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Scotland
Many glaciated valleys in Scotland contain distinctive, closely spaced ridges and mounds, which have been
termed ‘hummocky moraine’. The ridges and mounds are widely interpreted as ice-marginal moraines, con-
structedduring active retreat ofmainly temperate glaciers. However, hummocky terrain can formbyvarious pro-
cesses in glacial environments, and it may relate to a range of contrasting glaciodynamic regimes. Thus, detailed
geomorphological and sedimentological studies of hummocky surfaces in Scottish glaciated valleys are important
for robust interpretations of former depositional environments and glacier dynamics. In this contribution, we ex-
amine irregularly shaped ridges andmounds that occur outside the limits of former Loch Lomond Readvance (≈
Younger Dryas; ~12.9–11.7 ka) glaciers in the Gaick, Central Scotland. These ridges and mounds are intimately
associated with series of sinuous channels, and their planform shape mimics the form of the adjacent channels.
Available exposures through ridges in one valley reveal that those particular ridges contain lacustrine, subglacial,
and glaciofluvial sediments. The internal sedimentary architecture is not related to the surfacemorphology; thus,
we interpret the irregularly shaped ridges andmounds as erosional remnants (or interfluves). Based on the forms
and spatial arrangement of the associated channels, we suggest that the ridges andmounds were generated by a
combination of ice-marginal and proglacial glaciofluvial incision of glaciogenic sediments. The evidence for
glaciofluvial incision, rather than ice-marginal moraine formation, at pre-Loch Lomond Readvance glacier mar-
gins in the Gaick may reflect differences in glaciodynamic regimes and/or efficient debris delivery from the gla-
cier margins to the glaciofluvial systems.
© 2021 The Geologists' Association. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A characteristic feature of many glaciated valleys and cirques in the
Scottish Highlands is the distinctive sediment-landform association
‘hummocky moraine’ (e.g., Bickerdike et al., 2018a, 2018b). This assem-
blage comprises densely spaced ridges and mounds that give rise to
‘hummocky’ surfaces in valley bottoms, on the lower ~50–150m of val-
ley slopes, and on cirque floors (e.g., Benn, 1992; Lukas, 2005; Boston
and Lukas, 2019; Chandler et al., 2020). Early studies interpreted the
ridges andmounds as successive, closely spaced ice-marginal moraines,
irrespective of morphology (e.g., Jamieson, 1874; Geikie, 1877;
Charlesworth, 1955). However, this interpretation was rejected in the
1960s: Sissons (e.g., 1967, 1974, 1979) instead argued that the hum-
mocky sediment-landform assemblages were moraines formed during
widespread in situ glacier stagnation, owing to their apparent chaotic
ography, Stockholm University,

.P. Chandler).

by Elsevier Ltd. This is an open acces
appearance. This paradigm has since been challenged by two important
findings: (i) the ridges and mounds are typically arranged as inset
chains that represent individual palaeo-ice margins (Benn et al., 1992;
Bennett and Boulton, 1993a, 1993b; Lukas and Benn, 2006; Boston
and Lukas, 2019); and (ii) the landforms represent a continuum of un-
deformed to completely overridden and glaciotectonized terrestrial
ice-contact fans (Lukas, 2005; Benn and Lukas, 2006; Chandler et al.,
2020). Accordingly, hummocky moraine in Scotland is largely
interpreted as sequences of ice-marginal moraines formed during ac-
tive, oscillatory retreat (e.g., Lukas and Benn, 2006; Bickerdike et al.,
2018b; Boston and Lukas, 2019; Chandler et al., 2020).

The origin of distinctive hummocky moraine in the glaciated high-
land valleys of Scotland is significant for two reasons: firstly, the
outer/downvalley limit of hummockymoraine, or a contrast in moraine
morphology, has beenwidely used as a line of evidence to establish Loch
Lomond Readvance (LLR; ≈Younger Dryas; ~12.9–11.7 ka) glacier
limits (e.g., Benn and Ballantyne, 2005; Lukas and Bradwell, 2010;
Finlayson et al., 2011; Boston et al., 2015; Chandler et al., 2019a). This
is based on hummocky moraine limits coinciding with distinct changes
s article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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in morphostratigraphic signatures within valleys or catchments, a spa-
tial relationship that has been independently tested through absolute
dating (cf., Lukas, 2006; Lukas and Bradwell, 2010; Finlayson et al.,
2011). Secondly, chains of mounds and ridges within hummocky mo-
raine assemblages have been used to reconstruct palaeo-ice margin po-
sitions and, in turn, the retreat patterns of LLR glaciers (e.g., Benn et al.,
1992; Bennett and Boulton, 1993a, 1993b; Lukas and Benn, 2006;
Boston and Lukas, 2019). Thus, establishing the origin of ridges and
mounds in Scottish glaciated valleys is important to wider
palaeoglaciological interpretations.

Although current evidence suggests that terrestrial ice-contact fans
(ice-marginal moraines) are almost ubiquitous in the Scottish High-
lands (cf., Lukas, 2005), the sedimentological studies are geographically
concentrated in western Scotland (e.g., Benn, 1992; Lukas, 2005;
Golledge, 2006). Moreover, a range of depositional and erosional pro-
cesses have been proposed for hummock/hummocky terrain formation
in glacial environments (e.g., Hoppe, 1952; Boulton, 1972; Eyles, 1983;
Andersson, 1998; Johnson et al., 1995; Eyles et al., 1999; Johnson and
Clayton, 2003; Evans et al., 2008; Utting et al., 2009; Möller and
Dowling, 2015; Peterson et al., 2018). This raises the possibility that
there are cases of ‘hummocky moraine’ elsewhere in Scotland that
formed by alternative mechanisms.

In this study, we investigate distinctive, closely spaced ridges and
mounds in the Gaick, Central Scottish Highlands, that give rise to hum-
mocky surfaces. These landforms have been interpreted as hummocky
moraine formed during widespread glacier stagnation (Sissons, 1974)
or, in contrast, as ice-marginal moraines formed during active ice-
sheet retreat (Merritt, 2004a). Most recently, however, the ridges and
mounds were mapped as ‘dissected glaciogenic material’ by Chandler
et al. (2019a, 2019b). This was based on their spatial relationship and
arrangement with meltwater channels, which distinguished the land-
forms from other ridges and mounds in the Gaick that have been iden-
tified as ice-marginal moraines (Chandler, 2018; Chandler et al., 2019a,
2019b, 2020). The aims of this paper are twofold: (i) to elucidate the
processes that led to the formation of the morphologically distinct
ridges and mounds; and (ii) to establish the implications of these pro-
cesses for palaeoglacier dynamics.

2. Study area and previous research

The Gaick (or Gaick Plateau) comprises a dissected upland plateau
that covers ~520 km2 of the Central Scottish Highlands (Fig. 1). It is sit-
uated approximately between latitudes 56° 49′ and 56° 57′N and longi-
tudes 4° 14′ and 3° 39′W (British National Grid; northings: NN 72–NN
88; eastings: NN 63–NN 69). The western Gaick is a ~40 km2 coherent,
gently-undulating plateau at altitudes of ~750–850 m a.s.l., with occa-
sional peaks exceeding 900 m. This plateau is disconnected from the
eastern parts of the study area by fault-guided valleys and a glacial
breach (cf., Hall and Jarman, 2004). To the east of the main glacial
breach, the topography is more rolling, and it is dissected by numerous
catchments. As a result, the central Gaick lies at a relatively low altitude,
mainly between ~600 and 700m, but descending to as low as ~520m in
Glen Tarf to the east. The eastern Gaick contains isolated summits,
mountain passes (or cols) and interconnected valleys, with the highest
summits (>950 m a.s.l.) occurring in the east. The bedrock geology of
the Gaick is dominated by a Neoproterozoic Precambrian succession of
siliciclastic psammitic and semipelitic rocks (the Grampian Group; see
Stephenson and Gould, 1995).

In this paper, we investigate ridges and mounds in three Gaick val-
leys: Glen Chulaibh, Glas Choire, and Glen Tarf (Figs. 1 and 2). These
sites, and the Gaick as a whole, have been subject to several glacial geo-
logical investigations, which led to diverging and conflicting explana-
tions of the glacial sediment-landform associations (see Chandler
et al., 2018 and Chandler et al., 2019a for overviews). Sissons (1974:
Fig. 2) mapped hummocky moraine, and associated meltwater chan-
nels, in Glas Choire and Glen Tarf. The downvalley limits of the
‘hummocky moraine’ were used by Sissons (1974) to delineate outlet
glaciers of an extensive LLR plateau icefield. The study area was subse-
quently mapped by the British Geological Survey (BGS), with moraine
ridges and intervening ice-marginal meltwater channels mapped and
described in Glen Chulaibh (Merritt, 2004b), Glas Choire (Merritt,
2004a, 2004b; BGS, 2008a), and Glen Tarf (Merritt, 2004a, 2004c; BGS,
2008b). These ‘moraine ridges’ and meltwater channels were
interpreted as evidence of active retreat during deglaciation of the last
British-Irish Ice Sheet (Merritt, 2004a; Merritt et al., 2004). Most re-
cently, Chandler et al. (2019a, 2019b) mapped many of the ridges and
mounds in Glen Chulaibh, Glas Choire and Glen Tarf as ‘dissected
glaciogenic material’, as described above. In all valleys, the dissected
glaciogenic material occurs outside the inferred limits of a spatially re-
stricted LLR plateau icefield and thus relate to glacial events pre-
dating the LLR (Chandler, 2018; Chandler et al., 2019a).
3. Methods

Glacial landforms were mapped in the field (at 1:10,000 scale) and
using aerial photographs as part of an iterative procedure (see
Chandler et al., 2018, 2019b). Final mapping of the ridges and mounds
was performed digitally in ESRI ArcMap using orthorectified aerial pho-
tographs (0.25 m ground sampled distance; Getmapping®/UKP), and
with reference to Microsoft® Bing™ Maps imagery. This approach en-
sured the planform and arrangement of the ridges andmoundswere ac-
curately represented on the final maps (cf., Chandler et al., 2018).

Sedimentological analysis of available natural exposures through
ridges and mounds was undertaken to investigate depositional pro-
cesses. The exposures were enlarged and cleaned, before being logged
on a combination of square millimetre paper and overlays of enlarged
photomosaics of the cleaned exposures (e.g., Lukas, 2005). Individual
sedimentary units were identified and distinguished in the field based
on their physical properties, following standard criteria (see Evans and
Benn, 2021). A modified version of the lithofacies code from Eyles
et al. (1983) was used to record lithofacies on the section logs (Fig. 3).
Clast shape was analysed for selected lithofacies units, following
established methods (see Lukas et al., 2013; Benn and Lukas, 2021). A
modified version of TriPlot (Graham and Midgley, 2000) was used to
calculate C40, RA, and RWR indices.
4. Results

The Gaick contains an abundance of ridges and mounds that can be
divided into two main categories. The first and dominant category in-
cludes ridges and mounds that we interpret as ice-marginal moraines
(see Chandler et al., 2019a, 2019b, 2020). These moraines can be
subdivided into three types (Types A, B and C; see Chandler et al.,
2019a, their Table 1). Based on morphostratigraphic criteria, the differ-
ent moraine types have been related to three different glacial phases:
(1) retreat and ‘unzipping’ of regional and local ice during ice-sheet de-
glaciation (Type C moraines); (2) local plateau icefield glaciation after
retreat of the Last British Ice Sheet, but prior to the LLR (Type B mo-
raines); and (3) restricted plateau icefield glaciation during the LLR
(Type A moraines) (see Chandler et al., 2019a).

The following sections, and the remainder of this paper, focus on a
second category of ridges and mounds, which are of undetermined ori-
gin. These ridges and mounds may occur in association and contigu-
ously with Type B and C moraines, i.e., there is no sharp boundary
between the different ridge forms or a distinct change in altitude be-
tween the landforms (e.g., Glen Tarf; Fig. 2C). Conversely, the second
category of ridges and mounds and Type A moraines have a mutually
exclusive spatial relationship, i.e., ridges and mounds in the second cat-
egory are found only in areas outside of the LLR glacier limits (Chandler
et al., 2019a).
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Fig. 1. Location and topography of the study area. (A) Map showing the location of the Gaick in the Central Scottish Highlands, alongwith the extent of the Loch Lomond Readvance (LLR)
Gaick Icefield (Chandler et al., 2019a). Scale and orientation are provided by British National Grid (10 km intervals). (B)Map showing the principal topography of the Gaick alongwith the
locations of geomorphological map extracts presented in Figure 2 (white frames).
The underlying hillshade relief model in (B) was derived from the NEXTMap Britain™ dataset (Intermap Technologies Inc.).
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4.1. Geomorphology

The ridges andmounds are irregularly shaped features, with lengths
of ~10–400 m, widths of ~5–60 m, and heights of ~1–8 m. Although
some of the ridges andmounds attain heights of up to 8m, themajority
have low-amplitude forms (≤2m high), and they display broad-crested
to flat-topped, elongate forms or smooth, rounded surfaces. The ridges
and mounds are largely concentrated in the valley bottoms of Glen
Chulaibh, Glas Choire andGlen Tarf, aswell as on the lower ~50mof ad-
jacent slopes (Fig. 2). The distribution of the ridges and mounds within
the valleys is distinctly asymmetric. In Glen Chulaibh (Fig. 2A) and Glas
Choire (Fig. 2B), the ridges and mounds are concentrated on the
southwest-facing slopes, while ridges and mounds are more spatially
extensive on the south-facing slopes of Glen Tarf (Fig. 2C). At ground

Image of Fig. 1
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Image of Fig. 2
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level, the irregularly shaped ridges and mounds give rise to distinctive
hummocky or ridged surfaces (Fig. 4). They occur in association with
sinuous, anastomosing and bifurcating meltwater channels, which are
situated between the individual ridges and mounds (Figs. 2 and 5).
The planform shapes of the ridges and mounds correspond to the sinu-
ous forms of the adjacent meltwater channels. In general, the channels
have (sub)parallel trends, but inter-connections also occur (Fig. 5).

Between and within valleys, there are spatial variations in the ridge
and channel patterns (Figs. 2 and 5). On the southwest-facing slopes of
Glen Chulaibh (Fig. 2A), in the lower part of an extensive spread of
ridges and mounds, meltwater channels generally trend obliquely
downslope and (sub)parallel to one another (Fig. 5A). Further upvalley,
the ridge planformsmirror the forms of the neighbouring channels in an
interlocking pattern (Fig. 5B). In that part of Glen Chulaibh, two promi-
nentmeltwater channels trend predominantly parallel to the valley axis
(trending northwest to southeast). However, other channels make
sharp (~90°) turns and follow a path directly downslope, before joining
the two main meltwater channels. In Glas Choire (Fig. 2B), the ridges
and mounds result in a hummocky appearance (Fig. 4B and C) that is
similar to hummocky moraine described elsewhere but, locally, the
flanks of the ridges and mounds mimic the shape of the adjacent, sinu-
ous meltwater channels (Fig. 5C). In some cases, the channels trend
obliquely down the valley slope and can be linked to channels on the
opposite valley side. Other channels in Glas Choire display inconsistent
alignments, anastomosing/meandering forms, and/or trend parallel to
the valley axis. Some of the sub-parallel channels in Glas Choire transi-
tion downvalley to channels that are aligned parallel to the valley axis
(Fig. 5C). Lastly, in Glen Tarf (Fig. 2C), most of the meltwater channels
between the ridges are broadly aligned sub-parallel to one another,
Fig. 2.Glacial geomorphological map extracts showing examples of irregularly shaped ridges an
Tarf (NN944 798). The numbered red symbols indicate the approximate locations and viewing a
up aerial images andmaps (Figs. 5 and6). For locations of themapextracts, see Figure 1

.

The map extracts are adapted from Chandler et al. (2019a, 2019b).
although they do exhibit sinuous forms in detail (Fig. 5D). At ground
level, the pattern of ridges and meltwater channels results in a ridged
surface akin to inset lateral moraines (Fig. 4D and E).
4.2. Sedimentology

Exposures are rare in the Gaick but postglacial fluvial incision has
provided several excellent cuttings through ridges and mounds in Glas
Choire. We examined the internal composition and architecture of
two ridges (Fig. 6) to establish the depositional origin of the constituent
sediments. These exposures were chosen after initial observations of
multiple cuttings, and they are representative of the lithofacies associa-
tions in Glas Choire.

4.2.1. Section BCL-03
Section BCL-03 (Fig. 7) is located through the southwestern flank of

a ridge alongside Allt Glas Choire (NN 742 755; 392 m a.s.l.). The ridge
attains a maximum height of ~3 m, and it is ~60 m long and ~30 m
wide. The southern (downvalley) slope of the ridge is graded to a
~1–2 m high terrace (Fig. 6).

4.2.1.1. Description of BCL-03. The exposed sediments and their charac-
teristics reveal that this ridge contains seven main lithofacies (LFs 1–7;
Table 1). LF 1 comprises dark grey-brown, massive, clay dominated
and highly consolidated fines with occasional clasts (Fm(d)) (Figs. 7
and 8). The clasts predominantly have sub-angular to sub-rounded,
blocky forms (C40 = 2; RA= 4). LF 1 extends laterally across the entire
width of the exposure and is up to ~3 m thick, although it dips steeply
dmounds in (A) Glen Chulaibh (NN 702 736), (B) Glas Choire (NN 737 765), and (C) Glen
ngles of ground photos (Fig. 4); the numbered black frames indicate the locations of close-

Image of Fig. 3
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(~32°) and thins to ~0.4 m in the downvalley (right-hand) part of the
exposure.

LFs 2 and 3 overlie the consolidated fines (Fm(d)) in the far right-
hand (downvalley) part of the exposure (Fig. 7; Table 1). LF 2 con-
sists of crudely horizontally bedded, clast-supported gravel (Gh(i))
that is ~1.2 m thick, but narrows sharply and pinches out at its
upvalley end (Figs. 7 and 8B). The gravel is loose, friable and cobbly,
with a sandy-pebbly matrix. Bedding in LF 2 is imparted by layers of
cobble-sized clasts, with weakly developed imbrication also evident.
The overlying LF 3 contains horizontally bedded, medium to coarse
sands (Sh).

The upper part of section BCL-03 consists of LFs 4–7 (Table 1; Fig. 7).
LF 4 comprises (a) massive, sandy, cobbly, clast-supported diamicton
(Dcm), (b) matrix-supported, sandy diamicton that is stratified at the
outcrop scale (Dms), and (c) massive, sandy, matrix-supported
diamicton (Dmm) that has clusters of cobble-sized clasts. The ~0.6 m
thick Dcm unit grades upwards to Dmm, and it is laterally continuous
with the Dms (Fig. 7). LF 5 comprises lenses of pebbly gravels (Gm,
Gh) (Table 1; Fig. 7). A lens of massive, clast-supported, moderately
well sorted, pebbly gravels (Gm; Fig. 8D and E) occurs at the base of
the Dcm (LF 4) and has an erosive, concave-up contact with the lower
Fm(d) (LF 1). LF 6 is characterized by thin (~5–15 cm thick) lenses of
horizontally bedded, planar cross-bedded and ripple cross-laminated
sands (Sh, Sp, Sr) at the upper, gradational Dcm–Dmmboundary. Addi-
tionally, a lens of horizontally bedded, clast-supported, pebbly gravels
(Gh; Fig. 8F) occurs within LF 4 (Fig. 7). Capping the section is LF 7,
which contains massive, cobbly/bouldery, clast-supported gravel (Gm)
and massive, sandy, matrix-supported gravel (Gms).

Image of Fig. 4
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Fig. 5. Aerial images showing the planform shape and arrangement of irregularly shaped ridges and mounds in Glen Chulaibh (A and B), Glas Choire (C), and Glen Tarf (D). Note, the planform
shape of the ridges and mounds mimics the adjacent channel forms. Dashed white lines indicate the ridges and mounds; blue lines indicate the channels. The dashed blue lines in (C) indicate
meltwater channels that can be linked to channels on the opposite valley side.
Images: Microsoft® Bing™Maps.
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Fig. 6. Close-up geomorphological map extract of the ridges andmounds in Glas Choire, showing the locations of two exposures examined in this study (BCL-03 and BCL-08). For location,
see Figure 2.
The map extract is adapted from Chandler et al. (2019a, 2019b).
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4.2.1.2. Interpretation of BCL-03. We interpret the consolidated clay-rich
fines (Fm(d); LF 1) at the base of section BCL-03 as sediments deposited
from suspension in a lacustrine environment, owing to their fine
grain size (cf., Lowe, 1982; Allen, 1984; Benn, 1989, 1996; Benn and
Evans, 1993; Bennett et al., 2000, 2002; Talling et al., 2012). Thus, the
outsized clasts in this unit may have initially been deposited as
dropstones. Based on (i) the fine textural characteristics, (ii) lack of
bedding and (iii) homogenized, consolidated nature of LF 1, we hypoth-
esize that this unit may represent overridden lake sediments (see also
Section 4.2.2.2).

The characteristics of LFs 2–7 are all consistent with deposition in a
fluvial environment. LF 2 (Gh(i)) is interpreted as the product of
bedload deposition, as a gravel bar or a lag deposit, based on its coarse,
cobble-rich nature, (crude) horizontal bedding and upstream-dipping
clast imbrication (cf., Miall, 1978, 1985; Bluck, 1979, 1982;
Brodzikowski and van Loon, 1991; Maizels, 1993; Nemec and Postma,
1993; Collinson, 1996; Zieliński and van Loon, 2003). The horizontally
bedded sands in LF 3 thus most likely reflect deposition during upper
flow regime conditions (cf., Miall, 1985; Zieliński and van Loon, 2003).

The diamicts in LF 4 are interpreted as hyperconcentrated density
flows to cohesive debris flows, based on their massive character and
poor sorting, along with the presence of ‘floating’ clasts in structureless
matrices (cf., Costa, 1984, 1988; Nemec and Steel, 1984; Miall, 1985;
Maizels, 1993; Mulder and Alexander, 2001; Marren, 2005). The lens-
shaped, moderately well sorted gravels (Gm, Gh) of LF 5, which occur
within LF 4, are consistent with gravelly bars and bedforms or channel

Image of Fig. 6
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Image of Fig. 7


Table 1
Summary of lithofacies in section BCL-03 and interpretation of depositional processes.

Lithofacies Description Codesa Interpretation

LF 1 Dark grey-brown, massive, clay dominated and highly consolidated fines with sub-angular
to sub-rounded occasional clasts.

Fm(d) (Overridden?) lake sediments originally
deposited from suspension settling

LF 2 Crudely horizontally bedded, clast-supported gravel. The gravel is loose, friable and cobbly,
with weak imbrication.

Gh(i) Bedload deposition from stream flow
(gravel bar or lag deposit)

LF 3 Horizontally bedded medium to coarse sands. Sh Deposition from upper flow regime conditions
LF 4 Massive, sandy, cobbly, clast-supported diamicton, grading upwards to a massive, sandy,

matrix-supported diamicton. To the right-hand side of the exposure, the massive diamicts
are laterally continuous with a sandy, matrix-supported, stratified diamicton.

Dmm, Dms, Dcm Ice-proximal deposition from hyperconcentrated
density flows to cohesive debris flows

LF 5 Lens-shaped gravel units comprising massive, clast-supported, moderately well sorted,
pebbly gravels, and horizontally bedded, pebbly, clast-supported gravels.

Gm, Gh Gravel bars and bedforms or channel fill elements

LF 6 Small lenses of horizontally bedded, planar cross-bedded and ripple cross-laminated sands
at the gradational boundary between the diamicts.

Sh, Sp, Sr Short phases of deposition from waning,
lower-energy flow conditions

LF 7 Massive, cobbly/bouldery, clast-supported gravel and massive, sandy, matrix-supported gravel. Gm, Gms Ice proximal sedimentation from
sediment-gravity flows

a Lithofacies codes of Evans and Benn (2021).
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fill elements (Miall, 1985, 1992). Interbedding of these elements and
debris flows is common in fluvial environments (e.g., Miall, 1985),
thus the sedimentary architecture and association of LFs 4 and 5 are
A

C

E

LF 1

LF 1

LF 2

LF 5

Fig. 8. Photographs of selected lithofacies exposed in section BCL-03. (A) Close-up photograph of th
fines and sharp contact with the overlying gravel (Gh(i); LF 2). Note the pinched out sharp contact
intervals are 10 cm. (C) Closer viewof the contact between thefines (LF 1) andgravels (LF 2). Trow
pebbly gravels (Gh; LF 5) and its relationship with the fines (LF 1) and diamicts (LF 4). Trowel for
above). (F) Horizontally bedded, pebbly gravels with stringers of coarse sand (Gh; LF 5) and a sma
scale (25 cm long). See text for description.
consistent with deposition in a fluvial environment. The small sand
lenses (LF 6: Sh, Sp, Sr) at the Dcm–Dmm boundary may indicate
short phases of deposition from waning, lower-energy flow conditions
B

D

F

LF 1 LF 2

LF 3

LF 4

LF 1

LF 4

LF 5

LF 5

LF 6

LF 4

e firm, clay-rich fines (Fm(d)) of LF 1. Scraper for scale; handle is 13 cm long. (B) View of the
evident in the left-hand part of the gravel unit (LF 2). Trenching tool for scale; red andwhite
el for scale; handle is 12 cm long. (D) Photographof the lower lens ofmassive, clast-supported
scale (as above). (E) Close-up photograph of the gravels shown in (D). Scraper for scale (as
ll lens of horizontally bedded sand (Sh; LF 6), with diamicton (LF 4) above. Cleaning tool for
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Image of Fig. 9
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(cf., Bluck, 1979; Miall, 1985; Benn and Evans, 2010). Lastly, LF 7 (Gm,
Gms) is interpreted as sediment-gravity flows (cf., Miall, 1978, 1985).
The characteristics of LFs 4–7 therefore represent variations in water
and/or sediment discharge in a fluvial depositional environment (cf.,
Miall, 1985; Marren, 2005). We suggest that deposition occurred in an
ice-proximal setting, based on the presence of flow deposits (LFs 4
and 7) in the exposure: sediment-gravity flows are common in proxi-
mal braided river systems where debris discharge is high relative to
water discharge (e.g., Miall, 1978; Rust, 1978), and they have also
been linked to high-magnitude discharges in modern proglacial envi-
ronments (cf., Marren, 2005, and references therein).

4.2.2. Section BCL-08
Section BCL-08 (Fig. 9) is located to the north of the section de-

scribed above (Fig. 6; NN 741 756; 393 m a.s.l.). A river cutting exposes
the western flank of a slightly sinuous, subdued ridge. The ridge has a
limited surface expression on its northeastern side (<1 m high), but
the river cliff attains heights of ~7–8 m.

4.2.2.1. Description of BCL-08. Section BCL-08 consists of six primary
lithofacies (Table 2; Fig. 9). LF 1 is characterized by massive, consoli-
dated silty-clay fines (Fm), with some sporadic, discontinuous, layers
and lenses of laminated fine to medium sand (Sl) and clast poor, silty-
sandy, matrix-supported, stratified diamict (Dms). This lithofacies ex-
tends laterally across two thirds of the exposure (~35 m), reaching a
maximum thickness of ~110 cm (Fig. 9).

Unconformably overlying LF 1 is a fissile, matrix-supported, silty-
sandy diamicton (Dmm) that extends across the entire width of section
BCL-08 and attains a thickness of up to ~3 m (Fig. 9). This diamicton
constitutes LF 2 (Table 2). This lithofacies isfirmanddifficult to excavate
when moist, and it becomes increasingly consolidated upwards. Clasts
within LF 2 have a-axes lengths up to ~45 cm, and they are dominantly
blocky (C40 = 8) and sub-angular to sub-rounded (RA = 2; RWR = 0;
Fig. 9).

The upper portions of BCL-08 largely consist of LF 3, which is charac-
terized by gravels (Table 2; Fig. 9). The lower part of LF 3 contains mas-
sive to crudely bedded gravels (Gm, Gms) and poorly sorted, cobble/
boulder-rich, openwork gravels (Go). The grain size of the individual
Gm and Gms layers/units is highly variable, ranging from fine- to
medium-grade gravels to cobbly/boulder gravel layers (clast a-axes up
to ~40 cm). LF 3 unconformably overlies LF 2, with a pronounced
erosive, concave-up contact evident in the central part of the section
(Fig. 9A and C). Above this, the gravel layers form fining-upwards pack-
ages, with the coarser, cobbly/bouldery layers exhibiting prominent
concave-up forms. Another erosive scour is evident in the right-hand
side of BCL-08 (Fig. 9). Matrix-supported, sandy, massive gravels
(Gms) occur above this.
Table 2
Summary of lithofacies in section BCL-08 and interpretation of depositional processes.

Lithofacies Description

LF 1 Massive to laminated, consolidated silty-clay fines, with sporadic, discontinu
lenses of laminated fine to medium sand and clast poor, silty-sandy,
matrix-supported, stratified diamicton.

LF 2 Highly consolidated, fissile, silty-sandy diamicton containing sub-angular to
sub-rounded clasts. It becomes increasingly consolidated and fissile upwards

LF 3 Various gravel lithofacies that unconformably overlie LF 2, displaying a
pronounced erosive, concave-up contact. The grain size of the gravel units is
highly variable in the central portions of the section, but individual gravel
layers generally appear to form part of upward-fining sequences.

LF 4 Laterally extensive, horizontally bedded, deformed sands, which are laterally
contiguous with LF 5.

LF 5 Trough cross-bedded and planar cross-bedded sands, which are inter-bedded
with thin granule to pebble beds

LF 6 Massive, matrix-supported to clast-supported, cobble/boulder-rich gravels

a Lithofacies codes of Evans and Benn (2021).
LFs 4–6 represent minor components of section BCL-08 (Fig. 9). LF 4
comprises a laterally extensive (~17 m wide) unit of deformed sand
(Sd) and occurs above the gravels of LF 3 (Fig. 9; Table 2). To the right
of the exposure, LF 4 is contiguous with trough cross-bedded (St) and
planar cross-bedded sands (Sp), which constitute LF 5. The latter is in-
terbedded with thin (typically ~1 cm thick) granule to pebble beds. LF
6 caps the exposure and contains matrix-supported, cobbly-bouldery
gravel (Gms) (Fig. 9).

4.2.2.2. Interpretation of BCL-08. In line with arguments made in the in-
terpretation of section BCL-03, we suggest that the massive fines (LF
1) at the base of the exposure reflect initial deposition in a lacustrine en-
vironment from suspension (cf., Benn, 1989, 1996; Benn and Evans,
1993; Bennett et al., 2000, 2002). The laminated sands and sandy,
clast-poor diamicts in LF 1 could reflectminor inputs from turbidity cur-
rents (cf., Benn, 1996; Benn and Evans, 1993; Bennett et al., 2002;
Talling et al., 2012) and debris flows (cf., Lawson, 1982; Nemec and
Steel, 1984; Benn, 1996; Mulder and Alexander, 2001), respectively.

The lake sediments are unconformably overlain by a highly consoli-
dated, fissile diamicton containing sub-angular to sub-rounded, blocky
clasts (LF 2). Based on these characteristics, and similaritieswith subgla-
cial tills found in modern glacial environments, LF 2 is interpreted as a
subglacial traction till (cf., Boulton and Hindmarsh, 1987; Benn, 1994,
1995; Benn and Evans, 1996; Evans, 2000, 2018; Evans et al., 2006,
2016, 2018). A corollary of interpreting LF 2 as a subglacial traction till
is that the lacustrine sediments (LF 1) must have been overridden,
and this may explain the firm, consolidated nature of the fines (as hy-
pothesized for section BCL-03).

The remaining lithofacies (LFs 3–6) are interpreted as fluvial sedi-
ments. The massive to crudely bedded gravels (Gm; LF 3) are
interpreted as channel fill deposits based on their trough-shaped archi-
tecture (cf., Ramos and Sopeña, 1983;Miall, 1985), and they provide ev-
idence for laterally shifting channels in a braided river environment.
Upward-fining sequences in the channel fills indicate that deposition
may have been by simple vertical aggradation (cf., Miall, 1985). The
poorly sorted, massive and openwork gravels in LF 3 represent gravel
bars and bedforms (cf., Miall, 1985, 1992; Maizels, 1993; Zieliński and
van Loon, 2003). Their openwork nature may reflect rapid deposition
during high discharges but may also (partly) reflect winnowing of
fine-grained material (cf., Maizels, 1993; Marren, 2005; Benn and
Evans, 2010). Deformed, horizontally bedded sands (LF 4) in the
upper part of the exposure are suggested to reflect deposition from a
lower flow regime (cf., Miall, 1985; Zieliński and van Loon, 2003), as
they are contiguous with the trough cross-bedded (St) and planar
cross-bedded sands (Sp) of LF 5, which represent lateral bank accretion
in lower flow regime conditions (cf., Miall, 1985, 1992). Lastly, LF 6
(Gms) is interpreted as a hyperconcentrated density flow to cohesive
debris flow, based on its massive character and poor sorting, along
Codesa Interpretation

ous Fm(d)/Fl
Dms, Sl

Overridden lake sediments originally deposited
from suspension settling, with minor inputs from turbidity
currents (sands) and debris flows (diamicts)

.
Dmm Subglacial traction till

Gm, Gms, Go, Gh Channel fill deposits, and gravelly bars and bedforms

Sd/Sh Fluvial sedimentation from lower planar bed flow regime

Sp, St Lateral bank accretion during lower flow regime conditions

Gm, Gms Ice proximal sedimentation from sediment-gravity flows
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with the presence of large ‘floating’ clasts (cf., Costa, 1984, 1988; Nemec
and Steel, 1984; Miall, 1985; Maizels, 1993; Mulder and Alexander,
2001; Marren, 2005). The gently deformed bedding of the underlying
sands may reflect loading by the coarse Gms unit. Together, LFs 3–6
are consistent with deposition in a braided river system (cf., Miall,
1985, 1992).

4.3. Synthesis and interpretation

Geomorphologically, the ridges and mounds examined in this study
are irregularly shaped features that occur in association with meltwater
channels and display erosional planforms: the flanks of the ridges and
mounds mimic the shape of the adjacent, sinuous meltwater channels.
Sedimentologically, the ridges in Glas Choire comprise a combination of
lacustrine, subglacial, and glaciofluvial sediments. Specifically, section
BCL-03 contains a sequence of (i) lake sediments (LF 1), (ii) fluvial sedi-
ments deposited in upper-stage flow conditions (LFs 2 and 3), and (iii)
hyperconcentrated density flows and/or debrisflows deposited in a prox-
imal glaciofluvial environment, with short phases of deposition from
waning flow (LFs 4–7). Similarly, section BCL-08 contains a sequence
comprising (i) overridden lake sediments (LF 1), (ii) subglacial traction
till (LF 2), and (iii) a succession of glaciofluvial sediments (LFs 3–6), in-
cluding channel fills, gravel bars and bedforms, and flow deposits. Other
exposures on both valley sides contain equivalent sedimentary se-
quences, implying that the sediments within all the ridges and mounds
in Glas Choiremay have been deposited by the same processes. However,
it is possible that the zones of ridges and mounds within the three Gaick
valleys could consist of a spatial mosaic of glaciogenic sediments.

Based on the spatial arrangements of the ridges andmounds and the
adjacent meltwater channels, and their corresponding planforms, we
interpret the ridges and mounds as erosional remnants (or interfluves)
formed by incision and dissection of glaciogenic sediments. The sedi-
mentary evidence from Glas Choire is compatible with an erosional or-
igin, as the ridge morphology is not linked to the internal sedimentary
architecture and depositional processes (contra ice-marginal moraines;
e.g., Lukas, 2005).

Although resulting in similar hummocky surfaces when viewed at
ground level, the morphological characteristics and planform arrange-
ment of the ridges and mounds clearly distinguish them from ice-
marginal (hummocky) moraines elsewhere in the Scottish Highlands.
In contrast to the low-amplitude, subdued forms described above, ice-
marginal moraines are typically 5–15 m in height above the average
ground surface, and they often have distinct asymmetric profiles and
clear ice-proximal rectilinear slopes (cf., Lukas, 2005; Lukas and Benn,
2006; Boston et al., 2015; Chandler et al., 2020). Crucially, ice-
marginal moraines are characteristically aligned as inset chains, where
the crestlines or crestline trend can be linked to form arcuate chains
or chevron patterns (e.g., Benn et al., 1992; Bennett and Boulton,
1993a, 1993b; Lukas and Benn, 2006; Boston and Lukas, 2019). The
ridges andmounds described above do not display such spatial arrange-
ments. Moreover, the sediments within the ridges and mounds are
clearly distinguishable from terrestrial ice-contact fan deposits found
within ice-marginal moraines in the Gaick and elsewhere in Scotland
(e.g., Benn, 1992; Lukas, 2005; Benn and Lukas, 2006; Chandler et al.,
2020), providing unequivocal evidence that these ridges and mounds
were formed by a distinct mechanism.

5. Discussion

5.1. Mechanisms of incision

Based on the geomorphological and sedimentary evidence pre-
sented in Section 4, we interpret the distinctive ridges and mounds as
erosional remnants (or interfluves) formed by incision and dissection
of glaciogenic sediments. The spatial relationships between the ridges,
mounds, and adjacent meltwater channels indicate that the glaciogenic
sediments were incised and dissected by glacial meltwater. Many of the
meltwater channels exhibit characteristics (Section 4.1) consistentwith
ice-marginal meltwater channels, forming series of (sub-)parallel chan-
nels that trend obliquely downslope (cf., Schytt, 1956; Price, 1960;
Sissons, 1961; Clapperton, 1968; Dyke, 1993; Greenwood et al., 2007).
This pattern is particularly clear in Glen Tarf (Fig. 5D). Some of these
ice-marginal meltwater channels initially trend obliquely downslope
beforemaking sharp (~90°) turns and terminating in downslope chutes.
This is consistent with initial ice-marginal drainage, before meltwater
descended into the subglacial realm to produce such downslope chutes
(Sissons, 1961; Clapperton, 1968; Sugden et al., 1991; Greenwood et al.,
2007; Margold and Jansson, 2012; Evans et al., 2017a). Thus, the ridges
(interfluves) may have been formed by ice-marginal meltwater inci-
sion, potentially with submarginal/subglacial meltwater drainage con-
tributing to sediment dissection in localized areas.

Potential modern analogues for ice-marginal fluvial incision occur at
both polythermal glaciers (e.g., Svalbard; Fig. 10) and temperate glaciers
(e.g., Alaska; Fig. 11). In these examples, meltwater draining along
retreating glacier margins has incised and dissected ice-marginal/
proglacial sediment masses, forming inset sequences of similarly
aligned channels (cf., Lovell and Boston, 2017; Syverson and
Mickelson, 2009). The planform patterns of the ridge–channel associa-
tions in the Gaick display striking morphological similarities to these
modern examples, particularly with those from Svalbard (cf., Figs. 5
and 10). The sinuous channels and occasional bifurcations/
inter-connections evident in the Svalbard examples can reflect
localized variations in retreat along the glacier margin, a mechanism
that could similarly explain the sinuous forms of the channels in the
Gaick. Alternatively, our own observations at several Svalbard glaciers
indicate that sharp turns and connections can also reflect the adjust-
ment of meltwater drainage routes after dead-ice meltout. In this case,
dead ice along lateral ice margins can temporarily block meltwater
drainage directly along the margin; subsequent dead-ice meltout can
lead to adjustment ofmeltwater drainage to the lower ice surface. Addi-
tionally, meltout of dead-ice blocks may create gaps in formerly coher-
entmounds/ridges, which then enablesmeltwater to take amore direct
route to the active channel system.

Although someof the ridge–channel associations in theGaick appear
to be consistent with progressive ice-marginal incision during glacier
retreat, the undisturbed (non-glaciotectonized) proglacial outwash sed-
iments present in the Glas Choire ridges (see Section 4.2) are difficult to
reconcilewith thismodel. For ice-marginalmeltwater channels to be in-
cised into proglacial outwash, the sediments would need to be depos-
ited prior to incision. Cycles of proglacial glaciofluvial sediment
deposition and ice-marginal incision during progressive retreat are in-
compatible with this: glacier re-advance(s) and overriding would be
necessary for proglacial outwash sediments to be positioned on the
up-glacier/ice-proximal side of two-sided ice-marginal meltwater
channels. There is, however, no sedimentological evidence for distur-
bance or deformation of the proglacial outwash sediments (see
Section 4.2). Additionally, we also identified channels/channel sections
in upper Glen Chulaibh (Fig. 5B) and Glas Choire (Fig. 5C) that display
featuresmore consistentwith proglacial drainage channels. These chan-
nels flow directly downvalley and exhibit meandering forms, inconsis-
tent alignments, inter-connections, and bifurcations (cf., Price, 1960;
Greenwood et al., 2007; Benn and Evans, 2010).

An alternative or additional mechanism of incision could thus be
proglacial meltwater incision. According to this model, the ridges
(interfluves) may have been generated by either proglacial incision of
pre-existing sediments or broadly contemporaneous deposition of sedi-
ment and incision by glacier-fed channels. The latter would be equivalent
to valley-confined outwash tracts or corridors. In the case of Glas Choire,
later proglacial meltwater drainage from the LLR glacier could also have
contributed to incision of the ridges, which are located downvalley of
the LLR glacier limit (cf., Chandler et al., 2019a). Proglacial incision is read-
ily reconcilable with the evidence for glaciofluvial sediments in the upper
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part of the ridges/interfluves (Section 4.2), unlike pure ice-marginalmelt-
water incision. In this scenario, the ridged/hummocky surfaces in the
Gaick could potentially reflect the gradualmigration of meltwater portals
during retreat and sequential incision of proglacial channels. Modern ex-
amples of this occur at outlets of Østre Svartisen icefield and nearby inde-
pendent cirque/valley glaciers in Norway (Fig. 12). However, these
processes do not produce striking hummocky/ridged surfaces, as seen in
the Gaick valleys. A mechanism of pure proglacial meltwater incision
also fails to fully explain the ridge–channel associations in Glas Choire,
where there appear to be a combination of both ice-marginal and
proglacial meltwater channels (Fig. 5C).

A third potential explanation of the ridges (interfluves) in the Gaick
could be incision and dissection of glaciogenic sediments by both ice-
marginal and proglacial meltwater. In this case, drainage and incision
could be initiated in an ice-marginal position and transition to proglacial
drainage downvalley, or meltwater drainage could immediately di-
verge, withmeltwater flowing in a proglacial channel while also follow-
ing a path along the glacier margin (e.g., Syverson andMickelson, 2009,
their Fig. 10). Additionally, glacial meltwater could emanate from mul-
tiple portals, with some meltwater directed along the glacier margin
and other meltwater draining via a proglacial channel (e.g., Marren,
2005, their Fig. 1B). In a dynamic ice-marginal/ice-proximal
glaciofluvial environment, differential ice-marginal retreat and read-
justment of the marginal/proglacial channel pathways, divergence and
convergence of ice-marginal/proglacial meltwater, and migration of
themeltwater portal(s) could, together, potentially explain the channel
patterns observed in the Gaick, as well as the proglacial outwash sedi-
ments within the ridges and mounds.

Aside from glacial meltwater drainage, pronival (snowmelt),
paraglacial and/or postglacial fluvial activity may have also contrib-
uted to sediment dissection and influenced the final form of the
ridges and mounds (cf., Christiansen, 1998; Ballantyne, 2002). In
Glas Choire, the ridges are contiguous with intensely gullied and dis-
sected glaciogenic sediment on the southwest-facing slope (Fig. 5C),
implying that paraglacial/postglacial activity may have played a role
in incision of ridges in that valley. While non-glacial fluvial activity
may have contributed to the final forms of the ridges, the character-
istics and spatial distribution of the ridge–channel associations in the
Gaick are most consistent with ice-marginal and/or proglacial melt-
water incision.

Based on the collective geomorphological and sedimentological evi-
dence,we propose that the ridges andmounds (interfluves) in theGaick

Image of Fig. 10
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were generated by a combination of ice-marginal and proglacial
glaciofluvial incision, with localized non-glacial fluvial activity contrib-
uting to ridge generation. The ridge and channel patterns in Glen Tarf
(e.g., Fig. 5D) indicate that these examples reflect ice-marginal incision
of glaciogenic sediments. We suggest that the ridges and channels in
Glen Chulaibh (e.g., Fig. 5B) and Glas Choire (Fig. 5C) are hybrid forms,
resulting from both ice-marginal and proglacial incision. In Glen
Chulaibh, meltwater drainage switched from dominantly ice-marginal
(Fig. 5A) to proglacial (Fig. 5B) drainage. In the case of Glas Choire, we
propose that the ridge–channel associations reflect deposition and inci-
sion in a dynamic ice-marginal glaciofluvial environment, wheremigra-
tion of the meltwater portal, divergence and convergence of drainage
and differential glacier retreat together enabled deposition of proglacial
outwash and subsequent incision.

5.2. Palaeoglaciological implications

The erosional process-form regime recognized in this study has im-
portant implications, as most ridges and mounds in the Scottish
Highlands have been interpreted as ice-marginal (hummocky) mo-
raines constructed during active, oscillatory retreat of predominantly
temperate glaciers (cf., Benn, 1992; Benn et al., 1992; Bennett and
Boulton, 1993a, 1993b; Benn and Lukas, 2006; Lukas and Benn, 2006;
Bickerdike et al., 2018b; Boston and Lukas, 2019; Chandler et al.,
2020). These ice-marginalmoraines havemainly been linked to LLR gla-
ciers, whereas the erosional remnants in theGaick occur outside the LLR
glacier limits and thus relate to pre-LLR glacial events (cf., Chandler,
2018; Chandler et al., 2019a).

5.2.1. Controls on glaciofluvial incision
Possible explanations for the contrasting process-form regimes (ice-

marginal moraine deposition vs. glaciofluvial incision) could be differ-
ences in (i) glaciodynamic regimes and/or (ii) debris availability at the
ice margins. We argue that many of the erosional remnants (inter-
fluves) in the Gaick are related to ice-marginal meltwater drainage
and incision (e.g., in Glen Tarf). Inset ice-marginal meltwater channels
are most often associated with, and best developed at, polythermal to
cold-based glacier margins (cf., Dyke, 1993; Ó Cofaigh et al., 1999;

Image of Fig. 11
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Skidmore and Sharp, 1999; Hättestrand and Stroeven, 2002; Atkins and
Dickinson, 2007). In these settings, meltwater is routed along frozen
parts of the glacier margin and ice-marginal channel incision occurs,
as in the Svalbard examples discussed above (Section 5.1). However,
ice-marginal channels can also form at temperate glacier margins in
situations where hydraulic gradients result in ice-marginal meltwa-
ter discharge (rather than infiltration), or where seasonal cold-ice
zones/layers prevent meltwater penetration (cf., Dyke, 1993;
Syverson andMickelson, 2009). Nonetheless, temperate glacier mar-
gins, when exhibiting dynamic, oscillatory retreat behaviour, are
commonly associated with ice-marginal moraines (e.g., Bickerton
and Matthews, 1993; Evans and Twigg, 2002; Lukas, 2012;
Chandler et al., 2016). Thus, one possible explanation for ice-
marginal glaciofluvial incision, rather than ice-marginal moraine for-
mation, at the pre-LLR glacier margins could be cold-based thermal
conditions, at least in the ice-marginal zones.

Image of Fig. 12
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A simple relationship between the erosional process-form regime
and cold-based thermal conditions is, however, complicated by
abundant evidence for active glacier retreat in Glen Tarf, where
pre-LLR ice-marginal moraines occur both downvalley and upvalley
of the erosional remnants (Fig. 2C). Invoking cold-based thermal
conditions to explain the ice-marginal glaciofluvial incision would
imply that the pre-LLR Tarf glacier underwent multiple switches in
thermal regime. An alternative explanation could be that ice-
marginal meltwater drainage and incision occurred along stagnant
portions of a temperate glacier, where ice-marginal channels were
incised as the glacier progressively downwasted. This would be sim-
ilar to the situation at Falljökull (Iceland), for example. Falljökull has
recently undergone a switch from dynamic retreat and ice-marginal
moraine formation to stagnation and downwasting in the terminal
zone, with ice-marginal meltwater drainage and incision occurring
along now stagnant ice (cf., Bradwell et al., 2013; Phillips et al.,
2014). This alternative scenario could explain both the pre-LLR ice-
marginal moraines and erosional remnants/interfluves in the Gaick
valleys (Fig. 2).

A second factor that may have influenced the process-form regimes
operating at pre-LLR glaciermargins in theGaick is debris availability. In
settings where debris is efficiently transported away from the glacier
margin and into glaciofluvial systems by meltwater, ice-marginal mo-
raine formation and preservation is inhibited and/or any supraglacial
debris cover may be destroyed (cf., Etzelmüller, 2000; Etzelmüller
et al., 2000; Benn et al., 2003; Lukas et al., 2005; Evans et al., 2017b;
Weber et al., 2019). Thus, the occurrence of glaciofluvial incision, as op-
posed to ice-marginal moraine formation, could also (partly) reflect ef-
ficient debris transfer from the ice-marginal environment to
glaciofluvial systems (cf., Benn et al., 2003).

Aside from the above two factors, local topoclimatic conditions may
have played an important role in controlling the occurrence of the
ridge–channel associations in the Gaick. In all three valleys, there is dis-
tinct within-valley asymmetry, with the ridges (interfluves) and chan-
nels spatially concentrated on sunnier (south to southwest-facing)
valley slopes (Figs. 2C and 5). Increased incoming solar radiation on
these valley sidesmay have enhanced glacialmelt, resulting in the dom-
inance of meltwater drainage and glaciofluvial incision on the south to
southwest-facing slopes (cf., Thome, 1972).

5.2.2. Implications for reconstructing glacier limits
The downvalley limit of hummocky moraine has been widely used

to delineate the maximum extent of LLR glaciers in Scotland (e.g.,
Benn and Ballantyne, 2005; Lukas and Bradwell, 2010; Finlayson et al.,
2011; Boston et al., 2015; Chandler et al., 2019a), while the crestline
trends of the ridges and mounds have been used to reconstruct ice-
marginal retreat patterns (e.g., Bennett and Boulton, 1993a, 1993b;
Lukas and Benn, 2006; Boston and Lukas, 2019). In contrast, the ridges
andmounds (erosional remnants) examined in this study do not repre-
sent former ice-marginal positions; thus, distinguishing between the
two sediment-landform associations is crucial. While the ridges and
mounds themselves cannot be used to delineate glacier limits, the inter-
vening meltwater channels could be used as high-resolution records of
ice-marginal retreat (Dyke, 1993; Syverson and Mickelson, 2009), in
cases where the channels can be confidently interpreted as ice-
marginal features. However, disentangling the ice-marginal retreat pat-
tern will be more challenging in areas where ice-marginal and
proglacial meltwater interactions (e.g., divergence and convergence)
have led to more complex channel patterns (e.g., in Glas Choire).

6. Conclusions

In this paper, we examined areas of irregularly shaped ridges and
mounds that occur outside the LLR glacier limits in the Gaick, Central
Scottish Highlands. These ridges and mounds exhibit subdued, low-
amplitude forms (often ≤2m high), and they are concentrated in valley
bottoms. The dense spacing and morphology of the ridges and mounds
gives rise to an apparent hummocky appearance at ground level.

We found that the ridges and mounds are closely associated with
meltwater channels, which occur between the individual ridges and
mounds. Significantly, we observed that the planform shape of the
ridges and mounds mimic the adjacent channel forms, i.e., they display
erosional planforms. Most of the meltwater channels occur as se-
quences of (sub-)parallel, sinuous channels that trend oblique down-
slope. Locally, (sub-)parallel channels transition to channels with
inconsistent alignments and meandering forms.

Sedimentological investigations of two exposures revealed that
the ridges contain lacustrine, subglacial, and glaciofluvial sediments
(e.g., channel fills, gravel bars and bedforms, and debris flow
deposits). We established that the morphology of the ridges is not
related to the internal sedimentary architecture and depositional
processes.

Based on the collective geomorphological and sedimentological
evidence, we interpreted the irregularly shaped ridges and mounds
as erosional remnants (or interfluves). The channel forms and spatial
patterns suggest that many of the ridges and mounds were gener-
ated by ice-marginal glaciofluvial incision and dissection. Modern
examples at both polythermal glaciers (e.g., Svalbard) and temperate
glaciers (e.g., Alaska) show striking similarities to this erosional
process-form regime. In other areas, we inferred that a combination
of ice-marginal and proglacial drainage resulted in incision of the
ridges. We argue that migration of the meltwater portal(s), diver-
gence and convergence of drainage and differential glacier retreat
in a dynamic glaciofluvial environment can, together, explain the
deposition and incision of the proglacial outwash sediments.

The erosional process-form regime has important palaeoglaciological
implications, as many ridges and mounds in Scottish glaciated val-
leys have been interpreted as ice-marginal (hummocky) moraines
(e.g., Benn, 1992; Lukas, 2005). Distinguishing such erosional rem-
nants from ice-marginal (hummocky) moraines elsewhere in
Scotland is crucial, as misinterpretation of these features could lead
to erroneous reconstructions of palaeo-ice margin positions and
palaeoglacier dynamics. We suggest that the phases of glaciofluvial
incision at pre-LLR glaciers in the Gaick may reflect (i) cold-based
thermal conditions, (ii) drainage and incision along stagnant sectors
of otherwise temperate glaciers, or (iii) efficient debris transfer from
the glacier margins into glaciofluvial systems.
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