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ABSTRACT
We combine the use of the unique Glacsweb in situ embedded sensors, surface velocity measurements 
(from dGPS and remote sensing), and UAV and field photographic surveys, to understand the subglacial 
processes responsible for the formation of a series of subglacial bedforms composed of both till and 
bedrock. There is till deformation throughout the year, with spatial and temporal variations. We estimate 
the ice velocity associated with the formation of a range of subglacial bedforms (9.2–31 m a−1) and the 
erosion rate on the bedrock flutes (2.13 mm a−1). We show that there is simultaneous deposition and erosion 
(either at the base of till or directly by ice) which generates flutes, large flutes and drumlins (rather than 
just depositional processes required by the instability theory). The flutes form behind obstacles associated 
with mobile till. Where a stationary obstacle is below a threshold height (which at this site is 1.56 m), either 
till tails will form behind the obstacle or a large flute will develop. Where a stationary obstacle is above 
a threshold height, then drumlins may form. Using these results as an analogue for larger bedforms, we 
discuss the bedform continuum in relation to elongation ratio, height, glacier velocity and bed mobility. 
These bedforms form associated with an overall net erosional regime, and once bedforms are produced, 
they may become fixed due to the presence of stationary obstacles, and so the resultant bedforms result 
from the most recent, as well as legacy, processes as they evolve over time.

Introduction

The formation of subglacial bedforms is a fundamental process 
of the subglacial environment (Menzies 1979; Boulton 1987; Hart 
1997; Stokes et al. 2011). Over the last 150 years many researchers 
have studied their form, sedimentology and distribution, and 
there are numerous theories for bedform formation (see recent 
reviews in Clark 2010; Stokes 2017). There is a general assump-
tion that there is a continuum of subglacial elongate bedforms, 
formed by similar processes, but at different scales, ranging from 
flutes, through drumlins, megascale glacial lineations (MSGL) 
to streamlined hills (Rose 1987).

Investigations of the subglacial environment are logistically 
difficult, but recent technological developments have allowed 
data collection from this zone. This includes using geophysics 
to detect and measure the growth of drumlins (Smith & Murray 
2009) and MSGLs (King et al. 2009) beneath the Antarctic ice 
sheet. Other developments in recent years include the studies of 
drumlins emerging from the glacier margin. This includes exam-
ples from Vestari-Hagafellsjökull (Hart 1995a) and Mulajökull 
(Johnson et al. 2010; Jónsson et al. 2014; Benediktsson et al. 2016; 
McCracken et al. 2016; Iverson et al. 2017 and others in this 
special volume).

Improvements in the resolution of remotely sensed images (as 
well as the use of UAV photography), combined with GIS, have 
allowed more detailed bedform mapping over larger areas, and 
enabled the quantification of bedform morphology (Greenwood 
& Clark 2008; Clark et al. 2009; Hughes et al. 2010; Ely et al. 2016). 
This includes the unexpected result that the most common shape 
of a drumlin is symmetrical rather than the assumed asymmetric 
(with a steeper stoss-side) form (Spagnolo et al. 2012). In addition 
it has been shown that the frequency distribution of subglacial bed-
forms is log-normal (Fowler et al. 2013; Hillier et al. 2013; Dowling 
et al. 2015; Benediktsson et al. 2016; Hillier et al., this volume), this 
implies that there are stochastic processes at work in the formational 
environment that may have an impact on frequency or location.

At the same time, mathematical models have been developed 
to help understand subglacial landform genesis, including the 
instability models of Hindmarsh (1998a, 1998b, 1999), Fowler 
(2000, 2009), Schoof (2002, 2007), Barchyn et al. (2016) and 
Iverson et al. (2017).

Over the last 40 years it has also been shown that subglacial 
deformation is common. Detailed geophysical and in situ stud-
ies have shown that 20–85% of glacier motion occurs within 
the subglacial sediment layer (till) rather than the ice (Boulton  
et al. 2001), and deformation in this layer can be modelled as a 
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the specific bedforms at Skálafellsjökull, but also use these as an 
analogue for larger features associated with ice sheets, as part 
of a discussion of the conceptual bedform continuum model.

Field site and methods

The study was undertaken at Skálafellsjökull, Iceland (Fig. 1), 
an outlet glacier of the Vatnajökull icecap which rests on Upper 
Tertiary grey basalts. The area of the glacier is approximately 
100 km2 with a length of 25 km (Sigurðsson 1998). Historical 
records show that Skálafellsjökull was advancing during the late 
sixteenth and seventeenth centuries (Þorkelsson 1918–1920) 
and climate reconstructions for this period show relatively sta-
ble low temperatures between approximately 1550 and 1800 
(Moberg et al. 2005; Vinther et al. 2009; Hannesdóttir et al. 2015). 
Skálafellsjökull and its northern neighbour Heinabergsjökull 
advanced sufficiently to coalesce in approximately 1750, and 
Skálafellsjökull reached its Little Ice Age Maximum extent in 
1887. The two glaciers subsequently retreated until separation 
occurred sometime between 1929 and 1945, (Guđnason 1957; 
Ólafsson and Pálsson 1981; Hannesdóttir et al. 2015; Chandler  
et al. 2016a). Between 1945 and 1978/1982 (depending on the 
local position) Skálafellsjökull retreated, then advanced until 
2000, and has subsequently undergone retreat (Hart, 2017).

Our study was undertaken at two locations: an in situ study 
of subglacial processes at Site A; and the mapping of bedforms 
in the glacier foreland at Site B. Details of the till sedimentology 
in the foreland are discussed in Hart (2017).The field survey is 
within the 1945 limit (Fig. 1c) and there has been no record of 
surging behaviour.

In situ process studies

Data were collected via the Glacsweb environmental sensor net-
work (Hart and Martinez 2006; Martinez et al. 2017) which com-
prised sensor nodes (probes and geophones), base stations and a 
sensor network server in the UK (Fig. 2). The Glacsweb probes 
(0.16 m long) contained micro-sensors measuring water pressure, 
probe deformation, resistance, tilt and probe temperature (but 
only the water pressure and tilt results are discussed below). These 
data were recorded every hour, and transmitted to the base station 
located on the glacier surface. Probe data were sent diurnally via 
GPRS to a web server in the UK (Martinez et al. 2009).

The probes were deployed in the summer of 2008 and 2012 
in a series of boreholes, which were drilled with a Kärcher 
HDS1000DE jet wash system. The probes were deployed beneath 
ice that was 58–80  m thick as this the optimum distance for 
radio transmission through ice (Martinez et al. 2004; Hart et al. 
2006). In order to insert probes into the till, the presence of till 
was checked using a custom made CCD video camera. If till was 
present it was hydraulically excavated (Blake et al. 1992; Hart 
et al. 2006, 2009) by maintaining the jet at the bottom of the 
borehole for an extended period of time. The probes were then 
lowered into this space, enabling the till to subsequently close in 
around them. The measured depth of the probes within the till 
was not known, but is approximated at 0.1–0.2 m beneath the 
glacier base, estimated from video footage of the till excavation 
prior to deployment. Probes were also inserted into holes that 
did not reach the bed in order to study the ice behaviour.

shear zone (Hart & Boulton 1991; van der Meer 1993; van der 
Wateren et al. 2000; Hooyer & Iverson 2000; Hiemstra & Rijsdijk 
2003). Pore-water pressure is an important factor in determining 
subglacial processes and the resultant sedimentation (Boulton 
& Jones 1979; Alley et al. 1986; Clarke 1987; Brown et al. 1987; 
Hart & Boulton 1991; Hicock & Dreimanis 1992; Iverson 2010). 
Subglacial bedforms are a key part of the subglacial deforming 
layer (Boulton 1987; Hart 1997, Stokes 2017).

An essential part of understanding subglacial bedform for-
mation is knowledge about the relationship between the inter-
nal sedimentology and the external form of the landform (see 
reviews in Menzies 1979; Paterson and Hooke 1995; Hart 1997; 
Stokes et al. 2011, 2013a). A subglacial bedform is defined as 
“depositional” if there is a clear relationship between the internal 
sedimentology/geology and its’ external shape. Such bedforms 
often comprise a rock core surrounded by till (Crosby 1934; 
Boyce & Eyles 1991; Dowling et al. 2015, 2016). A bedform is 
defined as “erosional” if the internal sedimentology has no rela-
tionship to the external form. Unfortunately, in most bedforms 
the interior is not exposed.

Hart (1997) in a study of 31 drumlins from 22 sites, showed 
that only 6% of drumlins were depositional, 31% showed some 
internal deformation, but the vast majority were defined as ero-
sional. These comprised an internal sediment unrelated to the 
drumlin forming event, surrounded by a thin till carapace which 
was related to the drumlin forming event. Examples of this from 
Iceland include those from Fláajökull (Jónsson et al. 2016) with 
a glaciofluvial core, and Solheimajökull (Schomacker et al. 2012) 
with a core of stiff till, both surrounded by a deformation till car-
apace. However, Hart (1997) argued that all drumlins are related 
to net subglacial deforming bed erosion (when more sediment 
is removed from a given subglacial section). The sediment flux 
idea associated with drumlins was also discussed by Stokes  
et al. (2011) in relation to the instability models discussed above 
(Hindmarsh 1998a, 1998b; Fowler 2009; Schoof 2002) as well by 
Menzies et al. (2016) associated with deformation. Hart (1997) 
argues that the net removal of sediment (negative flux) is asso-
ciated with an increase in ice velocity or decrease in sediment 
supply. This concept concurs with recent measurements of high 
erosion rates beneath Antarctic ice streams (Smith et al. 2007, 
2012). Eyles et al. (2016) proposed a similar model (erodent 
layer hypothesis ELH) where the drumlins form from erosion 
at the base of the deforming layer (subglacial deforming bed 
erosion – Gjessing 1965; Cuffey & Alley 1996; Hart 2006a) with 
the carapace formed associated with constructional deformation 
(Hart et al. 1990) as the glacier retreats. It has also been sug-
gested that although the drumlins at Mulajökull were formed 
by deposition and erosion, the final erosional event results in 
the drumlins migrating down-glacier with time (Benediktsson  
et al. 2016; McCracken et al. 2016; and Jónsson et al. 2014; 
Iverson et al. 2017).

In this study, we investigate the streamlined bedforms from 
Skálafellsjökull, Iceland. These are composed of both till and bed-
rock, implying a combination of both deposition and erosion. We 
discuss in situ data from embedded wireless probes within the 
ice and till to investigate the type of subglacial processes occur-
ring at the site. We compare these findings with measurements 
of surface velocity, combined with high resolution mapping of 
the foreland. We use the results from this study to investigate 
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Water pressure was measured in meters water equivalent 
(m  W.E.) and calculated as a percentage of glacier thickness. 
The glacier thickness was determined from a 50 MHz Ground 
Penetrating Radar (GPR) survey and TOPCON GPS mounted on 
the base station which recorded positions throughout the year. 
The water depths were calibrated against the measured water 
depths in the borehole immediately after probe deployment.

The Glacsweb probes measure tilt with two dual axis 180° 
MEMS accelerometers. Values of 0° x-tilt and y-tilt represent the 
probe standing vertically, these were calibrated in the laboratory, 
and dip was calculated by trigonometry. The probe is normally 
almost vertical during deployment and inclines towards the hori-
zontal as the glacier moves over the till (Hart et al. 2009).

In order to estimate glacier surface melt, we used the positive 
degree day algorithm (Braithwaite 1995; Hock 2003). Air temper-
ature data were obtained from a meteorological station sited on 
the base station and, during short periods of mechanical failure, 
from a transfer function applied to data from the neighbouring 
Icelandic meteorological station at Höfn (approximately 30 km 
away to the East at sea level) (Hart et al. 2015). We used the 
degree day factors derived from Satujökull, Iceland (Johannesson 
et al. 1995), 5.6 mm d−1 °C−1 for snow and 7.7 mm d−1 °C−1 for 
ice. Albedo was calculated from MODIS data, using the threshold 

between ice and snow to be 0.45, on a 30 × 30 m grid ASTER 
DEM. This has accuracy in Arctic areas of between 5 and 10 m 
(Rees 2012), and although the SRTM DEM is generally more 
accurate it is not available for areas north of 60°N (Frey & Paul 
2012).

We define the seasons based on the melt rate/air temperature. 
During winter there is no melt apart from positive degree days 
(approximate day of year (DOY) 290-102); during the rest of 
the year there is continuous surface melt (melt-season). During 
spring there is a low but constant melt (~ DOY 103-155), sum-
mer is marked by a dramatic increase in melt (~ DOY 156-252), 
and autumn reflects a distinctly lower level of melt, usually with 
temperatures going below zero at night (~ DOY 253-289) (shown 
on Fig. 3a).

Glacier velocity measurements

Estimates of surface velocity were made in two ways: remote 
sensing of the whole glacier and a series of point measurements 
of velocity from four GPS stations.

Surface glacier velocity was determined using the speckle 
tracking algorithm within the European Space Agency (ESA) 
Sentinel Application Platform (SNAP). Intensity tracking is less 

Figure 1. (a) The location of Skálafellsjökull in Iceland; (b) Detail of the glacier and location of the sites, and the location of the glacier centre line velocity profile and Little 
Ice Age Limit, (c) Detail of the foreland (Site B), showing the location of the UAV survey (outlined in black), field survey (outlined in blue) and detailed sites, and the AD 
2000 readvance limit and AD 1945 limit.
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Figure 2. Glacsweb environmental sensor network: (a) schematic diagram; (b) photograph showing the base station, (c) photograph showing the insertion of a probe, (d) 
photograph of the installation of a custom built geophone

Figure 3. Probe Data: (a) In situ results water pressure (Till probes: P21, P24, P25; Ice probe: P26); (b) Detail from winter/spring 2009 (time shown above by dashed box).
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was used to check for unusual forms and identify the initiation 
point of lineations (Fig. 4b). The flute length and spacing were 
then measured. The flute spacing was established by mapping the 
crestlines of each identifiable feature and determined as crest to 
crest distance (Hoppe & Schytt 1953).

A field survey was undertaken (Fig. 1c) to ground truth the 
aerial survey and examine individual streamlined bedforms in 
detail. During the field survey the different types of bedforms 
were examined, and photographic surveys were taken in specific 
areas of the fluted till areas. The field survey allowed the percent-
age of till in each of the bedforms to be determined. The bed-
forms were imaged with a Nikon D610 digital camera using both 
still and video photography. The close range digital photography 
was used to reconstruct 3D structure using the Structure from 
Motion (SfM) technique in AgiSoft PhotoScan (Fig. 5). Table 2 
shows the details of the imaging. The orthophotos were then 
used to measure the bedform parameters; width, height, spacing, 
lengths, as well as calculate elongation ratio (length/width). For 
some of the flutes, the lengths were difficult to ascertain because 
the fluted area had been eroded by post depositional processes. 
In those cases the maximum exposed length was measured. The 
resultant elongation ratio would be an underestimation.

We also used the historical glacier records (discussed above) 
combined with the survey data to estimate an erosion rate over 
the bedrock flutes. This was calculated by the height of the 

precise than interferometry but given the high temporal cor-
relation of glacier surfaces, it is much more robust (Pritchard  
et al., 2005). Two Single Look Complex (SLC) TerraSAR-X 
images with an eleven day temporal baseline (5th and 16th 
October 2012) were calibrated and co-registered together using 
a DEM-assisted co-registration. The DEM was derived from 
airborne LiDAR data provided at 5 metre resolution from the 
Icelandic National Land Survey.

Velocities were then calculated using cross-correlation with 
a 5 × 5 moving window and a search distance of 64 pixels. Any 
displacements that had a cross-correlation threshold of 0.01 were 
removed, and the displacements were averaged to a 5 × 5 mean 
grid and converted to ground range.

On the glacier, 4 dual frequency Leica dGPS stations were 
installed at Site A, with a local base station on the moraine (2012–
2013). The stations recorded measurements at 15 s sampling rate 
continuously during the summer and 2 h a day during the winter. 
The GPS data were processed using TRACK (v. 1.24), the kine-
matic software package developed by Massachusetts Institute of 
Technology (MIT) (http://www.unavco.org/, http://geoweb.mit.
edu/~tah/track_example/). This enabled us to reconstruct both 
daily and annual velocities.

Survey

The foreland was investigated at two scales (Fig. 1c). Firstly by 
a large scale UAV photographic survey in 2013, and then a field 
survey in 2015 (of approximately the same area), where specific 
bedforms were identified and 8 sites examined in detail (includ-
ing photogrammetric surveys).

For the large scale UAV photographic survey, a Quest 200 
fixed wing UAV carrying a Panasonic DMC- LX5 camera was 
used. Fifteen ground control points (2 m2 targets) were employed 
which were surveyed using a Leica RTK dGPS deployed in Real-
time Kinematic (RTK) mode. The UAV was used in conjunction 
with a Leica dGPS. The survey was part of a larger survey of 
the Skálafellsjökull foreland (see details in Hackney & Clayton 
2015) that was used to produce a large scale geomorphic map 
(Chandler et al. 2016b).

The data were processed using the Structure from Motion 
(SfM) technique (Snavely et al. 2008; Westoby et al. 2012; Hackney 
& Clayton 2015; Ely et al. 2017) using AgiSoft PhotoScan soft-
ware. The details are shown in Table 1. The resulting orthophoto 
had a spatial resolution of 0.05 m and the DEM 0.1 m (Fig. 4a). 
These were then imported into ArcMap where it was hillshaded 
orthogonally to ice flow (20°, 200°) in order to illuminate lin-
eations. A z-factor exaggeration of 2 was also applied to aid 
identification of the landforms. A contrasting hill shade of 290° 

Table 1. Attributes of the Skálafellsjökull UAV survey.

Attribute Value
Survey altitude (m) 100
Photo endlap (%) 80
Photo sidelap (%) 60
No. of images captured 117
Image resolution (m) 0.05
DEM resolution(m) 0.04 m/pixel
Point density 605 points/km
Error 0.0022 m

Figure 4. (a) Orthophotograph of the area mapped with the UAV (with sites shown); 
(b) Hill – shaded DEM of the survey area. Hill shade is from 20° to a 45° azimuth with 
a z-factor scaling of 2 (with sites shown).

http://www.unavco.org/
http://geoweb.mit.edu/~tah/track_example/
http://geoweb.mit.edu/~tah/track_example/
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year, with some distinct events during the winter/spring of 2009 
and short-term events during winter 2009/2010. The probes were 
deployed in an area approximately 30 × 10 m.

Tilt data from the till probes shows that there was movement 
all year, although the winter rate is 60% of the melt-season rate. 
However, superimposed on this general trend is significant local 
variation. Table 3 shows how the tilt varies (expressed as the 
standard deviation as a percentage of the mean melt season tilt) 
over the relatively small area studied (measured from the probe 
closest to the centreline P31) during the melt-season. This indi-
cates the variation in the amount of deformation beneath the 
deforming layer on a relatively small scale, reflecting changes in 
pore water pressure or the relationship to obstacles.

Figure 3b shows detail of winter/spring 2009. Probe 21 (in the 
till) has a constant high water pressure. Probe 26 (in the ice) has 
a diurnal cycle and responds to high melt water inputs (with a 
five day lag). In contrast, Probe 24 (in the till) has a very different 
pattern, which is not recorded by any other of the probes. At the 
start of the record (DOY 23-66), Probe 24 behaves in a similar 
way to Probe 21, with constant high water pressure and no rela-
tionship to any high melt water events. However, the water pres-
sure values are much higher, over 100%. At 15:00 on DOY 67 the 
water pressure changes slightly and by the following day a diurnal 
cycle had begun. This comprised water pressures rising abruptly 
at noon (to even higher levels) and then slowly declining over 
the subsequent twenty-four hours. This pattern continued until 
DOY 72, after which time the water pressure significantly declined 
and responded to surface melt. There was still a diurnal cycle, but 
now it was less regular and comprised a rapid rise at 12:00, slight 
decline during the afternoon and then a sharp fall around 23:00.

We know that initially Probe 24 was located within the till 
where it was not affected by short-term changes in surface melt 
water. We suggest that the extreme high pressures were not 
related to melt water forcing events (as proposed by Murray & 
Clarke 1995) but instead relate to a local physical constraint, 
for example, an obstacle within the deforming layer such as a 
larger clast or stiffer till. On DOY 67 a change happened to the 
probe, as it began to experience a high water pressure diurnal 
cycle. This must imply that it came in contact with the subgla-
cial meltwater system. The most realistic explanation is that it 
moved from a till depth of approximately 0.2 m, up to the ice/
till interface itself where it came into contact with a water film. 
Since it was still under high water pressure conditions it must 
still have been constrained by the physical obstacle. The vertical 
movement of probes in the system has been previously recorded 
by the authors at Briksdalsbreen, Norway, where a probe that 
was initially deployed in the till, was discovered on the glacier 
surface. We presume the Briksdalsbreen probe was moved up 
to the ice/till interface and then rapidly transported up to the 
glacier surface via a glacier fountain event (which were recorded 

bedform divided by the minimum length of time the glacier was 
present at each site. The date of retreat was estimated from the 
air photography and satellite data discussed in Hart (2017) and 
the date of advance from a linear extrapolation of the histori-
cal records. Given the relatively stable low temperatures during 
1550–1800, a linear relationship would provide a realistic esti-
mate of the rate of glacier advance 1600–1750.

Results and interpretation

In situ process studies

The data collection was successful with data collected 2008–2010 
and 2012–2013 (discussed in detail in Hart et al. 2015). Fig. 3a 
shows the water pressure recorded from three in situ probes from 
2008 to 2010, three are in the till (P21, P24, P25), and one in the 
ice (P26). In general, water pressure was high throughout the 

Figure 5. Orthophotographs of the flute areas: (a) Site 1a (image looking towards 
the north east); (b) Site 1b (image looking towards the south east); (c) Site 4 
(image looking towards the north east) (the scale is marked by the scale bar in the 
approximate centre of the image).

Table 2. Details of the Photogrammetric survey.

Site Aligned photographs Tie points Error
1a 46 9098 2.96 mm
1a (video) 501 1269 1.95 mm
1b 7 5614 0.859 mm
1b (video) 273 1269 1.95 mm
1c 6 2149 0.427 mm
3 4 943 0.629 cm

Table 3. Melt season tilt variation.

Glacier thickness

Distance from site 
closest to centreline 

(P31)

Mean season tilt 
variation (s.d. as a % 

of mean tilt)
P21 58 40 m 90%
P25 59.5 25 m −76%
P31 69 – −21%
P32 67.5 10 m 8%
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These features represent two distinct scales: (a) the small scale 
(width less than 4 m), till and bedrock flutes, and (b) the large 
scale (width greater than 4  m), composite and bedrock large 
flutes, and rock-cored drumlins. They can also be divided into 
features with a mobile core, such as the till flutes, and a sta-
tionary core, including bedrock and composite large flutes and 
rock-cored drumlins. We can quantify the relative mobility of 
the core by the percentage till within the bedform. We can also 
derive a threshold height, taken as the mid-range between the 
maximum flute height and minimum drumlin height (individual 
bedforms), which at Skálafellsjökull was 1.56  m. Table 4 also 
shows an estimation of the erosion rate over the bedrock flutes, 
which had a mean of 2.13 mm a−1 (s.d. 0.72).

Figure 8a shows the relationship between the elongation 
and the height of the feature. The till flutes are generally the 
same size and have a high elongation ratio, but low height. This 
height relates to size of the core stone. In contrast, the rock bed-
forms (bedrock and composite large flute, fluted rock) have an 

at Briksdalsbreen) through an englacial connection (moulin/
crevasse).

On DOY 72 the water pressure recorded by Probe 24 dra-
matically falls and this coincides with a melt water event. These 
events occur throughout the winter when air temperature rises 
above approximately 2 °C (Hart et al. 2015) and are associated 
with speed-up events. We were able to record this relationship 
in 2012/2013 as well as being reported in the literature (Iken et 
al. 1983; Willis 1995; Hubbard & Nienow 1997; Anderson et al. 
2004; Sugiyama et al. 2010). We suggest this event dislodged 
either the probe or the obstacle, so that the probe was no longer 
constrained by a physical obstacle, but still in direct contact with 
subglacial meltwater and thus could continue to respond directly 
to meltwater events.

Survey

The results of both surveys showed that fluting was ubiquitous, 
covered almost the whole area and was associated with both till and 
bedrock. A total of 322 flutes were mapped on the till areas from 
the UAV survey (Fig. 6a). The flutes have a mean spacing of 1.99 m 
and a unimodal distribution with a strong positive skew. Plotting 
the log of the measurements demonstrates that they approximate 
a log-normal form (Fig. 6b). The Shapiro-Wilk test (typically used 
with samples less than 2000) was used to test if log-normal distri-
bution was statistically significant. The W value was 0.925 and the p 
value was 0. This indicates that the sample was close to log-normal 
(where W = 1) but since the p value was less than 0.05 we can reject 
Ho (normality) and suggest the values are not statistical signifi-
cantly log-normal. The flute lengths were also measured, which 
also showed a unimodal distribution and positive skew (Fig. 6c).

The field study allowed the more detailed examination and 
classification of the bedforms (Table 4):

(1)  Till flutes (Fig. 4a and b) – We examined three specific 
areas within Site 1 area. In some flutes a core stone was 
present, however some of flutes had been eroded by 
post depositional processes so it was not possible to 
determine whether a core stone was present or not.

(2)  Bedrock large flutes (Fig. 7a) – The bedrock has been 
shaped into a streamlined form, these are large features 
observed from the UAV survey.

(3)  Mixed till and bedrock fluted areas – These typically 
consist of a mixture of narrow fluted bedrock emerg-
ing from a fluted till surface (Site 3) (Fig. 4c). Site 4 
comprises a large roche moutonnée feature with till 
and bedrock flutes on the lee-side a steep jagged cliff 
on the stoss side (Fig. 8b).

(4)  Composite large flutes – these comprise both till and 
bedrock. Site 5 comprises streamlined bedrock with a 
till tail (Fig. 7c). Site 7 comprises a large feature com-
prised of till, but with bedrock within it (but not in the 
typical stoss side) (Fig. 7d).

(5)  Rock-cored drumlin (Fig. 7e) –The stoss side is com-
posed of abraded bedrock and the lee side is com-
posed of till. These landforms have been observed at 
other sites in Iceland, e.g., Langjökull (Hart 1995a), 
Eyjabakkajökull (Schomacker et al. 2014) and 
described as rock cored drumlins.

Figure 6. Results from the large scale flute survey from the till areas (n = 322: (a) 
histogram of flute spacing (excluding 4 outliers above 10 m); (b) Histogram of (log) 
flute spacing; (c) histogram of mapped flute lengths.
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We described one unusual event that occurred during winter/
spring 2009, where a probe (Probe 24) must have changed loca-
tion, from within the till (water pressure over 100% of glacier 
depth) to the ice/sediment interface (high but diurnal water pres-
sure), to another location at the ice/till interface after a surface 
melt-related speed-up event (diurnal and meltwater input related 
variability). We have proposed that initially the probe was held 
behind a physical obstacle. One interpretation is that the initial 
obstacle could have been the core stone of a flute (Fig. 10a), 
and then continued deformation of the till caused the probe to 
move up to the ice/till interface behind the clast where it came 
in contact with the subglacial meltwater system (Fig. 10b). At 
this point the probe experienced high but diurnal water pressure 
variations. After a winter speed-up event the probe was moved 
away from an obstacle (in an area with lower water pressure) but 
still at the ice/till interface. It is not known whether it was the 
probe or flute core (assuming this was the obstacle) that moved 
after the speed-up event. Although it is probably more likely to be 
the probe, since we already recorded its mobility. The probe may 
have been forced to flow around the flute core clast. It may have 
been deposited in the flute itself (Fig. 10c) (which may explain it’s 
relatively consistent subsequent behaviour) or maybe was carried 
along in the interflute area.

Assuming the obstacle were a flute core stone, then it is more 
likely the probe moved rather than the core, since the core must 
be relatively stable within the deforming bed (to form the flute) 
and we have suggested the already interpreted probe movement. 
The probe may have been forced to flow around the flute core 
clast. It may have been deposited in the flute itself (Fig. 10c) 
(which may explain it’s relatively consistent subsequent behav-
iour) or maybe was carried along in the interflute area. Given 
our observations about the till deformation throughout the 
year and local variability in tilt, combined with data about rapid 
winter probe (i.e., clast) movement associated with normal and 
speed-up conditions (irrespective of whether it was in the flute 
or not), we suggest that the conditions for flute formation occur 
all year.

Flute formation

Most researchers on flutes have supported the theories of Dyson 
(1952) and Boulton (1976), who suggested flutes form due to the 
presence of a core stone that causes the development of a small 

intermediate height and elongation ratio. The rock-cored drum-
lin has the greatest height and lowest elongation ratio. Figure 8b 
investigates the relationship between elongation ratio and obsta-
cle mobility (percentage till). Again the till flutes cluster together.

Estimate of ice velocity during bedform formation

The remotely sensed feature tracking provided a glacier-wide 
estimation of surface velocity for October. This was calibrated 
to an annual velocity by comparing these October results with 
the measured annual results from the point measurements. The 
point measurements had a mean error estimate for North, East 
and height Sigma per day (m) of ±0.0045, ±0.0032, ±0.0092, 
respectively. We used this to construct a calibrated glacier cen-
tral line velocity profile (location shown in Fig. 1b and results 
in Fig. 9).

Assuming the pattern of ice velocities remained similar when 
the glacier was more extensive, we use the distance from the mar-
gin/glacier velocity relationship shown in Fig. 9, to make an esti-
mate of glacier velocity when the bedforms were formed. This is 
reasonable assumption to make as the factors that control glacier 
velocity such as rate of meltwater delivery, bedrock topography 
and bedrock geology would have remained relatively constant. 
Since it is not known how long the bedforms take to develop (i.e., 
which ice limit they relate to), we have taken the maximum as 
the Little Ice Age limit (Fig. 1b) (bedform location 1400–1700 m 
from Little Ice Age limit), and a lower measurement from the 
1945 (limit of the field survey area, Fig. 1c) (bedform location 
115–530 m from 1945 limit). This gives a mean velocity estimate 
of 31 and 18 m a−1, respectively. The current till flutes formed at 
Site 1 may have been formed within 50 m of the 2012 limit giving 
a velocity of 9.2 m a−1.

Discussion

The survey showed that fluting occurred everywhere in the 
exposed subglacial surface on the foreland, irrespective of geol-
ogy. It is then not unreasonable to suggest that the probe behav-
iour, which recorded the subglacial processes, may be related 
to active flute forming conditions. The results from the in situ 
studies show that the till was deforming and that deformation 
occurred throughout the whole year, and there was local varia-
bility in the amount of tilt.

Table 4. Details of the measured bedforms.

Type of bedform Number
Mean width 

(cm)
Mean height 

(cm)
Mean length 

(cm)

Mean spacing 
(crest to crest) 

(cm)
Elongation 

ratio % till

Erosion 
rate (mm 

a−1)
Site 1a Till flutes 22 25.70 16.86 >1148 34.95 >44.66 100 –
Site 1b Till flutes 20 22.40 17.20 >1278 34.00 >57.05 100 –
Site 1c Till flutes 10 28.96 13.32 >1310 44.20 >45.23 100 –
Site 2 Fluted bedrock 4 290.43 101.50 691.66 – 2.40 0 2.49
Site 3 Till flutes 10 20.75 19.38 1875 32.81 90.36 100 –

Fluted bedrock 6 98.76 25.10 800 – 8 0 0.62
Site 4 Till flutes 12 24.09 25.23 3250 134.91 100 –
Site 5 Streamlined rock 

core/till tail
1 Rock = 300 Rock = 36 369 – 4 56 2.53

Till = 36 Till = 24
Site 6 Bedrock large flutes 4 450 64 5617 500 12.48 0 1.79
Site 7 Composite large flute 1 780 75 6686 – 8.57 98 –
Site 8 Rock cored drumlin 1 752 210 1050 – 1.40 56 –
Mean till flutes 24.02 17.84 1772.2 36.12 74.44 100 –
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Figure 7. Photographs of the bedforms at Skálafellsjökull: (a) large fluted bedrock (Site 6) (scale 1.5 m across in foreground); (b) fluted area on the stoss side of a roche 
moutonnée (Site 4) (scale: view width 4 m); (c) flute with streamlined bedrock stoss side with till tail (Site 5) (scale: flute tail maximum height 0.24 m); (d) composite large 
flute composed of till and rock (Site 7) (scale: view width 3.5 m in foreground); (e) rock-cored drumlin (Site 8) (scale: height 2.1 m, length 7.52 m).
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streamlining and that there is a relationship between scale, 
mobility and elongation ratio. This is evidence that there is both 
“deposition” and “erosion” within the deforming layer, since the 
till can be potentially both deposited and eroded, but the bed-
rock has to have been eroded into the streamlined form. The 
continuity of form in both till and bedrock in one flute (e.g., the 
composite flutes) indicates that both deposition and erosion are 
occurring simultaneously. Thus, we propose a new theory for 
bedform formation, based on this Skálafellsjökull data.

We know from numerous flute studies (as discussed above) 
that flute initiation cores are very common. Based on the Boulton 
(1976) boulder initiated deforming bed model for flutes, we sug-
gest that the till flutes form as the till flows into a low pressure 
area behind the core stone (deposition). The flow of till is known 
because of till fabric studies (see references above), which typi-
cally show converging fabrics just proximal to the core clast (on 
the lee-side) and parallel with the flute (and highly oriented) 
further down the tail. However, we know from Skálafellsjökull 
that at the same time, erosion must be occurring in between 
the flutes. This must occur in both till and rock flutes, so within 
the till flutes, till must be removed from the interflute areas. 
This erosion will be due to either till (erosion at the base of the 
deforming layer, Gjessing 1965; Cuffey & Alley 1996; Hart 2006a) 
or directly by ice).

We were able to measure the erosion rate associated with the 
bedrock rock flutes, which gave a result of 2.13 mm a−1. Estimates 
of glacial erosion for temperate glaciers are normally considered 
to be in the range of 1–2 mm a−1 (Hallet et al. 1996), but higher 
rates have been reported from Iceland (3–3.75 mm a−1, Boulton 
1982; 3.8 mm a−1, Lawler et al. 1992), and our results are similar 
to these.

We suggest the process of simultaneous deposition behind 
the core stones and erosion between the flutes will remain stable 
within the deforming layer. This will be disrupted by the pres-
ence of either a stationary object, such as bedrock, or a mobile 
object larger than the threshold size (as discussed above). Where 
there is a relatively short stationary object, this will behave as a 
core stone, and till flutes will form in the lee-side (e.g., Site 5, 
Fig. 7c), and/or a wide composite flute will form (Site 7, Fig. 
7d). Where the obstacle is larger than the threshold height a 
drumlin will form (Site 8, Fig. 7e). In addition, with all these 
examples the stationary bedrock obstacle is also undergoing 
erosion/streamlining.

The variety of material over which the bedforms have devel-
oped at Skálafellsjökull (till, mixed, bedrock) makes the forma-
tion of flutes by the instability theory very unlikely as this is a 
depositional process, rather than the simultaneous erosional and 
depositional process observed at this site.

Simultaneous depositional and erosion bedform model
We can apply this simultaneous deposition and erosion model 
to the formation of the different types of bedforms are illustrated 
in Fig. 11. The till flutes form associated with a mobile obstacle 
(core stone) (Fig. 11a). However if the till cover is thin or patchy, 
this may accumulate in till flutes on a bedrock surface (Fig. 
11d). These were not observed at Skálafellsjökull, but have been 
reported in the literature (Karlén 1981). Over bedrock, flutes 
form behind more resistant elements of the bed (Fig. 11b), or 
from erosion which began from an obstacle in the till (such as 

lee side cavity, into which till flows, and this grows down ice 
(Benn 1994; Hart 2006b; Roberson et al. 2011; Eyles et al. 2015; 
Ely et al. 2017). Alternatively, it has been argued that flow cells 
exist within the till which move sediment away from the troughs 
to the crests, and the resultant flutes would be marked by a her-
ring-bone pattern, often called the instability theory (Shaw and 
Freschauf 1973; Rose 1989; Schoof & Clarke 2008).

Table 5 shows flute characteristics from other glacier forelands 
as reported by the authors. Within a foreland area the flutes tend 
to be of a similar size. However, there are two types of forelands, as 
seen in the table. In some (e.g., Briksdalsbreen, Kjennsdalsbreen, 
Exit Glacier), flutes are the only bedform present, whilst in others 
(e.g., Skálafellsjökull, Vestari-Hagafellsjökull, Athabasca Glacier 
and Columbia Glacier) there is a clear distinction between flutes 
(short with high elongation ratio) and drumlins (tall with low 
elongation ratio) or streamlined bedrock (tall with low elonga-
tion ratio). In these environments a threshold height between the 
two bedforms can be calculated. This threshold height may reflect 
the thickness of the deforming layer or be related to the flux rate 
of till and/or ice associated with the lee-side cavity.

The vast majority of flutes (described in all the studies 
above) are composed of till, and thus these models (whether 
“boulder initiated” or “instability”) are depositional. However 
at Skálafellsjökull we have evidence for both till and bedrock 

Figure 8. (a) The relationship between the mean elongation and the mean height 
of the feature; (b) relationship between the mean elongation ratio and the mean 
till mobility (% till).
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time, and can be thought of as a framework structure within an 
otherwise mobile bed.

Once the obstacle is larger than a threshold depth, the till 
flows around the obstacle which causes the feature to become 
more circular (rather than linear). On bedrock this will produce 
a whaleback/rock drumlin, caused by erosion at the base of the 
deforming layer (as was demonstrated at Athabasca Glacier, 

in Fig. 11d) but continued in this location once the obstacle was 
removed (legacy).

Where the bedrock is fixed, till flutes can form behind the 
obstacle in a similar way to the till flutes with a mobile core. 
Composite large flutes form where a broad (but relatively short) 
rock obstacle provides a core stone as part of an existing flute 
(Fig. 11c). These stationary obstacles may remain constant over 

Figure 9. Annual surface velocity along the glacier centre line (based on ground truthed speckle tracked data) (location shown in Fig. 1b).

Figure 10. Schematic interpretation of the 2008 winter/spring event (upper figure: Probe 24 water pressure and melt as shown in Fig. 3b): (a) location of Probe 24 during 
DOY 23-66; (b) location of Probe 24 DOY 67-72; (c) location of Probe 24 DOY 73 onwards.

Table 5. Flute characteristics from some temperature glacier forelands.

Average height (m) Max height (m)
Threshold between flutes and 

other bedforms Other streamlined bedforms
Briksdalsbreen, Norway (Hart 2006b) 0.33 0.9 – No
Kjennsdalsbreen, Norway 0.29 0.3 – No
Vestari-Hagafellsjokull (Hart 1995a) 0.2 0.3 0.5 Drumlins
Columbia Glacier, Alaska (Hart & Smith 1997) 0.25 0.3 0.8 Drumlins
Exit Glacier, Alaska (Hart 1995b) 0.3 0.4 – No
Athabasca Glacier (Hart 2006a) 0.3 0.4 0.8 Streamlined bedrock
Skálafellsjökull 0.17 till 0.28 till 1.56 Yes

0.84 bedrock 1.02 bedrock
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Figure 11. Schematic model for bedform formation (a) till flutes, (b) rock flutes, (c) composite flutes, (d) till flute on bedrock, (e) rock-cored drumlin, (f ) erosional drumlin, 
(g) superimposition of smaller bedforms on larger bedforms.
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In this way, both erosion and deposition are occurring at 
the same time. During flute formation, erosion occurred in the 
interflute areas, and deposition in the low pressure area behind 
the clasts. In the drumlin, the erosion is in the faster moving till 
in the interdrumlin areas, and deposition only if a low pressure 
area exists. The till in the carapace reflects the final deposition 
of the deforming bed itself.

Bedform continuum

Rose (1987) argued for a conceptual bedform continuum and 
presented a relationship between bedform length, elongation 
ratio, ice velocity and ice thickness (although Ely et al. 2016 have 
demonstrated there is both clustering and continuity between 
bedform shapes). The bedform continuum concept suggests that 
the bedforms of different scales are formed by similar processes. 
We present some variations on this classic schematic diagram. 
We suggest that the height of the bedform is a more impor-
tant distinguishing factor than length, since the latter is already 
incorporated in the elongation ratio, and we have demonstrated 
the importance of a threshold height. Table 6 presents the mean 
height, elongation ratio and ice velocity from the different bed-
forms, and this is shown schematically in Fig. 12a.

At Skálafellsjökull we had evidence for flutes, large flutes and 
drumlins within the foreland. By definition MSGL’s are large fea-
tures, and extensive studies of their morphology, such as from Ely 
et al. (2016) are taken from Quaternary ice sheet sites (from sat-
ellite images) and the smallest 10th percentile are approximately 
400 m long and 80 m wide. Bedforms of such large scale would 
be unlikely to form beneath valley glaciers and we suggest that 
the large flutes represented at Skálafellsjökull are a valley glacier/ 
smaller scale equivalent to MSGL. Given the bedform continuum 
model, we argue that MSGL’s are similarly formed by the same 
processes as flutes and drumlins (Hart 1997; Hindmarsh 1998b; 
King et al. 2009; Smith and Murray, 2009; Clarke 2010; Menzies 
et al. 2016, Stokes 2017).

We propose these different scale bedforms are related to bed 
mobility and velocity (Fig. 12b). We show the bed mobility as 
three general types: high mobility (till), intermediate mobility 
(heterogeneous bed, comprising mixed till and bedrock, jointed 
bedrock, deformable bedrock) and low mobility (homogeneous 
bedrock).

We suggest there are two possible pathways through the con-
tinuum. At low velocities flutes and drumlins form, but the differ-
ence between them is due to the threshold height of obstacles. It 
has been argued that as velocities increase drumlins will become 
elongated (Hollingworth 1931; Hart 1999; Stokes & Clark 2002; 
Stokes et al., 2013a). Sometimes drumlins become elongated into 
MSGL, so making distinguishing between the two landforms 

Hart 2006a). Where there is a large stationary obstacle till may 
surround the core (Boyce & Eyles, 1991; Hart 1995a; Meehan et 
al. 1997; Chao Lu & Zhi Jiu, 2001; Fuller & Murray 2002) (rock-
cored drumlin). Deposition will occur in the lee-side of the clast 
(in a similar way to the flute), with till erosion shaping the outside 
(Fig. 11e). Till fabrics within these drumlins are often oriented 
with the shape of the feature (Hill 1971; Hart, 1997). Where the 
obstacle is more rigid, then a drumlin will form from the erosion 
of the faster moving till (Fig. 11f), and produce the classic “ero-
sional” drumlin where the internal form of the drumlin (which 
may be till or stratified sediments) bears no relationship with 
the drumlin form (Boyce & Eyles 1991; Hart 1997; Stokes et al. 
2013a; Eyles et al. 2016). Till fabrics within the carapace will 
mirror the form of the drumlin (Hart 1997; Menzies & Brand 
2007). Once any bedform is produced, smaller features such as 
flutes will be formed on top of it associated with the mobile clasts 
in the deforming layer passing over the larger bedform (Fig. 11g).

Table 6. Typical sizes of streamlined bedforms.

Mean height (m) Mean elongation ratio

Mean velocity

m a−1

Flute (this study) <0.2 ~100 ~10–30
Large flutes (this study) <1 ~10 ~10–30
MSGL (King et al. 2007; Spagnolo et al. 2014; Ely et al. 2016) 1–9 2–200 >200
Drumlin (this study, Hart 1999; King et al. 2007; Spagnolo et al. 2012) 0.5–40 2–80 25–100
Streamlined hill (Rose 1987) >50 <4 –

Figure 12.  Bedform continuum: (a) schematic relationship between bedform 
height and elongation ratio; (b) schematic relationship between ice velocity and 
bed mobility.



14   J. K. HART ET AL.

took place throughout the year, and that there were variations in 
till deformation over a relatively small area, and glacier speed-up 
events may have an effect on flute development. We were also 
able to make an estimation of the ice velocities associated with 
these processes (9.2–31 m a−1) and show an erosion (by till or 
ice) rate on the bedrock flutes of 2.13 mm a−1.

We demonstrated the formation of flutes associated with 
a mobile till bed. These form in the lee-side of core stones. 
However, where the obstacle was stationary or larger than a 
threshold height, then other forms of bedforms were produced. 
At Skálafellsjökull, stationary cores greater than the threshold 
height of 1.56 m led to the formation of rock-cored drumlins, 
whilst those less than the threshold height formed long wide large 
flutes (of rock and till). The latter are probably a good example 
of (very small) MSGL that have not formed from the elongation 
of drumlins, but rather the simultaneous deposition and erosion 
associated with stationary obstacles in the bed.

We discuss the subglacial bedform continuum in relation to 
elongation ratio and height, as well as bedform mobility and ice 
velocity. These form under a net erosional sediment flux. The bed 
in a heterogeneous mobility bedrock zone will be irregular with 
both mobile and stationary obstacles. At any one time, bedforms 
will develop which will be the result of active obstacles but also 
previous obstacles that have now been eroded away.

Thus, we have used a range of techniques to measure glacial 
processes, combined with detailed surveying, to understand the 
formation of an array of subglacial bedforms exposed in the fore-
land. We suggest these were formed from simultaneous deposi-
tion and erosion (by till and ice), under a net erosional regime, 
and reflect a subglacial bedform continuum based on bedform 
height, elongation ratio, bed mobility and ice velocity.
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