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ABSTRACT. R efrac tion seismic studies conducted on the Zemu Glacier in Sikki m a t an a ltitude of 4570 m 
(15000 ft ), indicate that the thickness of the glacier ice varies from about 125 m at the edge of the glacier 
to about 300 m at the centre. T he bedrock section across the glacia l valley as drawn on the basis of the 
seismic data corroborates the fact that the glacier has undergone considera ble la teral shrinkage. The 
observed seismic velocity in the glacier ice, which ranges between 3 500 m/s a nd 3 700 m /s is in good agree
ment with the values obtained on glaciers in various pa rts of the world. 

R ESUME. I nvestigations par refraction sismique au <emu Glacier dans le Sikkim. D es etudes par refraction 
sismique conduites sur le Zemu Glacier dans le Sikkim a une a ltitude de 4570 m indiq uent que l'epaisseur 
de la glace va rie depuis environ 125 m a la bordure du glacier jusqu'a environ 300 m a u centre. Le profil de 
la section du bedrock a travers la vallee glacia ire dessine sur la base d es donnees sismiques corroborent le 
fait que le glacier a supporte u n considerable retrecissement lateral. La vitesse de propagation de l'onde 
sismiq ue dans la glace qui a ete observee s'etablie entre 3 500 m /s et 3 700 m/s, ce qui concorde bien avec 
les valeurs obtenues sur les glaciers en divers points d u monde. 

ZUSAMMENFASSUNG . Refraktionsseimische Untersuchungen au! dem <emu Glacier, Sikkim. R efraktionsseismjschc 
U ntersuchungen, die a uf dem Zemu Glacier in Sikkim in 4570 m H ohe durchgefuhrt wurden, ergeben, 
dass die Machtigkeit des Gletschereises zwischen 125 m am R ande d es Gletschers und 300 m in seiner Mitte 
schwankt. Ein a us seismischen Da ten gezeichneter Querschnitt des Felsuntergrundes durch d as Gletschertal 
bestatigt die Tatsache, dass del' Gletscher eine betrachtliche seitliche Schrumpfung erfahren ha t. Die 
beobachtete seismische Geschwindigkeit im Gletschereis, die zwischen 3 500 m/s und 3 700 m/s liegt, 
stimmt mit Werten, wie sie a uf Gletschern in verschiedenen T eilen d er E rde gefunden wurden, gut uberein. 

I NTROD UCTION 

An expedition was organised by the Geological Survey of India in April- May 1965 in 
the eastern Himalaya to stud y the features of the Zemu Glacier, the largest glacier in Sikkim. 
The paper presents the results of the refraction seismic surveys over the g lacier. The work is 
a pioneering one in the sense that this was the first time that such studies had been underta ken 
in this country. 

The glacier was first visited in 189 1 by C laude ' '''hite, Political Officer in Sikkim and 
T . J. H offman, a well-known photographer in Calcutta. The glacier was again visited by 
D. ' V. Freshfield in the year 1899 a nd by LaTouche (19 10) in 1909. Their studies were 
mainly confined to the general fea tures of the glacier. 

Generalfeatures of the glacier. A detailed account of the glacier has been given by LaTouche 
(1910). The Zemu Glacier is about 25 km long with an average width of 1 km. I t originates 
from the eas tern flank of Kanchenjangha ridge, and , flowing in an easterly direction, a lso 
drains the northern slope of Simvo and Sinialchu. A very interes ting fea ture associated with 
the glacier is the presence of trenches on the nor thern and southern sides of the glacier 
between the lateral m oraine ridges a nd the rock wall (Fig. I) . According to LaTouche (19 10) 
lateral shrinkage of the glacier has given rise to these trenches. 

The average slope of the glacier is 1 : 10 towards the eas t. The surface of the glacier is 
very rugged and the ice su rface is completely obscured under moraine (Fig. 2). The rugged
ness of the glacier surface seems to persist as far as the foo t of the precipices below 
Kanchenjangha as was stated in the account of Freshfield and Hoffman (LaTouche, 1910). 
The presence of boulders on the surface made i t impossible to auger holes for the placement 
of charge for the seismic work. Fortunately, small pools of water which were often observed 
in the depressed zones of the glacier surface could be utilised for this purpose. 

At the time of LaTouche's visit, the snou t of' the glacier was located at a n altitude of 
about 4 000 m . No ancient terminal moraine was observed by him, but he believed that the 
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Fig. 1. :Vorthem trench between lateral moraine ridgr (lift ) alld rock wall (right ) . 

glacier had probably extended a good deal further down. At the time of this expedition the 
snout was observed as a vertical ice cliff devoid of any boulders (Fig. 3) and seems to have 
retreated by at least 300 m since the tim e of LaTollche's visit. 

SEISMIC SURVEY 

Field procedure. A twelve-channel portable Century R efraction Seismograph was used for 
the seismic investigation. Long-range shooting was carried out by a telephone wire through 
a relay unit and a shooting attachment which weJ'e devised and constructed in the geophysical 
workshop of the Geological Survey of India. 

Fig. 2. Rugged surface of <emu Glacier covered with morainic material. 

https://doi.org/10.3189/S0022143000013046 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000013046


z 

SE I SMI C I NVEST IG A TIO N AT ZE M U G LAC I E R 

Fig. 3. The snout oJ <emu Glacier. 

LOCATION OF REFRACTION SEISMIC SHOT POINTS, 
ZEMU GLACIER, NORTH SIKKIM 
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Fig . 4. Location oJ refraction seismic shot points, <emu Glacier, north Sikkim. 
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Refraction seismic studies were carried out at an average elevation of 4500 m and at a 
site 5 km west of the snout . Three major traverse alignments were chosen for refraction 
shooting (Fig. 4 ) . Traverse I was located a long the northern trench by the side of the g lacier'. 
The a lignment of the other two traverses over the glacier was d etermined by the ruggednes 
of the terrain (the choice being a long the direction of leas t undulation) and availability of 
water pools for shooting. The maximum profile lengths of traverses I , 2, 3 were respectivel y 
720, 870 and I 380 m . The geophone spacing was maintained at 30 m ; the spread consisting 
of 12 geophones was moved in tandem along the traverse keeping the shot point fixed . How
ever, in carrying out the seismi c shooting som e intermediate spreads were skipped off, in 
view of the limited time avai lable. Attempts were mainly focused towards picking up the 
bedrock velocity. 

Figure 5 presen ts the travel-time curve for profil e I , shot in the northern trench . S.P.6. 
which was shot with a total spread of 7'20 m indicates a bedrock velocity of 5 000 m (s and a 
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velocity of 3 000 m /s for the intermediate layer. The reversed profile (S.P.5) shot only with 
one spread between 390 and 690 m shows a bedrock velocity of 5 800 m /so From a considera 
tion of this travel-time curve a bedrock veloci ty of 5 400 m /s was adopted for all dep th 
es timations. Depth estimates by the intercept time method indicate a bedrock depth of 
[48 m at S.P.6. The approxima te bedrock dep th a t S.P.5 is es timated to be 158 m. 

Over the glacier, the first profile shot with the shot point a t S. P. 1 a nd a total spread length 
of 480 m failed to pick up the bedrock velocity. The time- distance curve (F ig . 6) indica tes 
a velocity of 3 600 m /s for the glacier ice. The reversed profile with the shot point at S.P.2 
and 3 and spreads extending up to S.P. I a nd S.P.8 respectively (Fig. 4) a lso did not indicate 
the bedrock velocity. The shot point when shifted furth er to S.P.4 and shot with a spread 
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Fig. 7. Travel-lime curve/or traverse 3 · 

leng th of 870 m (extending up to S.P.8) indicated a bedrock velocity of 5000 m js (Fig. 6) . 
T he dep th to bed rock of 125 m is es timated at S.P.4 by the delay- time method , the dep th 
to bed rock at S.P . I being known to be 280 m . T he bedrock dep th at S.P. I has beel\ 
determined from the resul ts of shoo ting along Traverse 3 with a spread length of I 380 m, 
the critical distance being at I 270 m (Fig. 7). R eversed shoo ting at S.P. 7 employing a similar 
spread length failed to record the bedrock velocity. The dep th estima te at S.P. I employing 
the critical dista nce was done wi th the assumption tha t the bedrock surface runs a pproxi
ma tely parall el to the average surface topography a long this profil e. 

DISCUSSION O F R ESU LTS 

Ana lys is of the time- distance cun-e ob tained from the first arrivals of the refraction 
seismograms indicate the velocities [or the di fferent formations given in Table I. 

TABLE 1. SEISM IC VELOCITIES IN D IFFERENT FORMATIO:-lS 

Allaterial 

Bedrock (granilc-gniess, augen-gneiss e tc. ) 
Glacial ice 
Sediment (hill wash a nd epi-glacia l ma terial filling u p the northern trench ) 
Mora ine materia ls on the surface of the surface of the glacier 

Velocity 
m js 

5 000--5400 

3500--3 700 

3000 

< 500 

https://doi.org/10.3189/S0022143000013046 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000013046


118 JO U RNAL OF GLACIOLOGY 

I t was eviden t rrom a rew vertical sections of the glacier ice under! ying the moramJC 
material, as well as rrom a study of the travel- time curves, that the surrace ruggedness or the 
glacier (Fig. 2) is due more to the undulation of the glacier ice surface itself than to the disposi
tion or the huge boulders. In the time-distance curve presented in Fig. 6, uncorrected times 
as plotted against horizontal distance fall almost on a straight line showing the velocity in 
glacier ice, in spite of the fact that there is an abrupt change in the elevation exceeding So m 
along this traverse. In general, the thickness of the loose morainic material on the top of 
the glacier ice does not seem to exceed 5 to 10 m, as can be inferred from the analysis of the 
time--distance curves in Fig. 8. This short profile was shot 300 m to the west of S.P.7 on 
the relatively flat top or a surrace moraine ridge. This profile was shot with the primary 
objective of determining the velocity of the surface morainic material, as the general topo
graphic features around gave an apparent impression that the thickness of moraines at this 
location would be appreciably large, but an examination of the time- distance curve indicates 
that even the first geophone placed at a distance of 5 m from the shot point fell on the velocity 
segment for ice. This exemplifies that the top veneer of surface moraines is generally very 
thin and that the velocity in the surface morain es does not exceed 500 m /so 
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Fig. 8. Travel-lime curve over morailles Oil lhe glacier. 

The velocity of 3 500- 3 700 m /s as is observed for the glacier ice is in good agreement with 
the values obtained on glaciers in various parts of the wor!d (Robin, r 953; Hobson, 1962). 

A consideration of the time- distance curve for profile r , in the northern trench (Fig. 5) 
indicates that the bedrock is overlain by sediments showing a velocity considera bly lower 
than that of the glacier ice. This velocity of the order of about 3 000 m /s, which is no doubt 
high for unconsolidated sediments, is due possibly to the abundance of boulders. 

The critical distance corresponding to the interface between the glacier ice and the bedrock 
was very large, not only due to the large depth to the interface, but also due to the low 
velocity contrast between these two layers. J t is evident, therefore, that the success of such a 
survey is entirely dependent on the type of bedrock present. 

Figure 9 shows the bedrock section across the glacial valley along the line AB (Fig. 4) as 
drawn on the basis of the seismic data. In drawing this section the position of the lateral 
moraine ridges and the exposures (rock wall) at A and B have also been taken into considera
tion. The valley has its maximum depth at the centre where the thickness of glacier ice 
exceeds 300 m. The section sugges ts that the glacier once occupied the entire valley, ex tending 
from the northern to the southern rock walls, and that it has undergone considerable lateral 
shrinkage giving rise to the northern and southern trenches. Subsequent movement of the 
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glacier confined by the lateral moraine ridges has eroded the bedrock lo a greater extent ill 
the central zone than that underlying the trenches from which the glacier has receded to it~ 
present position. 
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Fig. 9. Sec/ion of < elllll Glacier along Iraverse AB. 

The inves tigation was conducted as a tes t case to study the feasibility and suita bility of 
seismic operations on the glacier. J n spi te oflimited facilities available the resul ts of the seismi c 
studies are significant. 
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