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A B S T R A C T

In GPR profiles, ice is usually imaged as a mostly electromagnetic transparent facies. However, diffraction events, 
as well as internal layering, can be also observed. In some cases, the bedrock below glaciers is masked by dense 
diffractions usually interpreted as the effect of liquid water pockets inside the so-called warm ice. However, the 
actual physical meaning of such GPR facies is not always obvious, because it can be related also to mixed debris 
and ice deposits. 

We adopted a strategy well known in medical sciences and referred as “differential diagnosis” in order to infer 
which is the actual meaning of a high scattering facies imaged within the Eastern Gran Zebrù glacier (Central 
Italian Alps) and, more generally, of all the internal glacier features. In fact, in many cases, there is no direct 
information to limit the subjectivity of geophysical interpretation; therefore, we provide all the discriminative 
hypotheses based on both independent and integrated criteria including GPR attribute analysis, imaging effects, 
reflection analysis, GPR frequency evaluations combined with geomorphological and remote sensing data ob
tained by two photogrammetric UAV and thermal infrared surveys. 

On the basis of the differential diagnosis, we concluded that the high scattering zone embedded within the 
studied glacier is most likely related to a mixture of ice and debris probably formed during a past shrinking 
phase. Beside this case study, this approach could be helpful in other GPR glaciological surveys, in which the 
target is related not only to the bedrock detection, but also to a detailed analysis of the internal facies of a glacier.   

1. Introduction

Monitoring glaciers’ health and their evolution in time can be per
formed through the combination of several techniques (Karpilo Jr., 
2009) spanning from direct measurements, e.g., ice cores (Paterson, 
1994) or data of ablation and accumulation rates (Kaser et al., 2003), to 
indirect analysis, such as geophysical methods and remote sensing 
techniques (Pellikka and Gareth Rees, 2010; Barzycka et al., 2020) or 
equilibrium line altitude evolution (e.g. Žebre et al., 2020). The appli
cation of unmanned aerial vehicles (UAV) systems and sensors is 
considered a highly valuable tool to rapidly collect 3D topographic in
formation (Colomina and Molina, 2014; Fugazza et al., 2018) and in 
glaciology it is increasingly used to investigate different characteristics 
of glaciers, including mass balance and thermal assessment. Ground- 

based or air-borne thermal infrared imaging (TIR) can be exploited, 
among others, to map glaciers surface temperatures (Aubry-Wake et al., 
2015), identify surface water infiltration by heat flow measurements 
(Anderson, 2005) and gain insight on permafrost dynamic in combina
tion with photogrammetric imaging (Van der Sluijs et al., 2018). 

Focusing on geophysical methods, and specifically on Ground 
Penetrating Radar (GPR), it is a non-invasive geophysical technique 
which aims at high-resolution imaging of the subsurface, exploiting the 
propagation of high frequency (usually ranging between 10 MHz and 1 
GHz) electro-magnetic (EM) waves (Jol, 2009). The propagation of such 
a signal is mainly affected by the EM properties of the ground, so GPR 
data can be used to investigate the subsurface structures reaching var
iable penetration depths. Frozen materials as ice, snow and firn, as well 
as permafrost, are characterized by low overall electrical conductivity, 
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usually resulting in very low attenuation of the EM signal, when 
compared to most of the other geological materials. Therefore, high 
penetration depths of even hundreds of meters in favourable conditions 
can be reached and GPR is probably the most exploited geophysical 
method for glaciological studies. At present, most surveys are performed 
dragging manually the GPR system on the glacier surface. However, 
surveys performed with a GPR system mounted on the aerial platforms 
proved to be a rapid solution for glacier monitoring (Rutishauser et al., 
2016), allowing to survey large areas and safely operate in challenging 
zones (Li et al., 2013; Santin et al., 2019; Catapano et al., 2021). In 
glaciology, GPR is widely applied to investigate different topics, 
including the internal imaging of ice bodies (Del Longo et al., 2001; 
Merz et al., 2014; Colucci et al., 2015) and mass balance estimation 
through time (Del Gobbo et al., 2016; Santin et al., 2019). GPR is also 
exploited for glaciers volumes reconstruction (Navarro et al., 2014; 
Dossi et al., 2018), glaciers hydrology (Moorman and Michel, 2000; 
Church et al., 2019), snow cover (Godio, 2008; Booth et al., 2013) and 
ice caves characterization (Hausmann and Behm, 2011; Colucci et al., 

2016) as well as permafrost mapping end monitoring (Campbell et al., 
2018). 

In a GPR profile, ice is usually displayed by a mostly EM transparent 
facies, while snow and firn can be often recognised by a layering due to 
seasonal and multi-annual accumulation. However, inside the trans
parent facies, scattering events can be observed. In case of multiple 
aligned scattering phenomena, such features are associated to crevasses 
or shearing zones (Thompson et al., 2020), while distributed diffraction 
hyperbolas can be indicative of debris inside the ice. Scattering is 
removed during data processing by applying migration algorithms 
which focus the EM scattered energy into (or close to) the object which 
originated the diffraction (e.g. Jol, 2009). However, the actual physical 
meaning of a highly diffuse scattered facies imaged by GPR is not always 
obvious. In glaciological studies it is often related to the presence of 
different quantities of liquid water due to the temperature of the ice, 
referred as warm ice in polythermal glaciers (e.g. Bælum and Benn, 
2011). In fact, in polythermal glaciers, there is typically a clear transi
tion from cold to warm ice due to the abrupt change in water content, in 

Fig. 1. (A) Location map of the Eastern Gran Zebrù Glacier (EGZ); (B) 2020 Orthophoto of EGZ with superimposed the 2019 (yellow) and 2020 (blue) GPR datasets; 
(C) Photo of EGZ taken in September 2019, the light-blue arrows mark the bedière flowing down the glacier surface and the white circle highlights two operators 
during the geophysical survey. Yellow star indicates the position of the Automatic Weather Station. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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turn related to different thermal regimes (Pettersson et al., 2003). In 
GPR datasets, this transition is often apparent between an upper level 
with only few reflections and diffractions and a less transparent zone 
characterized by diffuse scattering, typically referred to small scale free 
water filled areas within warm ice (Gacitùa et al., 2015; King et al., 
2008; Reinardy et al., 2019). Nevertheless, it is possible that the scat
tering facies is indicative also for deposits of mixed debris and ice (King 
et al., 2008; Colucci et al., 2015). So far, both free water and internal 
debris in fact can produce scattering phenomena, both potentially 
resulting in the limitation of the investigation depth and in masking the 
reflection of the ice-bedrock interface (Forte et al., 2015). The distri
bution of warm and cold ice results in complex and still not fully un
derstood thermal regime, which affects glaciers’ hydrology and drainage 
system (Irvine-Fynn et al., 2011) and is responsible for surging events 
(Fowler et al., 2001). Thermal characterization of glaciers is a highly 
investigated issue, especially in Swiss Alps (Eisen et al., 2009; Rutish
auser et al., 2016), Scandinavia (Pettersson et al., 2003; Gusmeroli et al., 
2012; Reinardy et al., 2019), Svalbard (Sevestre et al., 2015), Canadian 
Arctic (Blatter and Hutter, 1991; Delcourt et al., 2013) and Chilean 
Andes (Gacitùa et al., 2015), among the other zones. In any case, it is 
essential to highlight that the number of scattering events depends not 
only on the water and/or debris content, but also on the frequency (or, 
better, on the spectral content) of the antennas used to perform the GPR 
survey (Björnsson et al., 1996). The theory of electromagnetic scattering 
from small objects indicates a strong decrease in scattering phenomena 
from objects much smaller than the wavelengths of the incident wave 
(Watts and England, 1976), as well as, at the opposite, objects far larger 
produce distinct reflections rather than diffractions. So, low antenna 
frequencies can often inhibit the scattering events, preventing the 
recognition of possible debris and/or water pockets inside the ice vol
ume. In addition, according to Pettersson, 2005, the lack of scattering in 
low antenna frequency-profiles, compared to the same profiles at high 
frequency, can be exploited to get an idea on the dimensions of the 
scatterers. 

In order to infer which is the actual meaning of the high scattering 
facies (HSZ) of the Eastern Gran Zebrù glacier (EGZ) and, more gener
ally, of all the glacier internal features, we adopted a strategy known in 
medical sciences as “differential diagnosis”. In fact, since in many cases 
there is no direct information (like e.g. core samples) of the HSZ, to limit 
the subjectivity of interpretation we provide to the readers all the 
discriminative hypotheses based on both independent and integrated 
criteria. This is exactly what is done by a physician, which endeavours to 
organize the objective findings of a patient (as well as some subjective 
additional complaints!) to decide how to further proceed (Siegenthaler, 
2007). In medical sciences, as well as in other fields like in physical 
models’ implementation, this approach is often chosen because a diag
nosis in conventional sense is not always achievable and because 
different possible diagnoses can be done at the same time. There is 
another important similarity of the approach we choose with the med
ical differential diagnosis in which for a proper evaluation of the 
symptoms and risk factors the knowledge of their actual clinical 
meaning is crucial (Siegenthaler, 2007): in our case, we try to critically 
evaluate the meaning and consequences of the different factors and 
analyses, rather than exclusively listing all the different possibilities. 
With this in mind, in the following sections we analyse our data at first 
separately and then in an integrated way, critically analysing pros and 
cons for the different possible interpretations and attributions of the 
internal structures of the glacier. The working hypothesis is that, in our 
case study, the scattering facies is not actually related to water content 
and warm ice, but to an older ice body, masked by the recent EGZ. This 
former glacial body could be related to a period of negative mass balance 
in which the glacier underwent a significative shrinking, simultaneous 
to an enrichment of debris coming from the lateral rocky walls. We 
combined methodological processes, such as GPR attribute analysis, 
migration algorithm effects, reflection analysis, and antenna frequency 
evaluations with geomorphological and remote sensing evidence and 

correlations to better characterize the EGZ internal facies. 
Beside this case study, we guess that this approach could be helpful 

in many GPR glaciological surveys, in which the target is not only 
related to the bedrock detection or to the imaging of peculiar glacio
logical or cryological structures (e.g. crevasses, moulins, permafrost 
table, …) but also to the thermal regime evaluation. In this perspective, 
under climate warming conditions, temperate environments with pri
marily polythermal glaciers could become temperate with both per
sisting retreat and basal permafrost degradation, as well as cold glaciers 
can became polythermal or even warm ones in a relatively short time. 

2. Study area 

The Gran Zebrù glacier (46◦28′21”N; 10◦34′08′′E) is located in 
Ortles-Cevedale group in the Southern Rhaetian Alps (Central Italian 
Alps). The glacier is included in the Italian Glacier inventory with ID 502 
(Smiraglia and Diolaiuti, 2015). It is a mountain glacier and it is located 
in Cedec Valley, Valtellina upper Valfurva (SO, Italy). The investigated 
glacier is the eastern tongue of the glacier lying between about 3000 up 
to 3250 m asl on a mainly metamorphic bedrock. The glacier accumu
lation area is bounded by the Pale Rosse peak, the southern slopes of Mt. 
Gran Zebrù, and Punta Graglia peak (Fig. 1). 

The geology of the area is quite complex because different rock types 
are present, including sedimentary limestones (Calcare di Quattervals), 
magmatic bodies (Gran Zebrù pluton) and metamorphic rocks. 
Furthermore, in the area, there is an important tectonic lineament (Gran 
Zebrù Thrust) that is still seismically active with the last significant 
event recorded on 20 April 1907 (4.0 Richter scale, Albini et al., 1994) 
and that presumably constrained the evolution of the through in which 
the Eastern tongue of the Gran Zebrù glacier is flowing down. The gla
ciers of the Ortles-Cevedale Group have undergone an impressive 
shrinkage, approximately 40% from 1954 to 2007 (D’Agata et al., 2014; 
Smiraglia and Diolaiuti, 2015). Indeed, the Gran Zebrù glacier was a 
trilobate glacier until 1997 when the easternmost part was completely 
detached and almost totally covered by debris (Gran Zebrù I, ID 502.1). 
Since 2010 the easternmost part of the Gran Zebrù glacier is completely 
melted, and the former central tongue is nowadays called as Eastern 
Gran Zebrù glacier (EGZ). 

The EGZ since 2019 is fully monitored in the frame of the project 
“Glacier CC” funded by Stelvio National Park with a snow lapse rate cam 
for the snow and debris accumulation while repeated digital elevation 
models (DEMs) through a UAV flight monitor the incoming volume and 
areal changes. Moreover, climate parameters like air temperature, air 
humidity, wind speed and direction, incoming radiation and ground 
surface temperature are also monitored at the foot of the glacier front, as 
well as the melting water flowing of the two main creeks. The mean 
summer (JJA) air temperature in 2020 was 4.2 ◦C, while for the hy
drological year 2019/2020 the total snow accumulation was averagely 
0.2 m of water equivalent and the ice ablation of the frontal part aver
agely − 1.78 m of w.e. with a net balance of ca. -1.58 m of w.e. The mean 
annual air temperature (MAAT) and mean summer (JJA) air tempera
ture (MSAT) at the mean elevation of the EGZ (i.e. 3170 m a.s.l.) for the 
period 1997–2020 were equal to − 2.1 ◦C and 4.7 ◦C, respectively. 
Considering only the period 2010–2020, the MAAT was equal to − 2.2 ◦C 
while the MSAT to 5.0 ◦C. Mean monthly temperatures were extrapo
lated and annually averaged through the lapse rate obtained with linear 
regressions (all R2 > 0.75) of the three closest automatic weather sta
tions (AWSs) that shared the longest climatic record: La Vallaccia 
(46◦29′41“ N, 10◦12’28” E, 2655 m a.s.l.), Valdisotto (46◦27′41” N, 
10◦20′37′′ E, 2225 m a.s.l.), Cancano (46◦31′61” N, 10◦19′14′′ E, 1948 
m a.s.l.). 

The continuous debris cover is mainly concentrated on the eastern 
side of the glacier occupying about the 15% of the total area with a 
thickness ranging between 2 and 46 cm, while the rest of the frontal part 
is characterized by a sparse debris cover (15% of total area), (Tarca and 
Guglielmin, 2021). 
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3. Methods

3.1. Remote sensing 

During the study period two photogrammetric UAV surveys have 
been performed. The first one was done on 17 September 2019 and the 
second on 17 September 2020. Such data allow to reconstruct the DEM 
of the glacier and its surrounding and to give a detailed base map for the 

GPR datasets. For both the photogrammetric surveys, a DJI Matrice 210 
Real Time Kinematic (RTK) drone was used with a RTK GPS antenna 
able to geotag each photogram with a vertical accuracy of 2 cm. The 
flight missions consisted of a nadir photomosaic acquisition (Carbon
neau and Dietrich, 2017) that followed the topography at a constant 
elevation equal to 130 m above it. Due to a camera upgrade, in 2019 a 
Zenmuse X5S was used (20.8 MP, focal length 15 mm, micro 4/3 
sensor), while in 2020 a Zenmuse XT2 was used (12.0 MP, focal length 8 
mm, 1/1.7′′ sensor). A total of 659 and 912 photograms were taken in 
2019 and 2020, respectively. Images were overlapped for at least 60% 
both on X and Y axes. The software Agisoft Metashape 1.5 was used to 
process the two sets of images. The main difference derived from the 
camera upgrade consisted of a slightly different DEM (11.2 px/cm in 
2019, 13.2 px/cm in 2020) and orthophoto resolutions (2.8 px/cm in 
2019, 3.3 px/cm in 2020), as well as a reduction of the mean markers’ 
error (3.5 px in 2019, 1.9 px in 2020) (Table 1). The Zenmuse XT2 also 
acquired thermal infrared (TIR) photograms (640 × 512 px, focal length 
19 mm, 0.1 ◦C of resolution, 2.0 ◦C of absolute accuracy), with such a 
good pair overlap (>80%) that allowed to build a TIR orthomosaic. The 
thermal parameters were set according to the environmental condition 
of the surveying day (Shea and Jamieson, 2011), with the emissivity of 
ice set at 0.97 (Aubry-Wake et al., 2015). TIR processing parameters are 
shown in Table 1. This was useful for the ice and rock segmentation 
based on their differences of surface temperatures. Although the tem
perature accuracy of the camera is only ±2.0 ◦C, for many applications 
precise absolute temperatures are not the most important information, 

Table 1 
List of measurements in 2019 and 2020 with their technical parameters.  

Survey year  

2019 2020 

GPR Number of profiles 33 11 
Total profiles length [km] 6.1 2.5 
Central frequency antenna 
[MHz] 

100 250 250 

Window length [ns] 1034.15 907.18 907.18 
Sampling interval [ns] 0.50 0.22 0.22 
Vertical stacking 4 4   

RGB Thermal 

UAV 

Markers 6 17 32 
Mean reprojection error [px] 0.63 0.67 0.36 
Mean markers error [px] 3.5 1.9 0.5 
Orthophoto resolution [cm] 2.8 3.3 11.8 
DEM resolution [cm] 11.2 13.2 /  

Fig. 2. Area and geometry of the HSZ in 3D (A) and 2D (B) where it is compared with the present glacier border (in light blue). In (C) a GPR section, collected with a 
250 MHz antenna during the 2020 survey and containing both transparent and scattering facies, is displayed. Blue triangles on horizontal trace axis and the cor
responding crosses on the horizons mark the crossing points with other GPR lines from the same survey. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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but gradient maps can reveal unexpected or even unknown thermal 
patterns (Boesch, 2017). However, in order to increase the camera ac
curacy, the whole TIR orthomosaic was corrected with the temperature 
of the water of the southern front glacier stream. The sensor showed an 
almost constant water temperature of 0.8 ◦C during the UAV survey. 

3.2. Ground Penetrating Radar (GPR) 

We performed some ground-coupled GPR surveys on the Eastern 
Gran Zebrù glacier (EGZ): in detail in August and September 2019 and in 
September 2020. All the data have been collected with a ProEx (Malå 
Geoscience) GPR system, equipped with 100 MHz or 250 MHz shielded 
antennas in the August 2019 survey and with the 250 MHz ones in the 
other two. The first survey was in fact dedicated to test the performances 
of the antennas and of the acquisition parameters and, after carefully 
data analysis, we found that the best results were obtained with 250 
MHz antennas, offering the best trade-off between resolution and 
penetration depth. A total of 6.1 km and of 2.5 km GPR profiles have 
been collected in 2019 and 2020, respectively (Fig. 1). GPR was trig
gered by an electro-mechanical odometer allowing a constant trace in
terval equal to 0.1 m (0.2 m for 100 MHz survey), while a differential 
GPS device (Magellan Promark II) was used for trace positioning (dm 
location accuracy). GPR datasets were processed using Prism Software 
(Radar System Inc.) as well as some in-house module implemented in 
Matlab. The processing flow includes drift removal (zero-time correc
tion), bandpass filtering (corner frequencies are 20–100–250-600 MHz, 
with a typical not symmetrical trapezoidal shape to limit Gibbs phe
nomena), background removal, exponential amplitude recovery, topo
graphic (static) correction, 2D Stolt f-k migration, and depth conversion. 
The primary purpose of the processing is to increase the signal/noise 
ratio to improve imaging while maintaining the original data signature, 
so making the data more easily interpretable and extracting most of the 
information. The EM velocity used for both depth conversion and 
migration was set equal to 17 cm ns− 1, which is the value typical for 
pure ice. It is quite obvious that local velocity variations from such a 
value are surely present, mostly caused by free water, but Common 
Offset data do not allow to reconstruct an accurate and precise velocity 

field and nonetheless the checks done on migrated profiles gives quite 
good and realistic results, with only limited local artifacts. Moreover, we 
remark that the objective of this paper is to characterize the internal 
facies of a glacier rather than estimating its thickness. During data 
interpretation, we focused on the different EM signatures apparent along 
GPR profiles. We first performed a GPR attribute analysis of processed 
data to better understand the internal structure of the glacier and to 
figure out the physical sources of scattering (water/air pockets, debris). 
GPR attributes are conceptually similar to seismic ones, but although 
application of GPR attributes can be found in archaeology (Zhao et al., 
2016), structural geology (McClymont et al., 2008) and hydrocarbon 
analogue reservoir imaging (Forte et al., 2012), they are still not 
routinely applied as a standard procedure for GPR data analysis and 
interpretation. In glaciology, as far as we know, the only application of 
attribute analysis is provided by Zhao et al., 2016 and Lu et al., 2020, 
both proposing strategies to combine different attributes to improve 
accuracy and validity of GPR interpretation. Another reported use of 
GPR attributes is for automated reflectors picking (Dossi et al., 2015). 
Thanks to its, at least theoretical, GPR dependence to the intrinsic 
attenuation of the EM signal, we exploited especially frequency-related 
attributes to identify zones with higher losses, which could be further 
related to higher water content in turn responsible for local higher 
electrical conductivity. Also, we calculated and imaged the composite 
attribute of sweetness, which favors the detection and the boundaries 
between zones having different physical characteristics, often enhancing 
the signature of the reflection amplitudes. Further analyses focused on: 
migration effects, comparison of data from different central frequency 
antennas and polarity assessment. 

4. Results and discussion 

During the interpretation of the EGZ dataset, we identified different 
internal units on the basis of geophysically imaged structures and GPR 
signal characteristics. We easily recognised a layer almost transparent 
from the EM point of view, which is referred as almost clean ice. Several 
close diffraction hyperbolas and internal reflections are diagnostic for 
some glaciological structures such as crevasses visually noticed at the 

Fig. 3. Comparison of migrated and unmigrated exemplary GPR profiles, located at the front (A) and (B), and at the top (C) and (D) of the EGZ. Orange arrows 
highlight some effects of migration, correcting the geometrical characteristics of the reflectors/diffractors. WP: water percolation effects. 
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surface also during the survey. The chosen period for all the acquisitions 
(early autumn) results in high quantities of surficial flooding water, 
which also percolates inside the ice through the crevasses, creating 
disturbing effects noticeable in the shallow portions of the glacier in 
many surveyed areas (Fig. 2). However, the percolation of water does 
not strongly affect the amplitude of the ice-rock contact reflection, 
which is clearly visible with a strong amplitude, below the almost 
transparent EM facies. The ice-bedrock contact has a totally different 
signature below a second EM facies, which is characterized by high 
amplitude scattering (FIG. 2). This high scattering zone (HSZ) has quite 
abrupt top and lateral limits, while its bottom is more elusive, although 
the bedrock can be, at least locally, identified. 

5. Imaging 

5.1. Shape and location of HSZ 

We identified the HSZ on the datasets acquired in two consecutive 
years, i.e. 2019 and 2020. From both of them, we were able to recon
struct the shape of the scattering body, which resulted to be mainly the 
same, with minor differences mostly due to a denser dataset collected in 
2019. The scattering body covers an area of about 111,500 m2 equal to 
more than 50% of the whole EGZ area (218,100 m2) and has an elon
gated shape, extending downslope from NW to SE (FIG. 2). The mean 
and maximum thicknesses of the scattering body are equal to about 20 m 
and 45 m, respectively, while its estimated volume (2,159,000 m3) 
represents nearly the 40% of the whole glacier (5,451,000 m3). Ana
lysing the HSZ distribution (Fig. 2B), we observed that it is localized in a 
central and well-defined sector of the glacier, corresponding to a lon
gitudinal incision of the bedrock. It is interesting to note that no evi
dence of scattering facies was found on GPR profiles close to the lateral 
walls containing the glacier area. There is a sharp lateral transition be
tween the transparent facies of clean ice and the scattering body (FIG. 2) 
which is unlikely associated with free water. Additionally, on GPR 
profiles it is evident that surficial water percolates inside the ice, sug
gesting that some water in the scattering facies comes from surface. 
Indeed, although water penetrates the ice thickness, we noticed that 
going down toward the bedrock, the GPR response is often transparent 

and evident, as the high amplitude reflection of ice-bedrock contact 
(Fig. 2C). So, supposing that the water responsible of scattering phe
nomena had a surficial origin, the scattering facies should have a spatial 
distribution extremely localized and roughly superimposable with the 
crevasses position. As described before, the HSZ is located in an 
extended and well- defined area, which shows no correlation with cre
vasses position and which is almost identical in two consecutive years, 
making difficult correlations with water-related phenomena, which 
typically show relevant seasonal and annual variations. In addition, we 
measured the slope of the HSZ close to the present front of the EGZ: it 
shows a sharp lateral transition and a mean dip of almost 40◦ (Fig. 3). 
This geometry is difficult to be attributed to a frozen body characterized 
by free water inside it. 

Wp: water percolation effects. Black dotted line highlights a longi
tudinal discontinuity apparent on photogrammetric data (see section 7 
and Fig. 10b for further details). 

5.2. Migration analysis 

Migration techniques focus on developing more spatially and phys
ically realistic images of the subsurface, by moving from a vertical TWT- 
scale to a depth-scale, correcting the geometrical properties of reflectors 
(i.e. adjusting their position, slope and length), and removing the dis
turbing effects due to diffractions. We decided to apply a Stolt f-k 
migration algorithm with a 3.1 relative electrical permittivity value 
corresponding to a constant velocity of 17 cm ns− 1, typical of pure ice. 

We chose such an algorithm for the low computational resources 
required and its good results with smoothed velocity fields, or a constant 
velocity field, as in our case. 

The results of migration are displayed in FIG. 3: the sloping reflectors 
in Fig. 3A and B which happened to extend inside the glacier bedrock in 
the unmigrated section, actually end on or close to the ice-rock contact 
after the migration was applied. Also, the surficial layer of transparent 
ice results much cleaner and free from disturbing effects caused by water 
percolation, allowing to better define the upper limit of the scattering 
facies (Fig. 3C and D). Therefore, migration shows that the scattering 
body is in fact imaged as a chaotic unit, but it is contained in a well- 
defined area, physically separated from the upper and lower units and 

Fig. 4. Exemplary not migrated GPR profile of the EGZ. (A) reflection amplitude (i.e. usual processed data), (B) instantaneous bandwidth, (C) dominant frequency, 
(D) sweetness. Light-blue, green and red lines mark the horizons of topographic surface, top of scattering facies and bedrock, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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lying on the glacier bedrock. Moreover, Stolt migration is successful 
when the lateral velocity gradient is small (or even null). In our case, we 
observed that the migration was effective because no overmigration 
artifacts were displayed on the migrated section. So, we can argue that 
the lateral velocity gradient between the transparent and the scattering 
unit must be small enough, in turn suggesting that the latter is mainly 
composed by a material with a EM velocity close to the ice, such as ice 
and debris. A remarkable free water content would instead produce a 
high EM velocity decrease since unfrozen water has a 3 cm ns− 1 EM 
velocity (West et al., 2007). 

6. GPR attribute analysis

We implemented an attribute analysis to support the interpretation

of the EGZ dataset, and, in particular, to better characterize the glaci
ological EM facies. We exploited the well-stocked database for attribute 
analysis provided by Petrel Schlumberger interpretation software set 
and tailored for GPR data. Among several available categories of attri
butes, we focused on frequency-related ones, due to their high sensi
tivity to changes of intrinsic attenuation and spectral characteristics of 
the EM signal. As a matter of fact, high conductivity materials, such as 
water, strongly affect the attenuation and the frequency spectrum of the 
EM signal, so we selected “dominant frequency” and “instantaneous 
bandwidth” attributes, in order to infer the presence of water as 
responsible for the scattering facies. We also calculated the sweetness 
attribute, which allows to enhance the boundaries between zones with 
different physical characteristics, highlighting high amplitude ones. At 
the opposite, texture attributes, which can be helpful in glaciological 

Fig. 5. Comparison between two unmigrated GPR profiles acquired with 100 MHz (A) and 250 MHz (B) central frequency antenna pairs. All the horizons interpreted 
on 100 MHz profile have been superimposed on 250 MHz one for a better visual comparison. There are some minor discrepancies because the two profiles have been 
collected a few meters apart. 
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studies (Zhao et al., 2016; Lu et al., 2020) here did not provide relevant 
additional information. 

As described in Forte et al., 2020, in the presence of diffuse water 
pockets, the analysis of the dominant frequency should reveal an 
anomalous decrease of the high frequency components related to the 
scattering facies. A further decrease of its trend, below the high- 
scattered area (shadow zone) should be noticed as a result of a stron
ger low-pass filtering effect due to free water within frozen materials. 
Moreover, the instantaneous bandwidth should follow the same trend of 
dominant frequency, shrinking in correspondence of high conductivity 
materials. Fig. 4A shows the amplitude display of a representative pro
file acquired on EGZ in 2020. We observed that the first layer is char
acterized by the almost transparent facies typical of pure ice, although 
the surface is contaminated by diffuse water, with crevasses easing the 
downward water percolation with a mechanism of over deepening of 
water-filled crevasses, or hydrofracturing (Benn et al., 2009). Along the 
water-filled crevasses, both the GPR frequency and the bandwidth 
decrease, as expected, reaching the lowest values, as a consequence of 
the high-frequencies absorption due to the percolating water (Fig. 4B 
and C). On the contrary, it is evident that the scattering facies has 
spectral characteristics similar to the transparent facies, except in the 
zones characterized by water percolating from the surface. As a matter 
of fact, both the dominant frequency and the bandwidth trends increase 
going down along the section, reaching the highest values close to the 
bottom, which is characterized by high-frequencies, related to envi
ronmental random noise. Fig. 4D shows the composite sweetness attri
bute which allows to better highlight the boundaries of each facies. In 

the sweetness display, the ice-bedrock contact can be better identified 
even below the scattering facies, where it is characterized by values of 
sweetness lower than the area with water percolation. So, considering 
the increase of both dominant frequency and bandwidth trends, as well 
as the characteristics of the sweetness, it is unlikely that the scattering 
facies is related to remarkable quantities of water. 

7. Antenna frequency 

Fig. 5 shows the comparison of two profiles, spaced a couple of 
meters from each other and located at the front of the EGZ, acquired 
with 100 MHz (Fig. 5A) and 250 MHz central frequency antennas 
(Fig. 5B). The 250 MHz frequency antenna provides more detailed im
aging of the glacier internal structures, allowing to better characterize 
the EM facies and the boundaries among frozen materials, which are 
barely perceivable, but still recognizable, in the 100 MHz profile. 

As already stated in the previous paragraph, the transparent facies is 
contaminated by water percolation effects visible as sub-vertical scat
tering, which is evident especially in the 250 MHz profile. Such a scat
tering is not recognizable in 100 MHz profile, where the shallowest 
glaciological unit results in an almost totally transparent facies. Instead, 
the scattering events of the HSZ can still be recognised in the 100 MHz 
profile, although in smaller amount. According to the scattering theory 
(e.g. Jol, 2009), for a 250 MHz frequency, only objects with an order of 
magnitude of around 6 × 10− 1 m can produce scattering events. On the 
contrary, the dimensions of the scatterers increase to around 1.7 m with 
a 100 MHz frequency. Considering that only the clean ice unit 

Fig. 6. Portion of 100 MHz (A) and 250 MHz (B) not migrated profiles along the same path, close to the front of the glacier, acquired during the 2020 survey. Red 
arrows point to the bottom glacier reflector. HSZ and D labels refer to the high scattering zone and to the surficial diffractions, respectively. 250 MHz profile has 
double trace number as compared with the 100 MHz one. Letters a, b, c, d refer to single traces displayed. See text for further details. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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characterized by water percolation was affected by the decrease of the 
frequency, while the HSZ shows the scattering phenomena in both 
profiles, we conclude that the scattering facies below the clean ice 
should be related to another unit, most likely due to ice containing 
debris rather than high quantities of free water. The debris may be 
composed of unclassed sediments containing clasts about 10− 2/10− 1 m 
in size, enough to scatter the EM incident wave at 250 MHz, and also 
bigger clasts, producing some scattering at 100 MHz central frequency. 

8. Reflection amplitude and polarity 

Another helpful analysis is the evaluation of reflection amplitudes 
and polarity. In fact, both parameters give information about the nature 
of the interfaces and, in turn, on the materials above and below them. 
Such analysis is a quite common approach for quantitative GPR evalu
ations and was also applied to define areas with water close to the ice 
bottom reflection (Pattyn et al., 2009). The reflection coefficient is a 
measure of the amount of energy reflected at an interface between two 
different media and depends mainly on the electrical permittivity (a 
rigorous description is out of the scope of this paper and can be found, 
for instance, in Ward and Hohmann, 1988). In glaciology, the reflection 
amplitude analysis takes advantage due to the properties of the involved 
materials (i.e. ice, free water, rocks, debris and sediments, air) which 
can produce reflection coefficients spanning from about − 0.8 up to 
about +0.8 (Bælum and Benn, 2011) in turn determining very high- 
amplitude reflections. Water has a relative dielectric permittivity close 
to 80 (in the typical frequency interval used for GPR in glaciology), 

which is one order of magnitude higher than most of geological mate
rials being such a physical parameter close to 3 for pure ice, equal to 1 
for air, and in the range between 5 and 10 for most of dry coarse sedi
ments and rocks (e.g. Davis and Annan, 1989). As a consequence, the 
presence of water can be highlighted by a remarkable amplitude in
crease in the reflection between two media when one of them is filled or 
saturated by unfrozen water. Such kind of analyses are reported by 
several authors in different locations and environments (Gades et al., 
2000; Pattyn et al., 2009; Young et al., 2016), while Forte et al., 2014 
inverted the amplitude of reflectors within glaciers to infer the EM ve
locity and the frozen materials density. Besides the reflection ampli
tudes, reflection polarities are crucial to determine the sign of the 
reflection coefficients. For such evaluation, the first phase of each 
reflection has to be identified and then compared with the first phase of 
the transmitted wavelet. In detail, equal polarities in the normal inci
dence case are caused by an impedance increase with depth, while the 
contrary occurs when opposite polarities are detected. In the analysis of 
real GPR data, the first phase of a reflection is often difficult to identify 
because the transmitted wavelet is generally made of several phases, 
since a single reflection is actually composed by multiple events, each of 
them with alternating polarities. In fact, dispersion phenomena can 
modify the shape of the wavelet with time (especially in high loss en
vironments), and the presence of both random and coherent noise 
(including diffractions) may cause phase distortions (Dossi et al., 2015). 

On EGZ data, it was not possible to quantitative analyse (or invert) 
the reflection’s amplitudes due to the high overall scattering and the 
effects due to the water percolating on and within the glacier. For the 

Fig. 7. EGZ bedrock reconstruction. Planar view (A); 3D view (B); mosaicking of contour lines from GPR and DTM data (C).  

E. Forte et al.                                                                                                                                                                                                                                    



Remote Sensing of Environment 267 (2021) 112715

10

same reasons we did not perform the phase assessment because the 
actual polarity of the reflector is not always clear. However, we analysed 
the behaviour of the bottom glacier reflector lying below both the clean 
ice and the HSZ (Fig. 6). We found that the polarity of such a reflector 
does not change below the two different facies. If the HSZ would be 
associated with a higher free water content within warm ice, the 
reflector at its base should be characterized by a phase inversion with 
respect to the polarity below the EM transparent ice, but this is never the 
case. This behaviour is apparent on both 100 and 250 MHz data, while 
the scattering appearance is very different. In FIG. 6, we highlighted that 
the bedrock reflection keeps its polarity, characterized by the same 
phases, below both the EM transparent ice and the HSZ. 

9. Bedrock reconstruction

The availability of more than 8.5 km of GPR profiles covering all the
glacier extension allowed to reconstruct the morphologies of the 
bedrock with a good detail level. It extends from 3080 to 3280 m asl, 
with the slope ranging from 4◦ to 50◦, being the steepest dips related to 

the lateral walls limiting the glacier toward North-East and South-West. 
The bedrock morphology shows two major converging longitudinal in
cisions, extending along the entire length of the actual glacier area and 
joining close to the front (Fig. 7). Smaller incisions coming down from 
the NE wall can be better highlighted in the 3D bedrock visualization 
(Fig. 7B). The presence of incisions below the ice thickness do not 
exclude hypothetical water flows within the HSZ. However, in this latter 
case we would expect much more localized scattering phenomena, in 
particular along the incisions and not so distributed in a well-defined 
and wide area. The patterns of the main bedrock incisions seem 
following the general pattern of the Zebrù thrust and are independent 
from the crevasses and the surface water flows paths. 

10. Comparison of profiles at different elevations and with
different thicknesses distribution 

We here compare GPR profiles located at different elevations in order 
to discuss the different internal structures from a thermal and altitudinal 
point of view. We chose a profile on top, one at the front of the glacier 

Fig. 8. Three exemplary not migrated GPR profiles of the EGZ showing both the HSZ and the transparent clean ice facies (A, B, C) and the 2020 orthophoto with their 
location superimposed (yellow lines in D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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and one with a difference in altitude of about 20 m along it (Fig. 8). In 
the higher elevation profile (5281), the effect of surficial water perco
lating inside the ice thickness is quite apparent in the central part of the 
profile, but except the scattering and the “noising effect”, we do not find 
any evidence of the HSZ in contact with the glacier’s bedrock. On the 
contrary, along profile 5277 (Fig. 8B), it is evident that there is a 
coexistence of the two facies with a sharp transition between them and, 
close to the front, the ice is almost transparent from the EM point of 
view. Moreover, along a profile (5279) with about 20 m difference in 
altitude (Fig. 8C), the transparent facies extends all along the profile, 
with higher thickness toward the top. The HSZ instead starts several 
meters after the beginning of the profile, taking up a deepening of the 
bedrock and pressing under a progressively thicker ice unit. To complete 
this analysis, we also considered the distribution of the HSZ in relation 
with the ice thickness. In Fig. 9 we highlight that the presence of the 
scattering body is not affected by the ice thickness above it. Supposing a 
relevant presence of water, it is straightforward to think that the 

maximum thickness of scattering is located in correspondence either on 
the maximum or on the minimum thickness of ice, due to the effect of ice 
pressure above, or to the external temperature effect, respectively. In 
our study, no correlation (or anticorrelation) was found between the 
HSZ and the ice thickness. The lateral gradient of the decrease of clean 
ice thickness is strictly dominated by the bedrock shape, whose steep 
flanks limit the extension of the EGZ in particular toward NE and SW. On 
the contrary, the HSZ outline is not affected by lateral bedrock 
morphology. 

11. Thermography and debris distribution 

The thermal mosaic allowed to discriminate the continuous debris 
cover (17.9%) and rock outcrops (0.7%) that have a temperature always 
above 0 ◦C from the glacier ice (81.4%) which is always below or equal 
to 0 ◦C, better than a colour classification conducted on the orthophoto. 
Apart from the continuous frontal sediment, the highest debris 

Fig. 9. 2D maps of the clean ice thickness (A) and the HSZ thickness (B), both with the same colour scale for a better visual comparison. Red and light blue lines mark 
the boundary of the HSZ and of the EGZ, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 

Fig. 10. (a) Thermal orthomosaic classified according to four temperature classes. (b) sharpened orthophoto with a main discontinuity and different foliation angles 
highlighted. The black line represents the HSZ boundaries as detected by GPR data analysis. 

E. Forte et al.                                                                                                                                                                                                                                    



Remote Sensing of Environment 267 (2021) 112715

12

concentration was found at the NE side of the glacier. Although the 
emissivity of glacier ice and rocks had been kept constant at 0.97 and 
this usually yields low surface temperature errors (Heinl et al., 2012), 
after the temperature calibration we obtained glacier ice temperatures 
ranging from − 2.8 to 0 ◦C. It is true that, in case of low texture areas, a 
vignetting error was registered (Aragon et al., 2020) and absolute 
glacier surface temperatures were deviated, however the differences 
between ice and debris were larger than what found for the ice. 
Therefore, the 10 m per pixel resampling of the glacier surface allowed 
to distinguish four classes of surface temperatures, namely: below 
− 1.5 ◦C, from − 1.5 to 0 ◦C, from 0 to 1.5 ◦C, and above 1.5 ◦C. It is 
apparent that the colder ice lies at the top (W) part of the glacier, with 
warmer ice at lower elevation and also present at the front. Tempera
tures in the range of 0–1.5 ◦C can be associated to ice with discontinuous 
detritus, which is located in the central and frontal part (Fig. 10). The 
frequency of the four classes is 2.5% for the lowest temperature attrib
utable to colder ice, 39.2% for the warmer ice, 33.1% for the ice with 
discontinuous debris and 25.2% for debris. 

A sharpening filter applied to the orthophoto highlighted a longitu
dinal discontinuity zone that divided the northern to the southern part of 
EGZ. Despite the presence of several crevasses, it is possible to observe 
the different glacier foliation angles above and below this discontinuity 
(Fig. 10). Such a behaviour can be related to the presence of the HSZ, 
which influences the glacier flow, splitting it in two separated portions. 
This can be surely emphasized by the bedrock morphology (FIG. 7), but 
the presence of debris in the HSZ has certainly a role. In fact, the 

discontinuity follows almost perfectly the HSZ axis (FIG. 2). On the 
contrary, if the HSZ would be interpreted as warm ice with free water 
inside, it would have a totally different effect, homogeneously 
increasing the glacier flux velocity in its central part. 

12. Conclusion 

GPR data collected on EGZ imaged an HSZ below an EM transparent 
facies both in 2019 and 2020 surveys. To infer the actual meaning of 
such a unit, we performed a differential diagnosis based on the inte
grated analyses of geophysical data, remote sensing measurements and 
geomorphological evidence. Table 2 summarizes the results obtained by 
evaluating different data characteristics, processing and considerations, 
which whole seem to associate the HSZ with a mixture of ice and debris 
rather than to free water within a warm ice unit. In particular, we 
analysed: the location and shape of the HSZ which remained almost 
identical for two consecutive years; processing parameters and physical 
characteristics (GPR attributes, reflection amplitude and polarity 
behaviour); geomorphological and glaciological factors; remote sensing 
data obtained by UAV photo camera and thermal sensors. 

The debris enriched ice unit could represent an older degraded 
glacial body, now masked by the actual EGZ. The lack of ice drilling 
prevents the direct characterization of the internal structures of the EGZ; 
however, analysis of samples from cores could support or counter the 
hypothesis of a debris body, but we would highlight the fact that a core 
provides only spatially punctual information, which could not fully be 
representative of units and structures on a large area. 

Beside this case study, this approach could be helpful in other GPR 
glaciological surveys, in which the target is related not only to the 
bedrock detection, but also to a detailed analysis and geophysical 
characterization of the internal facies of a glacier. In this perspective, 
under climate warming conditions, temperate environments with pri
marily polythermal glaciers could become temperate with both per
sisting retreat and basal permafrost degradation, as well as cold glaciers 
can become polythermal or even warm ones in a relatively short time, 
and accurate and effective monitoring strategies must be developed. 
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Table 2 
Summary of the performed GPR data analysis, the considered parameters, and 
the resulting characterization of HSZ.  

Data analysis Parameters Consideration about HSZ 
interpretation 

Imaging   
Shape and location Geometrical 

characteristics of the 
scattering body 

Scattering is contained in a 
well-defined area with locally 
sharp lateral transition  

Migration analysis Migrated reflections and 
diffractions 

Successful migration results 
from low lateral gradient 
velocity 

Attribute analysis 
Frequency-related 
attributes 

No low frequency shadow 
and decrease of bandwidth 
corresponding at and below 
the HSZ 

Antenna frequency 
Amplitude display of 100 
MHz and 250 MHz 
antenna frequency 

Surficial scattering due to 
percolating water exhibits a 
different signature as 
compared to the HSZ, 
especially for lower antenna 
frequency 

Reflection 
amplitude and 
polarity 

Polarity of ice-bedrock 
interface 

No phase inversion of ice- 
bedrock interface below the 
HSZ 

Bedrock 
reconstruction 

3D reconstruction from 
GPR data and DTM 

HSZ is not correlated with the 
bedrock morphology 

HSZ location and 
distribution   

Elevation 
Distribution of facies in 
relation with elevation 

Coexistence of transparent 
and scattering facies at 
different elevation  

HSZ vs ice thickness 
2D distribution of ice vs 
HSZ thickness 

No correlation (or 
anticorrelation) between HSZ 
and ice thickness 

Thermography and 
debris 
distribution 

Temperature distribution 
and spatial analysis of the 
photogrammetry 

HSZ possibly affects the 
glacier flow along a 
longitudinal discontinuity, 
resulting in different foliation 
angles  
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Žebre, M., 2020. GPR data analysis for cold and warm ice detection and 
characterization in polythermal glaciers. In: 18th International Conference on 
Ground Penetrating Radar, Golden, Colorado, 14–19 June 2020. November, 2020, 
pp. 69–72. https://doi.org/10.1190/gpr2020-019.1. 

Fowler, A., Murray, T., Ng, F., 2001. Thermally controlled glacier surging. J. Glaciol. 47 
(159), 527–538. https://doi.org/10.3189/172756501781831792. 

Fugazza, D., Scaioni, M., Corti, M., D’Agata, C., Azzoni, R.S., Cernuschi, M., 
Smiraglia, C., Diolaiuti, G.A., 2018. Combination of UAV and terrestrial 
photogrammetry to assess rapid glacier evolution and map glacier hazards. Nat. 
Hazards Earth Syst. Sci. 18, 1055–1071. https://doi.org/10.5194/nhess-18-1055- 
2018. 

Gacitùa, G., Uribe, J.A., Wilson, R., Loriaux, T., Hernàndez, J., Rivera, A., 2015. 50MHz 
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