low glacial erosion rates, particularly on plateaux
(Stroeven et al., 2011, Kleman et al., 2021) and in lowland
terrains (Davis et al., 2006) covered for long periods by non-
erosive cold-based ice. Inheritance also tends to increase with
elevation in landscapes of selective glacial erosion (Briner
et al., 2006, Li et al., 2005, Stroeven et al., 2002, Skov
etal., 2020, Ballantyne, 2010, Jansen et al., 2019). This makes
sense because a significant thickness (~2-3 m) of rock needs to
be removed by erosion in a single glaciation to reset '°Be and
*°Al inventories (Fabel et al., 2004). Consequently, in land-
scape domains with lower depths of erosion, TCN inheritance
is a major problem when seeking to establish deglaciation ages
and erosion rates.

Our overall aim in this paper is to report and understand the
large range and variability of cosmogenic nuclide inventories
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in a well-studied sequence of landforms at Lochnagar in eastern
Scotland. The landforms include boulder moraines that record
stages in the thinning of the last ice sheet and
the activity of the Lochnagar corrie glacier. The clarity of the
landform record and the dominance of quartz-rich granite
bedrock in the wider Cairngorms have attracted interest from
the cosmogenic isotope community over the years (Kirkbride
et al., 2014, Phillips et al., 2006, Everest and Kubik, 2006). In
and around Lochnagar we thought we had a well-constrained
geomorphology and we designed TCN sampling to fix the age of
distinct landforms and stages of deglaciation. However, our
10Be, 26Al and '#C measurements on individual landforms
generally exceed expected deglaciation ages, indicating wide-
spread TCN inheritance. Here, we try to decipher the variability
in TCN inventories by considering (i) contrasting exposure,
burial and erosion histories in the landscape domains that were
sources for the boulders, and (ii) the transport and erosion
histories of individual boulders. Our results suggest that some
boulders have remained trapped on the upper flanks of
Lochnagar over at least two ice-sheet glaciations.

Background
Landforms

The mountain of Lochnagar (1148 m a.s.l.) is part of a granite
massif that dominates the southern flanks of the valley of
the Dee (Fig. 1). During the Pleistocene, successive overriding
ice sheets flowed eastward down the Dee Valley towards the
North Sea (Brown, 1993). The landforms of the massif
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(Hall, 2007) are similar to those of the Cairngorm Mountains
(Gordon and Brazier, 2021) and the wider area of the east
Grampians (Kirkbride, 2021). Indeed, the landform assem-
blages represent a classic example of a landscape of selective
glacial erosion (Sugden, 1968, Hall and Glasser, 2003).

Three landscape domains can be recognized (Fig. 2;
Table 1). First, the plateaux at higher altitudes bear tors and
are blanketed and ornamented by sediments and minor
landforms that developed under periglacial conditions (Phillips
et al., 2006); the tors and blockfields on the Lochnagar plateau
and the conical hills of Meikle Pap are shown in Fig. 3A and B.
Second, corries backed by cliffs are incised into the plateau
edge (Sugden, 1969) (Fig. 3C and D). Lochnagar corrie
displays long talus slopes and two sets of arcuate boulder
moraines bounding a small lake at 750 m (Clapperton, 1986,
Sissons and Grant, 1972). Third, broad valleys or straths and
steep-sided glens dissect the plateaux (Hall and Gille-
spie, 2016). The strath floors have thick till and glacifluvial
sediment covers (Fig. 3E and F). The upper boundary of the
strath domain is locally marked by glacial trimlines and lateral
moraines on the flanks of the plateau.

The highest trimline on the Lochnagar massif truncates
solifluction lobes at ~900 m a.s.|. on the flanks of Cuidhe Crom
(Fig. 1). On the eastern flank of this hill, a series of lateral
meltwater channels descend from 810 to 650 m a.s.l. (Figs. 1, 2
and 3E) and record early thinning of the ice sheet margin. In the
Lochnagar corrie embayment, a boulder lateral moraine at ~650
m marks a later margin of the Dee valley glacier (Figs. 1, 2 and
3E). Large granite boulders were originally derived from the
headwall of Lochnagar corrie; the moraine does not occur west
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Figure 1. Digital Terrain Model of the ground between Lochnagar and the River Dee showing the smooth slopes of the uplands and the steeper lee
slopes of large roches moutonnées in the valley floor. Meltwater channels occur in the lee of the ridge culminating in Conachcraig and reflect the
eastward flow of the ice sheet. There is a concentration of depositional ridges and downslope channels on the lower ground between the corrie forefield
and Ripe Hill. Locations of the TCN sample sites are given on the air photos. Intermap Technologies (2007): NEXTMap British Digital Terrain Model
Dataset Produced by Intermap. NERC Earth Observation Data Centre, 2023. http://catalogue.ceda.ac.uk/uuid/8f6e1598372c058f07b0Oaeac2442366d.

[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2. The Lochnagar massif in an oblique DTM seen from the north. Dashed lines depict the boundaries of the plateau, corrie and strath landscape
domains. Stars indicate the locations of the TCN samples. Blue arrows show main ice flow directions. Ordnance Survey copyright. [Color figure can be

viewed at wileyonlinelibrary.com]

Table 1. Landscape domains in the eastern Grampians.

Domain name Landform assemblage

Plateau Tors, blockfields, mountain top detritus, weathering pits, solifluction lobes and sheets
Corrie Cliffs, talus, boulder moraines
Strath On gentle upper slopes, rock exposures, weak glacial roughening and streamlining, lateral meltwater channels,

boulder moraines, thin till. On valley floors, strong glacial roughening and local streamlining,
large roches moutonnées, meltwater channels cut in rock and sediment, moraines, till, glacifluvial deposits

of the corrie forefield. The merging of granite boulders derived
from the corrie with ice-sheet marginal landforms indicates a
period of confluence between the corrie glacier and the ice
sheet. Later thinning is marked by meltwater channels that cut
the Conachraig ridge and by lateral moraines below 650 m
which descend towards the Dee valley floor (Hall, 2007) (Fig. 1).
The valley floor domain includes several large roche mouton-
nées, including Ripe Hill (Fig. 3F) (Sugden et al., 1992).

Chronology

There is general agreement that the Scottish ice sheet was
sufficiently thick and extensive to cover all the mountain
summits of the east Grampians at the Last Glacial Maximum
that peaked at 25-27 ka (Hughes et al., 2022). Significant
thinning of the ice sheet in eastern Scotland began around 19 ka
(Phillips et al., 2008) and radiocarbon dates in kettle holes show
that ice had disappeared from the upper Dee Valley by 14.6 ka
(Huntley, 1994) and in Abernethy Forest in Strath Spey on the
northern flanks of the Cairngorms by 14.7 ka (Vasari and
Vasari, 1968). In the Cairngorms, a significant readvance during
ice retreat is marked along the margins of a former outlet glacier
in Strath Spey by thick deposits and meltwater channels; '°Be
exposure ages indicate a timing of 15.1 + 1.1 ka (recalculated
here to 15.3 ka) (Hall et al., 2016). This readvance is thought to
reflect an increase in precipitation towards the end of Greenland
Stadial GS-2a (16.9-14.7 ka) (Steffensen et al., 2008). It is likely
that the ice-sheet lateral moraine found in a similar setting on the

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

flanks of Lochnagar represents the termination of this readvance
at 14.7 ka, although it is previously undated. Corrie glacier
growth also probably occurred in the Northern Corries of the
Cairngorms around this time as the ice sheet thinned (Stan-
dell, 2014, Tonkin, 2022).

There was renewed mountain glaciation in the Eastern
Grampians during GS-1 (12.85-11.65 ka cal 8p) (Kirk-
bride, 2021), including in corries in the Cairngorms (Kirkbride
et al.,, 2014). At Loch Lomond, Scotland, the equivalent
Younger Dryas glacial maximum occurred at 12.0 ka or up to
300 years later (Macleod et al., 2011). The expected age of the
inner moraines at Lochnagar is 12.0 ka.

Methods
TCN sampling and analysis

In this paper we present a set of 19 new exposure ages on a
sequence of lowering ice-margins on the high eastern flank of
Lochnagar (Table 2). TCN samples were collected from the
surface of 17 large stable boulders by hammer and chisel and,
in 2016, by angle grinder. Topographic shielding was
measured in the field and sample location data were collected
by handheld GPS. Sample collection in 1998 was from the
inner arcuate corrie moraines (LOCH-1 and LOCH-6 to
LOCH-8) as well as from the granite boulders on the large
ice-sheet moraine on the northern flank of Lochnagar (MAS-1
to MAS-8) (Fig. 1). These samples were processed according to

J. Quaternary Sci., Vol. 39(4) 515-530 (2024)
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Figure 3. Ground photographs of the three landscape domains. (A) Small tor (1) and adjacent blockfield (2) on the summit of Cuidhe Crém. (B) View
of Meikle Pap (978 m) showing the cliff tops of Lochnagar (3), small summit tors (4), the downslope limit of solifluction lobes (5) and a lateral
meltwater channel (6). The tor sample site for LO16-1 and -2 is marked by a star. (C) The cliffs of Lochnagar (7), its talus slopes (8) and the lochain (9).
(D) The inner set of boulder moraines of probable Younger Dryas age (10), the limit of the outer set of boulder moraines (11) and the ice sheet lateral
moraine (12). (E) Lateral meltwater channel picked out by snow (13). (F) Part of the Dee valley floor around Ripe Hill. Glacial roughening of a ridge
top (14), the lee-side cliff of Ripe Hill and the location of the boulder train (16). Stars indicate the locations of the TCN samples. [Color figure can be

viewed at wileyonlinelibrary.com]

protocols at the Scottish Universities Research and Reactor
Centre (SUERC) at East Kilbride and measured by accelerator
mass spectrometry (AMS) at the ETH Zurich AMS facility.
Other samples were collected in 2016 from a small tor (LO16-
1 to -2) and from boulder spreads (LO16-3 to -8) east of
Lochnagar corrie (Fig. 1). The latter samples were processed
according to protocols at the University of Cologne (Binnie
et al., 2015). Procedures are described in Hall et al. (2016) for
the measurements of '°Be and 2°Al and follow Fiilép et al.
(2015) for the derivation of '*C concentrations. AMS measure-
ments were made on CologneAMS (Dewald et al., 2013,
Schiffer et al., 2020) using splits of the same purified quartz for
'C in which '°Be and 2°Al were determined. Finally, we
include discussion of four published dates on a boulder train in
the lee of Ripe Hill near the floor of the Dee Valley (RIPE-1 to
RIPE-4). The procedures and protocols for the latter are
described in Sugden et al. (2019).

For consistency in this paper, we have standardized all
exposure ages using the online exposure age calculator
formerly known as the CRONUS-Earth online exposure age

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

calculator, Version 3 (Balco et al., 2008) with local '°Be, 2°Al
and "*C production rates for Scotland (Borchers et al., 2016).
Reported ages use the LSDn (Lifton et al., 2014) scaling model
with no snow cover or erosion rate correction, and thus are
minimum ages. We prefer to use LSD scaling over other
schemes as it caters for magnetic field variations over time and
is based on first principle particle physics rather than fits to
proxy datasets. The results for other scaling schemes are given
in Table 3. Raw data used for calculating nuclide concentra-
tions are given in Table S1. Uncertainties are given at 1-sigma
throughout. An erosion rate of 1.6 mm ka™' was reported for
the Cairngorms based on the measurement of raised quartz
veins (Phillips et al., 2006); we demonstrate the effect of this
erosion rate on our samples in Table 3. We obtained paired
%Be and 2°Al isotope data for samples LO16-1 to LO16-8.
Data were plotted using the iceTEA tool (http://ice-tea.org)
(Jones et al., 2019). "C data are reported for LO16-3 to -8.
Published data for Coire an’t Lochain (Kirkbride et al., 2014)
and a lateral moraine in the Northern Cairngorms (Hall
et al., 2016) are recalibrated in the same way for consistency.
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Conceptual model of exposure and burial history

To interpret TCN inheritance of a sample it is necessary to
understand the exposure and burial history of that sample. We
present a model of ice cover in the plateau, corrie and strath
domains during the last glacial cycle (Fig. 5) based on
extrapolation of the oxygen isotope record in the North GRIP
ice core from the Greenland Ice Sheet (Merritt et al., 2019).
Following Clapperton (1997), we use a threshold 820 oxygen
isotope value permitting corrie glaciation at 37%.. The
threshold for an ice sheet is a 3'%0 oxygen isotope value
>40.5%o. Shielding ice and thick snow are assumed to cover
the plateau during both corrie and ice sheet glaciation. When
discussing exposure-burial models, we ignore the decay of
'9Be during burial because its half-life (1.39 x 10° years) is
large compared to the relatively short (tens of thousands of
years) burial periods considered.

Corrie boulder creation rates

Granite boulders derived by rockfall from the headwall and
sidewall of the Lochnagar corrie are found in arcuate
moraine ridges in the corrie forefield. The boulder volumes
allow first-order estimates to be derived for rates of boulder
release from the corrie walls. It is assumed that no boulders
are sourced from bedrock on the corrie floor because no
bedrock is exposed here today. The rock volumes are
calculated for boulders held in the inner and outer sets of
corrie moraines. The total volume of the moraine ridges is
estimated from the area of the ridges in digital elevation
models (DEMs), with assumed moraine depths of 2 m and a
porosity of 50%. Boulder creation rates are derived using the
duration of the Younger Dryas stadial (1.2 ka) for the inner
moraine ridges (Kirkbride, 2006). Application of the esti-
mated rockfall retreat rate to the total headward retreat of the
corrie headwall loosely constrains the time required to erode
Lochnagar corrie.

Results

Apparent '°Be and 2°Al exposure ages from various studies of
Lochnagar are given in Tables 2 and 3. Below we describe the
results in relation to landscape domains.

Plateau domain

Two samples were taken from bedrock on the small tor on
Meikle Pap at an elevation of around 940 m a.s.l. (LO16-1,
LO16-2) (Fig. 1 and Table 2). The upper tor surface is marked
by variously weathered granite sheets aligned parallel to
joints and to the surrounding slope (Fig. 4). In places the
upper sheeting is absent and exposes a more coherent base.
LO16-2 was taken from the surface of an uppermost, sloping
0.5-m-thick sheet of granite. LO16-1 was sampled from an
immediately adjacent bedrock step missing the upper sheet
(Fig. 4). We interpret the upper sheet as part of the
undisturbed tor and the loss of a nearby rock sheet as due
to erosion. Similar block loss after glacial entrainment is
reported from tors in the Cairngorms (Hall and Phil-
lips, 2006a).

The uppermost sample from the top of the sheet (LO16-2)
yielded an apparent '°Be exposure age of 60.9 ka and that of
the adjacent lower step (LO16-1) of 28.3 ka. Restoration of a
0.5 m thickness of rock above the lower sample, equivalent to
the estimated thickness of the lost slab, generates pre-slab loss
TCN inventory which is equivalent to that held in the

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

undisturbed upper sample. This is consistent with removal of
the slab from the tor during the last glaciation.

Corrie domain

Four samples were taken from the inner set of arcuate boulder
moraines in Lochnagar corrie at elevations of 770-790 m
(Loch-1, Loch-6 to -8) (Figs. 1 and 4). The '°Be exposure ages
range from 10.9 to 16.0 ka (Table 3). Only one boulder age
(Loch-1: 12.5+0.9 ka) is within error of the expected
deglaciation age of 12.0 ka (Macleod et al., 2011).

Strath domain

The initial attempt to date the wastage of the last ice sheet was
focused on the lateral boulder moraine at ~650 m (Figs. 1
and 2). Seven large granite boulders were sampled from the
crest of the moraine (MAS-1 to -5, MAS-7 to -8) (Fig. 4). The
°Be apparent ages are 14.1-26.1 ka. Three boulders had
exposure ages over ~20 ka. Only the youngest age of 14.1 ka
approximates to the expected deglaciation age of 14.7 ka.

A subsequent attempt was made to sample isolated, large
boulders spread across a clear sequence of higher ice-sheet
margins represented by ridges and lateral meltwater chan-
nels at elevations of 810-660 m (Figs. 1, 2 and 4). This
vertical transect represents the thinning of a coherent ice
sheet before it became confined to the Dee and Muick
valleys. In declining order of altitude and timing of
deposition during ice thinning the apparent '°Be exposure
ages (LO16-3 to -8) are highly variable: 17.4, 23.8, 24.8,
18.1, 58.1 and 16.2 ka (Table 3). The lowest and youngest
apparent age is outside the error for the expected 14.7 ka
deglaciation age at this elevation.

Measurements of 2°Al and in situ '*C potentially provide
additional information on the exposure and burial histories of
the boulders (Table 3). The ratio of “°Al/'"°Be to '’Be
concentration indicates that several boulders (LO16-3 to
LO16-8) or their bedrock sources may have burial histories
amounting to several hundreds of thousands of years
(~180-800 ka), which suggests they survived multiple glacial
cycles (Fig. 5). The "C results indicate saturation or near
saturation of the samples, which suggests the boulders have
been exposed for at least ~20 ka assuming no rock surface
erosion, or less if the rock is eroding. These exposure durations
exceed the ~15 ka of post-glacial exposure from independent
evidence and are unexpected, given a '*C half-life of 5730 ka
and prior ice cover of ~20 ka during Marine Isotope Stage
(MIS) 3/2.

A different approach was to sample a boulder train close to the
Dee valley floor (Fig. 1). The clear relationship between the
boulder train and its source in a cliff in the lee of a large roche
moutonnée at Ripe Hill (Fig. 4) would be expected to yield a firm
indication of the age of the last stage of deglaciation (Sugden
etal., 2019). We sampled four boulders in the train (Fig. 1: RIPE-1
to -4) and the '°Be exposure ages range from 12.6 to 15.4 ka
(mean 13.8 + 1.2 ka), compared to an expected deglaciation age
of 14.7 ka.

Comparisons with similar domains in the
Cairngorms

In the plateau domain on the Cairngorms, TCN ages are
available for tors and for boulders glacially transported from
tors. The range of published apparent '°Be exposure ages (n =
24) for tors is 21-200 ka, with the greatest ages from the
summits of large tors. The tor boulders range in apparent ages
from 15 to 40 ka (Fig. 6), similar to apparent ages for small tors

J. Quaternary Sci., Vol. 39(4) 515-530 (2024)
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LO16-1 and 2

Meikle Pap

Inner moraine

moraine

Sketch

Figure 4. Some of the rock surfaces and boulders sampled for TCNs in different domains. [Color figure can be viewed at wileyonlinelibrary.com]

and from the lower tiers of tors from which blocks have been
removed by glacial erosion. One erratic boulder age (BB:
15.1+1.2 ka) and two inheritance-corrected ages from
transported and rotated tor blocks (CA-1 and MCB-2) constrain
the likely deglaciation age for the Cairngorm plateau to 15.6 +
0.9 ka (Phillips et al., 2006).

In the corrie domain in the Cairngorms, published '°Be ages
for boulder moraines at Coire an’t Lochain are 11.5-14.4 ka
(Kirkbride et al., 2014), re-calculated here to 12.2-15.3 ka.
Assuming Younger Dryas deglaciation at 12.0 ka, maximum
measured TCN inheritance is low (<3.3 ka). In the strath
domain on the flanks of the northern Cairngorms, boulders
probably sourced from the Northern Corries rest on lateral
moraines at 540-720 m (Hall et al., 2016). Published '°Be
boulder ages are clustered around 15.1 ka, re-calculated here

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

to 15.3 ka. TCN inheritance is low except for one boulder
(CG14-001: 24 ka). Interestingly, the three youngest boulders
have a mean age of 14.5 ka that is indistinguishable within
error from the expected deglaciation age of 14.7 ka. Compared
to Lochnagar, the ages for corrie and lateral boulder moraines
in the northern Cairngorms are more strongly clustered and
TCN inheritance is lower.

Discussion

Our initial hope was that we could use cosmogenic nuclides to
constrain the timing of the last phase of deglaciation in a part
of Scotland where the landform record is clear and has been
accepted by different authors over many years. However,
many TCN apparent exposure ages at Lochnagar exceeded

J. Quaternary Sci., Vol. 39(4) 515-530 (2024)
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Figure 5. Banana plot for 2°Al and '°Be samples LO16-1 to -8. This plot was computed with the ice TEA tool (http://ice-tea.org). Boulders LO-16-3 to
-8 have complex exposure histories, including long periods of burial. [Color figure can be viewed at wi

leyonlinelibrary.com]
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Figure 6. Distribution of '°Be TCN ages for different domains at Lochnagar and in the Cairngorms. Unpublished TCN ages for Lochnagar are
indicated by blue circles; previously published ages are shown as orange circles. [Color figure can be viewed at wileyonlinelibrary.com|

expected ages, indicating widespread nuclide inheritance.
Below we explore the sources of this inheritance.

Exposure and burial history of landscape domains

The conceptual model of ice cover provides a first-order
approximation of a more complex actual chronology, but it is
helpful in thinking about the role of prior exposure in the
cosmogenic isotope record (Kleman et al., 2020). For the period
122-10 ka, the modelled timing and duration of exposure and
burial vary between landscape domains (Fig. 7). The Lochnagar
plateau has ice cover for ~66 ka and is ice-free but probably
partly snow-covered for ~44 ka (Table 4). In the case of

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Lochnagar corrie, there is a short period of ice occupation in the
Younger Dryas. Importantly, this is only one phase of a possible
eight during the last glacial cycle; there were likely to have been
several corrie glaciations in MIS 3 (33-57 ka) and several more
in MIS 5 (71-110 ka). The total duration of corrie glaciation is
47 ka, with further burial beneath ice sheets and ice fields for 49
ka, and with ice-free conditions restricted to 16 ka of the last
122 ka. The implication is that in the case of Lochnagar corrie
there were limited ice-free intervals and thus little time for
exposure, reducing the potential for significant TCN inheritance.
In the strath domain, conditions suitable for a full ice sheet
cover occurred at 15-32 and at 62-75 ka, preceded by a long
period of exposure of ~50 ka, perhaps interrupted by 10 ka of

J. Quaternary Sci., Vol. 39(4) 515-530 (2024)
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ice cover. The timing and duration of exposure were probably
similar in the upper and lower parts of the strath domain as ice
thinning by 200 m was rapid (<1 ka) during the last deglaciation
in the similar setting of Strath Spey in the northern Cairngorms
(Hall et al., 2016). We can assume that variability in ice cover
between landscape domains characterized previous glacial
cycles and was typical for the wider Cairngorms.

The largest TCN inventories are from exposed bedrock
surfaces and boulders in the plateau domain. Published TCN
inventories on the Cairngorm plateau show that the greatest
apparent exposure ages are from large (>10-m-high) tors. In
one case, Clach na Gnuis, combined '°Be and 2°Al isotopes
indicate an exposure and burial history of 626 ka (Phillips
et al., 2006), consistent with the advanced development of
weathering microforms (Hall and Phillips, 2006b). Large
Cairngorm tors have been exposed through multiple glacial
cycles and significant parts of their TCN inventories accumu-
lated before the last glacial cycle. The small tor at Meikle Pap
near Lochnagar carries a TCN inventory equivalent to 60.9 ka
of exposure (LO16-2), like many small tors in the Cairngorms
(Fig. 6) (Phillips et al., 2006). For the Meikle Pap tor, after
allowing for 15 ka of exposure since the last deglaciation, then
the undisturbed tor surface was exposed for the order of 46 ka
before being covered by the last ice sheet. The most likely

Table 4. Estimated burial and exposure history in the landscape
domains during the last glacial cycle.

explanation of its apparent exposure age is that the tor was
already exposed during MIS 5e (110-125 ka); 2°Al concentra-
tions suggest the tor may have received significant exposure
even earlier.

In Lochnagar Corrie, two sets of moraines occur (Figs. 1
and 3D). Edge rounding of granite boulders is significantly
lower for the inner moraines than for the outer moraines,
suggesting that the outer set is older (Kirkbride, 2006). The
inner set of moraines at Lochnagar has three sampled boulders
with inherited '°Be nuclide concentrations equivalent to
0.5-4.0 ka of exposure prior to GS-1 (the Younger Dryas).
The preceding Greenland Interstadial-1 (GI-1) had a total
duration of 1.75 ka, with brief cooling episodes of 0.34 ka total
duration during GI-1b and GI-1d (Older Dryas) (Rasmussen
et al., 2014). The combined duration of warmer episodes in
Gl-1a and ¢ was up to 1.4 ka but provided sufficient time for
accumulation of only part of the inherited nuclide concentra-
tions (Fig. 7). Moreover, boulders on the lateral moraine were
also originally sourced from the corrie. These boulders carry
inherited '°Be nuclide concentrations that are equivalent to
1.6-11.4 ka of additional exposure, with the oldest apparent
ages indicating that some boulders were buried beneath the
last ice sheet. TCN inheritance in Lochnagar corrie is
significantly greater than in Coire an’t Lochain in the northern
Cairngorms (Kirkbride et al., 2014) (Fig. 6).

High but variable TCN inheritance equivalent to 1.5-43.4
ka of exposure is also present on boulders scattered above the
ice-sheet lateral moraine in the upper strath domain (Fig. 1).

Domain Ice cover (ka Ice free (ka ) .
(ka) (ka) Here also boulders are interpreted to have survived cover by
Plateau 66 46 the last ice shget. One boulder (LO1 6—7) has an apparent age
Corrie % 16 of 58.5 ka equivalent to that of the Meikle Pap tor, suggesting
Strath upper 36 76 ice cover in MIS 6, 4 and 2. A complex exposure and burial
Strath lower 41 71 history is consistent with the difference of ~20 ka in the 0Be
and 2°Al ages (Fig. 7). We find that the last overriding ice sheet
ms 1| 2 3 4 | sa | s | s 5d 5e
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Figure 7. A conceptual model of the glacier record in eastern Scotland over the last 122 ka inferred from Greenland ice cores, after Merritt et al.
(2019). The thresholds for corrie and ice-sheet glaciation are taken from Clapperton (1997). [Color figure can be viewed at wileyonlinelibrary.com]
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in the upper strath domain has recycled boulders with varying
degrees of prior exposure, mainly accumulated during the last
glacial cycle. The sample boulders were transported for <0.3
km east of the corrie mouth at the time of lateral moraine
formation and for distances <3 km from the corrie forefield
during earlier phases of glacial transport.

Given the shorter half-life and thus shorter memory for
previous exposure we would expect '*C ages to be similar to, or
younger than, their '°Be and 2°Al counterparts from the same
sample. Several samples are reported by the online calculator as
being saturated with respect to '*C, despite '°Be or 2°Al ages
that are less than what we might assume for '*C saturation. For
example, sample LO16-8 has a '’Be age of 16.2 ka but is
saturated with regard to '*C. However, the substantially greater
external uncertainties for the '*C age results provided by the
online calculator of Balco et al. (2008) (Table 2) as compared to
the internal estimates highlight the uncertainties associated with
the '*C production rate and consequently the difficulty in
assigning '*C ages to samples that are older than a few half-lives
of 'C. Assuming concentration uncertainties of 5%, for
example, would mean it is difficult to differentiate saturated
4C samples from those with an age of ~18 ka. Thus, while the
1C ages are reported as being at or close to saturation, apparent
discrepancies between the 14C and '""Be, or 2°Al, data are
difficult to resolve without better understanding of the
uncertainties associated with the '*C production rate.

Bedrock erosion histories

Bedrock erosion through time at Lochnagar represents a
balance between weathering and erosion in ice-free periods
and glacial erosion during periods of ice-cover. In the plateau
domain, ice was generally below its pressure melting point and
remained cold-based. Glacial erosion was restricted to block
removal from upstanding tors, as at Meikle Pap, to stripping of
mountain top detritus, for example above the glacial trimlines
at Lochnagar, and to partial removal of blockfields, as on parts
of the Cairngorm plateau (Hall and Phillips, 2006b). Conse-
quently, during the last and earlier glacial cycles, erosion of
many bedrock surfaces was dominated by slow, steady erosion
by granular disaggregation or spalling of small blocks under
periglacial conditions. The accumulation of TCN inventories
on such rock surfaces then becomes a sum of the cosmic ray
flux through time minus surface erosion in ice-free periods and
slow nuclide decay during ice burial (Small et al., 1997,
Lal, 1991). TCN inventories are highest for the larger tors
because of longer exposure of tor summits at or near the
ground surface and slow rock surface erosion rates, providing
net gains of TCNs during successive ice-free periods.

In the corrie domain, TCN inventories in rock surfaces are
expected to be low due to shielding of the corrie walls and to
high erosion rates from rock fall (Hilger et al., 2019). Boulder
volumes in the Lochnagar moraines provide constraints on
erosion rates. The volume of rock debris in the Younger Dryas
inner moraines translates to a rate of cliff retreat of ~1.0 m ka™
(Table 5). This estimate is of similar order to rock wall retreat rates
of 1.6-3.8 m ka™" in Scotland in this stadial (Ballantyne, 2019).
The volume of granite boulders in the outer moraine ridges is
between two and three times larger than in the Younger Dryas
moraines. Application of the Younger Dryas headwall retreat rate
suggests that a total of ~400 ka of active glaciation was necessary
for erosion of Lochnagar Corrie. Hence, in common with many
cirques (Ruszkiczay-Rudiger et al., 2021, Crest et al., 2017,
Wallick and Principato, 2020), erosion of the Lochnagar Corrie
was incremental through multiple Pleistocene glaciations.

At the upper boundary of the strath domain, solifluction
lobes terminate downslope at lateral moraines that represent

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Table 5. Volumes of boulders in the Lochnagar moraines.

Outer

Estimate Inner moraines moraines
Cliff catchment area km? 0.39 0.39
Boulder area km? 0.46 1.2
Boulder depth m 2 2
Porosity 0.5 0.5
Boulder volume km? 0.00046 0.0012

m? 460 000 1200 000
Duration ka 1.2
Boulder creation rate m> ka™ 383 333
Rock wall retreat m ka™' 0.98
Depth of corrie m 400
Time for headward ka 407

retreat

glacial trimlines. Below the lateral moraines, rock is poorly
exposed due to a widespread, thin boulder till cover, but hill
tops retain tor stumps, for example at Conachraig (Hall, 2007)
(Fig. 1). Weak glacial erosion is consistent with advance of a
slow-moving ice lobe across the flanks of Lochnagar and
earlier cold-based ice cover. The late pulse of erosion and the
formation of boulder till may have been triggered by the
availability of meltwater as the lobe thinned. This suggestion is
supported by the series of ~20 subparallel meltwater channels
found at 810-700 m a.s.l. that follow the former surface profile
of the ice lobe at gradients of ~150 m km™" (Fig. 3E). Meltwater
flowed along the ice margin, suggesting that the ice was cold-
based (Johansson, 2007). On the assumption that each channel
formed in a single melt season (Mannerfelt, 1945, Seppa-
|4, 2005, Romundset et al., 2023), the ice surface ablated
rapidly at 5.5 m a~'. Limited glacial erosion and a short
duration for transport is consistent with the presence of
boulders with inherited TCNs sourced from Lochnagar corrie.

On the lower slopes of the strath domain, below ~550 m a.s.|.
and towards the Dee valley floor, more intense glacial erosion
through multiple glaciations is indicated by weak streamlining
in cols, extensive glacial roughening and the development of
large roches moutonnées (Fig. 1). At Ripe Hill, four boulders in a
boulder train sourced from a lee side cliff show limited TCN
inheritance with a mean age of 13.8 ka, indistinguishable within
errors from the minimum 14.6 ka estimate of deglaciation of the
Dee Valley based on '*C dating of organic remains (Hunt-
ley, 1994). This is consistent with low concentrations of TCNs
on the source bedrock surfaces after significant glacial erosion
through the last glaciation. Here also, the entrainment of a
significant number of boulders occurred during the last stages of
deglaciation (Sugden et al., 2019).

The overall effects of complex burial, exposure and erosion
histories is that today TCN inventories vary widely for rock and
boulder surfaces between and within the different landscape
domains at Lochnagar and in the wider Cairngorms. The
sources of TCN variability from different landscape domains
and landforms is shown schematically for blocks A-M in
Fig. 8. The present distribution of TCN inheritance within
domains and for individual landforms probably resembles that
in past interglacial and interstadial periods. This allows the
present distribution of TCNs to be used as a proxy for TCN
inventories at the start of the last glacial cycle or the onset of
the last ice sheet glaciation in MIS 3.

Boulder transport scenarios

In situ rock blocks have their highest TCN inventories on upper
surfaces. TCN inventories decrease exponentially with depth,
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Figure 8. Model of TCN inheritance for boulders sourced from characteristic landforms in different landscape domains. Theoretical TCN
inventories are shown for 2-m-diameter cubic blocks in the present interglacial based on results from Lochnagar and the Cairngorms. Topographic
shielding is indicated. The lower panel shows a schematic model of the potential complexity of TCN inheritance in boulders from the lateral moraine
and boulder spread at Lochnagar. [Color figure can be viewed at wileyonlinelibrary.com]

a result of effective cosmic ray attenuation thickness. If the
block is >2.5 m in thickness, then at its base self-shielding
restricts TCN inventories to small concentrations mainly
derived from muogenic radiation (Fabel et al., 2004, Briner
et al., 2016). On an upstanding or projecting rock block, for
example on a tor or cliff, different block faces may have
different inventories due to self-shielding. Also, these inven-
tories may vary across each face of a block (Fig. 8).

When a cubic, jointed-bounded granite block becomes a
boulder after its extraction from its bedrock socket, its six faces

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

already carry different TCN inventories. Boulders may then be
rotated during transport. For a cubic boulder there is a one in
six chance that the original, exposed and upper surface will
return to this position after transport and an equal chance that
the lower, shielded horizontal surface is left uppermost. In a
mixed population of rotated boulders, four in six boulders can
be expected to derive from former vertical block faces with
intermediate TCN inventories. Boulders also may be split and
edge-rounded through abrasion during transport (Car-
ling, 2023). The effect of simple splitting is to make two
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smaller boulders. The new faces are from the former interior of
the boulder where TCN inventories are relatively low compared
to the former top surface but high compared to the former
bottom surface of the source block. The effect of abrasion is to
remove accumulated TCNs from the boulder surface. The
differences in apparent '°Be exposure ages between zero
erosion and 1.6 mm ka™' erosion rates in Table 3 indicate,
however, that the effect of abrasion is small. Further complexity
develops if boulders are buried (Fig. 8) and recycled through
multiple glacial cycles (Zhang et al., 2022) and as boulder
corners are reshaped by erosion (Mackey and Lamb, 2013). The
overall effect of boulder transport, splitting and surficial erosion
in terrain where TCN inheritance is significant is to reduce the
probabilities that TCN sampling will include boulders that
represent either zero inheritance and so yield reliable deglacia-
tion ages or others that represent maximum TCN inheritance for
landforms in the surrounding domain.

In the upper part of the strath domain at Lochnagar the
measured boulder populations from the lateral moraine and
the boulder spread include (i) one boulder sourced from the

plateau domain with a high TCN inventory, (ii) two boulders
sourced from Lochnagar corrie with TCN inventories that
probably represent only postglacial exposure and (iii) ten

boulders with varying TCN inheritance. A significant part of
the third variance probably relates to boulder transport effects.
The potential complexity of TCN boulder inheritance at
Lochnagar in response to boulder sourcing, rotation, splitting
and surface erosion is shown schematically in the lower panel
in Fig. 8.

Wider implications
Problems and potential of TCN inheritance

The original purpose for TCN sampling at Lochnagar was to
provide an improved chronology for the wasting of the last
Scottish Ice Sheet and its relationship to corrie glaciation in a
classic landscape of selective glacial erosion. Our experience
here and in the wider Cairngorms indicates that TCN
inheritance is widespread and normal in similar plateau and
strath domains. Exceptions occur where large blocks have
been removed such as from tor stumps (Phillips et al., 2006,
Margreth et al., 2016) and the lee faces of rock steps (Phillips
etal., 2008). Large and carefully targeted TCN sample sets may
be needed to constrain deglaciation ages in these landscapes.

A further complication at Lochnagar is that due to wide-
spread TCN inheritance the mean ages for sample sets
represent arbitrary values unrelated to deglaciation ages
(Fig. 6). Only the youngest apparent exposure ages on corrie
and ice-sheet lateral moraines were close to expected
deglaciation ages. In this study, the use of simple statistics,
such as means and weighted means, is misleading and more
sophisticated statistical processing is inappropriate. Similar
difficulties are found in other glaciated terrains with wide-
spread nuclide inheritance in which large datasets confirm that
only the youngest exposure ages conform to deglaciation ages
(Romundset et al., 2023). More widely, inherited TCNs are
common in abraded crystalline bedrock surfaces in lowland
parts of Scandinavia (Stroeven et al., 2002, Hall et al., 2019,
Briner et al., 2016). Such bedrock sources, together with
boulder recycling, may account for many boulder '°Be ages
that exceed expected deglaciation ages below the former
Fennoscandian (Stroeven et al., 2016) and Laurentide ice
sheets (Halsted et al., 2023).

Whilst TCN inheritance creates difficulties in dating
deglaciation, it may also provide opportunities to explore a
much longer history of glaciation. In the corrie domain at

© 2024 The Authors. Journal of Quaternary Science Published by John Wiley & Sons Ltd.

Lochnagar, inherited TCNs in boulder moraines are consistent
with multiple phases of corrie glacier activity and with slow
corrie growth, as also suggested by low boulder volumes in
Younger Dryas moraines. In the upper strath domain, TCN
inheritance records three phases of ice sheet glaciation and the
landform record indicates a dominance of cold-based ice
cover. In the Cairngorms, the oldest bedrock surfaces on large
tors offer potential for depth profiles to extend ice cover
histories to beyond 500 ka. Further research is needed in this
and similar landscapes to separate (i) exposure and burial from
(ii) bedrock erosion histories and (iii) the effects of boulder
transportation, disturbance, burial and recycling. This may
require establishing the full range and variability of TCN
inventories across different landscape domains, on landforms
in those domains, and for different nuclides across and at
depth within multiple rock and boulder surfaces (Skov
et al., 2020, Knudsen et al., 2020, Ngrgaard et al., 2023,
Andersen et al., 2020).

Boulder trapping

The accumulation of boulders with a wide range of exposure
ages carries a further implication: that the northern flank of
Lochnagar has acted as a sediment trap during ice-sheet
cycles. Some of the boulders accumulate during corrie
glaciations but they are not removed during the following
cold-based ice-sheet glaciation. Rather, and specific to the
setting, the ice sheet builds up a broad moraine in the mouth of
the corrie. The result is an accumulation of ice-sheet sediment
containing schist erratics derived from further west that are
mixed with local granite.

We propose that the sediment trap on the northern slopes of
Lochnagar results from the way nunatak topography can
enhance ablation. Topography can create zones of enhanced
ablation by concentrating katabatic winds flowing down the
surface of the ice sheet (Sugden and Hall, 2020). Such zones
are common in the lee of nunataks in the Antarctic Ice Sheet
where locally concentrated wind velocities ablate the ice
surface to leave a patch of blue or bare ice. The ablation of
surface ice at the foot of the mountain causes ice to flow
upwards and towards the mountain. In turn, this brings basal
and surface debris to the ice margin (Woodward et al., 2022).

Lochnagar is an ideal location for such enhanced ablation
and deposition. Katabatic winds would flow down from the
main Scottish ice sheet dome in the west and accelerate as
they passed over the mountain summit. At such a time, as in
West Greenland and Antarctica, the ice-sheet winds would be
steered towards the depression in the ice sheet occupied by the
Dee valley outlet glacier. The intensity of ablation would
increase as the mountain emerged as a nunatak and would be
especially important when the relief differential is maximized
and yet the ice sheet is sufficiently dynamic to be forming the
broad moraine. The result would be to accelerate surface
ablation and to cause ice flow and the transport of sediment to
the ice margin in the lee of Lochnagar. The sediment is not
removed by subsequent ice sheets because they are cold-
based. Such a process of accumulation could occur on many
different occasions as the ice sheets grew and declined during
the Quaternary.

Conclusion

This paper brings together and reports on two decades of
cosmogenic isotope exposure age sampling and analysis at
Lochnagar. The northern flank of the mountain holds a clear
geomorphological record of corrie glaciation and the thinning
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of the last Scottish ice sheet over the last ~15 ka. Four samples
from arcuate boulder moraines in Lochnagar corrie yielded
19Be apparent exposure ages of 10.9-16.0 ka; the expected
age is 12.0 ka during GS-1. Seven granite boulders derived
from Lochnagar corrie and sampled from a cross-cutting ice
sheet lateral moraine yielded apparent '°Be apparent ages of
14.0-25.8 ka. Six samples from boulder spreads above the
lateral moraine yielded apparent '’Be exposure ages of
16.2-58.1 ka. The expected age of the lateral moraine based
on a probable synchronous ice advance in the northern
Cairngorms was at the termination of GS-2a at 14.7 ka. On the
Dee valley floor, a boulder train yielded '°Be ages on four
boulders of 12.6-15.4 ka, with a mean of 13.8 ka, close to the
expected deglaciation age. Hence, three datasets above 600 m
a.s.l. have widespread but variable TCN inheritance and each
initially appears to be too noisy for reliable attribution of
deglaciation ages.

The geological uncertainty implicit in variable inheritance
derives from the different histories for rock exposure, burial
and erosion across landscape domains and landforms, and
different scenarios for boulder transport and erosion. Our
results have illustrated how difficult it is to date the timing
of the last deglaciation in such settings. The pattern of
inheritance varies from place to place and from boulder to
boulder. Under these circumstances, the use of means and
other statistics is potentially misleading. Indeed, an investi-
gator of the age of deglaciation is forced into the situation of
leaning on the youngest exposure ages and viewing all older
apparent ages as influenced by nuclide inheritance. The
northern flanks of Lochnagar have acted as a sediment trap
for glacial deposition for the last two Scottish ice sheets and
probably much longer. Our work confirms that the land-
scapes at Lochnagar and in the wider Cairngorms, like many
other plateau domains in areas of former glaciation, have
been shaped over long time periods and through multiple
glacial, interstadial and interglacial periods through
the Middle and Late Pleistocene.
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