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ABSTRACT. By m easuring the deuterium contents of stream wa ter, spring wa ter a nd melt wa te r , as well 
as ice and snow samples, the mean contributions to melt wa ter in the run-off from Hintereisferner h a ve been 
est ima ted : tha t of m elt wa ter being 60 °i" a nd that of spring water being 40 ~~ in the m onths of July to Septem­
ber. Spring wa ter is characterized by very low deuterium con tents, whereas ice-melt water and snow-melt 
wa ter in the summer were found to have a bout the same, ra ther high deuterium content. The d euterium 
content in the run-off was subjec ted to considerable seasona l fluctuations owing to the changing shares in 
melt wa ter and spring wa ler . The d euterium contents in individual glacier run-offs show simila r seasonal 
fluc tua tions and are furthermore charac terized by a para llel shift of the deuterium concentrations, b ecause 
of the different altitudes of ca tchment areas. Differences in the mean altitudes of ca tchment a reas were 
es tima ted for the winter a nd summer disch a rges on the basis of the iso tope altitude effect. 

The seasona l fluctua tions of the tritium contents in glacier discharges a re caused mainly by the m elt 
wa ter from glac ier ice, which contains prac tically no tritium . Minimum values of tritium content in the run­
off were thus found during the period of m aximum ice a bla tion . The mean residen ce time of the b ase-flow 
in the ground-water system of a catchment area was roughly es timated to be a few years on account o f the 
tritium content in the winter run-off a nd in the precipita tions of pas t years. 

Profil es of the g ross beta ac tivity in firn cores, despite a reduced a tmospheric fa ll-out during the pas t 
years, clearly sh ow activity peaks in summer horizons tha t are suitable for ne t a ccumula tion a na lyses. A 
cha racteristic peak in the profil e of the tritium content which m ay be a ttributed to the net accumula tion of 
1962 /63 is well suited for use as a referen ce horizon. 

R ESUME. Invesligalions sur les leneurs en deulerium, en Iritium el I' aclivili bela brule dons les glaciers alpins (Alpes 
Olz lal ). En mesura nt la teneur en deuterium des eaux coura ntes, eaux de sources e t eaux de fonte, ainsi que 
celle d 'echa ntillons d e glace et de neige, on a pu es timer la contribution moyenne d es eaux de fontes d a ns les 
d ebits issus de I'Hintereisferner: pour les m ois de juillet a septembre, celle de I'eau d e fusion es t d e 60 % et 
celle de I'eau d e source d e 40% . L'eau d e source se caracterise p a r une tres g ra nde p auvrete en d euterium 
a lors que les eaux d e fusion de la glace e t de la neige on t a p eu pres la mem e teneur, assez e levee, en 
d euterium. Les rich esses en deuterium d a ns l' emissa ire sont suj e ttes a des fluctua tions saisonhieres consider­
a bies en ra ison des ch a ngements des contributions respecti ves d es eaux de source e t d e fonte. Les teneurs en 
d euterium des ecoulem ents issus de ch aque glacier individuel presentent des fluctua tions saisonnieres similaires 
e t sont en plus carac te risees par une varia tion para llele des con centra tions en d euterium selon les differentes 
a ltitudes des bassins d 'accumula tion. L es differences da ns les a ltitudes moyennes d es bassins d'a limentation 
ont e te es timees pour les debits hiverna ux et estivaux compte tenu de I'effet de l'altitude sur les isotop es. 

Les fluctua tions saisonnieres de la ten eur en tritium dans les debits glacia ires resultent surtout d es eaux 
d e fonte de la glace d e glacier qui ne contiennent a peu pres pas de tritium. L es minimum de teneur en 
tritium dans les ecoulem ents se situent donc pendant les period es d 'ablation m aximum de la glace. Le temps 
moyen de retention d e l'eau du fond dans le sys teme phreatique d ' un bassin d 'alimentation est approximative­
m ent es time a quelques a nnees, eu ega rd a u contenu en tritium d e I'ecoulemen t hiverna l et des precipita tions 
d es a nnees preced en tes . 

Des profils de l'ac tivite beta brute d a ns des carottes de n eve m ontrent cla irem ent, m a lgre la diminution d es 
re tombees radio-ac ti ves atmospheriques a u cours des dernieres a nnees, que les horizons d 'ete presentent d es 
pointes util isables pour I'analyse de l' accumulation a nnuelle. U ne pointe ca rac teris tique dans le p rofil d e la 
teneur en tritium que !'on peut a ttribuer a la sa ison d 'accumula tion 1962- 63 es t bien placee pour constituer 
un horizon de referen ce. 

ZUSAMMENFASSUNG . Deulerium- , Trilium- und Gesaml-Bela-Aklivildls-Unlersuchungerz au] Alpenglelschem 
(Olz laler Alpen). Aus M essungen der D euteriumgehalte von Bachwasser, Quellwasser und Schmelzwasser 
sowie von Eis- und Schneeproben wurden die mittleren Anteile von Schmelzwasser zu 60 % und von Quell­
wasser zu 40% im A bfluss des Hintereisferners fur d ie M onate Juli bis September ermittclt. Quellwasser ist 
durch besonders geringen Deuteriumgeh a lt gekennze ichnet, wahrend fur E isschmelzwasser und Schnee­
sch melzwasser im Sommer etwa gleich grosse, jedoch rela ti v hohe Deuteriumgeha lte gemessen wurden. 
Durch den wechselnden Anteil von Schmelzwasse r und Quellwasser im J ahresabfluss ergeben sich grosse 

• Pa per presen ted a t the International Symposium on Iso top es a nd Impurities in Snow and Ice, 28- 30 August 
1975. o rga nized by the Interna tional Commiss ion of Snow a nd I ce o f the Interna tiona l Associa tion of the Hydro­
logical Sciences during the X V I General Assembly of the Interna tional U nion of G eodesy and G eophysics, 
Grenoble, France. 
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j ahreszeitliche Schwankungen des D euteriumgeha lts im Abfluss. Die Deuteriumgehalte ein zelner G lelscher­
abflusse zeigen untereina nder einen ahnlichen j ahreszeitlichen Vcrla uf und auf Grund d er verschiedenen 
H ohenlagen d er Einzugsgebiete eine Pa rallelverse tzung d er Ganglinien . Mit Hilfe des Isotope nhoheneffekts 
wurden fur Winter- und Sommerabflusse Differenzen in den mittleren H ohenlagcn der Einzugsgebiete 
a bgescha tz t. 

Der jahreszeitliche Verlauf d er Tritiumgeha lte in Gle tscherabflussen ist ha uptsachl ich durch d en Zufluss 
von Schmelzwasser aus Gletschereis gepragt, da G letschereis praktisch kein Tritium entha lt. Da her zeigen 
sich Minima lwerte d es Tritiumgeha lts im Abfluss wahrend der gross ten Eisablation. Aus d er Abnahme des 
Tritiumgeha lts im Win terabfluss und in den Nied erschlagen der letzten Jahre wird die mittlere Verweilzeit 
des base-flow im Grundwassersys tem des Einzugsgebietes abgescha tzt~ 

Tiefenprofile d er Gesamt-Beta -Aktivitat im Firn zeigen trotz verringertcm a tmospha risch cn fa ll-out der 
letzten J ahre a n Sommerhorizonten gut nachweisba re Aktivita tsspitzen , die zu Rucklagena nalysen herange­
zogen werden konnen. Ein m a rka n ter peak im Tiefenprofil des Tritiumgehalts, welcher d er Rlicklage 
1962/63 zugeordnet werden ka nn, eignet si ch a ls Bezugshorizont. 

I. AREA OF INVESTIGATION 

Figure I shows the sampling si tes and the location of the glaciers under inves tigation : 
Hintereisferner , K esselwandferner and Vernagtferner in the catchment area of R ofenache 
(Otztal Alps, Austria). This catchment area covers 98 km2, 44 % of it being glacierized . 
Its mean altitude is approximately 2 920 m a. s. l. Characteristic data of the catchment areas 
and the individual glaciers are reviewed in Table I. 
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Fig. I. Map of the catchment area of R of enache (Dtz tal Alps , Austria ). Sampli1lg sites: 1 = Hi1ltereisbach (HEB ), 
2 = Kesselwa1ldbach (KWB ), 3 = Vernagtbach (VB ), 4 = Spring Hochjochhospiz (HJH ), 5 = Rofmache, gauge 
Vent (RA ). 

TABLE 1. D ATA ON GLACIERS IN THE AREA OF INVESTIGATION : HINTEREISFERNER (HEF), 
KESSELWANDFERNER (KWF) AND VERNAGTFERNER (VF) 

Glaciated Mea1l altitude above sea-level Altitude 
part of the of the of the of the of the e1ld 

Glaciated catchment equilibrium total glacier accumulation of the glacier 
Glacier area area line area area termi1lus 

km> % m m m m 

HEF* 11.2 56 2 g80 3 0 70 3 155 2425 
KWF 4·3 75 3 010 3 135 3 175 2700 
VF 9·5 85 3 080 3 175 3 180 2700 

* Plus smaller glaciers in the catchment area proper. 
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2. I SOTOP E CONTENT IN SAMPLES OF SNOW, ICE AND R UN-OFF 

2. I . Introduction 

M easurem ents of the concentration of d euterium , oxygen- I 8 and tritium In samples of 
'snow, ice and stream water from a glacierized catchment area have already been used in 
previous studies for determining the shares of melt water from snow, melt water from ice, and 
subglacial spring water, in the discharge of a glacier stream during the summer ablation 
period (Behrens and others, 197 I). This was possible, because of the low deuterium concentra­
tions in spring water compared with those in melt water from snow and ice. Furthermore, 
melt water from old glacier ice contains no tritium at all. By measuring only deuterium and 
not tritium, it is not possible to distinguish between melt water from snow and ice during the 
summer ablation period, as the deuterium concentrations are approximately equal in both 
types of m elt water. To distinguish between these two m elt water contributions, the tritium 
concentrations must be measured additionally (Ambach and others, 1973) ' In general , 
simultaneous measurements of deuterium and oxygen-I8 concentrations give ·no further 
information on the proportions of melt water and spring water in a glacier stream. 

The wide range of variations in deuterium concentrations that occur in every individual 
precipitation is reduced considerably by metamorphosis of the snow cove r and by mixing 
processes in the run-off system of glaciers. The final values obtained for m elt water, stream 
water and spring water are mean deuterium concentrations with small ranges of variation 
of the respective samples , but significant differences, from which the relative shares of m elt 
water 'and spring water in the total run-off of the glacier stream can be determined for a 
summer ablation period . 

In the present paper the changes in isotope content from precipitation to run-off, and the 
related glacier-hydrological effects are discussed . 

2.2. Isotope content in the precipitation and in the sn.ow cover 

Figure 2 shows the deuterium content* in the samples taken from individual precipitation 
events at V ent (Fig. I). The values plotted as a step function (solid line) are weighted 
monthly m ean values of the deuterium content in the precipitations. The diagram shows on 
the one hand the typical annual variations with high values in the summer and low values in 
the winter, on the other hand the great fluctuations between successive precipitation events 
having the wide range of annual fluctuations. The variations in the isotope content observed 
during one individual precipitation event are almost as high as the annual variations (Ehhalt 
and others, 1963; Bleeker and others, 1966 ; Ambach and others, 1975). 

The individual layers of the winter snow cover can in general be well correlated to the 
mean isotope contents of successive periods of precipitation (Moser and Stichler, 1975) . 
In general, the snow surface shows enrichment of heavy isotopes, deuterium and oxygen-I8 
caused by fractionation processes during phase transitions (J udy and others, 1970; Moser and 
Stichler, 1970; Moser and Stichler, 1975). 

2.3. Range of variation of isotope contents in samples of snow, ice and water from a glaciated catchment 
area as exemplified at Hintereisferner 

Figure 3 shows individual measurem ents of the deuterium content in samples of snow, 
snow-melt water, ice, ice-melt water, spring water and stream water taken during the ablation 
periods of 1969, 1970 and 197 I . They show clearly a decrease in the range of variation 
from the snow samples ( - 45 %0 to - 160%0) followed by the ice samples ( - 90%0 to - 125%0)' 
the ice-melt water samples (- 90%0 to - I 10%0) and the creek samples (- 100%0 to - I 15%0) 

• The d euterium con tent is given by the SD value, the relative deviation from the standard SMOW (Craig, 
1961 ). 
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Fig. 2. Seasollal jluctuatiollJ q/the deulerium cOllcmlratioll at Velll (cI Fig. J ) . 

(a) Precipitation, Vent: dots correspond to individual precipitations, the step function giving the weighted monthly 
mean value; 

(b) Water samples Rofenache (RA ), Vent: dots correspond to individual samples, the stepfunction giving the ullweighted 
monthly mean value. 

The double standard deviation of the 8D values is 1%0' 

(Table II ). This homogenization doubtlessly is largely due to mixing in the drainage sys tem 
of the glacier. Processes of fractionation between percolating melt water and firn also cause 
homogenization accompanied by an enrichment of heavy isotopes. This has been shown 
earlier on drill cores from the accumulation area' of K esselwandferner in which homogeniza­
tion of the ,BO content was clearly observed in depths between 8 m and 15 m, the maximum 
depth of drilling (Ambach and others, 1972 ). Although the percolation of melt water during 
several months hardly changes the profile of isotope content of a snow cover (Moser and 
Stichler, 1975), long-term percolation ofa firn layer must be assumed to have a homogenizing 
effect on the profile of isotope content. 

The difference between the mean value of the deuterium content in spring water and that 
of snow and ice samples may be caused by fractionation processes during ice formation , but 
also by preferred alimentation of the springs by melt water from winter precipitation with low 
deuterium concentration. The mean value of the deuterium content of the glacier run-off, 
being a mixture of melt water and spring water, lies between the deu terium concentrations of 
the two run-off components . Furthermore it may be seen that the range of variation in 
deuterium contents of the spring waters is small and corresponds approximately to that of the 
samples of melt water from ice and stream water. 
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Fig. 3. Deuterium content oJ .wow. me/I waler Jrom mow. ice. me/I water Jrom ice. spring wafer and stream water oJ Hintereis­
femer . The samples were taken in July, August, and Seplember oJ 1969 10 1971. 

TABLE 11. RANGE OF VARIATION AND MEAN VALUES OF THE DEUTERIUM CONTENTS OF SAMPLES FROM SNOW, MELT 

WATER FROM SNOW, ICE, MELT WATER FROM ICE, SPRING WATER AND STREAM WATER OF HINTEREISFERNER 

The samples of snow, melt water from snow, ice, melt water from ice were collected in the summer months of 
the years 1969 to 1971, samples of spring water and stream water were collected July to September 1969- 74' 

Range of variations t1SD 1 .. 
Mean values SD %. 
Mean values of sample groups SD %. 
Number of samples 

Melt water Melt water Spring Stream 
Snow from snow Ice Jrom ice water water 

115 30 35 20 15 15 
- 96.9 -106.6 - 102.6 - 99.5 -116.0 - 106.6 

- 98.8 - 100.7 - I 16.0 - 106.6 
57 15 26 38 43 . 76 

2.4. Annual variations of the deuterium content in the run-off from three glaciers and in the Rofenache 

Figures 4-6 show the variation of the deuterium content of individual samples taken over a 
period of several years from the glacier streams of Kesselwandferner, Hintereisferner and 
Vernagtferner in the catchment area of Rofenache and from Rofenache at Vent. For com­
parison, Figure 7 gives the corresponding variations for the spring at Hochjochhospiz (HJH) 
from the same catchment area. 

At the beginning of the melting period (April to June), the deuterium content drops consider­
ably down to a minimum (Figs 4- 6). This is due to the direct run-off of melt water from snow 
layers located in the lower region of the glaciated catchment area as well as in the non- . 
glacierized catchment area, the snow being accumulated during the winter at low tempera­
tures, thus showing low deuterium concentrations. Shifts of the negative peak in the deuterium 
concentration depend on the ablation conditions in the months of April to June. The occur­
rence of such a negative peak in the graph for the Hochjochhospiz spring shows that this spring 
also contains a considerable share of melt water from winter precipitation running Dff directly 
during this period (Fig. 7). 
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Fig. 4. Seasonal variation of the deuterium content SD in the run-off of HintereisJerner (HEB ) and Kesselwanc!ferner (KWB) 
in the years 1966 to 1973. 
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Fig. 5. Seasonal variation of the deuterium content SD ill the rUIl-off of HilltereisJerner (HEB ) and Vernagiferner (VB ) in the 
years 1971 to 1974. 
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Fig. 6. Seasonal variation of the deuterium content SD in the run-off of Hilztereisjemer (H E B ) and Rqfelwche (RA ) in the 
years 1969 to 1974. 
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Fig. 7. Seasonal variation of the deuterium content SD in the run-off of Hilltereisjerner (HEB ) and the spring of Hochjochhospiz 
(HJH )for 1969 to 1974. 
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In the summer ablation period (July to September), the variation in deuterium content in 
glacier streams is governed by the different deuterium conten ts of the individual run-off 
shares (melt water from snow and ice, and subglacial spring water, Behrens and others, 
1971 ). The deuterium contents of the glacier streams as well as those of the Hochjochhospiz 
spring increase during this period. This increase in the glacier streams on the whole is due 
to the run-off of isotopically heavy melt water from the ablation area , whereas in the case of 
the Hochjochhospiz spring the ground water discharge is superimposed on direct precipitation 
discharge. 

During the w inter accumulation period the variations are only small- in the glacier streams 
as well as in the Hochjochhospiz spring. 

Comparing the deuterium content of the three glacier streams and Rofenache we find 
annual variations of the same kind. The oD values of the Hinte reisferner run-off, however, 
are somewhat higher, though parallel to those of Kesselwandferner and Vernagtferner. 
This is due to the different a ltitudes of the catchment areas. Figure 8 shows the distribution 
in altitude of the areas of the three glaciers . Table I gives some characteristic data: the altitude 
distribution of Hintereisferner significantly differs from that of K esselwandferner and Vernagt­
ferner. 

Table 111 reviews the mean d euterium contents during the three run-off periods of winter, 
spring and summer for the three g laciers and fo r Rofenache. The limits of the individual 
periods were d etermined by the following conditions : the spring period (or summer period) 
shows the deuterium concentrations of individual samples to be smaller (higher ) than the 
mean value of the winter run-off of the respective year (decrease in the deuterium content in 
spring is caused b y the snow melt ; increase in the summer is due to ice ablation, er. Figs 4- 6). 
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Fig. 11. Altitude di.<tributioll 'If the glacier area Ior Hintereisferner (H EF ), Vemagtferner ( VF ) and KesseLwanc!femer (KWF ) 
and the altitude q( the averaged equilibrium line. Right: fraction of glacier area per 50 m altitude interval. Left : integrated 
altitude distribution curve. The results fo r Hintereisferner and Vernagtferner were taken from Reinwarth (1972), results 
for Kesselwandferner were kindly made available by H. Hoinkes , 
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TABLE Ill. MEAN VALUES OF THE DEUTERIUM CONTENT (oD ) IN THE RUN-OFF OF HINTEREISFERNER (HEB), 
VERNAGTFERNER (VB), KESSELWANDFERNER (KWB) AND THE SPRING HOCHJOCHHOSPIZ (HJH ), AS WELL AS 

ROFENACHE (RA) IN THE WINTER, SPRING AND SUMMER PERIODS (COLUMN ) 

For an explanation of the time limitation of the seasons sec text. In HJH, the winter covers a period from 
November to March, spring from April to June, summer July to September. Wherever possible, the differences 
in the mean deuterium contents e:,.oD (of VB, KWB, HJH and RA ) as compared to HEB are given. 

HEB 

Period 

winter 
spring 
summer 

VB winter 
spring 
summer 

KWB winter 

HJH 

spring 
summer 

winter 
spring 
summer 

RA winter 

HEB 

VB 

KWB 

HJH 

RA 

spring 
summer 

Period 

winter 
spring 
summer 

winter 
spring 
summer 

winter 
spring 
summer 

winter 
spring 
summer 

winter 
spring 
summer 

1966 
oD 
%. 

- 122·7 
- 112.8 

1971 
oD e:,.oD 
%0 %0 

-108.8 
-115. 1 
- 105.0 

- 128.8 - 13.7 
- I I 1.9 - 6.9 

- I 19.7 - 10·9 
- I 18.7 - 3.6 
- I 12·4 - 7.4 
- IIS.6 - 6.8 
- 120·3 - S.2 
- I IS.3 - 10·3 

- 120.2 
- I I 1.1 

1972 

oD e:,.SD 
%. %. 

- I08.S 
- 117·4 
- 107.9 
- I 17.2 - 8·7 
- 131.S - 14. 1 

- 114·9 - 7.0 

- IIS·9 - 704 
- 120.8 - 304 
- I 13.3 - S·4 

,- Ilg.o - IO.S 
- 121.6 - 4.2 
- 116.S - 8.6 

- 117.S - 0.1 
- 108.8 - o.g 

1968 
SD 
%. 

-119.6 
- 123.0 
- 116.0 

1973 
iW e:,.SD 
%. %. 

- 108·4 
-118.0 
- 103.4 

- 119·7 -11.3 
- 143.0 -2S·0 
- I 14.2 - 10.8 

- 12S·9 - 7·9 

- 117·S - 9. 1 
- 121.4 - 3.4 
- 113. 1 -9.7 

- I 12.1 - 3.7 
- 117.8 -0.2 
- 107.1 - 3·7 

1969 1970 
oD e:,.SD oD e:,.W 
%0 %. %0 %0 

- 109.6 
-IIS·3 - 129.9 
- 104.4 - 107.9 

-118.8 
-121.0 - S.7 - 12 7.6 -2·3 
-112.1 -7.7 -IIS·7 -7.8 

-117.1 -1.8 
- I 14.8 - 10.4 

1974 
oD e:,.SD 
%0 %. 

- 106·3 
- 117·3 
- 107.9 
- 1 18.0 - I I. 7 
- 124.4 - 7. 1 

- I 14.2 - 6.3 

- I 17.6 - I 1.3 
- I 19.4 - 2.1 
-IIS·6 - 7.7 
-112.0 - S.7 
- 118.8 - I.S 
- 109. 2 - 1.3 

- I 14.7 -S·I 
- 126.6 +3.3 
- 120.7 - 12.8 

Mean 
MD 

%. 

- IO·S 
- IS·2 

- 7-7 
- g.1 
- 4.6 
- 7. 1 

- 8.6 
- 3.0 

- 9·9 

- 4·7 
- 0.6 
- 2.0 

The mean values of deuterium contents given in Table III are about 10.5%0 and 9.1%0 
lower for the winter run-off of Vernagtferner and Kesselwandferner, respectively, than are 
the values for the winter run-off of Hintereisferner. For the summer ablation period, the 
corresponding val ues are 7.7%0 and 7. I %0' respectively. Comparing successive years, the mean 
deuterium concentration differs significantly for the snow-melt period in spring, the mean 
values of the deuterium concentration of Vernagtferner being especially low. 

From the significant parallel shift in the graphs for annual fluctuations of deuterium 
content in glacier run-off (Figs 4- 6) conclusions are made as to differences in the mean 
altitudes of the catchment areas using the isotope altitude effect. In view of an isotope altitude 
effect in precipitation of about - 3%0 per 100 m (er. Moser and Stichler, 1970), the conclusion 
follows that the catchment areas of the winter discharge of Vernagtferner and Kesselwand­
fern er on average are about 300 m higher than that of Hintereisferner. The difference in 
altitude calculated for the summer discharge is only about 250 m. The corresponding 
catchment areas of Vernagtferner are somewhat higher than those of Kesselwandferner. 
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Under the same assumptions, the isotope altitude effects of R ofenache and of Hintereisferner 
indicate that the m ean total catchment area of R ofenache in the winter is about 150 m higher 
than that of Hintereisferner. During the summer ablation period this difference in altitude 
is reduced by 50% . 

The fa t t that the altitude of the catchment area of Rofenache was found to be higher for 
the winter run-off and the summer run-off than the catchment area of Hintereisferner 
confirms the high contr ibution of K esselwandferner and V ernagtferner run-off in the discharge 
of Rofenache. Due to local variations and variations in time of the altitude effect as well as to 
differences in deuterium data of successive years (Table Ill ), the results on the altitude dif­
ferences in catchment areas are not d efinit e. However , the differences in the mean altitudes of 
glac ier areas of Table I are smaller than those for the entire catchment areas obtained from 
the iso tope analysis. 

On account of the highly glacierized catchment area , the seasonal changes in deuterium 
content of R ofenache .( Fig. 6) are similar to those of the individual glacier run-off. The 8D 
values of the individual samples from R ofenache vary between - 100%0 and - 130%0' the 
monthly means being between - 105%0 and - 125%0' R emarkable is the highly constan t 
isotope content which is repeatedly observed in the winter run-off. The mean values for the 
winter months of 1973 and 1974 are - 1 12.0%0 and - 1 12 .1%0' respectively . The fluc tuations 
in 8D values of Rofenache characterize very well the onset of snow a blation by a drop in 
d euterium content. The transition from ablation of winter snow to ice ablation is marked by 
an increase in 8D values. The beginning of winter run-off is charac terized by an approxi­
m a te ly constant d eu terium content. In T able IV, the time sequence of these charac teristic 

T AB L E IV . TIM E SEQUENCE OF ME LT W ATE R CONTR IB UTIO NS IN THE R UN-OFF OF ROFE NA C H E BASED ON TH E SEASONAL 

FLUCT U ATIO NS IN DEUTERIUM C O NT ENT 

Y ear 

1972 /73 
1973/74 
1974/75 

Period with a great 
share in melt water 
J rom w inter snow 

May, June 
March , A pril , May 

April to beginn ing of July 

aDO/o. 

- 1/2 

- 1/4 

-116 

- 118 

m 31s 
2 

Transition from 
snow to ice 

ablation 

July 
middle of June to July 

July to August 

3. 4. 

Period with a large 
Jraction oJ melt 

water J rom glacier ice 

5. 

August 
September 
September 

dD%. 

-1/2 

- 1/4 

- 1/6 

- 1/8 

m 31s 
2 

6. 
O-L-r--~--~----+---~---r--~----~--~O 

AUGUST 19'14 SEPTEMBER 19'" 

Winter rUIl-off 

O ctober to F ebruary 
December to M a rch 
November onward 

Fig. 9. D aily variations oJ the deuteriulII cOlltent oD and the discharge oJ Vem agifemer ( V Bl J or the period from 3 0 A ugust 
1974 to 6 September i974. Data on discharge were kindly made available by O. R einwarth. 
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run-off periods is reviewed for the years 1972- 74. The values were obtained from the varia­
ti ons in deuterium concentration . The relation be tween the daily variations of deuterium 
content and the discharge observed for Hintereisbach during a mid-summer ablation period 
by Behrens and others (197 I) was confirmed. As a further example, F igure 9 shows the varia­
tions in deuterium content ofVernagtbach during eight days of measurements. Evidently, the 
d euterium content increases and d ecreases in phase with discharge. This confirms the result 
that the melt-water flow on the glacier surface during periods of high ablation rate directly 
from the glacier surface contains m ore deuterium than the base fl ow. However, the high oD 
values on 5/6 September 1974 are due to melt water from a thin snow cover (snow fall en 
during the night of 3 to 4 September 1974), which m elted with a d elay because of the cool 
weather on 4 September 1974· 

2.5. j\l/ean proportions cif melt water running oJ! directly and of spring water in the discharge of H intereis­
f emer for the months cif July to September 

Table II contains the mean d euterium concentrations of stream water, spring water, 
ice-melt water and snow-melt water , and also of ice samples and snow samples. The individual 
values of the years 1969- 7 I are presented in Figure 3. ·From it , the fo llowing characteristics 
are obtained : 

The variation in the oD values of snow samples is very wide, varying between - 50%0 
and - 160%0. 

The m ean value of the deuterium concentration of -98.8%0 in the group of snow plus 
snow-melt water samples is very close to that of the group of ice plus ice-melt water 
samples ( - 100.7%0) . Hence it follows that it is not possible to distinguish be tween 
ice-melt water and snow-melt water during the summer months by measuring the 
d euterium content. 

The mean values of deuterium concentrations of spring water, melt water (from ice 
and snow) and stream water differ significantly, showing small ranges of variation of the 
respective examples. It is therefore possible to calculate the discharge contributions of 
melt water and spring water in the total discharge from the deuterium concentrations of 
stream water. 

For calculating the discharge shares of melt water and spring water in the total discharge, 
the following values were used from Table II: 

Mean deuterium concentration of stream water fo r the months of July to September: 
- 106.6%0· 

M ean deuterium concentration of spring water: - I 16.0%0. 
M ean deuterium concentration of melt water: - 100.7%0. 

From these data the mean contribution of melt water to the Hinte reisferner discharge was 
found to be 60 % and that of spring water 40 % . Thereby it was assumed that the oD values 
of the base flow are equal to those of the spring water during the sampling period. The result 
obtained by averaging the 3D values over the months of July to September is in good agree­
ment with the contributions determined for individual days of the a blation period by Behrens 
and others (1971 ) . M easuring the tritium concentration in the midsummer ablation p eriod, 
Ambach and others ( 1973) also found the proportion of melt water from the ablation area of 
K esselwandferner to be 3 1 % during the night hours and 57 % during day-time as minimum 
and maximum values, respectively. Melt water from snow was not considered in these values. 

The assumption that the m ean oD value for melt water is - 100.7%0 is explained as follows: 
Table 11 shows that the mean values of the deuterium concentrations in the samples of snow, 
snow-melt water, ice, and ice-melt water are not significantly different. Because of the small 
range of variation in oD values of the group of ice plus ice-melt water samples, this value 
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appears as being better supported than the value of the group of snow plus snow-melt water 
samples. It thus seems to be justified that the aD value of the group ice plus ice-melt water 
samples may be taken for that of melt water, irrespective of its origin (ice or snow). It is easy 
to understand that the difference in the mean values of the groups of snow p lus snow-melt 
water samples (-98.8%0) and ice plus ice-melt water samples (- 100.7%0) is small, because 
the ablation area copies the accumulation area on account of rheological processes, the ice of 
the ablation area originates from precipitation deposited in the accumulation area. In the 
present case it cannot be proved statistically that the deuterium content in melt water from 
ice is higher than that in melt water from snow, a lthough it is assumed that metamorphosis 
from snow into firn and second ly into ice must effect a change because of the fractionation 
processes mentioned in section 2.3 . Deuterium concentration of snow-melt water differs 
significantly from that of ice-melt water only in special cases, e.g. if the melt water from new 
snow in summer occurs with high deuterium concentrations. 

2.6. Time variation oJ tritium content in the discharge oJ HintereisJerner and in RoJenache 

Figure 10 shows the seasonal variations of tritium contents in the Hintereisferner discharge 
and in Rofenache . The curves have a shape similar to that of stream samples from the 
Rofenache catchment area published earlier (Ambach and others. 1973 ; Behrens and others, 

r.u w. 

200 200 

150 ISO 

lOO 100 

50 50 

r.u. T.U. 
200 200 

lOO lOO 

0 0 

m3/s m3/s 

12 12 

10 /0 

8 6 

6 6 , , 
2 .2 

0 0 

1973 1974 

Fig. la. Uppe; sectioll: Seasollal variatioll 0/ the tritiulIl colltellt ill the nw-off oJ Hilltereis/emer (HEB ,. illdividual samples) 
and Rofenache (RA,. unweighted mOllthly mean ) in theyears 1973 alld 1974. The double standard deviation of the measured 
values is 9- 13 T. U. at maximum. Middle section : Seasonal variations of the tritium content in precipitation sampl" , Vent, 
weighted monthly means. Bottom sectioll : MOllthly means of discharge of Rofenache (gauge at Vent ) . ( The Hydro­
graphischer Dienst , Innsbruck , is thankedfor supplying the measured discharge data . ) 
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197 I). There the minima in tritium contents in midsummer are explained by maximum 
shares of m elt water from glacier ice that .is practically free of tritium. The reduction in 
tritium content of the discharge during spring is due to the low tritium content in the melt 
water from winter snow. A similar decrease in tritium content at the onset of winter snow 
melting has been found in the run-off of the Dischma basin (Switzerland) by Martinec and 
others (1974) where it is limited, however, to the period of snow melt. There, however, it 
never reaches the minimum in tritium contents observed in the glacier streams of R ofental , 
because the Dischma basin is hardly glaciated- in contrast to the catchment area of 
Rofenache. 

The curves of variation for the tritium contents of run-off from Hintereisferner and 
Rofenache are similar. However , the summer values in the Hintereisferner run-off are lower 
than in Rofenache (Fig. 10). In accordance with the daily variations in tritium content 
given by Behrens and others ( 197 I), this shows that Hintereisbach during the ablation period 
has a greater proportion of melt water than Rofenache. 

In consequence of different ablation conditions which are re flec ted by the difference in 
tritium contents in the I'un-o ff, ice ablation in the summer 1974 began later than in 1973. 
This has already been observed in the time variation of the deuterium content in the Rofenache 
run-off (Table IV) and may furthermore be confirmed by comparing the minima of tritium 
contents of Figure 10 which correspond to highes t proportion of ice-melt water. Figure 10 
also contains the tritium concentrations in the precipitation at V ent. The values are plotted 
as the weighted monthly means. Significant seasonal fluctuations are shown as well as th!' 
high values of spring 1974. The increase of tritium contents in spring 1974, however, is in 
agreement with the tritium increase observed in precipitation in other parts of Austria in May 
and June 1974 which were also higher than the year before (Bauer and others , 1975)' Figure 
10 furthermore shows the monthly means of the Rofenache discharge (Vent ) illustrating the 
relation between high discharge due to strong ablation and low tritium concentrations. 

Maximum tritium contents are always observed in the winter discharge. Figure I I gives 
the decrease in these maximum tritium contents for the years of 1968- 74 (Fig. 10 and Behrens 
and others, 19 7 I), as well as the annual means of tritium concentrations in the precipitations 
of various stations. All precipitation values are below the tritium contents in the respective 
winter run-offs (Fig. 10), if the annual mean values of the tritium content in the precipitation 
are taken as an approximate measure of the tritium input concentrations in the ground water 
system of the catchment area. It may be concluded that the winter discharge is being fed by 
water ofprecipitations of former years, containing more tritium. Martinec and others (1974) 
have conducted model calculations for the Dischma basin , on the basis of which the mean 

T.U 
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400 

300 

200 

100 

.. \ 

Precipitation 

19()7 '66 '69 "/0 71 '72 73 74 

Fig. /1. Decrease ill tritium contellt ill the willter rUII-of! of k eJJelw{/l/{!lemer (K WB ) . , Hintereisfemer (H EB ) x , alld 
Ro/mache at Vent (RA ) 0, alld decrease in precipitation at Hohenpeissenberg (Bavaria ) - ' - ' - . Petzenkirchell 
(Austria ) --, Wien - - - , and Vent (Austria) vvv. Curve drawn byestimatioll. (IAEA , /97 / , /973) Gratilude is 
expressed for the priva te information on measured data by the Isotope Hydrology Sectioll of the [AEA. Wie/l. 
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residence time of the ground-water share in the discharge was estimated to be approximately 
four to five years. The models assumed for calculating the age distribution were the "exponen­
tial model" and the "dispersion model" with a ratio of 2/3 of· winter recharge and 1/3 of 
summer recharge. The differences found between the two models were small. 

A comparison with the results measured in the catchment area of Rofenache suggests that 
the residence times for the water of base-flow in the winter are similar. This, however, does not 
explain whether the base-flow originates mainly from melt water of long intraglacial storage 
or from the ground-water reserve of the soil. 

It may thus be concluded that new information can be obtained on the proportions of melt 
water and spring water in the total discharge and on the residence time of the base-flow in the 
ground-water system of an Alpine glacier by measuring the contents of deuterium and 
tritium on samples from a glaciated catchment area. 

3. VERTICAL PROFILES OF THE GROSS BETA ACTIVITY AND TRITIUM CONTENT IN THE ACCUMULA­

TION AREA OF KESSELWANDFERNER FOR DETERMINING THE ANNUAL NET ACCUMULATION 

3. I. Introduction 

The pattern of the annual net accumulation in the accumulation area of Alpine glaciers 
have so far been determined by measuring vertical profiles of the gross beta activity only for 
periods of heavy atmospheric fall-out (Eisner, 1971). Because of the much lower radioactivity 
measured in air and precipitation samples during past years, it was doubtful if these methods 
were still applicable, especially as the role of natural radionuclides in the formation of activity 
horizons is still largely unknown. The present examination is intended to show whether the 
gross beta activity also yields characteristic vertical profiles in the accumulation area of 
Kesselwandferner during periods with comparatively low atmospheric fall-out (1966- 73), 
and above all whether the summer melt horizons are clearly marked by activity peaks. 

3.2. Results 

In the accumulation area of Kesselwandferner, two drillings (1, Il) down to about 12 m 
depth have been made with a SIPRE drill that had been improved by Eisner (1971 ). The drill 
core was cut into samples about 5 to 10 cm long, and the gross beta activity of the dry residue 
after evaporating the samples was measured with a low-level counter (background about 
2 counts per minute ) . The sample preparation has been described in detail by UrI (unpub­
lished) and Elsiisser (unpublished ). The annual net accumulations from 1966 to 1973 were 
determined by means of the vertical profiles of the measured gross beta activity given in 
Figure 12 . Good agreement was observed with results obtained independently from stake 
readings and determinations of water equivalents (Elsiisser, unpublished) . 

While the firn activities of the summer horizons 1961- 64 varied between 85 and 546 
pCi /kg (Eisner, 1971 )-they were caused by heavy atmospheric fall-out- the activity values 
of the summer horizons of 1966- 73, though well above the limit of identification, were no more 
than 6- 69 pei/kg. 

Between the respective annual horizons there occur low gross beta activities with values 
smaller than 5 pei /kg, as has been observed also by Eisner (1971 ). The decrease in horizon 
activities of the period of 1966 to 1973 as compared to that of 1961 to 1964 by approximately 
a factor of 10 is in good quantitative agreement with the decreasing gross beta activity of 
precipitation samples during this period (Fig. 13)' 

The activity peaks of the period 1961 to 1964 are around 3 000 pCi/l; those of the period 
of 1966 to 1973 are around 285 pei /l at a maximum. The maximum values of the gross beta 
activity of air samples are lower in the period 1966 to 1973 than between 1961 and 1964 
(when they were 20 ' times higher). 
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slimmer horiz on. 

Profile a: Specific beta activity Ap (PCijkg ) oJ the firtl sample; values < I pCi jkg have not been plotted. 
Profile b: Specific beta activity AP' (pCi jmg ) oJ the dry residue; values < 0.1 alld 0.2 pCi jmg. respective(v, have 1101 

been plotted. • 
Profile c: Specific dry residue g ' (mgjkg ) of the firtl sample. 

The value of the gross beta activity of a firn sample (units pCi/kg) may be given as the 
product of the following factors : AP' (units pCi /mg) and g' (units mg/kg), with AP' being 
the value of the specific gross beta activity related to the specific dry residue , and g' being the 
specific dry residue related to the mass of the firn sample. The depth profiles of AP' and g ' 
are plotted in Figure 12. In many cases the values of AP' and g' have a relative maximum in 
the summer horizons . This demonstrates that the peak values of the specific gross beta 
activity of the firn samples are accompanied by high values of AP' and g'. Horizon analyses 
based on vertical profiles of g' alone are not clear. 

These results confirm that the mechanism described by the model of infiltration and adsorp­
tion ofradionuclides (Ambach and others, 1968 ; Prantl and others, 1974) yields characteristic 
vertical profiles of gross beta activity in the accumulation area of an Alpine temperate glacier 
even during periods of low atmospheric fall-out. According to this model, summer ablation 
horizons are characterized by concentrated beta-active deposits that are bound to the horizons 
by adsorption . The percolating melt water does not wash-out this activity profile, but 
intensifies it secondarily, as the ablation horizon acts as an adsorption filter for the percolating 
melt water. 

~ , 
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Fig , 13, Variation in gross beta activity/or theyears 0/1958 to 1.973, 

(a) Precipitation samples AIJNS (pCi{I); 
(b) a ir sample AIJL (pCi{m3 ), 
Station: Wien (Hohe Warte ), 1r11lsbruck (Hygimisches Institut der Ulliversitiit Irmsbruck ). alld Garmisc;' (top ~r 

Berg Wank ) , ( The respective illstit"tions are thanked for making data available, ) 

ContrGl measurements of the activity values in horizons yielded an "apparent half-life" 
of about rtwo years, in agreement with former measurements by Url (unpublished), This 
relatively short "apparent half-life" of two years supports the assumption that the activity 
horizons are pardy renewed by adsorption of short-lived nuclides, displaced from the snow 
surface by melt-water percolation, 

In addition, the vertical distribution of tritium concentrations in a drill core from the 
neighboring drilling IV was studied , The decrease in tritium con tent upwards from a depth 

https://doi.org/10.3189/S0022143000013691 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000013691


DE U TERI U M, TRITI U M AND GROSS BETA ACTIVITY 399 

of 18 m was found to be in agreement with the gradual d ecrease in tritium concentrations in 
the prec ipitation of the past few years (Fig. 14). Relating the maximum tritium concentration 
of the profile with the accumulation in 1963 with its maximum tritium content in the prec ipita­
tion , we obtain a mean annual net accumulation of 1.8 m of snow for the subsequent d ecade. 
This is in good agreem ent with horizon analyses from gross-beta-activity measurements in the 
drillings I and II covering the period of 1967- 73. and also wi th former examinations of 
tritium profil es covering the period of 1954- 63 made by Ambach and others (1969) in the 
vicinity of drilling IV . 

5 

10 

15 

20 
Deplh(m) 

500 1000 

Fig. 14. Vertical profile of the IriliulII cOl/lel/1 il/ cure / V (!\eJselwlIT/{!/em er. 3 :.!:.!7 1/1 a.s. l. , Ju ly 1973) . The measured results 
r~rer to the dale of sampling. The Iwofold stalldard deviations of Ihe Iritium concel/tratioll s are 3 to 7° n . 

Consequently it was found that m easurements of tritium content in firn layers yield a 
reference horizon characterized by an especially high tritium concentration in the vertica l 
profile . This may be attributed to the ne t accumulation of 1962- 63. Adequate examination 
of the vertical distribution of gross beta activity in firn is a suitable m eans of analysing 
the net a ccumulation on Alpine glaciers, despite the low' atmospheri c fall-out of the past 
decade. 
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