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Abstract. Radio-echo sounding of the Antarctic and Green-
landic ice sheets often reveals a layer in the lowest hundreds
of meters above bedrock more or less free of radio echoes,
known as the echo-free zone (EFZ). The cause of this fea-
ture is unclear, so far lacking direct evidence for its origin.
We compare echoes around the EPICA drill site in Dronning
Maud Land, Antarctica, with the dielectric properties, crys-
tal orientation fabrics and optical stratigraphy of the EPICA-
DML ice core. We find that echoes disappear in the depth
range where the dielectric contrast is blurred, and where the
coherency of the layers in the ice core is lost due to distur-
bances caused by the ice flow. At the drill site, the EFZ on-
set at∼2100 m marks a boundary, below which the ice core
may have experienced flow induced disturbances on various
scales. The onset may indicate changing rheology which
needs to be accounted for in the modeling of ice sheet dy-
namics.

1 Introduction

For over 40 years radio-echo sounding (RES) has been suc-
cessfully applied to determine ice thickness and internal
structure of large ice bodies. Internal echoes (horizons) are
caused by layers contrasting significantly in the dielectric
properties of the surrounding ice. The three causes for such
changes are: density variations in shallow ice, acid layers and
changing crystal orientation fabric (COF) in deeper ice (Fu-
jita et al., 1999). Changes in density and conductivity have
isochronous character (Vaughan et al., 2004; Eisen et al.,
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2004). Changing COF might have isochronous character, but
is also influenced by the ice flow (Eisen et al., 2007).

A commonly observed but hitherto unexplained phe-
nomenon is the basal echo free zone (EFZ), a hundreds of
meters thick band above the ice bed interface more or less
free of radio echoes. The absence of layering was first dis-
cussed byRobin et al.(1977) and eventually named as EFZ
by Drewry and Meldrum(1978). It is often characterized
by an abrupt transition, and an upper onset that varies with
depth. It is usually not attributed to the loss of RES sensi-
tivity. Typically it follows the bedrock topography and in-
creases in thickness away from ice domes (Matsuoka et al.,
2003). Because direct evidence has been unavailable, it
is unclear what triggers the absence of internal reflections
within the EFZ, although the EFZ is observed in extensive
parts of the Antarctic ice sheet (e.g.Drewry and Meldrum,
1978; Robin and Millar, 1982; Fujita et al., 1999; Siegert
and Kwok, 2000; Matsuoka et al., 2003; Wang et al., 2008).
Russell-Head and Budd(1979) connected the EFZ observed
by Robin et al.(1977) to a layer with low shear stress in the
lower third of the ice sheet by Law Dome.Robin and Mil-
lar (1982) suggested that the EFZ, observed North of Lake
Vostok, is due to a buckling of layers which become increas-
ingly deformed as the bedrock relief starts to influence stress
and strain rates towards the bottom.Maccagnan and Duval
(1982) proposed that the EFZ onset near the Dome C area
represents an isotherm in ice.Fujita et al. (1999) argued
for examples at Dome F that variable shear over an irregu-
lar surface causes folding, mixing, and faulting of layers and
thus inhibits the return of coherent reflections.Siegert and
Kwok (2000) discussed the EFZ observed in subglacial val-
leys West of Lake Vostok. They described the ice as being
potentially stagnant and suggest that recrystallization and re-
circulation of ice may also play a role.
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If the EFZ is not due to the system sensitivity,Bogorodsky
et al. (1985) consider it as a proxy for the reliability of ice-
core records in paleoclimate resarch which relies on parallel
layering for the age-depth conversion. As the EFZ likely in-
dicates a change in flow behavior, the mechanisms are also
important for the modeling of ice sheet dynamics and stabil-
ity (Dowdeswell and Evans, 2004).

In order to check the existing hypotheses we compare air-
borne RES data around the EPICA drill site at Kohnen station
in Dronning Maud Land (DML), Antarctica, with the crystal
fabric, optical stratigraphy and dielectrical properties of the
2774 m long EPICA-DML (EDML) ice core. The geograph-
ical setting (Fig.1) indicates the locations of the RES profiles
used in this study (Fig.2) . The ice core is situated on an ice
divide in a flank-flow regime. Ice flows towards the Kirwan-
veggen mountain range, which potentially acts as a barrier
for ice flow.

Along with data from dielectric profiling (DEP) and the
distribution of COF, we use line-scan images to visualize
the integrity of layering. Line-scan images (see Fig.3) dis-
play the stratigraphy of high-scattering zones for light, called
cloudy bands (CBs). They correlate with the impurity con-
tent of ice (Svensson et al., 2005) and we take them as a
proxy for the layering of RES horizons.

So far the comparison of CB layering with RES has not
been achieved, because no continuous CB stratigraphy is
available for other ice cores from Antarctica. Moreover,
only few CBs are seen in the deep ice cores from Byrd,
Vostok, and Dome Concordia. The EDML core is the only
core from Antarctica with continuous visual stratigraphy and
cloudy bands enable a direct comparison with RES data. We
find that radio echoes disappear below∼2100 m at the drill
site and that this transition coincides with progressive dis-
turbances in CB-stratigraphy. We discuss possible reasons
for the absence of echoes in that zone and implications for
the suitability of ice for paleoclimate research and ice-sheet
modeling.

2 Methods and findings

2.1 Dielectric profiling and fabric analyzer

For DEP the ice core is placed between cylindrical elec-
trodes to measure the complex dielectric permittivity from
which bulk density and conductivity can be inferred (Wil-
helms et al., 1998). The 1-cm electrodes were driven with
a 250 kHz signal and shifted along-core with a 0.5 cm in-
crement. DEP records are corrected for variations in tem-
perature, core diameter, and breaks. The data are scaled
(Eisen et al., 2006) to the center frequency of the RES system
(150 MHz). In the conductivity profile in Fig.5a the number
and height of peaks decreases towards greater depths. The
last dominant peaks rising three times above the background
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Fig. 1. Location of radar profiles 022150 and 033137 (long black
lines) in the vicinity of Kohnen (red dot). Profile 033137 inter-
sects the Kirwanveggen mountain range, which acts as barrier for
ice flow. Outcrops of the mountain range are indicated with black
dots.

Table 1. Radar system specification; for wavelengthλ a permit-
tivity of 3.15 was assumed,∆z corresponds to half the pulse length,
two antennas with equal transmitting and receiving gain G are used,
Pt is damped for the short pulse data to maintain a rectangular shape
of the ougoing pulse

Parameter Variable 60 ns pulse 600 ns pulse
transm. peak power [dBm] τ 47 62
vert. resolution in ice [m] ∆z 5 50
wave length in ice [m] λ 2 2
center frequency [MHz] - 150 150
antenna type (trans. & receiv.) - short backfire short backfire
antenna gain [dB] G 14.2 14.2

Fig. 1. Location of radar profiles 022150 and 033137 (long black
lines) in the vicinity of Kohnen (red dot). Profile 033137 inter-
sects the Kirwanveggen mountain range, which acts as barrier for
ice flow. Outcrops of the mountain range are indicated with black
dots.

noise occur at 2180 m. Below 2400 m the typical conductiv-
ity peaks are missing.

The fabric data in Fig.5b are collected from thin sections
between crossed polarizers (Wilson et al., 2003). The data
are usually displayed in Schmidt diagrams or in terms of
three Eigenvalues characterizing an ellipsoid which best ap-
proximates the c-axes distribution. Between 2025–2045 m
the distribution in COF changes from a vertical girdle type to
a single maximum distribution continuing to the bottom. At
∼2375 m the fabric resembles a vertical girdle distribution,
but COF data in this depth interval are sparse.

2.2 Line-scans and ice-core characteristics

The line-scan camera images 1-m segments of the ice core
at a resolution of 0.1 mm with light (Svensson et al., 2005).
While being moved along the core, the camera records light
which is scattered by grain boundaries, air-bubbles and mi-
croparticles. Transparent zones appear black, and zones with
inclusions appear milky (see Fig.3).

We see progressive disturbances in CB-stratigraphy with
depth which correspond to other ice-core characteristics:
above 1700 m the CBs appear straight, smooth, and paral-
lel. They dip slightly due to the inclination of the borehole.
Between∼1700–2050 m the CBs develop mm-scale undu-
lations. From approximately 2050 m downwards the dip of
CBs increases to 10–15◦. Most CBs are still parallel, but
mm-scaled z-folds start to develop.
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Crystals with diameters larger than 10 cm are present in
the last interglacial (MIS5,∼2300–2375 m, age-depth values
are based onRuth et al., 2007) and below∼2600 m. A plot
of mean crystal size is published byWeikusat et al.(2009) in
Fig. 2a. At the transition from MIS5 to glacial MIS6 (below
about 2400 m), we see a mixture of dipping and undulating
CBs on various scales. In the fine-grained ice of MIS6, the
CBs appear parallel, horizontal or inclined up to 30◦ alter-
nated with isoclinal z-folds on the cm- to dm-scale. Below a
depth of about 2400 m, CBs increasingly occur with opposite
sign of dip within a single core segment of 1 m length.

We quantified the dip angle of CBs along depth via an
automated image analysis. After contrast enhancement and
edge detection, the line-scan image of a 1-m segment was
binarized. Remaining straight lines with a maximal dip an-
gle of±45◦ from the horizontal (namely CBs) were detected
by using a Hough transformation (Hough and Arbor, 1960).
In this approach every line connecting two or more pixels is
represented as a point in a parameter space (offset and slope),
and the strongest lines are identified with a voting proce-
dure (see for example:Burger and Burge, 2008). Between
1500 m–2100 m, CBs are clearly visbile and approximately
8–15 CBs are detected per image. From 2100 m–2370 m,
stronger contrast enhancement is necessary and the stratig-
raphy appears more blurred. In average only 3–7 CBs are
detected. Between 2370 m down to 2500 m, the stratigraphy
is more pronounced again. In Fig.3 the so detected CBs are
marked with green lines. It is evident that the procedure does
not capture the CBs in their full complexity, but is biased to-
wards thick and non-undulated CBs with a strong contrast. It
neglects weaker and undulated CBs. Thus the results should
only be regarded as a general trend (for example the mean
value of dip angles may vary, depending on the thresholds
chosen for the contrast enhancement).

Figure 5d displays the absolute mean dip in a 1-m seg-
ment along depth. The mean dip angle varies gradually from
1400–2000 m depth and then exhibits larger variations. Seg-
ments with strong mean dip are intersected with segments of
smaller mean dip. Below 2100 m the most of the CBs appear
perturbed, but also undisturbed CBs can be found.

2.3 RES internal structure

The airborne RES system operates at a frequency of
150 MHz in a toggle mode alternately transmitting a pulse
with length of 60 and 600 ns. The theoretical vertical reso-
lution is 5 and 50 m in ice respectively. Specifics about the
radar system are summarized in Table1, and also discussed
by Nixdorf et al.(1999).

Figure2displays two profiles in the vicinity of the drill site
at Kohnen station. Conversion of two-way traveltime (TWT)
to depth is based on synthetic traces (Eisen et al., 2006). Pro-
file 022150 was recorded in 2002 and runs parallel to the ice
divide. Profile 033137 was recorded in 2003 and connects
Kohnen with the German overwintering station Neumayer.

Table 1. Radar system specification; for wavelengthλ a permittivity
of 3.15 was assumed,1z corresponds to half the pulse length, two
antennas with equal transmitting and receiving gainG are used,Pt

is damped for the short pulse data to maintain a rectangular shape
of the ougoing pulse.

Parameter Variable 60 ns pulse 600 ns pulse

transm. peak power [dBm] τ 47 62
vert. resolution in ice [m] 1z 5 50
wave length in ice [m] λ 2 2
center frequency [MHz] – 150 150
antenna type (trans.& receiv.) – short short

backfire backfire

antenna gain [dB] G 14.2 14.2

Detailed internal layering is evident at both pulse lengths in
the upper two thirds of the ice column and prominent layers
can be traced from one profile to the other. At EDML, the
majority of internal reflectors below∼900 m originate from
individual conductivity peaks, with some being an interfer-
ence signal of closely spaced peaks (Eisen et al., 2006). The
last two detected signals in the 60 ns RES data at EDML cor-
respond to a reflector from changes in COF at 2040 m (Eisen
et al., 2007) and a conductivity peak at 2080 m. The EFZ is
observed in both profiles. Figure4a and b display an exam-
ple from profile 033137 (trace 6297), where the last continu-
ous reflector is found at 1654 m depth, 690 m above the ice-
bed interface. The backscattered intensity in the long pulse
data drops by 8 dB. At EDML, the EFZ is less pronounced
but still evident (see Fig.4c and d). Below about 2100 m
no continuous internal layering can be found, short and long
pulse data fade at similar depth. The last reflector in the long
pulse data is about 2 dB above the noise level. Small sig-
nals sometimes appear within the EFZ but these are usually
not continuous laterally. An example is visible in Fig.5e be-
tween 2300 and 2400 m depth. The usually invisible signal
becomes only apparent in the differentiated data of the long
pulse. The backscattered power is just a few tenths of dB
above the noise level. It coincides with the previously men-
tioned change in COF at 2375 m, and a section of undisturbed
CBs below about 2385 m depth. Similar reflectors within the
EFZ are also observed at other locations (Robin and Millar,
1982).

2.4 Definition of EFZ-onset and system performance

The EFZ has been characterized so far by the absence of
continuous internal layering above the bedrock, which starts
with a sudden drop in backscattered power. The abruptness
often negates insufficient radar performance as a primary rea-
son for the EFZ. There is no consensus how strong the drop
in backscattered power should be, and since the power drop
must be a function of depth, it seems inadequate to tie it to a
fixed number.
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Fig. 2. Radar profiles in the vicinity of Kohnen station recorded with the 60 ns (bottom) and 600 ns (top) pulse. Bedrock was picked from
differentiated data. The TWT is corrected to the first break of the surface reflection. Units of backscattered power are referenced to 1 mW
(dBm). For better visibility of deeper layers the upper layers have been excluded. Profile 022150 has a length of 40 km and runs parallel
to the ice divide. Ice flow is approximately 1 m/a. Profile 033137 has a length of 200 km and intersects the Kirwanveggen mountain range.
Although the upper boundary of the EFZ cannot be mapped everywhere, it is clearly visible that it is variable in height and follows the
bedrock topography. Traces shown in Fig.4 are labeled at the top.

We propose two ways how to keep RES sensitivity and
other physical mechanisms for the EFZ apart: firstly a com-
parison of calculated power reflection coefficients (PRCs)
from ice-core data with the estimated detection limit of the
system, and secondly an in-situ comparison of long and short
pulse data.

The PRCs (|R|
2) approximate the scattering cross section

in case of an ideal interface. We calculate them from DEP
and COF data with the two-layer approximation fromParen
(1981). Following Nixdorf et al.(1999), an estimate for the
signal to noise ratioS/N can be parameterized with
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Fig. 3. Line-scan images of the EDML ice core (left) after contrast enhancement. Close-ups of the originial images are visible on the
right. Cloudy bands that have been detected with the image analysis are marked in green. The EFZ onset at approximately 2100 m depth
is indicated with dashed lines. Cloudy band stratigraphy appears undisturbed (zoom 1) above EFZ with small-scale undulations (zoom 2)
slowly developing. Within the EFZ, layers appear partly dipped parallel (zoom 3) and partly rough as dips point into opposite directions.
Dips can be intersected with z-shaped folds (zoom 4).
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Fig. 4. The EFZ is identified by the simultaneous disappearance of continuous layers in the 60 and 600 ns data, whereby backscattered power
in the 600 ns data drops by several dB. In(a) and(b) trace 6297 (profile 033137) of 600 and 60 ns data is a typical example for the EFZ.
The last continuous signal is visbile at 20.1µs in the 600 ns and at 19.7µs (∼1654 m depth) in the 60 ns pulse. Bedrock is clearly visible
in both traces at 27.9µs (∼2344 m depth).(c) and(d) display trace 4205 (profile 022150) for both pulses at the EPICA drill site. Bedrock
is visible in both traces at about 2790 m depth. Last continuous signals above the bedrock are detected at 25.4 and 25µs TWT (∼2100 m
depth). Because of the larger depth, the signal drop in the 600 ns data is smaller than in (a).
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S

N
=

PtτG2qgstλ
2
|R|

2

(4π)2[2(H + h)]2LkT
(1)

whereq is the refraction gain,gst=200 is the stacking gain,
H=500 m is the flight level above surface,k is the Boltz-
mann constant,T =400 K is the noise temperature andL is
the attenuation at depthh. All other parameters are summa-
rized in Table1. The loss factorL=L2

K(LT )2LA includes
the transmission loss through the surface (LT =1.11), the ca-
ble loss (LK=1.99), and the two-way dielectric lossLA. In
analogy to other approaches (MacGregor et al., 2007), we
neglect power loss through multiple internal reflections and
calculate the total two-way dielectric lossLA as the product
of incremental attenuation rates for each measured value of
the conductivity. Conductivity has been corrected for tem-
perature with an Arrhenius relation (e.g.MacGregor et al.
(2007), Eq. 2). Rearranging Eq. (1) for |R|

2 with an empir-
ical signal to noise ratio of 1.02 and plotting it along depth
results in the two lines displayed in Fig.5c. These lines mark
the estimated detection limit for PRCs for the two different
pulses. Compared to the calculated (ideal) PRCs from ice-
core data, we would expect to detect at least three more lay-
ers within the EFZ. However, the estimation of the detection
limit does not take into account interference effects and the
temperature dependence of the attenuation rates is not fully
known. Thus this approach is only a rough estimation.

The radar is usually flown in toggle mode, so that the short
pulse can be used to detect internal layering at high vertical
resolution and the long pulse for the sounding of bedrock to-
pography. Equation (1) somewhat quantifies this behaviour
with the dependency on pulse length (τ ) and emitted peak
power (Pt ). Pulse length and peak power do not always trans-
late linearly into the signal to noise ratio, as for exampleR is
also dependent on the pulse length (the short pulse layering
results from interferences within a smaller vertical interval
leading to some differences). However, there is often a di-
rect correspondence between peaks in long and short pulse
data – with a better signal to noise ratio in the long pulse
data. Therefore we use the deepest layering in the short pulse
data as an upper boundary for the detection limit of the long
pulse. If layering in long and short pulse data vanish at sim-
ilar depth, we suspect that at least the absence of layering in
long pulse data in a certain interval below that depth is not
caused by the system sensitivity. The vertical extent of that
interval depends on the drop in backscattered power of the
long pulse data. A definition of the EFZ onset in that way is
inherently radar dependent, but it bypasses the uncertainties
in estimating the detection limit based on the radar equation.

The single traces in Fig.4a, b demonstrate clearly a corre-
spondence between long and short pulse, together with an
8 dB drop in backscattered power in the long pulse data.
Since it is unlikely that the long pulse is attenuated by 8 dB
within 100 m below the last reflector, we assume that other
mechanisms than mere running out of signal strength must
be responsible for the absence of echoes. Single traces at

the drill site (Fig.4c, d) correspond well in long and short
pulse data, but the drop in backscattered power in the long
pulse data is smaller (≈2 dB). From this example alone, the
separation between system performance and other physical
mechanisms is not so clear-cut, because the long pulse could
be attenuated shortly beneath the disappearance of the short
pulse by a slight increase in temperature. However, since
the drop in backscattered power must be a function of depth,
and because we can trace the EFZ from the previous example
(Fig. 4a, b) to the drill site (see also Fig.2), we conclude that
the EFZ is also evident at the drill site. The correspondence
of long and short pulse data, and the lateral variation of the
EFZ onset around the drill site are indicated in Fig.5e.

3 Potential physical mechanisms of the EFZ

Using the dual-pulse technique described in Sect.2.4 we
identify the EFZ in many places of Fig.2. An example is
shown in Fig.5e. It is evident that the EFZ’s upper onset
is variable in height and largely follows the bedrock topog-
raphy. The onset in Fig.2 ranges from 1600–2100 m depth,
with a 600–700 m thick gap to the bedrock. Here we dis-
cuss potential mechanisms – other than the RES sensitivity –
for the absence of internal layering around the EPICA-DML
drill site. In particular we consider (1) a lack of dielectric
contrast, (2) the role of temperature with respect to signal at-
tenuation and the mechanical properties of ice, and (3) the
lack of suitable reflecting surfaces due to layer roughness.

The DEP record changes its characteristic below about
2200 m. Conductivity peaks are broader, less distinct and
not as frequent. Thus a one dimensional forward model of
electromagnetic wave propagation (Eisen et al., 2006) does
not predict reflections within the EFZ. The lack of strong
conductivity signals can be related to the dipping of layers
in the CB stratigraphy. Non-horizontal conductivity signals
cause broader and less pronounced peaks, since the DEP de-
vice integrates over the entire core diameterD along the
horizontal. The magnitude of this effect can be estimated
by assuming the conductivity signalσ(z, x) to be Gaus-
sian along the verticalz and dipped with slopem along

the horizontalx. This meansσ(z, x)=A exp
(
−

(z−mx)2

d2

)
,

with A determining the peak amplitude andd the
peak width. The integration over the core diameter

D yieldsσ(z)=
∫ D

0 σ(z, x)dx=A
√

πd
2m

[
ERF

(
m
d
x−

z
√

d

)]D

0
,

where ERF stands for the error function. The magnitude
of peak broadening is mainly determined by the initial peak
width and the dip angle. With an exemplary peak width of
d=2.5 cm and a dip angle of 15◦, the initial peak height de-
creases by∼15%. However, whether ice dynamics or sim-
ple diffusion is the main reasons for the absence of strong
conductivity peaks has yet to be determined. As a physical
mechanism for the EFZ, a simple lack of dielectric contrast
cannot be excluded.
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Fig. 5. DEP conductivity profile(a) and COF Eigenvalues(b) from measurements on the EPICA-DML ice core at Kohnen. Power reflection
coefficients in(c) are calculated from peaks in DEP-data (x) and change in COF (o) based on the two-layer interface approximation after
Paren(1981). The lines indicate the estimated limit of detectable power reflections coefficients for the 60 and 600 ns pulse dashed and solid,
respectively (adapted fromNixdorf et al., 1999). The stratigraphic disturbances observed in the line-scan images are illustrated in(d) as the
mean absolute dip of CBs averaged over a 1-m interval along depth.(e)displays differentiated radar data (600 ns) of profile 022150 centered
around Kohnen. The last continuous reflector in the 600 ns data is indicated with the yellow line. The same reflector can be picked in the
60 ns data (overlaid on the 600 ns data with red crosses) between traces 4000 and 4300.

The connection of EFZ onset with an isotherm in ice was
previously suggested byMaccagnan and Duval(1982). The
temperature distribution in the lower third of an ice sheet is
dominated by the geothermal heat flux, but it is also affected
by the overburden ice column. If the EFZ onset represents
an isotherm, two effects need to be considered: The effect
of temperature with respect to attenuation, and the effect of
temperature with respect to the mechanical properties of ice.
Attenuation usually does not suggest a threshold behaviour.
Whereas temperature might play a role in the example of
Fig. 4c–d, it seems unlikely to be the case for Fig.4a–b
where the dielectric loss would need to be 8 dB/100 m. A
change in the mechanical properties of ice around the EFZ
onset is supported by the disturbances observed in the line-
scan data. However, so far there is no evidence that ice de-
velops a threshold behaviour at a certain temperature. We
therefore exclude temperature for a driving mechanism for
the EFZ onset at EDML.

The correspondence of progressive CB disturbances and
the EFZ onset (see Fig.5d, e) suggests a physical connec-
tion. If the CB stratigraphy is taken as a proxy for the large
scale layering of RES reflectors, it seems that above the EFZ
the layering is quasi-parallel, whereas below the EFZ on-
set the layering is disturbed. A roughening of layer sur-
faces within the first few Fresnel zones increases the diffuse
scattering and reduces the coherent component. A dipping
of layers reflects the signal away from the receiver. Stud-
ies about scattering on rough interfaces are often based on
the Kirchhoff approximation (see for exampleOgilvy, 1991),
where random and isotropic Gaussian surfaces with a spec-
ified rms-roughness and correlation length are used. In our
case, we estimate that a rms-roughness of∼0.2 m results in
∼10 dB loss in the specular component (Peters et al., 2005).

In case layers are dipped, it is possible that the main lobe
of the signal is lost, and only sidelobe reflections are re-
ceived. Both effects cannot be evaluated quantitvely because
it is impossible to extrapolate the disturbances seen in the ice
core (diameter 10 cm) to the entire Fresnel zone (≈60 m at
2100 m depth). If we assume that CB-layers do not intersect
(as they are isochrones) we can linearely extrapolate dipped
cloudy bands in a single core segment and estimate the layer
roughness and correlation length from anticipated intersec-
tion points. However, this strongly depends on which CBs
are used for extrapolation and also does not boarder the pa-
rameters with an upper or lower boundary.

We favour large-scale disturbances in the layering of RES
reflectors caused by ice flow as the primary reason for the
EFZ at EDML. Deformations on a larger scale are suggested
by changing COF at the EFZ onset (see Fig.5c), and by a
change in borehole geometry at 2385 m depth, when drilling
was interrupted for two years during 2004 and 2006 (Faria
et al., 2006). The measured borehole closure of 2 mm/a in-
dicates an increase in differential flow by an order of magni-
tude compared to the upper ice column. The climate record
is dated to 2417 m depth. However,Ruth et al.(2007) report
increasing difficulties in matching volcanic events with the
Dome Concordia record below 1900 m depth. It is hypothe-
sized that starting at 2050 m depth, complex flow history and
increasing shear stress makes the climate record less reliable
until dating is impossible below 2400 m (S. Faria, personal
communication, 2009).

In the vicinity around Dome F an EFZ is also observed.
Directly at the dome position the radar signal decreases grad-
ually, but away from the dome in the flank-flow regions the
EFZ is evident (S. Fujita, personal communication, 2003,
2008), indicating an ice-dynamical link. The EDML ice
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core is situated in such a flank-flow regime likewise as the
GISP2 (Greenland Ice Sheet Project) ice core in Greenland.
For GISP2,Jacobel and Hodge(1995) describe the coinci-
dent loss of internal layering in analog radar data, at equal
depth with dipped stratigraphy in the ice core. Therefore we
suggest that for EDML layer roughness (or dip) is the main
reason for the loss of internal layering. Not enough data are
currently at hand to generalize our results for other places in
Greenland and Antarctica.

4 Conclusions

It is not finally established whether the primary reason for
the EFZ at EDML is related to the dielectric contrast, the
temperature, or a larger scale layer roughness. We favour the
latter: rough or dipped layers reduce the level of backscat-
terd power. Possibly other radar systems find the EFZ onset
at EDML at a different depth, but a change in backscattered
power would still be expected. It is likely that the EFZ is en-
hanced in flank-flow regimes. The small-scale CB features
we describe may belong to disturbances on a larger scale,
with overturning and thus age reversal of layers as modeled
by Jacobson and Waddington(2005). If this holds true, the
onset of the EFZ indicates the beginning of differential flow,
with mixing and folding of layers towards greater depth.
The interrelation of reflections from changing COF and the
EFZ onset, which has also been observed byMatsuoka et al.
(2003) andFujita et al.(1999), has yet to be determined. It
is likely that the changing rheology needs to be accounted
for in ice-sheet modeling. The EFZ marks the depth within
the ice, below which paleoclimate ice-core records may have
been influenced by ice flow and need to be interpreted with
care.

As the EFZ is detected from above the ice sheet, it is an ex-
cellent indicator of disturbances in internal stratigraphy. This
is important for future surveys of ice-core sites, particularly
for the upcoming search for the oldest ice within the frame-
work of the International Partnerships in Ice Core Sciences
(IPICS).
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