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ABSTRACT. We have obtained common offset, common midpoint (CMP) and bore-
hole vertical (VRP) ground-penetrating radar profiles close to the margin of Falljokull, a
small, steep temperate valley glacier situated in southeast Iceland. Velocity analysis of
CMP and VRP surveys provided a four-layered velocity model. This model was verified
by comparison between the depths of englacial reflectors and water channels seen in bore-
hole video, and from the depths of boreholes drilled to the bed. In the absence of sediment
within the glacier ice, radar velocity is inversely proportional to water content. Using mix-
ture models developed by Paren and Looyenga, the variation of water content with depth
was determined from the radar velocity proﬁlc At the glacier surface the calculated water
content is 0.23-0.34% (velocity 0.166 mns '), which rises sharply to 3.0-4.1% (velocity
0.149mns ') at 28 m depth, interpreted to be the level of the piezometric surface. Below
the piezometric surface the water content drops slowly to 2.4-3.3% (Veloc1ty 0.152mns )
until ~102 m depth where it falls to 0.09-0.14% (velocity 0.167 m ns ). The water content of
the ice then remains low to the glacier bed at about 112 m. These results suggest storage of a
substantial volume of water within the glacier ice, which has significant implications for

glacier hydrology, ice rheology and interpretations of both radar and seismic surveys.

INTRODUCTION

Most of our knowledge of the morphology of englacial water
systems 1s based on theory and there are rather few direct
observations, not least because of the difficulties of access.
During the summer, surface melting of ice and snow, to-
gether with any rainfall, provides a more-or-less continual
supply of surface water in the ablation zone. A small quantity
of water can also be generated by englacial melting. Some
water flows englacially through a connected system of veins
or small-scale tubular features formed between the ice grains
(Raymond and Harrison, 1975; Nye, 1989). These features are
small, up to 2mm in diameter (Raymond and Harrison,
1975), and may increase in size with depth (Shreve, 1972). Of
far greater importance to water evacuation are moulins,
which typically initiate where supraglacial streams intersect
with surface crevasses (Lawson, 1993). These moulins are
thought to be characterized by almost vertical shafts ending
in splash pools linked by short sub-horizontal englacial chan-
nels (Holmlund, 1988). The water level in englacial channels
will vary in response to changes in the basal water pressure,
and the level to which such channels are full of water is the
physical manifestation of the piezometric surface.

The englacial water distribution is important not only
because of the role of englacial flow in glacier drainage
(Fountain and Walder, 1998), but also because the water
content of ice affects its physical properties. For example,
increasing water content enhances ice strain rates by facili-
tating adjustment of grains with different orientations
(Paterson, 1994). At constant applied stress and temperature,
laboratory experiments suggest that the strain rate is lin-
early dependent on water content and triples between
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0.01% and 0.8% water content (Duval, 1977). Water content
also affects radar and seismic propagation velocities, which
are important for converting images to depth and placing
reflectors in the correct geometric position (migration). It
1s often assumed for simplicity that there is a constant
velocity of propagation (e.g. Fountain and Jacobel, 1997;
Welch and others, 1998). This assumption will be incorrect
if water content changes with depth or spatial location.

The velocity of radar signal propagation has been meas-
ured for cold ice to lie in the range 0.167-0.177 m ns
decrease with increasing water content in temperate ice
(Bogorodsky and others, 1985). Such measurements have
been used to estimate the bulk water content of warm ice
(Macheret and others, 1993) and the variation of water con-
tent with depth in polythermal glaciers (Hamran and
others, 1996). However, no corresponding measurements of
the velocity and water-content profile have been made for
temperate glaciers. The water content derived from radar

'and to

wave velocities will be comprised of all water bodies that
are small compared to the resolution of the radar, which is
typically a few decimetres. Thus, such measurements will
integrate the water content contained both in the vein net-
work and in smaller channels and water-filled voids.
Radar-signal propagation velocity can be measured by: (1)
comparison of surface radar-reflection profiles with drilling
depths to the glacier bed (e.g. Robin and others, 1969); (ii)
velocity analysis of common midpoint (CMP) or wide-angle
reflection observations (e.g. Macheret and others, 1993); and
(1i1) direct measurement of signal travel times by lowering
either a radar reflector or one or more radar antennae down
aborehole (e.g. Robin, 1975; Jezek and Roeloffs, 1983). In this
paper we use a combination of all of these methods to profile
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the variation in radar-signal velocity with depth in a tem-
perate glacier. Control of the velocity model is provided by
the depths of drillholes on the radar lines and the known
depth of englacial features identified on borehole video.
From these measurements we use standard dielectric ice/
water mixing formulae to develop a model of the water-
content profile for the glacier.

FIELD SITE

Falljokull is a 13 km long temperate glacier situated in south-
east Iceland (Fig. 1). The glacier descends from a maximum
altitude of 2119 m on the southern side of the Orafajokull ice
cap. At 5.5 km from the front of the glacier a 3 km long rock
ridge splits the glacier into two steep and heavily crevassed ice-
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Fig. 1. (a) Map showing study site on Falljokull, southeast
Iceland, and position of GPR survey lines below the icefall. In
1996, surveys were undertaken in early Jfune, and in 1997
during the first 3 weeks of Fuly. (b) Hydrological and struc-
tural features on the ice surface. M, moulin; CME, centre of
common midpoint survey. The borehole survey was undertaken
in hole 9705. The survey direction of radar lines is shown by an
arrow.
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falls. At the base of these icefalls, the crevasses close and the
two tongues are separated by an ice-cored medial moraine.
Based on hot-water drilling and penetration testing, Falljokull
is thought to overlie patches of bedrock and decimetre-thick
sediment (Crabtree, 1999). This bedrock is largely Upper Pleis-
tocene basic and intermediate hyaloclastites and tuffaceous
sediment overlain by basic and intermediate lava (Torfason,
1985). The glacier bed appears to be very rough, and adjacent
boreholes ~10 m apart often differ in depth by ~5 m.
Hot-water drilling, hydrological instrumentation and
borehole video have been used to identify water-evacuation
routes through the lower region of the glacier (Crabtree and
Murray, 1996; Hiatt, 1998). The depths of boreholes together
with the surveyed geometry of the glacier surface suggest
that the glacier bed is overdeepened by 35-70 m below the
icefall. This overdeepening is measured relative to a datum
produced by extrapolating the mean slope of the proglacial
valley through the altitude of the outlet stream. At Fallj6-
kull, in common with other glaciers with overdeepened beds
(e.g. Hooke and Pohjola, 1994; Fountain and Walder, 1998),
water evacuation is thought to occur mostly via englacial
channels (Crabtree, 1999). Borehole video showed the exis-
tence of a large number of water-filled voids and small chan-
nels within the glacier ice (Hiatt, 1998). Furthermore,
boreholes that did not intersect englacial channels, and
which had no obvious supraglacial water source, often had
water running down the borehole walls, the quantity of
which appeared to increase with depth. These observations
were interpreted to be evidence for vein or small-scale tubu-
lar drainage through the glacier ice (Hiatt, 1998). There is
also evidence from drilling for larger-volume englacial
drainage. Fifteen per cent of boreholes drilled (8 of 53)
drained englacially at the time of drilling, and thus were
connected to some form of larger-volume water-evacuation

system (Crabtree, 1999).

EQUIPMENT AND DATA COLLECTION

The data collected at Falljokull consisted of a series of com-
mon offset (CO) surveys, a CMP survey and a borehole sur-
vey sited close to the glacier margin (Fig. 1). In this paper we
discuss only the results that lead to a velocity model for the
propagation of electromagnetic radiation and its interpret-
ation in terms of ice water content.

The radar used in this study was a Pulse EKKO 100
ground-penetrating radar (GPR) system (Sensors and Soft-
ware Inc., Mississauga, Canada) modified to record in-
creased trace durations. Two borehole and surface
antennae sets were available at nominal centre frequencies
of 50 and 100 MHz. The sampling interval of 0.8 ns provided
at least 12 samples per waveform cycle at 100 MHz (25
samples at 50 MHz). GPR systems are impulse transmitters,
and the source waveform consisted of one-and-a-half cycles
at the centre frequency. This waveform is a broadband
signal containing energy at a wide range of frequencies.

The surveys were undertaken in the lower 0.3 km of the
ablation zone below the icefall on the eastern part of the glacier
(Fig. 1). At this location the ice-surface slope is approximately
8.5-10.5°. During GPR surveying, the ice surface was clear of
any snow and there was considerable surface melting. The
location of all surface features that might be imaged by radar,
such as supraglacial streams, closed crevasses, moulins and
strong foliation, was noted (Fig. 1).
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Surface surveys

During surface (CO and CMP) surveys we recorded at dis-
crete stations, and signals were stacked 128 times per trace.
The survey lines were run with the antennae orientated per-
pendicular to the profile direction. This orientation mini-
mizes reflections from offline because the radiation pattern
has its widest energy footprint in the so-called H-plane,
which is perpendicular to the antenna axis (Arcone, 1995;
Arcone and others, 1995).

CO surveys are analogous to seismic reflection profiles
and are used in this study as a control on the velocity deter-
minations from borehole and CMP surveys. During these
surveys the transmitter and receiver were mounted on a
small sledge with the 50 MHz antennae fixed 2m apart.
The station spacing was 0.5 £ 0.05 m.

CMP surveys are collected by progressively offsetting the
transmitter and receiver symmetrically about a central
point. Analysis of the resulting hyperbolic increases in travel
times from near-horizontal reflectors at the CMP is a stan-
dard method of measuring the velocity of signal propagation
and its variation with two-way travel time (twtt) or depth.
Additional near-surface velocity information can be deter-
mined from the linear distance—time plot of the ground-
coupled wave. A 120 m long CMP survey was undertaken in
the cross-glacier direction in which surface and basal topog-
raphy changes were expected to be smallest, and flat reflec-
tors therefore most likely to occur. The line was centred at
60 m on 97GXl1 (Tig. 1). Antenna spacing increased at 0.5 m
intervals. The survey used 50 MHz antennae for maximum
penetration.

Borehole surveys

Borehole surveys allow the direct measurement of velocity
of propagation of the radar signal. Fewer assumptions are
made during their interpretation than in the more wide-
spread CMP surveys, and hence they allow direct testing of
the velocity results of CMP surveys. Various types of bore-
hole survey are possible; we undertook vertical radar
profiles (VRPs) (analogous to vertical seismic profiles). Pre-
vious borehole studies have involved lowering a radar target
down a borehole (e.g. Jezek and Roeloffs, 1983; Jezek, 1985)
or used interferometric techniques (Robin, 1975). During
our VRP surveys, the transmitting antenna was placed on
the glacier surface, and the receiving antenna was lowered
progressively down the borehole. This allowed us to measure
the velocity in the vertical propagation direction, analagous
to the velocities determined by CMP surveys.

The VRP survey reported in this paper used 100 MHz
antennae and was undertaken in borehole 9705 situated
approximately 75m from the centre of the CMP survey
(Fig. 1). The borehole was water-filled at the time of survey-
ing. The transmitter was located 5.5 m north of the borehole,
the receiver was lowered down the borehole in 0.5 m steps
and 64 traces were stacked at each depth. Due to the length
of cable connecting the antenna to the receiver, the survey
was limited to 30 m depth. This limitation meant that to
extend the velocity information to the glacier bed (~110 m)
the results from borchole surveys must be combined with
those from CMP surveys.

Borehole video

Based on initial radar results, boreholes were drilled using a
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hot-water drill at points of particular interest on radar lines
96GX2 and 96GX3. Three of these boreholes, 9608, 9611
and 9612 (Fig. 1), were then logged using a video camera
based on the commercial oceanographic See-Snake system
(Deep Sea Power and Light, San Diego, U.S.A.). The cam-
era cable is marked every 2 m and the operator recorded the
depth orally on the sound track each time a mark entered
the borehole. The video was subsequently visually logged
for crystallography, sediment content and the presence of
englacial water bodies and channels, and used to correlate
with reflection events on the CO surveys. Depths between
marks have an estimated accuracy of better than £0.2 m.

DATA PROCESSING

GRADIX software (version 1.10; Interpex Limited, 1996) was
used for data processing and display of the surface GPR
profiles. Initial processing included (i) high-pass filtering
(2 MHz cut-off) to remove source-generated low-frequency
noise (this process is commonly known as applying a dewow
filter); (i) setting the first arrivals to zero time; and (iii) auto-
matic gain control (AGC) to amplify deeper reflections. CO
lines were corrected for changes in elevation along the profile.

The processing parameters derived from rigorous testing
on the CO surveys were applied to the CMP survey. Our
approach was to test a set of zero-phase bandpass time-
domain filters in order to observe the information content of
the surveys at different centre frequencies. The CO surveys
showed a low-frequency reflection arriving at 1300-1600 ns
twtt on all lines when low-frequency bandpass filters with
<25MHz cut-off were used (Fig. 2). In general this low-
frequency reflector dipped towards the centre of the glacier

Distance (m)
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100 120

Two-way travel time (ns)

Fig. 2. GPR output from 50 MHz CO line 97GX2 ( see Iig. 1

Jor location ), processed using (a) dewow and AGC function
only. Additional processing used zero-phase Butterworth
bandpass filters: (b) passband between 1 and 25 MHz;
(¢) passband between 1 and 10 MHz. Butterworth filters
were eighth-order and sloped at 24 dB/octave to the —3dB
(passband) frequencies. The low-frequency reflection at twit
1350—1500 ns ( B) is interpreted to be the glacier bed.
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on cross-glacier lines (Iig. 2) and up-glacier on longitudinal
lines, and the twtt to the reflector agreed within £15 ns at tie
points between lines. The reflector varied in strength along
lines, as would be expected if it represents the interface
between ice and patchy till or bedrock. No coherent signal
was evident below this reflector, suggesting either that little
energy can penetrate below the interface or that no dielectric
contrasts occur below it. We therefore interpreted this deep
reflector as the glacier bed. This interpretation was sub-
sequently supported by comparison of radar-derived and
borehole depths. The CMP survey was then filtered using
these optimized filters before semblance analysis.

Subsurface reflections on CMP surveys appear hyper-
bolic and their form is given by the normal move-out equa-
tion (Sheriff and Geldart, 1995, p.85-86), provided the
small-spread approximation holds: that is, that the depth
to the reflector is very much greater than the distance
between the antennae. The fit to a hypothetical hyperbolic
trajectory calculated from the normal move-out equation
can be measured by the semblance (Neidell and Taner,
1971). Semblance, ST, is the ratio of the total energy summed
along the hyperbola within a given time interval, At, to the
sum of the energy in the component traces within the same
time interval and is calculated from

t+At 2
_ t:t (Ez an‘)
- A 2

iit ! Zz(xtz)

where 4 1s the amplitude of trace ¢ of the CMP survey at

(1)

time ¢ (Neidell and Taner, 1971). The semblance is large when
a coherent reflection is present, and is also sensitive to the
amplitude of a reflection. The results of this analysis are
usually presented as plots with St against velocity and travel
time: a peak of semblance on the plot thus indicates the root-
mean-square (rms) velocity for a particular travel time.

In this paper we use three types of velocity, namely, in-
terval velocity, rms velocity and average velocity. The inter-
val velocity is the velocity of a wave front through a single
homogeneous layer. The rms velocity is the weighted rms
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of the layer interval velocities, with the weights determined
by the layer thicknesses (Sheriff and Geldart, 1993, p.92).
The average velocity is the ratio of the distance travelled to
the travel time.

RESULTS
CMP surveys

We analyzed the CMP data, in conjunction with the CO sur-
veys (Fig. 3). Like the CO data, the unfiltered CMP data con-
tain high-frequency clutter, which leads to false semblance
peaks as well as those resulting from real reflections (Fig. 4).
The filtered data allowed identification of real semblance
peaks before the velocities in the unfiltered data were picked.
The very high velocities seen on the semblance plots at two-
way travel times greater than that generated by the glacier
bed occur because of dipping or offline reflectors (Fig. 4).
Either will result in false semblance highs at two-way travel
times that are unrealistically long and velocities that are too
fast. These semblance peaks were therefore ignored.

The results of semblance analyses following filtering (Fig.
4) were used to obtain the rms velocity of propagation to
each reflector (Table 1). Eight estimates of the rms velocity
were obtained at two-way travel times between 345 ns and
the glacier bed at 1440 ns. The interval velocity (Table 1)
was then estimated using Dix’s equation (e.g. Sherift and
Geldart, 1995, p.130). The interval velocity was 0.160 m ns |
at 345 ns, fell sharply to 0.149 mns ' between this twtt and
380 ns, and then rose progressively to 0.167mns ' at the
bed. Further control came from the comparison of depths
calculated from the rms velocity to the glacier bed
(0156 mns ') and measured depths of boreholes. The depth
of boreholes drilled within 10m of the radar lines (Fig. 1)
agrees with the depth of the reflector interpreted as the glacier
bed to £7 m. The linear ground-coupled wave travelling in
the surface ice was picked on the CMP survey and gave a
velocity of 0.166 £ 0.00l m ns ' (Fig. 3).

wo-way travel time (ns)

Fig. 3. Results of 50 M Hz cross-glacier CMP survey ( see Fig. I for location) displayed with an AGC function of 500 ns length.
Arrow marks location of abrupt change in interval velocity interpreted to be the prezometric surface. (a) Corresponding section of
the 50 MHz CO line 97GX1. (b) CMP dewowed and filtered using 25 MHZ filter. A, airwave (velocity 0.298 % 0.00 m ns *);
1, ground-coupled wave (velocity 0.166 £ 0.00Imns ). (¢) CMP dewowed but unfltered. (d) CMP dewowed and filtered
using 10 MHz filter. Details of filters are given in Figure 2 caption.
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Ing. 4. Semblance plots from 50 MHz cross-glacier CMP survey. (a) Velocity spectrum from dewowed but otherwise unfiltered
data (see Fig. 1 for location). Semblance values are plotted from lowest (white) to highest (black). (b) Peak semblance for
dewowed unfiltered data. (¢) Peak semblance for data dewowed and filtered using 25 MHz filter. (d) Peak semblance for data
dewowed and filtered using 10 MH filter. Filter details are given in Figure 2 caption. Black circles and arrows in (a) and (b)
show the semblance highs that were used in this analysis ( Table 1).

Table 1. Final model for interval velocity variation with depth Borehole radar surveys

from combined VRP and CMP results

The first breaks from VRP surveys were picked at 5% of the
maximum trace amplitude (Fig. 5a). We assume that the first

Twtt to Depth Rms velocity Modelled interval Layer - . . .
reflector” from CMP survey' velocity! break corresponds to energy with a straight-line propagation
. . ! ! path through the glacier ice. Travel distances between trans-
mitter and receiver were corrected for the offset between the
a4 976 0160 ASVRP results 1 (as VRP transmitter apd borehole, ar'ld interval velocities were then
(Fig. 5b) results) calculated using a seven-point average least-squares fit to
380 302 0.159 0.149 2 the gradient of the resulting time—distance plot. The VRP
420 33.2 0.158 0.149 survey indicated that interval velocity varies with depth
(zﬁi ;}(7)2 giji gg between 0.147 and 0172 mns ' (Fig. 5b). Rms velocities were
1990 939 0154 0154 3 calculated from these interval velocities to compare with the
1320 102.3 0.155 0.167 4 (to bed) CMP survey, and varied from 0167 mns ' at the surface (cf.
1440 1123 0.156 0.167 0.166 mns ' derived from the CMP ground-coupled wave),
dropping to 0.151mns ' at 25m and gradually rising to
“£10. 0.162 m ns ' at 26.5 m depth.
20,001 The largest component of error in these calculations is the
3 Distance (m) b Interval velocity (m ns™)
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Fig. 5. Results of 100 MHz VRP survey at borehole 9705. T he transmitter was placed 5.5 m_from the borehole. (a) GPR output.
Signals have been dewowed. (b) Interval velocity vs depth profile using seven-point average least-squares fit to VRP results.
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deviation of the true geometry of the borehole from vertical.
Errors resulting from picking and antennae placement are
considered to be negligible in comparison. The boreholes
were drilled using standard hot-water drilling techniques. In
the absence of inclinometric measurements, we calculate the
error in the velocity by assuming a maximum 5° deviation of
the borehole from vertical. This is less than the maximum
deviation quoted by Copland and others (1997) from a study
of deep boreholes at Haut Glacier dArolla, Switzerland,
drilled using similar techniques, but is 2-3° larger than their
maximum error at 30 m depth, which is the depth limit on
our borehole radar. The error shown in Figure 5 decreases
with depth because of the increased path length between the
antennae.

Velocity—depth profile

The detailed but shallow velocity information from the bore-
hole survey needs to be integrated with the CMP results
which extend to the glacier bed. The velocities estimated from
CMP surveys are interval velocities calculated from rms
velocities, whereas those resulting from VRP surveys are
interval velocities calculated from vertical travel times. We
assume that interval velocities calculated from these two
types of measurements can be directly equated. The deepest
antenna during the borehole VRP surveys at 26.5 m gave an
average velocity from the surface of 0162 m ns . The first rms
velocity of the CMP survey, which is equivalent to the aver-
age velocity in the first layer, was 0.160 m ns . This value was
determined at a 345 ns twtt or 27.6 m depth (Table 1). Thus,
there 1s good agreement between the deepest VRP estimates
of velocity and the shallowest velocity from the CMP surveys,
despite the different locations of the two surveys (Fig. 1).
Furthermore, the depth measured to the channels seen on the
borehole video and the reflector on the corresponding CO line
(Figs 6 and 7) can be used to calculate an independent
velocity estimate of 0.157-0.162 m ns ' at 370 ns twtt, which is
consistent with the velocity from the CMP survey (Table 1).
These observations suggest that lateral variations are small
compared to vertical variations within the surveyed region,
and therefore that the CMP and VRP surveys can be com-
bined in a single velocity model for this region of the glacier.

Distance ém}
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Fig. 6. 50 MHz GPR CO line 96GX2, processed using dewow
and AGC function ( see text for details ). F, feature correspond-
ing to a series of active channels located on borehole video. The
posttions of surface features on the line that may cause interfer-
ence are marked: s, stream; M, moulin; b, borehole; c, crevasse.
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DISCUSSION

Velocity models

A layered model of interval velocity with depth was devel-
oped that incorporated the results of both the VRP and
CMP surveys. The developmental criteria were: (1) a simple
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Fig. 7. Results from video from borehole (9611) on line 96GX2.
(a) Schematic logs of water bodies. (b) Frame grab of one of a
series of channels at 29-52m thought to cause reflection F in
Figure 6 at 10-22m along the line at approximately 570 ns
twit. Water can be seen entering the borehole from the channel
in the centre of the frame at a height of approximately two-
thirds the frame height.
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model was preferred, with the lowest number of layers needed
to explain the data; (i) a model with smooth variations in
velocity was preferred over one that oscillated between fast
and slow velocities at each layer in order to fit the data. The
final velocity model (Table 1) has four layers. The surface
velocity was taken from the velocity of the ground-coupled
wave, 0.16640.00Imns ', and the velocity in the upper
26.5m from the VRP survey (layers la and lb; Fig. 5b). The
CMP survey then indicated a sharp drop in interval velocity
from 0.160 to 0.149 m ns ' between 345 and 380 ns twtt (layer
2), followed by a more gradual rise at greater depth (layer 3).
The sharp change in interval velocity results in a reflection
coeflicient of =0.04 and hence would result in a very weak re-
flection. The temporal location of such a reflection is shown
in Figure 3. Layer 3 continues down to 1220 ns where velocity
increases to 0167 mns ' (layer 4), which is the velocity cal-
culated for ice between here and the glacier bed at 1440 ns.
The abrupt changes in velocity at layer boundaries (Table 1)
are probably artificial, and a more gradual variation as
shown in Figure 8 is likely to be more representative of the
real situation.

These velocities calculated for Falljokull are lower than
those typically given for cold glacier ice. However, the
velocity of electromagnetic radiation in temperate ice is
known to decrease with increasing water content of the ice
(Macheret and others, 1993). For example, velocities of 0.138
and 0.159 mns ' are quoted for temperate glaciers in the
Western Alps (Nicollin and others, 1992) and New Zealand
(Nobes and others, 1994), respectively.

Estimates of water content

If glacier ice is assumed to be a two-component mixture
with random inclusions of water with characteristic dimen-
sions much less than the radar-signal wavelength, then the
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Ig. 8. Best model of water content vs depth using combined
borehole and CMP results. The bar on the right shows the
water content conceptually; shading increases in intensity
with increasing water content.
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velocity—depth profile presented (Fig. 5b; Table 1) can be
considered equivalent to a water-content—depth profile.
The radar velocity of ice with randomly distributed linear
water inclusions can be modelled using Parens mixture
formula. This relates the fractional water content, n, to the
relative dielectric permittivities of dry glacier ice, €, and
water, €y, the speed of electromagnetic radiation in free
space, ¢, and the measured speed of propagation through

the wet ice, v:
3 /c
n=2(5-a) @

(Paren, 1970; Smith and Evans, 1972). An alternative
approach is to consider the inclusions to be randomly dis-
tributed spherical bodies. In this case the Looyenga mixture
formula can be used:

c/v)*3 =l
n= : /1/)3 1/?: (3)
Ew — &

(Looyenga, 1965; Macheret and others, 1993). The estimate
of water content using the Looyenga mixture formula
(Equation (3)) is always greater than that using Paren’s mix-
ture formula (Equation (2)). In subsequent discussion each
water content quoted will be calculated from Paren’s mix-
ture formula followed in parentheses by that calculated
using the Looyenga mixture formula.

The water-content—depth model is presented in Figure 8.
It assumes that other factors known to change the electrical
properties of ice, such as the presence of air bubbles, chemical
impurities, debris or crystal orientation (e.g. Paterson, 1994),
do not change with depth at this glacier. The velocity of
propagation at the glacier surface is 0.166 mns ', which is
equivalent to a water content of 023% (0.34%). The bore-
hole-survey results then suggest the water content rises
slowly and falls again as the velocity rises towards 26 m
depth. The sharp fall in velocity to 0.149mns ' at 28 m
below the surface corresponds to water content rising to
3.0% (41%). Between 28 and 33 m depth the velocity is
0.149mns |, rising to 0.151 m ns 'at 33m, corresponding to a
drop in water content to 2.1% (2.9%) between 33 and 102 m.
Between 102 m and the glacier bed the velocity is 0.167 mns
and corresponding water content 0.09% (0.14% ). The depth-
averaged water content for the entire thickness of the glacier
1s 1.74% (248%). The depth-averaged value at Falljokull is
similar to the water content of Abramov glacier in the Altai
mountains, central Asia, calculated as 1.27% (1.69%) aver-
aged over the ice column in the ablation area and 1.61%
(216%) for warm ice in the accumulation zone (Macheret
and others, 1993).

The rapid decrease in velocity at 28 m is attributed to an
increase in water content to 3.0% (4.1%), although an alter-
native explanation would be a rapid increase in sediment
content within the glacier ice (e.g. Murray and others, 1997).
We cannot differentiate between these two possibilities on the
basis of the velocity contrast across this boundary, because
both would result in an increase in permittivity (Arcone and
others, 1995). However, the logs of video from boreholes 9611
and 9612 do not support the presence of sediment at this
depth (Fig. 7). The water level within voids and channels that
are connected to the glacier bed will vary as a result of
changes in basal water pressure. Borehole water-pressure
measurements show mean water pressure to be equivalent to
a water surface at 28.5m below the glacier surface on one
pressure sensor and at 36.5m on a second pressure sensor
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during the period following the GPR surveys (Crabtree,
1999). Diurnal fluctuations in pressure were small, typically
<10m (Crabtree, 1999). These observations, together with
the continuing high water content of ice below 28 m level to
>90 m, suggests that the increase in water content at 28 m
most likely represents a physical manifestation of the piezo-
metric surface. Layer 2 might alternatively represent the
depth of a significant number of englacial channels or a con-
centration of water-filled voids (Jacobel and Anderson, 1987,
Hooke and Pohjola, 1994), with fewer forming in the surface
ice (layer 1) or in the deepest ice (layers 3 and 4), but this is
deemed less likely. The top of layer 2 is marked by only a weak
reflector, in stark contrast to the strong reflection seen from
an englacial channel (F in Fig. 6). This contrast suggests that
the interface at the top of layer 2 is rougher or more diffuse
than seen at channel features.

The water-content model we have produced for Falljokull
shows an essentially four-layered structure (Fig. 8), although
the propagation velocity measured, and hence water content
inferred, is expected to vary continuously through the profile
rather than in steps. The surface ice (layer la) has a high
velocity, typical of that reported for cold ice, and is thought
to have a high porosity and low water content. It is likely that
this ice is well drained (cf. Fountain and Walder, 1998). Within
a few metres of the surface the ice becomes wetter (layer Ib).
A sharp fall in propagation velocity and hence rise in water
content at 28 m depth (layer 2) to 3.0% (4.1%) 1s inferred to
be the piezometric surface of the glacier. This implies that
there must be sufficient void space within the ice that is con-
nected to the basal water system and which can act as a man-
ometer reacting to changes in basal water pressure. Below the
piezometric surface, this wetter ice is underlain by two layers
of progressively lower-water-content ice (layers 3 and 4).

While profiles of water content for temperate glaciers are
generally lacking in the literature, several authors have pro-
duced models for the water content of subpolar glaciers from
combinations of the presence of internal reflecting horizons,
radar velocity measurements or thermistor measurements
(e.g. Macheret and others, 1993; Jania and others, 1996). These
models vary in the number of layers they distinguish, from
simple two-layer models (e.g. Bamber, 1987) to four-layer
models that identify both the cold—warm ice boundary and
the level of the piezometric surface within the glacier (Jania
and others, 1996). The more complex of these models show
marked similarities to the model we have developed for the
ice profile at Falljokull. At Hansbreen, a polythermal glacier
in Svalbard, Jania and others (1996) developed a four-layer
model that suggests that the cold surface ice (absent at Fall-
jokull) is underlain by a 20-40 m thick layer of warm ice with a
low water content (equivalent to our layer 1). The piezometric
surface delineates the top of a 60 m thick layer of warm ice
with water content of 4-5% (equivalent to our layer 2) which
is underlain by a further low-water-content layer close to the
glacier bed (Jania and others, 1996), equivalent to our layers 3
and 4. The high-water-content layer at Hansbreen was also
identified by Macheret and others (1993), although they sug-
gested that the values were anomalously high and probably
resulted from a concentration of water-filled channels and
cavities within the ice column (Macheret and others, 1993).

The water contents inferred from measurement of the
propagation velocity of electromagnetic radiation appear to
be higher than those measured on ice cores from temperate
ice, which are typically 0.1-1% at maximum (e.g. Raymond
and Harrison, 1975; Vallon and others, 1976). Our measure-
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ments suggest that at Falljokull the wettest ice has a water
content of 3.0—4.1%. Measurements by methods that are fun-
damentally similar give values that are similar for warm ice
at other sites. For example, Bamber (1987) gives a value of
>3% for the wettest ice layer at a number of Svalbard
glaciers using the Looyenga mixture fomula (Equation (3)).
Macheret and others (1993) calculate 4-5% for ice at Hans-
breen using both the Looyenga and Paren’s mixture formulae
(Equations (2) and (3)).

Assuming that the dielectric mixing formulae used are
valid, the most obvious difference between the radar and
ice-core measurements is that the radar measurements are
averaging over a much greater sample volume. Water bodies
that were large with respect to some fraction of the core
diameter (the core would be incomplete or structurally un-
sound if large water bodies were sampled) but small com-
pared to the resolution of the radar might be poorly sampled
by coring techniques: the radar resolution is equal to one-
quarter of the radar wavelength, A (A/4 is equal to 0.84 m at
50 MHz or 042m at 100 MHz in cold ice (Sheriff and
Geldert, 1995, p.172—175)). To produce ice with the water con-
tent we infer at Falljokull, 7-10 spherical water bodies of 0.l m
radius are required per cubic metre, or 780—1000 of 0.0l m ra-
dius, assuming that there is no water in the vein system or in
other inclusions. We therefore postulate that the existence of
centimetre- to decimetre-scale water bodies may explain the
difference between the two types of measurements. Borehole
video observations at Falljokull (Hiatt, 1998) and elsewhere
(Pohjola, 1994) support the existence of such voids in tem-
perate ice: at Storglacidren they are estimated to provide an
apparent void ratio of ~1.3% (Pohjola, 1994).

Theoretical considerations suggest that the water content
of ice should increase with depth due to the increased heat
released by ice deformation (Vallon and others, 1976), and in-
deed this trend was seen at Uvérsbreen (Hamran and others,
1996). However, we observe the opposite trend at Falljokull
(layers 3 and 4). Furthermore, measurements on a core taken
in the French Alps show decreasing water content close to the
bed (Vallon and others, 1976). The presence of these layers
with decreasing water content at Falljokull could be due to a
progressive reduction in the presence of small connected
voids in the glacier available to be filled by the water system
due to (1) the expected arborescent nature of the water system
with depth tending to localize water in discrete channels, and
(11) an increased rate of closure of voids at depth due to higher
normal and shear stresses, and hence ice-deformation rates.

There are a number of important implications of these
results:

(I) The large variations in water content will create layers of
softer ice within the glacier. While some of the englacial
water is probably contained within small pockets of water
rather than at grain boundaries, any water within the ice
structure enhances sliding between grains and softens the
ice. At constant temperature and applied stress the strain
rate 1s increased by ~3.8 times for each 1% increase in
water content (Duval, 1977). We suggest that the bulk ice
water content at Falljokull can be as high as 3-4% or as
low as 0.1%. Extrapolation of Duval’s results would sug-
gest the wettest ice could be up to 11-15 times softer than
the driest ice.

(2) The water-content profile shows a sharp increase at 28 m
depth from 0.23-0.34% to 3.0-4.1%. We interpret this in-
crease as marking the level of the piezometric surface.
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There must therefore be sufficient connected void space
within the glacier for the ice bulk water content to react
to basal water pressure. At the time of our survey this void
space was storing substantial volumes of water. Fountain
and Walder (1998) calculate that for a 100 m thick glacier a
macroporosity of only 0.1 % in hydraulic communication
with the basal water system is equivalent to a 0.1 m thick
layer of water stored at the bed. They further suggest that
this could be important in storing the early-season excess
of meltwater. Our water-content profile suggests the ice at
Falljokull has a substantially higher water content. Our
model layer 2 contains the water equivalent of a layer at
least 1.8 m thick at the glacier base.

(3) The high water content in temperate ice substantially
reduces the velocity of radar propagation from that of
cold ice. Studies where a cold-ice velocity is used to cal-
culate the depth of temperate ice may be in error. Using
a cold-ice velocity (0168 mns ') rather than our depth-
averaged velocity (0.156 m ns ) would result in over-
estimating the glacier depth by ~7%.

(4) The rapid variation in water content with depth we ob-
serve suggests that refraction of radar signals is likely.
This means that assumptions of straight-line travel for
radar surveys may be invalid. Such variation also
requires caution when calculating the depth to englacial
features on radar profiles.

(5) Interpretation of radar profiles requires migration to
place reflectors in their correct geometric position. This
geometric correction depends on the radar propagation
velocity, typically taken as a constant value (e.g. Fountain
and Jacobel, 1997; Welch and others, 1998). Our results
suggest that the velocity varies with depth, and therefore
that a layered model is required.

(6) The velocity of P- and S- waves in temperate ice depends
sensitively on the amount of liquid water at grain bound-
aries (Rothlisberger, 1972). Thus our results and cautions
will apply not only to radar but also to seismic surveys of
temperate glaciers.

CONCLUSIONS

GPR has been used to derive a bulk water-content—depth
profile in the accumulation zone of the temperate glacier
Falljokull, imaging those components of the water system
that are smaller than the resolution of the radar. Semblance
analysis of CMP surveys filtered at frequencies of < 25 MHz
allowed calculation of the velocity of propagation at depths
at which coherent returns were observed. Combining the
results of the CMP surveys with borehole surveys provided
several velocity determinations at depths down to the glacier
bed. Since there is little sediment in the glacier ice, we inter-
pret this velocity to represent water content. There are
strong similarities between our model for water content at
Falljokull, which is a temperate glacier, and models devel-
oped for subpolar glaciers elsewhere. In particular, features
of our model are (i) low water content at the glacier surface
(0.23-0.34%), (1) a sharp increase in high water content to
3.0-4.1% at 28 m depth, and (ii1) decrease in water content
to 0.09-0.14% close to the glacier bed. The results have
implications for water storage and transport, for ice rheology
and for the interpretation of geophysical surveys.
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