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INTRODUCTION

Electrical resistivity measurements have been
made at several locations on the Ross Ice Shelf and
at Dome C, Antarctica. Measurements at stations on
the Ross Ice Shelf (Bentley 1977, 1979, Shabtaie and
Bentley 1979) and at Dome C (Shabtaie and others
1982, Shabtaie and Bentley 1983) have already been re-
ported. A computer program using a linear filter
method has been developed by S Shabtaie to calculate
apparent resistivity on both floating and grounded
ice sheets in which the actual resistivities, as well
as other physical parameters, vary continuously with
depth. In this paper we report on measurements made
at Dome C and two other stations on the Ross Ice
Shelf (R.I. and J9).

The field method, data analysis, and modeling
techniques are similar to those described in the above
references. In previous analyses the actual resistiv-
ity of the ice o(z) was assumed to vary only with
temperature, according to an Arrhenius law, and
density, according to mixing laws for heterogeneous
media. Analysis of resistivity sounding data from
stations on the Ross Ice Shelf has now shown, however,
that other physical and chemical changes in the ice
could cause variations in resistivity with depth and
must, therefore, be taken into account. Resistivity
models based only on variations of temperature and
density do not match the observations well. This
was found to be the case particularly for stations
located on ice streams and major outlet glaciers
feeding the Ross Ice Shelf. In the current analysis
we attempt to solve these problems by incorporating
resistivity models that take into account the effect
of physical and chemical changes on resistivity. At
locations from which cores, whose physical and chemi-
cal properties have been measured, have come we have
tried to correlate those properties with model re-
sistivities.

To obtain more information about the dependence
of resistivity on density and to examine further the
highly resistive layer, electrical soundings were
carried out at Dome C. Since the ice at Dome C is
about 3 500 m thick, resistivity profiles with separ-
ations of many kilometers were needed to obtain in-
formation about the existence of highly-resistive
ice layers and the bedrock beneath.

During the 1977-78 field season, drilling was
completed down to a depth of 905 m at Dome C. Tempera-
ture and density-depth measurements are available for
investigations of the dependence of resistivity on
these factors. Furthermore, physical and chemical
analyses of these cores were undertaken by many in-
vestigators. These analyses show pronounced differ-
ences between Wisconsin and Holocene ice.

RESISTIVITY MODELS
Dome C station (74°39'S 124°10'E, Fast Antarctica)

The measured apparent resistivities pz are shown
in Figure 1(a), along with calculated p, models.
Figure 1(b) shows the actual resistivit?es p for each
model. Model 1 was calculated taking variations of
density and temperature only into account. Tempera-
tures were calculated from a steady-state model with
bottom temperature at the pressure-melting point,
using an activation energy of 0.25 eV. The other
models in Figure 1 use the same temperature and activ-
ation energy as model 1, but also include additional
changes in p with depth in the ice that have been
chosen to provide better fits to the observed data,
and at the same time to accord in some way with other
measured physical or chemical properties at Dome C.
This requires further explanation.

Our procedure was to examine first the variation
of impurities with depth in the core. However, no model
of p(z) generated using resistivities inversely de-
pendent on the concentration of impurities such as
salts (Petit and others 1981), sulfates and acids
(M Legrand personal communication), microparticles
(Mos1ey-Thompson and Thompson 1980), and CO2 (Delmas
and others 1980) could produce p, models that match
the observed data, because those impurities all show
an increase with depth in the Wisconsin ice. On the
other hand, there would be no physical basis for
assuming a direct correlation between conductive im-
purities and p(z).

We therefore looked next at the measured physical
properties. The principal change is in the crystal
size (Duval and Lorius 1980). Crystals increase in
size between 90 and 400 m, and below 540 m; in between
there is a marked decrease. The abrupt decrease in
crystal size between 400 and 540 m is associated with
the Holocene-Wisconsin boundary as determined by the
oxygen isotope ratios (Lorius and others 1979), In
this case, we found that the observed apparent resist-
ivities could be fitted with models of p(z) that were
qualitatively similar, i.e. that showed the same saw-
tooth shape as the crystal-size variation in their
deviation from the basic p(z) model (model 1). This
is shown in Figure 1 by both model 2 and model 3,
which do not differ at depths or separations less than
1 500 m.,

The lTower curve, marked model 2 in Figure 1(a),
clearly does not fit the observed apparent resistivi-
ties at separations greater than 2 or 3 km. To produce
a fit, it is necessary to increase the resistivity
somewhere at considerable depth, either in the ice
(model 3 below a depth of 1 700 m) or in the under-
lying bedrock. The upper curve, marked model 2 in
Figure 1(a), is based on the same resistivities in
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Fig.1. (a). Plot of apparent
resistivities vs electrode
separation for two profiles
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the ice as the lower (model 2) curve, but includes
a very high resistivity of 200 k& m in the bedrock.
Both the lower branch of model 2 and model 3 incorpor-
ate a bedrock resistivity of 50 k@ m, still a high
value (Shabtaie and others 1982). Resistivities lower
than 50 k2@ m in the bedrock can be accommodated by
assuming still higher resistivites in the deep ice.
Although there is no obvious reason why resistiv-
ity should increase with crystal size, it is possible
that varfation may have been controlled by climatic
change, i.e. that the history and age of polar ice
influences its electrical properties. Regardless of
the cause(s) of the resistivity changes, the corre-
lation suggests that resistivity measurements could
be used to estimate the depth to the climatic bound-
ary.

Station J9 (82°21'S 168°39'W, Ross Ice Shelf,
Antarctica)

Station J9 is the site of the Ross Ice Shelf (RISP)
drill camp and is downstream from ice stream B. Limit-
ed information on isotopic ratios (8§180) (P M Grootes
personal communication), crystal cross-sections
(I Zotikov and A J Gow personal communication), and
jonic impurities (Herron and Langway 1979) are avail-
able. Both the isotopic ratios and the crystal cross-
sections reveal a distinct climatic boundary at about
275 m depth.

The measured Pa profile and four different mod-
els are shown in Figure 2(a). A11 models are based on
temperature and density measured from the bore hole,
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3000 different models (explained
in the text).

with the activation energy of 0.25 eV for both snow
and solid ice. The calculated p models are shown in
Figure 2(b). Model 1 is calculated according to the
temperature and density variations alone. The result-
ing p; model is lower than the measured values at
separations greater than 200 m. Next we considered
the variation of salt impurities with depth reported
by Herron and Langway (1979). p is assumed to vary
with concentration of impurity according to the re-
lationship obtained by Gross and others (1978) and
discussed by Shabtaie and Bentley (1979). The re-
sulting model 2 does not match the measured values
for separations greater than 50 m, so it seems un-
likely that the reduction of impurities with depth in
the J9 hole is responsible for the increase in
resistivity.

Models 3 and 4 both fit the observed data. For
model 3, the resistivity is taken to vary with depth
in accordance with changes in crystal cross-sections
observed from the core hole. Model 4 shows a resist-
ivity increase that takes place instead entirely in
the Wisconsin-age ice. There are no impurity measure-
ments at this depth to confirm or rule out this model,
but we suspect that, as at Dome C, Byrd, and Camp
Century stations, the impurities in the J9 core in-
crease in the Wisconsin, causing a reduction rather
than an increase in resistivity. Therefore, model 3
is preferred. Unfortunately, the strong effect on
the apparent resistivities at large electrode separa-
tions of the highly-conductive sea-water beneath the
relatively thin ice shelf makes it difficult to pin-
point transitions deep within the ice.
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Fig.2. Plots of (a) apparent
resistivity vs electrode
separation, and (b) actual
resistivity vs depth at sta-
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Station R.I. (80°11'S 161°35'W, Ross Ice Shelf,
Antarctica)

This station is located downstream from either
ice stream D or ice stream E (the flow bands are not
well-defined). The ice is thicker here than at J9,
s0 resistivity variations within the ice column are
more easily seen. The results of electrical soundings
on two profiles perpendicular to each other are shown
in Figure 3(a). The p; values were combined statis-
tically (Shabtaie and Bentley 1979) beyond an elect-
rode separation of 15 m where the effect of seasonal
temperature changes and upper surface density in-
homogeneities are absent. Five p and corresponding
pa models were chosen in this case (Figures 3(a)
and (b)). As at the other stations, model 1 is based
on density and temperature alone. (Temperatures were
calculated assuming a steady-state ice shelf with
zero bottom balance rate.) Model 2 is the same as
model 1, except that a bottom melt rate of 0.5 m a~!
was used for the steady-state temperature calcula-
tion (this model could also be thought of as reflect-
ing colder temperatures in a non-steady-state ice
shelf. Clearly, the resistivities that result even
from a large melt rate are not nearly high enough to
match the measured data. Therefore, additional factors
again must be taken into account.

Models 3, 4, and 5 all yield apparent resistivi-
ties that fit the data satisfactorily. A1l exhibit
very high resistivities near the bottom of the ice
shelf, as is required by the relatively high apparent
resistivities at separations greater than 500 m. They
differ substantially, however, in their characteris-
tics at intermediate depths. Model 3 is the simplest,
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tion J9. Solid curves are cal-
culated from models described
in the text.

showing only a gradual monotonic increase in resist-
ivity. This model satisfies the observations well.
Model 4 was chosen to be similar to the variations
fitted at Dome C and J9; it shows that that shape,
with a Holocene/Wisconsin transition between 300 and
325 m deep, is also compatible with the apparent re-
sistivities. Model 5 is a more extreme case, origin-
ally selected on a curve-fitting basis alone; it is
included to give a sense of the range of models that
can satisfy the observations. Because of its similar-
ity to the models fit at Dome C and J9, where bore-
hole data exist, we prefer model 4 for this site.

CONCLUSION

Measurements at several locations in Antarctica
have resulted in the discovery of high-resistivity
anomalies that could be correlated with the trans-
ition from Holocene to Wisconsin ice. The correlation
is good at two locations (J9, on the Ross Ice Shelf,
and Dome C, in East Antarctica), where the transition
depth is known from studies of the physical and chemi-
cal properties of ice cores.

The effects of the variations of density and
temperature with depth have been included in our
analyses, but the calculations show that these two
factors alone are not sufficient to explain the ob-
servations. Higher resistivities are required.

The cause of this resistivity increase is not well-
known, and may be attributed to any of the several
physical and chemical changes that occur in the ice
sheet. The crystal size increases with depth down to
the transition zone, decreases rather sharply over a
short depth, and thereafter increases again. Resist-
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ivities vs depth can be modeled similarly. No corre-
lation was found between the changes in chemical im-
purities and the resistivity increase. If the
resistivity variations are due to crystal-size changes,
one might use the technique to obtain an age-depth
curve since the crystal growth in an ice sheet is
time-dependent.

Regardless of the cause(s) of the resistivity
changes, the in situ observations can be used to esti-
mate the depth at which this boundary exists. This
technique is especially suitable for thick, grounded
ice sheets where transition zones are well above the
bedrock, and on ice shelves at locations close to
inflowing ice streams and major outlet glaciers where
the ice is relatively thick. The method can perhaps
?e used to trace the climatic boundary along flow-

ines.

ACKNOWLEDGEMENTS

We would 1ike to thank L L Greischar, D G Albert,
and K C Jezek for their assistance during the field
work on the Ross Ice Shelf, and F Thyssen and
J S Lovell for help with the measurements at Dome C.
This research was supported by US National Science
Foundation grants DPP78-20953, DPP79-20736, and
DPP81-19989,

REFERENCES

Bentley C R 1977 Electrical resistivity measure-
ments on the Ross Ice Shelf. Jouwmal of Glacio-
logy 18(78): 15-35

Bentley C R 1979 In-situ measurements of the
activation energy for D.C. conduction in polar ice.
Jourmal of Glaeiology 22(87): 237-246

https://doi.org/10.3189/50260305500003992 Published online by Cambridge University Press

Delmas R J, Ascencio J-M, Legrand M 1980 Polar ice
evidence that atmospheric CO7 20,000 yr BP was 50%
of present. Mature 284(5752?: 155-157

Duval P, Lorius C 1980 Crystal size and climatic
record down to the last ice age from Antarctic ice.
Earth and Planetary Seience Letters 48(1): 59-64

Gross G W, Hayslip I C, Hoy R N 1978 Electrical con-
ductivity and relaxation in ice crystals with known
impurity content. Jowrmal of Glaciology 21(85):
143-160

Herron M M, Langway C C Jr 1979 Dating of Ross Ice
Shelf cores by chemical analysis. Jourmal of
Glaciology 24(90): 345-357

Lorius C, Merlivat L, Jouzel J, Pourchet M 1979 A
30,000-yr isotope climatic record from Antarctic
ice. Mature 280(5724): 644-5648

Mosley-Thompson E, Thompson L G 1980 Glaciological
interpretation of the microparticle concentration
in the 905-m Dome C core. Antaretie Jourmal of the
United States 15(5): 71-75

Petit J-R, Briat M, Royer A 1981 Ice age aerosol
content from East Antarctic ice core samples and
past wind strength., Mzture 293(5831): 391-394

Shabtaie S, Bentley C R 1979 Investigation of bot-
tom mass-balance rates by electrical resistivity
soundings on the Ross Ice Shelf, Antarctica. Joumr
nal of Glaeiology 24(90): 331-343

Shabtaie S, Bentley C R In press Electrical resist-
ivity measurements on the East Antarctic ice sheet.
Journal of Chemical Physics

Shabtaie S, Thyssen F, Bentley C R 1982 Deep geo-
electric and radar soundings at Dome C, East
Antarctica. Annale of Glaciology 3: 342

233


https://doi.org/10.3189/S0260305500003992

	Vol 5 Year 1984 page 230-233 - Abstract - Probing the Holocene-Wisconsin boundary in polar ice sheets - Sion Shabtaie and Charles R. Bentley

