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ABSTRACT. T h e techniques of geophysica l exploratio n can be used in a number of ways to investigate 
the interna l cha rac teristics of ice bodies . The application of radio-echo sounding is discussed elsewhere by 
Robin (197s[a ] ) so is not considered here except fo r a few specia l cases. A n isotropy resulting from non­
ra ndom ordering of crysta l axes produces effects on seismic wave propagation speeds measura ble by both 
refrac tion a nd re flection techniques. The effects on shear waves a re pa rticu la rly strong, so the recen t d evelop­
ment of an effecti ve shear-wave gen erator should prove very usefu l. M a rked effects on radio-wave pola ri­
zations have a lso been noted, but are no t readily interpre table because the a niso tropic dielectric ch a racteristics 
o f single-crys ta l ice in the radio-ech o frequency ra nge a re not yet known . Elastic interna l fric tio n can be 
de termined by careful measurements of seismic-wave a mplitudes. Dielectric properties of the ice can be 
found from VLF propagation experiments a nd electrical logging in drill ho les as well as from the radio-echo 
sounding techniq ues discussed by R obin ( 197s [a] ) . A n ac ti vation energy can be estimated from d.c . resisti­
vity measurem ents where the tempera ture profile is known . R ecent developments have led to much improved 
methods of d e te rmining density- d epth variations a nd lo ng-term mean a nnual snow accumula tion ra tes 
from seismic refrac tion shoo ting. Inte rna l discontinuities which can be studied include a proba ble mora ina l 
layer detec ted by seismic reAections, a brine-soaked zone in shelf ice observed from radio-echo sounding and 
electrical resistivity surveying, and in verted crevasses p ene tra ting upwa rd from the base of shelf ice, d e tected 
by radio echoes. Secular changes in g ravi ty offer a sen sitive means of d e te rmin ing long-te rm ch a nges in 
surface elevation . 

R ESUME. Progres dans l'exploration geophysiqlle des caloUes glaciaires et des glaciers. Les techniques d e I'explora­
tion geophys ique peuvent etre uti lisees de nombreuses m a nieres pour e tud ie r les caracteristiques internes 
des masses d e g lace. On discute p a r a illeurs I'applica tion du sondage p a r radio-echo (Robin , 197s[a]l, 
a ussi, ne prendro ns-nous pas en conside ra tion ce tte method e sauf pour quelques cas speciaux. L 'anisotropie 
resultan t d 'une distribution non-alea toire des axes optiques des cristaux a des consequences sur les v itesses de 
propaga tion des ondes sismiq ues, m esurables pa r d es techniques de reAexio ns e t de refrac tion. Les effets 
sur les ondes d e cisaillement son t particulierement forts, d e sorte que le deveioppement recent d ' un generateur 
d 'ondes de cisaillem ent s'avere tres u t ile. Des effets m a rques sur la polarisa tion des ondes radio ont egalement 
e te deceles, m a is ne sont pas facilem ent interpreta bles parce que les carac te ristiques dielec triques aniso­
tropiques d 'un m onocrista l de glace d a ns la gamme d e frequence uti lisee en sondages radio-ech o ne sont 
pas encore connues. L a friction in terne elastique peut e tre determinee p a r d es mesures soigneuses des 
a mplitudes d 'ondes sismiques. Les pro prietes dielectr iques d e la glace peuvent e tre deduites d 'expe riences de 
p ropagation d 'ondes VLF et de m esu res electriques dan s les pui ts de forages, a ussi bien que d es techniques 
d e sondages pa r radio-echo exposes pa r Robin (197s [a ] l . U ne energie d'acti vation peut etre es timee it partir 
d e mesure, d e resistivite d. e. ou le profi l de tempera ture es t con nu. De recents developpements o n t conduit a 
d es methodes beau coup plus ela borees pour determiner Ies varia tions de d ensite en fon ction de la profondeur 
et le taux a nnuel m oyen d 'accumula tion de la neige sur une longue period e a partir de tirs d e sismique­
refraction. L es discontinuites interne3 que I'on peu t e tudier comprennen t un niveau mora inique probable 
d etecte pa r reAexion sismique, une zone de saumure fondante dans la ba nquise observee par sondage it 
rad io-echo e t p a r surveillance de resistivite electrique, d es crevasses inversees penetrant vers le ha u t depuis 
la base de la ba nquise detectees pa r ra dio-echo. Les ch a ngem ents secula ires d e la g ravite donnen t un moyen 
sensible de de ter m iner les changem ents it long terme d e I' alti tude superfi cie lle . 

ZUSAMMENFASSUNG. Fortschritte in der geophysikalischen E iforschllng von Eisdecken und Gletschem. Die V erfahren 
del' geoph ysika lischen Erforschung kbnnen auf verschied ene Weise zur U nte rsuchung der inneren Eigen­
schaften von E iskbrpern angewandt werden. Die Verwendung der R adar-Ech o lotung wird an a ndere r Stelle 
von R obin ( 197s [a] l disku tiert ; sie bl eibt delha lb hi er a usser Betrach t, mi t Ausnahme einiger sp ez ieller 
Fa lle. Die Aniso t ropie, hervorgerufen durch eine nicht-zufa llige Anordnung d el' Krista llachsen, b eeinAusst 
die FortpAa nzungsgeschwindigkeit se ismischer Well en , die sowohl durch das R efra ktions- wie das R eflexions­
verfahren gem essen werden kann. D er E inAuss auf Sch erwellen ist besonders stark, wesha lb die jungste 
E ntwicklung eines wirksamen Scherwellen-Genera to rs si ch a ls sehr nutzlich h e ra usstellen sollte . Erhebliche 
Einflusse auf die Po larisation von R a dar-Wellen wurden ebenfalls beobachte t, doch sind sie nicht leich t zu 
in terpretieren , weil die anisotropen dielektischen Eigen sch aften einkrista lligen Eises im Frequen zbereich 
d er R adar-Wellen noch nicht beka nnt sind. Elas tisch e innere R eibung ka nn durch sorgfa ltige M essungen 
der Amplituden seismischer Wellen b estimmt werden . Die dielektrischen Eigenschaften d es Eises kbnnen 
sowohl durch V ersuche zur Ausbreitung nied rigfrequenter Wellen und durch elektrische in Bohrlbchern 
wie durch R adar-Echolotung (sieh e R obin 197s [a] ) un tersuch t werden . Eine Aktivationsenergie lasst sich 
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durch Messungen des Leitung3widerstandes abschatzen , wenn das Temperaturprofil beka nnt ist. Jungere 
Entwicklungen haben zu stark verb~sscrten Methoden zur Bestimmung d er Dichteanderungen mit d er 
Tiefe und langzeitiger Mittelwerte d er j i hrlichen Akkumulation a us seismischen R efraktionsverfahren 
gefuhrt. Innere Unstetigkeiten , die sich deuten lassen , sind z.B. vermutliche Moranenschichten, die sich aus 
seismischen R eflexionen ergeben, eine salzsoledurchsetzte Zone im Schelfeis, entdeckt durch R adar­
Echolotungen und Messungen des elektrischen Leitungswiderstandes, sowie umgekehrte Spalten, die von der 
Unterseite des Schelfeises nach oben vordringen, entdeckt durch Radar-Lotungen. Sakulare Schwa nkungen 
der Schwerkraft bieten ein empfindliches Mittel zur Bestimmung von langzeitigen Anderungen in d er 
Oberflachenhohe. 

I NTRODUCTION 

During the last decade there has been a large increase in the use of the tools of geophysical 
exploration to examine the nature of the ice within ice sheets and other glaciers. A primary 
r eason for this has been the impact of electromagnetic methods for study of the ice, which has 
been felt in two ways. First, these methods can themselves be used to investigate some of the 
properties of the ice. Second, the advent of radio-echo sounding has eliminated the need for 
large numbers of seismic soundings, while at the same time producing much more detailed 
ice-thickness information, thus making it possible to turn seismic techniques with increased 
effectiveness to the study of the ice itself. In this review we will be concerned with the use of 
techniques of geophysical exploration to study various properties of the firn layers and solid ice 
of glaciers. Radio-echo sounding methods are covered principally by Robin (1975[aJ ). 
Not considered here (except for a brief comment on a new electromagnetic interference 
m ethod) are geophysical means of determining the ice thickness, which are well enough 
known already. Direct measurem ent of physical properties on ice samples, while extremely 
important, are beyond the scope of this discussion. Because of the author's experience, the 
discussion will show an inevitable bias toward applications to ice shee ts, but many of the 
techniques are readily applicable to smaller glaciers as well. 

ANISOTROPY 

A prime example of the new direction of geophysical examination of the ice is the study of 
anisotropy. Deviations from a random distribution of ice crystal axes in polycrystalline ice 
produce a dependence of velocities and amplitudes of seismic and electromagnetic waves on 
direction of polarization and on direction of propagation through the ice. Since ice fabri cs 
are intimately related to the strain history of the ice, measurements of anisotropy are of great 
potential value in the study of ice dynamics. 

Seismic bo4J waves 
The study of seismic wave propagation shows particular promise for the examination of 

anisotropy because in ice, except when temperatures within a few tenths of a degree of the 
melting point produce water at crystal boundaries, the elastic properties are very closely 
d efined . The effects of pressure, even at the bottom of the thickest ice sheet, are negligible, 
and temperature corrections are easily applied. 

Wave velocities vary about 3t% over the 60 deg range of temperatures found in glaciers 
and ice sheets. The temperature coefficient of velocity for compressional (P) waves measured 
in the laboratory by Robin (1958) has been confirmed by field measurements. A recent, and 
probably the best, determination, using carefully screened field measurements, yielded a 
coefficient of - 2.30 ± O.17 m /s deg (Kohnen, 1974). The temperature coefficient of velocity 
for shear (S) waves is less well determined, but is probably within 20% of - 1.2 m /s deg 
(Kohnen, 1974 ; Brockamp and Querfurth , 1965). Since the temperature of the ice in the 
field is generally quite well known (except at depth in ice sheets), temperature corrections to 
o bserved velocities on cold glaciers can usually be accurately applied. On temperate glaciers 
the situation is less favorable because velocities can vary over a range of several hundred 
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m e ters per second d epending on c rystal-boundary water content. Nevertheless, the tech­
niques to be d escribed can in principle be used locall y to examine dependence of wave 
velociti es on direc tion of propagation. 

Curves of wave velocities in a single crys tal of ice as a fun ction of the angle between the 
c-axis and the propagation direc tion , as observed or calculated b y severa l authors (Rothlis­
be rger, 197'2 ) a re closely a like when normalized to observed field values for randomly­
oriented polycrystalline ice . Typical velocity curves for the P wave, the SE wave p olarized 
in the plane defin ed by the direction of propagation and the c-axis ( the extraordinary wave), 
a nd the SO wave polarized perpendicular to that plane (the ordinary wave) are shown in 
Figure I together with the iso tropic polycrystalline averages. The maximum deviation from 
the isotropic m ean is about 5 % for P waves and more than 10% for SE waves . Figure I 
would apply not only to a si ngle crystal but a lso to a polycrystalline region in which the 
c-axes were all perfectly aligned. In reality, of course, perfect a lignment is not found , but in 
strongly oriented polycrystalline ice the velocity variations, though diminished , are sti ll 
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Fig. I. Phase velocities (dashed lilles ) alld wave velocities (solid lilles ) ill a single crystal of ice at - 10 ° C as a fUllction of 
direction of propagation. V,: P wave; V, : extraordinary S wave; VJ: ordinary S wave. Upper and lower hori zontal 
lines represent S-wave and P-wave velocities, respectively, ill isotropic, polycrystallille ice . From Bentley ( [97 1 [b ]). 

ample for detection in field m ea surem ents. Potentially, at least, S waves are particularly well 
suited to the study of anisotropy because there are two types of waves which exhibit d ecidedly 
different charac teristics with one, the SE wave, showing a large velocity range. 

Striking evidence of anisotropy com es from seismic refraction shooting. (For an extensive 
discussion see Bentley, 197 I [b]. ) The travel time curves of F igure '2a show increases in 
velocity for both Sand P waves but at distinctly different depths. This phenomenon is 
appropriate for layered anisotropic ice, but would be very difficult to explain in terms of an 
isotropic model , since proportional changes in the P- and S-wave velocities would then be 
expected. 

Birefringence in shear-wave propagation is another clear proof of anisotropy. Figure 3 
shows vertically and horizontally polarized S waves arriving at different times on a refraction 
profile near " Byrd" station. Satisfactory explanation of these arrivals was only possible on the 
basis of a bi-modal distribution of ice-crystal c-axes, revealed in cores from the d eep "Byrd" 
station drill hole (Bentley, 1972) . 
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Fig. 2 . Examples ofrifraction and reflection shooting in anisotropic ice. (a) Curves 0.1 reduced travel time (i. e. trave! time minus 
distance/ Vo, where Vo = 3860 m/sfor P waves and I 949 m /sfor S waves ) showing normal and high velocity P waves 
(open circles ) and S waves (solid points ) . (b ) P-wave velocities from wide-angle rejlection shooting (open circles ) with 
two possible model fits (solid li~es ) . (c ) S-wave velocities from converted P- S reflections . In (a) and (c) short vertical 
(horizontal) lines through points indicate horizontal longitudinal (transverse ) motion. From Bentley ( 197 I [b] ). 
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Fig. 3. Section 0.1 rifraction seismogramfrom "Byrd" station, Antarctica showing longitudinally (SV ) and transversely (SH ) 
polarized shear waves. Traces correspond to individual geophones spaced sequentially 30 m apart. Total travel time: 
about 6.6 s; distance: 12.5 km; charge: 135 kg. Timing lines are 0.01 s apart. From Bentln- (1964) . 
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R efraction studies can only show increases in wave velocity with depth. Regions where the 
velocities d ecrease can be examined by wide-angle reAection shooting which , although 
yielding only average velocities through the ice, has the advantage of involving a changing 
obliquity relative to ice-crystal axes. An example of model fitting assuming perfect crystal 
alignment within discrete layers is shown in Figure 2b. 

Converted P to S reAec tions also can be useful. S waves of both types generally result 
from an incident P wave. A good example is shown in Figure 2C. The direc tions of motion , 
as well as the val-iation of velocity with angle of incidence, provide constraints upon acceptable 
anisotropic models. 

S waves from explosive sources are much more difficult to use than P waves since an 
explosion produces shear motion with an unpred ictable and uncontrollable mixture of both 
polariza tions. Upon reAection each type of inc ident S wave in turn gives rise to waves of both 
types, res ulting in four reAected S waves and a very complicated pattern indeed . It would be 
much easier to use reAected shear waves if waves of a single pola rization could be generated. 

Another promising reAection method is the comparison of radio and seismic echo times. 
There is no direc t evidence on the variations of electromagnetic wave velocity normal and 
parallel to the c-axis in the frequency range of radio-echo sounding, but the difference is 
probably less than I %, the upper limit indicated in experiments at 2 700 MHz (personal 
communication from W. B. W estphal toJ. W . C lough in 1974). For this reason , it is probable 
that variations in the ratio of radio to seismic echo times, if the reAecting surface is the same 
for both , arise chieAy from variations in seismic wave velocity. High-speed vertically­
traveling P waves in East Antarctica have been suggested by C lough and Bentley ( 1970) on 
this basis, but their interpretation suffers from uncertainty about the common identity of the 
reAecting surfaces. New evidence from the Ross Ice Shelf (personal communication from 
J. D. Robertson ), where this uncerta inty is not present, suggests a P-wave velocity 5 % higher 
than would be expected for iso tropic ice (Figure 4), but appropriate to propagation parallel 
to the c-axes in strongly oriented ice. This is consisten t with the vertical preferred c-axis 
orientation that has been observed in the deep drill hole at " Little America" (Gow, 1963). 

Amplitudes of seismic waves, as well as velocities and polarizations, are important indi­
cators of anisotropy. For example, there is frequent conversion of P waves to S waves upon 
reAection from the base of the ice at vertical incidence (Figurc 2C). At a smooth boundary 
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Fig. 4. Difference between ice thicknesses on the Ross Ice Shelf measured by radio-echo sounding and by seismic sounding 
assuming velocities for isotropic ice. Straight line corresponds to a 5% underestimate in the P-wave velocity. 
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be tween two isotropic media there is no conversion from P to S at vertical incidence. H ow­
ever , theoretical analysis shows tha t conversion up to 80% in amplitude occurs when the 
axis of symmetry in transversely isotropic ice is inclined 4 0 0 or 5 0 0 to the normal (personal 
communication from H . K. Acharya ) . Only an SE wave should be produced, so the p olari­
zation of the refl ected S wave should reveal the azimuth of the axis of symmetry. Although 
som e conversion from P to S a t a rough boundary might be expected , the amount should be 
small and the occurrence erratic. Therefore, the regula r occurrence in W est Anta rctica of 
P- S conversions at normal incidence almost surely indicates anisotropic ice with an inclined 
axis of symmetry a t the base of the ice. 

V elocity measurements from seismic shooting are greatly enhanced by direct comparison 
with observations in drill holes. Such a comparison for P waves was made in the deep drill 
hole at "Byrd" station, Antarctica (Fig. 5) (Bentley, 1972) and m ore should be obtained 
when ever possible. Ultrasonic logging in dri ll holes a lso provides a continuous variation 
with depth of a quantity that depends upon the fabric, which itself can be observed only a t 
discre te intervals. It is important to extend logging m easurements to include S waves. 
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Fig. 5. P-wave velocities measured by logging ill the deep drilt hole at " By rd" statioll, Antarctica (solid line ). From Bentley 
( I972 ) . 

From the seismic studies of anisotropy that have been carried out to da te, two facts are 
clear. First, there is considerable ambiguity in interpretation of observed results when P 
waves alone are used. Second, in attempting to use S waves, the theoretical models often 
become so complex that it is impossible to decipher the results. It would clearly be of grea t 
value to have a m echanism of generating shear waves which would produce enough energy 
to be useful for long refraction and d eep reflection shooting, and a t the same time would make 
it possible to control the orienta tion of the shear-wave motion. 

Such a generator has now been developed (personal communication from R. M . 
Turpening) although not yet tes ted on ice. The technique is to fire a military mortar hori­
zontally; the recoil generates a strong shear wave and relatively weak compressional wave. 
The weakness of early compressional energy on the horizonta l channels allows excep tionally 
clear identification of both vertically and horizontally polarized shear waves. Good generation 
of Love waves has also been observed . 

Since the recoil generates transversely and longitudinally polarized shear waves in 
perpendicular directions, one can, by proper orientation of the firing line, generate the desired 

https://doi.org/10.3189/S0022143000034328 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034328


ADVANCES IN GEOPHYSICAL EXPLORAT I ON 119 

type of wave along a pre-determined azimuth. With control of the p lane of polarization , it 
should be possible to determine velocities and reflection coefficients separately for the two S 
waves as well as for P waves, thus effectively tripling the information avai lable from P waves 
a lone. 

Another benefit that could come from a shear-wave generator is a field determination of 
the shear-wave velocity in natural glacier ice at very cold temperatures, such as are found on 
the east Antarctic plateau. Interference from compressional motion has heretofore prevented 
the observation of any shear-wave velocities on refraction profiles at such cold temperatures. 

Seismic surface waves 

Surface-wave dispersion depends primarily upon the velocity and density structure in 
the upper part of a glacier or ice sheet. Comparison between observed and calculated 
dispersion should, in principle, reveal anisotropy in the medium. However, difficulties arise 
in calculating theoretical dispersion curves because of the extremely rapid variations in 
properties in the upper part of a firo zone which could invalidate the usual assumption that 
the velocity and density gradients can be satisfactorily approximated by a series of homo­
geneous isotropic layers. Unfortunately, no direct evaluation of the validity of the layered 
approximation to a firn zone has yet been made. 
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Fig. 6. Rayleigh-wave dispersion data and theoretical curves at two sites on the Ross Ice Shelf. From Robins~1l ( 1968 ) . 

U sing the layered approximation, Robinson (1968) found broad agreement between 
theory and observation at sites on the South Polar plateau, but the variation of shear-wave 
velocity with depth was not known with an accuracy sufficient for close comparison. At sites 
on the Ross Ice Shelf, where the velocities are better known, he found major differences at 
three ou t of four sites (e.g. Fig. 6a) which he attributed to 15 to :20% anisotropy associated 
with the gross structure of the firo . However, at a fourth site on the Ross Ice Shelf, the 
theoretical and observed dispersion show very close agreement (Fig. 6b). There is no apparent 
reason why the structural anisotropy should not be present at this site also. The wide variation 
in results suggests that some factor has not been taken into account . 

H. K . Acharya (personal communication) has recently calculated a theoretical Rayleigh­
wave curve for Marie Byrd Land by direct numerical integration of the equations of motion, 
thus avoiding the layered approximation . In contrast with an earlier approximate analysis, he 
finds good agreement between the theoretical curves and observed dispersion with no indica­
tion of anisotropy. 
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Electromagnetic waves 
Anisotropy in the dielectric constant in ice crystals at frequencies in the radio-echo­

sounding band ( 10- 1 000 MHz) is probably not enough to produce an observable effect on 
travel times, but significant polarization effects could occur. For example, a layer only 
100 m thick with an anisot ropy of 1 % in the dielectric constant would suffice to produce 
elliptical polarization . Kluga and others ( 1973) found tha t elliptical polarization in bottom­
reflected signals is common south of Molodezhnaya in east A n tarctica, and that an orienta­
tion of the transmitting antenna usually exists for which the rotation of polarization is minimal. 
This strongly suggests the effect of anisotropic ice. 

ANTENNA ORIENTATION 
ANTENNA PARALLEL(=) 
ANTENNA PERPENDICULAR (..L) 
ANTENNA COLlNEAR (--) 

SMALL TRANSVERSE CRACKS 

AXIS OFtLACIER 

Fig. 7. Radio-echo amplitudes as a / unction of the direction between transmitt ing and receiving antennas at a site Oil the Skelton 
Glacier, A ntarctica. From Clouglz (unpublished ). 

Clough (unpublished ) r eports on an experiment conducted in an area of stressed ice on 
Skelton Glacier in Antarctica. Measurem ents of reflection amplitude were repeated at 22 .5° 
interva ls in azimuth wi th successively parallel, perpendicular (cross-polarized ) and collinear 
orientations of the sounding antennas. If elliptical pola rization arising from an inclined 
preferred orientation of the c-axes occurs, the cross-polarization should be minimum when the 
dipoles are aligned parallel or perpendicular to the ver tical plane containing the preferred 
orientation, and maximum at 45° to these positions. The experimental results (Fig. 7) suggest 
such a pattern relative to a plane with an orienta tion roughly parallel (or perpendicular) to 
the flow line in the glacier. 

A second experiment was conducted a few kilometers d own-stream wi th the results shown 
in Figure 8. The depolarized component is much weaker and there is no apparent dependence 
of amplitude on azimuthal angle. 
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Fig. 8. Radio-echo amplitudes as afunction of the direction between transmitting and receiving antennas at a site afew kilometers 
down-stream from that qfFigure 7. From Clough (unpublished ). 

Sharp changes in crystal orientation may produce significant reflection coefficients if the 
anisotropy is as high as 1 % (Clough, unpublished). For such a boundary the reflectivity 
should depend strongly upon the direction of polarization of the incident wave. A possible 
example of this from an internal echo in the Skelton Glacier is shown in Figure 9. 

Clearly, before quantitative measurements of anisotropy can be made using radio-wave 
polarization effects, the actual dielectric constants parallel and perpendicular to the c-axis in 
a single crystal at frequencies in the vicinity of 100 MHz need to be measured. The many 
occurrences of polarization phenomena, however, hold out the expectation that this will be a 
fruitful line of investigation in the future. 

ANELASTICITY 

Only a few measurements of the absorption of elastic energy in glaciers have been made. 
Rayleigh scattering is the major mechanism of attenuation at sufficiently high frequencies, 
but the frequency above which scattering dominates varies widely with the nature of the ice. 
Westphal (1965) measured the attenuation coefficient of ice in a temperate valley glacier by 
spectral analysis of a pressure pulse from a small explosion. He found scattering to pre­
dominate in the coarsely crystalline, bubbly ice at frequencies above 5 kHz. On the other 
hand, sketchy measurements by Millecamps and Lafargue (1957) in finer-grained ice on the 
Mer de Glace suggested an internal friction mechanism for frequencies between 65 and 
500 kHz. 
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ANTENNA ORIENTATION 
ANTENNA PARALLEU=) 
ANTENNA PERPENDICULAR (.1..) 

....... . . ANTENNA COLlNEAR (--) 

SMALL TRANSVERSE CRACKS 

AXIS OFLLACIER 

Fig. 9. Radio-echo amplitudes as afunction of the direction between trGlzsmitting and receiving antennas at a site on the Skelto" 
Glacier, Antarctica . From Clough (unpublished ). 

A few studies of the attenuation of P waves at frequencies of the order of 100 Hz, where 
Rayleigh scattering is unimportant, have been carried ou t as by-products of seismic refraction 
and reflection measurements in ice sheets (Robin, 1958 ; Brockamp a nd Kohnen, 1967 ; 
Kohnen, 1970; Bentley, 1971[c] ) . R ecently, refraction measurements were carried out by 
K ohnen (Bentley and Kohnen, in press) wi th a specific emphasis on the determina tion of the 
attenuation ofP waves. The primary difficulty in interpreting refraction results is the extreme 
sensitivity of the observed attenuation to small varia tions in the seismic velocity gradient. 
Thus, a ttenuation can be determined from refraction studies only where very careful velocity 
m easurements are also made. On the other hand, refraction measurem ents have the advan­
tage of being assignable to a particula r temperature, whereas reflection m easurements involve 
attenuation at temperatures characteristic of the whole range in the ice sheet. 

A summary of estimates of internal fri ction based on both refraction and refl ection studies 
is shown in Figure 10. Also shown are curves derived from laboratory measurements of 
internal fri ction by Kuroiwa (1964), the parameter being the ionic impurity content in the 
solution from which the ice was prepared . The agreem ent of most of the field results with the 
laboratory measurem ents is satisfactory for an ionic impurity concentration in the ice itself 
of 1.5 to 2 fL eq /l ; that concentration was found by direct analyses on snow and ice samples 
from "Byrd" sta tion (for details see Bentley and K ohnen (in press)) . T he few exceptions, 
from refraction shooting on the high interior part of the Greenland ice sheet, are discrepant 
proba bly because of inadequate knowledge of the seismic velocity gradient. There is no 
evidence that any damping mecha nism other than m olecular relaxa tion in the ice is important 
below about - 2 0

0 C ; at higher temperatures grain-boundary friction becomes important. 
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Seismic absorption m easurements could be substantially improved. Particularly useful 

would be greater geophone spread-lengths or, better yet, dual spreads, permitting greater 
precision in determining ampli tude changes and frequencies. Spectral analysis would be 
enhanced by magnetic tape recording. Development of energy sources of widely varying 
frequen cies would permit searches for the lower-frequency boundary of scattering, a potential 
means of determining grain sizes. Attenuation measurements on S waves may become 
possible using a powerful recoil source . 

. 010r----~----,----_r_--___, 

.008 

f= 13 6 Hz 

\A 
I 
I 

o I 
I 
I 
I 
I 
\ 
\ 

K 

I 

o 

I 

O ~-L~-L ___ ~ __ ~L-__ ~ 

-10 -20 -30 -40 
T (OC) 

Fig. 10. Field determinations of internal friction as afunction of temperature compared with curves from data in Kuroiwa (1964 ) . 
Solid curves indicate measurements on laboratory ice with Cm as indicated; dashed curves indicate measurements On ice from 
an Antarctic iceberg (A ), andfrom the Greenland ice sheet (G). Sources of data : large solid circle with error bar, rifraction 
shooting in Antarctica (Bentley and Kohnen, in press ) ; B & K, reflection shooting in Greenland (Brockamp and Kohnen, 
1967); K, rifraction shooting in Greenland (Ko/men, 1970 ) ; B, reflection shooting in west Antarctica (Bentley, 1971 [c] , 
reinterpreted ) ; R , upper bar, reflection shooting in east Antarctica (Robin, 1958) ; R, lower box, Robin's data reinterpreted. 
From Bmtley and Ko/men (in press ). 

DIELECTRIC CONSTANT (see also the review in this symposium by Glen and Paren ( [975)) 

Generally speaking, the dielectric constant of a lossy medium can be expressed as a com­
plex number : E = E' - jE" . At the frequencies of radio-echo sounding, E" is small compared 
to /; then E' determines the speed with which electromagnetic waves travel through the ice, 
and E" determines the absorption loss. However, at frequencies near the relaxation peak, 
generally in the VLF (ki lohertz) range, that separation is not possible. 

Determinations of the dielectric constant in connection with radio-echo sounding are 
discussed by Robin ([ 975 [ a] ) . I will discuss here some VLF - and RF -in terferometric measure­
ments. 

V LF measurements 

Effective average values of the complex dielectric constant in the Antarctic ice near 
" Byrd" station have been calculated using measurements of phase and amplitude of VLF 
emissions from the 34 km long antenna near " Byrd" station (Peden and others, 1972). The 
results of these studies at frequenci es between 5 and 20 kHz, can be fitted fairly well with a 

https://doi.org/10.3189/S0022143000034328 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034328


124 JOURNAL OF GLACIOLOGY 

section of a semi-circle on a Cole- Cole plot, i.e. by assuming a simple relaxation spectrum 
(Fig. 11) that corresponds to a single relaxation frequency of about 2.5 kHz. This would 
correspond to an effective mean temperature in pure ice (defined as that temperature which, 
in an isothermal ice sheet, would most nearly result in the observed dielectric permittivity) 
of about - 100 C (Auty and Cole, 1952) . Although the actual mean temperature in the ice 
sheet at "Byrd" station is colder, that is a reasonable effective mean in view of the exponential 
increase in absorption to be expected with increasing temperature in the lower part of the ice 
sheet. Measurements at frequencies below 5 kHz were prevented in Peden's experiments by 
instrumental limitations. 

40 

E" 

40 60 80 

Fig. 1:. Dielectric properties of the Antarctic ice sheet in the VLF band. From Peden and others (1972). 

More recently, Rogers and Peden ( 1973) have measured the VLF electrical properties 
of the ice sheet in situ by lowering a 3 m dipole probe into the deep drill hole at "Byrd" 
station and measuring probe admittances. Measurements at five frequencies between 1 .25 
and 20 kHz showed increasing deviation from values for pure ice at frequencies below 5 kHz 
(e.g. Fig. 12) (c( Fitzgerald and Paren, 1975) . Measurements in deep drill holes are of great 
interest, and should certainly be carried out in other drill holes in ice wherever possible. 

------ '" .... '" '" 

/ 
/ 

/ 

600 1200 

DEPTH (m) 
Fig. 12. M easured dielectric constant in the deep drill hole at " By rd" station, Antarctica, at l. 2 5 kHz . From Rogers and 

Peden ( 19 73). 
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Another m easurement of the bulk dielectric loss in the An tarc tic ice sheet com es from a 
study of a ttenuation in long-range VLF transmission a long paths that cross the Antarctic ice 
shee t (Crary and Crombie, 1972) . Larg~ excess attenuation rates found over these paths 
a re attributed to losses in the Antarctic ice, leading to an es tima te of the dielectric constant 
(lE!) a t a frequency of 16 kHz in the range of 10 to 5 0 . T his is no t a closely d efined value, 
and the range is high compa red to the es timate of Peden and others (1972 ) of about 7 a t 
16 kHz. Nevertheless, it is an interesting ap proach to an average dielec tric consta nt over a 
long path ; perha ps the measurem ents can be refined in the future. 

Interferometry 

Radio-frequency interferom etry can be used a s a m ethod of m easurement of the dielectric 
properties of ice in situ. Waves propagate from a transmitter on the ice surface to a separated 
receiver along paths just above and just below the surface. Since the two waves travel at 
d ifferent speeds, a n interference pattern that d epends upon the dielectric constant of the ice 
develops (H ermance, 1970). Application of this m e thod to mea~urements on the A thabasca 
G lacier, using frequencies from I to 10 MHz (e.g. Fig. 13), led to reasonable es timates of 
both E' and E" (H ermance and Strangway, 197 I ; Strang way and o thers, 1974). 
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Fig. 13. Experimental radio-signal amplitudes on Athabasca Glacier compared with theoretical curves for E = 2.8, 3.0 alld 
3.2. Frequency X loss-tangent products for each set of curves from top to bottom bifore the firs t interference minimum are 
0. 4, 0 .6, 0 .8 and 1. 0, respectively. F rom H ermance and S trangway ( /97 / ). 
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A closely related method of determining the dielectric properties of ice in situ, is called the 
"wave-tilt" method . The electric field of a wave transmitted from a vertical antenna will 
remain vertical only if the ground is a perfect conductor. If it is not, a horizontal component 
d evelops, the angle between the resultant vector and the vertical being known as the angle of 
tilt. The variation of the angle of tilt as a function of distance from the transmitter dep ends 
upon, and can be used to measure, the properties of the subsurface materia l. The wave-tilt 
m ethod has proven useful on lake ice (Blomquist, 1970), but application to glaciers has not 
ye t been reported. 

Another interferometric technique makes use of a bore hole (Robin , 1975 [b] ). By 
m easuring the distance between interference fringes as a dipole antenna is lowered into a 
bore hole, the wavelength of the radio waves, and hence their velocity, can be determined. 
Because of the sensitivity of the interference method this technique offers the hope of high 
accuracy. 

The interference method can also be used to measure ice thickness, since a secondary 
interference pattern will be formed upon arrival of the reflection from the bottom of the ice. 
The application of this technique to the Athabasca Glacier yielded results which are in 
general agreement with other thickness de terminations (Strangway and others, 1974). It is 
not apparent, however, that this method has any particular advantage over standard pulse 
echo sounding. A bottom echo strong enough to produce an observable interference pa ttern 
at a few megahertz should be observable, with less likelihood of ambiguity in the interpreta­
tion , as a refl ected pulse in the 100 MHz range, except in the unlikely case of a strongly 
frequency-dependent refl ectivity. Perhaps the m ethod has applicability to thin ice where the 
bottom reflection cannot be easily resolved from the outgoing pulse, although in that case it 
may be difficult to differentiate between the interference pattern due to the waves traveling 
just above and just below the surface and the pattern resulting from the bottom reflection. 

D .e. RESISTIVITY (see also Glen and Paren, 1975) 

There has been little activity in the application of D .e. resistivity techniques to the study 
of glaciers in the last few years. The situation stands about as it did at the time of a review 
article by Rothlisberger (1967). The large differences in resistivity in polar ice sheets, polar 
ice shelves, and va lley glaciers are still not well explained . If the reasons for these differences 
were better known in terms of the physical characteristics of the ice, the value of resistivity 
profiles on ice would probably increase. There is still considerable potential value for the 
d etermination of temperature as a function of depth if an activation energy is assumed, or 
conversely, in situ determination of the activation energy given a m easured temperature­
d epth profile (Hochstein and Risk, 1967). R esistivity profiles were completed near the pro­
jected drill-hole site on the R oss I ce Shelf during the 1973- 74 season with these applications 
in mind, but data have not yet been analyzed. 

DENSITY 

Until recently, it has not appeared possible to determine density- depth variations from 
geophysical measurements with sufficient accuracy for practical use. Past investigations 
have yielded no single relationship between density and seismic wave velocity which a pplies 
generally to dry firn. Linear relationships found by Robin (1958) and Bennett (1972) differ 
substantially from each other, and most seismic refraction measurements do not lead to a 
linear relationship at all (Rothlisberger, 1972), nor is there reason to expect one. Radio-wave 
velocities might show a better-defined dependence on density (Robin and others, 1969), but 
they decrease with depth in the firn zone, making direct measurement difficult. Attempts 
based upon refl ections from internal layers have not yet proven successful. 

https://doi.org/10.3189/S0022143000034328 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034328


ADVANCE S IN GEOPHYSICAL EXPLORATION 127 
Recently, however , a new approach has been developed which shows considerable promise. 

It has been found that most curves of P-wave velocity gradient versus depth can be fitted on 
semi-logarithmic plots by sequences of three or four straight lines of substantially differen t 
slope (Brockamp and Pistor, 1968 ; Kohnen and Bentley, 1973; Robertson and Bentley, 1975). 
Although the values of the slopes vary from place to place, the dep ths at which they change 
correlate with changes in the d ensification process . 

In the most extensive analysis (R obertson and Bentley, 1975), 43 out of 50 west Antarctic 
profil es of velocity gradient versus depth could be satisfactorily fit by sequences of straight 
lines (a sampling is shown in Figure 14) . On each profile one change in slope (B in Figure 14) 
appears to correlate with the "critical depth " of densification, and another (D in Figure 14) 
probably corresponds to the firn : ice boundary. Where a ccumulation rates were relatively 
high, an additional abrupt change in the slopes appears at an intermediate d epth of around 
30 m (c in Figure 14) , corresponding to the high-density end of the range in which Ramseier 
and Pavlak (1964) found that compressive viscosity was nearly independ ent of density . 
These studies suggest that d ensity- depth curves can be d etermined from seismic slnoting 
combined with densification theory, with the further p 03sibili ty of estimating the mean 
annual snow accumulation. 

The di scovery that semi-logarithmic plots of wave velocity gradient versus depth usually 
consist of linear segments, has led a lso to a new and more succe3sful examination of the direct 
relationship between velocity and density. Upon the reasonable assumption that the deriva­
tive of the porosity with respect to load is negatively proportional to porosity, a power-law 
relationship between P-wave velocity Vp and density p can be developed (Kohnen, 1972 ) . 
The remarkable result found by K ohnen is that an equation with a single set of constants 
(including the velocity of P waves in solid ice ( Vp) i) is valid over the entire range of snow 
densities : 

p(z) = (0.915 Mg m - 3) [I + {( VP) i - Vp(Z)}r.22J-r 
2.25 m S- I 

(Kohnen, 1972). Kohnen evaluates the constants on the basis of data from "Byrd" station 
alone, and then shows a good fit to almost all other data. Particularly striking is the agreem ent 
between m easured and calculated densities in an anomalous region between 20 and 50 m 
depth at " Little America" station. 

ACCUMULATION R ATE 

Some success has been obtained in deriving accumulation ra tes directly from observed 
seismic data. Behrendt ( 1965) found that within a region of widely variable accumulation 
ra tes but nearly uniform temperature in Antarctica the seismic velocity at a distance of 200 m 
on a short refraction profile could be used as a predictor of accumulation rate with a standard 
deviation of 45 kg/m z year. 

An important extension of Behrendt 's method has been made by Kohncn (1971 ), who 
increased the range of applicability by applying a temperature correction . H e relates accumu­
lation rate A to the depth z' at which the P-wave velocity reaches 3800 m /s, a depth near 
the base of the zone of densification that can be determined within a few meters from refraction 
shooting. The least-square regression-line fi t to data from thirteen stations i!1 Antarctica a nd 
Greenland, 

A = (0 .547 ± 0.OI5 kg m - 3 year- I) (z' + r 3.0 m QC- I] 8) + (11 ± 6 kg m - Z year- I), 

where 8 is the Celsius temperature, appears to be useful as a predictor of A with a standard 
deviation of about 5% (Figure 15) a lthough it has not yet been applied to data other than 
those upon which it was based. A difficulty with Kohnen 's method is that the depth z' is 
greater than is normally reached by short re frar: tion profil es. It would be interesting to see 
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Fig. J 1. P-wave velocity gradient versus depth at Antarctic seismic stations, From Robertson and Bentley ( /.975 ). 
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whether, foll owing Behrendt (1965), an equally good fit could be obtained using the P-wave 
velocity at a constant shot- receiver distance within the common profile length. Using a 
constant distance has the additional advantage of eliminating the need for integration of the 
travel-time curves . 
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Fig. 15. Accumulation rate versus temperature-corrected depth at which the P-wave velocity reaches 3800 rn/s, at sites in 
Greenland and Antarctica. From Kohnen ( 1971) . 

Another promising method of determining accumulation makes use of the time intercept 
of the travel- time line for waves propagating in fully densified ice beneath the firn zone 
(unpublished work b y C. R . Bentley) . Since the intercept is equal to the time interval 
between successive surface-refl ected multiples, it can be determined from a single long 
refraction shot, for which an accurate shot instant is not even required. As it is a m easure of 
total travel time through the region of firn densification , the intercept should bear a close 
rela tionship to the integrated density- depth profile, and therefore to the temperature and 
accumulation rate. L east-square regression analysis of data from west Antarctic traverses, 
omitting stations where shallow anisotropy was indicated by refraction velocity measurem ents, 
lead s to the eq uations 

A = 14.4 kg m- 2 year- I+(2.9 1± 0.I7) kg m - 2 year-I S-I (( tp)o' - 46.r s), ( I) 
(/p)o' == (tp )o+(3·42 s deg- I) (8+ 26.1 deg). 

~ tp ) o and (/p)o' are the uncorrected and corrected intercepts, respectively. A is plotted as a 
fun c tion of (tp )o' in Figure 16. Error bars represent ± 15% of the accumulation rate, an 
estimate of the standard error in d e termining long-term mean rates from measurem ents in 
snow pits (Ciovinetto, 1964). (The value of accumulation rate for " Byrd" station is an 89 
year m ean (Cow, 1961 ) known without significant error.) For all p oints except two the 
sca tter is no more than could be explained completely by that error. It is quite possible, 
therefore, that a long-term mean accumulation rate can be estimated more accurately from 
Equation (I) than from pit measurements, provided it is possible to r ecognize anomalous 
values of the intercept. 

s 
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Fig. 16. Accumulation rate versus temperature-corrected time intercept f rom r'!fraction shooting in W est Antarctica. 

That proviso may seriously limit the applicability of both this method and Kohnen 's . 
Nevertheless, the fact that the methods potentially yield long-term average accumulation 
rates, makes them worthy of furth er examination. 

INTERNAL INHOMOGENEITIES 

SO far we have considered the applications of exploration geophysics to ice that is homo­
geneous, except for the strong inhomogeneity in the upper layer of an accumulation zone. 
There are, however, discontinuities in glaciers and ice shee ts that are detectable by geo­
physical means. The most striking are in the upper part of the ice sheet as seen in radio-echo 
sounding (Robin, I975[a) ) . 

Basal layer 

Another internal discontinuity of wide-spread extent in the west Antarctic ice sheet, 
detected by seismic reflections (Figure 17 ), occurs a few hundred meters above the base of the 
ice (Bentley, 197 I [c) ). The r everberative, incoherent, and variable characteristics of the 
reflections lead to the conclusion that they probably arise mostly from morainal debris, 
although in a few instances the refl ector may be the top of a zone of ice at the melting point. 
Unfortunately, observation of this weak echo requires a combination of deep ice (to delay 
the echo) and relatively warm temperatures (for rapid decay of seismic surface noise) probably 
found only on the thick, low-lying ice sheet of the west Antarctic interior. 

Brine-soaked zone 

Brine soaking, which may be of great importance on ice shelves, has been particularly well 
documented on the McMurdo I ce Shelf. Pronounced radio-echo reflections from the brine 
layer there (Swithinbank, 1970; Clough, 1973) (Fig. 18) make it possible to map the eastern 
extent of brine penetration with an accuracy of a few meters . Electrical resistivity profiles 
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Fig. 17. Seismograms showing reflections from the basal layer in the west Antarctic ice sheet (Rc) . Scale fac tors are factorJ 
by which R c amplitudes should be multiplied to reduce all records to a common base. From Bentley ( I97 /[c]) . 

have yielded information about the thickness of the strongly conducting brine layer , although 
the resolving power for a lternating layers of high and low conductivity is not very great 
(Hochstein and Risk, 1967) . 

Bottom crevasses 

Probable bottom crevasses (presumably fill ed with frozen sea-water) have been detected 
recently by radio-echo sounding on the Ross I ce Shelf (Clough , 1974). Bottom crevasses 
are interesting as indicators of the dynamic his tory of the ice in which they are found , and as 
possible models of magma inj ection beneath oceanic spreading centers (personal communi­
cation from ]. W eertman) . For further discussion see Clough ( 1975)' 
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Fig. 18. Radio echograms across the brine-layer boundary, McMurdo Ice Shelf. Reflection Jrom the bottom if the ice is at 
about ['T ,",S; reflectionJrom the top oJthe brine layer is at about 0.4 ,",S. From Clough (1973) . 

Surface elevation change 

Secular variations of gravity have been used to determine changes in the surface elevation 
of ice sheets (Behrendt, 1967; Bentley, 197 I [a]; Budd, 1969)' The standard error in a 
measurement of gravity difference between a base station and a field point is of the order of 
0 .1 mgal, corresponding to an elevation change of 0.3 m, so repeated measurements over IQ 

or 20 years are capable of measuring vertical motions of a few centimeters per year. Because 
corrections for horizontal movement need to be made, the gravitational method is particularly 
suited to thick, slowly moving ice sheets, whose horizontal gravity gradients, which necessarily 
arise from features beneath the ice, are smooth. 

CONCLUSION 

Electromagnetic and elastic wave propagation techniques together constitute a powerful 
approach to the study of the internal properties of glaciers and ice sheets. Studies which were 
carried on some years ago on the basis of seismic P waves alone, have benefitted enormously 
from the advent of radio waves of controllable polarization. In the future, one may hope that 
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a nother comparable improvem ent in effectiveness, particula rly in the study of anisotropy, 
will arise from the availability of strong shear waves of controllable polarization. To comple­
men t surface observations, as well as for their inherent interest, as many geophysical measure­
ments as possible should be made in deep drill holes and on core samples. With this combina­
tion of " rem ote sensing" and "ground truth", "radio-elastic introscopy" of glaciers and ice 
sheets should have a bright future. 
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DIS CUS SIO N 

(Paper not read. Questions fielded by J. W. Clough in the absence of the author) 

J. W . GLEN, W . J. FITZGERALD AND J. G. PAREN: There is considerable overlap between the 
review of Glen and Paren ( 1975) and that of Bentley, when discussing elec trical proper ties. 
In particular the VLF m easurements by Ped en and co-workers at " Byrd" station are dis­
cussed . Their data are shown in Bentley's Figure 1 1 for which Bentley repeats their statem ent 
that they a re fitted to a section of a semi-circle on a Cole- Cole plot corresp onding to a single 
relaxation frequency of 2.5 kHz and to a temperature of pure ice near - 100 e. However , 
Glen and Paren have shown that the conductivity that may be derived from the information 
in the Cole- Cole plot of Pe d en and others ( 1972 ) is independent of frequency at low frequency 
and then fall s away inexplicably at the highest frequency. Fitzgerald and Paren (1975) 
find the same value of the conductivity in ice drilled from " Byrd" station at a temperature 
of near - 300 C but the frequency dependence is very slight. 

Second, Glen and Paren (1975) discuss the D .C. resistivi ty of ice in greater detail than is 
given in this paper. We believe that the temperature d ependence of the D .e. conductivity 
in ice of typical conductivity::::! 10- 5 Q- I m - I is best taken from the data of figure 4 of Glen 
and Paren ( 1975). The m easurements of H ochstein and Risk (1967) tended to be on ice of 
higher conductivity and thus these measurem ents on the cores from the R oss I ce Shelf may 
not be relevant to cold polar ice sheets. It is important that measurements on cores in th e 
high-tempera ture range are conducted in such a way that conductivity paths d own the air- ice 
surface a re excluded. 

T. H UGHES : I understand that a major reason for the lack of success in d etermining the 
isostatic equilibrium of Antarctica by gravity measurements is that the ice-sheet elevations 
along geophysical traverses were often not known to accuracies better than 50 m. Now 
airborne radio-echo traverses can provide ice-sheet elevations accurate to perhaps 5 m . 
Would you recommend re-tracing the overland traverse routes to obtain aerial radio-echo 
elevations so that overland traverse gravity data can be re-analysed to make reliable isostasy 
calculations? 

J. W . CLOUGH: No. The navigational uncertainty combined with changes in elevation since 
the ground traverses were made would probably rule out any improvem ent in accuracy. 
Aside from this, most of the gravity measurem ents are not well tied to known gravity base 
stations. 

D. J. DREWRY: Mention has been made of d etection of a low amplitude P-wave in parts of 
Marie Byrd Land which has been interpre ted, with caution , as genera ted by a morainallayer . 
Is there any possibility of being able to d etect such moraina l material in East Antarctica in the 
future through either new interpretations o r new techniques? 

CLOUGH: I d o not know. Perhaps the use of the new shear wave generator will allow us to 
learn more about these features and conditions at the glacier bed. 

GLEN: Bentley has emphasized the desirabi lity of making dielectric measurem ents in other drill 
holes similar to those at " Byrd". I would agree, but as m entioned by Fitzgerald and Paren 
(1975), the " Byrd" results do not agree with other measurem ents on polar glacier ice, and a s 
we suspect this may be due to the process of boring, it is important that care be taken to 
report what conditions have occurred in the bore hole during and afte r drilling, and in 
part icular the exact nature of any fluid used. In view of the existing discrepancy, and to test 
which results are appropriate for use in remote sensing, some other in situ measurements on 
polar ice would also be most valuable. 
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