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ABSTRACT. Internal refl ections a re due to changes in elec trical admittance b e tween adjacent d epositional 
layers. R eflection coeffi cients are given for discontinuous changes in either the p ermittivity or loss ta ngent. 
The observed strengths of internal ech oes rule out the p ossibility tha t they are caused by isolated layers 
contain ing " foreign" m a terial, but suggest instead that they are due to sys tematic fluctua tions of density, 
a niso tropy, or loss ta ngent. The electrical b ehaviour of ice from polar ice shee ts is reviewed and compa red 
with tha t of ice grown in controlled laboratory conditions. 'vVe suggest that the impurity distribution in 
polycrystalline ice is dependent on the impuri ty content and the temperature of freezing, and the conductivity 
is essentia lly determined by the intrinsic and impurity defects within the crysta l lattice. In a polar ice sh eet, 
dens ity fluctua tions d ecrease with depth, whereas I03S tangents (and hence their fluc tuations) increase since 
the ice becomes warmer towards bedrock. E cho strengths in centra l Antarct ica a re compared w ith those 
calculated for a boundary where either a ll bubbles disappear or the loss ta ngent ch anges by 50% . Assu m ing 
a consta nt layering geometry to 2 700 m depth, dens ity flu ctuations account for ech oes above I 500 m, but 
d eep er echoes are b es t explained by variations in the ice conductivity. 

R EsuME. Rejlexiolls intemes dalls les calottes de glace /Jolaires . L es refl exions in ternes sont provoquees p ar des 
changements de resistivite electrique entre les couches d e d epots successives. Les coeffi cients de reflex ion 
sont donnes pour des discontinuites par la permi ttivite et a u ss i I'angle de perte. L es tensions observees par 
echo interne ruinent l'hypothese de cou ch es isolees contenant un materiau e tranger comme etant a l'orig ine 
des phenomenes. Ce serait plutot d es flu ctua tions sys tem a tiques de densite, d'anisotropie ou d'angle de 
perte. Le comportem ent electrique d e la glace provenant de calolle pola ire es t exa mine et comp a re avec 
celui de la glace formee dans les conditions controlees du labora toi re. Nous suggerons que la distribution des 
impuretes dans la g lace polycristalline d ep end de la teneur e n impurete et de la tempera ture a laquelle s'es t 
fait le gel, a lors que la conductivite es t essentiellement determinee par les d efauts, intrinseques et dus a ux 
impuretes a I' interi eur du reseau cristallin . 

Dans une ca lot te polaire les fluctuations de densite s'attenuent avec la profo ndeur a lors que les angles 
d e perte (et donc leur fluctuation) a ugmentent lorsque la glace devient plus ch a ude en approchant du lit 
rocheux. Les intensites des echos obtenus en Antarctique centra le sont compa res avec ceux calcules p our des 
cou ch es ou, soit toute g lace bulleuse a disparu, soit I'angle de perte a varie de p lus de 50% . En su pposan t 
que la disposition geometrique des niveaux dans la glace es t constante a la profondeur de 2 7 00 m , les 
fluc tuations de densite rendent bien compte d es echos au-dessu s d e I 500 m, mais les echos provenant d e zones 
p lus profondes sont mieux expliques par les va ria tions de la conductivite de la g lace. 

Z USAMMENFASSUN G. In llere Rgfiexionen ill polaren Eisdecken. Innere R efl exione n w erden durch 'vVechsel im 
sch einbaren elektrisch en Leitw ~rt zwisch e n benachba rten Ablagerungsschichten verursacht. Es werden 
R eflexionskoeffizi enten fur diskontinuierli che Wechsel entweder del' DielektrizitiHskonstante od er der 
D a mpfung angegeben. Die beobachteten Starken innerer Echos schliessen die Moglichkeil ihrer Entstehung 
durch isolierte Schichten mit Fremdma teri a l a us und lassen eh er eine solche Entstehung durch sys tematische 
Anderungen der Dichte, durch Anisotropie oder Dampfung vermuten. Das e le ktrische Verha lten von Eis 
a us p ola ren Eisdecken wird unter.mch t und m it dem von Eis, d ass unter Labor bed ingungen en tstanden ist, 
verglichen. "Vir nehmen an, dass die Verte ilung der Verunreinigungen in polykrista llinem Eis vom Grad der 
V erunreinigung und d er Gefriertemperatur a bhangt und dass die Leitfahigkeit wesen tlich durch die inneren 
und durch Verunreinigung bedingten F ehl er innerhalb d es K r istallgittcrs bes timmt wird. In einer p ola ren 
Eisdecke nehmen die Dichteschwankungen mit der Tiefe ab, wahrend die Dampfung (und damit ihre 
Schwankungen) zunehmen, da das E is geg en d en U ntergrund hin warmer wird . Echoslarken in Z entral­
Antarktika werden mit solchen verglich en , di e fur eine Grenzschicht berechnet wurden, a n del' a ll e Luftblasen 
verschwinden oder die D a mpfung sich urn 50% andert. Unter der Annahme einer g leichmass igen Schicht­
ge:>metrie bis 2 700 m Tiefe sind Dichtesch wankungen fur Ech os uber I 500 m verantwortlich; tiefere Echos 
lassen sich jedoch am bes ten durch Sch wan kungen in del' Leitfa higkeit des Eises e rkla ren. 

I NTR ODUCTION 

Many studies have observed the internal reflections of radio waves within the ice sheets of 
Greenland and Antarctica. They appear, usually as multiple layers, on photographic records 
of the radio echo returned to an aircraft or surface vehicle which is equipped to transmit a nd 
receive pulsed r.r. signals. The technique is described by Bailey and others (1964), R obin 
and others (1969), Robin and others ( 1970), Gudmandsen (1970), Harrison (1973), and 
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Gudmandsen (1975) . Individual echoes tend to follow bedrock relief and can often be traced 
for up to 100 km along a Aight line in Antarctica, and for hundreds of kilometres in Greenland. 
Harrison (1973) has discussed in d etail whether these reflections are due to a few widely 
spaced layers of markedly different properties or due to the vectorial sum, within the pulse 
length , of reflections from many less distinct and more closely spaced internal layers. He 
concluded on statistical grounds that the latter d escription was m ore likely, for layers at 
spacings less than about half a pulse length cannot be resolved by the echo sounder , and a 
continuous echo on the record d oes not necessarily represent a single layer. D espite this 
uncertainty in the vertical widths of the layers, it is clear that the stratifications are indeed 
sedimentary since their electrical variation is incorporated very uniformly over wide expanses 
of the ice sheets presumably at the time of deposition. Indeed R obin and o thers (1969) 
confirmed that , given a steady-state model for the dynamics of the Greenland ice sheet, a 
prominent echo horizon which was traced for 45 km south from Camp Century, could be 
dated as the surface layer in A. D. 97S ± loo. 

R E FLE CTION COE FFICIE NTS-THE ORY 

For our immediate discussion we consider two very simple models of an ice sh ee t which 
would produce an echo: 

(i) ice of intrinsic admitta nce Y overlying, a t a single boundary, ice of admittance 
Y+tl Y. 

(ii ) ice of admittance Y con taining within itself one layer of thickness I with admittance 
Y +tl Y. 

A t normal incidence and for tlY ~ Y the reAec tion coefficient R for a wavelength in the ice of 
Am is: 

in model (i) R = Rs = 12. tl Y 12 
2 Y , 

a nd in model (ii ) (
27T1) I ItlY I2 

R = 4 sin2 Am X 2" r l 
= 4 sin2 C~) X Rs 

where Rs is the single bounda ry re fl ection coefficien t. In all previous studies the admittance 
mismatch between layers has been assumed to be simply due to p ermittivity cha nges 

I
tlYI = ~ AE 
Y 2 E ' 

but if this mismatch is due to the loss tangen t var ying from tan 0 to tan 0+ A (tan 0) then 

1 tl:1 = i A (tan 0). 

It is possible to extend the arguments of Harrison (1973) which involve the more compli­
cated multi layer geom etries by the substitution of A(tan 0) for AE/E in the refl ection-coeffi cient 
equations. H owever, since our discussions will be primarily concerned with the rela tive 
importance of variations in the loss tangent and permittivity w e shall only study the first 
model in order to calcula te Rs, for , in the second m odel and other cases, the releva n t refl ection 
coeffi cients may b e obtained by multiplying Rs by geometrical fac tors. 
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In this article, we summarize the values of internal reflection coefficients that are calculated 
from theory using some detailed observations of the ice stratigraphy that have been carried 
out on cores drill ed from polar ice sheets. We then presen t the radio echo-sounding evidence 
on the magnitude of the reflection coefficients, which, for deeper echoes in polar ice sheets, are 
higher than can be satisfactorily explained by previous theories . After discussing possible 
causes of variations of tan 8 in polar ice, we conclude by giving the laboratory and fi eld 
evidence on the values of the conductivity of polar ice and show how plausible it is that 
many of the deeper echoes are caused by variations in the loss tangent of the ice. 

According to Robin and others (1969) and Harrison (1973) the sedimentary variations 
in the permittivity may be due to: 

(i) seasonal fluctuations in the d ensity of d eposi ted ice, 
(ii) inclusion of " foreign" material such as 

(a ) dust or 
(b) volcanic ash, 

(iii ) orientational differences of the c-axes in the ice-crystal matrix. 

In Table I we give the refl ection coefficient Rs for a set of discontinuous density changes 
across a single boundary. Any d ensity change can correspond to a difference in d ensity 
between bubble-free ice and bubbly ice at a given over-burden pressure. Each density change 
is associated with the equivalent d epth in Table I. This table also indicates the greatest value 
of the refl ection coeffici ent that one may reasonably expect from a single change of ice d ensity 
with depth in a polar ice sheet. 

TABLE l. REFLECTIO N COEFFICIENT R s FOR THE BOUNDARY 

BETWEEN BUBBLE-FREE AND BUBBLY ICE WHERE TH E BUBBLE 

PRESSURE EQUALS THE OVERBURDEN PRESSURE. THE ATMOSP H ER IC 

PRESSURE IS T A'(EN AS 700 mbar TO ALLOW FOR A ~l1RFACE 
ELEVATION OF THE I CE SHEET OF ROUGHL Y 3 000 In 

Corresponding 
Overburden depth in poLar iJensity 

pressure ice sheet discontinuity Rs 
bar m Mgm- 3 dB 

10 100 0.0100 - 51 

50 4 00 0.0020 - 65 
10J 800 0.0010 - -71 

20J I 600 0.0005 - 77 
3 00 2400 0.00033 - SI 

4~J:) 3 200 0.00025 - S3 

50J 4 000 0.00020 - S5 

Dirt and ash bands in the core drilled from " Byrd" station, Antarctica were found betwe~n 
I 300 m and I 700 m depth (Gow and others, 1968) . The volcanic ash bands wet"e about 
0.5 mm thick but were always overlain by a layer of refrozen melt water which could attain 
a thickness of 10 mm. H arrison (1973), in considering the effect on the permittivity o f mixed 
ice and rock particles has calculated that the reflection coefficient at 35 MHz from a singl e ash 
band 0.5 mm thick is - 106 dB. In the " Byrd" core, Gow and Williamson (197 I) observed 
occasional "very fine" dust layers with a typical dust concentration of 0.04 kg m - 3 . The 
resultant permittivity derived from this mixture is only 2 X 10- 5 higher than the value for 
dust-free ice, so the value of R s for the boundary b etween clear and dusty ice would be 
- II6dB. 

It is not known whether there is an anisotropy in the radio-frequency permittivity of single 
c rystals of ice. Laboratory experiments below I MHz are neither sufficiently precise nor 
sufficiently repeatable to reveal any anisotropy after extrapolation of the dielectric parameters 
to higher frequencies. Differences in orientation between the ice crystals which make up the 
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ice sheet might n evertheless account for differences in permittivity between layers, and 
supporting evidence comes from observations of the azimuthal dependence of the polarization 
of radio waves reflected from glacier beds (Harrison, 1973 ; Clough, unpublished ) . Quantita­
tive assessment of these results is difficult , however. 

REFLECTION COEFFICIENTS-OBSERVATIONS 

To determine the reflection coefficient for an internally reflected echo it is necessary to 
measure the returned echo strength at the receiver. This signal is subject to attenuation; the 
most important effects are due to the geometrical spreading of the radar pulse and to 
absorption by the dielectric conductivity of the ice. The absorption losses have been calculated 
assuming that the conductivity values which lead to the loss tangents for polar ice at 35 MHz 
given in Tables II and III are applicable in every situation (and we return to this assumption 
later ), and by estimating the temperature profile through which the signal is attenuated. 

The reflection coefficients calculated by this method are found to be around - 70 dB. 
In particular, u sing a 35 MHz radar, values between - 7'2 and - 80 dB were deduced for the 
A.D. 975 layer in Greenland (Robin and others, 1969) , values between - 60 dB and - 83 dB 
for layers observed between '2 000 and 3 000 m d epth in east Antarctica between Vostok and 

TABLE 11. THE LOSS TANGENT AT 35 MHz FOR POLAR ICE DEDUCED FROM THE MEASUREMENTS 

OF VVESTPHAL AND OF PAR EN ( 1973)' THE REFLECTION COEFFICIENT R s IS CALCULATED FOR 

THE BOUNDARY BETWEEN THIS ICE AND ICE WHOSE LOSS TANGENTS ARE tan 1l ± t. ( tan Il ) WHERE 

t. ( tan Il )/ tan 1l = 0.2, 0.5 AND 0.8 RESPECTIVELY 

Rs R, Rs 
t. ( tan 0) t. ( tan Il ) t. ( tan

s 
Il ) = 0.8 

Temperature tan 0 
--- = 0.2 ~= 0 · 5 tan Il tan 

° C dB dB dB 

- I 9.2 X 10- 3 - 67 - 59 - 55 
- 5 6.5 X 10- 3 - 70 - 62 - 58 

- 10 4.7 X 10- 3 - 73 - 65 - 61 
- 20 2.8 X 10- 3 - 77 - 69 - 65 
- 30 1.8 X 10- 3 - 81 - 73 - 69 
- 40 I. I X 10- 3 - 85 - 77 - 73 
- 50 7 X 10- ' - 89 - 81 - 77 
- 60 3 X 10- ' - 96 - 88 - 84 

For 60 MHz subtract 5 dB from all va lu es of R s and divide all va lues of tan 0 by 60/35 . 

TABLE Ill. THE LOSS TANGENT AT 35 MHz FOR PURE ICE, 

BASED ON THE AUDIO-FREQUENCY DISPERSION , AND FOR POLAR 

ICE DEDUCED FROM THE MEASUREMENTS OF ,,yESTPHAL AND OF 

PAREN (1973). THE REFLECTION COEFFICIENT Rs IS CALCU­
LATED FOR THE BOUNDARY BETWEEN PURE ICE AND POLAR ICE 

Pure ice Polar ice 
T emperature tan 0 tan 0 R s 

°e dB 

- I 6.9 X 10- 3 9 .2 X 10- 3 - 65 
- 5 4.3 X 10- 3 6.5 X 10- 3 - 65 

- 10 2.5 X 10- 3 4.7 X 10- 3 - 65 
- 20 9.4 X 10- ' 2.8 X 10- 3 - 65 
- 30 3-4 X 10- ' 1.8 X 10- 3 - 68 
- 40 1. 1 X 10- ' I. I X 10- 3 - 72 
- 50 3 X 10- 5 7 X 10- ' - 77 
- 60 X 10- 5 3 X 10- ' - 82 

The note below Table II appl ies h ere a lso. 
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McMurdo (Harrison, 1973), and a value around - 69 dB at "Byrd" station in west Antarctica 
for a prominent internal layer at a d epth of I 300 m (R obin and others, 1970). Gudmandsen 
(1975) deduced reflection coeffi cients of between - 70 dB and - 75 dB for layers observed at 
Crete in central Greenland at depths of I 900 m and between 2 300 m and 2 500 m using a 
60 MHz sounder. These observed refl ection coefficients are far higher than those calculated 
from dust, and dirt and ash discontinuities. 

L oss TANGENTS 

Estimates of the mean loss tangents for vertical sections of an ice sheet are derived in­
directly from the observed strengths of echo re turns during radio-echo sounding. The 
conductivity of the ice derived from the field data is in general agreement with the high­
frequency conductivity of the Debye dispersion observed in laboratory experiments on deep 
ice cores drill ed from Greenland, Arctic Canada and Antarctica, and investigated at the same 
temperature. The laboratory experiments are due to Westphal (reported in Evans, 1965), 
Paren (1973), Maeno (1974) and Fitzgerald and Paren (1975), and these experimen ts have 
been reviewed by G len and Paren (1975) ' It is found that between 10 kHz and 500 MHz the 
frequency dependen ce of the conductivity is small, and the conductivities of samples drill ed 
from the same or different sites are similar but not absolutely identical. The similarity is 
puzzling, for the behaviour is not the same as is observed in " pure" ice grown in the laboratory 
by the controlled slow freezing of pure water. The conductivity m easurements by W estphal 
at 150 MHz on an ice sample from TUTO, Greenland, and another from the Ward Hunt Ice 
Shelf, Canada, were entirely consistent with the m ean behaviour of ten samples from Camp 
Century and Site 2, Greenland, inves tigated at 100 kHz by Paren ( 1973); this self-consis tent 
relationship between conductivity and temperature has been used to deduce the loss tangent 
at intermediate frequencies, and the value deduced for 35 MHz is given in Tables II and IlI. 
Why the behaviour of polar ice should be so different from " pure" ice is still an open ques tion. 
Fitzgerald and Paren (1975) have shown that, when melted polar ice (drilled from " Byrd" 
station , Antarctica) is refrozen slowly in the laboratory, the behaviour reverts to that of 
" pure" ice. This leads to the suggestion that the electrical behaviour depends on the initial 
growth conditions, and it is known from the studies of Evrard (1973) and Boned and Barbier 
(1973) that ice that is formed by the nucleation of supercooled water droplets at low tempera­
ture has a dielectric response that "ages" with time to values similar to that of polar ice and is 
thus distinctly different from that of ice made by the slow freezing of water. 

If impurities are added to the water from which ice is grown slowly, the conductivity is 
raised above the " pure" ice values, the differences increasing with increasing impurity 
concentration (see Camplin and Glen (1973) for the effect of the addition of HF) . Thus, 
a lthough the initia l nucleation of the snow in the high atmosphere might explain the dielectric 
proper ties of the purest polar ice, the impurity concentration should also be con sidered. 
I t may be realistic to associate the experimentally observed small variations in conductivity 
between adjacent samples of ice taken from the same ice core with a change in impurity 
concentration, but the level of impurity is very low indeed and difficult to measure directly. 
However, observations of similar elec trical behaviour from many sites where the impurity 
levels a lthough very low, are different, tends to lead one to the conclusion that the impurity 
level may be so low as to be unimportant. 

Nevertheless, if both initial growth conditions and impurity con centra tions are important 
in polar ice, we can make use of the model of Paren and Walker (197 I) . They considered the 
distribution of impurities in the ice, and suggested that impurities were incorporated into the 
crystal lattice up to a certain "solubility limit", beyond which further impurities collected at 
the grain boundaries in which location their contribution to the dielectric behaviour was 
much reduced. It may be that the nucleation and firnifi cation of polar ice, in the absence of 
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melting, provides m echanisms by which impurities a re effectively distributed throughout the 
crystal lattice, whereas during m elting and refreezing the impurities m ay tend to remain in 
the water. Thus the re frozen ice of Fitzgerald a nd Paren (1975) may have contained less 
impurities in the crystal lattice than the original material , but more at the crys tal boundaries. 
W e can thus reconcile the different ideas and observa tions, since the varying but low levels of 
impurity in polar ice could still cause variations of tan 8 between layers, especially if the 
impurity levels fluc tuate around or below the " solubility limit". 

The absolute value of the limit of solubility in ice a nd its variation with different impurities 
has not been d etermined experimentally excep t for the acids HF and HC!. For HF, the ratio 
of the number of acid molecules to water molecules a t the solubility limit a t - 10 ° C is 
4 X 10- 5 and the corresponding m ole fraction for H C I is 1.4 X 10- 7 . W e expect that other 
inorganic salts su ch as the sea salts would have a still lower limit of solubili ty (Pa ren and 
W a lker , 1971 ). During radio-echo sounding in centra l Antarctica the dielectric a bsorption 
has been found to be about 20 % lower than would be found elsewhere at the sam e tempera­
ture, and the very low level of impurity present could be the cause. For instance at the South 
Pole the concentration of chloride ions is 1. 5 X 10- 8 m ole fraction and ammonium ions are 
found at less than 10- 9 mole frac tion . These results suggest a value of the order oJ 10- 8 to 10- 7 

mole fraction for the solubility limit in ice of atmospheric- and sea-salt impurities . It may 
however be wrong to think in terms of a sharpl y d efined limit, rath er than a rapid fa lling off 
in the gradient of (tan 8- tan 8 (" pure"» with impurity content, once the impurities reach 
some level which will be a function of the types of impurity that are present. 

G ENERAL DISCUSSION 

In Table II we have ca lculated the refl ection coeffi cients Rs at 35 MHz between polar 
ice and ice for which the loss tangent is some fixed proportion of this. The values chosen for 
~ ( tan 8)jtan 8 are 0. 2, 0 .5 and o .S. This model w as chosen since m easured diffe rences in 
behaviour between samples from the same site a re usua lly conta ined in the va lue o f the loss 
tangent at a given temperature rather than in the a ctivation energy, which determines the 
temperature dependence. 

In Table III there is a similar calculation for p ola r ice overlying " pure" ice, and such 
refl ection coeffi cients also apply to the boundary be tween polar ice and ice which has been 
m elted and subsequently re frozen in situ. Such a boundary is found above dirt layers as 
m entioned previously. 

Comparison of T able I with Tables 11 and III shows an importa nt difference between 
internal reflections due to variations of density and of loss tangent . Irrespective of the type of 
layering, internal reflections due to d ensity effects will weaken with increasing depth in the ice. 
In contrast, interna l refl ections due to variations in the loss tangent will becom e stronger 
towards the bottom of the polar ice sheet, since the temperature incr eases with dep th. 

Figure 1 shows the returned echo strength a t the receiver for a location in centra l Antarctica 
(Ja t. n ° S. , long. 124° E.). The data used come from the A-scope display ofHarrison (1973). 
Also shown on this figure are the expected echo strengths at the r eceiver after a ttenuation 
through the ice from single boundaries with the reflection coefficients indicated on T a bles I 
and 11 choosing ~ (tan 8) = 0 .5 tan 8 only. T he calcula ted lines showing tan 8 a nd d ensity 
changes have an arbitra ry intersec tion with the 0 m d a tum. H owever , their gradients a re not 
arbitra ry ; the important comparison to be made is between the rela tive gradients of the 
observed and calculated returned signal streng ths ra ther than the a bsolute values, which 
d epend on the type oflayering. Ther e is a small additional effect, however , not included in the 
calculations, due to plasti c deformation of ice, which leads to a single layer thinning as it 
b ecomes more d eeply buried in a way that keeps its width proportional to the height of the 
layer above bedrock. This does not change the argument significantly, unless there have been 
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major changes in the d eposition rates of ice and impurities within the time scale of the ice 
section investigated . Figure I shows that the change in strength of internal refl ections with 
depth follows the trend of density variations to a depth of about I 500 m. Beyond that d epth, 
the observed trend is much better explained by reflections resulting from variations of the loss 
tangent. 
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Fig. I . Variation in the strength oJ internal reflections in central Antarctica. T he gradients oJ the theoretical curves depicting 
changes in density and loss tangent should be compared with the field observations. T he loss-tangent C/lrve is computed Jor 
l1 (tan S)/ tan 1) = 0.5 at 60 M H z . 

On the assumption that the refl ectiun coefficien t from internal layers d oes not change 
over a I km depth range, H arrison (1973) has derived m ean attenuation coefficients and 
refl ection coeffi cients fo r the ice between 2 000 m and 3 000 m depth in central Antarctica. 
This was achieved by fitting a straight line to the local power maxima on the A-scope display. 
His attenuation values were from 3 to 8 dB km- I corresp onding to ice temperatures of - 40 

to - 50° C from T ables II and Ill. This is indeed the surface temperature in this area , but 
temperatures at 2 0 0 0 - 3 0 00 m depth are expec ted to be b etween - 10 a nd - 40° C averaging 
perha ps - 2 5 ° C, and we would have expected attenua tions higher b y about 4 dB km- I. 
T his discrepancy in values would be r emoved entirely if the reflection coefficient at the 
2 000 m d epth level w ere 8 dB lower than a t 3 000 m . Indeed, if the ice at 3 000 m depth is 
I S to 20° C warmer than at 2 000 m d ep th , then we can see from T ables II and III that the 
refl ection coefficient should increase by about 8 dB over this range due to temperature changes 
alone. 

Thus we obtain reasonable agreem ent between the m easured and expected attenuations 
in d eep Anta rctic ice once the temperature profile has been estimated a nd the rel evant 
refl ection coefficients calculated from Table II or Ill. 
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CONCLUSIONS 

The observations support the view that deep internal reflections are due to changes in 
loss tangent between layers . Two possible causes of the change in loss tangent between 
layers have been suggested. The first is varying impurity concentrations between layers. 
There is some evidence that such variations do occur, but there is no experimental evidence 
showing a direct relationship be tween these low impurity levels and the values of the loss 
tangent in polar ice. However, variations with time in the impurities deposited from the 
atmosphere in the snow of polar ice sheets would provide an acceptable explanation of the 
spatial and temporal variations necessary to form reflecting layers that extend over very large 
distances. The second possible cause is the difference between loss tangents of "polar" ice 
and "pure" ice, the latter having been formed by melting polar ice above dust layers or from 
other causes. Again, there are no direct measurements of the dielectric absorption in such ice 
layers from an ice core. Also it is less likely that the temporal and spatial occurrences of such 
ice layers would fit the observed distribution of internal re fl ections, especially in central 
Antarctica where reflections are prominent but surface melting is rare. 

Whatever their cause, it seems clear that variations in the loss tangent provide a bette r 
explanation of the very deep internal reflections in polar ice sheets than do variations in the 
permittivity. While our discussions of permittivity have concentrated on the effec ts of density 
variations, we have also pointed out that dust layers in the ice could not account for the 
observed reflections. We have not discussed p ossible effects of anisotropy in different layers 
because of lack of measurem ents of permittivity along different crystal axes . W e should 
emphasize however, that even if there is a significant effect, it is unlikely to vary much with 
temperature. Consequently the gradient of a curve associated with an anisotropic boundary 
in Figure I will be much closer to the density curve than the tan 8 curve, which in turn 
indicates that anisotropic layering is unlikely to provide an explanation for the very deep 
echoes. On the other hand, it appears likely that permittivity changes due to density fluctua­
tions do provide a reasonable explanation of the layering observed above a depth of I 500 m 
in central Antarctica. 
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