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Abstract - The Radio Echo Sounding (RES) system is one of the most widely used active remote 

sensing techniques for polar ice sheet exploration, including bedrock morphology studies and 

subglacial lake investigations. Recently, bedrock characterization has been improved through the 

analysis of radar echo strength. The analysis of the RES signal amplitude has been used to highlight 

areas of high reflectivity variation, attributable to wet ice-bedrock interfaces.  

In a previous paper the authors described a method to distinguish a wet or dry bedrock-ice interface 

by analyzing RES data and introducing a linear model for internal ice absorption. In the following 

paper this subject is reconsidered in greater depth, taking into account important aspects not 

considered in the previous paper. In particular, a comparison between the ice absorption rate from 

RES measurements and from EPICA ice core conductivity data was proposed. Moreover, the signal 

amplitude contributions of internal ice layers and different kinds of rock interface were evaluated. 

Encouraged by these results, further data analysis produced a new version of the bedrock 

reflectivity variation map of the Dome C area. The map confirms a wide dispersion of wet/dry rock 

interfaces in the area studied, indicating the possibility of flowing water along both sides of the 

Concordia Trench 

 

Index Terms— RES systems, ice absorption, bedrock reflectivity, internal ice layers. 

Ice and bedrock characteristics underneath Dome C (Antarctica) 

from RES data analysis 



 

I. INTRODUCTION 

The presence of flowing water beneath ice sheets is currently an extremely important area of 

discussion, especially in climatological and glaciological studies. Several scientific papers describe 

numerous new subglacial lakes distributed over certain areas in Antarctica. Currently, more than 

150 lakes are known to exist beneath the Antarctic Ice Sheets (Priscu et al., 2003, 2005[25][26]; 

Siegert, 2005[34]) and many of them may be connected by hydrological network not yet completely 

known and understood (Gray et al., 2005[15]; Wingham et al., 2006 [37]; Clarke, 2006 [7]; Kahler, 

2007 [17]; Bell et al., 2007 [1]; Carter et al., 2009 [5]). The presence of lakes beneath an ice sheet 

can be explained by considering that water can be generated under a glacier by basal melting due to 

local geothermal conditions, pressure, and temperature at the ice-bedrock interface. This system is 

then sustained by the insulation effect of the ice sheet.  

Much information about this sub-ice environment and its internal layering comes from Radio Echo 

Sounding (RES) data analysis (for details see, for example, Plewes and Hubbard, 2001[24]). It is 

known that high amplitudes and flat reflections are characteristic of subglacial lakes, and so they 

can easily be identified on radargrams. This kind of study led to the publication of the Antarctic 

Subglacial Lakes‘ catalogue (Siegert et al., 2005 [33]), but did not allow identification of wet ice-

bedrock interfaces. Signal amplitude analysis, introduced in the last few years, has been improved 

and can now provide further important information about the physical properties of the bedrock 

interface (Carter et al., 2007; 2009 [4][5]). A linear model, describing internal ice absorption from 

RES measurements, has been discussed and proposed in several scientific papers in recent years 

(Raymond et al. 2006 [27], Jacobell et al. 2009 [16]). In these papers several attempts were made to 

define areas with high reflectivity. Starting from the hypothesis of a linear model for ice absorption, 

Zirizzotti et al., (2010) [40] proposed a simplified solution of the radar equation to identify wet/dry 

bedrock interfaces. As an example of the results, a wet-dry map of the Dome C region was 

presented.  



In this paper some new considerations are introduced to strengthen the results obtained to date. 

Averaged ice absorption rates obtained from RES measurements in the Dome C area were 

compared to ice absorption rates calculated from ice core conductivity and temperature profiles at 

the EPICA drilling site. Moreover, the signal amplitude contribution of internal layers and of 

different kinds of rock interface were evaluated. Finally, a wider area around Dome C was analyzed 

compared to the one presented in Zirizzotti et al., 2010 [40] and a new map of dry-wet interfaces is 

reported. 

The echo intensity of the bedrock reflections depends on the radar system characteristics, on the 

various losses within the ice column, and on the basal reflectivity (Peters et al., 2005 [23]; Oswald 

and Gogineni, 2008 [19]; Carter et al., 2007 [4]). From the radar equations, the signal power of the 

echoes coming from the ice surface (Pai) and from the ice-rock interface (Pir) can be respectively 

expressed in decibels as:  

Pai=Pt+Rai+LGa 

Pir=Pt+2Tai+ Rir+ ΔR +2Li+LGr+ 2Tl 

(1) 

where Pt  is the transmitted power and the subscripts a, i, r, w, l indicate air, ice, rock, water and 

internal layers respectively. The geometrical loss term LG, calculated on air (LGa ) and in air-ice 

paths (LGr) includes the wavelength, the antenna gain, and the ice refractive gain (the latter only for 

LGr) (Borogoski, 1985 [3]). The ice electromagnetic loss factor Li is an unknown term. Changes in 

density, homogeneity, and temperature in the ice correspond to changes in its conductivity and 

permittivity, giving different values for Li. This term is the key for the solution of the radar equation 

and in the following a hypothesis is discussed for the simplification of  the equations in order to 

achieve a possible solution.  

T and R are the loss terms due to both transmission and reflection at different interfaces (Skolnik, 

1990 [31]; Peters et al., 2005 [23]). In particular, the term Tl  represents the total power loss of the 

radar signal during transmission through the internal layers of the ice. This attenuation is mainly 

caused by differing conductivity of internal ice layers, due to the presence of acid volcanic dust 



(Fujita and Mae 1994 [12]).  Bottom reflectivity can be expressed as Rir+ ΔR (Zirizzotti et al., 2010 

[40]) where Rir is the reference value and ΔR is the reflectivity variation that depends on different 

bedrock characteristics, like ground content, shape variation, roughness, and in particular water 

content (Gorman and Siegert, 1999 [14]). In the case of dry ice-rock interfaces, the bottom 

reflectivity Rir could reasonably range from -11.2 dB (for ϵr= 10) to -16 dB (for ϵr = 6, permittivity 

range for a wide variety of rocks) while, in the case of completely wet conditions, the value of 

reflectivity is about -3.5 dB (ϵr=81, i.e. water interface). As a consequence, the reflectivity variation, 

crossing a dry-wet interface,  is in the range 7.7-12.5 dB. Even considering a signal reflected from 

contact with two different rocks (both in the aforesaid permittivity range), the maximum value that 

ΔR can reach is 4.8 dB, less than the threshold (7.7 dB) defined in the case of dry-wet contact. 

Different considerations must be made when imaging contact between unconsolidated soil or 

sedimentary rocks (ϵr= 4÷5) and massive rock (ϵr= 6’10). In this case, ΔR can assume values 

comparable, or ever greater, than the threshold assumed for a wet ice-rock interface. This ambiguity 

can be limited by taking into account the general bedrock morphology and the geological context of 

the area. In the following all these considerations were applied to the study of the Dome C region 

where, unfortunately, the geology is still not well known. Nevertheless, it was possible to deduce 

some important features by looking at the bed  morphology of the area. 

II. ICE ABSORPTION RATE FROM EPICA ICE CORE DATA 

Electromagnetic absorption in ice (Li) is the critical term for the solution of the radar equation. In an 

electromagnetic media the absorption loss rate A depends on the dielectric permittivity and the 

electrical conductivity.  

It is possible to evaluate the absorption rate using laboratory grown pure ice and measuring ice 

permittivity and conductivity at different impurity concentrations, pressures, and temperatures 

(Fujita et al., 2000 [12]; MacGregor et al. 2007 [18]). Then, using a known temperature profile, it is 



possible to calculate the ice absorption rate A and, integrating it along the profile, obtain the 

absorption Li  at a defined ice depth.   

A different approach involves calculating the absorption loss rate using experimental data from 

several drilling projects where the temperature profile is known. In this case, the ice absorption rate 

A, measured in dB/m, can be evaluated from the expression: 
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where  is the ice conductivity obtained from a calibrated dielectric profile DEP measured at –20 

C° (E. Wolff, et al. 2004 [38]). Using the Arrenhius model it is possible to scale conductivity along 

the ice core temperature profile (Corr et al., 1996 [8]; Fujita et al., 2000 [13]; Eisen et al., 2006 [9]; 

Carter et al., 2007 [5]; MacGregor et al., 2007 [18]; Paden et al., 2005 [20]).  

In figure 1 the absorption rate is calculated using conductivity and temperature profile from  EPICA 

ice core dataset and a constant dielectric permittivity of the ice ‘=3.2. As expected, the absorption 

rate varies abruptly in the first 400 meters due also to the presence of firn and ice ―close-off‖. Then, 

two different, clearly shifted, constant trends (and thus with linear absorption by depth) are evident: 

the first one is from 400 to 1500 m (about -3.6 dB/km) while the second one occurs from 1500 to 

2500 m, where the absorption rate rises suddenly to about -7 dB/km. Finally, another irregular trend 

is visible for depths below 2500 m. The steps in the ice absorption correspond to abrupt changes in 

the EPICA ice core characteristics but only some of them correspond to changes in the averaged ice 

absorption rate. In particular, the main event at 1500-1600 m depth can be ascribed to the 120 kyr 

BP glacial-interglacial transition characterized by very marked changes in the physical properties of 

the ice (i.e. grain radius, dust content, dielectric properties, etc.). The other two steps (400 m and 

2500 m depths)  correspond to glacial-interglacial cycles, not very evident, of the 60 kyr BP 

transition (1000 m depth) that has similar physical characteristics (Epica community members, 

2004 [10]).  



The average of the ice absorption rate calculated in the depth range from 0-2600 m is -5.0 ± 2.4 

dB/km considering internal layer depth range, while the same value, from 2600 m to the ice bottom 

is -11 ± 3 dB/km regarding bedrock range in the dome C area. This modelled attenuation rate has, 

of course, only local validity and does not match the values measured by means of radar systems far 

from the drilling site, because of differences in the physical properties of the ice (Paden et al., 2005 

[20]; MacGregor et al., 2007 [18]; Jacobell et al., 2009 [16]). 

III. INTERNAL LAYER REFLECTIONS FROM RES DATA 

The study of the strength of reflecting orisons (internal layers) observed during pulsed RES 

measurements, helps to establish the internal structure and characteristics of polar ice sheets. Signal 

reflections from internal layers are caused by changes in the electromagnetic properties of the ice 

i.e. different ice conductivity due to the presence of acid volcanic dust, ice density fluctuations or 

changes in crystal-orientation fabrics (Fujita and Mae, 1994 [13]).    

An analysis of internal layer attenuation of radar transmitted pulses is necessary to improve the 

evaluation of bedrock reflection losses. Fig. 2 shows an example of analyzed internal layers in the 

Dome C area. The pattern of internal layering shows relatively steady conditions of ice flow and ice 

accumulation. 

The radar equations (1) can be used to describe the received radar signal Pil, from an internal layer 

changing the term Rir+ ΔR (relative to bedrock reflectivity) with Ril, referred to the internal layer 

reflectivity. The one way transmission-attenuation term due to the internal layer system can be 

written as  Tl = NhTil, where N is the mean number of layers in the thickness h and Til  is the mean 

transmission-attenuation term (in dB) for a single layer. Assuming the same Til mean value for 

different layers at different depths, a linear transmission loss vs. ice depth for the transmission 

coefficient Tl is proposed. The power differences between the signals from the internal layer Pil and 

from ice surface Pai allow normalization of radar data to correct datasets affected by different 

transmitted signals (i.e. different pulse width, receiver gains, or data sampling rates) but with the 



same frequency. In fact, ice absorption and internal layers reflectivity depend on signal frequency 

(Paden et al., 1981 [20]). The comparison of the two expressions (1) enabled separation of the 

measured terms from the unknown ones, also eliminating antenna gain contributions from the LGa 

and LGr terms  

Li + NhTil + (1/2) Ril =(1/2)(Pil - Pai+ Rai + LGa  -LGr –2Tai) (3) 

Bearing in mind the ice absorption trend emerging on the EPICA dataset (reported in fig. 1), ice and 

internal layer absorption (3) are plotted from RES data, grouping layers according to four depth 

intervals, (500 m each, down to a depth of 2600 m). The plot includes more than 30,000 reflections 

(red points) collected in the Dome C area and is reported in Figure 3. 

The distribution of the points suggests a linear trend also for electromagnetic wave absorption by 

the ice (in dB) in the measured ice thickness h: 

Li = Ā  h (4) 

where Ā is the averaged ice electromagnetic absorption rate calculated on the ice column. Under 

this hypothesis, the angular coefficient of the linear regression (blue line in fig 3) of the internal 

layer reflections is Ā+ NTil = -4.9 ± 2.6 dB/km and the intercept is Ril = -37 ± 8 dB. This result is 

similar to the internal layer reflectivity reported by MacGregor et al., 2007 [18] calculated at 1 

MHz, both higher than the typical range (-65 to -80 dB) reported by Fujita and Mae, 1994 [12].  

It is important to note that the averaged absorption rate value from RES data agrees with the 

averaged absorption rate from EPICA data calculated in the first 2600 m (-5.0 dB/km). The large 

errors in these parameters are essentially due to differences in layer electromagnetic properties (i.e. 

differences in the quantities and compositions of volcanic dust,  acidity, grain size, etc., which 

generate point scattering in the plot). From the Ril value it is possible to evaluate the transmission 

coefficient Til=0.001 ± 0.002 dB ≈ 0 dB, which implies that each single layer is almost transparent 

to the radar signal. If N ≈ 150 layers/m (Fujita et al., 1999 [13]), the value for NTil  is about 0.15 

dB/km, a small contribution to the total absorption rate term. On the basis of these considerations, 



in the following the internal layer transmission rate term NTil  relative to the ice absorption rate Ā 

will be ignored. 

IV. ABSORPTION VALUATION FROM BEDROCK REFLECTIONS 

Considering the bedrock reflections from the  RES data, and comparing the two radar equations (1), 

it is possible to isolate the unknown terms Li  and ΔR: 

Li +(1/2)ΔR=(1/2)(Pir - Pai+ Rai + LGa  -LGr –2Tai - Rir ) (5) 

In this way ice absorption, including reflectivity variation, can be evaluated using the radar signal 

amplitude reflections from the bedrock and from the ice surface. The measurement errors of Li was 

evaluated using a propagation error formula (in decibel) starting from the solution of the radar 

equation. The result is roughly ∆L=±4dB, and the main contribution comes from the error of 

amplitude of the bedrock reflection, Pir  ±3dBm. This value is not negligible but, in the context 

of this discussion, it can be excluded because the aim of this paper is a qualitative analysis to 

establish wet or dry areas of the bedrock.  

Figure 4 shows the Li+(1/2)ΔR values (more than 46,000 points) calculated in the Dome C area. 

Data are reported at different depths (from 2000 to 4000 m) and are calculated from radar bedrock 

reflections using (5). Looking at the plot, all points are located between two lines that define the 

range between dry (∆R=0 dB) and wet (∆R=8 dB) conditions, also taking into account the above 

mentioned measurement error ∆L = ±4 dB.  

The upper line can be described by Li = Āh + ∆R + ∆L and the lower one by Li = Āh - ∆L. In both 

cases a constant attenuation rate (Ā) of -7.2 dB/km was assumed. Green and blue points correspond 

to low ( < 1 dB, dry points) and high ( >7.7 dB, wet points) reflectivity values respectively. The 

points with intermediate values, corresponding to no-wet / no-dry conditions are between these and 

are not reported in the figure. In the plot the two blue and green data sets are clearly located along 

the lines, even if they are rather scattered. The scattering is essentially due to two main causes: 

measurement errors and bedrock characteristics. On the basis of these considerations, the linear 



trend for ice losses vs. depth (4) in the analyzed range was assumed. The evaluation of the 

parameters of the linear regression was not possible because of the presence of large errors mainly 

due to wide variations in bedrock reflectivity. However, the bedrock reflectivity variation can be 

calculated in particular cases. In fact it is possible to define Ā where the bedrock reflectivity is 

known (lake or known dry zone) and, using this value in a small region, it is possible to solve the 

radar equation obtaining the reflectivity variation with  local validity  

ΔR= Pir – Pai+ Rai + LGa  -LGr –2Tai – Ri –2Āh (6) 

The assumption of a constant value of Ā  naturally cannot be considered over large areas because of 

different ice conditions and/or different temperature profile.  

A different solution of the radar equations (1) was proposed in Zirizzotti et al., 2010 [40] in which it 

was possible to analyze an area apart from the knowledge of Ā and considering expression 4 to be 

valid. From equation (3), dividing Li by the depth h we can write:  

  

(7) 

In this expression, Ā and ∆R are unknown; the amplitude signal of bedrock reflection Pir and the 

term LGr both depend on reflection depth, while the remaining terms are constant. Plotting this 

expression for each difference between the power of the bedrock reflections and the power of the 

surface reflections for each radar trace, Ā can be considered a local offset. This offset can be 

removed from the plots using frequency domain elaboration or filtering the data. By removing it, 

the reflectivity variation ΔR can easily be evaluated and analyzed without knowledge of the 

temperature profile and ice absorption information. From data analysis, the averaged value of Ā 

over the grid (100x50 km
2
, see figure 5) is quite constant with Ā = -7.2 ± 0.7 dB/km. The difference 

between this value and the ice absorption rate averaged for bedrock depth range at the EPICA site (-

11±3 dB/km) depends on the fact that in the first case an extended area was considered in which ice 

characteristics could vary. The offset term Ā obtained in this analysis, contains important 

information regarding the local characteristics of the ice. Its analysis, not discussed in this context, 
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gives additional and important information about the state of the ice. Reflectivity variation can be 

estimated for each bedrock reflection and a dry and wet map can be plotted reporting only points 

with reflectivity variations greater than the threshold value. 

V. REFLECTIVITY VARIATION MAP 

The Concordia trench-lake system and Dome C region have been extensively studied in the past by 

numerous different authors (e.g. Tabacco et al., 1998 []35; Remy and Tabacco, 2000 [28]; Forieri et 

al. 2004 [11]; Tabacco et al., 2006 [36]; Cianfarra et al., 2009 [6]). The Concordia Trench, the 

Concordia Ridge and the depression hosting Concordia Lake are the main physiographic bedrock 

features of the region. In particular, the Concordia Trench (124.5°E, 74.6° S -76° S) is a trough 250 

km long and about 15-20 km wide. It is characterized by the presence of a main saddle in its central 

part (124.3°E, 75.2°S) which reaches its highest elevation (-200 m below sea level), and then dips 

both to the North and to the South to a maximum depth of -950 and -750 m respectively.  At the 

northern termination of the Concordia Trench, a depression elongated in the NE-SW direction, 

hosts one of the largest Antarctic subglacial lakes, the Concordia Lake. The Dome C plateau has an 

extension of about 2500 km
2
 and a main elevation of about 0 m asl. 

Figure 5 reports the analyzed RES dataset (shown as grey lines) on a coloured bedrock topography 

map (Polar Stereographic, standard parallel at 71°S, WGS84) of the whole area. The analysis was 

made using datasets collected during several Italian Antarctic expeditions from 1995 to 2003 (IRES 

GIS [41]) within the framework of different projects (Dome C bedrock valuation, EPICA drilling 

point determination and subglacial lakes exploration). They were acquired using ―GlacioRadar‖ 

instrumentation, an envelope RES system operating at a frequency of 60 MHz (Bianchi et al. 

2003[2];). The analyzed datasets have acquisition rates varying from 1 trace every 210 m (1995 

campaign) to 1 trace every 7 m (1997 and 2003 campaigns, Zirizzotti 2008 [38]). For this reason a 

horizontal filter was applied to the campaign data in order to generate a uniform dataset. 

Consequently, the effect of a reflector‘s roughness on reflectivity values was strongly reduced. 



Considering a constant survey speed of about 70 m/s, each point returned from the analysis 

represents the reflectivity contribution of about 600 m of bedrock.   

On the map the location of the catalogued subglacial lakes (Siegert et al., 2005 [33]) are shown with 

red lines and red points while the blue lines indicate the results of the present analysis. The blue 

segments represent the areas with reflectivity variation greater than the threshold value (7.7 dB). 

The results were reported on a bed elevation map of the area, but could also be overlapped with the 

ice thickness map, in order to identify and highlight possible relations between hydrostatic 

processes and wet zones. In the case of the Dome C plateau, the surface elevation is very smooth 

(about 0.5 m/km on the area around Dome C) and the potential hydraulic gradient depends only on 

variations in bed elevation. So, the two maps are totally equivalent.  

 An analysis of the map reveals some important points. In particular, the Concordia lake and the 

Concordia trench are clearly visible as areas characterized by a very high reflectivity variation. 

Regarding the Concordia Trench, Remy and Tabacco 2000 [28] and Wingham et al. 2006 [37] 

proposed the hypothesis of two opposed water drainage directions inside the trench driven by the 

presence of a main saddle. This hypothesis was also supported by the presence of two catalogued 

lakes (Concordia and ITL28) at both trench terminations. Subglacial water tends to move in the 

direction of decreasing hydraulic potential (Shreve, 1972 [30]; Pattyn et al., 2009 [21]) and 

considering the wet basal condition emerging from the present analysis, the hypothesis of an 

increase in basal sliding along the trench (also formulated by Remy et al., 2003 [28]) is confirmed. 

From the map it is evident that Dome C is characterized by widespread areas with high reflectivity 

variation points. Since they do not belong to a well defined bedrock macro-morphology, and as the 

geological assessment of the area is still poorly known, it is not possible to formulate a reliable 

hypothesis regarding the state of the bedrock. In fact, even if the presence of sedimentary rocks is 

not supported by recent scientific papers their presence cannot be excluded. Nevertheless, a 

widespread wet basal condition is assumed to be most probable by the authors. 



VI. SUMMARY AND CONCLUSIONS 

The evidence of lake basins beneath Antarctic ice has been established, until now, mainly using 

RES radargram analysis and through the study of the ice surface topography (i.e. flat topography 

over subglacial lakes). The presence of hydrological networks beneath the ice sheet has been 

deduced, until now, only through indirect measurements (i.e. changes in surface altitude, basal 

sliding, etc.). Recently there have been numerous scientific papers discussing the possibility of 

characterizing the ice-bedrock interface through an amplitude analysis of RES data. 

The analysis proposed in this paper, uses a linear model for the solution of the radar equation for 

internal ice absorption. Bedrock reflectivity variation is calculated from a received signal amplitude 

variation which, beyond a defined threshold, allows discrimination of interfaces with peculiar 

characteristics. In this way, according to the dielectric constants of the main rock types, only a 

contact between crystalline and sedimentary rocks could be misleading.  This ambiguity can be 

limited by integrating the results with detailed geological and morphological considerations.  

The analysis presented in this paper was focused on a preliminary test region, the Dome C area, 

where many of the physical properties of the ice are known. This made it possible to compare the 

present results with those from different kinds of analysis described above, in order to test its 

reliability.  

The resulting dry-wet reflectivity map confirmed the positions of all the catalogued subglacial lakes 

and indicated a possible water drainage system along both sides of the Concordia Trench. 

Moreover, a wide dispersion of points characterized by very high reflectivity variation was 

registered in the Dome C surroundings which, within the limits of ambiguity of the present study, 

could be ascribed to a widespread wet basal surface.    

In conclusion, the independence of the described method from both the temperature profile and the 

geometrical spreading of EM waves suggests that it could provide useful information regarding 

physical bedrock conditions over wide areas of Antarctica (where no other information is available). 



The method represents a good tool for investigating the state of bedrock and for collecting 

information on the presence of water and hydrological networks beneath an ice sheet. 
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