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ABSTRACT
The excellent penetration of the electromagnetic field in ice favors the radar and the radio-echo sounding
methods for the study of ice masses laying on Earth’s surface. In particular the ground penetrating radar
has proved to be very effective for surface-based studies of land and sea ice. The most ubiquitous radar
signatures are reflections from the internal structure of ice, the so-called stratigraphic layers, or from the
bedrock. In most cases those are useful reflections, but some of them can be detrimental to the interpreta-
tive effort, either masking useful data or yielding false estimates. In that case they are generally labeled as
artifacts and discarded on the spot. Some others provide useful information on the studied ice mass albeit
bearing no direct relation to stratigraphy. In this paper we concentrate on some reflection phenomena other
than on ice stratigraphy. The first two of those phenomena are the glacial inclusions and the englacial channels
that scatter radar energy in temperate ice, in either a detrimental or a useful way, respectively. The former is
both an impediment to penetration and a source of error in trace-derived quantities, as are free water contents
estimates. The latter is a geophysical signature of the existence and positioning of the englacial channel
itself. Isochrones multiples are artifacts that are used here to distinguish an echo-free zone, caused by crystal
orientation in a preferred angular distribution, from a zone simply beyond signal penetration. Anomalous
crystal growth and coalescence in cold ice can also scatter radar energy in a way that resembles the scatter-
ing by the temperate ice glacial inclusions. In this paper we use the scattering to estimate the depositional
chronology, with the aid of independent albeit remote temperature data. The last case discussed here is the
case where radar energy gets partially trapped in a surficial waveguide, a result of a more refringent/dense

surficial snow layer over a less refringent/dense snow below.
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INTRODUCTION

The RES (radio-echo sounding) and the GPR
(ground penetrating radar) are electromagnetic
(EM) methods that have been extensively used for
surface-based cryospheric studies for several dec-
ades (Walford 1964). Applications have included
measurements for ice mass thickness, basal condi-
tions, liquid water content, and ice internal struc-
ture. The form of internal reflection horizons, usu-
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ally interpreted as isochronous horizons, reveals the
stratigraphy of ice layers originated from the ac-
cumulating snow. Radar discontinuities are caused
by changes in density, liquid water content, chem-
ical impurities, crystal fabric, and structures as ice
layers and glands in firn and glacial inclusions (air
and/or water). Fast changes in density of snow near
or at the melting pressures point are typically caused
by melting and refreezing of snow at the end of
summer. Depth hoar layers also produce marked
density variations in cold ice. The lower frequency
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RES (radio echo-sounding) method, usually in the
range of tens of MHz, is more used to map the
ice / basement interface topography as it is less prone
to scattering from small heterogeneities, due to its
longer wavelengths, one prevalent mechanism of
energy loss as conductivity of pure snow and ice
have extremely low conductivity.

Radar is a primary tool in studying ice masses
because different types of ice and any chemical im-
purities or glacial inclusions therein produce con-
spicuous variations in the geophysical images. Land
ice masses can be roughly divided into warm, or
temperate and cold, depending on ice temperature.
In the first case ice which is at or close to its pres-
sure melting point, containing variable liquid wa-
ter content in cavities, channels and between grain
(crystal) boundaries. Cold ice is below the pressure
melting point and may have quasi-liquid water only
at the grain boundaries in decreasing volumes as
temperature decreases. Free water content, crystal
distribution and shape are major factors affecting
radar response.

Albeit most works on GPR deal with ice strati-
graphy (e.g., Navarro et al. 2009) and water con-
tents (e.g., Bradford et al. 2009) we take an opposite
path turning our attention to structures that scatter
or trap radar energy to a certain extent, eventually
becoming somewhat deleterious to applications that
aim to reveal ice stratigraphy. We give examples of
englacial channels and of the strong scattering by
glacial inclusions in temperate glaciers, of multiples
of isochronous layers in ice and of surficial wave
channeling in cold ice. All those phenomena can be
regarded as useful or a nuisance when studying ice
masses with radar.

THE FIELD METHODOLOGY OF RADAR PROFILING

The data sets showed here are from field campaigns
done in King George Island, the largest of Shetland
Islands and on Plateau Detroit, Antarctic Peninsula,
Data
were collected with two bi-static systems (PULSE
EKKO models IV and 100) with unshielded anten-
nae of 50 and 100 MHz, with different time win-

over the course of several austral summers.
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dows, sampling rates and stacks. Useful depth
ranges were in the range of few hundreds of meters.

We have used two basic GPR data collection
strategies: fixed-offset and CMP (common mid-
point) gather. In the former the antennae are moved
along a given profile keeping their mutual distance
fixed. In the latter the antennae are moved away
from each other, keeping their center point fixed.
The variable offset gathers, the CMP being just
one particular case, estimate the root-mean-square
(RMS) velocity based on normal moveout (NMO)
assumptions of planar, flat-lying reflectors and small
lateral and vertical velocity gradients (Yilmaz2001).
In both strategies the antennae mutual attitude as
well as in relation to displacement does not change
during any given acquisition. Antennae are either
moved along profiles by hand, one person handling
one antenna, or mounted on a sledge dragged by
man or snowmobile in a fairly constant speed. The
latter data collection strategy was used for the ma-
jority of the profiling showed here. The data showed
here are restricted to fixed-offset profiling, comple-
mented by the velocity models estimated from the
CMP gathers.

Figure 1 illustrates a GPR profiling with the
antennae mounted on a small plastic sledge dragged
by one man. Such strategy albeit a great deal slower
than when a snowmobile is used allows a sub-meter
spatial sampling rate that may be handy in field cam-
paigns where spatial aliasing may be an issue. The
antennae are mounted on the sledge in a broadside-
perpendicular configuration (BPer), i.e., mutually
parallel and perpendicular to displacement. The
broadside parallel configuration (BPar) where the
antennae are parallel to each other as well as to dis-
placement, can be also used if needed. Figure 1 also
illustrates the two antennae configurations used for
profiling on ice used in this paper.

The processing of radar data included match-
ing GRP with GPS, spatial decimation, d.c. correc-
tion, anti-alias spatial filtering, temporal filtering,
gain and f-k filtering. Deconvolution and migra-
tion were not applied to the data. The conversion
to depth was done using our best velocity estimate
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Fig. 1 — Fixed-offset profiling with both the transmitting (T) and receiving (R) antennae mounted on a small plastic sledge dragged

by one of the authors (JMT) wearing snow shoes. The GPR console (GPR), the GPS and a laptop computer are on the first sledge,

shown in Panel (A). Panel (B) gives an example of a radar profiling section, with two-way travel time (TWT, in nanoseconds) and

distance in the vertical and horizontal axes, respectively. Panel (C) shows schematically two antennae configurations (filled narrow

rectangles) as seen from above: BPer and BPar.

as determined by the CMP measurements discussed
below.

RESPONSE OF THE HYDROTHERMAL SYSTEM OF
LANGE GLACIER, KING GEORGE ISLAND
King George Island is the largest of the South
Shetland Islands with 92.7% of its 1,250 km? cov-
ered with ice (Simdes et al. 1999). The highest el-
evations of the island (about 705 m a.s.l.) are lo-
cated along a major geological ridge, extending
along the ENE-WSW direction. Both shallow and
intermediate depths borehole data, reaching about
80 m, have indicated that the ice in King George
Island is temperate (Orheim and Govorukha 1982,

Ren 1990, Wen et al. 1998, Macheret and Mos-
kalevsky 1999, Travassos and Simdes 2004). The
presence of free water in the temperate ice body is
ubiquitous in the area as it was profusely reported
in borehole logs, geophysical work and reports. The
firn-ice transition has been reported at various
depths ranging from 7 to 45 m (Wen et al. 1998,
Orheim and Govorukha 1982, Travassos and Si-
mdes 2004). The topography of the ice cap is
thought to be strongly influenced by the sub-glacial
relief (Braun 2001).

Lange glacier is a tidewater glacier of the
King George Island ice cap, displaying a remark-
able ice front retreat from 1956 to 1988 with a to-
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tal area loss of 1.7 km?, after which it became al-
most stagnant resting on a final moraine (Braun and
Gossmann 2002). Mass balance calculations of a
tidewater temperate glacier such as Lange Glacier is
difficult as its ablation area is heavy crevassed, being
essential to assess information on its hydrothermal
and dynamical properties wherever field logistics
allows.

A GPR survey was done across the NW part
of Lange Glacier not far from a 49.7 m deep bore-
hole drilled at the top of Bellingshausen Dome
(62°07'S, 58°37'W, altitude 690 m) one year be-
fore the survey (Simdes et al. 2004, Travassos and
Simdes 2004). The study area is shown superim-
posed on a base map from a SPOT satellite im-
age of Admiralty Bay, King George Island (Fig. 2).
Data was collected with a bi-static PULSE EKKO
IV with unshielded 50 MHz antennae, a time win-
dow of 2040 ns and a sampling rate of 1.6 ns. Such
time window is capable to reach depths of the or-
der of 200 m. Data were collected with the anten-
nae mounted in BPer configuration mounted on a
Nansen sledge, dragged by a ski-doo with speeds
from 4 to 8 km/h, resulting in a spatial sampling
rate in the range 1.5 to 3.3 m. Positioning was pro-
vided by a Magellan DGPS Pro Mark X™ yielding
a post-processed accuracy of £ 0.3 m in horizon-
tal positioning and 1 m in height. A stratigraphic
analysis of that data set based on a two-layer velo-
city model, 0.19 m/ns for a two-way travel time
TWT < 350 ns and a velocity v = 0.168 m/ns,
has already being reported elsewhere (Pfender 1999,
Travassos and Simdes 2004). Processing included
matching GRP with GPS, spatial decimation, anti-
alias spatial filtering, temporal filtering and gain.

It was reported that temperate glaciers in
Svalbard can store enough water to feed englacial
run-off during the whole cold period (Macheret and
Glazovsky 2007). The winter glacier snowfall is
melted in the summer, and the resulting meltwa-
ter percolates through the porous firn layers where
it eventually refreezes. The resulting release of la-
tent heat enables the temperature to be maintained
at the melting point (Paterson 1994). Thus temper-
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Fig. 2 — Location of the GPR profile on Lange Glacier, King
George Island, superimposed on a section of a SPOT satellite
image having Admiralty Bay on its E and S portions. The GPR
profile is shown as a thick line segment with an arrow head
halfway its length indicating sense of traversing. Some glacier
velocity vectors, ranging from 17 to 110 m/y, are shown as lighter
arrows (velocity scale shown in the box at the bottom). Also
shown in the figure is the location of a 49.7 m long ice core and
of the base camp (Camp). Velocity vectors and SPOT satellite
image modified from Braun (2001), running NE.

ate ice is in local equilibrium with water in veins
and inclusions therein. Eventually free water forms
a subglacial drainage system, flowing to and along
the bed towards a glacier outlet.

Figure 3 shows a few fixed-offset radar fea-
tures associated to the englacial drainage system: a
collapsed firn-ice transition, a drainage channel and
the bedrock at later time after an echo-free zone, or
EFZ, probably caused by a change in crystal ori-
entation from a random to a preferred angular dis-
tribution. The collapsed firn-ice transition is proba-
bly caused by water percolating though lower lev-
els feeding the glacier drainage system. The en-
glacial drainage channel cuts below the firn-ice
transition at 37 m, clearly marked by a change in
polarity due to presence of free water (Travassos
and Simdes 2004). The channel appears as a dif-
fraction hyperbola with an apparent velocity of
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Fig. 3 — Fixed-offset data showing several features that may be associated to the glacier drainage system. A is a collapsed firn-ice

transition probably caused by water percolation. White square B encloses a diffraction hyperbola (vgpp = 0.14 m/ns; apex at 53 m)

probably associated to an englacial drainage channel well below firn-ice transition. The box below it shows a zoom with a best-fit

hyperbola. White square C encloses one of the several diffraction hyperbolae (vqpp = 0.198 m/ns; apex at 160 m) associated to the

bedrock. The box above it shows a zoom with a best-fit hyperbola. D is an echo-free zone. E is a hyperbola due to the air reflection of

a second snowmobile about 64 m off the profile. That snowmobile moved away moments after the acquisition train passed by leaving

unfinished the hyperbola Southern branch.

Vgpp = 0.14 m/ns with its apex at a depth of
53 m. The hyperbola appears more aliased on its
Southern branch, as it is apparent on the correspon-
dent zoomed box in Figure 3. That prominent alias
may either be due to an increased speed of the
snowmobile or to the apparent angle the channel
makes with the profile. If the latter is the case the
channel should make a more acute angle with the
northern end of the profile; probably the channel
dips considerably towards the SE in the vicinity of
the crossing point. The bedrock signature is associ-
ated to several diffraction hyperbolae seen after the
EFZ at about 160 m. One of those hyperbolae in-
dicates an apparent velocity of v,,, = 0.198 m/ns,
indicating an increase in velocity with depth. Such
velocity regime probably reflects the fact most
free water is more confined at the firn-ice transi-
tion and up.

The glacier drainage mechanism together with
water percolation, account for the bulk mass loss
of the glacier. A relatively smaller scale water stor-
age and routing mechanism represented by inclu-
sions, conduits, lenses and interstitial spaces be-
tween ice grains (Fountain and Walder 1998) also
play an important role in the overall hydrothermal
system, eventually contributing to the flux to the
bed and to ice rheology (Duval 1977). Macro inclu-
sions might contain a major part of the total water
volume stored in temperate glaciers, ranging from
2.8 t0 9.1% (Macheret and Glazovsky 2007). Radar
velocity is a viable remote method to estimate the
bulk of the microscale water-content within glacier
ice, usually appearing as a three-phase, air-water-ice
mixture (e.g., Bradford et al. 2009).

One usually proceeds by estimating the velo-
city from a velocity spectrum obtained through
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semblance analysis of a CMP or another variable
offset gather. That will produce root-mean-square
(RMS) velocity estimates that form the basis for the
subsequent interval, i.e., layer, velocities estimates
(v;). With the interval (bulk) velocity for a given
layer and an independent estimate of the volumetric
air fraction it is possible to estimate the free wa-
ter fraction through a three-phase mixing relation.
On the other hand, v; estimates are highly sensitive
to errors originated in the velocity spectrum, which
relies on NMO assumptions (Yilmaz 2001). These
are largely violated in a temperate glacier where dif-
fractions from scatterers as inclusions, conduits and
macro-scale water bodies are conspicuous, poten-
tially leading to large errors in the velocity estimates.

The severity of the clutter caused by glacial
inclusions diffractions on a 50 MHz center fre-
quency GPR section can be seen in Figure 4. The
BPer data, the antennae moved by hand in stop-
and-go firing, is plagued by diffractions that inter-
fere with each other resulting in a crisscrossing pat-
tern that becomes more severe the more numerous
are the inclusions above the firn-ice transition at
375 ns (37 m). Figure 4 shows that the BPar data
are great deal less sensible to the glacial inclusions
than the BPer data, therefore more amenable to the
effects of the clutter seen in the BPer data. There
are other ways of alleviating the clutter in the BPer
data though. One is to resort to lower frequencies
<10 MHz (Watts and England 1976), paying the
penalty of a lower resolution or to either post-stack
(Travassos and Simoes 2004) or to pre-stack depth
migration (Bradford et al. 2009).

From Figure 4 it is clear that clutter will be
deleterious to the estimation of velocity from
common midpoint (CMP) gathers. Obviously any
volumetric estimate of the free water contents based
on velocity estimates would be in serious error.
Obviously the clutter is also deleterious to radar
penetration affecting effectiveness of the survey.

The hypothesis of glacial inclusions being
responsible for the crisscrossing pattern seen in
Figure 4 can be checked by numerical modeling.
We have resorted to the electromagnetic finite-dif-
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ference time-domain (FDTD) numerical modeling
code GprMax (Giannopoulos 2005). We have
modeled spherical inclusions of radii 0.025-
0.050 m embedded in an icy half-space of vjc. =
0.19 m/ns, randomly distributed within a layer
0.5 m deep and 0.25 m thick. The inclusions are
randomly distributed within the layer in three hori-
zons separated from each other 0.1 m. In this way
the inclusions do not interfere with each other nor
overshoots layer boundaries. The synthetic BPer
data has a frequency of 50 MHz, a 20 m long pro-
file with a spatial sampling of 0.2 m and a TWT of
200 ns.

Each inclusion is filled with a mixture of air
(20%) and free water (80%), having a bulk permit-
tivity eincl = 47.4 estimated by

3
1/3
Eincl = (Va lBa/ + Vi 8111;/3) , (1

where V,, ¢4, Vi, €w, are the volume fraction and
permittivity of air and water, respectively (Bao et
al. 1996). The air and soil direct waves were re-
moved from the synthetic section shown in the inset
in Figure 4 by trace differencing. A quick inspec-
tion on the synthetic section is enough to appreci-
ate the scattering effect of the glacial inclusions as
well as to corroborate our hypothesis on the clutter
in the BPer data being caused by the inclusions.

MULTIPLES AND EFZ WITHIN THE ICE COVER
OF KING GEORGE ISLAND

A survey was carried out on the King George
Island ice cap covering about 20 km of profiles
both along and perpendicular to the main divide.
Data were collected with a bi-static PULSE EKKO
100 with unshielded 100 MHz antennae, in BPer
configuration, with a time window of 2040 ns, a
sampling rate of 1 ns and a stack of 2. The anten-
nae were mounted on a Nansen sledge, dragged by
a snowmobile in a fairly constant speed resulting
in a spatial sampling rate in the range 1.4 to 2 m.
Positioning was provided by a Magellan DGPS
Pro Mark X™ vyielding a post-processed accuracy
of £0.3 m in positioning and 1 m in height. We
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Fig. 4 — An 80 m long profile done with the 50 MHz antennae in BPer (A) and in BPar (B) configurations. The relative position of

the antennae in relation to the direction of displacement is shown in the left bottom corner of each panel. The double arrow shows

the firn-ice transition occurring at 37 m. The inset in top right corner of panel A shows a synthetic 50 MHz BPer section obtained

using a model with spherical glacial inclusions of radii 0.025-0.05 m randomly distributed within a 0.25 m horizontal layer at 0.5 m

embedded in a uniform half-space. The direct waves were removed from the synthetic section by trace differencing.

have used the same two-layer velocity model de-
scribed above. Processing included matching GRP
with GPS, spatial decimation to 2 m, anti-alias spa-
tial filtering, temporal filtering and gain. Data were
not migrated.

Let’s concentrate on the first NE running
fixed-offset profile along the main ice divide of
King George Island, beginning 17 km to the NE
of the borehole shown in Figure 2, having end
points at (62°2'.4S, 58°29'W) and (62°1'.3S,
58°21".4W).

The data display a mound-like feature and two
multiples seen in an EFZ, as shown in Figure 5.
The mound-like feature is limited vertically by two
isochrones having a height over 7 m spanning hori-
zontally 750 m. Its internal structure of sub-hori-
zontal reflectors is conspicuously distinct from the
neighboring isochrones. We do not have any inde-
pendent evidence to shed some light on its origin
but one may speculate it can be a feature formed
by wind at the surface, later buried in the ice mass.
The two multiples appearing in the EFZ have ori-
gin in two isochrones at more or less the same TWT
as the mound and, as such, have survived the high
scattering of the clutter at the near-surface (Fig. 4)
as much as four times.

Note that the multiples are an assurance of
signal penetration down to TWT ~ 1000 ns, well
within the EFZ, thus confirming its own existence
in opposition to signal absorption in ice or scatter-
ing of energy away from the receiver. Most prob-
ably there are other multiples at earlier times but
they are not seen as their energy sink below the
primaries’. Note that earlier in this paper we have
also demonstrated the existence of an EFZ indepen-
dently with the diffraction hyperbolae associated to
the bedrock, a feature not seen here.

SURFICIAL CHANNELING AND DEPTH HOAR
AT PLATEAU DETROIT

An expedition was carried out to study the struc-
ture of the Plateau Detroit ice cover, Antarctic Pen-
insula, at approximately 2.000 m a.s.l. (above seal
level) in December 2007. The objective was to
study the paleoclimate of the Peninsula using ice
core data down to 133 m (64°05'.1 S, 59°38'.7 W)
and with radar stratigraphy with the ground truth
provided by the cores. The GPR survey covered
more than 4100 m having the borehole site as its
center point. Data were collected with a bi-static
PULSE EKKO 100 with unshielded 100 MHz an-
tennae, in BPer configuration, with a time window
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Fig. 5 — First 5 km of a fixed-offset profile along the main ice
divide of King George Island, with both the transmitting (T) and
receiving (R) antennae mounted on a wooden sledge dragged by
a snowmobile. Profile begins 17 km to the NE of the borehole
shown in Figure 1. Top panel shows the topography, lower two
panels show the radar section split in two different vertical travel
time scales, with distance in the vertical axis. A mound-like fea-
ture is arrowed as A while arrows B and C point to two reflectors

that have multiples arrowed b and ¢ in the bottom panel.

0f 3600 ns and a sampling rate of 0.9 ns and 8 stack.
The antennae were mounted on a small plastic sledge
dragged by one man resulting in a sub-meter spatial
sampling rate, later decimated to 1 m (Fig. 1). GPR
firing and positioning were provided by a Leica 500
DGPS, yielding a post-processed centimetric hori-
zontal accuracy and 1 m in height. The high signal-
to-noise level in the area produced clear reflections
even from layers only a fraction of a wavelength
thick, allowing good correlation of horizons with
the ice core. Data were processed in two stages, the
first included matching GRP with GPS, spatial dec-
imation, anti-alias spatial filtering, temporal filter-
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ing and gain. The second stage included f-k filtering
and velocity dispersion estimation (Peche and Tra-
vassos 2008).

The first 380 ns of the fixed-offset data displays
phase inversions that show up as a broad air and
surface waves arrival in the fixed-offset radar section
for TWT< 50 ns. Figure 6 shows that broad charac-
teristic of the arrival of surface-related wave fronts,
resulting from phase inversions better seen in the
average trace shown in the same figure. In Figure 6
one can also see a transition from a relatively denser
and thus more refringent snow, to a lighter/less re-
fringent snow at about 3 m. Note that the phase
anomalies are also limited to about 3 m, indicating a
correlation between the two phenomena. There is a
caveat here on estimating the limiting depth of 3 m
for both the phase anomalies, which depend on ice
velocity, and on the density estimates, which depend
on core length. The CMP early time velocity is very
difficult to estimate; we have provisionally used the
earliest velocity estimation from a CMP data set,
v = 0.2 m/ns for TWT < 250 ns (Travassos et al.
2008), to impose that depth limit for the zone of
phase anomalies. Density estimates on the other
hand are obtained from snow cores having a modal
length of 0.98 m. The inverted density transition,
from 0.52 to 0.45 g/cm?, seen in Figure 6 arose
from density estimates from two ice cores with half-
length at depths of 2.28 and 3.16 m, respectively.

For our purposes the permittivity of cold firn,
i.e., no free water, can be provisionally linked to
density by an analytic expression such as

er = (1-0.857p/)" . @)

Where ¢y and py, are firn permittivity and
density, respectively (Frolov and Macheret 1999).
Using this expression and the density contrast found
between the two ice cores around 3 m, we estimate
an 8% contrast in permittivity. This dielectric con-
trast is enough to yield a critical angle across the
transition boundary with the half-space. High angle
(2 70°) incidence onto the half-space or medium-
to-high angles (2 40°) onto the air layer will be
confined to the surficial waveguide.
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Fig. 6 —First 380 ns of a fixed-offset data acquired at Plateau Detroit, Antarctic Peninsula, with a BPer configuration (Panel A). Panel B

shows an average trace of the first few traces in Panel A. Early times, TWT < 50 ns, display a strong indication of EM wave superficial

channeling that shows up as phase anomalies arrowed as 1 in Panels A and B. Panel C gives the ice cores densities correspondent to the

depth interval of Panel B. The phase anomalies are limited in depth to about 3 m where there is a transition of a relatively denser/more

refringent ice, to a lighter/less refringent ice (panel C). Panel A also shows a horizon of mutually interfering diffractors at TWT =

160 ns marked as 2. There are two insets in Panel A: 2a gives a zoom of the diffractors (2) and 2b shows a 20 m long synthetic BPer

section produced by a model of spherical diffractors on half-space, located at the same depth as the apexes of the diffractions seen in

the data (see text for details). The direct waves were removed from the synthetic section by trace differencing.

The channeling is a welcome fact here as it
acts as focusing device for the energy travelling
downwards, keeping high angle rays at the surface.
Note the depth to the half-space boundary remains
unknown, but we do know it should occur some-
where around 3 m. The reader should be aware ex-
pression (2) can only be regarded as a crude approx-
imation; we just use it to justify the existence of a
critical angle for waves travelling downwards as for
the dielectric contrast between the bottom and top
of two horizons characterized by the density tran-

sition around 3 m. This argument is enough to en-
sure that part of the energy will be partly confined
within the top layer, acting as a planar asymmet-
rical waveguide, about 3 m thick bounded by air
on its top boundary and less refringent ice on its
bottom. Moreover that is a graded waveguide as
there is a permittivity variation inside it and thus
internal reflections and refractions, but for our pur-
poses we can simply ignore those internal phenom-
ena. The guiding of EM waves along asymmetrical
graded waveguides can be fully described by ana-

Pesq Antart Bras (2012)5



146 JANDYR M. TRAVASSOS, LUIS A.P. PUERTAS and JEFFERSON C. SIMOES

TABLE I

Graded waveguide characteristics obtained using the density estimates from ice cores and
equation (2). Table restricts to the uppermost and the two ice cores where we found a density
transition, from 0.52 to 0.45 g/cm3. As we are concerned with the waveguide characteristics
we consider the density estimate as representative of a half-space. Core depths represent the
core half-length and permittivity estimates were obtained using equation (2). Last column
gives the critical angle for a ray travelling inside the waveguide impinging either on the
interface ice-air or denser (more refringent) to lighter (less refringent) ice.

Medium Depth (m) pr (gem?) ef 0% (°)
Air — _ 1

i 46.4

Waveguide 0.47 0.43 1.91
(top ice core)

Waveguide 228 0.52 2.11

(bottom ice core) 73.6
Half-space 3.16 0.45 1.94

lyzing both radiated and bound modes, following
the approach of Snyder and Love (1995). Table I
gives the characteristics of that waveguide, includ-
ing the critical angles for the waves zigzagging up
and down along it.

We argue here that the phase inversions seen
in the fixed-offset for TWT < 50 ns (Fig. 6) to-
gether with the 8% contrast in permittivity around
3 m as estimated by equation (2) is enough to lead
us to investigate the waveguide characteristics of
the surficial layer, its thickness and permittivity.
The theoretical development of the general prob-
lem of waveguide propagation can be found in the
literature, e.g., in the useful book by Lorrain et al.
(1988), while the application to geophysical prob-
lems is well described in the literature (Arcone et
al. 2003, Arcone 1984, van der Kruk et al. 2007,
Liu and Arcone 2003, Park et al. 1998, Peche and
Travassos 2008). We are going to follow along the
lines of Park et al. (1998) to estimate the disper-
sive propagation of the surface waves and the
waveguide thickness (Arcone et al. 2003, van der
Kruk 2006, van der Kruk et al. 2007, Peche and
Travassos 2008). We are not going to pursue this
further as the estimation of the dispersive propaga-
tion of the surface waves and the inversion of the
phase velocity dispersion is well beyond the reach
of this paper.
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An inspection in Figure 6 reveals the surfi-
cial waveguide is not the only important feature
in the fixed-offset data together with ice stratigra-
phy. That figure conspicuously shows a horizon of
mutually interfering diffractors toping at TWT =
160 ns that remind us somewhat of the glacial
inclusions seen in temperate ice shown in Figure 4.
Of course the diffractors we refer to now are far
from being any of what we have dealt before as we
are dealing now with cold ice where free water can-
not be found in any sizeable volume. We argue here
that the diffractions seen in the fixed offset data may
be caused by depth hoar. The latter is caused by
the deposition of ice crystals from the sublimation
of hotter ice from a previous summer into cold ice.
Sublimation is an endothermic process that lowers
the temperature of the summer ice horizon estab-
lishing the thermal equilibrium. It is expected that
ice crystals are small, typically 5 mm in diameter
(Paterson 1994) but is reasonable to assume that
they eventually coalesce into blobs of crystals un-
der the pressure they are submitted at depth. Near
the surface crystals can grow up to cup-shaped
crystals 10 mm in diameter. Using the velocity
model for Plateau Detroit (Travassos et al. 2008)
the apexes of the diffraction hyperbolae are at a
depth of 16 m, corresponding to more than 9 my.q
(meters water-equivalent) depth.
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We can check whether small ice crystals in-
side an ice background can produce the hyperbolae
seen in Figure 6. We then construct a numerical
model that is a homogeneous ice half-space with
spherical ice inclusions randomly distributed in
two rows separated 0.05 m, the top row at TWT =
170 ns, or 16 m, assuming v = 0.19 m/ns. Depth
hoar crystals near the surface have a faceted cup-
shaped geometry but we can assume spheres 16 m
deep give a good enough approximation. The
model is 400 ns deep (38 m x 20 m), discretized
having a square grid of 0.01 m?, with one trace each
0.2 m. The spheres have randomly distributed dia-
meters in the range [0.025, 0.05 m] and a permit-
tivity e4, = 3.5. The inset 2b in Figure 6 shows
the model response as an inset superimposed on
the fixed offset data, showing the plausibility of the
hypothesis of depth hoar.

We can do a triple check on the depth hoar hy-
pothesis pointing to another, independent, direction.
As we know the deposition of depth hoar can only
happen under a large temperature gradient proba-
bly originated in the transition from a hotter sum-
mer to a cold autumn/winter. This lead us to use a
temperature record to pick up the years that such
a transition may have happened. We use the tem-
perature record at the Argentinean Base Esperanza
(63°.4 S, 57°.0 W), not far from Plateau Detroit.
Base Esperanza is at sea level but we can assume
a large temperature gradient recorded there will be
felt alike at Plateau Detroit. Figure 7 shows the
temperature annual means and its first derivative,
restricted to transitions from hot to cold. If we im-
pose an annual mean threshold for a large gradient
as 2°C we are left with 5 possible hot years followed
by cold winters: 1960, 1979, 1985, 1989 and 2006.
The rationale here is as we know the depth to the
apexes of the diffractions caused by the ice crystals
and the correspondent water-equivalent depth from
the borehole data, if we knew the year the depth
hoar formed we would have estimated the accumu-
lation rate for Plateau Detroit.

Of course the year 2006 should be discarded
right away as a viable candidate as is simply too re-

Fig. 7 — Panel A shows the annual temperature variation at the
Argentinean Esperanza Station (63°.4 S, 57°.0 W) and its first
derivative restricted to hot to cold transitions (vertical bars). Panel
B shows the accumulation rate at James Ross (top curve marked
as 1), Dyer Plateau (bottom curve marked as 2) and Plateau

Detroit (squares). See text for details.

cent to be buried under 16 m of firn in one year. On
the other hand we see from Figure 7 that the year
1960 would have yielded a too low accumulation
rate, leaving us with four candidates: 1979, 1985
and 1989. Annual accumulation at Dyer Plateau
and James Ross Island (Thomas et al. 2008) indi-
cate accumulation rates of 0.5 to 0.8 my.q/y, be-
tween 1960 and 1991. Only the year 1989 could
have produced an accumulation rate of that order,
maybe yielding a too high rate. We rather favor
the year 1979 that displays the second largest tem-
perature gradient after 2006, being 45% and 27%
larger than for 1985 and 1989. If our reasoning is
correct we estimate an average accumulation rate
of 0.4 my.q/y between 1960 and present. From the
borehole log data this points to an accumulation of
0.93 m/y at the surface.

Our findings above prompt us to go back to
the year 2006, the first viable candidate for the de-
position of the depth hoar seen in our data. That
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year was discarded in spite of displaying the largest
temperature (hot to cold) gradient recorded at Base
Esperanza, on the basis that has happened just one
year before fieldwork. But the observed tempera-
ture gradient (Fig. 7) is enough to support the build-
up of depth hoar and indeed our data do favor that.
The density transition from 0.52 to 0.45 g/cm?® and
the associated phase inversions that occur in the
first 2.5 m probably are due to the buildup of fresh
depth hoar that results in a less dense horizon. The
attention of the reader is drawn to the fact the
literature does report depth hoar as highly porous
and with low density, typically in the range 0.2-
0.3 g/cm? (Singh 2001). Our low-density horizon
(0.45 g/em?) is 50% above the published top range
in the literature. On the other hand note that field-
work took place about one year later and the above
figure of 0.93 m/y accumulation at the surface is
entirely compatible with our GPR and ice core data.

CONCLUSIONS

This paper deals with phenomena associated to en-
glacial structures that scatter or trap radar energy
to a certain extent, sometimes becoming deleterious
to applications that aim to reveal ice stratigraphy.
We discussed examples from GPR surveys on the
ice cover of King George Island, South Shetland
Islands, and of Plateau Detroit, Antarctic Peninsula.

We have found a few geophysical signatures of
the hydrothermal structure of Lange Glacier, one of
the largest tidewater glaciers in King George Island.
Atleast one englacial channel was mapped, together
with an obliterated firn-ice transition due to intense
water percolation. We have found free water accu-
mulating within the firn above the ice and running
in channels below the firn-ice transition, a drainage
mechanism that should account for a massive mass
loss of the glacier. The glacier bedrock was found
at the end of an EFZ, probably caused by a change
in crystal orientation from a more random to a pre-
ferred angular distribution.

Another important feature of the hydrother-
mal structure of Lange Glacier are the glacial in-
clusions, strong scatterers of EM energy, that pro-
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duce a conspicuous crisscrossing pattern in the
GPR sections. That pattern is potentially a source
of error in the estimation of ice velocity from a ve-
locity spectra obtained through semblance analysis,
based on rather restrictive NMO assumptions. We
have shown here that the BPar configuration is a
great deal less sensible than the BPer to the clutter
caused by the glacial inclusions.

Multiples in ice were seen in an EFZ in a
GPR fixed-offset profile along the main ice divide
of King George Island. The multiples are a mani-
festation of EM energy that travelled about 300 m
in ice and survived the high clutter at the near-
surface four times. Moreover, they confirm the
existence of an EFZ in a section where the bedrock
is not seen.

The cold ice cover of Plateau Detroit have re-
vealed two important characteristics worth studying
further: EM waves channeling and diffractions in
depth. The EM channeling appears as phase inver-
sions at early time and surface phase velocity dis-
persion. A horizon of mutually interfering diffrac-
tors toping at TWT = 160 ns not dissimilar to the
glacial inclusions seen in temperate ice was inter-
preted as depth hoar, the deposition of ice crystals
formed from the sublimation of hotter ice from a
previous summer into cold ice. This interpretation
is corroborated with numerical modeling using
small spheres and by an investigation on the tem-
perature record at the Argentinean Base Esperanza,
not far from Plateau Detroit. If we can accept this
hypothesis we have a viable way to estimate a time
line and thus the local snow accumulation.

SUGGESTIONS FOR FURTHER WORK

There are a few points to be addressed as worth
pursuing as for the improvement of the conclusions
and hypothesis of this work. We can direct the at-
tention of the reader toward two directions: (i) the
glacial inclusions in a temperate glacier and (ii) the
hypothesis of depth hoar at Plateau Detroit and its
role in estimating a time line.

The first suggestion is to analyze how to take
advantage of different antenna configurations to
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extract stratigraphic information in an optimal way,
without having to resort to lower frequencies, with
the inevitable resolution loss. This should be as-
sociated to pos or pre-stack migration to achieve a
better focus on stratigraphy.

The second suggestion is to investigate further
the hypothesis of depth hoar by the microscopy of
the ice cores to reveal ice crystallization at the rel-
evant depths. This should also be complemented
by a thermodynamic qualitative analysis based on
the available temperature and borehole data.
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RESUMO

A excelente penetragdo do campo eletromagnético no
gelo aponta para os métodos de radar e radio-eco son-
dagem no estudo de massas de gelo sobre a superficie da
terra. O método GPR tem se mostrado muito eficiente
para o estudo de gelo na terra e no oceano. As assinaturas
de radar mais estudadas sao as reflexdes das estruturas
internas do gelo, as chamadas camadas estratigraficas e
as reflexdes do embasamento rochoso. Em geral as re-
flexdes constituem-se em informagdes tuteis, embora em
outros casos possam ser um complicador ao trabalho de
interpretagdo, mascarando o dado util ou levando a falsas
estimativas. Nestes casos sdo encarados como artefatos e
descartados no trabalho de interpretacdo. Em outros casos
as reflexdes provéem informagdes uteis sobre a estrutura
glacial, ndo obstante ndo estdo relacionados a estratigra-
fia. Neste trabalho nos concentramos em alguns feno-

menos ndo relacionados a estratigrafia. Os dois primeiros

fendmenos sdo as inclusdes glaciais e canais internos no
gelo os quais dispersam a energia do radar no gelo tem-
perado, de um modo negativo ou positivo, respectiva-
mente. O primeiro diminui a penetragdo do radar, sendo
um impedimento a penetragdo do campo e uma fonte de
erro importante nas estimativas derivadas do trago, como
¢ o caso do contetdo de agua livre. O ultimo ¢ a assi-
natura geofisica relacionada a existéncia e do posiciona-
mento do canal interglacial. Multiplas de isocronas sdo
utilizadas aqui para distinguir uma zona de auséncia de
refletores, causada pela orientagdo dos cristais numa di-
re¢do angular preferencial, de uma zona que esta além
da penetrag@o do sinal. O crescimento anomalo e a coa-
lescéncia de cristais de gelo frio também produz espa-
Ihamento do sinal de radar, de um modo semelhante ao
espalhamento devido as inclusdes glaciais em gelo tem-
perado. Neste trabalho utilizamos o espalhamento em
gelo frio para estimar uma cronologia de deposigao, utili-
zando-se uma série historica de temperatura média anual
em um local remoto. O ultimo caso discutido neste tra-
balho corresponde ao caso de energia de radar confinada
num guia de onda superficial, resultado da existéncia de
uma camada de neve superficial mais refringente/densa

sobre outra camada menos refringente/densa.

Palavras-chave: GPR, inclusdes glaciais e canais inter-

nos, temperatura e gelo frio, depth hoar, guias de onda.
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