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ABSTRACT

Direct-current resistivity prospecting methods have been
used but rarely in the past in physical investigations of ice-
caps and glaciers. However these methods have the advantage of
using light-weight and inexpensive equipment that is‘simple to
operate., As part 6f the geophysical program of the Arctic
Institute of North America's Devon Island Expedition, resistivity
measurements were made in the accumulation and ablation zones
of an ice-cap and on an adjoining glacier during the summers of
1961 and 1962,

vDepths of ice ranging from 50 to 750 meters were measured
on the Sverdrup Glacier.  Depth soundings on the ide-cap were
not very successful owing primarily to insufficient power.
However, some indication of the depth ahd composition of the firn
was obtained. Icg.resistivities were for the most éart in the
range from 4.104 to 10° ohm;meters, as compared with values of
several megohm-meters found for temperate glaciers in lower

latitudes, Variations of ice resistivities as a function of other

physical properties were investigated.
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PREFACE

- The purpose of this study is to describe and evaluate the
use'of'direcﬁ-current resistivity prospecting methods in -
investigatiohs of the depth and physical properties of glaciers
and ice sheets. Particular attention is paid to the results of
field work carried oqt wifh the Arctic Institute of Norfh
America's Devon Island Expedition during two summers. The Devon
Island program of resistivity-work is believed to he the most
eiténsive’Of_its_type_to date,‘and it_is felt that an assess-
meﬁt of this method as a glaciological tool is now.of‘value.

The conduction mechanisms of;ice are extremely complex and they

are not dealt with here 1ﬁ any détail.' However, the resistivitj
difference found to exist between Arctic ice sheets and those of
continéntal,America, Asia, and Europe is described, and the fathrs
involved are discussed. Not all the possibilifies of directfcﬁrrent
methqu on glacial ice have been explored, nor are all the re-
Vsults 6btained completely understood., - The present study will
discuss the applications investigated to date, suggest others

‘ that a§peéf promisihg, and give a detailed description'df measﬁr—
ing techniques. |

I wish to express my thanks to the Arctic Institute of
Nortthmerica, who sponsored the field work;:to‘the Institufé ‘
of Earth Sciences, University of B.C., which lent eqﬁipment; to
Dr;‘J;C,-Savage'for his suggestions and criticisms; énd to Nr.
R.H. Hyndman and Lt. R.A. Tansey for their aésistance in ¢arry+i-;,

iﬁg out the field work,
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Dr. K. Vogtli, who initiated the resistivity work on Devon .

- Island, has made many suggestions concerning the work for
which I am most grateful. I have taken thé liberty of including
four of his curves in the present study. |
In particular, I should like to express my sincerest
thanks to Dr. J.A. Jacobs who has given me encouragement and

assistanée,in évery stage of the work that preceded this thesis.



I,  INTRODUCTION

Although by no means a new idea, the application of resis-
.tivity techniques to ice massés has been infrequently practised.
- Probably the fact that pure ice is highly insulating at low
frequencies dissuaded glaciologists §rigina11y from attempting
direct-current measurements. However glaciallice, taken as
- 'a whole, has electrical properties that differ considerably from
those of pure ice. In addition, the prbperties of ice of most in=
terest to glaciologists, such as temperature,.crystal structure
land density, areiimportant parameters of the'conductivity in |
any.material. These factors aldne render an investigation

worthwhile.

Previous applications of resistivity methods to ice masses.

" The earliest obtainable reference, an abstract of a Russian
report describing field work in 1939,‘containsithe following
remarks (Mikhailov, 1939, SIPRE abstract).

'The determination of the thickness of glacier ice by
seismic reflection is considered unreliable because secondary
waves at high altitudes are difficult to distinguish in thin
glaciers. The measurement of specific resistance of glacier ice
by electrical resistance methods is believed to be reliable. A
diagram was made from data collected on Mt. Elbrus* expressing
specific resistance as a function of the distance between eleci-
rodes, the length of the circuit, the difference in potentials
of the electrodes, and the current. The resistivity of the upper
layer of the glacier was 3 megohm-meters, ...'

In 1956 and 1957 a team from the Laboratoire de Géophysique

Appliquée et Expéditions Polaires Frangaises made two trips to

% S,W. Russia
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central European glaciers to experiment with resistivity measure-
“ments on ice, using both natural earth currents and current
externally applied. On the Grand Glacier d'Aletsch they deter-
mined a mean resistivity of the order of 10 megohm—meters.for
the glacier ice (Lefeure et al, 1957). On the Glacier de Saint
Sorlin in the French Alps an ice depfh of 80 meters was recorded,
the ice having a resistivity of about 80 megohm-meters.(Queille -
Lefeure et al, 1959). | |
At the Twelfth”Generél Assembly of the International Union
of:Geodesy and Geophysics at Helsinki in 1960, B.A. Borovinski
(1960) presented a paper describing work done'on the glaciers
of Kazakhstan as part of the International Geophysical Year
program. Borovinskl mentions fhe advantages of weight and size
. of resistivity equipment over seismic gear, and claims that
electrical methods can be successfully apblied to the following
problens:
(i) Determination of ice thickness.

(ii) Measurement of the velocity of "inner ice layers".

(1ii) Determination of the,elastic constants of ice at depth.

(iv) Determination of the shape of a glacier bed.

- (v) The study of moraines.

(vi) "To ascertain sections of increased thawing of the

ice down the glacier's surface."

Few details are given to substantiate these somewhat unreserved
statements, It is probable however that resistivity methods on
ice have been-ektensively.investigated in the Soviet Union,

4a1though English abstracts are not available.
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In 1959, G.V. Kellef and F.C. Frischkneéht (1960) of the
United States Geological Surve& éxpérimentéd With eleétrical
and electro-magnetic methods on the Athabaska Glaéier in
Alberta. Usiﬁg a pulsed direct-current technique to determine

‘simultaneously the apparent resistivity and fhe dielectric
constant they identified two layers: a surface layer with re-
sistivity varying from 0.07 to 1.8 megohm-meters and a second
layer extending to bedrock with a reéistivity 9f 10 to 20 megohm-
meters. “ '

‘During the past few years the Swiss Post -'Telegraphen -
und Telephonverweltung (P.T.T.) has undertaken én investigation
of the electrical propéfties of glacial ice in connection with
the laying of power lines acrdss and through glaciers. Glacial
ice resistivities éncountered ranged from 10 to 60 megohm-meters
(Voglti; 1957). . |

Following reports that the resistivity of ice on fhe

. Greenland ice-caﬁ was smaller by two to three orders of mag-
nitude than that of continental Europeah, Asian, and American
glaciers, Dr. K. Vogtli of the Swiss P.T.T. spent two months in
the summer of 1961 on Devon Islandvin the eastern Canadian
Arctic. 1In addition to determining that the ice there has a
resistivity similar to that reported in Greenland, Dr. Vogtli
carried out a resistivity survey of a glacier on the north coast,
_ measuring depths and resistivities from source to snout. In
isolated cases, regions of megohm-meter resistivity were encoun-
tered and some of the '"dead" tributary glaciers (i.e. giaciers

that no longer joined the ice-cap at their headsj displaYed
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intermediate values of resistivity.

The resistivity work carried out on bevon Island during the
summer of 1962 extended these studies to the ice-cap. Measure-
ments were takenbboth in the accumulation zone and the ablation
zone, and i% was hoped that ice thicknesses could be obtained

to complement the gravity survey carried out simultaneously.

Electrical properties of snow and ice.

The theory of charge conduction in ice crystals is as yet
incomplete. Eigen and deMaeyer (1958) refer to ice as a "protéhic
‘semi-conductor” since the hydrégen—bonded system can exhibit
excess and defect proton charge transport. The mobility of the'
proton exceeds that of any other ion in the lattice by several
orders of magnitude and approaches closely the electronic mobiii—
ties in metals and certain semi—conductdrs. The transition from
water to ice is accompanied on the one hand by an increased
proton mobility and on the other by a decreased proton concen-
tration, leaving the conductivities of the two phases much the
same. The uncertain aspect of the theory is the process deter-
nining the rate of the proton's passage through the hydrogen-
bonded molecularrchains; A»

1mpurities»present in the water ére concentrated on freezing
"either between the plétes of the crystal or around the crystal
walls. The intersticial material can be expécted to contribute
electronic and ionic conductioh; and the conductivity of thé
impure ice is much increased (Mantis, 1951, p.39).

The dielectric propertieé of ice and snow have been frequently
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studied and an idea of theiridirectmcurrent behaviour may be
obtained by extrapolating the results at very low frequencies.

If thé complex dielectric constant of pure ice, given by

% 4 \ C - G
€ = € -1 =_-S5S_.31.2 (m.k.s. units)
C, w C, » , .
where Cg = Capacitance of test capacitor with sample
- inserted.
C, = Capacitance of test capacitor without sample.
G = Conductance of test capacitor.

w) = Ahgular frequency = 27f

e

is plotted on an Argand diagram (fig. 2) it is seen that the
conductivity at zero frequency ié'effecfiveiy zero, For impure
ice the 1ow frequency section of the curve deviates markedly
from the éemi—circle; Auty and Cole (1952) found a resistivity
of nearly 108 ohm-meters at -0.10°C aﬁd a frequency of 100 cycles
per second. The value continued to decrease with frequency.
Similar tests by Watt and Maxwell (1960) on ice from the Atha-
baska Glacier showed a resistivity-that'approached constant
values between 3.10° and 2.10® ohm-meters at —0.10°C as the fre-
quency went below 200 cycles per second. Below 200 cycles per
‘second the condﬁctivity of glaciér ice increased with temperature.
R. Siksna (1957) has studied the electrical conduction of
ice crystals both by'observing the rate of discharge of a capa-

citor through a sample and by placing the crystal directly in a
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circuit through which current was flowing. He found the con-
ductivity to be dependeﬁt on:

(1) Temperature. The conductivity, for a given applied
‘potential, could increase by several hundred percent between
the temperatures of -25.5°C and -4.5°C.

(ii) The direction of current with respect to the optic
axis. Variations in this case seemed to be largely dependent
on the electrical history (see iv).

(1ii) The applied potential. For a given set of conditions,
the conductivity decreased with increasing potential.

(iv) Electrical history. The conductivity of a sample
underwent a marked decrease after the sample had been electri-
cally stressed over a period of time. The resistivity of ice at
~10°C increased by a fgctor of 800 when the sample was connected
to one terminal of a 135 volt battery for a three day period.
Reversing the measuring current restored the conductivity fo its
original order of magnitude. Siksna attributes the curreht de~
crease in fhe circuit to a piiing up of the available carriers
‘at the electrodes. His observation is of interest since a simi-
lar polarization effect was observed in the present field investi-
gations, wheh the effective resistance of the glacial ice in the
circuit increased markedly with time when a current was passed
(see Table II).

A polycrystalline sample of ice can be expected to exhibit
polarization at internal surfaces such as cracks, air bubbles,

and intergranular boundaries (Mantis, 1951, p. 39). Thus the



conductivity of a sample will depend both on its density and on
the size and 6rientation,0f its grains. This assumes that the
temperature is sufficiently low that condﬁction cannot occur
through concentrated solutions of impurities along the granular
Ainterfaces. This assumption is certainly valid for the Arctic
.ice ﬁasses to be discussed, especially in view of the melt
samplé conductivities given in Table I.

Snow is composed of ice crysfals and air spaces: its di-
eleqtric properties are determined by the,volume ratio of the fwo
media and the overall structure. There exist in nature an almost
limitless number of possible structures, combinations of grain
size and density. In addition the snow may contain free water
which will greatly alter the electrical properties. Thefdielectric
properties of dry snow, however, depend predominantly on the
densify and on the dielectric properties of the ice-crystals

(for discussion see Kuroiwa, 1954).

The low resistiVity of Arctic ice sheets.

The ice resistivities encountéred on Devon Island differed
by two to three orders of magnitude-fronithose of temperate
glaciers previously investigated. The pertinent factors to be
considered are asvfollows:

(i) Temperature. The fact that the colder ice is a much
better conductor than the comparatively warm ice rules out .
temperature as a possible cause.

(ii) Impurity content. In the absence of proper éhemical

analysis, the conductivities of melt water samples from various
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TABLE 1

Resistivity of Water Samples

Location Resistivity (ohm-meters)
at 0°C unless other-

wise indicated .

Sea Ice.
Lake Water (Devon Island).
Melt stream (Sverdrup Glacier).
Melthtream(Athabaska Glacier).

(Keller and Frischknecht, 1960, p. 447)
Snow (Sverdrup Glacier).

Snow (Devon Island Ice-cap)

Ice (Devon Ice-cap)

Firn and old snow
‘(Accumulapion_éone)
. Surface "
At 1.5 meters
At 8 meters

Distilled water.

0
59
203
650

1300

2510
2270
4020
2780
2000
2080

2370
3920

6050

.20
(1.1°Cc)
(3.5°C)
(5.0°C)
(4.0°C)
(2.8°C)

9890

4840

5350
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locations are compared in Table I. The evidence is very
limited and the samples are of néceséity taken from the surface.
Moreover the effects of impurities on the conduction mechanisms
of water and ice needlnot be of the same order of magnitude.
It can be seen that resistivities of samples from the Sverdrup
and Athabaska Glaciers are very similar; of greater significance
however is the comparison of the resistivities of ice-cap samples
and distilled water. Despite considerable variation from sample
to sample in a given area, this close correspondence would
indicate that the impurity content of the Arctic ice is very low.
Possibly small quantities of a particular impurity in the crysfal
lattice are responsible for the observed resistivity contrast;
otherwise the available evidence does not point to impufities
as the origin of the difference.

The conductivities of the Devon Island samples were
measured with a Philips Conductivity Measuring Bridge (PR 9500).

(1iii) Crystal Structure. It has been suggested that the
- resistivity of ice samples could depend on the size and orienta—‘
tion of the gréins, which in turn can be related to age, tempera-
ture, and internal stress. One method of determining fhe impor-
tancé of structural differences is to measure the gesistivity of
the unconsolidated firn in the accumulation zones of the ice
masses concerned. If theiresistivity difference still exists
(differences in firn temperatures being taken into account) ‘then
it must be due to the properties of the individual ice crystals;
if it no longer exists then structural differencés are probably

the cause of the anomaly. Firn resistivities have been measured
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on Devon Island but as farAas is known no such data is available
for the temperate glaciers. The resistivity of snow has been
measured in various localities by Roman (1936), Shimada (1954),
Lee (1936), and Vogtli (1957), but since the temperatures»and
snow structures are not consistently described there is no basis
for comparing the results. |

A second method of determining the importance of crystal
structure is to measure the resigtivity of refrozen melt samples
which have recrystallized under different conditions of tempera-.
ture and pressure than the original ice. The results of such
measurements being made by Vogtli are not yet available. Similar
informatioh could be obtained from measurements on refrozen melt

lakes on the ice-cap and glacier surfaces.
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II. THEORY OF THE RESISTIVITY METHOD

Solution of Laplace's equation.

Direct-current flow from a source in a‘homogeneous iso-
tropic conducting medium is analogous to the flow of an incom-
pressible fluid; the amount flowing into a closed surface per

unit time must equal that flowing out. Expressed mathematically;

— - N
V-1i=0 _ (where 1 is the instantaneous
o current density)
Sincengfat any point can be written
i= - 1 vV (where V is the potential and ¢
e_ is the resistivity of the medium.)

the potential function satisfies Laplace's equation

V»ZVA= 0
If a point source of current is considered to bexsituated at
the interface between a‘semi-infinite homogeneous and isotropic
conducting mediuﬁ.and a medium of infinite resistanée, the poten-
tial}field is spherically symmetrical in the conducting half

space and satisfies the equation

a2y +2 dv_g (where r is the radial co-
;;5 r dr. ordinate. ) o
whence V =+ 3.+ ¢
r

where S and C are donstants} These constants may be evaluatedA
from the conditions that the potential is zero at r = o0 and the
total current passing through a hemisphere of radius r must equal
the source strength I, It is found that |

C=20 S = %le(I may be positive or negative)
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Hence . v(r) =._£2,

2rr

. vE) ' :
= 92 I
or e, jr I » (D)

Since in general the medium will not be isotropic or macro-
scopically homogeneous, this quantity is called the apparent
resistivity and written e_app-

The problem of finding the potential fieid of a point
source in a medium composed of two or more homogeneousvisotfopic

horizontal layers involves satisfying the boundary conditions at

each interface:

Vl = V2
1.3V _ 1 79V
'B B (II)
€1 Co2 o2 |
where z 1is the vertical co-
ordinate.

Subscripts 1 and 2 refer to
upper and lower layers.

This is dooomoy using the method of images or by direct solu-

- tion of Laplace's equation under these conditions. Tho former
method is useful in simple horizontal structures but can be
applied only in certain cases to structures with dipping beds
(Maeda, 1955). Using separation of variables in a cylindrical
co-ordinate éystem and applying the conditions (II) at each
interface, Stefanesco et al (1930) derived an eXpressionvfor the
apparent resistivity of the ﬁediﬁﬁ in terms of the potential
field and the total current. From this result, standard curves

are derived for a number of combinations of layer depths ahd



resistivities, giving apparent resistivity as a function of

electrode spacing.

Electrode configurations.

The field work to be described makes use of the electrode
configuratiqns of Schlumberger and of Wenner. These are shown
schematically in figure 3. The expression fore_app in each case
is obtained by superimposing the potential fields of the current
electrodes according to (I). Standard curves are available for
the Schlumberger (La Compagnie Generale de GEophysique, 1955)
and Wenner (Mooney and Wetzel, 1956, or Vogtli,No. 14104, 1957)
configurations. Two and three layer standard curves (Schlumberger)
are given in the‘appendix.Figuze é(c) shows a useful variation
of the Wenner configuration. It cén-easily be shown that an
interchange of the current and potential electrodes has no effect
on the measuréd apparent resistivity. In addition, the configur-
ations CPPC, CPCP, CCPP, and their reciﬁrocals, can be shown to
yield apparent resistivities Qaapp: efapp’ and Q?app respectively
that satisfy the relationship

B
a = Y
3¢ app e app + 2 Q‘app (I11)

This relationship provides a useful check on current losses in

the equipment and cable.

Current penetration in a two-layer structure.

The effect prbduced by a subsurface feature on the surface
potential field is proportional to the fraction of the total
current flowing through .it. Muskat and Evinger (1941) have



Variations on the Wenner
configuration. (After

(6j Schlumberger Configuration. (c) Carpenter, 1955, Table 1).
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Figure 3. Electrode Configurations.
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plotted the fraction f of current flowing in various resistivity
combinations of two and three-layer horizontal structures.
Figure'4 shows the current fraction flowing in the upper layer of

a two-layer_model. This is an important concept for qualitative

interpretation.



-10-

IIXI. APPARATUS AND MEASUREMENTS

The resistivity equipment used on Devon Island, including
6500 meters of cable, did not exceed 130 pounds in weight, and
with the possible exception of the instrument case, contained
no bulky components. The piincipal articles were: the instru-
ments and case (25 1bs.); cable (65 1lbs.); eleetrodes (15 1bs.);
marker flags (5 1lbs.); and 3 radios (20 lbs.). Measurements
with a maximum current electrode seperation ef 1300 meters
required only 60 pounds of equipment, a load easily distributed

between two men.

Instruments and measuring circuit.

The measuring circuit is shown in figure 5(a). Any one of
the central terminals of the four switches, SWl; SW3, SW4 and
SW5 can be connected to any one of the electrodes attached to
SK1 to SKS*. The current flow is adjusted by means of a poten-
tial divider set across a variable number (SWZ) of series-con-
nected 674 volt dry cells. The value of R is chosen to give
linear performance over the range of the potential divider. The
voltmeter (V) is a Keithley model 600A Electrometer, an instru-
ment whose high input impedance (1014 ohms) prevents distortion
of»the measured field. The current flow is measured by a
Simpson model 269 multimeter (A) capable of reading 16 micro-

amperes full scale. SW6 is én~off~orz switch for the

*

A fifth electrode is used in the Lee Partition Method a varia-
tion of the Wenner Method used for determining the slope of
the interface in a two-layer case.
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current circuit. Batteries, instruments, andAWiring are fitted
into a canvas covered wooden case (fig. 5(b)). The two instru-
ments, both easily removable, are surrounded by half inch slabs
of polyethléne foam to lessen vibration and to isolate them

electrically. The electrode cables are attached to the back of

the case by means of Cannon type 128 éonnectors.

Electrodes and cable.

Ideally the current electrode is a point source. In prac-
tice this is closely approximated by using a pointed metal stake.
For a given imposed voltage and electrode spacing the current
is cfitically dependent on the contact resistance at the elec~
trode. If the surface is ice the stake is placed in a crack or
water-filled hole and *salted" to‘improve the contact. If the
surface is snow the area around the stake is thoroughly packed
and a brine solution poured over the stake. With large electrode
separations the contact area can be increased by using several
stakes connected in parallel and arranged in a circle.  From the
expression for the potential field of each stake (I) it can be
‘seen that at separations of the potential and current electrodes
large compared with the diémeter of the circle the resultant
field is essentially that of a point source. Frequently a spade
or a wire mesh is used as a currentlelectrode at large separa-
tions.

The potential electrodes consist of copper rods immersed in
a copper-sulphate solution, the whole being enclosed in a cléy

Jar with a porous lower half. The jar is 6 inches high with
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inside diameter 2% inches, and the rod enters through a neo-
prene stopper. This arrangement ensures that the contact poten-'
tials of the two electrodes are similar to within a few milli-
volts; thus the voltmeter will not be thrown off-scale on the
lower voltage ranges. Ideally the solutions are saturated, and
at the same temperature; in practice it is sufficient to keep
the concentrations equal.

The cable used on Devon Island consisted of six strands of
copper and one of steel,insuléted by a single layer of polyeth-
lene to give an overall diameter of 1.8 mm. The cable was wound
on ten hahd-reels each carrying 650 meters. One reel with cable

weighed 6.5 pounds.

Reading procedure.

While it is possible-for'one man to run the equipment,
three men (a central operator and a man for each side) are
necessary for efficient operation., Procedure can be itemized as
follows:

(i) Using a fabric measuring tape (50 or 30 meters in
length depending on the wind) the electfode distances are measured
from a chosen center. The distances "a" are chosen so as to
give an even spacing of points on the logarithmic scale on which
the standard curves are plotted. This set of measured distances
is termed a "profile”.

(ii) The cable .is reeled out from the center, two reels
being joinéd when necessary. At each point of the profile an
electrode is inserted and readings taken, At separations of

over 500 meters, communication between the central and outlying
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personnel is achieved by radio or by means of ammeters adjacent
to, and in series with, the current electrodes. This latter
method,'besides being génerally more reliable than radio, acts
as a check on current losses along the cable; The man af the
electrode can read the current directly and adjust his electrode
if the flow is insufficient. Signals are given by interrupting
the current flow. |
(iii) Once the electrodes are in place, the recording pro-

cedure is as follows: ‘

(a) the current is adjusted to a convenient valué,
large enough to produce an appreciablg potential AV buf nof so
large as to be é significant drain on the batteries.

.(b).The volitmeter is connected on a suitable range and
its reading V, and the current I recorded. l

(c) The batteries are disconnected from the circuit and
the new voltméter_reading Vo (the background potential) recorded.
Then '

Vo = Vy = OV

This method‘of measuring AV is considered preferable to the
often used technique of setting Vo5 equal to zerb by cancelling
the background potential with a counter e.m.f. The background
can drift considerably and it is convenient to average by eye
several successive measurements as described in (b) and (c).

(d) The currenf flow is reversed and steps (b) and (c)
répeated. While it would be useful fo repeat (a) to (d) using
a different value of current it is advisable to take all readings

with the same needle position of the ammeter to avoid errors due
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to the non-linearity of the scale.
(e) The valuesaVand I are inserted in the appropriate
equatien and Q_app computed and plotted as a function of "a"
on log-log paper. The experimental curve is then compared with
standard curves.
When time permitted two profiles were measured at right
angles from the same center to check the results and the iso-

tropy of the ice.

Limits of accuracy.

. Ideally :eading errors should not contribute more than'
4 percent but under difficuit conditions this factor may be
exceeded. Errors in distance measurements are negligible. Other- -
wise the accuracy of depths and resistivities depends enfirely
on the fit obtained with the standard curves. Standard curves
can be computed for any arrangement of electrodes and any com-
bination‘of the measured quantities using the tables prepared
by Mooney and Wetzel (1956), but generally the spread of the
points>threugh which the experimental curve is drawn is such that
the combinations available in published standard curves are
adequate. A single profile cannot be expected to give ice depth
to better than 25 percent. However, if several such profiles
are read and if the parameters such as ice and bedrock resistivi—.

ties are known, accuracies of 10 to 15 percent are possible.

Relative advantages of the Schlumberger'and'Wenner methods in

this application.

For a given current I and spacing "a" the method of Wenner
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has the advantage of yielding é value C;V approximateiy twice
that given by the method of Schlumberger. In addition, with the
electrodes in place three interrelated apparent resistivities
can be measured by switching leads as explained previously.
However, the Wenner arrangement requires almost twice the amount
of cable to probe the same depth and both the potential and
current electrodes must be moved considerable distancéé between
readings. With the Schlumberger configuration, the potential
electrodes can be quickly manipulated by the central operator.
In this particular application the method of Schlumberger is
more efficient; occasional Wenner readings should be taken as a

check on results.

.Common difficulties arising in obtaining the measurements.

~These are listed in Table 3.

Evalﬁation of'equigment.

While the equipment shown in figure 5 functioned well on
the whole, the case was not always successful in insulating
components. Despite theApreCaqtions taken to keep batteries,
instruménts, and connections dry, it became virtually impossible
to eliminate stray.currents when riming and freezing rain con-
ditions prevailed. On such occasions it was necessary to remove
the components from the case and suspend them above the surface,
if necessary inside a tent. |

A persistent difficulty occurred with large potential

electrode separations when reversing the voltmeter leads caused



TABLE II

Common Difficulties Arising in Obtaining the Measurements.

SYMPTOMS

PROBABLE CAUSES

REMEDY

1.

2.

3.

Initial current drops

rapidly; cannot be

held at steady value.

Voltmeter cannot be
kept on scale in
desired range.,

Apparent resistivity

anonamously high,

Apparent resistivity

anonamously low,

(i) Polarization at the current elec-
trodes and in cracks and bubbles
throughout ice.

(ii)Contact resistance at electrode
.rapidly increasing due probably to
freezing of applied solution.

(1) Unequal concentration of solutions
in pots.

(ii)One or both pots no longer porous.

(1i1)Earth currents.

‘(ivjsolution freezing. Potential be-
.tween liquid and solid phases may
be as much as 100 millivolts.

Stray currents influencing volt-
meter.

Current flow short-circuited.

(1)
(ii)

(1)

(11)

(1ii).

(iv)

Reverse direction

. of current.

Apply more salt
to the electrodes.

Re-mix the solution

Clean pots.

Wait for quieter
conditions.

Keep heated supply

. of solution avail-

able.
Check insulation
and connections.

Check connections.
Watch for current.
electrodes too
close to melt
streams.
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the value of AV to vary by several millivolts. The effect
occurred whethér or hot there was current flowing in the ground;
however, it occurred only if the current cables were laid out.
Presumably a stray current was biaéing the voltmeter, but its

origin could not be determined,
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IV, RESULTS

The Devon Island ice-cap is approximately 15,000 square
kilometers in area and overlies a plateau consisting of exposed
Pre-Cambrian rocks to the north, east and southeast, and
Paleozoic sediments to the south and'west. Figure 6 is a topo-
graphic map of the ice-cap, showing the area with which the
Devon Island Expedition was concerned.

Interpretatiop of both the resistivity and gravity surveys
is hampered by the bresent lack of seismic soundings on the
glacier and ice-cap. It is thought that a limited number of

seismic measurements will be made in the spring of 1963.

Subdivision of the resietivity curves.

For the purpose of discussion, four characteristic features
of the resistivity curve can be defined; Any~or all of these
features may be present in a given curve,

| (i) The surface effect. This is seen as a positive or
negative slope at the commencement of the curVe which may extend
over the first two to three meters of the abscissa "a". It is
produced either by surface melting, or by a thin layer of snow
overlying.the ice surface,

“(ii) The shallow eubsurface.effect. This takes the form of
a plateau or convex segment which may extend over the first few
tens 6f meters of the abscissa. In the accumulation zone this
feature is very‘pronounced and 1s referred to as the firn cur?e.

It is often present too in the ablation zone, appearing as a high
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resistivity layef in the top ten to twenty meters of ice.

(iii) The bulk resistivity. This denotes the portion of
the curve between the shallow subsurface effect and the bedrock
effect (iv). The apparent resistivity of this section can be
described as the mean resistivity of the ice.

(iv) The bedrock effect. This segment terminates the.
curve and has an upward or downward slope depending on the resis-

tivity of the bedrock,

1961.

The geophysical program in 1961 was confined almost entirely
to the'Sverdrup Glacier. This work will be described in Dr. K,
Vogtli's report to the Arctic Institute of.North(America for
that season.. Figures 7 and 8 show three resistivity curves
from the'glacier.

Figure 7 shows ideal interpretative conditions where the
_shallow subsurface effect is scarcely evident. 1In Figure 8 is
shown.an example of a very large shallow subsurface effect. The
profiles plotted at each point are indicated on the figure by a
double ended arrow marked with the direction (if pertinent) and
the symbol used in plotting results (if two of-more profiles |
were measured). An S signifies‘the.Schlumberger configuration,

a W that of Wenner. Standard curves are shown when considered
necessary. The interpretation given on the figures assumes that
all features of the curve-arise from horizontal stratification.
It should be remembered that the surface effect in particular may

stem from near surface inhomogeneities, and a "layer" interpre-
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tation may be very inaccurate. - The interpretations given with

figures 7, 8 and 15 are by Dr;‘Vggtli.'

1962

In 1962 resistivity measurements were taken at several
locations (fig. 6) in both the accumulation and ablation
zones. It was Qf>particu1ar interest to determine the effect of
the firn layer on the apparent resistivity. It was to be
expected that the gradual densification of thé firn with depth
would result in proportionately better conduction owing to the
improved contact between grains. Hence the firn-ice transition
of the apparent resistivity curve would not be expected to allow
a two-layer iﬂtérpretatignf}

At all points of the icé;cap some melting occurs, the amount
depending primarily on the elevation but also on such factors as
slope and surface albedo., Hence the firn is interspersed with‘ice«
layers of a lower resistivity, and the apparent resistivity of
the firn depends on the concentration of these layers.

Certain characteristics are common to nearly all the curves
in the accumulation zone.,

- (1) There is a low resistivity layer in the top one to two
meters, Pit studies (fig. 18) show this to be due to an
unusually large conceﬁtration"of ice layers, indicative of
greater than usual melting in recent years.,

(11) There is a large shallow subsurface effect.  This is
the firn curve, the result of a layer of unconsolidated and poorly

conducting snow accumulation which overlies the ice.



(1ii) There is little or no bedrock effect. The maximum
obtainable current atllong electrode separations was insufficient
to produce a voltage between the potential'electrodes large enough
to be distinguishable above the background noise. Readings under
these;circumstances were too erratic to properlybdefine a ter-
minal slope_to the curve, Soundings of depths of ice-greater
than 800 meters require a greater current, a heavier cable, and
‘possibly a commutating system on the potential electrodés.

That the firn-ice resistivity transition is a continuous
process is obvious from the majority of the curves. 1In figures
9 to 14 the experimental curves are compared to two-layer stand-
ards to give an idea of the degree of anisotropy. When possible,
the best fit with two. or three-layer standard curves (see
Appendix) fdr the firn-ice transition has been made and an inter-
pretation giveh accordihgly.

In figures 9 and 10 the best fit is obtained with two-layer
standards;. In figure 11 two-layer standards provide a reasonable
fit to the plotted points but a better fit is obtained using
three-layer standards having ¢j: ¢ 2: QS = 132/3:4/9. Interpreta-
tions are given for both cases and it can be seen that there is
considerable discrepancy..

In figure 12 the firn-ice transition will not match two-
layer standards but a reasonable fit is obtained using three-
layer standards having(’,:( o° Q3: = 1:3/7:9/49.

In figure 13 two-layer standards provide a poor match, and

suitable three-layer standards are not available. The curve in
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figure 14 will not match two-layer standards and again there are
no suitable thfee-layér standards avallable., Ice depth estimates
are made in both cases by rough interpoiation betﬁeen the two |
sets of three-layer curves shown in the Appendix.
Figure 18 comﬁares the relative concentratiOn‘of ice-

layers at severalvp0ints‘in the accumulation zone at which pro-
files weré measured. It 1s seen that the concentration_af pro-
- file 4 is at least twice that at profile 6: this accounts for the
differepce in firn resistivity as shown in figures 10 and 9. It
can be séen that the firn resistivities (upper layer in the inter-
pretations) of profiles 4, 5, 6, 9, and 10 on the north slope of
the ice-cap increasebwith elevation :as predicted;' Howeﬁer the
firn resisfivity~at profile 8 on the southern slope is anonamous-
ly high in cbmparisbn. This is especilally surprising sinbe,theu
southern slope receives more solar radiation;- Since the 1céi_
vlaygrslare not evenl& distributed over an area but rather .occur .
as localized 1enseé, it can be assumed that profile 8 was measured
at a point from which melt water was able to_drain.

| In figufes 15 to 17 are shown curves from the ablation zone
of the ice—Qap. - Notably absent is the firn curve. The curve in
figure 16 has twb'notable features. First, it exhibits in common
ﬁiﬁh profile 8 a low value of the bulk resiStivity. - There is é
»transition at 95 meters froﬁ 70,103 ohm-meters to a value of 50.103
ohm~meters more characteristic of the glacier., However,>shorter
prbfiles elsewhere indicated that this is not a widespread feature
of the southern side of the ice~cap. - Secondiy, the downward slocpe

at the end of the curve would indicate that the cap at this point



.overlies é bed having a ﬁuch higher conductivity than the Pre-
‘Cambrian rocks undeflying the glacler in the north. Direct
readings on the sediments of the south cdast showed them to have
a resistivity quite similar to that of the Pre-Cambrian, although
the summer thaw leaves a superficial layér of mud that is almost
inpehetrable_electrically. Weertman (1961) has suggested that
the base of an ice cap in its central region may be at the
melting point beqause the temperature gradient in the ice is in-
sufficient to conduct away the geothermal heat and the heat pro-
duCed by the sliding of the ice over its bed, If this was the
case over avsedimentary bed it is conceivable that a layer of
highly conducting mud would underlie the ice, producing a bed-
rock effect of the type seen in figure 16, While Weertman's
assumptions and the present data need confirmation, a useful
means of detecting such melting is suggested. _ |

| Profile 11 (fig;‘17)'was measured just below the acknowledged
firn line in that area of the ice—cép. The high resistivity ..
(80.103 ohm-~-meters) given for the first ice layer is probably due
' to small quantities of firn still present within the ice. A
short profile (dotted 1line), measured 20 meters north of the
original two for the purpose of testing equipment, has clearly

been influenced by a local concentration of firn.



v. DISCUSSION OF THE CURVES

The effect of a dipping valley floor on interpretatioh.

It was assumed in the interpretation of the glacier profiles
(figures 7 and 8) that the valley floor lay parallel to the
éurface of the glacier. Near the valley wall however the bed
can be expected to dip quite sharply toward the center. Figure
19 shows the two-layer standard curves corresponding to three
dip angles for a typical ice-rdck_resistivity contrast. The
Wenner electrode configuration is assuﬁed to be laid out in the
direction of strike, It can be seen that for d = 22.5° a depth
derived by matching horizontal layer étandard curves (a = 6)
would be reasonably accurate but the resistivity given for the
second layeriwould.be too low, At‘greater angles of dip it
becomes difficult to obtain a match with horizontal standard
curves and a depth estimate would be very low. In practice then,
profiles should be laid out parallel to the walls., The crosg-
sectional sﬂape of the valley can be estimated knowing the width
and the depth at the center; from this the observer must decide -
over what portion of the glacier's breadth it is méaningful to
take readings. .For an observer having independent information on
the bedrock resistivity, the low resistivity given for the second
layer in his interpretation must be diagnostic of a dipping bed.

The surface effect.

Figure 20 shows apparent resistivity variations over hourly

perilods for snow cover in the ablation zone of the ice-cap.
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Readings were takén usihg four copper rods in a Wenner configura=-
tion. The dotted line envelope is made up of the two sets of
readings having the maximum separation, ' The curves show;the :
effects of solar radiafion and increased air temperatures to
- extend to thirty or forty centimeters. - Since the snow.wés well
below its melting point the water content was low; wheh the |
water éontent is high, the snow resistivity in the first 20 centi-
meters can vary by a factor of ten during the 24 hour périod.
Figure 21 shows resistivity variations in the same locality over
periods of a week and a month. It can be seen that the resistivity
of the underlying ice has‘decreésed with increasing temperature.
AIthough~the surface_effecf.stems from the properties of a neg-
ligible.fraction of the total ice thickness, it dominates a
disproportionately large section of the apparent resistiﬁity
curve. On snow surfaées it can sometimes be eliminated by burying

the electrodes.

The resistivity of firn.

 An attempt was made to determine the firn resistivitj,as a
functioh of depth in an 8 meterlpit near profile 6 at the ice-cap
summit. The diificulties of fixing the electrodes in the vertical
wall and of makiné.electrical contact with the cold firm resulted
in considerable scattering of the readings, but an average of
many such measurements indicated that the resistivity of firn
layers from two to eight meters in the pit lay in the range 3-4 .
10° ohm-meters.

It is significant that in all the accumulation zone profiles
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the resistivity of the firn layer (i.e. firn plus ice layers)
stays constant to a depth of at leést 15 meters, despite the fact
that the greatest‘rate of densification occurs in that interval.‘
At the ice-cap summit, where little melting takeé_place, the firn
curve is a plateau'extending to 50 or 60 meters. Unfortunately
the snow densification process at_all points of the ice-cap is
interfered with by meltwater. Inrthe‘dry-snow faclies where there
is no mélting (Benson, 1959, Fig. 17), it is possible that the
electrical'con&ucting properties of firn at a given temperature
are not’affected by densification until a critical loading is
reached, at which point the 1ndividua1 grains fuse and their con-
tact resiétance vanishes. ' |
- Deep drill cores have not yet been taken on the Devon Island’
ice-cap. -Figure 22 shows a density-vs-depth grapﬁ for a point
just below the dry-snow facies at 2140 m. on the Greenland ice-
cap. The density value of 0.82 gm/cc,tat which the'previously
interconnecting air spaces in the firn are cut off to form.
bubbles, occurs at approximately 80 meters. Considering the
elévationAdifferenéew the firn/depth of 70 megers given in profilé

6 with a two-layer interpretation is not unreasonable,

The shallow subsurface effect in ice.

The high apparent resistivities offen found in the top ten
to twenty meters of ice can be attributed'in part to low ice
densities., The average of 54 density measurements faken from
three to ten meters at the Ice-cap Station was 0.887 gm/cc‘with

standard deviation 0.018 gm/cc. Three other possible influencing
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facfors were investigated.

(i) Internal stress. The very high resistivity observed
in figure 8 occurred on a ridge of ice about ten meters wide
and one meter high running parallel to theuwall fqr.six kilo-
meters on the upper part of the Sverdrup Glaeier; Subsequent
measurements shewed that similar shallow subsurface effects
occurred frequently but not'consistently at other points of the
'fidge. On a second ridge, much higher tﬁan the first but extend-
ing only a few hundred meters, similar near surface resistivities
were agein found. This ridge was believed to be caused by the
pressure of a small tributary glacier entefing the maln stream.
Runhing across thevridge in a zig-zag fashilon was a seriee of
cracks as shown in figure 23(b). Apparent resistivities were
. measured at a number of points ecroés the ridge using a Wenner con-
figuration with.elecfrbde separatiens of three meters and ten
meters. The values obtained are plotted in figure 23(a). The cracks
themselves were‘fiiled with water at:that time of yeareand hence.
were not directly responsibie‘for.the anOmelous reeistivity.
Fron theecorrelation of the apparent resistivity with the crack
pattern it was tentatively assumed that the stresses involved
affected in some manner the conduction mecﬁanism, probably through
variatione in crystal size or orientation, However an alternative
explanafion is that,the ridges contain air tunnels, since if is
not uncommon for melt streams to flow beneath the surface.

(ii) Temperature. Two short profiles taken two months
apart .in the ablation zone of the'— ice-cap are shown together with

subsurface temperatures in figure 24. wEach-curve is a composite
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of at least three sets of measurements in thé area, Sﬁrface
ponditions'were similar in both cases. Although ice temperatures
were not available for September, they should fall at about the
same rate that they rose and the temperatures from two to eight
meters would be considerably highér in September than they were
in July. The magnitude of the shallow subsurface effect is seen
to fall accordingly. 1In figures 21 and 24 increases of 5°C to 9°C
in ice temperature decrease the ice resistance by 20 to 40 per- |
cent. However, although the shallow subsurface effect in this
éase in influenced by temperature, it can not originally stem from
temperature differences since the ice at -12°C (fig. 22) still
has a resistivity well above the bulk fesistivities of the glacier
and ice-cap. »

(i1i) Detrital material. The effect of moraine material
in the ice is to lower the resistivity_considerably. It is thus
not responsible for the shallow subsurface effects. An attempt
to make use of this property in finding the slope at which the
material forﬁing the_shearéplﬁne moraines is brought,up from the
bottom was unsuccessful because df equipmeﬁt trouble and a short-
age of time; This is anqther potentially uséful application of
resistivity methods. |

Low densities or variations in the crystal structure are thus
seen as the most probable causes of the shalldw subsurface effect
1n‘ice, -When correlated with‘défailed glaciological information
this effect could yield useful qualitative evidence for the near

surface properties of the ice. -
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The bulk resistivity.

There is a definite fendency for the bﬁlk resistivity of
the ice to increase in going from the glacier snout to the top of -
the ice-cap. Profiles 9 and 19 (fig. 7) show values between 40
and 50 . 103 ohm—meters,‘while the ice~cap values range from 60
- to 80 ohm—ﬁeters. It is improbable that there is much variation .
of density at depth within thebice sheet. However; crystal size»
and temperature»are'known to increase during the outward flow
of ice agd both'phenomena could result in increased conductivity;
The crystals grow through fusion of oﬁe'to another in the flow
process (Sharp; 1960, p. 61). Bader (1961, p. 13) estimates
that the energy of flow is converted into heat af a rate of 2.34 .
103 cal. per gram per meter drop in elewation, corresponding fo
a temperature‘incre£se of 0.47°C per 100 meters or about 10°C over
2000 meters.  That thése values are at least approximately Qorrect
Was born out by temperature measurements at depth ip Greenland.

If this is the case, the bulk}resistivity variation coincides in
order of magnitude with the observed resistivity-temperature

variations discussed in the previous section.



VI. CONCLUSIONS

This study has attempted to present a background of material
for persons intergsted inlapplying resistivity methods to the
problems of glaciology. The data is in many cases incomplete;
not only are more results required_from different geographic
localities but independent information (i.e. seismic soundings,
deep drill holes) is required for purpoées of comparison. |

The resistiéity method'p:ovides a means of sounding up to
800 meters of ice using lightweight equipment that is inexpensive
and extremely simplé to operate. ﬁsing three men, a sounding
of 800 meters can be comple?ed_within three hours. Unlike
a.c. and pulsed d.c. methods, the unshielded cables can be laid
directiy on the ice, and with suitable precautions the equipment
may be used under all except the worst surface and meteorélogicalv
conditions.

The accuracy of depth determinations c¢can not be expected
to exceed fifteen percent. Depths of ice greater than 800 nmeters
would reQuire slightly heavier equipment; however, if mechanical
transportation is available for all phases of the measurement,
the sounding of 2000 meters,of ice should not present an undue
problem,

- The method can locate regions of relatively high or low
resistance within the ice. If these variations can be definitely
correlated with variations in temperature and crystal structure
they may provide useful information - possibly of the type described

by Borovinski (1960). In addition, the method can detect the
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presence of old snow and firn within the ice and can give an
idea of the ice layer concentration beneath points in the
accumulation zone,

The following applications have also been suggested:

(1) The method may provide a good estimate of the depth
of firn in the accumulation zone of an ice mass, especially in
the dry-snow facies. Useful information might also be obtained
on the densification process in the firn.

(11) It could provide evidence for basal melting of an ice-
cap, by detecting either the relatively warm ice or possibly a
layer of highly conducting mud overlying the bedrock.

(111) It could be used to detect crevasses and underground
melt stream tunnels.

(iv) It could be used to trace detrital material within the
ice, notably in the case of shear-plane moraines.

The comparatively low resistivity of the Arctic ice masses
investigated to date is thought to be the result of impurity con-
tent or structural peculiarities. It has been suggested that
chemical analysis together with resistivity measurements in *he
accumulation zones and on refrozen melt samples should determine

the 1ssue,
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APPENDIX

Figures (i) and (ii) show standard curves for the

two and fhfee—la&er‘situations depicted.
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