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SEISMIC EVIDENCE OF A WET ZONE UNDER THE WEST 
ANTARCTIC ICE SHEET 

By GILBERT DEWART 

(Geophysical Consultant, P.O. Box 33 [, Pasad ena, California g [ [02, U.S .A. ) 

ABSTRACT. I t a ppears to be poss ible to iden tify certa in conditions of therma l regime a t the base of a 
g lacier through the seismic reAection m ethod. In some cases layers of water o r we t rock debris may be 
identifiable. The procedure is based upon the reversal of phase of reAec ted dilatational waves at the interface 
be tween ice and a substra tum of lower acoustic impeda n ce. Illustrations of the method are given from the 
wes t Antarcti c ice sh eet, and suggestio ns a re made for the improvement of the technique. 

R ESUME. Illdices sismiques d'w,e zOlle humide dalls la catoUe ouest Alltarctique. Il apparait possible d'identifier 
certaines conditions du regime thermique a la base d 'un glacier par la methode d e reAection sismique. Dans 
quelques cas, des niveaux d'eau ou d e moraines internes humides sont decelables. L e principe de la methodc 
est le changement de polarite des ondes de di la tation reflechics a l' interface entre la glace et un substratum 
de plus faible impedance acoustique. On donne des exemples d'applica tion de la methode dans la calott e 
d e l'Antarctique occidental, et on fait des sugges tions pour l'amelioration de cette technique. 

ZUSAMMENFASSUNG. Seismischer JVachweis eiller Jeucltten Zone ullter dem westantarktischen Eisschild. Es ersch eint 
moglich, gewisse Zusammenhange d es Warmehaushaltes a m Grunde eines G le tschers m it Hilfe reAexionsseis
mischer Methoden ermitteln zu konne n . In ein igen Fallen durften Wasserschichten oder feuchter Felsschutt 
fes tstellbar sein. Das Verfahren beruht a uf der Polarisa tionsumkehr reAektier ter Dila ta tionswellen an der 
G renzAache zwischen Eis und einem Substrat mit geringerem a kustischem Widerstand. Die M ethode wird 
durch M essungen a uf dem westan tarktischen Eisschild eriiiutert. VorscRliige fUr eine Verbesserung def 
Technik werden unterbreitet. 

I NTROD UCTION 

R ecent developments in glacio logy have emphasized the importance of determining the 
thermal and mechanical conditions at the base of a polar ice sheet. A d ecisive factor relating 
to these conditions is the presence, or absence, of wate r. In particular, the current research 
in to flow instability phenomena would be greatly aided by remote m e thods of establishing 
the existence of a layer of water or o f wet sediments beneath the glacier (Weertman, 1966, 
Ig69, 1972). 

So far , the most promising contribution in this field has com e from electromagnetic 
methods. Radio-echo sounding exploration of the Antarctic ice sheet has revealed the apparent 
presence of water layers between the ice and the underlying glacier bed in some regions ; 
these results are based upon the evidence of high electromagnetic reflection coefficients and 
essentially horizontal reflecting horizons (Robin and others, 1970; Oswald and Robin, 1973). 

Seismic evidence of a wet layer under a polar ice sheet has been reported by several 
workers. Bull (1956) explained the existence of distinct seismic non-reflec ting zones in northern 
Greenland as possibly due to the low refl ectivity of unfrozen ground moraine. Bentley and 
Clough (197 I [b] ) found both refl ec tion and refraction evidence for a su bglacial wet zone at a 
site in west Antarctica . In this paper, seismic reflection records from a series of shot-points 
a long a 150 km profile in west Antarctica are presented in an effort to illustrate some of the 
possibilities and difficulties of the seismic reflect ion m ethod of investigating conditions at the 
base of an ice sheet. 

PHYSICAL BACKGROUND 

When a vertically incident dilatational elastic wave is refl ected from a horizontal interface 
be tween two homogeneous, isotropic, elastic media there wi ll be a phase change of 1800 in 
the wave-form if the acoustic impedance of the medium in which the wave is incident is 
greater than that of the medium on the other side of the interface. The a coustic impedance J 
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is defined as the product of the density P by the phase velocity of the wave, V. The condition 
for phase reversal is 

or 

where the subscripts 1 and 2 r efer to the medium of incidence and the refl ecting medium 
respectively. 

The amplitude ratio of the r eflected wave to the incident wave is defined as the displace
ment reflection coefficient R. For normal incidence it is given by the expression 

R = PZVZ- PI V, • 
PI V, + PzVz 

It can be seen that if 11 and 1z are n early equal the reflected wave will be very small , and if 
I, > I z, i.e. if the condition for phase reversal exists, R will have a negative sign. 

Let us consider the character of reflected seismic waves for the cases of media which may 
reasonably be expected to underlie a polar ice sh eet : a water layer ; a solid rock layer ; a 
layer of saturated, unconsolidated rock debris, which may be either wet or frozen. 

I. Water layer 

Gow (1970) found a thin layer of fresh water at the bottom of the 2 164 m deep drill 
hole at " Byrd" station. The ice load at the base was 197.3 bar, the temperature - I .6°C, 
and the density of the ice (PI ) was 0.917 Mg m - 3. Bentley (1972) calculated a value of 
approximately 3 845 m s- , for the dilatational wave velocity V, in the ice at the base, taking 
into account the finding that the basal ice is nearly isotropic at "Byrd" station. It is probably 
anisotropic in most other parts of west Antarctica (Bentley, 1971 [a] ). However, the velocity 
difference due to variations in ice fabric cannot be more than a few p er cent (Bentley, 1971 [b] ) 
and may be considered negligible here. 

The density and velocity of pure water at the pressure and temperature given above can 
be obtained from the tables of Dorsey (1940) and Wilson (1959): pz = 1.009 Mg m- J; 
V2 = 1 427 m s- '. The calculated reflection coefficient for the ice- water interface at the base 
of the ice sheet under " Byrd" station is then, from Equation (2): R = - 0.420. 

Because the dilatational wave velocity in water is much smaller than it is in ice, the acoustic 
impedance decreases sharply across the interface and the refl ection coeffi cient is n egativc. 
A wave through the ice reflected at this interface will exhibit a phase reversal relative to a 
wave that has traveled directly from the seismic source to a detector. The absolute value of R 
in this case is comparable to the value for an interface between ice and an indurated sandstone 
(Table I ) and a reflection of moderate amplitude is anticipated, assuming no interference 
from englacial layers or substrata . 

TABLE I. CALCULATED REFLECTION COEFFICIENTS FOR AN INTERFACE BETWEEN ICE AND SOME 

ROC K TYPES REPRESENTED IN WEST ANTARCTICA 

Granite 
Basalt 

Rock type 

Chlori te schist 
Granodiorite 
Byrd subglacia l basin rocks 
Ordovician ss-sh 
Pennsylvanian ss-sh 

Meall density 
(Daiy alld others, 1966) 

Mgm- 3 

2.667 
2.77 2 

2.73- 3.03 
2.7 16 

(2.5?) (est. ) 
2.50 
2·44 

* Bentley and Clough ( 197 1[a] ) . 

Dilatatiollal wave 
velocity 

(Press, 1966 ) 
m S- I 

5 880 
5 4 10 
4 890 

4780 
(4 100- 4300) * 
3300- 4500 
290 0--4400 

Meall 
reflectioll 
coifficiellt 

0.63 2 

0.6 19 
0.582 to 0.6 15 

0.5 72 

(0.49 to 0.51 ) 
0.40 to 0.52 

0·335 to 0.505 
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2. Solid rock 

Dilatational wave velocities and d ensities of common rock types range from approximately 
I 800 m S- I and 2.0 Mg m- 3 for "soft" water-saturated sandstone and shales to over 6000 
m S- I and 2.7 Mg m - 3 for "hard" limestones and granites (Jakosky, 196 1). For materials at 
the lower ends of these ranges, the acoustic impedance is nearly equal to that of ice, the 
reflection coeffici ent at the inte rface is very small , and only a very low amplitude reflected 
wave, or none at all, will be r eturned to the surface. With inc reasing velocity and/or density 
of the reflecting layer, the reflection coefficient increases and a relatively high-amplitude 
reflected wave is returned with unchanged phase. 

Den ities, velocities, and calculated reflection coefficients at an interface with ice under 
conditions similar to those at the bottom of the " Byrd" station d eep drill hole are given for 
som e rock types found in west Antarctica in Table I. 

Upon freezing, the seismic velocities in saturated solid rocks increase by a substanti a l 
percentage (10% to 50%), which is largely a fun c tion oflithology , porosity, and pore structure 
(Timur, 1968) . Thus, if the glacier is frozen to its bed, stronger seismic reflections may be 
expected than if the bottom is wet, and non-refl ecting interfaces are unlikely. However , there 
is too great a velocity overlap among rock types for this characteristi c to be diagnostic in the 
absence of independent data on the bottom material. 

3. Unconsolidated rock debris 

Studies of seismic wave propagation in soils and other unconsolidated rock materials in 
the vicinity of the freezing point of water have been conducted by a number of workers 
(Ogilvy, 1969 ; Garg, 1973; McGinnis and others, 1973; Nakano and Froula, 1973). In 
general they have found a marked increase in dilatational wave velocity during the freezing 
process. Since the velocities in we t, unconsolidated rock material s are usually low in relation 
to those in ice, this effect is important for this investigation . 

The physical properties of satura ted un consolidated deposits are highly variable. In their 
permafrost studies Nakano and Froula (1973) investigated materials ranging in d en sity from 
1.8 to 2.2 Mg m - 3 and in velocity from about I 400 to 2900 m S- I just above the freezing 
point. Using these data we obtain a range of values of reflection coefficient at an interface 
with ice from about - 0.17 to + 0.29. Daly and others (1966) give several examples of 
Quaternary d ep osits with saturated densiti es ranging from about 1.5 to 2.0 Mg m - J . Press 
( 1966) gives velocity values of I 730 m S- I for glacial till , J 670 m S- I for sand and gravel, 
I 460 to I 680 m S- I for fine-grained marine d eposits, and 2 160 m S- I for tuff. These data 
would give a minimum refl ection coefficient with ice of about - 0.22. 

W et, unconsolidated materials can thus be expected to return seismic refl ections with a 
range of characteristics: from a reversed phase wave of weak amplitude to a wave of unchanged 
phase with somewhat stronger amplitude. For materials with inte rmediate acoustic impedance 
the interface with ice will be non-re fl ecting. It should be noted thaL, as Bentley and Clough 
( 1971 [b] ) have observed, if the m a terial is not completely saturated, compac tion by the 
geostatic load of the ice will tend to increase the velocity a nd d ensity until the acoustic 
impedance of the material exceed s that of ice. 

Upon freezing to a temperature of - IOoC, the densities of unconsolidated rock materials 
do not change significantly, but their velocities increase to the range of 3500 to 4500 ms- I 
(Press, 1966; Nakano and Froula, 1973)' The re fl ection coeffi cient at the frozen d ebris- ice 
interface then ranges from about 0.28 to 0.47: the frozen material refl ects only waves of 
unchanged phase. H ence, for an unconsolidated substratum a reversed phase re fl ection IS 

diagnosti c of a wet glacier bed , though it does not indicate all zones of this nature. 
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To summarize: 

( I) For a water layer at the base of an ice sheet a moderately strong reflected wave of 
reversed phase is indicated. 

(2) For a solid rock layer, wet or frozen, a reflected wave of variable strength but a lways 
of unchanged phase is indicated. 

(3) (a ) For a wet unconsolidated layer the reflected wave can range from weak with 
reversed phase to somewhat stronger with unchanged phase, and it may produce 
a non-reflecting zone. 

(b) For a frozen unconsolidated layer a reflected wave of moderate strength and 
unchanged phase is indicated. 

From this analysis it fo llows that a reflected signal of reversed phase is indicative of either 
a water layer or a wet unconsolidated layer such as moraine, i.e. the base of the ice sheet is at 

Marie Byrd 
Execut ive 
Commi t ee 

Range 

10· 

85° S -.+--- --t-_ 
14 00W 

Land 
CRAR Y 

MOUNTAINS 

km 
100 150 200 250 

! I ! I 

Fig. I. Map of west Antarctica, showing location of "Byrd" station strain net, neigh boring rock exposures, and locations oj 
rifraction profiles in the Byrd subglacial basin (sites /lumbered according to Bentley and Clouglz (1971[aJ )) . 
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the pressure melting point. However , some regions of the glacier underlain by wet rock or 
we t un consolidated material will not be detected by this m ethod. 

PROCEDURE 

On the basis of the simple calcu lations above it appears to be possible to identify certain 
conditions of thermal regime at the base of a glacier through the seismic reflection m ethod by 
phase comparison of the direct wave from a seismic source with the wave reflected from the 
bottom of the ice. The procedure was tried out with the records of a seismic reflection survey 
on the west Antarctic ice sheet. The direction of the initial ground motion as recorded on the 
seismogram was used as the basis of comparison in this study. 

The seismograms used in this investigation were obtained from the vicinity of the " Byrd " 
station strain net, a d ouble row of posts about three ki lom eters apart which is approximately 
parallel to the ice flow-line in the cen tral part of west Antarctica (Fig. I). H ere the ice flows 
toward " Byrd" station and the Ross Sea from an ice-fl ow divide at the north-east terminus 
of the strain net. In this region the ice thickness varies from approximately 2 100 m near 
" Byrd" station to more than 3 100 m near the ice divide, bedrock slopes are generally small , 
and the assumption of vertical incidence for the seismic waves is approximately correct. 
Bedrock topography a long the strain net in relation to the seismic shot-points discussed here 
is shown in Figure 2. 

A 24-channel portable exploration seismograph of standard design was used to obtain the 
records. The details of equipment and field procedure and other information about the seismic 
program are described by Whillans ( 1972), Whillans a nd Thompson ( 1974) and Dewart a nd 
others (1974). 

HORIZONTAL DISTA NCE (km) 
o ~ w ~ 120 150 

l iCE DIVIDE 

1 800 BjR~D~S~T~A~T~10~N~ __ ~S~U~R~F~AC£E~~E~LSEV~A~T~10~N~----------------------------~ 

1400 

1000 

VERTICAL 
SCA LE (rn ) 

600 

200 

SEA LEVEL 

-200 

-600 

-1000 

-1 400 

ICE 

BEDROCK ELEVATION 

e lNDICATES SEISMIC DATA. OTHER POINTS 
ARE EST IMATED FROM GRAVITY VALUES 

VERTICAL EXAGGERATION ; 30 : I 

I 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97101 105 
POSTS ALONG NW SIDE OF BSSN -N 53°E-

Fig. 2. Profile of ice thickness and bedrock elevation along the " Byrd" station strain net . The line of /)osts on the north-west 
side of the strain net is numbered odd; the line 3 km to the south-east , eVell. 
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B EDROCK PROPERTIES 

The " Byrd" station strain n e t is located in the " Byrd" subglacial basin, the large bedrock 
depression that separates Marie Byrd Land from the Transantarctic Mountains. The deepest 
part of this basin lies about 150 km south-east of the strain net (see Bentley and C hang, 1971 ). 
There are no rock outcrops within 250 km of the strain net. The nearest of the Transantarctic 
ranges show exposures of intrusives and lower Paleozoic and earli er metasediments. The 
Whitmore Mountains consist of Paleozoic sediments and Mesozoic intrusives (Craddock, 
1970, plate 20) . The Executive Committee Range a nd the Crary Mountains are composed 
of Cenozoic basalts and pyroclastics, probably resting on a basement complex of meta
sediments and intrusives (Wade and Wilbanks, 1971 ). Granite fragments were found in the 
dirty ice near the bottom of the deep drill hole at " Byrd" station (Gow, 1970) . The relation
ship of these l"Ocks to the bedrock under the strain net is not clear, but magnetic surveys 
suggest that the region lies within the Marie Byrd Land volcanic province (see Behrendt and 
Bentley, 1968, plate 7). 

Seismic refraction profiles at nearby points (Bentley and C lough, 197 I [a] , [b] ) indicate 
that a thin layer of Cenozoic sediments with a low dilatational wave velocity (about 2400 
m S- I) underlies the ice in much of the basin , especially the deeper parts of it. Beneath this 
layer is a higher velocity material (41 00 to 4 300 m S- I) of unknown affinities, the Byrd 
subglacial basin rocks. This stratum apparently directly underlies the ice at " Byrd" station. 

With the exception of the young sediments and some of the volcanics, the rocks noted 
here can be expected to form a highly reflective interface with ice (Table I ). There are 
indications of bottom melting in the area. As noted above, Gow ( 1970) found water at the 
base of the ice shee t at "Byrd" station, while Bentley and Clough (197 I [b] ) found evidence 
of a wet subglacial boundary at site 4 (Fig. I). 

FIELD DATA 

The character of the seismic refl ections obtained varied greatly along the profile shown in 
Figure 2. The region from post 1 , near "Byrd" station , to post 25 was found to be virtually 
non-reflec ting. From post 25 to p ost 35 strong reflections were generally recorded. From the 
latter point to as far as post 73 reflections were again very difficult to obtain; those produced 
were quite weak. As the ice divide was approached the quality of the reflections improved, 
though their amplitude continued to be small. 

R elevant portions of several of the seismograms recorded at shot-points along the profil e 
are presented in Figures 3- 12. Salient features of these records are described below: 

Post 25 (Fig. 3 ) 

This record is typical of those obtained near " Byrd" station and post 25, and in the region 
between posts 35 and 73. The approximate commencement of the reflection is indicated by 
the vertical arrow. The reflection amplitude is ba rely above the noise level and the wave 
trains are prolonged and incoherent. The direction of first motion is impossible to determine 
in this case. 

Shot-point 2901 (Fig. 4) 

This is representative of the region between p osts 25 and 29. While the reflection is quite 
strong on som e of the traces, the initial movement is frequently obscured by noise. The best
defined motion is on trace number 14, where there is a sharp break downward , which is 
in-phase with the direct wave arrival (not shown). Traces 15 and 24 are similar, but there is 
some ambiguity because of a small upward motion immediately preceding the downward break. 
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Fig. 3. Section of seismogramfrom shot-point at post 25 showing reflection arrival (arrow ). The time interval measured b) , the 
j lle vertical lines is 10 ms. 

Fig. 4. Sectioll of seismogram frolll shot-point 290 [ showing reflection arrival (arrow ). 
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Post 3 4 (Fig. 5) 

This point and the two that follow are close toge ther , being located within a circle of four 
kilometers diameter. On this record the direct arrivals (left ) are all very strongly downward. 
The reflected wave (right) is well recorded on traces 19- 24. The initial motion requires 
careful interpretation. The first emphatic movement is clearly upward, but there is a small 
downward motion of relatively short p eriod immediately preceding it on several of the traces. 
This precursor is similar in amplitude and period to the noise that preced es the refl ection and 
is significantly smaller in amplitude and period than the waves that clearly comprise the 
refl ection. Furthermore, a qualitative comparison of the strong direc t-wave motion and the 
refl ection wave train suggests that the first reflected motion would have amplitude above the 
noise level. Consequently, the author ascribes the apparent precursor to noise and interprets 
this r ecord as a phase reversal. 

1.3 

Fig . 5. Sections oJ seismogramJrom shot point at post 34. In this figure and theJollowing ones the arrivals oJ the direct wave 
are shown on the lift, and the reflected wave on the right. 

Post 35 (Fig. 6) 

Here the direct arrivals are strongly downward and the reflections, which are well r ecorded 
on traces I to 5, begin with an upward motion, except for trace 4. On this trace, the first 
motion is obscured by noise and its direction is ambiguous, though the rest of the reflected 
wave train is coherent with the wave trains on the other traces. So, with the possible exception 
of trace 4, a phase reversal is indicated for this record . 

Shot-point lBoI (Fig. 7) 

Moderate downward motion is seen on traces 2- 5 for the direct arrivals. The refl ec ted 
wave is seen clearly on traces 2- 4, and the apparent first motion is small and upward . While 
this refl ection is weak and somewhat masked by noise, the sharpness of the break on traces 2 

and 3 is persuasive evidence of a phase reversal. 
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Fig. 6. Seismogramfrom .post 35. 
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Fig. 7. Seismogramfrom shot-poillt 1801. 
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Fig. 8. Seismogram from post 33. 

I" 

Fig , 9, SeismogramJrom shot-point 2009, 

https://doi.org/10.3189/S0022143000031439 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000031439


SE I S MI C EV IDENC E OF A WET ZO N E 

21 
" '(" 

, • I) 

'" , 
'\ , I . 

r 

1 

t 

l\ 

110 10 

Fig. 1 0 . SeismogramJrom post 87. 

Post 33 (Fig. 8 ) 

This shot-point is near the previous three. The direc t alTivals on traces 7 - 12 are strongl y 
downward , and the first motion on the refl ection is also strongly downward on all traces, so 
the refl ected wave has clearly not changed phase. 

Shot-point 2009 (Fig. 9 ) 

This record is from the same general area as the four preceding ones and is typical of the 
region between post 29 and post 35. The initial direct wave has moderate downward motion. 
T he refl ection is of moderate amplitude and is reasonably coherent. The r efl ection appears 
to commence with the wave cres ts tha t have been marked , which would i ndicate phase 
reversal , but there is so much noise that the a ctual first mo tion is uncertain . 

Post 87 (Fig . 10) 

This record is typical of the area of relatively rugged subgla cial topogra phy south-west of 
the ice divide . The direc t arrivals are all d ownward (except trace 8, which has reversed 
polarity) . The refl ections are very weak, and the initial m otion is difficult to d efine. Trace 4 
and its mirror image, trace 8, suggest phase reversal , but traces 2 and 7 do not . The phase 
relationship here is consider ed ambiguous. 
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Fig. I I. Seismogramfrom post 93. 

Post 93 (Fig. [J ) 

On this record the direct wave arrivals are downward on all traces except number 6, 
which has reversed polarity. The reflections are weak, but the first motion is consistently the 
same as in the direct wave, except for the questionable trace 3. Note that the reflection wave
form in trace 6, which has reversed polarity, is virtually a mirror image of the adjacent traces. 
A reflected wave of unchanged phase appears to be indicated at this point. 

Post [05 (Fig. 12) 

This record from the ice divide is very similar to the previous one. The first motion is 
downward on all traces except for number 3, which has reversed polarity. The reflections 
are weak, but they consistently show an initial downward motion (except on the mirror 
trace 3) that is comparable in wave-length and coherent with the rest of the reflection waves. 
It seems reasonable to interpret this as a wave that has not changed phase upon reflection. 

DISCUSSION 

The seismograms presented here illustrate the fact that although the direct-wave motion 
is almost always strong and clear on the records, the reflected waves are often too weak, or the 
initial movement of the traces is too indistinct or too obscured by noise, for a conclusive phase 
comparison to be made. Nevertheless, some conclusions can be drawn from the data. 

The non-reflecting character of the lower part of the profile indicates that this section of 
the ice sheet is underlain by material with an acoustic impedance approximately equal to that 
ofice. The most likely media would appear to be wet moraine, recent sediments, or volcanic 
ash. 
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Fig. 1 2. Seismogramfrompost 105. 

Basal conditions in the vicinity of post 35 are apparently complex. R eflections of both 
unchanged and reversed phase a t"e obtained at adjacent shot-points, indicating highly 
locali zed reflectivity variations. I t may be that there are small subglacial pools of water or 
sediment of very low acoustic impedance interspersed with hard rock boundaries (such as 
Byrd subglacial basin rocks) in this region. Bentley and Clough (197 I [b] ) found evidence 
of such spottiness at their site 4 (see Fig. I) . 

The middle part of the profile is again largely non-refl ecting or ambiguous, suggesting a 
subglaciallayer of saturated sediments. R adio-echo sounding in this region has produced no 
evidence of a subglacial water layer (personal communication from I. M. Whillans) . 

In the neighborhood of the ice divide reflections of moderate amplitude and apparently 
unchanged phase are recorded. The base of the ice sheet is lower h ere and the ice thicker 
than at " Byrd" statio n , where the base has been found to be at the pressure melting point, so 
it is unlikely that the bed would be frozen in this region (see Budd and others, [1 970]). It 
may be that the base of the ice sheet is resting directly on wet rock or, if there is a layer of 
sediment present, as seems likely in this part or the Byrd subglacial basin, it is probably 
highly compacted. 

Because of the diffi culty of obtaining high-quality seismic refl ection records under Antarctic 
conditions, the method illustrated h erein may be of limited effectiven ess for locating areas in 
which the base of the Antarctic ice sheet is melting. However, field experience suggests that 
more consistent results could be obtained from an exploration program that is specificall y 
designed for this purpose. Such a pmgram might emphasize: 

( I) H eavier explosive charges than are normally used to produce seismic refl ect ions in a 
d epth-sounding survey. 
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(2) Deep (sub-firn ) shot-holes. 
(3) Intensive experimentation to determine optimal instrumental parameters. 
(4) Particular regard for favorable weather and seasonal conditions for shooting. 

I t is a lso suggested that an examination of existing seismograms from the many geophysical 
traverses that have been completed in both the continental and ice-shelf regions of Antarctica 
and Greenland might yield significant data of the type described h ere concerning ice-sheet 
bottom conditions. 
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DIS CU SSIO N 

C. STERLING: Could you tell us someLhing about the inst rumentation , such as: what kind of geophone did you use , what kind of recording sys tem, and what did you use for producing a signal ? 

G . DEWART: This program used a standard, commercial seismograph system of the type used in petrol eum prospecting. The geophones were of the "ver tical" type, 110- 30 Hz. Most shots were made with wide filter sett ings, 5- 500 Hz, linear gain. ( - 2 kg of60% dynamite explosive, buried at 0- 5 m , were used a t most shot points. I would prefer to shoot at much greater depths (in the fim-i ce zone) and use larger shot-loads for this particular work. 
J. W. GLEN: Can ice be treated as non-dispersive to the extent required for the wave form within its envelope to be unchanged ? If it is not, then we could get apparent phase reversal from this effect even without a phase-reversing refl ecLion. The corresponding radio-echo question also needs some though t. 
D EW ART : The homogeneity of the ice column as indicated by the bore-hole sounding at " Byrd " stat ion , the large wave-length in compal-ison with crysta l size, and the relatively short path with respect to wave-length , should minimize dispersive effects. The direct wave, which is refracted through a velocity gradient, might be expected to show dispersion , but this can be checked from the geophones a long the spread , and it does not appear to occur to a significant degree. 

M . M. MILLER: Concerning the identification of basal wet zones in west Antarctica, apparently your phase-change analysis has not revealed any thick sub-glacial zones of liquid water. But assuming that such may ex ist, is it not of value also to analyse the shear-wave absorption to supplement the phase-reversal information ? In refraction, of course, this would require a fairly broad subglacial water zone and one of a magnitude of tens to hundreds of meters thick. What are the future prospects of this multiple geophysical approach ? 

https://doi.org/10.3189/S0022143000031439 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000031439


88 JO URNAL OF GLACIOLOGY 

D EW ART: I believe that there is a great potential for the use of both shear and compressiona l 

waves in glacier seismic studies. So far, the main restriction has been the low production 

capability of energy in the shear mode . I understand that technical advances are currently 

being m ade in this fie ld. Shear waves are produced by mode conversion in wide-angle a nd 

refraction shooting, and here they can be of great value. However, such studies, becau se of 

their scale, have been rare in the Antarctic. I would welcome more of this type of work. 

R . H. GOODMAN: Measurements of disp ersion in region I kHz to 77 kHz indicated that this 

dominates in the region of 8 kHz. Since this is probably due to the acoustic phonon sp ectrum 

in ice, you should not ignore this problem. 

DEW ART : No doubt som e dispersive effect exists, bu t the shot transmission paths we are d ealing 

with here, wave-lengths of 10- 30 m, over paths of up to 6 km, keep it a t an insignificant level 

for our purposes. 

]. F. NYE: I think the theory you used to decide whether a phase reversal takes place on 

reflection is for a p erfectly flat surface. When the surface is rough on a scale larger than a 

certain fraction of a wave-length, I believe the criterion for an apparent phase reversal might 

d epend also on the roughness. How would you distinguish this case? 

DEW ART : Certainly I would like to use this method for other than flat "sub-ice lake" surfaces. 

I believe that roughness effects can be minimized statistically using a lot of detecting points

and by varying the shot geometry and the frequencies observed. But roughness may account 

for the frequent difficul ty in finding a "good" record for the purpose of this study. 

NYE : Have you or any others present any comment on whether your phase-reversal technique 

could be applied in radio-echo sounding, as well as in acoustic echo-sounding ? 

DEWART: I would like to make a comparison of seismic and radio-echo r ecords from the sam e 

localities. This seem s to be the next logical step in this study. 

W. H. MATHEws: What minimum thickness of water-saturated or water layer is required to 

produce a reversal of phase? 

DEW ART : To produce the reversed phase a mere film of water, if continuous, would suffice. 

However, because of interference from the reflection from the substratum, the phase would 

probably be indistinguishable unless you had a water layer of thickness of at least h a lf a 

wave-length, or a minimum of several m eters. 
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