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1 | INTRODUCTION

Benjamin M. P. Chandler?
Bethan J. Davies*

| Harold Lovelll® |

Abstract

Topography exerts a strong control on how glaciers respond to changes in climate.
Increased understanding of this role is important for both refining model predictions
of future rates of glacier recession and for reconstructing climatic change from the
glacial geological record. In this paper, we examine the geomorphological and sedi-
mentological evidence in the foreland of Fingerbreen, a temperate outlet of the pla-
teau icefield @stre Svartisen. The aim is to investigate the relationship between
processes of landform generation and the changing influence of topography as reces-
sion progressed. The Fingerbreen foreland is dominated by bouldery Little Ice Age
moraines and extensive areas of striated bedrock. A heavily fluted zone occurs in the
central part of the foreland that is cross-cut by annual transverse and sawtooth
moraines. Systematic investigations of the structural architecture of moraines at
various locations in the foreland provide evidence for a range of moraine-forming
processes, which can be linked to the topographic setting (e.g. deposition on a
reverse bedrock slope) and drainage conditions. This includes push and bulldozing of
proglacial sediments and squeezing of sub-glacial sediments and submarginal freeze-
on of sediment slabs. We also identify variations in moraine spacing as a result of
topography. This research demonstrates the importance of topography when inter-

preting moraine records in the context of climate and glacier dynamics.
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During their recession, mountain glaciers leave a wealth of geo-

morphological and sedimentological data that document their dynam-

Mountain glaciers are sensitive indicators of climate change (Haeberli
et al., 2007), and retreat and thinning of these glaciers has
accelerated in recent decades (e.g. Carrivick et al., 2019; Hugonnet
et al., 2021; Stokes et al., 2018; Zemp et al., 2015). It is predicted
that many mountain glaciers will have disappeared entirely by the
end of the 21st Century (Rounce et al, 2023; UNESCO &
IUCN, 2022; Zemp et al., 2019). These glaciers currently make a
substantial contribution to sea-level rise and, in many mountain
regions, make crucial contributions to downstream water supply
(Immerzeel et al., 2020). They also provide ecosystem services and
are important to many economies for tourism (Antoniazza &
Lane, 2021; Beniston et al., 2018).

ics and response to climate change (e.g. Bennett, 2001; Evans, 2003;
Evans et al., 2019; Le Heron et al., 2022; Weber et al., 2019). These
terrestrial archives can record decadal to sub-annual changes in
glacier- and climate-related dynamics (e.g. Chandler et al., 2016;
Chandler, Evans, et al., 2020; Lukas, 2012; Reinardy et al., 2013). Ice-
marginal moraines are particularly important archives because they
mark the position of a former glacier margin. This has allowed
moraines to be used to reconstruct the extent and age of pal-
aeoglaciers and to estimate past climate (e.g. Boston et al., 2015).
However, many studies have demonstrated the role that
topography plays in moderating the response of glaciers to
climate change (e.g. Barr & Lovell, 2014; Boston & Lukas, 2019;
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Davies et al., 2022; Magrani et al, 2021; Oerlemans, 2012;

Pedersen & Egholm, 2013), which may have implications for using

moraines to reconstruct palaeoglaciers (Rowan et al., 2022). Processes
of glacial landform development are thus affected by the interplay of
glaciological, climatic and topographic factors. Documenting this geo-
morphological imprint, and investigating the associated sub-glacial
and ice-marginal processes responsible, offers a detailed insight into
changes in individual glacier dynamics over time (e.g. Chandler
et al., 2016; Chandler, Evans, et al., 2020; Chandler, Lukas, & Boston,
2020; Evans et al., 2019; Hiemstra et al., 2022; Lukas, 2012; Weber
et al., 2019), which can help to understand the role of topography in
glacial landform generation.

At temperate non-surging glaciers, ice-marginal moraines can be
constructed by seasonal cycles of submarginal squeezing and
bulldozing, where water-saturated sub-glacial sediment is squeezed
from beneath the margin (in the summer) and subsequently bulldozed
during minor winter re-advances (e.g. Chandler et al., 2016; Chandler,
Chandler, et al., 2020; Price, 1970; Sharp, 1984). Bulldozing of previ-
ously deposited glaciogenic sediments can also occur (e.g. Chandler
et al., 2016; Chandler, Chandler, et al., 2020; Lukas, 2012;
Wyshnytzky et al., 2020). Moraines can also form as ice-contact fans
(e.g. Krzyszkowski & Zielinski, 2002; Lukas, 2005, 2012), where sedi-
ment is delivered from the ice surface to the ice margin through debris
flow and fluvial processes, rather than via a sub-glacial mechanism.

Some temperate glaciers are known to have cold-based glacier
margins or marginal zones where the margin is sufficiently thin enough
to allow the winter freezing front to penetrate beneath the glacier
(e.g. Reinardy et al., 2019). This thermal regime can provide favourable
conditions for the freeze-on of submarginal sediment slabs/layers to
the glacier undersole during winter. Subsequent transport and meltout
of these sediment slabs can lead to moraine formation (Evans &
Hiemstra, 2005; Kriger, 1994, 1995, 1996; Matthews et al., 1995;
Reinardy et al., 2013). The process of slab freeze-on may be further
facilitated by the presence of saturated sediments around and beneath
the glacier margin prior to freezing (Chandler et al., 2016).

Topography not only controls larger-scale patterns of moraine
spacing (e.g. Barr & Lovell, 2014) but it also influences the shape of the
ice margin (Evans et al, 2016) and foreland drainage conditions
(Marren & Toomath, 2014), which in turn affects moraine-forming pro-
cesses. For example, at active temperate glaciers in Iceland, topographi-
cally controlled changes in (a) glacier snout morphology and structural
architecture and (b) submarginal to ice-marginal drainage conditions
have been argued to be key controls on processes of moraine forma-
tion (e.g. Chandler et al, 2016; Chandler, Chandler, et al., 2020;
Chandler, Evans, et al., 2020; Evans et al., 2016, 2017, 2018, 2019).
Specifically, glacier thinning and snout recession into overdeepenings
have resulted in heavily crevassed glacier margins and a switch to con-
strained, poorly drained submarginal and ice-marginal conditions. Such
conditions are favourable for ice-marginal squeezing of sub-glacial tills
through radial marginal crevasses (pecten), resulting in the formation of
sawtooth and hairpin-shaped moraines during the past ~30 years
(e.g. Chandler, Chandler, et al., 2020; Chandler, Evans, et al., 2020;
Evans et al., 2016; Everest et al., 2017; Jonsson et al., 2016).

In this paper, we focus on the Norwegian glacier Fingerbreen,
which is an outlet of the plateau icefield @stre Svartisen (Figure 1).
Norwegian glaciers lost 10% of their area between the 1960s and
2010s (Andreassen et al., 2020). Many of the icefields are dominated

by low-slope accumulation areas and so are considered particularly
vulnerable to the current warming trends (Giesen & Oerlemans, 2010;
Stokes et al., 2018; Zemp et al., 2019). Indeed, @stre Svartisen lost
the largest area (55 km?) between the 1999-2006 and 2018-2019
Norwegian glacier inventories (Andreassen et al., 2022). Few studies
have investigated the relationship between changes in glacier dynam-
ics, topography and processes of ice-marginal landform generation at
Norwegian glacier margins, particularly since the 2000s when glacier
recession rates have accelerated (e.g. Hiemstra et al., 2015; Weber
et al., 2019; Winkler & Matthews, 2010). The aim of this research is
therefore to investigate processes of landform generation at
Fingerbreen and examine how topography influences the glacier's
response to changing climatic conditions.

2 | STUDY AREA AND PREVIOUS
RESEARCH

Fingerbreen is a major outlet glacier of the @stre Svartisen plateau
icefield, which is located just inside the Arctic Circle (66°N) in Norway
(Figure 1). Glaciers in the region are considered temperate (Paul &
Andreassen, 2009). Fingerbreen has a large, low-slope plateau accu-
mulation area with an ice-surface altitude of over 1000 m, from which
the glacier flows down through a narrow valley to around 450 m asl.
In 1996, Fingerbreen was flowing at a maximum horizontal velocity of
0.38 m/day in a narrow zone close to the plateau edge, reducing to
0.05-0.1 m/day near the margin (Sharov, 2003). The area is underlain
by Cambrian and Silurian mica schists and intrusive igneous (mainly
granitic) rocks (Gurney & White, 2005; Holtedahl, 1960).

Fingerbreen reached its ‘Little Ice Age’ (LIA) maximum position
around 1747 AD (Winkler, 2003), similar to ice masses in southern
Norway (e.g. Hardangerjokulen: Weber et al., 2019; Jostedalsbreen:
Carrivick et al., 2022). In 1882-1890, Fingerbreen was within 200 m
of the LIA moraine according to Rabot (1898) and Rekstad (1893) (see
Theakstone, 2010). Since then, the glacier has retreated ~2.5 km from
its LIA position (Figure 1b). Field surveys and photogrammetry under-
taken during the 1960s and 1970s found that the ice-marginal zone
thinned by 8-10 m between 1945 and 1981 (see Knudsen &
Theakstone, 1984). Between 1968 and 1999, Fingerbreen lost 3%-
8% of its area (Paul & Andreassen, 2009). @stre Svartisen as a whole
lost ~23% of its area between 1899 and 2000 (Weber et al., 2020).

3 | METHODS

Geomorphological mapping of the glacier foreland was completed
using high-resolution (25 cm) colour digital aerial photographs from
2014 and 2019 (Table 1) and 1:10 000-scale field mapping of the area
north of the main meltwater channel, undertaken in August 2016.
Using a standard approach (e.g. Chandler et al., 2018), key erosional
and depositional glacial landforms (e.g. moraines, meltwater channels,
flutings, ice-smoothed bedrock) were mapped digitally in Esri ArcGIS
before field verification. Field data were then combined with further
remote mapping to produce the final geomorphological map. In the
field, a handheld GPS (accuracy ~3 m) was used to provide positional
accuracy of smaller features, and the orientations of 25 striae were

measured at 41 locations using a compass.
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FIGURE 1 (a) Study area map showing the location of the study site at Fingerbreen, including spot heights in metres above sea level (asl).
(b) Previous known positions of Fingerbreen. Sources for these ice margin positions are listed in Table 1.

The LIA maximum was identified by the outermost moraines, a
reduction in vegetation or a change from weathered to smoothed
bedrock. Former ice marginal positions were derived from panchro-
matic and colour aerial photographs and previously published limits
(Knudsen & Theakstone, 1984) (Table 1 and Figure 1b). The panchro-
matic aerial photographs were georegistered to the colour

orthophotos using prominent and stable landscape features visible on

both datasets as control points. A spline transformation was used with
a large number of control points (>100) due to the high level of radial
distortion caused by the large altitudinal range within any one
photograph.

To examine processes of landform generation, small sections
were excavated within flutes and moraines. Section logging involved

recording overall section architecture, particle size, degree of sorting
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TABLE 1 Sources of data of former ice margin positions at Fingerbreen.

Data type

Geomorphological observations and lichenometry measurements
Digitised gradteigskart (map sheet K15 Dunderlandsdalen)
Panchromatic aerial photograph

Panchromatic aerial photograph

Photogrammetric surveys

Colour digital aerial photograph

Esri ArcGIS World Imagery

Year

1750

1900 (surveyed 1894-1896)
1945

1957, 1968, 1985, 2002
1975, 1981

2009, 2014, 2019

2021

Source

Lichenometry: Winkler (2003)

Weber et al. (2020)

Royal Air Force

Widerge

Knudsen and Theakstone (1984)
Norgeibilder (https://norgeibilder.no/)
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FIGURE 2 Legend for sedimentary logs (after Lukas, 2012).

and bedding plane dip and strike, as described in Evans & Benn
(2021) (Figure 2). Samples for clast shape and roundness analysis
were also collected at each section and compared with supraglacial
and fluvial control samples, using the approach described by
Lukas et al. (2013). Each sample contained 50 mica schist clasts,
and the data were plotted and analysed in Triplot (Graham &
Midgley, 2000).

4 | RESULTS

41 | Geomorphology

The glacial geomorphology of the foreland is presented in Figure 3a.
We divide the foreland into three zones based on different
topographic characteristics and landform-sediment assemblages
(Figure 3b). Zone 1 comprises the LIA limit, the central foreland up to
1.1 km upvalley of the LIA and the lateral margins up to 1.9 km
upvalley of the LIA limit. The area is characterised by large bouldery
moraines close to the LIA limit, which become smaller upvalley, inter-
spersed by areas of striated bedrock. Zone 2 comprises a flat, heavily
fluted area in the central part of the foreland, 1.1-1.9 km upvalley

from the LIA limit, which is cross-cut by transverse (straight) and
sawtooth (zig-zag) frontal moraines. Zone 3 features latero-frontal
moraines deposited on top of a bedrock high and its reverse
(ice-proximal) slope and includes the present-day ice margin. This

zone begins around 1.9 km upvalley from the LIA limit.

411 | Zone 1 landform-sediment assemblages

The LIA limit is clearly delimited by an outer perimeter of large boul-
dery moraine ridges (Figures 3 and 4a,b). Inside the LIA limit, there is
a notable reduction in vegetation, smaller lichen diameters (typically
<100 mm) and glacially smoothed unweathered bedrock. The LIA lat-
eral moraine on the southwestern valley side forms a continuous
ridge, which breaks into a chain of shorter ridges across the central
part of the valley floor. The outermost moraines on the southwestern
valley side are some of the largest in the foreland (>5 m in height)
and are composed of large boulders (particularly at the lateral mar-
gins) with a sediment matrix. In comparison to these well-defined
moraines, the moraines on the northeastern side are constructed
solely of boulders, sometimes comprising a single boulder line

(Figure 4a).
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FIGURE 3 (Continued)

Inside the LIA limit, moraines occur in clusters of around five
closely spaced ridge chains, with gaps of 50-250 m between the
clusters. These inset moraines display similarly distinct differences in
composition between the northeastern (boulders only; Figure 4a) and
southwestern valley sides (matrix-supported boulders). This within-
valley asymmetry is apparent throughout the lower part of the catch-
ment, with an increased number of more prominent moraines on the
southwestern valley side.

Bedrock is dominant on the northeastern valley side from ~400 m
upvalley of the LIA limit, forming an undulating surface with minor
reverse-bed slopes. Glacially derived debris is scattered on much of this
bedrock forming a thin veneer, while small moraine-ridge fragments
tend to be located on outcrop crests. Conversely, clusters of larger

moraines occur within large-scale hollows in the bedrock. Two eskers
occur, several hundred metres apart, close to these moraine clusters.
Exposed bedrock is heavily striated, with mean striae orientations of
241-061° at former lateral margins and 334-154° closer to the former
central flowline (Figure 3a). Close to the latero-frontal LIA limit and
central flow line, there is little variation (10° to 15°) in striae orientation.
Striae near the lateral LIA limit show a wider spread of orientations or
two dominant orientations. Directly cross-cutting striae were only
found at one location. In contrast to the bedrock-dominated
northeastern valley side, from ~700 m upvalley of the LIA limit, the
southwestern side is predominantly covered by glaciofluvial sediments
and former meltwater channels close to the main meltwater channel
(Figure 4b), and by bouldery moraines/debris on the steeper slopes.
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FIGURE 4 Photographs of the Fingerbreen foreland. (a) Bouldery moraine with no sediment matrix on the northern valley side close to the
LIA limit, view towards the southwest. (b) View southwest across the foreland, showing LIA maximum moraines on the southwestern valley side
and the area within Zone 1. (c) View downvalley of Zone 2 showing transverse and sawtooth moraines and flutes. (d) View upvalley of a sawtooth
moraine within Zone 2, with the bedrock high in the background. (e) Close-up of a sawtooth moraine and flutes, showing how the flutes onlap the
moraine on the up-ice side. (f) View downvalley of a moraine on top of the bedrock high in Zone 3. (g) View south along the 2016 ice margin,
with moraines and ice-cored sandy ridges within Zone 3. (h) View north along the reverse slope of the bedrock high in Zone 3 and the 2016 ice
margin.
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412 | Zone 2 landform-sediment assemblages

This zone constitutes a raised area in the centre of the foreland that
has been undisturbed by glaciofluvial activity (Figures 3 and 4c-e). It
is bounded to the southwest by the main meltwater channel and to
the northeast by a former channel. The area is dominated by flutes
that are cross-cut (overlain) by transverse and sawtooth moraines.
These moraines and flutes are very low profile with amplitudes of
~0.4 m. In 1957, the ice margin was located at the southeastern

(downvalley) edge of Zone 2 (Figure 5a). By 1968, Fingerbreen had

retreated approximately halfway across this zone (Figure 5b). The
whole zone had been exposed by 1985 (Figure 5c). Transverse
moraines occur throughout Zone 2, although they are mostly concen-
trated in the downvalley half. In the upvalley half, sawtooth moraines
are more prevalent (Figure 3c).

The flutes have an average length of 26 m, mean orientation of
112° and range in width between 1 and 4 m. The average width of a
subsample of 30 flutes is 1.9 m and remains constant in both the
upvalley and downvalley parts of the zone. In the upvalley half, the

cross-cutting sawtooth moraines often appear to disturb the flutes.

(02019]

FIGURE 5 Aerial photographs of the Fingerbreen margin: (a) 1957, (b) 1968, (c) 1985, (d) 2009, (e) 2014, (f) 2019. Source: Widerge (owner:

NVE) and Norgeibilder (see Table 1 for details).
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Examples of this include flutes that overlay the moraines on the ice-
proximal side (Figure 4e) and/or disappear/change direction on the
distal side. Conversely, the flutes generally remain undisturbed

beneath the transverse moraines.

41.3 | Zone 3 landform-sediment assemblages

Zone 3 encompasses the most recently deglaciated area, extending
from a large bedrock high (~10-15 m above the valley floor) on the
northeastern valley side to the present ice margin (Figures 3b and
4d). In this zone, a series of latero-frontal moraines occur on the
top of the bedrock high and down its reverse (ice-proximal) slope.
Moraines on top of the bedrock high (Figure 4f) formed sometime
between 1985 and 2002 and thereafter were deposited on the
reverse slope (Figure 4h). Moraines on the reverse slope are com-
posed of a very loose, boulder-rich, clast-supported sandy diamicton
and are interspersed with glaciofluvial cobble terraces. At the south-
western glacier margin, the area consists of steep bedrock with
some glacial debris, but no moraines, at the base. The glacier is cur-
rently receding into what appears to be an overdeepening, and a
lake has formed in front of the central portion of the glacier
(Figures 3 and 4g,h). This small lake has existed since at least 2002
and expanded significantly between 2014 and 2019 (Figure 5). Con-
sequently, moraine development has become increasingly restricted
around the glacier margin.

In 2016, the area immediately in front of the northeastern ice
margin consisted of small 0.5 m high moraines. These were inter-
spersed by ridges of sorted sediments (mainly sands), with heights of
0.5-3 m (Figure 4g). The larger of these sandy ridges were ice-cored.
In general, the sand ridges were orientated perpendicular to ice flow
and at a similar orientation to the moraines. However, in places, the
sorted sediment ridges curved around nearly 90° and appeared to
emanate from longitudinal crevasses, mimicking the shape of the gla-
cier margin. Several small ice caves in the margin provided a view of
the glacier bed and revealed that the visible clean ice is overlain on
top of a 1-2 m thick layer of debris-covered ice. Exposures by the lake
also revealed a significant quantity of buried glacier ice in the

proglacial area.

EHM-WiLeyLl—

4.2 | Sedimentology

Below, we present a selection of six sections that we consider a repre-
sentative subsample of the lithofacies (LFs) found within a large num-
ber of moraines and flutes examined across the Fingerbreen foreland.
The age of these landforms was estimated using aerial photographs
and previously published limits (Figure 1b).

421 | Lateral moraine, Zone 1

Description: Section FIN-M1 (Figure 6) was excavated within a lateral
moraine on the northeastern valley side that formed between 1945
and 1957. The moraine is 1.5-2 m high and >1.5 m wide with a
rounded crestline and surface composition of cobble-sized clasts to
small boulders. The moraine crestline is orientated at 132-312°, and
the section orientation was 040-220°. The moraine is predominantly
composed of a loose diamiction, with a coarse sand to fine gravel
matrix, which is predominantly massive and matrix supported, but
shows some stratification in places and is clast supported towards
the top (LF 1). A number of fine sand bodies and lenses containing
deformed wavy bedding occur in the lower part of the section. The
lenses dip towards the ice-proximal side and structural measure-
ments at the upper boundary of one sand lens had dips of 19° and
24° and strikes of 133° and 140°, respectively (Figure 6). A larger
body of fine sand in the centre of the section displayed a dip of 72°
and strike of 301°, that is, eastwards towards the valley side. Clast
shape and roundness analysis shows that clasts within the moraine
are blocky (C40:18) and subangular to rounded (RA:0; RWR:18)
(Figure 7).

Interpretation: The loose, sandy to fine gravel matrix of LF 1 and
subangular to rounded clasts that collectively plot close to the
glaciofluvial control samples (Figure 7) suggests that the moraine was
formed from pre-existing glaciofluvial sediments (e.g. Lukas, 2012;
Wyshnytzky et al., 2020). The sand body and lenses within the
moraine are therefore interpreted as glaciofluvial sediments, originally
deposited either as low energy streams or inflows into localised ponds
close to the glacier margin, that have subsequently been displaced

and incorporated into the moraine (e.g. Chandler et al, 2016;
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FIGURE 6 Log of section FIN-M1.
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FIGURE 8 Log of section FIN-F1.

Chandler, Chandler, et al., 2020; Lukas, 2012; Reinardy et al., 2013;
Wyshnytzky et al., 2020) (e.g. Figure 4g).

The near 180° variation in the dip direction of the sand lenses is
indicative of folding, and we suggest that the sand body and lenses in
the central part of the section represent the apex of a large fold, indic-
ative of compressional deformation (McCarroll & Rijsdijk, 2003).
Smaller-scale soft-sediment deformation occurred simultaneously
within the sand lenses. We suggest that the moraine formed as a
result of proglacial deformation (pushing) of pre-existing glaciofluvial
sediments at the ice margin during ice advance (Chandler, Chandler,
et al., 2020; Lukas, 2012; Winkler & Matthews, 2010).

422 | Flute, Zone 2

Description: Section FIN-F1 (Figure 8) was cut into a >2.1 m wide,
25 m long, flute, which had a height of 0.4 m and crestline orientation
of 125-305°. The flute is composed of a massive silty-sandy
diamicton, with thin horizontally bedded lenses and wisps of sand
(LF 2). Clast size ranges from granules to boulders, some of which are
striated. The clasts are relatively blocky (C40:30) and predominantly
subangular to subrounded (RA:2; RWR:8) (Figure 7).

Interpretation: Based on the occurrence of striated clasts, the
fine-grained sediment matrix and massive structure of LF 2, we inter-
pret it as a sub-glacial traction till (sensu Evans et al., 2006). A sub-
glacial origin for the diamicton is also broadly supported by the clast
shape and roundness data, although the sample also plots closely with
the esker control sample in Figure 7. We suggest that the small sand
lenses and stringers within the diamicton are sliding bed facies
resulting from fluctuating pore water pressures (lves & Iverson, 2019),
possibly combined with sediment washing during ice-bed decoupling
events (Larsen et al., 2006) and subsequent shearing within the def-

orming layer (Kessler et al., 2012).

423 | Transverse moraine, Zone 2

Description: Section FIN-M2 (Figure 9) was created across a 2.6 m
wide transverse moraine, with a height of 0.4 m and orientation of
215-395°, which is perpendicular to the former ice-flow direction.
The section is composed of two diamictons, separated by a convo-
luted and folded boundary. The lower diamicton is 0.2 m thick, mas-
sive and has a dark silty-sandy matrix, similar to LF 2 in FIN-F1,

although contains more clasts. The diamicton also contains a number
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of fine sand lenses and wisps. We assign this diamicton to LF 2 based
on its similarity to LF 2 in FIN-F1. A larger lens of sand (LF 3), which
contains a single-layer concentration of clasts, occurs on the right of
the section, close to the boundary. Towards the top of this lens, a
darker sand lamination contains an overturned fold. The upper
diamicton (LF 4) is massive, lighter in colour and comprises a coarse-
sandy matrix with slightly less clasts. The boundary between the two
diamictons is characterised by overturned folds, with axial planes that
dip towards the proximal side of the moraine, stringers of LF 2 and
pseudo-flame structures. Structural measurements taken at the
boundary dip 24-48° and strike 189-202°, confirming that the folds
limbs dip perpendicular to the crestline in an upglacier direction. In
contrast, an additional measurement was taken at the upper bound-
ary of the sand lens (LF 3) and recorded a dip of 8° and strike of 10°.
The clast sample (FIN-M2b) from LF 2 is similar to that within LF 2 in
FIN-F1; the clasts are relatively blocky (C40:32) and angular to
subrounded (RA:8; RWR:8) (Figure 7). Clasts within LF 4
(sample FIN-M2a) are similar, although slightly more angular
(C40:26; RA: 14; RWR: 2).

Interpretation: The lower diamicton in FIN-M2 (LF 2) is inter-
preted as a sub-glacial traction till (see Section 4.2.2). In contrast, the
upper sandy diamicton (LF 4) is interpreted as a debris flow deposit,
based on its coarser texture, lack of structure and stratigraphic con-
text (e.g. Chandler, Chandler, et al., 2020; Chandler et al., 2016;
Kriger, 1995; Lawson, 1982; Sharp, 1984; Wyshnytzky et al., 2020).
We suggest that this unit was deposited by debris melt out from the
ice, producing a slow-moving slurry down the moraine slopes that had
sufficient water content to remove the finer particles (Lawson, 1982).
An additional source of this debris may have been supraglacial debris
bands close to the Fingerbreen margin. Features consistent with
supraglacial debris bands can be identified on the 1968 aerial photo-
graph (Figure 5b), and descriptions of arcuate debris bands were pro-
vided by Knudsen & Theakstone (1984). The slightly more angular
clast sample within LF 4 compared with LF 2 suggests a greater supra-
glacial component in this diamicton. We suggest that the sand lens
(LF 3) was initially laid down glaciofluvially in small streams or shallow
ponds close to the ice margin (similar to the former ponds shown in
Figure 4e) prior to being incorporated into the moraine (e.g. Chandler
et al., 2016; Reinardy et al., 2013).

The asymmetrically folded and pseudo-flame-like boundary
between LF 2 and LF 4 indicates that the sediments underwent
deformation and fluid flow as a result of compression (McCarroll &
Rijsdijk, 2003) under high pore water pressures (Phillips et al., 2007).
The direction of asymmetry within the folds and their dip direction
indicates a force from the upglacier side, commensurate with proglacial
push moraine formation (Bennett, 2001; Chandler, Chandler, et al.,
2020; Chandler et al., 2016; Kriger, 1994; Lukas, 2012; McCarroll &
Rijsdijk, 2003). As LF 2 appears to have been folded and extruded into
LF 4, the two diamictons must have been deposited prior to pushing,
suggesting that a small readvance occurred after debris flow deposits
from the ice margin had already been emplaced. The asymmetric fold
within LF 3 demonstrates compression throughout the moraine ridge.
We suggest that the downglacier-dipping structural measurement from
LF 3 is part of a larger fold on the distal side, as expressed in the wavy

nature of LF 3's upper boundary.

424 | Sawtooth moraine, Zone 2

Description: Section FIN-M3 (Figure 10) was cut into a sawtooth
moraine, perpendicular to the crestline, at the point at which the cres-
tline is oriented 135-315°, which is near-parallel to the main ice-flow
direction. At this location, the moraine is 3.4 m wide and 0.5 m in
height. The section consists predominantly of a dark silty-sandy
diamicton (LF 2), which is capped by only a thin (~0.1 m thick) layer of
coarse-sandy diamicton (LF 4). Similar to other sections, LF 2 contains
thin sand lenses and wisps. Within the majority of the section, the
sand lenses dip steeply towards the ice-proximal side but are horizon-
tally to sub-horizontally bedded at the proximal edge and at the distal
side dip both distally and proximally. Two larger lenses of sand (LF 3)
occur within the section and dip parallel to the finer sand lenses. One
of the large sand lenses separates LF 2 from LF 4, while the other
begins at the LF 2-LF 4 boundary and descends into LF 2. Bedding
within the sand lenses is horizontal to wavy, becoming convoluted in
places and includes some granule layers. Structural measurements
were taken at the boundaries between the sand lenses and LF 2 dip
29-65° and strike 117-144°, confirming that the sand lenses dip

towards the ice-proximal side, broadly perpendicular to the moraine
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crestline. Clast shape samples from LF 2 are blocky (Cso: 24) and
subangular to subrounded (RA: 4; RWR: 0) (Figure 7), similar to LF
2 samples from other sections.

Interpretation: LFs 2, 3 and 4 have previously been interpreted,
respectively, as a sub-glacial traction till, a glaciofluvial layer and a
debris flow deposit. As discussed for FIN-F1, we suggest that the finer
sand lenses within LF 2 were incorporated into the sub-glacial till prior
to moraine construction. In contrast, the larger sand lenses (LF 3) were
likely deposited glaciofluvially in front of the ice margin.

Structurally, the steeply dipping layers of LF 3 resemble slabs of
sediment that have been stacked against LF 2. We argue that this
indicates a mechanism of submarginal freeze-on for moraine emplace-
ment (e.g. Chandler et al., 2016; Evans & Hiemstra, 2005; Hiemstra
et al,, 2015; Kriiger, 1993, 1994, 1995, 1996; Matthews et al., 1995;
Reinardy et al., 2013). According to this model, we suggest that LF
3 was initially deposited proglacially in small streams or shallow ponds
on top of recently exposed sub-glacial till in the previous melt-season
(e.g. Figure 4g). Initial winter glacier advance overrode and incorpo-
rated the sorted sediments into the submarginal zone causing some
deformation or fluidisation within the sand (Phillips et al., 2007). Sub-
marginal freeze-on and further winter re-advance then transported

the sediment slab forwards, before it was emplaced by meltout in the
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spring/summer (cf. Chandler et al., 2016; Hiemstra et al, 2015;
Matthews et al., 1995; Reinardy et al., 2013).

The variable visible orientations of sand lenses on the distal side
of the moraine suggest some pushing of sediments in front of the ice
margin during slab emplacement, producing large-scale compressional
folding. On the ice-proximal side, sand lenses curve towards
horizontal bedding, which could be evidence for slumping at the edge
of the moraine as the ice margin receded and removed support
(cf. Lukas, 2005).

425 | Lateral moraine on bedrock high, Zone 3

Description: Section FIN-M4 (Figure 11) was created in the upper
metre of a 4 m high, 2 m wide, bouldery moraine, with a crestline
orientation of 154-334°. The moraine is located at the top of the
bedrock high within Zone 3. Compared with moraines in Zone 1
(e.g. FIN-M1; Figure 6), the moraine and others around it are narrower
with sharper crestlines and more sinuous profiles, but the moraine is
substantially larger than those in Zone 2. Based on aerial photographs
(Table 1), moraine FIN-M4 most likely formed soon after 1985,

although it is possible that the ice margin re-occupied this position
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during the 1990s. The moraine is composed of a relatively loose,
clast-rich, fissile, matrix-supported sandy-silty diamicton (LF 5) that
contains all clast sizes up to large boulders. Some boulders are bullet-
shaped and faceted. A clast sample indicates that the clasts are rela-
tively blocky (C40: 32) and are angular to subrounded (RA: 4; RWR: 0)
(Figure 7). LF 5 also contains a large number of white sand lenses and
wisps in the lower part of the section that generally dip in an ice-
proximal direction. Four structural measurements were taken at either
the upper or lower boundaries of the sand lenses and record dips of
26-29° and variable strikes of 162-277° (Figure 11). Two of these
measurements dip perpendicular, and one dips parallel, to the moraine
crestline, all in an upglacier direction. In contrast, a fourth measure-
ment dips towards the distal side of the moraine.

A large body of a coarse-sandy diamicton (LF 4) occurs within LF
5 and is thickest on the ice-proximal side of the section, tapering out
towards the distal side. Two structural measurements were taken at
the upper boundary of the sandy diamicton lens and give dips of 29°
and 41° and strikes of 157° and 178°, respectively (Figure 11), that is,
the diamicton lens dips towards the ice-proximal side, perpendicular
to the crestline.

Interpretation: The fissile nature of the matrix-supported sandy-
silty diamicton (LF 5) and occurrence of bullet-shaped and faceted
boulders is diagnostic of a sub-glacial traction till (cf. Evans, 2018;
Evans et al., 2006). The clast shape and roundness sample is similar to
the sub-glacial control samples, supporting this interpretation
(Figure 7). Following arguments made for FIN-M2, the sandy
diamicton lens (LF 4) is interpreted as a debris flow deposit
(e.g. Lawson, 1982). Based on the overall structural architecture of
FIN-M4, with upglacier-dipping sand and sandy diamicton lenses, we
suggest that this moraine also formed through submarginal freeze-on

(sensu Kriiger, 1996), as discussed in Section 4.2.4.

426 |
3

Lateral moraine on reverse bed slope, Zone

Section FIN-M5 was excavated into a small 0.55m high, sharp-

crested moraine ridge close to the 2016 ice margin (Figure 12). The

sediment was saturated, and the moraine is likely to have formed in
2015/2016. The moraine is composed of a massive, silty-clay
diamicton (LF 6) that exhibits some fissility and is not as clast-rich as
some of the other sections. A prominent faceted and bullet-shaped
boulder with a vertically oriented a-axis occurs in the central upper
part of the section, and the moraine contains other bullet-shaped
clasts. Several thin sand lenses occur towards the base of the ice-
proximal side and dip 20-52° and strike 90-104°; that is, they dip
approximately 40° away from the crestline in an upglacier direction. A
larger body of horizontally bedded sand occurs towards the centre of
the section, adjoined to a large clast. Structural measurements at the
upper boundary of the sand dip 32-36° and strike 115-134°, which is
similar in orientation to the thin ice-proximal sand lenses. Clast shape
and roundness samples taken from FIN-M5 indicate that the clasts
have predominantly blocky forms (C40:24) and are angular to sub-
rounded (RA: 12; RWR:0) (Figure 7).

Interpretation: The silty-clay composition, fissility and occurrence
of faceted bullet-shaped boulders within LF 6 are characteristic of a
sub-glacial traction till (Evans, 2018; Evans et al., 2006). This interpre-
tation is supported by the clast shape and roundness sample being
very similar to the sub-glacial control samples. Given that the moraine
is predominantly composed of sub-glacial till and lacking in any large-
scale structures, we suggest that moraine formation was through
squeezing up of a viscous slurry of saturated sediments at and
immediately beneath the ice margin during winter ice advance
(Chandler, Chandler, et al., 2020; Chandler et al., 2016; Price, 1970;
Sharp, 1984). The sand lenses at the base of the moraine were likely
incorporated from pre-existing sorted sediments immediately in front

of the ice margin (e.g. Figure 4g).

5 | DISCUSSION

5.1 | Zone 1: Efficient meltwater drainage
At the LIA maximum and during initial stages of recession, a striking
asymmetry in moraine characteristics across the valley sides is appar-

ent. While large boulder-covered, matrix-supported moraines formed
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on the southwestern valley side, the northeastern valley side is
characterised by boulder lines and bouldery moraines devoid of finer
grained material (Figure 4a). This suggests higher glaciofluvial activity
on the northeastern side that flushed out finer grained sediment
(cf. Winkler, 2021). This assertion is supported by the presence of a
still active prominent tributary to the main channel on the northeast-
ern side, 300-400 m from the LIA limit, that follows the shape of
lateral-frontal moraines and would have flowed around the former ice
margin, efficiently removing glaciogenic debris (Benn et al., 2003). A
large meltwater portal likely existed on this side of the ice margin, as
can be seen in 1957 (Figure 5a) and indicated by the two eskers and
large former channel to the east of Zone 2. The difference in
glaciofluvial activity in this area may be a result of differences in the
insolation received by each side of the foreland, with enhanced melt
on the sunnier northeastern side of the valley (cf. Chandler
et al.,, 2021; Thome, 1972).

As recession progressed, meltwater became more concentrated
in the valley centre incising down into the bedrock. Further upvalley,
steeper bedrock on the northeastern valley side caused the main
channel to switch to a braided network of channels on the southwest-
ern valley floor, prohibiting moraine formation in this area. Proglacial
channel patterns have typically been linked to changes in sediment
supply and discharge rates (e.g. Gurnell et al., 2000; Staines
et al,, 2015). However, Marren and Toomath (2014) demonstrate the
importance of topography for determining proglacial channel patterns.
At Fingerbreen, changes in topography as a result of bedrock undula-
tions have clearly influenced the route of meltwater drainage, in turn
influencing the type of ice-marginal zone sediments and therefore
moraine composition. The lateral moraine FIN-M1, which formed a
few years prior to 1957, is composed of glaciofluvial sediments that
have been pushed by the ice margin into a moraine ridge. The location
of the moraine within a large-scale hollow in the bedrock indicates
that meltwater flow in this area from the northern portal (Figure 5a,b)
was likely guided around the ice margin against the valley side. The
lack of finer grained sediment indicates that the meltwater drained
freely, efficiently removing finer material.

5.2 | Zone 2: Inefficient meltwater drainage and
changes in glacier structure

In contrast to Zone 1, Zone 2 represents an area of inefficient melt-
water drainage (Benn et al., 2003). The location of meltwater portals
to the north and south ensured the preservation of this zone in the
central interfluve (Figure 5a,b). Later in recession, meltwater on the
northeastern valley side appears to have been diverted across the ice-
proximal side of Zone 3 by the bedrock high (Figure 5c), helping to
consolidate drainage within the main channel rather than being dis-
tributed across the foreland. Zone 2 was ‘water-soaked’ in the 1960s
and 1970s (Knudsen & Theakstone, 1984, p.379) (Figure 5b), which
influenced processes of moraine formation as discussed further
below.

The change from transverse moraines to sawtooth moraines
within this zone represents a transition in the structure of the ice
margin, as previously observed by Knudsen and Theakstone (1984).
In the 1957 and 1968 aerial photographs, the ice margin is arcuate,

but by 1985, the frontal zone is more intensely crevassed, forming

ice ‘pecten’ between longitudinal crevasses (cf. Evans et al., 2016)
(Figure 5). This structural transformation has been observed at a
number of Icelandic glaciers in recent decades (e.g. Flaajokull,
Skalafellsjokull, Fjallsjokull, Skaftafellsjokull and Svinafellsjokull) and
has been associated with thinning ice margins receding into over-
deepenings (e.g. Chandler et al., 2016; Chandler, Evans, et al., 2020;
Evans et al., 2016, 2017; Everest et al., 2017; Jonsson et al., 2016;
Lee et al., 2018). Conversely, at Fingerbreen, the transition that
occurred is likely the result of the thinning ice margin becoming
increasingly influenced by the upglacier bedrock high. The spatial
arrangement of the flutes and sawtooth moraines, with flutes occur-
ring on the ice-proximal slopes of the moraines (Figure 4e), suggests
that the flutes are genetically linked to the sawtooth moraines, for-
ming during the same advance (Chandler, Evans, et al, 2020;
Evans & Twigg, 2002). Conversely, the transverse moraines were
overlain over more continuous flutes as described elsewhere in
Norway (e.g. Worsley, 1974).

The formation of flutes beneath temperate glaciers is most
commonly attributed to converging flow of till around a lodged
boulder into its lee-side cavity, which then propagates downglacier
(Benn, 1994; Boulton, 1976; Ely et al., 2017; Evans et al., 2010).
Ives and Iverson (2019) suggest that unsteady pore water pressure
conditions are required for flutes to extend beyond the pressure
shadow of the initiating boulder. These authors advocate a cycle of
initial high sub-glacial water pressure and slip velocity, which
squeezes till into cavities, followed by a reduction in water pressure
and slip velocity. This allows an increase in ice pressure and consoli-
dation of the newly accreted till in the flute, enabling cavity forma-
tion during the next phase of high-water pressure. We suggest that
the thin horizontally bedded sand lenses within section FIN-F1
(Section 4.2.2) were deposited during this cyclical process of flute
formation as a result of fluctuating pore water pressures. Despite
the relatively high hydraulic permeability of the diamicton due to
the sand content, the evidence for fluid flow within moraines
(e.g. FIN-M2) indicates poor sub- and ice-marginal drainage condi-
tions (Evans et al., 2010), as observed at the time (Knudsen &
Theakstone, 1984).

The combination of a saturated proglacial area and thin ice mar-
gin also provided favourable conditions for submarginal freeze-on
(cf. Chandler et al., 2016; Reinardy et al., 2019). We suggest that
across this area of the foreland, drainage conditions and associated
moraine-forming processes varied both spatially and annually
(Figure 13). In colder winters, penetration of the freezing front below
the ice margin led to freeze-on of submarginal sediments, sometimes
Chandler

et al., 2016). In other years, or in other parts of the ice margin, a sat-

containing  overridden glaciofluvial material (e.g.
urated proglacial area with high porewater pressures led to till
squeezing and bulldozing at the margin and around ice pecten
(e.g. Chandler et al., 2016; Chandler, Evans, et al., 2020; Chandler,
Lukas, & Boston, 2020; Evans et al., 2016, 2017). The two well-
defined sediment slabs in FIN-M3 could imply that the sawtooth
moraine formed over at least 2 years (e.g. Hiemstra et al., 2015)
(Figure 12). Alternatively, multiple slabs that were likely produced
during a single year have been recognised at other sites (Chandler
et al., 2016). A freeze-on mechanism for moraine formation has been
identified at several sites in Norway and Iceland (e.g. Chandler

et al., 2016; Evans & Hiemstra, 2005; Hiemstra et al., 2015; Kruger,
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(a) Submarginal freeze-on

(1) Summer - Yr0
En- or subglacial debris transported

along fault planes to glacier surface

/‘/Thin ice margin

Sand deposition within
in pools and channels

(2) Mid Winter - Yr1

1) Overriding of sand deposits

2) Penetration of the winter
freezing front

(3) Late Winter/Early Spring - Yr 1

Freeze-on and glacier advance

Proglacial sediments
pushed

(4) Summer-Y1

Glacier melt and recession
Incremental meltout of
frozen-on sediment

(5) Late Winter/Early Spring - Y2

Meltout and deposition
of ‘supraglacial’ debris on
glacier and moraine surface

Freeze-on and glacier advance

(6) Summer-Y2

Glacier melt and recession . .
Localised reworking of

‘supraglacial'material

Incremental meltout of
frozen-on sediment

E-WILEYL=

(b) Pushing and proglacial defomation

(1) Spring - Yr1
En- or subglacial debris transported
along fault planes to glacier surface

/7/Thin ice margin

(2) Early summer - Yr1
Meltout and deposition
of debris on

/1/glacier and till surface
N

(3) Late summer - Yr1
Further meltout and
deposition of ‘supraglacial’

/‘/debris on till surface

(4) Winter - Yr2

Glacier advance

W

Pushing and liquifaction of
proglacial sediments

(4) Summer -Yr2

Glacier recession

FIGURE 13 Schematic models of processes of annual moraine formation at transverse and sawtooth moraines in the Fingerbreen foreland

by (a) submarginal freeze-on and (b) pushing and proglacial deformation.

1993, 1994, 1995, 1996; Matthews et al, 1995; Reinardy
et al., 2013). However, it has rarely been recognised as contributing
to sawtooth moraine development, where till squeezing around the

ice-marginal pecten and within longitudinal crevasses is often

advocated (e.g. Chandler, Evans, et al., 2020; Chandler, Lukas, & Bos-
ton, 2020; Evans et al., 2016).
In the downvalley part of Zone 2, we count more transverse

moraines than years between 1957 and 1968, implying that some sub-
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annual moraines are present. Sub-annual moraines have been rarely
documented in the literature (e.g. Chandler et al., 2016; Chandler,
Evans, et al., 2020) but are thought to occur in situations where

squeeze-push mechanisms become decoupled over a seasonal cycle. In

(1) Summer - YrO
Thin glacier margin

Thin till cover
over bedrock

D—// i e

(2) Winter - Yr1

Freeze-on and glacier advance

BliSumes= i1 Localised reworking

as moraine stabilises

—_—

(4) Winter - Yr2

Freeze-on and glacier advance

-1

l::’/’"/ e

(5) Summer - Yr3

Meltwater guided . .
between ice margin Glaciofluvial gravels

and bedrogj\ /\/ deposited

Incremental thickening
through slab
emplacement

_— __ Pushing on
ice proxmial side

Incremental thickening
through slab
emplacement

these cases, strong summer glacier retreat enables (multiple) squeeze
moraines to be formed in between winter push moraines, rather than a
single composite push-squeeze moraine being constructed (Chandler,
Evans, et al., 2020; Chandler, Lukas, & Boston, 2020).

(6) Winter- Yr4

Bulldozing of
glaciofluvial gravels
by ice advance

(7) Summer - Yr4

Collapse and stablisation of
gravels on ice proximal side

(8) Summer - Yr6 Repeated bullozing
of glaciofluvial gravels

leads to ‘staircase’

Effective drainage by meltwater streams
ceases, and flatter ground becomes saturated

(9) Winter-Yr7

Submarginal squeezing of saturated till

(10) Summer - Yr7

FIGURE 14 Schematic model of processes of moraine formation on top of and on the reverse-bed slope of a bedrock high in the

Fingerbreen foreland over an undefined number of years.
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5.3 | Zone 3: Changing drainage conditions and
ice-flow dynamics on a reverse-bed slope

The landform-sediment assemblages in Zone 3 are controlled by the
bedrock high on the northeastern valley side. Given that there are few
moraines in the area between the 1985 and 2002 glacier margins
(which are at the downvalley and upvalley sides of the bedrock high
respectively), the bedrock high likely acted as a pinning point
(cf. Rowan et al., 2022), resulting in a set of closely spaced, bifurcating
moraines that probably formed over several years or were reoccupied.
The time frame coincides with a period in the 1990s when glaciers in
Norway readvanced (Andreassen et al., 2005; Chinn et al., 2005), which
would have also contributed to a slower overall recession rate and
reoccupation of moraines. A thin glacier margin over the bedrock high
would have provided favourable conditions for the freeze-on of sub-
marginal sediment slabs (e.g. Kriiger, 1996) (Figure 14). The bedrock
high also contributed to the preservation of these moraines because it
diverted meltwater exiting from the northern side of Fingerbreen
southwards around the ice margin before joining the main channel.

The clast-supported nature of moraines on the reverse bedrock
slope indicates that as glacier recession progressed, sediments depos-
ited in ice-marginal meltwater channels were subsequently bulldozed
into moraines, similar to moraines in Zone 1 (e.g. FIN-M1). It is likely
that finer grained material from sub- and englacial sources was
removed and redistributed by this lateral meltwater. In 2016, the ice
margin had reached a flatter area and drainage was again restricted due
to the reverse slope acting as a barrier, and because Fingerbreen by
then was receding into a larger overdeepening, similar to many glaciers
in Iceland (e.g. Chandler, Chandler, et al., 2020; Chandler, Evans, et al.,
2020; Evans et al,, 2016, 2019; Everest et al., 2017; Gudmundsson &
Evans, 2022; Jonsson et al., 2016; Lee et al., 2018; Schomacker, 2010).
This caused a saturated ice margin, resulting in squeezing up of a
silty-clay sub-glacial till into small moraine ridges (Price, 1970). The
abundance of ice-cored sand ridges that emanate from longitudinal cre-
vasses also indicates areas of restricted drainage where evacuation of
englacial drainage channels within the ice has been restricted, forming
small eskers or kames, some of which may have been later bulldozed by

the ice margin.

5.4 | Topographic controls on glacier dynamics and
landform development

The sequence of events described for the three zones highlights the
importance of topography in moraine spacing, process of moraine for-
mation, drainage conditions at the ice margin and preservation poten-
tial. The bedrock high on the northeastern valley side has exerted a
strong control on the suite of landform-sediment assemblages depos-
ited from the 1970s onwards. This bedrock high has influenced pro-
cesses of moraine formation by the following: (a) causing thinning
downglacier between 1968 and 1985 that resulted in increased longi-
tudinal crevassing, causing the development of ice pectination and
resulting in a switch from straight transverse frontal moraines to saw-
tooth moraines (e.g. Evans et al., 2016); (b) diverting the northern
meltwater channel towards the south, either sub- or ice-marginally,
allowing Zone 2 (the area of transverse and sawtooth moraines) to be

preserved; (c) acting as a pinning point during the late 1980s and

1990s that resulted in few moraines being deposited during this time;
(d) causing a thin glacier margin over it that provided favourable con-
ditions for moraine formation via freeze-on of submarginal sediment
slabs to the glacier bed; and (e) directing meltwater flow southwards
around the ice margin, as Fingerbreen receded down the reverse
slope, resulting in cobble terraces and bulldozing of this glaciofluvial
material by winter ice advance.

There are some similarities between the landform-sediment signa-
tures of Fingerbreen and glaciers in southern Iceland, which are also
currently receding into overdeepenings. However, unlike at the
Icelandic glaciers (e.g. Chandler, Evans, et al., 2020; Evans et al., 2016),
the bedrock high at Fingerbreen has also been strongly influential.
Chandler et al. (2016) discuss how moraines deposited at Skalafellsjckull
have influenced drainage pathways across the foreland, while at
Fingerbreen, the topography of the valley has been a stronger control
on meltwater flow (Marren & Toomath, 2014). Similar to Midtdalsbreen
in Norway, thinning of the ice margin and a saturated ice-marginal zone
led to moraine emplacement through freeze-on of submarginal sedi-
ment slabs (Reinardy et al., 2013, 2019). Continued recession into the
overdeepening is likely to result in lake-level lowering and incision in
the area close to the ice margin (Marren & Toomath, 2013).

The role of topography in moraine spacing has been widely dis-
cussed (e.g. Oerlemans, 2012; Pedersen & Egholm, 2013; Barr &
Lovell, 2014; Boston & Lukas, 2019; Magrani et al, 2021; Rowan
et al., 2022), and this study provides a detailed example of how undu-
lations in glacier foreland topography affect drainage patterns and the
distribution and preservation potential of moraines. Firstly, continued
glacier recession across the relatively flat Zone 2 provided the condi-
tions for annual, and some sub-annual, moraine development. Sec-
ondly, the interplay between climatically driven glaciological changes
(positive mass balance years during the 1990s; Andreassen
et al., 2005) and topography (the bedrock high, which acted as a pin-
ning point) resulted in fewer but larger moraines being constructed
between 1985 and 2002. This corroborates modelling by Rowan et al.
(2022) that the largest moraines form at pinning points and that
moraine spacing is larger on flatter slopes (Oerlemans, 2012). Our
work at Fingerbreen demonstrates the need to take even relatively
small-scale bedrock undulations in the glacier foreland into consider-
ation in any moraine-based palaeoclimate studies.

Processes of moraine formation have also been used in
palaeoglacial research to infer glacier dynamics (e.g. Chandler, Lukas,
& Boston, 2020; Lukas, 2005). Here, we demonstrate spatial variabil-
ity in moraine-forming processes within a relatively small area due to
changes in sub- and ice-marginal topography and drainage conditions.
We show large differences in moraine composition, from clast-
supported sandy diamicton to silty-clay diamicton, over a short dis-
tance as a result of changing drainage efficiency at the ice margin cau-
sed by changes in slope. We recommend that bedrock topographic
factors that may affect ice margin morphology and structure and ice-
marginal drainage conditions should be considered in any assessment

of glacier dynamics.

6 | CONCLUSIONS

We present the LIA to present day geomorphological and sedimento-

logical record of Fingerbreen, an outlet glacier of the @stre Svartisen
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plateau icefield. We divide the foreland into three zones. Zone
1 includes the LIA limit and is characterised by bouldery moraines
interspersed by areas of striated bedrock. Zone 2 is a flat area of
heavily fluted terrain, with cross-cutting annual, and some sub-annual,
transverse and sawtooth moraines, that became exposed between
1957 and 1985. Here, a switch occurred during the 1970s from trans-
verse to sawtooth moraines as a result of changes in the morphology
and structure of the ice margin. Since 1985, Fingerbreen has been
receding over and down the reverse slope of a bedrock high on the
northern valley side (Zone 3).

Section logs for five representative moraines and one flute,
located across the three zones, were examined. The sedimentological
analysis reveals three main types of moraine-forming processes that
changed as ice margin morphology and structure evolved, influenced
by foreland topography. Firstly, moraines formed through push and
bulldozing of pre-existing sediments. There are several examples of
this: (i) At the lateral margin in the 1940s to 1950s (Zone 1), and on
the reverse-bed slope in the 2000s (Zone 3), glaciofluvial sediments
were deposited between the ice margin and valley side or reverse
slope and were subsequently deformed during minor glacier advance;
(i) in the fluted Zone 2, a cross-cutting transverse moraine was con-
structed through push of saturated pre-existing sediments (sub-glacial
till and supraglacial debris flow deposits) leading to folding and
fluidised flow. Secondly, we show evidence for squeezing of saturated
sub-glacial till into small (~0.4 m) moraine ridges at the base of the
reverse-bed slope (Zone 3) (~2014-2016). Thirdly, where the ice mar-
gin was thin, moraine formation occurred through submarginal freeze-
on of sub-glacial till and pre-existing ice-marginal sediments. Evidence
for this was found in a 1970s sawtooth moraine in Zone 2 and in
moraines on top of the bedrock high.

The spatial and temporal variability in moraine-forming processes
at the glacier margin demonstrates that valley topography exerts a
strong influence on ice margin shape and structure, and meltwater
flow pathways, which in turn controls moraine formation processes.
This work demonstrates the key role of foreland topography in
moraine spacing and processes of moraine formation, which needs to
be taken into consideration when using moraines to make inferences

about palaeoclimate and glacier dynamics.
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