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ABSTRACT. Density-depth curves constructed from seismic travel-time data observed at 25 locations, 
show a la rge va riation over an essentia lly isothermal area (T = - 22 ± 2' 6° C) . This is correlated with 
the wide range of mean annual accumulation va lues (A = 20 to 50 g. /cm.> yr. ) . Quantitative estimates of 
mean a nnua l accumulation can be obtained from seismic refraction data in this area by the expression 
A = 23' 5 + 0' 049 (3500 - V, oo ) where Vzoo is the compressional wave velocity (m. /sec.) observed at 200 m . 
from the shot point. The density- depth curves can be used to give estima tes of accumula tion by the expression : 

A = 2'36(0'913 - P40) 

where P40 is the density (g./Cm. 3) at 40 m. depth. The interna l consistency of these methods is indicated by 
the standa rd devia tion of ± 2' 9 g. /cm.' yr. for compari.sons of accumulation estimates. The theoretical basis 
for these results is discussed. 

REsUME. D ensification de la neige sur I'indlandsis d'Ellsworth Land et le sud de l'Antarctic Peninsula. L es courbes 
des densites en fonction des profondeurs construites a partir des temps de parcours sism iques observes en 
25 sta tions, montrent une importante variation pour une zone pratiquement iso therme (T = - 22 ± 2,6° C) . 
Ceci est en rapport avec le grand ecart des va leurs moyennes des accumulations annueIJes (A = 20- 50 
g. /em.' an ). D es estimations qua ntitat ives d 'accumulation moyenne a nnuelle peuvent etre obtenues a partir 
de donnees de refraction sism ique dans cette zone par l' expression A = 23,5 + 0,049(3500- V200) ou 
V200 (m/s) est la vitesse de l'onde d e compress ion observee a 200 m du point de tir. La courbe des densites en 
fonction des profondeurs peut etre utilisee pour donner des estimations d'accumulations pa r I'expression 
suivante; 

A = 2,36 (0,913 - P40) 

dans laquelle P'fO est la densite a 40 m de profondeur. La coherence intrinseque de ces methodes est 
indiquee par un ecart standard de ± 2,9 g. /cm.' an pour des compara isons d e I' estimation de I'accumulation. 
La base theorique concernant ces resu ltats est discutee . 

ZUSAMMENFASSUNG. Verdichtllng des Schnees allj dem Eisschild von El/sworth Land und im Siiden del' Alltarctic 
Peninsula. Dichte-Tiefen-Diagramme, abgeleitet aus seismischen Laufzeitbeobachtungen an 25 Stellen, 
zeigen starke Unterschiede innerhalb eines im wesentlichen isothermen Gebietes (T = - 22 ± 2,6° C). 
Diese T a tsache steht mit del' starken Streuung del' W erte fur d ie mittlere J a hresa kkumula tion (A = 20- 50 
g/cm' .Jahr) in Zusammenhang. Zahlenmassig kann die mittlere Jahresakkumulation aus seisrnischen R efrak
tionswerten in diesem Gebiet mit del' Formcl A = 23,5 + 0,049 (3500 - V2 00 ) abgeschatzt werden, worin 
V200 die Geschwindigkeit (m /sec) del' Druckwellen in 200 m Abstand vom Schusspunkt bedeutet. Auch die 
Dichte-Tiefen-Kurven kiinnen zur Abscha tzung der Akkumulation herangezogen werden , und zwar nach 
einer del' folgenden Formel: 

A = 2,36 (0,9 13 - P40), 

worin P40 die Dichte in 40 m Tiefe bedeutet. Di e innere O bereinstimmung zwischen diesen M ethoden 
kann a us dem mittleren Fehler von ± 2,9 g/cm' J a hr beurteilt werden, der sich aus dem Vergleich von 
Akkumulationsabschatzungen e rgibt. Die theoretischen Grundlagen di eser Ergebnisse werden diskutiert. 

INTRODUCTION 

During the austral summer of 196 I - 62 a seven-man party carried out geophysical and 
glaciological investigations on the 1,700 km. Antarctic Peninsula traverse in Ellsworth Land 
and the southern Antarctic Peninsula. Figures 1 and 2 show the area studied. Seismic measure
ments of ice thickness were made at 2s Iocations (Table I and Fig. 2) as discussed by Behrendt 
( 1963) . Velocity- depth curves were constructed by a method of numerical integration 
(Slichter, 1932) using the time and distance data for the refracted compressional waves 
traveling through the snow. A continuous velocity increase with depth was assumed to the 
depth where maximum velocity is reached (about ISO m. in this area) . 

From these velocity- depth curves, density- depth curves were constructed using the 
empirical expression Robin ( 1958, p. 88) showed to be valid below depths of 1 S m. : 

p = 2 '2 1 X 10-4 (1 - 0 '0006 1 T ) -IVp + 0'oS9 
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where p is the density in g. /cm.3, Vp is the compressional wave velocity in m. /sec., and T 
is the temperature in °C. Figures 3- 7 show the results of these calculations using the tempera
tures at 10 m. (from H. Shimizu personal communication). The variations in these curves are 
probably the result of the wide range in annual accumulation values ( 20 to 50 g. /cm.z yr. ) 
since the standard deviation of the mean annual ( 10 m. ) temperatures is only ±2 ' 6° C. 
from the average of - 22° C. This suggested a method of determining quantitative estimates 
of mean annual accumulation from the seismic data. 

TABLE J. ACCUMULATION DETERMINED FROM SEISMIC DATA AND NEAR-SURFACE GLACIOLOGY 

AL/rom p A c / rom p Av/rom V" Mean seismic Measured 
Station at h = 40 m at It = 40 m at X = 200 m. accumulation accumulation 

g ./c m. ' yr. g. /cm.' yr. g. /cm.' yr. g. /cm.' yr. g. /cm. ' yr. 
224 47 48 49 48 
256 44 42 44 43 48 
288 41 39 45 42 
320 43 41 40 41 
352 44 43 46 44 
382 37 34 33 32 
404 44 43 37 31 
432 40 42 34 39 40 
464 24 28 23 24 
496 37 34 36 36 26 
528 35 32 43 37 
604 38 35 37 37 46 
636 39 37 42 39 34 
668 38 36 41 38 41 
700 40 38 39 39 45 
732 47 49 47 48 50 
764 50 57 51 53 48 
796 37 34 37 39 
840 28 28 27 28 28 
864 24 27 23 24 
908 29 28 30 29 
940 23 27 25 25 20 
976 40 37 43 40 

1008 36 33 32 33 35 
1028 35 35 24 31 

* Personal communication from H. Shimizu. 

DISCUSSION 

Pit measurements of accumulation values for twelve stations (Table I ) , furnished the 
a uthor by Shimizu, were used with a value for "Eights" station determined from one season's 
observed snow accumulation. Figure 8 is a graph of accumulation A versus the density p at 
40 m. depth. The straight line shown was fitted by least squares to the data and the standard 
deviation of the points is ± 4' 7 g. /cm.z yr. in terms of accumulation. This graph shows an 
inverse relation between accumulation and the density at 40 m . at this relatively constant 
temperature. 

Another empirical study was carried out using the velocity vs. distance curves constructed 
directly from the travel-time curves. Figures 9-1 I compare accumulation with compressional 
wave velocities recorded at distances of 50, 100, and 200 m. from the shot point, respectively. 
Assuming linear relationships for these graphs also, the standard deviations in terms of mea
sured accumulations from the least-square straight lines are ± 6·0 g. /cm. 2 yr., 5.8 g. /cm.z yr., 
and ±4 ' 5 g. /cm.2 yr. for 50, 100, and 200 m. distances respectively. The depths h corresponding 
to the velocities at each of these distances X were measured and averaged from the velocity
depth curves with the following results : X = 50 m. , h = I I m. , with standard deviation 
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Fig. l. Map of Antarctica showing area studied 
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Fig. 2, Surface elevation map showing locatioll of major stations ( from Behrendt, 1963) 
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s = ± 3 ' 3 m.; X = 100 m., h = 21 m., S = ± 4'2 m.; and X = 200 m., h =41 m., S = 
± 2' 7 m. The least scatter from the straight lines was for X = 200 m. (Fig. 11 ) corresponding 
to a mean depth of 41 m.; this is essentially equivalent to Figure 8 for accumulation versus 
density at 40 m. depth. 

I attempted an explanation of these empirical results on a theoretical basis. Bader (1962) 
and Landauer (1957) gave the following relations for the rate of snow densification ( - v) : 

where t IS the 

-v =-.: ddP = c sinh (a /ao ) , (2) 
pt ' 

a = At (3) 

time, a the load in g. /cm. 2 = ph where - the average density from P IS 
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surface to a d epth h, ao = 700 g .fcm. 2 ; and c is a constant depending on snow type and 
temperature. Thus 

dp /p = c sinh (At/ao) dt. 

Integrating and rearranging gives 

In p = c(ao/A ) cosh (a/ao) + k (5) 
where k is a constant of integration. In the following discussion, I assumed k was also constant 
throughout the a rea studied . Using the 2 m . pit density data furnished by Shimizu and the 
d ensity- depth curves of Figures 3- 7, values of a at 40 m. depth were calculated for each of 
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the thirteen stations of Figure 8 by numerica l integration. These were found to show the 
following apparently linear relation with p at 40 m . depth (Fig. 12 ) : 

p = o·S4p + O· 2 IS. (6) 

U sing this expression introduced an error of ± o · 9 per cen t In p. W ithin the range of 
densities of Figu re 8 

or 

I/p = - I ·44S In p+ o·g lg 

In p = 0 ·636 - 0 ·6g2 /p 

with a n introduced error ± o · 4 per cent in 1/ p. (The error in troduced by the assu m ption a 
linear relation between 1/ p and In p is less than that between p and In p in the density range 
from 0 · 7 to 0·8 g. /cm .3 . ) From equa tion (6) and the rela tionship a = ph, a theoretical cu rve 
of cosh ( a/ao) versus In p was calculated and plotted on a graph of the observed data in F igure 
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13. The standard devia tion of points from the curve is ± 3' 0 per cent a nd from the least-square 
fit of a straight line is ±2' 7 per cen t. Thus the approximation of the linear relationship 

cosh (u/uo ) = 41' 16 1n p+ 2g ' 21 (8) 

has an error of ± 3 per cent. 
Substituting equa tion (7) into equation (8) a nd substituting both into equa tion (5) 

gives: 

A CCUMU L A TI O N VS. VELOC IT Y 
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Fig. 9. Graph of accumulatioll vs. compressional wave velocity observed 50 m. from the shot point. The straight lille is the 
least-square fit to the data 
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Substituting the value of Go and solving for p this reduces to 

( l'gg X I04 ) C-O·6g2A 
p = 7-~--~--~~~~~ 

(3. 88 X 104) c+ A(k - o ·636 ) 
(g) 

with a combined error in p of ± 3' 4 per cent where p is in the range o · 7 to 0·8 g. /cm. 3. 

The best fit to the observed data was found to be c = 3 ' g X IO-4 yr. -I and k -0'42 . 

These gave the expression 

A = -'..7_' 7;,-8 ___ 1 ,,-5 _. 1....,2:-,-P 

0 ·6g - I ·06p 
( 10 ) 

from which the curve of Figure 8 was drawn. The standard deviation from the observed data 
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AVERAGE DEN SITY VS. DENSITY AT 

.., .640 
~ 
~ 
\.:l 
:>... 
t:::.620 

h = 4 0 m • 

P = .54P +.215 

~"J/ 496 
668 e I 

;;41008 

;G 
~ 
~ 
~.600 ./ 

• 700 

v/·~" 
~ 
'<;{ y. 

• ·"'1 
.580 

.700 .720 .740 .760 .780 

DEN SI T Y (G./CM~) 

• 

:L 
840 

e 

.800 

Fig. [2. Average density vs. density at 40 m. depth . The straight line is the least-square fit to the data 

940 . 

.820 

https://doi.org/10.3189/S0022143000018426 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000018426


DENSIFI C ATIO N OF SNO W ON AN I CE S HE ET 459 

is ± 6· 8 g. /cm. 2 yr. compared with ± 4' 7 g. /cm.2 yr. for the linear fit and ± 4' 5 g. /cm. 2 yr. 
from Vp at X = 200 m . (Fig. I I ) . Since a number of approximations and assumptions were 
made in d eriving equation ( IQ), it is not intended as a rigorous theoretical expression for 
the variation of density with accumulation. Rather, it a llows some understanding of the 
empirical relations observed in Figures 8- 1 I . 
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Fig. 13 . Graph cosh (% o) vs. In p. The straight line is the least-squarejit to the data; the curve is the theoretical relationship 

This discussion leads to the conclusion tha t at least in the area of the Antarctic Peninsula 
traverse, where the scatter in mean annual temperatures is small, the compressional wave 
velocity at 200 m . distance from the shot point or the density a t 40 m. depth can be used to 
obta in reasonably reliable values of accumulation. The graph of accumulation versus velocity 
a t 200 m. is preferred over the graph of accumulation versus density because it is much 
less time-consuming to d etermine a velocity (which can be taken directly from a seismogram) 
at a given distance than a d ensity at a specific depth. 

Determinations of the accumulation were made for all of the seismic stations as shown in 
Table I using Figures 8 and I I . AL and Ac r efer to values from the straight line and curve of 
Figure 8; Av refers to the values from Vp at X = 200 m . The standard d eviation is ± 2 ' 9 
g. /cm.2 yr. for the comparison of the three m e thods. This should be regarded as an indication 
of the internal agreement of the data rather than an indication of absolute accuracy of the 
accumulation values. 
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