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.\BSTR.\CT, ,\ Ilnitc-difll' I'C IlCl' nUlllerical Illodel is used to simu/;Itl' the 
tempn<lture prolile at the cellter of' an ice shrct throLlghout thl' l'()ursl' or ;1 
glaciation, Thc icc shcC't is g radually built to a thickll l"s or :10(}O III ()\'Cr a bout 10000 
ITap;, startill g Oil IX'J'llIali 'os l. ,\ geo thermal heat flu :\ is applicd at /;Irgc deplh, For all 
initi,li sLlrl ilce tl'mpcr,lture or 12,5 C, our Illodcl shows that IJas< J! mcltin g OCCLlI 'S 
7'2000 ITars artcr th e OIlSl't or the g laciatioll, The illlport ;lnt paralllctns cktl'l'lllinillg 
the basal telllpnatulT, arc th e illitial tl'mpl'J',ltLlIT ortll(' ice alld , ui>strate , th c ratl' 0/' 
dOll'llll'ard ;tCilTl'liOIl or cold ice and , to a leSSl'J' l':\tl'lIt, the thickness o/'thl' icc sheel. 
The ,grcl\\,th hi ,to l'l o/'the ice sh ee t clol"; not significallt" inllul ' IHT the time at 11 hich 
b,ha l meltill g occ ur" Our lTs ult s sh(lII thc possibilitl that the lTntral parts or thc 
continelltal icc sheel s liTre cold-hased fill' ,I signilicant part or tll('ir l':\iStCIl(,(', Ilcating 
du c to the gco tht'l'lllal hl'at Ilu:\ (,;lllnot al'Count IlJr ha salllll'iting dllrillg most or all 01' 
a ,gla cial C)Tie, Tlll',(' n ', ults Illal help to e:\pi;lin the e, i'il'lll'C o r Pi'('SI'I'I'('cllalld /'orl1l s 
ullcIn till' in' ShlTts, 

INTRODUCTION 

Thl' Ila 'i(' or ,Ill ilT shl'ct is l'i t her 1'l'Ol.l' lI to it s bed colcI­

Il<l secI or a t Ihc PI'l'SSU IT-Il11' lting poillt 11 arlll-based ,\ 
cold-hased ice slHTt IlWI,(,S III illtl'l'llal cicli)J'Jnali()1l alld 
causes liltl( ' 1' J'(), i()11 al it s bed, 11 hile a 11 arlll-IJasl'cI in' 

shel'l 1l1l )I't'S bl iJoth illtcrnal deli)J'Jl1,lIioll alld b,lsal 
slidill g, II)('rci>1 ('J'ocIill g Ih l' s urI~J(T it ()\'('r-rici cs , ,\cc()J'cI­

ing to tiwon, a ll ice 'i hlT t I)('colll l's lIaml-based \I' li l' ll th(' 

gco tlll'nnal 1ll',lt 1111 :\ ami illll'l'I1al hl'atillg bl I'isco us 
cIissipalioll prll\ ' icIc 1'lIoUgh hl'at to 1ll!'lt thl' Ila sc ol'the icc 

shl'el. \\ hill' the ()\'('rlyillg il',(, Illa " ill s Lllate~ till' iJase 
agaillsl llie I'CI'I ' cold ;Iir at tllI' Surl:1Cl' l'al('J'so ll , 19~)1 

Del ennill ,lt ioll Or Ill(' ha .. alcollciiliolls uricI' s lice ts is or 

P;1 I'alllllll 11 I illljlortalHT I() r the rt '('Olls tl'lICiion ur their 
(()po ,~I';]p ll\ ,l llcI 11 1," cil a raCllTi st ic'i, ~l a('. \I('a l 1C)l)3a ,1J 

sll ggestecI that a jl('J'iocIi c cilallgc ill ha .,; tI cOlldiliollS or 

Ihl' L;]llrelltici c icc 'i IH,(,1 f'mlll colcl- to \I<lrlll-iJasl'cI coulcI 
reslIlt ill a dralllatic Ihillllillg o r Ihe ilT s liCCl ancI ;] 

Illassil,(, outlloll oricclllTgs illto till' \'ortIt ,\ tlalltic O(,("IIl, 

The th c rnlOcIl 'llalllic I'CIlIaliolls lil r il'(, cIil ' icIcs halT 
iJCC Il a llah z('(1 IJI (;ri go r) 'all and otItns I ~)7() , (;rigor-

1,111 ;]llcI 01 h('l's, as IITII a s III 0:'" prn'i()lI s ice-slll'('t 

III ocIcll'I'S e,li', Hooke, 1977: .JCIl..sC Il, ICJ 77: SugcIcll . 19 77 
all,tIl/:t'd a ''[l'a cI) -s tall' t('llljll'l';1 I Ill'(' licld , a s thi s alloll s 

g real 'i illlplificatiull ul'lile gOH'I'llillg' l'q U,llioll S, ,\ 11 11 III 1)('1' 

of'stucIies hal,(, e:\<ImillccI lile cfkn of' clilllatic challge on 
in' sheel s iJul in ,tIl cases till' icc-sh( '(' 1 Ihickllcss is IllUIT ur 

I( 'ss CO Il 'i lallt e.g, Crcucll and ()el'ic-malls, 19R9: Fil'l's tOlll' 

;Ind olhl'J's, 1990: I.clri'g uill y and olhers, 1991: OnIt--
1ll,IIlS, 199 1: 1-luylJl'{Tilts, 199 f ) , ~ l oS I or these s tudi es 

I':\a milll' tlil' Crce lllalld icc shccl. 11 ili c h has pnsistl'ci 
througho ul IlUnH'I'OU .. g-I;lcial CI'('ic .. , H()\\,(,I,(,J'. Illodel s 

1\ ilil a Sll'ac"--.[' lll' ICIIlIJl'l'<llUIT di ~ lrii>L1lioll or ,I con'iallt 
lliicklless a rc unrl'ali s lic lilr the (,(lIltinl'llt,tI in' shcl'l S or 

the lasl ,gla cialioll , 1\ lii c It pl'l' 'i isted on" liJl' I'l'lalin' l) ' 
shorl pl'l'iuds orlilllC ,,)()()()() IO()()()() Il'ars, Til c th('l'l1lal 

cIillu s ioll timl' II I ~ r} / h' ~ ( 10'111") / ( 10 1i ll12/s ) = 
J()I\; ~ 3 X 10'-' Il'ar .. : I\illi L Ihc iCI'-slll'l't Ihil'knc .. s ,lllcI 

h' the tl1('l'In<l1 cIilru ~ il ' il\ uri ce is Oil the S;]Ill!' urcI('I' ,IS thl' 

lif e's pall or Ihesc in' Sli lT I'i, 
\\'l' US(' a lillitl'-cIil1 i'l'C lllT ,lIlall sis to , imulal c the 

tCIllI)['r ;II III 'l' pro/iie ,11 lil e 1,{,llter or ,In ice s hl'ct 
tilroughoul the ('()llr,(' or a ,glac iatioll. ,\1 tItl' ('('llIl'l' or 

llie icl' , hccl. IlOl'i /.() lltal fl ulI doc 'i Ilot c:\ is l. tliu , 

s illlplifi ill ,g Ulll' calclllaliolls 10 ,I oIH'-cIillll'llsiollal 1ll0cIcl. 

MODEL 

Till' el 'ululiOIl or thl' thl'rlllal pwfile ill a g rOl\illg' icc ~ hl'l't 
is 1l1Oclel l'C1 ,h ;1 OII( '-dillll' Il SiIJlI ,tI , tr,lllsiellt prol'l''', Th l' 

gOH'I'nillg CCILlalions <11'(' ,gin' ll ill tlil' ,\ppcllcIi:\, The 

Ilwdcl al,(,Olllils fi) 1' C(lncIUClioll ill hOlil tIte ilT alld the 

ulldn" illg rock, a s \I l'il as ach-l'l'Iin' tramport ill tlic icl' 

clue 10 IItc clOI\ 11\\ ,ll'cI IlHJlioll or al'l'Ullllliatill ,g Illatcrial. 
Thl' tiH'I'Ill ;tI cOllcIuClil 'itl ,lllcI 111' ,11 ca pacit, or the ice <lIT 

,dlol\'ecI 10 clcpcncl UpOIl tcmpcratulT altItollgh thi s 1l01l­
lillC<lritl jl]'OI,(,S l() h<lIT a minilllal l'Ikrt ill Ihe prese llt 

ca~(' , \\ hile Ihos(' c haral'lni sli c ortllc rock arc ass um('cI 10 

ill' unifiJl'lll ancI ('onst<lllt. To lllocIel lile r,lcIial outl\ 'ard 
Il()\\' ()r ice ill tlil' cl'll tral ]'eg ion or lite ice sIteel. the 

acll '('c l il'l' l'('loci t) of' t he ice I'a ril' s from a spccifiecI \',d uc 

al thl' IIjljln surI;ll',(, 10 zero at the base or till' ice sItl'et. 
Ralher than usill g a linear cIe(Tca,e in l'('locil)' :\I'C , 

19,) 1, 1 ~)57, I ~)() :) , 1\(' uSl'C1 tItl' Illorl' reali slic pnso llal 
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J Ollrnal '!/ (;I((ciologl' 

comlllunica ti o n fi 'om E, \\ 'adding ton, 1995 ) m o del at' 
Dallsgaard a nd ,Johnsen 1969 ), in lI"hi c h th e H 'I' t ica l 

\ 'C loc it\, d ccrt'ascs linca rl \' throug h th c uppe r three­

qu a n ers o f' th e ice shee t a nd th e n qu itdra ti ca lly to th e 

base , Thi s accounts approx imate l\' fo r th e lac k o r basa l 

sliding in it co ld-based ice shee t. Our Ill od e l allO\\'s fl) r a 

1ll00' ing bo unc1ar) ' a t th e to p o r th e g ro \\'in g ice sh ce t; i, e , 

th e tim e-d c p e nd e nt positi o n o f' th e bound a ry is spec ifi ed 

as a n input fl lll c ti o n , In out' m o d el, th e Ill o \"ing bound a ry 

is spcc ified ind e pe nd ent o f' th c c! o \\ 'nll a rd ach 'eCl io ll , c\ '(' n 

th o ug h th e t\\'o a re rda ted in real ice sh eets, Our 

d O\\"ll \\'a rd ach "cC'l io n is th e p a n o f' the tota l acc u m ul­

a ti o n ra te th a t is a ccolllmodated b y di\"erge llt latc ral fl o \\" 

in th e ice sh eet a nd th e refo re d oes no t res ult in a 

thi ckening o r th e ice shee t. 

.-\t th t' s tart o f' a Ill od el run , rh e sub-surface temper­

a tlllTS a re in equilibrium with th e g('o th erm a l h ea t flux 

a nd a g i\ '(' n gro und-sur race tc mpe ra ture, The g co th erm a l 

heat flu x is a ppli ed a t a d epth or L~OOO m, \ lod e l runs with 

diffe re n t de pth s sho\\' th a t b e \'o nd 2000 m d e pth 

neg li g ibl e c ha n ges in th e te mpc-ra ture pro files in th e ice 

a re fo und, This o bsel'\ 'a ti o n is consistent \\' ith th a t or Ritz 

11987), I ce is d e posited on the g ro und s url~tcc a t th c 

surrace tempe ratu re , Sul)sequ e nt ice is d eposite d a t coo ler 

temperatures, a cco rdillg to th e adi a ba ti c la pse ra te , as th e 

icc sheet gro \\' s in eln'a ti o n, Our m ode l uses a n a di a ba ti c 

la pse ra te o f' 8 C / IOOO Ill, h a lf\ \'a y be t\\'ee ll the \ 'alues fo r 

dry a nd m ois tu re-sa tura ted a ir Tre\\'a nha and H o rn, 

1980 ), The pa ram etcrs usecl in th e moci e l a rc g i\'l' n in 

T a ble I, Th e g-eot herm a l heat nux \\'a rm s bedroc k a nd ice 

until basal m e lting OCCllrs a t 1,96 C [cl r a 3000 m thi ck 

ice shee t, 

The m odel d oes not acco unt [o r tli e la te nt h ea t of' tli e 

m e lting o f' p e rm a fi 'os l. This effec t \\'CHild b e sm a ll fo r 

substra tcs \\ 'ith lo\\' porosities, a ndtherero re a sm a ll \\ 'a tt'!" 

co nt ellt. suc h as ba re g rani tic bed roc k as OCC UI'S in th e 

C a nad ia n shi e ld, Reg io nall y, sedim ent a ry rocks, soil 

CO\'C I'. e te. m ay result in sig ni[i cant ice co ntc nt , \\'hi ch 

\\ 'ould require co nsid era h le e n e rg \' fCl!' th e ph ase c ha nge 

fi 'o m so lid to liquid , Since wc Ill od el tli e icc sh ee t a t its 

center. \\'C d o 11 0 t co nside r th e rri c ti ona l hea t c reat ed b\' 
ice III O\'C1ll e n l. \\'hi ch \\"Q uld \\ 'arlll th e ice, Therefo re, the 

mod el results a re no t a pp li ca hle fo r a reas \\' i t h s ig nifi ca nt 

ho ri zo nt a l ice \ 'e loc i ti cs, 

NUMERICAL ANALYSIS 

Th e m od el pro hl e m il1\ 'o h-cs a Ill O\'ln g bo uncl a ry, \\ 'hi c h 

poses a cha ll enge fClr III a Il\' numerica l schemes ty pi ca ll y 

used in co nclucti o n h ea t transf'cr, In th e prese nt ca sc , \\ 'C 

e mploy a "Cro lll-fi x ing" mc th od c ,g , Cra nk , 198+ , in 

\\ ' hi c h a tra nfo rlllati o ll o r th e spa ti a l coo rdin a tes fi xes th e 

Ill o \ 'i ng bound a r y see, \ ppend ix ), Then th e , u rf~lce ­

bo und<ll"Y condition can he appli ed at a fix ed nodal p o int 

in th e numerica l a nal ysis, The elIe u o f thi s tra nsfo rm­

a tion is to introdu ce a ne\\' te rm in tli e go\'(' rnin g 

equatio n th a t ta kes th e ro rm o f' a n ach-eui \'C contrihuti o n 

to th e tra nspo rt , \\' ith th e a ppa rent \ 'C loc it \' sca lin g \\'ith 

th e ra te o f' cha nge o f th e bo und a ry loca ti o n, 

The numeri cal an a lysis is carri ed out b\' th e m e thod or 

lin es I \] OL e ,g , S c hi esser, 199 1) , I n thi s me th o d , th e 

sp ;ilial d eri\'a ti\'es are di screri zed b y a central Cinit e­

di ffe re nce sc he m e , redu cing the p a rti a l difTe r e nti a l 

equ a ti o n a t ea c h co mpu ta ti o na l n od e to a first-ord e r, 

o rclin a n " d iffere llli a l equa ti on ODE ) in tim e , Eac h ODE 

is co upled to th e ODEs a t adj ace nt nod es thro ug h th e 
di sc re ti za ti on o f' th e sp a tial g radi ents, The entire a rra y o r 

co upled, non-lin ea r ODEs is passed to a hi g hl y o ptimi zcd 

soh-Cl' th a t pe rro rms th e tim c int cgra ti o n b y a ba ck\\"a rd 

diflc r e nce sc he m e , The cod e has bee n tested agaill s t 

\' a ri o us c); act , a n a ly ti ca l solu ti ons a nd prO\'Cs to m a inta in 

exce ll e nt acc ura C\", 

ESTIMATE OF THE TIME-SCALE UNTIL BASAL 
MEL TING OCCURS 

Fig ure I sho\\'s th e ('\'o luti on or th e tcmpcrat ure pro file 

OH'I' tim e [o r a surface tempera ture o r 12,5 C, lee-sh ee t 

g ro \\,th is ex po ne nti a l ,,"ith Cas t g ro \\,th a t the incepti o n 

a nd d ecreasing with tim c, The chara ct e ri stic ri se tim e is 

6000 yea rs i,e , a L thi s tim e 63 % o f th e !in a l thi c kn ess h a s 

bee n reac hed ) a nd th e final ice-sh ee t thi c kn css is 3000 m , 

:\' o te th a t a t 0 yea rs no ice shec t ex is ts, \\"hi le th e g- ro und 

surrace is a t 12,5 C, whi ch is a bo ut th e current Le mpe r­

a ture in centra l L a bl'ador and around th e no l'th e rn p a rt 

of'Hudson Bay (\\'as hbul'll, 1980) , Afte r 10000 yea rs, th e 

icc shee t has reach ecl a bo ut 2+00 m thi ckn ess ancl is s till 

g ro\\'ing, The ice sh eet I)c t\\'ee n 2000 a nd 2500111 a bo\'(' 

T able I. R angej of /)(Iramflers wed 10 lIIodel ice-sheet lellljJeralllreJ 

Parameler 

Surrace tempe ra turc ( C ) 

Fin a l ice-sh ee t thi c kness m ) 

D cpth a t \\'hi c h !teat flu x is appli ed (111 ) 

C eot hcrm a l h ea t flu x \\' m 2) 

Surface acc umula ti on rat e (m yca r I) 

Ri se tim e o f' ice shee t t r , \ 'ea r ) 

I\ di a bati c la pse ra te ( C km I) 
C o ndu cti\ 'it\, o r ice \\ ' m I K I) 

H .' 1" U 'I I ' I ) ca t ca pa Cit y 0 Ice m " '-
C o nduCli\"it \' o r roc k \ \ ' III I K I 

H ea t ca p ac i'ty o r rock U 111 :l K I) 
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Fig . I. 1~'l' ()llIli()1I o/Ilte Iml/iemlllre /iro/i"/I' ill all iCl' .l/m'/. 

I lIilial .I/liF,CC 11'1II/II'ralllre : 12.3 C: ./111111 ice 11,ICI.-III'.I.I: 

30()01ll : riozl 'lIll'ard IIdl'l't/ioll : OJ)2.Jllla I : ri.II' lillll': 

woo a. 

lh e origi ll ;d S llrl~IlT aUlIa ll y is cooled helllTell 10000 
ITars alld 30000 I cars by e!o\l' ll\\ arcl ach-eCl io n 01' coleler 
ice, whil e the lernperalulT signa l ["mm th e basa l heating 
has Ilot I et propagated to the surEirc. TIll' basa l melting 
poillt is re;ll·hecl al'tn 7'2. 000 yea rs. This n]()cic l rUIl 11 ill he 
used ill a ll compar iso lls as a rcli.TeIllT. 

Figu re :2 , h(lII S th e chan ge 0[" the basal tCIllPlT,llUIT 
mT r time li) r IlT sheets with dilkrcnt initial su rEllT 
tempnalurcs and Ihereli) IT inilial ice ,11le! suh-surLllT 
tCJl1pn;ltu ITS . Th e 1I';l rm e r th e ire and suhslr'llc. till ' 
1l10lT CJuickl> Ihe hasc me ll s. It is 11OtC\\O r111l thal elT l1 
\\ith;1 J'{' lati \'l' '' ' lIa rm initial slIrI;llT Il'll1lx'J';lturc oJ' 
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Fljf,. 2. 11I/I/lI'IICI' 11/ illilial .III/Iaa Il' lIIpl'ralllre Oil /;{l.Ial 

It'IIl/JeI,(lllIrt'.I . (;ra/iI, ,lltOll'.1 lelll/iI' ralllre III ice / rock illler­

./i/('(' 01'1'1 lillll' ji)/' di/Ji'rl'lll /)(frallll'll'I,l. Filllll i(t, Iltickll l'.IS : 

3000 m: dll1l'l/ll 'arrl IIdl 'eelioll: OJ)2311/a I : ri.li' lillll': 

W()() a. 

lIeille (lIId .1/rTigll c: ,I/or/el o/colri-iJa.1I'(1 colllillel/lal iel' .lltl'el.1 

7.5 C basa l m e ltin g does nOl occu r UJ1lil 15000 years 
a f'tn inccplion of' th e ice sheet. .\ temperature or 7.5 c: 
mal' be unrea li s lically 1I',HIll Ill r till' conditi ons Ltl lh e 
incept ioJl of' th e La urcnt iel e ice shee l. as thi s is con­
sie!nabh- II'a rm cr thall presc lll ground lem pera lulTs. 
H ughrs 1973 ) poinlcci out th al the Laurt'ntide ice sh eC' t 
dcw' lopeci on pcrl11arrOSI an d probably c1isp!;\ITd reiat­
ilTh cold initial tCl11pl'J'aturcs . . \11 icc ., hccllI·ith an illi lial 
.surE\{'e tl'Jl1I){T;tlU IT or Ij c: rcmain s culcl -iJas('c1 through­
out a 100000 yea r glacial nck. 

The inll uencc of' th e linal lh iek Il css or thc ice shect 011 

basa l tClllperaluITs is exa mincd in Fi g ure 3 .. \ thi c ker ict' 
shec t prOl'icics ll\orc illSulation . resul tin g in a II a 1'111 er 

base . This f;\Clor is not importallt 101' icc shcc ts that arc 
thicker Lilan 2000111 .. \1\ icc sheet thinner lha n 2000 m 
significant"· cxte ne! s the time until basa l mclting OCTtl rs. 
.\ 1000 m thi ck ice shee l unciCl' th c gil'Cn conciili o ns 
probab" lIou lc!lu'l'l'r bCCOJl1c wa rlll-based. :\Ole that thc 
press urc-m clting point I'aries lI' ilh icc-shcct thi ckn ess. 
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I "'~!!'. 3. /11/1111'11('(' ojjlll/ll l"id.III'.I.1 Ill/llI ia .1"11'1 1111 U{wt/ 

/ml/II'I'IIIII/'{ '.I . . " oli' Ih/ll /irl .I.I/lrl' - lIlf/lillg /willl i'IIril'.1 wilh 

il'l'-.I"I'I'I Iliicklll'.I.1. I lIililll \/I,.jfll·" 11'1I1/ll'mlll},l' : 12 .. ') C: 
dlll( 'm( '/lrtl 11Iil'('(/ iOIl: OJ):!.'j 11111 I : ri Ii' I illll : (j()()() {/ . 

Fig ure I ShOlIS thc il\l1ucnc(' or e!oll'nll'a rd achTClion 
()f'colcl il'l' on iJa saltclllpnallllTs . . \ s in' is accumu la tee! al 
till ' SUrl;\lT alle! !lOII'S out rac!ia l'" f'm m the rc nter of' th c 
icc sheet, Ih e c1ownw;lrd 1l\{)\'CIll('nt or cold ice coo ls the 
icc shcl'l. Thc 1·,tlU l'S COJll lll (lllk assulll ed Illr c!oll'nll 'ard 
acll'lTtion at th e c('n tlT or th c Laurl'lllidc ice ShC(, 1 are 
hl'lIlTC I\ 0.025 anci O.Oj rt1 a I SlIgci c n , 1977 ). J) OIl' IlII'arel 
ac h-cClio l\ of' ice significant" coo ls Li](:, iJa sc or the icc 
shec l. .\n ilT shcl'1 11 ilh a dOIl'nll'a re! ach lT li ol1 l'alC or 
0 .07.) III a I rClll a i ns f'rm:cl\ to its b ee! leJl' 2 Hl 000 ITa rs . 

Th e groll·th hi s t(JJ'\ o J' Ihe icc sheC'l cloes not 
sig nifi ca ntl y inllu c ncc the tim c at II'h ich basa l lll c ltin g 
OlT urs Fi g. ;) 1. 1,'0 1' Ih e refe rCI\Cl' calcu lat ions. lIT usee! an 
ex ponent ial g rOlI·th CllnT SCl' . \ppcndi~ II'ilh a largc 
g ro\I·th ratC' a t til e 01lSel. decrcas ing expu lH'llli a ll y as lh e 
icc sheet "pproac hes it s fin a l thi ck ncss. \\'c a lso tcs leel a 

constanl gro\\·th r"lt' of' Ih l' ice shcc t ullt il th e final 
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Fig . J. f llPlleII{(, ol lite grull'lh hi,I/OI} 0/ all ice .I/u'el Oil 

/Jasal lelll/}(' lfllllre,l . F;1(1I11/)/es !il fl/IOllflllilll alld lillear 

lIlodel) ( see, J/I/Jfllilil ) Il'ilh mrioll.1 ri)e limes sholL'lI . 

• \ '011' llial ill Ihe lIIodel Ihe rise lillle is illdejiendelll q/ 
d01l 'lIlcard ad1'eelioll . The (1I1T e,I Jor I a, 6000a 

( n/Jllumlial ) alld 10000a ( lilil'ar ) are iildijlillgllisli ­

able. f llilial sill/ace II'm/II'm/lire: 12.5 C: ji'lIal ICI' 

Ihicklles,l: 3000117 : dOll 'lIlt 'aul adl'eclioll: 0 .025111([ / 

t hi c kn ess is reac hed a nd zero g ro,,·th th e reaft e r l li nea r 

g row th ), Ca lcul a ti o ns [o r lin ear g rOll"lh 0\'(' 1' 10000 a nci 

50000 yea rs do no t sho\\' la rge difTere ll ces in th e tim e a t 

w hi c h I)asa l me lting occ Llrs. Th e ice shee t seem s to g rOI\' 

faste r th a n t he p ro pagat io n o r th e tem pera ture s ig na l in 

th e ice, so th at th e heat sink a t the ice-sheet s urf~lce onlY 

,,"Cakl y a lTec ts th e basa l te mpera tures . Th e rci() rc, th c 

spcc ifi cs o f' t he ice-shee t g rOll"lh hi sto ry ca n b e n egleered 

to a ce rt a in d eg ree ,,·hen m o d ci ing th e te mpera ture 

40 

hi s tory . as long as th c ice-shee t gro\l"lh d oes no t a ITcc t 

d O\\" ll \\"a rd acIYenio n . I n real ice shee ts, th e acc umul a ti o n 

ra te d e termi nes bo th th c g rolnh ra tc a nd th e ra te o f 

d C)\\Il\\ a rd ach "(,Cl io n U() ha nn esso n a nd o th ers, 1989 ) . A s 

sho\\'n a bOlT, d O\\' Il\\'a I'd ad \"C'el io n ra tl'S exe rt a st ra ng 

influ e n ce on basa l tempera tures . 

RESULTS 

Fo r icc sheets th at di sappea r d urin g in terg lac ia ls, th e 

Ill o d e l ca lcu lati o ns sho\\" th a t the b asa l te lllpera ture is 

stro ng ly tilll e-de pe nd e nt on the tim e-sca le of a t y pi ca l 

g la c ia l cycle, Furth e rmo re, healing du e to the geo the rm a l 

flu x ca nn ot a cco unt fo r hasal melting a t th e center o f a n 

ice sh ee t durin g m os t o r a ll of'a g lac ia l ('\T!c il'th e initi a l 

g ro und lelllpera ture is colder til a n a bo ut 10 C. Basa l 

m el ting a lthe ce n tc r of a n ice shel'l m ay occur lO\\'a rdth e 

cn ci o f a glac ia l cycle last ing ,')0000 100000 I·ea rs. E I'e n 

und e l' th e mos t un(~II 'o ra ble co nd it io ns, til e ce nt ra l pa rt o f 

a n ice sheet ta kes te n s 0 1' th ousa nds 0 (' yea rs to reach th e 

press ure-m elt ing po int a t the base . Th e basal tempe ra ture 

is de te rmi ned m a inh- by th e initi a l te mpera tu re o f' th e 

surface a nd subst ra tum ) and the a d I"C'Cl io n ol' hea t due to 

d O" 'Il"'arc!m Ol"C m c nt o f'i ce . Th e th ic kn ess ol'th e ice sh ee t 

d oes no t influence th e b asa l tem pe ratures fo r ,",liu es a bOl'e 

2000 m. Ou r res ult s sh o\\' th a t th e grow th hi sto rl' of l h e 

ice sh ee t ca n b e c h ose n fi'ee ll' wiLi lO ut substa nti a ll y 

a llcCl ing the res ults 01"(' 1' th e time-sca le of' ime rest, as 

lo ng as there is 11 0 co ncurrcnt ch a nge ill d O\\,l1wa rd 

acil-cc ti o n . This uncou p lin g of' th e gro\\" th hi story from lhe 

dO" 'n warcl ach-cer io n is unrea lis ti c 10 1' rea l ice shee ts but is 

a use i'u l mode l assump ti o n . 

DISCUSSION 

Th e centra l pa rts or th e PleislOce lle ice shee ls pro bab ly 

""(, IT cold-based througho ut a m ajo r pa rt of a g lacia l 

Cl'c le . O u twa rd fl 'o m th c ce nt er, ice m OI'cment in c reases 

a nd th e re fo re in te rn a l hcat ing of' th e ice contributes to th e 

t h e rmal ba lance, Basa l m elti ng " 'ou ld first occu r in a reas 

o f' hi g h ice I"(' loc it \' ( ice streams, cO rll "(' rge nl 11 0'" be tll 'Cl' n 

to pograph ic obs tac les ) , w hi le o th e r pa rt s may Il el-e r h al"C 

reac hed the pressure- mc lting point. Theref'o rc, we suggest 

th a t th e basa l conditi o ns o f' th e ice sh ee ts were sp a ti a lh ' 

h e te roge nC'o us a nd p robab ly s tro n g h influ enced bl' 

to pogTil ph y. Ex pl o ra ti o n o f these ph e no m ena requires a 

t \\'0 - o r th ree -cl i l11 e n siona l mod el \\" h ic h i nci ucl t's a 

tra n sie nt ti H' rma l a n a il's is. 

R ccent o l;se n 'a t io ns o r presC!"l "Cd p eri g lac ia l feat ures 

in a rcas c() l"(' red by th e Fen nosc<l ndi a n ice shee t indi ca te 

t h at th e ice s h ee t re main ed co lcl-b ased ill p laces 

th ro ug hou l its lti slO r )' l K lc man . 1994: Klem a n a nd 

Bo rgs trii lll , 1994) , Th e pa tchill css of' th e fo rl1l e rl y eo ld ­

based a reas sugges ts th a t basa l mel t i ng occ urred o n I y 

tOIl'a rd th e end 0 (' th e g lac ia ti on a nd th a t th e prcsc r\"ed 

prcglac ia l la nd fo rms are rellln a n ts o f' la rge r a reas ,,·ith 

co ld-based co ndi l io ns. In o th er a reas, d es pii e cI· id e nce fo r 

a wa rm-based icc shee t. th ese a ut ho rs o bsel"l"ecl th a t 

eros io n 0 (' preg lac ia l fea tures is mu e h less th a n cxpec tcd 

Co r a g lac ia l cycl e las ti ng tens of th o usa nds of l"Ca rs . As 

in d ica ted !;I' o ur rcs ult s, th e ice shee l m a l' ha l"C bee n co ld -
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based during IllOSt or the g laciat ion, \I 'hile ba sa l melting 

occulTcd in some areas LO\\'ard the end or the g laci a l 

C\'Ck, lTs ldting onh' In sli g ht erosion b e rore th e ice sheet 

mei ted COIll pleteh , 

Lin ea tion s, striation s and other fea tures associatcd 

w ith basa l sliding that arc uscd to reconstruct thc 

topograp h y or lormer ice sheet s [e,g , Sh il ts, 1980; 

Boultoll and C:lark. 1990 ) III a \ ha\T lurm cd to\\'ard thc 

cnd o r the g laciation, Tce shcets ITconstructed li 'o m thesc 

katures ma y reprcsc nt (llll) ' thc e nd or a glacial CH' Ie, 

,\l ternati\Th', these fi:atures may ha\T rormcd during 

ea rlier glac iat ions and ha\T heen presern'c1 undn a cold­

ha sed ice sh eeL 

,\ Illodel or periodic b asa l melting and rdiTezing 

ca used b\ thick('ning and thinning or thc L au rcntici e ice 

shee t so-called bingc purge C\TIeS ) \\ 'a s proposed h\' 

;\I ac. \ yea l ( 1993a , h ) to explaill periodic llla ss i\T iceberg 

di sc harge into the :\fo rth ,\ tiantic Ocea n H einrich 

e\T nts l , Our result s do not cont radict thi s lllod cL Once 

hasal lllelting occurs, the icc shee t ca n osci ll ate bc t\\TC n 

cold- and \\'arm-based conditions, Th e poss ihle occ ur­

re ncc oC H e inrich ('\Tnts during thl' eark \\ ' isco nsin co uld 

indicate that H e inri ch ('\Tn ts originate In peripheral 

regions or th e ice sheeL \\ 'hile tilc CT IllCl' remains co ld­

ha secL Jfth c ice shcet in its cntiret\ need s to 1)(' ill\ 'okcdto 

ca usc hingc purge n'('les, our Illodel resu ll.'i sugges t that 

these carly c\Tnt s \\TIT n ot caused I)\' bin ge purge n'Cks, 

On the ot her IWlld , thc eark H einrich c\T Ill s could 1)(' 

interprctcd as an indication that SUr/;ICC telllpna turcs at 

the inception or th e Laurentick ice sh ec t \\TIT \\ 'arllll'r 

than 7,5 c: and titat basal Illl'ltin g or the e lltire i('c shee t 

OlTU ITl'd HTY l';[rh in the g lacial nTil', 
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APPENDIX 

TRANSFORMA TION OF THE GOVERNING 
EQUATION 

The o ne-dinH'n s iunal enng\' balance cOllsiciered IS: 

uT + ([' OT = ~!!..... (k UT) 
i.JI 0 :; pC'Dz u:; (Al ) 

\\ 'here :; is pOSltl\T up\\'ard \\' ith it s origin at the rock icc 

intcrlilcc, /I' is th c Hrtical \Tiocity and both the hl'a t 

capacit), r)('. a nd lhl' thl'l'lllal conducti\ 'it y , k, arc, in 

gc neraL I'unctioll s or tel1lperature, Th e heat lIu x at thl' 

base or the dOlllain , locateci at SO llll' largl' deJlth ;:; = - /i ll, 
rem a in s lixed at Cill : 

uT 
uz (- /ill' t ) (A2 ) 

Th e UpPl'l' bo undary, u r the icc / air il1ler/;lce, is located at 

z = 11, \\ 'here h is an arbitrarily spcc ili ed runctiol1 or tim e , 

Th c SUrf; ICC temperature, T", is a lso an arbitrarih' 

specified runction or tilll l': 
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J ourna/ ~/ (; /aci%g)' 

(A 3) 

[n th e p resent case. th e tilll c-de p e nd e ncl' ur 1'., IS g l\T n 

indirect h ' throu g h its c\cpcnd cnce o n h(1 ). 
Th e \"C rti ca l \T loc it\· in th e ice \ 'a ri es linea rl y thro ug h 

the uppcr three-qu a rters o r th e ice shcc t and qu a dra t­

ica ll y bel O\\' th a t ( [) a nsgaa rd a nclJ o hnse n . 1969 ; : 

- ho ::; 2 < 0 (rock) 

w = o ::; Z < ZIl I (lo,,;er ice sheet 1 

2 111 ::; z ::; h (upper ice sltcet ) 

(A4) 

II' here Z III is th t' e \c\ 'ati o ll abOlT th e hcd a t \\ 'hi c h th e 

upper , lin ea r \ 'c!oc it\· profil c intersects th e 10 \\ '(' 1" . 

quadra ti c p ro file. I n a ll ca lc ul at io lls , holl'n in thi s 

p a p e r, \\T take zlII l lI = 0,2;') , I n th e limi t th a t Z II I --> O. 
th is ITCOHTS th e 1 i n ea I' p ro fil e of ~ ye 19;') I . 1957 . 1963 1. 
tr is th e mag nit ud e of the ach '('c t i\T \'eloe it y a t th e 

surface , [-hTl' . TF is th e \ 'o lu lll c nu x o ri cl' across th e uppe r 

surfacl' ofth t' ice sh ee l. i, e. it represe nt s the acc umu la ti o ll 

ra te OIT r a lld a \)OI 'c th a t lI'hi eh goes into g rOll'lh of th e icc 

sh ccl. o r course , a di\T rgc l1 l. la te r a l /] 011' m ll s t b a la nce 

l h e d O\\'Il\ \'a rd nOl\' ur ice .. \ n ass u m ption impli c it ill 

Equati o n I . \ ·~ ) is th a t th e \'l' loc ity fi e ld in the ice is a ble to 

a djust ra pidk to in creasing h in o rd e r to ma int a in IT" in 

th e fo rm g il'(' ll thro ug hout th e g ro ll,th hi story, 

Th e " rro nt-fixin g" me th od e nt a il s a coo rd in a te 

tra nsfo rm a ti o n ( = z/ II . in te rm s or II' hi ch Equ a li o n 

(1\1 ) can I)e wrilte n fo r th e d o m a ill lI'ithin th e ice 

(0 ::; ::; " ) in the Jc) rm : 

(A5 ) 

\\h erc (t' (E qu a ti o n 1. \ 4 )1 is noli' II' ri t te n in tl'rnb o r e. 

:\T o te th a r. C\T n in th e a b se ll cc o f' d O\ \'Il\\'a rd ack ('(li o n 

in th e Ji xcd refl' ITIltT fra m e ' H' = 0 )' ih e coo rdi m ll e 

t ra nsf() rlll a ti on has th c e nc:c t o rint rod u c in g in to Eq ua ti o n 

.-\ ;') I a n <Ich-cnion-lik e te rlll th a t acco unts fo r th e l11o\' in g 

bo und a n ', h(t ). T h e cJkn of th e h o und a n ' m o\'in g 

up"'a rd a t \ clor it\, cll! Idl a nd th a l o f" ach-ecri o ll o f' co ld ice 

arl"Oss t h e surl;\CC a t \ c loc it\, - \1" a r e a dcl iti\T. T h e 

bo undary co nditi o n a t th e to p surJ;\ce Equa ti on .\ 3 ) is 

now a ppli ed a t lhe .Ji \er/ po int (= 1. \\'hi c h is cOI1\'(' ni e nt 

fQr Ilumerica l implem e nta ti o n, I n th e sc h em e ado pled 

he re . \\T so k !" Lhe conduc tio n pro ble lll in th e ulld erh 'in g 

rock d o m a in I - ho ::; z::; 01 in th e ulltr a nsfo rm c d 

coo rdin a te. z. \\ hile so h-in g Equat io n rA ;,) fc) r th e ice , 

Th e lc mperat ure a nd h ea t Du x a rc ma tc h ed at tit c roe k 

irt' i lll cr f~ICC, z = e = O. 
\\' c co nsider two p a rti cul a r fClrIllS or th e g rm nh 

fun ct io n. h(t) : 

lI(tl = " -:--.[1 - C'xp(- t l t r l] (A6) 

{

h ex. !... , t ::; t r 
lI (t ) = 11 

hx . t > t r 

(A7) 

\\ 'here h -x. is lh e fi n a l icc thi ckncss a nd t r th e ri se t im e. I n 

th e lex l , \\T rt' [e r to Equ a ti on (.\ 6 1 a s a n expo ne nti a l 

growth mod el a nd Equ a ti o n 1.\ 7\ a s <I li n ea r mod e l. 
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