
ANALYSIS OF A '20 m. FIRN PIT ON THE 
KESSELWANDFERNER (OTZTAL ALPS)* 
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ABSTRACT. T he firn stra tification in the accumulation a rea of an alpine glacier was studied in a 20 m . ~eep, vertical pit dug in the summer of [963 on the K esselwandferner (3,240 m . above sea-level in the Otztal Alps) . The firn is traversed by ice layers up to 25 cm. in thickness which have been formed by th e damming up and freezing of melt water. Firn density increases with depth. At a depth of [3 m. (8 yr. old firn ) the density reaches 0·80 g./cm. 3 as a mean value of one a nnua l net accumulation. Excluding the ice layers, the firn reaches a density ofo· 82 g. /cm. 3 in a [ 0 yr. old layer at a depth of [6 m . The firn stratification in relation to seasons was studied by analyses of the pollen content in the lower part of the pit, beginning with the horizon " late summer [954". The late summer horizons obtained from the firn stratification were confirmed by the pollen analyses . 

R EsuME. Analyse d'un puits de 20 m dans le neve du Kesselwandftrner (Alpes d'Otztal ). La stratification d u neve dans la zone d 'accumula tion d 'un glacier a lpin a ete etud iee dans un puits vertical de 20 m de profondeur <:!'euse pendant I'ete [963 a u Kesselwandferner (3 240 m au-dessus du niveau de la mer dans les Alpes d ' Otztal) . Le neve est traverse d e couches de glace ayantjusqu'a 25 cm d'epaisseur qui o n t ete formees par la retenue et le gel des eaux de fonte. A une profondeur de [3 m (neve de hui t a ns) la d ensite atteint 0,8 g /cm3 valeur moyenne pour une accumulation nette annuelle. En excluant les couches de glace, le neve atteint une densite de 0,82 g/cm 1 dans une couche de [0 ans a [6 m de profondeur. La stratification du neve par ra pport a ux saisons a ete etudiee par l'analyse du pollen contenu dans les parties p lus basses du puits, a partir d e I' horizon " fin de I'ete [954" . Les horizons d e fin d'ete connus a partir de la stratification du neve ont ete confirmes par I'analyse d e leur contenu en pollen . 

ZUSAMMENFASSUNG. Analyse eines 20 m tie/en Firnschachts am Kesselwandferner ( Ot~taler A lpen). In einem 20 m tiefen, senkrechten Firnschacht, del' im Sommer [963 am K esselwandferner (Otztaler Alpen) in 3240 m Seehbhe gegraben w urde, wird die Stratigraphie im Akkumulationsgebiet eines Alpengletschers studiert. Die Firnschichten sind mit bis zu 25 cm dicken Eisschichten durchzogen, die sich durch Stauung von Schmelzwasser und Frieren gebildet haben. Die Firndichte nimmt mit del' T iefe zu und erreicht in [3 m Tiefe (8 J a hre alter Firn) a ls Mi ttelwert einer J a hresrlicklage d en W er t 0,80 g/em3• Bei Ausschluss del' Eislamellen erreich t del' Firn in der IQ Jahre a lten Schicht ([6 m Tiefe) die Dichte 0,82 g /cm l. Diejahreszei t­liche Firnstratigraphie wurde im tieferen Teil d es Schachtes a b H orizont " H erbst [954" pollenanalytisch untersuch t. Die aus del' Firnstratigraphie abgelesenen H erbsthorizonte wurden durch die Pollena nalyse bestiHigt. 

INTRODUCTION 

In the summer of 1963 a firn pit was dug to a depth of '20 m. on the K esselwandferner (3,240 m. above sea-level in the Otztal Alps). The aim of this investigation was to study the firn stratification in relation to the annual net accumulation of previous years . Firn samples were ta ken from all layers and pollen analyses were carried out on som e of them. These samples will be examined later for radioactivity resulting from atmospheric fa ll-out. 

A R EA OF I NVESTIGATION 

The site of the firn pit has been designated L58 by Hoinkes and Rudolph (1962, fig. I ) . Since the International Geophysical Year (1957- 58) the K esselwandferner h as been included in the mass budget progra mme which was started in 195'2 (Hoinkes and Rudolph, 196'2 ) . This pit is still accessible and can be used for further studies. 
In 1956 H. C. Hoinkes dug an 1 I m. deep firn pit at approximately the sam e place in order to study the stratigraphy of the annual net accumulation (Hoinkes, 1957) . At the end of every budget year since 1958, the wa ter-equivalent of the annual net accumulation of the past budget year has been determined by measuring the density profile at that loca lity . However, for various reasons this series of m easurements is incomplete. By using the '2 0 m. deep pit it was possible to complete the series of studies. 

* Dedicated to Gera ld Seligman on the occasion of his graduation to the degree ofDI'. Phil. honoris cal/sa in the Universitat Innsbruck. 
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Fig. 1. Density profile of the 20 m. pit at locality L58 (Kesselwandferner, 3 ,240 m. a. s.l.) 
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DETERMINATION OF THE HORIZONS OF THE ANNUAL LAYERS 

Identification of the late summer horizons was comparatively easy, because the approxi­
mate water-equivalents of the respective accumulation layers were a lready known from 
density-profile measurements made during the autumn controls. A dust layer on top of an ice 
layer which reach ed a maximum thickness of 25 cm . was the best m eans of identifying the late 
summer horizon. However, in some instances, either the dust layer or the ice layer was absent. 

It is not difficult to understand the origin of the characteristics of the annual horizons. 
The dust layer forms during the ablation period by the deposition of dust from the rock faces 
surrounding the firn . The ice layer forms when the free water in the firn freezes at the end of 
the ablation period. Measurements made by Ambach (1963, p. 103) confirm that in the firn 
layer near the surface the amount of free water is especially large. In the following year, the 
ice layer thus formed results in slight damming up of m elt water derived from younger firn 
layers. It is therefore possible that when freezing occurs during the subsequent autumn the 
ice layer may rise, a llowing the depth-hoar of the superimposed annual layer (Hoinkes, 1957) 
to become solidified. This process could continue until such time as the ice layer being 
investigated has reached a depth below the range of the winter cold. 

For an individual case (the horizon for the " late summer of 1954") , the determination of 
the annual horizon by dust- and ice-layer analysis was doubtful. Even though there was a 
distinct ice layer ( 25 cm. thick), a dust layer was not visible. As a result of pollen analyses 
carried out by S. Bortenschlager, this ice layer could be clearly recognized as the horizon for 
the " late summer of 1954". 

FIRN S T RATIFICATION AND DENSITY PROFILE 

After digging down to a depth of 20 m ., the density profile was d etermined with the aid 
of a snow sampler (50 cm.2 cross-section) provided with a drill bit. On an average a 20 cm. 
thick firn layer was weighed by using a steelyard. The sample was chosen in such a way that 
the density was as homogeneous as possible. However, thick ice layers were split up and in 
this case, for calculation of the wa ter-equivalent, their density was assumed to be o· 9 g ./cm ) . 
Density measurem ents could be made as far down as the horizon for the " late summer of 
1951 ". The snow sampler used was unsuitable for sampling the deeper ice layers for density 
m easurem ents. Below the horizon for the " late summer of 195 I " no further horizon could be 
clearly identified by d ensity measurem ents and only stratification was studied in these layers. 

Because the previous year's firn layer was considerably disturbed by digging, density 
measurem ents were commenced at the horizon for the " la te summer of 1962". However, the 
density profile of th e previous year's accumulation was studied in a n undisturbed area 
adjacent to the main pit. 

Figure 1 shows the density profile obtained by sampling. Ice layers that could not be cut 
by the snow sampler are shown as a single layer with a density of o· 9 g. /cm .3. Thin ice layers 
could be cut easily with the snow sampler and they were a lso weighed. The dust layers were 
especially prominent in the profile. Vertical in trusions in the form of small ice pipes were 
detected in some of the layers and they a re indicated as vertical wavy lines (e.g. " horizon 
1960"). The density values below the horizon for the " late summer of 1951 " are only estimated 
from the ice structure. In the profile above this horizon ten ice layers are thicker than 4 cm. 
and five a re thicker than 10 cm. 

After calculation of the water-equivalent of the a nnual net accumulation , the increase in 
mean density with depth was determined . The ice layers were included in this calculation . 
Figure 2 shows the m ean density of the a nnual net accumulation plotted against depth. It 
cannot be expected that any definite law of densification is obeyed , because the mean density 
depends on the number and thickness of the ice layers present in the profile. Densification is 
not only due to compression but a lso to the formation of ice layers (Ambach, 1961 ) . After 
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8 yr. (a t a depth of approximately 13 m.), the density becomes greater than 0· 80 g./cm .3. 
The transition from firn to ice is a continuous process. According to Seligman (1941 ) it does 
not entail a change of density and grain-size. As soon as the air bubbles and capillaries in the 
packed firn begin to coalesce, the firn becomes impermeable glacier ice. The transition occurs 
a t a density of o · 82- 0· 84 g. /cm .3• This means that the lowermost layers in the pit would have 
to be regarded as ice. This is confirmed by a further observation. At the bottom of the pit, 
a t a depth of20 m ., a water layer (40 cm.) developed and consequently digging could not be 
continued. Deeper layers were clearly already completely impermeable and therefore the 
transition from firn to impermeable glacier ice takes place at a depth of 15- 20 m. If the ice 
layers are not considered, the firn in the 10 yr. old layer (16 m. depth) has a density of 
0 ·82 g. /cm .3• However, in the 11 yr. old accumula tion layer below there are layers with a 
lower density (0 ' 76 g. /cm.3) . Since no porosity m easurements were made, the transition from 
firn to glacier ice can only be discussed in terms of a comparison of densities. 

WATER -EQUIVAL ENT S 

Figure 1 shows the wa ter-equivalents, thicknesses of layers and the average firn densities . 
T a ble I gives both the water-equivalents determined and a comparison with water-equivalents 
d etermined during the annua l autumn controls for the annual net accumulation a s far back 
as the horizon for the " late summer of 1956" . 
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Fig. 2 . M ean density of allllllalllet accumulation plotted against depth for locality L58 (Kesselwanrifemer, 3 ,240 m. a. s.l. ) 
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TABLE 1. WATER-EQUIVALENTS AT L58 ( KESSELWA NDFE R NE R , 3,240 m. a .s. !. ) 

Layer number I 2 3 4 5 6 7 
Budget year 1962- 63 1961 -62 1960- 61 1959- 60 1958- 59 1957- 58 1956- 57 
Net accumu lation ( mm. 1, 120a 825 1,810 1,540 805 825 1,545 

water-equivalent) 
Depth (m. ); lower part or I· 78 3'06 5'58 7. 63 8·69 9. 83 I I . 78 

layer 
M ean density of annual net 0.630 0·644 0'7 18 

accumulation (g. /cm. l ) 
0'75 1 o· 766 0'7 16 o· 792 

:'-let accumulation; autumn 1,220 790 1,900 1,755c 735 855 1,680 
co n tro l* ( mm . water-
equivalent) 

Date of autumn control 1.10.1963 20.9. 1962 2.10.196 1 18.10.1961 1.10.1959 2.10.1958 25.8.1958 

Layer number 8 9 10 II 12 13 14 
Budget year 1955- 56 1954- 55 1953- 54 [952- 53 195 1- 52 1950- 5 1 [949- 50 
Net accumu lation (mm. 1,5[0 1,590 1, 145 860 420 2[0" 300" 

water-equivalent) 
Depth (m.); lower part of [3 .69 15. 60 16'97 18 ' 04 18' 54 18'79 19' 14 

layer 
M ean density of annual net 0. 803 0 ·820 0.836 

accumulation (g. /cm. 3) 

0·8 12 0·8 18 0·85" 0 ·85" 

Net accumulation; autumn 1,750c 
con trol* ( mm. water-
equivalent) 

Date of autumn control 24.8.1956 

a Measurement made on 8 August 1963. 
b Density es timated , horizon uncertain. 
c Value uncertain. 
• Professor H . C. Hoinkes kindly provided these unpublished data for comparison purposes. 

The accumulation for the budget year 1962- 63 can be given with close approximation. 
The density profile measured during the autumn control (on 1 October 1963) contained 
45 cm. of fresh snow which had accumulated after the middle of August. In this case the dust 
horizon marked the end of the long period of fine weather in the summer of 1963, i.e. about 
mid-August. Therefore, a dust horizon does not necessarily indicate the end of the budget 
year with respect to the whole glacier . 

For the purpose of comparison, the water-equivalents of the pit and those of the autumn 
controls are shown in Figure 3. The 1962- 63 accumulation was therefore not taken into 
consideration for the reason given above. The data for the annual net accumulation which 
could not be determined at exactly the end of the budget year, i. e. 1959- 60 and 1955- 56, were 
completed by the results obtained from the pit. The water-equivalents derived from the pit 
and those m easured during the autumn controls agree quite satisfactorily. The tota l water­
equivalent from the late summer of 1955 until the late summer of 1962, as determined in the 
pit, amounts to 8,860 mm. water , and the sum of the measurements during the autumn 
controls is 8,960 mm. water. The difference between the two sets of measurements is only 
100 mm. water (1' 2 per cent) . 

Since the layers in the 1963 and 1956 pits partly overlap, a comparison is also possible for 
the overlap zone. The water-equivalents of the net accumulation during those years are 
generally small . Due to local differences in the net accumulation, the respective horizons are 
displaced as regards their depths and therefore a positive identification of horizons and their 
correlation between the two pits is not possible . 

The identification of the horizons " late summer of 1950" and " late summer of I 949" is 
vague in the 1963 pit, as they were determined only by pollen analyses and they were not 
positively confirmed stratigraphically. However, a 13 cm. thick ice layer, which lacks definite 
impurities, could be identified as the horizon for the " late summer of 1950". A partly brownish 
ice band was identified as the horizon for the " late summer of 1949". 
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Fig. 3. Comparison of the totals of water-equivalents for annual net accumulation taken from the 1963 pit and from density 
measurements during annual autumn controls at locality L58 (Kesselwandferner, 3 ,240 m. a.s.l.) 

ANALYSIS OF POLLEN CONTENT IN RELATION TO THE FIRN STRATIGRAPHY 

Pollen analyses offirn samples were carried ou t by S. Bortenschlager (Botanisches Institut 
der Universitat Innsbruck) in order to control the lower late summer horizons beginning with 
that for the " late summer of 1954". Figure I gives the numbers and locations of the samples 
studied and Table II shows the results of the pollen analyses. 
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JO U RNAL OF GLACIOLOGY 

H orizonJor the " late summer of [954" 

In order to control the horizon for the " late summer of 1954", a sample (39) from a firn 
layer just above this horizon and two further samples (37, 38) from a firn layer just below 
this horizon were studied . The upper sample (39) contained mainly autumn pollen and no 
spring pollen , but the two samples taken from below this horizon (3 7, 38) contained mainly 
spring and summer pollen. Therefore, the ice layer a t a depth of 15.80 m . was confirmed as 
the horizon for the " late summer of 1954". 

Horizon Jor the" late summer oJ [953" 

To control the horizon for the " late summer of 1 953", a sample (36) which had been taken 
between 10 and 60 cm . above this horizon was studied. This layer could be regarded as a 
winter layer, because of its small amount of pollen and dust. Only a few displaced pollen 
grains were found. A further sample (35) taken from a depth of between 10 and 50 cm. 
below the horizon for the " late summer of 1953" was also analysed. This layer could be 
identified as a spring layer because of its anemogamous tree pollen content. The horizon for 
the " late summer of 1953" which had already been recognized from the firn stratification was 
therefore confirmed by pollen analysis. 

HorizonJor the " late summer of [952" 

Sample 34 was taken from a depth of between 15 and 65 cm. above the horizon for the 
" late summer of 1952". The result obtained by pollen analysis proved that this was a winter 
layer, which agreed with the stratigraphic analysis. 

Horizon Jor the " late summer of [95 I " 

Between the horizons for the " late summer of 1 952" and the " late summer of 1 95 I" a 
sample (33) which covered the whole of what was presumed to be the annual net accumulation 
was studied. In addition to spring pollen it also contained summer and autumn pollen. 
Therefore, the horizon for the " late summer of 1 95 I " was confirmed by pollen analysis. The 
large amount of dust in the sample also confirmed this interpretation. 

Horizon Jor the" late summer of [950" 

A sample (57) taken from 10- 30 cm. below the horizon for the " late summer of 1951 " 
contained both summer and autumn pollen. On the basis of the stratigraphic analysis of firn 
at this depth, an ice layer without a distinct dust content could be recognized at 18·80 m. 
But when a microscopic examination was carried out a particularly large number of dust 
particles was found in the sample. Consequently, the upper margin of the ice layer, at a depth 
of 18·80 m ., was in terpreted as the horizon for the " late summer of 1950". 

H orizonJor the " late summer of [949" 

Sample 59, taken from between 40 and 70 cm . below the horizon for the " la te summer of 
1950", lay beneath a partly brownish ice band. Pollen analysis confirmed that this layer had 
been formed between spring and late summer. Microscopic analysis revealed a high percentage 
of dust. Therefore, the brownish ice band can be regarded as being the horizon for the " late 
summer of 1949". 

Sample 60 was taken from the lowest compacted ice layer at a depth of 20 m. The pollen 
and dust content of the sample was small and only a few late summer and spring pollen grains 
were found. On the basis of these findings this ice layer was regarded as a winter accumulation. 
However, the identification of the horizon below this was uncertain , since the distance 
between samples 59 and 60 is too great. 
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A N ALY S I S OF A 20M. FIR N PIT ON THE KE SS ELWA N DFER N ER 

ATTEMPTED ICE-FABRIC ANALYSIS 

F. Purtscheller and G. Eisbacher (Institut fur Mineralogie und Petrographie der 
Universitat Innsbruck) attempted to study the ice fabric microscopically. Precisely orientated 
preparations were necessary for this experiment in order to obtain a statistical orientation of 
the optic axes (c-axes) of the individual crystals . The crystals (1- 3 mm. ) in the samples were 
too small to follow exactly the mcthod of preparation described by Bader and Rigsby (Rigsby, 
(960). The prevailing local temperature caused rapid melting to such a degree that it was 
impossible to measure the number of grains in the field necessary for statistical purposes, 
especially since the grain-size was already small in relation to the thickness of the section. 
As far as could be observed, the porosity of a sample of normal firn from a depth of 20 m. is 
still so high that greater preferred orientation of the individual crystal optic axes is not likely 
to exist. 

TECHNICAL DATA 

The cross-section of the pit (2 m. in diameter) was approximately circular and it was dug 
with the aid of a spade, a shovel and a pick-axe. It was only possible to use a pneumatic drill 
for a short time and not much time was gained from the use of this device. A tripod made of 
iron rods was positioned over the pit and the spoil was pulled up with the aid of a double 
pulley. After the studies had been completed the pit was covered and it will probably be 
preserved for future experiments. Transport of the apparatus and cargo to and from the pit 
was carried out by a Piper Supercub a eroplane provided by the Austrian Ministry of the 
Interior. 

/ \' C KNOWLEDGEMENTS 

We should like to thank all the students who co-operated in the field work, the IVIinistry 
of the Interior for placing the aeroplane at our disposal , TIWAG (Tiroler Wasserkraftwerke 
A.G.) and bAY (bsterreichischen Alpenverein) for their financial support of the field work. 
We also wish to express our gratitude to Professor H. C. Hoinkes for promoting our studies, for 
providing unpublished data for comparative purposes and for reading this paper. 

.\/S . received 14 April 1964 

REFEREN C ES 

Ambach, VV. 196 1. Die Bedeutung des aufgefrorcnen Eises (superimposed ice) fur d en l\1assen- und Energ ie­
ha usha lt eines Gletschers. ZeitschriftJiir Gletscherkllllde /lnd Glaziaigeologie, Bd. 4, Ht. 3, p . 169- 89. 

Ambach, W . 1963. U ntersuchungen zum Energ ieumsa tz in d er Ablationszone des gronla ndischen Inla ndeises 
(Camp IV- EGIG, 69° 40' OS" N, 49° 37' 58" W ). M eddelelser om Groniand, Bd. 174, N r . 4. 

H oinkes, H . C. 1957. Zur Bes timmung der Jahresgrenzen in mehrjahrigen Schneeansammlungen. Archiv .fiir 
M eteorologie, Geophysik lI lId B ioklimatoiogie, Ser. B, Bd. 8, Ht. I , p. 56- 60. .. 

H oinkes, H. C., and Rudolph, R. 1962. Mass ba la nce studies on the Hintereisferner, Otz ta l Alps, 1952- 196 1. 
J Ollrnal rif Glaciology, Vo!. 4, No. 33, p. 266- 80. 

Rigsby, G. P. 1960. C rys ta l orienta tion in g lacier a nd in experimentall y deformed ice. JOllrllal rif Glaciology, 
Vo!. 3, o. 27, p . 589- 606. 

Seligman, G . 1941 . The structure of a temperate g lacier. Geographical J Ollrnal, Vo!. 97, No. 5, p. 295- 3 17. 

https://doi.org/10.3189/S0022143000019237 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000019237

	Vol 6 Issue 44 page 223-231 - Analysis of a 20 m firn pit on the Kesselwandferner (Ötztal Alps) - W. Ambach and H. Eisner

