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Changes in jokulhlaup sizes in Grimsvotn, Vatnajokull, 
Iceland, 1934-91, deduced froll1. in-situ tneasuretnents of 

subglacial lake volume 
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A BSTRACT, A reco rd o r \'olumes or jbkulhl a ups rrom th e subg lac ia l Crilll syotn 
lake, Vat najokull , Ice land , has been d eri\ 'ed 1'0 1' th e peri od 1934-9 1, The cha nge in 
la ke vo lume durin g jbkulh la ups is es tim ated rrom til e la ke area, ice-cQ\'C r thi ckn ess 
a nd the drop in la ke Ic\'C 1. Th e j o kulhl a up \'o lum es h<l\'C decreased gradua ll ~ ' during 
thi s period o[ low \'olca ni c acti\ 'it)' a nd declining .geothermal power. Th e tW9 
jokulhla ups in th e 1930s each discharged abo ut 4,5 km ,l (pe.ak di sc harge 25 30 x 10:l 
m 3 s I ) , In the 1980s, jbkulhlaup \ 'o lumes were 0,6, 1. 2 km,l (peak discharge 2 x 103 

m 3 s I) . The la ke le\'C I requ ired to trigger a jokulhlaup has risen as a n ice dam cas t or 
the lake has thickened, Wa ter no\\' in a jbkulhl a up ceases when th e base ora noating 
ice shelr covering Crlmsvo tn se ttl es to about 11 60 m a,s, 1. Apparentl y, the joku lhlaups 
a rc cut ofT'when thc base or th e ice shelr collapses o n to Cl su bglacial ridge bordering the 
lake on its eastern sid e. Th e d ecl in e in melting ra tes has resu lted in a pos iti\'c mass 
balance o('the 160 170 km 2 Grlmsvotn ice-drainage basin. C<,lmparison ormaps shows 
that th e a\'C ra ge p os iti\'(~ mass-bal a nce rat e was 0,12 km .l a 1 (25 % or the total 
acc umula ti on ) in th e period 1946 87 . ,\ gradu a ll y in creas ing positin' mass ha lance 
has pre\'ail ed since 1954. reac hing 0,23 km 3 a 1 ill 1976- 86 (48 %. or total acc ulll
ul a tion ). 

INTRODUCTION 

The subglacia l, geothermally sustained , Crlms\'o tn la ke 
in Vatnajbku ll , I celand (Fig, I ) , is a we ll -known so urce o r 

joku lh la ups (Thora rin sso n, 1953, 1965 ,197+; Ri st , 1955; 
Bjornsson, 1974, 1988, 1992 ) and \'arious da ta u"om thi s 
type loca lit y ha ve played an impo rtant role in studies of' 
th e triggering m ec hanism a nd dra inage or j okuhla ups 
(Tho ra rinsso n , 1953; Glen, 195+; Bjo rn sso n, 197+, 1988, 
1992 ; Nye , 1976; Spring and Hultcr, 198 1; Clarke , 1982) . 
Th is pa per prese l1ls rt\' ised data o n th e \'o lumes of 
j o kulhl a ups fi"om lake Crlms\'o tn f'or th e las t 60 yea rs a nd 
d esc ribes ho\\' th e \'olum es were d e ri ved. Th e data ha \'e 
a lread y bee n used in recent stud ies or th e simul a ti o n or 
th e jbku lhlaups (Bjornsso n, 1992 ) , for the es timale of th e 
vo lati le release ra les from Grlmsvotn (AgLl slsd 6 ttir and 
o thers, 1992 ) a nd [or re-enl lu a ti o n o r rh e geo th erma l 
power in the Crlms\'o tn ca ld e ra (Bjornsso n a nd Gud
l1lundsson. 1993 ) , 

The ~rs t crud e es tim a te of th e vo lume or a Grims\'o tn 
jokulh la up ( 10 km 3

) \\as mad e b y Nielsen (1937 ) a f't e r th e 
1934 eve nt. \ "ith time, progressi\'C ly iJetter data ha\ 'e 
been co llec ted and i ncreas i n g l y m o re soph is ti ca ted 
m e thods ha\'e bee n ap plied, The a pproaches used m ay 
be li sted as ro ll ows: 

l. Prio r to 1954, th e discharge o f' joku lhla ups was 
estimated [rom eyewi tness acco un ts toge th e r w i th 
rough mass-bal ance estim a tes for th e Grilll s\'otn 
dra inage bas in , ass uming s teady-sta te co nditions. 

Fro m these data , hydrographs \\'ere draml fo r so me 
o f' th e jbkulhlaups (Thora rin sso n , 1953. 197+). Th e 
vo lume drained ill th e larges t j o kulhlaups (ill 193 I, 

, ~ 

a nd 1938 ) \\ 'as cs tl1l1 <l tedto ha\'(' bee n abo ut 7 km ' 
(Th ora rinsson , 197+ ). 

2 , In the period 1954 72, th e :'I l a nning equa ti o n wa s 
used to es tim a tc di scharge or jiikulhlaups and their 
h yd rograp hs. (Th e :\ tanning cC[ u a tion e,g, Cho\\', 
196+) rela tes th e \ 'e!ocit\, of' water fl o\\' in an open 

c ha nn el to the depth or th e c hannel , the g radi e nt 
a lo ng the direction or no", and the ro ughness o[ th e 
c hannel. ) These est imates yie ld ed a total volullle in 
the ra nge 2.8 3.5 km:l for ;he [our .iokulhlaups that 

occ urred during th is period (Ri st , 1955, 1973, 
1990), 

3, Af'ter cons truction o r bridges across th e ri\'e rs o n th e 
Skeioarilrsandur o ut\\'ash pl a in in 197+, direc t 
measurements o[ lI'ater depth a nd \'eloc ity in the 
fl ood chann el co uld be made, Th e \'o lume drained 
in the ~ ye joku lhlallps since 1976 has \'a ri ed [i"o m 
0,55 km 3 to 1,9 km :l Rist, 1984; Kri slin sson a nd 

o thers, 1986; P a lsso n and o thers, 1992: perso n a l 
com J11l1ni ca ti o n rro m S. Z6ph6n lasso n, 1993 ), 

4, Fo r the joku lh lallp or 1986, Bjo rnsso n ( 1988) 
evaluated th e \ 'o luJ11e of wale l' dra ined o ut of' 
G rlmsybtn from th e cha nges in la ke geo me tr y 
during the j okulhl a up . This ap proac h was m a d e 
possible throu g h th e a\'a il ab ilit y o f'data on bedrock 
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Fig. /. The r 'alllaj6ku/l ice cal) . T he draillage basills 0/ 
Skei{)arriljoku/l and Gr/II/Sl'olll are .I hadI'd. Tlze ajJjJrol 
imale slI bglacial /Jath 0/ Ihe joJ.:lI lhlall/Js is shoWII I))' Ihe 
broken line . T lze reclallgle illdicale.1 Ih e area S / IOU'1Z 0 11 

Figures 2, 3, 8 and 9. 

to pograph y acquir<:>d b y ra di o-ec ho so undings a nd 

seismic renec ti on in 1987 (Bjornsso n , 1988: G ud
mundsson. 1989 ). 

Here, wc present a reco rd of la ke dra in age, ext ending 

back to 1934, using th e a pproach 01' Bjo rnsson ( 1988 ). 

Furth e rm o re , II'e compare th e I'olum es dra in ed in 

jokulhla ups II'ith da ta on mass b a lanc<:> fo r th e Grlmsl'ci tn 
i ce-d ra i II age basi n. 

THE GRIMSVOTN AREA 

Extensil'C s tudies of th e geo m e try of th e Grimsl'o tn a rea 

(Figs 2 a nd 3 ) hal'e been d escribed in r ec<:> l1l I'ea rs 

(Bjorn sso n , 19 /+, 1988; Gudmundsso n, 1989; Bjorn sso n 

and o th e rs, 1992 ). Th e la ke is loca ted within the ca ld era 

complex o f th e Grlmsl'o tn \ 'o !ca no in th e w es te rn pan or 

th e \' a tn aj o kull ice cap ( Fi gs I a nd 2) . Three ca ldera 
structures h a l 'e b<:>e n identifi ed (Fig. 3 ). ra n ging in a rea 

from II to 20 km 2 (Gudmund sson , 1992 ) . The to tal heat 

released fro m the I'olca no in th e peri od 1922- 9 1 was 
8 .1 x 10 lH J (see Bjbrn sso n a nd Gudmundsson. 1993 ), 

yielding a n a l 'e rage hea t o utput of 3720 .\1\\' . H O\l'el'er, 
thi s a l'C ragc value is mi sleading, as th <:> po \\'C r has I'a ri ed 

by an o rd e r o r m agni tud e o ve r thi s peri od , vl'i th a hi gh or 
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I I 600 .\JW in 1934· 38 and a 10 \\ o f' 1600 i\I\\' in 1976 

82. These chang es in th ermal output are a ttributed to 

\ 'a ri a ti ons in I'o lcani c ac til'it y (Bj o rnsso n and Gudmunds
so n , 1993). 

Th e G rlmsl 'o tn geo th erm a l a rea has c rea ted a 
d epression in th e ice surrace o \,e r th e cald e ra region. 

This depressio n has a di amc te r o f' 10 km and a d e pth of 

a b o ul 300 m (Fig . 2 ) . The ice thi ckn ess in th e a rea is, on 

ell 'e rag-e, 300500 m a nd in rece nt years th e fl oa tin g- ice 

co\ 'er of' th e la k e h as been 230 260 m thick (Bjo rnsso n. 

1988) . The fl oa ting -i ce cO\'er h as th e cha rac te ri s ti cs o f an 

ice shelf; its inte ri o r pa rts a rc fl a t , fl oa ting in h ydrosta ti c 
equilibriulll , a nd th e ma rgins a r e m a rkcd by a n a brupt 

c h a nge in surrace slope. T o the so uth a nd wcs t , th e la ke is 

b o rd ered by th e ca ld era \I·a ll s. A s th e la ke In'e l rises 

during th e inte n 'a ls betll'ee n j o kulhl a ups, th e la ke 

expa nds to\I'a rd s th e north and n o rth east. 
Th e mec ha ni sm of Grimsvo tn j o kulhl aups and th eir 

gen era l cha rac te ri s ti cs halT been d esc r ibed by Bjo rnsso n 

( 1974, 1988 . 199 2 ) a nd onl>' a bri ef summa ry is gil 'en 
h e re . The lake is co n ta ined bl' a p o tenti a l press ure b a rrier 

o f' th e ice surrounding th c d e pression a nd th e 10 \\'es t 

breac h in th e ice surface occ urs to th e cas t of th e la ke (Fig. 

2 ) . This 10\1' in th e ba rri er is te rmed th e ice d a m . The 
tri gge ring mech a ni sm of Grims\,o tn j bkulhl a ups h a s nor 

been full y ex pla in ed . J bkulhl a ups occ ur a t a la ke le\'el 

co nsidera bl y lo w e r th a n required to noat th e ice d a m . At 

th e sta rt of m os t j o kulh la ups th e ice-overburd en press ure 

a t th e ice d a m exceeds th e subg lacia l \I'a te r pressure 

m a inta ined b y th e la ke by 5 7 b a r. Bjbrn sso n ( 1988 ) 

su ggested this mig ht be du e to w eakn esses in th e d am 
ca used by basa l ice mo\T l11 ent. Th e jbkulhla ups d o no t 

dra in th e la ke completely a s th ey usuall y te rmin a te 

a bruptl y \\' hen th e la ke IeITI h as fall en by a bo ut 100111. 

CHANGES IN LAKE VOLUME AND ESTIMATES 
OF THE VOLUME OF JOKULHLAUPS 

Lake geOlnetry 

Th e l 'olul11 e of " 'a ter th a t is dra in ed rrom th e subg lac ia l 

la ke ca n be es timated ri'om ch a n ges in la ke leve l during 

jokulhla ups a nd th e thi ckn ess a nd a real ex tent o f' th e 

fl oa ting ice sh e lf'. 

The cx tenL o f th e subglacia l la ke may be d e tn mined 
fro m th a t o f th e na t ice sh e lf fl oa ting on th e la ke. 

I\lorcover, crcI'asses rorm ed a t th e m a rgins of th e ice shelf 

during jbkulh la u ps demarca te th e ma rgins of th e la ke 

pri o r to the e\'e nt. This lI'as confirm ed by fi e ld studi es 

during th e jbkulhla up of 199 1 a nd by compa ring a ir 

photogra phs with m a ps mad e a f't e r th e jbkulh la ups in 

1945, 1960 a nd 1986. Hence, ve rti ca l air ph o Logra ph s, 
ta ken shortl y a ft e r th e termin a ti o n o fj bkulhl a ups in 1945. 

1 95 -~ , 1960. 19 72 , 1983 and 1986 w ere usen 10 d e terminc 

th e ex tent or th e la ke (Fig. +) . 
Thc la ke le\'cl has been m easured a nnua ll y sin ce 1955 

b y th e Icel a nd Gl ac iologica l Soc iety . In most years, it 

co uld be meas ured direc tl y in p a tc h es of open wa te r al ong 
th e I\,cstern or south erll hillslo p es . The m eas urem ents 

h a l 'e bee n d o n e by op tical o r b a ro m etric le\'elling using 
b enchm a rks o f' kn O\\'ll heigh t on th e hill slop es a t th e 

m a rg ins or th e m a in ca ldera. fn addition , inte rmittent 
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(,'lIdmull(/SSOIl alld olhers: Challges ill jbklll/i1alljJ ,l i::e,1 ill (;rillw'MII . I'alllajiiklll/ , l celalld 

Fig. 2. The Grill/,ld)11I area as IIw/I/Jed lcilh /JI'ecisioll baroll/ell~) ' ill .llllle 1987 (colllollr illll'n'al 2511/ ) . Thl' 1//(1I}!,il/.l o/Ihe 
/60 kll/ ice-draillage basill are sholl'lI. The }lal area al NOO III eil'l'{/Iioll ij all ice jhl'U' (ol'I'rillg Ihe slIbglacial lake (of 
10 kll/). T he Ihick d(l.Ihed ([lid dOlled Iille.1 lIIark Ihe ,llIbglacial /](llh~ ojjrikllllt/all/Is. The Ihick daJhed Iilll' i .1 cOII,lidered 10 
be Ihe /)alll o/lIIosl jliklll/t/all/J,I ( Bjrl/'llJjoll . 1988) . Thl' lake lel'el al Ihe lillle C!/Ihl' ,1111"1'1')' l('a" 13Nllla .. d . The 
me(olll'CllleJIl" rU' ice-,Ihel/ Ihicklle.l.\' Sh011'1I ill Figllre () l('ere iliadI' alollg Ihe /lro/ile. 1 B. Rock.1 are I'I/JI)j£'d ill Ihe mldera 
1I'a1/J Ihal border Ihe lake 10[('(Il'd Ihe ,101lIh. Ihe .l/ee/) lIorlhl'flll/o/Jes 0./ Ihe ridge (,'rilll .ljjal/ . 

m easurem en ls o r lh e ice-shel l' e !e \ 'a li on a nd la ke Ie\TI 
\IT IT m a d e in th e peri od 1935 53 IAskclsso n , 1936; 

Tho ra rin sso n . 1953 ; perso na l cOlllmunicat io n fro m S. 

Sig urd sso n . 19+6 ) a nd pho LOg ra ml11 e tr\' lI'as lI secl to 

d Clerm ine lhe lake k H'1 in 194..3. 19+6 a nd 1954. Ca ps 

rc m a ining in th e reco rd or la ke Icn' l in th e period 1934 
;,)5 \lT IT filled with eSl im ates based o n ph olOg ra ph s la ke n 

b y e x p edili o ns th a l in s peClccI th e a rea, e ither 0 11 foo t o r 

Fig. 3 .. ,1 bedrock lI/ajJ of Ihe Grill/J 1'illll area ([OIlIOllr illlelTal 50 1/l) as lIIa/J/m/ ~) ' radio-echo SOlllldillg alld ,lei,lllIic 

re}leclioll ill 1987 (Bj6'rIlSS0I1 , 1988,' (; lIdlllll ll dssO Il , 1989 ) . The area ('Ol'ered ~l' Ih e slIbglaciallake ill /987 i,1 s/wdl'd. The 
rockfaCi' eI/Jojed 011 Ihe ,lOlIlllea.l/em III{//gill of Ihe [aldera iJ rOllgh£" de}llled ~)' lite 1600 III cOlllollr Oil Ihe ri{~[!,e Cri/ll ,if.ja/l. 
The ill/erred jJalhll'(~)',\ of j6kll""(III/)S ({re .rIz01l'lI ill Figllre 2. 
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Fig. 4. ,\ / argills oJ the sllbglaciallake at the start oJ the jokulhlalljJs ill 1945. 1954, 1960. 1972, 1986 al/d 1991. The 
margins were lorated on l'ertical air /Jhotographs SllOl('illg the large Cl'a'asses which Jo rmed abol'e the groulldillg line dl/rillg 
the jokullzlalljJs. A denotes the lake area and z'" the lake fez lel. 

fi·om th e a ir . T hese photograp hs sho\\' eit he r th e rock face 
at the so uth eas tern margin of th e caldera or th e slopes at 

its western m a rg in (Figs 2 and 3) . Open water was 

observed a long these s lopes a nd its le\'e l co uld be 

est im a ted by reference to landscape features of knoll'n 

heig ht. 1 n th ese \'ar ious ways, "\'e ha\T extended the lake

level record back to 1934 (F ig. 5 ) . 

Thickness of the ice shelf 

T he thi ckn ess of the ice shelf has been measu red se\'eral 

tim es since 1976 by using rad io -echo soundings (Ferrari 

a nd others 1976; Bjbrnsson , 1988, unpub li shed data ). In 
most years between 1958 and 1975, concurrent with the 

la ke-leve l measurements, profi les (A- B; see F ig. 2 ) were 

optically or barometricall y leve ll ed across th e floating ice 
shelf (Thorarinsson , 1965; Bjornsson, 1988) . T h ese surface 

profi les m ay be used to calc ul ate the th ickness of the ice 

shel f provided a re li ab le estimate of the bu lk density of'the 

Ooating ice can be made. Bjornsson ( 1988 ) used the 
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surface profiles to caleulate ice thi ckn ess using a constant 

density \'a lue of 900 kgm 3 for all the profil es . The 

calculations showed a g radu a l increase in thickness 

betwee n 1960 and 1980. A 1110re d eta iled study of this 

change in thickness is noli' poss ibl e as beller data ha\'C 
been gathered on the bu lk de nsi ty of the ice she l f and the 

d e nsity stratificati o n of its uppermost 30 m. 

The bulk density, Pb, of'the ice shelf may be ca lculat ed 

usi ng Pb = (1 - Llz/zt )pw \\'here Llz is the d ifTcrenc e in 
e levation between the ice-she lf surface and the lake le\'CI, 

Zt is the tota l thickness of the ice shelf a nd P\\' = 

1000 kg m 3 is the density of' water. I n the period 1983 

9 1, when L1z was 27.5 28 m , radio-echo so undings 

sho\\'ed the thi c kness of th c ice shelf' in the central area 

lo be a bout 250111 , gi\'ing a mean bulk density of 
889 ± 4kgm 3 . An indcp endent measurement was 

obta ined b y dr ill in g in 199 1, wh ich g;:1\'C Zt = 

252 ± 2 m and Llz = 28.2 ± 0.2 m , yielding a bulk 
densi ty 0(,888 ± I kg m 3 An ice core from th e upper

most 25 m of th e ice shelf, cx tracted in June 1993 , showed 

rv0 
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Fig. 5. The lake level ill Cr/msllO'ln over the jJeriod 1934--93. The fmgest drop il1 lake leeel occllrred ill 1934. 150- 160 Ill. 
,No lake-Level measurements erist between 1938 al/d 1942. However, tlte OfCllnence oJ the jokulldalljJs ill 1939 and 1941 is 
well dOCllmented ( Thorarinssoll, 197-1) . The dolled Clir lle showlI ill 1938--42 a/ld the millimum ill 1948 are estimated Jrom 
the rise oJ the lake level ill 1934- 38 and 19P5- 18. 
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a roughl y linear increase in d ens it y Il'ith depth , and 

ex trapo la ti o n suggcs ts th at th e ice h as acq uired a densit y 

oCa bou t 900 9 10 kg m :1 at 30 m, These data indi ca te th a t 

th e icc she ll' may be dil 'id ed int o two la ye rs, a 30 m 

su rfacc la ye I' with a mean dcnsit Y PI = 7 10 kg m :$ a nd a n 

icc layer below 30 m d ep th \\'ith a constan t density , P2, 

Sincc the thi c kn ess a nd bulk d e nsit y of th e ice sh elf' in 

rccen t years is kn oll' ll . P2 ca ll be fou nd [rom Ph = 
( Z IPI + Z2P2) /Zt where Z I = 30 m and Z2 = Zt - Z I. U sin g 
Ph = 888 kg 111 :

1 a nd Zt = 250 m , one obtains P2 = 

9 12 kg m ~ , At times or known lake ICI,(, 1. thi s density 

model may be used to co nl 'fTt data on surrace e!e\'a ti on 

in to thi ckncss \ 'a lu es pro\'idedthc thickncss and ciensity or 

the surracc layer has not ch a ngcd Il'ith tim e, fnd eed , 

se isllli c expc rim e nts o n th e icc sh e ll' ca rried o ut in 195 1 

a nd 1987 J ose t and H oltzscherer. 195+; Gudmund sso n . 

1989 ) indi cate a silllilar stru c ture or th e surf;l ce laye r. 

suggcst in g th a t appl ica tion or th e densi t y model to the ice 

sh e lf in th e period under consid e ra ti on is justifi ed, 

The results sugges t th at th e bulk d ens ity of th e ice sh e lf' 

has increased [i'olll 875 880 kgm l prior to 1960 to abou t 

890 kg m l in the I 980s. This i lllTeaSC was ca used by a 

ge ncral increase in th e thickness o f' th e icc shell', Al ong th e 

s urf ~lce profile s ut'l 'C!'ed A B in Fig. 2 ) the m ea n 

thi ck ness cha nged from ahout 150 m in 1960 to 220 

230 III in 1980 (Fig. 6 ). HO\I'c\'C r, thc cent ral pa rt of' th e 

icc shel f' Il 'as thickcr, 170 190 m prior to 1960 , rlSlIlg to 

250 260 III in th e 1980s, 

VolUlue of jokulhlaups 

The data o n bedrock topography, lake size, la ke Ie\TI a nd 

'" '" 

250 

~ 200 
-'" 
u 

.<: 
f-

150 

Calculated from elevatio n of 
surface above lake level 

o ~~i~~ice crhe~lesc~ioi,d ings or 

the thi c kn ess of th e ice she lf m a ke it possibl e to estim ate 

th e \'o lume of th e lake at a ny g iven time (Fig, 7) , Thc 

\ 'o lum cs drained during jbkulhla ups in thc pcriod 1934-

9 1 (T a bl e I ) arc o btain ed by subtrac tin g th e lake \ 'o lume 

a t th c c nd o r a j b kulhl a up from th e volume a t its s tart, 

i\I eas urements in Grimsl'b tn h ave sho\\'n th a t th e 

tc mpera ture of th c la ke water is close to ze ro ( for 

example, 0,05 0,2 C in 199 1), Th e re fore, water pro 

du ced b y melting in th e j bkulhlaup tunn cl due to 

achT('[ed heat is neg li g ible comparcd to th e tota l \ 'o lume 

drained, Ho\\'el'C r , th c tempera ture o f' j b kulhlaup water 

at th e o utlet has co ns is tently bee n sh ow n to be at o,ooe 
(Bj b rnsson , 1992 ) a nd it ca n tiIerefore b e ass um cd that all 
potential energy is convc rted to hea t and di ss ipated by 
friction in the j o kulhl a up tunne l during th e tra nsport 

from 1400 m ele\'at io n at Crims\'b tn to 100 m at 

Skcioar(lrsandur. I t ca n th erefore b c calcul a ted that 

melting o f'th e tunn e l I\'alls Il'ill in c rease th e I'o lume of the 

I\'<Her di sc harged b y 4% , This efrec t has bee n accounted 

fo r in th e final \ 'a lu c o r th e I'o lume o f the j bkulhlaups in 
Table I, 

Tht' peak di sc harge oC som c of th e j okulhlattps is 

es timated in th e fin a l co lullln in Table 1. For som e o[ the 

jbkulh laups beforc 1976, Iwdrographs h a d bee n draw n by 
Thora rin sso n ( 1974 ) and Ri st ( 1955, 1990). ass uming 

hig- h e r total I'olumes disc harged than o btained here . Th e 

peak-discha rge I'alucs in Tablc I arc found by lincarl y 

sca ling d ow n th ese ea rlier es timates . F o r jbkulh la ups a Cter 

1976, the \'a lu es a r c th ose g iv e n b y Ri s t ( 1984 ) , 

J\..ri s tin sso n a nd ot hers ( 1986 ) . P <ll sso n a nd o th e rs 

1992 ) and Z6p h 6 niasson (perso n a l co mmunication , 

1993 ) , Bjo rn sso n ( 1992 ) used these d a ta to d eri\ 'e a n 
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Fig , 6, ]\ Iea n ice-shelf thi ckn ess, 1946 9 1. a long profile A B (sec Fi g ure 2 fo r locat ion ) , 
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Table I . Characteristics ~fj6klllh/all/)s fro m C;r/IIIS1'6"l1I III 193-1- 91 

r ear Lake area lce-she(f Lake lel'e! Lake l'olume r oll/me Peak dis-
thicklless drailled clulIge 

i llitial Filial Challge Initial F ilial Challge 

km 2 m a.s .1. 'l km:l km :l km3 :1 3 1 m m km ' 10 m s 

193 .J. 37 150 14.J.0 1280 160 4.9 0 .6 .J. .3 4·.5 25-30 
1938 2 7 + 15t ISO 1400 1300' 100' SA 0.9 4.5 L~ . 7 25 30 
1939 < 25 150 13.J.0· 1300' .J.O· 1. 9 0 .9 1. 0 1.0 
19.J.1 < 25 150 1360' L305 ' - - . 2.3 l. 0 l. 3 1.4 :Jj 

1945 32 150 1425 L325 100 3.7 L. 2 2.5 2.6 8- 10 
1948 27 ISO 1400 13 10' 90' 3.0 0 .9 2. L 2.2 
195.J. 33 ISO 1435 1305 130 3.8 0 .8 3.0 3.2 10 
1960 30 155 1428 1338 90 3.4 1.4 2.0 2. 1 5-6 
1965 29 175 1432 13 17 11 5 3.1 0 .7 2 .4 2.5 6 
1972 27 195 1.J.36 1330 106 2.6 0.6 2.0 2. 1 5 
1976 26 2 10 1439 1350 89 2.3 0 .7 1. 6 1.7 3 .54 
1982 22 230 1447 1380 67 1.9 0. 75 1.1 5 1. 2 2 
1983 15 230 14 12 1370 42 1. 2 0 .6 0 .6 0.6 0 .6 
1986 17 230 1.J.30 1350 80 1.4 0 .3 1.1 1.1 5 2 
199 1 22 230 1.J.52 1370 82 1.85 0 .4-5 1. 4 1.45 2 

*V alue o bta ined by ex trapo la t ing O\'er mo re th a n I yea r o r es tim a ted \\'itho ut o bsen ·a ti ons. For j o kulhl a ups since 19.J.5 
th e acc uracy of la ke \'olum es is 15- 17 %, a nd th a t of volum es dra ined is 10 12%. Corres po ncli ng \'alues befo r e 1945 
a re 20 25% a nd 15 20 % . 

1' The 15 km 2 a rea subsid ecl a bO\'C a \'olea ni c fiss ure to th e n o rth of th e la ke. 

empiri ca l re la ti on between peak disc ha rge a nd lO tal 
\'olume fo r Grims\'o tn jokulhl a ups. 

For th e p e ri od a fter 1945, th e ('J'rors in la k e size and in 
th e drop in la ke le\ 'C1 a re consid ered to be 3-4% but th a t 
in ice-shelf thi ckness is 8- 10%. Th e res ulting m ax imum 
error in volum e stored in the la ke is 15- 17% . The erro r in 
\'o lume dra in ed in th e j okulhl a ups is less sensiti\ 'e to error 
in ice-she lf thi ckn ess , hence, th e max imum error in 
\'o lume dra in ed is onl y 10- 12% . The un ce rta in ties prior 
to 1945 a rc 20 % in la ke \'o lu lll e and 15% in jokulhla up 
vo lum e. Th e int('J' na l con s is tency o f th e r ecord is 
consid e ra bl y be tter as the la rges t source of e rror. a 
sys tema ti c e r ro r in ice thi ckn ess, wo uld shift a ll \'o lum e 
\'a lues eith e r up or down. 

LONG-TERM MASS BALANCE 

I n previo us studi es of th e Grims\'o tn bas in , th e m ass of ice 
melt ed in Grims\'otn has b ee n ass um ed to be in long-term 
ba la nce lV ith the input of m ass to tb e ice-d r ain age basin 
(Th ora rin sson . 1953, 1974; Bjo rnsson. 1974, 1988). This 
ass umpti o n was justifi ed by th e long-term existence of th e 
G rfm s\'otn d epression. Ava il a bl e da ta 0 11 th e mass 
ba la nce, a lth o ugh ind eed sca rce. did no t di spro\'e th e 
ass umptio n as a n tlid first a pproxima ti on. O ve r th e las t 
t\\'o or three d ecades, however , a positi\'e m ass bal a nce of 
th e surro unding glac ier has been suspected due to th e 
coo ling o f th e geo therma l sys tem. as ex pressed by th e 
shrinkage o f th e lake a rea a nd thi ckenin g o f th e ice shelf 
(Bjornsso n , 1988; Bjorn sso n a nd Gudmund sso n , 1993 ). 
H ere, we present da ta o n th e lo ng-term m ass ba la nce of 
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th e ice-d ra in age bas in th a t a re m ore de ta il ed th an 
publi shed pre \·io usly. 

Mass balance of the ice-drainage basin 

Th e a \'erage a nnu a l precipitatio n in th e Grims\ 'b tn a rea 
fo r th e peri od 1950- 85 was 3 .0 ± 0.3 m a 1 (Bj o rnsso n , 
1985, 1988 ) . This prec ipita ti o n fa lls a lmos t e ntire ly as 
sn o w. so the to ta l acc umul a ti o n rate \\'ithin th e ice
dra in age bas in (a \ 'C raging 170 km :! in the p e ri od 1945 
65, d eclining to a n a\'e rage o f 160 km:! in 1965 85 ) was 
0. 48 0 .50 km 3 a l. Th e a \'e rage ra te of melting b y 
m e teoro l-ogical processes o\'(' r th e las t se\ 'C ra l yea rs 
w as es tim a ted to be 0 .08 km 3 a 1 (Bj6 rnsson , 1988 ) but 
fro m 1935 to 1960 it was 0 . 11 klll :l a 1 (Gudmundsson 

a nd Bjornsso n , 199 1). Compa rison of maps (Fi gs 2 a nd 
8 ) , on th e o th e r h a nd , shows tha t th e ne t mass ba la n ce of 
th e ice-d rain age b as in was pos itive o \'C r th e pe ri od 1946 
87, b y 0. 12 ± 0 . 0 2 km ~ a I , o r 0 .75 m a 1 a\'C raged O\'er 
the basin (25% of to tal acc umula ti on ). Fig ure 9 shO\\'5 
the difference in surface ele\'a ti o n be twee n th e two Ill a ps 
o f th e Grimsvo tn basin , of 1946 (Fig . 8 ) a nd 1987 (Fig. 
2 ) , a t about the salll e lake level , 1376 a nd 1374 m a .s.l.. 
res pec ti\·e ly. Th e ice thi ckn ess in th e surroundings of th e 
la ke increased b y 50- 100 m as th e area of th e ice shelf (a t 
this lake level ) d ec reased from 23 to 10 km 2 The in c rease 
in th e ice \ 'olum e due to thi s c ha nge in ice-surface 
ci e\'a tion was 3 .7 ± 0.7 km 3

. In a ddi ti on, a \ '0 1 um e of 
1.5 ± 0.3 km :\ occ upied by \\'a te r in L946, ha d bee n 
repl aced by ice in 1987 (ass uming a bulk d ensi t y of th e 
ice shelf of 880 kg m 3 in 1946 ) . H e nce, the tOt a l in c rease 

'l in ice \'o lum c w as 5 .3 ± 0 .8 km ' (equi\ 'a l e nt to 
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Water balance of the lake .f .8 ± 0.7 km:l or wa ter ), \'ielding a m ca n pOS lt l\T m ass

ba lance ra te 01'0 .1 2 ± 0.02 km 'l al. Th crc lrJ IT, th e mean 

ra te or mclting at th e base o f' th e g lac ier h as b cC' n 
a pprox imate h ' 0 .3 km:l a I. 
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been 0 .08 0. 11 km 3 a I [i'om surface m el t a nd a bout 
0.28 km 3 a I from the basa l melt, or a to ta l of 0.36-
0.38 km 3 a I. F ro m the da ta in Table I , th e to ta l \'o lume 
of meltwa te r acc umulation in the Grimsvo tn la ke for the 
pe ri od 1945 86 is 15.2 ± 0 .9 km:l. This eq u a ls a mean 
ra te of acc umula tion of 0.37 ± 0.02 km 3 a I, in good 
agreem ent lI'ith tha t ex pec ted from th e m ass b a la nce of 
the ice-dra in age basin. This is a n importa nt resul t, since it 
sholl's th a t our reco rd of dra in age fro m Grims\'otn is 
acc ura te. M o rcO\'e r, this suppo rts th e ass umption th a t no 
net loss of g ro und water occ urs from the G rims\ 'o tn bas in 
(Sig\'a ld aso n , 1965; Bjornsson , 1988 ). 

Uthe mass balance had been in a stead y sta te, melt-wa ter 
would ha\'e acc umulatecl in the lake a t the ra te of 0 .50 km3 a 
I (requiring a basa l melting ra te of about 0 .40 km3 a- I). 
Ass uming such steady sta te, th e wa ter \'olume dra ined by the 
nine jokulh la ups during thi s peri od of +1 yea rs, would halT 
had to have been + km3 (25% ) larger tha n estim a ted from 
the d ra in age recorcl in T a ble I . Insteacl , thi s \'o lume was 
slored as ice in th e ice-drain age bas in. 

In T a bl e 2, th e peri od 1945 86 has bee n di vid ed into 
fo ur 9- 11 year long inten 'als a nd the mass ba la nce of the 
ice-dra in age basin has bee n es tima ted fro m the LO tal 
prec ipita ti o n a nd th e wa ter a cc umula ti o n as given by th e 
record in T ab le I. Appa rentl y, th e bas in was close to 
stead y sta te in 1945 54 bu t positi \"e m ass ba la nce has 
pre\'a il ed sin ce 1954. I\l 0reover, the mass-ba la nce ra te 
was positi ve by 0.23 km 3 a I in 1976- 86, o r by 1.4 m a I 
a \'c raged over th e bas in. Th ese res ul ts agree \\'ith 
obsc n 'a tio ns tha t indica ted ra pid thickening of th e ice 
cover toge th er with shrinkage of the la ke a fter 1976 
(Bjornsson , 1988 ). 

COMPARISON WITH DISCHARGE MEASURE
MENTS 

Our record o f jokulh la up volum es may be compa red to 
th a t obta in ed from discha rge measurem ents in the ri\'ers 
on Skeioanl rsa ndur d uring j o kulhla ups. The use of the 
l\Ja nning equ a ti on by Ri st ( 1955, 1973, 1990) in 1954-
72 by m eas uring th e c ross-sectional a rea o f the ri ver 
cha nnels a fte r the e\'en t , complem en ted by coa rse 
meas urem e n ts o f surface veloc i ty, seems to h ave yielded 

res ults th a t a re, o n ave rage, 25% too hi g h. Th e 
combined \'o lume of the four j okulhl a ups tha t occurred 
in this peri od is, acco rdin g to o ur reco rd , 9. 9 ± 0.8 km 3

, 

whereas Ri st ( 1955, 1973, 1990 ) obta ined 12.5 km 3 from 
hi s app li ca ti on o f t he M a nning equa ti on. This supports 
Tomasso n (19 74 ) , \\'ho suggested tha t [he di sch a rge 
m eas urements during the joku lhlaup orl972 yield ed too 
hig h a \·a lu e. T o m asso n a ttributed th e error to th e fac t 
tha t the cha nnel geometry \'a ri ed during the j o ku lh la up 
in a n irregula r m a nner . 

l\IJore accura te discharge m eas urements have been 
m ade since 1976 (Rist, 1984; Krisrinsson a nd o ther , 
1986; Pit lsson a nd o thers, 1992; perso nal communication 
[ra m S. Zophoniasso n, 1993 ) a nd th e \'olumes o btained 
[or the jokulhla ups in 1976, 1982 , 1983, 1986 a nd 1991 
a re compared in T a bl e 3. The ag reement betwee n the two 
m ethods is quite good and we ll within the ma rgin of error 
fo r a ll th e j okulhl a ups. H owever , our results g ive, on 
a verage, a bo ut a 5% sma ller volum e th a n d o the 
discharge measure ments. A sys tem a tic difference of this 
m agnitud e is no t surpri sing considerin g the un ce rta inti es 
of both meth od s. This 5% differen ce may be regard ed as 
a n indica ti on o f th e absolute acc uracy of our record , a t 
leas t for the joku lhl a ups a fter 1945 . 

DECLINING VOLUME OF JOKULHLAUPS 

In genera l, we h a \'e determined the \'olume o [ wa ter in 
j o kulhl a ups fro m th e area of the la ke, the thi ckness of its 
ice cover a nd the wa ter le\'e ls o f the la ke a t th e o nset a nd 
th e termina tion of bursts. For th e period 1938 91 , the 
results show a g radual decline in the volum e of the 
j o kulhl a ups fmm Grimsvo tn (T a ble 1). This d ecline 
results from a d ec reasing la ke a rea a nd thi ckening of the 
ice shelf whi ch , combined , refl ec t the dec reas ing geo
th erm al power. 

Gradua ll y inc reasing trigge ring levels of jokulhlaups 
o bsen 'ed sin ce 1945 (Fig. 5) a re consistent with a g radual 
thi ckening of th e ice dam (Fig . lOa ) . Exceptions d o occur 
in jokulhla ups wh en warm wa te r is invol ved , such as 
th ose of 1938, 1939, 194 1, 1983 a nd possibl y a lso 1945, 
1948 and 1986 (sce Bjornsson, 1988, 1992; Gudm undsson 
a nd Bjornsso n , 199 1) . 

T able 2. ,\lass balallce oJ ice-drainage basin and the G'n'msvOln lake, 1945- 86 

Interval A rea of basin Total accumulation JVet accumul- A1ass-balance rates oJ ice-
ation drainage basin 

Period r ears l ee-drainage G'rimsv6"ln lake 
basin 

km3 3 km3 km 3 km 3a I km m a 

1945- 54 8.8 170 4.4 4.7 - 0. 3 - 0.03 0. 2 
1954-65 11.2 170 5.6 4.3 1. 3 0.1 2 0.7 
1965 76 11.0 160 5.3 3.6 1.7 0.1 5 1.0 
1976 86 10.0 160 4.7 2.45 2.25 0. 23 1.4 

1945- 86 4. 10 165 20.0 15.05 4 .95 0.12 0.75 
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T able 3. Comparison of j6kllLhLaup voLumes measured in 
rivers on SkeiiJarcirsandur and water volumes drained )i·om 
GrimsviiLn lake 

] 6kllllzLaujJ Volume derived from D ifJerence 
(a) M easured (b) Changes in 

discharge lake leveL 

km 3 km ~l km 3 

1976 1.8- 1.9 1.7 0.1 - 0. 2 
1982 1.3 1. 2 0.1 
1983 0.55 0.6 - 0.05 
1986 1. 2 1.1 5 0.05 
199 1 1. 55 1.45 0 . 1 

1976- 9 1 6.4-6. 5 6. I 0 .3- 0.4 

Da ta on disch a rge meas urements from Rist ( 1984), 
Kri stin sson a nd others ( 1986 ), Pa lsson a nd oth ers 
(1992 ) and S. Z6ph6niasson (personal communication , 
1993) . 

The la ke leve l a t the termin a ti on of th e j o kulhl aups 
is, on th e o th e r ha nd , determined by th e process which 
closes off th e wa ter conduits. Bjornsson (19 74, p.21 ; 
1988, p. 83 ) sugges ted th a t the termin a tio n of the 
jokulhla ups m ay be expla in ed by rapid d efo rm a ti on of 
a rched subg lacia l tunn els as th e va ulted sm oo th roof of 
the ice cove r of Grimsvo tn fa lls down on th e rela ti vely 
fl a t wes t-fac i ng sid e of th e su bg lac ial ridge bord e ring the 
lake towa rd s th e eas t. Our d a ta support thi s, as they 
show th a t th e o utbursts a re te rmina ted when th e bortom 
of th e ice she lf has subsid ed to a bout 1160 m a .s.1. (Fig. 
lOb). H owever , since th e ice shelf has thi ckened by 
about 70 III (Fi g . 6), the la ke level a t th e termin a ti on of 
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j okulhlaups has ri sen from a pproxim a tely 1300 to 
1370 m a.s .l. (Fig . lOb ) . 

DISCUSSION 

vVe have refin ed a nd ex tended the record of jokulhla u p 
volumes for Grimsvo tn since 1934, a period when la rge 
ch anges in geom etry of the Grimsvo tn ice-drainage basin 
occurred, toge ther with redu ction in the size of th e 
j okulhl aups. T h ese ch a nges are rela ted to the d ec lining 
heat flu x of the Grimsvo tn volca no; clima te has o nl y 
played a min or ml e (Bjornsson and Gudmundsson , 
1993 ) . It is, however , worth consid ering factors other 
tha n vari a ti ons in volcanic ac ti vity and geotherm al 
power whi ch mig ht, in the future, cha nge the volume 
a nd frequency of j okulhla ups. 

First, migra ti o n of geothermal ac tivity towa rd s the 
ice d a m could lower the dam, reducing the lake level 
required to sta rt j o kulhla ups. Indeed , localized m elting 
du e to geo therma l hea t a long the northeas tern slopes of 
Grimsfj all (the d o tted line in Figures 2 and 3) ma y open 
wa ter co urses whi ch drain the la ke a t lower leve ls tha n 
usua l, a nd this m ay have occurred in th e sm a ll 
j okulhl aup of 1983 (Bjornsson, 1988) . 

Secondl y, cha nges in th e surface elevation of the ice
dra in age basin of Sk eioara rjokull in the vicinity of the 
ice cl a m may a ffec t th e height of the d a m. The re treat of 
th e ma rgin of Skeioara rjokulI in r esponse to a warmer 
clim a te was a bo ut 1-2 km in th e period 193 2- 60 
(E yth 6rsson, 1963 ) . The profile o f a perfec tl y plas tic 
ice cap with a basa l shea r stress (yield stress ) of I ba r 
(Pa terson, 198 1, p. 154) sugges ts th a t a retrea t o f thi s 
m agnitude could lead to a 10- 20 m thinning a t th e 
ce lllre oean ice cap such as Va tnaj o kull which has a half~ 
width of 50 km . Su ch a lowering o f th e ice surface at the 
so u thern side of the ice d am would di splace th e cen tre of 
th e d a m towa rds th e G rimsvo tn la ke as we ll as lowe r th e 
d a m. A lowering o f the dam by a bout IOm be tween 
1934 a nd 1945 wo uld ex plain th e difference in th e la ke 
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Fig. 10. (a) Elevation oJ the ice dam during Lhe period 1945- 9 / ( data for J946- 73 from leveLLing work b} Sigurdssoll 
( 1946); Thorarinsson ( 1965); Rist (1990); P. B Liason (/Je1"sonaL communication, 1993)) , and the lake level at the slart 
ofjokulhlaufJs. The low LeveL at the start of the j6kuLIzLaups of 1938-48 was caused by Lhe effecLs of the Large eIuptioll in 
1938, while the ell/j)t ion oJ 1983 affected the j6kulhlaups in 1983 and 1986. (b) The Lake Level and the elevaLion of the base 
of the ice shelf at the termination of j6kulldaups. The final lake level has been rising roughly in line with increasing 
thickness of Lhe ice shelf, while no sllch Lrend occurs in the elevation of Lhe base of the ice sheij: 
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Ie\·el at the onset of the joku lhlaups IJ1 1934 and 1945 
( 1440 and 1425ma.s.l. , respectively) . Data gathered by 
expeditions in 1919 (Wadell , 1920) and 1935 (Askelsson, 
1936) sugges t tha t the ice dam was higher at the time of 
these exped itions th an between 1945 and 1960 (Fig. 
lOa ). However, th ese da ta (map sketch es based on sparse 
barometric da ta in 1919 and sparse trigonometric-survey 
d ata in 1935 ) are not suffi ciently deta iled to yield 
definit e height values for the ice dam. 

Thirdly, Skeioariujokull has surged at least twi ce 
during this century, in 1929 (personal communi ca tion 
from O. Sigurdsson, 1993 ) and in 1991. Ass uming the 
typical behaviour ora surging glacier, it is ro be expected 
that th e surges cause a lowering of the surface of the 
Skeioararjokull basin , fo llowed by a gradual elevation 
increase during the period of quiescence. I t is not kno\~' n 

ho\\' large a n area was affected by the 1929 su rge. H ence, 
whether it affected th e height of th e Grimsvotn ice dam is 
unknown. The effects of the surge of 1991 on the dam is a 
subjec t of ongoing research. 

lfthe current period of low volca nic and geothermal 
ac ti\'ity continues, positi\ 'e mass balance of the ice
drainage basin in excess of I m a 1 will ensure continued 
thickening of th e ice she lf and th e surrounding area . 
This shou ld lead to a smaller lake, both in area a nd in 
volume, since, for any given la ke leve l, a gradua ll y 
large r part of the \'olume ben ea th that leve l would be 
taken up b y ice. The trend of in c reasing eleva t ion of the 
ice dam shou ld a lso continue, coupled with a slight 
migration of the dam towards the lake. However, 
provid ed th e geotherma l power does not decrease 
be low 1600- 2300 MW observed since 1976 (Bjornsson 
a nd Gudmundsson, 1993) , th e rate of melting due to 
geo thermal h ea t will remain close to 0.2 km 3 al. Since 
surface m elt is about 0.08 km 3 ai , the ra te of water 
accumulation (a nd the vo lume drained in jokulh laups ) 
wou ld remain at about 0 .3 km 3 a I. This suggests that 
th e jokulh laups shou ld becom e smaller and more 
freq uen l. If the geothermal power declines fu rth er, 
th e jokulh laups w ill become even smaller . On th e other 
hand, were the volcanic activity to inc rease in the 
future, the enhanced melting co u ld lead to a thinner ice 
shelf, thus inc reasing the area of the subglacial lake 
a nd , hence, its sto rage capacity. Conditions might 
again becom e simila r to those observed ear lier this 
century. 
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