ANNALI DI GEOFISICA, VOL. 41, N. 3, August 1998
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Abstract

A geoelectrical survey was performed on the Hells Gate ice shelf (Victoria Land-Antarctic) within the frame-
work of an integrated geophysical and glaciological research program. The resistivity profiles show a similar
trend, with resistivity values ranging from about 25000 Q - m to 500000 Q - m These results have been inter-
preted as the effect of a sharp transition from «marine ice» to «continental ice», an interpretation that is con-
sistent with the results of surface mapping. Interpreting the Vertical Electrical Soundings (VES) is a complex
process. In fact, the alternating layers of ice with different compositions and salt content generate great uncer-
tainty relative to the corresponding electric stratigraphies. To solve these problems of equivalency, all the
available constraints were used including the drilling thickness, seismic reflection profiles as well as radar pro-
files. The results were used to provide what is mainly a qualitative overview that is coherent with the glacio-
logical hypotheses relative to the evolution and structure proposed by some researchers for this ice shelf.

Key words applied geophysics — ice shelf — elec-
trical prospecting

1. Introduction

The possibility of using geoelectrical explo-
ration on the Antarctic ice shelves is suggested
by the presence of strong contrasts in resistiv-
ity between the glacial body and the confining
medium, such as sea water and rocky for-
mations. Resistivity values for continental ice
vary between 5.10° and 7.10° Q - m (Glen and
Paren, 1975; Morey and Kovacs, 1982) while
for rocky formations and sea water the values
are about 10° Q- m and 0.1-10 Q- m respec-
tively. However, resistivity within the ice shelf
may be lowered to values around 10* Q - m by
the presence of marine ice containing signifi-
cant and variable quantities of residual salt.
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Another element supporting the use of this
geophysical technique is the vertical stratigra-
phy proposed for this type of structure by some
authors (Jenkins and Doake, 1991; Bondesan
et al., 1997).

Generally, an ice shelf is the outlet to the
sea of an ablator glacier of the plateau. The ex-
istence of an ice shelf is controlled by the bal-
ance (fig. 1a) between ablation factors (subli-
mation, fusion, drop out of icebergs) and addi-
tive factors (contributions from the plateau,
snowfall, basal freezing, surface regelation).
The ice shelf section thus consists of a series
of different types of ice. Roughly speaking,
continental ice is replaced from the bottom by
marine ice originating from basal freezing. In
greater detail, the standard stratigraphy can be
structured as follows (fig. 1b): in the innermost
part of the shelf (I) from the top to the bottom
the series consists of snow being compressed
and continental ice in direct contact with the
bedrock; moving toward the external part of
the ice shelf there is (II) first a series that in-
cludes a level of sea water between the ice and
the bedrock and then, more externally (IIT) ma-
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Fig. 1a,b. a) Simplified diagram of the evolution of an ice shelf; b) stratigraphy in different positions of the

shelf.

rine ice separates the continental ice from sea
water and, at the same time, at the surface, re-
worked ice which originated from local fusion
and regelation phenomena; in the outermost
part of the shelf (IV), if the ablation phenom-
ena are intense, the continental ice may be
completely replaced by the marine ice.

These stratigraphies and the decreasing
thickness of the continental ice toward the ex-
ternal part should make it possible to identify
the various levels forming the shelf with geo-
electrical prospections.
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The electrical measurements presented in
this paper were carried out during the IX
ItaliAntartide Expedition of the PNRA in the
Antarctic summer 1993-1994. Seismic reflec-
tion and radar measurements were also per-
formed during the same experiment. The area
selected for the study was the Hells Gate ice
shelf (fig. 2). This ice shelf has a surface area
of about 70 km? (Baroni, 1988) located ap-
proximately 25 km to the south of the Italian
scientific base of Terra Nova Bay. The ice
shelf is bordered on the NW by the Priestley
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Fig. 2. Location of the Hells Gate ice shelf, in the are

posed rocky surface; gray: permanent glacied surfac

Glacier and by Vegetation Island, on the W by
Inexpressible Island, on the S by the Ross Sea
and on the NE by the Northern Foothills. The
glacial body consists of three tongues of ice,
bordered by longitudinal morainic structures,
originating from contributions from the Nansen
Ice Shelf (western sector), from the Priestley
Glacier (central sector) and from local accumu-
lation areas (eastern sector). The limited exten-
sion and the vicinity of the logistic base make
this ice shelf an excellent test site for various
types of explorations.

2. Field procedures

The survey was carried out mainly in the
southern part of the central sector of the ice
shelf (fig. 3) and include twelve Vertical Elec-
trical Soundings (VES), oriented along the par-
allel (N-S) and orthogonal (W-E) directions
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a of Victoria Land — Antarctica (black: periodically ex-

with respect to the sliding direction of the ice,
and two resistivity profiles, carried out in the
N-S and E-W directions. The position and
the dimensions of the arrays are reported in
table I.

Performing geoelectrical ‘measurements in
an environment like the Antarctic requires
special procedures for adapting the instrumen-
tation and for interfacing the electrodes with
the studied medium (Lozej et al., 1997a). The
measurements performed still provide a great
amount of data regarding VES and profiles
carried out on marine ice as well as continen-
tal ice.

The resistivity profiles were carried out us-
ing an electrode spacing of 50 m with a Wen-
ner spread. This type of array and its dimen-
sions were selected because of the greater sen-
sitivity of the Wenner electrode configuration
with regard to the lateral contrasts of resistivity
(Barker, 1979) and the possibility of operating
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Fig. 3. Positioning and orientation of the geoelectric profiles and the VES performed above the

Table 1. Coordinates of the VES station centres and of the extremes of the geoelectrical profiles, dimension

and direction of the arrays.

52'00"

74°53'00"

74°54'00"

164°00'00"

Station Latitude Longitude (AB/2) max. Direction
A2 74° 52180 S 163° 47°.088 E 200 m; 80 m Long., transv.
A7 74°52°.110 S 163° 49°.656 E 50 m Transv.
F2 74°51°.620 S 163°47°.092 E 200 m Long.

F7 74° 51,606 S 163°49°.619 E 200 m Long.

HG17 74°52°.371 S 163°47'.852 E 100 m; 100 m Long., transv.
m 74°51°.995 S 163° 42°.648 E 50 m Long.

12 74°51°.718 S 163°42°.296 E 200 m Long.
M1 74°51°.557 S 163° 51749 E 130 m Long.
M2 74° 52°.267 S 163° 52°.299 E 150 m Long.
Y 74°52°.379 S 163°47°.859 E 130 m Transv.
A3 74°52°.174 S 163°47.612 E Length m L
ong.
F3 74°51'.613 S 163°47'.614 E 1250
B1 74° 52°.006 S 163°49°.050 E Length m T
ransv.
B7 74°52°.110 S 163°49".632 E 1500
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ice shelf.
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with electrodes equally spaced along the pro-
file, thus reducing the number of movements
necessary between measurements.

The VES were distributed on the frontal part
of the ice shelf to obtain information on the three
sectors forming Hells Gate. The Schlumberger
array was used. The greatest values of AB/2 are
200 m. This limitation is due to the power Sys-
tems, the instrument sensitivity, and the high re-
sistivity of the ice, that prevent efficient genera-
tion of power at greater lengths.

Some soundings were carried out with the
same station centre but perpendicular direc-
tions: one parallel to the ice flow (hereinafter
indicated as longitudinal) and one orthogonal
(hereinafter indicated as transversal); this made
it possible to verify any electric directional
anisotropies in the glacial mass.

3. Resistivity profiles

The two profiles marked as B7B1 and A3EF3
(fig. 3), extend, respectively, 1500 and 1250 m
and were carried out in the front area of the
shelf where, as already mentioned, there is a
sharper transition between continental ice and
marine ice (Souchez et al., 1991).

The resistivity profiles provided interesting
results since it was possible to measure appar-
ent resistivity less than 40000 Q - m in the sec-
tor consisting of marine ice and greater than
350000 Q- m where the thickness of the ma-
rine ice is reduced.

The comparison of the apparent resistivity
with the morphology of the shelf is reported in
the three-dimensional representation of fig 4.
The A3F3 profile exhibits a sudden change of
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Fig. 4. Three-dimensional representation of the apparent resistivity along profiles A3F3 and B7B1 and com-
paration with distribution of different types of ice as stated by Souchez er al. (1991).
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apparent resistivity near the progressive 700 m,
a limit beyond which this parameter stabilises
on values which are greater by one order of
magnitude.

In the B7B1 profile the change of apparent
resistivity is not as sharp as in the previous
case. There are oscillations of the measured
values up to the progressive 250 m and after
this position the apparent resistivity stabilises
on lower values. This behaviour may be justi-
fied by the position of the measurement line
with respect to the transition between the two
types of ice. In fact, the electric profile is lo-
cated in proximity of a very superficial contact
between the two types of ice, i.e. in an area
where the thickness of the continental ice is
very small and not constant.

4. Vertical Electrical Soundings
The Vertical Electrical Soundings (VES)

were very difficult to interpret only on the
basis of semi-automatic inversion with 1D

models. We have utilised the applicative pro-
gram RESIX (Interpex, 1993) to obtain a series
of solutions. For this reason, all the indepen-
dent available information was used, consisting
basically of the thickness of the shelf obtained
from drilling stratigraphies, seismic reflection
profiles and radar profiles (Bondesan et al.,
1996; Pavan, 1996; Lorrain et al., 1997; Lozej
et al., 1997a,b,c).

4.1. VES Y

This VES was performed in proximity of a
drilling site with a depth of more than 40 m
which provided information (Lorrain et al.,
1997) relative to the saline content of the ice
(fig. 5), while the maximum thickness of the
ice shelf was obtained from the seismic reflec-
tion profiles (Pavan, 1996; Lozej et al., 1997b)
and was set at 70 m.

The experimental data (fig. 6a) were smooth-
ed to limit oscillatory trend in the resis-
tivity values generated by the presence of sur-
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Distribution of salinity determined on the core resulting from the drilling carried out at VES Y.
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Fig. 6a-c. a) Smoothed experimental resistivity curve of VES Y, b) electric stratigraphy obtained with thick-
ness constraint (h = 70 m); ¢) equivalent models without any restriction in the model.
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face ice, resulting from melting and regelation
phenomena, for which the resistivity values are
quite variable. The experimental curve was in-
terpreted by constraining the value of the shelf
thickness and some characteristic depths, de-
rived from the salinity curve in fig. 5, in which
there are significant changes in the ice saline
content. The model derived (fig. 6b) shows
that the resistivity is not linearly correlated to
the ice salinity. This behaviour can be ex-
plained on the basis of different ways of segre-
gating the salts inside the glacial mass (Bonde-
san et al., 1996, 1997), or by the presence of
fractures which deeply modify the apparent re-
sistivity without it being visible from the trend
of the salinity in the cores. If the depth values
used for the previous model are not con-
strained, there is a strong dispersion in the
thickness values of layers (fig. 6c¢).

4.2. VES HGI17
Two orthogonal VES were carried out in

marine ice in proximity to position HG17.
Though being close to Y, the site has experi-
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Fig. 7. Experimental resistivity curve at VES
HG17 with longitudinal and transverse spreads with
respect to the shelf.

mental curves with slightly different trend and
variations in the values measured along the
two directions (fig. 7). The stratigraphy which
best satisfies the experimental curves can be
represented with a series of two groups of
three layers with decreasing resistivity which
can be identified as regelation ice (at the sur-
face) and more recent marine ice at a deeper
level.

To interpret the VES pair, only the value of
the thickness of the ice shelf was set at 73 m
based on the seismic reflection profiles. The
models obtained, as well as the experimental
curves, highlight the presence of an anisotropy
of the shelf ice with greater electric conductiv-
ity in the E-W direction (fig. 8a). This phe-
nomenon might be interpreted as a conse-
quence of the presence of fractures aligned
in this direction, for example preferential ice-
berg detachment lines. If the maximum depth
value is not constrained and the modelling opera-
tions are repeated, electric stratigraphies are
obtained which also satisfy the experimental
measurements, but with a shelf thickness less
than that is determined with other geophysical
methods (fig. 8b).

4.3. VES A2

Another pair of VES, relative to site A2,
was carried out in an area with known shelf
thickness (88 m). These VES are located in
proximity to the transition area between marine
and continental ice, and thus in a situation in-
volving significant variations in the lateral
electric characteristics. The effect is very evi-
dent in the experimental curves which have a
similar development but much higher resistiv-
ity values for the sounding with N-S orienta-
tion. This last spread is the most sensitive to
the presence of continental ice in the northern
side of the spread (fig. 9a). The interpretation
of these two experimental curves led to the
electric stratigraphies represented in figs. 9b
and 9c, which leave many doubts about their
validity, especially as concerns the distribution
of the resistivity values. In conclusion we can
confirm that 1D modelling is not appropiate to
interpret that kind of data.
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4.4. VES FI

Site F1 is the last one for which there are
reliable values for the shelf thickness (about
105 m). The corresponding experimental curves
are reported in fig. 10a. The significant disper-

sion of the values can be easily observed: this
can be partially attributed to lateral hetero-
geneities and to some extent to the low signal/
noise ratio determined by the high resistivity of
the ice which does not permit adequate ener-
gization power.
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Fig. 10a-c. a) Experimental resistivity curve relative to VES F1; b) electric stratigraphy obtained with maxi-
mum thickness constraint (h = 105 m); c) equivalent models without thickness constraints.
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Comparing the maximum dimensions of
AB/2 with the ice thickness, it can be seen how
the descending section of the apparent resistiv-
ity curve is not reached. The overall interpreta-
tion of this sounding is very ambiguous. The
irregularity of the experimental values leads to
equivalent models which are very different from
each other but analytically correct (fig. 10c). The
most plausible electric stratigraphy is shown in
fig. 10b. There is a large thickness of continental
ice above the marine ice. The continental ice
should not be considered homogeneous since
during the deformation processes in the valley
flanks, it is subjected to stress and marine ice
type subvertical intrusions in tension gash type
structures. These intrusions are responsible for
the noise superimposed on the measurements.

The following soundings were performed in
areas of the shelf where the thickness can be
defined by means of a very approximate ex-
trapolation from the seismic reflection and
radar profiles (Pavan, 1996). Therefore, the

10°

depth values are only useful for orienting the
interpretations of the soundings toward more
likely models.

4.5. VES A7

For site A7, an approximate thickness of the
ice was hypothesised to be about 100 m. The
experimental curve (fig. 11a) was not com-
pletely used for the inversion since if we also
consider the values relative to the greater di-
mensions of the spread we obtain what are
unacceptable thickness values and resistivity
stratification. The most plausible stratigraphy
for this site is represented in fig. 11b. In any
case, it should be emphasised that this solution
is very contrived and permitted by imposing
the maximum thickness of the shelf. In fact,
the data that can be used are not sufficient to
define a reliable electric stratigraphy reaching
the bottom of shelf.
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APPARENT RESISTIVITY (©-m)

10

10+ (b)
220 ]
0]
40
50
.60
=07
=70
é§'80 :
-90 -
-100
-110
120 |
130 -}
140 -}
-150 -

JRRLLL L L B L B B

1 10
AB/2 (m})

—

w

100

NI T S Y)
+ F o+ ¥
w w ow ow

e

Resistivity (Q-m)

1E+0

O
w
-—

Fig. 11a,b. a) Experimental resistivity curve relative to VES A7; b) more reliable electric stratigraphy on the

basis of the thickness constraint (h = 100 m).
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VES F7
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Fig. 12a,b. a) Apparent resistivity curve relative to VES F7; b) resulting electric stratigraphy assuming a con-

straint on the maximum thickness (h = 127 m).

4.6. VES F7

A situation similar to the previous one is
shown in VES F7. The improbability of the ex-
treme apparent resistivity values (fig. 12a) can
be easily recognised since the experimental
curve, in the terminal phase, has an inclination
of more than 45° (a situation that cannot be re-
alised even in the presence of an infinite resis-
tive bedrock). Neglecting the resistivity values
corresponding to the greater dimensions of the
spread, it was possible to define a stratigraphy
(fig. 12b) that consists only of a series of ma-
rine ice for which conductivity increases with
depth.

4.7. VES M1 and M2

The two soundings carried out in the eastern
sector of the shelf (sites M1 and M2) are not
supported by values which have been suffi-
ciently approximated for the thickness of the
ice. These soundings (fig. 13a) were carried
out in areas close to the snow accumulations,
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where there is an oblique contact between the
ice resulting from the compression of the
firn and/or regelation ice and the marine ice.
For VES M1, the thickness of the shelf was
assumed to be between 50 and 60 m, from
which a constrained stratigraphy is obtained as
reported in fig. 13b. Figure 13c reports the
equivalent solutions without constraints. They
demonstrate, once again, that it is impossible
to obtain reliable stratigraphies with electrical
soundings without auxiliary information. Sound-
ing M2 was not interpreted since the local
situations are very complex and difficult to
model with plain stratigraphies. In this area,
based on glaciological and geomorphological
factors, it is assumed that there is ice partially
resting on the rocky substrate or on very irreg-
ular sedimentary deposits.

4.8. VES II1 and 112

Soundings II1 and I12 were performed in
the far western sector of the shelf, where the
seismic prospection indicated that the thickness
was lower than in the central part of that sec-
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Fig. 13a-c. a) Experimental curves relative to VES M1 and M2; b) electrostratigraphic solution of VES M1
thickness constraint (h = 53 m); ¢) equivalent models.
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tor. The maximum thickness limit determined
was 60 m. However, it can be considered ex-
cessive for calibrating the two VES since they
are found in the outermost part of the shelf
where the thickness, based on commonly ac-
cepted models and through an analogy with the
results of the seismic reflection profiles in the
central part, should not be so great.

Figure 14a reports the resulting apparent re-
sistivity curves. The two soundings have simi-
lar resistivity values for the smallest electrode
distances but then develop according to two
completely distinct branches. For II1, there is a
rapid decrease in the resistivity values and a
flexure in its middle part. The latter is probably
due to the presence of a thin surface layer of
continental ice below which there is some
older marine ice which in turn is covered by
more recent marine ice that thus has a lower
resistivity.

Instead, sounding II2 would seem to be
characterised by a surface layer of continental
ice with a greater thickness, above of more
conductive marine ice. The variation in the
thickness of the continental ice agrees perfectly
with the shelf models but produces electric
stratigraphies which do not correspond to the
thickness values supplied by the seismic pro-
file. In fact, for what concerns sounding II2
(fig. 14c), models are obtained which fit the
measured data effectively only for shelf thick-
ness values greater than 90 m, while for sound-
ing II1 (fig. 14b) the best results are obtained
for a thickness less than 15 m. In both cases,
the thickness deviates considerably from an ac-
ceptable value that can be compared with that
indicated by the seismic reflection profile for
this portion of the shelf. Also for this VES’s
the use of 1D models is not appropriate to in-
terpret experimental data.

5. Conclusions

The overall examination of the data can be
used to draw some conclusions on the use of
geolectric prospection to define the morpho-
logical parameters of ice shelves. The electric
profiles provided excellent results which allow
us to identify the type of ice even below the
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screening covers such as layers of snowfall or
regelation ice.

As concerns the definition of stratigraphies
through VES, we found extreme difficulties in
using this technique. There are various limit-
ing factors such as the physical conditions of
the investigated bodies. In fact, they do not
have stratified homogeneity characteristics for
which it is possible to apply the classical inter-
pretation methodologies. In addition, the high
resistivity of ice does not lead to efficient
power except for small dimensions of the mea-
surement spreads. Finally, our results are af-
fected by uncertainties due to typical equiva-
lency phenomena for resistivity stratifications
where the resistivity decreases with depth.
These facts emphasise the need to obtain inde-
pendent information to help interpret the VES
in this glacial structures.

Acknowledgements

We wish to thank all those who helped in
the fieldwork, especially G. Caneva. We also
would like to thank A. Lozej for many helpful
suggestions and comments. This work has been
carried out with the financial support of the
Italian «Programma Nazionale di Ricerche in
Antartide».

REFERENCES

BARKER, R.D. (1979): Signal contribution section and their
use in resistivity studies, Geophys. J. R. Astron. Soc.,
59, 123-129.

Baroni, C. (1988): The Hells Gate and Backstair Passage
ice shelves (Victoria Land, Antarctica), Mem. Soc.
Geol. It., 34, 123-144.

BONDESAN, A., M. DINI, M. FREZZOTTI, A. KHAZENDAR
and J.L. TISON (1996): Preliminary results of two 45-
meters marine ice cores from the Nansen Ice Sheet
(Terra Nova Bay, Antarctica), in National Meeting
on Antarctic Glaciology, Padova, June 11-12 1996,
abstracts, 8-9.

BONDESAN, A., G. DELISLE, A. Lozgl, L. JANSSENS,
F. MERLANTI and J.L. TisoN (1997): A dynamical ap-
proach to explain ice structure and complex morainic
genesis on a partially grounded ice shelf (Hells Gate
Ice Shelf — Terra Victoria, Antarctica), Terra Antarc-
tica Reports, 1, 33-38.

GLEN, J.W. and J.G. PAREN (1975): The electrical proper-
ties of snow and ice, J. Glaciol., 15 (73), 15-37.



A geolectrical survey above an Antarctic ice shelf

INTERPEX (1993): Resistivity 1-Dimensional modelling
software, RESIX.

JENKINS, A. and C.S.M. DOAKE (1991: Ice-ocean interac-
tion on Ronne Ice Shelf, Antarctica, J. Geophys. R., 96,
791-813.

LoRRAIN, R., J.L. TiSON, A. BONDESAN, D. RONVEAUX
and M. MENEGHEL (1997): Preliminary results from 60
shallow cores and from one 45-m deep marine ice core
at Hells Gate ice shelf, Victoria Land — Antarctica,
Terra Antarctica Reports, 1, 19-24.

Lozes, A., F. MERLANTI, M. PavaN and I. TABACCO
(1997a): Preliminary results of geoelectrical surveys on
the Hells Gate ice shelf (Victoria Land — Antarctica),
Terra Antarctica Reports, 1, 123-128.

Lozes, A., F. MERLANTI, M. PAvaN and I. TABACCO
(1997b): Preliminary results of refraction and reflection
seismic surveys on the Hells Gate ice shelf (Victoria Land
— Antarctica), Terra Antarctica Reports, 1, 133-138.

287

Lozes, A., F. MERLANTI, M. PavaN and 1. TABACCO
(1997¢): Preliminary results of RES surveys over Hells
Gate ice shelf (Eastern Antarctica), Terra Antarctica
Reports, 1, 129-132.

MOREY, R.M. and A. Kovacs (1982): The effects of con-
ductivity on high resolution impulse radar sounding,
Ross Ice Shelf, Antarctica, CCREL Report 82-42,
p. 19.

PAvAN, M. (1996): Prospezioni geofisiche integrate sulla
piattaforma di ghiaccio galleggiante di Hells Gate
(Terra Vittoria, Antartide), Ph.D. Thesis, University of
Genoa, p. 81.

SOUCHEZ, R., M. MENEGHEL, J.L. TiSoN, R. LORRAIN, D.
RONVEAUX, D. BARONI, A. Lozes, 1. TABACCO and J.
JouzeL (1991): Ice composition evidence of marine ice
transfer along the bottom of a small Antarctic ice shelf,
Geophys. Res. Lett., 18, 849-852.





