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Abstract

This thesis uses geological field data and numerical ice sheet modelling to study the Younger
Dryas ice cap in Scotland. The Younger Dryas stadial is important because it represents the
most recent period of high-magnitude global climate change, and was marked by the expansion
of ice sheets in North America and Scandinavia, and the regrowth of glaciers in the British
Isles. An integrated methodology linking field results and modelling is developed and applied
here, specifically focussing on the deposits, landforms, and palaeoglaciology of Younger Dryas
glaciers in western Scotland. This combined approach enables data of different scales to be
compared, and connected, from local sedimentological investigations and empirically derived
reconstructions, to regional ice-sheet simulations from a high-resolution numerical model. Pre-
vious geological mapping in western Scotland resulted in contradictory views of the thickness
and extent of ice during the Younger Dryas, consequently leading to uncertainty about the
dynamics of the former ice cap. By using a ‘landsystem’ method to characterise the terrain, it
is argued here that geological evidence in the study area implies a relatively thick central ice
cap that fed steep outlet glaciers around its margins. These glaciers oscillated throughout the
stadial, and during deglaciation produced suites of moraines that marked successive positions
of glacier retreat. Widespread preservation of superimposed landforms, and of sediment
sequences pre-dating the Younger Dryas, suggest that, despite being active, the Younger Dryas
ice cap was not particularly erosive in its central area and only subtly modified its bed. These
geological interpretations are supported by high-resolution numerical modelling of the ice
cap, which reveals clear spatial variability in the velocity structure, thermal regime, and flow
mechanism of the ice cap; patterns that led to local contrasts in basal processes and diversity
in the geological imprint. These model experiments also highlight the non-linear relationship
between climate forcing and glacier response, identifying evidence of ice sheet hysteresis and
climatically decoupled glacier oscillations — concepts as relevant to geological investigations of

former ice masses as they are to the prediction of glacier response under future climate changes.
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Chapter 1

Introduction and aims






1.1. Rationale

1.1 Rationale

Establishing the extent of former Younger Dryas — or Loch Lomond — Stadial glaciers in
Scotland has been the subject of a considerable volume of research over the last century, partly
due to the abundance and clarity of glacial landforms, and perhaps more recently because
of the recognition that palaeoglaciological reconstructions can provide information that is
relevant to our increasing awareness of modern climate change. Predicting how contemporary
glaciers and ice sheets will respond to current environmental forcings is, however, hampered
by an incomplete knowledge of the processes involved, their thresholds, lags and feedbacks.
By contrast, the empirical record of previous such scenarios mainly reflects the integrated
signal of these complex processes, and thus presents a distillation of cause-effect relationships.
Although considerable uncertainties still remain, the geological archive can nonetheless be
extremely useful in providing basic insights into the way in which glaciers respond to external
forcings. By combining geological mapping with numerical ice sheet modelling, the nature and
influence of internal (dynamic) forcings can also be established, together offering a powerful
means of reconstructing both the total volume of individual ice masses, and the way in which
they evolved under particular environmental conditions. Additionally, model simulations can
provide information on glacier dynamics that are pertinent to geological investigations, such
as the relative likely proportion of sliding or the relative focus of erosion at the glacier bed,
thereby aiding the way in which empirical data are interpreted. Geological mapping and
numerical ice sheet modelling are thus highly complementary, and when combined effectively,

can potentially provide more accurate and insightful results than either technique alone.

The Younger Dryas stadial was abrupt, and short-lived, and most probably resulted from
a single catastrophic event that was unique to this glacial termination (Broecker, 2006).
Consequently it is more-or-less ‘self-contained’, and thus makes a suitable case study for
understanding rapid climate change and the likely terrestrial and cryospheric responses.
Despite the Younger Dryas glaciation of the western Scottish Highlands having been the focus
of considerable geological research, controversy still surrounds the pattern and style of glacier
inception, the maximum ice-surface altitude that the thickest ice masses achieved, how they
flowed, and the manner in which the main ice cap and its outlet glaciers decayed. Previous
ideas that Younger Dryas glaciers grew from completely ice-free conditions have now been
thrown into doubt by new '°Be exposure ages from northwest Scotland, which indicate that
ice may have survived, and remained active, throughout the interstadial that preceded the
Younger Dryas (Bradwell et al., 2008). In interpreting its maximum extent, some workers
favoured an extensive Younger Dryas glaciation (e.g. Charlesworth, 1955; Horsfield, 1983),
whereas other syntheses prefer more restricted ice growth (Sissons, 1979b, 1980; Clark et al.,
2004). Likewise with regard to the maximum thickness of ice that built up, Thorp (1984,
1986) reconstructed a low aspect-ratio (thin) icefield flowing over widespread deforming beds,
whereas Horsfield (1983) envisaged a thicker ice cap, and suggested that certain landforms in
the area may actually pre-date the Younger Dryas. Final decay of Younger Dryas glaciers was
initially thought to have resulted from in situ ice stagnation (Sissons, 1965), but more recent
work has shown that deglaciation proceeded actively, with dynamic glaciers oscillating during
their retreat (e.g. Benn et al., 1992; Bennett & Boulton, 1993a; Phillips et al., 2002; Lukas,

2005a). Related studies have used the abundance of ‘hummocky moraine’ to suggest that the
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climate of the Younger Dryas was somewhat wetter than present, resulting in glaciers with a
relatively high mass-turnover that transported large volumes of debris to their margins (Benn
& Lukas, 2006).

Empirical investigations such as these are highly informative, but are commonly restricted
in their scope because of the amount of time that is required to undertake detailed field
mapping. Remotely sensed datasets go some way towards speeding up geomorphological
mapping, but lack the ability to provide sedimentological information. Numerical modelling
greatly accelerates the process of glacier reconstruction, but may lack validity without an
empirical grounding. A requirement therefore exists for an integrated approach, in which field
mapping is informed by interpretations of remotely sensed data in order to derive empirical
guidelines for numerical modelling experiments. Model predictions can then also be used

iteratively to evaluate geologically based interpretations.

1.2 Aims of thesis

This thesis aims to evaluate some of the specific controversies outlined above - namely:

1. Did Younger Dryas glaciers grow from ice-free conditions, and did they achieve their

maximum extent and thickness early or late in the stadial?

2. Was the Younger Dryas glaciation extensive or restricted in its extent, and was it char-

acterised by thick or thin ice masses?

3. Did glaciers rely on pervasive deforming beds for motion, or was ice deformation (‘creep’)

instrumental in their flow?

4. Were advance and retreat patterns governed entirely by climatic variability, and did

glaciers stagnate during deglaciation, or retreat actively?

5. What was the dominant climate like in Scotland during the Younger Dryas?
More broadly, the thesis sets out to establish whether:

1. The glacial landforms and sediments of the western Scottish Highlands can be used to

reconstruct the form, extent, and dynamics of the Younger Dryas ice cap.

2. The ice cap can be numerically simulated in a way that honours geological interpretations

not just in this area, but also in a wider Scottish context.

3. These palaeoglaciological reconstructions and ice sheet models can make a contribution
to the understanding of broader issues, such as the sensitivity of modern glaciers to

changes in North Atlantic climate.
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1.3 Geographic & climatological context

1.3.1 The Younger Dryas

The Younger Dryas was defined as a chronozone by Mangerud et al. (1974), spanning the
period 10 - 11 C ka BP. The episode is identified in Greenland ice core records as a period
of renewed cooling — ‘Greenland Stadial 1’ (GS 1) (Bjorck et al., 1998; Rasmussen et al., 2006;
Lowe et al., 2008) — which, (according to the GICC05 age model), started soon after 12.9 ka
BP and terminated at around 11.7 ka BP (Fig. 1.1). Recent insights into the uncertainties
associated with '“C calibration and correlation to ice core records, however, have led some
authors to suggest that the onset and termination of the Younger Dryas may have occurred up
to 300 years later than this (Muscheler et al., 2008). These controversies aside, 680 records
from ice cores and sea bed sediments indicate that during this period, despite increasing
insolation in the northern hemisphere (Imbrie et al., 1984), air and sea temperatures, as well
as sea surface salinity, all underwent a marked decline throughout much of the world (e.g.
Maslin et al., 1995; Kroon et al., 1997; Broecker, 2003). Although relatively short in duration,
the amount of atmospheric cooling in the northern hemisphere during the Younger Dryas was
almost equal to that reached during the coldest parts of the Late Devensian (Weichselian)
(Stuiver et al., 1995). Southern hemisphere ice core records suggest that climatic patterns at
low southern latitudes were similar to those of the northern hemisphere (Fig. 1.1)(Thompson
et al., 1998), whilst higher southern latitude areas, such as Antarctica, appear to have warmed
slightly during the Younger Dryas, following the Antarctic Cold Reversal (ACR, c. 14.5 -
12.5 ka BP, EPICA Community Members, 2006). Climatic extremes were accentuated around
North Atlantic margins (Lowe et al., 1994; Lie & Paasche, 2006), leading to cooler summers
but much more severe winters than the preceding warm period, Greenland Interstadial 1 (GI
1, Denton et al., 2005; Lowe et al., 2008). Exising ice sheets and glaciers readvanced, such as
those covering North America, Iceland, and Scandinavia, whereas other areas, such as Britain,
experienced a regrowth of glaciers from much reduced, if not entirely ice-free conditions.
Whether or not expansion of southern hemisphere glaciers was coincident with those in the
northern hemisphere has long been debated (cf. Clapperton, 1993; Denton & Hendy, 1994;
Broecker, 2003; Sugden et al., 2005). Recent cosmogenic exposure ages, however, appear to
demonstrate that glacier advances both in South America and the sub-Antarctic culminated
prior to, or during the early stages of the Younger Dryas (Fogwill & Kubik, 2005; Bentley
et al., 2007). In non-glaciated areas, the climatic changes during the Younger Dryas produced
considerably drier and windier conditions, leading to widespread periglaciation throughout
much of northwest Europe, increased storminess in Asia, and a global reduction in the extent
of tropical wetlands (Broecker, 2003).

The methane drop seen in ice core records that span the Younger Dryas is not seen in longer
ice cores covering earlier glacial terminations, a factor presumed to indicate that the Younger
Dryas was a unique event, and not typical of deglacial transitions (Broecker, 2006). Since
the Younger Dryas stadial was too short to have been forced by Milankovitch-style orbital
variability, and since it abruptly interrupted a prior warm period (Greenland Interstadial 1),
it is likely that the widespread cooling was brought about by disruption of terrestrial systems,
such as oceanic or atmospheric circulation. Several possibilities have been proposed, including

catastrophic outburst floods, melting of vast armadas of icebergs, and shifts in wind patterns
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Figure 1.1: Global ice core records showing climate variability during the period 18 - 10 ka
BP, based on records from Greenland (GRIP), Kenya (Kilimanjaro), Bolivia (Sajama), and
Antarctica (Byrd). Note the close similarity during the Younger Dryas between the pattern
of fluctuation in Sajama and GRIP, and the mismatch of both with Byrd. Data from
Thompson et al. (1998); Blunier & Brook (2001); Thompson et al. (2002); Rasmussen
et al. (2006). GRIP data is presented according to the age model of Rasmussen et al.
(2006), as employed by Lowe et al. (2008) and Rasmussen et al. (2008).

that gave rise to greater sea ice formation in the northern hemisphere (Seager & Battisti,
2005). The general concensus is that the hemispheric, if not global, cooling most likely
occurred in response to a freshening of the North Atlantic by the rapid input of a large volume
of freshwater. This temporarily disrupted North Atlantic oceanic circulation, particularly the
formation of North Atlantic Deep Water (NADW). Under modern (interstadial) conditions,
North Atlantic Deep Water forms when surface waters of the North Atlantic cool and sink in
the seas over the Greenland - Scotland ridge (Fig. 1.2 A). This overturning generates a deeper
current that returns southward, and in doing so both draws more tropical water northward, and
also limits the incursion into northern seas of cold, Antarctic Bottom Water (ABW) currents.
The NADW is therefore critical in maintaining the ‘heat pump’ that redistributes heat from
tropical areas to the northern seas (Fig. 1.2 B), which in turn heats the air masses that
influence the North Atlantic seaboard, especially northwest Europe. Modelling experiments
demonstrate that any reduction in the efficiency of overturning currents in the North Atlantic
significantly reduces regional air temperatures and can perturb large sectors of the global
climate (Fig. 1.2 C) (Rahmstorf, 2002). A decrease in the amount of NADW formation is
thought to have given rise to a markedly different ‘glacial’ ocean circulation system many times
in the past, in which only shallow overturning occurred, less warm water was drawn northward,
and ABW had greater influence. This state probably existed throughout much of the last (Late
Devensian / Late Weichselian) glacial cycle, when mean air temperatures were significantly
reduced during both summer and winter. If NADW is further curtailed to the extent that little
or no overturning occurs, ABW dominates and severe cooling of neighbouring areas ensues.
Such a scenario probably dominated ‘Heinrich Events’ of the last glacial episode (Fig. 1.2 D),
which were also characterised not just by a drop in mean annual temperatures, but also by

an associated increase in the intra-annual range of temperatures, leading to extremely cold
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Figure 1.2: North Atlantic oceanic circulation, showing A: overturning in the vicinity of
the Greenland - Scotland ridge and formation of North Atlantic Deep Water (NADW),
B: global ocean circulation pattern distributing heat from the tropics to higher latitudes,
C: modelled temperature changes resulting from NADW collapse, D: GRIP ice core data
showing episodes when different ocean states shown in (A) may have prevailed. HO-H6 -
Heinrich Events, YD - Younger Dryas. All redrawn or modified from Rahmstorf (2002).

winters (Isarin & Renssen, 1999; Denton et al., 2005; Lie & Paasche, 2006).

The oceanic forcing mechanism for the Younger Dryas climatic shift is relatively well-
established, but the primary cause of the oceanic freshening is still widely debated. The abrupt
onset of the stadial and its rapid termination may suggest that it resulted from temporary
disruption of the oceanic circulatory system that involved a significant reduction in the
formation of NADW, perhaps in response to a distinct and perhaps catastrophic event. The
North Atlantic thermohaline circulation (THC) relies on effective overturning of the layered
water masses of high latitude seas; large perturbations in the salinity or temperature of surface
waters can therefore be highly disruptive to this process and, if sustained, may result in
switching between the different modes of ocean circulation described above. Such disruption
requires the input of considerable volumes of freshwater into the North Atlantic, and in the
places where it will most strongly affect the THC (Manabe & Stouffer, 2000). Evidence for the
former existence of extensive ice-dammed lakes at the margins of the retreating Laurentide Ice
Sheet (LIS) at the end of the last glacial (Fig. 1.3) led to proposals that their catastrophic
drainage may have released sufficient freshwater into the North Atlantic to shutdown the THC
and to thereby instigate the Younger Dryas cooling (Broecker et al., 1989; Teller, 1990; Teller

et al., 2002). Considerable uncertainty still surrounds the chronology and routing of outburst
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Figure 1.3: Location and total area covered through the 5000-year lifetime of glacial
Lake Agassiz, North America, showing principal outlets: NW - Northwestern outlet, S
- Southern outlet, K - eastern outlets through Thunder Bay area, E - Eastern outlets
through Nipigon basin, KIN - Kinojévis outlet, HB - Hudson Bay route of final drainage.
Modified from Teller et al. (2005).
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floods from Lake Agassiz, with much recent work suggesting that although outbursts occurred
through southern, eastern and northern routes throughout the Lateglacial and early Holocene,
none coincided with the precise timing of onset of the Younger Dryas cooling (Fisher & Smith,
1994; deVernal et al., 1996; Teller et al., 2002; Lowell et al., 2005; Teller et al., 2005). The
exact location of freshwater input has similarly been the source of considerable debate, with
some authors suggesting that the influx took place along the Arctic fringes of the LIS, rather

than from its eastern margins (e.g. Tarasov & Peltier, 2005).

Regardless of the location of flooding, the scenario invisaged above is one of a continual
build-up of meltwater in terrestrial ice-dammed lakes, and episodic release when ice dams
were breached or when outlets opened as a result of steady deglaciation. Recently, however,
suggestions have been made for a more catastrophic triggering of meltwater influx to the North
Atlantic (Firestone et al., 2007). In this novel proposal, extensive and wide-ranging field data
across north-eastern USA is cited as evidence for an extraterrestrial impact event that took
place at around 12.9 ka BP. The suggestion is based on dating of a thick, widespread, carbon
layer marking the apparent demise of the North American Clovis culture, and its stratigraphic
association with deposits exhibiting enhanced iridium levels, magnetic microspherules, carbon,
soot, nanodiamonds, and fullerenes with extraterrestrial helium. The event is thought to

have been characterised by the explosion of a large meteorite above the LIS, which led to
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devastating terrestrial wildfires, significant melting of parts of the ice sheet, and impact
explosions of meteorite fragments that may have led to the break-up and destabilisation
of the LIS sufficient to release dammed meltwater. If correct, this theory explains both
the timing of onset of the Younger Dryas as well as its abruptness and uniqueness. After
catastrophically perturbing the oceanic circulation in the North Atlantic, the THC recov-

ered and resumed the non-glacial state that had begun in the previous interstadial (Fig. 1.2 D).

1.3.2 The Younger Dryas in Scotland

Mean annual temperatures in Scotland declined by around 8 - 10°C during the Younger Dryas
(Hubbard, 1999; Isarin & Renssen, 1999), which was instrumental in the rapid regrowth
of ice in much of Scotland and parts of northern England (Clapperton, 1997; Hubbard,
1999). A coeval southerly shift in the location of the oceanic polar front (Ruddiman &
MclIntyre, 1981; Bard et al., 1987; Isarin & Renssen, 1999) possibly produced more vigorous
atmospheric circulation that may also have given rise to increased precipitation in western
Scotland (Ballantyne, 2002). Palaeoglaciological reconstructions by Sissons (1979c, 1980)
suggested that the dominant snow-bearing winds were southerlies whilst the snow-blowing
winds were west- or south-westerlies. The high mountains flanking Rannoch Moor most
probably acted as ‘snow-fences’ (cf Andrews et al., 1970), accumulating large volumes of snow
that initially enabled ice build up in corries and on plateaux, and ultimately led to the growth
of a substantial ice cap that fed interconnected outlet glaciers (Golledge & Hubbard, 2005).
North-south and east-west precipitation gradients limited effective accumulation beyond the
central area (Sissons & Sutherland, 1976; Clapperton, 1997; Hubbard, 1999), so that around
the ice cap margins, extensive icefields developed (e.g.  Bennett & Boulton, 1993a; Benn
& Ballantyne, 2005; Lukas, 2005b), but the considerably reduced precipitation further east
was only sufficient to nourish corrie glaciers (Brazier et al., 1996a,b). Widespread periglacial
activity occurred throughout northern Britain. This glacial state persisted for approximately
1.2 kyr (Alley, 2000; Rasmussen et al., 2006), towards the end of which the Younger Dryas ice
masses began to decay - at first slowly, triggered by reduced precipitation that led to active
recession involving numerous stillstands and minor readvances, and subsequently more quickly
as a result of rapid climate warming (Dansgaard et al., 1989; Benn et al., 1992; Dix & Duck,
2000). Localised ice stagnation only occurred where topographic barriers cut-off ice tongues

from their accumulation areas (Benn, 1992).

1.3.3 Previous work in the study area

The magnitude and spatial variability of palaeoclimatic forcing during the Loch Lomond
Stadial had a significant impact on the extent, geometry and dynamics of the resulting glaciers
(Sissons, 1980; Bennett & Boulton, 1993a; Benn & Ballantyne, 2005; Golledge et al., in press).
Topography played an equally important role in controlling ice build up and its pattern of
flow. The western Highlands are dissected by deep valleys such as glens Orchy, Lochy and
Fyne (governing ice flow to the west), and glens Lyon and Lochay in the east (Fig. 1.4). Glen
Falloch and Glen Dochart drain the southern extent of the study area, southward and eastward

respectively. The extent to which this pattern of topography controlled the southward dispersal
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Figure 1.4: Digital terrain model (DTM) of part of the western Scottish Highlands, show-
ing principal valleys, mountain summits, lochs and settlements. Box shows approximate
area of field mapping described in this thesis.

of ice from the main ice cap accumulation zone has long been debated. Geomorphological
mapping by Thompson (1972), Horsfield (1983) and Thorp (1984, 1986, 1987, 1991a) identified
many of the landforms and landform-sediment assemblages present, which allowed each to
make inferences about the size and dynamics of the former Loch Lomond Stadial ice cap in

this area.

Taking the early Geological Survey Memoirs as starting points, Thompson (1972) added
his own field observations and suggested that Glen Lyon was formerly occupied by a dynamic
eastward-flowing valley glacier that may have been sourced at altitudes of >900 m a.s.l. He
proposed that the numerous corries and high valleys surrounding Glen Lyon acted as the main
accumulation areas for the snow (and ultimately ice) that fed the Glen Lyon glacier. The ice
descending from these accumulation areas is suggested to have bifurcated and also fed the Glen
Lochay glacier to the south. Thompson identified that high-level cols had been streamlined,
and suggested that the ice that had flowed across them moved westwards and north-westwards
away from Glen Lyon towards Loch Tulla. It was also argued that the considerable thickness
of local ice in Glen Lyon prevented Rannoch ice from flowing south (Thompson, 1972, :
p 143). The absence of Rannoch granite erratics in the Glen Lyon area, noted earlier by
Hinxman et al. (1923) was used to support this reconstruction, and mounds identified in

Coire Eoghannan at 760 m a.s.l. were taken as evidence for a minimum ice thickness in that area.

Subsequently, Horsfield (1983) set out to test two other deglaciation scenarios in the area

against geomorphological evidence mapped from aerial photographs. The first tested was
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that of Charlesworth (1955), who proposed that the moraines and other ice-marginal features
represented the last glaciers in this area, following his ‘Highland Readvance’. The second
scenario was that of Sissons (1965), who instead argued that the hummocky moraine seen
throughout the area was a result of in situ stagnation of glaciers that developed in the western
Highlands after the Main Late Devensian ice sheet had disappeared. Horsfield (1983) used
ice-marginal features interpreted from air photos to constrain the size and extent of the ice cap,
and used palaeo-iceflow indicators to reconstruct its dynamics. Horsfield concluded that during
the Loch Lomond Stadial, the ice cap that overwhelmed this part of the western Highlands
was centred on the Etive and Nevis mountains west and northwest of Rannoch Moor, and had
a maximum surface altitude of >1000 m a.s.l. Importantly, Horsfield was one of the first to
suggest that the ice then retreated actively back to these centres, rather than decaying in situ.
Whilst accepting many of Charlesworth’s (1955) maximum limits, Horsfield disagreed with his

‘valley glaciation’ interpretation.

Working generally in the mountainous area north and west of Rannoch Moor, Thorp
(1984, 1986) mapped moraines, thick drift, fluvioglacial landforms, erratics, ice-smoothed
bedrock, striae, friction cracks and relict periglacial forms in order to determine the upper
limits (trimlines) of Loch Lomond Stadial ice masses. After extensive mapping, Thorp
reconstructed the extent of the Loch Lomond Stadial icefield in the western Highlands and
described its morphology and dynamics, including calculations of basal-shear stresses for the
main outlet glaciers (Thorp, 1991b). Thorp envisaged a low-aspect ratio Loch Lomond Stadial
icefield, drained by numerous fast flowing valley glaciers, significantly thinner than previous
reconstructions with ice-shed altitudes of approximately 750 m a.s.l., a maximum width of 80

km and an area of 2000 km?2.

Compared to this relative wealth of geomorphological research, very little work has been
published on the sedimentology and stratigraphy of the study area. Sutherland (1993)
stated that deposits pre-dating the Loch Lomond Stadial were ‘not known’ in this area (p
307), but new data presented in this thesis provides evidence to the contrary (Golledge,
2007a,b). In fact, the Loch Lomond Stadial ice cap in the study area appears to have
‘recycled’ subglacial material, and remoulded existing landforms, rather than completely
removed them. Preservation of pre-existing deposits was determined by their location within
the ice cap, with the thickest sequences of older sediments coinciding with zones of low
basal velocity (Golledge et al., in press). Formation of the present landscape was therefore
glaciologically conditioned, and now incorporates elements pertaining not only to the preced-

ing Main Late Devensian glaciation, but in some instances also to even earlier glacial deposition.

1.4 Methods

1.4.1 Field mapping

Field mapping was carried out by walkover survey, during which as many observable geo-
morphological features and geological boundaries as possible were recorded, together with

descriptive notes and detailed logs of sedimentary exposures. Description of landforms and
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sediments, and their depiction on field maps, followed standards defined by the British
Geological Survey 1:10 000 scale Map Specifications (Ambrose, 2000). Pencilled linework was
inked-in and coloured-up prior to creation of digital ‘clean copies’. Section logs were recorded
using British Geological Survey ‘GN’ record cards, including key header data such as date,
geologist identifier code, and National Grid Reference of locality. Ordnance Survey map bases
of 1:10 000 and 1:25 000 scale were used to record spatial data, with 5 m or 10 m contour
intervals. Surveys in 2004 - 2006 used traditional paper map bases, whereas digital mapping
was undertaken in 2007 using a ruggedised Tablet PC and ArcGIS 9.1 software. The mapping

techniques employed were largely the same, regardless of the means of data recording.

Stereographic 1:24 000 scale monochrome aerial photographs were used for a large part of
the study area, for the identification and mapping of geomorphological features and geological
boundaries. Wherever possible, an inital interpretation of the imagery was made prior to
field survey, with further iterative use in field accomodation during field work, and in the
office subsequent to field survey, to amend or extend linework where appropriate. In some
areas, where digital imagery was available, this was done within the ArcGIS environment to
ensure geospatial accuracy. Considerable use was made of the Next MAP Digital Terrain Model
(DTM), both for mapping landforms and geological boundaries where possible. The dataset has
a vertical accuracy of 1.2 m and a horizontal resolution of 5 m, equivalent to 0.5 mm on a 1:10
000 scale map, or 0.2 mm at 1:25 000 scale. Artificially illuminating the dataset from different
angles produces different results, and so features mapped from these DTMs were carefully
checked against other data sources, such as aerial photographs or field observations, before final
interpretations were made. Use of this dataset on the Tablet PC in the field enabled the rapid
identification of areas of complex geomorphology, and allowed strong geological boundaries
(such as fluvial terraces) to be mapped quickly and accurately. Field data captured on paper
maps was finalised, inked-in and edge-coloured either during or subsequent to the field mapping
period. Finished linework was then digitised either by myself or by BGS Cartography, using
ArcGIS. Data recorded digitally in the field was finalised on-screen before transfer to BGS
Cartography for archiving in corporate databases.

Additional field data, in the form of notecards, photographs and samples, were recorded and

databased according to BGS corporate policy.

1.4.2  Analytical techniques

Laboratory analysis techniques were used for a small part of the thesis work. For particle size
analysis of subglacial till units in the study area, samples were disaggregated using sodium
hexametaphosphate and agitated in a sonic bath, sieved to isolate sediment <900 pm, then
repeatedly flushed through a Coulter LS100 Laser Diffractometer to derive size frequency
data. X-Ray diffraction was undertaken in order to shed light on the likely chemical com-
pounds present in the till matrix of each subglacial unit. For this, samples were freeze-dried,
ground to a fine powder, mounted in metal discs and analysed in a Phillips PW 1800 X-Ray
Diffractometer to produce diffractograms. The presence of particular compounds was judged
by comparison of diffractogram peaks with standard spectra. All stages of these analyses were

carried out under the supervision of Ann Mennim at the Grant Institute, Edinburgh University.
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A small amount of preparatory work was also required for the cosmogenic dating samples.
This involved crushing and milling of rocks in the Grant Institute rock crushing laboratory,
followed by ‘cleaning’ of the quartz in the cosmogenic preparation laboratory of the Geography

Department, University of Edinburgh. This latter stage was undertaken by Dr. Steve Binnie.

1.4.3 Digital data manipulation and interpretation

Increasing availability of digital data sets and improving computing performance have en-
abled considerably greater geospatial data processing capabilities than previously feasible.
Commonly, a standard Geographic Information Systems (GIS) interface is used to collate
disparate data sets within a single environment. For this thesis I have used ArcGIS, including
ArcMap (Arclnfo interface), ArcCatalog, ArcToolbox, and ArcGlobe. Geological field data
was captured from georectified traditional paper maps by digitising attributed lines, points and
polygons using the ArcGIS-based BGS Geological Spatial Database (GSD). This application
includes a variety of customised tools and settings developed by BGS specifically for digital
geological data capture, and is increasingly closely linked to the field-based digital data capture
system, MIDAS (Mobile Integrated Data Acquisition System). Field data recorded both on
paper maps and digitally using MIDAS were integrated into a single GSD project for ease of

interpretation and map compilation.

ArcGIS also lends itself to data manipulation and to geoprocessing tasks. I used ArcGIS,
for example, to digitise ice surface contours for the palaeoglaciological reconstruction in
Paper III (Golledge, 2007a). From these contours a gridded surface was computed, enabling
pseudo-3D visualisation of the reconstructed ice cap and thus facilitating comparison with
primary field data and numerical model output. Grid data also allow raster calculations to
be performed, such as calculating ice thicknesses or driving stresses from ice surface and bed
topography data. Spatial analysis techniques enable surface slope angles and azimuths to be

generated, from which former ice flow can be inferred.

The numerical modelling component of this thesis relied heavily on ArcGIS for the
interpretation and assessment of model output. Floating-point grid data produced by model
runs were converted to ESRI grid format and displayed in a GIS project that also held digitised
empirical data, such as reconstructed glacier limits from the Britice compilation (Clark et al.,
2004), from other published surveys (e.g. Bradwell, 2006; Finlayson & Bradwell, 2007), and
from my own mapping. Raster calculations between grid layers enabled derivatives of the
model outputs to be calculated, such as meltwater flow accumulation from hydrologic potential
and bed topography, or erosion potential from basal velocity and ice thickness (Golledge et al.,
in press). Functionality implemented in ArcGIS 9.2 allowed batch geoprocessing for the first
time within the ArcMap interface, enabling the rapid import, export or conversion of multiple

grid files.
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1.4.4 Numerical ice sheet modelling

The ice sheet model used for the simulations described here (Papers VI and VII, Golledge
et al., 2008a, in press) is one modified by Dr. Alun Hubbard from that which was used in the
first high-resolution model of the Scottish Younger Dryas ice cap (Hubbard, 1999). This three-
dimensional thermomechanical model allows the accumulation and flow of ice to be simulated
using input data of topography, temperature depression from present, and the precipitation dis-
tribution. Variables within the model parameter file allow aspects such as the amount of sliding,
or rate of calving, to be adjusted. I used the model to predict the likely spatial pattern of ice
build-up during the Younger Dryas by assuming initially ice-free conditions, and by imposing
climatic changes that included stepped temperature depressions, as well as more variable scaled
GRIP-pattern temperature changes. Precipitation is controlled by linearly reducing present
precipitation between start and end point coordinates. Sensitivity tests were used to establish
the approximate degree of influence exerted by each of the key variables (temperature, precipi-
tation, and sliding), with specific experiments designed to identify the combination of variables

and their ranges (‘parameter space’) that most realistically reproduce empirical reconstructions.

Model output data was imported into ArcGIS for visualisation, interpretation, and for
derivative calculations, as described above. Use of the ArcMap platform in this manner
greatly facilitated the iterative nature of the empirical-numerical comparisons. Model outputs
imported into an ArcGIS MIDAS project for field mapping in 2007 allowed direct evaluation
of model predictions in the field, and comparison against the empirical evidence. Using the
modelling in this way lends greater credence to spatial relationships that were previously
simply intuitive, for example, the correlation between low velocity zones and the occurrence
of thick, preserved sediment sequences. Consequently, greater confidence can be placed on
inferences drawn from model predictions, which is of considerable benefit in areas where field

data are lacking.

1.5 Thesis format

This thesis is constructed as a series of seven integrated papers, each addressing one of the
four broad chapter themes. There are two reasons for using this format: firstly, the research
aimed to cover widely ranging studies, from the very detailed study of sedimentary sequences
in individual valleys, to regional ice surface reconstructions from geomorphological evidence,
to the very widest scale of modelling the Younger Dryas ice build-up throughout mainland
Scotland and proximal islands. Secondly, the research was undertaken on a part-time basis,
tightly integrated with the BGS mapping programme and the remit of the ‘Geology of the
Grampian Highlands’ project. Consequently, there was a need to produce output throughout

the lifetime of the project, rather than compile all the research at the end of the research period.

The geological work on which the papers are based was conducted concurrently as field
mapping progressed from one area to the next, however, the detail of their interpretation
is presented separately in order to do justice to each theme rather than each geographical

area. Thus sedimentology is largely separated from geomorphology, and both are treated
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in isolation from the modelling. Naturally, some degree of overlap exists, since sediments
cannot be entirely divorced from the landforms that they compose, and vise versa. Later
papers attempt to build on and develop ideas of earlier papers, add new interpretations, and
if necessary address previous shortcomings. The papers were, however, written in a different
order to their presentation here. This is because each paper reports findings and ideas as they
occurred during the research, aware that they formed part of a larger investigation but isolated
in the sense that further work was required on other aspects of the thesis. Here the articles
are presented in an order that aims to show an increasing scale of interpretation, starting
with a local sedimentological investigation in a single valley and culminating in more generic
glaciological inferences concerning the Younger Dryas ice cap as a whole. Whilst this perhaps
obscures the linearity of research evolution, conceptually it makes far greater sense and is
intended to draw attention to the notion that local studies can be of great value to much larger

scale interpretations, if intermediate stages are able to interpret and extend them correctly.

The main aims, methods and principal conclusions of each paper are summarised at the
beginning of each chapter, in order to give an overview of the chapter as a whole and its role,
or context, in the thesis. These summaries also explain the level of input to each paper by any
co-authors, and in one instance, the way in which the content has been modified from the pub-
lished version. All of the papers have either been published, or are currently in press. With the

exception of Paper IV (Golledge, 2006), all the articles were submitted to international journals.
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2.1 Summary

Previous geological investigations in the study area have focussed largely on the geomorpho-
logical aspects of the landscape, and have paid less attention to the sedimentary archive. The
detailed mapping carried out for this research involved considerable sedimentological logging

and analysis, in order that,
1. typical facies types could be identified,
2. the spatial distribution of facies may be deduced, and
3. a local stratigraphy might be constructed.

By recording the above, landform composition may be established, and inferences can be made
with regard to the glaciodynamic conditions under which the sediments were deposited, and,
in some cases, subsequently disturbed. In this way, the geological record can be considered in
a more complete way than when landforms are interpreted in isolation, enabling more solid

conclusions to be drawn.

The first paper describes a series of exposures in a single valley in the south of the study
area, each section revealing sediments typical of deposition in an aqueous environment. The
facies types and their inter-relationships suggest that much of the sediment was laid-down in an
ice-marginal lake in this valley, Glen Chaorach, when the Younger Dryas glacier still filled the
much larger Glen Dochart, to the north. Significantly, glaciotectonic structures in several of the
sediment sequences demonstrate that the ice margin embayed in Glen Chaorach periodically
readvanced into the lake and deformed the sediment pile accumulating at and beyond the
glacier grounding line. The landforms produced by these oscillations are interpreted as De
Geer moraines, which are more commonly associated with marine margins of larger ice sheets.
The conclusions drawn in this article emphasise the importance of detailed and geographically
focussed sedimentological investigations in interpreting former glacier dynamics at a local
scale. Emrys Phillips assisted through discussions concerning the nature and interpretation
of the sedimentary sequences and their tectonic structures. All the text was written, and all

figures drafted, by myself.

The second of the following two papers reports sedimentological investigations of a larger
scale, describing, categorising, and interpreting 53 sedimentary sequences in the wider study
area. By identifying eight facies types according to factors such as grain size, sorting, and
lithology, sediments recorded in disparate areas are correlated or contrasted with one another.
The order of superposition of the sediments, when thus correlated, enables a local stratigraphy
to be defined for the first time in this area. Relationships between the sediment units, in terms
of the nature of their upper and lower bounding contacts, provides further information on the
mode of deposition or emplacement of each unit. On the basis of these investigations, this
paper assigns a tentative age to each of the eight facies, concluding that only the uppermost
sediments are attributable to the Younger Dryas glaciation. Other sediments lower in the
overall stratigraphic sequence are thought to represent Late Devensian glaciation, and the
very lowest facies are likely much older. These findings provide the first sedimentological and

stratigraphic evidence in this area for partial preservation of pre-existing sediments through
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subsequent glaciations, and enable inferences to be made with respect to the basal conditions
of these later glaciers. [NB: In its published form (Quat. Res., 68, 79-95), this paper included
an incorrect version of Table 1; the correct version was subsequently published as a ‘Corri-
gendum’ (Quat. Res., 68, 456-457). In this thesis, only the correct version has been reproduced.]
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Abstract Golledge, N. R. & Phillips, E. R. 2008 Sed. Geo. 208, 1-14

Sedimentology and architecture of De Geer moraines in the
western Scottish Highlands, and implications for

grounding-line glacier dynamics

Nicholas R. Golledge!-2, Emrys R. Phillips!
I British Geological Survey, West Mains Road, Edinburgh, EH9 3LA, UK
and 2School of Geosciences, University of Edinburgh, West Mains Road, Edinburgh, EH9 3JW, UK.
ph: +44 131 667 1000, fx: +44 131 668 1535, email: n.golledge@bgs.ac.uk

Abstract

Sedimentary exposures in moraines in a Scottish Highland valley (Glen Chaorach), reveal
stacked sequences of bedded and laminated silt, sand and gravel, interspersed or capped with
diamicton units. In four examples, faults and folds indicate deformation by glaciotectonism and
syndepositional loading. We propose that these sediments were laid down in an ice-dammed
lake, close to the last ice margin to occupy this glen. Individual units within cross-valley De
Geer moraine ridges are interpreted by comparison with examples from similar environments
elsewhere: stratified diamictons containing laminated or bedded lenses are interpreted as sub-
aqueous ice-marginal debris flows; massive fine-grained deposits as hyperconcentrated flows,
and massive gravel units as high-density debris flows. Using an allostratigraphic approach we
argue that glaciotectonically deformed coarsening-upward sand and gravel sequences that culmi-
nate in deposition of subglacial diamicton represent glacier advances into the ice-marginal lake,
whereas undisturbed cross-bedded sand and gravel reflects channel or fan deposits laid down
during glacier retreat. A flat terrace of bedded sand and gravel at the northern end of Glen
Chaorach is interpreted as subaerial glaciofluvial outwash. On the basis of these inferences
we propose the following three stage deglacial event chronology for Glen Chaorach. During
glacier recession, ice separation and intra-lobe ponding first led to subaquaeous deposition of
sorted and unsorted facies. Subsequent glacier stabilisation and ice-marginal oscillation pro-
duced glaciotectonic structures in the ice-marginal sediment pile and formed De Geer moraines.
Finally, drainage of the ice-dammed lake allowed a subaerial ice-marginal drainage system to
become established. Throughout deglaciation, deposition within the lake was characterized by
abrupt changes in grain size and in the architecture of individual sediment bodies, reflecting
changing delivery paths and sediment supply, and by dynamic margin oscillations typical of

water-terminating glaciers.

KEYWORDS: De Geer moraines; Scotland; grounding-line; palaeoglaciology; Younger Dryas.
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2.2 Introduction

‘Water-terminating glaciers’ are those whose margins are at least partially floating, either in
a marine setting or in an ice-marginal lake. They play a key role in ice sheet mass balance
by facilitating episodic calving of potentially large volumes of ice — a process evident at the
periphery of modern polar ice sheets (Rignot & Kanagaratnam, 2006) — and may be responsible
for greater mass loss from the glacier system than terrestrial margins (Reeh, 1968; Paterson,
1994). Consequently there is a clear need for effective recognition of their signature in the
geological record if we are to fully appreciate the behavioural dynamics of former ice masses,
and any connection these may have to the climatic or internal forcings that gave rise to them
(e.g. Peck et al., 2007).

Glaciers terminating in water become buoyant where the depth of water is sufficient to
counter the thickness-dependent normal stress of the ice margin, according to the difference
in their relative densities. Extensional flow towards the margin, due to reduced basal
drag, as well as flexuring induced by water-level fluctuation, leads to the development of
both basal and surface crevasses. Calving occurs when surface crevasse depths equal the
height of the ice cliff above water level, and it is the pattern of these major crevasses — or
rifts — that controls the location of slab or block detachment (Benn et al., 2007a,b). As a
consequence of these specific conditions, floating margins are susceptible to rapid and cyclical
fluctuations in the location of their grounding line, giving rise to distinctive landform suites
known as De Geer moraines, the form and composition of which reflect the dynamics of the
glacier under which they formed. Accurate identification of these diagnostic landforms and
sediments therefore plays an important role in identifying water-terminating glacier margins

in all previously glaciated terrains, regardless of whether the water body is marine or lacustrine.

Terrestrial De Geer moraines within the limits of the last British Ice Sheet have more-or-less
escaped attention until now, especially those formed by Younger Dryas age glaciers. Dix &
Duck (2000) present the only description of such landforms from Scotland, based on seismic
stratigraphic data from a sea loch on the Isle of Skye. They conclude that at least one of the
marine-terminating glaciers draining the Younger Dryas Skye ice cap reworked earlier deposits
and formed push moraines at its grounding line during a period of oscillatory retreat early
in deglaciation. As yet, however, no published studies specifically describe De Geer moraines
from mountainous areas of Scotland, despite the very likely occurence of such landforms in
areas of high relief where separating or retreating ice margins flowed against reverse slopes and
impounded meltwater (e.g. Borgstrom, 1979; Benn et al., 2003; Heyman & Héttestrand, 2006).

Whilst some workers differ in their interpretations of De Geer moraine genesis, most are
agreed on the general scale, context and morphology of these landforms (Table 2.1). Typically
these moraines are less than 10 m high, a few tens of metres in width, and several hundreds
of metres long. They form subaqueously at or near ice margins, and are aligned transverse
to iceflow. Originally described by De Geer (1889), and named after him by Hoppe (1959),
these features are also known as ‘minor moraines’ (Lee, 1959; Smith, 1982), ‘washboard
moraines’ (Mawdsley, 1936), ‘transverse eskers’ (Virkkala, 1963) and ‘cross-valley moraines’
(Andrews & Smithson, 1966; Heyman & Héttestrand, 2006). Although the origin of De Geer

moraines is widely debated, two main interpretations are favoured. One explanation for these
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Facies &
Study site Orientation Scale Spacing  Slope architecture Interpretation Reference
Height Width Length
Glen Chaorach, Broadly <10m 20-35m 50-100m 30-400m Asymmetric, Diamicton, silt, Ice-marginal This study
western Scottish perpendicular to steeper distal sand and gravel; subaqeous debris
Highlands valley axis and slope intercalated, flows, lake floor
presumed ice stratified, folded, deposits,
flow thrust deformation by
oscillating ice margin
Raudvassdalen, Perpendicularto 0.5-5m 1-30m <300m 25-240m, Symmetrical, Till, glaciofluvial ~ Overridden Blake (2000)
Northern ice flow; oblique av. 86m  20deg, some sediments, grounding line
Norway to valley slope slightly steeper marine deposits
down-ice sediments;
folded, stacked,
deformed
Norrbotten, Transverse to 1-3m  av. 30m 100m- 50-200m Asymmetric, Diamictons, silt, Intercalated Linden &
Northern iceflow, upflow 3km steeper distal sand, gravel and deforming bed Moller
Sweden concave in slope cobbles; diamictons and (2005)
topographic stratified, glaciofluvial canal-
lows, convex on interfingered, infill sediments, syn-
elevated ground stacked, folded, and post-depositional
thrust deformation, distal
slope prograding
sediment gravity
flows
Loch Ainort, Perpendicular to 0.2- <30m 40-470m <70m Asymmetric, Poorly-sorted Subaqueous Dix & Duck
western valley axis and 12m steeper proximal sandy muddy grounding line (2000)
Scotland presumed ice slope (18deg vs gravel moraines
flow 11deg distal) interpreted as
glacigenic
diamicton
More, western  Perpendicular to 3-6m 20-30m 250m- 50-1200m N/A Sandy diamicton, Formation at a Larsen et al.
Norway ice flow, slightly 10km sorted sediments, retreating glacier (1991)
convex or isolated clasts; grounding line
concave stacked, sheared,
faulted, liquified,
diapir structures
Swedish Cross-valley, 1-10m N/A 10's- N/A N/A N/A Formed at terminus  Heyman &
mountains straight or 1000's m of water-terminating Hattestrand
slightly convex glaciers flowing up-  (2006)
downvalley valley
Quebec, Canada Perpendicularto 1-10m N/A N/A 60-400m Symmetrical or Predominantly Deposition from Beaudry &
ice flow, some asymmetrical glaciofluvial meltwater flowing Prichonnet
chevron shaped sediments, often through transverse  (1991)
glaciotectonised subglacial cavities
Swedish Transverse to <4m 1-20m <200m 30-50m  Symmetrical or Mainly firm, Subaqueous Borgstrom
mountains iceflow, straight asymmetrical sandy till, rare moraines formed at  (1979)
or slightly glaciofluvial or near the ice
concave up- material margin
valley
Pasvik, north Transverse to <10m 50m 1km 10's-100's Steeper distal Proximal side — Subaqueous Sollid (1989)
Norway iceflow m side homogeneous glaciofluvial
sandy material, deposition along ice
distal side — margin, from
interbedded till  debouching central
and sorted conduit
sediments
Finland Straight, 1-3m  10-20m 100m- 60-180m Symmetric or Sandy and poorly- Squeezing of Zilliacus
transverse to 2km steeper distal sorted till subglacial till up into  (1989)
iceflow side subglacial crevasses
following surge
advance

Table 2.1: Characteristics of De Geer moraines from published examples, as well as data
from the features described in this study.

linear, closely spaced moraines is that they formed subglacially in crevasses at the glacier bed,
some distance behind a calving margin (Zilliacus, 1989). Surge advance of a glacier margin
produces stresses parallel to the ice front, leading to the development of basal crevasses. Where
the advanced margin is initially floating, subsequent settling of the crevassed glacier sole
into unconsolidated sediment leads to bi-directional squeezing and infilling of the cavity. A
variation on this interpretation is favoured by Sollid (1989) and Beaudry & Prichonnet (1991),
who invoke subglacial deposition from meltwater within the basal crevasses in preference to
sediment squeezing to explain the glaciofluvial sediment within De Geer moraines in northern
Norway and southeast Canada, respectively. Both mechanisms necessitate rapid lift-off and
almost instanteous recession of the glacier in order to preserve these landforms and avoid any

reworking during subsequent marginal oscillations.

Others have suggested a quite different mode of formation. This alternative model
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requires deposition of sorted sediments beyond the grounding line of a water-terminating
glacier, and subsequent deformation of these sediments into transverse ridges by ice-marginal
advance (Larsen et al., 1991; Blake, 2000; Dix & Duck, 2000; Lindén & Moller, 2005). In this
scenario, stacked sequences of fine-grained sediments are common, and diamicton units are
interpreted as redeposited (water-lain) till, lodgement till, or subaqueous debris-flow deposits.
Characteristically, De Geer moraines are seen to form at the grounding line of a glacier,
whether the margin is a floating tongue, an overhanging cliff, or is completely grounded
and only calving above the waterline. Few workers claim chronological inferences from De
Geer moraines, as originally proposed (De Geer, 1889), but many accept that the accurate
genetic interpretation of their sedimentary and geomorphological characteristics can be highly

instructive with respect to understanding former glacier dynamics at retreating margins.

Here we describe a series of sedimentary exposures in the De Geer moraines of Glen
Chaorach in the western Scottish Highlands, in order to better understand sedimentological
processes and glacier dynamics at water-terminating margins. Exposed sections at nine local-
ities are interpreted by comparing their constituent facies with those from other deglaciated
environments. By coupling the sedimentology with architectures suggestive of glaciotectonic
deformation, we present an allostratigraphic interpretation in which we make inferences with
respect to the dynamics of the former outlet glacier during overall ice-cap recession. The
resulting event chronology identifies three key stages of deglaciation — glacier separation,
intra-lobe lake development with ice-margin fluctuation, and final lake drainage associated

with deglaciation.

2.2.1 Study area

In the western Scottish Highlands climatic deterioration during the latter stages of the Win-
dermere (Allergd) Interstadial (c. 14.5-12.9 ka BP) instigated the regrowth of an ice cap that
extended 150 km from north to south and around 50 km from east to west (Sissons, 1980; Thorp,
1986; Ballantyne, 1997) (Fig. 2.1). The ice cap consisted of a major dome over Rannoch Moor
feeding outlet glaciers south to Loch Lomond, west to Loch Awe, Loch Etive, and Glen Coe,
north through Loch Ericht, and eastwards via Loch Rannoch, Glen Lyon and Glen Dochart
(Thompson, 1972; Sissons, 1979b; Horsfield, 1983; Thorp, 1986; Golledge, 2006, 2007a). Sep-
arate icefields accumulated around the fringes of the main ice mass, and fed topographically
constrained valley glaciers that deposited suites of ‘hummocky moraine’ and other ice-marginal
landforms during their retreat (Bennett & Boulton, 1993a; Lukas, 2005a; Benn & Ballantyne,
2005; Bradwell, 2006; Finlayson, 2006).

During the Younger Dryas glaciation a major eastward-flowing outlet glacier — the Dochart
Glacier — drained a significant part of the main ice cap by connecting Strath Fillan to Loch
Tay, where the glacier is thought to have terminated (Thompson, 1972; Sissons, 1979b).
Glen Chaorach is a south-trending tributary valley of Glen Dochart (Fig. 2.2), and during
deglaciation it hosted an embayed marginal lobe of the Dochart Glacier. At its northern
end, the valley is characterised by abundant morainic landforms, valley-side till cover, and
spreads of glaciofluvial sand and gravel. Higher ground to the south has a somewhat sparser

distribution of moraines, with thinner, less extensive till cover and with more widespread
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Figure 2.1: The location of the study area in a Scottish context, and in relation to the
extent of Younger Dryas glaciation (shaded area) in the western Highlands (from various
sources). Note the position of the site at the margin of a key eastward-draining outlet
glacier. Abbreviations: GD - Glen Dochart, LL - Loch Lomond, LA - Loch Awe, LE -
Loch Etive, GC - Glen Coe, LEr - Loch Ericht, LR - Loch Rannoch, GL - Glen Lyon, SF
- Strath Fillan.

evidence of bedrock at or near surface.

2.2.2  Geomorphology and context of exposures

The landforms of Glen Chaorach are predominantly elongate ridges that trend obliquely across
the axis of the valley from approximately southwest to northeast (Fig. 2.2). The ridges are
linear or weakly curvilinear and are convex either up- or down-valley. They are typically less
than 10 m high, 20 to 35 m wide, and up to 100 m in length. Inter-ridge spacing varies between
30 and 400 m, and individual ridges are typically asymmetric with a steeper southern side
(Table 2.1). In Glen Dochart, rounded mounds up to 20 m high and 150 m long rise above the
present valley floor. These typically larger features are less elongate than those in Glen Chao-
rach. Between these two groups of mounds are terraces, the flat surfaces of which are locally
punctuated with discrete rounded mounds up to 5 m high. Several large channels up to 500 m
long incise the terraces, in many cases originating above the terraces on till or bedrock slopes,
and in all cases descending to the northeast. Many of the higher slopes flanking Glen Chaorach
are free of superficial deposits, and largely consist of approximately flat-lying metasedimen-
tary bedrock. The rock is ice-scoured at elevations up to c¢. 550 m, and hosts perched
boulders in some areas (Fig. 2.2). At these higher levels, glacial meltwater has exploited

structural weaknesses in the bedrock and incised northeast-trending channels up to c. 5 m deep.

The sedimentary sequences described here are all located in the lower, northern part of
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Figure 2.2: The physiography and simplified geology of Glen Chaorach and its confluence
with Glen Dochart, showing the positions of numbered locations described in the text
and other localities where sediments were observed. Topographic contours are at 10 m
vertical interval, derived from Ordnance Survey Profile data, (©) Crown Copyright.
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Composition Character Facies Description and Code Interpretation Environment References
Diamicton Massive 1 Diamicton, matrix or Debris flow or Subgladal depesition femplacemeant Zielinski at al (1996); Brazier
clast-supported, massive submarginal directly from the glacier sale et al {1998); Blake (2000)
(DmmyDom)
Stratified 2 Diamicton, matrix or Debris flow Ice-marginal, high energy, episodic
clast-supy

stratified [Dms;'Dcsj

Grave| Massive, 3 Gravel, massive, sorted  Debris flow Ice-proximal, high energy, episodic. Lowe (1982); Lonne(1993,
sorted {Gms) Subaerial or subaqueous, loeberg 15995); Nemec et al (1999);
Massiva, 4 Gravel, massive ar High-density debris flow, overturning :ﬁ%i?ﬂu}; WiEman ot
unsorted or openwork (GmyGao) or subzeral glaciofluial
openwork
Normalky 5 Gravel, fining-upwards  Low-density debris flow
graded (G}
Reverse & Gravel, coarsening- Drebris flow
graded upwards [Gou)
Sand Massive ? Sand, massive (Sm) Hyperconcentrated flow  Relatively high velocity, turbulent flow; Blake (2000); Fard (2001);
lce-proximal fan lobes or aprons, Bennett et al., {2002);
Planar cross- & Sand, planar, horizontal, Apron or fan deposits ~ POSSiDly with channelised surface Etienne et al., (2006)
bedded or cross bedded, [overbank)
upwards-fining, or
laminated
(Sp/ShfSc/Suf/Sl)
Trough cross- a Sand, trough-cross Channel sadiments
bedded bedded or upward-

coarsening (S4/Su)

Silt & clay Massive 10 Fines, massive {Fm}) Hyperconcentrated flow  Distal runout from ice-proximal source  Lonne (1993); Bennett et al,
(2002); Thomas and Chiverrell

Laminated 11 Fines, laminated or Easin muds Suspension settling distal to ice margin - (2008)
varved (FifFiv) basin muds; proximal sedimentation in
quist water, low sedimentation rate

Table 2.2: Facies interpretation for the range of sediments recorded in Glen Chaorach,
based on examples from both presently and formerly glaciated areas. Facies codes from
Eyles & Miall (1984); Eyles et al. (1984).

Glen Chaorach. The nine sections described were identified and logged during resurvey of the
area by the British Geological Survey in 2006. All of the sections except NRG 216 and 213
occur within the cross-valley ridges described above. NRG 216 is cut into a terrace contiguous
with one of these ridges, while NRG213 incises a considerably more extensive terrace at the
confluence of Glen Chaorach and Glen Dochart. In addition to these key sections, a number of
smaller or less well-exposed sections in stratified sediments were also noted (Fig. 2.2). Table 2.2
summarises the facies present and the basis for their interpretation, drawing on examples from
both relict and active glaciofluvial, glaciolacustrine and glaciomarine environments. Figure 2.3
shows the stratigraphic relationships of these facies types at each of the nine key localities, in
an approximately south to north sequence. An allostratigraphic approach, based on the recog-
nition of distinct ‘events’ within a depositional sequence (Walker, 1990; Lonne, 1995), is used to
infer the glaciodynamic episodes shown in Figure 2.3. These include periods of ice-margin ad-

vance or recession when variability in sediment input is likely to be at its greatest (Teller, 2003).

2.3 Sedimentological interpretation

2.3.1 Section NRG 212

This exposure occurs on the side of the valley rather than the valley floor, at an elevation of
approximately 310 m. The massive to weakly laminated silt and sand (Facies 10/11) at the
base of the exposed sequence (Fig. 2.3 A) was probably deposited relatively rapidly, perhaps
from repeated hyperconcentrated flows that partially liquified previous flow deposits and
dropped isolated ‘floating’ clasts. This requires subaqueous rather than subaerial deposition
and suggests a minimum water level at the altitude of deposition (c. 310 m a.s.l. (above sea

level)). The fine grain-size of the material may indicate a long transport path and deposition
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Depth from surface (m)

NRG212 -- NN45547 26383 - Complex

Grain size

SE

in lee of bedrock:

d ridge.

NRG216 -- NN45660 26597 - 2-3 m-high section through terrace forming bank of Allt Coire
Chaorach. Complex sequence of alternating units showing abrupt changes in grain size

NW Sedimentology
b

¢ s sa g

Variably cohesive sandy,
silty and clayey diamicton
SA/SR cobbles of local
metasedimentary
lithologies. Laterally
impersistent lenses of

| laminated clay 2-3 cm

\ thick

Poorly sorted iron-stained
SA gravel, matrix of
locally well-bedded
coarse sand deformed by
southeast-directed
thrusts (Fig. 4 A).

Weakly trough
cross-bedded medium-
to coarse-grained sand
with fine gravel

Finely bedded and
laminated silt and fine
sand with rare SA

| cobbles. Bedding within

' the sand highly disrupted

\ and cut by low-angle
| southeast-directed

| Bedded fine gravel,

" incorporating

\ centimetre-scale planar
| bedded and laminated
\ triplets of coarse
\ sand, fine sand and sitt

Sedimentology Facies Lithofacies Genetic  Allostratigraphic
E w code interpretation event
¢ s sag b
P L Poorly sorted debris
cobble gravel unit 314 Gms/Gm o
‘" Laminated silt containing
pods/lenses of sand, basin
diamicton, and isolated 1" FUFlv muds
metasedimentary clasts (up to
5 cm diameter) (Fig. 4 D)
Fine- to medium-grained
sand, deformed by
centimetre-scale normal and 9 Stsu channel
reverse faults off-setting sands
planar bedding and trough
cross-bedding respectively Episodic debris
(Fig. 4 C). Intruded by a input to lake floor
massive silt dyke 35 cm
thick
Poorly stratified but generally high-density
_ fining-upwards gravel 415 GMIGH s flow
Planar, finely laminated silt 1" FIFlv basin muds
Weakly stratified SAto SR
gravel Gm debris flow
Wavy-bedded and
laminated silt and sand
Lamination generally apron overbank/
6 o>+ ¢ sub-horizontal, but at 8 Spis! Ij’ p
. © eastern end of the lyperconc. flow
C e . section it s disrupted by
o . imregular ‘intrusions’ of
\, gravel (Fig
v 4
Poorly sorted gravel with high-density
a sandy matrix & Gm debris flow

NRG222 -- NN45534 26708 - 4 m-high section on the northern flank of a mound orientated
perpendicular to the general trend of the valley axis.

Massive to weakly
laminated very firm silt
and fine sand with rare
SA cobbles

Facies Lithofacies Genetic  Allostratigraphic
code interpretation event
deb
2 Dms ;o:f Proximal ice
margin
Proglacial
deformation
high-densi
4 Gm gl ty
debris flows
channel
: St sands
Southerly-
advancing ice
margin
11 FUF basin
muds
debris
57 Sp/Gfu flow
10011 FovEl hyperconc.
flow:

NRG211 -- NN45442 26506 - 1.5 m-high section ¢.100 m northwest of NRG212

Lithofacies ~ Genetic  Allostratigraphic
imentol Faci
E yy Sedimentology 8Cles " code  interpretation event
¢ s sag b
0.3 m sandy, stratified
diamicton containing debris
metasedimentary cobbles 2 Dms o
. and one SA psammite
+ boulder (c.1 m diameter)
0.3 m generally planar and .
locally wavy millimetre-scale 8 Spis! apron
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Figure 2.3: A & B (overleaf): Scaled sedimentological logs illustrating vertical sections
through the nine exposures described in this study, presented in order as described in the
text. The logs show key facies types and the nature of bounding contacts, and are only
generalised where units exhibit high lateral variability in thickness and / or character. The
composition of each unit, their stratigraphic relationships, and the nature of their upper
and lower contacts provide the basis of the genetic interpretations and allostratigraphic
significance. Facies codes from Eyles & Miall (1984) and Eyles et al. (1984).
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Figure 2.3: B: (see previous page for caption details).
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some distance from the glacier margin, or may simply be a function of sediment availability.
Rhythmic deposition of overlying sorted gravel (Facies 5) represents a shift to a more episodic
depositional environment (or at least a less turbulent water column), whilst the coarser grain
size could reflect either more proximal deposition, or a switch in sediment supply. Basin
muds (Facies 11) are succeeded by coarse-grained trough cross-bedded sand (Facies 9) and
subsequently gravel (Facies 4); the sand was a product of higher-energy, channelised, transport,
and the gravel was probably laid down by medium to high-density turbidity currents perhaps
sourced from a subglacial meltwater conduit. Development on a fan surface of channels, such
as indicated by the sediments described above, indicates (at least temporary) stabilisation of

the fan / apron system.

Upward-coarsening throughout the section culminates in the diamicton that caps the
sequence (Facies 2). The subangular and subrounded clasts in the deposit suggest derivation
from subglacial sources (Benn & Ballantyne, 1994), but the high variability of matrix composi-
tion and consolidation argues against it having been deposited subglacially, since such deposits
are likely to be more-or-less homogeneous. Instead, this diamicton is interpreted as subglacial
substrate that has been redeposited as a subaqueous debris flow. This inference is supported
by the presence of lenses of laminated clay within the otherwise variable matrix, suggesting
settling-out of suspended material between flow events. That the deposition of this diamicton
was associated with an advance of the ice margin is further supported by the compressional
deformation (thrusting) observed in the underlying sediments (Fig. 2.4A). Section NRG
212 therefore appears to preserve evidence of subaqueous deposition that initially occurred
some distance from the glacier front, but was succeeded by more proximal sedimentation and
ultimately by ice-contact glaciotectonism. There is no evidence (such as overconsolidation)

that the sequence was overridden by the advancing ice, however.

2.3.2 Section NRG 211

The sequence at NRG 211 is shorter and shows more restricted facies variability (Fig. 2.3 A).
The lowest diamicton (Facies 2) lacks the degree of cohesion typical of subglacial tills and its
friable sandy matrix is more consistent with emplacement by debris-flow processes, although
no reverse-grading typical of debris-flow deposition is apparent. That it is overlain by poorly
sorted gravel (Facies 4/5) suggests the later presence of meltwater, but it remains uncertain
whether the diamicton was deposited subaerially or subaqueously. The weakly stratified
gravel unit is indicative of a flow regime with sufficiently high-energy to entrain material of a
coarse grade, and if deposited subaqueously, may have been emplaced by episodic high-density
turbidity currents. The laminated silt and fine sand that overlie it (Facies 8) reflect subsequent
non-turbulent conditions in which settling-out of suspended sediment occurred, probably in
a subaqueous overbank environment beyond the margins of the main debris-flow channel.
The degree of sorting of the sediments is consistent with transport to the ice margin as
suspended load via subglacial meltwater conduits. The uppermost stratified diamicton (Facies
2) and the single large boulder at the top of the section probably relate to ice-proximal debris
avalanches. In summary, NRG 211 can be interpreted as recording ice-marginal sedimentation

most probably in a subaqueous environment dominated by input from emerging subglacial
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Figure 2.4: Examples of facies types from some of the sections described. A: Bedded
sand and gravel exhibiting southeasterly directed thrusts and minor folding, NRG 212.
B: Laminated and bedded silt and sand unit disrupted by hydrofracturing, NRG 216.
C: Faulted trough-cross-bedded and planar-bedded sand intruded by a massive silt dyke,
NRG 216. D: Conformable planar sequence of massive sand overlain by thin diamicton
and laminated silt, NRG 216. E: Complex intercalation of sorted and bedded sediments

with unsorted gravel diamicton units, NRG 222. F: Flame structures in silt intruding into
overlying sand, NRG 220.
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streams, and punctuated by periodic avalanching of unsorted sediments from the glacier margin.

2.3.3 Section NRG 216

This section is characterised by facies bounded by conformable planar contacts with numerous
abrupt changes in grain size (Fig. 2.3 A). The poorly sorted gravel (Facies 4) at the base of
the section was probably deposited from high-density turbidity currents forming a subaqueous
fan or apron (Table 2.2). That it does not grade into the overlying silt and sand (Facies 8),
however, suggests that the two units represent separate depositional events, and not different
stages of a single event. The higher energy flow required to transport the gravel may have
arisen during periods of seasonal melt when subglacial water volume and glaciohydrostatic
pressure was high. The abrupt switch to rhythmic sedimentation of silt and sand suggests a
period of lower-energy flow, perhaps as a result of decreased melt or, given the likely fan or
apron-type environment, as a result of channel-switching that directed the dominant meltwater
input elsewhere. Similar stratigraphic relationships are evident throughout the sequence,
and together give an impression of a highly variable sedimentation regime perhaps controlled
by meltwater and sediment supply routes and by their seasonal fluctuations. The trough
cross-bedded sand unit (Facies 9) indicates that at least some of this sediment and meltwater in-

put took place in migrating channels, which is consistent with a palaeo-fan / apron environment.

Localised deformation occurs in discrete horizons within the section. Near the base of
the exposure the silt and sand (Facies 8) is cut by gravel-filled fractures (Facies 4). Large
blocks of silt and sand within the gravel are plastically deformed, with the geometry of the
deformation structures being consistent with the downward injection of the fluidised gravel
(van der Meer et al., 1999) (Fig. 2.4 B). This is interpreted to have occurred as a result of
loading (either by increasing water depth or rapidly accumulating sediment) and increasing
pore-water pressure in the overlying gravel. Higher in the section a bedded sand unit (Facies
9) at approximately 0.8 m depth is intruded by a dyke of massive silt, also interpreted
as indicative of high pore-water pressure that in this case led to sediment liquefaction,
fluidisation and hydrofracturing. Normal and reverse faults in the sand unit, in some instances
forming conjugate pairs, provide further evidence of loading-induced deformation (Fig. 2.4C).
Thus the overall sequence seems to reflect variable sedimentation, under abruptly changing
conditions, that was accompanied by loading-induced synsedimentary deformation, the latter
perhaps reflecting high sedimentation rates. The location of this section in the valley bottom

(Fig. 2.2) is consistent with these sediments having been laid down on the floor of a former lake.

2.3.4 Section NRG 222

Massive silt and sand (Facies 7/10) at the base of NRG 222 (Fig. 2.3 A) suggests rapid
deposition from hyperconcentrated flows, probably as underflow turbidity currents (Table
2.2). A high-density turbidity current carrying gravel and coarse sand (Facies 4/5) eroded
into the massive sand unit, suggesting that the gravel was transported by channelised rather
than sheet flow. The graded diamicton (Facies 2/8/11) above this unit fines upwards and

reflects the gradual settling out of suspended sediment following initial input of a poorly sorted
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sediment mass. This may have occurred in a channel under waning flow conditions. Continued
input of silt and sand (Facies 8/11) which settled in non-turbulent or distal water produced
the laminated unit in the middle of the section, and was initially followed by periodic input
of variably well-sorted coarser-grained sediments (Facies 4/5/7/9) and later by renewed hy-

perconcentrated flows that laid down the uppermost massive silt and sand unit (Facies 7/9/10).

The section exhibits lateral variability in the sedimentary sequence, with greatest facies
variation occuring at the western end (Fig. 2.4 E). The complex architecture of the units
in this part of the section, and the orientation of the exposure perpendicular to the valley
axis, presents difficulties in genetic interpretation, but a few possibilities may be proposed.
The interdigitating relationship of the silt and sand (Facies 8/11) with gravel and diamicton
(Facies 2) may be the result of liquefaction and intrusion of the latter into the finer-grained
substrate. This could have occurred under self-weight and hydrostatic stresses (static loading)
or as a result of glacier advance and the propagation of stress through proximal sediments.
Normal and reverse faulting of bedded sand (Facies 8) in the section may lend some support
to these proposals. Alternatively, the irregular contacts between facies may be the result
of glacier-induced shearing along a plane normal to the face, brought about by compression
of the sediment as the ice margin advanced. A third possibility is that this part of the
section slumped at some stage, and the interfingering facies are the result of post-depositional
deformation. This may have taken place following recession of the ice margin when support for
the sediment pile was removed. The final consideration is that the architecture could reflect
primary sedimentation variabilities, that is, localised and abrupt switching in sediment supply
and deposition. Whilst all four may have played a role to some extent, the interpretation
favoured here involves a combination of loading, liquification and slumping, on the basis that
the contacts between facies do not appear to be either primary sedimentary features or the
result of compressional glaciotectonism. These uncertainties aside, it is clear that the sediments
represented in section NRG 222 reflect glaciolacustrine deposition of sediments sourced from

both glaciofluvial and ice marginal environments.

2.3.5 Section NRG 221

The section NRG 221 lies close to, and perpendicular to, NRG 222, but occurs within
a different cross-valley ridge. The majority of the section is dominated by bedded sand
units (Facies 8), with minor laminated silt (Facies 11) and beds of massive gravel (Facies
4) (Fig. 2.3 B). The reverse-graded diamicton (Facies 1/2/5) that caps the sequence is
silty and cohesive near the top, and resembles a submarginal till possibly originating as a
debris flow deposit but subsequently compacted. The most striking features of the exposure,
however, are the deformation structures in the sediments (Fig. 2.5). The gross structure is a
broad southward-verging asymmetric open or overturned fold, cut by south-directed thrusts
indicating that folding preceded thrusting (but not necessarily in a separate event). Folded
bedding is clearly visible in the sand (Facies 8/9), and to a lesser extent in the laminated silt
(Facies 11). This ductile deformation occurs in close association with brittle deformation in
the form of thrusts and minor reverse faults. The largest thrust can be traced laterally for

approximately 3.5 m and offsets the bedding within the sands and silts by up to 0.25 m (Fig.
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Figure 2.5: Field photograph of the folded, sorted sediments described at NRG 221,
and tracing of principal facies and their structures. Note 1) the close association of
ductile deformation (folding), with brittle deformation (fractures and thrusts), and 2)
bed-thickening in the lower limb of the folded and fluidised gravel unit.

2.5). Gravel (Facies 4) infills this discontinuity, and thickens in the central part of the section
and towards the south. Smaller structures are present in the section, notably disruptions to
bedding in the sand and silt units. The silt and sand dykes that punctuate, but do not offset
the bedding, are interpreted as water-escape features, in which sediments with high water
content were fluidised and remobilised. Their high pore pressures first led to hydrofracturing of
the surrounding substrate, and subsequently to infilling of the discontinuities when pore-water
pressures subsided. This evidence of saturated sediments lends further support to their being
deposited subaqueously. That the water-escape features cross-cut the folded beds suggests

that they formed after the episode of compressional deformation.

On the basis of the deformation architecture exhibited by the sediments exposed in this
section, the following scenario can be proposed. Initial glaciolacustrine and/or glacioflu-
vial sedimentation that deposited the interbedded silt, sand and gravel sequence (Facies
4/8/9/11) was succeeded by a period of lateral compression that produced the open folding
seen in the sediments. Continued lateral stress led to the development of thrusts and an
increase in pore-water pressure in the gravel unit. Hydrofracturing of the confining strata
then occurred and water-escape took place, remobilising sediment and subsequently infill-
ing the discontinuities (thrusts). The most likely mechanism to produce this sequence of
events is the steady advance of the Dochart Glacier, from which avalanching debris (Facies

6) and deposition of submarginal till (Facies 1/2) produced the uppermost diamicton (Fig. 2.6).

2.3.6 Section NRG 220

NRG 220 exposes an overall coarsening-upward succession of silt, sand, gravel and diamicton
in a cross-valley ridge (Fig. 2.3 B). The silt at the base of the exposure is massive and very
firm (Facies 10) and has a convolute contact with the overlying sand (Facies 7) (Fig. 2.4F).
The lack of lamination or bedding in the silt suggests that it may have been deposited rapidly,
perhaps from a hyperconcentrated flow (Table 2.2), and was subsequently loaded prior to

dewatering to produce partial liquefaction and convolutions interpreted as flame structures
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Figure 2.6: Schematic illustration of the ice-marginal environment thought to have existed
in Glen Chaorach during Younger Dryas deglaciation. Sediment input to the ice-dammed
lake occurred 1) through debris flows from emerging englacial debris bands, 2) via sub-
glacial meltwater conduits, 3) from iceberg rainout, and 4) as submarginal till. Oscillation
of the glacier at the grounding line tectonised the adjacent sediment pile and generated
the transverse ridges interpreted as De Geer moraines. Not to scale.

that intrude the overlying sediments. As with NRG 221, the evidence of liquefaction suggests
high porewater contents consistent with subaquaeous conditions. The gravel unit (Facies 4)
suggests higher energy meltwater deposition, perhaps in the form of turbidity currents, and
is succeeded by a sandy diamicton (Facies 1/2) at the top of the sequence. It is likely that
this sequence represents the encroachment of an ice margin into a glaciolacustrine sediment
pile, producing stresses sufficient to engender liquefaction and bringing unsorted ice-marginal
debris into the sequence. Normal faulting in the sand unit may have resulted from slumping

on the ice-distal side of the moraine.

2.3.7 Section NRG 219

Near the confluence of Glen Chaorach with Glen Dochart, the tributary valley widens and
section NRG 219 exposes sediments in a cross-valley ridge. Laminated silt (Facies 11) at the
base of the sequence reflects suspension settling in non-turbulent water, which was followed
by episodic but sustained input of gravel (Facies 8/9), possibly via debris flows from an
emerging subglacial stream. This sequence of gravel overlying laminated silt is repeated
throughout the rest of the section, indicative of abrupt changes in sedimentation style (Fig.
2.3 B). This may have been the result of possibly seasonal fluctuations in meltwater flux, or
may reflect channel switching within the glaciofluvial / glaciolacustrine system. None of the
sediments show evidence of deformation, although the upper silt units are very firm and may
have been subjected to high overburden pressures. Overall, the sedimentary sequence at this
locality represents a relatively stable ice-marginal glaciolacustrine setting in which periodic

high-discharge events punctuated background sedimentation.
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2.3.8 Section NRG 218

Alternating units of sand (Facies 8/9/11) and gravel (Facies 4/5) in NRG 218 attest to
variations in transport capacity of the glaciofluvial or glaciolacustrine system that deposited
them. An overall sense of normal grading dominates the sequence, and only where coarser
sediments overlie finer-grained material do erosional contacts occur (Fig. 2.3 B). The poor
sorting of each sediment unit suggests a turbulent or short transport path, and may be reflective
of a debris-flow origin from emerging subglacial streams. Despite the sediments forming an
elongate cross-valley ridge, suggesting ice-contact formation, no evidence of glaciotectonism is
apparent. The sequence is therefore best interpreted as reflecting ice-marginal sedimentation

at a stable or receding margin.

2.3.9 Section NRG 213

The short section exposed at NRG 213 is composed of well-sorted, bedded sediments (Fig.
2.3 B) that form a flat extensive terrace at the mouth of Glen Chaorach. The basal gravel
(Facies 4) is well-sorted and has little sand in its matrix, consistent with prolonged, relatively
high-energy fluvial transport. Suspension settling in a glaciolacustrine environment laid down
the overlying silt (Facies 11), which is succeeded by coarsening units of sand (Facies 8). One
of these sand units is cross-bedded and reflects flow to the southeast, probably in a fan or
channel environment. The uppermost unit is poorly sorted gravel (Facies 4) that may have
been deposited in a highly turbulent fluvial environment, or as a high-density turbidity current
in a glaciolacustrine setting. That the sequence composes part of an extensive terrace suggests
that the sediments may best be interpreted as products of glaciofluvial deposition, probably

laid down in a sub-aerial ice-proximal environment.

2.4 Discussion

Sediment is supplied to glacier margins predominantly by two key mechanisms — subglacial
deformation of unconsolidated unsorted material (till), and meltwater transport either through
or on the ice that delivers sorted sediments in suspension and as traction bed-loads (Edwards,
1986; Lgnne, 1995; Benn & Evans, 1998). The dominance of sorted and bedded or laminated
sediments over unsorted diamictons in all of the Glen Chaorach sections provides convincing
evidence that deposition from glacial meltwater was particularly important, probably in a
glaciolacustrine or glaciofluvial setting. This was brought about by separation of a major
outlet lobe of the Younger Dryas ice cap that drained eastward along Glen Dochart (Golledge,
2007a) from a mountain icefield to the south. Sedimentary evidence at NRG 212 suggests a
former water level at around 310 m a.s.l., and since the valley floor below this site lies at 250
m a.s.l. it is likely that, at its maximum, the depth of the former lake was c. 50 - 60 m. The
lake most probably drained and refilled throughout its life, as is known to have occurred in
former glacial lakes elsewhere in Scotland (Ballantyne, 1979; Brazier et al., 1998), possibly as

ice-marginal crevasses and subglacial conduits either opened or closed.
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The exposed sediments commonly exhibit abrupt, but not necessarily erosional contacts,
and reflect a highly variable sedimentary environment. Laminated sediments indicative of
suspension settling under non-turbulent conditions are often juxtaposed with poorly sorted
coarse gravel units typical of high-density turbidity currents or unsorted diamictons more
commonly associated with ice-proximal avalanching of sub- and supraglacial material (Fig.
2.6). Blake (2000) suggests that compositional variation within De Geer moraines may be
related to the location of outlets of subglacial streams, a notion that echoes earlier sedimentary
investigations of ice-contact submarine fans (Lgnne, 1995). Others suggest that advection
of subglacial sediments towards the ice margin, and their intercalation with glaciofluvial
canal-infill sediments, forms the proximal part of subaqueous moraines, and that more distal
sediments are deposited by prograding sediment gravity-flows that interfinger with glaciola-
custrine deposits (Benn, 1996; Lindén & Méller, 2005). Since clastic sedimentary sections are
thought to be reliable archives of ‘short-lived internally controlled events’ (Fard, 2001, : p145),
whether climatically induced or not, both scenarios may help to explain the localised nature of
the sedimentary record produced in such environments, and the facies variability seen in the

Glen Chaorach examples described here.

Where glaciotectonic deformation occurs in these examples, it is always uni-directional
(south-vergent) and provides evidence of ice-marginal oscillations after accumulation of the
sediment pile. The presence of both brittle and ductile deformation features is common in
sediments found at ice margins (Benn & Evans, 1998; Menzies, 2000; Golledge, 2002; Phillips
et al., 2002), and results from the propagation of glacier-induced stresses through the glacier
bed. The glacier advances associated with sediment deformation and deposition of diamictons
appear to have been the final events. This may indicate that whilst marginal advance was
relatively slow, its recession was probably more rapid. This is typical of water-terminating
margins that lose the majority of their mass through calving (Paterson, 1994), particularly
where glacier thinning occurs (van der Veen, 1996). Since none of the recorded sedimentary
sequences is capped by drapes of glaciolacustrine silt and clay commonly associated with
widespread suspension settling, it may be speculated that the majority of sediment delivery
into the glacial lake was as focussed underflows rather than as diffuse plumes, probably

governed by the locations of emerging subglacial meltwater conduits.

2.4.1 Event chronology

During the Younger Dryas glacial episode, Glen Chaorach was occupied by ice from two
confluent glaciers (Fig. 2.7, A). Northward ice flow from the Ben More glacier contributed to
the much larger, eastward-flowing Dochart glacier, which acted as one of the principal southern
outlets of the ice cap centred over Rannoch Moor (Fig. 2.1). Thinning of these glaciers
during the initial stages of deglaciation led to the creation of an intralobe lake, and deposition
of laminated and bedded fine-grained sediments. Continued separation of the glaciers was
accompanied by an increase in the area and depth of the ice-dammed lake, and by changes
in the flow pattern of the two ice masses (Fig. 2.7, B). Southward-directed deformation
structures preserved in the lake sediments indicate that during this phase, minor oscillations

of the Dochart Glacier formed De Geer moraines by tectonising glaciolacustrine sediments at
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Figure 2.7: Key stages in ice-margin evolution during deglaciation of the study area. A:
Glen Chaorach is filled by confluent ice of the Dochart and Ben More glaciers. Thinning
leads to separation of the ice masses which leads to early development of an ice-dammed
lake and deposition of fine-grained sediments. B: continued recession produces a lake
deep enough to enable calving of the grounded glacier, and the margin is stable enough
to oscillate at its grounding line and thereby form De Geer moraines. C: During the final
stages of ice-marginal ponding, the confining glacier no longer oscillates or tectonises the
sediments, and ultimately thins to the mouth of Glen Chaorach enabling free marginal
drainage that gives rise to sub-aerial glaciofluvial deposition. Topographic contours are at
10 m vertical intervals, derived from Ordnance Survey Profile data, (©) Crown Copyright.

successive grounding lines (Fig. 2.7, B). The locations of such grounding lines were probably
governed by high points on the valley floor, such as bedrock knolls, that acted as ‘pinning
points’. Further deglaciation following this period of stability led to recession of the ice margin
towards Glen Dochart until Glen Chaorach became ice free, eventually removing the dam
that had previously impounded supraglacial and subglacial meltwater. Consequently, an ice-
marginal, subaerial glaciofluvial environment was established in which the extensive, channelled
terraces composed of bedded, well-sorted sediments were formed (Fig. 2.7, C). Subsequent
retreat of the glacier front formed the large morainic mounds in Glen Dochart (Fig. 2.2),
prior to final disappearance of the ice sometime after 11.6 ka + 1.0 ka BP (Golledge et al., 2007).

2.5 Conclusions

Geological and geomorphological mapping has identified a population of elongate linear cross-
valley ridges in Glen Chaorach, a tributary valley of the much larger Glen Dochart. During
the Younger Dryas, Glen Dochart accomodated a major outlet glacier of the west Highland

ice cap, formerly centred over Rannoch Moor, and Glen Chaorach was filled with confluent

40



2.5. Conclusions Golledge, N. R. & Phillips, E. R. 2008 Sed. Geo. 208, 1-1/

ice sourced on the east side of Ben More. After initially feeding ice into the main glacier, the
tributary valley glacier thinned and the two ice masses separated. Moraines formed in Glen
Chaorach as the glaciers retreated, and meltwaters accumulated to form an ice-dammed lake.
Sedimentary characteristics of the moraines, together with their geomorphology and context,
strongly suggest that they formed at the grounding line of a water-terminating glacier margin
that occupied a quasi-stable position in the valley during intial deglaciation. Sediments were
deposited in the ice-marginal lake primarily through focussed delivery in subglacial conduits
and from ice-front debris-flows. Oscillations of the glacier margin led to deformation of the
sediment pile but were followed by rapid recession to pinning points lower in the valley.
When glacier thinning had proceeded to the extent where an ice dam could no longer confine
meltwater in Glen Chaorach, ice-marginal glaciofluvial sedimentation ensued, followed by

frontal retreat of the Dochart Glacier.
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Sedimentology, stratigraphy, and glacier dynamics, western

Scottish Highlands

Nicholas R. Golledge
British Geological Survey, West Mains Road, Edinburgh, EH9 3LA, UK
and School of Geosciences, University of Edinburgh, West Mains Road, Edinburgh, EH9 3JW, UK.
ph: +44 131 667 1000, fx: +44 131 668 1535, email: n.golledge@bgs.ac.uk

Abstract

Glacial sediments of the western Scottish Highlands are comprehensively described and
characterized here for the first time, enabling the first glacial stratigraphy for the area to be
proposed. This classification is based on the results of extensive geological mapping and field
investigation of sedimentary sequences and their structures, X-Ray Diffraction and Particle
Size Distribution analyses, and comparison with deposits formed in contemporary glaciated
environments. These new data are subsequently appraised in terms of their implications
for late Pleistocene glacier evolution and dynamics. Together, the data suggest that much
of the landscape is palimpsest, and can be attributed to the Weichselian (Late Devensian)
glaciation. Subsequent glacier advance during the Younger Dryas did little to modify the area,
suggesting that ice flow was dominated by sliding on a meltwater-lubricated rigid bed, with
deformation of basal sediments playing a more limited role. Final deglaciation was marked by
a significant increase in basal meltwater flux, reflecting the warming climate and increasing
precipitation. These new palaeoglaciological and palaeoenvironmental insights advance our
understanding of former glacier dynamics in the western Scottish Highlands, improve our
knowledge of Pleistocene landscape evolution of this area, and enable comparisons to be made

with sedimentary sequences elsewhere.

KEYWORDS: Late Weichselian; Younger Dryas; British Ice Sheet; stratigraphy; glacier dy-

namics; palaeoglaciology; Scotland.
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2.6 Introduction

The growth and decay of ice caps and ice sheets is intimately related to global climate change,
hydrological storage, land-ocean sediment flux and long-term landscape evolution (Alley &
MacAyeal, 1994; Kriiger, 1996; Hodgkins, 1997; Alley, 2000; Jansson et al., 2003; Barnard
et al., 2006). The study of former ice-mass behaviour may therefore be useful in understanding
how these Earth-systems operated in the geological past. Perhaps the most direct evidence
available for the study of former glacier dynamics is the sedimentary record left by the ice.
Indeed, geological and geomorphological mapping of deglaciated terrains is often used to
determine the size and extent, (i.e. the geometry), of both ancient ice masses as well as those
that were formerly more extensive (e.g. Sugden, 1977; Thorp, 1986; Van Tatenhove et al.,
1996; Clark, 1997; Anderson et al., 2002; Evans et al., 2005). In Britain this approach has
been employed since the earliest recognition of glacial features (Agassiz, 1841; Geikie, 1863;
Hinxman et al., 1923; Charlesworth, 1955) and has enabled significant advances to be made in
our understanding of Earth-system processes. More recent developments, in both geological
and glaciological sciences, have allowed far more detailed interpretations to be made now
than ever before, particularly when founded on empirical data from field mapping (Benn,
1994; Mitchell, 1994; Merritt et al., 1995; Lowe & Anderson, 2003; Clark et al., 2004; Glasser
& Bennett, 2004). Additionally, field-based reconstructions are often used to inform, test
or constrain numerical models (e.g. Van Tatenhove et al., 1996; Jones, 1998; Golledge &
Hubbard, 2005; Hubbard et al., 2005).

Oxygen isotope data obtained from Greenland ice cores show that the climate of the
northern hemisphere oscillated between cold and warm phases throughout the late Pleistocene,
giving rise to particularly long-lasting cold periods from c. 70-57 ka BP (Oxygen Isotope Stage
4) and from c. 25-15 ka BP (Oxygen Isotope Stage 2) (Dansgaard et al., 1993). Interstadials
punctuated these colder spells, most notably prior to c. 90 ka BP and from c. 3528 ka BP,
during which temperatures ameliorated slightly, but were still sufficiently low that glaciers
would have survived in the Scottish Highlands (Clapperton, 1997). Palaeoclimatic data based
on coleopteran and chironomid data from four sites in Britain indicate that even during the
Windermere Interstadial, (c. 15-13 ka BP), the climate affecting Scotland was warm for only a
short time before renewed cooling and instability led to the onset of the Younger Dryas stadial
(Mayle et al., 1999). This period of renewed global cooling was characterized in Scotland by an
abrupt c¢. 8-10°C drop in mean annual temperature at its onset, a subsequent decline in precip-
itation due to sea ice formation during the Stadial, and final rapid warming that terminated the
glacial readvance (Benn et al., 1992; Clapperton, 1997; Hubbard, 1999; Isarin & Renssen, 1999).

This study reports geological and geomorphological field data gathered by the British
Geological Survey over the period 2003 — 2006, during the resurvey of part of the western
Scottish Highlands (Fig. 2.8), together with the results of sedimentological analyses and
palaeoglaciological reconstructions. Facies genesis is established by comparison of sedimentary
characteristics with contemporary analogues in Iceland and Svalbard and with descriptions
of similar deposits in the literature. Together, these data allow a new stratigraphy to be
presented and conclusions to be drawn with respect to the former glacier dynamics of the ice

masses that overwhelmed this part of the western Scottish Highlands during both the Main
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Figure 2.8: Location map showing area of study in Scottish context, and in relation to
approximate maximal extent of Younger Dryas ice cover (after Ballantyne, 1997).

Late Devensian (Late Weichselian, c¢. 25 — 15 ka BP) and the Younger Dryas (12.7-11.3 ka BP).

2.6.1 Field area

The research is focussed on a large area (960 km?) of the western Scottish Highlands to

the south of Rannoch Moor and north of Loch Lomond (Figs. 2.8 & 2.9 A). The study

area is one of steep-sided mountains and intervening ‘U’-shaped valleys (‘glens’), with many
mountain tops covered in regolith derived from metasedimentary bedrock. Where the regolith
mantle has been affected by frost-heave, saturation by rainfall, and gravity, solifluction

terracettes have resulted. Exposed bedrock is particularly common, with talus aprons or cones

developed below most crags. Some of the valleys host a covering of till along their flanks

and floors, which varies in thickness from 1 — 30 m. In many places the till is overlain by
morainic deposits of poorly-sorted sand, gravel and diamicton, which often form elongate

boulder-strewn ridges. Glaciofluvial deposits are not extensive, and where present are mainly

confined to large fans and sparse ice-contact features. The floors of many valleys reflect

fluvial activity since deglaciation, and exhibit rock-cut channels, thin bouldery alluvium, or

large and extensive terraces of sand and gravel. Peat overlies much of the ground at both
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high and low levels, and although generally thin, attains thicknesses of up to 3 m in some places.

2.6.2 Previous research

Early mapping by the Geological Survey (1890 — 1920) focussed on the bedrock geology of
the area, with limited description of the abundant glacial deposits, their inter-relationships,
and their association with the wide variety of landforms present. Reconstruction of the
glacial history was attempted for adjoining areas by Hinxman et al. (1923), who recognised
that much of the area had been overwhelmed by ice from Rannoch Moor during the Last
Glacial Maximum (LGM). Charlesworth (1955) described the moraines and ice-marginal
features of much of the Scottish Highlands; in the field area described here he associated
these features with the decay of glaciers after his ‘Highland Readvance’. Sissons (1965) later
proposed that the ‘hummocky moraine’ seen in the area resulted from in situ stagnation
of glaciers at the end of a renewed phase of glaciation after the Main Late Devensian ice
sheet had disappeared. Subsequent mapping has been limited to studies that cover smaller
parts of the area (Thompson, 1972; Horsfield, 1983; Thorp, 1984, 1986, 1987, 1991b), and
which mainly describe geomorphological rather than sedimentological features. Nonetheless,
these studies have greatly improved our understanding of the former Younger Dryas ice mass
that affected the area most recently. Whilst Thompson (1972) favoured a valley-glacier type
reconstruction, Horsfield (1983) concluded that the area had been glaciated by an invasive
ice cap centred on the Etive and Nevis mountains to the north-west. Thorp (1984, 1986)
based his reconstruction on periglacial ‘trimlines’, and deduced that the ice cap on Rannoch
Moor was relatively thin, restricted in extent, and fed outlet glaciers that together formed
a mountain icefield. Recently, Golledge & Hubbard (2005) reassessed the area and found
field evidence suggesting a thicker ice cap than proposed by Thorp. The empirical recon-
struction based on this data finds good agreement with the numerical model of Hubbard (1999).

Given the differing interpretations and the lingering uncertainty surrounding the style and
impact of Younger Dryas glaciation in the western Scottish Highlands, the intention here is
to set out a new stratigraphical framework based on sedimentological classification of the
glacial deposits of the study area, and to use this to inform interpretations of former local and

regional glacier dynamics.

2.7 Methods

2.7.1 Data capture

Geomorphological features and interpreted geological boundaries were added to 1:10 000 or
1:25 000 scale topographic base maps from the interpretation of 1:24 000 scale monochrome
aerial photographs, high-resolution digital terrain models (DTMs), and where applicable,
Thematic Mapper satellite imagery. This was achieved either digitally in an onscreen GIS
environment, or in a more traditional manner using paper map bases. These interpretations
were subsequently field-checked by detailed walk-over survey in which lines were modified

as appropriate. Sedimentological data was added to the map based on the availability and
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accessibility of natural sections. The distribution of 53 logged sections is shown on Fig. 2.9
A, although the many hundreds of minor exposures noted on field maps that informed the
geological interpretation are, for clarity, not shown. For deposits with consistent matrix colour
a Munsell Soil Color chart was used (Table 1).

2.7.2 PSD and XRD analysis

Samples were collected from four of the key facies described below for X-Ray Diffraction
(XRD) and Particle Size Distribution (PSD) analysis. Only deposits possessing a relatively
homogeous matrix were deemed meaningful for analysis. Samples for XRD analysis were
freeze-dried prior to grinding in a tungsten-carbide gyromill to produce a fine powder. Discs
were prepared of each powdered sample using metal mounts, and were analysed using a Philips
PW 1800 X-Ray Diffractometer to produce diffractograms. Systematic peak-matching against
standard spectra enabled dominant compounds to be identified. Samples for PSD were taken
from wet sediment, agitated with sodium hexametaphosphate in an ultrasonic bath to create a
suspension of suitable density, seived to remove the > 900um fraction and repeatedly flushed

through a Coulter LS100 Laser Diffractometer to derive size-frequency data.

2.8 Results

2.8.1 Bedrock

The underlying strata in the field area are polydeformed Neoproterozoic metasedimentary
rocks of the Dalradian Supergroup, which comprise mainly metasandstone and metasiltstone,
with less abundant interbedded pelitic and calcareous rocks. Deformation of the bedrock has
resulted in wide variation in its dip and strike, although the regional strike is approximately W
— E in the south and SW — NE further north. Bedrock is easily discernable almost everywhere,
due to the mainly thin covering of superficial deposits. In many places the bedrock is highly
abraded, smoothed or polished, reflecting the legacy of successive glacial episodes. Particularly
clear examples of ice-smoothed bedrock occur in Lairig Arnan, Gleann nan Caorann, Lairig
nan Lunn, and Glen Falloch, on cols between Beinn Dorain and Beinn a’ Chreachain, also
between Ben Lui and Beinn Dubhchraig, and at higher levels on the flanks of mountains south
of Glen Falloch such as Beinn Chabhair, Beinn a’ Chroin and Cruach Ardrain (Fig. 2.9B).
Zones of disaggregated bedrock — where blocks have been detached and moved less than a few
10’s of metres from source outcrops — occur on some plateau areas between mountain peaks
and valley troughs (Fig. 2.9B). Where the detached blocks form drumlinoid mounds, the
former direction of ice flow can be inferred. Erosional landforms such as roches moutonnée,
P-forms and striae were recorded in Glen Falloch, Lairig Arnan, Loch Easan, Glen Lochay,

Coire Chailein and Mam Lorn.
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2.8.2 Glacial deposits
Sedimentology

A description of each facies type encountered, their expression and occurence in the study area,
and their genetic interpretations are presented in Table 2.3. As no formal stratigraphy exists
for the study area the facies are differentiated on their colour, texture, composition and internal
structure, and are coded here A — H. This simple approach enables identification and clas-

sification of deposits in the field and allows units to be confidently correlated between exposures.

Facies A, B, C, and D are all well-consolidated generally massive diamictons composed
of sand, silt and clay and containing sub-angular and sub-rounded clasts. Facies A, B and
D are locally weakly stratified, however, and host centimeter to decimeter-scale pods or
laterally-impersistent partings of silt and fine sand, whereas Facies C is never stratified and
has a finer-grained matrix that produces an almost choncoidal cleavage pattern. All of these
diamictons are firm or very firm but they differ from one another in their colour and matrix
mineralogy. Facies A and B are reddish-brown and yellow-brown respectively, and both
contain kaolinite. Facies C is blue-grey or greenish-grey and contains calcite, whilst Facies
D is light olive-brown in colour and contains neither calcite or kaolinite. Facies E and F are
similarly-coloured diamictons to Facies D but are considerably less consolidated. They are
often stratified, with sand beds up to 1 m thick in Facies E and thinner lenses and beds in
Facies F. Both diamictons are rich in well-rounded to very angular clasts ranging from gravel

and cobbles to boulders.

Facies G comprises a range of grain-sizes but in all instances is characterized by a high
degree of size sorting not seen in the other units. Whilst some units are massive, others show
primary sedimentary structures such as planar bedding, trough cross-bedding or lamination.
Facies H is identifiable by the grade of its constituents (boulders) and lack of sedimentary
structures. Deposits of this facies are commonly very localised and cannot be laterally
correlated. In most cases, however, the other facies (A — G) show remarkable inter-site
uniformity, and can be traced across the study area relatively easily, although the number of
exposures of each unit is widely variable. For example, Facies A and B were only seen in Coire
Thoin and Coire Chailein respectively, but the remainder are considerably more widespread
(Table 2.3). Examples of the main facies types and the typical form of ice-smoothed bedrock
are shown in Fig. 2.10A-D, and PSD data for Facies A — D are plotted in Figure 2.11.

Stratigraphy

The sediments described in Table 2.3 are patchily distributed across the study area, but ex-
posed metasedimentary bedrock is widespread. Whilst most valleys have only thin valley-floor
till cover, some — such as Coire Chailein, Coire Thoin, Coire Bhiocair, and Glen Auchre-
och — host sediment accumulations up to 30 m thick (Fig. 2.9B). These thicker sequences

provide the basis for facies correlation between sections, and are described in more detail below.

The section exposed in Coire Chailein is shown in Fig. 2.12. Although some lateral variation

occurs, the overall sedimentary sequence can be summarised as follows. The lowest unit, Facies
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“#FACIES F

T g%

Figure 2.10: Field photographs showing A: Facies C and D, B: Facies F and G, C: Facies E
and F, and D: ice-smoothed metasedimentary bedrock at 560m a.s.|, Glen Orchy (former
iceflow approximately right to left).

B, is a 12-13m thick, very firm, yellow-brown, sandy diamicton containing subangular and
subrounded metasedimentary clasts. This is overlain by a complex sequence of interbedded
sand, gravel and diamicton units. These are laterally variable in thickness but include an
approximately 1 m thick clast-supported predominantly sub-angular psammite boulder bed,
(Facies H), beds of weakly stratified sandy and gravelly diamicton up to 1 m thick (Facies
F), and an overlying unit of laminated clay, silt and trough-cross-bedded sand 1-2 m thick
(Facies G). In places the bedded sand exhibits centimetre-scale faults and folds. Overlying the
sand is weakly stratified gravel that grades upward into gravelly diamicton (Facies F), which is

then overlain by 8 m of grey, clayey diamicton (Facies C), and firm, brown, diamicton (Facies D).

The dominant sediment exposed in Coire Thoin is Facies A — a cohesive diamicton that
in a weathered section appears uniformly reddened, but when dug becomes increasingly
yellow-brown with depth. The diamicton is sandier and more clearly stratified higher up, and
is overlain by Facies C diamicton. In Coire Bhiocair the sedimentary infill is poorly-exposed,
but appears to consist predominantly of Facies D diamicton. In Glen Auchreoch and Gleann
nan Caorann conformable sequences of Facies C and D up to 10 m thick are preserved, the

two units separated by abrupt, sub-planar contacts.

Smaller exposures elsewhere are also instructive. In Glen Lochy Facies D is overlain by up
to 5 m of stratified sandy, unconsolidated diamicton (Facies E) containing discrete sand beds
up to 1 m thick. In Cononish Glen and Gleann Auchreoch, moraines are composed of Facies
F stratified diamictons that dip up-valley, host numerous folded and faulted sand and silt
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Figure 2.11: Particle size distribution curves for sub-900um fraction of matrix material
from Facies A — D, interpreted as subglacial tills. Note the difference between each plot,
and the degree of internal consistency.

o4



2.8. Results Golledge, N. R. 2007. Quat. Res. 68, 79-95

Facies Unit description Interpretation

Grey and brown cohesive

diamictons, weak stratification

showing variations in source Main Late Devensian
cD material. Lower part of grey unit  subglacial till

includes rounded gravel

reworked from underlying unit.

Uppermost unit may have been

reworked during Younger Dryas.

= 20
Stratified, interbedded silt, ~—~_
trough-cross-bedded sand, Glaciolacustrine / fluvial ~ ~————————

FGH  andgravel. Some minor sandy deposits of pre- Main Late

diamicton units, possibly :
discontinuous. Devensian age

Metres

Poorly-exposed, very firm Pre- Main Late
B yellow-brown diamicton, Devensian
some southeast-dipping

structures. subglacial till

0 0 20 30 Metres 40 50 60
SE NW

Figure 2.12: Sketch of exposure in Coire Chailein, traced from a photo-montage. Section
reveals complex stratigraphy of diamictons (Facies B, C, D, F) interbedded with overridden
gravel, sand and silt units (Facies G) and a 1m thick boulder bed (Facies H).

laminae or beds, and in upper Cononish Glen are overlain by Facies G fines. Elsewhere, such
as in Balquhidder Glen, Glen Lyon, and Glen Falloch, Facies G is intercalated with laterally

impersistent and variably thick diamictons of Facies F.

Facies occurence and spatial distribution

Figures 2.13A—C show, respectively, scaled logs of the principal exposures in the study area,
inter-site correlation of units, and, based on these, the first composite glacial stratigraphy for
the region. Note that in many cases there may be several units of the same facies present,
representing a stratified deposit that records episodic deposition. In Figure 2.13A the logs are
grouped according to the facies present at each locality in order to facilitate comparison. The
horizontal ‘baseline’ divides deposits interpreted as Younger Dryas in age from those deemed
older (cf. Table 2.3).

From Fig. 2.13A it is apparent that Facies A and B are each only found at one locality,
in glens where their preservation suggests that former ice flow was oblique to the valley axis
(Golledge, 2007a). In both cases the diamictons occur at the base of the preserved sequences,
and are overlain by Facies C. The latter is more widespread than either Facies A or B, but its
occurence is nonetheless restricted to isolated ‘pockets’, such as near Ben Glas, in Gleann nan
Caorann, Gleann Auchreoch, Gleann a’ Chlachain, Coire Thoin and Coire Chailein. Facies D

is ubiquitous and is generally the dominant deposit in most glens.

Landform-sediment assemblages

Neither Facies A or B are associated with any characteristic topographic expression, but Facies

C & D commonly form both smooth valley-side veneers and compose large, broad, ridges.
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Figure 2.13: A: Compiled logs of sedimentary units at 53 localities in the study area
showing the relative thickness of each facies type. B: Correlation of units between sites
where the thickest sequences were recorded. C: Composite stratigraphy for the whole
study area. Note that in A, sections NRG152, 160 and 188 are truncated to reduce overall
length, and that the scale of logs NRG152 and NRG160 is reduced 50% to facilitate display
and comparison with others. In C the vertical scale is approximate and intended to show
typical unit thicknesses for comparison with each other. Grain-size depictions are intended
to summarize key characteristics of the facies present.
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Facies E drapes many of these larger ridges, and also composes irregular moundy spreads.
The latter are often characterized by abrupt transitions from diamicton to fines, and in many
cases exhibit complex faulting and folding. Whilst compositionally similar, Facies F tends
to form distinct sharp-crested moraines, and thus the two facies can be differentiated on the
basis of their landform-sediment assemblage and mapped separately. Since these moraines
have important implications for reconstructing former glacier dynamics, they are considered in

more detail below.

Moraines include all ridges interpreted to result from direct formation by glacier ice, whether
their origin is primarily subglacial (e.g. ribbed moraine), or subaerial (e.g. latero-frontal

moraine). Those in the study area can be classified into three types.

Type 1 moraines are typically broad-crested, relatively smooth features that may be > 10
m high and 10’s — 100’s metres in length (Fig. 2.14). Some are bedrock-cored, and may show
alignments similar to the structural trend of the underlying strata, for example northwest of
Loch Tulla (Fig. 2.9B). Many Type 1 features, however, are largely composed of cohesive
diamictons of Facies C and D, and may host superficial drapes of more friable Facies E or
F diamicton, as well as one or two scattered boulders on their crests. The best examples of
these moraines occur in an extensive sub-parallel suite that trends approximately west-east
in an arcuate belt 2 — 3 km wide, at a height of 350 — 550m a.s.l. on the undulating plateau
area south of Ben Lui and Beinn Dubhchraig (Fig. 2.9B). Landforms within this assemblage,
particularly at the western and eastern margins of the plateau, show superimposed lineations
that cross-cut or distort their ‘parent’ ridges. Suites of overridden or streamlined landforms
also occur around Loch Easan (Fig. 2.9B) and Coire Eoghannan (Golledge & Hubbard, 2005).

Type 2 moraines are generally < 10 m high and up to a few 10’s metres in length, exhibit
sharp crests, and are often arcuate across valley floors (Fig. 2.14). They are predominantly
composed of stratified or interdigitated units of Facies F (sandy diamicton) and G (bedded
or laminated clay, silt and sand). Contacts between units may be either conformable and
planar, or erosive and irregular. In a number of cases small faults, thrusts or folds may be
seen, reflecting low strain deformation. The most well-developed moraines occur at the east
end of Cononish Glen (Fig. 2.9B). The abundant steep-sided mounds are typically concave
on their north and northeastern sides, and where exposures exist, often exhibit generally
southward-vergent glaciotectonic structures. = Further west in Cononish Glen abundant
moraines occur on the northern valley side, but not on the southern side. Again, vergence
of glaciotectonic structures is to the south or southwest. Many of the valley floor moraines
near the western end of the glen are composed of stratified diamictons whose architecture
is consistently dominated by westward-dipping very clast-rich subunits. Gleann Auchreoch,
a tributary of Glen Cononish, hosts well-developed moraines along much of its valley floor.
Many of the other glens mapped host at least some Type 2 morainic landforms - other good

examples can be seen in upper Auch Gleann, Coire Thoraidh, and Gleann a’ Chlachain.
Type 8 moraines are boulder ridges (Fig. 2.14). These landforms are considerably less
abundant than either Type 1 or 2 moraines, and are most prevalent in glens of the Beinn

Chabhair — Ben More massif, south of Glen Falloch and Glen Dochart. In lower Coire Earb, for
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Figure 2.14: Moraine types and their typical geomorphological context in the study area.
Annotations show generalised composition and approximate scale of features.

example, low boulder ridges < 5 m high descend the valley sides in arcuate nested groups that
can be traced up-valley to the former glacier source area of Beinn a’ Chroin. Type 3 moraines
are predominantly composed of locally-derived large boulders, but may overlie diamictons of

Facies D or incorporate units of Facies F or G.

Glaciofluvial and glaciolacustrine deposits (Facies G) rarely form distinct landforms in
the study area, but bedded or laminated fine-grained sediments were often found on-lapping,
overlying or intercalated with the morainic deposits. In Coire Chailein, Facies G silt and clay
units are buried and have no surface expression. In most other cases, however, these sediments
form flat terraces located in either intra-moraine areas, or are contiguous with moraines.
For example, in Coire Earb Facies G sand and silt form a flat-topped gently north-sloping
glaciolacustrine delta. Bedded sand was noted in two places in upper Glen Cononish: dipping
south into the hillside north of Ben Oss, and dipping northwestward (up-valley) below Ben
Lui. Glaciofluvial fans and terrace remnants were mapped in Glen Orchy, in Strathfillan, and
near the head of Loch Lomond. Exposures in Strathfillan reveal southward-dipping bedded
sand, and laminated silt and clay. Ice-contact glaciofluvial mounds were recorded near Bridge

of Orchy and amongst the moraines at Dalrigh, distinguished by their well-sorted composition.

2.9 Interpretation: facies genesis

The accuracy of any glacier reconstruction depends to a large extent on the accurate interpre-
tation of sedimentological and stratigraphic evidence in a landform-sediment and process-form
context. Many recent studies have reviewed the common nomenclature of glacigenic sediments,
and with varying scales of focus, have attempted to refine the theories on which genetic
interpretations and facies classifications are based (Menzies, 1989; Benn & Evans, 1996;
Kriiger & Kjeer, 1999; Piotrowski et al., 2004; Menzies et al., 2006; Evans et al., 2006).The

sedimentological character, stratigraphic relations and landform context of the bedrock features
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and glacial sequences in the western Scottish Highlands are compared below with these studies,

and where appropriate, with modern examples.

Although potentially classifiable as ‘M’ beds (Menzies, 1989), ‘deformation till” (Benn &
Evans, 1996), ‘tectomict’” (Menzies et al., 2006), or ‘traction till’ (Evans et al., 2006), Facies A
— D are simply considered here to be of unspecified subglacial origin, for the following reasons:
they contain predominantly subangular and subrounded clasts that are often striated, and
have a silt and sand-dominated matrix showing a bimodal grain-size distribution. They are
very firm in outcrop and closely resemble subglacial till observed at modern glacier margins
(e.g. Fig. 2.15A). Facies E is similar in composition but is very poorly consolidated. On this
basis it is interpreted as ‘submarginal’, that is, largely derived by reworking of underlying
substrates by the glacier sole and by the addition of ‘new’ material melting-out subglacially,
in a manner similar to that shown in Figure 2.15B. Although such deposits have relatively
poor preservation potential compared to more consolidated substrates (Evans et al., 2006),
they are found in a number of locations in the study area (Fig. 2.13A). The presence of
planar-bedded sand and silt inclusions within units of Facies E argues against these units

having been pervasively deformed either during or after deposition (Piotrowski et al., 2001).

The stratigraphic position of Facies A and B, together with their very limited preservation
and, in the case of Facies A, the presence of clay minerals typical of long-term weathering
(kaolinite), suggests that these sediments relate to a significantly earlier phase of glaciation
than the one that deposited the more widespread units higher in the sequence. Although
distinguished by slight colour differences, Facies A and B are likely to be the same unit,
since they share many common characterisics (grain size, composition, mineralogy) and are

stratigraphically equivalent.

Since Facies C has a silt and clay (rock flour) matrix and is very firm, it is interpreted
as the product of bedrock erosion by plucking or micro-fracturing (sensu Hutter & Olunloyo,
1981). This process requires intimate ice-bedrock contact and only sufficient basal meltwater to
facilitate sliding. Lower effective overburden pressures (whether due to more basal meltwater
or thicker unconsolidated basal substrate) would have prevented such effective bedrock erosion.
It is thus inferred that this high shear strength, low permeability grey till is the product of a
thick, relatively cold-based, and hence slowly-moving ice mass that transported the material
englacially (Fig. 2.15C & D).

Facies C and D are almost identical in terms of their structure, clast content, and
composition, differing only in their matrix grain size and colour. They are never separated
by intervening units and the colour contrast is often abrupt and, for example near Ben Glas
(Fig. 2.9A), cross-cuts individual clasts. Metasedimentary bedrock underlies the majority
of the field area and thus, even if changes in ice-flow direction and concomitant sediment
provenance occurred, they would be unlikely to produce debris of significantly different
colour. Since the colour change is seen to cross-cut individual clasts (Golledge, 2006),
a plausible explanation may be that the red-brown colour of Facies D reflects a greater
concentration of ferrous oxides, produced by post-depositional weathering. Facies C and D

can thus be interpreted as pertaining to the same glacial advance, an inference supported by
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interpretations of similar grey—brown till sequences in Canada (Hendry et al., 1984), Sweden
(Lagerbéck, 1992), Estonia (Rattas & Kalm, 2001), Denmark (Christoffersen & Tulaczyk,
2003) and England (Madgett, 1975; Madgett & Catt, 1978). These diamictons constitute
many of the thickest and most widespread exposures in the area, and compose many of
the large Type 1 moraines, consistent with deposition beneath a well-established and long-

lived ice sheet such as the one known to have existed in Britain during the Main Late Devensian.

Facies E is widespread in its occurence, is spatially variable in its composition, and is
generally less well-consolidated than the Facies D diamicton that it overlies. The presence
of bedded sand and silt, conformably stratified within units of Facies E, suggest that these
sediments were deposited by flowing water. The presence of well-rounded as well as angular
cobbles indicates that debris was derived from both subglacial and supraglacial environments,
whilst the lack of cohesion of Facies E suggests that effective ice overburden pressures were
relatively small. Facies E may therefore have a complex and variable origin. It is likely
that subglacial meltwater eroded and reworked the underlying till sheet (where present)
(cf. Piotrowski & Tulaczyk, 1999), thus giving rise to conformable, and in some instances,
transitional contacts between Facies D and E. This must have occurred subsequent to the
emplacement of Facies D, and most likely can be attributed to recycling of the older deposits
by the Younger Dryas ice cap. During this readvance, debris melting-out from englacial
and subglacial transport (Fig. 2.15B-E) became superimposed on these saturated basal
sediments, and were patchily intercalated with well-sorted material deposited from emerging
subglacial streams. The high degree of sorting indicates sediment transport as suspended
load in water of steady velocity, flowing either in well-defined subglacial channels or through
a network of linked cavities. Sheet flow is considered unlikely given the inherent instability
of such systems (Fountain & Walder, 1998). Laterally impersistant bedded sand bodies up
to 1 m in thickness in Facies E lend support to the notion of low-pressure cavities, canals
or lakes at the glacier bed, where decreased flow velocities enabled sediment deposition.
Such features have been recorded in ancient till sequences elsewhere, for example in North
America (e.g. Clayton et al., 1989). Whilst compositionally similar to Facies F and G that
overlie it, Facies E commonly exhibits primary sedimentary bedding and rarely shows convo-

lutions and glaciotectonic deformation, suggesting a relatively passive depositional environment.

Marginal recession accompanying Younger Dryas deglaciation also led to deposition of
material from supraglacial sources in the ice-marginal environment, where debris flows from
the ice surface augmented deposits of ablated basal ice (Fig. 2.15F). These deposits are distin-
guished here as Facies F where they form Type 2 moraine mounds and ridges, comparable to
those found at contemporary ice margins (Fig. 2.15G). These poorly-consolidated heterogenous
deposits are commonly associated with retreat of the Younger Dryas ice cap in Scotland, albeit
with interpretations of genesis ranging from melt-out of stagnant debris-rich ice to thrusting at
the margins of actively retreating glaciers (see Lukas, 2005a,b, for a comprehensive review).
Recent research tends to agree, however, that the abundance and close spacing of such moraine
mounds are indicative of actively retreating, high mass-turnover ice that is close to equilibrium
(Thorp, 1991a; Benn & Ballantyne, 2005; Benn & Lukas, 2006).

Widespread intercalation of Facies G with Facies F, commonly near the top of the strati-
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Figure 2.15: Examples of facies types, their various transport pathways and depositional
environments at modern glaciers. A: Cohesive subglacial till exposed at the retreating
margin of Solheimajokull, Iceland. B: Melt-out of subglacial debris from the sole of a
retreating glacier, Solheimajokull, Iceland. Note the poor sorting and surface cobbles. C:
Folded and attenuated fine-grained englacial debris bands, Longyearbreen, Svalbard. D:
Fine-grained debris bands and pod of matrix-dominated diamicton probably incorporated
subglacially, Longyearbreen, Svalbard. E: Angular debris band of coarse clasts and gravelly
matrix buried supraglacially and incorporated into glacier ice, Longyearbreen, Svalbard. F:
The very wet glacier foreland of Steinholtsjokull, Iceland, showing proglacial lakes, sandur,
and debris-covered medial moraine. G: Recently vacated ice-margin position, marked by
a moraine of poorly-consolidated diamicton, Svinafellsjokull, Iceland.
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graphic sequence, suggests that ice-proximal deposition by glaciofluvial drainage was, at least
initially, contemporaneous with ice-marginal debris flows. As sediment supply waned, however,
probably as a result of ice margin recession, ice marginal ponds developed and accumulated the
uppermost laminated and bedded sediments. Facies G in Coire Chailein, however, intervenes
between subglacial till units. For this reason is suggested that it was deposited during an early
phase of ice recession that enabled sub-aerial deposition of the trough-cross-bedded sand and
stratified gravel unit, probably in a braided fluvial or ice-marginal glaciofluvial system prior to
the Main Late Devensian glacial advance. This scenario is corroborated by preliminary results

from luminescence dating of the sediments (Golledge & Robinson, 2007).

In summary, it is suggested that Facies A & B pre-date the Main Late Devensian glaciation,
that Facies C & D are the subglacial product of the MLD glaciation, and that Facies E and
surface occurences of Facies F were deposited by glaciers of the Younger Dryas readvance.
Facies G & H occur at different stratigraphic levels within the sedimentary sequence and reflect

depositional processes common to each glacial advance.

2.10 Discussion: Glacier dynamics in the western Scottish Highlands

The sediments and their stratigraphic relations described above enable a composite stratig-
raphy to be constructed for the first time in this area (Fig. 2.13C), and allow the following
inferences to be made with respect to the evolution of ice masses and former glacier dynamics
in the study area. Areas of scoured bedrock and the isolated cases of sediment preservation
represent opposing end members of the erosion—deposition continuum, thus their respective

distribution can be used to infer basal conditions beneath the ice.

That scoured or simply bare bedrock surfaces are widespread in the area indicates that, for
the most part, the last ice to overwhelm the study area — the Younger Dryas ice cap (Golledge
et al., 2007) — was resting on a rigid bed and probably moved through meltwater-lubricated
sliding (Hall & Glasser, 2003; Roberts & Long, 2005). The ice mass in these areas therefore
did not flow on a thick deformable bed, and deposited relatively little substrate during
its subsequent retreat. This is consistent with much of the field area occurring beneath
the central portion of the former Younger Dryas ice cap. Ice-flow during this episode was
instead accomodated in some areas through ice deformation (creep or shear) and meltwater
lubrication at the ice — bed interface. Where ice deformation was the dominant process, flow
would have been slow and largely non-erosive, governed mainly by the temperature-dependent
creep rate of the ice. The presence of areal bedrock scouring, fluting of both bedrock and
unconsolidated deposits, roches moutonnée, P-forms, and striae all indicate more rapid ice
flow and at least some erosion of the bed, suggesting that some parts of the ice cap flowed
by meltwater-lubricated basal sliding. This is known to have occurred elsewhere where
streamlined bedrock features have been preserved (Glasser, 2002; Stoker & Bradwell, 2005;
Roberts & Long, 2005).

Whether bedrock smoothing is partially inherited, isochronous, or time-transgressive is

difficult to determine without, for example, cross-cutting striae. Thus it is not possible
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from this evidence alone to determine the evolution of the basal thermal regime during
the lifetime of the Younger Dryas ice cap, only that it must have been at least partially
warm-based at some point, and probably most extensively during the warming period
that accompanied deglaciation. This inference does not, however, preclude the very likely
possibility that flow mechanisms evolved throughout the lifetime of the ice cap. The field
evidence is, therefore, a time-transgressive assemblage that superimposes features pertaining
to the last phase of glacial activity on a pre-existing, Main Late Devensian, landscape. The
juxtaposition of scoured bedrock in some areas with preservation of older sediments in others
suggests convincingly that processes operating at the glacier bed were spatially (and so proba-

bly also temporally) variable, such as is typical of glacial environments (Piotrowski et al., 2004).

Sutherland (1993) asserted that, ‘no deposits older than the Loch Lomond Stadial’ are
known in this part of the western Scottish Highlands, and thus the recognition of superimposed
Main Late Devensian landforms, their constituent sediments, and the discovery of two sequences
containing sediments that even pre-date the Main Late Devensian is particularly significant.
Since these older deposits have not been removed, later ice flow in these parts of the study area
must have been accomodated either through ice deformation, sliding, or by deformation of only
a thin zone of the bed.

Deposition of Facies C, a rock-flour dominated subglacial till, reflects intimate ice-bed
contact during the build-up of the Main Late Devensian ice sheet (Fig. 2.16A) which may have
persisted until glacier sliding was inhibited, perhaps by extreme cold and increased aridity.
Without high mass turnover the ice sheet may have become largely immobile in this area and
probably frozen to much of its bed. Landscape preservation associated with former frozen bed
conditions is widely reported from Scandinavia (e.g. Kleman, 1994; Kleman & Borgstrom,
1994; Kleman & Héattestrand, 1999), and thus may be an equally plausible scenario for this

central portion of the former British Ice Sheet.

Deposition of subglacial till continued during deglaciation, but, as a result of higher velocity
meltwater flow that preferentially removed silt and clay (Alley et al., 1997), was characterized
by a coarser matrix. This subsequently controlled downward migration of the post-depositional
weathering front that produced the colour contrast that distinguishes Facies D. Areas of
scoured bedock in the study area may partly have been produced by accelerating ice sheet
flow and the presence of fast-flowing outlet glaciers during deglaciation, both catalysed by
enhanced meltwater-lubricated sliding (Fig. 2.16B). Together with localised deformation of

dilatant unconsolidated substrates, this led to dynamic lowering of the ice sheet surface.

Widespread preservation of sediments and the streamlining of Late Devensian landforms
in the study area reflects the restricted basal erosion that took place during the Younger
Dryas. This last period of glaciation also failed to deposit a distinct subglacial till of it
own, instead reworking and remoulding older sediments. Lenses and beds of sand and fine
gravel in Facies E record localised, possibly channelised, subglacial meltwater flow, and
testify to limited deformation of the substrate following their deposition. The demise of the
Younger Dryas ice cap is thought to have resulted from a rapid climatic amelioration that
abruptly terminated the steady cooling of the early part of the stadial (Clapperton, 1997;

Hubbard, 1999). Non-topographically aligned moraines in many glens provide convincing
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Figure 2.16: Conceptual model of the formation of the stratigraphic sequence described in
the text. A: Advance of Main Late Devensian ice overwhelms topography and preserves
pre-existing sediments only in topographic hollows. Intimate ice-bed contact produces
rock-flour that is deposited as Facies C, grey subglacial till. B: Changes in the meltwater
flux at the glacier bed during deglaciation lead to greater ice—bed separation and the
deposition of the coarser-grained Facies D subglacial till. C: Younger Dryas glaciation
reworks the upper substrate and adds new material via melt-out from the glacier sole
(Facies E) and the emplacement of subaerial debris flows (Facies F). lce-marginal lakes
form in the warming climate and allow gradual settling-out of fine-grained suspended
sediment (Facies G).
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evidence that the ice mass decayed as a coherent ice cap in much of this area, most probably
supporting a relatively steep marginal gradient that even during retreat was able to overwhelm
topographic barriers (Golledge, 2007a). Glaciotectonic indicators in many of the moraines
and intercalated outwash deposits attest to the dynamic nature of the retreating ice margin,
even at this close proximity to its main source areas surrounding Rannoch Moor. To enable
this, the warming climate must have been accompanied by sufficient precipitation to con-

tinually nourish the receding ice mass to a level adequate to significantly abate surface lowering.

That the uppermost units in many of the recorded sedimentary exposures show laminated or
bedded fine sediments (Facies G) interdigitated with coarser diamictons (Facies F) may either
reflect oscillations of the retreating ice margin, or climatically-controlled changes in meltwater
and concomitant sediment flux.

Either way, the abundance of laminated fine-grained sediments in many of the glens indi-
cates that final deglaciation took place in a very wet environment characterized by widespread
ephemeral proglacial ponding (Fig. 2.16C). Poor connectivity between glacial and fluvial sys-
tems has been documented in Younger Dryas landsystems elsewhere in Scotland (Benn & Lukas,
2006), and may be equally applicable here. This is further supported by the relative paucity of
glaciofluvial outwash deposits seen in the study area.

Final disappearance of ice from the study area occurred after 11.6 = 1.0 ka BP (Golledge
et al., 2007), and may well have broadly coincided with the Younger Dryas climatic termination
identified in ice cores at ¢. 11.3 ka (Alley, 2000).

2.11 Conclusions

Geological mapping, section logging and laboratory analysis has allowed a suite of eight
distinctive glacial sediment facies to be identified. This has enabled, for the first time, a
coherent glacial stratigraphy to be defined for part of the western Scottish Highlands that
encompasses deposits spanning three glacial episodes. Widespread preservation of these
sediments, and the landforms that they compose, indicates that former ice masses in this
area were less erosive than previously envisaged, and that the present landscape constitutes a
‘palimpsest’ in which features of different ages are superimposed. When considered in their
proper context, the landsystem elements indicate that glacier flow over a deformable bed was
considerably more prevalent during the Late Devensian than the subsequent Younger Dryas,
when instead ice movement may have been governed to a larger extent by meltwater-lubricated
basal sliding. These new insights into the former behaviour of ice masses in the area enable
better comparison with deglaciated landscapes elsewhere, and provide a testable model for

future glaciological modelling experiments.
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3.1 Summary

The complexity of surviving landform-sediment assemblages in the western Scottish Highlands
presents difficulties in their interpretation, particularly with regard to their relative age,
genesis, and the style of glaciation that they reflect. With a view to accurately reconstructing
the vertical extent of the Younger Dryas glaciers in an area north and west of Rannoch Moor,
Thorp (1984, 1986) used detailed geomorphological mapping to identify ‘trimlines’ in the
landscape, which were interpreted to reflect maximum former ice surface altitudes during the
Younger Dryas. On this basis, Thorp (1984, 1986) reconstructed an extensive ‘west Highland
icefield” composed of relatively thin, interconnected, valley glaciers. This interpretation
contrasted strongly with previous work that had inferred much thicker ice (Thompson, 1972;
Horsfield, 1983), and quickly became accepted as the most plausible scenario. Other published
work on the area is limited to publications of the Geological Survey for Rannoch and Black
Mount (Hinxman et al., 1923), and to overview papers such as those of Sissons (1979b,
1980) and Thorp (1991a). More recent mapping, focussing in particular on Glen Lyon and
its surrounding mountains, identified a geological signature more compatible with higher
ice surface altitudes than invoked by Thorp (1984, 1986), leading to a local reconstruction
that bore close resemblance to previous numerical simulations (Hubbard, 1999; Golledge &
Hubbard, 2005).

Differing interpretations of the surviving glacial landscape therefore exist. The following two
papers describe new geological mapping aimed at addressing these divergent reconstructions,
focussing at a regional scale that covers the entire study area. The first of these articles
identifies a set of diagnostic criteria that may be applied to a landscape, in order that the
character of its former glaciation may be most accurately defined. The article first describes the
likely geological contrasts expected with differing scales of glaciation, from corrie accumulation
to complete ice sheet cover. By assessing the relative differences, a ‘landsystem’ model is
developed in which key elements are identified as indicative of relative thick and relatively thin
ice cover. This is pertinent, since one of the chief uncertainties in the study area surrounds the

former thickness of its glaciers.

By developing a landsystem model and applying it to the study area, the paper concludes
that in much of the area, the geological evidence reflects thick ice cover typical of ice cap
glaciation that overtopped topographic barriers. Evidence for valley glaciation is found
only in the south of the study area, and is interpreted to have comprised numerous radial
outlet glaciers fed from a central plateau icefield centred on broad mountain peaks. The
reconstruction is important in that it proposes a new interpretation of the style of glaciation

in this area, and by inference in the wider area.

The second paper takes many of the landsystem concepts and extends them (for example by
sub-dividing different types of moraine), and incorporates sedimentological and stratigraphic
data from the study area in order to assess the likely style of former glacier flow and the
potential for subglacial erosion. The article describes the altitudinal transitions that occur
on many of the mountains, identifying the chief characteristics of particular ‘zones’, and their

significance for intepretations of former ice cover. Bedrock surfaces are widespread in the study
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area, and can provide a considerably greater depth of information than simply whether or not
they have been glacially smoothed. In some areas, coherent bedrock forms an end-member
of a streamlined bedform continuum, within which are partially disaggregated rock outcrops
whose drumlinoid form reflects glacial modification, but whose structure indicates only limited
subglacial detachment. The alignments of these features reflect former ice flow directions.
Ribbed moraine and elongate depositional glacial landforms are also mapped in the study area,
principally from high-resolution relief-shaded digital elevation datasets, which, together with
the characteristics of the bedrock features, enable inferences to be made concerning the overall

surface slope of the glacier, as well as hinting at likely conditions at its bed.

The key findings of this article are that much of the landscape of the study area is
‘palimpsest’, and reflects the overriding of a Main Late Devensian topography by a Younger
Dryas ice mass that was limited in its erosive capacity. The field evidence also helps constrain
the altitude of former ice surfaces in this area, and, by identifying the abundance of both
bedrock and other non-deforming substrates, indicates that the Younger Dryas ice in this area
moved principally by meltwater-lubricated basal sliding, rather than by ice or bed deformation.
Zones of greatest flow acceleration are inferred from the locations of streamlined bedforms to

have occurred near the heads of topographic troughs.
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An ice cap landsystem for palaeoglaciological
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Abstract

This paper reviews the contrasting behaviours of ice caps and icefields, defines a generic landsys-
tem model that can effectively discriminate between them, and applies the model to landform-
sediment assemblages in an area of western Scotland. Such a model is necessary, since many
palaeoenvironmental inferences from formerly glaciated terrains are based on the geometry, ex-
tent and dynamics of reconstructed ice masses. The validity of these glacier reconstructions is
dependent on the accurate initial interpretation of relict landforms and sediments, and their
inter-relationships. A new landsystems model is presented here, in which individual geological
and geomorphological elements are checked against a set of eight theoretical diagnostic criteria
that characterize the style of former glaciation. When applied to a 1200 km? area of the western
Scottish Highlands, the landsystem tool predicts 1) an extensive Younger Dryas ice cap with
a maximum surface elevation of 900 m above sea level, implying colder or wetter conditions
than previously thought, and 2) the survival of an independent mountain icefield in part of the
area during deglaciation. Glaciological theory, proxy palacoenvironmental data and established
glacier-climate-topography relationships support these predictions, thereby giving credibility to

the landsystem methodology as a generic tool for palaeoglaciological reconstructions.

KEYWORDS: Ice cap; landsystem; palaeoglaciology; reconstruction; Scotland.
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3.2 Introduction

Considerable uncertainty and debate surrounds the nature of the former ice mass that
developed on the western Scottish Highlands during the Younger Dryas (12.7 — 11.3 ka Alley,
2000), (cf Thompson, 1972; Horsfield, 1983; Thorp, 1984, 1986; Golledge & Hubbard, 2005).
The contention rests on whether the ice formed a coherent, domed ice cap (e.g. Barnes ice
cap, Baffin Island; Langjokull, Iceland), or was instead a mountain icefield characterized by
interconnected valley glaciers (e.g. Breheimen, Norway; Harding and Juneau icefields, Alaska).
Far from being a purely semantic argument, the difference between the two forms is manifest
in behavioural contrasts that impact on the palaeoclimatological inferences drawn from
postulated glacier reconstructions, and on the geomorphological evolution of formerly glaciated
terrain. A requirement therefore exists for a tool that allows accurate appraisal of the style
of former glaciation of an area. This tool may be coupled with standard inversion modelling
techniques so that the landforms and sediments used in the latter are treated in the correct
glaciological context. Where possible, mapped features in a study area should be compared
with those typical of different types of glacial landscape, so that the most appropriate style of
glaciation may be inferred. This article defines a set of broad criteria that enable differentiation
between landscapes glaciated by ice caps and those glaciated by icefields. The methodology is
then applied to a study area of 1200 km? in the western Scottish Highlands, in an attempt to
resolve the existing icefield / ice cap controversy.

In order to identify the geomorphological and sedimentological criteria necessary for such a
method it is important to appreciate the differences between the ice masses that produce them.
Icefields and ice caps have been variably defined. Andrews et al. (1970) cite the definitions
established by Ahlmann (1948), the American Geological Institute (1957) and the American
Geographical Society (1958), in which icefields and ice caps are distinguished by size and by the
relative relief of the ground on which they form. In their scheme an icefield covers less than 10
km? and occupies land of high relief, whilst an ice cap is greater than 10 km? in area and covers
land of ‘moderate’ relief. Such definitions are rather simplistic, and their only concession to
glaciological differentiation is in the assertion that ice caps flow outwards in all directions from
a central area. A significantly more useful set of criteria are identified by Sugden & John (1976).
They define an icefield as an ‘approximately level’, non-domed ice mass whose flow is influenced
by the underlying topography, and an ice cap as consisting of two components — domes, and
outlet glaciers. Outward flow from the central dome by creep or basal sliding is possible even
where topographic gradients are low, as a result of the great thickness of ice and high driving
stresses. Underlying bedrock rises may produce muted ice-surface bumps depending on their
scale. Sugden & John (1976) emphasize that overlap may exist between icefield and ice cap
morphology, and that the differences between a mountain icefield and a non-equilibrium ice cap
may be hard to distinguish. In summarising many earlier ideas, Benn & Evans (1998) focus on
the role of topography in their definitions: an ice cap will (at least in its central area) ‘submerge
the landscape’ and will flow independently of bed topography. In contrast, an icefield does not
possess a dome-like surface and its flow is influenced by underlying topography. Again, it is
recognised that there are rarely clear distinctions between types of ice mass; instead they all lie
along ‘spatial and temporal continuums of form’. Given a suitable climatic regime, glaciers will

grow from localised corrie glaciers into a single coherent ice sheet through various intermediate
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Figure 3.1: A. Schematic representation of glacier evolution from 1) corrie glacier through
2) valley glacier, 3) mountain icefield, 4) ice cap into 5) ice sheet. Note the lateral
expansion in addition to vertical thickening, and the changing ice flow directions that may
occur as the ice shed becomes increasingly independent of topography. B. The bifurcation
in ice-mass evolution that results from large and small temperature depressions, leading
to unstable and stable ice sheets respectively (adapted from Payne & Sugden, 1990). C
& D. Contrasting growth of ice masses on different topographies (redrawn from Payne &
Sugden, 1990).

forms (Fig. 3.1A). Different magnitudes of climate change produce bifurcations in the response
of ice which appear to govern whether the ice mass evolves to a stable or unstable state (Fig.
3.1B). Ultimately these bifurcations are tempered by the nature of the underlying topography
(Payne & Sugden, 1990) (Figures 3.1C & D).

There are several important glaciological and behavioural differences between thick ice caps
and thinner icefields. A mountain icefield is, to a great extent, confined by topography, and
will discharge towards lower ground along lines of least topographic resistance. In contrast,
flow of an ice cap is governed by its surface slope, largely independent of bed topography
(Glasser, 1997) (Fig. 3.1A). The thickness and surface slope of the ice significantly influence
driving stresses, which in turn: control the velocity of ice flow (Weertman, 1973; Thorp, 1991b;
Mitchell, 1994); influence the thermal regime of basal ice (Glasser, 1995; Glasser & Siegert,
2002); and in combination with the rheology and shear strength of underlying substrate, dictate
the resultant mechanism of glacier flow (either internal deformation, meltwater-lubricated basal
sliding, deformation of basal substrate, or a combination of all three). Ice geometry therefore
significantly affects glacier dynamics, and consequently, different styles of glaciation will produce
contrasting glacial landsystems (Benn & Evans, 1998; Evans, 2003c) (Table 3.1). In simple
terms, icefield glaciers give rise to landforms that are generally concordant with topography
because they tend to flow in the direction of land surface slope, and are constrained by the valleys
they occupy. Icecap margins on the other hand are significantly less affected by topography and
may therefore also produce landforms whose alignments are discordant with the land surface.
When positive or negative mass balance perturbs steady-state conditions, valley glacier margins
expand or recede respectively, that is, they are climatically sensitive. Large ice caps may exhibit
longer response times, however, partly because their often higher surface altitude and greater ice

surface area (and consequent albedo) enable them to modify local climate more effectively. This
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may be achieved by creating greater orographic precipitation, lower surface air temperatures,

and stronger katabatic winds.

3.3 The ice cap landsystem

In order to assess the style of former glaciation in an area and ensure the most appropriate inver-
sion model reconstruction is produced, field evidence must be compared with geomorphological
and sedimentological elements that together constitute idealized icefield and ice cap ‘landsys-
tems’. The landsystem concept has been around for almost a century (cf Eyles, 1983; Evans,
2003c) and in recent years has been increasingly applied to both modern and relict glacial en-
vironments, and has become widely accepted (e.g. Andrzejewski, 2002; Evans & Twigg, 2002;
Kovanen & Slaymaker, 2004; Clark & Stokes, 2003; Colgan et al., 2003; Evans, 2003b; Fitzsi-
mons, 2003; Glasser et al., 2003; O Cofaigh et al., 2003; van der Wateren, 2003). In identifying
areas of ‘common terrain attributes’ the glacial landsystem approach enables individual land-
form elements to be grouped into units, which when collectively linked to process-form models
provide a powerful tool in palaeoglaciological reconstruction (e.g. Stokes & Clark, 1999; Evans,
2003c). Fundamental to this method of landscape assessment is the recognition that whilst cli-
mate, bed geology and topography largely influence the formation of glacial landforms (Colgan
et al., 2003), landsystem elements (and the units they make up) will also reflect both spatial
and temporal differences in the behaviour of the ice mass that formed them. Thus, careful
analysis of a landsystem can enable inferences to be drawn about the evolution of former ice
masses, as well as their steady-state dynamics (Clark, 1997). Whilst Rea et al. (1998) and
Rea & Evans (2003) provide comprehensive summaries of plateau icefields and their diagnostic
landforms, and Evans (2003a) collates detailed descriptions of many other landsystem types,
a holistic view of the landform-sediment assemblages typical of ice cap landsystems is lacking.
A requirement therefore exists for a set of criteria, or landsystem, that accurately defines the
landforms and sediments diagnostic of ice-cap style glaciation.

Given that the most apparent distinction between ice caps and icefields is in the degree
of topographic control exerted on the direction of former iceflow, evidence that reflects non-
topographic iceflow might be especially useful in identifying areas where ice cap glaciation has
previously occurred. Such topographically unconstrained flow may be manifest in the geological

record by preservation of any of the following:

1. Topographically discordant ice-marginal landforms, such as retreat moraines aligned

across valleys obliquely or with their ice-contact slope on the down-valley side.

2. Areas of thick subglacial till and preservation of pre-existing deposits, particularly where
ice has flowed obliquely across a valley or up a reverse slope, or across a col (Thorp,
1991a). In addition, the upper limit of till on steep valley sides where ice has flowed
obliquely may be asymmetric, due to a predominance of lee-side cavity infilling on the

up-glacier side and increased basal erosion on the down-glacier side.

3. Streamlined high-level cols where ice has overtopped local watersheds as a result of ice
flow governed by surface slope rather than underlying topography. The streamlining may
be evident in the presence of ice-scoured bedrock or streamlined glacigenic deposits (flutes

or drumlinoid forms), or both.
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_

Valley glacier

Decreasing ice thickness / increasing topographic control
Landsystem el t:
Ice sheet Icecap Icefield
Scale (approximate
order of magnitude only) |>10 000 km? >1000 km? >100 km? >10 km?

Corrie glacier

<10 km?

Geometry

Domed accumulation area,
with outlet lobes of variable
gradient (particularly where
marine terminating).

Mainly domed accumulation
area, with relatively steep
outlet glaciers.

Non-domed, approximately
level accumulation area with
low surface-slope outlet
glaciers.

Elongate, with variable ice
surface slope from
accumulation area to margin.

Sub-circular, steep-sided,
generally concavo-convex
surface profile.

Ice marginal landforms
and sediments.

Often offshore, at formerly
grounded or calving margins.

Typically terrestrial, often in
lowland areas. Deglacial
features may be discordant
with local topographic slope.

Typically terrestrial, often in
lowland areas. Deglacial

features generally concordant
with local topographic slope.

Typically terrestrial, often in
upland areas or fringes of
lowlands.

Terrestrial assemblages in well:
defined generally high-altitude
topographic hollows.

Subglacial sediment
deposition.

Often complete removal of
pre-existing sediments in
upland areas. Ubiquitous
deposition of subglacial till.

Asymmetric deposition of till
on valley sides. Accumulation
of thick sediment sequences in
valley floors, preservation of
pre-existing deposits.

Erosion of pre-exisitng valley-|
floor deposits. Symmetrical
valley-side till deposition

Erosion of pre-existing valley-|
floor deposits. Symmetrical
valley-side till deposition.

Erosion of pre-exisitng
sediments, limited subglacial
deposition, often bouldery
supraglacial and ice-marginal
deposits.

High-level cols and
interfluves

Generally always overtopped
and streamlined.

Often overtopped and
streamlined, particularly in
central areas.

Only streamlined at low
altitudes and in central areas.

Rarely overtopped unless very
low, more often act as barriers
to flow.

[Not applicable.

Pattern of local iceflow
shown by kinematic
indicators.

Determined by ice surface
slope, irrespective of
topographic slope.

Determined by ice surface
slope, irrespective of
topographic slope.

Typically parallel to major
valleys and topographic lows.
Generally follows slope of
underlying land surface.

Always valley-parallel,
following topographic slope.

Outward from the cirque
backwall along lines of
steepest topographic gradient.

Direction of flow of ice-
marginal drainage.

Away from ice margins either
with or against topography.

Away from ice margins either
with or against topography

Away from ice margins
generally following
topography.

Away from ice margins always
following topography

Away from ice margins always|
following topography

Style of palaeo-iceflow of
whole ice mass

Radial from a central dome or
iceshed.

Predominantly radial from a
central or local dome, or
iceshed.

Only radial where unconfined,
otherwise generally directed
by major topographic
features.

Always valley-parallel,
following topographic slope.

Outward from the cirque
backwall along lines of
steepest topographic gradient.

Table 3.1: Summary of generalised physical, geomorphological and sedimentological char-
acteristics — landsystem elements — for a range of ice masses of different scales.

Glaciotectonic structures and palaeo-iceflow indicators that attest to former ice flow

against the topographic gradient.

Ice-marginal drainage where bedding suggests palaeoflow was against the modern topo-
graphic gradient, often forming ice-contact fans and resulting in ephemeral ice-marginal

lakes or ponds in which laminated clay, silt and sand were deposited.

Streamlined and superimposed bedforms, striae, and erratic transport paths indicating
predominantly radial outward ice flow from a central dome, irrespective of the trend of

major valleys.

Whilst isolated occurences of the above may not be particularly instructive, their widespread
presence may be diagnostic. Thus the greater the abundance and wider the distribution of
such features, the stronger the case for ice cap glaciation. Where ice cap landsystem elements
are either sparse or entirely absent, it can be inferred that topographic control was greater and
that perhaps an icefield reconstruction is more appropriate. When a suitable reconstruction has
been achieved, the overall size and geometry of the former ice mass should also be considered
(Table 3.1).

The ice cap landsystem defined above can be regarded as a tool for palaeoglaciological
reconstruction in the same manner as has been achieved elsewhere (cf Stokes & Clark, 1999;
Evans, 2003c). Comparison of empirical field evidence with landsystem elements characteristic
of particular styles of glaciation enable the most glaciologically plausible explanation for
landscape formation to be derived. However, since ice-mass morphologies form continuums
rather than distinct and separate entities (Benn & Evans, 1998) a degree of overlap may be
expected. Additionally, it is rare for all elements of a landsystem to be present in every case
(Stokes & Clark, 1999).
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Presented here are the results of detailed geomorphological and sedimentological mapping
at 1:10 000 and 1:25 000 scale in an area of the western Scottish Highlands, focusing on the
landsystem elements pertinent to the ice cap / icefield debate. These data form the empirical
foundation for a palaeoglaciological reconstruction of a 1200 km? study area, from the southern
margin of Rannoch Moor at Black Mount to the head of Loch Lomond, and from Glen Lyon
to Glen Orchy (Fig. 3.2). The area is characterized by dissected mountain ranges with peaks
exceeding 1000 m in height rising from deep valleys, the lowest of which lie almost at sea level
(e.g. Loch Lomond). The area was last glaciated during the Younger Dryas , or Loch Lomond
Stadial (12.7 ka — 11.3 ka, Alley, 2000).

3.4 The Younger Dryas in western Scotland

3.4.1 Palaeoclimate

The rapid, high-magnitude transition to cold conditions that characterized the onset of the
Younger Dryas (Dansgaard et al., 1989; Alley, 2000; Brooks & Birks, 2000) depressed mean
temperatures by up to 8°C in Scotland, and produced steep west-east and south-north precipi-
tation gradients of 40 and 50% respectively (Clapperton, 1997; Hubbard, 1999). The climate of
northwest Europe was highly unstable at this time (Witte et al., 1998), and it is likely that the
UK experienced more pronounced and varied effects of this climate transition than anywhere
else in the Northern Hemisphere, as a result of its maritime location and the proximity of polar
water (Sissons, 1979b). Snow-bearing winds from the south and south-west dominated the more
vigorous atmospheric circulation of the stadial (Sissons, 1979b, 1980; Ballantyne, 2002). The
combination of global temperature decline with migrating precipitation fronts brought about re-
newed glacial and periglacial conditions in Britain, possibly rejuvenating mountain icefields that
survived the Windermere Interstadial (Clapperton, 1997; Bennett & Glasser, 1991). It is likely
that glacier initiation occurred at different times in different places as a result of topographic
variation, the ‘snow fence effect’ of mountain crests (Andrews et al., 1970; Hulton & Sugden,
1997), precipitation differences, and the southward migration of the polar front (Sissons, 1979b).
Glaciers were consequently larger in the west of Scotland than in the east (Sissons et al., 1973).
Using the dimensions and distribution of Younger Dryas glaciers in Scotland, Sissons (1979b)
calculated firn lines, which closely reflect Equilibrium Line Altitudes (ELAs), (Porter, 2001).
For the Rannoch Moor area firn line altitude was approximately 600 m a.s.]l, declining to 550 m
a.s.l over Glen Lyon and c. 470m a.s.l over the Beinn Chabhair - Ben More massif (Fig. 3.2).
After reaching a maximal extent in ¢. 550 years (Hubbard, 1999), the ice mass is thought to
have decayed in two phases - the first triggered by reduced precipitation, the second by rapid
climatic warming (Dansgaard et al., 1989; Benn et al., 1992). Complete disappearance of the
Younger Dryas ice mass by 10.6 — 10.4 '4C ka BP is inferred from dated basal organic sediments
on Rannoch Moor (Lowe & Walker, 1976).

3.4.2 Style of Younger Dryas glaciation

Recent work in part of the western Scottish Highlands has identified a mismatch between the
widely accepted icefield reconstruction, largely based on the work of Thorp (1981, 1984, 1986,

1991b,a), and model predictions constrained by field evidence that suggest higher maximum
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ice-surface altitudes typical of ice cap glaciation (Golledge & Hubbard, 2005). These more
recent findings support previous research that similarly referred to the west Highland ice mass
as an ice cap (e.g. Sissons, 1979b; Horsfield, 1983; Sutherland, 1984b; Payne & Sugden, 1990;
Hubbard, 1999; Purves et al., 1999), but are at odds with the views of other workers who
worked further to the north (Thorp, 1984, 1986; Bennett & Boulton, 1993a) or further west
(Ballantyne, 2002). For any given set of parameters (such as ice temperature, bed rheology,
and glacier extent) that describe (or force numerical models of) the Younger Dryas ice mass
in the western Scottish Highlands, a larger volume of ice is required for an ice cap rather
than an icefield reconstruction (Golledge & Hubbard, 2005). As a result, the ice thickness
in the central dome will be greater and the surface slope of the ice margins correspondingly
steeper. The greater shear stress imposed by the thicker ice mass will ultimately give rise to
higher strain rates and greater ice velocities (Weertman, 1973; Benn & Evans, 1998) in the
ice cap outlet glaciers than in the icefield valley glaciers reconstructed by Thorp (1991b). In
order to maintain these higher balance velocities an ice cap must experience correspondingly
steeper accumulation — ablation gradients, an implication which may impact significantly on

palaeoclimate inferences drawn from such glaciological reconstructions.

The differences in terminology adopted by the various workers may reflect little more than
the spatial and temporal variation of the ice mass in each study area, however. Those concerned
with the central portion of the ice mass may find evidence typical of ice cap glaciation during
its maximal extent, whilst studies focussed nearer the ice margins — on purely deglacial field
evidence or on independently glaciated areas away from the main accumulation area (e.g. Benn
& Ballantyne, 2005; Benn & Lukas, 2006), — may lean more toward an icefield interpretation. In
actuality, the ice mass likely evolved during its life from one form to another, leaving behind a
complex geomorphological signature. The focus here is on the identification of geomorphological
and sedimentological features that enable any area of a former ice mass to be critically appraised

and accurately defined based on its nature at its maximal thickness and extent.

3.5 Study area

3.5.1 Existing model and previous literature

Topography has long been recognised as a major forcing factor in glacierization (e.g. Manley,
1955; Schytt, 1967; Andrews et al., 1970; Ives et al., 1975; Payne & Sugden, 1990; Glasser et al.,
2005), and thus the degree to which the topography influences the build up and evolution of
an ice mass must be regarded with at least equal import as climate. It has been suggested
that the topography of the western Scottish Highlands, where high mountains surround the
relatively high-altitude plateau area of Rannoch Moor, significantly influenced the style of
ice mass that evolved there during the Younger Dryas (Payne & Sugden, 1990). The study
area connected the former accumulation and dispersal centre around Rannoch Moor with the
southern glacier margins at Loch Lomond and Menteith, and, consequently, affected both
the style and direction of former ice flow. Investigations in this area are therefore crucial to

resolving ongoing differences of interpretation with regard to palaeoglaciological reconstructions.
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Payne & Sugden (1990) favoured an ice cap scenario, but other studies have been more
equivocal. Mapping by Thompson (1972); Horsfield (1983); Thorp (1984, 1986, 1987, 1991a),
identified the relict glacial landforms, and to a lesser extent the sediments, of different parts
of the western Highlands, and from these drew inferences about the size and dynamics of the
former Younger Dryas ice mass. Thompson (1972) proposed a valley glacier reconstruction
for the area around Glen Lyon, with individual glaciers sourced at altitudes > 900 m a.s.l.
and flowing for the most part along the major valleys of the area. This interpretation
was disputed by Horsfield (1983), who instead concluded that an ice cap with a maximum
surface altitude of > 1000 m a.s.l. and centred on the Etive and Nevis mountains dominated
the area. Working predominantly to the north and west of Rannoch Moor, Thorp (1984,
1986) found no evidence of the thick ice postulated by Horsfield (1983), but instead mapped
periglacial trimlines to infer much lower ice surfaces. He reconstructed a low aspect-ratio

icefield with icesheds no higher than 750 m a.s.l, drained by numerous fast flowing valley glaciers.

Recent research based on detailed geomorphological and sedimentological field mapping
combined with numerical model predictions (Golledge & Hubbard, 2005) produced a recon-
struction whose maximum ice surface altitude contrasts significantly with that of Thorp (1984,
1986). This latest interpretation proposed an ice cap with a maximum surface altitude of c.
900 m a.s.l., and with flow in its central area largely determined by its surface slope, rather
than the underlying topography. The ice cap dome maintained a relatively steep surface in
areas up-ice of its outlet glaciers, suggesting higher basal shear stresses than those proposed by
Thorp (1991b).

3.5.2 New data

The timing of glaciation in the study area is bracketed by organic deposits buried beneath
subglacial till at Croftamie, southeast of Loch Lomond, suggesting a maximum glacier extent
at 10, 560 £ 160 *C ka BP (Evans & Rose, 2003), and inferred ice-free conditions on Rannoch
Moor by 10, 660 & 240 — 10, 390 + 200 '*C ka BP (Lowe & Walker, 1976). Although the dates
from Rannoch Moor may be ‘too old’ (Sissons, 1979b), the Croftamie dates nonetheless imply
that the Younger Dryas ice reached its maximum southerly extent very late in the Stadial, and

that subsequent deglaciation was very rapid indeed.

Landforms and sediments in the northern sector of the study area (Fig. 3.2) have been
described elsewhere (Golledge & Hubbard, 2005), and consequently are only summarised here.
There is a marked within-valley asymmetry in the distribution of moraines in the northern
sector, unrelated to differential rockfall input (sensu Benn, 1989), and in many cases the
moraines are aligned obliquely across valley floors. Thick accumulations of subglacial till are
preserved only in localities where ice flowed against the topographic gradient; within-valley
asymmetry of till cover is particularly prominent in e.g. glens Lochy and Lyon. A number of
high-level (> 700 m a.s.l) cols show evidence of glacial streamlining indicative of transfluent
ice flow, and glaciotectonic structures and sedimentary bedding in glaciofluvial sediments are
consistent with radial iceflow from Rannoch Moor. Striae, roches moutonnée and erratic carry
also indicate non-topographically constrained iceflow in a broadly radial pattern consistent

with a major iceshed to the northwest.
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Figure 3.2: The study area in western Scotland, showing generalized distribution of the
key landsystem elements, localities described in the text and the approximate locations
of detailed examples given in Figures 3.3 & 3.4. Firn lines are interpolated from a grid
built from the contours of Sissons (1979b, 1980). Inset shows the location of the study
area in Scotland, the extent of Younger Dryas glaciation (Sissons, 1980), and localities
mentioned in the text beyond the study area. Scale given by 5 km British National Grid
ticks (main map), and Lat / Long lines (inset). OS topography () Crown copyright. All

rights reserved.
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Recent mapping south and west of this area has identified abundant ice-marginal landforms
(predominantly moraines), for example in Cononish Glen where they trend obliquely across
the valley sides and valley floor, that is, generally discordant to the local topographic slope.
Two large lateral moraines steeply descend the hillsope at the western end of the glen (Fig. 3.3
A, B) and are aligned with valley-floor moraines to form cross-valley ice-marginal assemblages.
There is a high density of moraines in much of Cononish Glen, and many of the individual
diamicton and sand and gravel-composed mounds are 5 — 10 m in height with complex internal
stratification. Some areas of the glen, however, are devoid of moraines. Neighbouring Glen
Auchreoch hosts numerous morainic ridges that, although concordant with topography in terms
of their cross-valley alignments, display steep ice-contact slopes on their northern (down-valley)
sides. Sections in the moraines prove their composition to be stratified ice-contact debris flows
and bedded sand and gravel, a characteristic of Younger Dryas moraines elsewhere in Scotland
(Lukas, 2005b; Benn & Lukas, 2006). Another high-density area of topographically discordant
moraines exists in Lairig an Lochain (Fig. 3.2) where the ice-marginal landforms (moraines
and associated meltwater channels) form sub-parallel linear assemblages descending obliquely
across the valley floor. The most abundant moraines in the study area, however, occur in the
undulating plateau area south of the Ben Lui - Beinn Dubhchraig watershed (Fig. 3.2). Here
a sub-parallel assemblage of broad moraine ridges trend approximately west-east in an arcuate
belt 2 — 3 km wide at a height of 350 — 550m a.s.l. Many of these ridges are overprinted with
approximately north-south aligned lineations, or show evidence of remoulding (Fig. 3.4). The
larger, ‘parent’, moraines undergo a transition up to 700 m a.s.l into bedrock ridges of the

same orientation.

Distribution of till in this central area is highly variable both in spatial extent and in terms
of its thickness. Many of the valleys (e.g. upper Glen Orchy) have only thin valley-floor till
cover, whereas others (e.g. Coire Chailein, Coire Thoin, Coire Bhiocair, Glen Auchreoch)
host till accumulations up to 35 m thick. In Coire Chailein, Coire Thoin and Gleann nan
Caorann a distinct cross-valley asymmetry of infill is apparent. In these valleys, till occurs
significantly higher on one side of the valley than the other. Complex stratigraphies are
present in the Coire Chailein and Coire Thoin valley infills, representing more than one period
of sediment deposition. In Coire Chailein c¢. 6 m disturbed but bedded gravel, sand, silt and
clay separates a 13 m thick lower sand-dominated yellow-brown till from an upper 8 m thick
silt- and clay-dominated grey and brown till. In Coire Thoin the grey till abruptly overlies a
reddish sandy diamicton that when subjected to X-Ray Diffraction (XRD) analysis yielded a
strong peak consistent with the presence of kaolinite, a clay mineral weathering product whose

abundance in a deposit increases with age.

Streamlined high-level cols in this central area attest to the prevalence of transfluent ice in
many areas. Transfluent flow is indicated by ice-smoothed cols south of Ben Challum (650m),
and between Ben Lui and Ben Oss (690m), (Fig. 3.2). In these cases glacial streamlining is
manifest as ice-smoothed bedrock with few loose frost-shattered surface blocks. Elsewhere,
streamlined cols host drumlinoid ridges or flutes (e.g. around Coir’ Orain and above Coire
Chailein). These ridges are variably composed of diamicton, boulders, and / or disaggregated

bedrock, and in most cases range in height from 2 — 5 m. Deformed sedimentary structures
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Figure 3.3: Examples of geomorphological and sedimentological elements of the ice cap
landsystem: A & B, topographically discordant moraines in Cononish Glen showing still-
stand positions and intervening, more chaotic, recessional moraines; C & D, bedded sand
exhibiting sheath fold with southerly vergence, Coire Chailein; E & F, glaciolacustrine
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inal image (© Royal Commission on the Ancient and Historical Monuments of Scotland
(RCAHMS). Photos (C) & (E) BGS registered photographs, (©) NERC, 2006.
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preserved in a 1 m thick sand, silt and clay unit in Coire Chailein resemble a sheath fold,
which, when carefully dug out, showed southerly vergence (Fig. 3.3 C, D). Elsewhere, minor
silt and sand units within or associated with moraines often show glaciotectonic folding or
faulting. Exposures in Cononish Glen and Gleann Auchreoch reveal abundant evidence of
post-depositional sediment deformation (folding and faulting) typical of actively oscillating
ice margins. The vergence of these deformation structures is shown in Fig. 3.2. Evidence
of non-topographically directed sub-aerial deposition of bedded sand and gravel at former
ice margins is preserved in the central sector of the study area in e.g. Coire Thoraidh and
Cononish Glen. Exposures on the lee side of a moraine in Coire Thoraidh proved steeply
southwestward-dipping foreset-type beds of alternating sand, gravel and diamicton. In Glen
Cononish, well-sorted sand beds flanking a low moraine exhibited an approximately 10°
west-northwestwards dip; counter to the local topographic slope. Also in Glen Cononish
proglacial sand and gravel outwash was recorded dipping southward into the hillslope below
Ben Oss.

Patterns of former high-level iceflow can be inferred from erratic transport paths. Southerly
iceflow across a NW-SE aligned mafic dyke crossing the summit ridge of Fiarach (Fig. 3.2)
produced long erratic trains (> lkm) along the wide summit ridge to the south-southwest.
Sub-rounded boulders of coarse-grained granite up to 2 m diameter were recorded on moraines
south of Fiarach, below Cruachan Cruinn col (492m). Granite is found in situ only to the
north, underlying Rannoch Moor, and to the southwest from the head of Glen Fyne to Garabal
Hill. Metalimestone erratics from the southern flanks of Ben Oss also show generally southerly
transport across the wide plateau.

South of Glens Dochart and Falloch, the Ben More - Ben Chabhair massif hosts a landform-
sediment assemblage that contrasts distinctly with those described above. Moraines in this area
are numerous but generally restricted to valley floors and lower hillslopes. At the northern end
of Coire a’ Chuilinn (Fig. 3.2) latero-frontal moraine ridges arc across the valley, indicating that
ice lay to their southeast. The ridges are typically < 10 m high and fragmentary. At the north-
west end of Coire Andoran is a > 10 m high morainic bank composed of stratified debris-flow
diamictons and capped with southwest-dipping cross-bedded sand and gravel (> 1 m thick).
Few other features were observed further south. Topographically concordant, low, arcuate,
bouldery spreads and cross-valley moraines also occur along the length of Coire Earb, indicative
of active south-southeastward ice margin recession. Many of the moraine crests are strewn with
angular blocks of local metasedimentary lithologies 2 — 5 m diameter. On the southern side of
the massif, topographically-concordant cross-valley moraines occur in Balquhidder Glen and
Ishag Glen (Fig. 3.2). Thick till was mapped in limited parts of Balquhidder Glen but in none
of the tributary valleys, and no asymmetry in valley-side till cover was observed. Rather, many
of the glens showed a notable absence of till on all but the lowest slopes (e.g. Coire a’ Chuilinn
and Coire Andoran). The floors of these glens, particularly in their upper reaches, are dom-

inated instead by ice-scoured bedrock and ubiquitous locally derived, angular, rockfall boulders.

Ice-smoothed bedrock is abundant at higher altitudes across the massif, but can be
misidentified due to the naturally smooth mica-rich sub-horizontal metasedimentary bedding
planes. Distinction can be based instead on the relative abundance of frost-shattered surface

debris, or where smoothing contrasts can be identified within the same lithology over small
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Landsystem element(s) Northern Sector Central sector Southern sector
Scale (approximate order of 2 2 2
. >1000 KM >1000 KM >10 KM
magnitude only)
Geometr CENTRALDOME & CENTRAL DOME & VALLEY GLACIERS SOURCED
Y OUTLET GLACIERS OUTLET GLACIERS FROM SUMMITS
Topolgraphlcally discordant ice- YES YES NO
marginal landforms
Localised thick till accumulations,
preserved sequences, asymmetric YES YES NO
valley-side till cover
Streamlined high-level cols YES YES YES
F‘ognter-topographlc palaco-iceflow YES YES NO
indicators
Coullter-topogr?phlc flow of ice- YES YES NO
contact fan sediments
Collective evidence of radial ice-flow REGIONAL REGIONAL LOCAL

Table 3.2: Character, presence or absence of each of the eight key landsystem elements
in the study area.

areas. Northeast of Cruach Ardrain for example, ice-smoothed rock occurs up to 930 m but no
higher. The north flank of Ben More exhibits a vertical transition to fractured, frost-shattered
rock around 860 m; the 862 m col and rock surfaces up to 930 m between Ben More and Stob
Binnein are similarly smoothed, but their summits at 1174 m and 1165 m, respectively, exhibit
thin regolith mantles over frost-shattered bedrock. No glaciotectonic deformation was observed
in sediments in the southern area. However, clear evidence of topographically concordant
ice-marginal drainage exists in Coire Earb where a flat-topped, gently northwest-dipping
(down-valley) terrace is preserved (Fig. 3.3 E, F). The up-valley margin of the terrace is
contiguous with a well-developed cross-valley moraine, and a section in the distal end proved
it to be composed of bedded sand and laminated silt. Its location in the middle of the valley
floor, but significantly higher than any fluvial terraces in the glen, suggests that the terrace

may have a glaciodeltaic origin.

In summary, the landsystem elements in the northern and central sectors of the study area
comprise moraines aligned obliquely across valleys; preservation of older deposits and localised
thick accumulations of till; streamlined high-level cols; and glaciotectonic and ice-marginal
sedimentary structures indicative of non-topographically controlled ice and meltwater flow.
By contrast, landsystem elements in the southern area indicate topographically concordant
moraines; limited till deposition; bedrock smoothing at variable altitudes and ice-marginal

meltwater flow that was governed primarily by topographic slope.

3.6 Testing the landsystem model

The above examples illustrate that a variety of landform-sediment assemblages are present in
the study area of the western Scottish Highlands. By comparing the distribution and abundance
of individual landsystem elements with the theoretical criteria defined above an assessment of
dominant glaciation style can be made for each sector of the study area (Table 3.2).

It is apparent that whilst the northern and central areas exhibit key similarities, the
southern sector is markedly different. The maximum altitude of widespread streamlined
bedrock decreases southward and southeastward from Rannoch Moor but rises abruptly

south of Glen Falloch. Thick till accumulations and preserved sedimentary sequences are
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present north of Glen Falloch but absent further south. Deglacial landsystem elements such
as moraines and ice-marginal glaciofluvial sediments reflect non-topographic large-scale radial
ice flow in the northern and central sectors of the study area, whilst those in the southern
sector are topographically-concordant and show only small-scale radial ice flow. On the basis
of the landsystem evidence it is therefore proposed that the northern and central sectors
were overwhelmed during the Younger Dryas by an ice cap flowing radially from Rannoch
Moor and the surrounding mountains. During deglaciation the ice cap thinned and retreated
actively back to its source area, maintaining margins steep enough in some areas to form
topographically discordant landsystem elements. By contrast, the mountains in the southern
sector may have acted as a subsidiary accumulation centre of the ice cap at maximum extent,
which separated from the main ice cap during deglaciation and survived as a mountain
icefield feeding topographically constrained outlet glaciers. This hypothesis can be tested by

theoretical reconstruction of the former ice surface.

Field mapping has already enabled accurate constraint to be placed on the upper limit of
ice in the northern sector of the study area (Golledge & Hubbard, 2005). The same method-
ology is adopted for the central and southern sectors, enabling ice surface contours to be con-
structed along flowlines based on the empirical data and constrained by equations for theoretical
parabolic profiles (Nye, 1952; Paterson, 2000). The overall geometry of the ice mass between
flowlines is then approximated and guided by previous reconstructions (e.g. Horsfield, 1983)
(Fig. 3.5). Digitised ice-surface contours were used to generate a triangulated ice cap surface
using ArcGIS 9.0, from which a 3D surface grid was interpolated. Raster subtraction of the
topographic surface from the ice cap grid allowed ice thicknesses and the location of nunataks
to be checked quickly and accurately. These methods also allow basal shear stresses to be
calculated, using:

T = pghsina (3.1)

where p is the ice density (900 kg m~3), g is gravitational acceleration (9.81 m sec™2), h
represents ice thickness (m), and « is the ice surface slope (Paterson, 2000). Applying Equation
(3.1) to centre points of Glen Orchy, Glen Falloch / Loch Lomond, and Glen Lyon yields,
respectively, values of 7 = 30 — 50 kPa; 45 — 60 kPa; 50 — 80 kPa.

Importantly, the feasibility of the local ice centre in the southern sector can be tested using
the summit breadth vs height relationship defined by Manley (1955). The curve defines the
non-linear inverse relationship between mountain or plateau summit breadth and the height
above the firn line (or ELA) at which snow can be expected to accumulate. When the breadths
of major summits in the Beinn Chabhair - Ben More massif are plotted against height relative
to the local ELA (435-505m a.s.l., Sissons, 1979b), five of the seven summits could theoreti-
cally support snow accumulation during the Younger Dryas (Figure 3.6). Geomorphological
evidence indicates, however, that whilst many of the summits may have accumulated snow,
their ice-cover was probably thin, cold-based and non-erosive (cf Kleman, 1994; Rea et al.,
1998; Rea & Evans, 2003). Nonetheless, the concordant moraines and glaciodeltaic sediments
suggest that accumulation on these summits was at least sufficient to nourish a local mountain

icefield which remained active following recession of the Rannoch Moor ice cap.

The sensitivity of this mountain icefield to climatic changes typical of a warming deglacial
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Figure 3.5: Palaeoglaciological reconstruction of the Younger Dryas ice cap in the study
area, based on the field data summarized in Fig. 3.2. The hillshaded digital terrain
model illustrating bed topography and nunataks was built from Intermap Technologies
NEXTMap 1.5 m resolution topographic data. Lines A, B, and C locate the cross-sections
shown in Fig. 3.7. Nunataks probably supported snow cover and may have hosted thin,

immobile ice not represented here. Scale given by 5 km British National Grid ticks.
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Figure 3.6: Curve describing the inverse relationship between summit breadth and height
above ELA required for snow accumulation proposed by Manley (1955), showing the char-
acteristics of Ben More (BM), Stob Binnein (SB), Cruach Ardrain (CA), Beinn Tulaichean
(BT), An Caisteal (AC), Beinn a’ Chroin (BaC) and Beinn Chabhair (BC). The summits
of all except BT and BC could theoretically support snow accumulation. Dashed lines
indicate the broad classification of summit accumulation types inferred by Manley for
different summit breadths.

environment can be tested by using a number of palaeoclimatic parameters and proxies. Air
temperatures in Scotland during the Late-glacial have been inferred from palaeoecological data
c. 170 km southeast of the study area (Brooks & Birks, 2000), which, when corrected for sea-
level, indicate a mean summer air temperature of 8.5°C during the Younger Dryas. Use of this
proxy seems appropriate, given that present sea-level mean summer temperatures in the two
areas are almost identical (¢. 14°C). Palaeo-precipitation values can be calculated from this
using the global ELA temperature and accumulation data presented by Ohmura et al. (1992),
which yield the following linear regression equation (R? = 0.81):

a = (t +0.9419)/0.0024 (3.2)

in which a is the total annual accumulation, and ¢ is the mean summer air temperature, at
the ELA. Using an altitudinal lapse rate of 0.68°C / 100 m to derive ¢t from the sea-level
temperature above, Equation (3.2) predicts a likely accumulation at the ELA of 2364 mm
a~! implying former mean annual precipitation (MAP) of 3547 mm a~! (Ballantyne, 2002).
Deglaciation would only begin to affect accumulation on this massif after a rise in local ELA
of approximately 65 m, which equates to a rise in mean annual ELA air temperature of 0.44°C
or a drop in annual precipitation of approximately 130 mm a~!. A temperature rise of 1.15°C
and 1.31°C at the ELAs of the highest and broadest summits (Ben More and Beinn a’ Chroin),

1

or net decreases in annual precipitation of 331 and 403 mm a~" respectively, would suppress

effective accumulation.
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3.7 Discussion

Landform-sediment assemblages diagnostic of ice cap glaciation have been defined above (Table
3.1). By using the alignment of former moraines, the distribution of thick till sequences,
the altitudes of streamlined cols, kinematic indicators such as glaciotectonic structures, and
the direction of flow of ice-marginal outwash, it has been possible to reconstruct the style
of Younger Dryas palaeo-iceflow in part of the western Scottish Highlands (Fig. 3.5). This
empirical reconstruction is constrained by published maximal limits and overall ice-mass
geometries (Sissons, 1979b; Horsfield, 1983; Thorp, 1984, 1986; Hubbard, 1999) and is
supported by theoretical ice surface profile calculations (Nye, 1952; Paterson, 2000) and
established accumulation area / altitude relationships (Manley, 1955; Rea et al., 1998). The
reconstruction shows that ice flowing radially from Rannoch Moor overwhelmed many of
the high-level cols between mountains to the southeast, and many of the hills to the south
and southwest (Fig. 3.5). Transects from south of the Rannoch Moor source area to 3
main outlet glaciers are shown in Fig. 3.7. These cross-sections demonstrate the variable
degree of topographic control exerted on the ice cap in this study area. Significantly, ice
surfaces projected from the maximal ice height of ¢. 700 m a.s.l. proposed by Thorp (1984,
1986) show that the ice would have been constrained by bed topography to a much greater
degree, consequently giving rise to a very different style of glaciation and landsystem. In
the new reconstruction, flow is concordant with the underlying topography in areas where
bed slope and ice surface slope were similar, but discordant where the two differed. Where

the latter is true, former ice flow was governed primarily by the direction of ice cap surface slope.

Where soft-bedded outlet glaciers drained the central dome, such as in Loch Lomond and
Glen Dochart, decreased basal drag enabled lowering of the ice surface. Steeper ice surface
gradients at the heads of these outlets no doubt propagated greater strain heating of the drawn-
down ice, and enabled faster flow through a combination of bed deformation and basal sliding.
The coincidence of these drawdown zones with areas of streamlined, remoulded or superimposed
bedforms (Figures 3.2 & 3.4) suggests that formation of such features was largely controlled by

the occurence of these particular glaciological conditions.

South of Glen Falloch and Glen Dochart a local dome in the main ice cap is inferred; one
that thinned during deglaciation to a climatically sensitive mountain icefield whose outlet
glaciers were confluent with the retreating ice cap margin in Glen Falloch. Independent
centres such as this are known to have existed elsewhere in Scotland during the Younger Dryas
(Sissons et al., 1973; Lukas, 2005b; Benn & Ballantyne, 2005). The local dome on the Beinn
Chabhair — Ben More massif deflected south-flowing ice southwestward through Glen Falloch,
and contributed to eastward iceflow through Balquhidder Glen. Much of the ice forming the
Loch Lomond glacier was probably sourced in the high plateau area south of Ben Lui and
Ben Oss, a factor that no doubt enabled greater southerly extension of the ice cap than could
otherwise have been achieved. The new reconstruction may also call into question the eastern
limit of ice in Glen Lyon, proposed by Thompson (1972) to lie at Innerwick (Fig. 3.2 inset).
For this to be the case the ice-surface gradient in this area would have had to have been
especially steep, falling c. 600 m in less than 10 km. Instead it is preferable to invoke a staged
recession of the ice cap (Fig. 3.8), perhaps as windward migration of the ice divide led to

overall thinning and early retreat of eastern margins, as seen, for example, in Patagonia (e.g.
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Figure 3.7: Cross-sections showing topography and reconstructed ice surfaces from A.,
the southern margin of Rannoch Moor at Black Mount to Loch Lomond; B., Black
Mount to Glen Orchy; and C., Black Mount to Glen Lochay. Surfaces are interpolated
from grids of ice surface and topography using ArcGIS 9.0. Dashed lines indicate ice
surfaces extrapolated from the prescribed maximum ice heights of Thorp (1984, 1986)
in the north of the area. Light shading denotes nunataks under the Thorp model; dark
shading represents nunataks under the new model proposed here. Note the difference in
the degree of topographic control in each transect.

Sugden et al., 2002).

The patchy and generally thin subglacial till in the study area shows that, in general, bed
deformation played only a limited role in glacier motion. Instead, ice flow in the central area
of the ice cap was probably accomodated through a combination of basal sliding and internal
deformation. Basal shear stresses in the Loch Lomond and Glen Lyon outlet glaciers were of
the order 45 — 60 kPa and 50 — 80 kPa respectively — slightly higher than the values of 40 kPa
and 53 kPa calculated by Thorp (1991b). Higher stresses are consistent with the steeper ice cap
profile predicted here. The new reconstruction implies greater net accumulation than necessary
in Thorp’s (1984, 1986) model, suggesting either greater palaeo-precipitation, lower summer
palaeo-temperatures, or both. Many Scottish studies have attempted to link palaeoglaciological
reconstructions of individual glaciers or icefields with climate (e.g. Sissons, 1979b; Ballantyne,
1989; Benn et al., 1992; Ballantyne, 2002), but significant problems are known to exist in
applying such an approach to larger areas, due to the complex and non-linear response of ice
masses to climate fluctuations (Kerr, 1993; Purves & Hulton, 2000a; Sugden et al., 2002). The
link between ELA and climate is well established (Sutherland, 1984b; Benn & Lehmkuhl, 2000),
but misinterpretation of the style of glaciation is a key source of error in the determination of
ELAs and the palaeoclimatic inferences drawn from them (Rea et al., 1998). Additionally, any
reconstruction, including that presented here, can only offer a ‘snapshot’ of the ice cap during
its dynamic evolution. It may be postulated therefore that the periglacial trimlines used to
determine former ice-surface altitudes (e.g. Thorp, 1981, 1984) represent later ‘snapshots’ in the
time-transgressive fluctuations of the ice cap’s lateral margins. A possible reconciliation of the
differing interpretations might thus rest on the exact chronology of formation of each landsystem

element. Early growth of a thick, relatively immobile, ice cap that overwhelmed much of the
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Figure 3.8: Calculated ice extent in the study area (white areas), based on grid subtraction
of topography from the reconstructed ice surface grid in Fig. 3.5. Panels show, A: ice
extent at Younger Dryas maximum, B: the impact of 100 m ice thinning and C: the
impact of 200 m ice thinning. Note the result of increasing topographic control on ice
flow directions, and the more rapid recession of eastern margins than those in the west.
This simple decay scenario does not, however, account for local ice surface variability and
does not differentiate between active and stagnant ice. Scale given by British National
Grid ticks at 10 km intervals.

area south and southeast of Rannoch Moor may have been followed by a period of dynamic
drawdown that led to thinning and ice surface lowering. Greater temperature fluctuations
in this period of unstable climate may have promoted aggressive freeze-thaw processes that
shattered newly exposed, glacially-weakened rock surfaces. Lithological contrasts governing
bedrock strength controlled the efficacy of these processes, thus giving rise to spatial variability
in the development of trimlines. Accelerating flow of outlet glaciers at this time may have
enabled their maximal southerly limits to be reached late in the Stadial, before irreversible

negative mass balance led to rapid recession of ice margins and widespread deglaciation.

3.8 Conclusions

This article defines a set of eight physical, geomorphological and sedimentological criteria
for the identification of non-topographically confined ice flow, allowing landform-sediment
assemblages to be treated as elements of a larger landsystem. This ice cap landsystem,
characterized here for the first time, sets forth diagnostic criteria that can be used together as

a generic tool in determining the nature of a former ice mass in any relict glacial landscape.

In this study of part of the western Scottish Highlands, the field evidence in much of the
area satisfies the eight key criteria indicative of ice cap-style glaciation: a reconstructed ice cap
greater than 1000 km?, a low domed centre feeding outlet glaciers, topographically discordant
moraine alignments, preservation of thick valley-floor sediment infills, streamlined high-level
cols, counter-topographic iceflow indicators and ice-marginal drainage, and collective wider
evidence of radial outflow from the central dome. Only in the south of the study area does the

field evidence indicate topographically confined ice flow. The former presence of a subsidiary
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but coalescent ice cap dome is inferred, which downwasted to a climatically sensitive mountain

icefield feeding discrete outlet glaciers.

Together, these elements strongly suggest that the ice-mass in the western Scottish High-
lands was largely unconstrained by topography during Younger Dryas maximum but became
progressively more so during deglaciation. This interpretation is supported by good agreement
with numerical reconstructions (Hubbard, 1999) and is based on physical glaciological principles
(Nye, 1952; Paterson, 2000), palaeoecological climate-proxy data (Brooks & Birks, 2000) and
established glacier — climate (Ohmura et al., 1992) and glacier — topography (Manley, 1955)
relationships. This new reconstruction implies greater accumulation than previously envisaged,

perhaps reflecting a wetter or colder Younger Dryas climate.
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The Loch Lomond Stadial glaciation south of Rannoch

Moor: new evidence and palaecoglaciological insights

Nicholas R. Golledge'?
British Geological Survey, West Mains Road, Edinburgh, EH9 3LA, UK
and School of Geosciences, University of Edinburgh, West Mains Road, Edinburgh, EH9 3JW, UK.
ph: +44 131 667 1000, fx: +44 131 668 1535, email: n.golledge@bgs.ac.uk

Abstract

The mountains and valleys south of Rannoch Moor were of key importance in governing both
the style and direction of ice flow during the Loch Lomond Stadial (LLS), and yet have,
until now, received limited attention from glacial researchers. New evidence, based on recent
geological mapping of the area, shows that a landform — sediment assemblage exists that,
at least in part, pre-dates the Loch Lomond Stadial. This last glacial episode was therefore
characterised by very limited glacial erosion in this area, and in fact favoured landscape
preservation. Geological and geomorphological data suggest that the former LLS ice cap flowed
largely by meltwater-lubricated sliding on rigid beds, with deformation of unconsolidated basal

substrate occurring only where pre-existing sediments were overridden.

KEYWORDS: Loch Lomond Stadial; glacial geology; glacier dynamics; palaeoglaciology; Scot-
land.
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3.9 Introduction

Abrupt global cooling took place around 12.7 ka BP (Alley, 2000), which, in the northern
Hemisphere, led to the expansion of extant glaciers and the regrowth of ice masses in areas
that had been deglaciated during the Lateglacial (Windermere) Interstadial. In Scotland, the
8 - 10°C depression of mean annual temperature (Hubbard, 1999; Isarin & Renssen, 1999),
combined with increased precipitation resulting from the southward migration of the oceanic
polar front, resulted in rapid glacierization in the western Highlands but more limited ice build-

up in central and eastern areas (Clapperton, 1997; Hubbard, 1999).

The high mountains surrounding Rannoch Moor received high volumes of snow, probably
through ‘snow-fence’ mechanisms (cf Andrews et al., 1970), leading to ice accumulations in cor-
ries and on plateaux that quickly coalesced to form a central ice cap with interconnected outlet
glaciers (Golledge & Hubbard, 2005). Steep north-south and east-west precipitation gradients
controlled glaciation away from this central area (Hubbard, 1999), permitting extensive icefields
to develop around the ice cap margins (e.g. Bennett & Boulton, 1993a; Benn & Ballantyne,
2005; Lukas, 2005b), but only corrie glaciers farther inland (Brazier et al., 1996a,b). Whilst this
approximate distribution and configuration of Loch Lomond Stadial glaciers is widely accepted,
many uncertainties still exist with regard to glacier behaviour (and hence landform genesis),
and the palaeoglaciological and palaeoclimatic inferences that may be made from the surviving

landform-sediment assemblages.

3.9.1 Study area

The area south of Rannoch Moor acted as an important routeway for ice dispersing from the
main ice cap accumulation zone, and consequently was instrumental in controlling the style,
rate, and direction of former ice flow (Golledge & Hubbard, 2005). The western Highlands
massif is dissected by numerous valleys; in this area the largest being glens Orchy and Lochy
(feeding into Loch Awe) and Glen Fyne in the west, and glens Lyon and Lochay in the east (Fig.
3.9). The major distributaries in the south of the area are Glen Falloch (connecting to Loch
Lomond) and Glen Dochart, both remnants of a preglacial drainage route that supplied the Tay
basin to the east (Linton & Moisley, 1960). Thus despite the numerous and high mountains,
the area is heavily dissected and offered a range of environments to each successive glaciation

of the Quaternary period.

In summarising the glacial history of the area, Sutherland (1993) declared that deposits
older than the Loch Lomond Stadial were ‘not known’ from this area (p307). However, new
geological and geomorphological data collected in this part of Scotland as part of ongoing map-
ping by the British Geological Survey provide compelling evidence to the contrary. Instead of
removing older sediments and landforms, the Loch Lomond Stadial ice cap in this area appears
to have ‘recycled’ subglacial material, and remoulded existing landforms. Thus the landsys-
tem fingerprint that remains is in part a palimpsest landscape characterised by overprinting
or superimposition of landform-sediment assemblages. Most significantly, the glacial legacy
preserved in the current landscape reflects not only the preceding glaciation, the Main Late

Devensian, but perhaps also sediments from an even earlier glacial phase.
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Figure 3.9: The field area south of Rannoch Moor, showing principal features and locations

mentioned in the text. National Park and other administrative boundaries are approximate
and shown for context only.
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3.10 Previous research in the study area

The study area, bounded to the north by Loch Tulla and Black Mount, and to the south by
the head of Loch Lomond at Ardlui (Fig. 3.9), has been the focus of relatively little published
research. Thompson (1972) conducted field mapping around Glen Lyon and neighbouring glens
in the east of the area, and, on the basis of mainly geomorphological observations, reconstructed
a number of valley glaciers that drained eastward along the main glens, with flow governed by
the underlying topographic slope. The reconstruction was based on evidence of former ice flow
at altitudes up to c¢. 900 m above sea level (a.s.l.), and thus Thompson (1972) argued that the
glaciers were sourced primarily from local snow accumulation in the corries around Glen Lyon.
This work was encompassed in a wider review by Sissons et al. (1973), and no doubt informed

subsequent papers (c.f. Sissons, 1979b, 1980).

The interpretation of stereo aerial photographs as a tool for palaeoglaciological reconstruc-
tion was becoming more common at this time, and was used extensively by Horsfield (1983)
to map the deglaciation pattern of a large area of the ‘western Grampians’. Focussing on ice-
directed landforms, such as moraines and flutes, Horsfield was able to reconstruct ice margins,
as well as flow patterns, at a scale that was impractial by field survey alone. By correlating
marginal landforms across large areas, Horsfield (1983) presented a comprehensive picture of
an ice cap whose maximum surface altitude achieved > 1000 m a.s.l. over Rannoch Moor, and

which decayed actively and coherently back to the high mountains of this source area.

In contrast, concurrent research undertaken largely by field survey of high peaks, cols and
ridges in an area centred on the Etive and Nevis mountain ranges led Thorp (1984) to pro-
pose a very different scenario for the Loch Lomond Stadial. Using a ‘trimline’ method, Thorp
(1981) equated the height of periglacial weathering limits — the zone between occurences of
frost-shattered bedrock and glacial abrasion forms such as friction cracks and striae — with
former glacier surfaces. Based on this approach, Thorp (1984) found evidence to suggest that
the Loch Lomond Stadial ice mass had formed a relatively small ice cap centred on the low
ground of Rannoch Moor, but which nonetheless fed numerous outlet glaciers that occupied
the surrounding glens. These glaciers were sourced no higher than 750 m a.s.l. and conse-
quently had lower surface gradients than the ice masses envisaged by either Thompson (1972)
or Horsfield (1983). In order that these glaciers could still reach accepted Loch Lomond Stadial
terminal moraines, for example at Menteith or Loch Etive, Thorp (1991a) invoked the presence
of widespread deformable beds that would facilitate glacier flow despite the low driving stresses

implied by the thin ice masses.

Despite their differences, each of the above interpretations makes the assumption that the
majority of landforms and sediments of the field area relate to the Loch Lomond Stadial glacial
phase, and that older deposits were largely removed. New research in the study area, how-
ever, has identified features more compatible with landscape preservation than with erosion, a
concept that has gained widespread acceptance in Scandinavia with respect to the former pres-
ence of cold-based, non-erosive ice (c.f. Kleman, 1994; Héttestrand, 1997; Fabel et al., 2002;
Héttestrand & Stroeven, 2002). Described below are the results of detailed field-mapping, aided
by air photo interpretation and analysis of high-resolution digital terrain models (DTMs), and
sedimentological investigations involving X-Ray Diffraction and automated grain size analysis.
These data provide valuable new insights into the style and pattern of flow of the Loch Lomond

Stadial ice cap in the western Highlands, raising important questions with respect to the nature
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of the extant landscape and the way in which it must be interpreted.

3.11 Landform — sediment assemblages

A glacial stratigraphy for the area has recently been compiled (Golledge, 2007b), based on
53 sedimentary logs of natural exposures in the study area, as well as many hundred point
observations. Particle size analysis and X-Ray Diffraction have also been used to characterise
the deposits, whilst cosmogenic exposure age and luminescence dating techniques are currently
being used to constrain the chronology of the stratigraphic sequence. Described below is a
summary of the underlying bedrock of the study area, and the regional glacial stratigraphy,

based on logged exposures recorded throughout the area.

3.11.1 Bedrock

The area is underlain by polydeformed Dalradian metasedimentary rocks of Neoproterozoic
age, whose regional strike is generally southwest — northeast. These metasedimentary rocks are
locally intruded by mafic to felsic rocks, most extensively in the south of the area from the head
of Loch Fyne to Garabal Hill. Mineralised quartz veins and minor dykes (both mafic and felsic)
are also common. Thus whilst the majority of rock is metasedimentary, there are a number
of local intrusions that provide valuable point sources for erratic dispersal, from which palaeo-
iceflow may be approximated. Exposed bedrock is more widespread in the study area than is
at first apparent — the prolific vegetation cover on many of the hills more directly reflecting the
high annual precipitation than the presence of thick ‘soils’.

Where exposed, the bedrock may exhibit a variety of characteristics (Fig. 3.10). Near valley
floors bedrock is often smooth and may exhibit plucked faces on the lee side of roche moutonnée.
At higher levels on valley sides these plucked faces are less common, but bedrock surfaces are
still commonly ice-smoothed and more comparable with whaleback forms. On plateau areas
and cols between mountains, ice-smoothed bedrock surfaces often host perched boulders — sub-
angular or sub-rounded erratics of either local or ‘foreign’ lithologies (Fig. 3.11A). Where
slope gradients increase above these plateaux, the surface debris initially becomes dominated
by smaller but nonetheless similarly edge-rounded clasts. At yet higher altitudes, however,
ice-smoothed bedrock is commonly strewn with more angular debris, and may show signs of
surface weathering. Where significant weathering has taken place, metasedimentary bedrock
may be partially buried by a thin layer of regolith composed of highly fractured, frost-shattered,
angular debris of solely local lithologies. Igneous lithologies at similar altitudes tend to form
‘tors’ (Fig. 3.11B).

In many cases, whether metasedimentary or igneous, the bedrock underlying cols or wide
bealachs and plateaux is disaggregated and forms extensive areas of bouldery mounds. These
mounds are largely composed of loose blocks, commonly have cores of coherent bedrock, and
in rare cases may also host pockets or discontinuous veneers of glacigenic diamicton. Mound
morphology does not always reflect the strike orientation of the parent strata, and in some
instances, for example on the plateau west of Beinn Damhain (Fig. 3.9), there may be a
continuum from more-or-less in situ rock to ice-directed, almost drumlin-like forms. Boulders
of single rock types are widespread and numerous in areas underlain by their parent lithology,

but are virtually absent beyond a few tens of metres from lithological boundaries.
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Figure 3.10: Vertical transect from Lairig Arnan to summit of Meall an Fhudair, showing
altitudinal zones of bedrock erosion and debris deposition. See Fig. 3.9 for location.

3.11.2 Glacial deposits

In some areas, bedrock is buried beneath a variety of unconsolidated glacial deposits. The
lowest, and presumably oldest, facies is a very firm, sandy, yellow-brown to reddish-brown
diamicton containing sub-rounded and sub-angular clasts of varied lithologies. This facies has
only been observed in two glens, where it appears to form deposits up to 25m thick. XRD
analysis revealed the presence of weathered clay minerals, particularly kaolinite, at one of the
sites. In Coire Chailein, this diamicton facies is overlain by trough-cross-bedded sand and silt
that exhibits post-depositional deformation (thrusts, faults and folds) (Fig. 3.11C). The unit
grades conformably upward into gravel that in turn appears to grade into the overlying grey
diamicton, which is very firm, silt-dominated, and contains predominantly sub-rounded and
sub-angular clasts of a wide range of lithologies.

This grey diamicton is found throughout the study area, but rarely exceeds 5m in thick-
nesses. It is invariably directly and conformably overlain by a reddish or yellowish-brown
diamicton of similar composition and compaction, but with a slightly more sand-dominated
matrix. The abrupt change from grey to brown mostly occurs sub-horizontally, but, in some in-
stances, is sub-vertical and cross-cuts individual clasts (Fig. 3.11D), indicating that the colour
results from post-depositional weathering within a single till unit. The grey and brown diamic-
tons form smooth veneers on slopes, in some cases thick valley-floor infills, and in a number of
areas compose low, broad ridges (see ‘Moraines’ below).

Conformably overlying the firm, brownish, diamicton, is commonly a sandy, stratified,
yellow-brown diamicton containing predominantly sub-angular clasts of mixed lithologies.
Stratification ranges from decimeter to metre-scale, is both laterally and vertically variable,
but generally intercalates sand-dominated strata with gravel units or diamictons. The contact
between this unit and underlying cohesive brownish diamictons is generally transitional, marked

predominantly by an upward-increasing proportion of sand in the matrix and a more friable,
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Figure 3.11: Field photographs showing A: perched subangular metasedimentary boul-
der resting on ice-smoothed metasedimentary bedrock, Garabal Hill; B: Jointed granitic
bedrock forming low tor, Maol Breac summit; C: Trough-cross-bedding and post-
depositional deformation in buried sand layer, Coire Chailein; D: Weathering front cross-
cutting clast in subglacial till, Ben Glas; E: Stratified sandy diamicton forming Type 2
moraine, Glen Fuar.
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less consolidated, texture.

This facies of diamicton forms hummocky spreads as well as distinct moraines. In the latter,
the diamicton tends to exhibit a coarser-grained, loose matrix, and a greater concentration of
cobbles and boulders (Fig. 3.11E). Stratification in these moraines is typically inclined in the
direction of former ice flow. In ice-marginal areas, where moraines are common, bedded or
laminated clay, silt, sand and gravel is also often seen. These sediments may intercalate with,
partially overlie, or be entirely overlain by the sandy, stratified, diamictons described above. In

some instances, isolated clasts are seen within the finer sediments.

Moraines

Three types of moraine are present in the study area, distinguished by their size, morphology,
and composition (Fig. 3.12). Type 1 moraines form extensive spreads of elongate, linear ridges,
each up to 10 m high and 10 - 100’s m long, and occur most prominently on the plateau south
of the Ben Lui — Beinn Dubhchraig massif, on the plateau south of Meall Glas, at the head of
Coire Eoghannan, along the southern flanks of Glen Dochart, and across the slopes of Black
Mount north of Loch Tulla (Fig. 3.9).

In most cases these mounds are broad and smooth-topped, and are commonly composed
of cohesive diamicton overlying a bedrock core. Some examples exhibit a superficial drape of
friable sandy diamicton and boulders, whilst others are entirely devoid of loose debris. Their
crests may be aligned perpendicular to former ice flow, or at oblique angles. In a number of cases
these ridges have been moulded to form ribbed moraine or lunate, barchan-type mounds (sensu
Dunlop & Clark, 2006), whilst others exhibit a distinct secondary, superimposed, lineation that
is often aligned parallel to former ice flow (Figs. 3.13 & 3.14). These superimposed lineations
are shorter and less well-developed than the large ridges on which they are formed, and appear
to be best developed on relatively high ground that, in the direction of inferred former ice flow,

immediately precedes deep troughs.

The second form of moraine, Type 2, is characterised by short ridges with steep crests, (< 10
m high and 10’s of metres in length), and which occur on valley floors such as in Gleann Fuar,
Auch Glen, Coire Chaorach, and Cononish Glen. These moraines are composed of clast-rich
stratified sandy diamictons, and may include bedded sand units. They are often strewn with
sub-angular boulders and have crestlines that tend to arc across the valleys. In some instances

the moraines show signs of low-strain glaciotectonism (faults and folds).

Type 3 moraines are largely restricted to the corries and valleys of the southern mountains,
particularly the Ben More — Ben Chabhair massif. In upper Coire Chaorach, Coire Earb
and Coire Andoran, low, arcuate, ridges occur. Some exposures of diamicton are seen in these
landforms, but they are primarily composed of large boulders of local bedrock lithologies. Often
the low ridges are hard to discern from the surrounding boulder-strewn slopes and abundant
outcrops of bedrock, but once identified are nonetheless arcuate in plan form and occur in

nested groups.
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Figure 3.12: Schematic representation of the three types of moraine present in the study
area, showing generalised profile and plan views, and typical composition.

3.12 Interpretation and Discussion

3.12.1 The Loch Lomond Stadial landsystem

The nature of ice-smoothed bedrock in the area is one of transition and superimposed debris
cover; bedrock surfaces are variably well-scoured across a range of altitudes, and the debris lag
that they support varies accordingly. Although Fig. 3.10 illustrates these altitudinal ‘zones’
based on one mountain transect, the pattern has been identified throughout the field area, and
across various lithologies.

It therefore seems possible that the ‘periglacial trimline’ approach of Thorp (1981) could
be modified to include a more critical appraisal of debris lag and its relation to underlying
parent rock surfaces, with the aim of more accurately appreciating the occurence of inherited
surfaces. Often the superficial veneer of debris on rock surfaces forms a thin lag of sub-rounded
or sub-angular boulders. These edge-rounded clasts are more instructive of their origin (mainly
subglacial) than more angular material, since the latter could be derived from either in situ
frost-shatter or from supraglacial sources during ice recession. Thus, where angular material is
present, the nature of the underlying rock surface should be examined for signs of frost-shatter,
especially if a ‘trimline’ is to be invoked.

The altitudinal transition in the degree of ice-smoothing of bedrock, reaching a maximum
towards the valley floors, suggests increasingly warm-based, wet, ice in the valleys, and im-
plies glacier movement through meltwater-lubricated sliding (Roberts & Long, 2005). On wide
plateaux and bealachs in the study area, bedrock outcrops are commonly disaggregated and
strewn with large, locally-derived, boulders. That the bedrock is not pervasively scoured sug-
gests that ice flow in these areas was relatively slow, and the abrupt transitions in lithological

predominance of particular rock types across bedrock boundaries show that dislocated blocks
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were not transported very far from their source. However, ice-directed boulder mounds, espe-
cially those that are drumlinoid, indicate that the disaggregated bedrock has, nonetheless, been
shaped by the passage of ice.

These findings are consistent with observations on Rannoch Moor, where it was recognised
that, ‘the large granite blocks ... seem to be almost entirely of local origin, ... derived by
plucking from the underlying granite floor’ (Hinxman et al., 1923, p84). The granitic and
granodioritic bealachs of the study area particularly lend themselves to subglacial disaggregation
by plucking, due to their well-developed orthogonal joint-sets, but limited dispersal of detached
blocks indicates that entrainment of debris (either by thrusting to englacial positions or by
basal freeze-on) was very restricted.

Unconsolidated deposits overlying the bedrock have been described above, and are discussed
in more detail elsewhere (Golledge, 2007b). Considering the assertion of Sutherland (1993) that
pre-Loch Lomond Stadial deposits were unknown in this region, the evidence of a long glacial
stratigraphy in the study area is particularly important. The lowest diamictons are very re-
stricted in occurence, but nonetheless represent an early glacial episode. Most importantly,
their subsequent preservation indicates that successive ice masses in this area have been insuf-
ficiently erosive to remove them. Given that these sediments are only preserved in short, deep,
glens oblique to regional ice flow, their survival is most likely a function of the local topography.
Whilst these sediments exhibit no surface expression, units higher in the stratigraphic sequence
show preferred landform associations that can be used to deduce a relative chronology of their
deposition.

Ribbed moraine in the study area (Fig. 3.13A & B), and other Type 1 moraines (low, broad
ridges of >100 m length composed predominantly of cohesive subglacial diamicton), appear
both morphologically and sedimentologically more similar to subglacially-modified forms (e.g.
Dunlop & Clark, 2006) than to undisturbed, ice-marginal forms typical of Loch Lomond Stadial
glaciers (Lukas, 2005b). Natural exposures in mounds that exhibit superimposed lineations (Fig.
3.14B) show that the parent landforms are composed of diamicton, which must, therefore, pre-
date formation of the secondary flutings.

Such superimposition of features is common in glaciated terrains (e.g. Rose & Letzer, 1977;
Clark, 1993; Salt & Evans, 2004) and may be attributed to ice-divide migration, lobate margin
retreat, or to separate glacial events (Clark, 1997). The majority of features described here occur
far from reconstructed ice divides in the area (Golledge, 2007a) and where other ice-marginal
landforms (e.g. terminal moraines) are lacking. Thus it seems likely that their formation reflects
a two-stage process involving more than one episode of glaciation. This inference accords with
evidence reported from northwest Scotland that also identifies the role of ‘...pre-existing till’
that has been overprinted by ‘...subglacially-formed streamlined features’ (Wilson & Evans,
2000, p154-155). The authors attributed deposition of the former to the Devensian ice sheet,
and the latter to Loch Lomond Stadial ice advance.

Type 2 and Type 3 moraines differ considerably from Type 1 features. Despite compositional
differences, Types 2 & 3 are similar to each other in that they are both always smaller than
Type 1 moraines, are more clearly arcuate in plan form, and constitute landform assemblages
similar to those formed at contemporary glacier margins (Evans, 2003b). Type 2 moraines are
commonly composed of stratified, friable, sand and cobble diamicton, often forming units that
dip away from the former ice margin, suggesting that the material was deposited primarily by

ice-frontal debris flows — a mechanism favoured for Younger Dryas-age moraine formation in
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Figure 3.13: Extracts of relief-shaded digital terrain models built from Intermap Tech-
nologies high-resolution Nextmap data, showing A: Ribbed moraine near Meall Glas; B:
Ribbed moraine at Loch Easan; C: Superimposed landforms in Coire Eoghannan.
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Figure 3.14: Extracts of relief-shaded digital terrain models built from Intermap Technolo-
gies high-resolution Nextmap data, showing A: Subglacially disaggregated bedrock ridges
near Beinn Heasgarnich; B: Superimposed landforms south of Ben Lui; C: Barchanoid
(lunate) moraines southwest of Beinn Dubhchraig.
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northwest Scotland (Lukas, 2005b).

Similar material forms a surface drape over some Type 1 moraines, and may also occur as
hummocky spreads across large areas of valley sides. The conformable and transitional contacts
this facies shows with respect to underlying diamictons may indicate either that the upper unit
formed during the same glacial episode as the lower, but under different basal conditions, or that
the lower unit has been partially reworked into the upper. Since the geomorphological evidence
appears to refute the former, and that it also attests to moulding of the lower diamictons
into secondary lineations, the second hypothesis seems the more plausible explanation of the
stratigraphic relationships observed.

The composition, form, and geomorphological context of Type 2 moraines demonstrate
that these features were produced during the last retreat of ice from the study area at the
termination of the Loch Lomond Stadial, and therefore post-date Type 1 moraines. Type 3
moraines may be contemporaneous with Type 2 features, and probably reflect formation by local
ice masses where fine-grained substrate was lacking, and where rockfall onto the ice became the
dominant source of debris. Such moraines are common elsewhere in Scotland, for example in
the Cairngorm Mountains of the central Highlands, where steep precipitation gradients during
the Loch Lomond Stadial allowed only very limited ice accumulation, and consequently the
formation of restricted corrie glaciers, rock glaciers, and protalus ramparts (Hubbard, 1999;
Everest, 2003; Golledge, 2004).

3.12.2 Relative chronology

The sedimentological and geomorphological evidence in the study area allows the following
inferences to be made with respect to the glacial history of the area. An early glacial advance
deposited a thick subglacial till that has been preserved in two localities. At one of these sites
subsequent fluvial deposition occurred — suggesting ice-free conditions — laying down bedded
sand and gravel. Renewed glaciation reworked the gravel in this glen into the grey subglacial
till that was deposited over much of the study area, forming its thickest accumulations in
topographic hollows and at the bases of reverse slopes.

This subglacial diamicton accreted around bedrock obstacles in some localities, forming
pronounced bedforms aligned either transverse or oblique to former ice flow. Elsewhere it was
deposited as a smooth veneer on valley sides, particularly where ice flow was parallel to valley
axes. During a subsequent period of ice flow across the area, this diamicton was partially re-
worked into a stratified, sandy diamicton (perhaps by winnowing of fines by basal meltwater),
and was elsewhere moulded into ice-directed lineations superimposed on their parent landforms.
Similarity with landform-sediment assemblages elsewhere in Scotland suggest that the superim-
posed landforms date to the Loch Lomond Stadial, whilst the parent substrate reflects earlier
deposition, possibly during the Main Late Devensian (Wilson & Evans, 2000).

Where the Loch Lomond Stadial ice encountered bedrock outcrops, its influence was gov-
erned by the structural competence of the rock. In lithologies that possessed structural weak-
nesses (fractures or joints for example), blocks were detached by the ice and entrained sub-
glacially, albeit for only short distances. More competent strata, perhaps exhibiting some
degree of inherited ice-scour, were abraded and polished, and during deglaciation were overlain
by a thin lag of edge-rounded subglacial debris.

Along valley floors at this time, receding ice margins built sharp-crested moraines composed
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of sand and cobble-rich stratified diamictons, emplaced primarily by debris-flow processes. In-
vestigations elsewhere in Scotland have shown that, in an analogous manner to the superimposed
landforms described above, much of the sediment composing Younger Dryas moraines may be
inherited from pre-existing deposits (Lukas et al., 2007). Widespread and abundant deposition
of laminated and bedded sand, silt and clay show that Loch Lomond Stadial deglaciation was

associated with numerous small ice-marginal ponds.

3.12.3 Palaeoglaciology

The above interpretation of geological and geomorphological evidence in the field area illustrates
several key aspects of glacier behaviour during the Loch Lomond Stadial. The presence of
extensive areas of bedrock at, or near, the surface suggests that ice flow can not have been
entirely accounted for by deformation of a ‘soft’ bed, but rather, a large proportion of movement
must have resulted from meltwater-lubricated sliding on a rigid, or ‘hard’, bed. Detachment,
but only local transport, of boulders from bedrock outcrops shows that the sliding ice in these
areas did not actively entrain its debris for distances greater than a few tens or hundreds of
metres. The production of subglacial till, by comminution of entrained debris and abrasion of

underlying rock surfaces, was consequently limited.

Such an interpretation is borne out by the apparent lack of any Loch Lomond Stadial
subglacial diamicton that is distinct from older deposits. Rather than form its own deformable
bed, the ice moulded and reworked existing material and preferentially laid down a sandy, often
stratified, deposit only where fine-grained material was already present. Thus movement by the
deforming bed mechanism (sensu Boulton, 1986; Boulton & Hindmarsh, 1987; Boulton, 1996),

was actually rather limited in this area.

Where bed deformation did occur, it was instrumental in the formation of superimposed
subglacial bedforms. Many of these streamlined landforms occur in areas that lie immediately
up-ice of topographic troughs — for example, superimposed landforms are present on the Type
1 moraines south of Ben Lui and Beinn Dubhcraig, but only in the west where ice descended
rapidly into Glen Fyne (topographic gradient approximately 8.5%), and in the east where ice
flowed steeply into Loch Lomond (topographic gradient approximately 14%). In between these
areas, the parent landforms appear largely unmodified. This topographic relationship is also
evident in the boulder drumlins above Loch Sloy, the fluted moraines above Glen Lyon, and
the ribbed moraine above Glen Dochart. It seems likely that ice in these locations (where bed
slopes were greatest) would have experienced the greatest degree of accelerating, extensional,
flow that engendered greater strain heating (and therefore faster ice deformation) as well as

enhanced basal melting through frictional effects.

Deglaciation began as a result of increasing aridity (Benn et al., 1992), but by the time ice
margins had receded to the study area, close to glacier source areas west of Rannoch Moor,
retreat was being forced by rapid climatic warming (Hubbard, 1999; Alley, 2000). Warmer air
temperatures and a greater proportion of rain (instead of snow) in lower areas led to rapid
retreat in glacier ablation zones. Elsewhere, the decaying ice cap remained sufficiently active
to build recessional moraines, mainly through debris flow processes where subglacial material
was elevated to the ice front by thrusting in a narrow band of cold-based marginal ice (Benn
& Lukas, 2006).
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3.13 Conclusions

Five key conclusions may be drawn from the research summarised here:

1. In the study area south of Rannoch Moor, the Loch Lomond Stadial ice cap flowed
largely by meltwater-lubricated sliding on a rigid bed, removing loose surface material
from inheritied ice-smoothed bedrock surfaces and depositing only a veneer of debris

during deglaciation.

2. Where structurally-weakened bedrock outcrops occurred, the ice prised them apart and

detached large blocks, but transported the debris only short distances from their source.

3. The ice cap was not particularly erosive in the study area and did not generate significant

basal till, rather it reworked pre-existing sediment and moulded older landforms.

4. During deglaciation of the ice cap, new moraines were formed on valley floors, composed
predominantly of cobble-rich diamictons emplaced by debris flows from active ice-margins,

which were intimately associated with ephemeral ice-marginal ponds.

5. The present landscape of this part of the western Scottish Highlands constitutes a glacial
‘palimpsest’, in which landforms and sediments representing up to three distinct periods

of glaciation have been preserved.

These conclusions are based solely on evidence in the field area described above, but may
nonetheless be pertinent to other areas of Scotland and perhaps further afield. Recognition of
inherited elements in the present landscape, and their correct interpretation, is key to the accu-
rate reconstruction of former ice masses and the derivation of associated palaeoclimatological

inferences.
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4.1. Summary

4.1 Summary

Glacier reconstructions based on the kinds of information presented in the preceding papers
are only relatively temporally constrained, that is, the age of various landforms and sediments
is inferred primarily by their geological context, both spatially and stratigraphically. A key
question, therefore, is the absolute age of the suites of features identified in the study area. This
is important for several reasons. Firstly, the timing of glacial episodes is commonly inferred
from ice core records depicting changes in atmospheric composition through time, which are
dated and calibrated using either a layer-counting method or an ice-flow modelling technique.
Key marker horizons (e.g. known tephra layers) enable absolute constraint to be placed at

particular intervals, and allow an age model for the ice core to be reasonably accurately defined.

Whether or not ice sheets and glaciers waxed and waned in synchrony with the changes
seen in ice core records is less clear, however. This uncertainty arises from the fact that glacier
advance is influenced not just by fluctuations in temperature, but also by precipitation volumes,
survival of older ice, internal glacier dynamics, and the non-linearity of growth-decay hysteresis.
Previous work in the region surrounding the study area has identified organic horizons within
glacigenic sequences, whose radiocarbon ages are used to bracket the deposition of the inter-
vening glacial sediments (and by inference the glacier oscillations that laid them down) (e.g.
Rose et al., 1988). Whilst these dates are considered reliable, the application of other dating
methods provides an important independent comparison. In the following paper cosmogenic
surface exposure dating techniques were used to derive ages of exposure for both bedrock and

erratics. The site, Beinn Inverveigh, was chosen for the following reasons:

1. Granodiorite erratics were identified during field survey, at altitudes between 550-600m

above sea level on the mountain summit, resting on metasedimentary bedrock.

2. The site lies only 20 km to the south of Rannoch Moor, the principal accumulation and

dispersal area for the Younger Dryas ice cap.

3. The altitude at which the erratics occur is above the height predicted by Thorp (1986) as

the maximum glacier surface altitude.

With the above in mind, this site was considered an ideal location both to establish the age
of glacier overriding of the area in general, and also to test the hypothesis that the Younger
Dryas ice mass in this region was thicker than previous thought. From the exposure age
determinations, it was concluded that the area was most likely glaciated during the Younger
Dryas to an altitude somewhat greater than the summit of the mountain, thereby refuting the
interpretation of Thorp (1986).

The samples were collected by myself, Jez Everest and Chris Fogwill. I crushed and milled
the samples, which Steve Binnie subsequently cleaned to pure quartz. Further preparation and
processing was undertaken by Stewart Freeman and Derek Fabel. I interpreted the ages and

wrote the paper.
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Abstract

We use cosmogenic 1"Be surface exposure age techniques at a locality close to Rannoch Moor,
western Scottish Highlands, in order to establish the age and chronology of its most recent
glaciation. Glacial erratics and an in situ bedrock quartz vein sampled from this site — the
summit of Beinn Inverveigh — have yielded zero-erosion exposure ages of 12.9 + 1.5 ka to
11.6 + 1.0 ka, implying complete ice cover of the mountain during the Younger Dryas, or
Loch Lomond Stadial. These results fit closely with published “C dates that bracket the
maximum (lateral) extent of ice cap outlet glaciers, and are the first internally-consistent ages
to specifically address this period of glaciation in Scotland. Furthermore, the dates imply that
previous palaeoglaciological reconstructions for this area may have underestimated both the

thickness of the former ice cap and, by implication, its volume.

KEYWORDS: Cosmogenic; Younger Dryas; chronology; palaeoglaciological reconstruction;
Scotland
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4.2 Introduction

Surface exposure dating using cosmogenic '°Be is being increasingly widely used to address
problems relating to former glacier configurations during the Scottish Main Late Devensian
glaciation (Stone et al., 1998; Everest, 2003; Everest et al., 2006; Everest & Kubik, 2006;
Phillips et al., 2006; Stone & Ballantyne, 2006), as well as studies of postglacial (Flandrian)
landscape readjustment (Ballantyne & Stone, 2004). However, no cosmogenic dates relating
specifically to the intervening Younger Dryas cold spell — broadly equivalent to the Loch
Lomond Stadial — have yet been published. During this short-lived episode, renewed glacial
conditions led to the regrowth of an ice cap in the western Scottish Highlands (Fig. 4.1), known
as the Loch Lomond Readvance (Sissons, 1979b; Thorp, 1986; Golledge, 2007a). Currently,
the growth and subsequent demise of the Younger Dryas ice cap in western Scotland are
constrained by *C dates of overridden deposits at former glacier margins (e.g. Rose et al.,
1988) and by basal dates from postglacial organic accumulations (Lowe & Walker, 1976; Lowe,
1978). Despite a degree of overlap, these dates suggest that Younger Dryas glaciers in the
western Scottish Highlands reached their maximal extents after ¢. 12.8 ka (Table 4.1).

Whilst these terminal positions are unlikely to have been reached contemporaneously, the
overall extent of Younger Dryas ice cover is now fairly well established, due for the most part
to extensive geomorphological mapping of the moraines of former outlet glaciers (e.g. Sissons,
1980; Bennett, 1993; Bennett & Boulton, 1993a; Jones, 1998; Graham, 1999). Combined
with the '*C chronology, this geomorphological framework underpins and provides essential

constraint on numerical models of the ice cap (e.g. Hubbard 1999).

The upper (vertical) limit of the ice cap is less well constrained however, and has been
variously interpreted over the last 30 years (Thompson, 1972; Horsfield, 1983; Thorp, 1984;
Hubbard, 1999; Golledge & Hubbard, 2005). Thorp (1981, 1984, 1986) advocated the use
of geomorphological contrasts, or ‘trimlines’ that could be equated with the upper limit
(and thus the thickness) of the former ice mass. This approach rapidly gained widespread
acceptance, but recent mapping in an area south of Rannoch Moor has identified geological
and geomorphological evidence that, when treated as a complete landsystem, indicates an ice
surface somewhat higher than that predicted by the trimline model (Golledge & Hubbard,
2005; Golledge, 2007a). These differences in surface height have significant bearing on
the total volume of the ice cap, with consequent ramifications for palaeo-precipitation and

palaeo-temperature estimates.

Additionally, the difference in reconstructed ice heights fundamentally changes the way
in which the ice mass would have behaved; with ice sheds no higher than 750 m above sea
level (a.s.l.) (Thorp, 1984, 1986), palaeco ice-flow would have been directed by the underlying
topography, and so the ice mass would have behaved as an icefield of interconnected glaciers.
In contrast, with an upper surface at 900 m a.s.l. (Golledge & Hubbard, 2005; Golledge, 2007a)
the ice would have formed a much more extensive icecap whose flow, at least in central areas,

was largely unconstrained by the underlying topography.

In this paper we report the initial results of a cosmogenic exposure age dating programme
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Figure 4.1: A: Location map of the Beinn Inverveigh sample site showing its proximity to
Rannoch Moor, and the wider Scottish context. Shaded area indicates generalised extent
of Younger Dryas ice cover, redrawn from Ballantyne (1997). Box delimits area shown in
B. B: Palaeoglaciological reconstruction of the area surrounding Beinn Inverveigh, after
Golledge (2007a). Note complete ice cover over the sample site. Solid line a—b describes
the transect shown in C. C: Schematic west-east cross-section centred on Beinn Inverveigh
summit, showing reconstructed ice surfaces from Thorp (1986) and Golledge (2007a), and
sample altitudes.
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Locality T2C age Reference Calib. age
(ka BP) (ka BP)
Drymen 11.5-11.9 Sissons (1967b) 13.4-13.7
Mentieth 11.6-12.0 Sissons (1967b) 13.5-13.8
Mollands 10.6-10.8 Lowe (1978) 12.6-12.8
Loch Goil 12.1-12.4 Sutherland (1981) 13.9-14.5
Balloch 10.8-11.1 Browne & Graham (1981) 12.8-13.0
Helensburgh  11.7-11.8 Browne et al. (1983) 13.5-13.7
Croftamie 10.4-10.7 Rose et al. (1988) 12.3-12.8
Torrie 12.7-12.8 Merritt et al. (1990) 14.9-15.2

Table 4.1: Published radiocarbon dates and calibrated equivalents (using Calib v.5.0.2)
for the southern part of the western Scottish Highlands. All except Mollands are from
overridden material, thus providing maximum ages for Younger Dryas glacial onset. The
Mollands date comes from immediately inside a former glacier limit, thus providing a
minimum age for marginal recession of this lobe. Errors associated with radiocarbon ages
from recently deglaciated terrain, however, require all of these dates to be interpreted
with some caution (Lowe & Walker, 1980; Sutherland, 1980).

that aims to, 1) constrain (for the first time) the age of the Younger Dryas ice cap by
cosmogenic methods, and 2) quantitatively establish the likely former ice surface height of
the Younger Dryas ice cap. In doing so it is hoped that the differences between contrasting

palaeoglaciological reconstructions may be resolved.

4.3 Sample site and methods

Beinn Inverveigh (636 m a.s.l.) lies on the northwestern side of Glen Orchy, approximately 20
km southwest of the former Younger Dryas ice cap centre on Rannoch Moor (Fig. 4.1 A & B).
Southwestward ice flow from Rannoch Moor towards Beinn Inverveigh is evidenced by ice-flow
indicators such as striae, and by the distribution of transported erratics of Rannoch granodiorite
(Hinxman et al., 1923; Sissons et al., 1973; Sissons, 1980; Horsfield, 1983; Thorp, 1984, 1986).
Horsfield (1983) used this and other evidence derived from aerial photo analysis to infer the for-
mer presence of an ice cap in this area whose maximum surface altitude exceeded 1000 m a.s.l.
Using primarily field-based interpretations focussed on establishing the altitudes of periglacial
trimlines, Thorp (1984) predicted a maximum ice height around Beinn Inverveigh considerably
lower than that of Horsfield (1983) at 550-500 m a.s.l. In Thorp’s reconstruction, the summit

of Beinn Inverveigh formed a nunatak protruding above the surrounding ice surface (Fig. 4.1 C).

Recent numerical models, and empirical reconstructions based on wider field evidence,
favour a maximum ice surface height of c. 900 m a.s.l., somewhat higher than that of Thorp
(1984, 1986), but slightly lower than the one proposed by Horsfield (1983), (Hubbard, 1999;
Golledge & Hubbard, 2005; Golledge, 2007a). These latter models predict Beinn Inverveigh to

have been completely over-run by ice during the Younger Dryas.

Samples were taken from the highest parts of three granodiorite boulders on the summit
ridge of Beinn Inverveigh at 581 m, 590 m, and 604 m a.s.l. in order to establish whether the
mountain top had been exposed since Main Late Devensian deglaciation, as implied by Thorp
(1986), or whether it had been ice-covered more recently. In all cases the sampled boulders

had open aspects, were exposed on all sides, and ranged in height from 0.8-1.4m (Fig. 4.2
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Figure 4.2: Sampling of erratics and bedrock on Beinn Inverveigh, A: Bl 1, B: Bl 2, C:
Bl 3, D: Bl 4.

A-D). A ground-level quartz vein protruding above the psammite bedrock at 623 m a.s.l.
was also sampled. Shielding angles were calculated for 30° sectors, resulting in a horizon cor-

rection of <0.5% (shielding correction factor = 1). Sample location data are shown in Table 4.2.

4.3.1 Sample processing and measurement

Samples were sawn to isolate only the uppermost 5cm of rock, which was subsequently
crushed and milled, etched with HF, and processed following procedures modified from Kohl
& Nishiizumi (1992) and Child et al. (2000). °Be/YBe ratios were measured at the Scottish
Universities Environmental Research Centre (SUERC) AMS facility, and were corrected by
full chemistry procedural blanks that yielded typically <3% of the number of “Be atoms in
the samples. Independent repeat measurements of AMS samples were combined as weighted
means with the larger of the total statistical error or mean standard error. Final analytical
error in concentrations (atoms g=! quartz) are derived from a quadrature sum of the standard

mean error in AMS ratio, 2% for AMS standard reproducibility, and 2% in Be spike assay.

Apparent exposure ages (Table 4.2) were calculated using a °Be production rate of 5.1
+ 0.3 atoms g=* y~! scaled to site specific altitude and latitude using Stone (2000). Sample
thickness correction was calculated using an attenuation coefficient of 150 g cm™2 and a rock
density of 2.68 g cm~3. Uncertainties in single-nuclide exposure ages represent full propagation
of the production rate uncertainty and all concentration errors defined above. The relatively
larger uncertainty for BI 4 stems from low AMS counting statistics as a result of a small quartz

sample mass (approx. 10 g). Exposure age corrections due to production rate variations as a
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Sample Lithology Lat. Long. Altitude Height above  Quartz TUBe conc.* (x Exposure
(deg.) (m) surface (m) mass (g) 10* atom g=1)  age (ka BP)

BI'l Granodiorite 56.51N 581 1.4 26.90 9.964+0.66 11.6+1.0
4.80W

BI 2 Granodiorite 56.51N 590 0.8 37.93 10.81+0.47  12.5+0.9
4.80W

BI 3 Vein quartz 56.51N 623 0.5 33.33 11.4540.62 12.94+1.0
4.81W

Bl 4 Granodiorite 56.51N 604 1.0 10.05 11.23+1.10 12.9+1.5
4.80W

*Data relative to NIST SRM 4325 taking 19Be/Be = 3.06 x 10~ (Middleton et al., 1993) and 1°Be half-life of
1.51 Ma (Hofmann et al., 1987). Procedural 19Be blanks < 8 x 10% atoms (1°Be/?Be < 4 x 10715). Thickness
correction for all samples is 0.957 (see text for details).

Table 4.2: Location and analysis data for the Beinn Inverveigh samples.

function of changes in the palaeo-geomagnetic dipole intensity are not required for latitudes
greater than about >55°. Reduction of production rates by intermittent snow cover is unlikely
since the samples were collected from the tops of large boulders and an exposed summit where
storms would rapidly blow snow off the surfaces. Hence we do not correct for potential snow

cover.

As with other Scottish studies (e.g. Phillips, 2001; Everest & Kubik, 2006; Phillips et al.,
2006) we make no adjustment for isostasy, since considerable difficulty exists in the precise
quantification of the rate and amount of post-Younger Dryas isostatic uplift. This is mainly
due to uncertainties surrounding the thickness and extent of the Main Late Devensian ice
sheet, the timing, lag, horizontal and vertical magnitude of crustal response, and the extent
of Younger Dryas retardation or redepression of the crust (Firth & Stewart, 2000). Based on
estimated uplift rates for selected sites in Scotland, however, it is likely that post-Younger
Dryas uplift may be of the order of 30-50 m, most of which occurred in the early postglacial
period (Firth & Stewart, 2000, Table 1). Uplift of this magnitude would result in < 5% change

in the apparent exposure ages.

4.4 Results

The apparent surface exposure ages range from 12.9 £+ 1.5 ka to 11.6 £ 1.0 ka (Table 4.2 and
Fig. 4.3). These ages assume no inheritance from a previous exposure, and zero erosion, zero
shielding, and zero uplift since final deglaciation. Whilst erosion, shielding and uplift might
increase the age of the samples, any inheritance would, conversely, make the ‘true’ sample ages
younger. Inherited 1“Be is unlikely to affect the three samples from erratics (unless reworked
from older moraines), but the bedrock sample may be more susceptible if insufficient subglacial

erosion occurred. Despite these uncertainties, the clustering of exposure ages is encouraging.
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Figure 4.3: Cosmogenic exposure age plotted against sample altitude. Light grey box
denotes time period of climatic nadir suggested by isotopic data from Greenland ice cores
(Dansgaard et al., 1993; Lowe et al., 2001), dark grey box indicates period when Scotland's
climate cooled below the glaciation threshold calculated by Clapperton (1997).

4.5 Discussion

45.1 Age and chronology of glaciation

The interpreted exposure ages from samples of granodiorite erratics and vein quartz from
metasedimentary bedrock all fall within the temporal range of the Younger Dryas as determined
from §'%0 ratios in the GISP2 ice core (Fig. 4.4), and are all equivalent to, or younger than,
the “C dates that bracket the maximal extent of outlet glaciers in the western Scottish
Highlands (Lowe, 1978; Sutherland, 1984a; Rose et al., 1988; Merritt et al., 1990) (Table
4.1). Consequently, it seems most plausible to interpret the exposure ages presented here
as representing bedrock erosion and erratic deposition attributable to ice cover during the

Younger Dryas, or Loch Lomond Stadial.

4.5.2 Implications for the timing of renewed glaciation in western Scotland

Because the new data corroborate existing '*C dates that suggest a period of maximal outlet
glacier extent after c¢. 12.8 ka, the combined dataset represents multi-proxy constraint on
the timing of the Younger Dryas glaciation in western Scotland. Additionally this °Be /
14C chronology may hint at a build-up of ice in the western Scottish Highlands that began
earlier than the climatic nadir (12.9-11.3 ka) indicated by GRIP and GISP2 ice core data
(Dansgaard et al., 1993; Alley, 2000; Lowe et al., 2001). Increasing snow accumulation
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Figure 4.4: GISP2 680 curve and the interpreted cosmogenic exposure ages for Beinn
Inverveigh. Dates are shown with respect to sample altitude (see Figure 4.3) in the order
Bl 1 (lowest), Bl 2, Bl 4, Bl 3 (highest). Dark shading denotes periods when Scotland's
climate cooled below the glaciation threshold calculated by Clapperton (1997), light grey
shading indicates period of maximal glacier extent indicated by '*C data (Sutherland,
1984a; Rose et al., 1988). GISP2 is used in preference to GRIP, following the recommen-
dations of Lowe et al. (2001) for comparing ice core years with calibrated 1*C dates older
than 10.3 '*C ka. lce core data provided by the National Snow and Ice Data Center, Uni-
versity of Colorado at Boulder, and the WDC for Paleoclimatology, National Geophysical
Data Center, Boulder, Colorado. Oxygen Isotope Stages (OIS) from Dawson (1992).

as a result of increased precipitation was triggered by southerly migration of the oceanic
polar front during interstadial cooling (Sissons & Sutherland, 1976; Clapperton, 1997). As
a result of the greater climatic anomalies typical of the east Atlantic region, compared to
the west (Lie & Paasche, 2006), ice build-up in the western Scottish Highlands may have
been out of phase with Greenlandic cooling as inferred from ice core data. Indeed, several
authors have previously suggested that ice either survived the Windermere Interstadial, or
began to accumulate in Scotland prior to the isotopically-inferred climatic minimum (Pea-
cock, 1970; Sutherland, 1984a; Bennett & Glasser, 1991; Clapperton, 1997; Merritt et al., 2004).

Support for the latter scenario may be found in proxy palaeoclimatic data, which suggest
that the interstadial was a period of ‘marked climatic instability’, in which the warm phase
was interupted by renewed cooling intially from around 14.5 ka, and irreversibly so from 13.0
ka (Witte et al., 1998; Mayle et al., 1999; Brooks & Birks, 2000). By using palaeoclimatic
data pertinent to the Younger Dryas, Clapperton (1997) determined a ‘glaciation threshold’ of
-37%o 6'80 for this period in Scotland, equating to a drop of 3°C in mean July temperature at
sea level. Applying this to the GISP2 curve (Fig. 4.4) it is clear that renewed ice accumulation
in some of the higher Scottish mountains was indeed possible late in the interstadial, and
would have continued throughout the Younger Dryas. Modelled simulations of build-up of the
Younger Dryas ice cap suggest that, even from intially ice-free conditions, its maximum extent
and thickness may have been reached in less than 550 years (Hubbard, 1999). When the new
dates presented here are considered in the context of the palacoenvironmental proxy data and
glaciological model predictions, it therefore seems plausible that renewed glacial accumulation

began towards the end of the Windermere Interstadial.
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4.5.3 Former ice thickness in the western Highlands

The internal consistency of the results, and the good agreement between bedrock and erratic
ages, allows a minimum Younger Dryas ice surface altitude of > 623 m to be defined. Given
that bedrock erosion implies the former presence of warm-based ice and a degree of basal
sliding (Roberts & Long, 2005), it is reasonable to assume that the ice surface lay somewhat
higher than this altitude, perhaps in excess of 700 or even 800 m. Such an inference is
clearly at odds with the trimline-based reconstruction of Thorp (1984, 1986), under whose
model the sample sites would have been exposed since Main Late Devensian deglaciation,
and would thus have been expected to yield ages >15 ka. These results therefore provide

new constraint on the minimum altitude of the former Younger Dryas ice cap surface in this area.

4.6 Conclusions

The new cosmogenic exposure ages presented here allow the following conclusions to be drawn:

1. Glacially-eroded bedrock and ice-transported boulders on the summit of Beinn Inverveigh,
a mountain close to the centre of the former Younger Dryas ice cap on Rannoch Moor,

have yielded internally-consistent '°Be ages ranging from 12.9 + 1.5 ka to 11.6 + 1.0 ka.

2. All these dates fall within the accepted time period of the Younger Dryas, as indicated by
isotopic data from Greenland ice cores, implying complete ice cover of Beinn Inverveigh

during this period.

3. Close agreement of these dates with published #C dates from the margins of outlet glaciers
lends veracity to the notion that ice accumulation in the Scottish Highlands was initiated

towards the close of the Windermere Interstadial.

4. The dates imply that trimline-based palaeoglaciological reconstructions in this area have

underestimated former ice surface altitudes, and consequently also former ice volumes.

5. Further research is required to constrain this chronology over a wider area, and to quantify

the upper ice surface altitude of the Younger Dryas ice cap.
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Chapter 5

Numerical ice-sheet modelling
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5.1. Summary

5.1 Summary

Geological investigations in formerly glaciated areas can provide a wealth of information about
the glacial significance of surviving landforms and sediments, from which inferences can be
made about the age, geometry, and dynamics of the ice masses that produced them. These
interpretations are invaluable in providing local and specific detail, but may have more limited
application beyond the particular study area. In order that the inferences drawn from the
local studies presented in the preceding papers can be properly considered in a wider context,
however, it is necessary to employ other techniques, such as numerical modelling. A combined
numerical and geological approach involves iteration of the model according to inferences drawn
from local investigations (e.g. thickness or extent of glaciers), such that the resultant ‘best fit’
model scenario is empirically grounded as far as possible. In this way, inferences may be made
about glacier extent and dynamics in areas where field evidence is either lacking, or ambiguous.
Additionally, model simulations allow larger scale spatial variability in climatological and

glaciological parameters to be more clearly seen.

In these two papers a high-resolution numerical ice sheet model was used to:

1. simulate the extent of Younger Dryas glaciation in mainland Scotland (the model domain),

and to compare this with mapped glacier limits, and

2. use this simulation to infer glaciological conditions of the Younger Dryas ice cap, such as

its mass balance regime, mechanisms of flow, and subglacial processes.

The first paper describes a series of experiments attempting to reproduce mapped Younger
Dryas glacier extents as closely as possible. Numerical aspects of the model, and the method-
ology employed in experiment iteration, are described, together with a synthesis of glacial and
palaeoclimatic research in Scotland. The article highlights areas where the model accurately
replicates mapped glacier limits, as well as those areas where discrepancies occur, and discusses
reasons for the mismatches. In the second paper, the focus is more specifically on glaciological
aspects of the modelled Younger Dryas ice cap, particularly on the pattern and variability of
its velocity and temperature, likely subglacial hydrological organisation, and the capacity of
the ice cap to erode its bed. The outputs predicted by the model enable direct comparison of
the simulated ice cap with geological field evidence, thereby validating the former and adding

greater detail and accuracy to the interpretation of the latter.

Modelling involves simplifying assumptions, which inevitably lead to a degree of inaccuracy.
For example, the model experiments presented here do not include lake bathymetry in the
topographic input data, and use a simplified climate parameterisation to calculate precipitation
and temperature. The model does not predict proglacial or subglacial lakes and so cannot
modify glacier behaviour accordingly. These shortcomings are commonly most relevant at
the local (valley glacier) scale, but are less of a problem when the ice cap is considered more
widely. Nonetheless, future work might focus on these areas as key targets for refinement of
the model.

The model was originally coded by Alun Hubbard, but all subsequent experimentation

was carried out by myself according to a research design that I had conceived. On many
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occassions I required additional functionality from the model, which I requested from Alun.
He amended the code accordingly and I continued my experiments. The numerous model
iterations undertaken during the early stages were all carried out by me, in isolation, guided
by empirical target glacier limits and an evolving understanding of the respective influence of
variation in each parameter. The modelling methodology therefore largely consisted of logical
and incremental changes applied to a series of controlling variables, with a small component
of trial and error. Derivations of model outputs presented in Paper VII were all conceived
and implemented by me, mainly through grid calculation techniques in ESRI ArcGIS 9.2, but
in some instances were inspired by discussions with either Alun or David Sugden. David’s
contribution to both of these papers was principally of a supervisory nature. The related
modelling experiments described later, in the ‘Discussion’ chapter, were all conceived and
implemented by me, as was the manufacture of the synthetic climate files, and the re-scaling

of the GRIP temperature forcing used in the seasonality experiments.
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Abstract

We use a 500 m resolution three-dimensional thermomechanical ice -sheet model forced by
a scaled GRIP temperature pattern to retrodict the extent of glaciers during the Younger
Dryas episode in Scotland. Using empirical data from sources spanning half a century we
systematically perturb temperature depression, precipitation distribution, and the amount of
basal sliding to identify the parameter space that most closely reproduces the glacier margins
identified from field investigations. Arithmetic comparison of predicted ice cover with empirical
glacier extent enables mismatch to be quantified and an ‘optimum fit’ timeslice to be identified.
This ‘best-fit’ scenario occurs with a maximum mean annual temperature depression from
present of 10°C and steep eastward and northward gradients imposed on a modern precipitation
distribution, coupled with restricted basal sliding. Even small deviations around these values
produce considerably less well-fitting glacier configurations, suggesting that only a narrow range
of optimal parameterisation exists. Mismatch between modelled and empirically reconstructed
glacier extents occurs as a consequence of local conditions not accommodated by the model,
such as wind-blown snow accumulation and lake (loch) bathymetry, and where geological
evidence is equivocal. At the domain scale, however, our simulation suggests that inception
of Scottish glaciers occurs rapidly, and leads to a coherent ice cap within 400 years of initial
climatic cooling. According to our model, the ice cap begins to decay relatively early in the sta-
dial, probably as a result of increasing aridity leading to net thinning and recession of many of

its margins, with final and catastrophic collapse of the ice cap occurring largely within a century.

KEYWORDS: Ice-sheet modelling; Younger Dryas; glaciation; Scotland
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5.2 Background

Numerical modelling of former ice sheets can be an effective method of inferring palaeoclimate,
particularly when constrained by empirical evidence (Plummer & Phillips, 2003; Siegert
& Dowdeswell, 2004; Napieralski et al., 2007). Ice sheet simulations thus serve to further
understanding of glacial climatic conditions, whilst also providing an independent method by
which to appraise glacier reconstructions based on geological or geomorphological field evidence
(e.g. Van Tatenhove et al., 1996; Golledge & Hubbard, 2005). This is particularly important
in areas where current understanding is an amalgam of reconstructed ice limits published by
many different workers over many decades, as is the case in Scotland (Clark et al., 2004).
Numerical models allow ice-sheets to be considered in their entireity, and importantly, in all
four dimensions (Sugden, 1977; Grigoryan et al., 1985; Clark et al., 1996; Sugden et al., 2002;
Hubbard et al., 2005). A numerical model that is validated by empirical data in one area
may thus be used to infer glacier dimensions in another, where perhaps field data is equivocal
or lacking. Field data commonly reflect either isochronous events such as a stillstand of the
glacier terminus, or time-transgressive processes such as streamlining or overprinting of older
landforms, but rarely allow detailed insights into the evolution of the glacier through a glacial
episode. However, the landform record enables model predictions to be assessed in the field,
thus facilitating an iterative process from which an accurate glacier reconstruction may be

derived.

The glacial landform assemblage in Scotland has traditionally been interpreted as reflecting
two key events - extensive ice-sheet glaciation during the Main Late Devensian (c. 25 - 16 ka
BP), and a subsequent, more restricted growth of ice during the Younger Dryas (12.7 - 11.5
ka BP) (Sutherland, 1993). The legacy of this latter episode - the Loch Lomond Readvance
(LLR) - is evident primarily in the western Scottish Highlands, where landforms and sediments
indicate the former presence of an ice cap centred along the main axis of the mountains
and several satellite icefields around its periphery (Thorp, 1986; Bennett & Boulton, 1993a;
Ballantyne, 1989, 2002; Golledge, 2007a). Considerable research has been undertaken on both
the extent and timing of these glaciers, enabling a reasonably complete picture to emerge
(Fig. 5.1). A general consensus exists that the §'80 GRIP and GISP2 ice core records in
Greenland indicate a considerable climatic downturn during the Younger Dryas, the pattern
of which was closely mirrored in Scotland and which led to the re-establishment of full glacial
conditions. Renewed glaciation in western Scotland probably began during the close of the
Lateglacial interstadial (Clapperton, 1997; Golledge et al., 2007), and appears to have reached
its maximal extent after ¢. 12.3 - 12.8 ka BP (Rose et al., 1988). Palaecoenvironmental data
from numerous Scottish sites broadly constrain the geometry of the renewed ice masses to

areas where interstadial deposits are apparently absent (Fig. 5.1).

5.3 Objectives

Several previous attempts have been made at glacier modelling in Scotland, some focussing
on the characteristics of the Main Late Devensian ice sheet (Boulton et al., 1977; Gordon,
1979; Glasser, 1995; Hall & Glasser, 2003; Boulton & Hagdorn, 2006), and others specifically
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Figure 5.1: The model domain, showing glacier limits from empirical studies published
between 1955 and 2007, as well as the ‘best-fit' model scenario of Hubbard (1999).
Nunataks are not shown. Key dated margins and Lateglacial pollen sites provide important
constraints for model experiments.
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targetting the Younger Dryas ice cap (Payne & Sugden, 1990; Hubbard, 1997, 1999; Starr,
2001). Of those concerned with the Younger Dryas, model resolution has varied from 1 km - 5
km, primarily governed by a limited availability of high-resolution topographic datasets and the
computational resources required to solve complex algorithms over a model domain exceeding

100 000 km?. In this paper we aim to:

1. Refine the work of Hubbard (1997, 1999) by employing a numerical model with a hori-
zontal grid resolution of 500 m, four times greater than previously possible, to simulate

glacier extent in Scotland during the Younger Dryas.

2. Describe the basic characteristics and limitations of the model and the assumptions made

in its use.

3. Use empirical palaeoclimatic data to initially force the mass balance component of the

model, so as to replicate perceived stadial environmental conditions as closely as possible.

4. Assess the sensitivity of the model to pertubations in the parameters governing ice flow
(principally basal sliding and internal deformation) and mass balance (temperature, pre-

cipitation volume and distribution).

5. Validate the model by attempting to reconstruct ice masses that honour as many of the

maximal limits of LLR glaciers, established from empirical reconstructions, as possible.

6. Describe the palaeoclimatic and glaciodynamic conditions that combine to produce a

‘best-fit” model scenario for the model domain during the Younger Dryas.

7. Highlight areas where mismatch occurs between model predictions and the empirical

record, and to offer resolutions where possible.

5.4 Methods

The three-dimensional thermomechanical model used for this experiment is modified from
the one previously used to model the Younger Dryas ice cap in Scotland (Hubbard, 1997,
1999), the Last Glacial Maximum (LGM) ice cap in Patagonia (Hubbard et al., 2005) and
the LGM ice sheet in Iceland (Hubbard et al., 2006). Necessary input data are a) basal
topography at 500m resolution derived from NEXTMap digital elevation data and British
Geological Survey bathymetric data, b) mean annual air temperature (MAAT), and c) present
precipitation pattern. The two climatic components are derived from regression analysis
of modern temperature and precipitation patterns within the model domain, based on the
United Kingdom Climatic Impacts Programme (UKCIP) baseline climate (Purves & Hulton,
2000b). Mass balance is driven by an elevation-related Positive Degree Day (PDD) scheme
based on that of Laumann & Rech (1993) that derives total melt from integrated positive
temperatures. Despite the limitations of such schemes (van der Veen, 2002), their general
ability to simulate glacier responses in contemporary environments (e.g. Braithwaite, 1995;
Johannesson et al., 1995) lends confidence in their use. Precipitation is distributed evenly
throughout the model year and daily temperature is calculated from mean annual temperature
using a sinusoidal function that determines the standard deviation of mean July temperature.
The model is iterated by manually perturbing MAAT with a 20-year GRIP-forced ELA
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Table 5.1: Principal parameters used to force the ice sheet model, with their values and

units.
Parameter Value Units
g Gravity 9.81 ms?
p Density of ice 910 kg m™3
Pw Density of sea water 1028 kgm™3
G_value Geothermal heat flux 55 W m™2
d SL Sea level (western Scotland) + 10 m
A _wert Weertman sliding parameter 7.50E-14 -
lapserate  Temp / elevation relation -0.00615 °C m™!
dt Time step 0.02 a
cell _size 500 m
X_min 100000 BNG
Domain X_max 400000 BNG
y-_min 600000 BNG
y_max 975000 BNG

depression scaled to Scottish palaeotemperatures, and by introducing spatial gradients to
the precipitation distribution. Ice flow occurs through internal deformation and Weertman
(1964)-type sliding when basal temperatures reach the pressure melting point, and which
is adjusted with a dimensionless scaling factor. Longitudinal stresses become increasingly
important in high resolution models such as the one used here, and are computed using an
empirically validated ice-stretching algorithm (Hubbard, 2000). Calving is accomodated using
an empirical function related to water depth (Brown et al., 1982), which although simplistic
compared to more complex relationships (e.g. Benn et al., 2007a,b), does at least offer a
reasonable approximation of calving loss with minimal computation. Given the limited extent
of tidewater margins of the Younger Dryas ice cap, the use of this simple function in preference
to the more complex solutions is unlikely to produce significantly different overall results, but
may be a possible area for future model refinement. Key variables and their parameterization
are described in Table 5.1; other variables governing ice flow and mass balance calculations
can be found in Hubbard (2006) (Table 1).

Given the above boundary conditions, distribution grids for ice-surface elevation were
calculated by solving at a 0.02 year time step from initial ice-free conditions. The model offers
an approximation of reality and necessarily involves simplifying assumptions that are common
to most modelling experiments. In particular, the spatial resolution and smoothing of basal
topography may produce some inaccuracy, and the lack of terrestrial water bodies (including
proglacial lakes) will locally neglect calving-related ablation. The mass balance model used
may have a degree of error, and furthermore snow accumulation does not take into account
mass redistribution by wind-blow or avalanching. Assuming uniform rheology of the glacier
bed may similarly mask complex ice dynamics at a local scale. However, only a very small
proporation of the glaciated area is underlain by unconsolidated deposits thicker than a metre
or two (mainly near glacier terminii), and at the domain scale these local differences become

less critical.
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5.5 Model parameterization

Any attempt to realistically model former glaciers must be guided by empirical data as far as
possible. To that end, consideration of previous palaeoenvironmental studies is given below,
with the aim of establishing plausible ranges for the distributions governing mass balance (tem-
perature, precipitation amount and spatial gradients), as well as other influential factors such

as stadial sea level and typical geothermal heat flux.

5.5.1 Palaeoenvironment

The Lateglacial period (c. 11.5 - 15 ka BP) in Britain was one of ‘marked climatic instability’
(Mayle et al., 1999, p421) characterized by ‘abrupt and intense climatic changes’ throughout
northwestern Europe (Witte et al., 1998, p435). Both ice core data and palacoecological
proxies indicate that only a brief warm period occurred during the interval 14-15 ka BP at
the close of the Main Late Devensian, perhaps lasting no more than 500 years, before stepwise
cooling ensued during the Older Dryas (c. 13.7 - 14.5 ka BP, Clapperton, 1995). This Bond
cycle was temporarily interupted by a warm period from c¢. 13.1 - 13.7 ka BP prior to the high
magnitude thermal decline marking the onset of the Younger Dryas stadial. Cold conditions
persisted in Greenland until 11.6 ka BP (Severinghaus et al., 1998; Alley, 2000), after which
very rapid warming of 5-10°C took place, perhaps in as little as 1-3 years (Dansgaard et al.,
1989; Alley et al., 1993; Alley, 2000). During the 1200-1300 years of full-glacial conditions,
the climate throughout the North Atlantic region may have experienced considerably greater
seasonality than at present (Denton et al., 2005), most probably related to a reduction in
strength of the thermohaline circulation that led to a southward migration of the oceanic polar
front to below 50°N (Ruddiman & Mclntyre, 1981; Bard et al., 1987; Isarin & Renssen, 1999)
and the spread of winter sea ice into lower latitudes (Alley, 2000). Sea-surface temperature
and salinty oscillated frequently during this period, however, as a consequence of decadal-scale
incursions of warm and relatively saline water from lower latitudes (Kroon et al., 1997).
Residual isostatic depression following recession of the Main Late Devensian ice sheet produced
stadial sea levels on the west coast of Scotland slightly higher than present at 5 - 11 m above
sea level (a.s.l) (Gray, 1974, 1978; Gray & Lowe, 1977; Peacock et al., 1977; Shennan et al.,
1999). Geothermal heat flux across the model domain varies little, and for simplicity is kept
constant at 55 Wm~2 (Rollin et al., 1993).

5.5.2 Scottish palaeoclimate

The calculation of Lateglacial palaeotemperatures through regression analysis has become
possible due to the close empirical relationship between the occurrence of individual chironomid
taxa and summer surface-water temperature, and use of the mutual climatic range (MCR)
method of relating coleopteran assemblages to mean maximum and minimum air temperatures
(Atkinson et al., 1987; Brooks & Birks, 2000). Palaeoecological datasets used as UK temper-
ature proxies appear to be in good agreement with climatic patterns identified in the GRIP
data (Fig. 5.2) (Atkinson et al., 1987; Mayle et al., 1999; Brooks & Birks, 2000), suggesting
that oscillations throughout the North Atlantic were broadly contemporaneous, even if their

relative magnitudes may have differed. Such an association is also bourne out by the close
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match between the pattern of sea-surface temperature variation west of Scotland, and the
Greenland 6180 record (Kroon et al., 1997). Several Lateglacial sites in the UK have yielded
important data pertinent to our understanding of climate change through this period, generally
indicating a stadial mean July temperature of c. 8-10°C at sea level (Witte et al., 1998; Brooks
& Birks, 2000) and winter temperatures no warmer than c. -13.5°C (Witte et al., 1998). A
mean annual temperature of -2 or -3°C can thus be approximated, representing a cooling of
around 10-14°C on present values. Although some of these proxies tend to overestimate mean
temperatures, particularly in the case of the coleoptera, and thus may not entirely reflect the
full seasonal range of former climatic conditions (Isarin & Renssen, 1999; Denton et al., 2005),
these values are comparable to those calculated by Benn & Ballantyne (2005) based on glacier
reconstructions in the West Drumochter hills. Clapperton (1997) used modern climatic data
to derive a ‘topographic glaciation threshold’. This was calibrated against 6'30 data from the
GRIP ice core (in which 1%o change in §'¥0 represents a temperature drop of about 1.5°C in
Scotland) (Fig. 5.2), allowing him to identify periods when conditions were cold enough for
glaciers and ice sheets to have formed in the Scottish Highlands. Despite the generalizations
implicit in this approach, the implication that much of the interstadial was cold enough for ice

to have accumulated is compelling.

5.5.3 Cryospheric response in Scotland

The response of glaciers in Scotland to climate change during the Lateglacial period remains
somewhat enigmatic, due partly to a lack of high-resolution dates from relict glacial landforms.
Instead, the chronology of Main Late Devensian ice sheet recession and the subsequent
Younger Dryas readvance is constrained largely by #C dates from organic material related
to either the Lateglacial interstadial, or early Holocene. These uncertainties aside, numerous
attempts have been made to gain palaeoclimatic insights from empirical reconstructions of
glaciers ascribed to the YD throughout Scotland, principally through calculations of the
Equilibrium Line Altitude (ELA) of former glaciers using the methods of Sissons (1974),
Sissons & Sutherland (1976), and Osmaston (2005). These techniques are validated to some
extent by their grounding in empirical observations (e.g. Sutherland, 1984b; Ohmura et al.,
1992), but the derived ELAs and palaeoclimatic inferences may still be erroneous in areas
where either the hypsometry of the glacier is misidentified (cf Rea et al., 1998), or where the
margins used for area calculations remain undated. An additional problem with reconstructions
based on the Ohmura et al. (1992) dataset is that the concept of continentality is ignored;
the polynominal relationship linking precipitation and temperature effectively represents an
approximation of a global dataset, which includes highly maritime glaciers in New Zealand
as well as much more continental glaciers in the Canadian high Arctic. Model experiments
demonstrate that, for any given summer temperature, greater seasonal variations result in
lower mean annual temperatures and hence a reduced ablation season (Hughes & Braithwaite,
2008). Consequently, accumulation (or precipitation) calculations based on Ohmura et al.
(1992) will tend to overestimate the volume required to maintain glacier mass balance at the

reconstructed ELA, since they erroneously assume greater ablation.

Table 5.2 shows inferred climate data from both palaeoglaciological and palaeoecological
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Figure 5.2: Oxygen isotope record (thin line) representing climate change during the last
glacial - interglacial transition, from the GRIP ice core in central Greenland (Johnsen
et al., 2001). Other lines show the Younger Dryas climate pattern reconstructed from chi-
ronomids in southeast Scotland (Brooks & Birks, 2000), coleopteran fauna in the British
Isles (Atkinson et al., 1987), and sea-surface temperatures calculated from foraminifera
(Kroon et al., 1997) (curves shown for comparison only, and no calibration with GRIP is
implied). Calibrated radiocarbon dates (Calib 5.0.2) are shown for Croftamie (overridden
deposits), Mollands (postglacial sequence only), and Torrie (outside presumed Callander

moraine).
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Table 5.2: Modern temperature and precipitation values together with reconstructed
values for the Younger Dryas, from a range of empirical studies.

. . P tat
Time Location Jan July  Annual (I:E‘Zl)pl PN g hurce

Present Scotland 2.5 13 7.5 1500 Met.  Office
(1971-2000)
Dunstaffnage - - 9.1 -
Model domain - - 11 -
Ballantyne
& Harris
Younger Dryas Scotland -25 10 -8--17 - (1994); Isarin
& Renssen

(1999)
Ballantyne

(1989); Benn
(1997); Bal-

lantyne (2006)
Gray & Lowe

(1977);  Sis-
sons  (1979b,
SW -7--21 5-7 -1--8 2500-2800*  1980); Gray &
Coxon (1991);
Ballantyne

2002)
rooks &

Birks (2000)
Sissons

Sutherland
(1976);  Sis-
sons  (1980);
Sutherland
(1984b)

NwW - 67 - -

NE - 6-7 - 500-650

* Corrected to sea level using precipitation gradient from Ballantyne (1983)

studies for areas pertinent to the present study, together with modern reference values. These
varied sources demonstrate considerable evidence for climatic cooling during the Younger
Dryas, in particular highlighting the bias of cooling in the winter, when estimated palaeotem-
peratures may have been as low as -20°C . Cooling during the summer months was less severe,
but was nonetheless sufficient to produce stadial-averaged mean annual temperatures around
8°C colder than present. Additionally, data from palaeoglaciological reconstructions in eastern
parts of Scotland (e.g. Sissons & Sutherland, 1976) indicate that precipitation there was
considerably less than at present. The consequently west-skewed precipitation distribution led
to a southwest to northeast precipitation reduction of 70-80%. This would have favoured high
accumulation rates in western Scotland, closest to the influence of maritime air masses, but
led to considerable aridity further east largely as a result of the reduced capacity of cold air

masses to hold and transport moisture.

143



5.6. Model strategy Golledge, N. R. et al. 2008. Quat. Sci. Rev. 27, 888-904

5.6 Model strategy

Whilst a good body of palaeoclimatic data clearly exists, few methods are available with
which to appraise its reliability. Numerical modelling offers the opportunity to tackle the
inter-relationship between palaeoenvironment and glacier extent and to generate both plausible
and implausible glacier configurations through the evolution of the model run. Through
systematic perturbation of forcing factors, many different ice sheet configurations can be
generated and each assessed for their degree of fit to empirical data. Controlled iteration of
the model thus enables continual refinement of the output towards a ‘best-fit’ scenario. Some
modelling studies employ sophisticated methods of margin-matching in order to accurately
reproduce mapped glacial limits as closely as possible (e.g.  Arthern & Hindmarsh, 2003;
Tarasov & Peltier, 2004), but in contrast to our experiments, these other examples start with
the a priori assumption that the empirical limits are correct. Here, we aim specifically to test
the mapped limits, and thus avoid localised ‘hand tuning’ (Tarasov & Peltier, 2004, : p373).
The sensitivity of our model to key parameters is gauged by the relative discrepancy between
the results of each incremental parameter change and those of an optimum simulation. In this
manner both the reliability and quality of model fit may be inferred, as well as the relative
importance of margin mismatches. Above all, the model provides an important connection

between theoretical glaciological processes and the nature of the observed landform record.

5.7 Results

5.7.1 Sensitivity tests

Each of the following experiments aimed to reduce the degree of mismatch between the best re-
sult of the previous experiment and the empirical record. This involved a considerable number
of model runs and parameter iterations, commonly involving very small, incremental changes
to individual parameters. Complex feedbacks within the climate system, however, preclude the
possibility of completely isolating each parameter in turn, and thus the possibility remains that
controlled changes to one variable may also produce unknown changes in another (e.g. changing
temperature and its effect on precipitation). Thus, whilst they constitute an essential compo-
nent of modelling methodology, and indeed, the only pragmatic option from a computational
point of view, sensitivity experiments must be interpreted with some caution.

It is neither necessary nor practical to describe every configuration of model parameters
that were tried; instead a key selection of the results from each experiment are presented, in
order to convey overall patterns and trends. For the step cooling experiments (1 and 2), a
model run of 1500 years was chosen, in order to broadly reflect the lifetime of the Younger
Dryas. Where a scaled GRIP temperature forcing was employed (experiments 3-5), each model

run was 4000 years, from 15 -11 ka (ice-core years) BP.

Experiment 1: Step cooling with present precipitation conditions

A suite of initial model runs aimed to establish the degree of influence exerted by the mass

balance parameters on glacier location, volume, and area. In these experiments, a series of
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MAAT step coolings of values consistent with those inferred from previous studies (Table 5.2)
were applied across the model domain, using a modern precipitation distribution. Figure 5.3A
shows ice conditions after 500 years under five different cooling scenarios. Under a 6°C cooling
(compared to modern temperatures), the resultant ice masses are disparate and located only
over the main mountain massifs, but with an 8°C cooling these ice centres are coalescent and
form an extensive ice cap not entirely dissimilar to the ‘Highland Readvance’ glacier configu-
ration proposed by Charlesworth (1955) (‘Stage M’, Fig. 5.1). With more severe cooling of
10°C, a considerable ice sheet develops over Scotland. Cooling in excess of 10°C results in com-
plete glaciation of the entire landmass and coastal fringes. Figure 5.4A illustrates the growth
trajectories of glacier area, volume, and mean thickness for each temperature scenario for the
duration of the model run (1500 years). Under the 6°C cooling, the majority of ice accumulation
occurs within the first 200-300 years, after which the glaciers appear to stabilise and continued
expansion is very slow. With an 8°C cooling, glaciers expand quickly but continue to thicken
when lateral expansion begins to slow, producing ice caps that do not reach equilibrium even
after 1500 years. At colder temperatures both glacier area and volume initially increase rapidly
but come close to steady state after 800-1000 years.

These results illustrate the sensitivity of the model to a step cooling, principally highlighting
the strong influence exerted by topography on ice sheet growth. The results are somewhat at
odds with the geometry of reconstructed LLR glaciers, particularly in central and southern

areas, and thus require refinement.

Experiment 2: Step cooling with imposed precipitation gradients

In order to more closely replicate the empirical record of glaciation, the distribution of
precipitation is modified through the imposition of west to east and south to north gradients.
Systematically altering the latitudinal and longitudinal ranges within which these gradients
operate provides an important additional control on mass balance forcing, enabling gradual
iteration of the mass balance field towards one that produces a better fit (Fig. 5.3B). As with
experiment 1, the results show comparatively restricted glacierization with a step cooling of
6°C, but with an 8°C cooling a coherent ice cap develops within 500 years. The impact of
the imposed precipitation gradients is clearly apparent in the much altered spatial pattern of
accumulation, and the main ice mass more closely resembles the Younger Dryas glacier configu-
ration of the western Highlands (Fig. 5.1). Further cooling of 10-15°C ultimately tends toward
complete terrestrial ice cover, with the imposed gradients producing a rather implausible
west-skewed dome in an expansive ice sheet. The imposition of gradients with which to control
the pattern of accumulation therefore appears to be effective over a range of temperature

depressions, but functions most sensibly in these experiments within a narrow range (c. 8-10°C).

When precipitation distribution is controlled by the gradients described above, net ice
volume at any given temperature depression is reduced, accumulation occurs at a slightly
slower rate, and mean ice thickness also decreases (Fig. 5.4B). The latter becomes more
evident at temperature depressions below 10°, due to the skewed volume-to-area distribution

that occurs.
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Figure 5.3: A: Ice extents resulting from 146 step coolings of 6 - 15°C under present
precipitation conditions, and B: with imposed south-north and west-east precipitation
reductions of 60% and 80% respectively, operating north and east of Rannoch Moor.
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Figure 5.4: A: Ice extents, volumes and thicknesses resulting from step coolings of 6 -
15°C under present precipitation conditions, and B: with imposed south-north and west-
east precipitation reductions of 60% and 80% respectively, operating north and east of
Rannoch Moor.

Experiment 3: Scaled GRIP temperature depression

Step cooling experiments are useful in identifying the sensitivity of the model to both the amount
of precipitation, and its distribution. However, the close correlation between the patterns of
palaeoenvironmental changes in Scotland and those reflected in the GRIP ice core suggest that
a uniform cooling throughout the Younger Dryas is not realistic. To better reproduce the likely
climatic conditions affecting Scotland during the whole of the Lateglacial period, a time-series
file representing ELA depression (relative to maximum conditions) was calculated from the 20-
year GRIP 6180 data (Johnsen et al., 2001), based on the difference between a present value
of -35%o0 (Clapperton, 1997) and values in the period 11-15 ka BP. This 20-year temperature
pattern was then used to force the model by scaling it according to the range of temperature
depressions represented by the MAAT values inferred from the palaeoclimate studies in Table
5.2. The precipitation gradients imposed during Experiment 2 to restrict eastern glacier build-
up are again applied in this scenario.

Figure 5.5A illustrates the effect on glacier build-up of GRIP-forced climatic variability
scaled to a range of plausible palaeotemperature depressions. The time-slice shown is 2500
model years, broadly equivalent to 12.5 ka BP. Comparing these results with those produced
under step-cooling scenarios (Fig. 5.3) it can be seen that temperature drops of 6°C and 8°C
give rise to small ice masses located only over the higher hills, and generally only in the west of
Scotland as a result of the imposed precipitation gradients. There is a clear difference between
the results of 8°C step cooling and the GRIP experiment scaled to 8°C (Figs. 5.3 & 5.5A). This
is due to the variability in ELA depression through the Younger Dryas; a climatic minimum
was reached early in the stadial but was short-lived, and in fact the majority of the episode
was slightly milder (Fig. 5.2). Consequently it is with a scaling factor of 10°C that the most
reasonable glacier pattern develops, composed of a western ice cap along the main mountain
chains and satellite icefields in Arran, Mull, Skye, Assynt and the central Highlands. Scaling

factors greater than 10°C lead to excessive ice build-up at low altitudes and the growth of an
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expansive ice cap or ice sheet that greatly exceeds the empirical limits.

Whilst the spatial extents of glaciers shown in Figure 5.5A may resemble those produced
under step cooling conditions, Figure 5.6A dramatically illustrates the much more complex
process of ice build-up that occurs under the GRIP-forced scenarios. Several trends are apparent

in all of the runs:

1. ice accumulation occurs during the transition into the Lateglacial Interstadial from the
Main Late Devensian 15 - 14.6 ka BP (0 - 400 model years), and is terminated by abrupt

warming.

2. an ice-free period occurs from 14.6 - 14.2 ka BP (400 - 800 model years).

3. regrowth of ice occurs rapidly from 14.2 ka BP (800 model years), marking the beginning
of a period of glacier fluctuation that lasts for 1200-1400 years during the latter half of

the interstadial.

4. onset of the Younger Dryas at ¢. 13 ka BP (c. 2000 model years) is characterized by an

expansion of ice that began accumulating during the preceding millennium.

5. rapid deglaciation occurs within a period of a few hundred years at the end of the Younger
Dryas, leading to ice free conditions by 11.6 - 11.4 ka BP (3400 - 3600 model years) for the

milder scenarios, and 11.4 ka BP (3600 model years) or later for more severe conditions.

In addition to these general patterns, the following aspects of glacier evolution can be inferred
from Figure 5.6A. Temperature scalings of less than 10°C produce ice masses that seem unable
to grow effectively, that is, accumulation during cold spells is quickly matched by ablation
during periods of a rising ELA, resulting in little or no net increase in ice mass. Conversely,
ice growth under temperature depressions greater than 10°C appears to continue throughout
the warmer oscillations of the Younger Dryas, producing steady volumetric increases that
are maintained by fluctuations in area and mean thickness. This implies the existence of a
threshold in ice geometry, beyond which an ice mass is able to effectively buffer itself from
climatic perturbations of the magnitudes occuring through the Younger Dryas. The ability to
do this appears to lie in the control exerted by the interaction of topography and climate on
the dynamic behaviour of an ice mass, leading to thickening in higher areas due to a greater
likelihood of snowfall, whilst receding elsewhere where rainfall dominates. Indeed, the results
show that at temperature scalings of less than 10°C , ice extent and volume decline steadily
through the milder conditions of the mid — late stadial, whereas ice masses evolving under
temperature scalings colder than this maintain considerably more stable extents over the same

period.

In summary, the GRIP-forced model scenarios provide considerably more information on
the dynamic nature of glacier evolution than the step-cooling experiments. They show a clear
bifurcation in glacier behaviour between relatively mild conditions (temperature scaling <

8°C ) and more severe conditions (scaling > 10°C ).
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Figure 5.5: A: Ice extents resulting from 149 scaled coolings of 6 - 15°C applied to a
20-year resolution GRIP temperature pattern and using the precipitation reductions from
Fig. 5.3B, and B: ice extents for a range of basal sliding conditions under a -10°C scaled
GRIP pattern with imposed precipitation reductions.
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Experiment 4: The role of basal sliding

Further experiments introduce variability in the sliding factor, (the ability of ice to move at
its bed as well as through internal deformation), to determine the sensitivity of the model to
glaciodynamic changes. Where basal sliding occurs, its effectiveness is linked to bed roughness,
thus the higher the sliding factor, the greater the ease with which ice can flow over obstacles.
Figure 5.5B illustrates the effect of a range of sliding factors on the geometry of the ice cap,
using the precipitation gradients gleaned from Experiment 2 and the GRIP climate pattern
from Experiment 3 at its optimum scaling of -10°C . The differences between runs are more
subtle than in previous experiments, but consistent trends are nonetheless evident. Using the
results of Experiment 3 (scaling = -10°C , sliding = 0) as a comparator, the scenarios shown in

Experiment 4 show that an increase in basal sliding leads to:

1. greater horizontal spreading of the entire ice mass, producing more extensive ice cover of

the domain.
2. thinner ice cover, with more nunataks becoming evident within the main ice mass.

3. more expansive outlet glaciers, for example the Loch Lomond glacier in the south of the

domain.
4. further advance of terrestrial glaciers into low-lying areas, within the ablation zone.

5. greatly enlarged marine margin along the west coast, with outlet glaciers from the main-

land beginning to coalesce with those on Mull.

The changes that occur as a result of enhanced basal sliding are more clearly seen in
time-series plots of ice mass geometry (Fig. 5.6B). Through the model run, overall ice
extent (shown by the ‘area’ plots) varies according to temperature depression, as expected.
Interestingly, however, the largest differences between scenarios occur during relatively warm
periods, when greatest ablation occurs. During cold phases, particularly during the Younger
Dryas episode, total ice extent becomes remarkably consistent between all of the sliding
scenarios. A similar pattern can be seen in the early phases of the ice volume plots, although
differences increase beyond 3000 model years with higher sliding scenarios producing slower
increases in total ice volume. Ice thickness data shows the effect of these different responses on

ice mass evolution, with the highest sliding values producing the thinnest ice masses overall.

In summary, because ice masses with no basal sliding behave as non-linear viscous bodies
deforming at a rate largely governed by their temperature, surface slope, and thickness,
any increase in the amount of basal sliding greatly facilitates the lateral expansion of outlet
glaciers. Higher sliding values produce greater velocities in outlet glaciers, which in turn
steepen ice surface gradients towards accumulation areas and so increase local driving stresses.
Consequently, ice flux from the interior is enhanced, leading to a more extensive but generally
thinner ice mass than one moving by ice creep alone. Most importantly with respect to our aim
of replicating empirical margins, the geometry of the simulated ice masses changes considerably
with variation in sliding, most particularly in their overall thickness. In attempting to
reproduce a main ice cap whose ice thickness agrees with empirical data, and whose outlet

glaciers most closely match moraine limits, it is necessary to impose a sliding factor less than
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Figure 5.6: A: Ice extents, volumes and thicknesses resulting from scaled coolings of 6 -
15°C applied to a 20-year resolution GRIP temperature pattern and using the precipitation
reductions from Fig. 5.3B, and B: ice extents, volumes and thicknesses for a range of
basal sliding conditions using a scaled GRIP cooling of 10°C and imposed precipitation
reductions.

five (Fig. 5.6B), but greater than zero (Fig. 5.6A).

Experiment 5: Optimum fit scenario

Iteration of the above parameters in a systematic and incremental manner allows the results
of numerous experiments to be refined. For example, in Experiment 3, the initial precipitation
boundary conditions led to a temperature-specific bifurcation in ice sheet growth. At the
10°C ‘optimum’ scaling, this bifurcation produces continued expansion of the main ice cap
despite the overall warming trend in the scaled GRIP temperature field. The ice cap becomes
increasingly focussed around the principal accumulation areas in the southwest of the domain,
and begins to exceed the limits indicated by the landform record. Palaeoclimatic studies in
Skye have shown that aridity may have played a key role during maximum stadial conditions,
not only limiting glacier expansion but actually propagating deglaciation (Benn et al., 1992).
Consequently, in order to inhibit uncontrolled glacier expansion in our simulation we impose
an additional stepped precipitation reduction for the remainder of the stadial (20% reduction
at 2500 model years increasing to 50% reduction by 2700 model years, and returning to normal
conditions by the close of the stadial) (Fig. 5.7A).

With the imposition of these final mass balance controls, an ‘optimum fit scenario’ is achieved
in which model output throughout the run replicates as many of the empirical constraints as
closely as possible, within the limits of model parameterization. The closeness of fit of the
model through its evolution can be measured by grouping empirical reconstructions into broad
climatic zones within the model domain, and by comparing these zonal areas with the simulated
ice extents (Fig. 5.7B). Zone 1 represents strongly maritime areas, comprising Mull, Skye and

Applecross. Zone 2 includes the northern icefields of Assynt and Beinn Dearg, Zone 3 is the main

151

Mean thickness (m)



5.7. Results Golledge, N. R. et al. 2008. Quat. Sci. Rev. 27, 888-904

GRIP years GRIP years
15000 14000 13000 12000 11000 15000 14000 13000 12000 11000
100000 T T 400 100 Maxl2a5 1
Ye D ax 1,2,4, o
—~ Windermere Interstadial H pungs e | = 9 Max 3
T i : 350 S S
X 10000 ; ! @ 80
= 1 H sig = £
jud i { §, S 70
£ i £
2 1000 It ' h _ iyl 250 § c 60 z1
Q | o —
f=
e i 200 ¥ 2 50 2
2 ; B 3 Z5 J
¥ —

s 10 i H 150 = £ —Total
& ! S 8
;Ec 10 area \f'/\\‘w\ 100 % © o0l ha 1h I
\(; w V"l Wr volume ! - g o o ‘
< \- ﬂ thickness || &J\ A T \/;\ ‘N

1 A ", \Y
) 1 ‘ Y ) ° ° 2500

0 1000 2000 3000 4000 0 1000 M d20T0 3000 4000
odel years
A Model years B ¥

Figure 5.7: A: Ice growth under optimum conditions through the model run. B: Compar-
ison of areal extent of modelled ice cover with empirical reconstructions in different parts
of the domain. Note that satellite areas (Z1, 2, 4, 5) reach their best fit coeval with the
GRIP climatic minimum c. 2450 model years (Fig. 5.2), whereas the main ice mass (Z3)
achieves best fit slightly later, c. 2500 model years. ‘Total’ represents overall discrepancy
between empirical reconstructions and modelled ice extent, across the entire domain. See
text for explanation of zones.

ice cap, Zone 4 the more arid glaciers of the Central Highlands, and Zone 5 is the southernmost
glacier complex on Arran. This simple technique gives an objective measure of model fit and
enables ‘best-fit’ time slices to be identified (Fig. 5.7B).

Figure 5.8 shows the evolution of the ice cap during the Younger Dryas period (12.9 -
11.5 ka BP) under ‘optimum’ conditions. Initial ice build-up occurs in many disparate seed
areas across the model domain that coalesce into coherent icefields relatively quickly. Away
from the main ice centre, west coast icefields in the mountains of Arran, Mull, Skye, and
Assynt reach their maximum extents relatively early in the stadial, close to the climatic
minimum at around 12.6-12.7 ka BP (2300-2400 model years). Around this time, the icefields
of the Western Highlands begin to coalesce and give rise to an ice cap whose geometry
becomes increasingly elongate under the influence of the prescribed gradients focussing
precipitation over the western Highlands. Continued evolution under the scaled GRIP
climate leads to progressive thickening and expansion of the west Highland ice cap, with
the majority of outlet glaciers reaching positions close to empirical limits by 12.5 ka BP
(2500 model years), when the outlying icefields have already begun to retreat (Fig. 5.8).
Since many of the empirical margins along the west coast of Scotland are now matched by
the model almost exactly, as well as those in Wester Ross and Beinn Dearg (Fig. 5.9), we
consider this the ‘optimum fit’ timeslice. Thin icefields are predicted over much of the cen-

tral Highlands, consistent with empirical evidence, but few areas of thick glacier ice occur there.

In our experiments, we have achieved an optimum Younger Dryas simulation using:

1. a GRIP-forced temperature distribution scaled to a maximum mean annual temperature

depression of 10°C

2. modern precipitation values for part of the west coast and western Highlands, modified
with imposed south-north and west-east precipitation reductions of 60% and 80% respec-

tively, operating north and east of Rannoch Moor
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Figure 5.8: Timeslices from the optimum run, showing the build-up and decay of ice
across the domain during the Younger Dryas, from 12.9-11.5 ka BP (2100 - 3500 model
years). Note how ice build-up is initially characterized by disparate icefields which later
coalesce to form a coherent ice cap. Mid-stadial aridity leads to net marginal recession,
but with local expansion of some outlet lobes, such as Loch Rannoch. Final deglaciation
occurs rapidly after 11.7 ka BP.
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Figure 5.9: Ice extent after 2500 model years - the ‘optimum fit" for the majority of
Younger Dryas ice masses in the domain. Most satellite icefields are at their maximum
extent, and many outlet glaciers of the main ice cap are also close to their empirical
terminal limits. Margins in the east and south achieve their maximum configurations
somewhat later, prior to rapid deglaciation. Ice surface height values include isostatic
depression.
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Figure 5.10: Optimum-fit scaled oxygen isotope record showing equivalent mean annual
Scottish palaeotemperatures during the period 15 - 11 ka BP (0 - 4000 model years),
from the GRIP ice core in central Greenland (from Johnsen et al., 2001).

3. low basal sliding (sliding factor = 2)

4. an additional stepped reduction in precipitation across the domain at the height of the
stadial, from 12.5 - 12.0 ka BP, gradually returning to present values by the end of the

stadial.

The series of sensitivity tests demonstrate that the region of parameter space within which the
‘best-fit” occurs is remarkably small. Experiments 1-3 show that the optimum temperature
depression occurs within a range of 1-2°C (approximately the same as the likely error in the
PDD mass balance model), optimum precipitation occurs only in a range of + 5% mean annual
volume, and basal sliding is prescribed to between zero and five. The sensitivity experiments
show that parameter variability beyond these ranges produces ice masses that compare less

well with empirical reconstructions.

Having systematically iterated the model by perturbing mass balance and dynamic
parameters we have reproduced a pattern of ice extent that closely reflects empirical limits.
The experiments have highlighted the manner in which ice masses evolve differently under
different climate scenarios, and have shown the degree of influence that dynamic controls such
as basal sliding exert on overall geometry. Despite some areas of local mismatch, the degree
of overall fit is encouraging, and lends confidence to palaeoclimatic inferences drawn from the
model. In particular, we are now able to retrodict likely mean annual air temperatures for the
Lateglacial period, based on the scaling factor we applied to the GRIP 680 ice core data (Fig.
5.10).

155



5.8. Discussion Golledge, N. R. et al. 2008. Quat. Sci. Rev. 27, 888-90/

ey ¥ S

.

"'\“\ k.;v
3

'\‘~, =

- 'y
Rannoch

Transect:

Loch
Etive

Loch
Rannoch

A

AI

Figure 5.11: Perspective view of the ‘optimum fit" scenario ice surface overlain on present
topography. Note the low, domed surface of the main ice cap feeding radial outlet glaciers,
and the presence of satellite icefields in Mull, Skye and the Northern Highlands. Transect
line shows location of Fig. 5.12. Vertical exaggeration x5.

5.8 Discussion

Recent empirical studies have shown that the Younger Dryas ice mass south of Rannoch Moor
left a landsystem fingerprint consistent with that of a domed ice cap feeding steep outlet
glaciers (Golledge & Hubbard, 2005; Golledge, 2006, 2007a). Such a scenario appears to
be consistent with the simulated form of the west Highland ice cap at maximum conditions
(Fig. 5.11). A major ice dome over Rannoch Moor is coalescent with a lower ice centre
north of the Great Glen, together defining an elongate ice shed along the west Highland
mountain chain that dominates the geometry of the ice cap. These central accumulation
areas feed outlet glaciers that drain along the main valleys around the periphery of the
ice cap, mostly terminating on land but with some tidewater margins along the west coast
from Loch Torridon in the north to Loch Fyne in the south. The model predicts total
calving losses during the height of the stadial of 1-2 km3a~?!, of which approximately half is
generated by the c. 7 km wide calving front in Loch Linnhe. Although our calving function
is relatively crude, these results nonetheless demonstrate that this former glacier clearly
played a key role in ice discharge from the central area of the main ice cap, and was prob-

ably also instrumental in sediment transport to the coast and the generation of ice-rafted debris.

During the stadial, our model predicts that the geometry of the main ice cap evolves in
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Figure 5.12: Cross-profile through the central portion of the Younger Dryas ice cap along
the transect shown in Fig. 5.11. Note the change in geometry between 12.5 and 12.1
ka BP, characterised by an eastward migration of the ice divide, greater extension of the
Rannoch Glacier, and a surface lowering of the Etive Glacier. Dark shading illustrates
topography along the flowline, light shading indicates surrounding relief.

response to mass balance and glaciodynamic changes. A transect across the ice from west
to east shows how the initial asymmetry of the ice cap changes through the stadial, as ice
that had accumulated in western mountain areas subsequently converges as it flows eastward,
fills Rannoch Moor, and begins to discharge via Loch Rannoch (Fig. 5.12). The Rannoch
Glacier reaches its maximum extent around 12.1 ka BP, advancing at a mean rate of 25 ma~!
through the preceding 400 years. Significantly, the advance of the Rannoch Glacier occurred
mid-stadial, when aridity and gradual temperature rise leads many other margins to recede
(Fig. 5.8). Thus its appears that the glacier responded to an internal mass balance forcing
that produced climatically asynchronous behaviour. Convergent flow in the catchment of
this glacier, together with its dynamic, internally forced, advance, perhaps indicates that the
Rannoch Glacier played a similar mass balance role in the Younger Dryas ice cap to that
of modern ice streams in contemporary ice sheets. During this advance, the ice divide over
Rannoch Moor migrates more than 5 km eastward, leading to 50-70 m surface lowering of the

Etive Glacier.

Although many areas of the model domain accurately simulate empirical glacier limits, some
areas are less well-matched. Three distinct areas stand out: Kinlochewe and Loch Fannich in
the far north, the Monadhliath Mountains to Glean Spean in the central Highlands, and the
southeastern limits from Loch Rannoch to Loch Lomond (Fig. 5.13).

Around Kinlochewe and Loch Fannich the optimum model run predicts less ice than the
empirical limits would suggest (Fig. 5.13A). Bennett & Boulton (1993a) reconstructed a coher-
ent margin from Achnasheen northward to Loch Droma, implying that ice sourced on the hills
north of Loch Fannich was coalescent with that accumulating around Torridon. By contrast,
the model shows that ice accumulation on the higher ground is insufficient to infill the wide
expanse of low ground that exists in this area, which effectively forms a through-valley from
Loch Maree to the Cromarty Firth at Dingwall. Intriguingly the geomorphological evidence
presented by Bennett & Boulton (1993a) (p138, Figure 7) shows that evidence for glacier mar-
gins is sparse in the low area north of Achnasheen, restricted in fact to a series of moraines west
of Loch Fannich with no obvious source area. The survival of moraine and delta complexes
around the Achnasheen lobe (Benn, 1996) has been used to constrain the geometry of former
glaciers in this area, but since they remain undated it is uncertain as to whether the model is

in error in this region or not.
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The Monadhliath Mountains form an extensive area of upland plateau between Loch Ness
and the Cairngorm Mountains (Fig. 5.13B), but despite the size of the area only a very limited
amount of palaeoglaciological work has been undertaken in the area, largely by research students
(e.g. Finlayson, 2004, 2006; Gyte, 2004). The model predictions for this area suggest that
extensive ice cover of the plateau is likely to have occurred during the Younger Dryas, simply
as a function of its high altitude and broad summit area (cf. Manley, 1955). Much of the snow
may have been redistributed by wind, and thus it seems plausible that valley glaciers draining
the high ground would have been adequately nourished to achieve extents comparable to the
model simulation. However, there is considerable evidence for the former existence of glacial
lakes in Glen Gloy, Glen Roy, and Glen Spean during the Younger Dryas (Sissons, 1977, 1978,
1979a; Peacock & Cornish, 1989), which our model cannot predict. Thus whilst the possibility
exists that there was a greater extent of ice in the area than currently mapped, it was most
likely sourced from an icefield on the Monadhliath plateau that was kept separate from the

western ice cap by the presence of proglacial or intralobe lakes.

Numerous glaciers drained the southeastern side of the Younger Dryas ice cap, and their
limits have been the source of several differing interpretations (Thompson, 1972; Sissons et al.,
1973; Horsfield, 1983; Thorp, 1986). Our model shows (above) that the Rannoch Glacier reaches
its limit relatively late in the stadial, but modelled glacier configurations show significant short-
comings at Callander, Menteith and Loch Lomond, and an overprediction at Loch Tay (Fig.
5.13C). Limits in Glen Lyon and Balquhidder are fairly close to empirical limits. The glacier
occupying Loch Lomond reached its maximal limit south of the loch some time after 12.5 ka
BP (Rose et al., 1988), but is underestimated by 10-12 km in our model. Other limits have
less temporal constraint, however. In particular, the presumed limit at Callander (Thompson,
1972) is bracketed by dates at Torrie of 15.1 ka BP and at Mollands of 12.7 ka BP (Lowe,
1978; Merritt et al., 1990) (Fig. 5.2), suggesting that ice actually receded prior to the Younger
Dryas. Although radiocarbon dates in recently deglaciated areas are commonly considered ‘too
old’ due to mineral carbon contamination (Lowe & Walker, 1980; Sutherland, 1980), in other
areas they appear to be reliable (Sissons, 1967b; Rose et al., 1988). If the Callander dates are
in fact correct, they imply that the limit identified by Thompson (1972) relates to an earlier

glacier, and thus the model may indeed be correct.

These three areas of mismatch are persistent features of the model, occurring across a
breadth of parameter space far greater than the narrow ‘optimum’ range identified from the
sensitivity tests (e.g Figs. 5.3 & 5.5). We consider several possibilities to explain the dis-
crepancies. Firstly, the lack of fit may be a result of model limitations, such as topographic
smoothing, grid resolution, or simplifications of the physics governing ice flow. If this were the
case, however, it would seem likely that the model would not achieve the closeness of fit that it
does elsewhere. Second, it could be that the model is incorrectly parameterised, but this again
seems unlikely given the degree of fit across the majority of the domain. Thirdly, our exper-
iments run from initially ice-free conditions, and so may underestimate ice volumes in areas
where large ice masses may have been inherited from deglaciation of the Main Late Devensian
ice sheet. However, this would be most likely to occur in highland areas in the north, being
colder, and yet the largest mismatches occur mainly in low areas in the south where ice survival
is least likely. Another possibility is that local factors (that our model does not accomodate)
exert a significant influence on glacier geometry. For example, the local presence of a highly

deformable bed or large body of water may greatly reduce basal drag and thus increase sliding
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Figure 5.13: A: The area around Loch Fannich, showing model predictions compared with
the empirical reconstructions (white line). Time step is 2450 years. B: The Monadhliath
mountains in the Central Highlands, showing extensive plateau ice not previously mapped.
Time step is 2450 years. C: The southeast sector of the main Younger Dryas ice cap,
showing mismatches around the Loch Lomond, Menteith and Callander lobes. Time step
is 2650 years.
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beyond the value prescribed in the experiments. Our topographic grid does not incorporate loch
bathymetry, and with Loch Lomond reaching almost 200 m depth at its deepest, this may be
the most likely source of mismatch in this particular area. The former Loch Lomond lobe was,
however, relatively thin at its maximal extent, so although the model underpredicts its area,
there may be less error in terms of total ice volume. A final consideration is that some of the
empirical limits may have been misinterpreted, either in terms of their age, or with respect to
the way in which landforms have been used to reconstruct and extrapolate former ice margins.
Given the very localised nature of our mismatches with the empirical evidence, we consider a

combination of these last two factors most likely.

5.8.1 Synthesis

In attempting to simulate the extent of glaciers during the Younger Dryas stadial we have
gained considerable insight into the nature of ice-mass evolution in Scotland during the
Lateglacial period, and the likely climatic regime that prevailed. Our model predicts that
climatic deterioration during the Older Dryas (c. 14.5-13.7 ka BP) could result in the
gradual build-up of ice, but is followed by recession during the initial stages of the Allergd
(c. 13.7-13.1 ka BP). Subsequent regrowth of ice leads to widespread glacierization during
the Younger Dryas, reaching most empirical limits by c. 12.5 ka BP. Maximum ice volume
was achieved early in the stadial, after which increasing aridity leads to gradual thinning
and incremental recession of many of the ice cap margins. During this period, however, the

eastward-flowing Rannoch Glacier advances at a rate of 25 ma™!

and alters the geometry of
the ice cap sufficiently to produce a net thinning of westward-flowing glaciers such as the Etive
Glacier. Very rapid deglaciation takes place at the end of the stadial, resulting in the loss of
approximately 1000 km? ice in 100 years from c. 11.7 - 11.6 ka BP, after which only small
patches of inactive ice remain. The volume of melt generated during this rapid collapse of the
ice cap probably led to significant jokulhlaup activity (cf Russell et al., 2003), considerable
glaciofluvial erosion and sediment transport, and could have produced a sustained annual

freshwater input to the oceans of around 9 billion litres per year.

Our simulation also presents a testable model for areas where empirical data is either lacking
or ambiguous. For example, Fig. 5.9 predicts the existence of numerous satellite icefields and
glaciers beyond the margins of the main ice cap, which in areas such as the Monadhliath and
Cairngorm Mountains are far more extensive than previously recognised. It is therefore hoped
that the ‘optimum fit’ simulation presented here may stimulate further palaeoglaciological
investigations in Scotland, by offering testable glacier limits for areas where empirical data is,
at present, limited. Further modelling research may be able to refine the simulation presented
here, perhaps by employing a more realistic calving function, incorporating modern lake
bathymetry, modelling the growth of proglacial lakes, and by adjusting the degree-day scheme

to allow for greater seasonal temperature variation.
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5.9 Conclusions

We have used a three-dimensional thermomechanical ice sheet model to simulate the likely
glacier configuration of the Younger Dryas episode in Scotland at a higher resolution than
previously possible. By systematic perturbation of the parameters governing ice accumulation
and subsequent movement we have been able to accurately reproduce many of the glacier limits
suggested by empirical reconstructions based on field evidence. The narrow range of parameter
values that allow a simulation showing close agreement with empirical limits suggests that the
model is sensitive to mass balance and dynamic perturbations. The good degree of overall fit
between modelled and mapped ice margins is encouraging. Where areas of significant mismatch
have been highlighted, they are most likely attributable to local variables not accomodated by
the model, errors in the interpreted age of some moraines, or the presence of pre-existing ice.
These local uncertainties aside, the optimum-fit model simulation predicts that ice ac-
cumulation begins during the close of the Lateglacial Interstadial, and accelerates into the
Younger Dryas achieving maximal glacier extents in the period 12.6 - 12.4 ka BP. Terminal
positions in the north and west are reached earlier than those in the south and east. Basal
sliding plays a limited role in Younger Dryas glacier movement in Scotland, but may have been
locally enhanced where beds of easily deformable sediments occur, or where bodies of water
were present. Our model predicts that mean annual temperatures at the height of the glacial
phase were approximately 10°C lower than the Lateglacial interstadial, and precipitation
was strongly focussed along the western Highland mountain chain. Modelled aridity is
necessary in central and eastern Scotland in order to restrict ice build-up throughout the

stadial, whereas the west probably only became influenced by a drier climate after c. 12.5 ka BP.
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Abstract

We use an empirically validated high-resolution three-dimensional ice sheet model to investi-
gate the mass balance regime, flow mechanisms, and subglacial characteristics of a simulated
Younger Dryas stadial ice cap in Scotland, and compare the resulting model forecasts with
geological evidence. Input data for the model are basal topography, a temperature forcing de-
rived from GRIP §'%0 fluctuations, and a precipitation distribution interpolated from modern
data. The model employs a Positive Degree Day scheme to calculate net mass balance within
a domain of 112500 km?, which under the imposed climate gives rise to an elongate ice cap
along the axis of the western Scottish Highlands. At its maximum, the ice cap is dynamically
and thermally zoned, reflecting topographic and climatic controls respectively. In order to link
these palaeoglaciological conditions to geological interpretations, we calculate the relative bal-
ance between sliding and creep within the simulated ice cap; forecast areas of the ice cap with
the greatest capacity for basal erosion; and predict the likely pattern of subglacial drainage.
We conclude that ice flow in central areas of the ice cap is a largely due to internal deformation,
and is associated with geological evidence of landscape preservation. Conversely, the distribu-
tion of streamlined landforms is linked to faster-flowing ice whose velocity is predominantly
the result of basal sliding. The geometry of the main ice mass focusses subglacial erosion in
the mid-sections of topographic troughs, and produces glaciohydraulic gradients that favour

subglacial drainage through low-order arterial routes.
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5.10 Introduction

The Younger Dryas cold episode (12.7-11.5 ka BP, Alley, 2000) was marked in the Northern
Hemisphere by the expansion of the Laurentide and Fennoscandian ice sheets, and by a partial
regrowth of the British Ice Sheet (Sutherland, 1984a; Mangerud, 1991; MacAyeal, 1993).
Understanding the evolution of these former ice sheets helps appreciation of contemporary ice
masses and their likely behavioural response to future climate change scenarios. Attempts to
reconstruct former glaciers commonly focus on the identification and interpretation of empirical
(geological) data within a relatively small area, and permit only local-scale interpretations of
glaciers either at their maximum extent or during their retreat. In Scotland this geological
approach is complicated by the variable overprinting, reworking or complete removal of
landforms relating to the Main Late Devensian ice sheet by those of the much smaller, later,
Younger Dryas ice cap (e.g. Golledge, 2006). Consequently, geological studies are commonly
hampered by their limited ability to accurately constrain marginal contemporaneity, and so
struggle to evince details of glacier mass balance or flow characteristics. Numerical modelling
of glaciers and ice sheets allows insight into these areas, by simulating ice masses and their
governing climates and most importantly, by enabling the interpretation of glacier evolution
through a glacial episode (e.g. Siegert & Dowdeswell, 2004). This temporal element is of great
importance when trying to identify and differentiate dynamically and climatically forced mar-

gin oscillations, and promotes a more complete understanding of the surviving geological record.

Despite the clear benefits of a combined geological and modelling analysis, previous attempts
at numerical simulations of Younger Dryas glaciers in Scotland are relatively uncommon (e.g.
Payne & Sugden, 1990; Hubbard, 1999), and rarely incorporate explicit field data. In order to
address such shortcomings, Golledge et al. (2008a) presented an empirically validated ice sheet
model for Scotland for the Lateglacial period (15-11 ka BP). In this article we aim to:

1. explore the mass balance regime of the modelled ice cap during its evolution

2. calculate the balance between flow by internal deformation and flow resulting from basal

sliding, and its spatial variability, during the height of the Stadial

3. calculate the likely pattern of erosion potential of the modelled ice cap and identify areas

where greatest basal erosion might occur
4. predict the spatial organisation of subglacial hydrology beneath the ice cap

5. compare these model results with empirical evidence in western Scotland in order to more

confidently link geological features with former glaciological conditions

5.11 The Model

The three-dimensional finite-difference ice sheet model uses algorithms developed and validated
by Hubbard (1999) and Hubbard et al. (2005, 2006). For the experiments presented here, this
thermomechanical model uses a domain of 300 x 375 km, with basal topography at 500 m
horizontal resolution derived from Intermap’s 1.2 m vertical resolution NextMAP terrestrial

elevation data and British Geological Survey 10 m vertical resolution marine bathymetric data.
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Mean annual air temperature and mean annual precipitation are calculated from the
United Kingdom Climatic Impacts Programme (UKCIP) dataset (Perry & Hollis, 2005),
which provides 5 km resolution data for the entire United Kingdom (UK), interpolated from
a national network of 3500 weather stations. Whilst recognising the benefits of integrating
ice sheet models with atmospheric general circulation models (AGCM), we consider this
high-resolution, locally derived, UKCIP dataset to be more suitable as input data than
climatic parameters derived from the relatively coarse AGCMs, which are more suitable for
use in hemispheric-scale ice sheet modelling (e.g. Siegert & Dowdeswell, 2004). Use of linear
interpolations of climate trends between individual ‘snapshots’ has undoubtedly facilitated
greater integration of AGCMs with ice sheet models, but in some cases such generalisation
completely removes short-lived climatic events such as the Younger Dryas (e.g. interpolation
between timeslices at 15 ka and 9 ka BP of Charbit et al., 2002). Use of local-scale data is
thus preferable for these experiments, but introduces the possibility that quite different model

scenarios may result if other climate forcings are used.

An elevation-related Positive Degree Day (PDD) scheme drives mass balance by calculating
annual accumulation and melt through integration of the snow — rainfall ratio, the amount of
refreezing, and the net altitude-related snow balance, following Laumann & Reeh (1993). Input
temperatures are computed using a sinusoidal annual temperature variation fluctuating within
a range, and from a mean annual temperature, derived from the UKCIP dataset. Precipitation
is distributed evenly through the year. Use of a PDD scheme such as this, in preference to
a full energy-balance algorithm, is the only pragmatic option where palaeo-data for the latter
are lacking (e.g. long- and short-wave radiation balance, wind flux, albedo etc). We further
modify accumulation and ablation patterns by imposing eastward and northward precipitation
reductions away from the main ice mass, of 80% and 60% respectively (Golledge et al., 2008a).
Variations in GRIP 20-year resolution §'80 data (Johnsen et al., 2001) are used to define the
pattern of temperature fluctuation in the model domain, which is scaled to Scottish palaeotem-
peratures by analogy with modern isotopic values in Greenland (Clapperton, 1997) (Figure
5.14).

Use of the GRIP temperature pattern as a suitable proxy from Scotland is supported by
the close similarity between temperature trends observed in its isotopic variations and those
inferred from palaeoecological proxies in the UK (Atkinson et al., 1987; Kroon et al., 1997;
Brooks & Birks, 2000). Furthermore, palaeoglaciological studies in Ireland have established
that glacier fluctuations there were broadly consistent with isotopic trends evident in the GRIP
record during the Younger Dryas, despite being out-of-phase prior to c¢. 17 ka BP (Knight,
2003). Spatial variability of modelled surface temperatures and precipitation inputs across the

domain at the height of the Stadial is shown in Figure 5.15.

Net mass balance (b) is related to the three-dimensional evolution of the ice cap through
time (¢) through the equation for the conservation of mass, based on the assumption that ice
is incompressible:

%—?zb—V(Hﬂ), (5.1)

where H is ice thickness, ¢ is time, @ is the vertically averaged horizontal velocity, and V in

this instance represents the ice flux between adjacent nodes minus surface mass balance. Ice
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Figure 5.14: Mass balance parameter and forcing temperature variability through the
Younger Dryas model run, showing a: fluctuations in rate of annual volumetric change,

b:

the 20-year resolution temperature pattern used to force the model run, ¢, d, e:

accumulation, annual melt, and annual calving volumes, f, g: changes in net volume and
areal extent of ice in the domain. Note lag between climatic minimum and maximum ice

volume.
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Temperature (°C) :

'
o

Figure 5.15: Modelled surface temperatures across the domain at 2500 model years, and
contoured annual precipitation totals. Temperatures incorporate cooling due to altitude;
precipitation pattern reflects imposed eastward and northward reductions simulating aridity
away from the main ice mass.
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velocity is composed of internal deformation (Glen, 1955), and Weertman-type sliding when
basal temperatures are sufficient to generate pressure melting, and is determined through cal-
culation of basal shear stresses corrected by a term for the vertically averaged longitudinal
deviatoric stress. The basis and full derivation of this empirically validated ice-stretching al-
gorithm are presented elsewhere (Hubbard, 1999, 2000, 2006), and so are not reiterated here.
Many studies have found that water depth exerts the principal control on the rate of calving at
water-terminating glacier margins (e.g. Zweck & Huybrechts, 2003). We employ a relatively
simple scheme which calculates mass lost due to calving (U.) as a product of ice thickness,
(H), water depth, (W4), and a calving parameter (A.) (Brown et al., 1982; van der Veen, 1999)
(Equation 5.2):

U.=AHWy. (5.2)

This crude approximation of calving is clearly less preferable than more complex relationships
(e.g. Benn et al., 2007a,b) but is computationally less intensive and is a reasonable solution
in our domain, where calving losses are close to zero through much of the model run. Sea level
is parameterised at +10 m for the duration of the model run, in accordance with empirical sea
level reconstructions for this time period from coastal areas of western Scotland (Peacock et al.,
1977; Shennan et al., 1999). Although this parameterisation of calving and sea level altitude
has allowed many west coast glacier limits to be faithfully reproduced by the model (Golledge
et al., 2008a), we acknowledge that using different functions and parameter values may have a
significant effect on overall ice cap geometry by locally altering the ablation component of the
ice cap’s mass balance. Our domain topography does not include the bathymetry of freshwater
bodies, which may also introduce local errors in areas where particularly deep lochs occur (e.g.
Loch Lomond).

Thermal evolution of the ice sheet through time (9T/0t) is calculated according to the

relationship

oT k; P
— = VT —@-VT + —— 5.3
ot piceCp picecp ( )

in which kice and C, are the temperature dependent parameters of conductivity and specific

heat capacity, u is the three-dimensional velocity vector and ® denotes frictional heat resulting
from internal strain (Hubbard, 2006).

The model evolves through a 4000 year run from initially ice-free conditions at 15 ka BP to
complete deglaciation by 11 ka BP. A 0.02 year time-step is used in order to most effectively
balance model stability against computation time. The spin-up period of 2000 model years
(15-13 ka BP) prior to the Younger Dryas episode described here (13-11 ka BP) resulted in in-
termittent ice growth related to fluctuations in the imposed temperature depression, but almost
complete loss of ice from the model domain by 1600 model years. Optimal parameterisation
was achieved through a series of sensitivity experiments designed to gauge the relative influence
of changes in temperature forcing, precipitation distribution, and the amount of basal sliding,
which are described in detail elsewhere (Golledge et al., 2008a). The relative closeness of fit
of the numerical simulation to empirical reconstructions through the model run is calculated
and logged using a grid-comparison algorithm that compares model outputs against empirical
reconstructions in five zones (Golledge et al., 2008a). This enabled the ‘best-fit’ timeslice to

be objectively identified where domain mismatch is at its minimum, which was found to occur
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between 2400 - 2600 model years. In general, outlying icefields reached their maxima earlier
than the outlet glaciers of the main ice cap, which showed greater evidence of lags in the transfer
of mass through the glacier system (Golledge et al., 2008a). Reduction of annual precipitation
totals during the Stadial was necessary in order to control ice sheet mass balance and to prevent
a ‘run-away’ scenario that produced an implausible glacier configuration. Precipitation was re-
duced by 20% per century from 2500 - 2700 model years, held constant at a 50% reduction from
2700 - 3300 years, and returned to normal conditions by increases of 20% per century from 3300
- 3500. This artificially enforced aridity during the latter stages of the model run is consistent
with inferences from palaeoenvironmental proxies in western Scotland that suggest a drier cli-
mate during this period (Benn et al., 1992). That the resulting simulation closely approximates
the distribution of ice cover during the Younger Dryas glaciation in Scotland is demonstrated
by close agreement of modelled maximal ice margins with geologically reconstructed Younger
Dryas ice limits (cf. Sissons, 1979b; Ballantyne, 1989, 2002; Clark et al., 2004), and concurrence
between spatial variations of modelled ice cap characteristics and interpretations of geological
data in the south-east sector of the ice cap (cf. Golledge, 2006, 2007a,b; Golledge & Phillips,
2008).

5.12 Model results

5.12.1 Mass balance

The scaled GRIP-pattern PDD scheme used to drive the mass balance component of the model
couples interpolated horizontal changes in precipitation and temperature across the domain
with calculated vertical changes resulting from topography. Figures 5.14A-G show aspects of
climatic and glacier evolution through the Younger Dryas model run; Table 5.3 describes the
variability of mass balance parameters and values at the ‘Optimum fit’ timeslice of 2500 model
years. Annual accumulation peaks at approximately +1 ma~! (Table 5.3) during the coldest
part of the stadial, from around 2370 model years, producing a net annual volumetric increase
of 21.6 km? (Figure 5.14A). Annual ablation rates achieve a maximum of -1.2 ma~! (equivalent
to a net decrease in volume of 24.9 km?) only a decade later, due to an abrupt (but short-lived)
warming oscillation in the GRIP-based temperature curve. Although these extreme values
are not subsequently repeated, the lesser peaks evident in Figure 5.14A nonetheless illustrate
the sensitivity of the mass balance model to transient high-magnitude climate oscillations
that occur throughout the stadial (Figure 5.14B). Net accumulation through the Younger
Dryas (Figure 5.14C) integrates losses due to melting (Figure 5.14D), and calving (Figure
5.14E). Net accumulation is greatest during the short-lived climatic minimum and decreases
subsequently as precipitation is reduced, as melting increases (due to the warming climate),
and as the ice mass expands to the west coast and calving losses increase. Calving is, however,
negligible throughout much of the stadial, exceeding 1 km®a~! only between 2460 - 2540 model
years when ten west coast glaciers are marine-terminating. Figures 5.14F & G illustrate the
integrated consequences of transient mass balance perturbations through the stadial, describing
changes in total ice volume and total ice extent respectively. The latter peaks shortly after the
lowest temperatures, due to the immediate lowering of the climatic equilibrium line altitude
(ELA), whereas ice volume in the domain does not reach its maximum until 2520 model years,

150 years after the thermal nadir. At the ‘Optimum fit’ timeslice of 2500 model years, the
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Table 5.3: Mass balance parameters through the model run.

Parameter Thi.ckness Thi.ckness
3 equlv- YD equiv-
Sirfl) Range alent Max. alent
(ma~!) (ma~1)

Accumulation 0-22.1 0-1.0 7.7 0.5
Melt 0--26.8 0--1.2 -3.7 —0.2
Calving loss 0--1.2 0--0.1 -1.2 0.1
Net vol. change 21.6--24.9 09--1.1 3.3 0.2

Younger Dryas ice cap exhibits relatively low mass-turnover, and a net mean thickening of 0.2
ma~! (Table 5.3), comparable with current rates in central-northwest Greenland (Johnsen
et al., 1995; Dethloff et al., 2002).

These results highlight considerable high-magnitude short-term variability in the mass bal-
ance regime of the ice cap during the Younger Dryas, largely due to transient oscillations in
the the imposed temperature forcing. The generally positive bias of the mass balance fluc-
tuations leads to rapid ice cap growth at the onset of the stadial, but following the stadial
maximum (2500 model years), the manually imposed enhanced aridity instigates a change to
an overall negative mass balance (Figure 5.14A). Final ice cap decay during the closing centuries
of the stadial occurs under reduced precipitation conditions and consistent climatic warming.
Deglaciation is more-or-less complete by 3300 - 3500 model years (Figure 5.14F & G), due to
overwhelmingly negative net mass balance (Figure 5.14A), which results in the loss of c. 1000
km? ice in 150 years (Figure 5.14G).

5.12.2  Velocity and flow mechanisms

At the optimum fit timeslice of 2500 model years (12.5 ka BP), surface velocities of modelled
glaciers in the domain commonly exceeding 100 ma~!, with some achieving a maximum of
nearly 550 ma~! (Table 5.4). Figure 5.16A shows the vertically integrated mean velocity
distribution across the ice cap at this time. High velocities in outlet glaciers contrast with
much of the interior of the ice cap being relatively static. The maritime icefields on Skye and
Mull host zones of relatively fast flow but eastern plateau icefields (Cairngorms, Monadhliath)
are largely inactive. Even within the main ice cap, the majority of faster-flowing ice occurs
on the west rather than east. This west-east asymmetry is particularly clearly shown in the
differences between the Loch Linnhe area glaciers in the west, and those in the east such as
the Rannoch glacier (Figure 5.16B & C).

In order to establish such regional contrasts more easily, we calculate catchment-averaged
velocities and mean temperatures across the domain (Figure 5.17A & B). These summaries
integrate surface and basal values at all points within each glacier catchment, and serve to
illustrate the dominance of western glaciers in dynamical aspects of the ice cap, in contrast to
eastern areas that are colder and flow more slowly. In particular, Figure 5.17A highlights the
importance of Loch Linnhe and Loch Etive as sinks for the largest contiguous area of relatively
fast-flowing ice, focussing drainage from mountainous areas both north and south of the Great
Glen.
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Table 5.4: Parameter ranges, means and variance at optimum fit, 2500 model years.

Mean Std.
Parameter Range . Dev.

(Z) (o)
Driving stress (k Pa) 0-164.9 45.6 21.1
Surface slope (%) 0-35.9 4.98 4.5
Surface velocity (ma~!) 0 - 547.6 20.6 36.2
Basal velocity (ma~1) 0-314.9 9.1 18.5
Surface temperature (°C ) 1.1--7.51  —0.65 1.39
Basal temperature (°C ) 0--591 -0.84 1.26
Total melt (ma~!) 0-3.7 0.38 04

Velocity
(ma)

Figure 5.16: a: Mean velocity distribution in the domain at 2500 model years, boxes
locate detail areas b & c. b: detail of Loch Linnhe area glaciers, showing flow vectors and
glacier catchments, and c: detail of Loch Rannoch area glaciers, showing flow vectors and
glacier catchments. Legend for detail areas same as main figure.
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Figure 5.17: Model output at 2500 model years showing a: catchment-averaged velocities
across the model domain, and b: catchment-averaged mean temperatures. Note the
higher values in western areas in both cases.

From surface and basal ice velocities (V and Vj, respectively) it is possible to calculate the
proportion of glacier flow that results from basal sliding and from internal deformation (creep)
of the ice above the glacier bed. Since surface velocity (V;) also represents total velocity, which
is the sum of basal sliding plus internal deformation, we calculate the velocity due to creep from
Vs — V4, making the assumption that any deformation of ice at the glacier bed will probably
result in pressure melting and facilitate sliding, thereby reducing the creep component of basal
motion to close to zero. Using this approach we can calculate the relative proportion of flow
occuring as a result of each mechanism, by defining the relationship

S:(Vs_vb)_ﬂ, (5.4)
Vs Vs
According to this simple relationship, a value of +1 defines areas flowing entirely by creep, and
-1 areas whose total velocity is accounted for by basal motion, assumed to be sliding. Figure
5.18 shows the spatial variability of dominant flow mechanisms forecast by the relationship, as
well as areas where basal velocities are less than 1 ma~!.

The results show concentric zonation of the ice cap in which creep dominates in the
interior of the ice cap, and basal sliding becomes most important nearer the margins. This
distribution differs significantly from the pattern of mean velocities shown in Figure 5.16A, in

which relatively fast-flowing radial corridors of ice extend considerable distances into glacier
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Basal
velocity

Figure 5.18: Calculated proportions of flow by sliding and by creep, (.S), within the
Younger Dryas ice cap and its outlying icefields, at 12.5 ka BP, and areas where ice is
effectively immobile, with basal velocities < 1 ma~!. Note 1) the dominance of internal
deformation in central areas of the ice cap, 2) the asymmetry in the width of the marginal
fringe of basal sliding, and 3) the far more extensive areas of non-sliding ice in the east.

Box shows area of Figure 5.20.
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accumulation areas from their ablation-zone terminii. West-east contrasts are again evident,
clearly illustrated by the marked differences between the icefields in Mull, Skye, and Assynt,
and in the Cairngorms and Monadhliath, and in the width of the sliding ‘fringe’ around the
main ice cap. Sliding is the dominant mode of flow up to ¢. 20 km up-glacier from western ice
margins and only small areas of immobile ice occur, but in the east, sliding is only dominant
in the lower reaches of outlet glaciers, which are separated from one another by extensive
areas of immobile ice. This low velocity, non-sliding, ice is mostly associated with ice divides,
interfluves and plateaux (Figure 5.18). We do not account for warming of the firn by the
release of latent heat from percolation and refreezing of seasonal meltwater, as is reported
in many Arctic glaciers (e.g. Trabant & Mayo, 1985; Rabus & Echelmeyer, 1998), but the
possibility nonetheless exists that, by ignoring this process, sliding may be under-predicted in

these eastern areas.

5.12.3 Basal processes

The relative ability of ice to erode its bed (E) can be approximated from its basal velocity
and the overburden pressure resulting from its thickness (H), so that E = —f | W, | H,
where f is a constant representing bedrock erodibility (Jamieson et al., 2007). In order
to calculate only the spatial pattern of erosion potential exerted by the ice, rather than
the amount of basal substrate eroded, we assume a uniform bed rheology and set f = 1.
Figure 5.19A shows the areas forecast by this formula to be subjected to greatest potential
erosion by the Younger Dryas ice cap. The assumption of a uniform bed hardness probably
masks the extent of local variability, but at the domain scale the calculated pattern reflects
focussed erosion along major flowlines within the main ice cap. Due to its dependence
on ice thickness, erosion potential is considerably less along glacier margins than beneath
their trunks. In these mid-sections of glaciers, elongate zones of high erosion potential
occur many tens of kilometers up-glacier from glacier terminii (Figure 5.19A). Where ice

is thin, such as in many of the outlying icefields, the potential for subglacial erosion is negligible.

Theoretically, where basal ice reaches the pressure melting point, the meltwater produced
will either refreeze, permeate into the underlying substrate, or flow along a vector representing
the glaciohydraulic gradient. The magnitude of this gradient is largely governed by the thickness
of overlying ice and the topography of the glacier bed. Basal meltwater plays a critical role
in glacier dynamics, by facilitating sliding where its pressure (P,) exceeds that exerted by the
weight of ice overburden (P;). As the difference between these two components (the separation
pressure (FP;)) increases, effective pressure at the ice-bed interface (P,) decreases and basal
sliding is enhanced. The magnitude of this enhancement is limited, however, by increasing bed
roughness, since higher water pressures are required to overfill the larger bed cavities, according
to the relationship

p=p-2, (55)
am

where ) is the wavelength of bedrock bumps, 7 is the basal shear stress, and a is the amplitude
of bed roughness (Paterson, 1994, p. 149).
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Figure 5.19: a: Areas exposed to greatest subglacial erosion potential, based on ice
thickness and velocity; inset shows detail. b: likely subglacial drainage pathways calculated
from the glaciohydraulic gradient; inset shows detail. Legend for insets same as main
figures.

Since we do not calculate melt volumes here, however, we make the assumption that
P, = P, and thus that P, = 0. Under such conditions it is possible to use ice thickness and
basal topography to calculate glaciohydraulic gradients at the ice-bed interface. We used
ESRI ArcGIS 9.2 flow accumulation tools to then identify where meltwater would most likely
accumulate and the direction in which it would flow. Figure 5.19B illustrates these potential
routeways for basal meltwater drainage, based on accumulation within subglacial catchments.
Given the dependence on ice overburden pressure it is not surprising that the principal
drainage paths flow approximately radially from the thick ice cap centre to its thinner margins,
along the main valleys that also focus the flow of ice. Although weakly developed arborescent
drainage networks may occur in some catchment areas beneath the centre of the ice cap, the
majority of subglacial meltwater beneath outlet glaciers is predicted to preferentially follow
only one dominant path, giving rise to a distribution of low-order subglacial streams (Strahler,
1952) (Figure 5.19B). These hypothetical subglacial streams largely accord with modern
drainage networks, due to the high degree of topographic control exerted by the mountainous
relief underlying the majority of the ice cap. By simplifying the subglacial hydrology, and by
excluding subglacial or ice-marginal lakes, we are able to identify major characteristics of the
former ice cap but are unable to provide the spatial detail and accuracy necessary for field

comparison. Consequently, this remains a goal for future research.
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5.13 Discussion and comparison with geological data

The mass balance data presented here are the first to be calculated for a simulated Younger
Dryas ice cap in Scotland at such a high temporal and spatial resolution. Such data are
valuable both for local palaeoglaciological studies that seek to infer former glaciological
conditions from reconstructed ice margins, as well as for studies of contemporary ice caps
such as Austfonna (Svalbard) or Devon Ice Cap (Nunavut, Canada) where only remotely
sensed or short-term field records are available (e.g. Bamber et al., 2004; Colgan et al., 2008).
Additionally, a consideration of the mass balance of former ice caps may be useful when
assessing the current ‘health’ of glaciers in areas currently experiencing significant changes
in their governing climates (Dowdeswell et al., 1997), or in better understanding the role of
mass balance in influencing glacier response times (Bahr et al., 1998; Pfeffer et al., 1998). Our
results show that glacier inception occurs rapidly under a cooling climate, and that glacierized
areas are most widespread more-or-less coincident with the coldest part of the stadial. This
close relation between cooling and area of ice cover is not, however, matched by the pattern of
volumetric changes. Integrated glacier volume in the domain reaches a maximum c. 150 years
after the climatic minimum, representing a lag in mass transfer through the glacier system
as the ice cap endeavours to achieve a state of equilibrium under the fluctuating climate.
The possibility that this change in volume-area relationship may be partially influenced by
the advection of cold ice towards the glacier bed, stiffening basal ice, as inferred recently
in Devon Ice Cap (Colgan et al., 2008) is one that may be fruitful to explore in the future.
An appreciation of such internally regulated glacier oscillations, representing climatically
decoupled thermo-mechanical feedbacks, may be especially pertinent to the way in which

glacier limits and the geological record in deglaciated areas such as Scotland are interpreted.

The way in which glaciers flow excites considerable debate (Boulton, 1986; Boulton et al.,
2001; Piotrowski et al., 2001, 2002; Kjer et al., 2007), primarily because of the implications
associated with the different flow mechanisms. Whereas widespread deformation of unconsoli-
dated basal sediments may play an important role in glacier motion, it is also clear that basal
environments are highly complex and vary in both space and time (Piotrowski et al., 2004).
Consequently, bed deformation will most likely be accompanied by meltwater-lubricated sliding
on rigid beds, as well as flow by the deformation of ice crystals (creep). Whilst our model does
not differentiate between basal sliding and deformation of the bed, it allows the balance between
basal motion and internal deformation of the Scottish Younger Dryas ice cap to be quantified
for the first time. Furthermore, it enables the spatial pattern of this variability to be calculated
at 500 m resolution. Figure 5.18 highlights how flow mechanics are partitioned into concentric
zones within the ice cap, reflecting down-glacier changes in basal conditions. From this it
may be inferred that deforming beds will only be generated where ice thicknesses and sliding
velocities are high, that is, in topographic troughs beneath the ice cap. Accretion of subglacial
sediments will occur downglacier of these areas, where ice is thinner but where it is still sliding
and able to transport entrained sediment. Glacier recession would have led to spatial changes
in the location of these sediment ‘sinks’, thus the thickest deformable sequences probably
accumulated at maximal margins with thinner sequences laid down nearer the ice cap core.
These model inferences also imply that in some central areas, a deforming substrate may have

been either completely absent, or patchy, as a result of the very limited sliding that is forecast
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Figure 5.20: The southeast sector of the modelled Younger Dryas ice cap, showing lo-
cations of geological features described in the text, in relation to areas of immobile,
sliding-dominated and creep-dominated zones as described in Figure 5.18. Glacier flow
vectors are also shown.

to have occurred there. Low velocities in the ice cap core would also have favoured the preser-
vation of pre-existing landscape elements. Transitional areas between non-sliding and sliding
ice are likely to have a mixed basal signature. Such areas may host pockets of deformable sed-

iments, partially modified (remoulded) landforms, and unmodified relict landscape components.

Geological mapping in the southeast sector of the ice cap has revealed that thick sequences
of sediments pre-dating the Younger Dryas are only preserved in topographic hollows near
the centre of the ice cap (Golledge, 2007a,b), which, according to the modelled flow patterns,
coincide with areas of immobile ice on ice divides between divergent glaciers (Figure 5.20,
‘1"). Modelled ice divides in this area are also associated with mapped areas lacking thick
or widespread Younger Dryas subglacial till (Figure 5.20, ‘2’), presumably due to the limited
erosion and transport capacity of basal ice in such locations. Disaggregated or streamlined
bedrock characterised by metre-scale displacement of blocks, (Figure 5.20, ‘3’) (Golledge, 2006),
occurs in locations where the model forecasts the downglacier transition to sliding-dominated
ice-flow, perhaps reflecting limited transport of basal substrate previously frozen to the glacier
bed. Superimposed bedforms showing lineations that cross-cut older features (Figure 5.20,

‘4’), are mapped in areas where the model forecasts either convergent flow or the onset of flow
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in tributary glaciers feeding a major outlet, whereas more pervasively streamlined (fluted)
bedforms (Figure 5.20, ‘5’) are found where modelled ice-flow is more substantially dominated
by basal sliding, rather than creep. Ice-marginal moraines are present throughout the western
Highlands, marking successive positions of retreating glaciers. Extensive suites of such moraines
thought to represent maximal Younger Dryas glacier limits are shown in Figure 5.20 (‘6’), ad-

jacent to the sliding terminii of discrete outlet glaciers draining the eastern margin of the ice cap.

The pattern of greatest erosion potential (Figure 5.19A) shows that the greatest work done
by outlet glaciers should be concentrated in narrow zones between the core of the ice cap
and its margins. Where these zones of high erosion potential coincide with relatively high
proportions of flow by basal sliding (Figure 5.18), the deforming layer is liable to excavation
and mobilisation. Fluctuation of glacier margins both through a single glacial episode and
over repeated glaciations serves to accentuate these patterns, leading to overdeepened rock
basins beneath the mid-sections of outlet glaciers. When the locations of greatest erosion
potential forecast by the model (Figure 5.19A) are compared with the pattern of rock basins
in Scotland identified by Sissons (1967a), a striking similarity can be seen (Figure 5.21). That
these basins extend beyond the modelled Younger Dryas limits, and probably require repeated
glacial cycles to develop, may suggest that the ice configuration achieved at the height of the
Younger Dryas perhaps represents a stage that has been reached many times during repeated

Pleistocene glaciations.

The discharge of meltwater beneath glaciers influences their rate of flow by changing
effective pressures and basal thermal conditions, seen most dramatically in surge-type glaciers
(Kamb, 1987; Murray et al., 2000). Understanding the mechanisms of subglacial drainage also
greatly assists in the interpretation of the glacial sedimentary sequences (Golledge & Phillips,
2008), and may help to identify areas where glaciofluvial erosion and deposition are most likely
to have taken place. Modelled potential drainage patterns for the maximum Younger Dryas
ice cap show that, if P, = P, subglacial meltwater flow may have followed a small number
of low-order paths at the beds of individual outlet glaciers. Conduit-type systems are highly
effective at discharging meltwater (Kamb, 1987; Paterson, 1994), and, by keeping P, low,
maintain high overburden pressures, which to some extent act as a brake on glacier flow. In
our simulated ice cap, P, would have most likely been greatest during deglaciation, due to the
considerably increased volume of meltwater generated by the warming climate. This may have
reduced effective pressure sufficiently to promote accelerated flow, and possibly even surge-type
behaviour amongst some of the outlets, as inferred from geological evidence for Younger Dryas
glaciers in Loch Lomond (Thorp, 1991b), and the neighbouring outlet in Menteith (Evans &
Wilson, 2006). The infuence of a permeable bed on meltwater pressure and drainage pathways

is not accounted for by the model, however.

Geological investigations north and west of the ice cap centre have identified landforms
indicative of thinner, more dynamic glaciers than those inferred in the south and east (e.g.
Thorp, 1986; Bennett & Boulton, 1993a). These studies have focussed on the relative impor-
tance of deforming beds to facilitate flow, rather than internal deformation. By identifying
the glaciological contrasts evident between different sectors of the ice cap, the model results

presented here go some way towards reconciling these apparently opposing views. The
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Figure 5.21: Rock basins in Scotland, modified from Sissons (1967a), and their context in
relation to the modelled extent of Younger Dryas ice described here. Note the similarity
in general distribution to the pattern of erosion predicted in Figure 5.19A
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higher velocities, warmer beds, and greater integrated melting ablation occuring in western
areas reflect the former presence of high-turnover dynamic corridors within the ice cap that
drained the central accumulation areas steeply towards a sea level only slightly higher than
present (Shennan et al., 1999). East of the main ice divides, however, topographic slopes are
considerably lower, and the palaeoclimate was drier. These less dynamic areas would have
experienced less strain heating, raising the effective viscosity of the ice and favouring thicker,
more sluggish and probably less erosive glaciers. Whether these thermodynamic contrasts are
sufficient to explain the absence of erosional periglacial trimlines in eastern areas, in contrast
to their abundance further west, remains an interesting future research avenue (Thorp, 1986;
Golledge, 2007a).

5.14 Conclusions

Investigation of the mass balance regime and resultant growth and flow characteristics of numer-
ically simulated Younger Dryas ice masses in Scotland, and their relation to geological evidence,

has revealed the following new insights:

1. The modelled ice cap grows rapidly during the onset of the stadial, and is characterised
by extensive but relatively thin ice at the stadial climatic minimum. Lags in the glacier
system result in thickening of the ice cap to reach a maximum domain-averaged thickness

around 2500 model years.

2. The modelled ice cap is significantly influenced by spatial contrasts in the climate that
gives rise to it, so that it is dynamically asymmetric at its maximum, with western glaciers

generally warmer and faster-flowing that their eastern counterparts.

3. Flow in the core of the Younger Dryas ice cap probably occurred primarily through ice

deformation, enabling the preservation of older sediments and landforms.

4. Basal sliding dominated the flow of western outlet glaciers, and led to relatively thick
Younger Dryas sediment accumulations at their margins. East of the ice cap centre, the
modelled ice cover is colder than that in the west, was not sliding at its bed, and had very

low erosion potential.

5. The geometry of the modelled ice cap favours focussed basal erosion in the mid-sections of
topographic troughs, and gives rise to a pattern of erosion potential that closely matches

many of the locations of mapped rock basins in Scotland.

6. The combined influence of ice thickness variability and bed topography produce glacio-
hydraulic gradients that would have preferentially facilitated basal meltwater drainage

along low-order glaciofluvial systems, focussed into central conduits.

7. Manually enhanced aridity during the latter part of the stadial, coupled with rapidly
rising temperatures towards the end of the stadial, lead to negative net mass balance and

culminate in complete deglaciation around 3300-3500 model years.
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6.1 Synthesis

Papers presented in this thesis address key areas of uncertainty surrounding aspects of the
Younger Dryas glaciation in Scotland. Specifically, the research attempts to provide further
clarification on i) timing, rate, and location of glacier inception, ii) extent and thickness of
component ice masses, iii) the dynamical behaviour of these glaciers, iv) timing and manner
of deglaciation, and v) characteristics of the prevailing climate during the stadial. These
questions have been investigated using a methodology that combines geological interpretation
and numerical simulations. Geological data were collected by field and remote survey, in
an area of the western Scottish Highlands that previously hosted the southeastern sector of
the Younger Dryas ice cap. The research has described and interpreted the genesis of the
glacial sediments mapped, their stratigraphic relationships, landform types present in the area
and their connection to former glaciers. Dating of glacially deposited erratics and ice-worn
bedrock has provided new data to an existing chronological framework for these landforms and
sediments. Interpretations of the geological and geochronological data have been presented
here at a range of scales, from local to regional studies. Numerical modelling has subsequently
extended the research to a wider context, by simulating glaciers within a model domain of
> 100 000 km?, which includes most of mainland Scotland and its proximal outlying islands.
Although the focus and scope of each paper has been different, the conclusions that they reach
share certain commonalities. Table 6.1 illustrates the principle conclusions of each paper, and
their contribution towards answering the initial questions set out in the ‘Aims’ of Chapter
1. A ‘Synthesis’ is presented below that discusses the inter-relatedness of each paper in the
context of Table 6.1, and highlights areas where data are equivocal or where the evidence is

insufficient to provide an adequate answer.

6.1.1 Growth and evolution

Identifying geological evidence that might constrain the pattern of ice build-up and subsequent
evolution of the resultant ice cap is hampered by the amalgamation of landforms and sediments
into a single archive, where individual events are difficult to separate. Varved sediment
sequences deposited in glacial lakes north of Rannoch Moor have been interpreted by others
to indicate that at least some Younger Dryas glaciers reached their maximal limits during the
mid- to late-stadial, at around 11.8 ka BP (Palmer et al., 2008), whereas calibrated radiocarbon
dates from the southern margin of the ice cap constrain the maximal extent to somewhat
earlier, around 12.8 — 12.3 ka BP (Rose et al., 1988). The °Be exposure ages presented here
(Paper V) all fall within the Younger Dryas period, and demonstrate that ice cover of Beinn
Inverveigh (and by implication the surrounding area) may have been thickest relatively early
in the stadial, after which it thinned sufficiently to expose the summit and deposit erratics, the
youngest of these yielding an age of 11.6 + 1.0 ka BP. Despite the apparent correspondence
between lower altitudes and younger ages (Fig. 4.3), the dataset is insufficient to draw firm
conclusions with respect to rates of glacier thinning. Furthermore, exposure ages such as these
may be affected by isotopic inheritance, surface weathering, isostatic uplift, or variation in
10Be production rate since their emplacement. Each of these factors may result in an under- or
over-estimate of sample age. Nevertheless, the sample ages from Beinn Inverveigh all fall in the
range 12.9 + 1.5 — 11.6 + 1.0 ka BP. If these ages are overestimates, then they would indicate
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continued glaciation into a time when climatic warming at the onset of the Holocene had most
likely led to the complete disappearance of ice from Scotland. Alternatively, if they represent
an underestimate of the true exposure age, then they could only realistically be explained
if they related to the preceeding glaciation, the Main Late Devensian, which would require
exposure ages approximately 2000 years older. Given the uncertainties described above, it is
tempting to accept the ages as they are, and to interpret the data as indicating ice cover of

the mountain relatively early in the stadial.

Modelling experiments presented in Papers VI and VII demonstrate that the fastest
rate of ice accumulation took place within the first centuries of the stadial, when climatic
cooling was greatest and precipitation was plentiful. Such simulations accord with empirical
reconstructions that infer particularly wet conditions in the early Younger Dryas, as the
oceanic polar front migrated southward and led to heavy precipitation under increasingly
cold conditions (Ruddiman & Mclntyre, 1981; Bard et al., 1987; Isarin & Renssen, 1999).
The new modelling data presented here propose most rapid glacial build-up from 12.9 — 12.7
ka, during which time the widest area of the model domain becomes glaciated. Continued
accumulation leads to a thickening of the ice cap, which peaks at 12.5 — 12.3 ka BP. As a
result of the interaction between changing areal extent and thickness, the maximum total ice
volume within the domain occurs from 12.7 — 12.5 ka BP. These timings concur broadly with
the 19Be exposure ages from Beinn Inverveigh, and with the calibrated radiocarbon ages from
the southern margins of the ice cap (Rose et al., 1988). The apparent inconsistency with varve
records north of Rannoch Moor (Palmer et al., 2008), suggesting much later glacial expansion,
is explained below (see ‘Behaviour’), by considering the mass balance characteristics that
controlled ice cap behaviour during the stadial and the influence they exerted on the timing of

glacier oscillations.

6.1.2 Extent and thickness

Much of the geological component of this work was undertaken within the central area of the
Younger Dryas ice cap, and consequently little field data specifically addressing glacier terminii
was collected. Nonetheless, deglacial landforms in glens Lyon, Lochay and Dochart (Figure
1.4) indicate declining ice surface altitudes more consistent with the maximal limits proposed
by Sissons et al. (1973) and Sissons (1979b), than those predicted by reconstructions of more
extensive ice (e.g. Charlesworth, 1955; Horsfield, 1983). That this ice mass was relatively
thick, however, is shown by the occurrence of high-level streamlining and dated high-level
erratics, which together place the maximum ice surface altitude at around 850 - 900 m in this
area south of Rannoch Moor, approximately 100 - 150 m higher than the upper limit proposed
by Thorp (1984, 1986). Thus the empirical evidence appears to support the notion of a thick,
but restricted ice cap, rather than a thin or extensive one. Modelling simulations presented
here specifically attempted to replicate the ‘restricted’ pattern of ice extent, and in achieving
this demonstrate that this ice configuration is at least possible, given the right climatic forcing.
Additionally, the model results highlight a complexity of flow pattern in the former ice cap not
fully appreciated in the reconstruction based on geological evidence (compare Figs. 3.5 and
5.20).
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Uncertainty in ice cap extent is greatest in the east of the study area where glacier limits
are least well-defined. Whereas clear terminal limits exist in some areas, for example north of
Loch Rannoch, other glens show no such distinctive single moraine. This poses the question of
why there is so much ambiguity in the interpretation of surviving landforms in the east - that
is - if the Younger Dryas Readvance was such a significant and clearly-defined event, why did
it not leave a signature that can be easily distinguished from the substantially older landforms
of the retreating Main Late Devensian ice sheet? Whilst dating offers the most promising
approach to resolving the problem, since features of Younger Dryas age should be at least 2000
years younger than those relating to the MLD, its application is predecated on the assumption
that this intervening period was ice-free. New data from Assynt, north of the study area,
show convincingly that glaciers remained active during the Windermere Interstadial, and did
not disappear and regrow as previously thought (Bradwell et al., 2008). If this suggestion is
correct for other areas of Scotland, several lingering conflicts with respect to the extent and

thickness of the Younger Dryas ice cap might be resolved.

6.1.3 Dynamics

The concept of a thin icefield as advocated by Thorp (1984, 1986) requires very low basal shear
stresses beneath its glaciers in order that they might reach the mapped terminal limits. Values
reconstructed by Thorp (1991b) for the study area described here fall in the range 40 - 60
kPa, and are explained to result from enhanced sliding over easily deformable substrates. This
mechanism no doubt facilitated glacier flow through the principal troughs, particularly around
the periphery of the ice mass, but the new evidence described here suggests that deformable
substrates in the central area of the former ice cap were not as ubiquitous as previously thought.
Futhermore, where thick sediments occur, there is rarely evidence for their deformation or
progressive removal, but instead considerable evidence for their preservation. Consequently, it
is unlikely that glaciers flowed by deformation of their bed to the extent envisaged by Thorp,
rather, they most likely moved by meltwater-lubricated sliding over predominantly rigid beds
with isolated ‘pockets’ of softer sediments. Such a scenario is consistent with more recent
investigations proposing spatially and temporally variable bed conditions that, at any given
moment, may be best represented as a ‘mosaic’ (Piotrowski et al., 2004). This mosaic reflects
changes in basal temperature, meltwater volume and pressure, and substrate lithology, and
evolves through the glacial cycle as basal conditions change. Where deforming substrates
occurred, they were advected towards glacier margins, as in Glen Chaorach (Paper I), whereas
more central areas of the ice cap overrode but did not remove sediments, as in Coire Chailein
(Paper II). That glaciers can result in such limited modification of a pre-existing landscape is
now becoming widely accepted elsewhere (e.g. Kleman, 1994; Fabel et al., 2002; Héttestrand
& Stroeven, 2002; Stroeven et al., 2002b; Fabel et al., 2006), and explains similar observations
in other parts of Scotland (Hinxman et al., 1923; Wilson & Evans, 2000; Phillips et al., 2006).
The conclusion that much of the Younger Dryas ice cap in the field area did little to modify
its bed is further supported by the model simulations. These demonstrate that, during the
height of the Younger Dryas, sliding probably only dominated in the lower sectors of outlet

glaciers, particularly those in the west and south (Paper VII). The central area of the ice cap
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flowed by internal deformation of ice — creep — thereby enabling a thick ice cap to exist, but
leave only limited evidence of its passage. During deglaciation, rising temperatures coupled
with enhanced basal meltwater flux most probably increased the role of basal motion relative
to creep, and may have led to thinner, more dynamic, glaciers with lower basal shear stresses,

such as those reconstructed by Thorp (1986).

6.1.4 Behaviour

Since geological evidence typically records the sum of previous glacial activity integrated into
suites of inter-related landforms and sediments, it is difficult to make inferences concerning the
behaviour of the former ice cap, other than at a local scale. Paper I highlights the importance
of active oscillation of retreating ice margins in the genesis of Younger Dryas landforms in
the study area, which may have been typical of the ice cap in general. Evidence for dynamic
behaviour at the margins of southern outlet glaciers is seemingly abundant (e.g.  Phillips
et al., 2002; Rose, 2003; Evans & Wilson, 2006), and it is perhaps significant that both Thorp
(1991b) and Evans & Wilson (2006) invoke surging glaciers in their theoretical and empirical
reconstructions respectively. The possibility that at least some of the Younger Dryas glaciers
surged is perhaps one explanation for the apparent mismatches between numerical model simu-
lations (Paper VI) and the accepted maximal limits (e.g. Clark et al., 2004). Comparison with
modern analogues (e.g. Figure 6.1) may suggest that these surges were triggered by disruption
of the basal meltwater drainage system, together with short-lived and migratory changes in
the thermal state of the glacier bed (Murray et al., 2000; Fowler et al., 2001; Smith et al., 2002).

Whatever the genesis of individual landforms, further evidence of dynamic behaviour of
the ice cap is inferred from aspects of the modelling experiments. In particular, the advance of
the Rannoch Glacier described in Paper VI shows that rapid glacier advances of considerable
distance are not only possible, but may not necessarily be synchronous with changes in climate.
This decoupling of climate and glacier response reflects longer term mass balance adjustments,
in which mass that accumulated during colder and wetter periods is progressively advected
through the glacier system, and may explain the apparent conflict between studies claiming
early or late glacier maxima (Rose et al., 1988; Palmer et al., 2008), as described above. The
unique topography of Rannoch Moor — a relatively high plateau surrounded by high mountains
— no doubt conditioned this behaviour, by funnelling large volumes of widely distributed ice
through a single dominant outlet route. This modelled advance could only occur, however,
if the rate of ice flow from the accumulation areas was sufficiently high to offset melting in
the ablation zone. Since nearly all other modelled outlet glaciers show retreat during this
period (12.5 - 12.1 ka BP), it seems likely that the ability of a glacier to advance through
a period of climatic warming is strongly governed by thresholds in its mass balance regime.
That this regime is conditioned and controlled largely by overall climatic trends rather than
transitory ‘flickers’ is further evident in the evolution of volumetric changes through the glacial
episode shown in Paper VII. These data show that, despite variability in precipitation supply
throughout the model run, and abrupt, decadal-scale, jumps in temperature, net volume of the
domain ice masses waxes and wanes gradually, and is little influenced by the highly-variable

annual mass balance.
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Figure 6.1: Crevassed surge front of Bakaninbreen, Svalbard, and an older ice-cored
moraine marking the limit of a previous, more extensive, surge event. The moraine
contains imbricated clasts, which may reflect formation by proglacial thrusting.

6.1.5 Deglaciation

Moraines throughout the study area show sedimentological evidence of abrupt changes in
sediment supply, changes in depositional environment, and compressive glaciotectonism
(Papers I, II, III, and IV). Together, these characteristics reflect oscillations of an adjacent
or closely proximal ice-margin. The abundance of such evidence, and the relative absence
of features typical of widespread areal stagnation, such as kettled outwash terraces, eskers,
kames, and chaotic ice-marginal dump mounds, suggest that deglaciation of the study area
proceeded actively, with glaciers that retreated dynamical rather than decayed in situ. This
scenario agrees with other Younger Dryas glacier reconstructions elsewhere in Scotland, (e.g.
Bennett & Boulton, 1993b; Benn, 1997; Lukas, 2005b; Finlayson, 2006). Localised stagnation
no doubt occurred where glacier tongues were cut-off from their accumulation areas, but
was probably restricted in its spatial extent. Widespread evidence of laminated sediments
within moraines, commonly glaciotectonised and interbedded with diamicton units, suggests
that glacier forelands were very wet, and were characterised by ephemeral ponds at the
margins of still active glaciers. Such conditions are most likely to occur during periods of high
precipitation (to maintain mass turnover) combined with relatively rapid climatic warming
(to enhance ice-marginal and ice-surface melting). Rapid warming at the end of the Younger
Dryas is shown by the GRIP §'%0 record to have begun sometime after 11.9 ka BP, and to
have continued until 11.5 ka BP.
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6.1.6 Climate

Whilst climatic inferences can be drawn from deglacial landforms, as described above, com-
plexity in the climate—glacier system makes it difficult to precisely link glacier geometry with
specific climatic conditions, a concept that is explored in more detail below (see ‘Discussion’,
below). Nonetheless, many studies, including Paper III presented here, have attempted to use
empirical glacial reconstructions to derive palaeoenvironmental parameter values, principally
precipitation or temperature (e.g. Sissons & Sutherland, 1976; Sutherland, 1984b; Ballantyne,
2002; Golledge, 2007a). Despite some variability between studies, most have concluded that
Younger Dryas precipitation was more strongly focussed along the western mountains ranges
than it is at present, and that consequently, much of central and eastern Scotland was consid-
erably more arid than now. Palaeoenvironmental proxies such as chironomids and coleoptera
indicate that annual temperature ranges may have been greater than present, which, coupled
with the precipitation pattern, suggests a much more ‘continental’ climate than present. Geo-
logical evidence in the study area indicates a thick ice cap with steep margins (Paper I1I), which
may have resulted from either colder or wetter conditions than previously thought, but which
was nonetheless controlled in its eastward extent by steep climatic gradients. Model simulations
driven by such a climate successfully replicate this overall ice cap geometry (Paper VI), lending
support to its feasibility. Additionally, these experiments also demonstrate that a temperature
threshold exists, below which only small icefields develop, and above which an extensive ice
cap grows. However, greater cooling leads to a runaway scenario unless precipitation is reduced
during the stadial, which probably occurred as a result of the southerly migration of the oceanic
polar front and its concomitant impact on the amount of sea ice forming around Scotland (Bard
et al., 1987; Denton et al., 2005).
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6.2 Discussion: Glacier—climate relationships

The research described and synthesized above employs standard techniques and widely used
assumptions regarding the correspondence between climate, topography, and glacier geometry.
Such simplifications are necessary, since real-world complexity is too great to either identify in
the geological record, or to model in numerical simulations. Consequently, areas of uncertainty
remain with respect to the way in which glacier reconstructions can be linked to palaeoclimatic
conditions, and, perhaps more importantly, this highlights the difficulty in relating predicted
future climate changes to likely glacier and ice sheet responses. Three areas of uncertainty
are considered below: empirical mass balance relationships and their use in palaeoglaciological
reconstructions; the role of continentality in influencing glacier growth and distribution; and

non-linearity in glacial systems.

6.2.1 Mass balance and the Equilibrium Line Altitude

Glaciers achieve steady-state when accumulation and ablation are approximately equal over
a number of years. Theoretically, under steady-state conditions, a glacier is more-or-less in
harmony with its governing climate, thus any additional accumulation will lead to thickening
of the glacier and most probably an advance of the ice front, whereas decreased accumulation
or increased ablation will result in thinning and retreat. Whilst ‘steady-state’ is an important
theoretical concept, it is one that, ‘is never encountered in practice’ (Paterson, 1994, p30), due
to lags in the transmission of accumulated mass through the glacier system to its terminus, and
the natural variability of climate. The Equilibrium Line Altitude (ELA) is another theoretical
concept, identifying the ice surface altitude where net accumulation is zero at the end of a
‘balance year’, of a glacier flowing in steady-state. Calculation of a former ELA is commonly
practised in studies aiming to describe and compare glaciers and their evolution through
time. Whilst net mass balance over any particular year may not be a good reflection of the
longer-term balance state of a glacier, the ELA concept is nonetheless useful for comparative
studies where glaciers are assumed to persist in steady-state, and where the relationship

between glacier response and climate is assumed to be linear.

Many palaeoglaciological studies have employed a variety of methods for calculating former
glacier ELAs (e.g. Ballantyne, 1989, 2002; Osmaston, 2005; Ballantyne, 2006), and have used
empirical relationships from modern glaciers to infer palaeoclimatic conditions from the height
of the ELA (Liestgl, 1967; Sutherland, 1984b; Ohmura et al., 1992). Such investigations are
extremely effective in allowing precipitation or temperature at the ELA to be calculated, if
one or other is known or can be inferred. Since Scottish summer maximum temperatures and
annual temperature ranges have been reconstructed from palaeoenvironmental studies in areas
that were not glaciated during the Younger Dryas (Atkinson et al., 1987; Brooks & Birks,
2000, 2001), from regional scale modelling experiments (Isarin & Renssen, 1999), and from the
distribution and form of periglacial features (Ballantyne & Harris, 1994), these may be used,
in combination with calculated ELAs, to derive former precipitation estimates for Younger
Dryas glaciers in Scotland. In several instances, the use of these parameters and empirical
functions has led to conclusions that the Younger Dryas in Scotland was wetter than present
(Ballantyne, 2002; Benn & Lukas, 2006; Ballantyne, 2007). Such studies may be useful, but
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appear to conflict both with regional climatic indications that North Atlantic sea ice was
considerably more extensive than present during the Younger Dryas, leading to much colder,
drier conditions over much of Northwest Europe (Bond et al., 1993; Mayewski et al., 1994;
Isarin & Renssen, 1999), and with Scottish modelling experiments indicating lower annual
precipitation totals during the stadial (Hubbard, 1999; Golledge et al., 2008a).

This apparent disparity may be resolved in one of two ways. Firstly, it may be that the
palaeoenvironmental proxies used to calculate ELA precipitation over-estimate air tempera-
tures at the glacier surface. The second consideration is that of the annual temperature range
occurring during the Younger Dryas, and most especially its difference from modern values,

and the way in which this is addressed in temperature / precipitation functions.

Climatic and glacier surface air temperature

Methods employed in the reconstruction of absolute air temperatures and ranges from palaeoe-
cological proxies are known to be affected by uncertainties associated either with variability in
the climatic tolerances of the indicator species being used, or with the methodological tech-
niques employed in the necessary regression analyses (Walker et al., 1993; Coope et al., 1998;
Isarin & Bohncke, 1999). Nonetheless, when collated over a wide area, there is encouraging
agreement between inferences from different proxies (Isarin & Renssen, 1999). These authors
note, however, that their regional climatic reconstructions tend to overestimate summer
temperatures compared to those inferred from former glacier geometries in Scotland by Sissons
& Sutherland (1976), Sissons (1979b,c), Sutherland (1984b) and Ballantyne & Harris (1994).
Reasons for this may be complex and individually different, but perhaps the simplest explana-
tion is that the palacoenvironmental proxies used (plants, coleoptera, chironomids) typically
occur and are preserved only in ice-free areas, and thus reflect air temperatures unaffected
by the cooling effect of glaciers known to influence ice surface air temperatures (Khodakov,
1975; Braithwaite, 1980; Singh et al., 2000; Hughes & Braithwaite, 2008). Katabatic effects
and greater albedo serve to lower temperatures in the area immediately adjacent to an ice
sheet or glacier, thereby producing effective temperatures at the ice surface somewhat cooler
than those of the regional climate in ice-free areas. According to the relationship of Khodakov
(1975), calculated from ‘data of both ice sheet and mountain glaciers of the world’ (p26), this
‘temperature leap’ may be as much as 1.6-2.0°C for glaciers 10-20 km in length respectively
(Fig. 6.2). This lowering of temperatures ultimately results in greater net accumulation. Given
these considerations, it may be prudent for studies employing palaeoenvironmental proxy data
for temperature reconstructions to treat such values as maxima, and to calculate precipitation

values at the ELA using a range of temperatures adjusted for glacier cooling.

Continentality

The ability of water bodies to absorb, store, and release heat means that large oceans exert a
moderating influence on the temperature of air masses that pass over them. Conversely, air
passing over land (or extensive terrestrial or sea ice) is much more liable to higher magnitude
and more rapid changes in temperature. The term ‘continentality’ therefore describes the

degree to which the climate of a region is influenced by its proximity to open oceans, such
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Figure 6.2: The cooling effect exerted by glaciers on their immediate climate, as a function
of glacier length, based on global glacier data (Khodakov, 1975).

that areas far from open seas and surrounded mainly by land or ice are ‘continental’, whereas
land close to open water, and affected predominantly by air masses that pass over it, is
‘maritime’. Continental climates tend to exhibit greater annual temperature ranges than
maritime climates, and are often characterised by hot summers and harsh winters rather than
the moderate winters and cooler summers typical of coastal areas. At comparable latitudes,
eastern Canada is more continental than the United Kingdom, due to the influence of the
Atlantic Ocean on the prevailing southwesterly air masses that affect the latter. The term
‘seasonality’ refers to the seasonal occurence of particular climate phenomenon, and is often
related to precipitation. Thus a highly seasonal rainfall pattern would be one in which a large
proportion of the annual total falls in a particular season. The term has also been applied to
temperature patterns, where high seasonality of temperature indicates that greater seasonal,
or intra-annual, differences occur. In this sense, a continental climate may also be loosely
referred to as a highly seasonal one, with respect to temperature. The use of ‘seasonality’ to
describe annual temperature range is now commonplace in the literature (e.g. Denton et al.,
2005; Hughes & Braithwaite, 2008), and is used here in the same context.

Alley et al. (2004) and Denton et al. (2005) use a combination of Greenland ice-core
palaeothermometry and Greenlandic glacier ELAs to argue that seasonal differences in air
temperature were accentuated during the Younger Dryas stadial, with respect to present.
These seasonal differences were most evident during winter months, when temperatures
plummeted well below present values, whereas summer temperatures were only slighter cooler
than today. Such ‘switching’ of seasonal variability ‘during ice-age events’ (Alley et al., 2004)
resulted from extensive North Atlantic winter sea ice formation akin to that presently evident
in Antarctic seas. Sea ice expansion in the North Atlantic was enabled due to the reduced

activity of the North Atlantic thermohaline circulation, essential for the transport of heat from
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Figure 6.3: A family of curves representing annual accumulation at the ELA for different
annual temperature ranges, represented as a function of summer mean temperature (June,
July, August), from the degree day model of Hughes & Braithwaite (2008). The model
assumes sinusoidal temperature variability throughout the year.

the tropics, and for the supply of high density saline surface water that maintains high-latitude
overturning and deep water formation. Denton et al. (2005) argued that, due to these effects, a
20°C increase (from present) in the annual temperature range occurred in Greenland during the
Younger Dryas. Lie & Paasche (2006) subsequently found that an increase of only 10°C could
also satisfactorally explain the available data, but despite this, they concur with Denton et al.
(2005) that seasonal variability was enhanced during the Younger Dryas, and go on to suggest
that this variability was not equal across the North Atlantic region, but was accentuated in the
eastern Atlantic region. This scenario supports the ‘hinged-door’ mode of seasonal polar front
migration proposed by COHMAP (1988), in which the ‘hinge’ lies in the western Atlantic,
with greatest seasonal variability occurring around Northwest Europe. Palaeoenvironmental
reconstructions for Britain and Northwest Europe support these inferences, suggesting seasonal
temperature ranges during the Younger Dryas of 20-30°C (c. 10-20°C greater than present in
the UK) (Atkinson et al., 1987; Ballantyne & Harris, 1994; Isarin & Renssen, 1999).

These studies suggest that Scotland experienced a much more continental climate during
the Younger Dryas than the maritime regime prevailing today. Hughes & Braithwaite (2008)
demonstrated effectively that glacier mass balance relationships are strongly influenced by an-
nual temperature range, and that accurate reconstruction of Pleistocene climates from glacier
geometries necessitates the use of a ‘family’ of temperature / precipitation functions, depending

on the seasonal variability of their former climate (Fig. 6.3).

This approach clearly identifies the effect of considering continentality, yet has still to be
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Figure 6.4: The dataset of temperature / precipitation data for 70 globally distributed
glaciers presented by Ohmura et al. (1992). On the left, the regression line that defines
the general relationship, and on the right, the many different regression lines that define
each group of glaciers. The highly variable slope and y-intercept values of these lines
reflects the variability in the climatic regimes included in the dataset, particularly their
degree of continentality and associated annual temperature range.

adopted for Scottish glacier reconstructions. To date, most such studies have employed regres-
sion equations based on the datasets of Liestgl (1967) or Ohmura et al. (1992), of which the
latter is most commonly used (e.g. Ballantyne, 2006; Finlayson, 2006; Golledge, 2007a). The
global dataset presented by Ohmura et al. (1992) includes glaciers from widely contrasting cli-
matic regimes, from very cold and arid environments in high-Arctic Canada, to very maritime

glaciers in western Norway (Fig. 6.4).

It has been suggested that this ‘amalgamation’ of differing glacier-climate relationships
adds strength to the derived temperature / precipitation regression equation, as it ‘smoothes
out regional variations’ (Benn & Ballantyne, 2005, p589). However, as described above, several
recent Scottish studies that use this equation have calculated wetter Younger Dryas conditions
than is consistent with wider evidence. These differences may be at least partially resolved by
using a degree-day approach to calculate ELA accumulation, where intra-annual temperature

variability and its role in glacier mass balance is properly considered.

Degree day schemes sum the total number of ‘positive degrees’ in a year by assuming a
sinusoidal temperature variability constrained by summer maximum and winter minimum
temperatures (Tppar and Tpin), or by Tp.. and inferred annual temperature range, R.
Monthly temperatures (T,,ontn)can be calculated thus:

(6.1)

Tonontn = [sinm - (=0.5+ ((M — 1) - 0.167)) - (%R 4+ (Trmaz — = R))]

where M is number of the month in the year, R is annual temp range, and 1,4, is maximum
(July) temperature. Based on this relationship, mean annual air temperature (7)) can be

calculated with:

32 [sinm - (—0.5 4+ (M; — 1) - 0.167)) - (AR + (Tynaw —
12

T= 3R)]

(6.2)
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Figure 6.5: The effect of increasing annual temperature range on mean air temperature,
showing 10°C, 20°C and 30°C ranges, typical of the Younger Dryas stadial (Denton et al.,
2005; Lie & Paasche, 2006). Note also how the length of the ablation season decreases
markedly with increased continentality.

which equates to:
Trmaz + Timin (6.3)

2

Using these simple functions it is possible to illustrate how increasing annual temperature
range affects both the mean annual temperature, and the length of the ablation season. Figure
6.5 shows these effects with a sea level summer temperature of 6.384°C , as ascertained through
the modelling experiments of Paper VI, rather than the 8.25°C , calculated (using a lapse rate
of 0.006°C /m) from chironomid-based temperature reconstructions at 125 m above sea level in
part of southern Scotland that escaped Younger Dryas glaciation (Brooks & Birks, 2000).
For glaciers in steady state, which is the assumption necessary to any ELA calculation,
accumulation at the ELA (b) must equal ablation, itself a function of the number of positive
degree days in the year (PDD) and the amount of snow or ice each degree can melt (the
degree-day factor - f) (Equation 6.4). Higher reflectance combined with percolation and
refreezing mean that snow melts less readily than ice, giving rise to a range of commonly used
values from 3 - 8 mm day~! “K~! (Singh et al., 2000; Braithwaite et al., 2006; Hughes &
Braithwaite, 2008; Golledge et al., 2008a):

b=[>_[PDD- f] (6.4)

Clearly, the lower mean temperatures and shorter ablation season associated with higher

annual temperature ranges results in reduced annual melt, which, for a steady-state glacier,
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means that less accumulation is necessary to maintain net mass balance. Thus for any given
glacier and a prescribed summer maximum temperature, accumulation at the ELA will be
less in a highly continental climate than in a more maritime climate with a lower annual
temperature range. Glacier reconstructions that utilise the Ohmura et al. (1992) relationship
may therefore inadequately represent palaeoprecipitation at the ELA, since the generalised
regression equation employed encompasses glaciers with both high and low season temperature
ranges. By virtue of its bias towards maritime climates, reconstructed values in similar areas
will be reasonably accurate, whereas those in more continental areas will be less so. Without an
appreciation of palaecotemperature range, therefore, uncertainty will surround any calculations

derived using this method.

By itself, the degree-day model described above (Equation 6.4) remains rather abstract.
Incorporated into a thermomechanical ice sheet model, however, such schemes become consid-
erably more useful for reproducing former accumulation / ablation characteristics. The model
simulations presented in Papers VI and VII assume a present day annual temperature range
(seasonality = 1). In order to assess the influence exerted by greater intra-annual temperature
ranges, new experiments were run for the model domain, with the aim of producing a simulated
ice cap of comparable extent to the ‘optimum fit’ result of Paper VI. For these experiments, the
GRIP temperature pattern was used again, but adjusted so that Mean Annual Temperature
is decreased by an amount that maintains a constant summer temperature depression for
each of the three scenarios, and which also accounts for the greater intra-annual range. The
magnitude of inter-annual changes remains the same, however. The results are shown in
Figure 6.6 below. Since increasing temperature ranges result in lower mean temperatures,
which favours increased accumulation, it is necessary to reduce total precipitation across the
model domain in order to most closely reproduce the target ice extent. In the examples shown
here, a doubled intra-annual temperature range requires a domain precipitation reduction of
15%, whereas under trebled seasonality a reduction of 30% is necessary. Initial experiments
showed that greater seasonal temperature variability exacerbated west-east and south-north
precipitation gradients, leading to much less accumulation in eastern and northern areas than
required. In order to maintain the correct volumes in western and southern areas, therefore,
the eastward and northward precipitation reductions were relaxed from 80% and 60% to 70%
and 60% respectively for double seasonality, and to 65% and 55% for treble seasonality. Thus
the impact of altering the annual temperature range is that both precipitation volume and its
distribution need to be adjusted. Furthermore, experimentation proved that under the trebled
seasonality scenario, ice accumulating in the higher areas of the domain did not flow into the
lower valleys as readily as under warmer conditions, and thus many ‘optimum fit’ outlet glacier
limits were not reached. Since this is likely to result from thermomechanical effects — that is,
colder ice being less able to flow — the amount of basal sliding prescribed in the model input

file was increased by an order of magnitude.

The results (Fig. 6.6) show that, under increased annual temperature ranges, a variety of
parameters need to be adjusted to accurately reproduce the ‘optimum fit’ glacier configuration.
Doubling the annual temperature range from 9.72°C to 19.44°C gives rise to a mean annual
temperature of -3.336°C and a winter temperature of -13.056°C (Fig. 6.5). The increase in

effective accumulation as a result of these lower temperatures means that a precipitation
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Figure 6.6: Ice extents under a range of annual temperature variability, where T,,..
remains constant. Upper panels show plan view, lower panels show perspective view
looking north. Perspective views show successively superimposed surfaces; note how ice
under double seasonality is generally thicker than under single, but that ice under treble
seasonality is thinner in core areas than under double, due to the necessity to increase
basal sliding.

reduction across the domain of 15% is necessary to control ice build-up, but with 10% less
aridity in the east. Under these conditions an ice cap is produced that resembles the ‘optimum
fit’ both in horizontal extent and in thickness (Fig. 6.6). Greater overall accumulation is most
evident in the higher areas around the periphery of the main ice cap, and some of the outlet
glaciers are also slightly more extensive. No increase in sliding is required in this scenario,
however. Trebling the annual temperature range to 29.16°C produces an annual mean of
-8.196°C and a winter minimum of -22.776°C (Fig. 6.5), which leads to excessive build-up
of ice unless precipitation is reduced by 30% across the domain. The amount of additional
aridity imposed in the east and north is reduced to 65% and 55% respectively, which enables
ice build-up in all the necessary areas of the domain. However, accumulation is focussed on
high ground and accumulation in valleys is suppressed, as a result of slower ice flux under
the colder conditions. With internal deformation (creep) being controlled so significantly by
temperature, flow of ice into lower areas of the domain requires an order of magnitude increase
in the basal sliding factor. Under these conditions, the ice mass that evolves reaches most of
the target margins (Fig. 6.6), with only slightly greater accumulation in the west and on high
plateaux in the east. The ice mass is thicker around its margins than under single or double
seasonality, but is thinner in much of its interior (Fig. 6.6, lower right). Outlet glaciers are
similar in extent to the other simulations, but the ice mass has a lower overall surface slope.
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The model simulations described above illustrate that mild and wet conditions of annual
temperature ranges similar to present give rise to an ice cap that is thick in its central area,
and slopes relatively steeply towards its margins. By contrast, the ice build-up under more
continental scenarios results in a thinner central ice mass with a consequently shallower
surface profile. These implications may be significant. If a change in the prevailing climate
from low to high continentality took place during a former glacial episode, therefore, it might
reasonably be expected to have resulted in a corresponding change in the geometry of extant
glaciers. The isotopic record preserved in the GRIP ice core suggests that more highly seasonal
climates probably dominated the Heinrich Event (HE) phases of the last glacial cycle, due
to the cooling of the North Atlantic, reduction in efficiency of the thermohaline circulation,
and consequent expansion of winter sea ice (Denton et al., 2005). The Younger Dryas has
previously been associated with ‘HE 0’ (Kirby, 1998; Rahmstorf, 2002), thus it seems likely
that it experienced greater seasonality than the preceding interstadial. New evidence has
shown that, during the interstadial, ice survived and oscillated in northwest Scotland (Bradwell
et al., 2008), whilst cosmogenic exposure ages from the western Highlands also demonstrate
that ice thicknesses may have been greatest early in the Younger Dryas stadial (Golledge
et al., 2007), prior to thinning under a drier climate (Benn et al., 1992; Golledge et al.,
2008a). Furthermore, the geomorphological evidence indicative of relatively thick ice mapped
in southern and eastern areas glaciated during the Younger Dryas (Horsfield, 1983; Golledge,
2007a), is at odds with studies further north and west which use the presence of periglacial
trimlines to infer the former presence of low surface gradient glaciers and a relatively thin
mountain icefield (Thorp, 1984, 1986). Could it be that the evidence interpreted throughout
Scotland as reflecting the expansion and retreat of Younger Dryas glaciers in fact records
the transition from a relatively thick ice cap, inherited from the decaying Late Devensian ice
sheet during the mild and wet interstadial, into a thinner, less dynamic icefield that regrew
and subsequently persisted through the much colder, drier, more highly seasonal stadial?
If these ideas are correct, the geomorphological legacy of Scotland may be reinterpreted
in a new light. Rather than recording the waxing and waning of glaciers in response to a
short-lived, isolated climatic ‘hiccup’, the surviving landform and sedimentary archive may
instead be offering clues as to the timing and style of the climate shift that occurred during the

last glacial-interglacial transition, and the way in which the decaying British Ice Sheet adapted.

Calculations of mass balance at the ELA

The model outputs illustrated in Figure 6.6 represent ice extent shortly after the coldest part
of the Younger Dyras stadial, when the ‘optimum fit’ of modelled ice extent to empirical limits
occurs (Golledge et al., 2008a). Although variability in imposed GRIP-scaled climate prevents
modelled glaciers achieving true ‘steady-state’ conditions, this time-slice represents the period
closest to overall equilibrium. Using precipitation, temperature and mass balance output
data from these numerical simulations it is possible to investigate their inter-relationship in a
manner similar to that adopted by Ohmura et al. (1992). In contrast to the Ohmura dataset,
however, the model data provide c. 12500 discrete data points for regression analysis, rather
than 70. Additionally, the data is specifically tuned to the topography and inferred climate of

Scotland, making insights derived from observed relationships more relevant to local studies.
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Figure 6.7: Temperature / precipitation data from three model runs simulating present
day (single), double, and treble seasonality. Black lines illustrate the regression trends
described in the legend. For comparison, data from the glaciers described by Ohmura
et al. (1992) are shown, representing a wide range of climatic regimes. Seven Scottish
palaeoglaciological studies based on the Ohmura temperature / precipitation relationship
are also shown, with recalculated values normalised to the lapse rate and sea level July
temperature used in the model runs for clearer comparison.

Points were selected where net mass balance (b) = 0 £ 0.05m, and had corresponding
precipitation, elevation and temperature data appended, using cell extraction and data
sampling techniques in ArcGIS 9.2. These data, for each of the three different intra-annual
ranges investigated, are shown in Figure 6.7. Regression curves fitted to these data yield
R? values of 0.9054 - 0.981, suggesting that there is a very good correspondence between
summer temperature at the ELA and precipitation at the ELA in each case. There are notable
differences between the populations, however, reflecting the differences in climate and resultant
ice distribution produced by increasing annual temperature ranges. Where ELA temperatures
are relatively low (-0.5°C — 42.0°C ), a similar temperature / precipitation relationship exists
for all three regimes. These low ELAs would be most likely encountered in high and arid
areas. Where ELAs are lower, and their summer temperatures correspondingly higher, greater
divergence occurs between the three scenarios. Under present day seasonality, precipitation
at the ELA increases rapidly with warmer ELA summer temperatures, whereas with more

seasonal climates, the rise in precipitation is much less steep.

Also shown on Figure 6.7 are data points from Ohmura et al. (1992), and seven additional
points marking values calculated from reconstructed Scottish glaciers using the Ohmura regres-
sion equation. The Scottish examples have been recalculated from their originally published
form to standardise lapse rates across the population (0.006°C / m), and to normalise sea
level July temperatures to that used in the numerical simulations (6.4°C ) to enable direct

comparison with model data. Given the spread of climatic regimes represented by the Ohmura

202



6.2. Discussion: Glacier—climate relationships

et al. (1992) dataset, it is hardly surprising that the reconstructions based on these data span
all three of the modelled temperature / precipitation envelopes. It is interesting to note that
glacier calculations from the relatively warm and wet palaeoenvironment of Mull (Fig. 6.7 - ‘a’)
closely match the range of values predicted by the modelled data for such temperatures only
under enhanced seasonality scenarios, whereas under the same conditions, the reconstructed
values in Drumochter, furthest east, overpredict precipitation at the ELA by up to 500 mm
(Fig. 6.7 - ‘¢’). Geographically between these two extremes are the western Highlands, whose
reconstructed values also lie between the two end members (Fig. 6.7 - ‘d’). Data for Arran
and Harris show less clear relationships for one of each of their reconstructed ELAs, perhaps

reflecting the influence of additional local factors at these sites.

What is clear from these data is that the Ohmura dataset adequately reproduces palaeopre-
cipitation values only where the former climate was relatively warm and wet, that is, essentially
maritime. Where the former climate regime was more continental, dominated by aridity and
higher, colder, ELAs, the generalised regression based on the global dataset fares less well. By
modelling temperature / precipitation relationships using a degree-day scheme incorporated
into a validated thermomechanical ice sheet model, it is now possible to define ELA precipita-
tion (y) as a simple function of ELA temperature (x) in a way that is optimised for the Scottish
Younger Dryas environment, with a seasonal temperature range three times that of present
(Equation 6.5):

y = 0.01422? + 0.2482x + 0.2135 (6.5)

A new temperature / precipitation curve can now be calculated, based on this function,
for the values presented in the Scottish studies shown in Figure 6.7. For comparison, linear
regression equations based on data from each of the geographic groups incorporated in
the Ohmura dataset are also used to calculate precipitation, over the same range of ELA
temperatures (Fig. 6.8). The Ohmura-based individual population curves clearly show the
very different temperature / precipitation relationships that characterise modern maritime and
continental glaciated environments, whereas the new modelled curve illustrates the relationship
that is inferred to have existed during the Younger Dryas in Scotland, when inland glaciers

were considerably colder and more arid than their coastal counterparts.

6.2.2 Non-linearity
Thresholds

Climatic relationships such as those shown in Figure 6.7 produce increasingly large differences
in predicted values of y for uniform increments of x. This type of non-linear response of a
dependent variable is typical of many natural systems, and can be identified in the growth pat-
terns and dynamical behaviour of simulated ice sheets. For example, Paper VI highlighted the
climatically decoupled response of the modelled Rannoch Glacier, which continued to advance
during 400 years of climatic warming and decreased precipitation. The mass balance forcing
to which it was reacting, therefore, was one inherited from an earlier stage of the model run
representing the Younger Dryas climatic minimum, when accumulation in the glacier source

regions was greatest. That the glacier continued to advance during a phase of decreasing mass
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Figure 6.8: ELA temperature / precipitation relationships according to regression equa-
tions from component geographic groups of global glaciers presented by Ohmura et al.
(1992), as well as predictions from the generalised Ohmura function used in most Scottish
studies, and the non-linear relationship defined by a positive degree-day driven ice sheet
model. Note how the modelled relationship approximates end members of both cold,
arid ELA relationships (e.g. Canadian Arctic) as well as more maritime mass balance
environments (e.g. Scandinavia).
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Figure 6.9: Bifurcation of volumetric growth trajectories of modelled ice sheets under
different climatic cooling scenarios, based on a 20-year GRIP temperature pattern and

modern Scottish topography. Based on data from model runs described in Golledge et al.
(2008a).

input suggests that sufficient mass already existed in the glacier catchment to ensure overall
positive mass balance. This appears to indicate the existence of a critical mass balance thresh-
old, which, in this scenario, promotes a non-linear response when exceeded. This mass balance
threshold is also demonstrated by time-series plots of ice sheet volume through the model run
(Fig. 6.9). In this example, mass balance is controlled by present precipitation patterns modi-
fied with imposed reductions eastward and northward as described in Paper VI, and by various
scalings of the GRIP palaeotemperature record. The coldest part of the Younger Dryas occurs
at 12.64 ka BP, or 2360 model years in the model run. When scaled to maximum mean annual
temperature depressions at this time of 6°C below present, ice volumes peak coincident with
maximum cooling; with an 8°C scaling ice volume peaks shortly after the climatic minimum at
12.5 ka BP (2500 model years); both decline thereafter. Temperature depressions greater than
this (10°C - 15°C ), however, result in sustained volumetric growth throughout much of the rest
of the stadial, despite climatic warming (Fig. 6.9). This type of threshold has been noted in
similar studies previously, and is likely to occur as a result of topographic influences (Payne
& Sugden, 1990; Hulton & Sugden, 1997). This is critical, since climatic scenarios producing
accumulation rates only slightly below such thresholds will only give rise to disparate icefields
largely controlled by topography, whereas scenarios producing slightly higher accumulation will

lead to considerably more extensive ice build up and will ultimately be influenced less by their
underlying topography.

Lags

The scenarios described above occur under a climatic forcing pattern defined by empirical data
(the GRIP §'80 record). Such records are essential for producing realistic model simulations of
past glacial episodes, yet the natural variability in the climate trends may introduce unwanted

complexity into more generic considerations of ice sheet—climate linkages. In order that these
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Figure 6.10: Volumetric changes of simulated ice sheets as a function of total temperature
depression from present, based on decay under a range of climatic warming scenarios from
initially uniform maximum conditions. Note how more gradual warming rates initially allow
significant continued growth of the ice sheet, but subsequently undergo greater volumetric
decay per degree of climate warming than glaciers exposed to faster climatic changes.

may be studied more clearly, the validated Scottish Younger Dryas ice sheet model can be
forced with an artifical climate file. Of particular societal interest at present is the manner in
which extant glaciers might respond to rising global temperatures, thus further experiments
were carried out to investigate the relative importance of both the amount, and the rate, of
warming. The model described in Paper VI reaches near maximum conditions within 500 years,
when forced with a 10°C cooling from present. Taking the resultant ice mass from this scenario
as a starting point, a series of model runs were carried out in which the simulated ice mass
was subjected to climatic warming rates of 0°C - 4°C 100 a~—!, based on the likely range of
temperatures for modern warming scenarios envisaged by the IPCC 4th Assessment (Solomon
et al., 2007): 0.6 - 4.0°C 100 a~'. In all cases except 0°C 100 a~!, model simulations were run
for as long as necessary to achieve complete deglaciation in the model domain, thus a longer run
was required for the glaciers exposed to slower warming rates, than for the experiments forced
with a faster rate of warming. Figure 6.10 shows the results of these experiments, with results
of each run plotted according to the magnitude of temperature change, rather than model time
elapsed, thereby removing the variable temporal element. Data for the 0°C 100 a~! scenario

are omitted, since no warming leads to continued growth, rather than deglaciation.

Figure 6.10 illustrates that with rising temperatures, ice volumes only continue to increase
at magnitudes below a certain threshold — between 6 - 8°C lower than present. Within this
range, glaciers warming at slower rates accumulate the greatest volume, whilst those warming
faster accumulate less. However, despite its greater volume, the simulated ice sheet warming
at 1°C 100 a~! subsequently loses greater volume per unit temperature change than those
warming more quickly. This may be due to the longer time period involved, enabling transfer
of mass through the glacier system and consequently less imbalance in the overall mass budget.

More rapidly warming glaciers have less time to adjust and so exist in a state of disequilibrium
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with the forcing climate, and will exhibit responses that lag behind the climatic conditions
that initially gave rise to them. Interestingly, and perhaps as a consequence of these factors,
the synthetic ice sheets forced with 2 - 4°C 100 a~! temperature rises all return to their initial
starting temperature with positive mass. In the most extreme case, the simulated ice sheet
warming at 4°C 100 a~! requires a further temperature rise of c. 2°C to ensure complete
deglaciation. These experiments highlight the importance of considering the rate, as well as
the amount, of warming when assessing likely responses of glaciers to changes in climate. With
respect to reconstructive studies, these data suggest that the geometry of an ice mass and
its derived ELA, as calculated from surviving landforms, will actually represent the climatic
conditions (particularly the temperature / precipitation relationship) that prevailed somewhat
earlier in the glacial cycle, rather than the environment at the time of a glaciers maximum

extent.

Hysteresis

That many of the experiments described above result in residual mass when runs return to
their initial starting temperature illustrates the effect of ice sheet ‘hysteresis’ (sensu Oerlemans,
1982; Huybrechts, 1993; Pollard & DeConto, 2005). Modelling experiments simulating global
ice sheets have identified similar scenarios, for example, in Greenland, ‘... an ice sheet would not
reform with present boundary conditions if it were to melt’ (Crowley & Baum, 1995, p358), and
in Patagonia ‘...whereas only modest ELA lowering is necessary to grow the ice cap, considerably
more of an ELA rise is required to remove it’ (Hulton & Sugden, 1997, p89). Using the ice sheet
model validated for the Younger Dryas in Scotland, it is possible to run a series of controlled
experiments that use the same IPCC-derived rates of climate change as described above, and to
inspect the mass balance data for evidence of hysteresis. The previous experiment principally
concerned lags evident in ice sheet decay. In this next experiment, both ice sheet growth
and decay are forced by the same rate of temperature change, producing a climate file for
the length of the model run that is ‘symmetrical’. If mass balance is simply governed by the
magnitude of temperature change, and if the ice sheet responds to this change rapidly, the
resultant growth curve for each model run should also be symmetrical about the axis marking
maximum temperature depression. However, Figure 6.11 demonstrates that this does not occur,
and that a considerable lag occurs between the timing of coldest conditions and the peak in
ice volume. The lags in these simulations range in length from approximately 12.5 - 15% of
the total duration of the model runs, or 25 - 30% of the growth period, and result from the
continued growth of ice masses beyond climatic minima as described above and in Figure 6.10.

In the model runs described above, each scenario requires a different amount of time to cool
to, and warm from, the same maximum depression. Data from simulations with different run
lengths can be more easily compared by plotting volume data against area. Where area is high
and volume low, the ice sheet is thin, whereas a thicker ice sheet is characterised by higher
volume with respect to area. Volume / area relationships have been investigated in many other
studies, due to the relative ease of calculation of the latter, and the more difficult estimation
of the former (Bahr et al., 1997; Radi¢ et al., 2007), and can be useful in understanding the
response times of glaciers in steady state (Bahr et al., 1998; Pfeffer et al., 1998; Harrison

et al., 2001). Glaciers in non-steady (transient) state may exhibit quite different volume /
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Figure 6.11: Volumetric changes of simulated ice sheets as a function of time, based on
a range of symmetrical climatic cooling and warming scenarios. Note the occurence of
lags between the timing of maximum climatic cooling, and the maximum volume of the
simulated ice sheet, which occurs irrespective of size or model run length.

area relationships, however, such as during growth and decay phases (see below), but these

differences are thought to result in only a minimal error in volume predictions over a relatively
long time scale (Radi¢ et al., 2007).

Figure 6.12 illustrates the results of model runs forced by a range of climate perturba-

tions during both growth and decay phases, using present Scottish topography and precipation
distribution as input data.

During the growth phase (lower limb), each temperature scenario differs slightly from
the others in terms of its volume / area relationship, with thickest ice accumulating under
the most gradual cooling scenario, and thinnest ice with fastest cooling. Areal expansion is
limited in every case by the total ELA depression of -10°C common to all of the model runs,
however, volumetric increases take place and continue into the initial stages of the decay curve
(upper limb), giving rise to thickening ice sheets in a manner similar to that described in
the previous (decay only) experiment. Interestingly, despite volume / area differences during
growth, geometric relationships during decay under each of the climatic scenarios converge to
almost uniform values. At the point of convergence, decay volumes are approximately an order
of magnitude greater than for equivalent areal extent during ice sheet growth. This pattern is

maintained, and increases slightly, during the latter stages of decay, resulting in residual mass
at the end of the model run in every case.

The reason for this effect most probably lies in the influence of the accumulating ice on the
mass balance forcing that produces it. A positive feedback takes place, in which cooling leads

to accumulation, which in turn produces thickening and thus further cooling of the ice sheet
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Figure 6.12: Area / volume relationships of modelled ice sheets evolving under a range
of synthetic climatic scenarios, where cooling and warming rates are identical, switching
from one to the other when a cumulative temperature depression of -10°C is achieved.

surface, at a rate controlled by the environmental lapse rate. For a highly dissected mountain
topography such as the one used in these experiments, the infilling of valleys and basins with
ice gives rise to a considerably higher mean elevation across the domain than accounted for
by topography alone. Consequently, glacier accumulation area is vastly increased and only ice
discharged by outlet glaciers enters the ablation zone. Growing an ice sheet to the stage where
it can affect its own climate in this way is largely governed by the critical climate—topography
threshold described in the bifurcation experiment above, and noted by others (Payne &
Sugden, 1990), and thus it is likely that the role played by ice sheet hysteresis will be great-

est for ice sheets and ice caps, and least for valley glaciers and relatively thin mountain icefields.

6.3 Summary

From the above Discussion it is clear that the usefulness of glacier reconstructions as tools
for inferring palaeoclimatic values is limited by the complexities and uncertainties that
surround glacier—climate relationships. Mass balance regimes are strongly governed by seasonal
variability; bifurcations in ice sheet growth are largely conditioned by topography; lags between
climatic change and ice sheet response occur if the glacier is not in steady-state; and hysteresis
effects may lead to different volume / area relationships for any given glacier depending on
its stage of evolution and the direction of its evolutionary trend. Consequently, caution must
be adopted when interpreting inferences drawn from all empirical studies, unless each of
these factors can be justifiably disregarded. Despite these uncertainties, however, the insights
gleaned from ice sheet modelling may nonetheless assist with glacier reconstructions, since, by
highlighting the complexities, we are more at liberty to entertain hypotheses that may have
previously seemed counter-intuitive. Ultimately, this freedom to explore new interpretations

may prove fruitful for glaciological studies not just in Scotland, but in all past and presently
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glaciated environments.
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7.1 Conclusions

This thesis has combined geological mapping and glaciological modelling to investigate glacia-
tion in western Scotland during the Younger Dryas. In particular, sedimentology, geomor-
phology, geochronology and numerical simulations have been used to address a series of key

questions, in order to clarify:
1. the pattern and rate of ice build-up, and the timing of maximum ice extent and thickness,

2. whether glaciation was extensive or restricted, and composed of relatively thick or thin

ice masses,
3. the relative balance between ice flow by bed deformation, basal sliding and creep,

4. whether glacier behaviour was climatically synchronous, and whether or not glaciers re-

treated actively, and

5. the dominant climate characteristics during the stadial

Additionally, the research aimed to establish whether geological evidence is sufficient to
enable accurate palaeoglaciological reconstructions; to discover if a numerical model could
closely simulate such reconstructed glacier limits; and to ascertain the extent to which a

combination of the two could be used to understand wider issues of glacier—climate relationships.

Although the investigations described in each paper of the thesis have enabled insights
into different aspects of these questions, their synthesis allows the following conclusions to
be drawn. Glaciation in western Scotland during the Younger Dryas was characterised by a
main ice cap that was linear in form, and which straddled the north-south mountain chain
from the Highland Boundary at Loch Lomond to Wester Ross in the north (Fig. 5.1). Around
this ice cap grew independent icefields on isolated massifs. In central and eastern Scotland,
glaciation was restricted to small, high-level, plateau icefields. Geomorphological evidence
indicates that the ice surface of the main ice mass was at least 800 m above sea level in
its central areas (e.g. Rannoch Moor), which, according to modelling and geochronology
evidence, may have occurred early in the stadial (i.e. prior to 12.5 ka BP). Whether this
ice mass grew from ice that had survived the preceding interstadial (GI-1) is not known,
but emerging new data from elsewhere in Scotland (Bradwell et al., 2008) suggest that
this may have been the case, at least in some areas. Modelling experiments show that
thick ice caps tend to form under relatively warm and wet conditions, whereas thinner
icefields tend to result from colder, drier climates. The seemingly contradictory evidence
in Scotland indicating both thick ice cap glaciation (Horsfield, 1983; Golledge, 2007a), and
thin icefield glaciation (Thorp, 1986; Bennett & Boulton, 1993a), may be reconciled if a
climate transition — dominated by an increase in seasonality — occurred early in the stadial,
leading to geometric readjustments of the ice cap such that the latter part of the stadial

was characterised by relatively thin glaciers under a more continental (high-arctic style) climate.

Both geological and numerical evidence points to limited deformation of glacier beds in

the central areas of the ice cap during the Younger Dryas, instead, ice flow was accomodated
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principally by meltwater-lubricated sliding on rigid beds (mainly bedrock), and by deformation
of ice above the bed (creep). This enabled the preservation of pre-existing sediment sequences,
and the overprinting or subtle modification of older landforms. Further from the ice cap centre,
basal sliding velocities were higher and deforming beds were more widespread, leading to thicker
accumulations of Younger Dryas-age subglacial till near to glacier margins. Glaciers expanded
according to the major climatic changes that occurred during the transition into the Younger
Dryas, but the timing of their maximum extents was affected by lags in the propagation of ice
through the glacier system, such that outlets with large catchments and low bed gradients (e.g.
Rannoch glacier) reached their most extensive several centuries after the coldest part of the
stadial. All glaciers were subject to topographically related thresholds, which required specific
climatic conditions to overcome. For example, marginally insufficient cooling would have
restricted glacier build-up to high mountain areas, whereas slightly too much cooling would
have led to overly extensive glacierization. Modelling experiments have shown that a delicate
balance existed between mean annual temperature depression, annual temperature range,

precipitation volume, precipitation distribution, and the amount of basal sliding that took place.

Sedimentological data in the main study area south of Rannoch Moor has been interpreted
as reflecting very wet conditions during final deglaciation, accompanied by active oscillations
of glacier margins. These inferences concur with modelled scenarios in which glacier recession
continues during rapid climatic warming at the close of the stadial. Overall, the mean
Younger Dryas climate in Scotland was probably c. 10°C cooler than present during the
summer months, but perhaps as much as 30°C colder during the winter. The greater annual
temperature range occuring during the stadial resulted from more extensive North Atlantic
sea ice, which suppressed the moisture-carrying capacity of prevailing south-westerly winds
and led to considerably drier conditions across much of the landmass, most especially in areas

east of the main ice cap.

These insights into the characteristics of Younger Dryas glaciation and climate demonstrate
that geological mapping, combined with glaciological modelling, represents an effective
system for palaeoglaciological reconstructions. Geological data alone provide insufficient, and
commonly ambiguous, evidence to adequately deduce glaciological or climatological details,
but are fundamental for establishing glacier geometry and chronology. Numerical simulations
excel at providing much more detailed information on former flow patterns, flow mechanisms,
and the governing climate, but require the geological inferences for guidance and validation.
The experiments described here demonstrate that it is possible to closely simulate empirical
glacier limits using an ice sheet model, but also highlight that recurrent inconsistencies occur.
Where such mismatches between numerically simulated and geologically reconstructed glacier
limits occur, further research may be necessary to determine whether model input data needs
to be refined (for example by the inclusion of freshwater bathymetric data), or whether better
geochronological constraint is needed on the features used in the empirical studies. Modelling
experiments have also illuminated the complexity of glacier—climate relationships, and the
necessary appreciation of non-linear behaviour in such systems. Furthermore, modelling has
enabled more detailed insight into mass balance relationships, particularly for Scottish glaciers
during the Younger Dryas, and offers a new method for the effective calculation of former

temperature / precipitation parameters from geological data.
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These conclusions considerably advance current understanding of the Younger Dryas in Scot-
land, but a key area of uncertainty still persists. Much of the work presented here is predicated
on the widely held assumption that Scotland was largely ice-free during the Windermere Inter-
stadial (i.e. GI-1), and that glaciation began afresh at the onset of the stadial (GS-1). These
views are based on only a limited number of radiocarbon dates from low altitude sites around
the margins of the main ice cap. To-date, no organic deposits firmly dated to the interstadial
period have been reported from within the ice cap core area. New evidence is showing that
landforms previously thought to be diagnostic of Younger Dryas glaciers may also occur outside
stadial limits (Golledge et al., 2008b), that in some areas glaciers retreated actively throughout
the interstadial (Bradwell et al., 2008), whilst in other areas there appears to be an almost seam-
less geomorphological transition between ‘old’ and ‘new’ features. Future work should aim to
improve our understanding of glacier—climate interactions through the Lateglacial, to quantify
the potential role of seasonality shifts in prevailing climate patterns, and to establish more solid
boundary conditions for further modelling experiments. Together, these might enable changing
glacier configurations during the whole of the last glacial termination to be reproduced with

even greater accuracy and validity.
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