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ABSTRACT. Electrical resistivity sounding, using the four-electrode Schlumberger array, has been carried 
out at I I locations on the Ross Ice Shelf. The apparent resistivity curves generally show four characteristic 
zones. The first, at distances from I to 10 m, reflects the near-surface zone of seasonal temperature changes 
and inhomogeneities. The second zone, from 10 m to 100 m, reflects primarily the increasing density with 
depth in the upper 50 m of the ice shelf, modified, in some locations, by temperature variations. The third 
zone, from 100 m to a distance roughly equal to the ice thickness, is affected principally by the temperature 
gradient in the solid ice. In the fourth zone, at distances greater than approximately twice the ice thickness, 
the apparent resistivity usually decreases rapidly with distance, owing to the highly conductive sea-water 
beneath the ice shelf. At some stations associated with ice streams and outlet glaciers, however, an increase 
at large spacings indicates much more resistive basal ice. 

Using data from seven locations on the grid eastern half of the shelf that do not show obvious evidence ofa 
basal resistive zone, including temperatures to 100 m at two of the sites, the mass-balance rate at the bottom 
of the ice is estimated to be within a few tenths of a meter per year of zero at distances between 90 and 530 km 
from the ice front, assuming steady-state condition over most of the ice shelf. However, the assumption of 
steady-state is questionable at locations close to outlet glaciers, and must be treated with great caution. 
The temperature measurements at the two sites, along with previously observed temperatures at the RISP 
drill site, make it possible to estimate the activation energy in the solid ice. The models fitted to the observed 
values suggest an "apparent" activation energy in the solid ice closer to 0.15eV (14kJmol- l) than to 
0.25 eV (24 kJ mol- I) . This difference is believed to be due to a decrease in the ionic impurity content with 
increasing depth in the ice by a factor of two or more. 

RESUME. Investigation dll bilan de masse aufond par sondages de resistivile electriqlle sur le Ross Ice Shelf en Antarctique. 
Des sondages de resistivite electrique ont ete effectues en I I endroits du Ross Ice Shelf a I'aide d'un capteur 
Schlumberger a quatre electrodes. Les courbes de resistivite apparente presentent generalement quatre zones 
caracteristiques. La premiere a une distance de I a 10 m correspond a la zone superficielle de variation 
saisonniere de temperature et d'inhomogeneite. La seconde zone, de 10 a 100 m, correspond d'abord a la 
densite croissante avec la profondeur dans les 50 m superieurs de la couverture de glace, modifiee, en quelques 
points, par des variations de temperature. La troisieme zone, de 100 m a une distance sensiblement 
equivalente a l'epaisseur de la glace est surtout affectee par le gradient de temperature dans la glace solide. 
Dans la quatrieme zone, a des distances superieures a environ le double de l'epaisseur de la glace, la resistivite 
apparente decroit d'ordinaire rapidement avec la distance, en raison de la haute conductivite de I'eau de 
mer sous la glace. Dans quelques stations oil existent des courants de glace et des langues glaciaires, 
cependant, un accroissement de resistivite a de grandes distances traduit la resistivite beaucoup plus fort de la 
glace basale. 

En utilisant les donnees de sept points de forage sur la moitie Est du reseau sur la couverture de glace qui 
ne semble pas posseder de zone basale a forte resistivite, y compris les temperatures jusqu'a lOO m, en deux 
de ces points on a estime le bilan de masse de la glace de fond a quelques dixiemes de metres par an a des 
distances de zero a go et 530 km du front de glace, dans l'hypothese de conditions d'equilibre sur la plus 
grande partie de la calotte. Cependant, l'hypothese d'un etat d'equilibre pose des questions a proximite des 
embouchures des glaciers et doit etre traitee avec de grandes precautions. Les mesures de temperature sur 
les deux sites, associees avec les observations passees de la temperature au forage RISP rendent possible 
l'estimation de I'energie d'activation dans la glace solide. Les modeles ajustes sur les valeurs observees 
conduisent a une energie "apparente" d'activation dans la glace solide plus proche de 0,15 eV (14 kJ mol-I) 
que de 0,25 eV (24 kJ mol- I). Cette difference est due, croit-on, a une diminution de la teneur en impuretes 
ioniques quand augmente la profondeur dans la glace par un facteur deux ou plus. 

ZUSAMMENFASSUNG. Untersuchung der Massenbilanzralen an der Unterseile des Ross Ice Shelf, Antarktika, durch 
Messllng des elektrischen Widerstandes. An I I Stellen des Ross Ice Shelf wurden e1ektrische Widerstands
messungen mit der 4-Elektroden-Auslage nach Schlumberger vorgenommen. Die Kurven des scheinbaren 
Widerstandes zeigen im allgemeinen vier charakteristische Zonen an. Die erste zwischen I m und 10 m 
spiegelt die oberflachennahe Zone mit jahreszeitlichen Temperaturschwankungen und Inhomogenitaten 
wider. Die zweite Zone zwischen 10 m und lOO mist vor allem durch die Zunahme der Dichte mit der Tiefe 
in den oberen 50 m des Schelfeises gekennzeichnet, an einzelnen Stellen a llerdings durch Temperatur
schwankungen modifiziert. Die dritte Zone von 100 m bis etwa zur vollen Eisdicke ist im wesentlichen durch 
den Temperaturgradienten im festen Eis beeinflusst. In der vierten Zone, bei Entfernungen von mehr als 
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etwa der zweifachen Eisdicke nimmt der scheinbare Widerstand gewohnlich schenll mit del' Entfernung ab, 
eine Folge del', stark leitfahigen Meerwassers unter dem Schelfeis. An einigen Stationen, die mit Eisstromen 
und AusAussgletschen in Verbindung stehen, deutet jedoch die Zunahme bei grossen Auslagen auf eine 
untere Eissicht mit weit hoheren Widerstand hin. 

Mit Hilfe von Daten an sieben Stellen auf der ostlichen Halfte des Schelfeises, die keine deutlichen 
Anzeichen erhohten Widerstandes in del' Tiefe zeigen, einschliesslich Temperaturen bis 100 m Tiefe an zwei 
der Stellen, wird die Massenbilanzrate an der Unterseite des Eises auf einige Dezimeter pro Jahr fur Distanzen 
zwischen go und 530 km von der Eisfront abgeschlitzt; dabei wird fur den Grossteil des Schelfeises ein 
stationarer Zustand a ngenommen. Diese Annahme erscheintjedoch zumindest an Stellen nahe den AusAuss
gletschern fragwurdig und muss mit Vorsicht behandelt werden. Die Temperaturmessungen an den beiden 
Stellen ermoglichen zusammen mit fruher an del' RISP-Bohrstelle beobachteten Temperaturen eine 
Abschatzung del' Aktivationsenergie im resten Eis. Die den beobachteten Werten angepassten Modelle 
deuten darauf hin, dass die "effektive" Aktivationsenergie im festen Eis wesentlich nliher bei 0,15 eV 
(14 kJ mol-I) als bei 0,25 eV (24 kJ mol- I) liegt. Es wird angenommen, dass diese Differenz durch die 
Abnahme des Gehalts an Ionen-Verunreinigungcn mit zunehmender Eistiefe um einen Faktor von zwei odeI' 
mehr verursacht wird. 

INTRODUCTION 

As part of the Ross Ice Shelf Geophysical and Glaciological Survey (RIGGS), 17 d.c. 
electrical resistivity profiles have been completed at I I locations on the Ross Ice Shelf. 
During the first RIGGS season ( 1973-74) electrical resistivity measurements were made at 
the RIGGS base camp (station B.G) (Bentley, 1977)' A computer program was developed 
to calculate apparent resistivities on an ice shelf in which the density and temperature, and 
thus the resistivity, vary continuously with depth. Also, studies of the mass balance at the 
ice-water boundary beneath the ice shelf, upon which the englacial temperatures depend, were 
carried out. However, since neither the actual temperatures nor the activation energy were 

6°W 4° 2° o 
(180°) 
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Fig. I. Map of the Ross Ice Shelf, showing the locations and orientations qf the resistivity profiles (-e -). Solid arrows 
indicate measured flow directions (Swithinbank, 1963; Dorrer and others, [969; Thomas, [976). Dashed arrows show 
iriferred flow directions (Robin, [975; Bentley and others, 1979). Grid North is towards the top of the figure. 
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accurately known, the bottom balance-rate 6H was difficult to evaluate. Measurements at 
station R.I. in 1974- 75 yielded no new information on bottom balance-rates because of the 
discovery of highly resistive ice at the base of the shelf (Bentley, 1976). During the 1976- 77 
field ' season, drilling was completed down to a depth of 320 m at the RISP drill site (J-9) on 
the Ross Ice Shelf, about 30 km down-stream from station B.G. Temperature-depth measure
ments then became available for further investigations of the dependence of resistivity on 
temperature (Bentley, 1979). 

In 1976- 77 and 1977- 78, resistivity sounding was extended to eight other stations (Fig. I ). 
Density- depth information was obtained from seismic short-refraction shooting, and radar 
soundings yielded the ice thicknesses along the resistivity profiles. The measurements reported 
on here cover five of these stations (C-I6, M-I4, 0-1 I, 0-19, and Q-I3), where the form of the 
apparent resistivity curves was relatively simple. Temperature-depth data were collected 
from 100 m drill holes at the two RIGGS base camps (C-I6 and Q-I3) and have kindly been 
made available to the authors in advance of publication (personal communications from 
C. C. Langway, Jr, and E. Chiang, 1978, and J. H. Cragin, 1977). 
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Fig. 2. Sample plots of observed potential diJference V versus current I at C-I6. X and *' ( first quadrmlt ) denote cunentflow 
in the "positive" direction; X i,ldicates one reading and *' two or more readings plotted at the same point on the graph. 
Dots (single readings) and circles (multiple readings ) denote current flow in the negative direction (plotted in the third 
quadrant ). Superscripts +, - , and ± on the symbol n denote slopes determined from first-quadrant data on6>, third
quadrant data only, and the average of the two (no± = H no + + no -)) , respectively. The subscript 0 indicates that the 
regression line was forced through the origin. The solid lines indicate regression lines with slopes as shown. The dashed 
lines are the extension of the n o- and the no+ lines into the first and third quadrants, respectively. a (upper ) isfor 
a = 100 rn, b = 20 m; b (lower) isfor a = 900 Ill, b = 140 m. 
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FIELD METHOD AND RESULTS 

The Schlumberger array configuration (Bentley, 1977) was used throughout the investiga
tion. The current-electrode separation was increased to at least 500 m at all stations, and as 
far as I 000 m at station C-I6. Two perpendicular profiles were completed at C-16 and at 
Q-I3, one each at the other sites. 

The current I was provided by dry-cell batteries supplying voltages up to 2.8 kV, and 
was measured with a Triplett d.c. ammeter. The potential difference V was measured with a 
battery-operated electrometer (Keithley Instruments, model 600A or 6ooB), having an input 
impedance greater than ro I4 D.. Sections of copper pipe were used for electrodes. To reduce 
the contact resistance between the firn and the current electrodes salt solution was poured 
around the electrodes, multiple electrodes were used for the larger current-electrode spacings. 

DATA ANALYSIS 

A data set for a particular electrode spacing usually consisted of four to eight series of 
readings of the decay of V and 1. The direction of current flow was reversed between con
secutive series to counteract the polarization effect at the current electrodes. Background 
potentials were largely balanced by circuitry in the electrometer, and their effect was further 
reduced by correcting for open-circuit readings before and after each V-I series. Data were 
analyzed by plotting V versus I for each configuration of electrodes (see examples in Fig. 2a; 
see also Bentley, 1977, fig. 3) . A straight line, forced through the origin, was fitted by least
square analysis to each set of data, the slope giving the resistance D. of the ice for that particular 
configuration. The apparent resistivity pa is then given by pa = KO., where 

K = 7Ta
2 (I _ b2

) 

2b a2 ' 

a and b are current and potential electrode separations from the center respectively (see 
Bentley, 1977) . 

If there was more than one point at the same current-electrode spacing, the weighted 
average apparent resistivity pa was calculated from the equation 

pa = m 

L (cr;)t 2 

i = [ 

the corresponding standard error estimate a p being given by 

1 
-m---+;;:;-

L (cr;)t2 

I = I 

where (pa)t and (crph are individual apparent resistivities and standard errors, respectively. 
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GENERAL FEATURES OF THE RESISTIVITY SOUNDING CURVES 

The resistivity curves on the ice shelf may be divided into two main groups which differ 
at large electrode separations. At separations less than one or two hundred meters most of the 
curves are similar, showing three characteristic zones (Fig. 3). For a < 10 m, all the curves 
reflect the near-surface layer of seasonal temperature changes and local inhomogeneities. 
The second zone, from 10 to 100 m, reflects primarily the increasing density with depth in the 
upper 50 m of the ice shelf. The third zone, from 100 m to a distance which is, for most 
profiles, roughly equal to the ice thickness, is affected principally by the temperature gradient 
and the activation energy in the solid ice. At greater distances the two groups of curves 
diverge, "Type I" (M-I4, 0-19, unlabelled curves) showing apparent resistivities that 
decrease rapidly with distance, owing to the high conduction in the sea-water beneath the ice 
shelf, and "Type 2" (R.L, H-I3, L-4, N-I9) showing instead an increasing apparent resistivity 
revealing a zone of highly resistive ice, presumably at the base of the ice shelf, in which the 
resistivity is substantially higher than in the ice above. Type 2 profiles are associated either 
with major ice streams from West Antarctica (L-4, R.L) or large outlet glaciers from East 
Antarctica (H-I3, N-I9). In this paper we consider only Type I curves since they more clearly 
reflect englacial temperatures. 

E 
S 
c 
Q. 

N-I9 

104 "-1 ---L---'----,'I 0,,----'------'-1 o~o,.--J'-------L~~-'----J 
SEPARATION (m) 

Fig. 3. Electrical resistivity sounding curves obtained on the Ross Ice Shelf. Some of the curves are identified by station of 
observation (R.l., H-I3, etc.). Each curve was jitted to the observed data by handJor illustration purposes. 

ANALYSIS 

Model reSlstlvltles were calculated using the computer program developed by Bentley 
(J 977). The resistivity p was assumed to vary with temperature T according to an Arrhenius 
law with activation energy E: 

p oc. exp (ElkT), 

where k is Boltzmann's constant (8 .62 X 10-5 e V K - I = 1.38 X 10-23 kJ mol- I K -I). 

Temperatures were calculated from the steady-state model of Crary (196 J) : 

I
z {I [. ..('2. .]} exp ;; boZ- 2H (bo+ bH ) d..(' 

T-To 0 

T T = .:.,H..-------------- , 

H -o I {I[..('2 ]} exp ;; boZ-2H (bo+b H ) d..(' 
o 
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where To is the surface temperature, T H the basal temperature (-2°C), IX the thermal 
diffusitivity (taken to be 1.2 X 10- 6 mZ S-I), ho the surface balance rate, hH the basal balance
rate, and H the ice thickness. It is important to note that the use of a steady-state model 
implies that quantitative estimates of hH refer to average values over a time interval com
parable to the response time of the ice shelf to temperature changes at its base, that is, several 
hundred years. 

Firn densities for each station were determined from seismic refraction shooting along the 
same lines as the resistivity profiles (Kirchner, unpublished) . For the influence of density 
upon resistivity, Looyenga's equation (Looyenga, 1965) was used, leading to the relation 

pr = pi/VJ, 

where pr and Pi are the resistivities of firn and ice, respectively, and v is the firn-ice density 
ratio (see Bentley, 1977, for a detailed discussion) . The ice thickness H at each station was 
determined by radar sounding along each resistivity profile (authors' unpublished data). 
Values for ho and To were taken either from Clausen and Dansgaard (1977) or from pit 
studies during I.G.Y. traverses (Crary and others, 1962). 

We have tried two simple models of the activation energy based on our previous field work 
(Bentley, 1977, 1979) and laboratory measurements by several others (see summary in Glen 
and Paren, 1975) 

and 

{

I eV (96 kJ mol-I), 
E2 = 

0.25 eV (24 kJ mol-I ), 

{

I eV (96 kJ mol-I), 
E3 = 

0.15 eV (14 kJ mol-I ), 

z < 40 m, 

z> 40 m, 

z < 40 m, 

z > 40 m. 

These two models were applied previously to observations at station B.C. and J-9 (RISP 
Drill Camp), the fit appearing somewhat better for E = 0.15 eV than for E = 0.25 eV 
(Bentley, 1979). This is also true for almost all cases in this paper. 

Recent chemical analysis on the ice-core samples from the RISP drill site (Herron and 
Langway, 1979) showed an exponential decrease in sodium-ion concentration as a function 
of depth, from 100 p.p.b. (parts per billion) at the surface to about 65 p.p.b. at a depth of 
50 m, and to about 30 p.p.b. at 130 m. Similar results have been reported for the Little 
America V core by Langway and others (1974), except that the value obtained there for the 
surface concentration was about 480 p.p.b. Decrease in chemical content with distance from 
the ice front for sites on the Ross Ice Shelf have been reported by Warburton and Linkletter 
(1977) and Herron and Langway (1979) . The latter report an observed six-fold decrease in 
average sodium concentration in surface snows from 600 p.p.b. at the ice front to 100 p.p.b. 
at the RISP drill site, 450 km from the ice front . 

Gross and others (1978) reported that, in solid ice, the resistivity is proportional to c-o.4, 
where C is the impurity concentration. These considerations led Bentley (1979) to conclude 
that an activation energy of 0.15 eV (14 kJ mol- I) is probably only apparent and that the 
results at J-9 are consistent with a true value of 0.25 eV (24 kJ mol- I) for the activation 
energy. If that is correct, then apparent activation energies around 0.15 eV ( 14 kJ mol-I ) 
elsewhere on the ice shelf probably have a similar explanation. 

Other factors, such as total gas content, ageing, grain size, and crystalline structure could 
conceivably cause variation of resistivity with depth. They have not been included in the 
current analysis because their effects are largely unknown (see Bentley, 1979) . 
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In order to obtain estimates of the bottom balance-rate b H for each station, we have 
treated E and b H as parameters in the model curves. These model curves were matched to the 
observations at 200 m (sometimes 100 m) since we are concerned with effects in the solid ice 
at depths greater than 100 m, and wish to avoid any consideration of fit in the density
dominated region of the Pa curves. The parameters of the best model fits are shown in Table 1. 

TABLE I. SUMMARY OF RIGGS RESISTIVITY STATIONS, AND PARAMETERS USED TO CALCULATE THE 

BEST MODEL FIT TO THE DATA FOR EACH STATION 

Surface Activation Basal 
Surface balance energy in balance Ice 

Station Position temperature rate solid ice rate thickness 
grid DC m year- I eV m year- I m 

Q- I3 11.040 S., 0.01 0 w. -27.0 0.18 0.15 0 335 
0-11 100 s., 10 w. -27·5 0.12 0.15 0 390 
M- I4 8.990 S., 0.490 E. -27·0 0.13 0.25t 0 349 
C-I6 8.690 S., 1-450 E. -26.8 0.16 0.15 0 378 
0-19 IQ.03° S., 3.000 E. -25.0 0.21 0.15 -0·5t 472 
B.C.* 7.240 S., 1.80 w. -27.2 0.08 0.15 0 493 
J-9* 7.480 S., 1.50 w. -27.2 0.12 0.15 0 420 

* Bentley (1977, 1979). 
t See discussion in the text, p. 341. 

Station Q- 13 

The apparent reslstlvltles measured on the two profiles are different for separations 
greater than 100 m (Fig. 4). Several models were tried; the two that matched "Profile I" 

best are shown in the Figure. No model was found that matched "Profile 2" although the 
quality of the data for "Profile 2" is high (there are as many as five measurements, using 
different source voltages and potential-electrode separations, at some distances). The aniso
tropy is probably real and may be related to the buried rift zones known to occur within 3 km 
ofQ-I3 (authors' unpublished radar profiling data). 

Measured temperatures in the ice (personal communication from ]. H. Cragin, 1977) 
are in good agreement with the calculated model E = E3, bH = 0 (Fig. 5) . Since this model 
also fits Profile I, we prefer it for station Q-I3. 

o 
Q. 

106 ,------.-------------, 

I 04 '---'.....l....L..L.LLL_.-L--'.--'-....L...L.illW 

50 100 200 500 1000 
SEPARATION (m) 

Fig. 1. Plot of apparent resistivities for both profiles at station Q-13. The height of each symbol represents the standard deviation 
calculated from linear fits to plots like those in Figure 2. The solid curves are the calculated models described in the text, 
with E and 6 fl as shown. 
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Fig. 5. Calculated temperature-depth curves for station Q-I3 corresponding to models shown in Figure 4. Solid dots indicate 
temperatures measured in the 100 m core hole at Q-I3. 

Station 0-1 I 

Several models with different set of parameters were tried; two, E = E3, b H = 0 and 
E = E2, bH = -0.5 m year-I (i.e. 0.5 m year-I melting), are shown with the measured 
apparent resistivities (Fig. 6). The former appears to fit somewhat better than the latter. 

Station M- I 4 

Of the three model curves shown (Fig. 7), the one with E = E2, bH = 0 fits the observed 
values best. Note the small effect of a bottom freeze-rate as large as 0.4 m year-I, showing 
the poor sensitivity to positive values of 6 H at stations where the ice is relatively thin and the 
relatively flat "third zone" of the apparent resistivity curve is short in length . A bottom 
freeze-rate of 1 m year-I or so would be needed to yield a fit with E = E3. Note, however, 
that Crary's (1961) temperature model can no longer be applied quantitatively to resistivities 
when bottom freezing occurs because of the greatly reduced resistivity of saline ice (see the 
Discussion section below). 

Station C- I 6 

The resistivity soundings made along two perpendicular profiles were nearly in agreement 
and were combined after the removal of an 1 1 % average difference. The combined profile 
is shown in Figure 8, along with two model curves with the same activation energy E3, one 
with bH = -0.5 m year-I and the other with bH = o. The latter model fits the observed 
values up to a separation of 300 m, but at greater distances the observed values of apparent 
resistivity are significantly high, so that no simple model fits. 

Measured temperatures (personal communication from C. C. Langway,]r, and E. Chiang, 
1978) and the two temperature models are shown in Figure 9; clearly, the model with b H = 0 

is in excellent agreement with the measured values (the slight displacement reflects an im
proper choice of To in the model calculation which was carried out before the observations 
were available). 

It is tempting to conclude that there is a highly resistive basal layer at the bottom of the 
ice shelf similar to, but thinner than, the one that presumably produced the "Type 2" curve 
at the mouth of Beardmore Glacier (station H-13), since C-16 lies on Beardmore Glacier ice 
directly down-stream (Bentley and others, 1979) . However, it is first necessary to examine the 
data collected at this station more carefully. At separations of 400 m and larger the points on 
the V-I plots deviate increasingly from well-defined straight lines (the worst case is shown in 

https://doi.org/10.3189/S0022143000014854 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000014854


ELECTRICAL RESISTIVITY SOUNDINGS 

E 
Cl 
o 

Cl. 

50 100 200 500 1000 
SEPARATION (m) 

Fig. 6. Plot of apparent resistivity at station 0-1 I. Solid curves are calculated models with parameters as shown. 
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Fig. 7. Plot of apparent resistivity at station M-14. Solid curves are calculated models with parameters as shown. 

E 
S 
o 
Cl. 

C-16 %~ 
~~ COMBINED PROFILE 

105 ~~rl-------t---'x E3 
........ :Eo" ti =-0 5 m a-I 

, ... H /. 

-'-

50 100 200 500 1000 
SEPARATION (m) 

339 

Fig. 8. Apparent resistivity data from station C-16. Apparent resistivities for each profile were obtained using the flo± values 
(see Fig. 2), and then combined as discussed in the text. Solid curves are calculated models with parameters as shown. 
The Pa points shown with light bars at separations of 900 m and I 000 m come from onry one of the two profiles at C-16. 
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Fig. 9. Calculated temperature-depth curves for station C- I 6 corresponding to models shown in Figure 8. Solid dots indicate 
temperatures measured in the lOO m core hole at C-I6. 
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Fig. la. Apparent resistivity datafrom station C-16. This figure is the same as Figure 8 except that apparent resistivitiesfor 
each profile were obtained using the n+ values (see Fig. 2). The Ps points shown with light bars at separations of 800 m 
and 900 m come from onlY one of the two profiles at C-I6. 
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Fig. I I . Plot of apparent resistivity at station 0-19. Solid curves are calculated models with parameters cs shown. 
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Fig. 2 b; see also the well-defined line in Fig. 2a). The best-straight-line fit to the first-quadrant 
data deviates markedly from its constrained passage through the origin. The cause of this 
non-zero intercept is not known. To put the magnitude of the deviation in perspective, first
and third-quadrant data were fitted with separate regression lines that were not forced through 
origin. Calculating apparent resistivity from the third-quadrant slopes yielded results not 
much different from Figure 8, but use of the first-quadrant slopes cause a large decrease in the 
observed values (Fig. 2b), enough to bring them into agreement with the model curves (Fig. 
IQ). Although we know of no valid experimental reason for accepting the first-quadrant 
slopes rather than those drawn through the origin, the results are striking enough to make any 
conclusion about a basal layer in the ice premature. 

Station 0-19 
Two models are presented for this resistivity sounding, both with bH = -0.5 m year-I, 

but with different activation energy functions (Fig. I I) . The model with E = E3 and 
bH = -0.5 m year- I fits the data better. A third model with bH = 0 and E = E3 (not 
shown in Fig. I I) did not fit the data at all well. 

Station 0-19 is about 310 km from the ice front, but only 75 km from Mulock Glacier, 
which is the source of the ice at this site, as shown by the strong radar reflections (Bentley and 
others, 1979). The ice at this location has thus only a relatively short residence time of perhaps 
250 years on the ice shelf (using the discharge velocity of 290 m year- I measured for Mulock 
Glacier (Swithinbank, 1963)), compared with a transient temperature decay constant of some 
700 years (calculated from appendix A, equation (2) , in Wexler (1960)), so that the assump
tion of steady-state conditions at 0-19 (and at other locations close to outlet glaciers) is 
probably invalid. Alternatively, because of the proximity of this station to Mulock Glacier, 
there may be a thin, highly-resistive, basal ice layer similar to that suggested as a possibility 
at station C-I6. In either case, the indicated bottom melt-rate of 0.5 m year-I could be 
seriously in error and, in fact, not reflect true melting at all. 

DISCUSSION 

The resistivity profiles presented here lie in the grid eastern half of the Ross Ice Shelf, at 
distances between 90 and 400 km from the ice front. At only one, 0- I 9, is there any suggestion 
of bottom melting, but the lower temperatures that are indicated by the resistivities there 
more likely occur because the ice has recently been discharged from Mulock Glacier than 
because of an equilibrium melt condition. Unfortunately, the profiles at Q-13, closest to 
(about 90 km from) the ice front, are disturbed by local inhomogeneities, nevertheless, the best 
model fitted to the data, as well as the temperature measurements to a depth of 100 m, 
suggests no bottom melting. With an ice movement-rate here of the order of I km year-I 

(Dorrer and others, 1969), that would mean no measurable average melting over a few 
hundred kilometers up-stream from Q-I3. This is consistent with the estimate of Zumberge 
(1964), based on strain measurements, that the melt-rate decreases from about I m year-I 

near the ice front to zero at a distance of 80 km from the margin. 
Some of the models of Giovinetto and Zumberge (1968) include bottom freezing-rates of 

greater than 0.3 m year- r at distances of 200 km or more from the ice front. Large freezing
rates are not supported by the temperatures measured directly and deduced from resistivities 
at stations E.C., J-9, 0-1 I, and C-16. Only at M-14 would a large basal freeze-rate be con
sistent with the observations. 

As pointed out above, however, the simple model of resistivity varying only as a function of 
temperature in the solid ice breaks down if basal freezing occurs over the several hundred 
years averaging time implied in b H, because of the development of a basal zone of relatively 

https://doi.org/10.3189/S0022143000014854 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000014854


342 JOURNAL OF GLACIOLOGY 

much more conductive saline ice. A better approximation in this case is simply to reduce the 
model ice thickness by the thickness of the basal layer. Model fitting on this basis leads to an 
estimated basal layer thickness of about 30 m. 

Detailed radar profiling on the surface of the ice shelf at M- I 4 reveals an irregular, patchy 
reflector about that distance above the base (Fig. 12). Although it is not clear why a fresh
saline ice boundary should be so irregular in geometry and reflectivity, the general agreement 
between the two lines of evidence suggests such an irregularity strongly. 
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Fig. 12. An intensity-modulated continuous profile carried out at M-I4 using 35 MH z radar (antenna separation 30 m, 
attenuation 0 dB) . I fLS in travel time corresponds to about 85 m in ice thickness. The scale of distance along the profile 
is slightly non-linear. The weak, irregular reflection above the ice-water interface suggests possible saline ice at the bottom 
of the ice shelf. 

The assumption of a basal saline layer is greatly strengthened by maps of airborne-radar 
reflection characteristics which show M-14 to lie in a poorly-reflecting band (Neal, 1979; 
Bendey and others, 1979). Neal (1979) has interpreted this band as arising from basal freezing 
up-stream of M-14, a conclusion supported with additional evidence by Bentley and others 
(1979). M-14 is the only resistivity station to lie in one of the poorly-reflecting bands. 

Consistent with previous observations at J-9 and B.C. (Bentley, 1979), the measurements 
continue to suggest an "effective" activation energy in the solid ice closer to 0.15 eV (14 
kJ mol-I) than 0.25 eV (24 kJ mol-I). 
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