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Abstract
Meltwater routing through ice masses exerts a fundamental control over glacier

dynamics and mass balance, and proglacial hydrology. However, despite recent

advances in mapping drainage systems in cold, Arctic glaciers, direct observations of

englacial channels and their flow conditions remain sparse. Here, using terrestrial

laser scanning (TLS) surveys of the main englacial channel of cold-based Austre

Brøggerbreen (Svalbard), we map and compare an entrance moulin reach (122 m

long) and exit portal reach (273 m long). Analysis of channel planforms, longitudinal

profiles, cross-sections and morphological features reveals evidence of spatial varia-

tions in water flow conditions and channel incision mechanisms, and the presence of

vadose, epiphreatic and phreatic conditions. The entrance reach, located at the base

of a perennial moulin, was characterized by vadose, uniform, channel lowering at

annual timescales, evidenced by longitudinal grooves, whereas the exit portal reach

showed both epiphreatic and vadose conditions, along with upstream knickpoint

migration at intra-annual timescales. Fine-scale features, including grooves and scal-

lops, were readily quantified from the TLS point cloud, highlighting the capacity of

the technique to inform palaeoflow conditions, and reveal how pulses of meltwater

from rainfall events may adjust englacial conduit behaviour. With forecasts of

increasing Arctic precipitation in the coming decades, and a progressively greater

proportion of glaciers comprising cold ice, augmenting the current knowledge of

englacial channel morphology is essential to constrain future glacier hydrological sys-

tem change.
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1 | INTRODUCTION

Arctic valley glaciers are thinning and receding rapidly, and are fore-

cast to dominate sea-level rise in the coming decades (Zemp

et al., 2019). A considerable proportion of the valley glaciers in this

climate-sensitive region exhibit cold or polythermal temperature

regimes (Aschwanden & Blatter, 2009; Blatter & Hutter, 1991; Hagen

et al., 1993; Irvine-Fynn et al., 2011; Miller, 1976). Under regional pro-

jections of continued atmospheric warming and glacier thinning, ice

masses with a cold-ice thermal regime are predicted to become more

commonplace (Delcourt et al., 2013; Irvine-Fynn et al., 2011; Østby

et al., 2017; Wilson & Flowers, 2013). The presence and distribution

of cold ice within a glacier can define its hydrological functioning

(e.g. Hodgkins, 1997) and flow dynamics (e.g. Copland et al., 2003;

Rippin et al., 2005; Waller, 2001). Recent studies have demonstrated

that meltwater can drain efficiently through cold glaciers and their ice

margins (e.g. Benn, Gulley, et al., 2009; Gulley, Benn, Müller, &

Luckman, 2009a; Gulley, Benn, Screaton, & Martin, 2009b; Gulley
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et al., 2014; Naegeli et al., 2014; Vatne & Irvine-Fynn, 2016). Indeed,

in a changing Arctic, the reduced permeability and flow of cold ice

may favour an increasing prevalence of drainage dominated by supra-

glacial and englacial flowpaths. However, the morphology and evolu-

tion of these cold-ice drainage systems remain poorly characterized

(Naegeli et al., 2014).

Owing to the challenges in accessing englacial drainage systems,

studies making direct observations have tended to use geophysical

methods or glacio-speleological techniques. Ground-penetrating radar

(GPR) has been used successfully to reveal the location, metre to

decametre-scale geometry and water content of englacial conduits in

Arctic (e.g. Bælum & Benn, 2011; Hansen et al., 2020; Moorman &

Michel, 2000; Stuart et al., 2003; Temminghoff et al., 2019), Antarctic

(e.g. Schaap et al., 2020) and Alpine (e.g. Church et al., 2019, 2020)

settings. Speleological mapping has been less common, but has

reported reach-scale englacial channel morphologies and been used to

infer drainage path genesis and evolution in Arctic glaciers (e.g. Benn,

Gulley, et al., 2009; Benn, Kristensen, et al., 2009; Gulley, Benn,

Müller, & Luckman, 2009a; Gulley, Benn, Screaton, & Martin, 2009b;

Holmlund, 1988; Müller, 2007; Myreng, 2015; Naegeli et al., 2014;

Pulina & Rehak, 1991; Temminghoff et al., 2019; Vatne, 2001; Vatne &

Irvine-Fynn, 2016). Moreover, across a range of thermal regimes,

characteristic englacial drainage system entrance and exit cross-

sectional geometries and planform sinuosities have been described

(e.g. Mavluydov & Solovyanova, 2003). However, reports of the mor-

phology of englacial channels at finer (sub-metre) scales remain lim-

ited, despite their capacity to constrain the formation, flow

conditions, development and configuration of such flowpaths (Gulley,

Benn, Müller, & Luckman, 2009a; Mavluydov, 2006).

In fluvial channels, the bedrock morphology reflects the hydrologi-

cal conditions under which they have formed (Carling et al., 2009;

Murphy, 2019): channel geometry and fine-scale morphology are

typically established under specific flow regimes (Richardson &

Carling, 2005). Sculpted morphological features, ranging from the sub-

reach (decametre) to finer (metres to millimetres) scale, have been used

to reconstruct certain aspects of palaeoflow dynamics (Goodchild &

Ford, 1971; Richardson & Carling, 2005), including flow direction, depth

and velocity, water pressure, turbulence and the relative chronology of

morphological features (e.g. Curl, 1974; Goodchild & Ford, 1971;

Springer & Wohl, 2002). Similar approaches using channel morphologies

etched in bedrock have been used to infer or assess palaeoflow condi-

tions in subglacial drainage systems (e.g. Glasser & Nicholson, 1998;

Hallet & Anderson, 1980; Kor et al., 1991; Sharp et al., 1989). Within

englacial channels, Gulley, Benn, Müller, & Luckman (2009a) used cross-

sectional shape to determine whether phreatic (pipefull), transient

phreatic (epiphreatic; see White, 1988) or vadose (atmospheric)

conditions prevailed, with each of these conditions typically forming

roughly elliptical, keyhole and incised canyon morphologies,

respectively. However, while finer-scale morphological features such as

grooves and scallops have been described in englacial channels

(e.g. Benn, Gulley, et al., 2009; Gulley, Benn, Müller, & Luckman, 2009a;

Gulley, Benn, Screaton, & Martin, 2009b; Gulley et al., 2014;

Vatne, 2001; Vatne & Irvine-Fynn, 2016; Vatne & Refsnes, 2003), their

potential to inform our understanding of flow conditions and conduit

evolution remains unrealized, despite a longstanding and ongoing

(e.g. Bushuk et al., 2019; Gilpin et al., 1980) interest in the formation

and energetics of fine-scale morphologies on ice–water interfaces.

Terrestrial laser scanning (TLS) has been used to map the com-

plex, fine (millimetre)-scale morphology of bedrock channels

(e.g. Lague et al., 2013) and inaccessible areas of cave systems

(e.g. Buchroithner et al., 2009; Gallay et al., 2015; Oludare Idrees &

Pradhan, 2016). TLS has also been used to yield high-resolution digital

elevation models of glacier surfaces (e.g. Fischer et al., 2016;

Hopkinson, 2004; Schwalbe et al., 2008), to measure and monitor ice

surface changes in ice-coated bedrock caves (Gašinec et al., 2012;

G�omez-Lende & Sánchez-Fernández, 2018) and, recently, to recon-

struct digitally an englacial channel reach (Kamintzis et al., 2018). As

an approach, TLS offers an improvement on traditional speleological

surveying techniques through markedly increasing the level and reso-

lution of recorded detail, and reducing time spent in high-risk environ-

ments owing to more rapid (minutes to hours) data acquisition

(Heritage & Large, 2009). The locational precision and density of TLS

point clouds retrieved from ice surfaces, however, depend on the

physics and optical properties of the ice, with up to �50% return loss

and a typical accuracy of 7 mm (Kamintzis et al., 2018). Nonetheless,

the technique offers the potential to record the fine-scale morphology

of englacial channels and explore its hydraulic significance.

Here, to explore the morphology and associated palaeoflow con-

ditions of an englacial channel, we present the results of TLS surveys

of the entrance and exit reaches (hereafter referred to as moulin and

portal reaches, respectively) of such a flow pathway in Austre

Brøggerbreen, Svalbard. Morphological features within each reach at

millimetre to decametre scale are described, and subsequently com-

bined, for the first time, to infer the flow conditions and evolution of

the drainage channel. We assess the capacity for high-resolution map-

ping of englacial drainage features to inform models of englacial chan-

nel change, and suggest broader, regional implications relating to

potential transition between englacial and subglacial drainage path-

ways through cold-ice glacier margins.

2 | METHODS

2.1 | Field-site overview

Austre Brøggerbreen (Figure 1a) is an �5 km-long, north-facing, cold-

based valley glacier located on the Brøggerhalvoya peninsula in north-

western Svalbard (79�550N, 11�460E). The glacier comprises six flow

units (Jennings et al., 2015) that coalesce to form an �1.25 km-wide,

low-gradient tongue. Austre Brøggerbreen is <100 m thick (Björnsson

et al., 1996), thinning at �0.6 m w.e. a�1 (Barrand et al., 2010; James

et al., 2012) and has a surface velocity of <3.0 m a�1 (Hagen

et al., 1993; Hagen & Liestøl, 1990).

Austre Brøggerbreen’s drainage system is typical of small valley

glaciers in Svalbard that are undergoing, or have undergone, a transi-

tion from a polythermal to a cold thermal regime (see Hambrey

et al., 2005; Hubbard et al., 2004; Lovell et al., 2015), characterized by

few meltwater entry points to their interior, limited subglacial drain-

age and outflow via a single portal (Gokhman, 1987; Lovell

et al., 2015). During the summer melt season, meltwaters are routed

through an extensive, stable, perennial, supraglacial network

(Vatne, 2001) to a well-developed englacial system via several isolated

moulins (Hagen et al., 1991). This arborescent englacial system

(Stuart et al., 2003) has predominantly formed through the processes

2 KAMINTZIS ET AL.
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of cut-and-closure (Vatne, 2001) and is thought to operate at atmo-

spheric pressure (Stuart et al., 2003; Vatne, 2001; Vatne & Irvine-

Fynn, 2016). The predominance of cold ice throughout the glacier

restricts meltwater delivery to the bed, and subglacial drainage is

largely absent (Hodson et al., 1997, 2002; Nowak & Hodson, 2014;

Stuart et al., 2003; Vatne, 2001). Meltwater emerges from an

englacially fed portal on the northeast side of the terminus (Figure 1)

(Myreng, 2015; Porter et al., 2010).

Two contrasting englacial conduit reaches were selected for

investigation in this study: extending down-glacier of the channel

entrance at Moulin A (the moulin reach) and extending up-glacier from

the channel emergence at the ice margin (the portal reach) (Figure 1).

The moulin reach has been mapped by traditional surveying tech-

niques six times since 1998 (Myreng, 2015; Vatne, 2001; Vatne &

Irvine-Fynn, 2016; Vatne & Refsnes, 2003), during which time it chan-

ged from a gently sloping conduit to a 45 m-deep vertical moulin des-

cending to a near-horizontal channel. Moulin A is fed by a single

supraglacial stream that is 1–2 m wide and 1 m deep, with typical dis-

charges of 0.2–0.4 m3 s�1 (Holtermann, 2007; Myreng, 2015). The

meltwater emerging at the ice-marginal portal is sourced from an

�7 km2 area comprising the eastern and central portions of the glacier

(Porter et al., 2010). Dye-tracing studies have confirmed that peren-

nial Moulins A and B (Figure 1) are both linked hydrologically to the

portal (Holtermann, 2007; Myreng, 2015; Vatne, 2001), and GPR sur-

veys have indicated the conduit from Moulin B may be only partially

water filled during the melt season (Stuart et al., 2003). In 2009, melt-

water was observed upwelling from the portal onto the glacier surface

near the ice margin. Subsequent thinning of the glacier at the ice mar-

gin and incision by the emerging portal stream resulted in the portal

transitioning from a waterfall at the glacier margin in 2013, to

meltwater emerging at the head of a >10 m-deep, 170 m-long trench

that extended into the glacier interior in 2016 (Figure 1). Meltwater

discharge from the portal is estimated to be typically 1–2 m3 s�1

(Hodson et al., 2002; Porter et al., 2010).

2.2 | Field surveying

High-resolution TLS surveys of Moulin A (March 2016) and the portal

(March 2017) reaches were completed using a FARO Focus3D X

330 phase-shift scanner, following methods described by Kamintzis

et al. (2018). Laser scanning parameters for each survey are presented

in Table 1. The smooth, shiny, clean ice surface, and its optical

F I G U R E 1 (a) Overview of Austre Brøggerbreen’s ablation area, approximately 3 km south of Ny Ålesund, indicating the position of the
surveyed englacial channel entrance (Moulin A) and exit (portal), with Moulin B shown for reference (inset shows the site location in Svalbard)
[2010 aerial image obtained from TopoSvalbard; https://toposvalbard.npolar.no/]. (b) View looking down Moulin A in March 2016. The arrow
denotes where the conduit leads from the moulin base. People are shown for scale [image courtesy of Blair Fyffe]. (c) The portal exit in 2017.

T A B L E 1 TLS survey parameters for Moulin A (2016) and the
portal (2017) reaches of Austre Brøggerbreen’s englacial drainage
system. Mean registration accuracy is the orthogonal registration
mismatch between adjacent scans and the combined absolute error
reflects the cumulative distance offset in the X, Y and Z planes at the
end of the scanned reach. The two values required for the scanner
height in the portal reach were in response to reductions in the
channel height

Parameter
Moulin A
(entrance)

Portal
(exit)

Length of surveyed reach (m) 122 273

Number of scans 28 27

Horizontal spacing between scans (m) 2–9 6–26

Scanner height above channel floor (m) 1.5 1.2 or 1.8

Mean registration accuracy (mm) 3.3 3.3

Combined absolute error (mm) 73 85

KAMINTZIS ET AL. 3
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properties, reduced the quality of nadir laser scan point cloud data

(see Kamintzis et al., 2018), and this limited the coherence and regu-

larity of returns describing the suite of englacial channel features

detailed further in Section 3. GPS coordinates were recorded at the

glacier surface around Moulin A using a differential GPS (0.61 m hori-

zontal precision, 1.68 m vertical precision) and at the portal using a

handheld GPS (1.98 m horizontal precision, 2.00 m vertical precision)

to georeference the TLS survey datasets. Photographs were taken at

each scan site and detailed notes of ice structure and sedimentological

features within the conduits were recorded.

2.3 | Data processing

Following Kamintzis et al. (2018), the TLS point clouds were post-

processed using FARO SCENE software. Post-processing involved

scan georeferencing, target-based registration (mean registration

accuracy in Table 1) and automatic noise filtering. Further manual

noise filtering was completed for the 2017 scan data to remove the

scanner tripod legs from the point clouds using Technodigit

3DReshaper software.

2.4 | Extraction of channel morphology and
analysis

Two-dimensional channel morphologies, in planform and cross-sec-

tion, were extracted from the processed point clouds using Rhino 3D

software with the Veesus Arena4D point cloud plugin. The ‘slice’ tool

was used to take a section either horizontally or vertically through the

point cloud, and a line of best fit was digitized manually through these

points to represent the channel shape. For a consistent approach,

owing to the presence of a refrozen ‘false’ channel floor in both

reaches (see Section 3), channel planforms were digitized at 1 m

above the apparent channel floor. Planform maps were then used to

calculate sinuosity (S), measure meander curvature and create longitu-

dinal profiles. Channel cross-sections were digitized at 1 m intervals

throughout the conduit lengths to capture channel morphology at fine

resolution. The morphological features identified within each reach

were extracted and analysed using FARO SCENE, Rhino 3D, Golden

Surfer 8.0, CloudCompare and ESRI’s ArcGIS 10.3 software.

3 | RESULTS

The fine spatial resolution of the point clouds, and the reconstruction

of the channel walls, roof and inaccessible conduit areas, revealed

numerous morphological features at sub-reach (decametre to sub-

centimetre) scales. Details of specific features observed and the

extraction of associated data and analyses are presented in Table 2.

Links to 3D channel visualizations are provided in the Supporting

Information. In the following sections, descriptions and interpretations

of features within both the moulin and portal reaches are presented in

sequence, based on their downstream location from Moulin A. Here,

based on our observations, we apply the standard terminology

used to describe analogous features found in bedrock channels

(see Richardson & Carling, 2005). T
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3.1 | Moulin reach morphology

In 2016, Moulin A descended �45 m vertically from the glacier sur-

face (Figure 2). The englacial channel ran southwest from the

moulin base at a depth of 48 m, with an average width of 1.25 m

and height of 7.41 m (Figures 2a and b). Over the thalweg length

of 122 m (excluding the moulin base), the channel elevation

lowered by 5.65 m, 4.93 m of which occurred at an ice breccia step

at the entrance to the channel (Figures 2c and d). Down-flow of

this step, the channel slope was on average 0.3�. The channel reach

from the breccia step exhibited regular meandering with S = 2.7

and an average radius of curvature of 4 m. The channel walls con-

sisted of clean glacier ice, cross-cut by continuous reddish-brown

and light-grey sediment bands typically several centimetres wide.

These walls tapered upwards, giving a teardrop-shaped cross-

section (Figures 2c and d), forming a sutured canyon according to

the classification of Gulley, Benn, Müller, & Luckman (2009a). A

<1 m-thick false floor of visibly large, consolidated snow crystals

and refrozen ice, in places suspended <1 m above the channel bed,

obscured the true channel base and its morphology. From �2.3 m

above the false floor, the channel walls were covered in hoar frost.

Downstream of the scanned reach (Figure 2a), channel access was

prohibited by the presence of water. The finer-scale morphological

features present within the channel reach are summarized in

Table 2.

3.1.1 | Longitudinal grooves

The channel walls along the moulin reach were characterized by con-

cave indentations, or grooves, aligned with flow along the channel

(Figures 2a and e, 3a and b). Throughout the reach, grooves were

paired on both channel walls, with troughs and subtle ridges evident

at corresponding heights, reflecting five distinct longitudinal grooves,

ranging between 0.89 and 2.00 m high (Figure 4). The lowermost

groove (Groove 1) was partially occluded by the false floor, preventing

full measurement of its height as well as observation of any grooves

that may have been located below the false floor. The grooves on the

outer wall of meander bends were slightly elevated compared to the

corresponding grooves on the inside wall.

F I G U R E 2 (a) 3D visualization of the moulin reach viewed from above. (b) Planform map extracted from the TLS processed point cloud,
illustrating four locations depicting cross-section morphology. (c) Illustration of the point cloud data extracted to describe a cross-section.
(d) Downstream views of channel cross-section morphology, according to the four locations in (b), where planform arrows show the viewpoint of
each cross-section. (e) 3D visualization of the moulin reach looking from the west towards the moulin shaft. (f) Longitudinal bed profile along the
conduit’s thalweg, including the moulin and its floor, extracted from the point cloud data. The vertical scale in panel a also applies to panels c
and e.
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3.1.2 | Scalloping

Channel walls along the moulin reach showed directional and non-

directional scalloping and quasi-periodic ripple-like patterns

(Figures 3c, 5a and b). Intermediate scallops, or straighter, elongated

polygonal forms (Richardson & Carling, 2005), covered the clean-ice

walls below the hoar frost line throughout the moulin reach

(Figure 5a). Due to the smooth, shiny nature of the clean ice, interme-

diate scallops were sampled opportunistically where their geometry

was resolvable and were measured at 0.7–1.7 m above the channel

floor (within Grooves 1 and 2) where they were most visible. A sample

set of 23 intermediate scallops had a mean diameter of 0.06 ± 0.02 m.

En echelon scallops (Figure 5b), those with a regular antiphase

arrangement yielding diagonal patterning (Richardson &

Carling, 2005), were located �3.4 m above the channel floor (i.e. up

to and within Groove 3), towards the base of the hoar frost covering

the upper part of the conduit walls. These scallops had a mean diame-

ter of 0.1 ± 0.04 m (n = 38) and were found in the straight channel

reaches between meanders, typically extending downstream from the

meander exit on the inside channel bank. Statistical testing for differ-

ence (Mann–Whitney U) revealed no significant difference in scallop

diameter between Grooves 1 and 2 (U = 57, p > 0.05); however, there

was a significant difference between the intermediate (Grooves 1 and

2) and en echelon (Groove 3) scallops (U = 283, p < 0.05) (Table 3).

3.2 | Portal reach morphology

In 2017, the portal reach extended up-glacier from the exit in a south-

west direction (Figures 6a and b). Approximately 200 m upstream of

the portal the channel was blocked by collapsed glacier ice and

impassable. The only measured elevation change in the reach’s longi-

tudinal profile was a 2.5 m-high knickpoint, located 69 m upstream of

the portal itself (Figures 6c and f). Upstream of this knickpoint, chan-

nel sinuosity (S) was 1.18, with an average radius of curvature of

11 m, with a mean channel height of 2.03 m and width of 5.79 m.

Cross-sections were typically semi-elliptical and tilted towards the

inside of meander bends (Figure 6d, cross-sections 3 and 4). Immedi-

ately upstream of the knickpoint, a 6 m-long, 2.44 m-wide and

1.56 m-high channel section led to a wide, tall gallery and raised chan-

nel (Figure 6a; width 7.15 m, height 3.65 m). Downstream of the

knickpoint, S decreased to 1.03, and the mean channel height and

F I G U R E 3 (a) Extract from the moulin reach point cloud, highlighting two contiguous sections displaying parallel grooves (grey) and surface
scalloping (blue); lighter shading indicates lowered relief and darker shading indicates raised relief. (b) 2D detrended relief plot highlighting the
parallel grooves and ridges. (c) 2D detrended relief plot illustrating scalloping, identified by the patterned shading, within one of the channel wall
grooves.
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