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· ll1l1a/s of C/oeia/og)' 23 1996 

1(') Inte rn a ti o na l Gla cio logical Socie ty 

Dynalllicftherlllodynalllic silllulations of Laurentide 
ice-sheet instability 

R. GRE\' E 

D e/Jar /lllm / q/ ,\iec/i allics, T ec/i llisc/le H oc/m/illle D aum /ad/ . D-6-1289 Drtrllls/ad/, G I'rl/WI!J' 

D. R. }.!.\c:AYEAL 
D f/Hlr/lIll' lI / 11/ the CfojJ/~J 'sica l Se/fIlCl''> . Cllil'ersi{)' of Chicago . Chicago. IL 60637. C. S .. 1. 

ABSTRACT. A cruc ia l cl em ent of se\'era l leadin g th eo ri es o f L a urentide ice-shee t 
instabilit y (i. e. H e inrich e\Tnt s a nd ach-a nce /r e trea t cyc les o f th e southern m a rg in ) is 
th e evo luti on ofmcltin g conditi ons a t th e subg lac ia l bed. D es pit e the g rea t import a nce 
IJa sa l-temperature conditi ons p la y in th ese theo ries, rcl a ti\'e ly littl e has bee n cl one to 
tes t th eir ph ys ical pla usibilit y. "'e there fo re unde rt a ke a numeri ca l m ockl stud y 01" th e 
ice-shee t temperature field a long a n importa nt tra nsec t which ex tends from th e loba te 
so uth e rn ma rg in of th e La urentide ice shee t to th e ice berg-ca h-ing front a t th e 
terminus of Hudso n Stra it. Our experim ents illustra te th e inOuence of import a lll 
asp ec ts o f ice-shee t th erm odyna mi cs on ice-shee t instability, inc luding ho ri zo ntal 
ad \"C'Clion a nd th e d cn 'lopm ent oran intern a l temperate-i ce resernJir. Free osc ill a tions 
o f th e basa l tempera ture a nd ice thi ckn ess in Hudso n Strait a re poss ibl e under a 
res tri Cled ra nge of pa ra m eters eluc id a ted b y the m od e l. These II"('e osc ill a ti ons ma y 
IJrO\'idc a bas is lo r understanding' ice-shec t insta bilit\·, e.g. H einri ch e\Tnts, \\'ith tim c-

. . '! I " . " 
scales 111 th e ra nge o( 10' lOa , 

1. INTRODUCTION 

D eep-sca sed im ent corcs fro m th c No rth Atl a nti c re\Ta l 

six- se\'en laye rs o f ice-rafted terri ge no us d ebri s (IRD ) 
d e posited during th e tim l' peri od betwl'en th e o nsl' t o f 

:'-i o rth Am eri ca n g lacia ti on durin g iso topic stage 5 a nd 
th e Yo unge r Dryas (H e inri ch, 1988; Bo nd a nd o th ers, 
1992; Broccke r, 1 99 cJ. ) , Th csc laye rs, d cpos i ted O\T I' a 
sho rt , century-scale tim e spa n , a r c \ 'irtu a lh- d e\'o id 01" 
m a rin e fo ra minilc rous sedim l' nt , a re spa ti a ll y widesprl'ad 

a nd impl y a n IRD Du x to th e ocean Door th a t ra r exceed s 

th e bac kg ro und Ou x during g lac ia l times , Th e rcm a rk a ble 
IRD dc positio n e\'e nts impli ed b \' th esc laye rs a re ca ll ed 
H e inri ch e\T nts a Cter H e inri ch ( 1988 ) , w ho first no ti ced 
th e cyc li cit y o f' pea k JRD d eposition in i':o rth Ari a n ti c 

sediments, 

A sa ti sfacto ry l'x pla na ti on of H einrich e\'ents has ye t 

to be ac hinTd (e.g . Broecke r , 1994 ) , Th e hypo th esis 11"(' 

ex plore here is th a t H einri ch e\ "(, 11ts IIT I"(, dra mati c surges 
o l"an ice strea m in Hudso n Stra it \\ 'hi ch fl ood ed th e No rth 
Atl a nti c with a rm a d as o r sedim ent-I a ci e n ice b ergs, 

Se\'era l recent obse n 'a ti o ns lend c redibilit y to thi s 

h ypo th es is, H einri ch laYl' rs are ri ch in d l' trita l ca rbonate 

a nd o ther rock t\'pes th a t a re sourccd in Hudso n Stra it 
a nd Hudso n Bay (Bro('c kc r , 1994) , H einri ch la\T rs are 
continuo us a nd thi cken to\\'a rd s th e m outh o f' Hucl so n 

Stra it (.\ndre\\'s a nd T ed l'sco, 1992 : D OII·d es\\"('lI a nd 

o th ers, 1995 ). H einri ch e\"ents occ ur at tim l's of inco n­

sistl'nt o rbit a ll y indu l'ed inso la ti on (r..laslin a nd Shac klc­

LOn . 1995 ), 1\ lo reo \'e r, H l' inri ch (, \ 'ents co rrl' la te with 10 \\'-
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sa linit y <"T nts in th e N o rth Atl a nti c ( l\I as lin a nd 
S hac kl eLOn , 1995 ), sugges tin g th a t th e \'o lum c or meltillg 
ice be rgs in th e No rth ,\tl a nti c was a lso a bO\T g lac ia l 

bac kgro undl e\'e ls during H einri ch l' \ '(' nls, Our purpose is 

to l' \ 'a lu a tl' further th e credibilit y 0 [' th e surge h ypo th l's is 

using ice-shee t m od e l ex perim ents, 
T wo c lasses 0 1" ex pla na ti on (0 1' th ese c\'(' nts ha\'(' bee n 

p ro posed , Onc, th e "ext ern a l fo rc in g" cx pl a na ti on . ho lds 
th a t c lim a te fo rcing tri gge rs a Hudso n Stra it icc-stream 

surge o r , in th e a bse nce o f a pl a usibl e tri ggering 

m ec ha ni sm , o th erwi se prom o tes unusua ll y ex ten si\·l' 

ra ftin g 0 1" icl' -entra pped sedim cnt. E\ 'id e nce fo r a n 
ex te rn a l clim a te fo rcing is th e coinc id ence be twee n th c 
periodi e it), o r H e in r ich C\'ents a nd th c p eri odi c it y of' 
(a rcing; a ltho ugh irreg ul a r , th e 7- 12 ka period o r th ese 

e\T nt s is simil a r to th e h a lf~p C'J" i od o f th e E a rth 's 

preccssion cyc le th a t can enter th l' clima tl' sys tl' m th ro ug h 

geogra phi c (iitcring of l\Iil a nko\ 'it ch cyeles (c,g , Sho rt 
and o th ers, 199 1) , Furth er e\"ici encc comes \\'ith th e Ill' \\' 
di sCO\T I'\' o r additi ona l, redu ced-m agnitud e iec-ra l"tin g 
e\'ents in th e ]\' o rth Atl a nti c sediment reco rd , \\'hi ch occ Llr 

b l' t\\Te n H einri l'h e\Tnts, and a p pea r to co rrl'spond \\'ith 

stadi a ls (a brupt colel l' \Tnts) seen in th e Gree nl a nd ice­

co re reco rd s (Bo nd a nd Lo tti , 1995 ), 
Th e o th er cla ss o r c:-.: pl a ll<lti on , th c " illle rnal f(J rcing" 

ex pl a na ti on , ho lcl s th a t H cinri ch e\T nls a rc liTe osc ill a ­
ti ons o f' th e ice sh l'l' t that are incl epend cnt o f c lim a tl' 

conditions, L sing a hi ghl y ideali zecl m odel o ri cl' 00\\' a nd 

basa l tl'mperature, .\l acJ\ yeal ( J 993a , b) has a rg ued th a t 

tree osc illations (a " hin ge/purge th co ry" ) or a Hud so n 
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Stra it ice strea m a rc pl a usible under ce rta in simplif>' ing 
ass ump ti ons co nce rnin g hOIl' ice fl o\I' reacts to a sll'itch 
bc tll'ce n fi'{)zen a nd tC' mpera te basa l conditi ons. ,\ s lI' ith 

th e ex te rn a l-( )ITi ng ex pla na ti on d escribed a bO\'e, m o ti ­

\', \li on ( )r th e inte rn a l-fo rcing ex pl a na ti on comes from th e 

es tim a ted period icit y o f ice ra ftin g in th e No rth ,\ti a nti c. 
Pal' ne ( 1995 ), in a n importa nt impro \'C lll ent on thc 
hi g hl y idca li zedlllod el o f th e binge /purge th eo ry. sho llTd 
th a t a tll'o-dim ensiona l d yna mi c/ thermod yna mi c m odel 

o r a n ice shee t res tin g on initi a ll y fl a t bed roc k to pogra ph y 

ca n ha\'(' liTe osc ill a ti o ns unde r co nsta nt clima te condi­

ti ons lI'ith pe ri od s in th e o rd er of IO:l 10 1 a. 

Since th e o bse lyed pe ri odi cit y support s th e ex te rn a l­
as lI'e ll as th(' int ern a l-fo rcing exp la na ti on, it d oes no t 
hel p us to d isting ui sh bc tll'ee n th em. ,\ furth er compli ca ­
tion is th e interdep cndence betll'ee n th e prcsc nce a nd 

ex tent o f ice shee ts a nd c lim a ti c conditi ons. R em ed y m ay 

be prOl' idcd from preci se el a ting o r H einri eh e\T nts on th e 

o nc ha nd a ncl assoc ia ted clim a ti c cha nges on th e o ther. in 
o rd n to find o ut II' ha t is ca use a nd lI·ha t is e lIlT t 
Ip rOl 'id ec! th a t thi s se pa ra ti on is poss ibl e a rt er a ll ). 

Aside fi'o m th eir pa leocl i m a to log ica l sig n i fi ca nce , 

H einri eh ('\'ents m al' shed lig ht on th e poss ibl e clTects of 

g lo ba l cha nge on present-d ay ice shcc ts. F o r insta nce . a 

simil a r surge o r o ne o r m ore ice strea ms in th e " 'cs t 
,\nta rr ti c ice shee t co uld ca usc a sca -lcn' l ri se o f up to 
5 m. lI'ith dras ti c co nsequ enccs to so m c hi g'hl y popul a tcd 
rcgio ns on E a rth. 

T o rurther tes t th e intern a l fo rc ing ex pl a na ti on o f 

H einri ch e\Tnt s. we di spl ay simula ti o ns o r ice-nOli' a nd 
tc mpera ture conditi ons a lo ng a tra nsect of th c Laurenticl e 
ice shee t leadin g from its lo ba te continenta l m a rg in . 
across the cli\·icl c. to its icc berg-ca king terminus in 

Hudso n Stra it. These sillllll a ti ons a re m ad e using th e 

po ly th c rlll a l iCf-sheet m odel d Cl'(' lopeel by G re\'(' ( 1995 ). 
(The te rm " po ly th erma l" used here rek rs to th e fac t th a t 

thi s m ockl ex pli citl y acco unts (o r the lI'a ter / icc mixture 
that can cx ist in an icc shce t \\'h e n \'o lumetri ca lh' 
s ig nifi ca nt pa rt s beco m c tempcra te . ) T e n diffe rc nt 
bo und a ry-condi tio n se ts (each su pposec\ to rcprese n t 

idea li zed, tim e-inde pCl1d ent g la cia l conditi ons ) a re em­

ployed to sce hOIl' th e La urentid e ice shee t g rCII' from a n 
ice-liTe initi a l s ta te. Our simul a ti o ns r('l 'ea l inte rn a l 
osc ill at ions o l'f1 011' a nd tcmpera ture th a t ca n be identifi ed 
lI'ith H e inri ch {'I·ellts. 

2. MODELLING APPROACH 

\\ 'c use a coupled d yn <l mi c/ thnl11 och 'n<lmi c icc-shee t 
mod e l, SIC:OPOLlS (SImul a ti o n COd e fo r POLnhcr­
m a l Ice Sh ee ts) . c\ e \T lo ped b y Gre\'(' ( 1995 ), th a t 

integ ra te,; th e time-de pendent equ a ti ons go\Trnin g ice­

shee t ex tcnt a ne! thickncss, ice \ '(' Iocity. temperature and 

lI'a tCl' cont cnt a lo ng th e 1l 00"' ine ShOll'll in Fig ure I. " 'c 
d o no t take into account the spec ia l d yn a mi cal propcrti cs 
(e.g . longitudinal stress gr adi cnt s, sed im ent d efo rmatio n 

d e tail s) o r an ice-stream (l Oll' regim e in Hudso n Stra it o r 

of an ice shc lrfllrther downstream. This res tri c tion aOords 

us th e poss ibilit y o r d e te rminin g lI'he th er H einri ch C\Tnts 

a rc intrinsic to ice shee ts in ge nera l o r a rc spcc ia li zed 
ph enomcna of icc streams and shek cs . 

,\ leading f(' a ture or th e m odel liT usc is its a bi lit \, to 

cry,I.lllllle []:.' 
ht:dr()d '., 

unlllhllll'd 0 
'Cd'IlR'1l1 

Fig . I . The lIIodelled jlOll'lille 0/ lite Laurel/ lide ice Jlleel 
'/;-UIII the .Iollthem ice IIlal/~ill a/oil,!!, H I/d.11I1I Bc!)' alld 
//1/(/:'011 Slrail 10 Ihe. \ iJfl1i , 11/(lIIlic . Regiol/.I o/CI),sla//illf 
hedfock al/d /l1I/ilhi.fied ,ll'di/ll1'/l1 afe ddilll'al('(/ willg 1/11' 

maj) ./iolll ]el/.IOIl ( 1991). 

trea t ice lI' ithin th e bod y of the ice shee t as tempera te. i.e. 
" po ly therm a l" . In regions where ice i" iJe lo \\' th e melting 
point , th c en e rg \'-co nse lya ti o n equ a ti o n is usecl to 
d e termin e th e e\'o luti on o r th e tempera turc fi eld 

DT DT DT 1 iJ ( DT) 2 r 1 /H- I -+ /l .-+ 1' , -=- - h'- +-EA(T )o-
v t ,/ D.!' - v;; pr v z v;; pc 

(1) 

( .1'. ho ri zont a l coordin a te: z. \T rti ca l coo rdin a te heig ht 

a .s.!. ): t , ti me: I ' ... , hori zo nta l \T loc it y: I'> \'(Tti cal \ 'e locity : 

T. tempera ture: p, ice d r nsit y: c. spec ifi c hea t o f ice: "- . 
hea t eo nduc ti\'ir y o r ice: A(T'). crcc p-ra tc fac to r 10 1' co ld 
ice d cpcncle nt on hom olog'o us lcmpera ture T' : E. creep­
cnhance lll cnt fac tor: 0'. dlt-ni n' shea r s tress: I/. cxponcnt 

in Glen 's fl o ll' lall'. In te mperate icc , th e cne rgy­

consc r\ 'a tion eq ua ti on is used to gOlT rn th e prod uc ti on 

a nd ad n 'nio n of the 1I',lter he ld lI'ithin \T ins a nd []uid 
inclusio ns o rth e ict' . The tll O rcgions, co ld a ndtempera tc. 
a rc sepa ra ted h I' a co ld tClllpera tc transiti on surfacc 
I CTS I. lI·hose m o ti on is d cscribed b \' th e kin em at ic 

equ a ti on a nd th e d yna mi c conditi o ns th a t a rc pec uli a r to 

thi s type o f Ste fa n problem (sce Gre\'(' ( 1995 ). fo r furth er 

d r ta il ). W e emph as ize a d e tailed treatm ent of tf l11pera te 
ice in o ur stud y bccause o rth c cruc ia l role pl a yed b\' nea r­
basa ltcmperature conditi ons in th e poss ible occurrence o r 
int ern a l osc ill a li ons. 

In tempera te ice . lI'a ter he ld lI'ithin inc lusions a nd 

\T ins is gO\T rn ed bl' th e lI'a ler- CO nt ent equa ti on Gre\·e . 

1995: GIT\'C a nd Hull er . 1995 

vu.) ou.) vu.) 2 1 - + 1'.- + 11 , - = -EA (u.)) 0''' + I - - D (u.)) + eee 
vt .1 v.l' -v z pL 1 P 

(2) 

lW, 1I·,lter co nt ent: L, la tenl hea t or ice: AI (w), ereep-ratc 
(~l c t o r (o r temperatc icc: D (w), lI'a tlT-dra in age [unction 
In thi s equati on , th e loca l change o r wa ter contcnt lI'ith 
tim e is ba la nced by ho ri zont a l a nd I'tTti ca l ach Tc ti on . 
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\nHer produc ti on du e LO strai n hea ting , wa ter dra in age 

a nd a sm a ll C la usius- C la peyron correc ti on C'GGG", not 

g ive n ex pli c i tl y here; sce G reve (1995)) res ulti ng from th e 
pressure-d ependence of th e melting tempera ture , It is 
ass u med th a t wa ter tra\T ls \I,ith th e sa me \'eloc ity as ice , 
Pre liminary com p uta ti o ns re \'ea lcd th a t a wa te r-dra in age 
mecha ni sm must be incl ud ed , however, to ensure th a t 

wa ter content d oes no t exceed 100%, On a hig her le\'e l o f 

com plex i t y, th is cl ra inage mecha ni sm co uld be somet h i ng 

like a n ex tend ed D a rcy law (Hutter, 1993 ), desc ribin g th e 
interac ti on fo rce be twee n wa ter a nd ice tra \'e lling w ith 
different \'(~ I oc iti cs , F or o ur stud y, hO\lT\-e r , \IT introd uce 
a simplc empiri ca l dra in age fun c ti on D(w) (G re\'e , 1995; 
Gre\'C a nd Hutter, 1995) th a t is based on meas urem en ts 

of typica l wa te r-content \ 'a lues in g laciers 

D(w) = { ~ (with W lllax = 1%), (3) 

A ccording to thi s fo rmul a ti on , any wa ter surplus exceed­

ing th e thresh old va lu e Wlllax is ass um ed to d ra in 
insta nt a neo ush- to th e subg lac ia l bed , 

Th e L a ure ntid e ice shee t is und erl a in b y tw o 
fund a m enta ll y different types o f bedroc k, crys ta llin e 
a nd unlithifi ed , so ft sedim ent. T hi s fac t plays a n 

impo rta nt ro le in the basal bo und a ry co nditio ns, In 

pa rti cul a r , o ur basal-sliding la w di stin g ui shes be tween 
th ese two types of bed, J enson (1994) m od ell ed a 
fl o \l'line ex tending fro m th e ice-sheet d ome south wa rd 
ac ross the so ft sed im ents o f th e L a ke l\1i ehiga n lo be, a nd 
fo und reasona ble success using a no-slip eondi tio n fo r 

c rys ta lline bedrock a nd a slig htl y non-lin ea r \'iscopl as ti c 

beha vio r fo r so ft sediment. Sin ce we ha ve no m ea ns to 

verify th e d e ta ils of sedim ent m O\'em ent a t the bed o [ 
Hudso n Stra it , we sim p lify the fl ow la w rOl' so rt sedim ent 
used in J enson 's stud y by ass uming a consta nt thic kn ess 
of th e shea r laye r a nd by di srega rding no n-linea rit y in 

the \,iscous component o f sediment defo rm a ti on , By 

a d o ptin g th e lowe r bo und a r y o f J e nso n 's ( 1994) 
measured sediment viscos iti es, ~lO = 5 ,2 X 109 Pas, a nd 
a shea r- layer thi ckn ess o r H St1l'ar = 2 m , representing a n 
a ve rage va lue of J enson 's ( 1994) calcula ted thi ckn esses, 
we o bt a in the basa l sliding la \\' 

(4) 

((VsI) ,,. , basal sliding \'elocit )'; CsI, sliding coeffi c ient ; H, ice 

thi ckn ess; h, z coo rdin a te of th e free surface ); \"ith 

CsI = 100 a I, This basa l sliding la w d esc ribes the basa l­
sliding veloc it y a bo\'e unlithified sedim ent in th e case of a 
tempera te ice base , In th e a bsence o r a tempera te ice base, 
we ass ume a \'a ni shing basal-sliding \'e1 oc ity regardless of 
th e na ture o r th e basal bed rock , 

SUflunary of further lIlodel fea tures 

:\ [odel equ a t ions based on th e shallo \l'-i ce a pproxima­
ti o n (Hutter, 1983; \ [OI 'la ncl, 1984), 

T\I'o-d i mensional fl owl i ne mod el i ncorpora tin g now­

ba nd \I,idth va ri a ti on, based on finit e diffe rences, 
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Poly therma l ca lcul a tion (as d esc ribed a bm'C ) , 

Lithosp here: e\ 'o luti on of tempera ture ca lcul a ted in a 

laye r o f thi ckn ess Hr (thi s requires kn owl ed ge of 

lith os ph erf' d ens it ), Pr, spec ifi c hea t Cl' a nd hea t 
co nclu c ti\' it y h;r ) ; reac ti o n o n \'a r yin g ice load 
acco u nt f'd [o r b y assu m i ng loca l isos tas), (basecl on 

ice d ensity P a nd as th enos ph ere d ensit y Pa l w ith tim e 

lag T\" 

H ori zo nta l reso luti on: 17 ,5 km, 

Time step: I a fc) r th e ca lcul a ti on of \'C locit y a nd ice 
topogra ph y, l Oa [or th e ca lculation of ice tem pe ra ture 

a nd wa ter con ten t. 

I n th e \'e rti ca l: (J coordina tes for each o f th e three 
regio ns (Iith osp here: 1I equidi s ta nt g rid po ints, 
tempera te ice: 11 equidista nt g rid point s, co ld ice: 5 1 
g rid poillls with d ensifi ca ti on towa rds th e bo tt om ), i,e, 

\'c rti ca l co lumns a rc map ped to [0, 11 inte rnl ls, 

T empera ture a nd wa ter-cont elll equ a ti on : implicit 
di scret iza ti o n o f z c1 eri \'(ll i\ 'Cs , ex pli cit d iscre ti za ti on of 
.£ d eriv a ti \'Cs (upwind schem e fo r th e ho ri zolll a l 
ach-ec tion te rms), 

H eig ht-e\ 'o lution eq ua ti on: impli cit discre ti za ti on of .1' 

d e ri va ti\'es, 

Glen 's fl ow la \\' with n = 3 a nd a n enh a ncement 
racto r E = 3 (acco unting fo r th e ap pa rent stiffn ess 
reduc ti o n of ice acc umula ted during g lacia l pe ri od s); 
ra te fac to r A d epending on hom ologo us tempera ture 
in th e case of co ld ice (comm onl y used ex ponenti a l la w 

A(T') = Aoexp(-Q/ R (7() + T')) with t\\'o difIe rent 

ac ti\'a ti on energ ies Q fo r T' < - lODe a nd T' > 10 C, 
resp ec ti vel y a nd th e a bso lute tempera ture 7() = 
273 ,1 5 K , see P a terson ( 199+)) a nd o n wa te r conte lll 
in th e case o f tempera te Ice (At(w) = A (T ' = ODe) 
X( l + 184 w), acco rding to Lliboutry a nd Duva l 

(1985)) , 

Th e \-a lu es fo r th e ph ys ical qua ntiti es used in th e mod el 
arc li s ted in T a ble I , 

3. MODELLING A LAURENTIDE ICE-SHEET 
FLOWLINE 

3.1. Flow-line topography 

Our m ain int eres t is th e behm 'ior of th e L a urentide ice 

shee t in H ucl so n Ba), a nd Hudson Stra i t. \\' e th e refore 

consid er a n a pproxima te Il owlin e, running fro m th e 
pos ition (CP . A) = (40 N . 99" \\ '), so uth of th e ice ma rgin 
d ete rmin ed fo r th e L as t Gl ac ia l \l ax imum 2 1 000 
ca lend a r yea rs ago, th ro ug h Hudson Ba y a nd th e cente r 
o f Hud so n Stra it. lts eas tern margin is situ a ted a t 

(cjJ . :\ ) = (60,9 ' N , 60, 8 \\' ), beyond th e sill se pa ra ting 

Hudson Stra it from th e open sea , Fig ure I sho\l's th e 
course 01' thi s fl owlin e toge th e r with th e regions of 
cr>'stallin e bedrock a nd unlithifi ed sedim ent , d e termining 
th e basa l sliding regim e, Fig ure 2 d epict s th e present 

bedrock to pograph y z = ba, ass umed to be a ppro'(im a tely 

in isos ta ti c equilibrium \lith no ice load, 

T o co rrec t fo r Il o \l'-band \I,idth (d eno ted b y s) 
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Table 1. " aluesJor the distil/ct jJl!J'.liral qllalllitieJ used ill 
Ihe lIIodel calClt/aliolls 

QjI(lIlli{J' , 'a/lle 

Ice densi I y P 
Hea t conduc ti " it y oC ice /{ 
Spec ific hea t of itT C 

La tellt hea t or ice L 
C ree p-rate f~tr t or ('0-

'I 910 k,r m . 
9.82!l~xp( - O'()057 T[l-': ]) \\ m 1 K 1 

( 1+6.3+7.253T[K[U kg 1 K 1 

r fli cicllt Ao 
Au i"a tion l' ll C'rg-: 1'01' 

creep Q 
Enh a nccllle nt f'lClo r E 
C la usills-C la pc~ rOil 

p; raci icllt /1 
DellSit :· X spec ific hea t or 

tli e lith os ph ere Prcr 
I-Iea t co nd ucti " it y or the 

lith osphcre h' r 

Lit hosphere th ic kll ess H r 
Litl lO" ph erc ti me lag Tv 

. \ stilellospil ere densi ty Po 
G rayi t)" accelera tion 9 
C ni H'rsa l g-as constant R 

335 kJ ko 1 

·L23 X 10 1
'\ I Pa 3 T'< 10 C l 

2.03 X 10ls I Pa 3 T'>- IO C) 

60 kJ mol I T' < 10 c: 
139 kJ mo l I , T' > 10 C 
3 
S.7x 10 1Km l 

2000 kJ III :t K I 

3 \\. m 1 K 1 

5 km 
3000a 
3300 kg 111 I 

9.8 1 ill S 
2 

8.3 14.1 11101 I I( I 

\ 'a ri a ti o n, we introdu ce a te rm pro po rti o na l to ds/d:r in 

th e m ass-ba la n ce equ a ti o n gO\'C rnin g th e e\ 'o luti o n o f ice 

thi c kn ess H , so th a t 

uH uq,. 1 d o9 1-
--= ---- fj ,.- -+ n ut OX . s cl:1' ' P 

(5) 

(q,. , ho ri zo nta l m ass flu x; a;, surface acc umulati o n ­

a bl a ti o n fun c ti o n ; P;~', b asa l m elting ra te ) , a nd es tim a te 

a fl o \\ '-band width s(x) a ro und th e co ns tru cted flowlin e . 

\ Ve ass um c 09(.1') to be approx ima te ly co ns ts nt in the 
so uth e rn part a nd use th e prese nt m a rg in contours o f' 

Hudso n Bay a nd Hudso n Strsit as [l o w-ba nd limit s in th e 

no rth e rn p a rt (Fig . I ) . This a ffec ts m a inl y th e tra n siti o n 

zo ne b e twee n Hudso n Ba\' a nd Hudso n Stra it , \\'he r e the 
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Fig. 2. Present bedrock to/){)grajJlu alollg 1111' modellal 
j1(J1l'lille (Jee Fig . I ), assullled to rejJ rc!>fll t the isostatic 
equilibriulIl lcith /1 0 ice load, z = bo . . 1' = 0 re/nncllt j the 
soulhelll .floll'lille end . . r = 3500 kill re/JreJellt.l Ihe lIorlh­
ea.l/flll fIld l('here iabelX.I are aJJIlIlIe£i lo di.\ch (II~f{f ill /o Ihe 
. \ 'orll! . fl/alllie. 

correc ti o n acco ullts ({) r th e c h s nn e lin g ent'c t o f Hudso n 

S tra it o n th e ice fl o \\ ' to \\ 'a rc\ th e :\o rth ,\ti s nti c. 

3.2. Standard glacial boundary conditions 

All m od e l expe rim ents simul a te th e La ure ntide ice shee t 

und e r tim e-ind e pend ent, g lac ia l c lim a te conditi o ns. Fo r 

th e Ill ea n a nnu a l a ir tempe ra turc , T,II;1 , abo \ 'e th e ice \I' C 

s ppl ya f'uncti o n o rI a titud c, (/J , a nd he ig- ht abO\'(' sea In'eI , 

h , c\ eri\ 'ed b y R ceh ( 199 1) fo r th e G ree nl a nd ice shee t 

un cle I' prese nt clim a te conditi o ns: 

(6) 

", i t h et = 38 .38 C, e2 = -0.00792 -~ c: 111 I a n d e3 = 
-0.75 12 Cx (d eg N. la t. ) I . Th e , 'a lu e o U h g iH' n he re 

is 10 C b e low R ee h 's \'a lu e to acco unt fo r g lac ia l 

conditi o ns. 

The acc umul a ti o n- a bl a ti o n f'un ct io n a~ co nsists o r 
t \\'O pa n s, n<1 me l\, surfilce snO\d a l1, 5 11 , a nd sUI·ra ee 
m elting. !I f . rro m \\, hi c h it ca n rcadil y be o bta in ed \·ia 

a~ = So - 1\1 . .-\ 5 (o r t he sn o \d"<dl , ice-co re a n a l~ 'ses 
indica te th a t g lac ia l acc umul a ti o n ra tes ,,'(' re a b o ut o ne­

ha lf' to o n e-(o urth o f prese nt \'a lu es . \\'e thus c hoose 

So = 0 .3 m a I . 

Th e a bla ti o n ra tc (surrace m e lti ng ) is p a r s m e te ri zcd 
acco rdin g to C a IO\' ( 1994 ) fc) ll o \\' in g th e d egree-d ay 

m oc\ e l (Bra i t lm a i te a nd Olcse n , 1989; R ee h , 199 1) . This 

m e th od co upl es the melting ra tc lin ea rl~ ' to th e a ir­

te mperaturc excess a bo \ 'e 0 C; it is di s tin g ui shed b e t\\'Ce n 

(i ) tra nsfo rm a ti o n o f' sn o\\' "i a \\'a ter to superimposed ice 
( i.e . icc a bo , 'e Gm ) a nd (ii ) m c lting or ice. 

Th e ice-surfilce tempe ra ture T" is ass um ed equ a l to th e 

m ea n a nnua l a ir tempe ra ture, T,,,,, , unless th e fo rm a ti o n 

ra te o f superimposed ice , 1\£*, exceed s th e ice-m elting 

ra te, 1\£. J n thi s circ umsta nce . a n c lllpiri ca l firn-wa rmin g 

co rrect ion clue to th e la tent -h ea t re lease o f' th e remaining 

superimposed ice is appl icd (R ee h , 199 1): 

\\' ith th e rirn- wa rmin g co rrect io n coeHi c ie nt ~( f\\'(' = 
2+.206 c: m Is . l'\stura ll y , T" must n o t exceeel th e 

m e lting p o int o r ice. H e ncc . \\' c co nstra in T" to a 

Ill ax imum o r 0 .00 1 C; th e sli g htl y nega ti\'e \ 'a lu e is 

a rtifi c ia ll y introduced to a \ 'o id a tempe rat e ice-shee t 

surface . This cirCLII11\ 'ent s pro b lem s assoc iated ,,'ith th e 

upper-bo undary condition fo r w a te r content and has littl e 

effec t o n th e o utco m e o r o ur s tud y. 

The rem a ining bo und a n ' co neliti o n a frec ts th e 10 \\ 'C r 
bo und s r y o f th e m od e l d o m s in , th c lithos ph e re base . 

H e re, th e geo lherm a l h ea t flu x is required b\, th e mod e 

a nd wc use t he sta ndard \'a lu c lo r Precambri a n shi e ld s, 

n a m ely Q;;.utlr = -l2m \\' m ~ Lee, 1970 . 

3.3. Model experixnents 

In th e ICl ll o \\ing, " 'e \\i sh to di sc uss ten model experi­

m ent s. a ll o r th em a imed at building up the L aure ntid e 

ice sh ee t und e r ides li zed , tim e-ind e p e nd e nt g la c ial 

c lim a te conditi o n s, s ta rtin g rro m a n ice- fr ee initial 

co nditi o n. Run rlpOI is our control ex pe rilll e nt a ncl is 

carri ed o ut subj ec t to th e sta nd a rd conditi o ns defin ed in 
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scc ti ons 2 a nd 3 ,2; in r uns rlp02- rlpl O se\'(:'I'a l p rope rti es 
a rc \ 'a ri ed , na mel y 

Run rlp02 : subg lac ia l melt \\'a te r s to rage ill th e 

unlithifi cd sedim ent regio ns in c lu ckd , ac tin g as 

resC'I'\"o ir of la tent cnergy , H c re by, th e e\ o lutio n of 
th e thi c kn ess o f the ll1 e lt\\' a te r co lumn , H\\" IS 

ca lcul a ted b\' 

fJH\\ _ p;; , 
fJt p 

(8) 

FI\\' co rres ponds to a n a mo ullt or la tent encrgy pe r unit 
area 

(9) 

a t th e ice sedim ent int e rface , It is furth e rmo re 

ass um ed th a t th e res tri c ti on H\\' :s: 25 111 ho lds a nd 
a ny su rplus is rega rd ed as dra ining a 11' <1)', Because o r 
tempera ture steadiness. th e e ITect o f th e prese nc(' o r 

subglac ia l melt\\'atC'l' is th a t a t a n y position th e ice 

base rem a ins tempera te as long as H\\' > 0 is fulfill ed ; 

in o th er \\'o rds, th e entire a mo unt of meltwa ter must 
rcfiT(,z(' befo re th e basa l tempera ture ca n SII"it ch f'rom 
tempera te to co ld , 

Run rlp03: 81 = 37.38 C (mea n a nnu a l <lII' tempera ­

lUre d ecreased by I C). 

Run rlp04: ('",I = 50 a I (basa l-sliding coeffi cient c ut 
dOI,"n in ha lf ,) , 

Run rlpOS : 82 = - 0 .007 C m I (la pse ra te fo r m ea n 
a nnu a l a ir temperature increased by a pproxim a te ly 

0.00 I C m 'l. 

Run rlp06: So = 0 ,2 m a I (sno\\'f i1 11 d ecreased by one­
third ) , 

Run rlp0 7: E = 2,5 (enh a ncem ent fac to r in th e nOl\' 

la \\" d ecreased b y 0 ,5 ) , 

Run r1p08: T," = 10000a (tim e lag fo r bedrock sinking 
in creased b ), 7000 a ) . 

Run r1p09 : po l)' th erlll a l mod c switched o fr. Instead 
so lution o r th e tempera ture equ a ti o n fo r co ld ice in th e 

entire ice-shee t d o m a in , a ft e J'\\'a rd s rese tting 0 [' 

tempera tures th a t exceed th e pressure-melting po int 

on th e press ure-melting po inl. 

Run r1plO : calcul a ti on lI'itho ut ho ri zo llt a l acil-ec ti o n 
in th e temperature a nd \\'at e r-content equati ons. 

Th e runs cO\ 'e r an it e ra ti on tim e o f 60000 yea rs, 

represe nting th e app rox ima te tim e the L a urentid c ice 
shee t had Il) r g ro \\,th during th e Wisco nsin g lacia l period . 

3.4. Dis cuss ion of Inodel res ults 

In Fig ure 3, th e to tal ice \ 'o lul1le o f th e m ock' lI ed transec t 

1/;ot , the rati o of'tempera te to to tal ice \ 'o lum c P t(, l llP, th e 
ice-eo\'cred area Ai.lJ> th e arca cO\T rccl b y tempera tc ice 
A l.b. a nd th e iccberg di sc ha rge fi'om Hudso n Strait qlls 
a re d epicted fo r all runs as ('unctions or time, H e re . qll s is 

a ss umed equa l to the mass !lux q/, through th e last g rid 

cell .1: E r3482.5 km , 3500 kmJ of th e model dom a in , 
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immedi a te ly adj o ining the ocean (sec Fig , 2 ) , This is 
ind et"cl a good m eas urement fo r th e ice be rg d isc ha rge . 

beca use it represents th e a m o unt of ice [1 0 \\ ' towards th e 

ocean th a t is no t compensa ted by m elting, i, e . th e ca lv ing 

ra te , If th e second- to-las t g rid po int a t .r = 3+82.5 km is 

ice-li'ee a nd th cre fo re th e m ass nu x throu gh th e las t g rid 
ce ll is equ a l to ze ro. th e seawa rd ice no \\' fi 'om th e inn er 
ice-sh ee t regio n is annihil a tcd b\' s urf~\Ce a nd basa l 

mel ting befo re reachin g th e coas t. a nd thus cah-in g d oes 

no t a ppea r (no ice berg di sc ha rge ) , * 

in all cases exccpt rlp02, P I('/Ilp a nd At.l, und ergo a n 
osc ill ato ry beha\" io ur. In r1p02, th e Al.l> oscill a ti ons a re 
much sm a ll er a nd \'a ni sh a ft er 30 ka but PtC1I1P remains 
sli g htly osc ill a ting. Of pa rti c ul a r inte res t in our erTo r! to 

understa nd H einri ch e\T nt s is th e ice berg di sc ha rge 

th ro ug h Hudso n Strai t, qHS. This \'a ri a bk is see n to be 

osc illa to ry in a ll runs except rlp02 a nd rlp06, d cmonstra t­
ing th a t th e prese nce o f'c1i sc ha rge e\'(' nt s is no t pa rti cul a r 
to a spec ia l se t o r pa ra m e tc rs, Th e onse t o r .icebe rg­
di scharge osc illatio ns is in a ll cases dela yed 15 25 ka from 

th e inceptio n o r th e ice shee t. This is beca use th e ice shee t 

need s a finit e a m oun t o f tim e to reac h th e No rth l\t1 a nti c 
b\' gro\\'in g d Oll'n th e Hudso n Stra it chann el. l ce berg­
di sc harge in run rlp02 is pred omina ntl y sm oo th (\\'c a rc 
un a blc LO judge th e signifi ca nce o ("t\\'O tin ~ ' nega ti \'(' pcaks 

during th e las t +ka of th e m od el tim e). A lso of no te is th e 

ice berg-ca king nu x o r r1p06 \\'hi ch d oes no t beco m e 

osc ill a to ry until th e las t 1000 yea rs o f th e m od el lil1l e , 
This is ex pl a in ed by th e lac t th a t 10 llT r snO\\'ra ll in thi s 
run Ill ca ns tli a t th e ice shee t d oes Il o t gro\\' sum cie lltl ), fas t 
to reac h it s icebe rg-caking terminu s until la te in the 
m odel run. 

The osc ill a ti ons o f' At.h' PlcllIp a nd qlls coinc ide; high 

AI,I> a nd P IP /li P \ 'alu es ent a il hi g h qlls \ 'a lu es a nd \'ice 
\'C rsa, This is in agree m ent \\'i th th e id ea li zati on of'th e 
binge/ purge th eOl'Y: cx te llSi\T temperate ice a t til e base 
prO\' id es ex tensi\'(' basa l sliding a nd , as a co nsequence, 

ex tensi\ 'C ice be rg di sc ha rge , Due to th e hi g h ice \,(, loc iti es, 

ach 'ection o f cold surface ice to\\'a rds th e bo ttom is 

enh a n ced during such a n e\T nt , res ulting in a d eerease of 
A l. )" ulltil ba sal slidin g ca n no lo nge r s usta in a 
sig nifi ca ntl y elc, 'a ted ict" berg-C<lh'ing flu x. During th e 
qui e t phase, lI'hen littl c tempera te ice exi sts a t th e bed . 
th e ice shee t g rows, As it g rows, th e base becom es \I'a rm er 

a nd eventuall y temperat e basal conditions build up 

sufTi c ienth' to initiate th e nex t di sc ha rge e\'enl. 
\\' h\, d o th e osc ill a ti o ns o f' CjIl S no t a ppear in rlp02? 

This can be understood by th e innucncc o r the melt\\'a te r 
laye r on th e basa l tempera ture conditi ons, In sec ti on 3 ,3, 

\I 'e stated th a t \I 'ith a m elt\l'a ter la),e r inc lud ed , a 

tempera te ice base must rem a in tempera te until th e 

u nderh'ing m el t\\'a te )' ha s re f'ro zen com pletely. This 
co nditio n ca uses a thermal "inertia c ITec t" o n th e 

As a lready m entioned in sectio n 2. \I'e d o no t acco unt 

fiX th e poss ibiLit y that the ice m a \' becom e fl oat ing in 
Hudson Stra it; instead , wc regard it as g round ed ice 
ri g ht to th e coast e \T n thou g h buoyancy \\'ouldlirt it up 
in reality , Furthermore, we do no t impose specia l 

boundary cond itions for grid points \I'ith a [I'ee surface 

belo \l' sea le\'('1. 
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m eltl\'a ter laye r a nd its sto red la tent energy, ha mpe rin g 

th e slI'itc h fro m a pred o min a ntl y tempe ra te base to a 

pred omina ntl y co ld o nc a lte r a d isc ha rge c\-e nt. The re­

fo re . as opposed to th e o th e r runs with no meltwater layer 

take n into acco unt, tempera te basa l conditi o ns p rel·a il. 
leading to a continuo us ice berg di sc ha rge. 

In rlp09, th e po l),thcrm a l ca lcul a ti o n has b ee n 

slI'it ched o IL This has a m a jo r efTec t o n th e ra ti o o r 

tem pe ra te ice \ 'o lum c to to ta l ice \ 'olum e, PtCIIlP , \I 'hosc 

a bso lute ",du cs a nd osc ill a ti o ns a rc muc h bigge r th a n fo r 
th e po ly th erm a l simul a ti o n rlpOI (no te th e different ax is 

sca le fo r PICIIIP of' run r1p09 in Fig'ure 3 ) . This is du e to th e 
fac t th a t soh 'ing th e tempe ra ture eq ua ti o n fe) r co ld ice in 

th e wh o le d o m a in prO\' id es unrea li sti c tcmpera tures 

a bo\ 'C th e press ure-me lting po int in pa rts o r th e ice sheCl. 

Beca use o r th e impli c it so lutio n tec hnique. thi s leads to a 
tempe ra ture fi e lci sli g htl y too warm in th e entire iee shee t, 
so th a t th e a mo unt o f tempera tc-i ce regio ns is 01'(' 1'­

predi c ted . H owen'!' , th e e ffee t o n At.I) a nd qHS is o nl y 

m a rg in a l; th e m a in c ha racte ris ti cs o r th e osc ill a ti o ns are 

th e sa m e in bo th cases . E\'ident diOe ren ces occur in th e 

tim e in ten 'a l be t\l'een 30 a nd 40 ka, \I'here th e oscill a ti o ns 
prOl 'id ed by rlp09 a ppea r to be m o re reg ul a r th a n th e 
o nes 0 1' r1pOI. Thi s sho \l's th a t th e osc illa ti o ns a rc m a inl y 
du e to th e switc h be t\\'Ce n basa l sliding a nd basa l 

adhes io n ; th e prese nce o f a so rt (due to th e stro ng 

d e pende nce o r th e ra te fa c to r At(w) o n \I'a te r content ) 

tempe ra te-ice laye r abo\'e th e base is of mino r impo r­
tance . 

Run r1pl O \I'as ca rri cd o ut \\' ith o ut acco unting f() r 
hori zo nt a l acil 'ec ti on in th e el 'o luti o n eq u a tio ns fo r 

tempera ture (co ld regio ns; Equ a ti o n ( 1)) a nd \I'a ter 

content ( tempera te regio ns; Equa ti o n (2)) . The impac t 

on th e d yna mi c behal'iour o r th c m od elled ice-shcc t 
fl owline is rem a rk a ble . Th e ra ti o P" 'IIl]> is more th a n 10 
tim es bigge r th a n in th e contro l run r lpOl , and lhe 
osc ill a ti o ns o f' Al.h a nd qlls are 0 1' hi g her frequ ency a nd 

lower a mplitud e . I n parti c u la r , a f'ter th e o nse t o r ice be rg 

disc ha rge a t t = 29.2 ka it d oes no t brea k d own a nymo re, 

i. e . thi s run d oes no t prO\' ide dis tinCl di scharge en 'llls 
interrupted by qui et per iod s. This is due to th e fac t th a t 
hor izo ntal a ell 'cc ti o n is rcs po nsibl e fo r th e transpo rt o f 
cold s Llrf~l ce ice li'om th e inner icc-shee t regio ns to ward s 

th e m a rg in , wh ere it c nfo rces th e switc h fro m tempera te 

basa l conditi o ns (basal slid ing ) to co ld basal conditi o ns 

(basa l a dhes io n ) . H O\l 'C IT r , since \T rti ca l ach-cc ti o n also 
tra nspo rt s cold s ur!~l ce ice to th e base. th e binge /purge 
mech a ni sm as exp la ined a bOl'C ca n st ill be sustained , so 
that so m e osc il latoric behm' iour re m a ins. 

The range o f mod e l in tegra ti o n tim e s te ps that prO\' id e 

sta ble runs is \T ry sm a ll. I n o rd er to tes t th e poss ibl c 

in fl uen ce on res u lts, we carried o ut run r lpO I tl-\,O m o re 
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Fig. +. Run rlpO! : ire-.llteel lo/)ogra/JI!J' ( z = h Fee 
slllJace , Z = b ice base) along lite III 0 dellI'd j101t'lille Ior 
t = 58.7 ka ( solid fine , corre,ljJo lu/S 10 Itiglt Al.h and 
1Il(l\ illlUIIl qlls ) alld t = 59. ! ka ( daslted lilll' , cones/Jollds 
10101( ' Al.h and qlls = 0 ) . 

tim es with ( i) 6.t = 0. 5 a /:') Cl a nd ( ii ) 6.t = 2 <1 / 20 a 

(instead o r th e sta nd a rd se t 6.t = I a / lOa (see "summ a r y 
0 1' fi.trth e r m od el ( .-a tures·' ) . Bo th o r th ese runs crash 
be t\l'ee n t = 50 ka a nd t = 55 ka; since th e n , they prO\' id e 
a lm os t th e sa m e d yna mi c behm'iour o r th e m odelled ice 

shee t as sta nd a rd run r1pO I . Furtherm o re, th e simula ted 

pe ri odicit y (> 1 ka ) is much bigge r th a n th e integra ti o n 

tim c steps, so that a purel y numeri ca l reaso n fo r th e 
simul a ted osc ill a ti o ns ca n in a ll pro ba bilit y be excludeel . 
H O\lT \T r , \I'e halT no t co nd uc ted three-ciim e nsio na l 
silllul a ti o ns to ch ec k the co nsequences o f th e fl o \\'lin e 
res tri c ti o n ; with a ho ri zo nta l reso luti o n line e no ug h to 

include ad equately th e to pogra ph y oC H ud so n S tra it , this 

wo uld require a large a m ount o r CPli tim e. Payne 
(perso nal communi ca t io n ( 1995 )) ca rr ieci o ut three­
ciim ensio na l simu la ti o tl s o n th e La ure nt icl c ice shec t with 
a so m c\l'ha t coarse r reso lutio n (6 x = 6 .1/ = 50 km ) a nd 

o bse rved subseque nt o n- a nd o n~ s \l ' it c h e\'(' nts o f'dra ining 

ice s treams, indica ting th a t osc illat o ri c behm'io ur s till 

ho lds in th e three-dime nsion a l case . 
Fig ure 4 sho ws th e ice-sh cC' t geo m e tr ics fo r 1'1])0 J a t 

t\\·o stages in th e cyc le o f iceberg discharge . At a n aCl il'e 
po int in th e cyc le , spec ifi call y a t t = 58 .7 ka , co rres po nd­

ing to th e second-to- Ias t qmi pea k in Fig ure 3. th e seawa rd 

m a rg in has ad vanced to th e coas t a nd th e ice su rface nea r 

th e dome has 10ll'ered . Fo r thi s tim e, qlls a m o unts to a 
to ta l n tiu e 0 1' 2.7 1 km 2 a ' . fi 'om whi c h 0 .99 km 2 a ' res ult 
fr o m basa l s lid in g accordin g to Equ a tion (4 ) and 
I. 72 km 2 a ' fro m intcrna l defo rmat io n. At a qu ie t s ta ge 

in the cyc le , spec ifi ca ll y a t t =59 .1 ka, \I·he re qlls has 

com e to zero a fterw a rd , th e sea\l'ard m a rg in has re treated 

and th e su rficlce d el 'ati o n h as g rovI'I1 aga in. 

Fig. 3. T ime el'olulioll of Ihe lola/ ice l'O/llllle VIOl ( J(/ kn? ) , lite ralio of Ifm/Jerale 10 1010/ ice rolllme I1tC'lllp (/)I'r mille ) , 
Ihe ire cOl'crage Ab ( J(J'I km ) alollg Ih e lIIodelled flo1(' lille ( dashed line: 10101 ice-col'ered basal area A i.I ) ' solid lille: basal 
area (OlINed Q)' lelll/)erale ice A l .h ) alld Ih e iceberg dis(h (II~!!,e inlo Ih e ,\ 'o rlh Allalllic qlls (k ll / a ' for Ih e Im mm rljJOI 
rI/JiO ( rI/JOl cOlllro/, rl/J02 .Iubglacial lllelhcaler reJfl'1'oir illcl /lded , rljJ03 lI1eall anllual air felll/Jfralllre dWNlsed, rlpO"; 
basal sliding decreased, rlj)05 la/Jse rail' .for meall allllll(l/ air lem/Jeralllre illcreased, rlp06 slloHIal1 decreased, rI/107 
enhallcemelll I aclor decreased, rlp08 lime /ag.fo r bedrock sillkillg ill creaser!, rI/J09 /Jo(J'lh erlllalmode/ m 'ilcher! o.ff, rljJ lO 11 0 

horizolllal ad1'eclioll ) . 
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(;rC1'f alld JlaL'~) 'eaL : ~)' /l({lIli(//lt erIl70(~)'lIallli( :,illlu/a/iolls oI Laurel// ide ice-sheet imlabili{)' 

4. CONCLUSIONS 

Qua lita ti\Tl y, o u]' rcsults d emons trat c that a \I 'id l' yariet\· 
0(" mod el para m e ters can le ad to rree osc illation s 
id e ntifiable with H einrich C\·C llt ,. Thc qualltitati\ 'c 

aspens or ollr re sult s, howC\ cr , suggcs t that thi s 

identifi ca tion is less com'incing. First, th e time be t\l'een 

two su bscq uen t modelled di scharge maxima is between 
1.5 a nd 5 ka ror all simul a tions, whereas the Heinrich­
ClTllt periodi cit y seems to be 7-12 ka (H einrich . 1988 : 
Bond and others, 1992 ). Yet new data gi\'e e\'idencl' ror 

additiona l ice-ra ftin g eYellts with periods or 1- 2 ka (Bond 

and Loui , 1995), pro\'id ing be tter agreemen t \I·i th our 
simulations. 

Secondll', the intensltl es of th e modelled di sc harge 
e\Tnts may be too small to ex plain the large amounts oC 
ice-raned debri s in the :\Torth Atlanti c. Estimates or I RD 

layer thickness a nd area l ex tent (Alley and ~IacAyeal, 

1994; DO\l'd eSll"e ll and others, 1995) sugges t that eac h 
Heinrich la\ 'er represcnts a \'o lum e or a pproximatel y 
100 km:l. It is no t known how mu ch ice is reCJuired to 
ca rry thi s debri s \'o lume, because obse l"l"atiolls or d ebri s/ 
ice-\'olume ra ti os ror icebergs and ice streams arc sca rse . 

An es timate for this ratio of1flOOO ( IOm of dirt y ice in a 

100 m thick icebcrg wi th the debri s concen tra tion of dirt y 
ice at I % ) would require 10'; km 3 or icc to transport the 
d ebri s contained in each Heinrich la yer . To ac hie\ 'e a net 
ice di sch a rge or thi s magnitude, th e intensity or mode ll ed 
di scharge would ha \"(> to be increased O\Tr th e intensities 

achie\"Cd in our experiments . These shOrLcomings may 

indica te that , although a model based so le ly on grounded 
ice-shee t dynamics can vie ld ri'ee oscillations \I'ith periods 
in the same order or magnitude as the recorded ones, 
modelling or H einrich el"t'llts in their rull intensity require 
th e app li cat ion of icc-stream dynamics (\'ery 10\1' basal 

shear stresses, hence beha\,iour similar to ice shelvcs) in 

Hud so n Bay a nd Hudson Strait. 
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