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Abstract. The origin of a strong continuous radar reflec- tions depends on the degree of anisotropy within. The cur-
tor observed with airborne radio-echo sounding (RES) at theent demand for advanced modeling of ice sheets requires the
EPICA deep-drilling site in Dronning Maud Land, Antarc- incorporation of anisotropic properties of ice and the spatial
tica, is identified as a transition in crystal fabric orientation distribution of these properties for unraveling ice sheet his-
from a vertical girdle to an increased single-pole orientationtory and predicting the future developmel8MASS Com-
seen along the ice core. The reflector is observed with a 60 nmnitteg 2004). Various ways have been developed to treat
and 600 ns long pulse at a frequency of 150 MHz, spans onanisotropic rheology, as, for instance, summarisedviay-
pulse length, is continuous over 5km, and occurs at a deptishall (2005. The correlation between fabric changes and
of about 2025-2045 m at the drill site. Changes in conduc-climate transitions (e.durand et al.2007), moreover, em-
tivity as reflector origin are excluded by investigating the ice- phasizes that valuable information is carried by vertical and
core profile, synthetic RES data, and a RES profile with dif- lateral fabric distributions. However, information about the
ferent electromagnetic polarisation azimuths. The reflector'sdistribution of crystals within the ice, the crystal orientation
magnitude shows maximum values for polarisation parallelfabric (COF), is mainly available from ice coring, and re-
to the nearby ice divide and disappears for polarisation perstricted, therefore, to point locations. No standard proce-
pendicular to it, identifying the orientation of the girdle to lie dure exists to date to determine the spatial variation of COF
in the vertical plane parallel to the ice divide. Observationswithin ice sheets on a routine basis. This is, however, a key
allow us to extrapolate the crystal orientation feature alongto an improved understanding and modeling of ice-sheet be-
the reflector in space, with implications for ice-sheet dynam-haviour. Here, we present direct evidence that radio-echo
ics and modeling. sounding (RES) provides a formidable tool to map strong
fabric changes occurring over a few 10s of meters in the ver-
tical, and, moreover, carries the potential to map the lateral
distribution of COF continuously.

Since the beginning of operational applications of RES

Natural ice found in ice sheets and glaciers shows anisotropié? 9laciological research three processes were suggested to
behaviour in various physical parameteRe{renko and Cause continuous internal reflections from within the ice
Whitworth, 1999. A body of ice with anisotropic orienta- €0lumn Bogorodsky et a).1985 Dowdeswell and Evans

tion of crystals responds differently to applied stresses com2004: changes in densityRobin et al, 1969, conductiv-
pared with isotropic ice, for which ice crystals have a randomity (Paren and Robinl979, and changes in CORH@rri-
orientation. For anisotropic ice, ice flow could be enhancedSOn 1973. Whereas the isochronous property of reflection
by about an order of magnitude if stresses act parallel to th&0rizons originating from changes in density and conductiv-
crystals’ basal planes, but flow could be reduced by an ordeltY 1S nowadays routinely exploited for a multitude of pur-

of magnitude if stresses act perpendicular to the basal plandSes, the detection and interpretation of reflections stem-
(Paterson1994. Consequently, the general flow of ice and MiNg from changes in the COF is still in the early stages.

the response of ice sheets to changing environmental congdPartial reflection of a propagating radar pulse occurs where
either the realq’) or imaginary part{”) of the complex di-

Correspondence tdD. Eisen electric constants) changes. The possibility to detect fabric
(olaf.eisen@awi.de) changes with RES arises from the anisotropy of permittivity
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2 O. Eisen et al.: Internal RES reflector originating from COF

dicular to the crystal c-axis at 1 MHz and 252 K. This value
corresponds to little more than roughly 1% of the permittiv-
ity of ice, which is in the range of 3.1-3.22¢’ is accurate
to ~0.007, or 20% Fujita et al, 2000 Fig. 3), and varies
slightly with temperature and frequency, however insignifi-
cantly to be a concern in this study.

To discriminate reflections originating from changes in
COF and conductivity, multi-frequency experiments can be
utilized (Fujita et al, 1999. However, as ice is also a bire-
fringent medium at radio frequencieblgrgreaves1978),
multi-polarisation measurements are required to resolve am-
biguities arising from anisotropic reflection and wave prop-
agation Doake et al.2002 Fujita et al, 2003. With such
experimentsMatsuoka et al(2003 located high-scattering
zones several hundred meters thick at depths around 1000—
1500 m in East Antarctica. Based on the dependence of the
reflection strength on the polarisation plane, the wide zones
were interpreted as alternations in COF of adjacent ice lay-
ers Matsuoka et a).2004), induced by past and present ice
flow. Fujita et al.(2006 determined the vertical evolution of
the radar phase by combining ice-core profiles of COF with
a matrix-model of radar-wave propagation at the sites where
e polarimetric radar studies were carried out. By comparison
of COF data and model results with multi-polarisation/bi-
frequency RES point data, they were able to separate the gen-
eral contribution of anisotropic reflection from COF and bire-
fringence to the observed signals. However, previous studies
did not provide COF profiles from ice cores for direct com-
parison with continuous internal reflections in RES data and
reflectivity.

In this work we extend previous findings by comparing
RES data with ice-core profiles of COF, permittivity, and
conductivity. Moreover, we use synthetic RES data to anal-
yse the origin of RES signals. This leads to the novel ob-
servation that a sharp, continuous internal reflection horizon,
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Fig. 1. Top: location of study area in Antarctica. Middle: lo-
cation of EDML drill site (circle), RES flight line of profiles
022150/023150 (black line), and ground-based profile 0330422 Data and methods
(square); bold black line: RES section shown in FAggrayscale:
Radarsat Antarctic Mapping Project digital elevation modali(  Data used in the present study were acquired within the Eu-
et al, 2001 on 400x400n? raster (meter above sea level for ropean Project for Ice Coring in Antarctica (EPICA) at the
WGS84 ellipsoid). Bottom: close-up of profile 033042 recorded deep drill site in Dronning Maud Land, Antarctica (EDML).
with airplane on ground (thin line) and flight line of profiles The drill site is located at 0.0684&, 75.0028 S at 2891.7 m
022150/023150 (thick line). Traces of the circle segment of pro-ahove sea level near a transient ice divide, characterised by
file 033042 are indicated by open circles, traces belonging to "”earalong-flow compression and lateral extension, causing an
segments are shown as black dots. overall vertical compression of the ice colunwidsche et a).
2007.

in a pure ice crystal. The latest compilation of dielectric
properties of iceKujita et al, 2000 provides an anisotropy
in &’ of Ae/:s‘/‘—elﬁeo.%s, measured parallel and perpen-
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Fig. 2. Top: unfiltered 10-fold stack (65-m trace spacing) RES profile recorded with the 600-ns pulse (022150, left) and 60-ns pulse (023150,
right); ordinates are the same for both panels: two-way travel time (TWT) on left ordinate is recording time corrected to the first break of
surface reflection, right ordinate refers to depth below the surface for a mean wave speed of 168.Tnwmsghe surface to a 2100-m

depth; color code indicates signal magnitude (increasing white-blue-black); first breaks of internal reflectors of interest are marked by yellow
and red “V” at 0 km (drill site) at travel times of 22 and 24 us, respectively; dark diagonal line betw&8rand—2.3 km is a hyperbola

leg, caused by reflections from Kohnen station (located at 0 km); white vertical line at 1.3 km is caused by system dropout. Bottom: surface
elevation above mean sea level (solid line, left axis) from airplane radar altimeter and depth of detected bedrock reflection below surface
(black dots, right axes). The profile runs approximately parallel to a transient ice divide (ESE-WNW), arrow indicates ice flow from left to
right.

2.1 Radio-echo sounding (RES) the first break of the surface reflection, no additional filtering
or gain control is applied to the RES data used here. Conver-

sion from recorded travel time to depth domain is performed

We use data from the RES system on board the Dornier 2281 the calibration for pure-ice permittivity derived Ejsen
101 aircraft Polar2, operated by the Alfred Wegener Instituteg; 5 (2009, with a mean wave speed of 168.7 nThover
(AWI). The system, with an overall sensitivity of 190dB, the distancé from the surface to 2100-m depth.
generates 150-MHz bursts of 60ns and 600 ns in duration,

which are transmitted alternatedly. The receiver module rec- We use two types of RES data sets here (Fig. 1): (i) air-
tifies and logarithmically compresses the signals, stacks 20@orne data from the season 2002/03, with profiles 022150
consecutive signals after analog-to-digital conversion, and600 ns pulse) and 023150 (60 ns pulse) running along the
stores the stack as a single trace on tape at sample intervaise divide (ESE-WNW direction), passing the EDML drill
of 13.33 ns over a time window of 50 us. Data are normally site about 100 m to the NNE (Fig. 2); (ii) data from profile
acquired in-flight at an altitude of 450 m above ground at typ-033042 (60 ns pulse) recorded in season 2003/04 with the
ical speeds of 65 nTg (130 knots), resulting in a trace spac- airplane slowly moving on the ground about 500 m down-
ing of the 200-fold stack of 6.5 m between equal puldéiz{  stream from the drill site, first in a circle and then crossing
dorf et al, 1999. The airplane heading is equal to the polar- the circle in linear segments in eight different orientations
isation of the electric field. Apart from static correction for (N, NE, E, SE, S, SW, W, NW). The airborne data enable
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4 O. Eisen et al.: Internal RES reflector originating from COF
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Fig. 3. Comparison of radar data and ice-core profiles at the EPICA-DML drill site. From left to right: RES signal power measured with
two pulse widths for trace 4205 of profiles 022150 (600 ns pulse) and 023150 (60 ns pulse) with respect to 1 mW (dBm), representing a
stack of 2000 recordings in total (200 pre-storage and 10 post-storage stacks) over a distance of 65 m; DEP-based synthetic RES trace fo
60-ns pulse; DECOMP-corrected DEP conductivity;(DECOMP-corrected DEP-permittivity{, with the permittivity of pure ice as upper

bound); eigenvalues.{: triangle,A>: squareaz: circle) of crystal orientation tensor along horizontal (filled symbols) and vertical core
samples (open symbols). The black synthetic trace is based on original conductivity datas@slacie); on top the red synthetic trace is

plotted, based on the DEP data with conductivity peaks removed (gr&emve); peaks originating from conductivity thus appear black,
emphasized by dotted horizontal lines; dashed horizontal lines connect the depth of the strong RES reflector with transition depth of changes
in COF.

us to investigate the lateral extension of continuous internaR.3 Finite-difference forward modeling

reflections. For their subsequent analysis, we additionally

stack 10 traces of each pulse width (resulting in a 65-m tracéThe synthetic trace, adapted frofisen et al. (2006,
spacing in Fig.2). The traces closest to the drill site are simulates the 60-ns pulse (Fig). It is calculated by
used later for comparison with ice-core data. They are re-a one-dimensional finite-difference time-domain model of
ferred to as the long and short pulse RES traces, respectivelylaxwell’s curl equations. Ice-core profiles of permittiv-
(Fig. 3). The ground-based data of profile 033042 provideity and conductivity serve as model input, separated using
insights into the dependence of reflected energy on polarian inverse application of DECOMP at 250 kHz, conductiv-
sation azimuth. Along each of the eight linear segments ofity linearily scaled to 150 MHz, and merged again with for-
constant heading, we stack 70 consecutive traces to increasgard application of DECOMP. Conductivity is provided in
the signal-to-noise ratio. The data from the circle segmeni0.02-m resolution. Due to the strong influence of the DEP-

are used unstacked. measurement noise in permittivity on synthetic reflections,
. . _ permittivity is smoothed over 20m for forward modeling
2.2 Ice-core permittivity and conductivity profiles (Eisen et al.2008. The synthetic trace thus only contains re-

flections which originate from changes in conductivity. Pro-
cessing comprises a synchronization of the synthetic source
signal to the RES first-break signal from the surface by atime
shift of +0.1 ps, application of a Hilbert magnitude transfor-

Dielectric profiling (DEP) at 250 kHz ang-attenuation pro-
filing, simultaneously carried out in the field after core re-
trieval, provide dielectric properties and density along the
.EDML Ice core (se@sen et al.2006 for.de-tans).. The ca!— mation to obtain a signal envelope (i.e. mimic rectification),
ibrated DEP record is correcFed for variations in core diam-5h 4 smoothing with a 0.1-ps Gaussian running-mean filter.
eter and temperature. Unreliable data in the vicinity of .th.eDetaiIs are presented Fisen et al(2006

core breaks are removed. Effects of density and conductivity

mixed complex-valued permittivity in the two-phase system N . . .

ice—air are I:aken into acl:ocount byn;pplying an zxtende)c/i volu—2‘4 Determination of crystal-orientation fabric
metric mixing model (DECOMP). Thus, contributions from
density and conductivity in the complex permittivity are sep-
arated Wilhelms 2005.

Fabric data of the EDML deep ice core were measured down
to a 2560-m depth in a coldroom at a temperature 20°C
in 2005 at AWI (Bremerhaven, Germany). Ice-core sections
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O. Eisen et al.: Internal RES reflector originating from COF 5

were drilled between 2001 and 2004 and have been stored ¢
—30°C after the transportation at25°C to AWI. Thin sec-
tions were prepared according to standard procedures usin
a microtome from horizontally (0:650x50 mnt3) and ver-
tically (0.5x50x 100 mnt3) cut samples. Orientations of c-
axes were derived using an automatic fabric analyzer syster
(Wilson et al, 2003, which enables complete measurement
of these samples in 15 to 30 min. Unfortunately, itis notyet 2025 m 2035 m 2045 m

possible to record the horizontal azimuth of the drilled core

sections, so azimuth is not available for the thin sections. InFig. 4. Schmidt diagrams of vertical sections at three depths, show-
addition to the Schmidt diagrams (mapping each measurethg the orientation of c-axes and the transition from vertical girdle-
crystal c-axis direction from a point on the hemisphere totype to increased vertical single-maximum fabric. The orientations
a circular plane using an equal-area projection, Bjgwe  have been rotated into the horizontatplane.

present the data in terms of the eigenvaluesf the orien-

tation tensor \(Vallbrecher 1979. The eigenvalues (Fig)

represent the components along the orthogonal coordinate The comparison between the short pulse trace and the syn-
systeme¢; of an ellipsoid, which best approaches the mo- thetic trace carried out bf¢isen et al(200§ demonstrates
mentum of inertia of the c-axes distribution. Measurementsthat a number of internal layers can be reproduced by for-
of samples cut horizontally and vertically from the core areward modeling based on a conductivity profile. Removing
jointly displayed. From the distribution of all measurements dominant peaks by interpolation in the underlying conduc-
along the whole core it is evident that the eigenvalues are activity profile causes a disappearance of the related reflections
curate to about a value af0.1. This is partly explained by in the synthetic trace, as indicated for two cases at 1865- and
the physical variations in the distribution of crystals in each 2080-m depth in Fig3 by the dotted line and the black peaks
sample, but also partly by local effects attributed to the im-Of the synthetic radargram. This demonstrates that these re-
matureness of the system. Nevertheless, the eigenvalues affections originate from narrow peaks in conductivity, all less

considered reliable within this accuracy. than about 0.5 m wideHjsen et al.2006. Interestingly, the
strong signal in the short pulse at 2035 m is not reproduced

in the synthetic data. The origin of this reflection and its
3 Results and discussion characteritic properties will be investigated in detail in the
remaining part of the paper.
Drilling at EDML finished in January 2006, reaching
bedrock at a logged ice thickness of 2774.15m. This cor-3.1 RES vs. ice-core data
responds well with the ice thickness determined by RES
(Fig. 2). The RES profiles at both pulse widths show the In comparison to the reflection at 1865 m of the short pulse,
common internal layering of ice sheets, which increasinglywhich is caused by a peak with a maximum conductivity of
follows the bedrock topography at larger depth, especially38 uS nt* on a background conductivity of 15uSth one
evident for profile sections spanning several 10-100 km (notvould expect a conductivity peak of comparable size also at
shown). A sudden decrease in reflected energy and the al2035m. However, the conductivity profile merely displays
sence of any laterally continuous signals suggest that th@ peak of 24 uSm' on a background of 17 uSTh at this
echo-free zone is present in the lowest 500-800 m abovelepth. Peaks of this size appear regularly in the conduc-
bedrock, starting at about 2100 m at the drill site. tivity profile, without causing strong reflections, neither in
The 600ns pulse spans some 50m in ice and integratethe short pulse RES data nor in the synthetic trace. Miss-
over a much wider depth range than the short pulse, whicing data, rejected in the DEP quality check, could mask
covers only about 5m. As would be expected, fewer layersa prominent conductivity peak. Using 0.5m as the upper
are therefore visible in the profile recorded with the 600 nslimit for the width of strong conductivity peaks responsi-
pulse than in the one recorded with the 60 ns pulse Big. ble for reflections, as identified bisen et al. (2009, the
Looking at single traces, it is evident that several distinctclosest sections of data gap®.5m are located at 2026.26—
peaks in the short-pulse trace have nevertheless counterpa927.32, 2028.29-2028.81, 2038.90-2039.93, and 2040.03—
in the long-pulse trace. This is clearly the case for strong re2040.65m. Each of these gaps is further away from the re-
flections at depths of 1810 and 2035 m, and less so at 1868ector’s depth of origin than its depth accuracy of less than
and 2080 m (Fig3). Dominant reflections of each pulse 1m (Eisen et al.2009. We therefore exclude the possibility
cover about one pulse length. The first break of the conthat a single peak in conductivity causes the reflection in the
current reflections appear at about the same depth, but thghort pulse trace at 2035 m.
maximum power in the long pulse occurs about 10 m deeper Another possibility for the origin of the reflection at 2035-
than in the short pulse. m depth would be that interference of partial reflections at
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6 O. Eisen et al.: Internal RES reflector originating from COF

Power(dBm) by changes in conductivity, and thus the imaginary pauf
-87 -§6 the dielectric constant.

220 1 N The only other possibility for reflector origin is the real
> } parts’. Atthese depths, changes in density are not present, as
1870 air bubbles already turned into air hydrates. As these have a
/> ’ very low volume densityNlatsuoka et a].2004), they hardly

< ( ?1880 influence the bulk permittivity. One would consequently ex-
a)f
w
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Depth(m)

i pect a profile of basically constant permittivity. The noise
‘ seen in the permittivity profile of about 0.05 on the sub-meter

| L
{ 2030 scale (Fig.3) is attributed to measurement noise of the DEP
i bench. We therefore cannot use the permittivity profile to
> 2040 determine the reflection origin.
’ The remaining possibility to cause a changecinare
€ changes in COF. The Schmidt diagrams at 2025-2045-m
W depth in Fig.4 show a transition from a vertical girdle-type
to a single-maximum fabric with c-axes clearly concentrated
] 10.0-30.0 s | around the vertical. The eigenvalues of the distribution of
-85 9 L c-axes (Fig.3) show this transition very clearly in the two
1 ¥ ] ‘ ”. I largest component&p andas, which change by-20% over
] : . ; Y 20m. A change from a vertical girdle-type fabric to a verti-
] ; M cally concentrated fabric as reflector origin should result in
-86 | :M ‘ an anisotropic response in the RES signals as a function of
] 2213-2228 psi o | polarisation. This will be investigated next.
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1 . ’ — 3.2 Analysis of RES polarisation azimuth
K TS S
R "‘.‘.«24_10_24_25 us: cof | The RES data of profile 033042 were recorded with different
‘ ‘ ‘ ‘ ‘ ‘ c) airplane headings, and thus polarisation azimuths (Big.
90 180 270 This data set provides an independent means to determine the
Heading(°) origin of the internal reflections and enables us to fix the az-
imuth ambiguities of the COF measurements along the core.

For different time windows we calculate the internal re-

o

Fig. 5. Comparison of azimuth dependence for two reflectors orig-

inating from changes i(a) conductivity andb) COF for eight air- . .
plane headings, which are equal to electric polarisation. Each tracgecuon power (IRP, compai@ades et a].2000, defined as

in (a) and (b) is a stack of 70 traces along one of eight linear segel '€ POWer average per sample (in dBm) within the time win-
ments of profile 033042 (Figl), recorded with the 60-ns pulse; doW. The azimuth dependence of the reflected energy from
power scale given for heading NW in a) applies for all traces; ver-individual reflectors (i.e. for short time windows) is difficult
tical baselines in (a) and (b) correspond-87.5dBm; horizontal ~ to analyse for the circle segment, as the signal-to-noise ratio
lines bound time windows used for calculation of internal reflection is very low and stacking is not feasible because of the differ-
power (IRP) displayed in (cXc) IRP as a function of azimuth and  ent azimuths. However, IRP over the time window 10-30 s
time window, calculated as the power average per sample over thghdicates that for the heading E to SE and W to NW the IRP
respective time window. Triangles and diamonds: IRP over 150-n§g significantly higher than for other headings (F5y. The

time window (12 samples) of traces shown in (&) and (b), respec,avima lie in the vertical plane along the ice divide (ESE—
tively; black circles: IRP over 10-30 us time window for unstacked W)

traces of circle segment of profile. The ice divide runs along the

ESE_WNW direction. Our explanation is as follows: c-axes orientations of all

types (single maximum, girdle, ...) show small statistical

variations around a mean distribution with depth. Thus, the

dielectric properties also vary slightly with depth, causing
several conductivity peaks within one pulse length occurs.some incoherent backscatter of a propagating radar signal.
However, referring to the reflection’s counterpart in the long- These variations have the largest effect on the radar backscat-
pulse data, it would be surprising that a series of small con+er if they occur in the vertical plane parallel to radar polar-
ductivity peaks of just 5-10 uSm above a background of isation. At the present location, dominated by a girdle-type
15-20 uS m! would allow for coherent interference in both fabric between 450 and 2025-m depth, polarisation perpen-
pulse lengths to produce the dominant reflections being onelicular to the ice divide results in an overall lower level of
pulse width long. We therefore also exclude the possibility backscatter, whereas for polarisation parallel to the ice di-
that the reflections at 2035 m in both RES traces are causedde the level of backscatter is highest. We interpret this as

The Cryosphere, 1, 18, 2007 www.the-cryosphere.net/1/1/2007/



O. Eisen et al.: Internal RES reflector originating from COF 7

an indication that the girdle fabric lies in the vertical plane nentse; are therefore approximately aligned with the orthog-
parallel to the ice divide, and that variations in the girdle fab- onal coordinates, y, z.
ric cause the higher backscatter in that plane. For later analy- The change in COF between depths=2025 and
sis, we define this as the-plane of an orthogonal coordinate z,=2045m results in a change in the permittivity compo-
system, with the horizontal coordinateandy as the across-  nentsée;=e!|,, —¢!|.,,=As&"(Ai|;;—Ailz,). Using the eigen-
flow (NNE) and the along-flow (WNW) directions, respec- values determined in the vertical sections yidl¢s, , s’y, &l)
tively, and the vertical coordinate =A¢' (0.6,211, —205) 1072 =(0.2, 7.4, —=7.2)10°3. This

We next look at the variation of reflected energy as a func-change occurs over 20 m, well within the width covered by
tion of azimuths of the stacked linear segments. For the rethe long pulse. The radar wave propagates in the vertical
flector originating at 1865-m depth at the drill site, both the direction, so onlyée; , can cause a reflection. Using the
display of the raw traces (Figa), as well as the IRP calcu- approximation fromParen(198]) to determine the power
lated over a 150-ns window containing the reflection (@).  reflection coefficient for a two-layer interface with differ-
do not show any clear systematic variation in backscatteiing permittivities, |R|= (63’/(45))2, the change ¢/, cor-
with azimuth. This isotropic pattern is expected for reflec- responds to a reflection coefficie®,,=—96.1dB, and the
tions stemming from changes in conductivity, as from thechangese/, yields Ry=—64.6dB. The measurement error
peak present at 1865m in the ice-core data. At the deptlof 20% in A¢’=0.035 results in an uncertainty of less than
of the change in COF at about 2035m at the drill site, a1dB of R, and R,. WhereasR, is very small, likely too
reflection is visible for headings E and SE, and in the op-small to result in a sufficiently large reflectioR, seems to
posite directions W and NW. Along the other headings nobe large enough to detect a related reflection at the surface.
reflection is visible (Figbb). The IRP, again calculated for a These reflection coefficients explain the above observation
150-ns time window at these depths, likewise shows maximahat the reflection at 2035 m only appears for polarisation in
for the headings which also show a reflection (Fig). We  y-direction (parallel to the ice divide, Figb), but not in the
interpret this to be caused by the change in COF from thex-direction (perpendicular to the ice divide).
anisotropic distribution of c-axes of the girdle-type fabric, The nearby reflections at 2080 m, appearing for both pulse
which has an isotropic distribution in the horizontal plane, to lengths, provide a qualitative plausibility check for the hy-
the vertically concentrated fabric. If the electric polarisation pothesis that the change in COF in the-plane is indeed
is parallel to the plane in which c-axes change, i.e. parallel tastrong enough to cause reflections. As shown by the syn-
the ice divide in theyz-plane, permittivity changes as well, thetic trace, the reflections’ origin is the conductivity peak at
and a reflection occurs. If, in contrast, the electric polarisa-2080 m with a height of 37 uSnt. The reflection coefficient
tion is perpendicular to the plane containing the c-axes, therrorresponding to this conductivity peaRaren 1987) results
any changes in COF in thgz-plane will not influence the as—75.7 dB at 150 MHz, only a few dB smaller than the re-
radar wave. We therefore take the azimuth-dependence of reftection coefficientsk, resulting from the change in COF.
flectivity as an independent confirmation that the reflector atThe smaller reflection coefficient is consistent with the fact
2035 m indeed originates from the changes in COF observethat the reflections’ maximum peak power at 2080 m for both
in the ice core. pulses are smaller than those at 2035 m. We can therefore in-
deed attribute the origin of the observed reflections at 2035 m
to the change in COF, which is strong enough and occurs over
a short enough distance to cause the strong reflections in the

o . short and long pulse data.
The distribution of c-axes allows us to calculate the permit-

tivity components. Followingrujita et al.(2006, the effec- 3.4 Distribution of reflector from COE

tive permittivity in the direction of the ellipsoid’s principle

componentg; can be determined from the eigenvalyeby Laterally, the reflector from COF (red “V” in Fi@) is quasi-
e;=¢', +A¢'};. In the present case, the principle componentparallel to other internal layers, e.g. the reflectors from con-
e3 is very close to the vertical below 1700-m depth ().  ductivity at a depth of 1865 m (yellow “V") and 2080 m at the
andey 2 lie in the horizontalry-plane. Although borehole drill site, but displays stronger variations in reflection mag-
logging indicated that the core axis has a possible deviatiomitude. Although the 600-ns pulse radargram contains more
of 1-2° from the vertical, we consider this negligible for the noise (in terms of clutter or speckle) than the 60-ns data, the
following analysis, as the accuracy of the fabric analyzer isreflector from conductivity at 1865m is clearly dominant.
on the same order of magnitude. This is moreover justifiedBoth reflectors from conductivity can clearly be tracked over
by the width of the distribution of c-axes of some tens of the whole section of the 60-ns pulse in FRy. The reflec-
degrees, even for the vertically highly concentrated fabric.tor from COF seems to be continuous over the whole sec-
The results above with azimuth dependence of backscatteion in the 600-ns data as well, although of very low qual-
from the circle profile indicate thay corresponds to the- ity. In contrast, it can only be tracked betwee® km and
direction, ande, to the y-direction. The principle compo- 2.5km in the 60-ns data. It is very strong on the downstream

3.3 Reflectivity from ice-core COF
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(right) side of the anticline between3 and 1.5km. Fur- originate from changes in conductivity at the same location
ther upstream (to the left) from the anticline, it fades away, (Eisen et al.2006§. However, with more COF data emerg-
with several strong reflectors appearing within 20 m aboveing, it might be possible that some reflectors appear to be
it. Downstream from the drill site, it starts to fade away at of a mixed type, with their origin being partly from changes
1.5km, and is interrupted and lost in the syncline startingin COF, partly from conductivity. For instance, the reflector
around 3km. The different characteristics of the 60 ns andonly present in the 600-ns pulse data at 1850-m depth could
600 ns emphasize that care has to be exercised when inteloe caused by the series of conductivity peaks (Bjgbut it
preting long-pulse radar data, as reflector characteristics andould also stem from slight changes in COF, or both. Fur-
mechanisms could change within the pulse length withoutther refinement of the COF data in at least 10-m resolution is
resulting in obvious changes in the reflection magnitude omecessary to answer this question conclusively.

depth. The variation of reflection magnitude of the reflec- Some of the few ice cores from deep-drilling sites cur-
tor from COF suggests that fabric changes are less continurently available display transitions from COF patterns which
ous than conductivity characteristics, as they are susceptiblare anisotropic in the horizontal plane (e.g. girdle-type), to
to variations of internal stresses, e.g. between upstream arltighly concentrated single-maximum fabrics in the lower

downstream sides of subglacial bedrock variations. part of the ice column, as at NorthGRI®/§ng et al. 2002
or Vostok Obbard and Baker2007. However, only for
3.5 Reflectors from COF — frequent or uncommon? some of the deep-drilling ice cores are profiles of COF avail-

able in high enough resolution to search for potential reflec-

Whereas certain flow regimes are necessary for sharp transiors from COF directly. Another promising site to identify
tions in COF to occur, changes in conductivity are not con-reflections from COF is the Siple Dome. The COF data,
strained by comparable ice-dynamic conditions. We theremeasured in 20-m intervals, show a sharp transition from an
fore expect that continuous internal reflectors from COF doelongated to a highly concentrated fabric between 685 and
occur less often than reflectors from conductivity. It is com- 700-m depth, with the largest eigenvalue of the COF distri-
monly expected that changes in conductivity cause isotropitution changing from 0.75 to 0.9®{Prinzio et al, 2005
reflectors. Reflections from COF, instead, can be anisotropi¢-ig. 3). RES data from the Siple Dome (e@ades et a).
or isotropic. Anisotropic reflections only occur if the un- 200Q Fig. 3) indicate a strong continuous internal reflector
derlying change in COF patterns is also anisotropic in theat about the same depth (based on the travel time depth con-
horizontal plane. This is usually the case in flow regimesversion ofGades et al.2000. In analogy to the findings
with significant lateral strain (e.drujita et al, 2003, asis  developed here, this reflector thus bears the potential to stem
the case at the EDML drilling site. In contrast, analysesfrom an abrupt change in COF.
at Dome Fuji down to a depth of 2500m (about 83% ice |ce-core deep drillings are mostly carried out at such di-
thickness) byFuijita et al.(2006 indicate that isotropic re-  vide or dome locations as Dome Fuiji or Siple Dome. Pale-
flections with birefringent effects prevail. They explain this oclimatic interpretation of ice-core records usually incorpo-
by the horizontally-symmetric pattern in COF in the same rates ice-flow modeling. Recent modeling studies of ice flow
depth range, caused by symmetric divide flow at the domeat Siple Dome emphasize the significance of changes in COF
Any potential reflections from changes in COF therefore alsofor ice flow. Pettit et al.(2007) implemented fabric proper-
show an isotropic pattern at Dome Fuiji. ties from borehole measurements in an anisotropic nonlin-

Observations of either type of reflector, conductivity- or ear flow law as part of an ice-sheet flow model. They found
COF-based, are likely biased, as data acquisition requirethat the band of highly vertically concentrated COF in the
for ice-core analyses are more intensive for detection oflower 20-30% of the ice column causes concentrated bed-
COF-type reflectors. The same holds true for the type ofparallel shearing 300 m above the bed. Moreover, compared
RES measurements required to indirectly identify the re-to an isotropic fabric, the anisotropy considerably increases
flector origin from RES measurements alone. Reflectionsthe size of the isochrone arch underneath the Siple Dome di-
from conductivity are independent of polarisation plane.vide, and thus strongly influences the age—depth distribution.
Reflectors from COF can only be identified by azimuth- Pettit et al.(2007) assumed that the COF-profile is only a
dependent polarisation measurements at a single location ifunction of normalized depth with respect to ice thickness.
the case of anisotropic reflections, or a combination withThe method presented here to identify continuous reflectors
multi-frequency measurements in the case of isotropic reflecfrom changes in COF provides a way to improve this assump-
tions. As azimuths-dependent RES measurements requingon. If a reflector is identified to originate from changes in
more time than simple straight RES profiles (especially if COF, its true depth tracked in RES profiles could be used
only airborne systems are available), they are carried out lesas a proxy for the spatial distribution of the change in COF,
often. instead of extrapolating its normalized depth as observed in

To date, the reflector discussed here is the only one aboreholes or ice cores.
EDML that can be clearly attributed to changes in COF.
In contrast, 13 strong internal reflectors were identified to
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