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Borehole radar and refraction seismic experiments at 
Storglaciären, summer 2008
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methods for measuring water content of temperate 
and polythermal glaciers are developed and validated.
      Since direct sampling of ice water content is logisti-
cally challenging, and often fails to correctly reproduce 
a sample’s boundary conditions (e.g. temperature and 
confining pressure), efforts have been made recently 
(Barrett et al., 2007; Murray et al., 2007; Gusmeroli 
et al., 2008; Endres et al., 2009; Bradford et al., 2009; 
Gusmeroli et al., 2010a) to constrain ice water content 
using in-situ geophysical techniques. This is because 
propagation speed and attenuation of geophysical 
signals are both sensitive to variations in glacier-ice 
water content (Figure 1, Endres et al., 2009; Gusmeroli 
et al., 2010a). 
      In this paper we report borehole and surface based 

Abstract. This report describes the geophysical experiments and preliminary results collected during 
4 weeks in July 2008 at Storglaciären. Borehole radar measurements were collected in holes ~ 80 m 
deep to estimate the vertical distribution of water within the ice-column. A series of seismic refrac-
tion surveys were also acquired to quantify the attenuation of the seismic signal in the uppermost 
region of the ice-column. Preliminary results show that the water-content distribution with depth 
in the temperate ice of Storglaciären is relatively uniform whereas seismic attenuation is strongly 
conditioned by glacier-ice temperature. 
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Figure 1. Sketch of the basis of our research. Differences in water content between cold ice and warm ice in a polythermal 
glacier make the former harder and thus water content should be included in glacier-flow models. Since water affects the 
propagation of geophysical signals by measuring speed and attenuation is possible to obtain useful insights about the water 
distribution. 

Introduction 

Many models assume ice-properties are uniform 
within a glacier. This is not true, especially in the 
case of a polythermal glacier such as Storglaciären 
which consists of both cold (below pressure melting 
point) and warm (at pressure melting point) ice. 
Ice deformation is sensitively dependent on both 
temperature and water content: for example, laboratory 
studies have indicated that a 1% increase in water 
content can increase a sample’s deformation rate by 
~400% (Duval, 1977). This sensitivity means that the 
flow rate of both temperate and polythermal glaciers is 
strongly affected by the distribution and concentration 
of water within the ice. It is therefore critical that 
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geophysical experiments acquired during July 2008 
in the upper ablation area of Storglaciären (Figure 2). 
The study area was chosen according to the following 
criteria: 
•   The total ice thickness in the study area is more 

than 100 m
•    The site is in the polythermal part of the glacier
•    The thickness of the cold surface layer is less than 

30 meters, this location offers the opportunity to 
measure the polythermal structure and the water 
content in at least 70 meters of temperate ice.

•     The study area is close to a thermistor string which 
can complement water content estimates adding 
temperature data.

•     The winter accumulation in the study area is remark 
ably less if compared to the northern part of the 
glacier. Drilling operation have been facilitated by 
the presence of running meltwater and the absence 
of snow-cover.

The summer 2008 field seasons was particularly suc-
cessful and led to two publications (Gusmeroli et al., 
2010a, 2010b) which are suggested as further readings. 

Borehole radar measurements
In July 2008, we collected 100 MHz borehole radar 
ZOPs using a Måla Geoscience RAMAC GPR system 

in two pairs of boreholes. The holes were approxi-
mately 80 m deep and were drilled with the Tarfala 
Research Station hot water drill in the upper ablation 
area of Storglaciären. From these three boreholes we 
obtained two ZOPs, since one of the boreholes subse-
quently closed and did not allow further investigation. 
      ZOP is a commonly used geophysical method to 
obtain high resolution radio-wave speed reconstruc-
tion of the subsurface. In a ZOP survey, an EM pulse 
is radiated from a transmitting antenna (Tx), located 
in one borehole, and recorded at the receiving antenna 
(Rx), located in an adjacent borehole (Figure 3). The 
antennas are then progressively lowered down the two 
boreholes with the transmitter and receiver at the same 
depth in each. We used a 1-m depth step and, for each 
antenna depth, the time required for EM radiation to 
travel through the inter-borehole region was measured 
(Figure 3). This type of survey also provides the op-
portunity to measure amplitudes of the EM pulse at 
each depth. At the beginning and end of every survey, 
a few traces were collected in the air at a known an-
tenna separation to provide a time-zero calibration. 
Surveyor tripods were used to hold the antennas still 
during measurements.
      All the boreholes were terminated englacially to 
reduce the likelihood of subglacial drainage. The holes 
remained water-filled for the duration of the study 

Figure 2. a. Map of Storglaciären with location of the ZOP surveys, the boreholes involved in the analysis  and the thermis-
tor string. 
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Figure 3.  Schematic of a ZOP survey in a polythermal 
glacier. High radio-wave speed is expected for the cold 
ice whereas lower speed, due to the presence of water, 
is typical in the temperate ice. 

Figure 4.  a). ZOP2 in wiggle plot format, the first arrivals are clearly identifiable. Radio-wave speed with depth for ZOP1 
(b) and ZOP2 (c). See Figure 2 for location of the surveys. Modified from Gusmeroli et al., 2010b.

suggesting that no efficient hydraulic connection was 
established between the boreholes and the englacial 
water system. The location of the top of the boreholes 
was surveyed using differential GPS observations, 

Tx Rx

cold ice
v=0.170 m/ns

temperate ice
v=0.165 m/ns

while the geometry of the holes (i.e., how they devi-
ate from vertical) was measured using an inclinometer 
(MI-3 Digital Borehole Survey Tools from Icefield 
Instruments Inc). This instrument determines the ge-
ometry of a borehole relative to its top at a series of 
measurement stations down its length. The orientation 
is represented by the measured dip and azimuth read-
ings. Measurement stations (or shots) were collected 
every 2 m downhole.
      The resulting radio-wave speed profiles together 
with uncertainties for each survey are shown in Figure 
4. Errors in ZOP1 are smaller than is ZOP2, this is 
because the inter-boreholes distance is greater in the 
former. Figure 4 also shows variations in amplitude of 
the returned signal with depth. Speed values correlate 
for the two surveys: radio-wave speed is higher at the 
surface and decreases gradually with depth until there 
is a sharp reduction in speed at ~ 21 m depth (CTS). 
Excluding minor perturbations (e.g., at 20 and 40 m, 
Figure 4), radio-wave speed then tends to stabilize at 
almost uniform values within the temperate ice, al-
though it appears to decrease somewhat with depth at 
depths greater than 55 m. Such profiles show how the 
water-content distribution with depth (inversely pro-
portional to radio-wave speed) is relatively uniform at 
this location at Storglaciären (Gusmeroli et al., 2010b).
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Figure 5. Example of unprocessed seismograms used in the computation of Q. (a) Sample data from Storglaciären, the first 
arrivals in this Figure are refractions propagating through the uppermost ice. (b) Extracted wavelet at 40m offset. From 
Gusmeroli et al., 2010a.

Refraction seismic
A series of refraction seismic experiments were also 
acquired during the campaign at the same location 
(Figure 5). The dataset has been used to obtain esti-
mates about seismic wave attenuation (Gusmeroli et 
al., 2010a). Data were acquired using a hammer-and-
plate source and the receivers (24 geophones at 100 
Hz) were positioned along a 115m line, transverse to 
glacier flow, with 5m spacing. The distance between the 
source and closest geophone was 5m. The seismic line 
was repeated over two days at different times in order 
to detect any temporal variation in signal attenuation. 
      We estimated seismic-wave attenuation using the 
spectral ratio method on the energy travelling in the 
uppermost ice with an average temperature of ap-
proximately −1◦C. Attenuation values were derived 
between 100 and 300Hz using the P-wave quality 
factor, Q

P
, the inverse of the internal friction. By as-

suming constant attenuation along the seismic line we 
obtained mean Q = 6 ± 1. We also observed that QP 
varies from 8 ± 1 to 5 ± 1 from the near-offset to the 
far-offset region of the line, respectively. Since the 
wave propagates deeper at far-offsets this variation is 
interpreted by considering the temperature profile of 
the study area; far-offset arrivals sampled warmer and 
thus more-attenuative ice. Our estimates are consider-
ably lower than those reported for field studies in polar 
ice (500–1700 at –28◦C and 50–160 at –10◦C) and, 
hence, are supportive of laboratory experiments that 
show attenuation increases with rising ice temperature 
(Gusmeroli et al., 2010a). 
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