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Det er mulig & finne modeller for avlgpet som funksjon av meteorologiske parametre.
En forutsetning er at det foreligger avlgpsserier for det stedet man ¢nsker & si-
mulere/prognosere avlgpet. F¢r arbeidet med & utvikle prognosemodeller kan gd vi-

dere md derfor slike serier skaffes tilveie.

BONDHUSBREEN.

Innledning

I forbindelse med Folgefonnanlegget og byggingen av Mauranger Kraftverk (fig. 37)
ble det planlagt et subglasialt vanninntak under Bondhusbreen. Inntaket skulle
fange inn vannet under breen i en h¢yde av ca. 930 m o.h. og f¢re det i tunnel

over til Mysevatn som er inntaksmagasinet til kraftverket. Breinntaket er en del

av et "takrennesystem'" som fanger opp flere smd elver som kommer ned fra Folgefonna.
Brearmen gdr ned til ca. 490 m o.h. men for & f& inn smeltevann fra breen matte
inntaket legges minst 900 m o.h. og dermed var det ngdvendig & lage inntaket under

selve breen.

Fig. 36 Folgefonna med den vestlige utl¢peren Bondhusbreen.

Folgefonna with the westerly going glacier Bondhusbreen in the foreground.
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FOLGEFONNANLEGGET )

DRENERINGSAREAL: 162 KMZ

BREPROSENT: 38

Fig. 37 Kart over '"tak-
renne''-systemene
pd vestsiden av
Folgefonni. De
svarte strekene
indikerer opp-—
samlings— og over—
foringstunneler.

Map of the "roof-
gutter" systems

west of Folgefonni.
Black lines indicate
diverting galleries
(tunnels).

5Km
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Ut fra unders¢kelser og observasjoner andre steder mente en & kunne si med ganske
stor sikkerhet at vannet drenerer ned til bunnen av isen noksa raskt, og ikke

renner inne i isen eller langs kanten mellom isen og fjellet. Det gdr ned i sprekker
og hull og smelter seg raskt ned til bresalen der det drenerer langs de laveste

dypaler. Problemet ble derfor & finne disse dypéaler.

Brekontoret ble engasjert varen 1972 med undersg¢kelser av breens glasiologi og
materialtransport. Breen f¢rer fram store mengder fint og grovt materiale. Slikt
morenemateriale vil vare u¢nsket i en overf¢ringstunnel som raskt vil fylles og
tilstoppes. Derfor er det ved inntaket under breen bygd et sedimentasjonskammer

som skal fange opp materialet f¢r vannet slippes inn i tunnelen. Det aller fineste
materialet vil nok likevel f¢lge med gjennom hele systemet. For & dimensjonere
dette kammeret madtte det bestemmes hvor mye materiale breen normalt fg¢rer med seg.
Disse undersg¢gkelsene er omtait og resultatene presentert i rapportene for material-

transportundersg¢kelser i norske bre-elver for 1972, 1973 og 1974.

Anlegget under Bondhusbreen er helt unikt i sitt slag. Det har aldri tidligere
blitt bygd subglasiale inntak med sd stor isoverdekning. I Frankrike, under Argen-—
tiere-breen, er det bygd et lignende anlegg, men her er isoverdekningen pa 80 -

90 m mens det pad Bondhusbreen er ca. 160 m. Dette skaper spesielle problemer som
behandles senere. Ved det franske Chute de Bois—anlegget, pd breen Mer de Glace,
er det ogsd bygd et subglasialt inntak, men her renner den subglasiale elva i et

markert elvegjel uten noen mulighet til & skifte 1¢p.

P4 Argentiere-breen har det vart arbeidet nesten kontinuerlig siden 1955. F¢rst i
1969 hadde man greid & f& det meste av vannet inn til anlegget. Da fungerte vann-—

inntaket. bra i tre &r, men si forsvant vannet. Det ble &ret etter funnet igjen pa

BEDROCK

r

950 + SEDIMENTATION
CHAMBER

SPILLWAY

jjf\' o S INTAKE

" TO MYSEVATN jge——150m e ca 180m ——

Fig. 38 Snitt gjennom det subglasiale vanninntaket.

Cut through the subglacial water intake.
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andre siden av breen, idet bre-elva helt hadde skiftet l¢p. I andre perioder for-
svant bre-elva opp i isen. Isen mitte da "punkteres'" med smelteboring fra under-
siden. Selv med disse problemene og ved & anta at man fikk vann bare halvparten

av den mulige tiden regnet man med at anlegget var ¢konomisk forsvarlig.

Selv om en har fatt en del hjelp av de erfaringer en har vunnet ved disse franske
anleggene, sd er forskjellene s& store at en har mgtt mange nye problemer og anleggs-—
praktiske vanskeligheter som mitte l¢ses underveis. Derved har en ogsd h¢stet nye

erfaringer som kan komme til nytte ved senere subglasiale anlegg.

Fig. 39 Skjematisk skisse over det subglasiale prosjektet pa Bondhusbreen; a og
b er ¢vre og nedre vanninntak, ved t har det vart istunneler, c er sedi-
mentasjonskammeret, d er stengselsporter, e er flom og utlastingstunnel,
f er helikopterplatform og messe, g er lager og verksted og h er over-
foringstunnel til Mysevatn.

Scheme of the subglacial project at Bondhusbreen; a dnd b are upper and
lower water intake, at t there have been tunnels in the ice, c is sedi-
mentation chamber, d is gates, e is spillway and loading tunnel, f is
helicopter platform and mess-room, g is storeroom and workshop, h is
diverting tunnel leading to Mysevatn.
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De ingenigrtekniske probelemene ndr det gjelder overfg¢ringstunnelen, flomtunnel,
inspeksjonstunnel, sjaktinntak og sedimentasjonskammer er delvis lgst med hjelp
av erfaringer fra de franske anleggene. Sandkammeret er dimensjonert for & ta imot
3 o .
12 000 m™ masse - en mengde som antas & vare maksimum under et helt ekstremt flom—
rikt &r. Det er meningen & t¢mme kammeret hver vinter ndr det ikke renner noe vann.
En shoveldoser md vare stasjonert inne i fjellet slik at den kan brukes til & t¢mme
kammeret via en egen flom og utlastningstunnel. Skjematisk skisse over anlegget

er vist pa fig. 38 og 39.

For tiden gjenstdr endel av problemene med & lokalisere hvor vannet renner, idet

bare en del av smeltevannet hittil er fanget inn i de navarende inntakene.

En er villig til & satse ganske mye pa & lykkes i dette prosjektet av flere grunner.
Bondhusbreens vann vil alene kunne s¢rge for nesten 10% av till¢pet til kraftverket,
og det er sdpass mye at det kan forrente en relativt stor anleggskapital. Videre

vil den tekniske l¢sning ved Bondhusbreen fa konsekvenser for liknende prosjekter

ved andre breer. Bdde nar det gjelder Breheimprosjektet i Jotunheimen/Jostedals-—

breens omrdde og Svartisenprosjektet er det aktuelt med subglasiale vanninntak.
Vi far nyttige kunnskaper og erfaringer fra Bondhusbreen, og skulle dette pro-
sjektet mislykkes, sd kan det i verste fall fg¢re til en skrinlegging av liknende

planer for de nevnte kraftprosjektene.

De norske planleggerne var altsa klar over at det ville bli mange uventede proble-
mer og skuffelser, men framtidsmulighetene for anlegg av samme type var si store at
en likevel ville gj¢re et forsgpk. De fire siste arene er det foretatt en rekke un-
dersgkelser for & samle mest mulig erfaringer bdde av teknisk og vitenskapelig

art.

Underso¢kelser i forbindelse med subglasiale vanninntak

Miling av brehastigheten ner det planlagte inntaksnivad ble foretatt fg¢rste gang
allrede sommeren 1972, altsd f¢r en hadde sprengt tunnel under breen. Senere er
det foretatt hastighetsmdlinger flere ganger og pd flere h¢ydenivd. Ved & regi-
strere overflatehastigheten vil en ogsa kunne si noe om breens bunnhastighet, alt-
sd hastigheten ved selve inntaket, og dette er ¢nskelig & vite ut fra bygnings-
tekniske synspunkter og for & se om hastigheten kan ha noen innflytelse pa inn-
takets effektivitet. Dessuten er det ngdvendig for & beregne hvor mye vann som

passerer forbi inntaket i form av is.

Det ble satt ut staker i et profil pa 1100 meters—nivaet, og disse ble milt i pe-

rioden 8.juli - 12.oktober 1972. Midlere d¢gnlig bevegelse var 37,4 cm/d¢gn, litt
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h¢yere mot midten og litt lavere mot kanten av breen. I omlag samme niva ble bre-
bevegelsen milt i perioden 12.oktober 1974 til 1l.august 1975. Middelhastigheten
var da 34,6 cm/dggn. I perioden 15.mars til 18.juni 1976 ble resultatet 36,5 cm/
dogn. Hastigheten i dette nivdet ser ut til & vere noksd konstant rundt 36 cm/dégn.
Noen variasjoner vil vi f& fra &r til &r idet vi ikke greier a sette ut stakene 1

ngyaktig samme niva.

Beregningene gir en arlig overflatehastighet av breen over inntakene pa vel 130 m.
Bevegelsen er noe langsommere om vinteren enn om sommeren, vesentlig fordi vann-
tilgangen er mye stg¢rre om sommeren slik at friksjonen mellom is og fjell blir

mindre.

Hastigheten ¢ker nedstr¢ms hvilket er noksd naturlig ndr bade fallet gker og
bredden minker mens ispassasjen er nesten like stor. I 900 metersnivaet, rett ut
for helikopterplattformen, ble det i 1976 satt ut en stake for a mile brebevegel-
sen. Breen er svert oppsprukket og utilgjengelig her, slik at en mann mitte settes
2v med helikopter ute i1 brefallet for & fa satt ned staken og midlt inn avstanden
til den. I perioden 24.september til l.november 1976 ble hastigheten midlt til

55 cm/d¢gn. Selv om vi antar at det er noe lavere hastighet om vinteren, kommer

vi likevel nar opp mot 200 m pr.ar.

Ut fra overflatehastigheten kan en ikke umiddelbart si hvor stor hastigheten er langs
bunnen av breen. Sikkert er det imidlertid at hastigheten avtar ned mot bunnen,

men hvor raskt den avtar varierer fra bre til bre ut fra lokale forhold. P& Bond-
husbreen viser milinger i istunnelen under breen at glidehastigheten er noe under
halvparten av bevegelsen pd overflaten. I istunnelene ble glidehastigheten bestemt

ved hjelp av isskruer i veggene, midlt inn fra fastpunkter i fjellet.

Fig. 40 Overflatehastigheter madlt
over inntakene pa Bond-
husbreen.

Movement at the glacier
surface at Bondhusbreen.

* Stake positions
+—— Estimated annual movement

5o oo Scale of movement vectors (M/year)
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Resultatene varierte mellom 10 og 20 cm/dg¢gn eller 40-70 m pr.&r. Det er imidler-
tid vanskelig & fa et helt riktig resultat pd grunn av de spesielle trykkforholdene
i breen som gj¢r at veggene i tunnelen klemmes inn fra alle kanter. Derfor md en
regne med ganske stor usikkerhet i disse beregningene. Hastighetsfordelingen pi

overflaten og i et snitt mot bunnen er vist pd fig. 40 og 41.

ma.s.|.
1100 ¢ s >
Fig. 41 Hastighetsfordelingen i
et snitt gjennom isen ved
1050 ¢ inntakene.
Surface and bottom move-
ment in a cut through the
glacier close to the water
1000 + intake.
950 +
50 100 150  ™/year
ma.s.|.
1100 +
1050 -
1000 1
950+
0 100m

Fig. 42 Bunntopografien tegnet etter smelteboring gjennom isen. Borehullene er
inntegnet. :

After hot point drilling from the glacier surface the bottom topography
could be estimated. The drill holes are marked on the figure above.
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For & f3 et bilde av topografien under breen ble det av Statskraftverkene h¢sten
1972 foretatt smelteboringer i et profil over breen i 1100 metersnivaet. Etter en
del problemer med utstyret greide en & bore 12 hull i profilet, og pd& det grunnlag

ble det tegnet et dalprofil. Fig. 42 viser resultatet.

Imidlertid viste det seg at disse smelteboringene var for usikre for en n¢yaktig
kartlegging av bunntopografien. Nar smelteboret kommer ned i is som er blandet med
morenemateriale vil det frigjorte materialet bli liggende i bunnen av hullet, og
boret vil da raskt stoppe. Dermed kan det bli opp til 10 meters feil. Som en grov
indikator av forholdepe er metoden brukbar, men en n¢yaktigere kartlegging krever

sonderboringer fra undersiden.

Sonderboringer

I 1973 ble det drevet en tunnel under breen, og derfra ble det foretatt sonder-—
boringer med diamantbor opp gjennom fjellet. Dette er et ganske tidkrevende arbeid,
sa med en fjelloverdekning pd 20-30 m bores det ikke mer enn et hull pr.dag. He¢sten
1973 ble det foretatt en rekke slike sonderboringer som ga et adskillig mer detal-
jert bilde av bunntopografien enn smelteboringene fra breoverflaten. Et snitt
gjennom driftstunnelen med sonderboringene inntegnet er vist pad fig. 43. Disse

boringene blir narmere behandlet senere i denne rapporten.

ma.sl.
950t

SO0+

Fig. 43 Bunntopografien tegnet etter sonderboringer fra driftstunnelen. Borehullene
er inntegnet, i er inspeksjonstunnelen, m er morenemasse. Stiplet linje
viser bunntopografien tegnet etter smelteboringer.

Bottom topography drawn from the drilling through the bedrock from the
tunnel. The drill holes are marked, i is the inspeciton tunnel, m is the

morainic material. The dotted line shows the topography after the hot point
drilling from the surface.
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Istunneler

Det viste seg at heller ikke pd grunnlag av sonderboringene kunne en sikkert si

hvor vannet gikk. Det s& ut til & vare flere mulige elvel¢p, og i noen av hullene
kom det vann der en ikke ventet det. Dessuten var avstanden mellom hullene sdpass
stor at det godt kunne skjule seg smd vannf¢rende klg¢fter imellom. En slo derfor
opp sjakt til isen der det var mest sannsynlig at vannet kom, for sd & drive is-

tunneler langs bunnen av breen i overgangen is/fjell.

Bare ved & lage istunneler for direkte inspeksjon kunne en fd et helt korrekt bilde
av bunntopografien. Forutsatt at vannet virkelig f¢lger dypadlene, burde en ha gode

sjanser til & finne det og fange det inn.

Selve driftsteknikken ved driving av istunneler var kjent tidligere. Franskmennene
har gjennom drene smeltet tilsammen 4000 m istunnel under Argentiere-breen. Pro-
sessen gdr ut pd & sprgyte varmt vann med en temperatur pa 40-50°C mot isen. Det
viste seg at denne temperaturen ga optimalt resultat. Spillvannet far da en tempe-
ratur pa 0-5°C. Hpyere temperatur vil gi mye damputvikling og isen vil bare sprekke
istykker uten at framdriften blir raskere. Vannet ledes gjennom flere slanger med

dyser som sprer vannet (fig. 44). Pa Bondhusbreen ble det smeltet flere tunneler

Fig. 44 Smelteutstyr for driving av istunnel i overgangen is/fjell. Legg merke
til den store steinblokka.

Hot water was sprinkled towards the ice through several rubber tubes with
brass nozzles.
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av 30-40 meters lengde. Istunnelundersg¢kelsene ble foretatt vintrene 1974, 1975 og
1976 ved punktene merket t pa fig. 39. Resultatet av unders¢kelsene ble at man
laget en ny sjakt like ved nedre inntak, men ellers mente en fortsatt at inntakene

dekket de aktuelle dypalene.

Sedimenter

Ved de vertikale innslagene viste det seg at en ofte mdtte grave seg gjennom et
tykt morenelag f¢r en kunne begynne arbeidet med selve smeltingen. Dette morene-
materialet var hardt og vanskelig & grave i. Anleggsarbeiderne mente det var del-
vis frosset og kittet sammen med is. Fjellet var dessuten flere steder sd opp-—
sprukket at det var vanskelig & se overgangen fra fjell til morene. Morenmen inne-
holdt mange ganske store blokker. De st¢rste var av st¢rrelsesorden 1 m3 og hadde
gjerne en kantet form. Tykkelsen pd morenelaget var opptil 5 m, det hadde lett for
& rase ut og gjorde arbeidet bade farefullt og tidkrevende. Nermest bresdlen var
materialet mindre konsolidert og var til sine tider nesten flytende p.g.a. et heyt
vanninnhold. Dette kan ogsd skyldes at eventuell is mellom moreneblokkene raskt
smeltet ndr varmluft fra fjelltunnelen slapp inn. Morenematerialet var tydelig
samlet i forsenkningene og jevnet ut bunntopografien. Dette gjorde at det var van-—

skelig & fa sikker kontakt med fjelloverflaten ved framdriften av istunnelene.

Provetagningsted BOND Dato 6/, -76
KORNFORDELINGSDIAGRAM gning HUSBREEN ok
Dato. Kl. Pr. nr, Sign.
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Fig. 45 Kornfordelingskurver for to pr¢ver tatt i en istunnel under breen.

Particle size distribution for two samples taken in an ice tunnel under
the glacier.
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Breisen inneholdt ogsd overraskende mye morenemateriale i bunnskiktet. Dette smeltet
l¢s, la seg som et lag i bunnen og var med & hindre at kontakten med fjellet kunne
holdes. Dessuten hindret det en effektiv utnyttelse av varmvannet ved at det selv

absorberte mye av den tilf¢rte energien.

Morenematerialet i isen var svart usortert, det varierte fra distinkte lag med fin
sand til store blokker. Steinenes form varierte i like stor grad fra helt kantete
blokker til nesten kulrunde steiner i alle st¢rrelser. Ved de to inntakssjaktene
var det stort innslag av vannbehandlet materiale, noe som ble tolket som at det
her gikk, eller hadde gatt, dreneringsveger. Kornfordelingskurver for to material-
préver er tegnet inn pd fig. 45, den ene viser en grusig morene og den andre en
siltig morene. Pd grunn av den store vanntilgangen ved smeltingen ble morenen

raskt utvasket slik at det var vanskelig & fa en representativ pre¢ve.

Materialet forekom fra under en halv meter og opp til 10 m over fjellgrunnen, men
var ofte noenlunde samlet i lag, eller materialband. Andre steder var materialet

jevnt fordelt men med en viss tetthetsgkning ned mot bresdlen. Det meste var like-
vel konsentrert i de to nederste metrene av breen. Over dette nivad var isen nesten

ren, bare med enkelte horisonter av finkornet materiale.

Det var overraskende mye materiale som var fastfrosset i isen og dermed blir
transportert forbi inntaket og ikke fg¢res ned i sedimentkammeret. Lenger ned mot
brefronten vil det vare en viss tining langs bunnen bade pd grunn av friksjons-
varme og noe jordvarme. Tykkelsen pd det morenefylte islaget vil dermed avta mot
fronten, den morenefylte isen blir malt istykker, steinene avrundes og st¢rrelsen
minker. Ved fronten vil materialet transporteres fram langs bunnen. De verdier en
har brukt ved beregning av sedimentkammerets st¢rrelse er derfor for store idet de
er basert pa at det aller meste av materialet f¢res fram som bunntransport under

breen eller som suspendert materiale i brevannet.

Vi vet at en isbre md betraktes som en plastisk masse. Under stort trykk defor-
meres isen som et seigtflytende materiale og dette er drsaken til at en bre str¢m-
mer ut fra et akkumulasjonsomrade. Den siger ned i daler, fortynnes og fortykkes
avhengig av topografien under breen og bredden av dalen. Breen er imidlertid en
mellomting mellom et fullkomment visk¢st og et fullkomment plastisk materiale. De-
formasjonshastigheten eller formforandringen er avhengig av den deformerende kraft

som virker pr. flateenhet. Den teoretiske modellen kan skrives p& formen
Pep - s

der E = g% er deformasjons-hastighet eller forandring i form pr.tidsenhet. S er
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den deformerende kraft pr.arealenhet, B og u er konstanter. B er temperaturavhengig

og u er en empirisk konstant der u== 3.

Figur 46 viser sammenhengen mellom deformasjonskraften og deformasjonshastigheten
ved forskjellige modeller. Vi ser av figuren at det pad isen md virke en viss minste-
kraft SO for at formforandring i det hele tatt skal foregd. Dersom S er lavere enn
SO kan isen nazrmest betraktes som et fast stoff. Strekkreftene vil da gj¢re at

isen kan sprekke opp, men lenger nede i isen er trykket st¢rre og isen sprekker ikke
opp, den bare forandrer form. Desto dypere vi kommer, desto st¢rre blir S, og vi

nermer oss da mot et fullkomment plastisk stoff.

Ved driving av istunneler vil dermed breens plastisitet gj¢re at tunnelen vil de-
formeres og gradvis lukke seg helt. Denne lukkingshastigheten ble pd& Bondhusbreen
mélt ved hjelp av isskruer i veggene og i taket i tunnelen. Det ble foretatt slike
midlinger flere ganger badde i 1974, 1975 og 1976. Resultatene viser at deformasjon-—
en er meget jevn. Taksenkingen ble mdlt til noe mellom 10 cm/d¢gn og 20 cm/d¢gn,
men de fleste mdlingene 14 samlet rundt 15-16 cm/d¢gn. Hastigheten var tilsynela-

tende helt uavhengig av tunnelens diameter.

Ved kontinuerlig drift i tunnelen vil temperaturen holde seg p& ca. 3°C. Dette med-
forer en avsmelting pd isveggene med omlag 3 cm/d¢gn, mens temperaturen synker til
0°C ndr vannet er avslatt og smeltingen opph¢rer. En kontinuerlig drift i tunnelen
virker altsd til & sinke effekten av isens deformasjon. P4 fig. 47 er deformasjon-—

en vist som funksjon av tiden.

Ved boringene av istunneler pa Argentierebreen kom en ut i et omrdde der sprekker
gjennomlg¢p hele breen. Vann, is og steinblokker falt da ned gjennom sprekkene,
noe som selvfglgelig gjorde arbeidet meget farefullt. Det ble ogsad observert
plepper som kunne vare 1 — 2 m brede og 10 - 20 m lange mellom isen og fjellet

pad lesiden av knauser og bratte fjellpartier. Istykkelsen pd Argentierebreen lig-

Fig. 46

X Sammenhengen mellom deformasjons—
ﬁX. hastigheten (E) og den deformerende
E Y kraft pr.arealenhet (S). X er en

helt plastisk modell, Y er en helt
visk¢s modell der E=konstant - S.
Z er en empirisk modell for isen

2 med E=B * SY, der B og u er kon-
stanter.

Relation between deformation (E)
and the deformation force pr.unit
area (S). X is a complete plastic
model, Y is a complete liquid model
where E = constant * S, Z is an
Se . empirical model for glacier ice
(E =B * SY) where B and u are
constants.

‘$lﬂ
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ger pd 80 - 90 m mens Bondhusbreens tykkelse ved inntaket er ca. 160 m, men glide-

hastigheten er likevel lavere pa& Bondhusbreen.

Med en sd stor istykkelse er trykket mye st¢rre og fglgelig ogsd plastisiteten mer
framtredende enn pa Argentierebreen. Dermed blir ogsd trykkforholdene i tunnelen
mer homogene og stabile. En risikerer ikke en oppsprekking eller plutselig bevegel-

se 1 isen, noe som er en stor fordel for sikkerheten under arbeidet.

P& Bondhusbreen ble det overhode ikke observert noen apne glepper mellom isen og
fjellet pd lesiden av fjellknatter. Isen er sd plastisk og glidehastigheten s lav
at isen rekker & fylle alle hulrom. Den f¢lger ngye hver dump i fjellet selv om

trykket selvfglgelig vil bli noe lavere pd lesidene,
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Fig. 47 Malt deformasjon av istunnel i perioden 26 .mars-1.april 1974. Istunnelens
bredde som funksjon av tiden. Stiplet linje viser deformasjonen uten abla-
sjon pa grunn av varmluft i tunnelen.

D?formation in the ice-tunnel in the period March 26-April 1, 1974. The
width of the tunnel as a function of the time. Dotted line is the deforma-
tion when there is no ablation because of the warm air in the tunnel.

Vannlommer

P& Argentierebreen hendte det at en smeltet seg inn i store vannlommer under trykk
som gjorde at tunnelen mitte evakueres ¢yeblikkelig. Slike lommer oppsto ndr vann
begynte & renne ned i breen, men ikke kunne drenere helt ned. Store vannmengder
kunne derved bli isolert ved at isen klemte seg sammen over vannet. Dette har ikke

vert noe problem pd Bondhusbreen, selv om en ogsa her har smeltet seg inn i mindre

vannlommer der vannet sto under h¢yt trykk. Dette kommer antagelig av at vi her be-~
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finner oss langt nedenfor den nedre grense for oppsprekking mens en pd Argentiere-

breen er like under sprekksonen.

Inntakenes effektivitet

Somrene 1974, 1975 og 1976 har det kommet visse mengder vann til inntakene under

breen og det har vart montert en limnigraf i slamkammeret for & registrere vann-

mengden, som imidlertid har variert meget, og til sine tider har det nesten ikke

kommet noe vann i det hele tatt. Vannf¢ringskurver for Bondhuselv, Bondhuskammeret

og Brufoss for 1976 er vist pa fig. 48. Kurvene viser at vannf¢ringen i kammeret

stort sett f¢lger de samme variasjonene som forekommer i Bondhuselva. Porsentdelen

med innfanget vann ligger pd vel 15 prosent.
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Fig. 48

Vannf¢ringskurver for Bondhuselv (BE), Brufosselv (BR) og Bondhuskammeret
(BK) i 1976. Brufosselv renner ut like ved Bondhusbreen og sees i for-
grunnen pd bildet pd fig. 36, s. 49.

Water discharge in andhuselv (BE), Brufosselv (BR) and Bondhus sediment
chamber (BK) in 1976. Brufosselv can be seen in the foreground of the
picture on fig. 36, p. 49.
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Pa fig. 49 ser en at vannstanden i kammeret viste periodiske svingninger med en
svingetid pa 2-4 timer over en 6-dagers periode i juni. Fenomenet kom igjen senere
pa sommeren, men varte da bare et d¢gn. Det virker som om et vannkammer i breen

fylles opp og t¢mmes med jevne mellomrom, men hvordan dette foregdr vet e~ ikke.

For & fa et mer eksakt tall for inntakenes effektivitet ble det fra 30.juli 1976
til 18.august 1976 foretatt mdlinger av ablasjonen pa Bondhusbreen. Mangel pé& godt
kartgrunnlag gj¢r beregningene noe usikre, men tallene gir en bra indikasjon pa
hva som har skjedd i denne perioden. For & unngd problemer med lokale drenerings-—
grenser valgte en & beregne ablasjonen for hele det breomrddet som drenerer til
Bondhus og Brufoss. Den vannmengden som passerer ved inntaket blir derfor diffe-
rensen mellom total ablasjon og vannf¢ringen ved Brufoss. Vannet fra Holmavatn er

inkludert i tallet for Bondhus. Tallene i parentes gir d¢gnmiddel for hele perioden.

106m3
Beregnet smelting i dreneringsomrddet
til Bondhus og Brufoss over 1100 m o.h. ca.6,5 (0,38)
Milt ved limnigraf Brufoss " 3,5 (0,21)
Vann passert 1100 m koten pa Bondhus (inkl.Holmavatn) " 3,0 (0,18)
Milt ved limnigrafen i Bondhuskammer " 0,5 (0,03)
Passert forbi Bondhusinntak (ikke innfaﬁget) __ca.2,5 (0,15)

Beregningene viser at bare ca. 1/6 av vannmengdene ble fanget inn under breen. Det
kan vare flere drsaker til dette, men dersom vannet fg¢lger bunnen av breen har en
altsa ikke greid & fange det inn p& de riktige steder. Flere unders¢kelser er der-

med nedvendig for & lokalisere de vannstrg¢mmer som ennd ikke er funnet.

BONDHUSBREEN, Norway

Subglacial water intake
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Fig. 49 Vannstandskurven i kammeret under Bondhusbreen viste merkelige periodiske
svingninger over en seks dagers periode i juni 1976.

The water gauge in the sedimentation chamber showed some strange periodi-
cal variations during a six days' period in June 1976.



64

Det var ¢nskelig & bestemme hvor vannet fra sjaktene og borehullene kom ifra. Spe-
sielt ville en gjerne konstatere hvorvidt en hadde greid & fange inn noe av vannet
fra Holmavatn. Sporunders¢kelser ble derfor foretatt 10.september og ll.oktober

1976.

Metoden gikk ut pd at en skulle t¢mme porsjoner av sterk saltlake i vannlgp ved
Holmavatn, ute pa@ breen og pa s¢rsiden av breen, narmest fjellsida mot F¢nderdals-
horgi. Det ble brukt ca. 50 kg salt utr¢rt i vann og dette ble t¢mt ut i et turbu-
lent sted i vannlg¢pet. Ved hjelp av ledningsevnemdlere ble det tatt kontinuerlige
milinger av vannet som kom ned pad flere steder inne i tunnelen. Til kontroll av
saltpassasjen ble det ogsd foretatt mdling av ledningsevnen ved brefronten. Ved
mdlingene var det imidlertid s& kaldt i veret at det bare rant vann fra Holmavatn,
og ikke ute p& breen. Bare vannlgpet fra Holmavatn kunne derfor bli unders¢kt i

denne omgang.

Undersgkelsene viste at vannet fra Holmavatn ikke ble fanget inn noe sted i
tunnelen. Dette vannet blander seg tydeligvis ikke med resten av smeltevannet
under breen, men passerer forbi de ndvarende inntakene. Mdlingene ved brefronten
viste derimot en markert ¢kning i vannets ledningsevne ca. 45 minutter etter salt-
utslippet ved Holmavatn, og dette bekrefter at saltb¢lgen passerte tunnelen uten

& bli fanget inn.

Metoden viste seg altsd & vere brukbar, og det vil derfor bli fulgt opp med flere
sporunders¢kelser i 1977. Da skal en f¢rst foreta ytterligere sonderboringer for

s4 4 se om noen av disse nye borehullene vil f¢re vann sommeren 1977.

I tillegg til sporunders¢kelser ble det ogsd foretatt vibrasjonsmdlinger med seis-
mometer i alle tunnelene. Dette ble gjort 30.august — l.september og 27. — 29.sep-
tember 1976. Det ble registrert noen forstyrrelser utenom inntaksstedene, og disse
omradene vil bli unders¢kt ngyere ved hjelp av sonderboringer og eventuelt nye

saltmdlinger.

Diskusjon

Etter tre drs arbeid under isen har en hgstet mange erfaringer, men ogsd fitt mange
skuffelser. Breinntakenes effektivitet har ikke svart til forventningene. Innfanget
vannmengde har variert mye, til sine tider har det nesten ikke kommet noe, mens

det til andre tider har vert ganske store mengder. Det kan en bl.a. se pd de store,

grove steinmassene som er transportert inn i tunnelen mellom inntaket og sand-

kammeret.
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Sandkammeret ser ut til § ha fungert tilfredsstillende, men plasseringen er utvil-
somt for langt fra breinntaket. Avstanden til kammeret og relativt lite fall samt
ujevn bunn i tunnelen har f¢rt til at store mengder grov masse er lagt igjen mellom
breinntaket og kammeret. Totalt er det beregnet at innfanget vann bare utgjér ca.
1/6 av den potensielle vannmengde. Resten av vannet passerer forbi inntaket enten

i andre vannveier langs bunnen av breen eller i vannveier oppe i isen. Selv pa
Argentierebreen som er 70-80 meter tynnere enn Bondhusbreen gikk vannet oppe i isen
i enkelte perioder. En md kunne regne med at vannet vil gd lettere opp i isen i
Bondhusbreen der trykket og plastisiteten er st¢rre. Dette vil nok helst skje nar
vannf¢ringen er liten, slik at energimengden i det rennende vannet ikke er stor

nok til & kunne erodere vannlgpet ned til bresilen.

Hvis dette er tilfelle, kan det bli meget vanskelig & f& fanget inn alt vannet fra
breen. I Frankrike "punkterte' man breen med smelteboring fra undersiden og fikk
vannet ledet inn igjen, men da md en vite ngyaktig hvor vannet renner og vannet

b¢r ha et noksa stabilt leie.

Det er sannsynlig at vi under Bondhusbreen har flere elvel¢p. Franskmennene presi-
serte at en midtte unders¢ke breen pa tvers med en gang og ikke se seg blind pa om-
rader der en regnet med at vannet ville komme. Isens plastisitet kan gj¢re at den
presser vannet over i nye elveleier. P& Argentiere skiftet bre-elva 1¢p og ble
funnet igjen langt fra de f¢rste stedene. Vannmengden der var imidlertid noksa
samlet 1 ett l¢p, noe den ikke ser ut til & vare pad Bondhusbreen. Det negative re-

sultatet av saltmdlingene fra Holmavatn viser dette tydelig.

En mulig l¢sning badde her og ved framtidige anlegg kan bli & bygge en tunnel eller
"groft" bare 3-4 m fra fjelloverflaten pd tvers av breretningen, og sa lage flere
rektangul®re sjakter opp til breen p& langs av tunnelen. Derved vil en kunne fange
inn flere skiftende elvel¢p. Dette krever imidlertid en grundig sondering av
bunntopografien og denne sonderingen b¢r foretas med tette boringer langs et pro-
fil pa tvers av hele breen. Derved kan en bdde kartlegge bunntopografien og stort

sett finne hvor vannet renner.

Arbeidet med subglasiale vanninntak krever tid og t&lmodighet. Det er vanskelige
arbeidsforhold og en har svart lite av tidligere erfaringer og kunnskap & bygge pa,
men en grundig forunders¢kelse vil nok l¢nne seg for en bestemmer hvor inntakene

skal ligge.
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Anleggsmessige synspunkter pa bre-inntaket

Slik inntaket etterhvert er blitt utformet ved Bondhus bestar det av et tunnelsys-—
tem som logisk sett burde kunne virke bra. Systemet har vannoppsamlingssjakter og
stoller som sender vannet til magasinet; et grus— og steinkammer som kan lastes
tomt i vintersesongen nar det ikke kommer vann fra breen, og et inspeksjonstunnel-
nett som gir adkomst til inntakene selv om sommeren ndr det renner vann i systemet.
Men de f¢rste driftsdrene viste at de store vannmassene manglet, de vannmasser som

det hele er bygget for.

Det kan vaere flere grunner til at vi ikke har lykkes & fange inn smeltevannet. Der-
som det er flere elveleier under isen enn de to hovedrennene vi hittil har lokali-
sert, ma det vare sonderingsarbeidet som har sviktet, dvs. den subglasiale topogra-
fi ble ikke godt nok bestemt. Forstdelsen av breens dynamikk kan ogsd vare mangel-

full, dvs. isen oppf¢rer seg kanskje annerledes enn man hittil hadde trodd ‘

Isen med sin tykkelse pa 165 meter og sin stadige bevegelse, dpner og stenger vann-
veier. Morenemasser ligger som rygger og kan lede vannet bade hit og dit. Samtidig
vasker vannet morenen med seg. Det er mulig at forstdelsen av denne dynamikken har
vert for svak. En teori er at vannet kanskje ogsd kan finne seg veg oppe i isen, og

altsd ikke f¢lge bresalen.

I det f¢lgende behandles sonderingene som ble gjort pa& Bondhus og forslag antydes
til forbedringer som b¢r vurderes dersom det blir aktuelt & gj¢re noe lignende ved
andre breer. Videre fg¢lger noen refleksjoner over hva som eventuelt skjer i omradet

mellom is og fjell under breen.

Av de tanker som har vart fremme under drivingen av tunnelen frem mot inntakene

kan nevnes :

Sonderstollen som f¢rst drives frem under bretungen legges i en h¢yde tilsvarende
5-10 meter lavere enn den ¢nskede inntaksh¢yden. Stollens plassering avgj¢res
etter et kotekart over fjelloverflaten. Dette kotekartet er tegnet etter smelte-
boringer (eventuelt seismikk eller andre akkustiske malinger) fra isoverflaten.
Dette kart vil imidlertid vere for ungyaktig til at en kan lokalisere vannveiene
direkte, derfor md& det senere ogsd sonderes fra en tunnel under breen. Det er
viktig at denne sonderstollen legges vinkelrett pa bretungen, og at den krysser
hele bredden av bretungen hvor det kan vare muligheter for & finne eventuelle dyp-

l¢p.
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Et effektivt fjellboringsutstyr ma fremskaffes slik at det vil muliggj¢re sonder-
boring av vertikale hull med senteravstand pa 2 meter over hele profilet. Der det
er tegn til renner eller lavtliggende omréder, b¢r det bores imellom, dvs. slik at
en fir senteravstand pad 1-2 meter.Boreutstyret md kunne klare vertikale hull pa
minst 50 meters lengder. Der en finner de lavestliggende partier bores det en
serie med hull p& skrad utover, f.eks. i 45°, men vinkelrett p& sonderstollen, og

. o o} .
en tilsvarende rast pa 30 (fra horisontalen).

Den sonderboring som ble utf¢rt pd Bondhusbreen var for en stor del gjort med et
boreaggregat som krevde for mye arbeid ved utstrossing av standplasser. For a
spare tid og arbeid ble resultatet vifteformete borhullserier langs sonderstoll-
aksen og pa nytt vifteformete serier ut fra vertikalaksen for lokalisering av
dypl¢pene. Ved en enkel betraktning er det lett & se de feilkilder en da kan fa.
Se fig. 50.

Fig. 50 Vifteformede sonderboringer fra sonderstollen.

Detailed mapping of the ice/bedrock interface made by several holes
drilled in various directions from certain points in the tunnel roof.

Ved boring pa tvers av traceen med vifteform kan en risikere & f4 de fleste hullene
ut p& omtrent samme kote, hvilket igjen vil si at det blir en umulig oppgave a
konstruere et brukbart kotekart etterpd. Borhullene vil selvsagt ogsd bli lengre
enn n¢dvendig med dertil stgrre usikkerhet, og et stort antall hull kommer kanskje
ikke ut i iseni det hele tatt. En md ogsa regne med at boret vil bgye noe av

ved skra boringer.

Det md derfor presiseres at tunnelen lages stor nok til & begynne med slik at bore-

aggregatet kan sette pa de ngdvendige hull vinkelrett pd bunnaksen uten ekstra

strossing.

Pa basis av resultatene fra boringene tegnes det inn koter over fjelloverflaten.
Adkomststoller frem til de potensielle inntaksomrddene drives frem og nye sonder-—
hull bores. Deretter drives det sjakter opp til fjelloverflaten der det senere kan

tenkes & utforme inntak. Sjaktlengden fra tunneltaket og opp anbefales til ca. 5
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meter. F¢r sjaktene drives opp md tempo-planen vurderes. Enten md sjaktene kunne
forsynes med innst¢pte porter for & holde vannet ute i sommersesongen, eller en mi

regne med evakuering av tunnelen i denne perioden.

Det sikreste er selvsagt & foreta en st¢rst mulig grad av sonderinger for & loka-

lisere vannet f¢r sjaktene drives opp. Det kan gj¢res pad fo¢lgende mate :

- maling av st¢y fra rennende vann ved lytteundersgkelser og en boring opp gjennom
evt. morenelag med f.eks. diamantboring i de aktuelle omradene.

- Saltgjennomgangsmdlinger ved utslipp av saltlake i tilf¢rsler til brearmen
lenger oppe. Derved kan en finne ut om vannet som kommer i sonderhullene er
brevann eller bare grunnvannsdrer eller bekketillgp fra dalsiden og i tilfelle

hvor det kommer fra. Disse unders¢kelsene er na@rmere omtalt i kapitelet foran.

Parallelt med en grundig vannlokalisering kan en planlegge og utfére de ¢vrige
arbeidene: avsetningskammer for l¢smasser, inspeksjonstoller, overlg¢p etc. Dermed
kan en arbeide effektivt hele sommerhalvdret og f¢rst ta gjennomslagene til vann
ndr alt det andre er ferdig. Dersom gjennomslagene taes i november—desember vil
en kun ha tiden fram til begynnelsen av mai til & ordne resterende arbeider og

sonderinger under isen.

Nidr sjaktene drives opp til isen md en sikringsplan for arbeid gjennom mulige
morenelag vere klar. En kritisk fase forekommer fra det tidspunkt en kommer ut av

fjellet til en har breisen over seg.

Ved & dele sjakta med en solid t¢mmervegg der kanskje 1/3 av sjakttverrsnittet
forsynes med forskansning og solid t¢mmertak, kan en arbeide trygt pa skrd oppover
i morenen og benytte resten av sjakten for lg¢sgjorte masser. En md ikke fristes
til 4 std nede i tunnelen & forsgke & spyle ned massene. En fir da sa store hg¢yder
at en fort mister oversikten og arbeidsplassen blir livsfarlig. Salenge en har ner
kontakt med taket og kan sette t¢mmerforskansning foran seg arbeides det trygt og

under full kontroll.

Refleksjoner_over breens_dynamikk

Grus og morene som ligger i rygger pd fjellet ser ikke ut til a flyttes av bre-
isens bevegelser. Isen '"skubber'" ikke morenen med seg, den flyter med en slags
amgbisk bevegelse over den. Mellom isen og morenen danner det seg et tynt glide-
skikt av "morenegre¢t" pd ca. 1-2 cm's tykkelse. Dette skiktet er vanskelig & ob-
servere men det ser ut til & bestd av noksd finkornet, oppblgtt morenemateriale

antagelig dannet p.g.a. friksjonsvarmen ndr breen sklir.

Vannet er den virkelige masseforflytter. Isen barer store mengder stein og grus i

seg fra forskjellige kilder inne fra breen. Ved vannets tine-effekt frigjé¢res
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disse massene og f¢res med bre-elvene nedover.

Sa heyt oppe 1 brefallet som inntakene ligger under Bondhusbreen er steinmassene
vesentlig grovere enn nede ved bretungen. Blokker pad over 1 m3 er ingen sjeldenhet,
og stein pa 100-200 liter er det store mengder av. Steinene er ofte relativt skarp-

kantede og derfor vanskelige & forflytte med vannstrg¢mmen inne i en tunnel.

I dyplépene under isen sildrer det litt vann hele vinteren. Det ble en gang obser-
vert sma istapper i tunnelhengene under et av elveleiene vinteren 1973-74. Venti-
lasjonsluften ble dengang tatt inne fra Rennedalen og hadde sdledes vandret 5500
meter i dukr¢r f¢r den kom inn. En mener at det derfor er utelukket at kulda kom
inn med luften utenifra, sd underkj¢lt vann var sannsynligvis forklaringen pa fe-
nomenet. Dette kan forklare den sterke frostsprengningen som ser ut til & finne
sted 1 bunn av dypl¢pene og som gjorde overgangen mellom fast fjell og morenelag

sd vanskelig & definere i enkelte sjakter.

Varmen som dannes ved fallet i1 bre-elvene holder vannveiene &dpne. Er det stort
fall genereres mye varme med tilsvarende stor avsmelting av isen som hele tiden
siger ned fra 'taket" eller inn fra sidene. Dersom vannet plutselig forsvant ville
istunnelen raskt lukke seg over elveleiet. En bre-elv med konstant vannfe¢ring vil
ha en likevekt mellom mengden av is som smeltes og mengden av is som siger inn i
"tunnelprofilet'". Likevektstilstanden er avhengig av en rekke faktorer. De vik-

tigste er antakelig :

a. Breisens plastisitet som igjen er en funksjon av istykkelsen.

b. Tverrsnittet pa elveleiet. Et trangt gjel i fjellet vil ha liten fri isflate
i forhold til tunnelarealet og vil sdledes f& st¢rst fri &pning.

c. Bre—elvas fall og gradient. En stor bratthet betyr stor varmeutvikling og f¢l-
gelig stor smelteaktivitet.

d. Elvas vannfe¢ring (Q).

Ut fra betraktningene under avsnittet ovenfor kan en, for en gitt istykkelse, tenke

seg 3 situasjoner :

(1) Det genereres nok varme til at bre-elva kan ha fri vannflate, dvs. at vann-
tverrsnittet er mindre enn "istunnelen'.

(2) Varmemengden er sd liten at istunnelen fylles helt, eller at vannet t.o.m.
star under trykk.

(3) Varmemengden blir sa@ liten at tunnelen klapper helt sammen.

For en brearm hvor istykkelsen og dermed plastisiteten er kjent, slik som pa Bond-
husbreen, vil en kunne regne seg fram til grenseverdiene for elvas fall ved over-
gangen mellom de 3 situasjonene ved & anta et rimelig tverrsnitt pad elveprofilet.

Det er imidlertid mange parametre som vi ikke kjenner st¢rrelsen av og derfor vil
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regnestykket i praksis vere svert vanskelig & f& til & stemme.

For & kunne ta inn en bre-elv, og med noenlunde sikkerhet vente et brukbart resul-

tat, md en ha situasjon (1).

Ved Bondhusinntaket ser det ut til at vi har situasjon (1) salenge vannet fglger

"eunstige' dype kl¢fter og vannfe¢ringen er relativt konstant. '

Pker imidlertid vannf¢ringen noe, eller tettes elveleiet med grus, inntrer situa-
sjon (2) og trykket kan ¢ke meget raskt. Vannet finner da nye veier som ikke ng¢d-
vendigvis f¢lger dypdlene og grusrygger kan for en kortere eller lengre tid blok-

kere de naturlige rennene.

Sommeren 1975 ble det f¢rt sd mye stor stein ned i tunnelen at det bygget seg opp
masser i hele inntakssjakta 1 hovedl¢pet. Det dannet seg ogsd en hel haug av
masser, anslatt til en 5 meter h¢y rygg, oppunder isen og videre oppover elvelciet.
Sannsynligheten taler for at tilstoppingen av dette lgpet, som pad det aktuelle
tidspunkt antagelig f¢rte en vannmengde pa over 10 m3/s. (anslatt utfra de stein-
st¢rrelser som var vasket vekk) skyltes at elvelgpet ble kastet til siden p.g.a.
trykkg¢kning. Sommeren 1976 hadde vi ingen st¢rre flommer (knapt nok en middels

stor flom) sd etter opprenskningen i og over inntaket vinteren 75-76 har det ikke

vert vann nok til & spyle elveleiet rent igjen.

Det er & hdpe at vi i et kommende &r fir en relativt kraftig flom slik at vannet
kan apne en skikkelig subglasial tunnel. Det skal da bli interessant 4 se om denne

tunnel vil f¢lge en av dypdlene og bli fanget inn, eller om vannet vil finne seg

andre veier.

BEVEGELSESMALINGER

Resultater fra Nigardsbreen, Hggtuvbreen og Engabreen

P4 grunnlag av koordinatbestemte punkter omkring de unders¢kte breene og ut fra

arets og tidligere irs staketrianguleringer, er stakenes bevegelser beregnet.

I 1973-rapporten ble bevegelsesmilinger sist publisert, slik at i &r er det mdling-
ene fra 1973 til 1976 som er blitt beregnet. En del av resultatene fg¢lger i denne

rapporten, resten vil komme sammen med 1977 mi&lingene i neste rapport.

Resultatene fremgdr i tabeller og stakebevegelsene er ogsd angitt som vektorer pa

brekartene.,
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Glacier movement on H¢gtuvbreen 1973-74.
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SUMMARY

Mass balance, meteorological and hydrological investigations at selected glaciers

Introduction

The Norwegian Water Resources and Electricity Board (NVE) is a Government organiza-
tion. One of its sections within the Hydrology Division, Glaciology Section, has '
undertaken glaciological investigations at four glaciers in Southern Norway and two
glaciers in Northern Norway during 1976. The Norwegian Polar Institute (Norsk Po-
larinstitutt) has investigated three additional glaciers in Southern Norway. The

location of all these glaciological investigations are marked on the map, Fig. 1.

The longest series of observations have been made at the glacier Storbreen in Jo-
tunheimen (observed by Norsk Polarinstitutt) and Nigardsbreen, an outlet glacier
from the Jostedalsbreen ice-cap (performed by NVE). The series of mass balance in-
vestigations started on Storbreen in 1948 and on Nigardsbreen in 1962. The investi-

gations on glaciers in Northern Norway started in 1970, in the Svartisen area.

All NVE's glacier investigations are made in connection with hydrological studies
of selected basins which are considered for possible hydro-electric power develop-
ments in the future. Also some sediment transport studies were performed in select-
ed glacier streams because suspended material, and to some extent bottom load
carried by the melt water, may cause technical problems in future power installa-
tions. The results of these sediment transport studies are given in a separate se-
ries of annual reports, published by the Hydrology Division of the Norwegian Water

Resources and Electricity Board.
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It was decided already at the beginning of NVE's glaciological program in 1962 that
one should base the terminology on the guide-lines published by UNESCO (1970).
Various terms and symbols are shown on Fig. 2. The practical details in field work,

data processing, etc. are described in @strem and Stanley (1969).

The winter balance is normally observed during April/May when a large number of

snow depth measurements are made and the snow density is determined in pits. These
pits may be 4—6 m deep; for deeper snow packs a method of snow sampling by a coring
auger has been developed. Additional accumulation that may occur after the main snow
survey is normally measured in June, and this additional accumulation is added when

the winter balance is calculated.

The summer balance is similarly measured in a number of points on the glacier, but
the number of such points is much smaller. Ablation stakes, made of a strong alu-
minum alloy, are drilled into the glacier ice in each measuring point. In the firn
basin similar stakes are inserted in the firn but are supported at the bottom to
prevent sinking of the stakes into the firn. A map of the summer accumulation is
constructed for each glacier and this map together with the winter balance map will
form the base for further calculations. Both maps are planimetred and tables are
plotted for winter balance and summer balance in selected height intervals for all
glaciers under study. These tables are shown for each glacier in this report (see
for example p. 11, 20, 25, etc.). The net balance is calculated as the algebraic
sum of winter balance and summer balance; a positive result indicates that the
glacier has been growing; a negative result indicates that the glacier has been
decreasing during the year of observation. A diagram showing variations in summer
balance and winter balance with elevation is also made for each glacier. In this
diagram an additional curve is constructed for variations in met balance with
height. From the diagram it is also possible to see the area distribution of the

glacier and the height of the equilibrium line (compare, for example, Fig. 11).

Meteorological and hydrological observations

A special study was performed to calculate the heat balance at Engabreen and Ni-
gardsbreen. The presentation of this material is found on p. 40-46 (a short sum-—

mary is made below).

Meteorological observations were made of cloud cover, wind direction and daily run
of wind, air temperature, air moisture and precipitation at the stations where
assistants were based during the summer. The local distribution of precipitation on
the glacier surface has been observed by a great number of simple "Pluvius" rain

gauges distributed over the glacier surface. At some glaciers where continuous ob-
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servations are no longer made during the summer, a set of automatic instruments
has been installed to obtain records of air temperature, air moisture and precipi-

tation during the entire melt season.

It has been attempted to establish discharge observations at as many glaciers as
possible. This is done partly by observers reading a gauge, partly by automatic re-

cording instruments.

All daily observations are transferred to punch cards, and the diagrams showing me-
teorological observations have been plotted by computer, compare, for example,

Fig. 6.

Alfotbreen

This glacier is traditionally receiving the heaviest winter accumulation due to

its location in a maritime part of the country. It is therefore necessary to visit
the glacier several times during the winter. At the first visit on October 9th the
glacier had already received 30-100 cm of snow. As much as 2-3 m of snow had accu-
mulated until the beginning of December and 17 stakes were still visible. Then,
during the middle of the winter (up to January 27th) such large amounts of snow
accumulated so that all stakes disappeared. It had then arrived 3-4 m of fresh

snow during 7 weeks, so it was necessary to place replacement stakes on the entire
glacier. They were still visible in March when the total winter accumulation was
determined. The snow depth was then about 7 m. An additional accumulation of about
2,5 m occurred up to May 5th when the final snow survey was made by depth measure-
ments in 115 points, compare Fig. 3. Based upon these data a map of the winter ba-
lance was constructed, see Fig. 4. The heaviest snow accumulation amounted to al-
most 10 m. the total winter balance was 21 - 106m3 of water which equals 4,4 m
water equivalent evenly distributed over the entire glacier éurface. This is 237

more than the average for the period 1963-1975.

Observations of the ablation were made in June, July, August, September and October.
The total ablation was only 857% of the average for the period 1963-1975. It amount-
ed to 13,7 - 106m3 which equals 2,9 m water equivalent. The glacier experienced a
positive net balance all over its surface and old glacier ice was never exposed
during that summer. This caused, naturally, a relatively high albedo and only during
one single year since the measurements started in 1963 we observed a higher glacier
growth on &lfotbreen (1973). The glacier has now experienced positive net balances

during six consecutive years. For details, see the Table on page 11 and the diagram,

Fig. 5.
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Blomsterskardbreen

This glacier is not normally visited as often as the glaciers under study because

the main task for the observations is to obtain the net mass balance only.

Although no stakes were found when the glacier was visited at the end of September,
1976, it is possible to calculate the net mass balance also for this year because
the glacier was photographed on September 21lst, 1976 (Fjellanger Widerge, Mission
No. 5282). It is supposed that the summer season had just ended then. The tempo-
rary snow line could be easily transferred from the photographs onto a topographic
map of the glacier, and its height is supposed to directly indicate the equilibrium

line height; it was determined to be about 1210 m a.s.l.

The net balance was then calculated by a method mentioned by Liest¢l (1967, p. 46),
and the result is shown in Fig. 7. It seems that it is a linear correlation between
the height of the transient snow line and the net balance (also shown by @strem
1975, p. 411-412), thus it is supposed that the diagram can be directly used to

calculate the net balance for Blomsterskardbreen 1976.

The net balance amounted to +1,4 m which indicates that the glacier has increased
in thickness by 6,3 m water equivalent since the fall 1969; corresponding to

0,9 m/year. In spite of this relatively heavy mass surplus it is not expected that
the glacier will push forward until several years in the future. This is due to
the fact that there is a long distance from the equilibrium line to the snout and

it is supposed that the glacier has a relatively long '"reaction time'.

Comparing with results from Alfotbreen it seems that the mass balance on both these
glaciers are very like; during the period 1970-76 Alfotbreen had an annual net po-
sitive balance of 0,82 which is very close to that of Blomsterskardbreen. The dis-
tance between the glaciers is 205 km but they are both situated in an area of ex—
treme maritime climatic conditions. All glaciers in this part of the country have

had, as an average, a positive mass balance during the last few years.

The accumulation season started with heavy snow falls and long periods of bad
weather which prevented our observers to visit the glacier then. When they finally
reached the area in the middle of December only 11 stakes could be found. Visits
were then made to the glacier at the end of January, at the middle of March when
snow samples were taken and dust layers were placed at two stakes. The total snow
depth had then reached between 3,5 and 6,5 metres. The final snow survey was made
at the end of April when further about 1,5 m of snow had accumulated. Density

measurements were made again in the same points and the snow depth was measured in
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240 points along profiles shown in Fig. 9. The total snow depth ranged between
3,5 and 8 m. A snow accumulation map is shown in Fig. 10.

6m3 of water. This corresponds to

The total winter balance amounted to 138,9 °* 10
2,88 m of water equivalent evenly distributed on the glacier surface. This is 257
more than the average since 1962 and only once (1967) a higher snow accumulation

was observed on Nigardsbreen.

The observation station at Steinmannen was occupied from June 16 to September 1
when stakes were observed every week and the deep drilled cables on the tongue

every ten days. Three stakes, located near the hut, were measured every day.

Due to a generally nice weather with many hot days the ablation proved to be
higher than the average - in total 119,6 °* 106m3 of water was removed from the
glacier. This is approx. 307 more than during an average summer in the period
1962-76. The specific summer balance amounted to 2,48 m of water equivalent even-
ly distributed on the entire glacier surface. In spite of this large melt the net
balance amounted to +19,3 - 106m3 of water, corresponding to 0,40 m of water equi-
valent evenly distributed on the glacier surface. This amount is quite near the
average annual glacier growth since 1962. The equilibrium line was situated at
1540 m a.s.l.

Some meteorological observations were made in the period June 15 - September 1 and
the results are shown in Fig. 12. The mean cloud cover was 6/10. Only 13 days were
cloudfree whereas 20 days had complete cloud cover or fog. The mean wind speed
amounted to 5,2 m/sec which is slightly higher than the average for the last 10
years. The mean temperature for the entire season at Steinmannen (1630 m a.s.l.)
was 4,80C, i.e. 1,OOC higher than average for the period 1965-75. The highest mean
temperature was observed on August 9 (10,90C) whereas 10 dayé had negative mean
temperatures, the period July 28 - August 3 was extremely cold. Observations were

also made at a Stevenson screen placed at 1840 m a.s.l. ('"Bur B").

The precipitation was measured in various precipitation gauges, one standard Met.
Inst. rain gauge, a pluviograph, and a small gauge of the type "Pluvius'. The two
first-mentioned collected about the same amount of precipitation (170 and 160 mm)
whereas the '"Pluvius" collected significantly more rain (250 mm). During the 76

days of observation, rain was observed during 35 days, but in general, the summer

1976 was much drier than the previous 10 years.

The mean water vapour pressure for the entire period was 7,0 mb. Only 16 days had
a lower mean water vapour pressure than 6,1 mb during days of positive temperatures,
so only during these days (and perhaps parts of other days) there were physically

any possibilities for evaporation from the glacier surface.
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The discharge from the glacier has been observed annually since the glaciological
studies started at Nigardsbreen. During the period from June 1 to September 1, a
total amount of 139,4 - 106m3 water passed the gauging station at the outlet of

the lake Nigardsvatn. The maximum daily discharge was observed on July 10, amount-
ing to 2,7 - 106m3 water whereas the main daily discharge was 1,5 ° 106m3 water.
Most of this water originates from the glacier melt because almost 75% of the basin
above the gauging station is glacierized. The discharge figure (139 - 106m3) agrees
fairly well with the summer balance figure (119 - 1O6m3) - the difference being

snow melt from the rest of the basin, and summer precipitation.

Hardangerj¢kulen which is a dome-shaped ice-cap in south-western Norway is not ob-
served entirely, but a west-facing outlet glacier, Rembedalskdki, has been select-
ed as representative for the ice-cap. Annual observations are made by Dr. O.Liest¢l,
Norsk Polarinstitutt, and results will be dealt with in detail in the annual "Ar-
bok'" issued by that organization. For the purpose of comparison with other glaciers

in Norway some results are included in this report, see particularly Fig. 13.

Storbreen

The valley glacier Storbreen in Jotunheimen has been observed since 1948 by Dr.
Olav Liest¢l in Norsk Polarinstitutt. This is one of the longest observations
series in the world (only the series from Storglaciaren, Northern Sweden, is known
to be longer). Similar to the results from Hardangerj¢kulen it is a normal routine
that results are reported in the annual publication "Arbok'" from Norsk Polarinsti-
tutt, but a short summary is given in this report on page 22. The winter accumula-
tion was 307% higher than during the last 27 years, namely 1,80 m of water equiva-
lent, whereas the summer melt amounted to 1,90 m of water equivalent. The mass ba-—
lance turned out to be negative; the figure -0,10 m water equivalent is indicated
by Liest¢l. See also his Fig. 14 which is constructed analogously to other diagrams

of the same kind in this report.

Hellstugubreen is also a valley glacier in the Jotunheimen area but it is situated
slightly east of Storbreen and, due to the fact that the gradient for annual mass
balance seems to be very steep in this area, it has a different mass exchange than

Storbreen.

The winter accumulation was measured in the middle of May when the snow pack ranged
between 0,1 m and 5 m. The thickness was measured in 140 points along measuring

profiles shown in Fig. 15. Snow density was measured in two points and the result-
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ing winter balance map is shown in Fig. 16; it amounted to 3,83 - 106m3 of water

which corresponds to the specific figure 1,16 m of water equivalent.

The ablation stakes were observed in July and August and the total summer balance
was measured on November 16. Due to a very hot and dry summer the summer balance
proved to be no less than 367 higher than the average for the period 1963-75. A
higher summer melt has been observed only during two previous summers (1963 and
1969). The total summer balance amounted to 6,29 - 106m3 water corresponding to
1,89 m of water equivalent.

The net balance turned out to be negative; the glacier lost 2,46 - 106m3 of water

which corresponds to —-0,73 m of water equivalent. This glacier has shown a nega-
tive mass balance during all the years of observation since 1968, apart from 1974
when it had a positive mass balance. The results obtained in 1976 are shown on the

diagram, Fig. 17 and in the table on page 25.

Grésubreen

Grésubreen is the easternmost glacier in Jotunheimen and also the highest situated
glacier under study. Both winter accumulation and summer melt are traditionally
smaller on this glacier than on any other of the glaciers under study. Consequent-
ly, it is normally not necessary to visit the glacier during the accumulation sea-
son, and the snow survey was made on April 22, 1976 when all 11 stakes were visible
and snow thickness measurements were made in 75 points (cf. Fig. 18). Snow density
was measured in two points (at stake 8 and stake 14). The pattern of snow accumula-

tion is particular for this glacier in that the snow blows away from certain parts

of the glacier, compare the map of winter balance, Fig. 19.

The winter balance amounted to 1,6 - 106m3, corresponding to 0,62 m of water equi-
valent. This is slightly less than the average winter balance for the period 1963-
1975.

The summer was very warm and due to a relatively thin snow cover on the middle and
the higher parts of the glacier, ice and firn were exposed very early in the melt
season and the albedo was consequently unusually low on certain parts of the gla-
cier. Radiation contributes significantly to the melt on this glacier (about 707%)
and, consequently, the albedo is very important for the resulting summer melt. A
low albedo on the higher parts of the glacier will cause a higher melt than if the
glacier had a more "normal" distribution of the albedo - whiter snow on the higher
parts and lower albedo on the lower parts. Consequently, the curve showing varia-
tions in summer balance with height, (Fig. 20) will therefore show a steeper slope
than for most other glaciers.

The total summer balance amounted to 4,1 - 106m3 of water which corresponds to
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1,62 m of water equivalent evenly distributed on the glacier surface. This is
slightly less than during the summer of 1975 but is still 1557 of the average
summer balance for the period 1963-1975.

The net balance is therefore negative, -1,0 m of water equivalent, which is the
second highest deficit ever measured on this glacier. The equilibrium line was
situated higher than the highest parts of the glacier, i.e. the glacier was en-

tirely below the equilibrium line in 1976 - compare Fig. 20.

This valley glacier in Northern Norway, situated south-west of the main part of the
Svartisen ice-cap, has been investigated since 1971 but this series of observations
will be discontinued because sufficient hydrological data have been collected for

the planning purposes of a hydro-electric development in this area.

The winter balance was fairly heavy, large amounts of snow accumulated in December
and January so that most of the stakes disappeared in the snow. The glacier was
visited several times during the winter and the final snow survey was made at the
beginning of May when the snow pack amounted to more than 5 m on the tongue and
more than 10 m in the firn basin. The snow survey was made according to the stan-
dard procedures; the sounding profiles are shown in Fig. 21. The snow density was
measured in two points. The winter balance map, Fig. 22, is based upon these data.

The total winter balance amounted to 9,5 - 1O6m3 of water which corresponds to

3,66 m of water equivalent equally distributed on the entire glacier surface. This

is the second highest winter balance ever observed since the observations started

in 1971.

The summer balance turned out to be very low, a smaller summer balance has been ob-
served only once, in 1975. The reason is partly that it was a cool summer in 1976,
partly the very high winter accumulation caused a high albedo almost throughout

the entire summer.

The summer balance amounted to 7,15 - 106m3 of water, corresponding to 2,75 m of

water equivalent. The net balance turned out, of course, to be positive also in

1976. No less than 2,36 - 106m3

water was left on the glacier, corresponding to
+0,91 m of water equivalent. A higher mass increase on this glacier was observed
only in 1973. The transient snow line could not be observed in 1976 because fresh
snow had fallen on the entire glacier at the last visit during the summer. The
equilibrium line was situated at 730 m a.s.l.

Discharge observations were performed in the period from July 9 - October 2. The

6_3

total discharge amounted to 17,15 « 10 m~ of water which corresponds to a mean
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water discharge of 2,31m3/sec. This is about 907 of the average for the last five

years.

All glaciers in Northern Norway received large amounts of snow during the winter
of 1975/76. Snow surveys on Engabreen on November 19 and January 6, 1976, indicated
that at least 3-4 m of snow accumulated during this relatively short period. Thus
only 3 stakes were found in January. When the total accumulation was measured on
May 20 no less than 7-10 m of snow had arrived. To facilitate measurements of
total water equivalent of this huge snow pack, a number of dye surfaces had been
placed on the glacier at the various visits during the winter. Consequently, the
water equivalent of the snow pack up to these dye layers had been determined, so
that the field work in spring was limited to take snow samples down to the upper-
most dye layer. Several drillings down to the previous summer surface were, how-
ever, necessary to check the snow depth doundings. In total 235 snow depth sound-
ings were performed, compare Fig. 25. The winter balance map, Fig. 26, was based

upon these measurements.

The total winter balance amounted to 146,8 - 1o6m3 of water or 3,86 m of water
equivalent. This is 1207 of the average winter accumulation during the five pre-

vious years, and a higher accumulation was found only in 1973.

The summer was fairly cool and already at the end of July a layer of 15-20 cm of
fresh snow had fallen above 1100 m a.s.l. The summer balance amounted to only

55,1 - 106m3 of water or 1,45 m of water equivalent. This is the lowest ablation
ever measured since the observation series started in 1970. It is only 607 of the
average for the period 1970-75. The summer mean temperature was 0,7OC lower than
the average in this period, and at the meteorological station in Glomfjord the
monthly temperatures for July and August were 1,9OC cooler than normal. (The 'nor-

mal' period being 1931-1960).

The net balance amounted to 1,7 - 106m3 water or +2,5 m of water equivalent. A
slightly higher positive balance was measured in 1973. The glaciological year 1976

is the fourth consecutive year of positive mass balance on Engabreen.

At the observation hut (880 m a.s.l.) the following meteorological parameters were
observed or recorded throughout the entire summer season: precipitation, tempera-
ture, air moisture, wind speed, cloud cover and short-wave incoming radiation. At
a point in the accumulation basin (1360 m a.s.l.) only precipitation and tempera-
ture were measured. Some of the results are shown on Fig. 28, whereas the energy

balance is described in a separate chapter (see page 40).



83

The total discharge from the iake Engavatn was only 120,8 °* 1O6m3 water for tne

period June 1 to September 15 which is almost a record in low water discharge,

amounting to a daily mean of only 1,13 - 106m3 water.

The mass balance was in 1976 measured at 9 glaciers, 7 in Southern Norway and 2 in
Northern Norway. The east-west variations are fairly well covered by the various
selected glaciers in Southern Norway, whereas the two glaciers in Northern Norway
are just located around the Svartisen area so that very little can be said about
the mass balance conditions on other.glaciers in that part of Scandinavia. (Observe
however, that mass balance investigations are carried out at Storglaciaren in
Northern Sweden). The diagram, Fig. 29 on page 37, indicates that the glaciers in
the west had a year of positive mass balance whereas glaciers in the east, i.e. in
the Jotunheimen area, had a year of negative mass balance. This result is thought
to be based on the fact that the winter precipitation was unusually high, so even
a relatively warm summer in Southern Norway was unable to melt all this snow, and
the balance turned out to be positive. In the Svartisen area it was also observed
a slightly higher winter precipitation than normal but the summer was extremely
cool which, in turn, caused the positive mass balance in this area. All mass ba-

lance data are presented in the table on page 38 and in the diagram, Fig. 30.

The energy balance on selected glaciers

The map, Fig. 32, indicates the location where energy balance measurements have
been performed (cf. previous reports in this series, and literature mentioned in

the table on page 45).

The energy balance measurements were started in 1970 on Austre Memurubre and Alfot-
breen, but during the four latest summer seasons such measurements have been limit-
ed to Engabreen and Nigardsbreen only. The period of observation extended from

June 15 to August 30, 1976. For methods used in this investigation see Tvede (1975).

Results

Most of the results are shown in the diagrams, Figs. 33, 34 and 35, as well as in

the tables on pages 44 and 45.

The correlation between net radiation and ablation is fairly poor. Thus, one can

repeat the conclusion which has been pointed out earlier, i.e. that the radiation
accounts for a "base" of energy supply throughout the summer. The daily variations
in ablation seem to be more or less a result of variations in other factors, main-

ly convection and condensation (condensation and/or sublimation is, however, a very
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minor component on most glaciers, probably under 17).

Results from various years at various glaciers are shown in the table III on page

45,

An analysis of meteorological data and discharge from the Folgefonni area

In previous reports in this series it has been published various results of ana-
lyses of the discharge as a function of meteorological parameters on the glacier.
The methods have been described in detail in these reports. In order to investi-
gate possibilities of making a good forecast, or to simulate the discharge in gla-
cier streams in the Folgefonni area, it was attempted to correlate data from four
various water discharge stations, one meteorological station, one precipitation
station, atmospheric data from balloons released from the Radiosonde station at
Sola Airport, and, finally data from two glacier stations. In all cases the daily
means were computed. Thus, the results cannot be used to study rapid daily varia-

tions in discharge.

The discharge stations were : 962-0 @yreselv (387 glacier—covered),
1426-0 Bondvatn (527 glacier-covered),
1452-0 Jordal (587 glacier—covered),
1683-0 @vrehus (88% glacier—covered).

For the last mentioned there are available data from 1967 only.

The results indicate that there are correlation coefficients between discharge and

various meteorological parameters as follows

Temperature: 0,10 - 0,40 with a time lag of 2-3 days
Precipitation: 0,37 - 0,67 " 1-2 days
Water vapour

pressure: 0,50 - 0,63 " 1-2 days
Wind velocity: 0,27 - 0,56 " 1-3 days
Cloud cover: 1,14 - 0,60 " 0-3 days

Previous investigations have shown that the discharge can be explained by a formu-

la of the following type:

Q=A0+A1-(t.V)+A20(t.P)+A3.t

in which t = air temperature, P = precipitation and V = wind velocity. This for-
mula can be used when the meteorological parameters are running means of 2-3 days.
The result will show &he expected discharge within the next 2-3 days. The constants
AO, Al’ A, and A, must be determined by regression analysis for each individual

2 3
glacier area.



85

For the glacier streams in the Folgefonni area a similar equation was found:

Q=AO+A (¢t - V) + A - (£ - P) +A, + (f V)

2 3

The difference from the previous formula is that the last paranthesis contains the

1

factor f which is air moisture expressed as water vapour pressure. The multiple
correlation coefficient ranges between 0,69 and 0,87. A formula of this form seems

to be fairly good only when the glacier covers more than 60-70% of the entire basin.

This study indicates that data observed at standard meteorological stations in the
area can be used for the production of a water discharge forecast, and the obser-
vations taken at the glacier proper can be replaced by atmospheric observations
from balloons, in this case rediosonde data from Sola Airport (data from the 850 mb

surface, which is about 1300-1400 m a.s.l.).

Bondhusbreen, the subglacial water intake

Introduction

When a water power development was planned in the Folgefonni area a long, almost
horisontal, diverting tunnel system was designed to collect water from a greac
number of smaller and larger streams draining from the ice-cap, compare Fig. 37.
The southernmost outlet glacier shown on the map, Bondhusbreen, has a fairly long
and narrow tongue penetrating down to about 490 m a.s.l., whereas the diverting
tunnel system must be constructed at an elevation about 900 m a.s.l., for techni-
cal reasons. Consequently, if water should be collected from this outlet glacier,
which has a fairly large drainage basin, it was necessary to construct a subglacial

water intake.

According to our knowledge, only one similar construction has been made anywhere
else in the world, i.e. under the glacier Argentiere in France where the ice thick-
ness is in the order of 80-90 m. The Bondhusbreen tongue is much thicker, about

160 m, which causes special problems. Some of these problems are dealt with in this

chapter.

One technical prdblem was expected to originate from the large amounts of solid
material carried by the meltwater stream. A sedimentation chamber was therefore
planned to be placed under the glacier and a special tunnel must be constructed to
enable a complete clearance of this chamber during the winter when no liquid water
drains from the glacier. A sketch of the various tunnel systems, the sedimentation
chamber, and the diverting tunnel which is thought to carry the water collected
under the glacier, are shown on Fig. 39. The size of the sedimentation chamber was

determined from special studies of the amount of solid material carried annually
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by the meltwater stream at the glacier front. Also the suspended sediments which
had settled on the bottom of the lake Bondhusvatn during the last several hundred
years were taken into account. A detailed description of methods used in these

calculations is not given here (see Kjeldsen 1975, p. 50-75).

The calculated amount of water draining from the Bondhusbreen water shed accounts
for approx. 10% of the total amount of water available for water power production
at the power station in Mauranger. It was therefore thought that quite extensive
technical experiments could be justified, particularly taking into mind that simi-
lar subglacial water intakes are planned at several future power developments in
Norway (e.g. Jostedalsbreen, Svartisen). Experience gained at Bondhusbreen could,

therefore, also be utilized in the planning procedure for these future projects.

Measurements of ice velocity

It was clear that some knowledge of the ice movement in the water intake area would
be useful, so already in 1972 some studies were made of the surface ice velocity

at various elevations. The results from these measurements indicate that the mean
daily movement at 1100 m a.s.l. is in the order of 35 cm, slightly more (37,4 cm)
during the summer and slightly less (34,6 cm) during a complete year. The annual
movement of the glacier is in the order of 130 m. At the altitude of the intake

it proved very difficult to obtain reliable results because the glacier is heavi-
ly crevassed. However, from September 24 to November 1, 1976, it was observed a

surface velocity of 55 cm/day which corresponds to approx. 200 m/year (cf. Fig.40).

The bottom velocity cannot be directly calculated from these figures but could be
directly observed in some of the ice caves which were made in connection with the
engineering (see below). The daily ice velocity at the very bottom of the glacier
amounted to 10-20 cm or 40-70 m/year. These figures are, however, not very accurate
due to the practical difficulties of measurements in caves where both the roof and

the walls were moving continuously due to the heavy hydrostatic ice pressure.

A survey of the bedrock topography must be made before the gallery was placed in
the bedrock under the glacier. No less than 12 vertical holes were therefore drill-
ed from the ice surface by hot point techniques, the results are shown in Fig. 42.
However, the data obtained by this method proved to be slightly inaccurate for en-
gineering purposes so that another series of soundings had to be made later when
the tunnel in the bedrock was completed. This survey proved to be very time-con-—
suming but the results indicate that there are no less than 3 'valleys" in the
bedrock under the glacier. This again indicates that water may flow in one or

more of the three various routes in the bedrock/ice interface, compare Fig. 43.
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Tunnels_in_the ice

The engineers wanted a more detailed picture of the bedrock topography at the
points where the intake tunnels should be constructed, so it became necessary to
open caves in the ice at these points. For this purpose it was arranged a hot
water sprinkling system in which water of a temperature of 40-50°C was sprinkled

onto the glacier ice and a cave was melted out. The practical installations are

shown in Fig. 44.

Several tunnels were meited at lengths of 30-40 m from places where entrance
tunnels were blasted through the bedrock. The locations of these tunnels, which

were made in 1974, 1975 and 1976, are indicated on Fig. 39.

Sediments

When the ice caves were made and during the construction of the vertical intake
shafts it became clear that a layer of compacted till was present in certain places
between the ice and the bedrock, but the bedrock could be quite clear without any
loose materials in other places. Within the ice it was observed rocks up to 1 m3
whereas the maximum observed thickness of the till layers was 5 m. Samples taken
of this material indicate a great variety of grain sizes, compare Fig. 45. The
coarse material within the ice seems to be present only in the lower 10 m of gla-
cier ice. In some places it was concentrated in distinct layers, in other places

it was more randomly distributed in the ice.

It is obvious that a great part of the total amount of solid materials will be
carried within the ice and thus pass the water intakes. It is therefore thought
that the sedimentation chamber is definitely large enough because its size was de-
termined from all solid material carried by the glacier and found at the front.
Only a small correction was made for some material which was thought to be trans-

ported within the ice. Probably, this correction could have been made larger.

Ice deformation

According to the regular flow law of ice it is clear that a cave made under a high
hydrostatic pressure will be relatively quickly deformed. It was made some attempts
to measure the '"closing velocity'" of the artificial caves under Bondhusbreen. Ice
screws were inserted in the walls and in the roof, and almost continuous observa-
tions were made in all places where such caves had been made. The results indicate
almost the same rate of deformation - the roof is lowered by 10-20 cm/day. Most of

the measurements showed a surprisingly constant figure, namely 15-16 cm/day, and

this velocity seemed to be independent of the size of the cave.

When the caves were made and people worked in them, the air temperature was in the

order of +3°C which caused an ice melt of about 3 cm/day, thus a continuous acti-
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vity in the tunnel tends to decrease the effects of ice deformation. The results

of measurements made in various caves are shown on Fig. 47.

Concerning hollows or crevasses within the ice, which were observed on the glacier
Argentiere, it should be mentioned that no such observations were made at Bondhus-
breen. The ice seemed to be much more plastic so that all bumps in the bedrock were
completely filled with ice. No pressure observations were made, however, on the up-

ward side and/or the downward side of such bumps in the bedrock.

No real water pockets have been observed in the Bondhusbreen glacier ice. However,
small "drops" of water under high pressure were experienced when the caves were

made. Their content ranged from a few decilitres to some litres of water, only.

The amount of water which has been captured under the glacier seems to be signifi-
cantly less than the theoretical amount. A water gauge has been installed at the
outlet of the sedimentation chamber, thus recording all the diverted water, i.e.
the amount of water collected under the glacier. The record from this instrument

is plotted in Fig. 48 together with similar recordings from the river draining

from the glacier and from a neighbouring stream. This graph indicates that water
discharge variations are well correlated but the total amount of water collected
under the glacier is only a small fraction of what should be expected. A calcula-
tion of the theoretical annual amount of liquid water at the altitude of the intake
indicates that approx. 3 ° 106m3 water should have been available. However, measure-
ments at the above-mentioned discharge station indicate that only 0,5 ° 106m3 water
really passed through the system. This makes a deficit of no less than 2,5 - 106m3
water which apparently has passed the intake area without draining into the verti-
cal shafts. In this connection it should be mentioned that shafts are made only to
two of the small "valleys" that were found in the bedrock - compare Fig. 43. It is
possible that most of the water really follows the third of these '"valleys'. An-
other interesting feature is the rapid fluctuation in water discharge that has been
observed in the sedimentation chamber. The record from the water level recorder is

shown on Fig. 49. However, no explanation can be given for these observations.

It was supposed that some of the water deficit described above could be connected
to water from the lake Holmavatn. This lake drains into the glacier at an higher
altitude. Salt brine was injected in the stream from Holmavatn and observations were

made within the tunnel in a great number of points. Finally, observations were made



89

also at the snout of the glacier. The result showed quite clearly that nothing of
the water in the stream from Holmavatn did go into the tunnel but it was clearly
observed as a "salt wave' at the glacier snout after about 45 minutes. A continua-
tion of this measuring program is planned for 1977 when also more vertical holes
will be drilled from the tunnel roof up to the glacier bottom to make possible

further studies of the water flow under the glacier.

Parallel to the experiments with salt brine it was attempted to use accoustic
methods to find areas where the relatively heavy flow from Holmavatn might pass
across the tunnel. Some noise was recorded at some distance from the intake points
and these areas will be more closely examined in the future, possibly also by

means of tracers.

Discussion

The last three years of observations under the glacier have given a lot of infor-
mation and experience. A negative experience is that the water intakes are not as
efficient as they were thought to be. During some periods relatively large amounts
of water drained through the system, because fairly large boulders were found in
the tunnel between the intake points and the sedimentation chamber. These boulders,
up to 1 m3 in size, must have been moved by large amounts of water. The tunnel con-—
nection from the intake shafts to the sedimentation chamber is obviously too long

and it is not sufficiently steep to allow such rocks to be moved by the running

water to the sedimentation chamber, which was, of course, the original intention.

The high hydrostatic pressure within the ice, more than 160 m, makes it possible
that water courses under the ice might not only follow the lowest areas; the
streams may be pressed to the side and consequently water might run in areas where

intake shafts have not been considered at all.

Further, the water courses under the glacier might change from year to year or
even during the summer. This is confirmed by the fact that one of the intake shafts
had been dry for a long time and then started to catch considerable amounts of

water. Later, it dried up again (and was filled by ice).

The tunnel system in the bedrock under Bondhusbreen has been described in a previous
chapter and visualized in Figs. 38 and 39. The main problem for the engineers was
that only a fraction of the water was really captured under the glacier. Present-
ly, it is impossible to explain why so much water really passes without draining

into the system.
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In the following some engineering viewpoints are expressed concerning various

problems which were met during the construction work.

One of the first steps in the engineering is to survey, by hot point drilling or by
seismic methods, the total ice thickness so that the diverting tunnel can be placed
at a correct level, which is 5-10 m under the lowest point of the glacier ice.

From the roof of this diverting tunnel it is necessary to drill vertical sounding
holes through the bedrock up to the glacier ice to make possible a more accurate
survey of the bedrock topography. The distance between these holes must be selected
on the spot — a denser pattern will be necessary in areas where a 'valley" in the
bedrock is indicated. In the case of Bondhusbreen it was impossible, for technical
reasons, to drill parallel vertical holes, the drilling equipment had to be placed

in a relatively small number of points and holes must be drilled in various direc-

tions from these locations, compare Fig. 50. This method is obviously not the best

because several unnecessary errors are introduced. Most of the holes are to be
made longer than really necessary and some of them may be slightly bent. Some of

the holes may not even reach the ice (see the right-hand side of Fig. 50).

Accoustic investigations have proven to be a good tool in the search for running
water in the summer. Similarly, the use of a tracer, for example a solution of
table salt, has also been very useful in connection with a great number of holes
drilled in the tunnel roof. Some of the sounding holes shown in Fig. 50 were used
for this purpose and water from various sources up-glacier (e.g. streams from the

valley sides) could be recognized.

Most of the tunnel work can be done at any time of the year but the final intake

shafts must be completed before any significant melt has started on the glacier.
Arrangements must be made to avoid melt water to penetrate into the system until

the sedimentation chamber, closing gates etc, have been completed.

The layer of till in the transition zone between bedrock and ice may cause diffi-
culties and danger so it might be better to make oblique shafts instead of verti-
cal shafts, and various possibilities must be discussed to construct an opening
towards the ice which might not invite the ice to penetrate into the shaft and
block it for long periods (this happened several times under Bondhusbreen - the

ice penetrated into the shaft almost as toothpaste).

From our observations of the caves under Bondhusbreen it seems that the moving ice
does not always push rocks and till in the direction of movement. The ice moves

more or less plastically over these unevenesses and there is often a thin layer of
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"till porridge'" which works as a grease between the ice proper and the underground.

Most of the solid material is carried by flowing water. The rocks that were found
within the ice were generally much larger and they had a coarser appearance than
the material normally foﬁnd near the snout of the glacier. Pieces of rock, over
1 m3 in size, were observed frequently and rocks of the size 0,1-0,2 m3 were very
common. These rocks will apparently be crushed down to smaller sizes before they

reach the snout of the glacier.

The plasticity of the ice makes it probable that if a water stream has developed a
drainage tunnel, this tunnel will close rapidly after that the water has disappear-—
ed (for any reason). However, if there is a narrow canyon in the bedrock it is
supposed that even a relatively small meltwater stream may be able to keep an open
channel. This was found under the glacier Mer de Glace when the hydro-electric in-—
stallations were made in Chute de Bois in France. Further, a steeper longitudinal
profile will tend to keep water—leading tunnels open because more energy is released

from the falling water.

Attempts were made to calculate the amount of water that would be sufficient to
keep a tunnel >pen under the glacier under various conditions (slope, canyon-like
cross—sectional profile, "flat" cross-sectional profile, etc.) but it was very
difficult to make any valid conclusions. It is thought, however, that if a subgla-
cial stream keeps its tunnel open and then the water discharge suddenly increases
the water will fill up the tunnel completely and an over-pressure will be created.
Possibilities for the water to find another drainage channel will then be present.
These new water courses may not follow the lowest parts of the valley and this may
be the reason why large amounts of the water suddenly disappeared from the intake

shafts.

Also coarse material carried by the water may block the shafts or the diverting
tunnel and engineering measures must be taken to avoid such blocking, for example
by constructing the upper part of the collecting tunnel (leading from the intake

shafts to the sedimentation chamber) much steeper than under Bondhusbreen.

Ice velocity measurements

Surface observations of the glacier movement were reported in the annual publica-
tion on glaciological investigations made in 1973 (Tvede, 1975). Most of the later
observations of this kind (up to 1976) are dealt with in this report, and some

further details will be given in the report for 1977.

The results from the surface velocity measurements are shown on the maps (Figs. 51,
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52 and 53) and individual figures are plotted in the tables on page 71-74. In these
tables the first column gives the number of the measured item - stake or wire, the
second column shows the total displacement in metres, the third column the daily
mean movement. In the fourth column the annual displacement has been calculated.
Finally, in the last column the direction of the movement is indicated in 4008

divisions.
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