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Abstract

Recent research has raised concerns about the potential influence of rapid climate change
on the stability of major ice sheets. The behaviour of glaciersis determined largely by the
processes and conditions operating at their base. Technological advances have enabled
these factors to be examined and their contribution to ice flow constrained. This study
investigated the rapid disintegration of an aquatic based Norwegian glacier, through the
study of boreholes, video, GPR, dGPS, bathymetry and Glacsweb wireless probes.
Briksdal sbreen retreated dramatically between 2000 and 2007, with approximately 56 x
10° m°® of ice lost from the glacier tongue, equivaent to arate of 70 m a™*. Thiswas due
to the combined effect of higher summer temperatures, decreased precipitation (resulting

from a negative phase of the NAO) and increased fracturing of the glacier tongue. The
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enlargement of aproglacial |ake played akey role in Brikdalsbreen’ s rapid retreat,
enabling calving events and promoting crevassing and fluctuating water contents at the
glacier margin. We suggest that hydro-fracturing was the dominant mechanism
responsible for generating more crevasses each year, which facilitated the development of
an efficient englacia drainage system. Thisfed increasing quantities of water to the bed
where it was stored in subglacial cavities and transferred through a distributed (‘Slow’)
drainage system. However, despite this increase in subglacia water content, ice
velocities remained constant during the break up. Comparisons are made between the
processes observed at Briksdal sbreen and those associated with the acceleration and rapid

retreat of Greenland’ s tidewater glaciers.

I ntroduction

The response of glaciers to climate change is complex, and numerical models have failed
to predict the rapid ice loss observed (Alley et al. 2005; Vaughan & Arthern 2007; IPCC
2007). This presents a serious limitation to the prediction of global sea-level changes.
Uncertainty within models of ice sheet dynamicsislargely attributed to alack of
understanding of internal glacier dynamics that complicate the relationship between
climate and key glaciological variables (Howat et al. 2007; Nick et al. 2009).
Mechanisms for rapid break up of calving glaciers have been attributed to increased air
temperatures and a corresponding rise in glacier surface melt that resultsin elevated
englacial and subglacial melt water inputs. In turn, this may result in enhanced basal

lubrication (Zwally et al. 2002), or hydro-fracturing of water filled crevasses (Sohn et al.



45

46

47

48

49

50

51

52

53

55

56

57

58

59

60

61

62

63

64

65

66

67

1998) accompanied by arelease of back-stresses (Thomas 2004), which may lead to
faster flow, thinning and rapid retreat.

Southern Norway has one of the best records of glacier limits since the “Little Ice
Age” maximum (1748 AD) (Grove 1988; Bogen et al. 1989; Bickerton & Mathews
1993), from dated moraine studies (Andersen & Sollid 1971; Nege et al. 1991; Mathews
2005) and marginal monitoring from the beginning of the twentieth century (Rekstad
1904; Kjgllmoen 2007). During the 1990s the maritime glaciers of the Jostedalsbreen ice
cap in Southern Norway advanced rapidly, but since 2000 have been undergoing dramatic
retreat. Numerous researchers have argued that the recent readvance was due to increased
winter precipitation and snow accumulation (Liestal 1967; Hurrel 1995; Winkler et al.
1997; Nege et al. 2000). Nege and Dahl (2003) and Chin et al. (2005) have suggested
that thisis caused by a positive phase of the North Atlantic Oscillation (NAO).
Consequently, the subsequent dramatic retreat has been attributed to a combination of
decreased winter precipitation (a negative phase of the NAO) and increased summer
temperatures (Winkler et al. 2009; Laumann & Nesie 2009).

Our study was based at Briksdal sbreen, one of the outlet glaciers (with an aquatic
margin) of Jostedal sbreen, which advanced approximately 400 m (1987-1996), before
retreating over 400 m (1996-2007). The rapid retreat of this glacier can be compared
with the current dramatic break up of aguatic Greenland outlet glaciers (Joughin et al.
2004; Howat et al. 2005; Krabill et al. 2004; Nick et al. 2009) as both are associated with
hard rock beds and ice that is channelled through confined valleys.

The work carried out at Briksdal sbreen was centred around the Glacsweb System

(Martinez et al. 2004). This comprised the devel opment and deployment of a series of



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

autonomous multi-sensor wireless probes, established within the first glacier-based
environmental sensor network (Hart & Martinez 2006; Hart et al. 2006). These
instruments were designed to monitor the physical properties of, and processes occurring
in, both englacial and subglacial environments. A number of additional techniques were
used in support of this system. For example, the use of Ground Penetrating Radar (GPR)
provided a second measure of ice depth and enabled us to image both the internal ice
structure and subglacial topography across the study grid. These additional techniques
allowed us to examine the nature of the glacier as awhole and provided both a multi-
sensor and -instrument approach to the investigation.

Previous papers have focused on detailed analysis of the probe sensor readings
and their relevance to seasonal/short term glacier activity. Here we present an overview
of Briksdalsbreen’s frontal variations and its recent catastrophic break up. We draw upon
arange of techniques and data sources to assess the glacier’ s limits from 1900 and
investigate changesin itsinternal structure since 2003, during the height of the glacier's
retreat over the course of the Glacsweb study period (2003-2006). GPR, borehole video,
and Glacsweb wireless subglacial probes, were used alongside differential GPS (dGPS)
surveying and sedimentological techniques, to quantify the amount of retreat experienced
by the glacier and investigate englacial and subglacial changes associated with the rapid

retreat.
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Briksdalsbreen fluctuations

Briksdalsbreen is an outlet glacier of the Jostedal sbreen ice cap — the largest in mainland
Europe (Figure 1). Since the Little Ice Age maximum, Briksdalsbreen has shown net
retreat up a steep sided valley, but experienced small readvances during 1910 and 1925,
followed by rapid retreat after 1940 (Figure 2). The present day proglacial lake
(Briksdalsvatnet) first formed in 1939 and reached its maximum size in the early 1950s
(Liestal 1976). The glacier subsequently readvanced from 1955 to 1996, but was
relatively stable between 1996 and 2000. It has most recently experienced renewed
retreat, at arate of approximately 70 m a* (Kjollmgen 2007). In November 2006, afinal
100 m section of ice collapsed into the lake, resulting in the glacier margin resting on a
rock step at the base of theice fall and above the lake. Since then, the retreat has slowed
to 21 m a* (Kjollmgen 2007; pers com. L. Andreassen).

The glacier limits between 1996 and 2000 can be clearly seen in the landscape,
marked by a sequence of annual push moraines at the margin and an erosional bedrock
trimline on the valley sides (Figures 1b, 1c, 1e and 2b). Between 2001 and 2005 a
subglacial surface, comprising lineations and flutes, was exposed (Winkler & Nege 1999;
Hart 2006; Rose & Hart 2008).

The surface of the glacier was debris-free (Figure 1b) and marked by crevasses,
whose frequency and magnitude increased each year (2003-2006). In addition, during the
2006 field season, the glacier toe was buoyant and, unlike previous years, frequent

calving events were observed.
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M ethodology

The location of the glacier margin and moraines were mapped each year with a Topcon
dGPS system using a kinematic survey. Lake bathymetry was surveyed with a0.25 Hz
echosounder mounted on an oar-powered inflatable boat, along an approximate 10 m by
15 m grid mapped using dGPS. Strong currents in the lake and the presence of icebergs,
lead to unavoidable irregularities in the grid shape and prevented sampling close to the
ice margin.

Sites on the glacier were chosen for detailed subglacial observations. Site A, used
in 2003, became unsafe and so the study area was moved to Site B from 2004 (Figure
1b). Table 1 highlights that Site A:2003 and Site B:2005 were of a similar distance from
the margin. Site B:2004 was furthest from the margin, and Site B:2006 the closest. At
each site a series of boreholes were drilled with a Kércher HDS1000DE jet wash system
(Figure 3). Once the boreholes were made, the internal structure and bed of the glacier
were examined using a custom-made CCD video camera which used infrared (900 nm)
illumination in 2004 and awhite LED illumination colour camerain 2005. Glacsweb
wireless probes (16 cm long, axial ratio 2.9:1; Figure 1d) were aso installed in some of
the boreholes. Probe micro-sensors measured water pressure, probe deformation,
conductivity, tilt and probe temperature, although only the water pressure results are
discussed below. Data were collected six times aday, every four hours, and then
transferred daily viaradio communications to a base station located at the glacier surface.
The base station relayed thisinformation once a day to areference station 2.5 km away,

where it was uploaded onto aweb server. The base station was al so equipped with a
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weather station (measuring temperature, wind speed and direction, incoming solar
radiation and precipitation) and dGPS capabilities (Hart et al. 2006).

The three dimensional aspects of the glacier (depth) were determined annually
from the surface dGPS heights, measured borehole depths and GPR surveys. The latter
was also used to determine the nature of the bed and water content of the ice. The GPR
survey was undertaken using a Sensors and Software Pulse Ekko 100 with a1000 V
transmitter system. Each year a common offset survey was performed using 50 MHz
antenna, with a2 m antenna spacing and 0.5 m sampling interval along agrid (Figure 3).
A common midpoint survey (CMP) was also performed using the 50 MHz antenna.
Details of the GPR analysis are in Appendix 1.

In order to quantify changesin the volume of the glacier tongue during the study
period (2003-2007), we needed to reconstruct the glacier shape (surface profile and ice
thickness) each year. To do this we carried out atopographical survey of the glacier and
foreland, and a bathymetric survey of the lake (Figure 4). This was combined with GPR
analysis and borehole ground truthing to determine both glacier thickness and till depth.
In order to reconstruct englacial and subglacial hydrological processes, we combined
borehole analyses, video data, GPR and wireless probe data. Finally, repeat dGPS
measurements of control points were used to determine spatial and temporal variationsin

surface velocities.
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Results

Foreland geomorphology and lake bathymetry

The results of the moraine and bathymetric surveys are shown in Figure 4a and the latter
is compared with previous bathymetric surveys undertaken in 1982 by Duck and
McManus (1985) (Figure 4b). The surveys were used to draw a series of cross sections
and along section of the lake (Figure 4c). The lake reached a maximum measured depth
of 21 min 2006, but would have been dlightly deeper at the ice front, where it was too
dangerous to take further readings. In cross section, the lake displays an asymmetric
profile, with amuch steeper slope on the southern flank. In addition, thereisaridge
approximately 1-2 m high located in line with the 2004 margin. Thisis also seen on the
long section (Figure 4c, 240 m along the profile) and represents a subaqueous moraine.
On land, a moraine between 1 and 7 m high was formed each year from 2000 to 2006

(Figure 4a).

Borehole analysis and video data

The analysis of the video footage obtained from the borehole camera indicated significant
englacial and subglacial hydrologica changes during the period of observation. The
average depth of water in boreholes connected to the ice-bed interface decreased each
year from 63% of ice thickness (43 m) in 2003 to 35% of ice thickness (11 m) in 2006. At
the same time, the depth of water became less variable with the standard error (standard
deviation as a percentage of the mean) changing from 78% in 2003 to 9% in 2006 (Tables
1 and 2). In addition, the number of boreholes that drained when the drill reached the bed

increased.
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Video evidence a Site A in 2003 revealed awide (30 m), shallow (1.6 m), low
pressure, and fast flowing (>0.1 m s™) subglacial channel. At Site B, in 2004, asmaller 5
m by 1.5 m, low pressure, fast flowing (>0.1 m s*) subglacial channel was observed.
However, between 2005 and 2006, flowing water was not observed in the video data.
Instead, the percentage of boreholes observed to have englacial crevasses or voids

increased between years and in 2006 water-filled subglacial cavities were observed.

Glacsweb probe water pressure results

Water pressure, measured in meters water equivalent (mW.E.), was recorded
continuously throughout the year by the Glacsweb probes in both englacial (probe 4
[2004/5]) and subglacial (probes 8 [2004/5], 10 and 12 [2005/6]) environments (Figure
5). Thiswas generally low during the autumn and winter, before rising in the spring and
summer. The probes that rested within subglacial till (probes 8, 10 and 12) showed a two-
stage water pressure rise in the spring (Rose et al. 2009). The probe within the ice (probe
4) showed a peak in water pressure at the same time as the beginning of the second water
risein thetill. When comparing the subglacial data from 2004/5 (probe 8) with 2005/6
(probes 12 and 10), it can be seen that water pressure was much lower in the second year

(Figure5).

GPR results
The annual GPR common offset survey data were combined with known borehol e depths
to locate the glacier bed (Figure 6) and calculate bulk radar velocity (Table 1; Appendix

1). In 2004, the bulk radar velocity wasjust over 0.16 m ns*, which is the theoretical
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value for temperate ice (Davis & Annan 1989). In 2003 and 2005 values were much
higher, whilst in 2006 the velocity varied over the field season, ranging between 0.135
and 0.159 m ns™. The common offset surveys also revealed the presence of additional
reflections, in places, beneath the glacier bed (Figure 6¢).

The changesin radar velocity in ice with depth can be calculated using semblance
analysis of the CMP velocity survey data. The results identify two sections of the glacier
with different radar velocities (Table 1). Each year, there was an upper surface section,
approximately 10 m deep, with alower mean radar velocity of 0.128 m ns™. In contrast,
the main body of the glacier recorded a higher value, close to that determined from the
common offset survey (mean 0.169 m ns*). This multi-layer characteristic of glacier ice
has been widely reported in the literature. For example, at Falljokull, Iceland, Murray et
al. (2000) found an upper, well drained, dry layer above the peizometric surface. In
contrast, Macheret and Glazovsky (2000) found in the temperate ice at Fridtjovbreen and
Hansbreen, Svalbard, that the upper parts of the glacier had the highest water contents.
They suggested this was due to high surface melt rates and “macro inclusions’, such as
water filled cavities and veins.

Next, we used both CMP and bulk radar velocity datato estimate the water
content (/) of the glacier, using Looyenga’ s (1965) formulafor dielectric mixtures of air
and water inclusions (Macheret et al. 1993; Frolov & Macheret 1998) (Table 3; Appendix
1). The CMP radar velocity data can be used to calculate the water content of the
different layers within the glacier, whilst the bulk radar velocity data provides an overall
value for the glacier body (Table 3). Interms of the layers, if it is assumed that in the

upper part of the glacier (where ice radar velocities are lower) any voids are filled with
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water, then the two component model can be used to calculate water content. This results
in awater content of approximately 10% in the upper 10 m of the ice. For the lower part
of the glacier, where radar velocities are higher (>0.166 m ns™), it is assumed that the
water content is zero and thus the air component can be calculated. Where velocities are
less than 0.166 m ns™, then the air content is assumed to be zero and the water content is
calculated. In thislower layer, thisresultsin water contents between 0-1.2% and air
contents of 0-12%. The values produced using the bulk radar velocities reflect an average
of the different layers, and in 2006, the bulk radar velocities varied on different days, in
accordance with changes in water content (Table 3).

The scale of resultsis similar to that reported by Pettersson ez al. (2004) who
showed that the range of water contents determined from GPR using L ooyenga s model
was 0-9.1%. Our results have revealed a change in water contents between years, with a
decrease in water content of the upper layer in 2006, but an increase in the overall water
content of the glacier.

We also use GPR data to investigate the nature of the bed (i.e. differentiate
between water, till and bedrock) by calculating basal reflectivity, R, from the strength of
the basal reflection power (Gades et al. 2000). Pattyn et al. (2003) used the three layer
reflectivity model of Born and Wolf (1986) to show the relationship between porosity,
layer thickness and subglacial material. These values were similar to those found in other
studies, including Gades et al. (2000), who showed that the saturated till beneath Siple
|ce stream had an R value of 0.16-0.32.

The Briksdal sbreen data were filtered using a 5 point (2.5 m) moving average to

remove the spatial variation caused by individual data points. Data were then divided into
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the three classes of R (water, till and bedrock, asin Table 4), and converted into a
percentage of the bed area surveyed (Table 1). A single dominant water body was
observed in 2003 and 2004; whilst smaller irregular shaped water bodies were noted in

subsequent years.

I ce velocity changes

Ice velocity at Site B was measured from 2004 to 2006 using dGPS. The velocity along
the central line was measured by Elvehgy (2001) from 1996 to 2000, whilst the glacier
was relatively stable. Figure 7 shows the winter to spring data plotted as arelative
distance from the glacier margin. The 2004 to 2006 data have been corrected for marginal
effects, based on Nye (1965). The 1997 data were dlightly higher, as they contain some

summer values, but otherwise velocities remain constant over the study period.

Discussion

Weinitially discuss the reconstruction of athree dimensional model of the glacier in
order to calculate ice volume loss over the retreat period. The nature of sedimentation
into the lake during the advance and retreat stagesis reviewed. Then we examine the
englacial and subglacial hydrological processes, and combine these results to characterise

the anatomy of the glacier during rapid retrezt.

Three dimensional glacier model and ice volume reconstruction
Using the morphology (GPS), bathymetry, borehole and GPR data, it was possible to

reconstruct a three-dimensional model of the glacier tongue. Thisisillustrated by the

12
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long profile and three cross sections shown in Figure 8. It can be seen on the long profile
that there is alarge subglacial bedrock obstacle at the beginning of the profile. The
‘additional reflections’ beneath the glacier bed shown by the common offset survey
(Figure 6¢) were interpreted to represent this feature. During ice retreat, the presence of
this bedrock obstacle was revealed (Figure 1c), confirming this prior evaluation and
providing evidence of the till/bedrock interface within the GPR data set. Consequently,
assuming atill radar velocity of 0.079 m ns* (Murray et al. 1997), we were able to
calculate the depth of till across the glacier bed, which ranged from 0-12 m (mean 6.7 m).
On the lee side of the obstacle, the glacier base and till depth remained consistent
between 2004 and 2006 when the area was surveyed. On the cross sections the il
thickness calculated is also consistent with observations. From this we can reconstruct ice
volume loss since 1996 (Table 5). Although ice losswas slow at first, by 2004 over 50%
of the ice volume of the glacier tongue was lost. The three-dimensional glacier and till
model was also used to calculate the glacial sedimentation rate, assuming the till was

deposited since 1996. Thiswas 2.34 x 10*m® a* (0.3 m over aunit square meter).

Comparison of lake bathymetry before and after the recent advance

Duck and McManus (1985) also carried out a bathymetric survey of Briksdalsbreen’s

proglacial lake in 1979 and 1982, during which time the ice had advanced 30 m. The

1982 margin wasin a similar location to the 2003 margin. By comparing the 1982 and
2006 bathymetric surveys we can see how the lake has changed in response to glacier

advance and retreat (Figure 4). Table 6 shows a comparison of surface area and lake

volume from the three surveys.
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Many aspects of the lake's morphology remained similar between the advance
and retreat stages. The maximum depth was 21 m at the glacier margin and the lake width
was 200 m. Both cross-sectional profiles had a steeper southern flank, and long sections
show an ice-marginal sub-agqueous moraine. The later survey also demonstrates that the
water was shallower in 2006. The fact that there was only one moraine in both surveys
implies that the others must have been either covered by sediment or eroded by a
combination of waves and iceberg scour.

Duck and McManus (1985) argue that between 1979 and 1982 there was a 10.2%
reduction in water volume due to glacier advance. They suggest that the additional ice
present in 1982 had displaced 2 x 10" m® of water, whilst the remaining 1.2 x 10* m® of
volume lost was attributed to sediment infill (4 x 10°m?> a* or 0.24 m per unit square
meter). Thelake' swater volume in 2006 represents 76.7% more than the 1982 level.

However, if the 2006 water volume is calculated over the same areaas in 1982,
this gives avalue of 8.62 x 10* m®, which represents a 69.4% reduction in comparison
with 1982. This suggests a sediment infill of 1.96 x 10° m*. Assuming that the sediment
infill has formed since 1996 (last glacial maximum advance), then this reflects 1.96 x 10
m® a* of deposition into that part of the lake, which is equivalent to 0.44 m per unit
square meter. These results suggest that the sedimentation rate during the retreat was
much greater than during the advance. In addition, the amount of sedimentation into the

lake is dlightly greater (31%) than that on land.
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Englacial changes

Datafrom an in situ englacial Glacsweb probe showed that water was able to efficiently
drain through the ice, and water pressure did not rise until the spring event. Each year the
number of water-filled surface crevasses and boreholes with evidence for englacial
drainage (crevasses and voids) increased. Given that high bulk radar velocity values
indicate air pockets within the glacier, whilst low radar velocity values indicate high
water contents; the decrease in radar vel ocities between years, and variable velocitiesin
2006, indicated arise in the number of potential water storage sites within the glacier.
This was supported by the increase in calculated water contents (Looyenga s 1965
formula) in 2006, which suggested that the significant number of englacial voids and
crevasses noted between 2003 and 2005, had indeed become water filled.

Jansson et al. (2003) and Lingle and Fatland (2003) have argued that large
volumes of water can be stored within glaciers, but its location is unknown. Much of this
water is stored in avein system of connected, centimeter to decimeter sized, voids
(Murray et al. 2000) or crevasses (Nienow et al. 1998; Fountain et al. 2005), which can
readily divert water from the glacier surface to its bed (Zwally et al, 2002; Das et al.
2008; Benn et al. 2009). Given the general increase in crevasses and voids observed
within boreholes between years, we envisage that the englacial drainage system at
Briksdal sbreen developed a similar morphology (Murray et al. 2000; Fountain et al.
2005).

However, whilst the connectivity of the englacial drainage system may have
developed, the overall increase in bulk glacier water content recorded suggests that

numerous sites of water storage were also present. The variable velocities recorded in
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2006, may in fact reflect a pattern of water transfer, temporary storage, and then further
transfer, as drainage routes throughout the glacier body proceeded to open and close in
response to water inputs. Indeed, Fountain et al. (2005) observed just such a pattern of
fracture opening and closing within the englacial drainage system at Storglaciaren,
Sweden; whilst Benn et al. (2009) and Gulley et al. (2009) note that with the onset of the
summer melt season a mechanism of hydro-fracture propagated the devel opment of
englacial pathways from surface to bed on parts of the Greenland ice sheet. Alternatively,
the increase in water content may represent ponding along low gradient englacial
channels (Stuart ez al. 2003).

Furthermore, semblance analysis of the CMP data indicated that there were two
main layers within Briksdal sbreen. We suggest that the upper, low velocity, area of the
glacier comprised shallow water-filled surface crevasses, voids and a system of veins that
were water saturated from surface melt. These features were generally of limited spatial
extent and formed a dominantly closed system, where water could be stored. In contrast,
beneath this surface layer, the main body of the glacier, which showed higher velocities,
supported a more efficient drainage network. It comprised a series of voids, veins and
crevasses that were interconnected, allowing water to easily flow through the glacier.
Thisenglacial drainage may have been enhanced through a process of hydro-fracture
(Boon and Sharp 2003; Benn et al. 2009), as the number of initially water-filled crevasses

increased each year.
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Subglacial changes

Each year there was more water at the glacier bed. This was manifest in the percentage of
boreholes that drained when the drill reached the bed, indicating that they had intersected
with some form of subglacial drainage or cavity. Borehole water levels also became
stable, reflecting a consistent hydraulic head supplied from the subglacial environment.
Theincrease in water at the glacier bed may also suggest enhanced transfer of water from
the glacier surface. Thisis supported by the more numerous observations of englacial
crevassing. Theincreasing buoyancy of the glacier tongue and proximity to the lake in
2006 may so increase the amount of water accessing the glacier bed from the lake and
thus increase subglacial water content.

The GPR basal reflectivity (R) data also agreed with these the borehole results, as
the spatial coverage of areas of high reflectivity, representing water bodies, increased as
the glacier retreated. Areas of low reflectivity correspond to low porosity till or bedrock,
which can be conceptualized as zones of high basal drag or ‘sticky spots' (Alley et al.
1993; Fischer et al. 1999; Kavanaugh & Clarke 2001; Mair et al. 2003). In addition, data
from in situ Glacsweb probes showed that water pressures were very high during the
summer, but decreased as a percentage of overburden pressure each year. This may
indicate increased drainage through thetill (e.g. via Darcian or pipe flow) (Boulton and
Hindmarsh 1987).

In 2003, basal reflectivity indicated the presence of alarge discrete subglacial
channel (Tables 1 and 4), whose morphology was later exposed as the glacier retreated.
In 2004, R valuesindicated a smaller subglacial channel existed. Video observations

provided evidence for a small amount of moving water flow in both of these wide,
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shallow, low pressure channels. These are interpreted as discrete R-channels, similar to
those described in previous studies (Seaberg et al. 1988; Hooke et al. 1990; Hock &
Hooke 1993; Cutler 1998).

However, in 2005 and 2006, there was a different style of subglacial water body.
This was represented by the irregular shaped bodies shown in basal reflectivity values
(Tables 1 and 4), which covered arelatively large proportion of the glacier bed. These
bodies may represent drainage at the ice-bed interface in the form of ‘ microcavities
(Kamb 1991), a braided canal network (Walder & Fowler 1994) or alinked cavity system
(Llilboutry 1976; Kamb 1987; Nienow et al. 1998; Willis et al. 2009). We suggest these
two styles of subglacial water bodies reflect both ‘fast’ (discrete R-channelsin 2003 and
2004) and ‘slow’ (irregular shapesin 2005 and 2006) connected water flow at the ice-bed
interface (Fountain & Walder 1998).

Unusually, despite an increase in water at the glacier bed, an increase in glacier
velocity was not observed (Figure 7). However, the enhanced efficiency of the englacial
drainage system in response to elevated melt water inputs or greater transfer of melt
water from the surface may in fact have been the cause for such restrained annual

velocities (van de Wal ef al. 2008).

Synthesis

The retreat of Briksdal sbreen was very rapid. Approximately 70 m a* or 56 x 10" m?® of
ice was lost from the glacier tongue from 2000 to 2007. This result agrees with that of
Winkler et al. (2009) and Nick et al. (2009), who argue that the breakup of the tongues of

outlet glaciersisimmediate and not necessarily related to mass balance changes.
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Numerous authors have argued that once a glacier has an aquatic margin, this will
transform its dynamic behaviour (Chin 1996; Benn ef al. 2007). At Briksdal sbreen, once
the proglacial lake formed in 1940, the retreat rates were very rapid (Figure 2). At an
aguatic margin, buoyancy effects and variationsin water levels, velocity and stress, lead
to increased fracturing in this zone and thus, enhanced calving (Holdworth 1973;
Theakstone 1989; Motyka et al. 2003; Joughin et al. 2004). Additional water within the
glacier can also allow the propagation of crevasses to greater depths (Nye 1957; Benn et
al. 2007; 2009). This can then lead to increased flow velocities, calving rates, and
consequently glacier break up.

We suggest that there were three zones associated with the Briksdal sbreen aguatic
margin — marginal, intermediate and distal (Figure 9). In the extreme marginal zone (Site
B: 2006), there were many crevasses and fluctuating water contents within the glacier.
There were also a high percentage of interconnected areas, as well as subglacial cavities,
at the ice/sediment interface. In the intermediate zone (Site B: 2005), both crevasses and
voids store water. In the subglacial environment thereis aless well connected drainage
system and water pressures in the till are higher. Furthest from the glacier margin (Site A:
2003 and Site B: 2004), the aquatic effects are not significant. Englacial storageis

dominated by voids and subglacia conditions by ‘fast’ water flow.

I mplications and Comparison with Greenland
Recent research in Greenland and the arctic has provided new evidence of englacial
drainage in cold (Catania et al. 2008; Catania & Neumann, 2010; Parizek et al. 2010, Das

et al. 2008) and polythermal (Boon and Sharp, 2003; Bingham et al., 2008) ice masses.
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Therefore the englacial processes commonly observed at temperate glaciers, such as
Briksdal sbreen, may have more relevance to assessing the causes of the enhanced ice
flow and retreat of Greenland’s outlet glaciers. In fact, we can see that a number of the
englacial and subglacial processes discussed from Briksdalsbreen’ sretreat are similar to
severa of the patterns observed in Greenland' s tidewater outlet glaciers (e.g. Sohn et al.
1998; Thomas 2004; Das et al. 2008). Specifically, both have shown thinning, increased
calving and associated terminus retreat (Nick er al. 2009), as well as an increase in water
content and water filled voids (e.g. Benn ez al. 2009). Similar to Nick ef al. (2009), this
investigation also indicates that enhanced hydro-fracturing and subsequent calving was
the dominant mechanism for Briksdalsbreen’ sretreat. Although Funk and Réthlisberger
(1989) have argued that, for a given water depth, calving rates are lower for terrestrial
aguatic glaciers than tidewater glaciers, Venteris (1999) showed that the salinity of water
IS not important to this process.

In addition, a notable outcome of this study is that Briksdal sbreen displayed stable
velocity throughout itsretreat. This contradicts the pattern of acceleration associated
with rapid retreat displayed by the majority of outlet glaciersin Greenland (Joughin et al.
2004; Howat et al. 2005; Pritchard et al. 2009). This may reflect differences between
mechanisms of fresh water and tidewater calving or local climatic influences, for
example. However, an exception liesin northwest Greenland, where (similar to
Briksdal sbreen) glaciers have shown little change in flow, despite observed thinning
(Rignot & Kanagaratnam 2006). This pattern highlights the spatial variability in glacier
response to increases in discharge. Rignot and Kanagaratham (2006) suggest that such

stable flow velocities may indicate ‘ that the glaciers were already flowing above balance
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velocity conditions', when ice front discharge was initially calculated. In contrast, van de
Wal et al. (2008) suggest that stable annual scale velocities may be the result of the
development of efficient englacial drainage. This system can then successfully and
continuously transfer surface water to the glacier bed, preventing sudden large melt water
inputs and associated speed up events (Catania & Neumann, 2010). The latter would
appear to be applicable to the pattern of drainage development observed at

Briksdal sbreen.

Where glacier velocities are increasing, any future loss of ice in Greenland may
be more rapid and catastrophic than that recently observed at Briksdal sbreen, and
currently predicted for the whole ice sheet. However, some investigations have shown
evidence of feedback mechanisms, which act to stabilise glacier activity in response to
enhanced subglacial melt water inputs, causing any acceleration in ice velocitiesto be
temporary rather than continuous (Das et al. 2008; Howat et al. 2007; Nick et al. 2009).
Similarly, other researchers have suggested that longitudinal coupling of ice flow
represents a better explanation for acceleration (Price et al. 2008) than melt water inputs
(zwally et al. 2002).

At Briksdal sbreen, retreat was halted as the glacier withdrew away from the lake
onto a previously hidden bedrock step at the base of theicefall. Sincethistime, the
glacier has remained relatively stable. In thisinstance, alocalised topographic feature
acted as afeedback mechanism for re-stabilisation. Similarly, most of the basal troughs
through which many of Greenland’ s tidewater outlet glaciers flow do not extend far
inland and it is thought that thiswill prevent any run-away destabilisation (Nick et al.

2009). However, Jakobshavn Isbrae' s basal topography is an exception to this, where
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rapid retreat may continue inland and it is these sorts of unique variables (e.g.
topography, geometry) which make predicting glacier response more complex.
Consequently, it is difficult to assess whether or not all of Greenland’ s outlet
glaciers will be able to quickly re-stabilise after a period of rapid retreat (Howat et al.
2007; Nick et al. 2009), as indicated at Briksdalsbreen; or if the pervasive dynamic
thinning observed across Greenland (Pritchard ef al. 2009) will secure afuture of
continued collapse. In addition, whilst an aquatic (fresh water) margin may initiate
specific responses in glacier dynamics (Chinn 1996; Benn et al. 2007), a different set of
mechanisms may be more applicable to Greenland’ s terrestrial (and marine) outlet
glaciers. Despite such variation, it seems that as dynamic thinning and melt water
production continues to increase with rising atmospheric and oceanic temperatures,
mechanisms of glacier disintegration, such as those observed at Briksdalsbreen, are likely

to be observed with greater frequency.

Conclusion

Using combined topographic, GPR and bathymetric surveys, we were able to reconstruct,
in three dimensions, the dramatic retreat of Briksdalsbreen since 1996. In addition, we
were able to use GPR, borehole drilling, borehole video and the Glacsweb wireless
subglacial probesto ‘image’ the englacial and subglacial environments associated with
thisretreat.

Overal, we would argue that the rapid break up of Briksdal sbreen was due to
increased fracturing, which generated crevasses. These promoted an efficient englacial

drainage system, which supplied water to the glacier body and, ultimately the bed. This
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504  was stored in crevasses and voids, and transferred through interconnected subglacial
505 drainage networks at the ice-bed interface and within the till. However, the predicted
506 increasesin velocities associated with rapid break up (due to increased lubrication) were
507 not observed. Instead, our data suggest that hydro-fracturing of water filled crevasses,
508 accompanied by a possible release of back-stresses, was the dominant mechanism of
509 (glacier collapse.

510 The investigations discussed here highlight the need to better understand the
511  mechanisms associated with glacier retreat in response to climate change, if we areto
512  improve modelled predictions of future sealevel rise (Nick et al. 2009). Our

513 observations at Briksdal sbreen provide evidence of rapid collapse as a result of

514  mechanisms of increased crevassing, and englacial and subglacial water storage and
515 transfer. Thisissimilar to severa of the mechanisms of glacier retreat observed in
516 Greenland. Consequently, such processes should be taken into consideration when

517  monitoring the complex behaviour of Greenland’s outlet glaciers.

518
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APPENDIX 1 - GPR analysis

a) Comparison of common offset surveyswith known depth - The following processes
were applied to the common offset surveys using the software package ReflexW: the
elimination of low frequency noise (de-wow filter) and the application of a SEC
(spreading and exponential compensation) gain to compensate for signal 1oss with depth.
Analysing the two way radar travel time (¢), we were able to reconstruct the location of
the bed (see Figure 6) and compare this with known borehole depths (). This enabled the
calculation of the bulk radar velocity of ice (v) (and percentage errors) where:

v=2d/¢ [1]
Barrett et al. (2007) have suggested that atypical error on these valuesis 2%.
b) Common midpoint velocity survey - Semblance analysis was carried out on the CMP
datato calculate the radar velocity at different depths within the glacier from the

following relationship (Yilmaz 1987; Eisen et al. 2002; Moorman et al. 2003):

Vs =AM —17) [2]

where vimsiS the root mean square radar velocity, x is the antenna separation and 7y is the
two way zero offset time.

c) Water content - The radar velocity data can be used to estimate the water content (1)
of glaciers using Looyenga s (1965) formulafor two and three component dielectric

mixtures of air and water inclusions (Sihvola et al. 1985; Macheret & Glazovsky 2000):

gma :kagka [3]
where ¢, is the permittivity of the mixture, ¢ is the kth component with a volume
portion f; and a =1/3. The permittivity of the mixture (i.e. temperateices) is:

es=(clv)? [4]
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where c isthe velocity of light and v is the measured radar-wave velocity. Equation 3 can

also be expressed as follows:

e =(e(1-P)+WeV* + P—W ) [5]
where ¢;isthe permittivity of solid dry ice(taken as 3.19), &, isthe permittivity of water
(taken as 86), W isthe water content and where P is the total fractional water and air

content. If it is assumed that within temperate ice all the cavities are water filled, then

eguation 5 can be simplified to the two component model:

13

N

e)i(e? - 1) [6]

W =(el® -l )ilel ~e
Although Endres et al. (2009) have suggested that L ooyenga’ s model slightly
underestimates water contents, we have used this technique in order to compare our
results with the published literature.

d) Basal reflection power - Numerous researchers (Copland & Sharp 2001; Pattyn et al.

2005) have calculated BRP is calculated as follows:

1 t2 2
P=—— A:
2(t, — 1, +1) Z":’l ' 7]

where P is returned power, 4 isthe sum of the squared amplitudes and #1-#; isthe time
window. Since increasing ice thickness will affect reflection strength, this hasto be
compensated for by calculating residual BRP (BRP,) as follows:

_ BRP(measured) 1

) = : (8]
BRP(predicted)

The theoretical reflectivity R is calculated as aratio between BRP; o and BRP..
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Figures

1

a) Location in Norway; b) Photo of Briksdalsbreen 2003, with location of study sites
shown (Site A - 2003, Site B -2004-6); c) Photo of Briksdalsbreen in 2007, resting on
a bedrock step at the base of theice fal; d) Glacsweb probe and sensor network
established on the glacier; €) Map of Briksdal sbreen with study sites shown (ice limit
2005).

a) Changesinice limits since 1900 in meters (data Kjgllmoen, 2007); b) Photograph
(taken 2006) annotated to show recent limits and the centre line of the aquatic based
glacier tongue (1996-2006) (marked by an x).

a) GPR grids 2003 (Site A); b) GPR grids 2004, 2005 and 2006 (Site B) with
boreholes shown. Open circles represent water drained holes and closed circles
represent water filled boreholes. Ice flow from right to left, for location on the glacier
see Figure le.

a) Map of the moraine and bathymetric survey (1996-2006); b) Bathymetric survey
1982 (Duck & McManus, 1985); ¢) cross-sections (from north (Om) to south (230m))
and long sections (approximately west (Om) to east (340m) from both years.

Water pressure data obtained from the Glacsweb wireless probes: 2004-5 englacial
probe 4 and subglacial probe 8; 2005-6, subglacial probes 10 and 12.

GPR radargrams with glacier bed shown on the right hand image: a) Site A 2003 —
survey line A2; b) Site B 2004 — survey line B7; c) Site B 2005 — survey line C4; d)
Site B 2006 - survey line D6. Survey lines drawn west (Ieft) (Om) to east (right), ice
flow direction right to left. — see Figure 3 for location of survey lines. On Figure 6¢ it

is possible to see addition reflection approximately 100 ns two way travel time
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beneath the glacier bed from 20-80m along the profile, which is interpreted to be the
bedrock/till interface.

7. Winter ice velocities along the centre line (marked on Figure 2b) from 1996/7 to
2005/6.

8. Reconstructed glacier and till profiles as the glacier retreated, measured from GPS,
GPR and bathymetry: @) Long section along a Line x (Figure 2b) (ice flow direction
left to right) with years shown, and known glacier surface, glacier base and bedrock
surface shown; b), ¢) and d) half cross sections perpendicular to centre line (x on
Figure 2b) at the places shown in a. Ice flow direction into the page. Om height
represents the 2006 lake level.

9. Schematic diagram illustrating the physical conditionsin three different glacial zones
at Briksdalsbreen (delineated by vertical dotted line); marginal zone (left);

intermediate zone (centre); distal zone (right).
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Table1l—-Summar

of the data 2003-2006

Year | Distance | Mean | Common | CMP CMP % % % %
fromice |ice Offset Mean Mean boreholes | boreholes | area | area
front/side | depth | Survey radar radar with that with | with
(m) inthe | Mean ice | velocity | velocity | englacial | drained | water | “sticky

study | radar- (m/ns) of the drainage | when at spots’
area | wave and main borehole | bed
(m) velocity | thickness | glacier reached
(m/ns) of the (m/ns) the bed
with % upper
error surface
layer (m)
2003 | 150/150 69 |0.175 0.126 0.173 | 63 36 27 26
+/-6% 6.62
2004 | 200/130 68 | 0.169 +/- | 0.124 0.165 |20 33 6 32
3.5% 11.22
2005 | 140/120 51 |0.181 0.128 0.178 |58 58 26 33
+/- 9% 11.34
2006 70/100 30 |0.159 0.136 0.162 | 100 58 19 12
(+/-7%) - | 9.72
0.135
(+/-2%)
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Table 2 — Annual variationsin borehole water depth measurements.

2003 2004 2005 2006
Borehole | Water Borehole | Water Borehole | Water Borehole | Water
depth depth depth depth
above above above above
the bed the bed the bed the bed
(m) (m) (m) (m)
03/1 0 04/1 36-74 05/3 22-50 06/1 13
03/2 0 04/3 47-67 05/4 35 06/4 13
03/3 0 04/4 7-16 05/5 1-9 06/5 10
03/4 86 04/5 0-2 05/6 0-50 06/6 7
03/5 0 04/7 0-74 05/8 13-14 06/7 11
03/6 65 04/8 0-52 05/9 39 06/8 11
03/7 82 04/9 11-65 05/10 12 06/9 8
03/8 56 04/10 0-24 05/11 44 06/10 12
03/9 57-62 04/12 20-41 05/12 0 06/11 11
03/10 63 04/13 0-37 06/12 10
03/11 56-74 04/14 0-1
04/15 2-12
04/16 21-67
M ean 43.18 M ean 25.1 M ean 23.2 M ean 10.6
s.d. 35.46 s.d. 19.4 s.d. 16.1 s.d. 1.9
% error | 82.1% % error | 77.3% % error | 69.4% % error | 18.9%

Table 3—Water content calculated from GPR analysis

Y ear Upper layer Lower layer Whole glacier
(from CMP) (from CMP) (from Common Offset
Survey and measured
boreholes depths)
Water Air Water Air Water Air content
content | content content content content
2003 10.5% 0% 0% 6% 0 9%
2004 11.2% 0% 0.6% 0% 0.6% 2.5%
2005 9.9% 0% 0% 12% 0 15.5%
2006 7.5% 0% 1.2% 0% 7.8%-1.4% | 0% -6.4%
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Table 4 —Basal Reflection values (from Pattyn et al., 2003) see text for details

R value Equivalent Porosity | Subglacial material

> 0.5 >0.6 water body

0.18-04 |0.2-0.3 saturated deforming till

<0.18 <0.2 frozen till, rigid till or bedrock

Table5—1cevolume of the ‘tongue’ —see Figure 2b for location

Y ear Icevolume | % loss I ce volume loss per year
(m®) (m®)

1996 | 5.60 x10°

2000 | 5.24x10° 6.28 3.52 x10°
2001 | 4.70 x10° 16.01 5.44 x10°
2002 | 4.11 x10° 26.55 5.90 x10°
2003 | 3.59 x10° 35.80 5.17 x10°
2004 | 2.61x10° 53.42 9.86 x10°
2005 | 1.89x10° 66.16 7.13x10°
2006 | 3.56 x10° 93.64 1.54 x10°
2007 |0 100 3.56 x10°

Table 6 — Details of the lake during the recent advance (1979 & 1982) (Duck &
McM anus, 1995) and retreat (2006) of Briksdalsbreen

1979 1982 2006
Surface area (ha) 471 4.53 73.47
Lakevolume(m®) |3.14x10° 2.82 x10° 4.98 x 10°
Change in water | - -3.2x10* +2.16 x10°
volume (m®)
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