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CORE DRILLING THROUGH A TEMPERATE ALPINE 
GLACIER (VERNAGTFERNER, OETZTAL ALPS) IN 1979 

By H. OERTER, Neuherberg, 0. REINWARTH, Munich, and H. RUFLI, Bern 

With 4 figures 

ABSTRACT 

In 1979 a core drilling project was carried out on Vernagtferner in the Oetztal Alps (Austria). 
This report describes the field work of the drilling project, the recovered core material and the 
occurrence of water in the boreholes and compiles the succeding investigation program. 

KERNBOHRUNG AUF EINEM TEMPERIERTEN ALPENGLETSCHER 
(VERNAGTFERNER, OTZTALER ALPEN) IM JAHR 1979 

ZUSAMMENFASSUNG 

Im Friihjahr 1979 wurde eine Kernbohrung auf dem Vernagtferner in den Otztaler Alpen 
(Osterreich) durchgefiihrt. Dieser Bericht beschreibt die Arbeiten wahrend der Bohrung auf dem 
Gletscher, das gewonnene Kernmaterial sowie das Auftreten von Wasser in den Bohrlochern. 
Ferner gibt er einen Oberblick iiber das Untersuchungsprogramm, das sich an die Bohrung 
anschloB. 

INTRODUCTION 

In March 1979 on Vernagtferner in the Oetztal Alps (Austria) (fig. 1) an attempt 
was undertaken to drill through a temperate Alpine glacier, in order to recover firn 
and ice cores for isotopic and chemical investigations by various laboratories. It was 
the first time that a core drilling in the Eastern Alps reached the bottom of a temperate 
glacier (at a depth of 84 m). Various drillings with maximum depths of about 20 m 
were carried out earlier, for example at the neighbouring Kesselwandferner (Eisner, 
1971, Ambach et al., 1978, Ambach and Eisner, 1980) with the aid of a modified 
Sipre-type coring auger. Two more boreholes of about 15 m were drilled on 
Vernagtferner in the year 1976 (Behrens et al., 1979). Furthermore core drillings were 
carried out in the Western Alps, for example shallow type core drillings at Jungfrau
joch, Switzerland (Schotterer et al., 1977), and a deeper drilling on the Mer de Glace, 
France, down to 187 m (Vallon et al., 1976). A very extensive drilling program, cover
ing several summer seasons, was carried out in the cold ice of Grenzgletscher (Colle 
Gnifetti, Monte Rosa), Switzerland. Results of this program have been presented by 
Oeschger et al. (1977) and Schotterer et al. (1978). A survey on the world wide activi
ties in ice core drilling was compiled by the World Data Center A for Glaciology 
(1980). 
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The technical difficulties of core drilling in temperate glaciers and the interpreta
tion of the results prove to be much greater than for polar ice sheets or for cold alpine 
glaciers. The meltwater percolation through the glacier and refreezing of parts of the 
meltwater in firn layers may blur the original stratigraphy and distribution of isotopic 
and chemical characteristics. Furthermore we have to deal with the problem that in 
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Fig. I : Map of the drainage basin of Rofenache in the Oetztal Alps (Austria) showing the location 
of the drilling site on Vernagtferner 

some years the relation of summer and winter layers may deviate considerably from 
the standard accumulation. During a summer with extremely high ablation there may 
not be any net accumulation left at all at the end of the ablation season. On the other 
hand it may also happen that the net accumulation is comprised almost entirely of 
winter or almost entirely of summer snow. Because of these complications only mea
surements at a core site itself can establish how much information on the accumula
tion history, the related meteorological conditions and the climatic variations, or on 
the meltwater storage is still recorded in a particular temperate Alpine glacier. For this 
reason core drilling was carried out in spring 1979 on Vernagtferner as a compliment 
to the extended hydrological research program there (Oerter et al., 1981). This report 
describes the field work of the drilling project, whereas the following papers in this 
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volume give the results of the laboratory measurements at the cores, which were done 
in co-operation between German and Swiss institutes (see Table 4). 

THE LOCATION OF THE BOREHOLES 

The drilling operations were carried out on the Vernagtferner in the Oetztal Alps 
(9.30 km2

; lat. 46° 52' N, long. 10° 49' E) (fig. 1). On the glacier a rather extended flat 
area (about 3150 ma. s. l.) beneath Taschachjoch was chosen as site for the three bore
holes (fig. 2). The thickness of the glacier at the drilling site was expected to be in the 

Fig. 2: Core drilling through a temperate glacier 

range between 90 and 100 m, according to earlier thermal drillings (Oerter, 1977) and 
seismic measurements of Miller (1972). Accumulation data for this area can be derived 
from the mass balance studies since 1965 (Reinwarth, 1972). 

During summer time in this area a water table in the firn can be found about 
17-23 m below the glacier surface (Oerter, 1981, Oerter and Moser, 1982). During 
autumn and winter the meltwater drains again. Thus the month of March was 
thought to be the best time for drilling, because at that time the minimum of melt
water should be expected in the glacier. Judging from water table measurements the 
transition from permeable firn to solid ice occurs within a layer 20-25 m below the 
glacier surface. 

The location of the three boreholes I, II, and III is shown in fig. 3. 
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38 10°so' 

Fig. 3: Core drilling Vernagtfemer 1979: Location of the three boreholes I, II and III 

THE DRILLING EQUIPMENT 

For the drilling work an electrical core drill from the Physics Institute at the Uni
versity of Bern was used, which is very similar to that described by Rufli et al. (1976). 
The drill is suspended from a cable, and consists of a coring system, a driving system 
and an antitorque system. The core barrel, a 2-m-long steel tube (inside diameter 
80 mm) and the outer tube were teflon coated. The drill bit is fitted with either two or 
three replaceable knives. The inner diameter, 75 mm, is also the core diameter; the 
outer diameter, 114.5 mm, cuts a hole with a diameter of 115 mm. A drill bit with two 
knives was used for core I, and one with three knives for the cores II and III. After 
raising the drill out of the borehole, the core barrel was disconnected and the core 
pushed out with the aid of a wooden stake. The chips were separated from the core 
and the core cut into pieces of approximately 65 cm length. Pictures were taken of 
each piece. Afterwards the cores were packed into PE-foil, already labelled with num
bers, weighed with spring balance and then laid into boxes (about 25 core pieces in 
each box) which were stored in shallow snow pits and covered with snow. The snow 
temperature was - 8° C. 

After finishing the drilling work, the boxes were dug out again on April 4, and 
flown down to Vent by helicopter. From there the frozen cores were transported to 
Munich in deep freezers. 
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SCHEDULE OF THE DRILLING OPERATION 

The field work started on March 6, 1979, when the drilling equipment was flown 
from the village Vent (1895 ma. s. l.) up to the glacier by helicopter. The weather con
ditions, however, were not very favourable at that time, so that the drilling work had to 
be interrupted several times in the first two weeks, each time for a day or more. After 
finishing borehole I on March 14, an additional interruption for a fortnight was neces
sary, because an avalanche covered the base camp at the gauging station Vernagtbach. 
Borehole II was drilled on March 30 and 31, and borehole III on April 2 and 3. Table 
1 gives the time progress of the drilling operation. 

Table 1 : Schedule of the drilling operation and lengths of the recovered core material for the 
boreholes on Vemagtferner in 1979 

bore-
date 

hole 
core no. 

7. 3. 79 start 
7. 3. 79 1- 28 
8. 3. 79 29- 69 
9. 3. 79 70-116 

13. 3. 79 117-123 
14. 3. 79 124-129 

total 

II 30. 3. 79 start 
30. 3. 79 21- 29 
31. 3. 79 30- 87 

total 

III 2. 4. 79 start 
2. 4. 79 1- 40 
3. 4. 79 41- 50 

b. s.: below surface of the glacier 
w. e.: water equivalent 

core length 

(m b. s.) (m w. e.) 

2.30 1.06 
16.42 10.81 
24.85 20.47 
30.32 26.37 

4.16 3.62 
3.30 2.87 

81.35 65.20 

3.16 1.52 
5.33 2.98 

37.37 31.04 
45.86 35.54 

2.13 0.75 
25.39 17.77 
6.17 5.54 

33.69 24.06 

hole 
depth 

(m) 

83.45 

45.10 

34.45 

difference 
core length 
and depth 

(m) 

-2.10 

0.76 

-0.76 

The three boreholes, I, II, III (fig. 3), were drilled yielding cores with lengths of 
79.05 m, 42.70 m, 31.60 m, respectively (table 1). An attempt was made to drill bore
hole I as deep as possible. At a hole depth of 83.45 m, probably close to the glacier 
bottom, rapidly raising water stopped further drilling. (On October 9, 1979, the bore
hole was deepened by electrical drilling by 6.20 m. The hot-point did not penetrate 
into the ice any further. After raising it, it was very dirty, thus indicating a contact with 
the bedrock or at least morainic material beneath the glacier.) It was decided not to 
drill borehole II any deeper than anticipated necessary for reaching tritium free ice. 
Borehole III was drilled to provide a core enabling the study of the transition zone 
from firn to ice. Table 1 contains the core lengths and measurd borehole depths. One 
recognizes that for boreholes I and III we lost core material (on an average 2.5 cm/m, 
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2.2 cm/m, respectively), whereagainst the core of borehole II is longer (1.7 cm/m on 
an average) than the borehole itself. 

WATER IN THE BOREHOLES 

Although it was anticipated that no water would come into the boreholes when 
drilling during the month of March, borehole I did not stay dry at all throughout the 
whole drilling operation. At clearly defined depths the cores suddenly became wet, 
and water filled the lower part of the borehole. On further drilling the cores would 
then become dry again. As it may be helpful for the discussion of the results of the iso
tope measurements and the water behaviour in the glacier, the depths at which water 
occured in borehole I are compiled in table 2. 

Table 2: Borehole I on Vernagtferner: 
Depths at which water occurred in the borehole during the drilling operation 

core no. 

41- 44 (45) 
69- 75 
85 

107-116 

117- 121 

124 
128-129 

depth 

26.40-ca. 29 
43.50-47.40 
52.80-53.45 
67.46-73.29 

73.29-76.94 

78.05-78.36 
80.27-81.35 

remarks 

after interruption of drilling 

during interruption of drilling (9.-13. 3.) rise to 
67.03 m 

during night rise to 73.08 m before drilling draw down 
of the water level to 77 .10 m 

sudden water level rise up to 44.30 m (14. 3. 79, 15.00 h) 

The cores first became wet at a depth of 26.40 m and remained wet till approxi
mately 29 m (cores no. 41-44). Because the cores below became dry again it was, 
however, not necessary to empty the hole. Also the cores between 43.5 and 47.4 m (no. 
69-75) were wet. Later, after an interruption of the drilling, water collected in the 
borehole at a depth of 53 m, which had to be removed. A third water horizon was 
determined within core no. 107 at a depth of 67.45 m; the cores remained wet till 
73.29 m, the end of core no. 116. This piece of core was the last one drilled on March 
9, when the operation was interrupted till March 13 (table 1). The water level rose up 
to 76.03 m below the head of the borehole, and the borehole had to be emptied before 
drilling could start again. The cores no. 117 -121, drilled on this day were wet, as well 
as most of the cores (124, 128-129) of the next day. Over nigth the water level had 
risen again from 77 m up to 73 m and dropped to 77 .1 m in the morning. At the depth 
of 81.35 m, so much water flowed from the bottom into the borehole that it could not 
be emptied again. The water level reached 44.3 m within approximately three hours. 
This meant the end of drilling core I. The later water level variations in borehole I are 
described by Oerter and Moser (1982). 

In boreholes II and III no water occurred during the drilling operation. The water 
level measurements during summer 1979 yielded very small variations in borehole II, 
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compared with the variations in borehole I, and a constant water level in borehole III 
at a depth of approximately 22 m below the original glacier surface (April 3, 1979). 

STRA TIO RAPHICAL FEATURES 

During the drilling the cores were all photographed and a rough stratigraphical 
description was made, primarily with the purpose of documenting the ice layers in the 
firn, the dust horizons found within the ice and the general distribution of dirt found. 
The packed core segments were then weighted with a spring balance, and their density 
was calculated (fig. 4). Missing values for density in the figure indicate sections of the 
core which were either damaged or so infirm that no volume could be assigned to 
them. The core material in the first 35 m was in good condition. The condition of the 
core between 35 and 50 m varied considerably, and the worst material was found 
between 50 and 65 m. 

The frequency of ice and dirt horizons varied along a given core, as can be seen 
from fig. 4. How different the yearly amount of dust and dirt deposits on a glacier may 
be, is revealed, for instance, by an investigation of Ambach and Eisner ( 1966) in a 20 m 
deep firn pit on Kesselwandferner, where dust was missing in the late summer hori
zons of the years 1959, 1955, and 1954. The individual dirt horizons in the three cores 
of Vernagtferner cannot by any obvious means be identified with each other. One hori
zon, at a depth of around 10 m water equivalent (w. e.), appears in all three cores. 
Other horizons appear recognizably in core I and III at depths of about 1.5 m, 5.5 m, 
and 6.5 m w. e. These horizons do not appear, however, in core II. Very noticeable dirt 
horizons appear in core I at depths of 16.4 m (10.0 m w. e.), 22.0 m (14.6 m w. e.), 
37.2 m (27.2 m w. e.), and 68.0 m (53.6 m w. e.). The last of the above layers displays a 
noticeably yellow-brown colour. It is possible that the last two layers consist of Sahara 
dust deposits (cf. Haeberli, 1977, Klebelsberg, 1948, p. 49). 

The firn in all three cores displayed ice horizons as well as sections containing corn 
snow. At around 11-13 m w. e. the firn changed over to layered ice. Although this 
transition to ice followed smoothly, it was always initiated with a pronounced horizon 
followed directly by compact ice underneath. Below this depth, the density became for 
the most part constant. In core I a clearly red colouring was observed between 19.40 m 
and 20.60 m (fig. 4) and was identified as Eosin and Rhodamine. Both dyes had been 
used in the previous year during tracer tests on the Vernagtferner near the drilling site 
(Behrens et al., 1982). 

PROGRAM OF INVESTIGATIONS 

The investigation program following the drilling is compiled in table 3. In this 
table the subjects of investigations are listed. together with the institutions carrying out 
the research work and the authors presenting the results (all in this volume). 

In addition some geophysical measurements were made by H. Miller, Institute of 
Pure and Applied Geophysics, University of Munich, which are not yet published. The 
movement of the boreholes, and the water level variations in these have been con
trolled since the time of drilling (Oerter and Moser, 1982). 
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Fig. 4: Core drilling on Vernagtferner 1979: Rough stratigraphy of the cores I, II, III and distribu
tion of density, as calculated by field measurements, along the three cores. The displacement of 
the zero level is due to the changes of the snow depth by snow fall during the drilling operation. 
The dye traces are remains of a tracer experiment in the previous year (Behrens et al., 1982). Mis
sing density values indicate that the cores were either damaged or so infirm that no density value 

could be calculated. For further density values of core III cf. Good (1982), in this volume 
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Table 3: Core drilling on Vernagtferner 1979: program of investigation 

total beta 210pb 
chemical structural subject 3H 2H, 1so activity 
analysis parameters COi-content 

90Sr, 137Cs 

institution GSF-Institut fiir Swiss Federal Insti- GSF-Phy- Swiss Federal Physics Insti-
Radiohydrometrie tute for Reactor sikalisch- Institute for tute Univers-
Munich, FRG Research, Wiirenlin- Techn. Snow and ity Bern, 

gen, Switzerland Abtei- Avalanche Switzerland 
lung, Research, 
Munich, Davos, Swit-
FRG zerland 

core I, II I, II II I, II III III, I 

publica- Oerter Stichler et v. Gunten et al. Good (1982) 
tion and Rau- al. (1982) (1982) 

ert (1982) 

ACKNOWLEDGEMENTS 

We would like to thank Dipl.-Ing. (FH) E. Heucke, Dipl.-Ing. H. Rentsch, Mr. W. Stadler, 
and all the others who helped us in preparing and carrying out the drilling operation. We owe 
thanks to the Physics Institute of the University Berne, Switzerland (Prof. Dr. H. Oeschger), for 
providing the drilling equipment, and the Deutsche Forschungsgemeinschaft (German Res. Ass.) 
for the financial support of the project, carried out in the frame of "Sonderforschungsbereich 81, 
Teilprojekt A l" (under the leadership of Prof. Dr. H. Moser) of the Technical University of 
Munich. 

REFERENCES 

Ambach, W., Blumthaler, M., Eisner, H., Kirchlechner, P., Schneider, H., Behrens, H., Moser, 
H., Oerter, H., Rauert, W. and Bergmann, H., 1978: Untersuchungen der Wassertafel am 
Kesselwandferner (Otztaler Alpen) an einem 30 m tiefen Firnschacht. Z. Gletscherk. Gla
zialgeol. 14: 61-71. 

Ambach, W. and Eisner, H., 1966: Analysis of a 20 m firn pit on the Kesselwandferner (Oetztal 
Alps). Z. Gletscherk. Glazialgeol. 6: 223-231. 

Ambach, W. and Eisner, H., 1980: Neue Ergebnisse von Messungen der Gesamt-Beta-Aktivitat 
in Tiefenprofilen am Kesselwandferner (Otztaler Alpen). Z. Gletscherk. Glazialgeol. 16: 
131-133. 

Behrens, H., Moser, H., Oerter, H., Rauert, W., Stichler, W., Ambach, W. and Kirchlechner, P., 
1979: Models for the runoff from a glaciated catchment area using measurements of envi
ronmental isotope contents. In: Isotope Hydrology 1978. Vol. 2, Wien, IAEA: 829-846. 

Behrens, H., Oerter, H. and Reinwarth, 0., 1982: Results of tracer tests with fluorescent dyes on 
the Vernagtferner (Oetztal Alps, Austria) from 1974 to 1982. Z. Gletscherk. Glazialgeol. 18 
(1): 69-87. 

Eisner, H., 1971: Bestimmung der Firnriicklagenverteilung im Akkumulationsgebiet des Kessel
wandferners (Otztaler Alpen) durch Messung der Gesamt-Beta-Aktivitat von Bohrproben. 
Z. Gletscherk. Glazialgeol. 7: 67-78. 

Good, W., 1982: Structural investigations of snow and ice on core III from the drilling on Ver
nagtferner, Austria, in 1979. Z. Gletscherk. Glazialgeol. 18 (1): 55-67. 

Gunten, H. R. v., Rossler, E. and Gaggeler, H., 1982: Dating of ice cores from the Vernagtferner 
(Austria) with fission products and lead-210. Z. Gletscherk. Glazialgeol. 18 (1): 39-47. 



10 H. Oerter, 0. Reinwarth and H. Rufli 

Haeberli, W., 1977: Sahara dust in the Alps. A short review. Z. Gletscherk. Glazialgeol. 13: 
206-208. 

Klebelsberg, R. v., 1948: Handbuch der Gletscherkunde und Glazialgeologie. Erster Band: Alig. 
Teil. Wien, Springer-Verlag: 403 pp. 

Miller, H., 1972: Ergebnisse mit der Methode der Refraktions-Seismik auf dem Guslar- und 
Vernagtferner. Z. Gletscherk. Glazialgeol. 8: 27-41. 

Oerter, H., 1977: Wasserbewegung in einem Gletscher, dargestellt an den Feldarbeiten auf dem 
Vernagtferner. In: Vortragsveranstaltung 9. Fehr. 1977 (Sonderforschungsbereich 81, 
Techn. Univers. Miinchen, Ed.), Miinchen: 67-92. 

Oerter, H., 1981: Untersuchungen iiber den AbfluB aus dem Vernagtferner unter besonderer 
Beriicksichtigung des Schmelzwasserabflusses im Firnkorper. Diss. Techn. Univers. Miin
chen. 

Oerter, H., Baker, D., Moser, H. and Reinwarth, 0., 1981: Glacialhydrological investigations at 
the Vernagtferner glacier as a basis for a discharge model. Nordic Hydrology 12: 
335-348. 

Oerter, H. and Moser, H., 1982: Water storage and drainage within the firn of a temperate gla
cier (Vernagtferner, Oetztal Alps, Austria). In: Proc. IAHS Scientific Assembly, Sympo
sium 5 (Hydrological Aspects of Alpine and High Mountain Areas), Exeter, 
27.-30. 7. 1982, IAHS Puhl. 138: 71-81. 

Oerter, H. and W. Rauert, 1982: Core drilling on Vernagtferner (Oetztal Alps, Austria) 1979: 
Tritium contents. Z. Gletscherk. Glazialgeol. 18 (1): 13-22. 

Oeschger, H., Schotterer, U., Stauffer, B., Haeberli, W. and Rothlisberger, H., 1977: First results 
from Alpine core drilling projects. Z. Gletscherk. Glazialgeol. 13: 193-208. 

Reinwarth, 0., 1972: Untersuchungen zum Massenhaushalt des Vernagtferners (Otztaler Alpen) 
1965-1968. Z. Gletscherk. Glazialgeol. 8: 43-63. 

Rufli, H., Stauffer, B. and Oeschger, H., 1976: Lightwight 50-meter core drill for firn and ice. 
In: Ice-core Drilling (J. F. Splettstoesser, Ed.). Lincoln and London: Univ. of Nebraska 
press: 139-153. 

Schotterer, U., Finkel, R., Oeschger, H., Siegenthaler, U., Wahlen, M., Bart, G., Gaggeler, H. 
and v. Gunten, H. R., 1977: Isotope measurements on firn and ice cores from alpine glaci
ers. Isotopes and Impurities in Snow and Ice, Proc. Grenoble Symp. 1975, IAHS Puhl. No. 
I 18: 232-236. 

Schotterer, U., Haeberli, W., Good, W., Oeschger, H. and Rothlisberger, H., 1978: Datierung 
von kaltem Firn und Eis in einem Bohrkern vom Colle Gnifetti, Monte Rosa. Jb. Schweiz. 
Naturf. Ges., wiss. Teil, Basel, Verlag Birkhauser: 48-57. 

Stichler, W., D. Baker, H. Oerter and P. Trimborn, 1982: Core drilling on Vernagtferner (Oetztal 
Alps, Austria) 1979: Deuterium and Oxygen-18 contents. Z. Gletscherk. Glazialgeol.: 18 
(1): 25-37. 

Vallon, M., Petit, J.-R. and Fabre, B., 1976: Study of an ice core to the bedrock in the accumula
tion zone of an Alpine glacier. J. Glaciology 17: 13-26. 

World Data Center A for Glaciology (Ed.), 1980: Ice Cores. Report GD-8, Boulder, Colorado, 
139 pp. 



Core Drilling through a Temperate Alpine Glacier 

Manuscript received December 27, 1982 

Authors' addresses: Dr.-Ing. H. Oerter, Institut fiir Radiohydrometrie 
Neuherberg 
Ingolstadter LandstraBe 1 
D-8042 OberschleiBheim, FR Germany 

Dipl.-Met. 0. Reinwarth 
Kommission fiir Glaziologie der 
Bayerischen Akademie der Wissenschaften 
Marstallplatz 8 
D-8000 Munich, FR Germany 

H.Rufli 
Physikalisches Institut der Universitat Bern 
SidlerstraBe 5 
CH-3012 Bern, Switzerland 

11 





Band 18 (1982), Heft 1, Seite 13-22 ZEITSCHRIFT FUR 
GLETSCHERKUNDE 
UND GLAZIALGEOLOGIE 
© 1983 by Universitiitsverlag Wagner, Innsbruck 

CORE DRILLING ON VERNAGTFERNER (OETZTAL 
ALPS, AUSTRIA) IN 1979: TRITIUM CONTENTS 

By H. OERTER and W. RAVERT, Neuherberg 

With 4 figures 

ABSTRACT 

In March 1979, on Vemagtfemer (Oetztal Alps, Austria) two cores, I (81 m) and II (45 m), 
had been drilled the 3H content of which was measured. The cores show clearly the increase of 
the 3H content in the deposited precipitation due to the nuclear weapon tests which were per
formed mainly in the time between 1953 and 1962. However, it is difficult to correlate the 3H pro
files of core I and II for the layers below 15 m. From the results of core I one can calculate a 
mean net accumulation rate of 0.7 m water equivalent per year during the time period 
1952-1977, the corresponding value of core II being about 0.9 m w. e. per year. The 3H content 
of former precipitation and of core I is in agreement. Comparing the 3H content of core I with 
that of a core drilled in 1976 on Vemagtfemer one finds general agreement but the concentration 
peaks do not very well coincide. Traces of up to 10 TU were measured in samples of ice of core I 
which were taken randomly from depths below. These are supposed to originate from young 
meltwater penetrating into the glacier. 

KERNBOHRUNG AM VERNAGTFERNER (OTZTALER ALPEN) 1979: 
TRITIUMGEHALTE 

ZUSAMMENFASSUNG 

An den zwei Bohrkernen I (81 m lang) und II (45 m lang), die im Marz 1979 auf dem Ver
nagtfemer (Otztaler Alpen, Osterreich) erbohrt worden waren, wurde der 3H-Gehalt bestimmt. Es 
konnte in beiden Bohrungen die <lurch die Kernwaffentests (1953 bis 1962) verursachte deutliche 
Erhohung des 3H-Gehalts im Niederschlag nachgewiesen werden. Die 3H-Profile in den Bohrun
gen I und II weichen ab einer Tiefe von 15 m voneinander ab. Fiir Bohrung I errechnet sich fiir 
die Zeit 1952 bis 1977 eine mittlere Nettoakkumulationsrate von 0,7 m Wasseraquivalent pro 
Jahr, fiir Bohrung II 0,9 m. Der 3H-Gehalt in den friiheren Niederschlagen und der 3H-Gehalt der 
Bohrung I stimmen angenahert iiberein. Der zeitliche Verlauf des 3H-Gehalts einer Flachbohrung 
aus dem Jahr 1976 auf dem Vemagtfemer gleicht insgesamt dem der Bohrung I, jedoch sind die 
maximalen 3H-Gehalte um ein bis zwei Jahre gegeneinander verschoben. An einzelnen Proben, 
die aus Bohrung I zwischen 30 m Tiefe und dem Gletscheruntergrund entnommen worden waren, 
wurden immer 3H-Spuren mit einem maximalen Gehalt von 10 TU nachgewiesen, die von in den 
Gletscher eingedrungenem, jungem Schmelzwasser stammen diirften. 
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1. INTRODUCTION 

The low natural 3H content of precipitation has been enriched in the years since 
1953 mainly by the fallout of nuclear weapon tests. It reached its maximum in 1963 
and has been decreasing since then. The 3H content is a proper means for hydrological 
dating in a time scale of at least 30 years back from today, as well as an indicator for 
young water mixed with older water. In glacier studies one can try to date the firn lay-

4000 TU 

3 H content 

3000 

- Precipitation 

2000 

-Core I 
1000 

Fig. 1: Core drilling on Vernagtferner 1979 : Comparison between the 3H content of core I, refer
red to the most likely year of deposition, and the 3H content of precipitation (half-year means) in 
the years 1954-1977. The 3H contents of precipitation in the years 1972-1977 are values for the 
village Vent close to the Vernagtferner (Behrens et al., 1979). In the years 1954-1976 the values 

are those for the area of Davos, Switzerland (Martinec et al., 1974). 
"i1, D.. : Measured maximum and minimum of 3H contents in the annual layers of core I. 
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ers back to 1953 by means of the 3H content, thus determining the mean net accumula
tion rate over this period. 

In the catchment area of Rofenache (Oetztal Alps, Austria; cf. Oerter et al., 1982, 
fig. 1) first attempts were made by Ambach and Eisner (1965) to date the firn layers of 
Kesselwandferner by measuring the vertical distribution of radioactive fall-out (total 
beta- and 137Cs activity). Later on, also the 3H contents of firn layers were determined 
on samples taken from snow pits and boreholes (Ambach et al., 1968, 1969, 1976, 
1978). In 1976, drill cores were taken at a distance of about 5 km from the Kessel
wandferner site on Vernagtferner, among others, for 3H analyses (Behrens et al., 1979). 
All these investigations reached to firn and ice depths corresponding to deposition 
times not earlier than about 1950. From March 7 to April 3, 1979 deep core drilling 
was done in the accumulation area of Vernagtferner at an altitude of about 3150 m 
a. s. 1. The drilling operation, the location of the boreholes, as well as stratigraphical 
features of the recovered cores are described by Oerter et al. (1982). Investigations on 
the 3H content were carried out on core I (total length 81.35 m) and core II (45.86 m), 
which were drilled 160 m apart from each other. 

2. EXPERIMENTAL 

The cores were cut parallel to their axes into four parts. One part with a cross sec
tion of about 14 cm2 was further cut perpendicular to the axis into pieces which were 
2.5 cm (core I) or 3 cm (core II) long, respectively. These small pieces were carefully 
melted and poured into glass bottles. The meltwater was used for 3H measurements 
and also for 180 und 2H measurements (Stichler et al., 1982). 

The 3H contents of most of the samples were measured by direct liquid scintillation 
counting of 10 ml water samples for a time of 500 to 1 OOO min each, which yields a 
detection limit of about 10 TU1• Electrolytic enrichment of 3H in 200-400 ml water 
samples was used prior to liquid scintillation counting to lower the detection limit to 
about 3 to 1 TU, respectively. For a few selected samples 3H gas counting was applied 
after electrolytic pre-enrichment and propane synthesis, resulting in a detection limit 
of 0.2 TU. For details of the measuring techniques see, for example, Eichinger et al. 
(1981). 

3. RESULTS AND DISCUSSION 

3.l CORE I 

On core I the 3H content at first was determined every 10 to 20 cm down to a depth 
of 41.60 m by direct liquid scintillation counting (fig. 2). Below 27.50 m the 3H content 
lies mostly below 10 TU. Therefore additional measurements had to be carried out 
along this core section on electrolytically pre-enriched samples of about 25 cm length 
each. Some further core samples of about 65 cm length each were measured for 3H by 
gas counting after electrolytic enrichment. This most sensitive analysis technique was 

1 1 TU (tritium unit) ~ 3.2 pCi or 0.12 Bq per litre of water. The detection limits and the 
intervals of measuring incertainty indicated in this article have a confidence level of 95 %. All 3H 
contents presented are ref erred to the date of sampling unless an other reference date is given. 
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used for samples taken from great depths in which bomb-produced 3H was not 
expected to be found. 

In discussing the shape of the 3H profile, we can distinguish four main sections of 
the core, each with a different 3H pattern. Along section 1, from the glacier surface to a 
depth of 14.75 m, the 3H contents lie between 37 ± 9 and 153 ± 13 TU, with the 3H con
tent tending towards larger values with increasing depth. This corresponds to the gen
eral decrease of the 3H content in precipitation in recent years, but shows no pro
nounced peaks due to the annual variation of the 3H content in precipitation. One 
small peak is found at a depth of 6.4 m, with a maximum value of 152 ± 12 TU. This 
firn layer is attributed to the hydrological year 1974175, in which also higher 3H con
centrations in precipitation had been measured (fig. 1, cf. also Behrens et al., 1979). 
Section 1 is assumed to represent the firn layers deposited after 1964. 

3H content 
3H content 

10° 101 102 103 TU 
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Fig. 2: Core drilling Vernagtferner 1979: 3H con-
60 tent (logarithmic scale) over the total length of 

the cores I and II. The dotted lines indicate 
those core sections along which measurements 
by direct liquid scintillation counting yield only 
3H contents smaller than the detection limit of 

70 this measuring technique. All other 3H contents 
smaller than 10 TU, which are shown in this fig-
ure are results of measurements with electrolytic 
pre-enrichment of 3H in the water samples and 

80 subsequent liquid scintillation or 3H gas coun-

Core I ting ( cf. chapter 2). The 3H contents are referred 
to March 1979 
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Section 2, from a depth of 14.75 to 19.5 m, is characterized by 3H contents reaching 
from 107 ± 17 TU to the absolute maximum of 695 ± 28 TU and displaying three fur
ther peaks with 382 ± 12, 427 ± 26, and 456 ± 33 TU. These firn layers were probably 
deposited within the years 1961-1964, when the greatest 3H concentrations in the 
precipitation occured. The maximum peak at a depth of 17 .0 m (corresponding to 
10.5 m water equivalent (w. e.)) is probably due to precipitation deposited in 1963 
(fig. 2). 

Along section 3, from a depth of 19.5 to 27.5 m, the 3H contents vary between 
1.6 ± 1.4 TU and 128 ± 18 TU. Four distinct peaks can be recognized. These eight 
meters of the core presumably cover the time period from 1953, the early stage of the 
nuclear weapon test era, through 1960. 

Along section 4, below 27.50 m down to the end of the core at 81.35 m, the mea
sured random samples showed 3H contents only smaller than 10 TU, but there are 
traces of 3H throughout the whole core. In discussing this phenomenon, we first try to 
determine the probable location of the transition zone from firn to ice, as well as the 
firn aquifer, in the year 1953/54, when the first fallout was deposited. Since 1979 we 
have found this zone on the Vernagtferner in a depth of 20 to 25 m or 13 to 17 m w. e., 
respectively (Oerter and Moser, 1982). Assuming that the accumulation of the year 
1953/54 lies between 27 and 27.50 m depth (approx. 19.5 m w. e.) below the surface in 
1979, the ice layers down to 43.5-48.3 m depth (32.5-36.5 m w. e.) had been perme
able firn at that time. Thus remains of the percolating 3H loaded meltwater might be 
found there. For 1963, the year with the maximum tritium input, the firn aquifer per
haps had been in a depth of 33-38 m below the top of the core. Indeed, 3H contents 
up to 9.3 ± 0.8 TU (mean content of the core sample from 34.6-35.0 m depth) were 
measured. The smallest 3H content measured was 1.3 ± 0.2 TU and belonged to a depth 
between 50.5 and 51.1 m. Towards the bottom of the glacier another peak, 
9.9 ± 2.2 TU, was found. These ice layers possibly are influenced by recent meltwater, 
penetrating to a certain extent from the bottom of the glacier into the glacier ice. 

3.2 CORE II 

In core II the 3H content was determined by direct liquid scintillation counting of 
samples, taken at 10-15 cm intervals along the 45.9 m long core. Figure 2 shows the 
measuring results. Analogous to core I we divided also core II into four sections: sec
tion 1 from the glacier surface to 18.5 m, section 2 from 18.5 to 24.5 m, section 3 from 
24.5 to 33.5 m, and section 4 below 33.5 m to the last measured samples at 45.5 m. 

Along the section 1 one finds a small but distinct peak, 120 ± 11 TU, at a depth of 
7.5 m (3.6 m w. e.). This is probably the firn layer deposited in 1975 (fig. 3). Further 
down along section 1 only small variations are found with greatest values coming up 
to 194± 17 TU. These 18.5 m probably cover the time after 1965. Along section 2 and 3 
the pointed maximum 3H peak, 677±25 TU, was found at a depth of 21.5 m (13.9 m 
w. e.). It should be assigned to the precipitation of 1963. Below the main peak signifi
cant peaks appear at 22.2m(412±17 TU), at 24.1m(385±19 TU), a double peak at 
26.45 and 27 .05 m (296 ± 16 and 307 ± 15 TU), another peak at 29 .9 m (320 ± 30 TU) 
and one at 32.5 m (107 ± 23 TU). The layers of section 2 and 3 might represent the 
precipitation deposited from 1953 through 1965. From the beginning of section 4 down 
to 37.2 m, the 3H content sinks below 10 TU, and it does so between 40.0 and 41.6 mas 
well as along the last meters from 43.0 to 45.5 m. 

Between these minima, however, three more distinct peaks appear, the largest of 
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which, at a depth of 41.7 m, having a 3H-content of 123 ± 13 TU. It is unlikely that the 
ice at this depth was deposited during the nuclear weapon test period, but this peak is 
located at a depth at which permeable firn could have existed during the time period 
1953-1963. Thus the relatively high 3H content could be explained by contamination 
of the firn by percolating meltwater of this period, probably in particular from the 
years 1962-1963 with the maximum 3H contents in precipitation. This peak and the 
main peak at 21.5 m depth lie 20.2 m (17.9 m w. e.) apart from each other, a distance 
which would be likely for the location of the firn aquifer and the transition zone firn to 
ice during 1962-1963. 

3.3 COMPARISON OF THE 3 H CONTENT IN BOTH CORES 

There are some discrepancies between the 3H profiles of core I and II. A correction 
of 1 m must be applied because, when the drilling of core II started, the snow depth on 
the glacier had increased by approximately 1 m, due to heavy snow falls since the 
begin of the drilling operation of core I. Furthermore we have to consider that there 
were losses from core material at core I (2.1 m over the whole length), and that there 
was a small excess of material (chips) at core II (0.8 m) (cf. Oerter et al., 1982, table 1). 
Applying these corrections, the first 14.5 m of core I and the first 15.8 m of core II dis
play 3H profiles which are consistent with each other within small variation limits (fig. 
3). Especially the first significant peaks, due to 1974/75 snow falls, coincide. However, 
neither the values of the 3H content nor the distribution along the core axis correspond 
below these coinciding sections. 

We now consider the second sections of the cores. The length of section 2 of core I 
is 4. 7 5 m, of core II 6 m. The shape of the main peak is more pointed in core II than in 
core I, whereas the heights of both 3H peaks do not differ significantly. Thus one could 
assume that the peaks originated at the same time, but the peak of core II lies 3.5 m 
(2.4 m w. e.) deeper than that of core I. The peak of core I at 15.4 m could correspond 
to the peak of core II at approximately 19 m, but the minimum below that peak in core 
I is not so obvious in core II. Also no agreement is found when the 180 content of core 
I at that depth (Stichler et al., 1982) is compared with the 180 content of core II which 
was measured in depths from 15.0 to 21.4 m. Taking into account stratigraphical fea
tures one could try to relate the dust horizons at 16.3 m of core I and 18.5 m of core II 
with each other. These horizons could be the late summer horizons of the ablation sea
son of 1964 with its high ablation and thus only small accumulation. This correlation 
would be supported by the results of total-beta-activity measurements (Gunten et al., 
1982) on core II, as well as by a later y-log in borehole I in 1982 (Drost and Hofreiter, 
1982). At the moment no final conclusions on this problem are possible, so that only 
the depth interval 19.0 to 21.0 m of core II can be assigned to the time period 
1963-1964. 

Looking at the sections 3 of the cores, we find a comparable number of peaks with 
comparable widths, but the amplitudes of the peaks are greater by a factor 2 in core II 
than in core I. In this case the 3H content at core II looks more likely to be undis
turbed. The 3H contents of core I might have been reduced by exchange with the melt
water flowing within the firn aquifer (Oerter and Moser, 1982). Indeed, during the 
summer 1979 the water table in both boreholes showed a different behaviour, with 
greater amplitudes in borehole I, thus indicating a well developed firn aquifer. The 
amplitudes were very small in borehole II, which could mean that the meltwater did 
not build up into a firn aquifer, but immediately drained through a nearby crevasse. 
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·Fig. 3: Core drilling on Vernagtf erner 1979: 3H content (linear scale) of core I, down to a depth of 
50 m, and over the total length of core II. For the 3H contents smaller than 10 TU compare fig. 2 

This hypothesis must still be proven by another ~~fre drilling which will be done in 
1983 on Vernagtferner at the same drilling site as in 1979. 

The mean annual accumulation in the surroundings of both cores can be calcu
lated with the aid of the 3H content for the time period 1952-1977. From the results of 
core I one obtains mean accumulation rates of 0.70 m w. e. per year for the time span 
1952-1977, 0.79 m w. e. per year for 1952-1963, and 0.68 m w. e. per year for 
1963-1977. For core II one obtains a accumulation rate of 0.93 m w. e. per year for 
the time span 1952-1977 which is by 33 % greater than that for core I. 
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3.4 COMPARISON WITH THE TRITIUM CONTENT IN PRECIPITATION 

As 3H dating of firn layers is based on the relationship between the 3H contents in 
precipitation before and after deposition, the 3H contents must be known of precipita
tion in the area under investigation. These data are available for the nearby station at 
Vent only from 1972-1977 (Behrens et al., 1979). For completion, the data compiled 
by Martinec et al. (1974) for the Davos area (Switzerland) located about 80 km west of 
the Vernagtferner appeared to be suitable. Figure 1 shows the six month average mean 
3H contents in precipitation compared to the 3H contents of the firn samples, which 
are referred to the most likely year of deposition (the years 1965 and 1966 were treated 
as one year, because no significant boundary between the layers could be recognized). 
All together the agreement is satisfactory taking into consideration that the 3H content 
in precipitation shows seasonal variations and that some of the total yearly precipita
tion is lost due to melting. Only in three years do we find greater deviations. The high 
3H contents of the summer 1958 and the following winter 1958/59 were not found in 
the firn layers ascribed to this deposition time. The mean as well as the maximum 3H 
contents of the firn layer thought to be accumulated in 1960/61 are much higher than 
expected from precipitation data. The highest 3H contents in the precipitation of the 
summer 1963, which is the most significant labelling date, are not reached within the 
accumulated firn, because probably the pertinent snow layers melted during that sum
mer. This effect was observed by Ambach et al. (1968) on the Kesselwandferner. They 
found 3H contents in a snow pit dug in the summer 1963, which agree quite well with 
the 3H content in 1963 precipitation. In snow pits dug one year later, in 1964, the 3H 
content in the 1963 layer was already much less than it had been the year before. This 
effect is due to the high ablation in 1963, when the summer snow with the highest 3H 
content had been melted. Considering the layers which are assumed to be deposited in 
1963, the 3H content of core I at Vernagtferner is in good agreement with that of the 
snow pits at Kesselwandf erner dug in 1964. 

3.5 COMPARISON WITH THE RESULTS OF OTHER INVESTIGATIONS 

Other comparable investigations in the Alps include the 15 m deep core drilling on 
Vernagtferner in 1976 (Behrens et al., 1979) and the 32 m deep core drilling on Colle 
Gnifetti (Grenzgletscher, Switzerland), also in 1976 (Oeschger et al., 1977, Schotterer et 
al., 1978), which might point out some differences between the accumulation of a tem
perate and a cold glacier. The core on Vernagtferner had been drilled in 1976 beneath 
Sexenjoch (see the map of Vernagtferner 1979, Rentsch, 1982) which is a place with 
less accumulation than in the area beneath Taschachjoch where core I and II had been 
drilled. Figure 4 compares the mean 3H contents in the annual firn layers, always 
related to the time of their deposition, and shows a fairly good agreement. The slight 
difference between the 3H profile of Colle Gnifetti, measured down to a depth of 17 m, 
and the Vernagtferner profiles might be due to the fact that there is much less ablation 
on a cold glacier than on a temperate one like the Vernagtferner. On a cold glacier 
only the heavy winds, which may sometimes blow away the freshly fallen snow, dis
turb the accumulation. The maximum 3H content given by Schotterer et al. (1978) for 
the year 1963 is approximately 1200 TU (referring to the date of drilling, September 
1976) and for 1958/59 approximately 320 TU. Indeed, these values are closer to the 
original 3H content in precipitation, especially the summer precipitation, than the 3H 
contents of the Vernagtferner cores. For both years we have to assume high ablation 
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Fig. 4: Core drilling Vernagtferner 1979: Comparison between the 3H content of core I and the 
former core drilled in 1976 at Vernagtferner beneath Sexenjoch (Behrens et al., 1979), all 3H val

ues ref erred to the most likely time of deposition. 
\l, A : Measured maximum and minimum of 3H contents in the annual layers of core Sexenjoch 

on the Vernagtferner. This could mean that there the summer snow, with the highest 
3H content, was lost due to melting. 
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ABSTRACT 

In March, 1979, core drillings were made on Vemagtfemer (Oetztal Alps, Austria). The entire 
core I (81 m) was divided into 2.5 cm sections, from which 2H and 180 measurements were made. 
The measurements on core II (45 m) were made only along selected sections. A summary is given 
of the changes which occur in the deuterium excess d due to evaporation or melting in a snow 
cover. The resulting oscillations in excess d values are then used for dating the ice in core I. These 
oscillations in excess d resolve the yearly fim and ice layers better than the corresponding oscilla
tions in the 2H or 180 content. An age of between 75 and 83 years, and a corresponding average 
yearly accumulation rate of between 0.85 and 0. 77 m water equivalent was calculated for the core. 
Although a comparison of the isotope contents in core I with temperature data from Vent (Oetz
tal) yields a discrepancy of four years, the rise in temperature in the second half of the 1940's is 
clearly reflected by a corresponding rise in isotope content along the core. The results of these 
isotope analyses are also compared to results from an earlier core drilling on the Vemagtfemer, 
as well as from a core drilling on the cold Grenzgletscher, Switzerland. 

KERNBOHRUNGEN AM VERNAGTFERNER (OTZTALER ALPEN, OSTERREICH) IM 
JAHR 1979: ERGEBNISSE DER DEUTERIUM- UNO 

SAUERSTOFF-18-GEHALTSBESTIMMUNG 

ZUSAMMENFASSUNG 

Im Marz 1979 wurden auf dem Vemagtfemer (Otztaler Alpen, Osterreich) Kembohrungen 
niedergebracht. Am gesamten Bohrkem I (81 m) wurden der 2H- und 180-Gehalt an jeweils 
2,5 cm langen Probenstiicken gemessen; am Bohrkem II (45 m) nur an ausgewahlten Kemab
schnitten. Einleitend werden die Veranderungen beschrieben, die der Deuteriumexze.13 d erfiihrt, 
wenn an der Oberflache einer Schneedecke Verdunstung oder Schmelzung auftritt. Zur Datie
rung des Bohrkems I werden die Schwankungen des Deuteriumexzesses herangezogen, die ein 
klareres Bild der jahrlichen Schichtenfolge erkennen lassen, als die jahreszeitlichen Schwankun
gen des 2H- oder 180-Gehalts. Es ergab sich fiir den Bohrkem ein Alter zwischen 75 und 83 Jah
ren und dementsprechend eine mittlere Akkumulationsrate zwischen 0.85 und 0.77 m Wasser
aquivalent pro Jahr. Ein Vergleich der Isotopengehalte im Bohrkem mit den Temperaturdaten 
von Vent (Otztal) ergibt zwar eine Diskrepanz von vier Jahren, aber die Temperaturerhohung in 
der zweiten Halfte der vierziger Jahre ist <lurch eine Erhohung des Isotopengehalts im Bohrkem 
markiert. Die Ergebnisse der Isotopenanalysen werden auch mit den Ergebnissen einer f riiheren 
Bohrung auf dem Vemagtfemer und mit einer Bohrung auf einem kalten Gletscher (Grenzglet
scher, Schweiz) verglichen. 
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1. INTRODUCTION 

In the natural water cycle the ratios of the stable isotopes of hydrogen (2H/ 1 H) and 
oxygen (1 80/160) do not remain constant. Precipitation exhibits seasonal variations of 
its 2H and 180 contents which depend essentially on the origin of the water vapour and 
on the condensation temperature. Many measurements and calculations reveal that it 
is possible to establish a relation between isotope content and temperature in such 
small regions for which the meteorological conditions are rather uniform (e. g. Aldaz 
and Deutsch, 1967; Stichler and Herrmann, 1978). Figure 1 a shows the seasonal varia
tion of monthly means, averaged over an observation period of 5 years, of temperature 
and 2H content for precipitation in Vent (Oetztal, Austria), and fig 1 b shows the corre-
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Fig. 1: Meteorological station Vent (1900 ma. s. l.: Oetztal, Austria): 
a) 5-year means of monthly air temperatures (t) and of monthly means of the 2H content in preci

pitation (S2H). 
b) Relationship between air temperature (t) and 2H content in precipitation (S2H) for the monthly 

mean values shown in fig. 1 a. The numbers are assigned to the months January (1) through 
December (12). The 2H content shows an increase of approximately 5 %0 per 1° C. 

lation between them. This annual variation of the isotope content of precipitation 
usually remains detectable in snow covers (Moser and Stichler, 1975). 

In studies on cold glaciers of the Greenland and Antarctic ice shields, measure
ments of stable isotopes have been used as indicators for dating and computing accu
mulation rates (e. g. Reeh et al., 1978; Reinwarth et al., 1982). The precipitation there 
falls only in solid phase and melting of the deposited snow is practically negligible. 

For temperate Alpine glaciers only a few measurements of stable isotopes in firn 
and ice samples are available (Deutsch et al., 1966; Behrens et al., 1979). The isotope 
variations found here appear to be much more complicated then in cold glaciers. In 
the firn areas of temperate glaciers the annual precipitation is not normally made up 
entirely of snow. Very important are also the effects of melting and evaporating pro
cesses, as well as the influence of meltwater seepage through snow and firn. The fol
lowing considerations, which are based on results of cold chamber experiments and 
field measurements, should demonstrate the possibility of using stable isotope mea
surements for dating temperate Alpine glaciers. 
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2. EXPERIMENTAL 

In natural water the concentration of 2H varies between 220 and 340 ppm (parts 
per million), and that of 180 between 1920 and 2010 ppm. These small concentrations 
are determined using sensitive mass spectrometers with special preceding prepara
tions. Usually the isotope contents are indicated in terms of relative deviations o2H 
and 8180, respectively, from an international standard (V-SMOW). These o values are 
defined by the relation 

o2H or 8180 = ( Rsample - 1) 1000 (%0) 
Rstandard 

Rsample and Rstandard are the isotope ratios of hydrogen 2H/1H and oxygen 180/160, 
respectively, in the sample and in standard water. The measuring accuracy is ± 1 %0 
for deuterium and ± 0.15 %0 for oxygen-18. 

2.1 THE DEUTERIUM EXCESS d 

Normally it does not seem possible to date ice cores from temperate glaciers by 
means of 2H and 180 isotope analysis using only the mentioned seasonal variation of 
the 2H and 180 content in the precipitation. We checked the feasibility of obtaining 
additional dating information from the relationship between both isotopes, which is 
generally given by the equation 

o2H = 8 8180 + d, 

where dis the so-called deuterium excess which depends on climatic conditions. After 
the snow is deposited the deuterium excess of the snow cover will be changed by iso
tope fractionation processes at the surface. These effects probably can be used as a fur
ther tool to date firn and ice layers of a temperate glacier. The possible changes of the 
deuterium excess are demonstrated by the examples given in fig. 2. 

Isotopic effects due to evaporation on the snow surface, and due to condensation 
of atmospheric moisture at the snow surface still remain for the large part uninvesti
gated. Preliminary tests with respect to the relationship between variations in isotope 
contents and evaporation losses of snow samples have been performed in a cold cham
ber keeping temperature ( -10° C) and humidity (85 %) fairly constant during the time 
of experiment (Moser and Stichler, 1975). The observed relative mass losses of the 
snow samples were accompanied by a decrease of the deuterium excess calculated 
from the o2H and 8180 values of the remaining snow samples (fig. 2 a). 

Figure 2 b shows that in a natural snow cover, the increase in the o2H values of the 
snow surface (the topmost 1-2 cm of the snow cover), caused by evaporation during 
day time, is compensated by condensation of air moisture during night time (Moser 
and Stichler, 1983). The same is reflected in the fluctuations of the deuterium excess. 
Whereas the absolute level of the 2H content increased when new air masses (indicated 
by the change of humidity) were transported into the investigation area, the values of 
the deuterium excess d did not show any significant change. 

Isotopic effects occuring during melting processes also cause changes in the deute
rium excess values. Melting experiments with 35 cm long snow columns were carried 
out in a cold chamber with constant temperature a few tenths of a degree below 0° C, 
and at a relative air humidity of about 60 % (Herrmann et al., 1981 ). In fig. 2 c the deu-
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Fig. 2: Variations of the deuterium excess d due to evaporation and melting processes in snow 
samples from cold chamber experiments (a and c) and in natural snow covers (band d). 

a) Relationship between deuterium excess d and the mass losses ~m of a snow sample due to 
evaporation. ~ m is the ratio of the evaporated amount of snow to the original mass of the 
snow sample (after Moser and Stichler, 1975). 

b) Diurnal variation of the 2H content and the deuterium excess d in a natural snow cover surface 
(topmost 1-2 cm) due to evaporation during day time and condensation during night time. 
Air temperature t and humidity h during the time of observation are also shown (from Moser 
and Stichler, 1983). 

c) Relationship between deuterium excess d and the relative runoff of meltwater Q/Q0 in a snow 
column due to melting. Q/Q0 is the ratio of the meltwater amount to the total amount of snow 
during the time of experiment (after Herrmann et al., 1981 ). 

d) Variations of deuterium excess d in different layers (numbers 1-5) of a natural snow cover at 
WeiBfluhjoch/Davos (2540 ma. s. I.; Switzerland) in the time period January-June, 1973 (af
ter Martinec et al., 1977). 
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terium excess, calculated from the o2H and 8 180 values of the total remaining snow, is 
plotted against the relative runoff of snow meltwater. During the experiment the deu
terium excess decreased by about 5 %0, or one third of the initial value. 

Other measurements were carried out on the snow cover at WeiBfluhjoch, Davos 
(Switzerland) at an altitude of 2540 m a. s. 1. (Martinec et al., 1977). Snow samples 
were taken out of previously labelled snow layers, starting in January, and ending in 
June when the snow cover had completely melted. The changes in the deuterium 
excess of these snow layers are illustrated in fig. 2 d. Except for one layer, the deute
rium excess is more or less constant during the winter season. At the beginning of the 
ablation period, at the end of April, the d values start to decrease. In layer no. 5, which 
belongs to the surface, there is a decrease of the d value during the whole observation 
period. 

These results indicate that besides the general enrichment of the stable isotopes 2H 
and 180 during ablation (melting and evaporation), the deuterium excess d decreases. 
These effects can be used to identify those snow layers exposed at the glacier surface 
during summer time. 

2.2 THE DRILLING OPERATION 

Core drillings were performed in March 1979 on Vernagtferner (Oetztal Alps, Aus
tria). The drilling operation and the location of the boreholes as well as stratigraphical 
features of the recovered cores are described by Oerter et al. (1982). Investigations of 
the 2H and the 180 content were carried out on the whole of core I (total length 
81.35 m), and on selected sections of core II (45.85 m). The cores were drilled 160 m 
apart from each other. They were cut parallel to their axes into four parts. One part 
with a cross section of about 14 cm2 was further cut perpendicular to the axis into 
pieces 2.5 cm (core I) or 3 cm (core II) long. These small pieces were carefully melted 
and poured into glass bottles. The meltwater was used for 2H, 180 and 3H measure
ments (Oerter and Rauert, 1982). 

3. RESULTS 

Figure 3 shows the results of the measurements: single values of the 2H and 180 
content and the corresponding values of the calculated deuterium excess d. The o 2H 
and o 180 curves are very similar. They show a lot of non-periodic variations which are 
especially pronounced in the layers from the top of the core down to 15 m, and from 
28 to 40 m. Below 40 m the variations are more regular and more similar to the annual 
variations as they are known for cold ice cores. A long wave variation with its maxi
mum around 35 m and its minimum towards the bottom of the core seems to be super
posed on the short wave variations. One pronounced minimum appears in both curves 
at 15.4 m. The o2H values vary within the range between -154.6 %0 and - 73.3 %0, 
with an overall mean of - 108.4 %0. The o 180 values vary in the range between 
- 20.49 %0 and - 8.31 %0, with an overall mean of - 14.56 %0. The single values of the 
computed deuterium excess d show much stronger variations than the original isotope 
contents. Without further statistic analysis no regular variations are recognizable apart 
from the fact that below 40 m the excess d varies around the normal value (according 
to precipitation of that area) of 10 %0, whereas above 40 m the values are almost 



28 W. Stichler, D. Baker, H. Oerter and P. Trimborn 

&2H (%0) 

-160 -100 

ITITTTTl 

Core I Vernagtferner March 1979 

&1•0 (%ol 
-20 -15 -10 -5 • 0 

10 

depth (m) 

excess d ("fool 

-nmi~:r·;,,, 

Fig. 3: Core I Vernagtferner, March 1979: 2H and 180 content and corresponding values of the 
deuterium excess d. The mean values of the 2H content (-180.4 %0) and the 180 content 

( -14.56 %0) are also shown 

always smaller. The variation limits of the single d values are -9.3 %0 and + 20.0 %0, 
with an overall mean of 8.1 %0. 

The chosen high resolution pattern of 2.5 cm core length for each isotope content 
measurement reveals a picture with too much irregular variation and the data in this 
form are poorly suited for dating purposes. These variations are not surprising consid
ering the variations of the isotope content which are observed in single precipitation 



Core Drilling on Vernagtferner (Oetztal Alps, Austria) in 1979 29 

events ( cf. Stichler and Herrmann, 1977), and the data show that the isotope content in 
the snow and firn is not completely blurred by melting and seepage processes. How
ever, some sort of averaging process is called for, in order to reveal the regularity hid
den under these variations. 

A first step in this direction was the computation of different weighted mean val-

-160 -100 -60 

i. I I I I I I I 

- ,- ----! 

-
·--

c 

--=">-----! 

---<-
{ 

----~~--~~ 

i,r--

---~~~l-+--~~ - _ ..... c 

___ 1 __ -

'--

618Q (%0) excess d (%0) 

-20 -15 -10 -5 10 15 

10 

20 

30 

40 

depth (m) 

Fig. 4: Core I Vernagtferner, March 1979: Weighted mean values (10-point centered average of 
10-point averages of raw data) of2H and 180 content as well as deuterium excess d. The horizon
tal lines are assigned to the proposed location of summer snow layers. The question marks indi-

cate uncertain horizons. The over all means of the 2H and 180 content are also shown 
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ues. The best results were obtained from a weighted average which was constructed 
as a 10-point centered average of 10-point averages of raw data. This method yields 
the curve shown in fig. 4, which displays much clearer trends than the plot of the 
single values (fig. 3). One can recognize that the maxima of the 2H and the 180 con
tents usually correspond to a minimum of the deuterium excess d. The maxima of 
the isotope contents are correlated with summer precipitation (fig. 1). As discussed 
in chapter 2, minima of d are caused by melting and evaporating processes during 
the ablation season. Thus we can assume that both kinds of peaks assign those lay
ers in the glacier which originate from summer precipitation or which once formed 
the glacier surface in summer time. Certainly the peaks do not always coincide with 
the late summer dust horizons which usually label the end of the ablation season. 
Still the distance between two peaks should serve as a measure of the accumulation 
rate of single years. 

One can attempt to determine the annual layers simply by counting the maxima 
and minima in the deuterium excess d. In performing such a calculation, a smallest 
acceptable difference /:!;.. d between adjacent maxima and minima must be used in order 
to eliminate those peaks which can arise randomly through experimental error. A 
value of /:!;.. d = 0.4 %0 was calculated as the 95 % confidence limit for the weighted 
averages of excess d, using the corresponding confidence limits for the single measure
ments of 2H and 180. Using this criterion, 75 minima appear in the excess d curve for 
core I. This is more than the number of peaks which occur in the 2H or 180 content 
curves. It must be noted, however, that such an analysis is too . simple to be used in 
determining the locations of the individual annual layers. It should be viewed more as 
an indication that the peaks in the isotope content curves can sometimes cover more 
than one year, and that the deuterium excess d can be used to resolve some of this 
ambiguity. Other facts must also be taken into consideration when dating the core, 
such as dust horizons and various trends in the curves which can be correlated with 
meteorological data. The main difficulties in dating firn and ice from a temperate gla
cier are the variations in accumulation, caused by variable ablation. As shown by the 
summer of 1982, it can happen that, even at high altitudes, almost the entire winter 
accumulation melts, and no, or only a very thin, firn layer remains. Difficulties are also 
due to the quality of the core material. In the case of core I there were some core sec
tions with bad material, crushed ice and losses, which might disturb the continuity of 
the isotope profiles. Due to this fact some peaks were probably lost, or are no longer 
clearly recognizable. 

The age of the core is estimated to be between 83 and 75 years, which means the 
oldest layer at the bottom was deposited at the turn of the century, between the years 
1895 and 1903. This age is in good agreement with the date which was calculated by 
von Gunten et al. (1982) with the aid of the Lead-210 method. An agreement is also 
given with the 3H measurements (Oerter and Rauert, 1982), as the proposed depth for 
the year 1963 is in accordance with the depth of the maximum 3H content. 

The mean accumulation rate for the firn area, without any correction due to glacier 
flow and inclination variations of the different ice layers, and derived from an age of 
between 75 and 83 years, and a total water equivalent (w. e.) before 1977 of 63.85 m is 
0.85 m or 0.77 m w. e. per year, respectively. 

In view of the limited facilities available the 180 measurements on core II were 
taken only in those sections where the 180 content of core I displayed unusual varia
tions (fig. 5). In particular, the large oscillation in 180 values occurring at 15-17 m in 
core I was not found in core II. An analogous disagreement between the two cores was 
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also observed in the 3H data (Oerter and Rauert, 1982). We are not able at this time to 
provide a satisfactory explanation for this fact. 

Fig. 5: Cores I and II, Vemagtfemer: 
10-point centered average of the 180 con
tent. The respective vertical scales are dis
placed to allow for new snow which fell 
between the drilling of the two cores and 

which appears only in core II 
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4.1 COMPARISON OF ISOTOPE CONTENT AND AIR TEMPERATURE 

For the meteorological station at Vent (Oetztal Alps, Austria) at an altitude of 
1893 ma. s. l. (since the year 1971 1906 ma. s. I.) and approximately 8 km away from 
Vernagtferner, temperature data are available back to the year 1851 (Lauffer, 1966; 
Kuhn et al., 1979). Figure 6 compares the 5-year running means of the mean annual air 
temperature with the 180 content and the deuterium excess d of core I. The isotope 
values were calculated as means over the proposed annual layers (fig. 3) from which 
5-year running means were computed and plotted in fig. 6. Since the middle of the last 
century two periods occurred with climatic changes. A two decade period around the 
year 1890 with lowered temperatures and a one decade period with increased tempera
tures around the late forties. As the 180 content is correlated with the air temperature 
(fig. 1) we can assume that these climatic changes caused also fluctuations of the iso
tope content. Indeed, the year 1944 of the proposed time scale, which coincides with a 
2H and 180 content maximum, is only four years shifted from the temperature maxima. 
A significant 180 content minima, which could coincide with the temperature mini
mum around the year 1890 is not recognizable, and it should not be expected in view 
of the proposed age of 75-83 years for the core. Thus the temperature and 180 corre
lation confirm the dating of the ice core, and at the same time show a possible error of 
at least one year in ten. A minimum of the deuterium excess d coincides with the 180 
content maximum. One can assume that these low d values are due to a period with 
higher temperatures and thus increased melting and evaporation. 



32 W. Stichler, D. Baker, H. Oerter and P. Trimborn 

%0 

10 

5 

0 

%0 51eo 
-10 

-15 

-20 

oc 

_J:z: :: I I:~::,·: I 1: ~::I :I: I 
1875 85 95 1905 15 25 35 45 55 65 1975 

Fig. 6: Comparison of the 5-year running annual mean values of air temperature at the meteoro
logical station Vent (Oetztal), 1900 ma. s. I. (Lauffer, 1966, Kuhn et al., 1979) with corresponding 
means of 180 content and deuterium excess d. The isotope mean values were computed as 5-year 

running means for the proposed annual firn and ice layers (see fig. 4) 

4.2 COMPARISON WITH OTHER INVESTIGATIONS 

A fim core at Vernagtferner had already been drilled in 1976 (Behrens et al., 1979). 
The drilling site was situated beneath Sexenjoch (for location cf. the map of Vernagt
ferner 1979, Rentsch, 1982), approximately at a 50 m higher elevation then core I and 
1.2 km away from it, a place with less accumulation. The dating of the ice core was 
attempted with the aid of stratigraphic features, total-beta-activity and 3H content. The 
fluctuations of 2H or 180 content seemed not to be very suitable for this purpose. The 
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15 m core was assumed to cover the time period between 1975 and 1953. If we now try 
to use also the deuterium excess, we see that the isotopes 2H and 180 also reveal annual 
fluctuations, with 20 yearly peaks of the excess d (fig. 7). A pronounced minimum of 
the 2H as well as the 180 content occurred in the Sexenjoch core during the winter 
1966/67. A comparable minimum within core I coincides with the winter 1965/66. 

Oeschger et al. (1977) and Schotterer et al. (1978) investigated the 180 content of an 
ice core of the uppermost part of the Grenzgletscher (Colle Gnifetti, 4450 m a. s. 1.) in 
Switzerland. Since Grenzgletscher is a cold glacier some of the expected yearly peaks 
do not appear in this core due to strong wind erosion. In comparing the Colle Gnifetti 
core and the Vemagtfemer core one notes that the Colle Gnifetti core shows increased 
5180 values in a depth between 14 and 17 m, in that core section coinciding with the 
late forties. A comparable increase is recognizable in the Vemagtfemer core, corre
sponding to the increased temperatures which were observed throughout Central 
Europe at that time. 

4.3 FURTHER STATISTIC ANALYSIS 

At this point it seems that a great deal of statistical analysis of the data remains to 
be done. A start in this direction has been undertaken with a Fourier analysis of the 
isotope curves. Fig. 8 shows the amplitudes of the different frequency components 
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Fig. 8: Amplitudes of the frequency components in the Fourier analysis of the deuterium excess d 
for core I. The frequency is in cycles per 78.73 m, the length of the core. The wave lengths of the 

most prominent frequencies are also given 

which occur in the analysis of the deuterium excess d for core I. The results of such a 
straight forward analysis are difficult to interpret, in spite of the temptation to try to 
find marked frequencies which would correspond to yearly oscillations. The problem 
here is that the phenomena being considered are periodic only in a very rough sense of 
the word. Different accumulation rates and temperature fluctuations during different 
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years, and a downward mixing due to seepage disturb the picture substantially. A 
more reasonable approach would be to attempt to correlate the isotope data with the 
time series of air temperature and precipitation amounts which exist for the area in 
question. Such a correlation also poses problems, because it presupposes a knowledge 
of the times corresponding to given depths along the ice cores. Work in this direction 
is in progress, and a more detailed discussion is planned for the future. 
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ABSTRACT 

Fission product (90Sr-90Y, mes, total beta) and 210Pb-210Po activities were measured in core 
samples from the temperate Vernagtferner (3150 m altitude, Oetztal Alps, Austria). The results 
show that the investigated fission products are transported with water resulting from melting pro
cesses, and are sorbed on dust or dirt horizons. These products are, therefore, not suited for dat
ing temperate glaciers. 

210Pb is also transported with water and displaced from its original deposition. However, de
spite large fluctuations, the specific activity of 210Pb decreases with depth, and can be used to esti
mate accumulation rates and the age of the ice. The average annual accumulation rate amounts to 
about 80 cm water equivalent, and the deepest sample (81 mi. e. ::::: 65 m w. e.) was deposited in 
the beginning of this century. These results agree with data obtained from other observations on 
this glacier and show that the 210Pb-method is suitable to date temperate glaciers, if the ice cores 
cover a time interval of about 100 years (i. e. ::::: 4 half-lives of 210Pb ). The surface activity of 210Pb 
was found to be 5 ± 1 dpm per kg of ice in agreement with other locations in the Alps and with 
measurements of fresh snow. 

OATIERUNG VON EIS KERNEN AUS OEM VERNAGTFERNER (OSTERREICH) MIT 
SPALTPROOUKTEN UNO BLEI-210 

ZUSAMMENFASSUNG 

An Firn- und Eisproben einer Kernbohrung auf dem temperierten Vernagtferner (3150 m 
Meereshohe, Otztaler Alpen, Osterreich) wurden Spaltprodukte (90Sr-90Y, mes, Gesamt-Beta) 
und 210Pb-210Po-Aktivitaten bestimmt. 

Die Ergebnisse zeigen, daB die untersuchten Spaltprodukte mit dem Schmelzwasser transpor
tiert und an Staub- und Schmutzhorizonten adsorbiert werden. Diese Spaltprodukte sind deshalb 
nicht fiir die Datierung temperierter Gletscher geeignet. 

210Pb wird ebenfalls mit dem Schmelzwasser transportiert und dadurch aus seiner urspriingli
chen Ablagerungsschicht verschleppt. Die spezifischen Aktivitaten von 210Pb nehmen jedoch trotz 
groBer Schwankungen mit der Tiefe ab und konnen somit zur Abschatzung von Akkumulations
raten und des Eisalters herangezogen werden. Die mittlere jahrliche Akkumulationsrate betragt 
angenahert 80 cm Wasseraquivalent. Die tiefste Probe aus 81 m Tiefe (entsprechend ::::: 65 m Was
seraquivalent) wurde zu Beginn unseres Jahrhunderts abgelagert. Diese Ergebnisse stimmen mit 
anderen Untersuchungsergebnissen auf diesem Gletscher iiberein und belegen damit, daB die 
210Pb-Methode zur Datierung temperierter Gletscher geeignet ist, wenn die Eiskerne einen Zeit
raum von ungefiihr 100 Jahren, d. h. ::::: 4 Halbwertszeiten von 210Pb, umfassen. Die Oberflachen
aktivitat fiir 210Pb wurde zu 5 ± 1 dpm kg- 1 Eis bestimmt und steht in Ubereinstimmung mit ande
ren Alpengletschern sowie mit MeBwerten fiir Neuschnee. 
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INTRODUCTION 

In the course of the extensive investigation of the Vernagtferner (Oetztal Alps, Aus
tria) which is described in detail in this volume, an attempt was made to date ice core 
samples from this glacier. 

Recent accumulation rates and ages of firn or ice samples can, in principle, be mea
sured with fall-out radioactivity remaining from the extensive testing of nuclear weap
ons during the 1950's and 1960's which culminated in 1962/63. In temperate glaciers 
like the Vernagtferner this dating approach is, however, problematic due to transport 
and sorption of fall-out products occurring during melting processes which lead to a 
redistribution and smear-out of the deposited activity. Ambach et al. (1971) demon
strated, with total beta activity measurements in ice cores from the neighbouring Kes
selwandferner (Austria), a significant correlation of the activity with summer ablation 
horizons. Thus, melting processes may strongly alter the initial distribution of fission 
products in the ice. 

The 210Pb method was proposed by Goldberg (1963) to determine recent accumula
tion rates on arctic glaciers. 210Pb (half-life 22.3 years) is a late decay product of 222Rn 
which emanates from the ground into the atmosphere. 210Pb then is adsorbed on aero
sols which are washed out from the atmosphere by precipitation. If the 210Pb concen
tration in fresh snow is assumed to be constant, this nuclide can be applied for dating 
purposes. Based on its half-life a time period of about 100 years is accessible with this 
method. 

First attempts to apply the 210Pb method to date a temperate glacier were under
taken by Picciotto et al. (1967). These authors used firn cores originating from the 
accumulation zone of the Kesselwandferner (Austria) which were recovered at about 
3200 m altitude and represented a time interval of about 10 years only. The 210Pb activi
ties varied by more than a factor of two from sample to sample around a mean value 
of 4.3 dpm per kg of ice and showed no decrease with depth. Schotterer et al. (1977) 
found very large fluctuations (up to a factor of 100) in the specific activity of 210Pb in 
firn samples from the Plaine Morte (2750 m altitude, Switzerland). The high activities 
could be attributed to dirt horizons. Samples from the Jungfraujoch Ice Cap (3470 m 
altitude, Switzerland) also showed an irregular distribution of the 210Pb activity and no 
decrease of the activity with depth of the samples (Schotterer et al., 1977). However, 
these ice cores covered only a period of about 20 years. 

In contrast to these attempts to date temperate alpine glaciers von Gunten and 
Rossler (1979), and Gaggeler et al. (1983) demonstrated on ice cores from the Colle 
Gnifetti ( 4450 m altitude, Switzerland) that fission products as well as 210Pb are suit
able tools to date cold alpine glaciers at higher elevation. Since the firn and ice cores 
drilled on the Vernagtferner (Oerter et al., 1982) reached to much larger depths than 
those taken before from other temperate alpine glaciers it seemed justified to try the 
210Pb method once more. Based on these measurements, which were expected to cover 
a time interval of roughly 100 years, it should be possible to judge the general applica
bility of the 210Pb method for ice dating. Besides this main object of the present investi
gation additional information on the distribution pattern of fission products in a tem
perate glacier was obtained. 
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EXPERIMENTS 

A. SAMPLES 

The cores were drilled in 1979 at an elevation of 3150 m on the Vemagtfemer (see 
Oerter et al., 1982). They were transported and stored in deep-frozen condition. Sam
ples from two different cores were used in this investigation: 

i) Drill core I with a total length of 81.35 m (coordinates on map "Vemagtferner 
1969": 37461.7 /93977.4) was used for the 210Pb-210Po dating. The core was cut at the 
GSF-Institut fiir Radiohydrometrie (Munich) in 4 sections parallel to the drilling axis. 
Our samples had a length of about 60 cm each and corresponded to about 10 % of the 
total core weight. About 10 % of each of these 60 cm long samples was taken for our 
measurements. 

ii) Selected sections of 60-70 cm length of drill core II (coordinates: 
37374.3/93850.4) were used for the measurements of 90Sr-90Y, mes and the total beta 
activity. These samples covered the core region where the 1962/63 fall-out activity was 
expected based on a significant peak in the tritium activity observed in core I at this 
depth (Oerter and Rauert, 1982). 

B. MEASUREMENT OF FISSION PRODUCT ACTIVITIES 

Radiochemical methods (Flynn, 1975) were used for the determinations of 90Sr-
90Y, and mes in the ice of core II samples 42, 43, 44 and 45. About 1 kg of ice was 
melted in a polyethylene beaker, having 10 ml of concentrated nitric acid and 10 mg 
each of Sr-, Y-, and Cs-Carriers present. The resulting water was filtered (Schlei
cher-Schull No. 5893) and evaporated to a volume of ~ 10 ml. 

Strontium was precipitated with fuming nitric acid and redissolved in water. A bar
ium chromate precipitation (addition of 1 mg Ba) removed radium. After several addi
tional cleaning steps [Fe(OH)rscavengings] strontium was precipitated as carbonate. A 
low-background proportional counter ( ~ 1 cpm) was used to follow the ingrowth of 
9oy into the sample. 

Yttrium was extracted from the remaining solution with 2-diethylhexylorthophos
phoric acid in heptane, and backextracted with hydrochloric acid. Yttrium was precip
itated as hydroxide, dissolved in nitric acid and finally precipitated as yttrium oxalate. 
The decay of 90Y was followed on a low-background proportional counter. 

Cesium was precipitated from the remaining solution with silico-tungstic acid. The 
precipitate was dissolved in sodium hydroxide. The final precipitation was cesium 
perchlorate. The 662 keV y-line was measured on a Ge(Li)-detector. 

The chemical yields for the determination of these elements were 80-90 %. Com
puter programs were used to analyze the growth and decay of 90Y and the y-ray 
spectra. 

Total beta and 137 Cs: About 1 kg of ice was melted and filtered for the determina
tion of total beta and 137Cs activities. The activity on the filters was measured on a 
low-background ( ~ 1 cpm) proportional counter and on a Ge(Li)-detector. 

C. MEASUREMENTS OF 210 Pb- 210 Po 

The a-radiation of 210Po which is in radioactive equilibrium with 210Pb was used for 
these determinations. Ten 60 cm core I sections, corresponding to about 6 m core 
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length and to a total weight of 140-230 g were combined and melted, having 5 ml 
concentrated hydrochloric acid per 100 g of ice, and 208Po tracer present. Sulfur diox
ide gas was bubbled for 3 minutes through the solution at a temperature of 90-95° C. 
Polonium was deposited on a silver disk (diameter 15 mm) which was suspended in 
the hot solution (Figgins, 1961). An almost quantitative deposition was achieved in 
about 7 hours. The chemical yield was measured relative to the 208Po tracer. The sam
ples were counted on Si(Li) surface barrier detectors (ORTEC, 300 mm2) having an 
a-energy resolution of about 20 keV full width at half maximum at 5.486 MeV. The 
efficiency for the 5.3 MeV a-line of 210Po was about 18 %. 

After plating 210Po the solutions were filtered and the weight of the dirt was deter
mined. The two largest dirt samples were dissolved using HF and HN03• 210Po was 
plated from these solutions according to the procedure given above. 

RESULTS AND DISCUSSION 

A. MEASUREMENTS OF FISSION PRODUCTS 

The results of the total beta and 137Cs radioactivity measurements in the dirt fil
tered-off from the melted samples of core II are shown in table 1 and are presented in 
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Fig. 1: Total beta and 137Cs activities measured in dust and dirt of core II from the Vernagtferner 
(Austria, 3150 m altitude). The core section was selected around the expected location of the 
1962/63 fall-out horizon. Several activity peaks were found; the fall-out horizon of the year 1962/ 
63 can not be identified. A high correlation exists between total beta und 137Cs activities ( correla-

tion coefficient 0.95) and activities and amount of dust (0.74) 
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fig. 1. Since the detectors were not calibrated for these measurements relative activities 
( cpm) are given. The distribution of the activity within these dirt samples is very irregu
lar, and large fluctuations are observed between adjacent samples leading to several 
correlated peaks of 137Cs and of the total beta activity. On the other hand, in the filtrate 
of the melted samples the activities of the radiochemically isolated 90Sr, 90Y and 137Cs 
were found to be negligible. In addition, no significant decay (90Y) or increase (90Sr/ 
90Y) was observed in growth and decay analyses. This distribution pattern is in sharp 
contrast to the very pronounced activity peak found in the bomb fall-out of the years 
1962/63 which is well conserved in samples recovered at 4500 m altitude on the cold 
Colle Gnifetti glacier (von Gunten and Rossler, 1979). The magnitude of many of the 
activity peaks in the samples from the Vernagtferner is correlated with the amount of 
dirt; this supports earlier observations (Ambach et al., 1971; Schotterer et al., 1977). 
The correlation of the activity with dirt horizons indicates that radionuclides are trans
ported by percolating water and are sorbed on these dust and/ or dirt horizons in the 
ice. The very low concentrations of dissolved fall-out products in the filtrate of the 
samples support the conclusion that fission products are strongly sorbed on dirt parti
cles. Therefore, the observed activities do not allow to locate the place of initial depo
sition of the nuclides, and dating of temperate glaciers with fission products is not fea
sible or involves at least very large uncertainties. This conclusion disagrees with the 
interpretation of in situ measurements in borehole I of natural gamma-ray activity per
formed by Drost and Hofreiter (1982) who attribute activity peaks to the years 1953, 
1962, 1963 and 1977. 

Table 1: Total beta and 137Cs activities in filtered dirt horizons from Vemagtfemer (Austria). 
Samples of core II 

Total 
Sample Depth Mass Mass beta 137Cs 

No. of ice of dirt activity 
m g mg cpm cpm 

2.42 16.85-17.46 997.7 3.01 0.04 0.01 
2.43 17.46-18.11 1072.8 6.98 2.02 
2.44 18.11-18.77 1213.2 40.91 13.71 3.07 
2.45 18.77-19.45 1219.5 1.47 0.94 0.20 
2.46 19.45-20.10 1176.5 0.83 0.05 0.01 
2.47 20.10-20.68 1066.5 17.63 9.60 1.80 
2.48 20.68-21.33 1186.6 2.80 0.56 0.19 
2.49 21.33-21.98 1204.8 6.63 3.27 1.02 
2.50 21.98-22.63 1263.7 6.11 0.69 0.14 
2.51 22.63-23.31 1222.7 5.91 0.40 0.01 
2.52 23.31-23.99 1231.9 6.27 0.93 0.17 
2.53 23.99-24.30 693.2 5.32 1.50 0.04 
2.54 24.30-25.05 1241.0 46.14 4.01 
2.55 25.05-25.65 1059.6 2.93 0.13 

B. MEASUREMENTS OF 210 pb_21opo 

The results of the 210Pb-210Po measurements in the samples of core I are given in 
table 2. A graphical presentation of these data together with an indication of the most 
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Fig. 2: 210Pb- 210Po measurements in core I from the Vemagtfemer (Austria, 3150 m altitude). The 
points correspond to 6 m long core sections. The large fluctuations in the measured activities are 
probably due to transport and sorption on dirt. The most expressed dirt horizons are indicated. 
However, no obvious correlation between dust and activity can be established. The 210Pb activity 
at the surface of the glacier amounts to -5 dpm and the mean accumulation rate to 0.8 m w. e. 
The deepest measured sample originates from the beginning of this century. The years indicated 
on the regression line correspond to the surface (1979), the maximum in nuclear testing (1963) 
and to a year (1937) with high amounts of dust from the Sahara desert. The positions of the 
year-marks are based on 210Pb dating. Error bars correspond to statistical counting errors (1 cr). 

important dirt horizons is shown in fig. 2. The 210Pb measurements scatter very much, 
despite the fact that 6 m long core samples were used which cover several yearly 
deposits. Double determinations demonstrate that the variations between different 
samples are not due to the precision of the method. Furthermore, we found that 
the annual mean values of 210Pb in air samples were quite constant 
(1.2±0.4 x 10- 2 pCi m- 3 air) over the last 9 years (von Gunten and Wegmiiller, 1983). 
The variations in activity are, therefore, not the result of variations in the input of 
210Pb. The observed scatter of the 210Pb values is probably also produced by transport 
and sorption processes on the glacier. A significant correlation with dirt horizons is, 
however, not obvious. Similar 210Pb measurements in samples from the cold glacier on 
the Colle Gnifetti (Monte Rosa) do not show these large fluctuations in the 210Pb activ
ities (Gaggeler et al., 1983). 

The specific 210Pb activities decrease, however, with increasing depth of the core. A 
least squares fit through the data (solid line of fig. 2) leads to a surface activity on the 
firn of 5.0 ± 1.0 dpm kg- 1• This value is in good agreement with 210Pb surface activities 
observed on other alpine glaciers and with the radioactivity of fresh snow: Picciotto et 
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Table 2: 210Pb measurements in core I from the Vernagtferner (Austria) 

Activity and 

Sample 
Depth Depth water Mass Mass estimated 

No. 
equivalent of ice of dirt errors 

m m g mg dpm per kg 
of ice 

1 2.30- 8.08 1.06- 4.24 143.7 0.42 2.22±0.44 
2 8.08-14.08 4.24- 8.38 176.1 1.59±0.32 
3 14.08-19.84 8.38-12.90 199.1 1.58±0.32 

4/1 19.84-25.73 12.90-17.85 223.l 0.70 6.19±1.23 
4/2 19.84-25.73 12.90-17 .85 213.3 2.73* 8.75 ± 1.75 

5 25.73-31.88 17.85-22.94 211.5 1.50 4.78±0.96 
6 31.88-37 .97 22.94-27.96 230.4 0.84 1.97±0.39 
7 37.97-44.08 27.96-32.88 210.6 3.55* 2.49±0.50 

8/1 44.08-50.33 32.88-38.32 218.0 1.04 2.88±0.58 
8/2 44.08-50.33 32.88-38.32 213.4 0.48 2.14±0.43 

9 50.33-56.38 38.32-43.58 166.1 0.23 0.55±0.11 
10 56.38-62.79 43.58-49.50 183.0 0.23±0.05 

11/1 62.79-69.18 49.50-55.00 229.5 0.04 0.23±0.05 
1112 62.79-69.18 49.50-55.00 228.3 0.59 0.51 ±0.10 

12 69.18-75.25 55.00-61.40 223.5 0.81 0.92±0.18 
13 75.25-80.24 61.40-65.70 174.5 1.06 0.68±0.14 

* The 210Pb activity measured in the remaining dirt after plating of 210Pb was found to be 
0.03-0.04 dpm mg- 1 of dirt (see text). 

al. (1967) found 4.3 dpm kg- 1 on the neighbouring Kesselwandferner, Schotterer et al. 
(1977) determined a value of 4.7±0.3 dpm kg- 1 on the Plaine Marte (Switzerland), 
and _Gaggeler et al. (1983) ~ 4 dpm kg- 1 of ice on the Colle Gnifetti (Monte Rosa). 
Thus, the mean surface activity of 210Pb seems to be practically independent on loca
tion and altitude. This result is rather surprising, since different sources and source 
strengths are expected to be responsible for the 210Pb activities of locations which are 
geographically quite far apart and well separated by mountain ranges and valleys. 

Based on the least squares fit through the data from this more than 80 m long core 
one arrives at a mean accumulation rate for the Vernagtferner of ~ 80 cm w. e. year- 1• 

This value agrees well with accumulation rates derived from direct measurements of 
annual snow heights at the same location. The correlation coefficient of the linear 
regression is only ~ - 0.6. Therefore, the accuracy reached for this temperate glacier 
is not very high, but the measurements are nevertheless useful for many applications: 
e. g. the age of the deepest sample can be estimated to be about 80 years. 

Our measurements demonstrate for the first time that the 210Pb method may suc
cessfully be used to date temperate glaciers if the ice cores are long enough to cover a 
time span which averages out large local fluctuations. Furthermore, one has to assume 
that 210Pb is not transported over very long distances, thus carrying younger 210Pb to 
older (deeper) places in the glacier. The 210Pb method is, therefore, generally appli
cable to all types of glaciers, i. e. cold (Gaggeler et al., 1983) and temperate (this paper) 
alpine glaciers, and polar glaciers (Goldberg, 1963; Picciotto et al., 1964) as well. 
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CONCLUSIONS 

The 210Pb method is universally applicable to date glaciers. Temperate glaciers may 
be dated if the recovered samples cover a period of about 100 years (corresponding to 
about 4 half-lives of 210Pb) or more. 

The surface activities of 210Pb on alpine glaciers are about 4-5 dpm per kg of ice 
independent of different locations and altitudes. 

Dating of temperate glaciers with fission products is not possible due to their trans
portation and sorption by percolating water. 

The sorption of 90Sr and 137Cs on dirt horizons seems to be more expressed than 
that of 210Pb. 
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NATURAL GAMMA LOGGING OF BOREHOLE I ON 
VERNAGTFERNER (OETZTAL ALPS, AUSTRIA) 

By W. DROST and G. HOFREITER, Neuherberg 

With 3 figures 

SUMMARY 

Natural gamma logging was executed in borehole I on the Vernagtferner (Oetztal Alps, Aus
tria) down to a depth of 60 m below surface. The radioactivity profile reflects the atmospheric 
injection history. Above a borehole depth of 28 m the log is enriched in bomb produced mes 
along with 4°K and elements of the uranium series. The highest gamma level, which originates 
from 1963 precipitation with high fallout load, is found in a depth of 18.5 m. 

GAMMA-RAY-LOG DES BOHRLOCHES I AUF OEM VERNAGTFERNER 
(OTZTALER ALPEN, OSTERREICH) 

ZUSAMMENFASSUNG 

Im Bohrloch I auf dem Vernagtferner (Otztaler Alpen, Osterreich) wurde ein 
Gamma-Ray-Log bis zu einer Tiefe von 60 m unterhalb der Gletscheroberflache gefahren. Das 
Log spiegelt die zeitliche Folge von thermonuklearen Waff entests in der Atmosphare wider. 
Oberhalb von einer Tiefe von 28 m ist im Log das radioaktive Spaltprodukt mes neben natiirli
chem 4°K und Elementen der Uran-Zerfallsreihe nachgewiesen. In 18,5 m Tiefe wird der hochste 
Gamma-Pegel und damit eine Zeitmarke fiir 1963 nachgewiesen, als in der Atmosphare der maxi
male radioaktive Fallout gemessen wurde. 

1. INTRODUCTION 

During the last decades investigations on radioactive isotopes of both natural and 
of nuclear bomb test origin have been carried out on temperate alpine glaciers. Char
acteristic radioactivity levels of the fission products attached to particles in the snow 
can be ascribed to the time scale of the bomb test history from 1952 to present day. 
Among the radioactive fission products which are deposited in glacier firn by atmo
spheric fallout, 137Cs is strongly adsorbed by dust particles which are concentrated at 
the glacier surface in ablation horizons. When the horizon is buried under the accumu
lation of subsequent years no further redistribution of the mes fission products takes 
place, since mes is not washed out during periods of melt and by rain. Its activity is 
secondarily enlarged as the ablation horizon acts as adsorption filter for the percolat
ing melt water (Prantl et al., 1972, Ambach et al., 1976, Nijampurkar et al., 1982, Jouzel 
et al., 1977). 

Usually the studies involve the collection of cores which are prepared and low
level counted in the laboratory. Dating of ice cores from Vernagtferner (Oetztal Alps, 
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Austria) with fission products and tritium are reported in this volume by v. Gunten et 
al. (1982) and Oerter and Rauert (1982). This paper aims at the use of an in situ spec
trometer for the investigation of radioactivity profiles with depth as proposed by Ping
lot and Pourchet ( 1981 ). Preliminary results of borehole I on the glacier Vernagtferner 
are discussed. 

2. EXPERIMENT 

We applied a logging system normally used for geohydrological investigations. The 
down-hole tool consists of a scintillation detector with a 3 "x 2"-Nal (Tl)-crystal. The 
probe is lowered down by a winch at a speed of 1 m/min. The surface electronics, 
which supply power to the down-hole probe and condition the returning signals, 
include a 1024 channels pulse height analyser. 

By our logging system we measure both the natural and the bomb produced 
gamma radioactivity in a borehole as function of depth. The natural terrestrial radioac
tivity depends mainly on the content of elements in the uranium and thorium series 
and also of radioactive potassium. The radioisotopes are distinguishable by their dif
ferent gamma energy. For example, thorium can be identified by its gamma radiation 
peak of 2.62 MeV (2°8Tl), uranium by its 1.76 MeV peak (2 14Bi) and potassium by its 
1.46 Me V peak (4°K). 

The most dominant injection of the artificial radionuclides into the atmosphere 
occured in the early 1960's as a result of nuclear weapon tests which followed the 
bomb moratorium of 1959 which caused a decrease in the fallout. The chronology of 
the radioactive atmospheric fallout is recorded by a worldwide network, where total 

M M 

E E -........ ---CT CT 
co CD 

L L 
B·10 O,B ·10 

5 0,5 

0, l. 

2 

0 

Fig. 1: Total beta-radioactivity in precipitation at statibn Garmisch-Wank (FR Germany) in an al
titude of 1780 m a. s. 1. (Kirchlechner, 1979) 
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beta activity of air and precipitation is measured. At the station Garmisch-Wank (FR 
Germany) the highest level of radioactivity was registered in 1963, which exceeds more 
than 10 times present-day annual peaks (fig. 1). 

Among the gamma emitting fission products only mes is a valuable tracer for 
radioactive dating studies over several decades on temperate glaciers. Other bomb pro
duced gamma emitters like 125Sb, 144ee, 88Y etc. are negligible since their half life is rel
ative short, less than 3 years. The half-life of mes is 30 years and its gamma energy is 
0.66 MeV which may be overlapped by 0.61 MeV gamma of 214Bi. 

3. RESULTS 

From 21through22 July 1982 natural gamma logging of borehole I was carried out 
on the Vernagtferner. The results are given by fig. 2 and fig. 3. Fig. 2 shows the gammq, 
log down to a borehole depth of 60 m and fig. 3 gives the gamma-ray spectrum taken 
at a depth of 18.5 m below the top of the access tubing ( ~ 3154.8 m a. s. I.). A second 
spectrum taken at a depth of 22.5 m yields the same gamma energy distribution as 
shown in fig. 3. Further gamma spectra were not measured since the necessary count
ing time lasts more than 50 OOO s. 

Fig. 2: Natural gamma log of borehole I 
on the Vemagtfemer 
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The gamma log shown in fig. 2 is recorded in relative activity units (cps) because our 
detector was not calibrated for these measurements. The dynamic response of the log 
allows a vertical resolution of better than 0.3 m. The log is not corrected for formation 
density and borehole caliber. Gamma radiation of the formation is buried beneath cos
mic radiation down to a depth of 5 m, and as a result the interpretation of log data 
above this depth was not possible. According to fig. 3 the principal sources of gamma 
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radiation we measured are 137Cs, 4°K, and 214Bi. This is in contrast to gamma spectro
scopy measurements of Ambach et al. (1971) who detected only mes in firn layer sam
ples collected from the Kesselwandferner (Oetztal Alps). 

4. DISCUSSION OF RESULTS 

The natural gamma log of fig. 2 can be divided in two sections. From 5 to 28 m 
borehole depth the mean gamma-ray intensity is about 5 cps. It is only 3.5 cps under
neath 28 m down to the bottom of the borehole. From a qualitative point of view mes, 
4°K, and 214Bi have approximately the same source strength (see fig. 3) in the upper log 
section. Since the lower section is depleted in its radiation level by about one third as 
compared with the upper section, we assume that it contains no bomb produced 
cesium. 

The upper log section is characterized by a sequence of extremes of radioactivity 
levels. The maximum radiation level occurs at a depth of 18.5 m and reflects 1963 pre
cipitation as compared with fig. 1. Consequently 1962 precipitation is found at a depth 
of 19.5 m. The minimum level from 20 to 21.5 m depth identifies the fallout decrease 
after the bomb moratorium of 1959. In pursuing the comparison of fig. 2 with fig. 1 
and taking into consideration the accumulation history of the Vernagtferner (Oerter et 
al., 1982) we can associate the further peaks to the annual fallout maxima. The peak of 
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7 m depth corresponds to 1977 and the 28 m peak to 1953 precipitation. In general the 
separation of the annual log peaks differs from about 0.5 m to about 2 m. 

The sequence of radioactivity levels provides a means of determining the accumu
lation rate on the Vernagtferner. In the upper section of the borehole I 9.5 m or 8.3 m 
w. e. are accumulated from 1953 to 1963 and 11.5 m or 8.3 m w. e. from 1963 to 1977. 
From this figure we arrive at a yearly accumulation rate of 0.68 m w. e. from 1953 
through 1977 respectively 0.81 m w. e. from 1953 to 1963 and 0.59 m w. e. from 1963 to 
1977. For the time span from 1979 to 1982 we get 2 m w. e. snow accumulation respec
tively 0.67 m w. e. per year by comparing our log data with the tritium profile of the 
core I which was drilled in 1979 (see fig. 2 in Oerter and Rauert, 1982). 

The lower section of the log is widely smoothed as compared with the upper one. 
Nevertheless we observe variations of the gamma level with depth which fairly exceed 
statistical fluctuations. At present the occurrence of these variations and their correla
tion to the dust layers ascertained by the core drilling of borehole I (see fig. 4 in Oerter 
et al., 1982) need further explanation. 

5. CONCLUSION 

Natural gamma logging proved to be a valuable tool for quickly determining radio
activity profiles of a borehole on a temperate glacier. The section of the log which is 
enriched in fallout mes reflects the atmospheric injection history. Apparently the mes 
profiles from borehole I on the Vernagtferner have not been affected significantly by 
isotopic homogenization processes and can be used to calculate the snow accumula
tion over the last 3 decades. Natural terrestrial radioisotopes are additional sources of 
count rates of the gamma log. In order to use their variability as a dating tool the 
mechanism of their deposition on firn layers needs better understanding. 
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STRUCTURAL INVESTIGATIONS OF SNOW AND ICE ON 
CORE III FROM THE DRILLING ON VERNAGTFERNER, 

AUSTRIA, IN 1979 

By WALTER GOOD, Davos 

With 8 figures and 12 pictures 

ABSTRACT 

The purpose of this study was: 
To make an attempt at finding a stratification of the snowpack in order to help remove ambi
guities in dating the snowlayers by standard methods. 
To verify the depth at which the transition between firn and ice occurs. 
Clearly the first goal was missed, the structural information in a temperate firn being strongly 

smoothed out in time. 
Interesting details like horizontal ice lenses and layers of "cold snow" however, were 

revealed. 
In spite of strong variations of density, gravimetric density p0 and ice density Pi. computed 

from point density, are identical for the firn pack between Z=2.0 m and 6.0 m. 

p(ice) = 0.522±0.034 · 103 kg m- 3• 

The ice density of 0.8 · 103 kg m- 3, the assumed transition between firn and ice, was found to 
occur at a depth of Z = 19 m. Even at this level, rather important variations in density may be 
localized. Between Z= 19 m and 21 m, the ice density varies from 0.774 · 103 to 0.860 · 103 kg m- 3• 

STRUKTURANALYSEN AN SCHNEE- UNO EISPROBEN DER KERNBOHRUNG III 
AUF OEM VERNAGTFERNER (OSTERREICH) AUS OEM JAHRE 1979 

ZUSAMMENFASSUNG 

Zweck dieser Untersuchung war, 
einen Versuch zu unternehmen, den schichtweisen Al;lfbau der Firnauflage zu erkennen, um 
Zweideutigkeiten in der zeitlichen Einordnung nach Standardmethoden auszuschlie.13en, 
die Tiefe zu bestimmen, in der sich der Ubergang von Firn in Eis vollzieht. 
Das erste Ziel wurde eindeutig verfehlt. Die strukturellen Informationen im temperierten 

Firn werden mit der Zeit stark verwischt. Es wurden jedoch interessante Details, wie horizontale 
Eislinsen und Schichten von ,,kaltem Schnee", erkannt. 

Trotz gro.13er Schwankungen bei der Dichte sind die gravimetrisch bestimmten Dichten p0 

und die aus der Punktdichte berechneten Eisdichten p1 filr die Firnschicht zwischen 2,0 und 6,0 m 
gleich gro.13: 

p(ice) = 0,522±0,034 · 103 kg m- 3• 

Die Eisdichte von 0,8 · 103 kg m- 3, die filr den Ubergang von Firn zu Eis veranschlagt wird, 
wurde in einer Tiefe von Z= 19 m vorgefunden. Merkliche Dichteschwankungen konnten selbst 



54 Walter Good 

noch in diesem Tiefenbereich festgestellt werden. Zwischen Z = 19 m und 21 m variierte die Eis
dichte in einem Bereich von 0,774 · 103 bis 0,860 103 kg m- 3• 

1. PREPARATION OF SNOW SAMPLES 

The core from drilling III, located at an altitude of 3150 m a. s. 1., from 
2./3. 4. 1979, was packed and cooled down to dry ice temperature after careful measur
ing and photographing its individual parts (Oerter et al., 1982). 

The samples were then forwarded to Davos, Switzerland, where they were 
embedded in an organic liquid to become, in its frozen state, a matrix to prevent any 
subsequent alteration (phtalic acid diethyl ester). 

In spite of this proven conservation technique, changes in the snow structure were 
found as can be observed on unprotected samples stored for extended periods even at 
temperatures below - 20° C. 

Two reasons for these alterations are most probable, the time elapsed between 
drilling and embedding and the high density snow (,..., 0,5 · 103 kg m - 3) where not all 
pores are easily attained by the filler liquid. The unprotected pores are then exposed to 
temperature gradient metamorphism. 

The preparation of thin sections started with visual inspection of the core for 
homogeneous domains, where cubes of 3 x 3 x 3 cm3 were cut out. Vertical slices were 
cut and honed on a microtome to a final thickness of 20 ± 1 µm. Dyed tetralin dis
solved the organic matrix leaving clear ice particles separated by a colored liquid 
phase. With a WILD photomacroscope, high quality color photographs were taken for 
each thin section. 
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2. STRUCTURAL EVALUATION BY IMAGE ANALYSING 
TECHNIQUES 

55 

The photographic information of thin sections is transmitted to a dee pdp 11I45 
computer via a HAMAMATSU slow scan video camera. Analog/ digital conversion 
and control is performed with a C-1000 HAMAMATSU interface and the digital data 
are accepted through DR-11 parallel interface. The software controlling these opera
tions and storing data on magnetic tape is MVIDAD. In normal operation mode, an 
image of a thin section is represented by 512 x 512 pixels. This information may be 
processed in either or both of two ways (Good, 1980): 

Pattern sampling technique (S). 
Pattern recognition technique (fig. 8 [P]; pict. 9). 
For the actual study, the first sampling technique was used (Underwood, 1970). 

2.1 PARAMETER GENERATION 

The program MVIDHIS reads the picture row by row from the storage tape (512 
pixels) and evaluates, among other parameters, 
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Point density (P), the number of sampling points falling on ice particles over the 
total number of pixels. 
Line intersects (PL), the number of transitions void-ice and ice-void over the num
ber of pixels per line. 
The grain intercept lengths (L~), the distances between void-ice and ice-void tran
sitions. 
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The void intercept lengths (Ln, the distance between ice-void and void-ice tran
sitions. 

The corresponding parameter distributions per line and over all lines (512) are com
puted. Thus a set of over 20 parameters (mean, variance, minimum, and maximum) 
and characteristic for each snow sample is generated. 

(\J 

LL 

'9 
If) 

Ul '9 
:; 61 
a: . 
I 6) 

a: 
0 
t
u 
a: 61 
lL lfl 

(I") 

LL 

61 
'9 

61 
'9 

IS 
If) 

Ul 5 
:; 61 
a: . 

I 61 
a: 
0 
I-
u 
a: 61 
lL lfl 

61 
'9 

Point density P (or the derived ice density), for instance, proves to be a very poor 

- l. !D~ 

z 
z 

x} 

.. 50 
FACTOA-AXIS Fl 

yst. 
.~ 

~.~ x 

- . 50 0. 0~ 
FACTOR-AXIS F2 

. 50 

•C 
x 

.50 

(\J 

x 
..... 
x 
z (IJ 

~ 

['.. lfl lO 

~ 
:;!' •• 

um .... 
[!] • '--' 

z ~(\J 
(.!) w (IJ 

/("'\ I- I 

\,W ((] a.. 
~ ::JW 

_J Ul a: LJ I 

> (9 (9 
.... (\J 

(I") 

x 
(\J 

x 
..... 
xm 
•• (\J 

z .. 
['.. ;;; ~ 
~ _; ~ 
u ~ ..... 

• \..J 

z ~(\J 
(.!) w (IJ 

(,0 :n ~ 
~ =::::: a: LJ I 

> ~ ~ 

Fig. 6: Vernagtferner core III, Col
le Gnifetti: Result of multivariate 
analysis in first factor plane (F 11 
F2). Cluster A: "Cold Snow" from 
Vernagtferner and Colle Gnifetti. 
Clusters E and C: Samples from 

Vernagtferner with ice lenses 

Fig. 7: Vernagtferner core III, Col
le Gnifetti: Result of multivariate 
analysis in second factor plane 
(F 2/F 3). Same scale as figure 6. 
Increasing point density is in di-

rection of F2 (Clusters C, E) 



Structural investigations of snow and ice on core III 57 

structural parameter, whereas the mean maximum line (grain) intercept length (Ltmax) 
easily reveals the samples with ice layers in the horizontal (scanning) direction 
(fig. 1, 5). 

A more complete discussion of the discriminant power of single parameters is 
given in section 4.1. 

3. MULTIVARIATE DATA ANALYSIS 

The n=47 analyzed snow samples span a p=20 (parameters) dimensional vector 
space. The discussion of similitude or dissimilitude of samples is simplified when 
choosing an orthogonal vector space. Here, Euclidian distances may be defined to 
describe "differences" between samples. 

The technique of factorial analysis (Cooley et al., 1973, Lebart and Fenelon, 1973, 
and other collections of mathematical subroutines) defines mutually orthogonal axes 
by selecting appropriate linear combinations of the p parameters (MFACTOR). Their 
importance decreases in the following order: 

Factor axis 1 (F 1 ), carrying 50 % of total variance, is spanned in the positive direc
tion mainly by PL and PLmax whereas in the negative direction the most important pa
rameters are L~, Lr and cr Lr. 

Factor axis 2 (F 2), increasing the variance by an additional 25 %, is spanned in the 
positive direction by point density (P, P max)· 

Factor axis 3 (F3), accounting for 11 % of total variance, is spanned in the positive 
direction by <Jp and <JpL, and in the negative direction by P min and L~min as most impor
tant parameters. The remaining 17 axes together are responsible for 14 % of total vari
ance only. 

Clustering techniques (Spaeth, 1975, Diday, 1974, and other collections of mathe
matical subroutines) have to show the structure of this p-dimensional vector space. 

The program MCLUST, an iterative clustering algorithm, finds similar samples. 
Because any final clustering is strongly dependent on initial conditions, the final num
ber of clusters is not entered at the start but determined by the program MSIGPLOT. 

4. DISCUSSION OF RESULTS 

4.1 RESULTS OBTAINED WITH SING LE PARAMETERS 

4.1.1 POINT DENSITY (P, CTp, Pmin) 

The number of sampling points in ice divided by the total number of sampling 
points, corrected by the density of pure ice, is a good estimate of water equivalent 
stored. The image analysis method yields an ice density that is within 7 .5 %0 the 
same as the one obtained by gravimetric evaluation (p1 = 0.522 ± 0.034 x 103 kg m - 3, 

fig. 1). 
Unfortunately, the structural information in this parameter is quasi null. For 

instance an individual at Z = 2.35 m and a disturbed sample at Z = 5.87 m show the 
same density (Appendix table 1, pict. 1, pict. 8). 

The same holds true for the variance of point density ( crp). There is one individual, 
however, emerging from the noisy curve, i. e. the one with the most important horizon-
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tal ice layer, located at Z = 3. 73 m (pict. 3). The minimum of point density (P min) has its 
lowest value with the damaged sample from a depth of Z= 5.87 m (pict. 8). 

Except for really extreme samples, the density does not help any further in classify
ing the snow samples. 

4.1.2 STEREOLOGICAL PARAMETERS 

Two examples, one with a rather smooth curve (mean line intersects Pb fig. 4) and 
the other with sharp peaks (mean, maximum line intercept length L~max' fig. 5) are dis-
cussed. · 

The steady decrease in the number of void-ice, ice-void transitions, a kind of grain 
coarsening with increasing depth, is exemplified in fig. 4. The three samples with more 
than 7 transitions per 100 pixels represent the fine grained snow we would like to call 
"cold snow". 

Like all the other sampling parameters, the line intercept length (L~) is computed 
on a per line basis. Here, the maximum for each line is evaluated and the mean over all 
512 lines computed. The mean maximum line intercept length (fig. 5) is a rough 
approximation of grain diameter. This parameter sharply points out the four samples 
with ice lenses located respectively at Z=3.73 m, 3.98 m, 4.54 m, 4.75 m, and the 
coarse grained snow around 6 m. 

4.2 MULTI PARAMETER DISCUSSION 

Fig. 6 displays, in the first factor plane (F 1/F 2), with the first axis normalized to 
one, and fig. 7, in the second factor plane (F 2/F 3), scaled to F 1, the distribution of 
individuals in 10 clusters. 

The cluster algorithm in program MCLUST was asked to produce stable configura
tions grouping all individuals in 3, 4, and 5 clusters respectively. From N runs, given 
configurations are found n3 times for three clusters (n3/N = .82), n4 times for four clus
ters (n4/N = 1.0), and n5 times for five clusters (n5/N = .82). These are the most fre
quently occurring configurations and therefore considered to be stable. The intersec
tion of these three stable situations yields the 10 clusters of fig. 6 and 7. 

Intersection emphasizes single individuals with peculiar characteristics like the 
individual of cluster C, with largest ice lenses, the disturbed sample of cluster H 
(Z = 5.87 m) and the transition individual of cluster J that deserves a special discussion 
(see sect. 4.3). 

The three firn/ice samples from Z= 19.17 m (pict. 10), 21.48 m, and 22.75 m 
(pi~t. 11) would be way out of the upper left corner in the F 1/F2 diagramm (see 
sect. 3). In order to show the complexity and the variability of the analyzed snow sam
ples, the individuals nearest to their respective center of cluster are given as illustrative 
pictures (pict. 1, ... 9). They are computer outputs of the corresponding thin sections 
and represent, by their 512 x 512 pixels, an area of roughly 2 x 2 cm2 • Ice is black and 
voids are white. 

4.3 COMPARISON OF SAMPLES FROM VERNAGTFERNER AND COLLE GNIFETTI 

In a previous study (Schotterer et al., 1978), given samples from Colle Gnifetti, 
Monte Rosa, Switzerland, at an altitude of 4450 m a. s. 1., could be identified to stem 
from snow layers deposited in winter and having not undergone subsequent 
melt-freeze metamorphism. These samples (pict. 1.1) easily fit in the same factorial 
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space and are located at the extreme right of cluster A. This suggests similar conditions 
for the three samples at Z = 2.35 m, 2.57 m, and 3.04 m, whereas the sample from 
2.81 m is easily rejected into cluster B. In fact, individual G NI 28 (cluster J) seems to 
mark the transition between "cold snow" and snow that has undergone firnification 
processes. Meltwater must have been present, at least partially, in the "cold snow" 
layer on Vernagtferner, however. In the sample from Z=2.35 m (pict. 1), a "percola
tion path" (ice stalk [Oerter, 1981, p. 9]) is visible near the left border. 

4.4 COMPARISON OF SAMPLES FROM VERNAGTFERNER WITH LATE SPRING FIRN 

One cluster was left out in the discussion so far, the 12 individuals forming clus
ter I. The samples were taken at the testsite on Weissfluhjoch/Davos, Switzerland, at 
an altitude of 2600 ma. s. l. on June 10, 1981. It is a late spring snow having undergone 
several melt-freeze cycles in the firnification process (pict. 9). 

The density of these samples and the size of the grains are comparable to the ones 
of the sample from Z= 5.61 m of cluster G (pict. 7). 

The differences lie in the shape and the complexity (topology) of the grains. In the 
samples from cluster G, besides the rounded grains, grains bounded by sharp edges 
and plane faces are present. The latter might be artifacts as stated previously (see 
sect. 1) and due to closed pores not protected by the organic filler. 

Besides this comparison of shape, the representativity of thin sections from coarse 
grained snow was tested. 12 serial cuts, spaced 250 µm, were prepared from the same 
snow sample. The very close gathering of all 12 individuals in cluster I (fig. 6) and the 
shape of density curve (fig. 8) confirm the feasibility of a comparative study. The vari
ance in point density for several samples from the same spot of the snowcover is there
fore estimated to be half the variance of all samples analysed. One such sample point 
is tentatively reported in fig. 1 for the individual at Z = 5.61 m. 

5. CONCLUSION 

Temperate firn does not reveal a stratification that may be found by geometric 
analyses. Anomalies, strongly shape related characteristics, and artefacts, however, are 
detectable by image analyzing procedures and careful numerical treatment of the 
results. One of these anomalies, the "cold snow" type layer with the samples at 
Z = 2.35 m, 2.57 m, and 3.04 m might be of snow from winter 1977178 and protected by 
the subsequent snowfalls during the cold and wet summer 1978. (In fact, the snow 
cover lasted on the testsite Weissfluhjoch until August 7, 1978, the latest date for the 
last 40 years.) 

The immersion technique, developed for snow with densities below 
0.4 x 103 kg m -3, is not able to fully protect firn or ice samples. In spite of the careful 
analysis, some results may have a slight bias. 
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Table 1: Vernagtferner: Parameters of 21 samples from core III 

Line 1: Label, depth Z in m 
Line 2: Point density 
Line 3: Line intersects 
Line 4: Grain intercept length 
Line 5: Void intercept length 
Rows: Mean, variance, minimum, maximum 

Vernagt I b 2.35 

0.55167 7.35456 E-02 0.32227 0.72266 
8.57010 E-02 9.57007 E-03 6.05469 E-02 0.11328 

12.983 2.3538 7.4615 19.889 
10.644 2.2003 6.0417 21.250 

2 Vernagt 2c 3.36 

0.54661 8.08035 E-02 0.29102 0.74414 
5.80940 E-02 8.10766E-03 3 .12500 E-02 8.59375 E-02 

19.191 3.9976 10.294 43.250 
15.931 3.8761 7.8235 30.250 

3 Vernagt 3 a 3.43 
0.50497 8.49703 E-02 0.31250 0.67383 
6.31142 E-02 9.89751 E-03 3.90625 E-02 9.57031 E-02 

16.090 2.6473 10.565 24.909 
16.385 4.7389 8.7895 30.500 

4 Vernagt 3c 3.98 

0.60580 0.10525 0.38281 0.93750 
5.59387 E-02 1.15590E-02 1.17187 E-02 8.39844 E-02 

25.114 20.879 11.211 160.00 
14.183 3.2431 6.5000 25.700 

5 Vernagt 5b 4.97 

0.57712 8.43730 E-02 0.35352 0.76367 
5.06592 E-02 7 .64540 E-03 3.32031 E-02 8.00781 E-02 

23.609 5.1656 13.176 45.000 
16.924 4.6235 8.0625 36.778 

6 Vernagt 4b 4.33 

0.57009 6.96316 E-02 0.39648 0.73633 
6.22368 E-02 8.55838 E-03 3.90625 E-02 8.98437 E-02 

18.899 4.1542 11.783 37.600 
13.925 2.7128 7.5789 23.231 

7 Vernagt 4c 4.54 

0.65269 9.08054 E-02 0.44336 0.92969 
5.05714E-02 9.89023 E-03 1.95312 E-02 7.61719E-02 
27.532 10.475 14.474 86.400 
13.954 3.7258 5.0000 26.889 

8 Vernagt 5a 4.75 

0.62524 0.10680 0.36719 0.91016 
5.00946 E-02 I. 03410 E-02 1.36719 E-02 7.61719E-02 

27.091 13.131 12.500 147.33 
15.277 4.2757 5.3000 31.900 
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9 Vernagt Sc 5.18 

0.55738 8.21524 E-02 0.34570 0.73242 
4.86145 E-02 7 .50342 E-03 2.92969 E-02 6.83594 E-02 

23.298 4.0814 15.706 39.000 
18.857 5.4723 10.250 41.000 

10 Vernagt 6a 5.39 
0.54369 9.15857 E-02 0.25391 0.79883 
4.36516 E-02 9.18637 E-03 1.17187 E-02 6.83594 E-02 

26.081 7.2405 12.333 58.000 
22.328 10.197 9.7500 125.00 

11 Vernagt 6b 5.61 
0.54206 6.64795 E-02 0.39258 0.72266 
4.14505 E-02 8.40031 E-03 1.95312 E-02 7.03125E-02 

27.147 7.4773 15.111 59.800 
23.500 6.8205 10.563 47.000 

12 Vernagt 7b 6.26 
0.58291 7.88109E-02 0.41016 0.76953 
4.03061 E-02 6.55307 E-03 1.36719 E-02 5.85937 E-02 

29.955 7.4216 17.200 120.00 
21.262 5.8639 10.333 40.429 

13 Vernagt 1 c 2.57 
0.55832 8.43047 E-02 0.28125 0.77930 
8.37784 E-02 1.04736 E-02 4.29687 E-02 0.11133 

13.419 2.4508 8.2105 23.143 
10.862 3.2329 5.8571 33.091 

14 Vernagt 2a 2.81 
0.59691 8.71364E-02 0.35352 0.80273 
5.72281 E-02 8.47423 E-03 2.73437 E-02 8.39844 E-02 
21.287 5.1047 9.5455 41.222 
14.498 3.9164 7.5000 35.429 

15 Vernagt 7a 6.05 
0.58195 0.12209 0.23828 0.89062 
3.78494E-02 8.12285E-03 1.17187 E-02 6.64062 E-02 

32.322 13.849 13.200 114.00 
23.562 9.2947 7.8000 59.000 

16 Vernagt 4a, V 4 4.20 
0.59284 6.47056 E-02 0.42578 0.78320 
6.28281 E-02 1.07740 E-02 3.51562E-02 8.78906 E-02 

19.666 5.1304 11.450 36.455 
13.248 2.6976 8.4286 26.222 

17 F3BV2 NEG6 3.73 
0.55530 0.14366 0.29297 0.90039 
4.15611 E-02 1.17223 E-02 9.76562 E-03 6.83594 E-02 

34.332 32.611 12.188 221.00 
21.855 7.2925 9.3333 49.286 

18 F3BV3 NEG8 3.76 
0.50328 7 .86871 E-02 0.28711 0.66405 
4.54597 E-02 7 .60731 E-03 2.53906 E-02 6.64062 E-02 

22.384 4.4287 12.200 35.750 
23.011 6.7237 11.467 60.333 
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19 F6CV2NEG1 5.87 
0.55634 0.11417 0.15234 0.77148 
3.85742 E-02 9.91395 E-03 1.56250 E-02 7.42187 E-02 

30.201 8.3813 9.3333 60.400 
25.448 13.848 11.789 107.75 

20 F6CV3NEG1 5.90 
0.60746 8. 72063 E-02 0.39258 0.79883 
4. 72450 E-02 8.18882 E-03 2.73437 E-02 7 .22656 E-02 

26.911 6.6370 13.733 56.000 
16.923 4.6288 7.9231 32.556 

21 F2BV2 NEGl 3.04 
0.53530 7 .06453 E-02 0.31836 0.73242 
7.67479 E-02 8.47544 E-03 4.88281 E-02 9.76562 E-02 

14.146 2.6949 8.9565 24.571 
12.271 2.4413 7.0000 29.000 
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ALPS, AUSTRIA) FROM 1974 TO 1982 
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SUMMARY 

From 1974 to 1982 repeated tracer tests using fluorescent dyes were carried out in the highly 
glaciated drainage basin of Vernagtbach. These tests enabled the quantitative determination of 
the runoff in the forefield of the Vernagtferner, the calculation of travel times of the stream water 
and estimations of the relative contributions to the entire runoff originating from individual 
streams. In addition, tracer tests were carried out in the firn area of the glacier resulting in data 
concerning the storage and travel time of meltwater inside the glacier. 

ERGEBNISSE VON MARKIERUNGSVERSUCHEN MIT FLUORESZENZFARBSTOFFEN 
AM VERNAGTFERNER (ÖTZTALER ALPEN, ÖSTERREICH) IN DEN JAHREN 1974 BIS 

1982 

ZUSAMMENFASSUNG 

Im stark vergletscherten Einzugsgebiet des Vernagtbachs (Ötztaler Alpen, Österreich) wurden 
in den Jahren 1974 bis 1982 mehrfach Markierungsversuche mit Hilfe von Fluoreszenzfarbstoffen 
durchgeführt. Mit diesem Hilfsmittel konnten der Abfluß im Vorfeld des Vernagtferners mengen
mäßig bestimmt, Fließzeiten des Bachwassers errechnet und die Abflußanteile einzelner Bäche 
am Gesamtabfluß abgeschätzt werden. Außerdem wurden im Firngebiet des Gletschers Markie
rungsversuche durchgeführt, die Aussagen über die Fließzeit des Schmelzwassers im Gletscher 
erbrachten. 

1. INTRODUCTION 

Tue Alpine glaciers are natural hydrological reservoirs of unique character. In the 
glacierized Alpine regions precipitation is accumulated mainly during the winter 
months from October until April. Only in the months of May through September can 
precipitation partially melt and thus run off. The portion of the precipitation that does 
not melt contributes to the regeneration of glacier substance, is thus withdrawn from 
the water circulation for decades and will only melt when the glacier movement again 
carries it to the glacier surface. Tue natural control of this storage system is achieved in 
the following way: While in hot and dry spells the discharge of Alpine streams and 
rivers in unglacierized basins decreases, the melt on the glaciers reaches its maximum 
and so contributes ideally to an increase of the stream flow. lt is therefore of interest to 
examine the runoff regime in and from glaciers. Tue aim of such an investigation is to 
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quantitatively determine the runoff in glaciers and to obtain information on travel 
paths and travel times of meltwater in the glacier itself. Useful tools for this purpose 
are tracers, e. g. fluorescent dyes (Behrens, 1971 a and b ). This paper comprehensively 
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Fig. 1: Map of the drainage basin of Rofenache in the Oetztal Alps (Austria) 

describes the tracer tests on the Vernagtferner and in its forefield in the Oetztal Alps 
(fig. 1) from 197 4 to 1982. These results were partially used to form a model of the gla
cial runoff as described by Oerter et al. (1981) and Baker et al. (1982). 

Tracer tests with fluorescent dyes in the Alpine area are also reported, for example, 
from Hintereisfemer in the Oetztal Alps (Ambach et al., 1974; Behrens et al., 1971 and 
1976), from Kesselwandferner in the Oetztal Alps (Ambach and Eisner, 1979) (fig. 1), 
from Pasterze (Glockner Mountains, Austria) (Ramspacher, 1981) and from Großer 
Aletschgletscher in the Berne Alps, Switzerland (Lang et al., 1979). 

2. THE AREA OF INVESTIGATION AND THE RUNOFF 
IN THE GLACIER 

The area of investigation is mainly the drainage basin of the Vernagtbach (Oetztal 
Alps) with special consideration directed to the drainage basin of the gauge station 
Vernagtbach (Ab= 11.44 km2, 81 % glacierized) including the Vernagtferner 
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95 
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.,,,."' boundary of the 

46 ,... drainage basin 
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0 1000m 
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Fig. 2: Map of the area of investigation showing the injection points on the glacier (black quads, 
with dates) and within the glacial forefield (indicated by J) as well as the sampling points (indicat
ed by S). The sampling point S 4 is located near the meeting of Vernagtbach with Rofenache (see 
fig. 1). Tue letters A/C, D till Gare marking streams in the glacial forefield. Also are shown the 
boundary of the drainage basin of the stream gauge "Pegelstation Vernagtbach", covering an area 

of 11.44 km2, 81 % of which is glacierized 

(Ag= 9.30 km2
). Figure 2 shows an outline map of the area being investigated indicat

ing the location of the gauge station Vernagtbach (Bergmann and Reinwarth, 1976) 
which served as central sampling station and logistic base with an automatic sampler 
since 1978, as well as the position of tracer injection points and further sampling 
points. The streams in the area of investigation are distinguished by high hydraulic 
gradient and strong turbulence - two good prerequisites for uniform mixing of tracer 
and stream water. 

Like all glaciers in the Eastern Alps the Vernagtferner is temperate. Thus during 
the ablation season water exists both in liquid and in solid phase in the glacier at the 
same time, so that the meltwater permeates the porous snow and firn without refreez-
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ing. In each ablation season, as this water reaches the impermeable ice below, a water 
saturated firn layer develops, the so called firn aquifer (Oerter, 1981). Tue meltwater in 
this water saturated layer runs off until it reaches an intraglacial drainage system and 
finally emerges in the stream at the glaciers terminus. Meltwater originating in the 
snow free area runs off directly over the ice surface and reaches intraglacial pipes 
through crevasses or moulins. From there it flows to the glacier bottom and then col
lects in the glacial stream. 

3. METHODS OF INVESTIGATION 

The tracer tests described here were performed with fluorescent dyes as tracers. 
Using the tracer dilution method to calculate the runoff in an open channel, the dis
charge Q is obtained after an instantaneous tracer injection through 

M 
Q=-t2--

I c dt 
t1 

M = injected amount of tracer 
c = concentration of tracer in the channel 
ti. t2 = limits of a time span in which the tracer passes the detection site 

by first determining the integral of the tracer hydrograph. In an experiment this inte
gral can be obtained very easily if a sample collected at a constant rate covers the 
whole period of the passage of the tracer (Behrens, 1971 a and 1980). 

The runoff can also be measured by injecting the tracer over a Ionger period at a 
constant rate into the channels so that over a period of time there is a steady tracer dis
tribution ( continuous injection). Tue runoff is then calculated by 

C· q· 
Q=-'-' 

ci = concentration of the tracer solution 
c = concentration of the tracer in the channel 
qi = injection rate of the tracer solution 

c 

with the condition that qi is very small in comparison to Q. 
The applicability of this method of runoff measurement depends on a complete 

distribution of the tracer over the entire section of the stream; applicability criteria 
therefore are the same values of the concentration-time integral at all points along the 
cross section of the stream at the sampling site in the case of instantaneous injection or 
an even tracer distribution along this cross section ( during the phase of steady tracer 
concentration) in the case of continuous tracer injection. In addition, the tracers must 
be conservative, i. e. they may not be lost to a measurable degree through adsorption, 
decay by light or other means. With unsteady state flows, as they occur in the runoff 
from glaciers with Iarge diurnal variations, the requirements for the measuring of 
stream flow using tracers are not always met. However, this can be compensated for by 
additional measurements with a second tracer (Behrens, 1971 a). Travel times are 
determined with tracers over specific travel paths by instantaneously injecting the 
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tracer substance at the start of this path and by registering its concentration in the 
water at the end points of each section of measurement in relation to the time of mea
surement. The mean travel time coincides with the centroid of the tracer hydrograph. 

lt is advisable to examine the tracer-concentration of the extracted samples in the 
laboratory. Spectral fluorimetric measurements are desireable especially when using 
several tracers at the same time (Behrens, 1971 b, 1973). The detection limit for the 
used fluorescent dyes is of the order of 10-4 to 10-5 g/m3• 

4. TRACER TESTS ON RUNOFF BEHAVIOUR IN THE GLACIAL 
FOREFIELD 

4.1 EXECUTION OF TEST 

Table 1 shows a summary of tracer experiments on runoff carried out in the glacial 
forefield from 1974 to 1982 including date and location of the tracer injection and the 
location of sampling (fig. 2), the method of injection (instantaneous or continuous 
injection) as weil as the kind and amount of the tracer used. The purposes of each test 
are also indicated. Often several conclusions can be drawn from one tracer test. 

4.2 RESULTS 

4.2.l RUNOFF MEASUREMENTS 

Samples taken for control purposes approximately 50 m below the injection point 
J 1 (fig. 2) proved that an even cross sectional distribution of the tracer had been given 
for the stream already after this short distance. A double runoff measurement (tab. 1, 
no. 6 and 7), in which one tracer had to travel approximately 3 km and another only 
200 m showed that a possible adsorption of the tracer can be excluded. The runoff 

Q 

3,0 

2,5 

2,0 

1,5 

8 

[m3/s] 
+ tracer dilution 

+ +++++ + - current meter 

./~++ 
·;- ~· + 

- recorded hydrograph 

- -'---\ + 

-~. + + + + + 

-~ 

-·~ 
time [h] 

12 16 20 24 8 12 16 20 

7/ 24/75 1 7/25/75 
Fig. 3: Discharge at the gauge station Vernagtbach on July 24 and 25, 1975: Results of measure
ments by the dye-dilution method and by current meter. In addition the figure shows the hydro

graph calculated with the aid of the water-stage record and current meter calibration 
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values calculated differed only by 0.06 m3/s and were thus within the experimental 
error of ± 3 % (see fig. 5). 

Table 2: Stream flow measurement at the gauge station Vernagtbach: Results of single measure-
ments by the tracer dilution method compared with measurements by the current meter, as weil as 
with the water stage record (in 1976 hourly mean values). The numbers of the measurements refer 
to those in table 1. The streamflow values given for experiment no. 8 are mean values over 

36 hours (fig. 3) 

stream flow (m3 s- 1) determined by 

date hours 
water 

no. tracer current stage 
dilution meter record 

6.6. 1974 15.30 2 0.813 
16.00 0.811 
16.20 3 0.816 

7.6. 1974 9.35 0.480 
10.00 4 0.470 

26. 7. 1974 18.15 1 1.00 0.990 
23.9. 1974 14.45 5 0.360 

22. 7. 1975 11.00 6 1.46 1.36 
12.00 1.49 1.42 
13.00 1.50 1.51 1.42 
14.00 1.60 1.45 
14.30 1.65 
15.00 1.74 

24. 7. 1975 8.00- 8 2.24 2.07 2.10 
25. 7. 1975 20.00 

23. 7. 1976 10.45 10 1.88 
10.00-11.00 1.80 

16.30 11 1.97 
16.00-17 .00 1.60 

The comparison of the runoff values in table 2 shows a satisfactory conformity 
considering the terrain, and thus proves the above described tracer dilution method to 
be appropriate for alpine streams. Figure 3 shows an example of a 36-hour runoff mea
surement on 24th and 25th of July 1975 (table 1, no. 8). The values determined by the 
tracer dilution method were slightly higher (by an average of 8 % over 36 hours) than 
those gained by the current meter. 

4.2.2 TRA VEL TIMES 

Figure 4 shows two examples of the concentration-time distribution of the tracer in 
the runoff at the gauge station after an instantaneous tracer injection into Gletscher
mittelbach. Individual samples as well as 10 minute averages were used. As the runoff 
changed only slightly during the period of observation the change of concentration is 
assumed to be equal to the change of the tracer load. The mean travel time of tracer 
from injection point J 3 down to the gauge station was approximately 79 min., from 
sampling point S 7 down to the gauge station approximately 27 min. Table 3 shows the 
average travel times of the remaining travel distance of the Vernagtbach until it meets 
the Rofenache. A mean travel velocity ( quotient of stream length and travel time) of 
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approximately 0.8 m/s is determined for the runoff in the glacial forefield. Apparently, 
under these runoff conditions, the meltwater has a mean travel time of approximately 
0.5 hours from leaving the glacier till reaching the gauge station (average distance 
1.3 km); higher runoff has slightly shorter travel time. The tests in Gletschermittelbach 
showed that the subglacial runoff occurred more slowly. Extrapolating for the snow 
free ice area in summer, the travel time of the ice meltwater should not exceed 2 hours 
in the subglacial channels. 

Table 3: Travel times to or from the gauge station Vernagtbach in the streams of the glacial fore
field or in the Vernagtbach, respectively. (Tue altitude and distance data are derived from maps 
1 : l 0 000 or 1 : 25 000.) For the location of the different points see figure l and 2. Qva = stream 

flow at the gauge station Vernagtbach during the time of experiment 

travel 
mean stream 

location altitude distance 
mean 

travel flow slope time velocity Qva 
(m a.s. l.) (m) (%) (min) (m/s) (m2/s) 

J 3 (Gletschermittelbach) 2950 2100 15 79 0.45 l.25 
S 7 (near glacier tongue) 2730 900 10 27 0.55 l.25 
gauge station 2640 
S 2 (Guslarbach) 2550 650 14 13 0.83 1.5 
S3 2500 1050 13 18 0.97 1.5 
S 4 (near Rofenache) 2130 3000 17 63 0.80 1.5 
Vent/Rofenache 1904 8000 9 96 1.38 2.91 

81 l.63 4.91 

Table 4: Stream flow measurement in the forefield of Vernagtferner on July 7, 1975 

sampling point 
time stream flow 

(h ·min) (m3/s) 

S5 10.30 0.24 
16.10 0.26 

S6 10.30 1.12 
16.15 1.13 

Pst. VB 10.45 l.88 
16.30 l.97 

4.2.3 RUNOFF COMPONENTS 

In order to evaluate the contribution of various sub-basins, experiments were car
ried out in the years 1975 and 1976, at times with a decreasing discharge hydrograph, 
i. e. at times with a neglegible production of meltwater on the glacier. At the lowest 
measuring point S 4, the following composition is obtained for July 22nd, 1975 at 
13.00: 52 % originate from the drainage basin of the gauge station Vernagtbach 
(including the Vernagtferner), 6 % travel to the Vernagtbach between the gauge station 
and the junction with Guslarbach; the Guslarbach (including the main portion of the 
Guslarferner) contributes 20 % to the entire runoff and further 20 % originate from the 
remaining drainage basin of the lower Vernagtbach (fig. 5). Table 4 demonstrates that 
on July 23rd, 1976 the western tributaries A/C and D (fig. 2) contributed 40 % to the 
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Fig. 4: Tracer experiment "Gletschermittelbach" on July 26, 1975: Concentration-time distribu
tions of the tracer at the sampling point S 7 (a) and at the gauge station Vernagtbach (b). The tra
vel times calculated from the centroid of the distribution curves are also shown in the figure. For 

location details see fig. 2 

total glacial runoff, whereas the eastem tributaries as well as the streams E and F, situ
ated in the middle of the glacial forefield, contributes 13 % of the stream flow at the 
gauge station Vemagtbach. 

The comparison of the tracer concentrations in fig. 4 shows that the runoff in 
stream D amounts to approximetely 10 % of the runoff at the gauge station. 
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Q [m3/s] 

3 ~P4 

P3 

2 

continuous trocer injection time [h] 

10 11 12 13 14 15 16 

7/22/1975 
Fig. 5: Stream flow measurement Vernagtbach on July 22, 1975. Stream flow at the sampling 
points S 2, S 3 and S 4 (fig. 2) as well as at the gauge station Vernagtbach. -- recorded hydro
graph, 0--0 continuous tracer injection, ® single measurement by instantaneous injection 

5. TRACER TESTS IN THE FIRN AREA 

5.1 EXECUTION OF THE TESTS 

The tracer experiments performed in the firn area of Vernagtferner from 1976 to 
1982 are summarized in table 5, the locations of the tracer injection points are shown 
in fig. 2. Tue sampling site was in all cases the gauge station Vernagtbach. 

In the experiment of 1974 fluorescent dye was laid out on the glacier surface in a 
flat area below Taschachjoch in the northern part of the glacier, where most of the 
investigations on the firn aquifer have been concentrated. 

An additional experiment was carried out in 1975 in the western region of the gla
cier below the peak Schwarzwandspitze. Because of intense solar radiation and asso
ciated large amounts of meltwater during the lay out period relatively rapid infiltration 
of the dye into the snow could be observed. 

During the tracer test in 1977, again located in the flat area below the Taschach
joch, the tracer was injected into the firn aquifer through 4 boreholes. Tue boreholes 
had depths of between 18.7 and 24.3 m. After completion of the boreholes, shortly 
before tracer injection, the water level was between 18.5 and 21.9 m below the glacier 
surface. 

In 1978, at about the same location as in 1977, Uranin disodium salt of fluores
ceine was injected into two boreholes ( depth 17 .5 m, water level 17 m below the glacier 
surface ), and at the same time, 50 m eastwards Rhodamin B was evenly poured over 
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Fig. 6: Tracer experiments Vernagtferner 1974 and 1975: Hydrographs of tracer concentration, 
stream flow and tracer load at the gauge station Vernagtbach referring to the tracer injections 
(dye laid out on the firn surface) in 1974 beneath Taschachjoch (a) and 1975 beneath 

Schwarzwandspitze (b) (fig. 2) 
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10 x 10 m2 of the surface. Light snow fall set in while laying out the dye. In the course 
of night the dye mark was completely covered by fresh fallen snow. 

In 1982 a place in the lower part of the firn area, about 100 m above the transient 
snow line of August, was chosen for a simultaneous lay out of two different dyes, Ura
nin and Rhodamin B. Uranin was much better dissolved in water than Rhodamin B 
and penetrated very quickly into the firn, whereas a larger amount of Rhodamin B 
remained on the surface and was weil visible for several days. (The behaviour of Rhod
amin B was quite similar in 1978, during the marking at Taschachjoch.) 

5.2 RESULTS 

5.2.l THE TRACER HYDROGRAPH 

In 1974 the Uranin showed up at the gauge station for the first time 7 days after the 
dye lay out at the Taschachjoch (fig. 6). After further 5 days the maximum of the tracer 
load passed the gauge station (the tracer load equals the product of tracer concentra
tion times stream flow). The tracer output during the period of observation can only be 
estimated roughly as the sampling was interrupted after August 15th. lt was 2-3 kg, 
respectively 10-15 % of the amount of tracer laid out on the glacier surface. 

In 1975 the tracer was already evident at the gauge station on the third day after 
injection below Schwarzwandspitze (fig. 6). After 3 more days a first maximum of the 
tracer load was observed and 5 days after the first evidence, the tracer load started to 
decline rapidly again. From August 22nd onwards the Eosin concentration sunk below 
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Fig. 7: Tracer experiment Vernagtferner 1977: Hydrograph ofthe tracer load, summation curve of 
the recovered tracer and the discharge hydrograph at the gauge station Vernagtbach. Tue tracer 

had been injected into boreholes beneath Taschachjoch (fig. 2) 
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the detection limit. The amount of tracer detected before August 22nd was 7.5-8 kg 
or 37-40 % of the total injection. 

The hydrograph of the tracer load in 1977 (fig. 7) is characterized by two maxima. 
The first maximum appears 4 days after the first tracer evidence, altogether 21 days 
after tracer injection into the boreholes. The second increase of tracer load starts with 
a delay of 4 days after a distinctive increase of stream flow and leads to a second maxi
mum after further 5 days. 

In 1978 the hydrograph of the Uranin load (tracer injection into a borehole) shows 
a significant maximum 7 days after tracer injection (fig. 8) which cannot be correlated 
with a maximum of meltwater production or runoff. On the contrary, the main peak 
with its rising branch occurs synchronously with a large decrease of the firn water 
table hydrograph and the reduction of the firn aquifer (Oerter et al., 1981). This proves 
that the glacier discharges water although there is no significant production of meltwa
ter on the glacier surface at the same time. The hydrograph of the tracer load shows 
another peak from 24th to 28th September 1978. Here, however, the tracer load only 
made up 1/10 of the main peak. A very high tracer output of 81 % was achieved in this 
tracer experiment. 

The hydrograph of the Rhodamin B load shows no significant peak after a dye lay 
out on the glacier surface. After the dye had been laid out, it was covered by fresh 
snow and the ablation in the area of this tracer injection was interrupted for at least 
7 days due to bad weather. Taking August 16th, 1978 (1 day after the runoff minimum) 
as the recommencement of the firn ablation and thereby as the beginning of the per
meation of the meltwater, 8 days go by until the tracer first arrives at the gauge station 
Vernagtbach. By comparison to the Uranin load hydrograph, it takes the water at least 
3 days to reach the gauging station after entering the firn aquifer and further 5 days 
remain for the flow path through the 20 m thick water unsaturated firn. This corr
sponds to a travel velocity of 4 m/ d. 

In 1982, one day after the tracer injection, one could see green and red coloured 
meltwater flowing out of the firn like a seepage spring along the firn line. The water 
saturated firn above was also coloured, but only over that short distance where its 
depth above the ice was so small (10-25 cm) that it had become water saturated. The 
flow path of the meltwater in small channels on the ice surface was clearly marked 
southwards over a distance of about 400 m. 

The tracer hydrographs of Uranin and Rhodamin B (fig. 9) display maxima and 
minima at approximately the same times. Only the shape of the summation curves dif
fer for the two tracers. The load of Uranin is up to one order of magnitude greater than 
that of Rhodamin B, although the quantity of Rhodamin B inject in the firn had been 
5 kg, and the quantity of Uranin only 2 kg. Due to the different tracer loads also the 
total tracer output is very different for both tracers, 75 % of the injected Uranin, and 
only 10 % of Rhodamin B. 

The small load of Rhodamin B may be explained by the fact that it was much less 
dissolved when being sprinkled on the glacier surface than Uranin. Because it was 
only gradually dissolved by the meltwater we cannot consider this an instantaneous 
injection. lt became a continuing injection, with a decreasing injection rate, and the 
tracer output followed the diurnal variations of the meltwater production and runoff. 
Also, losses by adsorption of the tracer may have occurred along the flow path from 
the marking to the sampling point. Surely reversible adsorption of Rhodamin B at the 
morainic bed materials takes place to a certain extent, which results in a retardation of 
the tracer flow. 



80 

15 

c 
0 

[rng/s]I 

10 ~ 
!;" 

a 

---· 
/ 

H. Behrens, H. Oerter and 0. Reinwarth 

[mg/sl 
Uranin [%] 15 

1 

- - ~U.l'!!!)]'?\!21J~~V~ · - · 80 

60 
10 

40 
5 

20 

0 (J 

[rng/sl 

4 

Rhodam i11 B 3 

[%) 2 
1 20 

10 

c 
0 

"' ~ 
"' _g 

~ 
!;" 
„ 
_g 

b 

Rhorjrirnin B rA ·~ 
~ 1~! 
1 

'tlo 1 M~ 1~l\ ~0'0\f( o o, "l.J0 0J '-. o, 

0 '--'+'-'-+-f-+-+-+''--+--........-.......... ~"""""--- 0 0 /
o ~ o'o,,. ~ 

o-"'-o-o-o 

[ rn 3 / s) 

5 

4 

3 

2 

--r-1- -r-1·--r---t-1-:--i-1 - t ~. ~. 1 
15. 20. 25. 28. 

August 1982 

[rn3/s) 

6 

5 

4 

3 

2 

12.8. 

Fig. 9: Tracer experiment Vernagtferner 1982: Hydrographs of the tracer load and summation 
curves of the recovered tracer in comparison with the discharge hydrograph at the gauge station 
Vernagtbach during August 12 till 28 (a) andin more detail during the first four days after the tra
cer injection (b ). The hours with rainfall on the 13th are indicated by horizontal lines below the 
discharge hydrograph in part b of the figure. The amount of rainfall, indicated by vertical lines, 
was 9 mm during the first event andin total 1.7 mm during the following events. The dotted line 

show the estimated hydrograph without rainfall runoff 

In spite of the differences in the amount of the tracer load of Uranin and Rhoda
min B both tracer hydrographs show a synchronous course, with coinciding minima. 
Tue shape of the Uranin peak is more pointed than that of the Rhodamin B peak, so 
that the maxima coincide not so well as the minima. Calculating the location of the 
centroid of the tracer hydrographs (within the first 25 days after the tracer injection) 
one obtains 2.5 d for Uranin and 5.5 d for Rhodamin B. 

Discussing the temporal course of the tracer hydrograph (fig. 9 b) one recognizes 
that the minima appear mostly between 7 and 8 a. m. Tue increase of the tracer load 
starts together with the increase of the discharge. Due to the different shapes of the 
tracer peaks the maxima of Uranin appear earlier than the discharge maxima, whereas 
the maxima of the broader Rhodamin B peaks coincide in a better way with the stream 
flow maxima. lt seems as if the meltwater runoff on the ice surface comes to a stand
still during the night hours, and so also the transport of tracer. Tue meltwater and the 
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tracer percolating through the firn build up along the firnline, and a surge like tracer 
runoff occurs, when the melting starts again in the morning hours. 

In addition both tracer hydrographs show three more distinct peaks during the 
night hours from August 13th through 14th. Also the discharge hydrograph shows such 
a peak, which is due to rainfall runoff. Probably the rain water running off on the ice 
surface takes away the tracer still remaining there (lst and 2nd peak), and on the other 
hand the rain reactivated the percolation of tracer through the firn and the further run
off (3rd peak), till it comes again to a standstill after midnight. During this event once 
more the values of the tracer load diff er from each other whereas the maxima and min
ima of the two hydrographs occur at approximately the same times. 

5.2.2 DISCUSSION ON THE RESULTS OF THE TRACER EXPERIMENTS 

Tue comparison of the 5 tracer tests in the years 1974 to 1982 (tab. 5) does not give 
a very clear picture, and thus can only be interpreted with knowledge of the ablation 
conditions of each year. All marking points (fig. 2) are approximately 3.5 km away 
from the gauge station Vernagtbach. This means that from Schwarzwandspitze as well 
as from Taschachjoch the meltwater had to travel 2.2 km within the glacier and 1.3 km 
in the glacial forefield. 

Tue results of the dye lay out of 1975 and of the tracer injection into a borehole of 
1978 show a high degree of similarity. At the place of the tracer lay out below Schwarz
wandspitze the firn layer is only a few meters thick. Here the flow path through the 
unsaturated firn was short and the flow rate was almost the same as after a direct 
tracer injection into the firn aquifer. Due to the thin firn layer this tracer test beneath 
Schwarzwandspitze is not comparable with the other tracer experiments, when the 
tracer was laid out on the glacier surface in the upper firn area. 

Tue two dye lay outs at Taschachjoch have in common a small tracer load and a 
low recovery rate, both caused by the long vertical flow path in the water unsaturated 
firn. The dye was laid out at the beginning of a raise of the stream flow at the gauge 
station Vernagtbach in 1974, i. e. a period of ablation in the accumulation area. Hardly 
7 days passed until the first arrival of the tracer at the gauge station Vernagtbach and 
further 5 days until the passage of the maximum. These time periods correspond with 
those of the tracer experiment of 1978, when the interruption of the ablation at that 
time by snow fall is taken into consideration. Tue first tracer evidence occurred 8 days 
after the restart of ablation, the tracer maximum following after further 6 days. 

Tue results of the tracer injection into a borehole in 1977 can be compared to the 
other tests only with great difficulty. This is certainly due to the particularly bad abla
tion conditions of summer 1977. lt is possible that the dye injected in early summer -
before the onset of ablation - deposited itself in the injection boreholes and, as the 
firn aquifer had not yet developed, was diluted and deposited in the firn so much so 
that it no langer travelled through the glacier as a uniform tracer cloud. 

These tracer tests show that meltwater can run off from the firn area to the gauge 
station within a few days. A travel velocity of approximately 4 m/ d can be estimated 
for the flow path through the water unsaturated firn in the area below Taschachjoch 
(firn thickness approximetely 20 m). This travel velocity corresponds to the value of 
4.5-5 m/d which was derived from the changes of the firn water table (Oerter et al., 
1981). 

Proceeding on the assumption of an average travel time of 12 days for the distance 
from the glacier surface (below Taschachjoch) down to the gauge station, the water 
takes 7 days from reaching the firn water body to its arrival at the gauge station. 
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Assuming that the meltwater runs through the intraglacial runoff system to the gauge 
station Vernagtbach in a few hours, 7 days can be estimated as the mean travel time for 
the runoff in the firn aquifer. By means of the travel velocity one can calculate the dis
tance the meltwater is capable of passing through the firn aquifer within this time 
period. At a travel velocity of 6 m/ d (Oerter and Moser, 1982) the meltwater could 
have covered a distance of 42 m in 7 days. This distance appears very short, but agrees 
with the results of other tests (Oerter, 1981) according to which the firn aquifer must be 
drained in intervals between 50 and 90 m. Very short travel times in the firn aquifer 
also resulted from the evaluation of tracer tests at Aletschgletscher (Lang et al., 1979) 
and at Hintereisferner (Arnbach et al., 1974). 
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DIE ORTHOPHOTOKARTE VERNAGTFERNER 1979 

BESCHREIBUNG EINES KARTOGRAPHISCHEN PROJEKTS DER 
KOMMISSION FÜR GLAZIOLOGIE 

Von HERMANN RENTSCH, München 

Mit einer Kartenbeilage 

ZUSAMMENFASSUNG 

Zur Herstellung der Orthophotokarte Vernagtferner 1979, M 1 : 10000, wurden Meßbilder des 
Bildfluges „Hintereisferner 1979" verwendet. Sie eigneten sich gut für Orthoprojektion. Paß
punkte waren vor der Befliegung bestimmt worden. 

Die stereoskopische Auswertung von insgesamt neun Bildpaaren erfolgte an einem analyti
schen Auswertesystem. Durch den angeschlossenen Rechner wurden mit der Auswertung der 
Höhenlinien gleichzeitig die Steuerprofile für die Orthoprojektion (differentielle Entzerrung) 
gewonnen. Vier Meßbilder sollten entzerrt werden. Ein reibungsloser Datenfluß war gewährlei
stet, da zur Datengewinnung und Orthoprojektion der gleiche Steuerrechner zur Verfügung stand. 

Zwei Druckvorlagen wurden vorbereitet, eine für die Strichzeichnungen mit den Höhenli
nien, eine zweite für die Orthophotos als Grundrißdarstellung. Der Druck erfolgte für beide Vor
lagen in schwarz. 

Die Erfassung der Auswertedaten, die Gewinnung der Steuerprofile und das Verfahren der 
Orthoprojektion werden erläutert. Die Verwendung von direkt gezogenen Höhenlinien für die 
Karte wird begründet. Weitere Anwendungen, auch für abgeleitete Höhenlinien, werden vorge
stellt. Möglichkeiten zur Erzielung hoher Bildkontraste bei der Reproduktion sind auf geführt. 

ORTHOPHOTO MAP VERNAGTFERNER 1979 
DISCRIPTION OF A CARTOGRAPHIC PROJECT OF THE COMMISSION OF 

GLACIOLOGY 

SUMMARY 

For the production of the orthophoto map Vernagtferner 1979, scale 1: 10000, photographs 
of the flight "Hintereisferner 1979" were used, which have been found to be very suitable for dif
ferential rectification. Control points were determined before the flight took place. 

The processing of nine stereopairs was carried out on an analytical plotter. Simultaneously 
with the on-line plotting of the contour lines the reference data for the computation of the pro
files for the differential rectification were recorded. The orthophoto map was covered by four 
aerial photographs. A smooth data transfer was ensured because the same computer was used for 
the data acquisition and the differential rectification. 

Two printing originals were prepared, one for the outline drawings with contour lines and 
another for the orthophoto. The print was done in black for the two copies. 

The data acquisition, the computation of the scanning profiles for the othoprojector and the 
procedure of the differential rectification are described. The reason for the use of on-line drawn 
contour lines is explained. Further applications, also for digital contour lines, are introduced. 
Possibilities for the achievement of high photo quality during the reproduction are discussed. 
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ÜBERBLICK 

In der Jahressitzung 1980 der Kommission für Glaziologie der Bayerischen Akade
mie der Wissenschaften stellte Rüdiger Finsterwalder, Lehrstuhl für Kartographie und 
Reproduktionstechnik der TU München zur Fortführung der kartographischen Arbei
ten über den Vernagtferner (S. Finsterwalder, 1897; R. Finsterwalder, 1972 a) die Her
stellung einer Orthophotokarte zur Diskussion. Als Grundlage waren geeignete Meß
bilder des Bildfluges „Hintereisferner 1979" vom Bundesamt für Eich- und Vermes
sungswesen, Wien, und ein gut organisiertes Paßpunktnetz vorhanden. Der Vorschlag 
erhielt die Zustimmung der Kommissionsmitglieder. 

Für die einzelnen Arbeitsabschnitte ergaben sich günstige Voraussetzungen: 
Zur Messung des digitalen Geländemodells konnte ein modernes analytisches Aus
wertegerät benutzt werden. Präzision, Leistungsfähigkeit, Flexibilität und Wirt
schaftlichkeit sprechen für dieses Gerät. Analytische Auswertegeräte werden von 
verschiedenen Herstellern, wie Wild in Heerbrugg, Schweiz, oder Zeiss/Oberko
chen, Bundesrepublik Deutschland, produziert. H. Ebner, Lehrstuhl für Photo
grammetrie der TU München, stellte den Planicomp C-100 von Zeiss/Oberkochen 
(Hobbie, 1976) zur Verfügung. 
Seit einigen Jahren steht das am Lehrstuhl für Photogrammetrie von H. Ebner und 
seinen Mitarbeitern entwickelte Programmpaket HIFI zur Ableitung digitaler 
Höhenmodelle aus beliebig verteilten Stützpunkten zur Verfügung (Ebner u. a., 
1980). HIFI ist inzwischen Bestandteil Zeiss'scher photogrammetrischer Auswerte
systeme (Schwebel, 1980). 
Die Orthophotoherstellung am Orthocomp Z 2 der Firma Zeiss (Faust, 1980) über

nahm, durch die Fürsprache von E. Pape, das Landesvermessungsamt Nord
rhein-Westfalen in Bad Godesberg. Der Orthoprojektor arbeitete dort zuverlässig. 
Dies fand Bestätigung durch die Entzerrung von vier Hochgebirgsmeßbildern an 
einem Tag. 

Der Lehrstuhl für Kartographie und Reproduktionstechnik der TU München 
gestaltete die Karte und betreute die Herstellung der Druckvorlagen. Spezielle Erfah
rung auf dem Gebiet der Hochgebirgskartographie (R. Finsterwalder, 1972 b; Brunner, 
1976 und 1979) verhalf zu wirkungsvollem und zweckmäßigem Arbeiten. 

Die Kombination der vier Orthophotos zu einem einheitlichen Grundrißbild über
nahm die Lithographieanstalt Schönberger, München. 

Den Druck der Karte führte der Studiengang Kartographie der Fachhochschule 
Karlsruhe unter der Leitung von K. Brunner aus. 

Die Gesellschaft der Freunde der Bayerischen Akademie der Wissenschaften 
finanzierte den Kartendruck. 

Die Bearbeitung von Hochgebirgskarten, insbesondere die Herstellung von Ortho
photokarten vergletscherter Hochgebirgsregionen, ist eine anspruchsvolle Auf gaben
stellung (Pillewizer, 1982). Die Kommission für Glaziologie ist nach Mitteln und Per
sonen eine kleine wissenschaftliche Institution. Solch ein Projekt kann ihr nur gelin
gen, wenn viele zusammenhelfen. Stellvertretend für alle seien noch genannt: K. Eder 
und A. Siebenlechner aus München, K.-H. Ellenbeck und K. Tönnessen aus Bad 
Godesberg. Die Orthophotokarte Vernagtferner 1979 ist ein Dokument moderner 
Arbeitsweise. 



Die Orthophotokarte Vernagtferner 1979 87 

EIGNUNG DER LUFTBILDER ZUR ORTHOPHOTOHERSTELLUNG 

Die Aufnahmen waren am 14. August 1979 um die Mittagszeit gemacht worden 
und zeigen günstige Beleuchtung. Ihr mittlerer Bildmaßstab ergab sich bei einer mittle
ren Flughöhe von 3000 m über Grund (Brennweite 153 mm) zu 1 : 20 000. Der abzubil
dende Höhenbereich betrug 1400 m. Obwohl Weitwinkelaufnahmen vorlagen, die zur 
Orthoprojektion von Hochgebirgsregionen grundsätzlich wenig geeignet sind, verspra
chen die Bilder bei stereoskopischer Betrachtung Orthophotos mit guter Qualität. 
Sichttote Räume wurden in den Aufnahmen nur in geringem Ausmaß festgestellt. Es 
dominierte weites, ruhiges Gletscher- und Gletschervorfeldgelände. Um im Ortho
photo eine genügende Lagegenauigkeit zu erreichen, mußte die Geländeoberfläche 
höhenmäßig genau erfaßt werden. Die Orthophotokarte war als Rahmenkarte konzi
piert. Die komplette Abbildung des Vernagt- und Guslarferners mit ihren umgrenzen
den Fels- und Firngraten bestimmten den Blattschnitt. Für den Maßstab 1 : 10 000 
ergab sich ein Kartenfeld von 49 cm x 61 cm. Vier Meßbilder mußten entzerrt werden, 
um den vorbestimmten Bereich abzudecken. Sie lieferten bei gleicher Qualität etwa 
gleichgroße Flächenanteile. Vor der notwendigen Montage hatten sie die durchschnitt
liche Größe von jeweils 25 cm x 35 cm. Die Flugrichtung war nahezu parallel zur kur
zen Seite des Kartenfeldes. Für die Kartenbearbeitung lag eine optimale Aufnahmedis
position (Hobbie, 1974) vor, obwohl der Bildflug nicht speziell für die Orthophotoher
stellung geplant war. 

ANLAGE UND DURCHFÜHRUNG DER AUSWERTUNG UND 
ORTHOPROJEKTION 

Die stereoskopische Auswertung am Analytischen Auswertesystem Planicomp 
C-100 wurde zur Grundlage mehrerer Arbeitsvorgänge. 

So diente es mit seinem direkt angeschlossenen Zeichentisch der herkömmlichen 
Höhenlinienauswertung und Positionierung der Höhenkoten auf eine beschichtete 
Folie. Für die lückenlose Erfassung des Geländes mußten neun Bildpaare (Modelle) 
bearbeitet werden. Wegen der Rechnerstützung dieses Gerätetyps konnten die Model
lorientierungen programmgesteuert rasch ausgeführt werden, wobei ihre Parameter für 
spätere Zugriffe gespeichert blieben. 

Entscheidend für den gesamten Arbeitsprozeß war jedoch, daß durch den ange
schlossenen Minirechner Hewlett Packard 1000 gleichzeitig mit der Höhenlinienaus
wertung die Steuerprofile für die Orthoprojektion gewonnen wurden. Für diese Auf
gabe standen festinstallierte Programme zur Verfügung, die die Höhenlinien in Form 
von Geländekoordinaten sogenannter Stützpunkte speicherten. Danach wurde das 
Programm HIFI-P, das aus beliebig verteilten Stützpunkten die gewünschten digitalen 
Profile mit regelmäßiger Punktverteilung entsprechend einem quadratischen Raster 
ableitet, eingesetzt. 

Direkt abgefahrene Höhenlinien und daraus abgeleitete Profile für die Herstellung 
des Orthophotos wurden für dieses Projekt als günstigste Lösung erachtet. Man hätte 
alternativ dazu aus genügend vielen und entsprechend verteilten Einzelpunkten die 
Höhenlinien und Profile digital ableiten können (Programm HIFI-PC). Wegen der 
besseren topographischen Wiedergabetreue war jedoch nie umstritten, den zuerst 
beschriebenen Weg zu gehen. Die gravierten Höhenlinien konnten direkt als Druck
vorlage verwendet werden. Sie beschreiben zuverlässig die Geländeoberfläche. Es 
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wurde eine Äquidistanz von 20 m gewählt, da bei 10-m-Höhenlinien - teilweise 
ausgewertet - die Scharung im steilen Fels das Orthophoto zu stark belastet hätte. 
Als Stützpunkt wurden die Schnittpunkte der Höhenlinien mit einem 
40-m-Quadratraster im Gländekoordinatensystem registriert. Diese Anordnung war 
gewählt worden, um das Material auch für spezielle Untersuchungen zum Interpo
lationsverfahren durch gewogene Mittelbildung (Finsterwalder, 1975) verwenden zu 
können. Außerdem entsprach der 40-m-Abstand der geplanten Streifenbreite bei 
der Orthoprojektion. Insgesamt wurden dabei 27 664 Stützpunkte, davon ca. 7000 
durch die 10-m-Höhenlinie, registriert. Für die Interpolation kamen 12390 Kanten
punkte dazu. 

Damit sich der Datenverkehr vom Analytischen Auswertegerät zum Entzerrungsge
rät einfach gestalten ließ, wurde die Orthoprojektion am Orthocomp Z 2 gewählt. Die
ser Orthoprojektor ist auch an einen HP-1000-Rechner angeschlossen und ebenfalls 
ein rechnergestütztes System. Für die differentielle Entzerrung werden dabei durch 
projektive Transformation Bildelemente unter Berücksichtigung der dazugehörigen 
Geländeoberfläche entzerrt. Die Zahlenwerte für den Rechenprozeß waren einerseits 
die Geländekoordinaten der Profilpunkte und andererseits die Orientierung des jewei
ligen Bildes im Raum. Diese Orientierung wurde aus Paßpunktkoordinaten und den 
dazugehörigen Bildkoordinaten durch räumlichen Rückwärtsschnitt am Z 2 ermittelt. 
Für jedes Orthophoto waren mindestens sieben gut verteilte Paßpunkte aus der Aus
wertung am Planicomp bekannt. 

Der Orthoprojektor arbeitet nach dem Sekantenprinzip. Zwei benachbarte Profile 
stoßen direkt in einer gemeinsamen Spur des Geländemodells aneinander. Dadurch 
traten Doppelabbildungen und das Verschwinden von Bildteilen nicht auf. Zu der 
festen Blendenbreite von 0,2 mm wurde eine Blendenlänge von 4 mm, entsprechend 
der Profilbreite im Maßstab l : 10 000, gewählt. Die Abfahrgeschwindigkeit für die Bil
der war mit 20 mm/s relativ gering. Bei dieser Disposition traten Bildunschärfen 
durch die dynamische Projektion nur bei sichttoten Räumen, nicht aber bei steiler 
Geländeneigung in Profilrichtung auf. Die Lageversetzungen von Bilddetails, die am 
deutlichsten durch Diskrepanzen bei Geländekanten und den dazugehörigen Höhenli
nien sichtbar werden, hielten sich in vertretbaren Grenzen. Die erzielte Lagegenauig
keit wurde mit 38 eindeutigen Punkten kontrolliert. Dabei ergab sich eine mittlere 
Restklaffung von 0,25 mm (Maßstab 1: 10000). Der maximale Wert betrug 0,48 mm. 
Diese Kontrollpunkte lagen fast alle im wenig gegliederten, relativ flachen Gelände. 
Sie repräsentierten nicht das schwierige Gelände mit Graten und Steilhängen. Die 
Restklaffungen werden nicht nur durch die verbleibenden Verzerrungen innerhalb der 
endlich kleinen Flächen, entsprechend den Belichtungsschlitzen verursacht, sondern 
auch durch das interpolierte Höhenmodell, das nicht immer streng dem tatsächlichen 
Gelände entspricht. In beiden Fällen werden Flächenelementen nicht die Soll-Lage 
zugeordnet, d. h. es wird nicht streng entzerrt. Zur Steigerung der Detailkontraste im 
Bild wurden dem Projektionsobjektiv geeignete Filter vorgeschaltet. Für die Zuord
nung der Orthophotos zueinander und im Geländekoordinatensystem waren Paß
kreuze aufzubelichten. 

Dem photogrammetrischen Arbeitsabschnitt folgte die kartographisch reproduk
tionstechnische Bearbeitung, zwei Druckvorlagen wurden entsprechend den zwei für 
die Gestaltung ursprünglich ausgewählten Farben schwarz und grau vorbereitet. 

Schwarz war den Höhenlinien, dem Kartenrahmen mit den angerissenen geogra
phischen Netzlinien und den Gitterkreuzen der Gauß-Krüger-Projektion, den Zeichen 
der Fest- und Koten punkte und der Kartenbeschriftung vorbehalten; ebenso den tech-
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nischen Installationen wie Gebäude - mit einer Umrißlinie -, den Seilbahntrassen 
- mit durchgezogenen Linien - und den Gletscherpegeln - durch Signatur. 

Grau war für die Orthophotos als Grundrißdarstellung vorgesehen. 
Die Filmnegative der differentiell entzerrten Meßaufnahmen wurden für den Off

setdruck als Diapositive auf gerastet. Die gewählte Rasterweite von 60 Linien/ cm galt 
als Erfahrungswert, der der Ausgewogenheit zwischen Auflösung der Luftbilder und 
Dichteumfang hinsichtlich der Bildkontraste gerecht wird. Die Montage der vier 
Orthophotos geschah auf phototechnischem Weg. Gleichzeitig mit der Rasterung wur
den die vier Bilder entlang unregelmäßig gekrümmter Linien aneinander belichtet. 
Dadurch konnten störende Einflüsse von Schnittkanten vermieden werden. Ebenso 
sollten Versetzungen und unterschiedliche Grauwerte identischer Bildteile, die bei 
geraden Montagelinien hart aufeinandertreffen, nicht erscheinen. Dort, wo auffal
lende Störungen blieben, wurde retuschiert. Natürlich war bereits bei der Kopie für 
das Diapositiv auf eine möglichst gute Angleichung der Grauwerte der einzelnen 
Orthophotos zu achten. Bei der Gestaltung konnte die bei Karten übliche Nordorien
tierung beibehalten werden, da die natürlichen Schatten keine Negativplastik hervor
riefen. 

Der Druck erfolgte auf mattgestrichenem Offsetpapier, das kontrastreiche Drucke 
ermöglicht. Entgegen der ursprünglichen Konzeption wurde das Orthophoto ebenfalls 
schwarz gedruckt. Bei Druckversuchen mit der Farbe grau fielen die Kontraste - auf
fallend bei den Details des Gletschervorfeldes - zu stark ab. 

ERÖRTERUNGEN 

Während des gesamten Arbeitsprozesses gab es viele Diskussionen zur Karte. 
Wertvolle Anregungen bestimmten einerseits direkt die beschriebenen Arbeitsab
schnitte, andererseits die Ausführung und Planung spezieller Untersuchungen und 
Nebenaufgaben. 

Es sollte der Weg zu einem guten Ergebnis hinsichtlich Genauigkeit, Qualität und 
Wirtschaftlichkeit gefunden werden. Dazu wurden verschiedene Verfahren der Höhen
linienauswertung nach Zeit und Flächenleistung verglichen: 

Für die direkt gezogenen Höhenlinien aus neun Stereomodellen ergaben sich die 
Mittelwerte von 2,0 Auswertestunden pro km2 oder 0,5 km2 pro Stunde, die maximal 
um 10 % von den Einzelwerten abwichen. Diese Auswertung erfolgte unter den bereits 
erfolgten Bedingungen: 

mittlerer Bildmaßstab 1 : 20 000, mittlere Geländeneigung 23 °, 
Auswertemaßstab 1 : 10 000, Äquidistanz 20 m, Auswertegerät Planicomp C-100 
mit Handradbetrieb 

Diese Höhenlinien lieferten eine treue Wiedergabe der Topographie. 
Wie waren dagegen abgeleitete Höhenlinien aus Stützpunkten bzw. Rasterpunkten 

zu bewerten? Dafür wurde für eine repräsentative Teilfläche von 3,16 km2 ein Raster 
von 40 m Maschen weite in 105 Minuten gemessen. Zusammen mit 15 Minuten 
Rechenzeit (Programmpaket HIFI) und 20 Minuten Betriebszeit am Digitalzeichen
tisch DZ 7 der Firma Zeiss/Oberkochen ergab es die Werte 0,7 Stunden pro km2 oder 
1,3 km2 pro Stunde. Dieses Verfahren war mindestens zweimal so schnell wie das Ana
logverfahren. Es lieferte Höhenlinien, die, bis auf wenige Einschränkungen, mit den 
direkt gezogenen im flachen, wenig gegliederten Gelände deckungsgleich waren. Im 
zerklüfteten Felsumland zeigten sie deutlich sichtbare Abweichungen. Um für diese 
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Partien bessere topographische Wiedergabetreue zu erreichen, wurden zusätzliche 
Kantenpunkte registriert mit einem Aufwand von 1, 7 Stunden pro km2 oder 0,6 km2 

pro Stunde. Diese Angaben können als repräsentativ betrachtet werden, obwohl Kan
tenmessung eine subjektive Angelegenheit ist. Höhenlinien aus der Kombination 
Raster- und Kantenmessung abzuleiten, benötigte 2,4 Stunden pro km2 bzw. 1 Stunde 
für 0,4 km2 • Dieses Verfahren, verglichen mit dem direkten, war also unwirtschaftli
cher und lieferte im Durchschnitt Höhenschichtlinien geringerer, im Detail zu unter
schiedlicher, topographischer Qualität. 

Aufgrund dieser Tatsachen, die zum Teil bereits vorher bekannt waren, wurden die 
direkt ermittelten Höhenlinien für die Karte verwendet. Die Karte sollte als homoge
nes topographisches Bild ein kartographisches Dokument sein. Es sollte nicht nur ein 
gutes Ergebnis dem Glaziologen, der sich vorrangig für die exakte Gletscherdarstel
lung interessiert, bringen, sondern auch den Ansprüchen der Geographen, Geologen, 
Geophysiker, Hydrologen usw. genügen. 

Damit war nicht ausgeschlossen, mit Hilfe der digitalen Speicherung der Gelände
oberflächeninformationen andere zusätzliche computergesteuerte Anwendungen für 
den vergletscherten Bereich, wie das Zeichnen von Höhenlinienplänen beliebiger 
Äquidistanz, Ausdehnung und beliebigen Maßstabs, abzuleiten. Weiterhin konnten 
durch den Vergleich direkter und abgeleiteter Höhenlinien grobe Fehler im Datensatz 
der Steuerprofile schnell gefunden werden. Das auf Magnetband gespeicherte Zahlen
material konnte schließlich zur Herstellung eines sogenannten Stereopartners zu 
einem Orthophoto verwendet werden. Andere Anwendungen für die Gletscherfor
schung wurden bereits mit einem Beitrag von J. Peipe u. a. (1978) in dieser Zeitschrift 
beschrieben. 

Die Karte des Vernagtferners sollte ein Beispiel für den Einsatz der Orthophoto
karte als Alternative zur Strichkarte sein. Ihre Brauchbarkeit scheint unzweifelhaft 
gesichert. In der vorangegangenen Beschreibung sind dazu einige Bewertungen 
angesprochen worden. Die Schwachstelle bei der Herstellung der Orthophotokarten 
war nach wie vor die Reproduktion, durch die noch zu viel von der Bildqualität, 
respektive Kontrastwiedergabe, verlorenging. Damit wurde bewiesen, daß naturge
mäß ein einfarbig gedrucktes Orthophoto einen photographischen Kontaktabzug 
nicht ersetzen kann. Dadurch sollen jedoch zur Erhaltung der Bildqualität weitere 
nötige Untersuchungen bezüglich optimaler Rasterung (Rasterweite, reproduzierba
rer Dichteumfang) und geeignetem Papier als Bedruckstoff nicht ausgeschlossen 
sein. Möglicherweise kann auch mit dem Druck einer zusätzlichen Farbe für die 
Tiefe, ähnlich der Vergabensweise beim Druck von Geländeschummerung, eine 
Kontrasterhöhung erreicht werden. Bei der Beurteilung der Karte sollte nicht außer 
acht bleiben, daß durch die Digitaltechnik noch einige Praktiken der klassischen 
Kartographie, wie Schriftsatz, Zeichensetzung, Bildangleichung, Retusche erschlos
sen werden können. Ohne Einbuße an Qualität soll das wirtschaftlichere Verfahren 
Vorrang haben. 

NACHWORT 

Das Signal Schwarzkögele, in der Karte mit der Höhenkote 3078,8 m versehen, 
wurde am 31. März 1976 von den Mitarbeitern der Kommission für Glaziologie 
Ernst-Gotthardt-Signal benannt. Damit sollte die Anerkennung der wohlwollenden 
Förderung der Arbeiten der Kommission für Glaziologie durch Prof. Dr. E. Gotthardt 
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zum Ausdruck gebracht werden. In gleichem Sinne nahm Prof. Gotthardt diese Würdi
gung an. 

Prof. Gotthardt leitete das Institut für Photogrammetrie und Kartographie der TU 
München von 1965 bis zu seiner Emeritierung im Frühjahr 1976. Ein Mitarbeiter der 
Kommission für Glaziologie war ständiger Gast des Instituts mit freiem Zugang zu 
allen photogrammetrischen Auswertegeräten, kostenloser Nutzung notwendiger 
Rechenprogramme und wiederholter Inanspruchnahme des Engagements der Insti
tutsmitarbeiter. Diese für die Kommission für Glaziologie glückliche Situation behielt 
Prof. Dr. H. Ebner bei. Eingeführt wurde das „Gastrecht" bereits von dem Vorgänger 
von Prof. Gotthardt, Prof. Dr. Richard Finsterwalder, der gleichzeitig der erste Stän
dige Sekretär der 1963 gegründeten Kommission für Glaziologie war. 

LITERATUR 

Brunner, K., 1976: Orthophotokarten vergletscherter Gebiete. Z. Gletscherk. Glazialgeol. 12 (1): 
63 - 67. 

Brunner, K., 1979: Begleitworte zur Orthophotokarte „Langtaler Ferner 1971" im Maßstab 
1 :7500. Z. Gletscherk. Glazialgeol. 15 (2): 195-199. 

Ebner, H., B. Hofmann-Wellenhof, P. Reiss und F. Steidler, 1980: HIFI-A Minicomputer Pro
gram Package for Height Interpolation by Finite Elements. Presented Paper, Commission 
IV, ISP-Congress, Hamburg 1980. International Archives of Photogrammetry, XXIII, 4: 
202-215. 

Faust, H.-W., 1980: Orthocomp Z 2: Der analytische Orthoprojektor. 14. ISP-Kongreß Hamburg 
1980. Presented Paper, Kommisssion II. 

Finsterwalder, R., 1972a: Begleitwort zur Karte des Vernagtferners 1 :10.000 vom Jahre 1969. Z. 
Gletscherk. Glazialgeol. 8 (1-2): 5-10. 

Finsterwalder, R., 1972 b: Orthophotos zur Gletscherkartierung. Bildmessung und Luftbildwesen, 
40. Jg.: 148-152. 

Finsterwalder, R., 1975: Überlegungen zur Ableitung eines digitalen Geländemodells aus Höhen
linien. Zeitschrift für Vermessungswesen: 458-461. 

Finsterwalder, S., 1897: Der Vernagtferner. Wiss. Ergänzungshefte zur Zeitschrift des Deutschen 
und Österreichischen Alpenvereins 1 (1). 

Hobbie, D., 1974: Zur Verfahrensdisposition bei differentialer Entzerrung von photogrammetri
schen Luftbildern. DGK, Reihe C, Heft Nr. 197, München 1974. 

Hobbie, D., 1976: Planicomp C-100, das analytische Stereoauswertesystem von Carl Zeiss, Ober
kochen. XI11h OSP-Congress Helsinki 1976. Presented Paper, Kommission II. 

Peipe, J., P. Reiss und H. Rentsch, 1978: Zur Anwendung des digitalen Geländemodells in der 
Gletscherforschung. Z. Gletscherk. Glazialgeol. 14 (2): 161-172. 

Pillewizer, W., 1982: Orthophototechnik im Hochgebirge. Zeitschrift für Vermessungswesen: 
358-367. 

Sehwebei, R., 1980: Die photogrammetrischen Auswertesysteme von Carl Zeiss. 14. ISP-Kongreß 
Hamburg 1980. Presented Paper, Kommission II. 

Manuskript eingelangt am 17. Dezember 1982 

Anschrift des Verfassers: Dipl.-Ing. Hermann Rentsch 
Kommission für Glaziologie der 
Bayerischen Akademie der Wissenschaften 
Marstallplatz 8, D-8000 München 22 





Band 18 (1982), Heft 1, Seite 93-106 ZEITSCHRIFT FUR 
GLETSCHERKUNDE 
UND GLAZIALGEOLOGIE 
© 1983 by Universitatsverlag Wagner, Innsbruck 

NUMERICAL MODELLING OF THE VERNAGTFERNER 
AND ITS FLUCTUATIONS1 

By PHILLIP D. KRUSS, Columbus, and IAN N. SMITH, Melbourne 

With 8 figures 

ABSTRACT 

The long historical record and extensive modern observations for the Vernagtfemer make the 
glacier a prime object for modelling of its present state and past fluctuations. Historically, the gla
cier appears to have passed through two radically different phases, characterized by cyclic surg
ing and by shrinkage back into higher accumulation-favorable regions, respectively. A unified 
computer simulation of this bimodal behavior on a highly complex bedrock topography remains 
beyond the power of existing glacier models. However, the essentials of the two phases have been 
reproduced. It appears that the surging mode of flow could operate only as long as the glacier 
remained large enough to create substantial basal melting through the combination of high base 
stresses and rapid flow rates. The velocity and thickness profiles observed during the retreat 
phase are shown to be well simulated by a deformational flow model including parameterizations 
of the most essential three-dimensional features. The great retreat of the glacier since 1848 
appears to have resulted from a climatic mass balance decrease over its entire surface of order 0.2 
ma - 1 superimposed on an enlarged post-surge ablation region. This interpretation holds the 
potential for future readvance, and perhaps an eventual return to the surging mode, foresha
dowed by the recent general thickening of the Vernagtferner. 

1. INTRODUCTION 

The Vernagtferner, a small valley glacier in the Oetztal Alps, Austria (46.9° N, 
10.8° E), is one of the best known glaciers in the European Alps in terms of both mod
ern scientific investigation and available historical records. This wealth of data made 
Vernagtferner an immediate candidate for computer modelling studies. Such studies 
were undertaken during recent years as a cooperative venture between the Meteorol
ogy Department, University of Melbourne, Australia, and the Kommission fiir Glaziol
ogie der Bayerischen Akademie der Wissenschaften, Miinchen, BRD. The basis for 
this modelling was laid in Munich by D. Jenssen. His work was followed up by P. D. 
Kruss (Kruss, 1976) in Munich, and later by I. Smith (Budd et al., 1979; Smith and 
Budd, 1980) at the University of Melbourne. W. F. Budd guided this modelling 
throughout, while 0. Reinwarth provided the factual background from his extensive 
Vernagtferner measurements. 

The Vernagtferner is of considerable interest to the modeller for two reasons. It is a 

1 Contribution No. 492 of the Institute of Polar Studies, The Ohio State University, Colum
bus, Ohio 43210, U. S. A. 
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glacier with a history of cyclic surges, but which no longer surges. Hence, it is suitable 
for surge-model development and study of the basic parameters important in the surge 
environment. Further, the Vernagtferner terminus record since 1600 offers the poten
tial for revealing climate change and the transition from a cyclic surging regime to one 
of steady retreat. However, the modelling of Vernagtferner is not a straightforward 
process and has not yet been concluded. This paper reviews progress made and prob
lems remaining to be solved. 

2. HISTORICAL RECORD 

For the purposes of this modelling study, it is necessary to draw together certain 
relevant aspects of the known history of the Vernagtferner. This history, excellently 
detailed in Hoinkes (1969), suggests that the glaciers past behavior may be effectively 
separated into two epochs, the division occurring in the late 1800's. From late in the 
16th century, or earlier, until the mid 19th century, the behavior of the Vernagtferner 
was characterized by periodic rapid advances of the terminus, with major advances 
occurring at about 1600, the late 1670's, early l 770's, and mid 1840's (Hoinkes, 1969). 
These major advances involved both Vernagtferner and Guslarferner (fig. 1) and are 

km 

Exposed rock, 
1966 

Fig. 1: Map of Vernagtferner 
and Guslarferner for September, 
1966, and for their maximum ex
tent in 1845. The position (ap
prox.) of the modelled central 
line is also shown (Base map af-

ter Hoinkes, 1969) 

quite well documented because they considerably affected the inhabitants of the Inn 
Valley. The Vernagtferner and the Guslarferner would flow together at the Hintergras
len corner and the combined glacier front then descend very rapidly to completely 
block the Rofen Valley, which joins the Oetz Valley. This resulted in the damming of 
melt water from the Hintereisferner, the Kesselwandferner and the Hochjochferner, 
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with disastrous consequences when the dams burst (Stotter, 1846; Schlagintweit and 
Schlagintweit 1850; Richter, 1892). 

It is recorded that the residents of the Inn Valley were only concerned about dam
ming of the Rofen Valley when the two glaciers advanced together (Walcher, 1773). 
This suggests that there may also have been a number of early unreported smaller scale 
advances during which the Vernagtferner and the Guslarferner did not join. Recorded 
small scale advances occurred between 1820 and 1822, and between 1899 and 1902. In 
both instances the Vernagtferner advanced significantly without any corresponding 
reaction by the Guslarferner. 

Hence the first epoch can be described as one of major cyclic surges involving both 
the Vernagtferner and Guslarferner; it lasted from at least 1600 to the mid 19th cen
tury. Since then the glacier has been in retreat (apart from a minor advance about 
1900), a retreat which can be regarded partly as post-surge reaction and partly (partic
ularly since about 1890) as a response to secular climate change. This general retreat 
characterizes the second epoch. 

3. AVAILABLE DATA 

The end of the 19th century marks the beginning of modern scientific investigation 
of Vernagtferner and its sometime partner the Guslarferner. Since 1889 a considerable 
volume of data has been gathered by direct investigation. This section discusses the 
data available throughout the modelling history of Vernagtferner. The most recent 
data can found in Moser (1975177, 1980/83) and in the Zeitschrift fiir Gletscherkunde 
und Glaziolgeologie, volume 18 (1). 

The first surveys of the entire ice surface of Vernagtferner were carried out by Fin
sterwalder in 1889 (Finsterwalder, 1897), and Gruber in 1912 (Hoinkes, 1969). During 
the minor advance of the late 1800's/early 1900's a flowline in the region of the glacier 
tongue was surveyed frequently. The record obtained spans the years 1890 to 1925 and 
extends almost 1500 metres back from the glacier terminus (Finsterwalder and Hess, 
1926). A further survey was carried out in 1938. The year 1967 marked the beginning of 
a systematic annual investigation of the glacier and its environment by 0. Reinwarth 
for the Kommission fiir Glaziologie der Bayerischen Akademie der Wissenschaften. 
In 1966 the entire bedrock beneath the ice was surveyed using the seismic sounding 
technique (Miller, 1968). The suggested order of magnitude of the error was ± 15 %. 
Further bedrock information is now available following the initiation in 1976 of a 
hot-point drilling program by the Kommission. 

The earliest surface velocity values now available refer to 1889 when a stone line 
was placed on the glacier at a mean elevation of 2890 meters, approximately 700 
meters from the Vernagt Hut (Finsterwalder and Hess, 1926). Continuous determina
tion of the velocity in this region was maintained until 1925; once again this covered 
the minor advance period. No further velocity information was obtained until 1967; 
since then three-dimensional velocity measurements have been carried out annually by 
surveys of an ever increasing number of points on the glacier. 

Of all the data needed for modelling, the shortest record is that concerning the net 
balance of the glacier. However, net balance contour maps and profiles of net balance 
versus elevation have been produced annually since 1969 (Reinwarth and Stablein, 
1972; Kasser, 1973 ;. Muller, 1977). 

Previous assertions concerning a change in the state of the glacier during the sec-
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ond half of the l 9th century are well supported. It will be seen that the beginning of a 
purely climatic retreat phase may be set at approximately 1920. The only sign of a 
major surge, predicted for the period immediately after 1925, was a very minor 
increase in surface velocity between 1924 and 1929 (Hess, 1930). The periodic major 
advance phase ended with the advance of 1845, while the period from 1845 to 1920 
represented a transition. 

For the periodic surge epoch, an interesting array of information can be assembled 
(Hoinkes, 1969). The earliest information available refers to 1599. Since then four 
major advances to block the Rofen Valley have been recorded. The first sudden empty
ing of the lake formed by the damming of the Rofen Valley occurred on the 20th July, 
1600 (Richter, 1892). Further dam bursts were reported in 1678 (Richter, 1892), 1773 
(Hoinkes, 1969), 1845 (Stotter, 1846), and 1847 and 1848 (Schlagintweit and Schlagint
weit, 1850). The corresponding times for first formation of the lake are 1599, 1678, 
1771 and 1845. The time between the advances thus recorded are 79, 93, and 74 years 
respectively, giving a mean period of 82 years. Reports by Walcher (1773) and Stotter 
(1846) suggest that the active period for these advances was 4 to 5 years. 

As mentioned previously, an indeterminate number of smaller scale advances also 
may have occurred. Only two small scale advances are recorded. The first of these 
lasted from 1820 to 1822, and the second from 1899 to 1902. When these are taken into 
account, the actual times between advances of the Vernagtferner since 1771 were 49, 
25 and 54 years, giving a mean of 43 years. It is interesting to note that the shortest 
time between advances occurred during a period of apparent maximum positive mass 
balance (significant melting on the glacier was not observed prior to 1850). This period 
saw many European glaciers, including the nearby Hintereisferner (Bliimcke and Hess, 
1899), at their (recent) maximum extents. 

4. THE MODELS AND MODEL TUNING 

4.1 THE FLOW MODELS 

The modelling of any glacier is a step by step process. This particularly so for Ver
nagtferner as it exhibits considerable bedrock and terminus irregularity. This section 
deals with the preliminary input and modelling stages which must perforce lead prob
lem-oriented calculation. At this same time, much information can also be gained con
cerning the general state of the glacier in times past. Two numerical glacier flow mod
els have been used in the Vernagtferner calculations. 

The first model may be characterized as a two dimensional time dependent ice 
deformation model which has been parameterized to include various three dimen
sional properties needed to adequately simulate glacier fluctuation in response to cli
mate change. Thickness and velocity profiles are calculated at constant time intervals 
for evenly spaced grid points along a representative central line. This basic model has 
been extensively described and discussed (e.g., Budd and Jenssen, 1975; Smith and 
Budd, 1981); the specific formulation used in much of the Vernagtferner work is 
detailed in Kruss (1983). Glaciers to which the model has been applied include Hinter
eisferner (Austria; Kruss, 1977), Storglaciaren (Sweden; Smith 1975), Aletschgletscher 
(Switzerland; Smith and Budd, 1981) and Carstensz Glacier (lrian Jaya; Allison and 
Kruss, 1977). 

The second model (Budd and Mcinnes, '1974) allows the glacier to slide on the 
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underlying rock when basal friction creates substantial melting and a basal water 
layer. Thorough discussion of this model has been given by Budd (1975); the most 
detailed application has been to Medvezhi Glacier (Soviet Union; Budd and Mcinnes, 
1978). 

The existing descriptions of these model simulations are representative also for the 
Vernagtferner modelling which, therefore, requires no further elaboration here. It is, 
however, necessary to summarize the parameters which describe three-dimensional 
effects not explicitly included in the model algorithms. These parameters acquire spe
cial importance for a complex glacier environment such as that of the Vernagtferner. 

These parameters are the stress shape factor (s), the valley factor (m) and the 
cross-section velocity factor (Cv)· The stress shape factor appears in the basal shear 
stress equation 

't c = s p gZ sin a (1) 

where p is ice density, g gravitational acceleration, Z ice depth, and a surface slope. 
This parameter s depends on the shape and dimensions of the valley cross-section and 
takes into account its frictional effects. 

The remaining two, m and Cv, both appear in the continuity equation 

f).z =A_ o(ffV) 
/).t Wsox 

(2) 

where the lefthand side is the rate of change of the local ice thickness, A is net balance, 
Ws and ox are the mean width and length of the ice column, and - o ( n V) is the net 
mass influx. V is the cross-section mean velocity and n the cross-section area. V is 
computed as 

(3) 

where Us is the total centerline surface velocity. If the valley cross-section shape is 
approximated by a simple power fit of order m, i. e., 

(4) 

where z is some distance above the bed and Ws is surface width, then 

(5) 

4.2 GLACIER DATA USED IN THE MODEL 

The first step in modelling is to construct the flowline to be used. Two lines were 
originally drawn from Taschachhochjoch down the glacier. The first was the central 
flowline of the 1889 glacier, as defined by the 1889 ice surface contour map. The sec
ond was a line through the valley bottom as defined by direct surveying in the regions 
currently ice free and by the 1969 seismic survey of the ice covered valley floor. It was 
found that the former flowline was quite similar to a high-frequency smoothed form of 
the latter. This smoothed flowline was used because it is somewhat more consistently 
representative in time (fig. 1 ). A grid point spacing of 150 metres was chosen both to 
satisfy the stability criterion of the first model (Budd and J enssen, 197 5) and to assure 
realistic computation times for the modelling of the glacier at its maximum extent. 

Mass exchange processes were included in the calculations by specifying the mass 
balance as a function of elevation and surface widths as a function of distance down 
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acceptable smoothed bedrock is also inclu-

ded 

glacier. It is essential to use a net balance/elevation relationship for the Vernagtferner 
because very large changes in the glacier occurred during the period of interest. A 
mean balance profile was constructed from the measured values for 1965/66 to 
1967/68. 

To allow for the large variations in surface and cross-section areas between given 
elevations on the glacier, realistic surface width values must be used. These widths 
were determined from the surface contours. A small portion at the eastern edge of the 
1969 glacier was excluded because flow from this region did not contribute to the 
major glacier tongue. 

4.3 TUNING 

Due to the irregularity of the bed topography of the Vernagtferner, a direct deter
mination of the valley and cross-section velocity factors (m and Cv) and of the stress 
shape factor (s) is precluded. Instead, the model was 'tuned' by comparing various 
velocity and thickness profiles computed for a range of parameter values to corre
sponding measured profiles. This was completed using primarily 1969 glacier observa
tions which include ice depth, surface velocity, and net balance information. Tuning of 
the model is possible because, firstly, the stress shape factor is the only independent 
variable when surface velocity values are computed from known ice depth values and, 
secondly, a general relationship exists between m and Cv (Nye, 1965 b ). 

Fig. 2 shows the observed surface and bedrock elevation profiles along the central 
line (fig. 1) for 1969. Surface velocity profiles for 1969 were computed from these mea
sured values for a range of stress shape factors s (fig. 3) to tune the model for s. It is 
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Fig. 3: Surface velocity profiles (along the central line of 
fig. l) calculated for a range of stress shape factors values, 
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seen that the calculated values for a stress shape factors = 0.5 yield the closest approx
imation to observed velocities. 

Having determined the stress shape factor, velocity profiles can then be calculated 
for other dates possessing measured surface and bedrock elevation information. This 
was done for both 1889 and 1912 using as input the measured profiles of fig. 2. Fig. 4 

Fig. 4: Surface velocities ·and basal shear stres
ses calculated for different years from the bed 
and surface elevation data of fig. 2 using the 
best-fit s value. Single point velocity values for 
1889 and 1912 are represented by magnitude 

and position uncertainty crosses 
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compares the final (tuned) velocity profile for 1969 with results for these two earlier 
epochs. Also included in this fig. 4 are corresponding computed basal shear stress 
values. The velocity profiles for these latter two years show good agreement with the 
single measured values available for each date (shown in fig. 4 with approximate posi
tion and magnitude uncertainty bars). Further, the computed and measured velocity 
changes over this period are very comparable. 

Of these two years, the results for 1912 are the most reliable given the modelling 
approach taken. Terminus position data indicate that in 1912 Vemagtfemer was in a 
comparatively very rapid retreat, with a strongly negative mass balance. This resulted 
from two events: the minor surge of the turn of the century moved glacier mass down 
into the ablation region and produced a small advance of the terminus; and the glacier 
was also generally in a retreat phase in response to climate change. Both these factors 
created the very rapid retreat during which the glacier terminus recovered from the 
perturbation brought about by the surge and returned to its equilibrium retreat rate 
matching the climate change. The very flat 1912 surface elevation profile below 4 km 
(fig. 2) reflects this. Budd (1975) has suggested that the sliding velocity of a surging gla
cier drops to nearly zero during such rapid retreat periods immediately after a surge. 
Hence, the 1912 Vernagtferner can legitimately be treated as non-sliding. 

The 1889 glacier, on the other hand, was in a pre-surge state and may have pos
sessed a significant sliding component (Budd, 1975). The comparison between com
puted and measured velocity in fig. 4 suggests that this was not true in the lower half 
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of the glacier but this does not rule out higher velocities up in the pre-surge buildup 
area. 

With the value of the stress shape factor determined, the model may then be tuned 
further by determining the appropriate values for the valley and cross-section velocity 
factors, m and Cv, respectively. The time-change term in the continuity equation 
implies that this cannot be accomplished using measured surface profiles for direct 
input (as in the case of s). The technique used was to compute, for a range of m and 
Cv, steady state glaciers equal in length to the 1969 glacier, with best fit considerations 
regarding ice depth again leading to accepted values. The bedrock profile employed in 
this case was the smoothed version in fig. 2. This profile is more computationally 
stable, particularly in the surge environment, and is well suited to the model. Hence, it 
has been used in most modelling runs even though it does not allow reproduction of 
higher frequency features. For this reason the modelling has provided only large scale 
comparison of steady calculated velocity and ice depths with measured values. Fur
ther, as the Vernagtferner was not in a steady state but rather retreating, one would 
expect to produce realistic ice depths in the upper glacier but calculated values of ice 
depth somewhat greater than those measured in the lower portion. 

The best fit criteria for determining the m, Cv pair are thus, in the upper glacier, a 
good match to the general form of the measured ice depth profile but, in the general 
terminus region, typically deeper computed depths are to be expected. Fig. 5 shows 
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that a rectangular valley shape (i. e., m = oo, Cv = 0.75) meets these criteria for the 
1969 glacier. 

Further insight can be gained from steady state modelling for 1969 and 1889. Com
parison between computed 1969 steady state velocities (for s = 0.5, m = oo, Cv = 0.75; 
fig. 6) and measured values reveals measured values somewhat greater up-glacier and 
somewhat smaller down-glacier than calculated. This dichotomy, along with corre
sponding ice depth comparisons, suggests strong retreat during the period immediately 
following 1969 but also a potential for readvance. The retreat of the Vernagtferner 
terminus did indeed continue from 1969 to 1979 but the glacier thickened everywhere 
except for the very near terminus region (Moser, 1980/83). 

Comparisons with steady state for the 1889 glacier (fig. 6) give larger computed ice 
thicknesses than observed but smaller relative differences. This is in accord with the 
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Fig. 6: Surface velocity and ice depth pro
files both measured and steady state ( cal
culated for smoothed bed using best-fit s, m 

and Cv values) 
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observed glacier retreat in this period, but points to a quasi-steady state. This is in line 
with historical reports which suggest that the 1889 glacier position was close to its 'nor
mal' immediately prior to sudden advance. 

5. CLIMATE MODELLING 

To recapitulate, the historical behavior of Vernagtferner can be broadly categor
ized into a cyclic surge period followed by an interval of general retreat. The informa
tion and modelling techniques available enable a more detailed discussion of these 
two epochs from the perspective of climate change. 

The interval from 1600 to 1850 was climatically favorable for the glacier; this 
period is considered further below. Since 1850, the Vernagtferner terminus has 
retreated quite dramatically (figs. 7 and 8) - from a position at 7 .8 km in 1845 to only 
3.3 km in 1969 (a shortening of about 60 %). Over a similar period, the ice volume was 
reduced by about half (Hoinkes, 1969). The forcing behind this retreat is in part cli
matic and in part surge-related. 

When, in 1845, the Vernagtferner/Guslarferner pair last surged to block the Rofen 
Valley, a considerable volume of ice moved into a region of strongly negative mass bal
ance. The post-surge nature of the 1845 surface elevation profile is illustrated by the 

Fig. 7: Measured and modelled 
steady state ice surface elevation 
profiles for 1845 and 1969. This 
latter is a mean for a number of 
flowlines. Note that the bedrock 
below 7.2 km does not reflect real
ity, the Rofen Valley wall rising 
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comparison between the trimline-determined actual 1845 profile and a modelled 
steady state of equal length (fig. 7). Note that the comparison breaks down below 
about 6.8 km because below this the ice was affected by the rising Rofen Valley wall 
(the valley bottom is at 7.2 km), a feature not modelled (see bedrock profile, fig. 7). 
The movement of mass down glacier is indicated by the relative lowering of the glacier 
upstream and its buildup (supported by Guslarferner) to near the steady state profile 
further down. In this latter region the glacier will tend to thin very quickly due to 
enhanced ablation and to reduced mass flux from the shallower upper glacier. 

This produced the post-surge component of the observed retreat. However, the 
retreat continued well past the normal post-surge minimum. It is this latter component 
of the retreat which can be assigned directly to climate change. If the 1889 position of 
Vernagtferner was indeed close to the typical post-surge minimum, then the retreat of 
the terminus from 5.3 km (1889) to 3.3 km (1969) may be attributed to climate, whereas 
the retreat from 7.8 km (1845) to 5.3 km can be assigned to post-surge decay (a neces
sarily artificial but useful separation). 

To model the climate change necessary to bring about the retreat between 1889 and 
1969, Kruss (1976) used the technique of creating a steady state glacier equal in length 
and surface area to the 1889 Vernagtferner and then reducing the net balance such that 
a steady state glacier equal in length and area to the 1969 glacier was achieved. A net 
balance reduction of about 0.2 ma - 1 water equivalent over the entire glacier was found 
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Fig. 8: Measured ice depth profiles 
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trimline estimate from the map of Fin
sterwalder (1897) and two profiles for 
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to bring about this 2 km length decrease. However, this modelling says nothing about 
the timing of such a change; computation for other glaciers has thrown some light on 
the time delay that separates climate event and corresponding definitive terminus 
response (see e.g., Nye, 1965a; Allison and Kruss, 1977; Kruss, 1984). The net balance 
decrease of 0.2 ma- 1 for Vernagtferner should, according to these studies, represent an 
upper bound for the net change over this 1889 to 1969 interval due to time lag consid
erations. However, it is representative of the magnitude of the climate change which 
occurred over a somewhat earlier interval and brought about the retreat of this epoch. 

Smith and Budd (1981) took a somewhat different approach in simulating the large 
scale features of the recent terminus record. Various near steady state solutions 
between 6 and 7 km long were generated, on the assumption that the post-surge mini
mum at this time of general glacier enhancement was longer than the 1889 glacier. 
Then the curve of net balance versus elevation corresponding to these .steady state 
solutions was suddenly moved up the elevation axis (see Allison and Kruss (1977) for 
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details of this technique). Such a shift is equivalent to raising the elevation of the gla
cier equilibrium line. The resulting terminus response was a period of rapid retreat, 
beginning about 30 years later, before a much smaller near steady state was reached 
after approximately 100 years. 

An elevation increase of 100 m (estimated equivalent to a 0.5 ma - 1 reduction in the 
net balance) at 1860 gave the best fit, albeit in large scale terms, of modelled to 
observed terminus record. Such a change can be interpreted as a rise in summer tem
peratures in the range 0.6 to 1.0° C based directly on adiabatic lapse rates. However, 
this interpretation leads to inflated numbers because a feedback exists between tem
perature change and other energy balance elements, resulting in enhanced rise in equi
librium line altitude for a given temperature increase (Kuhn, 1981; Kruss, 1983). 

6. MODELLING PROBLEMS POSED BY THE COMPLETE 
VERNAGTFERNER HISTORY 

Though considerable insight can be gained into Vernagtferner using the techniques 
of the above and preceding sections, a complete study must cover both the surge and 
post-surge epochs. The climate was certainly changing during the cyclic surge interval 
and the varying time between surges of Vernagtferner already provides some climatic 
hints. If the glacier environment is invariant, then glacier surges could be expected to 
occur at regular intervals. The length of this interval is a function of the time for the 
glacier to rebuild tp its surge-ready form, which is itself a function of the net balance 
- and therefore of the climate. 

Beginning in 1599, major surges of the Vernagtferner/Guslarferner bi-glacier 
caused readvance after 79, 93 and 74 years. This suggests generally more favorable cli
matic conditions for the glacier in the first three quarters of the 1600's and the last 
quarter of the 1700's/first half of the 1800's than during the 90 years 1680 to 1770. 
Such deductions of climatic phases are justified because the rebuilding of a glacier 
after a surge is essentially synchronous with the climatic state. By contrast, the full 
terminus response can be delayed as much as I 00 years (Kruss, 1984), a factor which 
must complicate the interpretation of non-surge histories. The more detailed recent 
data available for Vernagtferner suggest that the second quarter of the 1800's was the 
most climatically favorable period for glacier growth between 1771 and the present, 
and perhaps the first half of the 1900's was the least favorable. 

These suggestions, however, need to be quantitatively supported by a realistic 
modelling of the surge characteristics of the Vernagtferner. This has been done in a 
preliminary way by Budd et al. (1979). Following Budd (1975), two parameters were 
varied to explore the range of surge/non-surge environments. These are the average 
generalized viscosity 11 and the friction lubrication factor <p (Budd (1975), Eqs. 8 and 
12). Budd et al. (1979) found that Vernagtferner would surge when significantly larger 
than at present for the same range of 11, <p which resulted in a good match of the surge 
characteristics of the more fully studied Variegated and Medvezhi glaciers. 

A stress averaging is carried out in the Budd surge model so as to preserve the 
overall ice equilibrium consistent with the reality of a surging glacier not tending to 
move en masse down slope (Budd (1975), Eqs. 13 and 14). In the original model, 
stresses are averaged without regard to glacier widths, a good approximation for many 
glaciers. However, the Vernagtferner widths vary greatly down glacier and it has been 
demonstrated that an averaging process using width-weighted stresses produces quite 
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large differences in the surge results. It would appear that a 3 D surge model is 
required to well model the surges of the Vernagtferner; development of such a model 
is a difficult task not yet accomplished. 

Modelling of a range of surging glaciers has suggested that a consistent feature of 
these glaciers is comparatively high values of the product basal shear stress times mean 
velocity, Le V. From Eq. 1 it can be seen that Le Vis a function of the product aZV 
where a is surface slope and Z ice depth. Hence, high aZV (a term including the mass 
flux per unit width ZV) may be an indicator for potentially surging glaciers. Further, 
the ratio net balance to mass flux must be such that at least the upper glacier will 
rebuild to a pre-surge profile. The Vernagtferner is currently rebuilding in its upper 
reaches but is not yet approaching high a ZV and hence further surging in the near 
future is unlikely. 

7. CONCLUDING REMARKS 

The Vernagtferner is an interesting glacier for modelling studies but not a straight
forward one. It is of interest because the Vernagtferner historical record embodies the 
interplay between changing climate and surging ice. Further, the Hintereisferner, a 
non-surging glacier literally just around the corner, also possesses a long history. Joint 
treatment of these two glaciers offers the potential for a revealing study of climate and 
ice interaction. 

The Vernagtferner cannot, however, be well represented by a single flowline. In 
recent years the Vernagtferner has retreated to a number of distinct channels and in 
earlier times the Vernagtferner/Guslarferner diad could not strictly be treated in two 
parts. Moreover, its surging process remains an imperfectly understood phenomenon. 
A complete study of the multifaceted Vernagtferner problem must cover both the 
deformational and sliding modes of glacier movement from a fully three-dimensional 
perspective. 
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