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VELOCITY OF RADIO WAVES IN ICE BY MEANS OF A 
BORE-HOLE INTERFEROMETRIC TECHNIQU E 

By G. DE Q. ROBIN 

(Scott Polar Research Institute, Cambridge CB2 [ER, England) 

ABSTRACT. R ad io waves of fixed freq u ency, which had p assed th rough ice and firn from a transmitting 
a ntenna lowered d own a bore hole, we re moni tored on th e surface. By mixing the received signal with the 
fixed frequency, the beats which were pmduced as the a ntenna was lowered gave a value for the wave length 
in ice a t the depth of the a ntenna. This was multiplied by the frequency to give the veloci ty of ra dio waves 
in ice. M easurements averaged over 10 m a nd longer in tervals were rela ted to d ensity values from bore 
h oles in the same location. R esults a bove 50 m were d ifficult to interpret, but a t g reater depths the velocities 
fitted a linea r rel a tio nship between refrac ti ve index and d e nsity. A small extrapola tion gives a velocity of 
radio waves in pure ice of 167 .7± 0.3 m / [J.s at _ 200 C. 

R ESUME. M esure de la vitesse des ondes radio dalls la glace p ar interferometrie cl partir d ',1Il troll de forage. Des 
o ndes radio de frequence fixe passent it travers la glace e t le neve it partir d 'une antenne qu 'on a d e5cendue 
dans un trou de forage e t sont re<;: ue3 it la surface. En melangeant le signa l re<;:u avec la freq uence fixe on 
produi t des battements lorsque I'antenn e est descendue. On en deduit une vale ur de la longueur d 'onde 
dans la glace. Les m oyenn e5 del mesures sur des interva lles cle 10 m et plus clans le forage sont e tudiees en 
fon ction des valeurs d e la densite consta tee pa r le forage a u x m emcs emplacem ents . Les resulta ts a u delft 
d e 50 m sont diffic il es a interpreter, m a is a des profondeurs superieures s'ajustent selon une relation Iineaire 
entre I' indice de refraction et la dens ite . U ne petite extrapola tion donne une vitesse des ondes ra dio da ns 
la g lace pure de 167,7 ± 0,3 m/ f1.s a - 200 c. 

Z USAMM ENFASSUNG. Bestimmullg der Geschwindigkeit von R adarwelletz in Eis mit eillem interferometrischCll 
Bohrloclwerfahrell. R aclarwellen fester Freq u enz, die durch Eis und Firn von einer Sendeantenne in e inem 
Bohrloch gelaufen sind, wurden a n d er OberA ache empfange n. Durch Mischung d es empfangenen Signals 
mit d e l' festen F req uen z gaben die Sch webungen, die beim Absenkcn del' Antenne entstanden, einen \"'ert 
filr die Wellenliinge in Eis in del' Tiefe d er Antenne. Multiplikation mit d er Freq uenz lieferte die Gesch
windigkeit del' R adarwellen in Eis. Die M ittel von Messungen ilber 10 m und la ngere St rccken wurden zu 
Dichtewerten aus Bohrlochern derselben Stelle in Beziehung gesetzt. Ergebnisse a us den oberen 50 m 
erscheinen fragwilrdig; in grosseren Tiefe n j edoch crfullten die Geschwind ig ke itcn einc lineare llezieh ung 
zwischen dem R efra ktionsindex und d er Dichte. Eine geringfilgige Extrapolation ergibt eine Gesch w indig
keit der R ada rwellen in reinem Eis von 167,7 ± O.3 m/ f1.s. 

I NTRODUCTION 

A knowledge of the velocity of propagation of radio waves in ice and firn is essential to the 
interpretation of radio-echo soundings of ice masses. Accurate determi nation of these veloci
ti es, either by direct m easurement in the fie ld or by m easurements of permittivity in the 
laboratory is difficult. The problem has been di scussed in several p apers (e.g. Bogorodskiy 
a nd Fedorov, [967 ; Robin and others, [969; Jiracek and Bentley, [97 1). In general, field 
studies have been concerned with m easurement of the mean velocity throughout considerable 
thicknesses of ice. We have to look to laboratory and theoretical studies for evidence of the 
effects of temperature, density, and crystal fabric on the velocity of propagation of radio 
waves. In this paper we report on a n ew technique which should help to improve the accuracy 
of our m easurements of velocity as a function of depth. The method sh ould help us to rela te 
bore-hole studies of d ensity, ice fabri c, and temperature to the velocity of radio waves in ice 
and firn. Bentley (1972) has already shown the value of such information on seismic P-wave 
velocities, especially in r elation to ice fabri c. There is a n obvious need for similar information 
in relation to radio-wave propagation. 

The opportunity to develop this technique arose when planning a programme of field 
work on the ice cap on Devon Island in cooperation with the Canadian Continental Shelf 
Proj ect. When Dr Paterson mentioned the availability of his bore h oles to our radio-echo 
group, several possible m ethods of measuring absorption and velocity of radio waves were 
considered. Of these, the use of an interferometric technique to d e termine radio-wave 
velocities with greater precision than in former studies appeared to be both practicable and 
useful. 
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EQUIPMENT AND METHOD 

The principle of the technique is to lower down a bore hole an antenna which radiates a 
continuous signal at a fixed frequency, to pick up the signal from this antenna after it has 
passed through the ice and firn to a second antenna on the surface, then to mix the received 
signal with the original fixed frequency to generate " beats" as the antenna is lowered. Then 
by measuring the spacing between successive null points we can determine the velocity of 
propagation by multiplying wavelength by frequency. 

Tx AntUWlO 

I_hole 
Fig. r. Schematic diagram oJ bore-hole experimtllt. 

In practice we used a 440 MHz pulsed radio-echo system developed for general sounding 
purposes by M. R. Corman. A tuneable signal at a frequency of about 440 MHz was 
generated by a continuous oscillator fed to a power amplifier which was switched on for 
about 0.5 fLs to provide power to the antenna. Connection to the antenna was via low-loss 
co-axial cable 280 m in length, so that it was possible to lower the antenna to the maximum 
depth available in the bore hole on Devon Island. The receiving antenna, which consisted 
of a broad-band dipole in a reflector, was placed in a pit dug into the snow which was about 
1.5 m deep, 1.5 m square, and placed from 4 to 41 m from the bore hole. The bore-hole 
antenna was designed by S. Evans with impedance characteristics to match the surrounding 
medium and so produce an effective radiation pattern. On the advice of P. Cudmandsen an 
extra choke was fitted to prevent energy running along the outer of the coaxial feed cable. 
The receiver itself consisted of a r.f. amplifier and a mixer to generate an i.f. signal at 60 MHz. 
This signal was then amplified and recorded in the standard SPRI Mark IV system, using 
both A-scope and intensity-modulated presentation. 

Since a short pulse cannot be fully monochromatic, instead of complete fading there was a 
variation of the amount of fading with time throughout the pulse. As seen in Figure 2 , this 
produced no difficulty in interpreting the pattern of fading with depth of the antenna. 
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Fig. 2. Interference pattern recorded by an intensity-modulated display as the antenna is moved in the bore hole. The broad white 
band is formed by direct breakthrough from transmitter to receiver during transmission. The band showing the interference 
pattern shows the pulse that has travelled through ice and firn. Variations of the latter band Oil the lift of the record are 
due to fine adjustments of antenna depth so that measurements are made at a null point. 

(a ) During lowering on 20 June 1973. Black marks acruss the film {JIld digital iriformation are printed every minute. 
(b) During raising on 19 June 1973. This is enlarged to about three times the scale of (a ) as raising by power was 

more rapid than lowering on a brake drum. 

Identification and counting of the null points passed as the antenna was lowered and 
raised were done by the operator, who watched the rise and fall of the pulse on an A-scope 
display as the antenna was moved. When a specific point, say one half cycle after the start 
of the pulse, fell to zero, this was taken as the reference null point. The antenna was winched 
up or down in 10 m steps and a fine adjustment was made each time to stop the antenna at a 
null point as defined previously. The operator visually counted the number of null points 
each time the antenna was raised or lowered. At the same time the intensity-modulated 
display of the SPRI Mark IV system recorded the changing pattern as the antenna was 
moved (Fig. 2). This provided a permanent record from which the number of null points 
passed on each 10 m move could be counted subsequently. Depths to the antenna were 
measured by reference to tape marks on the cable. 

It was estimated by the operator that he could identify the null point to an accuracy of 
about ± 3 cm in vertical movement of the antenna, so the error in determining the mean 
velocity over each 10 m interval should not exceed ± 1.0 m ! fLS. The accuracy of the measure
ments is discussed later in more detail. 

Since the receiving antenna was offset by a distance L from the top of the bore hole, the 
separation between the two antennae is (D2+ L2)! where D is the depth of the transmitting 
antenna. We assume straight-line propagation, which according to computations reported 
by Clough (see discussion, p. 159) introduces no significant errors. The change in value of 
(D2+ Lz)l for each change of antenna depth was then divided by the number of null points to 
determine the wavelength at that depth. 
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The frequency, which is also required in order to de termine velocity, was determined by 
a similar system of null counting in air. The separation between the transmitter and receiver 
was increased by carrying one antenna away from the o ther until the operator counted 50 
null points. After fine adjustment, the distance was m easured by steel tape. A system of 
repeated measurements eliminated errors. Use of an a ccurate frequency meter, or of a 
crystal-controlled oscillator, would save time in future . It was, however , useful in our tes ts 
to use difference frequencies, which ranged from 411. 3 to 435.5 MHz. 

R ESULTS 

After preliminary tria ls on 13 and 14 June 1973, during which techniques were tried a nd 
modified , useful results were obtained on the four days when work in the bore holes was 
possible. The results are summarized in Table I and shown in more d e tail for individual 
10 m intervals in Figure 3. 

T ABLE I. BO RE-HO L E MEASUREMENT S O F V E LOCITY OF R A DI O W A VES IN ICE, D EVON I SLAND, 1973 

Approximate 
Distance L azimuth, Maximum Mean approximate 

ExperilllCllt Bore-hole bore hole to bore hole to antenna depth Velocity 
date date receiver receiver depth Freque/lcy interval V 

m m MHz m m/ fls 

15 June 1973 1973 34.04 3400 120.06 435·5 60- 120 170.0 ± 1.0 
19June 1973 197 1 41.1 5 1600 189.65 4 11.3 11 0- 190 168.6± 0.2 
20 June 1973 19 71 4.19 1700 61.92 43 1.3 10- 60 198- 225 
22 June 1973 1971 22. 70 2600 200· 77 43 1.1 70- 130 169·9 ± 0·3 

130- 200 168.8 ± 0.2 

The presenta tion in Figure 3 also serves to indicate the reliabili ty of the results, since the 
mean velocity over ea ch 10 m interval is plotted separa tely for measurem ents made during 
lowering and raising of the bore-hole antenna. Below 130 m dep th there is no uncertainty 
over the number of null poin ts traversed , and the difference between velocities measured 
during lowering and raising of the antenna is consisten t w ith our earlier discussion of accuracy. 
At these depths, an apparent slow cyclic variation of velocity with depth appears during both 
raising and lowering of the antenna. However, this variation was different in phase between 
runs on 19 June 1973 and 22 June 1973 which were made in the same bore hole. Differen ces 
between these runs included changed values of the sepa ration L , use of a different frequency, 
and changed azimuth. It is likely that one or more of these factors have affected the con
sistency with which null points are identified- and hence the derived velocities. It seems less 
probable that the small cyclic changes of velocity are due to differen ces of density or ice 
fabri c between the two runs, both of which used the same bore hole but a different azimuth. 
We have therefore taken the mean velocity over one complete "cycle" o f these variations to 
obtain the values given in T able 1. 

The scatter of points in Figure 3, especially between raising and lowering of the antenna 
above the 130 m level, r eflects uncertainty arising from the difficulty of identifying and 
counting null points. The pulse lost its consistent shape rapidly when the antenna was raised 
above a critical depth D c = L cot </> , where </> is the critical angle for total reflection, i .e. 
</> = arc sin C/Vd , where C is the velocity of radio waves in air and V d the velocity in ice a t 
the d epth Dc. T his difficul ty over pulse shape was presen t both with the receiving an tenna 
in a pit, and with the r eceiving antenna a bove the su r face. I t is clear tha t near the critical 
angle, significant amounts of energy r each the receiving a ntenna by different paths, hence 
dest roying the steady shape of the pulse and making measurement of null points impracticable. 
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Fig. 3. Variation of velocity of radio waves with depth in the ice cap of D evon Island. Each arrow shows the mean velocity 
over the approximate la m interval (e.g. c. 60 to c. 70 m) in which it is shown. The direction of the arrowhead indicates 
whether the measurement was taken during lowering or raising if the antenna. 

The continuous line shows velocities derived from density values on the basis of Equation ( J). The dashed lines show 
similar velocity- depth curves for Site 2 in north-west Greellland derived by Fedorov (1969). D c indicates the critical depth 
above which measurement of null points is unsatiifactory. 

DISCUSSION 

In Figure 3 we show by a continuous curve, values of velocity against depth which have 
been calculated from mean depth- density data made available by W. S . B. Paterson (private 
communication) using a linear relationship between refractive index n and density p as in 
Robin and others ( 1969, p. 461 ) . The velocity V is given by 

C C 
V = -;:; = 1+(0.85 1 m 3 Mg- I) p ( I ) 

An earlier estimate of the form of the velocity- d epth curve by Fedo~ov (1969, p. 228) 

based on the density- depth values for Site 2 in Greenland (Anderson and Benson, 1963, 
p. 396) is a lso shown by a dashed line. Although the densities used by Fedorov are appreciably 
lower than those in D evon Island up to a depth of 130 m where the two densities are equal , 
the major difference between the curves is due to differences in the relationship between 
density and velocity used in the two cases. It is clear that Equation ( I) provides the better 
fit to the observed velocities below 60 m, although above 60 m Fedorov's curve fits the veloci
ties observed on 20 June 1973. However, over the depth range 50- 60 m, there is a discrepancy 
of about 10 % between the velocities as measured by us on 19 and 22 June and our measure
ment of 20 June. This casts some doubt on our values at shallower depth , which were made 
with the receiving antenna only 4 m from the top of the bore hole. 
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When considering our results, we must rem ember that, in addition to experimental factors, 
the value of p ermittivity and hence velocity varies with the shape of inhomogeneities in the 
firn mass. This has been discussed by Evans ( 1965), Bogorodskiy and Fedorov (1967), 
Jiracek and Bentley (1971 ) and others on the basis of a shape factor, or "Form;::ahl", proposed 
by Wiener ( 1910) . The firn near the bore hole on Devon I sland had a high frequency of 
approximately horizontal ice layers and lenses up to at least 10 cm in thickness . Use of a 
vertical dipole m eans that the electric field will be normal to the layering, which corresponds 
to a low value of the Form;::ahl, hence a low value of permittivity and a high value for velocity. 
Whatever the reason for the relatively high values observed at shallower depths on 20 June 
1973, it is clear that we cannot yet relate velocity to density wi th any high precision. 

The only other technique for measuring the variation of velocity with depth in the firn 
zone of a polar ice sheet is that reported by Clough and Bentley (1970), Jiracek and Bentley 
(1971 ), and Bogorodskiy and others (1970) . Veloci ties are found by plotting the square of 
the echo time from discrete refl ecting layers against the square of the distance from transmitter 
to receiver. The results give a mean velocity to the depth of the reflecting layer, and in 
general this shows an increasing velocity with depth. On the plateau of east Antarctica, 
Clough and Bentley (1970) conclude that their results are consistent with the velocity- density 
relationship g iven in Equation ( I) . 

As the density of firn approaches that of pure ice, variations of Form ;::ahl become smaller. 
In order to extrapolate our results to greater d epths, and to produce a value for comparison 
with results of other experiments, we have extrap olated the measured values in Table I to the 
velocity Vi for ice of density Pi = 0.917 Mg m - 3 by use of the relationship derived from 
Equation ( I) : 

£-1 = Pi (~- 1) 
Vi P V 

where r is the m ean velocity over the depth interval for which the mean density is p. Values 
of Vi are shown in Table II . The possible errors are increased over those shown in Table I due 
to uncertainties in the value of density, which has been extrapolated below 120 m at which 
level p = 0.899 Mg m- 3• Our best experimental measurem ents are those from 22 June 
below 130 m which give a value Vi = 167.7 ± o.3 m/ fls , while other data from shallower 
depths indicate a similar velocity. 

TABLE n. VELOCITY OF RADIO WAVES IN ICE OF DENSITY 0.917 Mg/m3 AND MEAN 
TEMPERATURE - 20° C 

Approximate Velociry 
depth Observed Mean adjusted to 

Date interval veiociry densiry densiry 0.917 
m m fJ.S - 1 Mgm- 3 M g m- 3 

m fJ.S - 1 

15 June 1973 60- 120 170.0 ± 1.0 0.878 166.8 

IgJune 1993 11 0 - 19 0 168.6 ± 0.2 0.g02 167 .4 
22 June Ig73 70 - 13 0 16g.g ± 0 ·3 0 .887 167.4 

130 - 200 168.8 ± 0. 2 0.g04 167 . 7 

Jiracek and Bentley (197 I ) obtained a particularly useful result from wide-angle measure
ments in an ablation zone on Skelton Glacier, for which the estimated mean density was 
0.907 Mg m - 3 and the velocity was 168.5 ± 1.0 m/ flS. In summarizing their results, they 
conclude that their best estimate of the value of the relative permittivity of pure ice, on the 
basis of their field observations, is 3.21 which corresponds to Vi = 167.4 m / f1.s. When account 
is taken of Wiener's Form ;::ahl, they believe that most observed velocities fall within his pre
dictions using these values, but they remark that further glaciological and in situ measurements 
are needed. 
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In Figure 4 we make a wider comparison of our field measurement of velocity with 
results of other workers. The laboratory data is taken from Robin and others (1969) . Addi
tional fie ld results obtained by comparing radio-echo reflection times with ice depths observed 
by direct dri ll ing or by seismic sounding are shown by circles. In general, the accuracy of 
these d erived velocities are no better than ± 1.0 m / fLs. These results are consistent with the 
other values. 
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Fig. 4. Comparison of field measurements if the velocity if radio waves in polar ice sheets with laboratory measureme7lts if 
relative permittivifY of ice samples of density > 0.90 Mg m- 3 • Values to the lift of the dashed line are laboratory measure
ments at lower freq uencies. 

Field measurements : 
R. Robin, c. - 20° C, bore-hole measureme7lts. 
J. & B . Jiracek and Bentley, Skelton Glacier, wide angle sounding. 
( r ) to (5) are derivedfrom comparisons of radio echo soundings with bore-hole depths, ( r ) and (2), or with seismic 

soundings, (3) to (5), in the same vicinity. ( r ) Camp Century, (2) New " Byrd" station, (3) South Pole, (4) and (5 ) 
inlandfrom Mirny and Molodezlmo.ya. 

Laboratory measurements: 
K. Kuroiwa ([195 6]) - I to - 15° C. 
A. Auty and Cole ( 1952) - 1I

0 C. 
P. Paren (private communication in 1968) . 
Out of six different natural-ice specimens, all having similar temperature coefficients, the two extreme examples are shown 

here (upper,from TUTO tunnel; lower,from 480 m depth in central Greenland ). 
P l. Fitzgerald and Paren (1975, p. 43) sample rifrozenfrom deep polar ice. 
P2 . Fitzgerald and Paren (1975, p. 42) deep sample from "Byrd" station core. 
W . Westphal (private communication, 1963) ( TUTO tunnel sample ). 
V. Von Hippel (1954), - 12° C. 
C. Cumming ( 1952 ), - rB° C. 
L. Lamb and Turney (1949), a to - 190° C. 

The situation shown in Figure 4 appears similar to that in relation to the velocity of 
seismic waves in snow and ice some 15 years ago. The considerable scatter of early measure
ments is gradually giving way to a consistent pattern of experimental results . Part of the 
scatter of the field results can now be explained by variations of the depth- density relationship 
for firn and ice in different localities, but other factors may also prove to be significant. Thus, 
the value of our experiment lies not only in the immediate results: it a lso shows that the 
technique of radio interferometry can be used for more accurate velocity de terminations than 
other methods. Although the results above 50 m depth are questionable, at greater depths we 
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can now achieve the accuracy necessary to study the effect of temperatures and crystal 
orientation on the velocity of radio waves. It is hoped that this technique will be used in other 
bore holes in polar ice sheets. 
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DISCUSSION 

P. GLOERSEN: Is there any significance in the sinusoidal variation in your data points about 
the mean-value curve in the graph depicting bore-hole d epth against radio-wave velocity? 

G. DE Q. ROBIN : No, I believe the variations between the different experimental runs favour 
the interpretation that we are looking at some extraneous experimental factors rather than 
any true variation of ice properties at depth. 

M . E. R. W ALFORD: The sinusoidal variation of your observed velocity with depth may be 
some expression of beat phenomena between the many possible paths of radiation between 
the bore-hole transmitter and the receiver bearing in mind the rather long half-microsecond 
pulse length. 

ROBIN : I agree, and I believe the experimental results sugges t that the variation is the result 
of such factors rather than an indication of any variation of ice properties at depth . 
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J. G. PAREN: Can you justify straight-line propagation of electromagnetic waves In your 
expet-imen t? 

ROBIN: Approximately. Dr Clough has reported on ray-tracing calculations made to answer 
this question in relation to his wide angle T Z- Dz experiments. The assumption of linear 
propagation did not introduce significant errors of time measurement. 

J. W . CLOUGH: For wide-angle experiments the velocity difference calcula ted for a straight 
ray and the actual curved ray path is n egligible. For refl ections from a d epth of 100 m on the 
polar ice cap the maximum difference in travel time between the two ray geometics is ~ 10 ns, 
less than the accuracy of time measurement, so the simple assumption of straight-line propaga
tion is justified . I do not know the significance of these differences in the case of the interfero
m etry experiment, but considering a short path length of 10 m I would not expect the errors 
to be considerabl e. 

P. GUDMANDSEN: I should like to suggest that the variations in velocity shown could be due to 
slow frequency variations of the transmitter during the measurement. I wonder how you 
con twlied the frequency stability of the transmitter? 

R OBIN: No, there was little variation between frequency determinations over two days. 
Furthermore, the fact that during the raisi ng of the antenna, the sinusoidal variation was the 
sam e as during the lowering, an hour or so earlier, indicates that a gradual drift of frequency 
is unlikely. 
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