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ABSTRACT. Detailed ground-penetrating radar (GPR) surveys on the firn-ice trans-
ition zones of Kongsvegen, Nordenskjoldbreen, Hansbreen and Werenskioldbreen, Sval-
bard, are presented. We discuss features seen in GPR radargrams in all polythermal
glaciers down-glacier of the firn line. The firn line of a polythermal glacier in GPR data is
casily detected with both 50 and 200 MHz radar. By comparison with satellite images, char-
acteristic patterns of reflection are shown to be caused by superimposed ice, but the reflec-
tions from the interface between the superimposed ice and the underlying glacier ice are of
unknown origin. Layered reflections within the superimposed ice and firn area are likely
from layers of ice lenses and relatively low-density firn in the firn area. and from bubble-rich
and bubble-poor ice in the superimposed-ice zone. Dipping foliations in the glacier ice
down-glacier of the firn line show that the layered reflections from the firn line are pre-
served, though in much weaker form, even when the firn has been transformed to solid ice.

INTRODUCTION

On polvthermal glaciers, where superimposed ice repre-
sents a significant component of glacier mass balance, the
firn-line (i.e. snow-line) position and the equilibrium line
are not the same. The firn line, unlike the equilibrium line,
is the physically recognizable boundary between firn and
ice on the glacier surface at the end of the melt season
( Paterson, 1994). On polythermal glaciers the firn line marks
the transition zone to down-glacier cold ice at the surface.
The transition from water-permeable firn to impermeable

cold ice evolves as the snowpack in the upper firn part of

the glacier becomes wet with meltwater in the summer
e.g. Miiller, 1962). The water that percolates down and
partly refreezes in the deeper layers raises the temperature

of the firn to the melting point. However, down-glacier of

the firn line the ice becomes impermeable, preventing pene-
tration of meltwater except via crevasses or moulins. The ice
is then cooled below the melting point during the winter.
This transition is therefore complex, starting in the low-per-
colation (soaked) zone and finishing in the superimposed-
ice zone (Paterson, 1994, p.10). The transition starts with
the formation of ice lenses and ice layers in firn that contains
much meltwater in summer. Some of this water refreezes,
often after percolating along pipes to colder depths, and
eventually spreads horizontally to form ice lenses.

Radar is an excellent tool for studying the firn—ice
transition of a glacier because of the large difference in
dielectric permittivity between water, firn and ice. Bjérnsson
and others (1996) noted the very steep contact line between
the cold and temperate ice within four polythermal glaciers
in Svalbard. Only two of the glaciers studied, Kongsvegen
and Uvershreen, were large enough to have a significant firn
area typical of Svalbard glaciers, and all have very low
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surface velocities. During the course of several field seasons
on Svalbard, we have mapped many glaciers using ground-
penetrating radar (GPR), including several larger ones with
much more typical flow regimes and larger firn areas than
those studied by Bjornsson and others (1996). We have noticed
that the firn line and the structures associated with it have
many common features, while also varying quite consider-
ably between the glaciers.

Our objectives are to interpret features of the radargrams
in terms of physical structures associated with the firn-ice
transition and to postulate reasons for their differences
hetween the glaciers. We present detailed GPR data from the
firn-ice transition zone of four medium and large poly-
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Fig. 1. Map of Svalbard. Locations of Kongsvegen, Norden-
skjoldbreen, Hansbreen and Werenskioldbreen.



Table 1. Some physical properties of Konsvegen, Norden-
skjaldbreen, Hansbreen and Wereskioldbreen

Glacier
Kiongsvegen  Norden-  Hansbreen Weren-
skyoldbreen skioldbreen
Area (km?) 102 242 57 274
ELA (mas.l) 520* 660* 320370 470
Surface slope 0.5-2.5° 16-19° 18° 22°
Bed slope 1.2° 5 1.3° 40°
Surface velocity at 231-3.50 150 30 95-11
the firn line (ma h
Typical accumulation 07 0.5 1 -
rate (ma H
Last surge 1948 = =
Orientation southeast- northeast— northwest—  east—west
northwest west south
Length (km) 258 26.5 16 9.5
Width (km) 2-5 46 3-4 2-3
Ice thickness at the 275 ~300 320 225
firn line (m)
Warm ice slope at the 34 11 10 15

firn line from down-
glacier direction

Naote: ELA, equilibrium-line altitude.
*Pinglot and others (1999, Alelvold and Hagen (1998.

thermal glaciers: Kongsvegen, Nordenskjoldbreen, Hansb-
reen and Werenskioldbreen (Fig, 1), each of which can be con-
sidered typical of glaciers in Svalbard, although they range
widely in their physical properties (Table 1. Many of the
radar features are previously unreported. but seem to be pres-
ent in varying degrees in all polythermal glaciers.

STUDY AREA
Kongsvegen

Kongsvegen is a large tidewater glacier situated in the inner
part of Kongsfjorden (Fig. 1. The glacier has a shallow surface
slope and it extends from sea level to 800 m a.s.l. Kongsvegen
has a large firn zone and volume of temperate ice in its higher
basin. In the ablation area the cold ice layer is 50-160 m thick
(Bjornsson and others, 1996) and the glacier is frozen to the
bed along the mountainsides | Liestol, 1988; Bamber, 1989;
Bjornsson and others, 1996). Mass-balance measurements
were started in 1987. The mean annual net balance with an
estimated calving rate of 0.05 mw.e. a ' is slightly positive,
+0llmwe. (Lefauconnier and others, 1999). The ice-flow
velocity 1s <4ma "along the entire basin, and the surplus
in accumulation is not transported to the ablation area. The
glacier seems to be building up towards a surge (Melvold and
Hagen, 1998; Lefauconnier and others, 1999).

Nordenskjoldbreen

Nordenskjoldbreen is one of the major drainage glaciers of
Lomonosovfonna, one of the highest ice fields on Spitshergen.
with the summit at 1250 m a.s.1. The maximum depth is esti-
mated to be about 500 m (personal communication from \'
Pohjola, 2002). There are no mass-balance data available.
The accumulation rate varies along the longitudinal profile
of Nordenskjoldbreen from 038 at the summit to 0.52-
078 mw.e at 1044 and 1173 ma.s.l. (Pinglot and others, 1999
Pilli and others, 2002). Ice-velocity measurements at the
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Table 2. Measurement parameters for each GPR survey

Glacier Survey  Anlenna Number of Time Stacking on
_year Jrequency samples/ window collection
traces
MHz s
Kongsvegen 1996 50 2048 5240 No
997 50,200 20481024° 55700299°  No
Nordenskjold- 1999 50 2048 5.110 No
breen
Hansbreen 1997 50,200 2048,1024° 5304,0692° 2
1998 50,200 2048, 1024 5.090,0.989" No
Werenskiold- 1998 50,200 2048, 1024" 3.069.1.2017 No

breen

*Measured with 200 MHz antennas.

centre line close to the equilibrium line on Nordenskjoldbreen
suggest high ice fluxes ( Isaksson and others, 2001).

Hansbreen

Hansbreen is a tidewater glacier situated in the Hornsund
fiord in southern Spitsbergen (Fig. 1. The glacier extends
from sea level to 600 m a.s.1. The maximum thickness is about
400m and the ablation area has a 20-90 m thick cold-ice
layer. Mass-balance studies have been made since 1989. Mean
winter accumulation in 2000 was 0.93 m w.e. and mean sum-
mer balance —1.14 mw.e., so the total net balance in 2000 was
—021 mw.e. (personal communication from J. Jania and P.
Glowacki, 2002). Hansbreen has a measured speed of
30ma ' at the equilibrium line. The glacier accelerates sig-
nificantly towards the terminal ice clifl, exceeding 210ma :
near the terminus (Jania and others, 1996,

Werenskioldbreen

Werenskioldbreen is a land-based valley glacier next to
Hansbreen but flowing from east to west (Fig. ). Itis divided
by a massive moraine ridge into Werenskioldbreen to the
south and Skilryggbreen to the north. The glacier is situated
at 0-600 ma.s.l. The glacier is very shallow; the thickest
parts are 100-140 m on the central southern side and in the
upper northern parts of the glacier. The snout is <50m
thick and the glacier is frozen to bedrock for 700 m-1km
upstream from the terminus. The cold-ice layer thickness
varies from 50 to 100 m. Both the sides and some areas in
the upper parts, where the glacier is <50 m thick, have cold
ice down to the bed. Mass balance was measured for the
1993/94 and 1998/99 glaciological years, and both net bal-
ances were negative: —0.36 and ~0.66 mw.e., respectively
(personal communication from P. Glowacki, 2002).

EQUIPMENT AND METHODS

All surveys were done in the spring seasons (April and May)
between 1996 and 2000, when the whole glacier was covered
by a layer of winter snow. and in air temperatures around
~10°C. with no evidence of any near-surface water. We used
2 Ramac GPR (Mala Geoscience) with 50 and 200 MHz
antennas. The profile lines were driven by snowmobile with
position fixed by global positioning system receivers. The
radar antennas were mounted on a non-metallic sledge

pulled 7m behind the snowmobile. Post-processing used the
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Fig. 2. 50 MH: radar profile from Werenskioldbreen. Dipping foliations are seen clearly in the cold ice, and a strong hyperbolic
diffraction indicating a likely water body. Much radar clutter is seen in the temperate ice underneath the cold-ice laver. The region
of superimposed ice, estimated by the presence of weaker sub-parallel la yering and sporadic hyperbolic diffractions down-glacier of
the firn line, is delimited by the white line and, where it is hard to determine, by the dashed line. The number of firn layers indicates

that the oldest firn is 10~ 13 years old.

Haescan program (Roadscanners Oy). More detailed survey
information is presented inTable 2.

Time-depth scale

The propagation velocities of the radar waves for snow and
firn, cold ice and temperate ice on Hansbreen (Macheret
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Fig. 3. 50 MH; radar profile from Nordenskjildbreen. The firn
line is hard to locale, as there seems to be a wet area extending
down-glacier to about 1350 m of the intersection of the upward-
dipping layers, which would intersect the surface around 1410 m
distance.
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and others 1993; Pilli. 1998) were measured using the com-
mon-depth-point technique. We observe large differences in
radar velocity due, as expected, to the different density
profiles in the ice in the region down-glacier of the firn line,
as compared with the area up-glacier (I73and 210 m us ),
and large variations over short lateral distances due to vari-
ations in water content of the glacier ice (146160 m ps
Moore and others, 1999). This variability precludes the use of
simple time migration, which requires a specific permittivity
value and that hyperbolic diffraction patterns cannot be
casily interpreted. Therefore, in the figures, we present data
in terms of two-way radar-wave travel times rather than real
depth; differences in glacier topography are best assessed
using Table I, or estimated using the velocities quoted.

COMMON FEATURES AND DIFFERENCES IN THE
FIRN-ICE TRANSITION

The firn line in GPR profiles appears similar everywhere. As
one goes up-glacier towards the firn line, near-surface layer-
ing starts increasing in thickness. At the firn line, strong
reflections from alternating firn/ice layers dip downwards
up-glacier, the cold-ice layer disappears and the whole thick-
ness of ice becomes temperate. However, the length of the
firn-ice transition zone down-glacier from the firn line varies
from 300-400 m on Hansbreen, Werenskioldbreen (Fig. 2) and
Nordenskjoldbreen (Fig. 3) to about 1.5km on Kongsvegen
(Fig 4). The complex zone below the firn line is where most of
the differences between the glaciers are seen, as responses to
superimposed-ice formation, ablation and runoff and changes
in firn-line position all contribute features to the radargrams.
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Fig. 4. The firn—ice transition in 50 MH:= GPR data of Kongsvegen. The firn line from the GPR data and the satellite image
(labelled as “sat-firn line”; see Fig. 3) ts marked, along with the location of stake 7. The layering in the firn area is easily seen. e
interpret the hyperbolic diffractions on top of warm ice and just before the line as waler bodies. Superimposed ice marked by
sporadic reflections around 200 ns and variable-strength sub-parallel reflections are delimited by the white line.

Dip angle

The steepness of dip angle of the firn-ice transition within
the glacier appears to vary between the glaciers (Table 1). In
a steady state the angle must represent a balance between
the advection rate of temperate ice and the freezing rate of
water in the ice. This must be determined by the glacier flow
rate and the vertical velocity at the firn line. Thus we may
expect slow-moving glaciers with low downward vertical
velocity at the firn line to have very steep angles of dip (cf.

- Kongsvegen), while fast-flowing glaciers with rapid accu-
mulation at the firn line may have much shallower angles
(cf. Nordenskjoldbreen). Data on vertical velocity at the firn
line are in general lacking on most glaciers, and in any case
the fact that many (if not all) of these glaciers are surge-type
probably precludes a steady state.

Foliations

Down-glacier of the firn line, foliations are often seen
throughout the englacial ice. However, crevasses or very wet
temperate ice can destroy the foliation {Moore and others,
1999). On Hansbreen (Moore and others, 1999) and Weren-
skioldbreen, foliations (Fig, 2) are seen very clearly because
of a fairly thick cold-ice layer or low velocity (Kongsvegen;
Fig. 4). On Nordenskjoldbreen (Fig. 3) the high velocity of
the glacier may partly destroy foliations. which is why they
are not as numerous, as continuous nor as strong as on Hans-
breen. The rather weak reflections appear to be caused by the
density contrast between lavers of bubble-rich ice formed

from firn and relatively bubble-free ice formed by freezing of
water-saturated layers.

Superimposed ice

Superimposed ice forms when meltwater refreezes onto a
sub-freezing glacier surface. It can be distinguished from
glacier ice by its different air-bubble content (Kénig and
others, 2002). Superimposed ice has been thought to be diffi-
cult to observe with GPR, because layers and ice lenses
merge into a continuous mass and would show neither as
point reflectors nor as clear layering in the data. However,
high-resolution 500 MHz radar data (personal communi-
cation from J. Kohler, 2002} show an easily distinguishable
interface between superimposed and englacial ice on
Kongsvegen that varies between the winter snow base and
> 12m in depth. In our 50 MHz profiles on Kongsvegen,
sporadic hyperbolas and places of enhanced scattering were
seen at depths of about 5-20m for travel times of up to
200 ns), perhaps every 50-100m in an irregular area
down-glacier of the firn line. This region contrasts with the
engalcial ice close to the terminus of the glacier. and the
characteristic layering seen in the firn arca.

In Figure 5 we map the three different zones observed by
the radar, together with a composite satellite image of a
SPOT infrared (IR ) August 1996; Landsat Thematic Mapper
(TM) IR August 1993; and European Remote-sensing Satel-
lite-] (ERS-1) synthetic aperture radar (SAR) September
1995. The time is close to the end of the melting season for all
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Fig. 5. Kongsvegen grey-toned RGB colour composite: red: SPOTY6; green: TMI3; blue: ERS-195. The 50 MHz radar profile
runs up-glacier, along the centre line from stake I to 9 (about 18 km ), and across the firn—ice transition in several places. Numbers
along the centre line refer to radar scan numbers used in Figure 4. The radar images were interpreted into three classes of ice. The

sections shown in black show cold ice only covered by winter snow. The sections which showed largely englacial cold ice, but with
features that appear to identify superimposed ice, are shown in grey. Sections marked with a dashed black line are clearly temperate
firn with strong, near-surface layering. The possible superimposed-ice-zone ( seen in the SAR image as medium backscatter)

boundaries are marked with thin white solid line.

images. The SPOT image is from a year with moderate melt-
ing, and the Landsat image from a year with close to max-
imum melt. Variations in backscatter in the ERS-1 SAR
image are due to topography, and reflectance of different
ice types (e.g. Konig and others, 2002). The zone of sporadic
hyperbolic reflections in the 50 MHz profiles fits closely to
the region that is between the maximum and minimum ele-
vations of the snow line, the upper limit being the firn line.
with the lower limit defined by the region that melts down to
bare englacial ice every year. We believe that this region
marks the superimposed-ice zone on the glacier, and 1s
rather similar to the zonation of the SAR image that Kénig
and others (2002) use to identify superimposed ice. The close
fit between the GPR zones and the satellite imagery shows
that GPR can be used to identify superimposed ice. A com-
parison between the SAR image of Konig and others (2002)
and our images of the firn line between stakes 6 and 7 (Fig
5) gives a firn-line location at about scan 4600-4625 in Fig-
ures 4 and 5. There is a difference of about 100-200 m. We
are unable to identify any equilibrium line in both our satel-
lite image and that of Kénig and others (2002), as there is no
apparent difference between superimposed ice that is being
accumulated and superimposed ice that is being ablated.
The enhanced GPR scattering features on Kongsvegen
appear to come from depths consistent with the base of the
superimposed zone. We speculate that they are caused by
dielectric contrasts due to enhanced water in the ice: each
1% increase in water content decreases the radar velocity by
about 2.5% and also creates a large reflection coefficient
(Macheret and Glazovsky, 2000). Liquid water could occur
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in highly concentrated solution (about 2M; Lide, 1993, p. 15-
16) consistent with ice temperatures of -3 to =5°C (tempera-
tures seen in Hansbreen; Jania and others, 1996). It is well
known that during the summer melt period, much (perhaps

ice flow Fim line 200 m upglacier -

Time (ns)

Fig. 6. Hyperbolic reflections ( in boxes 4, B, C) at 50-100 ns
(5-10m depth) ~200m down-glacier of the firn line in
200 MHz data of Hansbreen, possibly indicating super-
imposed ice (cf. Figs 2-4). The down-dipping layers in the
boxes could be due to enhanced water content in the ice, and
the hyperbolic scattering indicates waler contents of 12%,
3.3% and 3.6% for boxes A, B and C, respectively.
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elevation Svalbard glaciers is flushed out Jania and others,

© 1996) and must travel through the superimposed-ice zone.

* We also observed sporadic hyperbolas from Hansbreen
with 200 MHz antennas down-glacier of the firn line (Fig,
6), which possibly indicates superimposed ice. These features
are similar to the superimposed-ice features on Kongsvegen
at 50 MHz (Fig. 4), in that they appear to show layering in
the upper parts and then a hyperbolic diffraction near the
bottom of each feature. The down-dipping layers can be ex-
plained by a low radar-wave velocity region caused by hi gh-
er liquid-water content in the ice, and the hyperbola could
come from the more saturated base of the wet patch. Fitting
curves to the hyperbolas in the boxes of Figure 6 gives water
contents of 1.2-36% in the superimposed ice with the low-
velocity “pull-down” layers. The velocities calculated from
the hyperbolas are potentially in error if the radar survey
did not pass vertically over the source of the diffractions.
An alternative hypothesis is that the features in Figure 6
are buried crevasses (Arcone and Delaney. 2000); however,
hyperbolic diffractions would show a velocity for firn if they
came from the crevasse walls, rather than the low velocity
indicated. Crevasses have not been observed on this part of
glacier, but are seen further down-glacier, where they pro-
duce reflections with weaker hyperbolas that start nearer
the surface, with no*pull-down” layers above them.

Water bodies

The GPR data from Kongsvegen (Fig. 4), Hansbreen ( Moore
and others, 1999) and Werenskioldbreen (Fig. 2) show that
these glaciers have occasional hyperbolic diffractions seen

- only in the cold-ice glacier ice or on top of the temperate ice,
- It seems plausible that only water bodies could cause such a

large dielectric contrast as to be easily seen with radar.
Metre-scale dimensions are indicated by the point-source
reflection at 50 MHz, and would remain liquid within ice at
-3°C for many years, even if the water were not connected to
the glacier hydraulic system. Macheret and Glazovsky (2000)
show that the water content of Svalbard glaciers varies con-
siderably over time, and it is possible that many of the
hyperbolas originate at voids or channels that could he empty
or partially filled. An air-filled void would collapse under ice
Pressure relatively quickly, suggesting that they are, or have
been recently, water-filled. Alternative causes such as large
boulders are unlikely, given the number of hyperbolas, their
strength and their rarity on the glacier surface. The temperate

~ Iceis too cluttered, and hyperbolic reflections from individual

Water channels are impossible to see. Nordenskjéldbreen has
$ome hyperbolic reflectors indicating water channels, but not
asmany as on the other surveyed glaciers, and they often have
a slightly irregular shape (also seen occasionally on Kongs-
vegen; Fig. 4), possibly because they are two-dimensional chan-

: nels inclined to the path of the radar.

CONCLUSIONS

We have used GPR data from four different polythermal
Blaciers ip Svalbard to study their firn-ice transition zones
and discuss differences in hydrological structure. The firn line

; ind the whole firn-ice transition zone can be clearly detected
+"ith GPR with all the antenna frequencies used. On each of
leour glaciers, the radar profiles show continuous layers
%»’;‘Vplcally about 2m apart from each other up-glacier from

the trn hime. Lhey are observed in the wop 10-20m of firn
and increase in thickness up-glacier. These reflecting hori-
zons are likely from layers of ice lenses and relatively low-den-
sity firn. At the firn line, reflections from the cold-ice layer
disappear and the whole thickness of ice becomes temperate.

Similar structures were observed in the firn—ice trans-
ition area, though with different emphasis on each glacier.
Foliations were observed in all the glaciers, but they were
most clearly seen on Hansbreen and Werenskioldbreen.
which are relatively slowly flowing and have thick cold-ice
layers. Superimposed ice was clearly detected on Kongs-
vegen and Hansbreen. The limited resolution and the spor-
adic nature of the reflections means that the overall extent of
superimposed ice is difficult to measure accurately, though
there is encouraging similarity between GPR and satellite
imagery for superimposed ice on Kongsvegen. The nature
of the reflections in the superimposed-ice zone, which seem
to come mainly from the interface of the superimposed ice
and the underlying glacier ice, is uncertain, but most casily
explainable by increased water content of a few per cent at
sporadic locations within the superimposed ice.
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