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SUMMAl!Y 

In order to gain a deeper insight into the wa.ter budget of temperate gla<:i<:rs, a model was 
used in which total discharge of the glacier consists of three runoff oo m ponents, namely, 
ice and snow melt; water running off during summer ablation, and subglacial water. This 
model was applied to the runoffs of Kcsselwandfcrncr and H intereisferner in the catchment 
area of the Rofcnache (Ötztal Alps, Austria). 
The total runoff was measured by tracer methods using tho fluorescent dye Rhodamin WT. 
] t proved advantageous to employ tracer methods p.ut icularly on glacier streams, since 
current meter measurements in these flow eltc1,nnels with their changing flow cross sections 
and turbulent currents are very difficult. In view of the given terrain conditions and for 
reasons of expediency, the instantaneous injection of tracer, combined with continuous 
sampling, must be preferred to a continuous injection of tracer. This method is facilitated 
in part.icular by a simple a.ppu.rn.tus for continuous sampling during tracer pr1ssa,gc at the 
site of measurement. Comparison between the results of tracer measurements and those of 
current meter measurements a,t Vcnt-Rofcnache revealed that the accuracy of tracer measure­ 
ments is at least equal to that of measurements by current meter. 
For determining the runoff portions mc1,king up total flow, balance equations were used of 
the natural isotope contents in the water of trit.iu m and dcu t.eriu m (or oxygen-18). The isotope 
contents are subjected to signif'icnnt a.nnual variations and in the summer ablation period 
also to daily Huctuations. Tho promise of this method is that there exists a correlation between 
the individual runoff portions and specific tritium and deuterium contents, respectively. 
Thus, melt water from old glauier ice is practically free of trit.iu m, whereas snow melt water 
and su bgla.cial water are marked by high tritium contents. As regards dcu toriurn levels, sub­ 
glacial water differs in its low values from tho surface melt waters with higher values. H 
was found, moreover, that spring water and melt water are churacterizcd by distinct 
conductivity values. 
Based on the resul ts obtained for the Hintereisbach, the Kesselwandbach and the Rofcnache, 
the quantitative model calculation of the daily vuria.t.ions of the runoff proportions furnished 
meaningful glacio-hydrologim,1 results. In addition, the discussion of the isotope content of 
glacier runoffs observed in part for periods of more than I'ivo yours, provided vn.luu.ble in5igltt 
into glacier melting processes, their eorrela.tion with weather conditions, and the runoff 
phenomena of melt water in summer and in winter. 
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Um einen vertieften Einblick in den Wasscrha.usha.lt von temperierten Gletschern zu ge­ 
winnen, wird ein Modell verwendet, bei dem sich der Gesamtabfluß des Gletschers aus drei 
l1 bflu ßauteilen, näml ich elem während der sommerlichen Ablation abfließenden Eis- und 
Schneeseil melzwusscr und dem subglazial abflicßendcn Quellwasser znsarnmensetzt. Dieses 

* Paper presented at XV. General Assembly of LUGG, Moscow, USSR, Commission of Snow 
and Ice, Symposium on Interdisciplinary Studies of Snow and Ice in Mountain Regions, 
9-13 August 1971. 
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Modell wird a.11r di(· .'\_bt'li'1sHe dus Kcsscl wundforucrs und des Hinti-reisfcrncrs im Einzugs­ 
gcbil•L d\'r l{,ol'c1mche (ützt:ilcr Alpen) a ngcwcndct . 
Die Mussu11g des (:,,Han1tabf'lusscs erfolgte mit Hilfe von 'l'ra ocrmcthodon unter Verwendung 
des Ftuot-cszenzfurhatoffs Rhodamin \\'T. Trucci-mcthodcn werden gontde in C:letscJwrbäcJ1en 
mit Vorteil eing,•,scLzt, da L<'liigcl111ess,111gen in solchen C:erinnen mit ihrem wechselnden 
Ftießquersohnf tt und ihrer turb ulcntcn Strö11111ng 1111r mi t Nchwierigkeiten durchgeführt 
werden können . .Bl'i ,i<-r l~nLwicklu 11g der Met hod ik zeigte si .. h, daß u nter den gegebenen 
Geländcvcrhalt.nisseu die 11HrnH'11Lam, Trnccrz11g,d1e mit Sannnclprobcncntnuhme gegenüber 
der kontin u icrli .. hen Tracer- 11g,ihe mit weniger Au Iwand cl urchzu f'ii hren ist. H icrzu trägt 
insbesondere ein einfaches Ue1,:iJ zur Entnahme der Sarn mclprobc während dos 'I'raccrduroh­ 
gangs an der Meßstelle bei. Vcrgle.iPhc der Ergebnisse der 'I'rncermessungcn mit denen von 
Flügelmessungen an dr r Moßstclle Vont-Rofcnacho ergaben, daß die Genauigkeit der 'I'rn.oer­ 
messungen mindcstcus der von J<'li'1gelmcssunge11 entspricht. 
Die Messung der Ahfluf.lanLcile i m Uosa111t..ibfl11fl erfolgte über Biianzgleiehungcn der im 
Wasser natürlich vorkon11ncnde11 Isotopongohalto an Tritium und Doutcriu rn (bzw. Sauer­ 
stoff-IS), welche signifikante jahreszeitliche Variationen und, während der sommcr+icheu 
Ablu.tionspcriodc, auch tagcsxeitlichc Vnriat.ionon zeigen. Dabei wird davon ausgegangen, 
daß die einzelnen Abf'l11f.1an1eile mit spezifischen 'l'rit.iur». bzw. Dcu tcriumgchn.ltcn korre­ 
liert sind. So ist Sch mclz wusscr a.us allem (ilotschorPis praktisch trit.iumfrci, w.i.hrcnd das 
Sehneoschmelz wa sscr und su ugla.zial >LustreLoncle \,\I assor J10he Tri ti u mgehalte au fweiscn . 
.Im De,,teriu ,ngelrnl t 11111 erscheidet sich dagegen das subglaziu.l austretende Wasser mit 
niedrigen \\/orten von den i'1brigcn f-:ichnicl,-cwiissern, die höhere Werte ergeben. Im iibrigen 
wurde aw,h gezeigt, dnß t~uellw;cssm· mid tfolu11clzwasser MLch clureh ihre verschiedene Leit­ 
fähigkeit eJ1arnktcrisicrL sind. 
Die mit 1-J ilfc der ]\'[eßcrgchnissn am f-1 i1111·rPisb,\.(·h, Kessel wfl11dba.eh II nd ,111 der Rof'enache 
durchgeführte q,ia.ntitative Modcllreehn11ng von Tagesgängen der Abflußa.nteile ergab sinn­ 
volle gla.zialhydrologisc:hc Ergebnisse. _ Daneben konnle die Diskussion der teilweise liber 
5 Jahre beobachtci<,n IsotopcngelrnlLo der c.:letscl1erab('li'1sse wertvollP qualitative J<:insichten 
in die Abschn1el1.vorgii,nge am Gletscher, i'1bnr deren Konclation mit der Witterung und über 
die Abflußvorgänge des Nd1111olzwassors im Nornn,er und v\lintor erbringen. 

l. TNTRODUUTION 

The present knowledge on the runoff Kystem of a, gbcicr is still unsatif,factory: Lhe 
hydraulic bebavior (water pre.%urc, flow and seepage) of melt water, ancl thus the 
retention periods in the glacier, remain,; u uexplored to a high degree; nor has the 
question heen settled whether it 1s possible to attriliute :-i groundw11.ter system with 
subglacial springs to n. glacieri11cd Alpine region. Although there exist irnportaut 
contributions to these gL-wio-l1ydrological problems (c. g., Liitschg-Lötscher 
(1944), Rudolph (1962, 1963), Lang (1906, 1967, 1968), and StcnLorg (1965, 1969, 
1970a, 1970b) correlating, n. g., systematic runoff measurements on glacier ,'ltreurns 
with meteorological factors. The dif'ficulties mentioned a hove arc mainly due to u lack 
of suitable rneusuring methods. Thus it is difficult to deterrniuc the runoff in a glacier 
stream with the aid of a current meter, because the sediment load continually 
chanO'eS the ,':,l1ape of the rnea,-;urc111cnt prnfilc. The flow pattern in the measurement 
profile depend:,; on ramlom inflow and outflow conditions_ Heavy turbulence fre­ 
quently causes very prnnounccd .~urfacc wave.~ ( l{11clolpl1, 1962). Hecordi ng gauges 
with a reliable calibration curve l1ave been set up w far only in a fow exccptjonal 
caf:lcs and usually at a greutcr rlistance frm11 the glacier snout (Lang, L967). 
The present study therefore ai111s a.t, l'inding 11cw 111ctl1orl:-; of rncusurcment for glacio­ 
hydrological investigations. It is the inai 11 olJjcctive in tli is con nee ti on to aptily 
tracer methods to runoff rncasurclllents, aud to use the natural isotope content of 
Lhe water (i. e., its tritium, deuterium and oxygcn-18 content:,;) for determining the 
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characteristics of the runoff system of the melt water. lt is the particular purpose 
of these measurements to provide information mt the runoff proportions of snow melt 
water, ice melt water a.~ well as of water running off on the surface and underground. 
Similarly. Dincer et al. (1970) determined the shares of old snow melt water and 
spring water to the total runoff in a high-altitude non-glacierized drainage area by 
measuring the natural isotope content. This problem becomes more complex in the 
case of a glacierized catchment basin, because melt water from old glacier ice contrib­ 
utes decisively to runoff. 

Weisskugel 
(3739ml 

Venter Ache 

11 0 1 2 3 4 km 

Fig. I: Map of the drainage a.ren of the Rofcnache 
l T'raccr injection point Hintereisbach (2300 m a. s. l.) 
2 Sampling site Hintereisbach 
3 Sampling site Kcsselwandfcrncr 
4 Sampling site Hochjochsteg 
5 8prrng on a slope near the 2:lacier snout 
(i Hochjoch Spring ~ 
7 Tracer injection point Rofeuhöfe 
8 Measuring and sampling site Veut-Rofcnache gn.11gc (1890 n1 a. s. I.) 

I~ was decided to perform the scheduled studies in the drainage area of the Rofonache 
(Otztal, Austria] for the following two reasons: first, intensive glaciological research 
on mass balance was concluctccl in this area (cf., c. g., the couiprchensive represen­ 
tation by Hoinkcs (197(1)), secondly, a folly developed gauging station is available 
at Vent. The area drained by the Rofonachc (see Fig. l) extends over 98 lnn2, 44 per 
cent being glacierizcd; its mean altitude i.s about 2920 111 a .. ~. I. Th 0. measurements 
were made on the glacier streams of Hintereisferner (9 km2) and Kesselwandferner 
(11 km2) and 011 the Rofenache. T'he differences in exposure, steepness and extent of the 
accumulation and ablation areas of the two glaciers make such a parallel investi­ 
gation mean i ngfu I. 
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2. J\11 I~ 'I' 1-1 ü DO LU Ci Y AN I) I{, I~ S UL 'I'S 

2.1. Outline 

Tracer methods with continuous or instantaneous injection of the fluorescent dye 
IUoda111in WT were used to measure the total runoff, The measuring procedure 
descri bed in Section 2.2.1 had been tested in several preli rn i nary runs in the su rnmer 
and autumn of 1969 and was sul.scqucntly adopted for the summer 1970 tests on the 
glacier stream of Hintereisferncr and Rofonache (with a duration of up to 36 hours). 
Total runoff from the drainage area of bho Rofcnacho was checked by a current 
meter at the mea=urctnent site of Veut-Rofcnache, where a recording stream gauge 
i:; operating. 
The isotope content was measured for tritium, deuterium and, in some cases, also 
for oxygen-18. At the saure time, the tritium measurements initiated at Kessel­ 
wandforner in 1966 by Ambach et al. (l969) were continued in 1970. Further results 
exist also for the Hintercisfcrner, the Rofonache at Vent and for several springs in 
the vicinity of the glaciers. A total of about 250 tritium, 600 deuterium and 125 
oxygen-18 cleterrninations were made. 

2.2 Mca.su rcm o nts of Total Runoff 

2.2. l Measuring procedure 

In the tracer methods employed to measure the total runoff, a dosed amount of 
tracer is added to the water at tho point of injection. After sufficient mixing, the 
tracer is detected at the downstream measuring site. Runoff (m3 /sec) is calculated 
in the case of instantaneous injection from the integral of the measured concen­ 
tration-time dis tri but ion of the tracer, and in the case of continuous injection, 
from the temporarily constant tracer concentration. Determining runoff from 
such measurements has the advantage, among others, that the cross section of 
the flow channel need not be known; the method is thcreforo particularly suited 
for channels whose cross section is difficult to measure, such as mountain streams 
with a large sediment load (for details, c. f. British Standard 3680 (1964) and Andre 
(1964). The following requirements, however, must be fulfilled: 
First, the tracer has to be well mixed in the current. Preliminary experiments in the 
Hintereisbach revealed that such an intermixing takes place after a flow distance of 
about 300 111, because of the great water turbulence. 
Secondly, the tracer must not be lost along the measuring section by adsorption, 
chemical precipitation, seepage or similar processes. In the course of the preliminary 
experiments and during the main test in July 1970 no loss of the fluorescent dye 
Rhodamin WT1 used as tracer was observed in the Rofonache along a fairly short 
measuring section (Rofcnhöfe-Vent, about 1,5 Ja11; see Fig. 1). A comparative runoff 
measurement with the current meter at Vent-Rofonachc confirms th is result (sec also 
Fig. 3). It should be noted in this connection that the rate of suspended particles in the 
Rofenache is high. Rudolph (1962) observed a content of suspended particles at 
the sampling site Hochjochstcg of up to 3,5 g/ltr. Tracer losses became evident along 
the measuring section from the Hintcrcisferner to Vent (about 10 km long). Under 
the conditions prevailing in July 1970, an apparent runoff increase of the Rofenache 
at Vent 11p to some 20 per cent was observed. Hence it is concluded that in the case 
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of the measurements conducted over a short measuring section (300 m) along the 
Hintereisbach. the probability is high that no tracer adsorption worth mentioning 
occurod. Though tracer lm,.scs t.h rnugh see page of a .~u bstantiul portion of the glacier 
st.ream are not to IJc expected [or the 111casuring section chosen on the Hintereisbach, 
they cannot be excluded wich certainty. 
Thirdly: When using continuous injection, conditions of steady-state flow must be 
given along the measuring section if the si ruplo relations for runoff detcrmi nation 
described in literature (r. g .. Andre (l 9ßt)) are to furnish correct results. [tis essential 
in this respect that the tracer solution at the site of measurement is constant in the 
case of continuous injection of tracer. C"nsteacly runoff iu the flow channel, however, 
will vary the flow time between the points of injection and measurement. If this 
variation occurs during measurement, the tracer runoff at the site of measurcrueut 
will consequently also cha.ngc inversely, producing too low runoff values if flow time 
diminishes, and vice versa. 
This effect m::ty he corrected liy mca.~uring contiuuously flow time with the aid of 
time marks sct., for exam plc, by injecti 11g install tancously a second tracer into the 
flow channel at the point of the con ti nuoux tracer i njcction. The correction factor 
for determining tho accurate flow value results from the ratio between the time mark 
intervals registe1wl at the measuring site and at the site of injection, respectively 
(Bohrens 197l Ii). Hor short mixing distances with a flow time during which the 
steady-state conditions do not chango ,;ignificantly (e. g., the 300 rn section on the 
Hintereisbach), the correction factor is uegligil,k. If longer flow time» arc involved, 
however. e. g. between Hintcrcisforncr and tho Vcnt-Rofcnachc measuring site 
( LO km) with a flow tiiuc of about two hours, evaluation 11111st allow for the correction 
factor. 
To decide whether a continuous or an instantaneous tracer audition is more favor­ 
able for solving the problems under study, both methods were applied in the field. 
Continuous tracer injection was clone at a constant injection rate using a Mariette 
vessel. In the tests in July 1970 a Iz-hour labeling of the Hintereisbach was carried 
out with a 10 ltr filling of dye solution which could still he detected quantitatively 
at Vent Ly direct measurement in the flow cuvcttc of a fluorimeter. For this purpose 
the original dye solution (see footnote") was diluted witlt an equal volume of 
water. At measuring sites that were not e1U,ily accessible (in the glacier forpfield, 
for example), the tracer was cletcctecl by taking samples (50 ml plastic bottles) which 
were later meai-;ured hy a fluorirncter in the Ia.hora.tory. 
In contrast, the ea.c;ily executed iusta11ta11cou.s tracer injection requires sa.rnpling 
at the measuring site that covers tlir entire concentration-time integral of the tracer 
passage. This 111a,y lie accomplisl1cd, f'or inst,mcc, by ta.king instantaneous Ringle 
samples at dcfi ucd ti Ille i ntcrvals. The conccn Lration-ti llle-d istribution is constructed 
from those san1plcs. For rnnoff 111casure111ent,c;, however, it is ,suffi0icnt to take con­ 
tinuous .~ample.~ at constant withdrawal rate during tracer passage. As an example, 
Fig. 2 sl1ows the easilv tran.sportablc C:'Cjll i prnent for this fiam pli ng; the re(]ui reel 
battery-operated rnotor pump can lw ti1ncd by an elcctrnnic switch so that one 
operator i;; sufficient for injcctio11 and sampling. H the head is sufficiently high, the 

' Rhodamin \,\IT is s11pplicd by Du Pont de Nerno,irs Co., Wilmington, Dch,ware, USA in 
20~~, sol 11tion. JtR properticR as dye trnccr (spc<;trn,I a bsnrption, tclllpcrntu rn and pn-dependence, 
scnsitivi ty to light, arc equal to llwsc ol°rhodan1in H extra,, a,vail;ible in tim form of water-soluble 
powder (Behrens l!:17111), <;011111\only used as hydrological tracer. 

6" 
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wul.or 111:rv n.lso lw drnw11 f'ro111 1,1,c cha nnc! i>y a hose, being conducted directly into 
LI,(\ ovrn{low vcs,~<'.I. 

Big. 2: Cont.inuous sampling equipment for runoff monsurourcuts using instantaneous 
injection of Lraocr 
,1 Bu.ttcry-oporn.tod pu 111 p 
1, rower Sil pply 
c Constant heud 
J Capillary 
e Sampling bot.tlo 
f Overflow runoff. 

Experience to dato has shown that the measuring method with instantaneous 
injection and continuous .~ampling i.~ simpler and cheaper for measuring glacier 
runoffs in rugged terrain. 'I'he shortest 1..i111c intcrvais possible between the injections 
are given hy the dispersion of tracer clouds at the site of measurement which should 
not overlap in successive measurements. J n general, however, mcasuremen ts at 
intervals of one to two hours arc sufficient for hydrographic recording. This method 
requires a lower tracer amount than is needed for continuous j njection of the same 
duration. The following equipment is neces;,ary: tracer portions dosed in bottles 
plus sampling outfit which in the simplest case consists of a hose, overflow vessel 
and sampling bottles. 
For measuring sites which are accessible by car and niay he supplied with electricity, 
it is favorable to install a f'luorimctcr with flow cuvcttc directly recording the trend 
of the tracer curve. Such an installation was used on the Rofenache near Vent in 
July 1970. Two Iluorimeters (Turner, Type l ll) were set up in a VW transporter 
which, hy appropriate lamp and filter combinations, allowed the independent 
detection of two dye tracers (see Behrens 1971 a). J n this manner, the daily flow time 
fluctuations were observed by instantaneous injection of the dye Uranin. 
The quantitative runoff measurement with the flow cuvette still presented difficulties 
owing to the liigh rate of suspended particles in the Rofenachc: disturbance of the 
direct fluorescence measurement by ligJ1t being diffu.sed by the high concentration 
of opaguc matter in the glacier water was eliminated by improving the measuring 
technique (Behrens 1971a). Changing light absorption in the measuring cuvette clue 
to the fluctuating content of' suspended particles still made calibration difficult. These 
difficulties have not yet Leen solved sat.ixfactotilv. The runoff values for the mea­ 
suring site Vent-Rofenache given in the following section have thus been deter­ 
mined from measurements on continuous samples. 



Discharge of nlpiur- glaciers 85 

For comparison with runoff values obtained by tracer methods, current meter 
measurements were also performed at Vcnt-Rofenache in a preliminary experiment 
on 8 October 1969 and during the tests in July H)70. In these cases, 15 measuring 
plumbs each with a maximum of 4 measuring points were measured in rectangular 
measuri ng cross Hect ion ( wit! th, 6.50 m) with a current meter, type V, Arkansas, 
delivered by Ott, Kempten, Fed. Hep. of Gcnnany. Because of the mostly high flow 
velocity (np to 4.5 in/sec) and wave formation, the water depth was determined hy 
leveling. 

2.2.2. Measurement results 

After the preliminary experiments in autumn 1969, whoso results have been described 
qualitatively in section 2.2.1., the following runoff measurements were carried out 
in July 1970: ]horn 22 July, 12.00 h, to 23 July, 24.00 h, instantaneous injections 
were made at two-hour intervals into the Hintereisbach at tbe terminus of the glacier 
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:b'ig. 3: Runoff Qt 11,t the measuring sites Hintereisbach (HEB), Hochjochstcg (HEB+ KWB) 
and Vcnt=-Rofenuchc on 22 to 2:J J11ly Hl70 and 25 to 26 J11ly l\J70 
o Vo.lnes measured with instun taneous injection of tracer at Rofenhöfe + Values measured with inst.a.ntn.neoua injection of tracer into Hintereisbach 
• Values measured with continuous injection of tracer i n t.o Hintereisbach 
H Current; meter 
The peak value in the evening of 22 July 1970 was caused by a heavy thunderstorm, 



HII 11. 111-11 l'l'IIS, 11. llvrg,11111111, 11. MoH('I', IV. lta,l('rl, IV. SI icliler. \V. r\ ru hach, 1-1. l◄:i~ner, K . Pcsel 

:1,1111 i11Lo Ll,c Rofcunchc at Lhc Hof'c11ltöl'<·. ThC' tracer (Rhodam.n WT) was detected 
l>y con Li 1111011H .~a,11 pli 11g at the mcasu ring site on Hin tcrcisbach 300 111 downstream 
J'rn111 the point of injection and n.L 1-hr rncasmi11g site Vcnt-Rofcnachc (see Fig. I). 
Thero, tracer JJassage was also determined directly li_y measurement in the Clow 
cuvcttc of tho f'luorimetcr, the runoff being measured with the current meter. 
Tho upper part of Fig. 3 shows tho liydrograph for the Hintereisbach. The high flow 
value measured on 22 July, 19.50 Ji, was due to a heavy thundcrstorrn shortly before, 
with high runoff From the slopes. 
The lower part of Fig. 3 shows a comparison of the hydrographs for the Rofenache 
at Vent which were obtained by the tracer method and hy measurements with the 
current meter. As in the preliminary experiments, again goocl agrcernent was ob­ 
served within the error limits of 3 to 5 per cent between tho results of tracer measure­ 
ments over the short measuring clif;tance Rofonhöfo-Vent (about l .5 km) and the 
values furnished by the current meter. 
The data of dye labeling 011 Hintereishach indicat« a runoff apparently higher by 
about 10 per cent. This ;.;uggests that also in this test tracer losses were cairned by 
adsorption a.long the Hiutercisfcrncr-Vent section (about 10 km long), in particular 
when runoff was bigh. 
From 25 July, 17.00 h, through 26 .July, 5.00 lt, a second measuring program was 
carried out with continuous injection of tho tracer Rhodamin ,VT into the Hinter­ 
eisbach below the glacier snout, In addition, instantaneous injections with the dye 
Uranin were made at 75-minnte intervals. A;.; in the preceding test, samples were 
taken at the measuring site Hintereisbach (flow distance approximately 300 m) and 
at Ven t-Rofenache (flow cl istanco ahou t 10 km). Furthermore, samplea were collected 
at Hochjochsteg below the confluence of Kesselwandbach and Hintereisbach (flow 
distance approximately 2 km). 
The hydrographs for the sampling siteR of Hintereisbach and Hochjochsteg arc 
shown in Fig. 3, the difference of tl1e runoffs giving the respective momentary 
discharge of the Kesf:lelwandba.ch (l to l.5 rn3hec.). AR to the l,ydrograplrn of Rofcn­ 
ache at Vent, tl,e discharge data obtained by current rneter measurements a.re in 
agreement with the results of dye 11ieasurerne~t;; as long a.R the runoff is low. This 
holds also for a measuring clista.nce of 'IO k111. 

2.3 Measurement of the Tritium Content 

2.3. l. 1\fothods2 

The application of tritium content 111eawreme11t.~ in glaciological investigations is 
based on the steep rise of the triti1rn1 content in precipitations since ] 952 wheu 
thermonuclear weapons tef':ting .~tarted. Even t·.oday, the tritium content is one to 
two powers above the natural tritium content originating from cosmic radiation. 
In consequence, the snow in the accumulation areas of glaciers clati11g from the ti me 
after the beginning of nuclear weapons tests a.re lalieled by tritium, whereas the 
"old" glacier ice formed before this period ir-; almm,t free of tritium. Consequently the 
miugling of melt waters of v::i,rying origin;.;, of wbgl::i,cial spring water and rain water 
running off directly, produces daily and sem,onaHy different tritium concentrations, 
depending on the melting conditions. 
2 The mc;1sLuing method for determining the tritium content in water samples ha,s been com­ 
prehensively presented by Ra,wrt (1971), for example. 
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To calculate the components of total runoff from the daily variations, the following 
balance nrny be established. 

(1) 

where Q represents the runoff proportions and T the tritium contents of these pro­ 
portions, the subscripts referring to ice (i), snow (s), rain (r), subglacial spring water 
(g), and total flow of the glacier stream (t). In the studies to elate (Ambach et al., 
1969, 1970a, 1971), Qr was put equal to zero (rainless days of measurement) and 
Ti = 0 (old glacier ice being practically free of tritium) so that equation (1) becomes 

(2) 

Equation (2) contains four measured values ( Q,, 1'.. Ti;, T t) and two unknown 
quantities ( Qs, Qg ). It must therefore be supplemented by a second balance equation 
that is set forth in section 2.4.1. 
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Fig. 4: An nuu.l variations of tritium content; in the runoffs of the Kessolwandferner (KvVB), 
the Hj ntercisferner (HE 13), and the Hochjoch Spring ( 1:Io Q). 

2.3.2. Measurement results 

To determine the measurement values of eq. (2), the daily and seasonal varia.tions 
of tritium content in the runoff of the Kcsselwandferner and of the Hintereisferner 
were measured at two springs in the vicinity of both glaciers. In addition, ice, snow 
and melt water samples were examined that had been taken on Hintereisferner itself. 
Furthermore, the daily variation of the tritium content of the Rofenache at Vent 
was logged in various seasons. 
The results represented iii Fig. 4, 5 and 6 are given in tritium units (TU), 1 TU corre­ 
sponding to a concentration of 3.2 pCi/ltr. 
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'l'ho .~ca:-:011:1.J :1.11cl daily ic<' 111l'lt.s are clearly marked liy low t.ritiun: content in tho 
gl:1ci('f' runoffs (Fig:-:. -J a11rl G). whereas suow melt water anrl :-:uliglacial spring water 
prod uco I, iglH'r Lri ti 11111 values. A111 I .ach el al. ( l 9G9) has alrC'ady 111e11 tioned that 
i.~olated 111axi111un1 values of tritiuin content appearing in summer may lie attributed 
to an interruption of ice ablation caused by weather conditions (cf'. section 3.2). 
Part of these su 111111er variations arc also d ue to claily fluctuations made evident by 
samples taken at different times of Lhe clay. In tl1f• seasonal trend, the end of the 
ablation period iR charac+crized by an increased tritium content. This increase was 
found to extend into late autumn, indicating a gra.clual decline in low-tritium melt 
wetter from old glacier ice due to slow seepage from the glacier. 
ln spring, tlie tritium content of the glacier runoff clrops considerably. From April 
to June, this i,-, ma.inly due to 111elting of last winter's snow in the ablation area, 
since winter precipitations have a comparatively low tritium content. Later, in 
midsummer, a low tritium content in the glacier runoff is caused solely hy the 
ablation of practically tritiurnfrce glacier ice. 
The curve of annual variations for the Hochjoch ,;pring (Fig. 4) contains maxima of 
tritium content in summer and minima in winter with a general decline over the 
period under observation. The winter value corresponds approximately to that of 
the two glacier runoffs and of Rofcnache (see Fig. 5, daily trend of 1-~ February 
1970). 
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Compared to the rmuua] variations of the Kcssolwa.ud baoh and Hintereisbach tl1erc 
arc no significa.ut differences (Fig. 4), The curves of daily variations for 22--23 July 
1970 (Fig. 5), however, show the average tritium values for the Kesselwandbach 
to be about '10 to 50 TU higher than those of' tho Hintercishach, indie,~ting that the 
relative portion of ice ablation of Hintercisfcrner during this period is higher (due 
to lower altitude) than that of Kesselwand ferner. The values measured at Hochjoch­ 
stcg, below the confluence of the two glaciC'r streams, cannot he distinguished from 
the values for the Hintereisbach within rncas11ring accuracy (la=± 10 TU). 
It i,; therefore impossible to estimate the runoff share of the Kesselwandbach from 
these measurements. 
So far, the following fluctuations of the daily tritium tronds have been measured 
for the Kc,sselwaullliach: ahout 70 TU for 22-23 July I 970 and about l 10 TU for 
the period from 5 to 7 Scptcmher ] 968. This increase of the variation amplitude 
may be explained hy a ]1 igh()r ice ablation toward late summer, Finally It should 
be mentioned that the spri11g on H, slope near the glaci()r snout showed tritium con­ 
tents between 350 and 395 TU on 30-31 J11ly 1969 and between 295 and 320 TU 
on 22-23 July 1970. 
Fig. ti shows tritium and deuterium values mcasurod for the snow, ice and melt 
water sample« taken n.t Hintcrcisforncr from 22 to 24 July 1970, as well as for some 
spring water samples taken in the closer vicinity of t.hc glacier. The snow sample 
values show considerahlc scattering with a noticeable dependence on the altitude of 
the sampling site; this phenomenon will be discussed in section 3.3. The tritium values 
of the spring water samples (except for one sample) lie within the range of the mean 
value for tho snow and melt water samples, i. c. between 195 TU and 240 TU. The 
tritium values of the ice and ice melt water samples indicate a more or less prono1m­ 
ccd addition of snow melt water to the melt water from old. glacier ice. 

2.4. Measurement of the Deuterium a.n d Oxygcn-18 Contents 
2.4.l. Method;.;3 

The measurements of deuterium and oxygcn-18 contents in glaciological studies are 
based on the fact timt the content of heavy isotopes in precipitations decreases with 
rising altitude and decreasing condensation temperature. The isotope content of 
precipitations thus shows an altitude clcpendence and periodic ,seasonal fluctuations. 
If precipitation occurs as snow, the metamorphism of snow and phase transformations 
(by mclti ng, evaporation, frcczi ng, xu bli mation) lead to further changes in the isotope 
content which enrich heavy isotopes in the snow cover and in tiiP ice (cf. Moser and 
Stichlcr (1970, 1971)). These complicated processes have tho effect that the runoff 
of a glacier shows deuterium and oxygcn-18 contents varying daily and sea,;onaUy 
(Ambach et al. 1970b) with subglaciaJ spring water and rain water running off 
directly. 
To calculate tlic changing contributions to runoff in the course of a day, a Ga.lance 
equation analogous to eq. (l) may be written: 

(3) 

"A comprehensive presentation of mca.s,ning methods to determine deuter.i11n1 ,rnd oxygcn-18 
contents \ms been given, for cxarr1\Jle, uy .M.oser a,nc\ Stichler (1971). 
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whur« Q, nH in l\(j. (1 ), reprc1-1<mb, the runoff proportions and b the corresponding 
tln11Ltwi1rn1 ttnd oxygon-! rl eo111,e11hi, respeccively; the flulJ,icrlµr,R have the flame mean­ 
ing m; i11 eq. (1). P11tLi11g (~r = 0 (rainleas Jays of measurement) gives 

r5; Q; + (58 QA -r Öi;:Qfl = (5b Q, 

Eqa, (2) and (4) are evaluated in s~ction 3. l. 
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2.4,2. Measurement results 
To determine the quantities Ö;, r\, Ög, c\ of eq. (1), the deuterium content of the same 
samples was analyzed ak in the tritium program (section 2.3.2). In part, parallel 
oxygen-JS analyses wore carried out4 which may give soiue clues on rapidly progres­ 
sing (kinetic) ovnporation offt,1otR (see, for example, Moser and Stiohler (1971)). 
I'he measured results are given by the öD and 0160 values, respectively, defined by 
the relation 

-~-I) d -~lSQ , , _ R sample - R st ] 000 O/ u. an u ' ICRp. - - . . Oll 
. .R.1, 

whore R sruuplo and R Ht are the deuterium and oxygen-If isotope ratios in the sample 
or in a standard. As usual, the standard i;;; an ocean water sample (SMO\V according 
to Craig (1961)). Measuring errors arc ±1°/00 for the oD-values and ±0.20/o0 for the 
0180-values. 
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Fig. 7: Annual variations of deuterium content in tho runoffs of the Kesselwandferner 
(KWB), the Hintereisferncr (HEB) and tho Hochjoch Spring (HoQ). 

The annual trend of the öD-vah1e8 was observed over a period of 5 yea.rs on the 
Kesselwandbach and 2 yean; on the Hintereisbach (Fig. 7). Both glacier streams 
show a similar periodic course of the seasonal variations of the deuterium content: 
after conxtant winter runoff values (Kesselwandbach about -118 to -120°1o0, 
Hintereisbach about -109°1o0) the deuterium content decreases considerably during 
the snow melt between April and June, because the snow melt water is "lighter" 

4 The oxygen-IS measurements were performed by Mr. P. T'rirnborn in connection with the 
thesis for his diploma. 
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ll'ii,11 1·<'sp1•c(-, to its isotopic co.uposit.ion. As tho 111elting of' t.hr- glaciers increases, the 
dcukri11111 cou teut rises i11 111id.~11111n1cr. 'I'he heavy variations during this season 
a,·,, maiuly due to the wca.t.hcr accompanying fiuct.uations of the zero-degree (centi­ 
grade) level, accuruulat.ion a11d melti11g of new snow (cf. section 3.2), but also to 
.~an,pling done at dif'ferc11t ti,n,:s of the day. A constant value is obtained only in 
au tu inn and throughou t wi ntcr. The curve or· variations lor r Ii n tcrcisliach gc11crally 
i.~ about 8-10°!u0 higl,cr than that for the Kesselwandbach. Since the altitude of the 
snout o(' the Kesselwandlerner is some 300 m higher than that of' the Hintcreisfcrner, 
this corresponds to an "i-ctope altitude effect" of 61) being -3°/,,0 per 100 m. 
A similar isotope alti t.udc effect has been mcasu red in the German ;vJ i ttelgchirge 
(-3°1o0 per 100 in (Eichkn', 196,1)) and on sa111plcs of new snow from the Alpine region 
((-4 -:J=2)°1o0 per JOO m (Moser and Stichlcr, 1970)). 
The annual trend of the bD-v:1l1ws for the Hochjoch Spring shows fewer variations 
than those of glacier streams. The pronou need drop in early su mmcr, however, 
evidences r, strong and direct inf'lucuco by snow melt water. Duc to the isotope 
altitude effect, the da.ta s11ggcst that t.ho drnina.ge area of this spring and the Kcssel­ 
wandferner have the same mean altitude, 
As to the daily variations of the olJ-value.s of the glacier runoffs (Fig. Sa), it was 
observed that the amplitudo increases with extending ablation area. 'I'his was also 
observed in connection with the tri ti 11111 mcasu rem en ts ( er. the trend of curves for 
the Kesselwandbach for :32--23 July 1970 and for 6-8 September 1968). The 
oD-va.lucs were low during the 11ight and in Llie morning, and high a.t noon and in 
the afternoon. 1n accordance with the annual trend of the deuterium content, the 
mean oD-va.lues of the daily trench increa .. ~e as autumn comes nearer. This mu.st 
be due to the higher ice ablation ancl lower melting of snow having a lower a-value 
particularly at higher altitudes. The daily trends recorded on the .Hintereisbach and 
Kesselwandbach for 22-23 .July 1970 arc similar. Thi.~ allows the conclusion that 
the time tlic water nec(lccl to flow from tJ,c glacier surface to the .~arnpling ,;ite was 
cgua.l for tl,e Hintereisbach and KcsRclwamll,ach within tJ1e error limit,; of the curves. 
In this case .c,ample.s were taken every two hours. This flow time includes the residence 
period of the water within the glacier. 
In the above mcasuremen!',s, the oD-valueR for the Kcsselwandhach >Ll'C about 12 °loo 
lower than tho,c,e for the Ui11tcreishach. This is dnc to the isotope altitude effect 
mentioned and to 1ia,rticular condition;.; cl if'f'crn1t from those at Hi ntereisferner, influen­ 
cing the melting d11ring the rhy.~ of mcaR11rcrncnt with existing snow patches. 
Tl,c trend of the deutcriu111 content i11 the I-linterci.shach for the period front 4 to 7 
September 1969 was measured when the new-snow cover melted. tlrn r5J)-valuc being 
high due to the season. The melting pro1oc.ss is thus cxprcs1-;cd liy the isotope content: 
up to the beginning of ice ablation on 5 8eptembcr, the observed öD-valucs of the 
new-snow 111elt water were largely constant. Recurring ice ablation, however, produces 
an incrcar-;ing periodic fluctuation of the curve of 0D-val1tes. In contrast to the other 
daily trends, the latter is modificcl in amplitude and phaRc by tl,e retention capacity 
of the partly existing snow eovcr and by the urnrnual relations of the a-values of ice 
melt water. snow melt water and running-off Ruhglacial seepage water. 
The oD-vaJues were rnca;;urcd not only on the two glacier strean1s, but also at .Hoch­ 
jochsteg below the confluence of the [-Iintcrcisliach a,rnl Kcssclwarnlbacl, on 22-23 
July 1970. As expected, the daily curve of t,l,esc oD-valucs lieR lictwcen tho8c of the 
two gbcier streams. From the oD-valucs obtained in three simultaneous measurement 



Discharge of a.lpinc glctciers 93 

-100 

60 (%.) 
HEB 4.-79.1969 
/ 

-110 KWB 
6.-8.9.1968 

-120 

12°0 o·· 1200 
23.7.1970 

0" o·· 1200 o·· 1200 

22.7. 

Fig. Sa: Daily varia.tions or deuterium content in the runoffs of the Kcssclwaudforncr (KvVB), 
the ·Hintereisfomer (H 1£13), the Hochjoch Spring (Ho Q), the slope spring (Ha Q), 
rhc Rofcnachc ,,t Vent ( ltO), and at the sa rnpling site of H ochjochsteg (H 1£B + KWH). 

60 {0/,,) 

-110 

-120 

-130 

28. 7-31. 7 1969 

26. 5.-27. 5.1970 

8 6-10.6.1970 

~-\/ 
"--~✓,I 

1200 0" 1200 ooo 1200 o= 1200 

Fig. Sb: Daily variations of deuterium content in the Rofcna chc n.L Vcnt.. 



!M I l. llt'h,·e,tH, 11. t1Prg1n1,nn, H. J\110Ho1·, W. ltn1,1•1·t., \V. f-ltil'11lcr, \\'. A mbuch, H. l<:is11l'1'. re. PcRH! 

Hl'l'ii•:-: l.ho 0011tl"ii1uLion:-: of the two glaciel' streams to the total runoff after oonflucnoo 
can IJc cnlculutcd in per cent. lt w:Li' proved Lhu.t 60 to 90 per cent of' flow at Hoch­ 
jochsteg, depc11di11g 011 Lile time of day, originate Irorn tho Hintorcishach .. 
The bD-valite curves for Lile two -~pr,ng:-: (spring 011 the slope near the glacier snout 
and Hochjoch f:lpting/ show only _c, :~l,ghtJy defined periodicity for tüc two days of 
measurement, indicat111g a weak influence l1y melt watet'. Also 111 this case, ximul­ 
tancous measnre111cntb '.'22-23 July 1970) showed a difference ill the oD-valLrns of 
about 5 to G 0;00 due to the altitude of the drainage area .. 
On 22 July 1970, around 19.00 h, a short but heavy _thunderst,onn accompanied Ly 
hail struck the ob8crvat1on area; 111ea;,11 rerncnts on indi vidual hailstones collected 
cluring the storm furni,~lwcl a oV-value of -44-0/o0. lt is therefore not surprising that 
the a-value had a, steep maximum at all sarnµling sites when precipitation runs off 
directly (Fia. Sa). This maximum exists also in tho daily trend of the ÖD-values for 
the RofenaclJe at Vent for 22-23 July 1970, though as late as 21.00 h. 'I'he difference 
in time corresponds to the flow time of 2 hours determined by tracer measurements 
between the glacier drainage areas of the stream and the measuring site at Vent­ 
Rofenache, 
The rema.ining daily trends of bD-valuc for the Rofcnachc in Fig. Sb as expected 
show very low öD-values fol' the period of Ll,c snowmelt in May and June without a 
marked periodicity. A comparison of Lhc two measurement series shows that the 
layers formed 1,y hnowfa.ll in l1igl1 winter, with a lower b-valuc, arc melting later than 
the "heavier" spring snow. During the 1cc ablation period in the Rofcnache there also 
occurs the periodic daily trend of tho ÖD-values observed in the glacier streams, 
although with an attenuation to about half the amplitude because of the different 
flow times of tributaries. As expected, the winter runoff shows constant daily c'lD­ 
values, which, however, lie above the 1ninima of the daily variations in midsummer. 
This may be clue to a lower mean altitude of the Rofcnacho drainage area during the 
winter frost period. 
The oD-valucs of samples of snow, snowmelt water, ice and ice melt water collected 
at the Hintereisforncr in the measuring program of 22-23 July l970 are given in 
Fig. 6 together with ÖD-values of 8pring water samples from the closer wnounclings 
of the glaeier (cf. :-:ection 2.3.2). A.~ in the case ol' the tritium values the 1,now sample 
value.~ were found to range from -157°/00 to -81/00°. This scattering decrea8cs to 
between -119°1o0 a!l(l -101°/00 for the snow melt water and to between -l06°1o0 
and -91 ° /110 for the ice melt water. Tlie spring waters range from -124° /no to 
-112° / OO' The altitude dependence of tl1e snow sample values is discm,Red in section 
3.3. 
Besides the deutcri1u11 content, also oxygen-JS was 1neasurecl on the samples collected 
in the course of the clay on the Rofonache on 6-7 Septern ber l 968 and on the glacier 
streams of Hintcreisferner and Kesselwand ferner fr01n 28 to 31 July 1969 as well as 
in their confluence zorn~ on 2~-~3 July 1970, and on Rarnpl.er-; from Hintcrei8ferner. 
Overall, these 1neasurernentr-; furnish eel no Rign ifican t ,su pplernen tary in formation 
since it was possible, within the limits of nwai-,uring accuracy, to refer the b180-values 
to the oD-values of corresponding samples through tl1e relation 

öD = S b180 + t (6) 
The quantity t iu eq. (6) assw11cs a value of aµprox. LO in the measurements on 
samples of glacier runoff, ice and melt water, whereas the vn.lue rc81dting from snow 
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samples is 13. This shift in connection with the phase transformation of snow into 
ice has not been explained satisfactorily. 

2.5. Conductivity m e a.s urcme n t s 

'I'he tests in July 1970 included preliminary orientation experiments to determine 
the conductivity of ice and snow melt water and various spring waters. Ice and snow 
melt water showed a very low conductivity (2.5 to about 10 ,umho/cm at 20° C). 
The springs seeping out of the slope gravel adjacent to the glacier, were found to 
have the highest conductivity of all samples (about 80 µmho/cm). While the con­ 
ductivity of these slope springs did not change throughout a day, a characteristic 
daily variation pattern was recorded for the runoff of the Hintereisferner (Fig. 9), 
showing an inverse phase corn pared to water flow and thus indicating the diurnal 
variation of the glacier discharge consisting of various runoff portions. Changes in 
conductivity corresponding to those for the Hintereisbach were observed also at the 
measuring site of Rofenache-Vent. 
These measurements prove the conductivity of a glacier stream to be a suitable 
indicator in runoff studies; on the other hand, the daily variations in natural conduc­ 
tivity of glacier stream water must be observed carefully for making runoff deter­ 
minations by conductivity measurements on salt tracers. 

3. FURTHER GLACIO-RYDROLOGlCAL CONCLUSIONS 
In this section some conclusions are drawn from the combined application of the 
results described in the foregoing section. 
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3.1. Daily variations of the runoff portions in glacier discharge 
For evaluating the isotope balance equations of sections 2.3.1. and 2.4. l., the following 
simplified model was supposed: 
a) Tritium content: some flow portions contain practically no tritium (i.e., melt water 
from old glacier ice), others showing the mean tritium content of precipitations of 
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p1·cc,,di11g y1':1r.s (i. 1'. xno w 111clL wa(l'r rn1ming olT directly or seeping through the 
gbci,,,. :1.1HI e11H:rgi11g ;.;uliglacially). 
I>) lkuteriu111 and oxygcn-1.8 contents: The f'ollowing How portions must be distin­ 
gui.sl1cd during the Nu111111cr ablation period: On the one hand, snow and ice rnelt 
water running off directly, with J1iglt oJJ-values, which either originates from sununcr 
precipitation or was enriched in heavy isotopes through extended exposure at the 
glacier surface; on the other hand, the water running off underground through tho 
channel system of the glacier and tho ground, characterized by a low oD-v:=ilue owing 
to the melt water fieeping into the glacier from the winter snow cover. 
With this two-component system assumed for the isotopes tritium and deuterium 
(and oxygcn-18), cc1,s. (:2) and (4) read as follows.: 

'l'sg ( Qs + Qg) = 'J\ Qt (7) 
and Öis ( Qi + Qg) + c5g Qg = c5t Qt (8) 
supplemented by the runoff summation relation 

Qi -1- Qs -f- Qi; = Q1, (9) 

as the third equation. The quantities 'l\, Ot and Qt arc obtained from the curves of 
daily variations. To de term inc 1\g, Öis and Og, mcasu rcments on preci pitation sam ples, 
on glacier ice and snow samples, and the winter values of the annual variation 
curves lllay he utilized. 'I'lrc tl'lations between the isotope values of the different 
glacier stream» also provide criteria for determining the.~o quantities. 
The runoff portion» Q; and Qi (cf. Fig. 10) were calculated from eqs, (7), (8) and (9) 
derived from the measutemcnts on Lhe Hiutereir.,hach and QU the Rofenache on 
22-23 July J 970. 
For determining 1\g, the suggestion by Arnbach et al. (1969) was followed using 
330 TU as the winter J.969-1970 value for H ochjoch 8pring (sec Fig. 4). The values 
of the tri ti UJJJ con.tents of snow, ice ancl melt- 11 H Lm.· samples given jn l<'ig. 6 are lower. 
'J'his indicates tJ1aL lm.~ically Tsg i.~ governed hy a imbglacial-runoff pmtion Qg wJw;;e 
tritium content concspondfi to that of precipitation.~ during prnvious year.~. 
More problematic is the cletcnnination of O;s and Og for which i-ieparate values must 
he as~mmed for evaluating the measurcrnents 011 HinLereisbacli and on Rofo11achc, 
liccause of tl1c altitude effect ancl tl1c different altitude lcveb of the drainage area;.;. 
To dctcnniue (\8 for the Hintereisbach, the nican of the 0JJ-val11cs ol' tl1e rncasurcd 
ice melt water samples was u:,;cd (sec Jcig. 6), 11·hicJ1 is aro11nd -J00°/110• For Rofcn­ 
achc Öis = --lüf5°/00, since the daily curve for tlw Rofcnacbc referring to :22-:23 July 
1970 is low<\r by G0/011 than that for the H internishacl1. In eontrast to T\, Ög apparently 
cannot be taken from the winter val11cs 1969-1970 of the annual trend because thn 
winter flow in itf; deuterium content docs not corrc,;pornl to the sul>glacial runoff 
in smnrncr. This liar; already been 1rnulc clear when discLissing the c5JJ-valucs of the 
daily variation curve for the Rofonache from 31 J:rnua,y to 2 Febrnary 1970, ,tnd 
was confin11ccl by the fact t/1n,t; tbe minimum oD-valucs of Lhc dinrnal curve for 
Hintereisbach on 22-23 July 1970 (-112°/00) lie below the 1rintcr value (aLout 
-109°loJ- 111 determining Ög it was therefore a::;sumed that the glacier runoff in tl1e 
early lllorning hours contairn, no n1clt water running off directly, i.e. Qs = 0. Og may 
then he calculated fro111 cqs. (7), (8) and (9), and from the values rncasurcd for this 
point oF t,imc, the rcsnlt being Og = ~ l J8°lo0 for the Hintereislmch and Ög = -122¾11 
for the Hofenache. The value of O.; for Hintereisl>n.ch corrnsponds approximately to 
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Fig. 10: Daily curves for the Rofcnnche and the Hintereisbach of the portions of s11bgla.cial 
runoff (Qr,), ice melt w.: tor ( Q;) and snow melt water running off directly ( l~s ), 
calculated from mca.surernon ts of the trit.ium content, of the deuterium content 
and of total flow, Qt , for 22-- 23 .T uly 1970. See text for suppositions of calculation. 

the mean of the DD-values of the spring water samples collected in the vicinity of the 
glacier (see Fig. 6). Discussing the chronological curves represented ü1 Fig. 10, it 
should be taken into account that considerable inaccuracies rnay arise in the eval­ 
uation, as erroneous measurement values appear as differences. Yet it may be said 
that the simple model concept underlying the evaluation is wcU suited to describe 
the glacio-hydrological processes involved: it can be recognized that the water 
discharging subglacially represents the base flow of runoff; th is portion is su bjccted 

7 Gletscherkunde Bel. VU 
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,~t•qu1·11L ,~t:<·pagc ur Ll11' water Irom tlw aquifer (ice or morniuo). Daily fluctuations, 
however, are 111ai11l_y caused IJy ice ablation IJei11g overlapped by precipitation water 
a11d snow 111dt water running off directly, depending on snow and precipitation 
cond i tious. The onset of a fair weather 11eriod du ri11g the nicasurcmen ts caused a 
r·ela,tively J1ig/J pei·ccnt,age of' tllii-! type of' snow melt, water. Though the runoff caused 
[;_y the hail storm iN rccogn izablo as precipitation water running off directly, the 
quantitative evaluation is doubted, since the greatly deviating isotope content of 
this precipitation (see section 2.4.2) could not he taken into account. 
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Fig. 11 : Daily curves for tho Kesselwandbach of the portion of ice molt water ( Qi) and snow 
melt water running offdirectly (Qk) norm a.lizcd t.o u constan t su hglacia.l runoff (Qy) 
and caloulatcd from measurements of tritium and deuterium conLents on 22-23 July 
1970 and from 7-9 September 1968. 
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ff no runoff incasuromcnts arc available, relative proportions of the runoff may be 
calculated from the cu rvc of variations of the öD- and tri ti um values. Putting 
Qrl = constant, good approximation of the runoff curve may here be expected 
judging by the results obtained on the Hintereisiiaoh and on the Rofenaohe. Figure 11 
contains such curves dcri ved from values measured on the Kesselwandbach, 7 -9 
September 1968 and 22-23 July l970, where ff\g, r51, and 6g were determined from 
criteria similar to those of previous measurements. Jn the curve for 7-9 September 
1968, melting of a cover of new snow that fell the days before, is evident, whereas 
on 22-23 July 1970, the ice ablation at the higher elevated Kcssclwandferner 
commenced nry slowly compared to Hintcrcisferner. Again, the hail storm is 
clearly marked. 

3. 2 \,V ea th er conditions and isotope eon tent int l1 e glacier run off 

The model developed in Section 3. l. is based on a relationship between the different 
runoff portions of a glacier and the specific isotope contents which, in turn, may he 
used for analyzing the individual portions of total runoff'. 
Apart from the relations discussed in Section 3.1. of the daily trends of the deuterium 
and tritium contents which lead to an inversely phased trend of the two curves, (see 
Figs. 5 and 8) the trends or the annual curves also show correlations of the isotope 
contents typical of the season (cf. Fig. 12, Fig:-s. 4_ and 7): at the beginning of the 
ablation period (April to June), tritiurn and deuterium contents drop due to the 
runoff of the winter snow cover. D11ring rnidsu mruer, low tritium values and higiJ 
deuterium values arc generally observed caused hy the melt water of ice and old 
mow running off 011 tile glacier surface. [11 autumn, the tritium content rises slowly 
up to the winter maximum, whereas the deuterium content remains approximately 
constant at the value occurring in summer in periods without ablation. Hence, the 
winter flow is assumed Lo consist of spring and snow melt water running off sub­ 
glacially which in part gradually seeped from the glacier. 
In addition to these daily and seasonal periodic relationships, relations of the isotope 
contents also become apparent under special weather conditions, in particular 
during the midsummer uhlat ion period. ln Fig. l2, such weather conditions are 
characterized by the amplit.udo of the Llm, of the Rofenacho at the measuring site 
at VcJ1t, xincc the daily vnriat_ion.~ in di.~cliargc rnay he attributed mainly to melt 
water. It can he seen that an mtcrruption of ablation by cold weather (lack of ice 
ablation) causes the tritiuiu content to increase considerably, whereas the deuterium 
content decreases (Fig. 12, gntph points C--D, H-K-L, R-S). Inversely, recurring 
ablation causes trit.iun: contents to fall and deuterium values to rise (Fig. ]2, grnph 
points B-C, Dv--E, F-G, N-O). If the cold weather spell was accompanied by 
snow fall, however, tlic tri ti um content i ncrcases owing to melting snow, the dcu tcrium 
content decreases due to snow melt water running off on the surface (Fig. 12, graph 
points A-B, O-P). 

3.3 Remarks on tl1c isotope couten ts of ,rnow sa111ples from the glacier 
surface 

The deuterium and triti11m values of the snow samples taken from the surface of 
Hintcrcisferner between 22 and 24 July 1970 arc ;;hown in Fig. 6. There exists a 
;;ignificant dependence (differing for both isotopes) of the isotope measurement 
values on the altitude of the sarnpli11g sites: near the transient sno\v-line at an alti- 
7"" 
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Fig. 12: Annual curves of trit.iu m and deu terium contents in tho I'll naff of the Hintcreisferner. 
Special weather conditions being characterized Ly tho curve of discharge variations 
in the Rofenachc 
o Sampling during coutinuous interruption of a bln.tinn for some da.ys or more 
o Sampling during periods of suhstant.iu.l ice ab lation 
-e- Sani piing during periods of subst a.nt ial snow ab lat.ion 
• Sampling during periods of ice- and now snow ablation ■ Traces of snow ablation only. 

tude of about 2770 111, very low bD- and tritium values are observed, suggesting that 
the precipitations of high winter, with low isotope contents, again form the surface 
after 8pring snow has melted off. Tito steep rise between 2800 m and 3100 in a. s. J. 
reflects the increasing isotope content of precipitations toward early summer. Its 
stratification is revealed by the meltoff decreasing as altitude i ncrcascs. Above 3 LOO m, 
the trit.ium coutcnt remaio« constant (about 260 TO) within the error. limits. This 
value corresponds to the tritium content of the last snow of early summer (;l1at did 
not melt, The tritium content increases only at the ltighm,t HarnjJling site, near the 
peak of the Weisskugel (3690 m), which might be due to the special meteorological 
conditions there, but has not been explained so far. 
In contrast to t.r itium, the deuterium content above 3000 rn first rises and then, 
from 3200 ru on ward, drops linearly 11p to the highest sampling site. Tl1 is linear drop 
is a result of the isotope altitude effect and corresponds in its quantity (-5¾0 

per 100 m) to the known values (Moser and Stichlcr, 1970). Figure 6 thus indicates 
what part of the snow cover on the ghu.:ier still consisted of new snow at the time of 
sampling, and where the snow fallen in high winter crops 011t clue to melting. 



Discharge or nl pi nc glaciers 101 

4. l<'INr\L ltEJV[ARKS 

The described qualitative and quantitive conclusions from the measurements of the 
isotope contents in the glacier runoff in combination with measurements of total 
runoff, point toward new poasibilitics in the study of glacier water budgets. Though 
the investigationc: so far have not proved sufficient to justify a general application in 
glaciology, they have confirmed the fact, however, that the discussed isotopic 
methods may contribute e.s.~0,ntially to gJacio-hydrologicaJ research. Yet, knowledge 
must still be expanded by con ti nu i ng research in this field. 
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