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ABSTRACT, Th e pa lcog lac io logical co nce pt that during th e PkisLOCC Il C g lac ia l 
h elll i-cycles a supn-Ia rgc, structura ll y comple~ ice .., h eet dcn· lo p ed in th e ,\rc ti c a nd 
beha \'Cd as a s ing le ch 'na mi c sys te m, as th e Antarcti c icc shec t d oes tod ay, has no t ) c t 
been subj ccted to co ncc rt ed studi es d es ig ned to tes t th e predicti o ll s o f"thi s co nce pt. Yet , 
it ma \' ho ld th e keys to so luti ons or m a jo r pro blems o f" pale()g l ac i o l ()g~, to 
und ersta nding c limate an d sea -Ic\ 'c l cha ngcs , Th e Ru ss ia n ,\rcti c is th e k as l-kn () wn 
r cgion c"posed to paleoglac ia ti o ll b y a h ~ ' p () th e ti c al .-\rn ic ice shee t but no\\" it is l1l o re 
o pen 10 tes till g th e conce pt. Im plem ent at io n o r th csc tes ts is a c h a ll e ll g in g tas k, as th e 
regio n is e" te nsi\"(' a nd Ih e a\'ail a ble d a ta a re co nt\"O\'C rsial. \\ ' e ll - planned a nd co­
o rdin a ted li e ld pro jec ts a rc l1('cd ecl tod a \', a s well as b road di sc uss io n 0 (" th e kll ow n 
c \ 'id ence, e" is tin g illterpre ta ti o ll s a nd Il l' \\" fi e ld res ult s, Here \\ c p rese nt the kll ()\ \"I1 
e \ 'ic1C'nce Ic) r p a leog lacia ti on 0 (" th e Ru ss ia n .-\rC"l ic co ntinental sh e l(' a nd I"l'COIls trU t"l 
poss ible m a rin e ice shee ts th a t could ha \T produ ced that e\'id c ll ce , 

INTRODUCTION 

\\'riting in , \ (tl lI I"I', " 'eertm a n ( 1976 sta ted ""O\"er th e 

pas l 111'0 d ccad('s, o ur und ers tanding o r th e be h a \ 'io r 0 (" 

g lacie rs, icc sh e h"es, and icc sh ce ts has prog resscd a nd 

increased \"C ry ni cc h ', \\'c kn o \\' e no ug h no\\' to recogni ze 

a g ra nci glac io logica l problem th a t rema ins to h e soh "Cd, 

The ,,'('s t ,\nt a rc ti c Lee Sh ee t is thi s problem, " He th en 

po inlcd out th a t it is a "ma rin e "" ice shcn g ro und ed \IT II 

be1O\I' sea 1l'\"(' I, so its sta bilit \" d e pends on a s tahle sca 

!en' l. Yet, sea Ie\T I has cha nged drama ti ca lh in th e las t 

20 000 \ cars, H e a sked ""H o \\' then did thi s ice shec t km11 ) 

\\ ' 11\' d oes it rem a in in e" is t(' n cc'.' Is it g rowin g o r 

di s int egra lin g a t th e prese nt tim e?" Hr no ted that th e 

\\ 'CSI Ant a rCli c ice she(' t is dra in cd b\' iec strea lll S, \I 'hi ch 

a rc h st curre nts ori ec simil a r to g reat ri \'C rs th a t dra in th c 

oth er contin e nt s, Ice stream s suppl y th e la rge Jloa tin g icc 

she h Ts th a t ("rin ge ,,'('s t ,\ntarni ca a nd, like surg in g 

Ill o unt a in g lac iers , icc streams l11 ay a lso be uns ta ble , 

Sl'\T ral large-scale glacio log ical research prog ralll s arc 

nO\I' addressing all 0(" thesc qu es ti o ns , 

In th e nearl y t\I'O d cca d es s in ce " 'ec rtll1 a n ( 1976 ) 

id e nti li ed th e m a rin (, " 'es t Ant a rc ti c ice s hee t a s 

" g lac io logy 's g ra nd unsok ed probl cm"", pa leog lac io log) 

h as a lso ach 'an ced \ T I"\ ' ni cel y a nd \IT knOll' c no ug h no\\' 

to recogni ze a g rand pa leoglac io logiea l pro blem th a t 

rClll a ins to be so h 'Cd , Th a t p ro blem is Ih e poss ibilit y that 

a la rge k m a rin e ice shee t 1()I"Ill ecL g re\I' a nd co ll a psed in 

th e l\rc ti e during Qua tern a ry g lac iatioll cyc les ( ;\lcrcer, 

1970 ), As an unsokrd paleogl ac iol ogical pro blem, it is 

re m a rk a bl y para llel to th e m o d e rn Anta rcti c g lac io logica l 

pro blem fClrIlluIau'd b\ ' \\'ee rtman , ,-\I ong w ith o ur 

coll ea g ue, G, H , D l' Il LO n , lIT arg ued th a t thi s l1\ p o thel­

ical I(mm'!" ice shce t, \ 1 hi c h \IT ca ll ed the .\rnic ice sh ee t. 

w as <I n ,\rcti c counte rpart 10 Ih e plTse lll-d ay ,\nwrnie 

ice , h ee t, Ix 'ca ll se it ('o nsistcd 0 (' tnres trial ice dom es 

g ro und ed on la nd abo \"(' sca In 'd a nd marin c ire d o m es 

g ro und ed on contin c ntal sheh-es bdc)\\ sea I l'\ 'C I \\' ith 

ll1 a rin c icl' d Ol11 cs drain ed by icc Sli T <Lm , th a t suppli e d a n 

ice shel l' th a t l1 0a tcd 0 11 the cl cc p pa rt 0 1' th e ,\rrt ic O cean 

and ca k ed into th e j'\ o rth ,\tl a nti c ( Hu g- hes a nd o th e rs , 

1977 , \\' (' I'urthe r s ugges ted th a I th e h y po til c ti cal ,\rnic 

icc sh cc t inlerac tcd \ ' i go ro u s l ~ \1 ith th e ocea n a nd 

Iw ll<\\-cd as a sin g le d ynami c S\ 's tC' m , as Ih e Anl<irCli c 

icc s hee t d oes tod ay , 

,\ s with g lacio logy"s gra nd unso h T d problem in th(' 

,\nt a r c ti c , t hc g r a nd un so h -c d pro blem 0(" Arc ti c 

pa Ieog lac iology tran s l a t c~ in to suc h Cju es ti o ns as : "Did 

an Arcti c ice shc('t dnT lo p durin g Qu <1 tc J"I\ a 1"\' gla ci a ti o n 

cyc les? I('it did, Il'h a t \I 'as its spec ifi c (''' tc nt a nd structure" 

In p a rti c ul a r, did it inc lud e gro und ed m a rin e ice d Oll1 es 

a nd (] oa tin g icl' she k es? Fl o\\" lo ng did it rem a in in 

e~ i sten ce:) " 'ha t was its disinteg ra ti o n hi s tory! Obta inin g 

th e an swCi'S a nd thus tes tin g th e h y p o thesis is a dirTi c ult 

ta sk beca usc e\' id c n c e Ic) r th e ,\rrti c ice shee t is .,ca tt e red 

OH' r a huge , ha rdl y a ccessil )ic a rea a nd it is o l't e n 

o bsc ured by ani H' p er ig lac ial processes, o r is co ncealed 

und er perl11alj'os t-ho und ice-ri ch sa nd a nd silt. o r is 

s uhlllerged by the sea on co ntin c nt a l sheh"es , Th e 

Il\'po th es is 0 (" th e Arc ti c ice shee t has no t been subj ected 

to co n ce rt ed s tudi es po int edl y d es ig n ed to tes t it s 

predi c ti o ns, alth o ug h th e criti ca l reg io n fo r this t('s t, th e 

Russ ia n Arct ic, is no \\' o pen to inte rnati o na l slUdi cs, and 

Russ ia n co mpone nts or a n ,\ro ic icc shee t may ho ld keys 
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to understa nding globa l clim a ti c and ocean ogra phic 
cha nges . 

A sense of urgency in a ddressing pa leog lac iology's 
grand unsol ved problem ex ists, in \'iew of th e co ntention 
by Mill er and d e Vernal ( 1992 ) th a t greenhouse wa rming 
in the decad es ahead may initi a te ice-shee t g rowth in 
High Arcti c latitud es. Th ey arg ued th a t g r eenhouse 
wa rming may dupli catc th e wa rm er win ters a nd cooler 
summers in th ese la titudes that acco mpani ed th e onse t of 
th e las t glac ia tion cycle. In pa rti cul a r, we sugges t sea ice 
mi ght no t fo rm in the l\orwegia n and Greenla nd Seas 
during v\'arm er Arcti c winters, th ereby allowing g rea ter 
precipita ti on O\'e r th e perm a n ent sea ice tha t d oes not 
melt during cooler Arcti c summe rs. This wo uld upse t the 
precarious present-day mass balance in the Hi g h Arcti c, 
so th a t sea ice would g round on sha llo w Arcti c 
continenta l shelves and snow field s would grow o n Arcti c 
isla nds and uplands. This could impound the g reat ri vers 
th a t drain into the Arcti c from Eurasia a nd :\Torth 
Ameri ca. creating a \'as t " \Nhite Hole" within which 
prec ipita ti on co uld acc umul a te but not escape . Th e area 
of thi s " White H ole" is shown in Figure I which is 
compara ble to the maximum a real ex tent o f" N o rthern 
Hemisphcre g lacia ti on during th e las t glacia ti on cycle. 
including ice sheets in Eurasia a nd North Ame ri ca, and 
ice shelves or sea ice o\'C r th e Arc ti c O cea n. Th e " White 
H ole" would acco unt for th e drop in sea leve l a t th e 
beginning of the cycle th a t was as rapid as th e rI se III sea 
level a t i IS termin a ti on. 

Fig. 1. The" fI, 'hite Hole" at incejJ /ion oJ the Arctic ice 
sheet. Present-d(!)1 and glacial ma.limum shorelines are 
solid and dOlled lilies, resjJective/y. The heavy solid Lille 
encloses the Arctic ice sheet at inceJJtion . The heavy dashed 
lille encloses watersheds !if rivers Jlowillg toward the A relic 
ice sheet . Lighl solid lines are limits oJ glacia lion at a 
Qyatenzm)1 glacial maximum. 

Figure 2 shows the hypo the ti ca l Arcti c ice sheet just 
prIor to termination. No te th e extensive ice-d ammed 

314 

Fig. 2. The jJro/Josed Arctic ice sheet during a Qpalemmy 
glacial marimum. Present-da.,v and glacial maximum 
shorelines are dOlled and solid lines, respectil'e£)I. Black 
areas are ice-dammed lakes and glacier-Jed lakes at lite 
glacial ma,1 imum. For Ihe ice sheet, solid Lines are Ihe 
ma.limum e,\tent oJ gLaciation and dashed lilles aTe ice-shelf 
grollnding lines. 

la kes tha t dra in ed into eith er th e Sea of Okhotsk o r th e 
1\1editerranean Sea, a nd tha t would innuence th e present­
d ay a rid clima te of C entral Asia . Fig ure 2 is based on th e 
g lacia l geo logica l, geomorph ologica l and peri g lac ia l 
fea tures repon ed in Russia by Grosswald ( 1993) a nd 
loca ted in Figure 3 , on a hypoth eti cal ma rine glacia ti on of 
centra l Beringia proposed by Hughes a nd Hughes ( 1994), 
a nd on a glacio logical interpreta tion o r ori ented lakes on 
th e Arcti c coas ta l pla ins of Siberi a and Alaska. This 
evid ence will by summa ri zed und e r th e headings : ice­
d a mmed lakes, terres tri al ice shee ts, m a rine ice shee ts, ice 
streams and fl oa ting ice she"'es . Fig ure 4 reproduce. the 
g lacial geo logica l a nd geom orph o logical fea tures on 
Arc ti c continenta l shelves and adjacent ma inla nds sholVn 
in Figure 3 and a dds simil ar fea tures in north eas t Siberia 
a nd north wes t Al aska, a ll of whi ch we re used to construct 
fl owlines for th e m arine ice-shee t reconstructio ns in 
Fig ures 5 and 6 . 

ICE-DAMMED LAKES 

An Arcti c ice sh ee t would consist of a n Euras ian ice shee t 
th a t was joined to th e ice shee ts of Greenland and North 
Ameri ca by an ice shelr noa ting on th e Arcti c O cean. The 
most conclusive evid ence for an Eurasian ice shee t wo uld 
be impoundment of th e large Euras ian rive rs tha t now 
now in to the Arc ti c O cean, th ereb y c rea ting Euras ia n ice­
d a mmed lakes during the las t g lac ia ti on. These la kes 
co nstitute additio na l compelling evid ence fo r the Eur­
as ia n ice shee t a nd th eir histo ry constitutes a la rge-scale 
p a leoglac iologica l probl em in itself. 

Tha t a continuo us Eurasian ice shee t, ifit existed , had 
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Fig , 3, Evidence Jar glaciatioll oJ 11relil' R I/jsia ~)' a mm'inl' ice sheel , ,S)lIIbol.l all Ihe map are: / , Brillk oJ Ihe cOlllillen lal 
:,helJ; 2, Dire(liolls alld re/alil'e si:;.e oJ sllbmarill f trough:, (challne/:,): 3, BOlllldal)' of the Scrllldill(lviall alld A 'am ice sheets 
dl/rillg 1111' la:,1 glacial //la I'illlllln; -I, Inferred direelioll,l lif ice Jlow: 5, Oilier limil q/ lhe S('(Jlldill({1'iall alld /\ 'ara ice sheels 
dllrillg Ihe 1051 /!,lacialll){lIillll/m (lIIoraille bdl A ): 6, lee limits, lale g/acial alld I/oloceJJe :,Iage:, (lIIoraille,\ B, C, D, E 
alld ill lermilleJIl): 7, H iLl-a lld-hole pairs : 8, lce-sho1'ed JoldiJlg ill /1I/(o1/:,ul idaled Hdill/fII l:,: 9, Glacial grooves and 
slrialiow: 10, Drullllill,l, dl'llllllilluids . j711lillg alld olher IinealiollS: 11, (;llIcial br{'(/che,1 (/hrough l 'all~) ':,): /2, ,\/ru'or 
spillways . lIlellwaler-01Ie1jlow challl/els; 13, l re-dlllllmed lakes - Iheir II/{I\illlllm ellenl allhe La,ll Glacial A/alim Il JII ; 14, 
" l i:doma" areas (([(ClIlIIll/aliolls I!! ire-rich si/I alld .\(flld); 15 , ", 1/(1.\ " l'Il/l~) ',\ (J)arallell'all~l l, 1 crealed ~) ' mellillg d 
groulld ice): 16, Direrlioll oJlollg ales oJ"orienled lake,l" , 

to im po und the north wa rd-flowing ri\'C rs o f' Euras ia a nd 

ca use fo rm a ti o n 0 [' h uge proglac ia l me lt\\'<l tcr la kes was 

und erstood as ea rl y as th e mid-nineteenth centu ry, Th e 
la kes were firs t pos tul a tcd a nd much la te r co nfirmed on 

th e bas is o f' sca tt ered pi eces o f geo log ica l e\'i d ence , 

R ecent ly, a la te \\' eichse li a n pa laeo-I a ke reconstru cti on 

was pub li sh ed fo r Europea n Russ ia (K\'aso \'. 1979) a ncl 
[o r wes t Sibe ri a (\'o lkO\' a nd o th ers, 1978; Arkhipo\' a nd 

o th ers. 1980; G rosswa ld , 1980) , A ske tch o f th e melt­

watcr-dra in age sys tem a t th e Las t G lac ia l I\ l ax imum , 

showing its s ta tus befo re c ros io na l d eepenin g o f' sp ill ways . 

is includ ed in Figure 3 , Thi s pi c ture is based on a ll th e 
a \'<lil a blc info rm a ti o n o n th e occ urre n ce o f g lac io­

lac ustrin e sedim ents a nd sh or e lin es studi ed a nd. in so me 

insta nccs, d a ted in the fi e ld, The res t \\ 'as rcconstru cted 

by geo m orph o logic me th od s, w ith pa rti cul a r a tt enti on to 

th e geogra ph y of Oa t ex p a nses o f pa leo-Ia ke terraces, 
L'rJ lromliiler a nd spill ways, as wc ll as to spac ing o f)'edollla 
acc umu la tions, As a rcs ult. two tra nscontine nta l melt­

\\'a te r-dra in age sys tem s, w cs te rn a nd eas te rn , we re 

visuali zed, 

The wes tc rn sys tem was th e la rges t. I t consisted of th e 
V yc hegd a P ec hora n la kes o f'th e north ern Russ ia n Pl a in , 
th c !\la nsi a nd Yeni se i la kes o f wes t Sibcri a (o Cwhi ch th e 

M a nsi was th e world 's la rges t ice-d ammed la ke) , Lena 

Vil yu i la ke of Eas t Siberi a, as we ll as o f' th e inte r­
conn ec ted bas ins o f' th e Ara l, Caspi a n a nd Blac k "Seas", 

Th e ca tchm e nt a rea o f th e sys tem a m o unted to 

2 1 x 1 0G klll ~ , 

The eas tc rn sys tem I\'as im po unded by th c Eas t 

S ibe ri a n p a rt o f th e Euras ia n ice sheCl a nd was 

rep rese nt ed n o t so mu ch b y la kes but m os tl y b y 
),ed omas, whi c h a re th ick acc ull1ul a ti ons of ice-ri c h silt 

a nd fin e sa nd , Y ed omas fo rm ed in ice-d a mmed prog lac ia l 

d e ltas uncl e r \T r y co ld a nd dry conditi ons, when each 
summer's meltwa tc r turned into ice during th e fo ll o win g 

\\'inter, Onl y a sm a ll proporti o n o f th c yed o m as was 

fo rm cd during th e Las t Gl ac ia l .\l ax imum, .\los t o f it 

f'o rmed du ring th e L a te G lac ia l a nd H olocene ice rc treat, 

Th e yedomas a rc s till prese rved o n th e Arc ti c coas ta l 

low la nds, \\' he re th ey a pparentl y bury a nd co ncea l nea rl y 
the whole bulk o f ice-ma rg in a l la nd fo rms, 

Th e la kes ex p e ri ence dras ti c c h a nges of th eir ex te nts, 

o ut lines a nd lew' ls, \I'h ich were ca uscd by th e ice-shee t 

re t rea ts a nd re-a d \ 'ances, by isos ta ti c c rustal rebo u nd a nd 

b y e rosiona l d ecp enin g o r sedim e nt infilling o f th e 
spill ways, T od ay, we ca n onl y spec ul a te a bo ut these 

c h a nges , All w(' kn o \\' is th a t, during th e L as t G lacia l 
.\I ax imum , th e wes te rn sys tem di sc h a rged meltwa ter in to 

the eas tern I\!J ed i te rra nea n Sca a nd th e eas tern sys tem 
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discharged into th e Sea o f Okhotsk, At 14- 13 ka BP, th e 
lI'es tern sys tem turned la titudin a l, Oo wing inro th e 
so uth ern N o rth Sea, During th e wa rm Boiling Allerod 
illten 'al , wh en th e Eurasian ice shee t was breac hed by a n 
ice-free c ha nnel ex tending a lo ng th e Bea r I sla nd Trough 
(Bjornoy renna in Figure 3 ) a nd th e White Sea gorge, th e 
sys tem 's wa ter was dumped into th e northern Norwegian 
Sea, Th e Yo unger Dryas coo ling res ulted in res rora ti on of 
th e sys tem , w hi ch th en pro ba bl y res um ed its Oow \'ia th e 
Caspi a n Sea inro th e f..I edit e rra nean Sea , Th e pre-Borea l 
lI'a rmin g enta il ed a new m eltwater outburst fi'om th e 
north ern Russia n Pla in a nd W es t S ibe ri a inro th e 
:'-I orwegia n Sea, 

Th ese re-orga ni za tions in proglacia l la ke sys tems 
res ulted in tremend ous e l1\' ironmenta l c ha nges , They 

acco unt fo r mod ern di s tributions of fi sh a nd o th e r 
ichth yo-ra un as, so me m a mm a ls (like sea ls ) , for th e 
la rges t pea t d eposits a nd Arc ti c yedomas, a nd fo r ma ny 
fea ture o f Eurasian geo m o rph ology, Pe rh a ps th ey can 
a lso ex pl a in , by outbursts o f th e Euras ia n ice-d ammed 
la kes, th e m ass i\'C meltwa ter spikes es ta bli shed in th e 
Atl a nti c O cean , which a re noli' a ttributed to o utbursts of 
th e Agass iz pa leo-Iake in No rth Am erica ( Fa irbanks, 
1989), 

TERRESTRIAL ICE SHEETS 

f..I os t o f th e te rres tri a l ice shee ts In th e .\To rth e rn 
H emisph ere a re rela ti\ 'e ly lI'e ll d oc um ented ( Flint , 19 7 1; 
Dem on a nd Hughes, 198 1b ; Lundql·ist, 1986 ), This is 
tru e fo r th e L a urentid e ice shee t and th e Co rdill era n ice 
shee t ofl'\ o rth Ameri ca and fix th e Sca ndin a l'ia n ice shee t 
of Eurasia, but it does no t ho ld fo r terre-s tri a l ice shee ts in 
Russ ia, Fo r insta nce, th e ice ca ps or Pu to ra na Pla tea u, 
Ana bar Pl a tea u a nd Taim y r Peninsul a, a ll loca ted in 
centra l Sibe ri a , a rc some tim es d esc ribed a s ind epend ent 
fo rm a ti ons (Faustol'a a nd V eli chko, 199 2 ) , bu t th e)· 
co uld in {~l Cl be terres tri a l parts of th e maj o r marine Ka ra 
ice d ome, a lo ng " 'ith th e g lacier compl ex o f th e U ra l 
r.l o unta in s (Arkhipo l' a nd o th ers, 1980 ; Kind a nd 
Leonol', 1982 ) , Simila rl y, a te rrestri a l glac ier complex 

elwisaged b y H opkins ( 1972 ) a nd b y Bes pa h ' a nd 
Glushk ol"<l (Arkhipol' a nd o th e rs, 1986) o n th e Chukchi 
Peninsula may halT bee n part of a mu ch large r marin e 
ice shee t cC llle red on th e a dj a cent Chukchi Sea (Gross­
",aid , 1988; Hughes a nd Hug hes . 1994). Th e a l'a il able 
d a ta on th e chronology of th e Putora na ice ca p a nd th e 
g lacie rs o r th e T aim yr a nd Chukchi P e ninsul as a re 
meage r, indirec t and unreli a bl e. permitting spec ul a tions 
as to whe th e r th e g lac ia l la nd form s th ere re prese nt th e 
Las t Gla c ia l f..laximum o r o nc of th e La te Gla cia l events. 
According ly. th e max imum ex tent of th e las t g lac ia tion in 

th ese a reas is still unclea r. 
Two m a jor problems a ri se if Qu a ternary g lacia ti on 

cycles in th e North ern H emisph ere a rc res tri c ted to just 
terres tri a l ice shee ts, The firs t p ro blem is th a t terres tri a l 
ice shee ts res po nd onl y to cha nges in sno\\,-lin e e lc\'a tions, 
Therefore, te rres tri a l ice shee ts can nucl ea te only in 
mounta ins, acco rdin g to th e hi g hl and-ori g in , wind\\'ard­
grow th h ypo th es is ofFI i n t ( 19 71 ) , o r o n pl a tea ux, 
according to th e insta nta neous g lacieri za tion h ypoth esis 
of Iws ( 195 7), with g lacia ti o n being mos t ext ensive a t 

CrosslJ.'ald and Hllghes: Paleoglaciology's grand ullsolved jJroblem 

hi g h del'a tio ns near moisture so urces , Computer simul­

a ti o ns based o n th ese hypoth eses ha l'e produ ced a 
C o rdill eran ice shee t th a t {o rm ed sooner, g rew bigge r 
a nd las ted longe r th a n th e L a ure ntide ice shee t (Budd 
a nd Smith , 198 1) . 

The second pro blem is th a t hi g hland glaciatio n on 
Ba fTin Isla nd , in Scandinav ia, in Sl' a l bard , in Fra n z J osef 
L a nd a nd in N O\'aya Zeml ya wo uld no t be ex tensive 
eno ugh to 10 \I'e r sea !e\'e! sufTi c ientl y to a llow th ese 
g lac iers ro c ross th e exposed Ooo rs of Foxe Basin , th e 
Ba lti c Sea a nd the Barents Sea , a nd th en tra nsgress onto 
th e ma inla nd s o f C a nad a a nd Ru ssia to becom e th e 
Laurentide a nd Euras ia ll ice shee ts. I nstead , the g lac iers 
wo uld ca lve into th ese seas a nd neve r reach th e m a inl a nd, 

The num ero us m od eling studi es th a t acco mpli sh this 
isla nd-hopping to th e ma inla nd d o so by excluding 
cah ·ing dynami cs in th eir mod e ls, th ereby ig norin g th e 
d omin a nt a bl a ti o n mec ha nism ; e ,g , see Budd a nd Smith 
( 198 1), Onl y by il1\'oking m a rin e ice sheets a nd th e 
m a rin e ice-tra nsgression hypo th es is (MITH ) can th ese 
vas t la te Qu a te rnary ice hee ts o f [\orth Am e ri ca a nd 
Euras ia be ex plai ned (D en tOil a nd H ug hes, 1981 h: 
Hughes, 1987; G rosslI'a ld , 1988 ) , 

MARINE ICE SHEETS 

Th e first clues th a t a number o f m a rin e ice shee ts ex isted 
o n th e Arc ti c continel1la l sheh'es o f Eurasia a nd ~orth 

Am eri ca cam e fi"o m such e\'id ence as ice-moti o n prox ies 
a nd da ted ra ised beac hes on th e isla nds of th e north­
wes tern Barents Sea a nd Arc ti c C a nad a, As a res u lt , a 
m a rin e Ba rents ice shee t in th e Ba rents Sea a nd a m a rin e 
Innuiti a n ice shee t o n Canad a's Qu een Eli za be th I sla nds 
were pos tul a ted (Schytl and o the rs, 1968 ; Bla ke, 1970 ), 
Th e usua l g lac io logical processes th a t produ ce prim a fac ie 
g lacia l la nd (a rm s a nd g lac ia l cl e pos it s seem no t to ha l'e 
been ac ti ve in m a n y a reas of th e Hig h Arc ti c, pro ba bl y 
because th e ice was {i'ozen to its bed o\'e r th e islands and 
pa rts of th e sea fl oo r th ere, As a consequence, g lac ia l la nd 
fo rms and d epos its in such a reas as th e wes te rn Qu ee n 
Eli za beth Isla nd s o r Sel'Crn aya Z eml ya, a n isla nd g roup 
n o rth of th e T a im yr Peninsul a (sce Fig, 3), \I'o uld be 
confined to th e inter-i sla nd c ha nnel s occupi ed b y ice 
strea ms sliding o n th awed d efo rming ma rin e sedim ents, 
[n th ese conditi o ns, pa rti cul a r at tenti on should be pa id to 
th e clu es pro \'id ed by geo ph ys ica l studi es a nd computer 
moclcling, suc h as th a t by Cla rk ( 1980), wh o provid ed 
consid era ble su pport fa r th e Inn u i ti a nice sh eCl by 
showing th a t a n ice dome o \ 'c r th e Queen Eli zabeth 
I sla nds was a necessa ry pre requi sit e fo r ena bling a n 
in verse compute r model oC g lac io isos ta ti c rebound to 
a ccount fo r the ra ised beaches m a pped a nd dated by 
Bl a ke ( 1970 ), 

lJuring th e 1980s, Scandimll'ia n geo log isls confirmed th e 
ex istcnce 0 [" a Ba rellts ice shee t a t th e L as t G lac ia l 
r.l ax imul1l a nd p resented strong el'idence th a t it ,,'as 
g round ed 011 th e fl oo r 0[" th e wes tern Barcn ts Sea and 
coa lesced lI'ith th e Scandina l·ia n ice shee t. Field d a ta on 
whi ch tlt ey based [his co nclusion consisted of isos ta ti cali y 
ra ised beaches (Sa ll'igsen, 1981 ) a nd th e sedim enta ry reco rd 
of th e sea 000 1' (Elve rh oi a nd So l he im , 1983; Vo n'en a nd 
Kri sto fTerse n. 1986; El l'erh oi a nd o th ers, 1992; Scc tt em a nd 
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o th ers, 1992 ; \ 'o rJ'en , 1992 ), Subsequ entl y, Ru ss ia n m a rin e 

geo logists a lso presented strong e\'id e nce for th e exi ste ncc of' 

thi s ict' shee t in the eas tern Ba rents Sea tGa ta ullin and 
o th t' rs. 1993 ), Additi o nal compelling t'\ 'id ence in th e eas tern 

Ba ren ts Sea , in c luding da ta o n a continuous sea-floo r 

lodgement-till CO\T r, hUllllll oc ky and ridg\' bottom topog­

raph y a nd th e wid es pread occurrence of gla ci o tec to ni c 

fea tures, has been unco\'Cred in th e co ursc of oil and gas 
prospee ti ng persona l co III m u nica ti o n to .\1. G, G , fi 'o m 

~, . \, Polya konl) , 

It \I 'as a lso sh o \l' n (Gross \\ 'a ld , 1980) th a t the 

terres tri a l glac ia l geolog ica l reco rd , no tabh' the south­

facing t' nd m oraines of no rth eas te rn European Russ ia 
(L a \TO\', 1977 ), \\TS t Siberi a (Arkhipo \' a nd o th ers, 1980) 
a nd th e T a im yr Peninsul a (Kind a nd LeonO\', 1982), a ll 

sho wn in Fig ure 3, can be ex plained o nl y i[ m a rine ice 

d o m es occ upi ed the Ba rents and K a ra Seas . a nd trans­
g r essedl a ndwa rd fro m th ere o nto th e Eurasia n mainl a nd, 

L a ter, a IT\' ised m od el of th e las t ice sheet gro und ed on 
th e Ba re n ts Ka r a co n ti ne n ta l s h e I f \\'as a ch 'a n ced 

(Gross\l'a ld , 1988). This m odel was based upo n n e\l' 
e \'id ence un cO\'ered by Ll\TO\' (Arsla nO\' a nd oth crs, 

1987). Andreye\'a a nd Isa ye \ 'a ( 1988) and G o n c hari\' 

(1986 ) th a t pointed to a sing le m aj o r iee dom e \\'ith its 

ice-spreading cente r loca ted in th e south wes tern K a r a Sea 

(sce Fig, 3) , Tee spreadin g fro m thi s K a ra ice dome O\'er­

rod e 1\'O\'aya Z e ml ya in a n ea st-to-IITs t dir ecti o n , 

producing th e g lac ia l th ro ug h \ 'all eys shown in Fi g ure 
3 , a nd ill\ 'adcd th e Ba rents Sea fro m th e cas t as confirm ed 

b y th e geologica l e \ 'id ence ofG a ta ullin a nd o th ers ( 1993 ). 
K a ra ice a lso encroac hed upo n large <lI~eas of Euro pean 
Russia, wcs t Sibe ri a a nd centra l Siberi a in direc ti o ns 

sho ll'n by th e g la ci a l geo logy in Fig ure 3, 
Acco rding to th e mod el based both on the a bO\'e 

geologica l da ta a nd th e th eo re tical co nclusion by \\' eerL­

m a n (197+) th a t m a rin e ice shee ts expand until th ey 

become a Ooat , th e K a ra ice dom e rea ched th e o ut e r edge 
o f th e Ba rents-K a ra co ntinenta l she lf'; it co \'e red 

6 x l OG km 2 a nd \I'as th e la rges t d o me of'th e Euras ia n 

ice sh ee t. The ice d o me \I'as rem a rk a blv sta ble and lo ng­
li\ 'Cd , a nd its melting his to ry was pro lo nged a nd s te pwise; 

sp ec ifi ca ll y, th e ice-d o me re trea t was not compl e ted 

befo re th e mid-H oloce ne a nd was pun ctuated b y th e 

Y o unger Dryas a nd Borea l tim e re-ad\'a nces o f its ice 
m a rgin (G ross \\'a ld, 1993 ) , A ccordin g to a computer 

simula ti on o f th e las t g lac ia tio n cycle by Fas too k a nd 

Hug hes (199 1), the K a ra ice dome sUrI 'i\'ed lo nge r th a n 

a ny o f' th e oth er m aj o r ice d o m es . 

By contras t, Astakho\' (1992) a rg ued th a t th e K a ra ice 

d o m e did no t exis t during th e L as t Gl acia l ~1aximum , 

\I 'hi ch seems to be consistent with "old " radiocarbon 

d a tes fi 'o m surfi c ia l, no t g lac ia lly disturbed , sedim e nLs of 

n o rthern W es t Siberia, H o w e ve r, AstakhO\,'s m od el 

disrega rd s th e e \ 'id ence fo r r ecen t ice now d i rec (ed 

o ut\l'a rd s fro m th e K a ra Sea cen ter ShOll'll in Fig ure 3 

(Gross wa ld , 1993, 199+), G ross\\'a ld , in his turn , ch ose to 

ig no re th e "old " d a tes, co nside ring th em spuri o us a nd 

misleadin g as they appea red to h a ve bee n obtain ed fro m 

m a teri a ls w hi ch had bee n recycl ed , mi xed a nd conta m­
ina ted by o ld er o rga ni cs, 

Epito mi zed in thi s co ntro\ 'e rsy a rc t\l'O diffe rent 

a pproaches to pal eoglac io logica l reco nstru c ti o n s fo r 

n o rth e rn Eurasia , On c e mphasizes geo lo g ica l a nd 

320 

geo m o rphological c\ 'id e nce. The o th er emphas izes dat­
ing res ult s obt a in ed fro m pro bl e m a ti c m a trri a ls, A 

pa ra llel situa tion ex isted in th c glac ia l geo logy of Arc tic 

C a n a d a durin g th e 19705 a nd a lso r es ult ed in 
" m a ximum" a nd "minimum" m od e ls of La urentid e 

g lac ia ti o n (!'[ aye wski a nd oth ers , 198 1), These diffe r­

e nces e \ 'e ntu a ll y resulted in th e tw o irrecon c il a ble mod els 
o f "continuo us" and " res tri c ted " g lac ia ti o ns in the 
Eurasia n Arcti c as \\'ell. Althoug h \\'e [an) r th e firs t 

a pproac h , \I'e rea li ze th a t th e o nl y possibl e way o f 

resoh-in g th e contro \ 'e rs)' is by imple menta ti on 0 [" a 

sp ec ia l program targe ted a t d a tin g and rc-d a ting a 
numbe r of caref'ull y se lec ted ke\, secti o n s of th e Siberi a n 
Qu a te rn a ry by me'a ns o f th e A'i\IS I IC m e th od. surface 

ex pos ure dating with cosl1loge ni c nuclides and o the r 

ad\ 'a n ced techniques , It is noteworthy th a t, \I'hen th ese 
techniques \I'('re a ppli ed to Arc ti c Canad a, i( was th e 

m ax imum mod e l o f la te Wisco nsin g lac iatio n th a t 
prel'<l il ed, 

\1os t rece ntl y, geo logica l sig n a tures o f a fo rm e r 

ma ri n e ice shee t we re a lso un cOl'(' red in a reas o f the 
L a pte \', E as t Siberi a n <1nd Chukc hi SC'as , At first, th ey 

we re co nfin ed to la t(' \Ve ichsc lian ice-sh oved features o n 

th e N e \\' Siberi a n I sla nds a nd in th e Tiksi H a rbo ur a rea , 

jus t cas t o f th e Lena Ri\'e r d elta (see Figs 3 and 4 ), Th ese 

glac ia l tec toni cs pcrmiLl ed reconstru c ti o n o[ th e first fl o \\' 

ba nd o f' a hypotheti cal east Siberi a n ice dome cent e red 

just no rth of th e N ew Sibe ri a n Isla nd s (GrosslI'a ld , 1988; 
G ross\l'ald a nd o th e rs, 1992), T od a y, th e suppo rti ng 

e\'id c n ce a lso includ es ( I ) upper a nd middl e Pleistoce n e 
till sh ee ts of th e \ 'a nkare m L OII' la nd (L a ukhin a nd oth e rs, 

1989) ; (2) glac ia l e n-a ti cs 0 11 Ca pe H ea rt Roc k; (3) north­

to-so u th o ri ented fj o rd s and U -shaped throug h \'a lleys of 

the Chukchi Peninsul a; (4 ) traces o f so utheril' ice 00\\' 

thro ug h Bering Stra it , a ll loca ted in Fig ure + (unpub­

li shed data of'\I. G. GrosS\\'ald a nd T.J. Hughes ) ; a nd 
(5 ) p os t-S a ngamon e n -a tics a nd ice-shO\'ed features o n St 

La wre n ce Island (Brig ham-Gre tte a nd oth ers, 1992 ; 
H eise r a nd oth ers, 1992) . This e\'id e n ce implies th a t a n 

ice shee t ach'a nced so uth\l'a rds from th e Chukchi Sea, as 
we ll as from th e Eas t Siberi a n Sca , Also. modern 

o bse rva ti o ns by Grossw a ld (unpubli sh ed ) ma ke cl ear 

th a t Wrangells la nd , which lies between the Eas t Sibe rian 

and Chukchi Seas, is ch a rac teri zed b y strikingly g lac ia l 

geo m o rphology whi ch ca n be d esc ribed as La ppl a nd­
style; th a t is, glacia l geo logy produ ced b e n ea th or nea r ice 

d o m es, as diagnosed b y Klema n ( 1994) and Kl cma n a nd 

Borgs tro m (1994) fo r no rth ern Swed e n, Also, th e north­

e rn lo wl a nd of \Vra nge l l sla nd is blanke ted by m a rine 

sedim e nts th a t co uld h a \'e bee n d e p osited pri o r to 

isos ta ti c rebound a ft er th e ice d o m e coll a psed a nd 

possibl y prior to th e L as t Glac ia l ~laxilllum, 

\V e expec t th a t further prog ress in es tabli shing th e 

ex te n t o f marine ice sh ee ts in th e Arc ti c will be reac hed b y 

m a pping " ori ented la kes" on th e Arc ti c coas ta l lowla nds 

in n o rth eas tern Sibe ri a a nd no rth e rn Al as ka, a nd 
sea rc hing for buri ed g lac ia l la nd fo rm s, These la kes and 

assoc ia ted elonga ted a nd p a ra llel fea tures a re rcm a rka bly 

we ll o ri e nt ed in sub-m e ridion a l direc ti o ns (Figs 3 a nd 4 ) . 

The pl"C\'a iling \ 'ie \\' is th a t th e la ke o ri enta ti ons resultcd 

fi-o m the rmoka rst processes opera tin g under th e stro ng 

im p ac t o f pre\'ailin g no rth eas terl y \Vi nd s (R ex, 1961; 
C a rso n a nd H ussey, 1962 ), This h yp o th esis see ms to b e 
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suppo rted by h ydrod yna mi c th eo r y, ma th ema ti ca l m od­

e ls a ndli elcl ex pe rim e nts. H O\\,C\T r , th e geoll1 o rph o logy o f" 

th e la kes :, uggcs ts th a t th e w ind-a ffec tcd thcrm o ka rst 

processes contributc no t lO ori ent ing th e la kes but ra th er 
to o b:,c u r ing th e ir o ri ent a ti o n . Bes id cs , th e ·· \\·i n d ·' 

h ypo th esis is un a bl c to acco unt lo r bot h lo ng itudin a l 

a nd tra ns\"C rse a li g nm cnts 0 [' t he la kes a nd fo r th e o th er 

lin ea r fca tures com prising th e geomorph olog ica l com­

p lexes of the Arc ti c coas ta l 100l"ia nds. So fa r, a ll a tt e mpts 

to expla in th e com p lexes, no t jus t the la kes a lo n e, h a\'e 

res ult ed in a n o n-rca li sti c h y p o th es is of "s tnl c tural 

cont ro l" . Instead , \\ 'e pro pose th a t th e linea r com p lexes, 
o f' whi c h o ri e nted la kes a rc jus t o ne ma nires ta ti o n, 

in heri ted th eir o ri e n tat ions fi-om f(lrIllcr g lac ia I la nd 

fo rm s. Spec ifi ca lh, rc la ti\ 'c to lo n g axes of" th e la kes, the 

lo ng itudin a l lin ea ti o ns are \\' h at re ma ins or g lac ia l 

drumlini za ti o n a nd flutin g arte r t h e drumlins an d flut es 
\\ "(' IT di sfigured b y post-glac ia l th erm okan t a ne! so lifluc­

ti o n processes, a nd tra nS\'c rse lin eations a re the re llln a nts 

or la nd fo rm s prociu ced a long th e edge or the rctreati ng 

ict' -shect ma rg in. In additi on, o ur h ypot hesis ex pl ai n s th e 

o ri g in a nd th c rm a l propc rti es or yedoma . Th ese thi c k 

sCCJu ences o f ice -ri c h sa nd a nd silt th a t bl a nk e t ,\rc ti c 
lOll la nds a rc sed im e nt s dcpos ited b y aggrada ti o n in ice­

d a mming elll·iro nl1l e nts. Hence \\"(' arg uc tha t o ri c nted 

la kes inh e ri te d th e ir oricnt a ti o n rrom th e g r ool"l's 

produ ced b y a m a rin e icr sheet t ra nsgressing o n to th e 
,\rni c coas tall o ll 'la nds fro l11 th e a dj ace nt scas . Thi s see ms 

to be pa leoc lim a ti ca lh' j ustified beca use no rth easte rn 
Siber ia a nd no rth ern .\I aska. lI'ith th cir " ha lfi l'aY- IO-] ce 

,\ ge" el1\ 'ironm e lw" liTre a nd a re h igh l) suscep ti h le to 

caSl' a nd ea r" g lac in iza ti on (\' erbitsk) a nd Ogle~ b), 

1992; .\I a rsia t, 199"1) . .\lca nll" hik , th o usa nd s o f" 11(' \\' ice 

fI (l\I·lines ca n nOlI' be cini lTd fi 'o lll th e la ke orie n ta ti o ns, 

lI'hi c h therefo re p rOl 'ide pOlIT rful LOo ls fc) r reco ns tru n ing 

ma rin e ice shee ts in th e Ea\! S iber ia n an d C h u kc hi S ea.,. 
lI'here th e us ual g lac ia l la nd f() l"Ill ., ha\"(' bee n e ithcr 

a ltereci or buri ed , o r 1ll'lTr rx is ll'd beca use th e h cd was 

rroze n . Thi s int er prc tati o n prol"l'd j ustifi ed b y th e 

gco ll1 o t" phology or th r Ya na Indig ir ka LOII'la nd, \\·here 
th e a lignments o r o ri c nl crll akes a n d accompa nying rid ges 

a re para ll el to th e [ClI"Il l tT ice-f1 o l1" direc ti ons de ri\T d (i'o m 

ice-shOlTd fi:a tu res o n th c :\ ell' Si b eria n I sla nds a nd o n 

th e Siberi a n m a inl a nd a round Tiksi H a rbor (sec Figs 3 

a nd -~ G ross\\'a ld a ne! Spekt o r . 1993 
S till , lie rea li ze th a l nea rh a ll th e clucs fc) r a m a rin c 

eas t Siberi a n ice ci o m e arc a rgu m e nt at il"t· a nd th erefo r(, 

o ur reco nstruct io n sho uld be co ns id e red tcnt a ti l"l' . N o ne­
tlll' icss , clim a te ll1 0d cle rs a rc in crcas ing h ' pl ac ing m a rin e 

ice do mcs o n .\rc ti c conti nc nt a l shch "Cs . on th e cas t 

Sibe ri a n contine nta l shelf" in pa rti c ul ar. beca use m e teo r­

o logica l co nditi o ns a ll oll" icc to thi c ke n m 'er tim e a t th ('se 
loca ti o ns iTushin g h a m a nd Pe lti e r. 199 1: J)ebl o nd e a nd 

o th ers, 1992 ). 

Geologists, in th e ir tu rn, sho uld not ()\'erloo k e\ 'id c ncc 

rro m non-traditi o n a l so urces. Fo r ins ta ncc, no o n e h as ye t 

a c kn oll'ledged th e p aleoglac io log ica l impli ca ti o ns or th e 

ullu sua ll y large thi c kn ess of" sedim e nt a ry sequ e n ces 
bl a nke ting th e d ee p .\rcti c Ocea n fl oo r a nd the pec uli a r 

fea lllres 0(" th e ir di s tribu tio n SII·ccncI·. 198 1) . Th ese 

sequ e nces a rc no rm a ll > O\'er 2 kill thi c k a nd g ro \\' thi c ker 

a lo ngsid e th e contin e nt a l slopes ofT" th e Ba ren ts. K a ra a nd 

Eas t Siberi a n co ntine n ta l sheh-es. Is it not na tura l fix the 

(;rossll'a/d alld /-fllght'.)." Pa/eog/a("io/ug/s gralld 1I1l.1O/l'ed jJlub/elll 

seq u e n ces to be a co nseq uence o f g lac io logica l ac ti\ ' i t y 

assoc ia tee! with fo rm e r m a rin c ice d o m es surroundin g th e 

dee p A rc ti c Bas in, n a m e ly by ice sco uring th e continc ll ta l 

she h-es a nd dumping th e res ultin g d e b r is in to the bas in? 

ICE STREAMS 

Fig ures 3 a nd "~ id e nti fy th e sites 0 (" m a jo r ice streams th at 

d ra ined m arine ice d o m es o n th e Arc ti c con tincnt a l shelf" 

of E.uras ia and Al as ka. The la rge r ice s treams prod uced 

saddles o n th e ice d i\ ' id e by th e dOIl' Il-d J"<1 1l lll C'c ha ni sm , 
th e re b y leal'ing ice d o m es bctll"ee n th e sadd les. Th ese ice 

d o m es arc not m ass-ba la nce feat ures c rea ted b) prcc­

ip ita ti o n pat tcrn s; th ey a re d \"ll a mi e fca tures created by 

ice s t rea ms. Comput Cl" silllul a ti ons or the Eurasia n ice 

shee t th a t do not a ll oll' ice-strea m d yn a mics . such as th ose 

by Li ndstrolll a nd'" l ac \ yea l ( 1989 ) ane! Lindst rom 

11990 ) . prod uce fc \\ CI" ice domes. a nd th ose tha t arc 
prod u ced a rc in loca ti o ns not compa ti b le lI'it h g lac ia l 

geo logy . Thercf()I"l" th e g lacia ti on cycl es sim ul at('d by 

th ese m odels ca nn o t re pli ca te th e ("ull comp lex it y a n d 
I"(' rsa tilit y or ice sh eets . a nd cxc lud e th e a hilit y o f" ice 

shee ts to dli.'ct a brupt c1ima ti e e h a nge triggcrcd b y 
ice b e rg o utbursls \I·h e n inte rn a l ice d y n a mi cs ac ti l'a te icc 

s trea m s. o r tri gge red b ) o uthu rs ts o r I'ast g lacia ll y 

impo ulldcd la kes w h e n ac ti l"C ic(' stream s coll apse saddles 

a lo ng th e ice dil·ide. Th ese o utbursts m ay ha lt prociuct io n 

or i'\ o rth .\ti a n tic Dcc p \\ 'a ter. a nd th ere by cause a brupt 
flip-fl o ps fi 'om a g lac ia l to an intng lac ia l g loba l clim a te. 

Su c h flip-fl ops ha\"(' b e(' n p ro posed fo r th e las t te n n in­

a ti o n , ro r exa m ple. b y Ch a rl es a nd Fairba nks 11992 ) ane! 

by Broec ker a nd o th ns ( 1992 ). Ice sa ddl es coll a psed b y 

ice s treams co ul e! ha lT produced outbursts or ice bergs a n d 
impo unded la kes in th e Gulf" o f" Sa int L \\I rence, th e 

La bra d o r Sea, Ba flin Ba), th e North Sea , th e Bare nts Sea , 

th e K a ra Sea . th e L a pte\ ' Sea, rh e Chukc hi Sea a nd th e 

Bea ufo rt Sea ( Fas too k a nci Hug h('s, 199 1; Gross lI'a ld , 

1993 ; Lindstrolll <t nd .\I ac \ yea l, 1993 ) . "'I a jo t" ma rin e ice 

strea m s I\'ou ld halT occ upi ed Ca bo t S l ra it in th e G ulf' of 
Sa int La llTcllce; Hudso n St ra it in th e La hrado r Sea; 

Lancas ter Sound , Jo n es Sou nd , J'\ a res Stra it a nd .\I e ll-ilk 

Bug t in Ba fTin Bay; th e NO l"\lTgian Tro ug h ill th e :\f o rth 

Sea : Bea r Isl a nd T ro ug h a lld Fra llz \ ' ictoria Tro ug h in 

the Ba re llls Sea; St .-\n na Tro ugh a nd Y Ol"O nill Tro ug h in 
the K a ra Sca: Bo ri s \ ' ilkitski Stra it in th e La pte\' Sca: 

C ha rli e Ga p ill th e Chukc hi Sca; a nd i\mune!sc n G ul f"a nd 

.\1 ' Clure Stra it in th e Bca ufi)rt Sea. 

AI th o ugh the ,~ I ac i o l og i ca l Ill ('c ha ni sm s th a t ac ti\ ',lle 

a nd d eact il'a te ice s tream s a re unclca r, th ('\' pro ba bl y 
th all" a nd re f"reeze t ill o r sedim e nts in in ter-i s la nd 

r ha n n e ls a nd su blll a ri ne troughs 1\' he re th ese cl epos i ts 
acc umul a te a nd arc e ither ice -ce m e nt cd or wa te r­

sa tura ted . U pon tha w ing. th e depos its n o longer prO\' id e 

basa l trac ti on to th e o\Trl ying ice , w hi c h lhcn co n \'('I"t s 

f"ro m sh ec t nOlI' to s trea m fl oll' as it runnels into th e 
cha nnel s and lro ug hs . Therdc) IT, ice s trea ms ll"O uld b e 

ac ti\ 'a tcd by clim a ti ca ll y lI"a rm ed s urf~l ce ice th a t is 

,Ich-ec tee! d Oll" n 11" a rd , b ) f"ri ct ion a l h ea tin g f'ro m ice 
shea rin g Ol"(' r th e b ed a lld 1)1' geo th e rm a l hea tin g o r 

basa l ice . Conl"(' rsci y , iee s treams lI'o uld b e e! eart i\',lled b y 

clim a ti call y coo led sud~lce ice th a t is a e! w'cteci dOIl"l]I\'a rcl , 

by cO I1lT rting se nsible hra t in to la te nt hea t as b asa l 
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meltwa ter refi-eezes and by conducting basal heat upward 
more rapidly through ice th a t has been thinned by being 
down-drawn in to ice stream s. A lth ough clim atic warming 
and cooling a t th e ice surface is a facto r , the effec t of the 
bed can be d elayed for millennia , whereas basal meltin g 
and freezing th a t rum ice streams on a nd off can be 
virtu all y in stantaneous. Therefore, ice sheets have a 
capacity for a brupt change that is largely independent 
of exerted climatic forcing . 

On th e o ther hand , ch anging sea level is ex ternal 
forcing tha t can have an immedia te effec t on marine ice 
streams such as those located in the inter-island channels 
and subm arine troughs in Figures 3 and 4. As shown by 
Weertman (1974) and appli ed to marine ice streams by 
Thom as (1977 ), T homas and Bentl ey (1978 ) , Stuiverand 
oth ers (198 1) and Fas took ( 1984), the grounding line of 
an ice shelf with a marine ice sheet can ad vance or retrea t 
irreve rsibly for small changes in sea level if th e bed slopes 
downward up ice streams, due to isosta tic d epression 
beneath the marine ice sh ee t. Since ice streams are the 
dynamic links connec ting a m a rine ice sheet to its fl oa ting 
ice shelves, g rounding-line ad vance and retreat occur 
along the inter-i sland channels and submarin e troughs 
occupied by ice streams. Collapse of ice saddles a long the 
ice di vid es of marine ice sh ee ts a re caused b y irre\'ersible 
retrea t of ice-shelf gro unding lines a long m arine ice 
streams. Floating ice shelves are therefore an important 
dynamic component of a h y pothetical Arctic ice shee t. 

FLOA TING ICE SHELVES 

Wi th terrestria l and marin e ice domes ground ed along 
nearly th e who le circumfe rence of the Arc tic, on ly one 
additiona l interconnecting element, an ice sh elf fl oa ting 
over the deep Arctic Ocea n bas ins, wo uld h ave been 
req uired to produ ce an Arcti c ice sheet at the Last Glacial 
M aximum. The idea of a fl oating ice shelf on the Arctic 
O cean is not new . Thomson (1888) and Crary (1960 ) 
postulat'ed the same ice she lf on th ermoph ysical grounds, 
considering it a conseq uence of Lee Age ch a nges in th e 
ocean's heat balance. M ercer (1970) postu lated the same 
ice shelf on mechanica l grounds, citing it as an important 
coun terbalance capable of bu ttressing a m a rine ice dome 
ground ed on the Barents Sea fl oor, checking i ts instability 
and preventing the dome from co llapsing . Broecker 
(1975 ) and Williams and others (198 1) proposed an 
Arcti c ice shelf on the basis of oxygen-iso tope ratios and 
sea-level records. Lindstrom a nd MacAyea l (1986, 1989 ) 
modeled fl oating ice shelves in the Arctic O cean and the 
Norwegian-Green land Sea, based on mass-ba lance 
computations in a finite-elem ent computer simulation. 
With reason a ble assumptions , they found that a dynamic 
finite-element ice-sheet model produ ced an ice shelf 
1000 m th ick north of Fram Strai t, up to 1500 m thick 
furth er into the Canadi an Bas in and 1000- 500 m thick in 
th e Norwegian-Greenl and Sea as fa r so uth as Iceland. 
Th eir ice sh elf was supplied by marine ice domes 
ground ed on the Arctic continental shelf of Eurasia . 

There is compelling evid ence for a bioti c conditions in 
th e ce ntral Arcti c O cean during th e L ast Glacial 
NIaximum , wh ich is consistent with a continuous fl oating 
ice shelf between 33 and 13 ka BP (persona l communic-

322 

ation from G. j ones, 1993) . Also, numero us para llel 
plowmarks h ave been recorded on the southern Yermak 
Pla teau, near th e "exit" of the central Arc tic O cean 
be tween Green land and Svalba rd , a t water depths of 
850- 1000 m, perh a ps even up to 2000m (Vog t and 
others, 1994) . These marks seem to be the first-kn ov\' n 
signa tures of the thi ck floating ice shelf or rather giant 
icebergs eith er in corporated into the ice shelf or calved 
fi-om it and carri ed across Yermak Pla tea u by so uthward 
flow of the ice she lf. :Vlarine b io logica l ac ti vity north of 
Y ennak Pla tea u bega n shortl y after the Las t G lacial 
M ax imum (Ste in and other s, 1994). Perhaps th is 
coincided with progressive disintegra tion of the ice shelf 
a fter the calving front breached th e ice-shelf bottle-neck 
in Fram Strait. As for the Norwegian~Greenland Sea, 
th ere is microfa un a l evidence tha t deep-sea life did not 
cease there during th e Las t Glac ia tion. However, thi s is 
not an unsurmountab le hindrance to the concept of a 
Norwegian-Greenland Sea ice sh elf, es pecially if the ice 
shelf thinn ed as it moved southw a rd , interacted with the 
continenta l m a r g ins and en tering ice strea m s, a nd 
adjusted its shape to conform to inter-island p assages, 
a ll of wh ich had to result in a multi tude of crevasses and 
r ifts. The thinner the ice, the more likely top and bottom 
c r e\'asses co uld m ee t and open rifts. Perha p s, th e 
p eriodicall y forming crevasses a nd chasms provided 
enough open water for initi a tion and development of 
d eep-sea life recorded by oceanographers. Marine 
organisms li ve und er the Ross I ce Shelf in Antarctica 
450 km from the ca lving front but on ly 70 km from rifts 
th rough the ice shelf in th e lee of Crary Ice Rise, a local 
pinning point (Stockton, 1982) . 

RECONSTRUCTING MARINE ICE SHEETS 

M ost of the glacial geological ev id ence in Figure 4 
su pports transgressions of marine ice shee ts from the 
Arctic contin ental shelf of Eurasia south wa rd on to the 
Russian mainl a nd a nd northwa rd into the Arctic O cean . 
If an Arctic ice sheet deve loped during la te Qu a te rna ry 
glaciation cycles, a major compo nent would have been 
m arine ice d o mes on the broad , shallow con tin en tal 
sh elves of the Barents, K ara , Laptev, East Siberian and 
Chukch i Seas. In the marine-i ce-tra nsgression hy pothesis 
(MITH), marine ice sheets began when sea ice thickened 
from snow acc umulating on its top surface a nd water 
freez ing onto its bottom surface, until it ground ed on 
sh allow Arctic continental shelves. Thereafter, continued 
snow acc umul a tion on the top surface produced ice domes 
th at spread onto a dj acent coastal lowlands, where m a rine 
ice may have m erged with terrestria l ice from ice caps on 
coasta l highland s, and spread to th e ed ge of th e 
continental shelf, where marine ice either ca lved in to 
the ocean or becam e a fl oating ice shelf. 

Initi al sea-i ce thi cken ing rates have been given b y the 
formul a (Crary, 1960) 

dhr . (D/ hJ )i'J.T - Q - = a + -=---'----'----

dt prH 
(1) 

where hI is ice thi ckness, t is ti me, a I S th e ice­
accumula ti on rate on the top sur face of sea ice, D is the 
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thrrma l conductivity coe ffi cient [o r sea ice, !!:.T is th e 

tempe ra ture differe nce b e tween th e m ean a nnua l a ir 

tempe r a ture o n th e to p surface a nd th e freez in g 
temper a tu re of sea wate r on th e bottom surface, Q is 

th e ra te a t whi ch hea t is suppli ed to th e bo t to m surface b y 

Arctie ri vers a nd ocean curren ts, Pr is ice d en si ty a nd H is 

th e la tent hea t or fr eez ing for sea wa ter. Integra tin g 

Equ il ti a n ( I ) fa r co nsta nt a, !!:.T a nd Q 

_ [ P1HhI ] _ [ PIHD!!:.T ]1 [ (ri pIH - Q)h1] t - . .) n1 + . 
aPrH - Q (aplH - Q)- D!!:.T 

(2) 

T a kin g ri, ~ 10cm a I a nd !!:.T ~ 15°C (o r p rese n t-d ay 

co ndi tio ns a nd Q ~ 0 fo r th e " White H o le" in Fig ure I , 
Equ a ti o n (2) predi c ts th a t sea ice wo uld gro und in wate r 

100 m d eep or less in 500 a or less. As seen by th e 100 m 

ba th ym etri c eo n to ur in Fig ure 3, this wo uld a llow ma r.ine 

ice d o m es to grow in a ll th e seas of th e A rc ti c Euras ia n 

continenta l shelf. 

Orogra phic effec ts in c rease a as th e m a rin e ice domes 

ge t hig her , th ereby ofEc t ting th e cessa ti o n o f ice thi ckenin g 

by bo tto m ["reezing a ft e r sea ice becom es g ro und ed . 

E\'entu a ll y, th e ma rin e ice d omes will becom e hig h eno ugh 
so th eir g ravita tiona l pote nti a l energy beco mes kin eti c 

energy o f m oti on a nd th ey will th en c ree p in d irec ti ons 

having th e grea tes t ice-surface slope. Initi a ll y, th e Arc ti c 

co ntin enta l shelf of Eurasia wo uld be froze n , exce pt in th e 

wes tern Ba rents Sea , as is th e case tod ay (Ga\Til ova, 198 1; 

Big l, 1984) . As ma rin e-i ce domes thi cke n a nd spread , 
howe \'er , more of th e bed will become th awed a nd glac iil l 

sliding w ill th en begin to produ ce th e g lac ia l eros iona l a nd 

depositio n a l feat ures shown in Fig ure 4 . 
Gl acia l e rosiona l a nd d epositiona l fea tu res th a t re\'ea l 

th e p a tt ern of no\\' lin es from lh e inte ri o r ice di\·id e to 

ma rin e a nd terres tri a l m a rg ins of a 1'0 I'm Cl" ice shee t a rc 

produ ced by tractio n be twee n moving ice a nd its bed . If 
th e bed is (l'oze n, these feat ures a re ra r e a nd co nsist 

prim a ril y 0 [" glacia l tec to ni cs, suc h as thrust shee ts a nd 

hole- hill p a irs. If th e b ed is th a\\'ed , t hese features a re 
ubi q ui to us a nd result p rim a ril y frolll area l sco uring th at 

produ ces g lac ia l Iineatio ns ra nging in sca lc fro m stri a ted 

pa \'e m ents to fluted la ndscapes. If th e b ed is [l'eez ing or 

me lting, th ese fea tures a re mos tl y confined to th awed 

pa rts in a m osa ic o f th a \\'ed a nd Il'oze n p a tches where 
freeze- th aw q ua rrying p rodu ces a pitted la ndsca pe o f 

la kes a nd hill s elonga ted in the direc ti o n 0 [" ice now. If 
shee t fl ow becomes stream fl ow towards th e ice m a rg in , 

se lec ti ve linea r erosio n produces fo re-d eepcned trough s 

benea th ice streams a nd th e erod ed m a te ri a l is d eposited 

a lo ng g ro unding lin es b eyond whic h m a rin e ice stream s 

becom e a fl oa t or is d ep os ited as lo ba te m o ra in es whe re 
terres tri a l ice stream s end on la nd . Sugd e n a nd Jo hn 

( 1976 ) d escribed th ese va ri o us g lac ia l la ndsca p es in d etail 

a nd th e m echani sms th a t produ ced th e m. 
Basa l trac ti on th a t p rodu ces g lacia l la ndsca pes is 

re prese n ted by basa l sh ear stress TO d e fi n ed as th e prod uc t 

of ice d e nsit y PI, g ravita ti o na l acce lera ti o n gz, ice 
thic kn ess hI an d ice-s u rface slope Cl' fo r a coordina te 
sys te m in whi ch x is ho ri zo n ta l a lo ng fl o v.-lines a nd z is 

\ 'e rti cal 

(3) 

Crosswald and H ug/zes : Pa/eog/aci%gy's grand unsolved problem 

Tce eleva ti o ns a long sur face nowlin es o f an ice shee t 

can be compu ted [l'om Equ a ti o n (3) by writing i t in th e 

following nume ri cal form 

(
TO) !!:.x ( TO ) L'lx h iH = hi + - -- = hi + --- --

. hi i PIg, h - hR i Pig, 
(4) 

where Cl: = !!:.h / !!:.x, !!:.h = hi+l - hi is the c h a n ge in ice 
ele\'a tio n in co nsta nt step leng th !!:.x a long a fl owline 0 [" 

leng th L di\·id ed into L / !!:.x equ a l steps fro m th e ice 

ma rgin to th e ice di vide, intege r i denotin g th e step , bed 

e ln'a ti o n hR =h-hI a nd [To/(h- hR)]; m ust b e 
specifi ed a t eac h step. G lacioisos ta ti c depress io n 0 [" the 

bed lowers th e surface from e le \'a ti o l1 h to e leva ti o n h* 
abO\'e sea level a nd lowers the bed from hR to hR * a bO\'e 

or below sea le\·el. Taking r as th e ra ti o of th e lowered 

surface to th e lowered bed 

h* - hR 
1'=---­

hn - hn * , (5) 

it ca n be sh own th a t Equ a tio n (4 ) beco m es (Hug hes, 

1985 ) 

* * [ TO ] !!:.x h i+l = hi + I --

(I + r) h* - (1 + r)2 hR i PIgz 
(6) 

a nd th a t hR * is li nkcd to hR for prese nt-d ay to p ogra ph I' 
o r ba th ym e try b y the ex pressio n 

I 

hn* = (1 + r)2hn - r h' . (7) 

If PI = 9 17 kg m 3 fo r ice d e n si ty a nd PR = 3600 kg m- 3 

fo r the m ea n d e nsity of th e E a rtb 's m a ntl e , isos ta ti c 

equilibrium requires th at 

PI ,. = 1'0 = ~ 
PR - PI ~"3 ' 

(8) 

T a kin g to as th e tim e co n s ta n t fo r g lac io isos ta ti c 

compensat io n b e nea th a n ice sh ee t, the valu e o f r for a n 

ice shee t ach-a n c ing o\·e r tim e t is 

r = ro[l - exp ( - t /to)] (9) 

a nd th e \ 'a lu e o f r for a n ice sh ee t re trea ting ove r time t is 

T = Ta PXp ( - t / tO) (10) 

where r" is t h e \ 'a lue of T in Equ a ti on (9 ) w he n a d va nce 

ends a nd re trea t begins. 

Equ a ti o n (6 ) is a n initi a l- va lu e finit e -diffe rence 
rec ursive fo rmul a . The ini tia l va lue is grounding-line ice 

thi ckn ess ha fo r i = 0 a t a marine ice ma rg in fo r whi ch 

th e co ndi tio n fo r ice just b ecoming a noa t in wa ter of 

d ens it ), pw a nd d epth h\l" is 

(11) 

Th e initi a l valu e is ice thi ckn ess hi a t i = I fo r th e first 
!!:.X step in [l'om a terres tri a l ice ma rg in fo r whi ch 

hI = hI = !!:.h a nd Equatio n (3 ) ca n be integra ted for 

Cl: = !!:.h / !!:.x a nd co nstan t TO to gi\'e 

(12) 

323 
https://doi.org/10.3189/S0022143000016208 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016208


Joun/al (!f Clariolog), 

Th e finite diffe re nce IS Lh-. Th e rec urSJ\'e fea ture o f 

Equa ti o n (6 ) is th a t, o nce th e initi a l hi is spec ifi ed b y 

e ith e r Eq ua ti on ( 11 ) o r Equa ti o n ( 12 ) . hi-t-l fo r th e nex t 

step is calcu lated readil y a nd beco m es h i fo r calcula tin g 

h i+[ in t he lo ll o \\ 'ing step, a process th a t rec urs along a 

fl ow lin e o flcn g th L until ste p i = L I ,1x a t th e ice di\ ' id e . 

~lodifi ed Euler o r Runge Kutta so luti o ns o f Equati o n (6) 
a re a nl il a bl e to red uce th e d epend e nce o f' h on th e le n g th 

Lt I' o f steps . These sol u ti o ns introd uce a co rrec ti on fac to r 

th a t d e pends on ,1x a nd th a t ca n b e a p pli ed to Equ a ti o n 

(6) if it is so h-ed direc tl y usin g a pocke t ca lcul a to r a nd a 

g i\ 'C' n ,1.1'. 
With \',lIu es of hR a t each ,1x s tep obta in ed fro m 

to pog ra phic o r ba th ym e tri c m a ps o f th e deg lac ia ted 

la ndsca pe a nd nl lu es of T obta in ed fro m Equa ti o ns (9 ) 

a nd ( 10 ) (o r spec ified times of g lac ia l a d vance o r re trea t, 

o nl y TO must be specified a t eac h ,1x ste p in Equ a tion (6) in 

o rd e r to reco nstru c t ice ele va ti ons a lo ng fl owlines of fo rm e r 

ice sh ee ts. Va lu es o f TO d epend on ice \ 'cloc ity a nd o n h o \\' 

froze n a nd thall'ed a reas a rc di stribut ed O\'e r th e beel. Since 

TO is a m eas ure o f bed traction. TO is nil benea th ice di\·id es 

\I'h e re ice is ba reh ' m O\'in g an d I)('n ca l h icc strea ms \\'h e re a 

laye r o f basa l \I 'a ter o r mu ck g rea tl y reduces trac ti o n . In 

be t\l 'ee n , TO increases from th e ice di\·id e to th e ice strea m . 

heca use ice \ 'cloc ity must increase in o rd er to tra nsp o rt ice 

acc umul a tin g o n th e ice-shcet s urface . rf sh ee t n OlI' 

co ntinu es to th e ice m a rg in , TO \\' ill increase in th e 

acc umul a ti on zo n e a nd decrease in th e a blation zo n e, 

because ice \'C loc i t y increases a nd th en d ccreases as ice is 

ga in ed by acc umul a ti on or los t by a bl a ti o n. 

Th eo re ti ca l \ 'a ria ti o ns of TO fo r shee t no\\' al o ng a n ice 

fl o wlin e ha \'c bee n d e ri\ 'Cd fo r \'a ri a ble acc umul a tio n a nd 

a bl a ti o n ra tes, \ 'ari a ble com 'C rge nce a nd di\'erge n ce o f 

fl o \\ ', a nd \ 'a ri a ble frozen and th a \\"Cd basa l conditi o ns 

a lo n g th e OO\l·line (Hug hes, 1985 ) . G sing acc umulati o n 

and a bl a ti o n ra tes for m a rine ice d o m es on th e Euras ia n 

Arc ti c co ntin ent a l sh e lf spec ifi ed b y Hug hes ( 1985 ) , a nd 

using th e g lacia l geo logy in Fig ure 4 to spec ify con­

\ 'C' rg cn ce o r di vergen ce of fl o \\' a nd fi"oze n o r th aw ed b asa l 

conditi o ns, th ese th eo re ti ca l TO \ 'a lu es ca n be ca leul a ted 

a nd used to compu te fl o \di n e -el e \'a ti o n pro fi les in 

Eq u a ti o n (6) fo r sh ee t fl o \\' . 

Fo r strea m fl o \\' a lo ng leng th Ls o f a fl o \\'lin e of le n g th 

L , th e counterpart o f Equa ti o n (6) . using a n impro \ 'C'd 

\ 'C' rslo n o f th e a n a l ysis by H ug hes ( 1992 b ) , is 

[ ~ ] PI PI\'-
h i+l = h i + (1 --) (- ) 

PI\' PI 

. [riC h - hR )i - (h - .hR)/(R.f.l* " - l I AIl);(U.rJ'');II ] ,1x 
a.1: + holio 

+ ____ .. _ + 1 + __ ' _' ,1x 
[ 

2 (,1u rL" ) (Ti()) . 2(T,).] 
Pig: ,1x i Plg:(h - hR )i PI9zW i . 

(13) 

\I·h ere ci is th e ice-acc umu la ti o n ra te , ho and Uo a r e ice 

thi c kn ess a nd \ 'eloc ity (nega ti\ 'C fo r x positi\'e ups trt'a m ) 

a t th e foo t of th e ice strea m , W is th e width of th e ice 

strea m , R.r.,* r epresents th e stress fi e ld , u r ,.' is th e 

lo n g itudinal d e\'i a tor stress, ,1u.l.,.' I ,1x is longitudin a l 

d e \ ·ia to r stress g ra di e nt. TO is th e b asal shea r stress, Ts is 

th e s id e shea r s tress, A a nd n a rc th e h a rdness pa ra m e ter 

a nd th e \'iscopl as ti c para m e te r in th e N ye ( 1953) fl o w la \\ ' 
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(
PI ) (p\\-) 2 

1 - fJ\\ ~ (14) 

TO is g i\'e n b y 

_ ( PI\') 1111 / (2/11 + 1) 
TO-T,. I --

PI 
(15 ) 

_ (P".) 1111 / (2111 + 1) 
T, - T,. --

PI 
(16) 

PI is Ice d ensity , (J\\, is \\'a te r d ensity , PI is basal ice 

prcss urt', p\\, is basa l w a te r press ure, T ,. is th e \ 'isco plasti c 

yi eld stress of ice a nd m. is th e \'isco pl as tic para m e te r In 

th e W eertma n (195 7) sliding la \\' o r ice, m odili ed to 

includ e sliding on so ft w a te r-soa ked seclim e nts or till. 

Equ a ti o ns ( J3) a nd ( 1+) a re res ults o f th e mass 

ba lance and th e fo rce b a la n ce . Equ a ti o n ( IS) ass um es 

th a t bedroc k bumps \\ 'hi c h control th e sliding \'e loc it y fo r 

shee t fl o \l ' O\'er bed rock b ecom e p rogressi\'cl y dro \\'ned b y 

basa l m e lt\\'a ter o r bl a nk e ted b y e as il y 'd e lo rm ed 

sedim e nts o r till fo r strea m fl o \\'. Equ a ti o n ( 16) ass um es 

th a t sid e sh ea r increases in pro porti o n to th e d ecrea se in 

basa l sh ea r. A soluti o n fo r th ese equ a ti o ns is o bta ined b y 

ass umin g th e fo llowing \ 'a ri a ti o n of p\\' 1 Pr al o ng norm a l­

ized le n g th xl Ls of th e ice s treams 

(17) 

\I·here h,,- is th e heig ht to \\ 'hi ch p \\, w o uld ra ise basa l 

\I'a te r in a n im agin a r y b oreh o le thro ugh ice o f thi ckn ess 

hi , a nd 0 < c < 00 re presents th e spec trum of basa l 

buoya n cy al o ng leng th L s of strea m fl o \l th a t com 'e rts 

shee t fl o w (c = 00) to shelf fl 0 \I' (c = 0 ), with :r = Ls a t 

th e head a nd x = 0 a t th e foo t of th e ice strea m. F o r 

ani\'(' ice s trea ms, 0 < c < 1. For inac ti \'e ice strea m s. 

1 < c« =. 
In a ppl y in g Equa ti o n ( 13 ) a long 1l00dines d e termin ed 

by th e g lacial geology in Fig u re 4, th e ,1 erJ'.l' , I /J. J.· te rm 

ca n be ig n o red beca use, except nea r the g r o unding line. it 

is sm a ll compa red to th e o th e r te rm s \\-h en er.n ·' is g i\ 'en b y 

Equ a ti o n s ( 14 ) a nd ( 17 ) , th e 7" te rm can be ig no red 

exce pt in th e fj o rd s o f N o rway a nd S\'a lba rd , where 

(h - hn )i is n o t insig nifi cant comp a red to Wi, R.,..r' ~ 1 if 

Wi d oes not \'ary g reatl y a long Ls, Tv ~ lOO kPa fo r 

visco pl as ti c yielding in sh ear , Ls fo r a cti\ 'e icc steams is 

th e le n g th of a n inte r-i s la nd ch a nn el o r a subm a rin e 

tro ug h fo rm erl y occ u p ied by a n ice stream, c is chose n to 

g i\'e th e same ele\'a ti o n a t th e ice di\·ide for fl o \\'lin es 

d O\\'Il o ppos ite fl an ks o f th e ice di vide, a nd liO is obta ined 

from th e mass Oux of ice h a \ ' in g thi ckn ess 11,0 a nd \I'idth Wo 
a t J; = 0, as specifi ed b y th e m ass b a lan ce fo r ice 

co n\'e rg ing on th e ice s tream. 

Th e g lac ia l geo logy in Fig ure 4, a nd the ice-shee t 

reco ns tructi o ns in Fi g ures 5 a nd 6 that a r e b ased upo n it , 

a re added to th e m a p o fthc Arc ti c R egio n , sh ee t 14 of th e 

wo rld 1 : 5 0 00000 se ries o f to pographi c a nd ba th ym etri c 

ma ps produced b\· th e A m e ri ca n Geographica l Soc ie ty. 

The isos t a ti ca ll y d epressed to pogra ph y a nd ba th ym e try 
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be nea th t f lTestri a l a nd m a rlll e co mpo n e nt s o r th t' 

reconstru c tt'd ict' shee ts a re o btained fo r T = rH a t f = f " 

in Equ a ti o n (9 ) , U ppe r a nd 1011'e r limit s o r t" ma y bc 

15 ka > f " > 5 ka, sin ct' thi s brac ke ts th e spac in g o f' 

H t'inri c h e lT nts fo r g lac ia l unloadin g oC L a urenti ck icc 

in th e .'io rth Atl a nti c (Bo nd a nd oth crs, 19 9 2 ) , Sca lel,t'1 

began to ri se r a pidl y abo ut 14 000 yca rs a go (Fairba nks, 

1989 ), after II'hi ch m a rin c ice d om es o n th c Eurasia n 

contin t' llta l shelf ll'ould h alT begun to colla pse if' th eir ice 

strr am s b ccam c a noa t o n a bed th a t slo ped up"'a rd 

seall'a rd (Tho m as, 1977 ) , H th e icc strea m s bccame anoa t 

o n a Iw c! that sloped d O\l'nll'a rd sea ll'a rc! , th c m a rin e icc 

d OIll("s \l' o uld haI'C rem a in t'd s ta ble d es pi te ri sing sea lelTI 

a nd fa w o uld be lo nge r. An y fa I'<du es a re te nu o us, sin ce 

th ey ass um e co mplet c r e bo und f'o ll o ll' in g co mpict e 

co ll a pse o f' t'a rii e r m a rin e ice d om es , This condi tio n 

ex ists o nl y a t th e bcginnin g o f g lac ia ti o n cyc les, 

For a n Arcti c ice shee t , th e Arcti c O cca n lI'ould be 

COl'ered b y a n ice shrlf' ra th e r th a n by thi c k sea ice, The bcs t 

el' idence fix an ice shrlf is a n abi o ti c Arcti c O cea n rrom 32 

to 13 kit BP (pt' rso na l communica ti on f'ro m G, .J ones , 1993 ) 

a nd lin ea r ict' ploll'lllarks across th e subm a rin e saddle 

betwee n Y e rm a k Platea u a nd Sl'a lba rd (\ ' og t a nd o th ers, 

199+) , Th e ploll'lllarks a re para ll el. tre nd southwa rd a nd 

arc a t lI'at c r d epths fi 'o m 850 to 1000 m, \\ 'c th erei() re put 

th e icc-shel f g ro undin g lin e a t th e 1000 a nd 750 m 

ba till'm c tric conto urs nonh a nd so uth o f Y e rlllak Pl a tea u , 

respectilT ly, lIith th c thi c kncss chan ge be in g ca uscd b y 

cO lllprcss ilT co nl't' rg- in g fl o ll' becoming ex te nding- di l'crgin g 

fl olI' as th c icc shell' m Ol'ed through Fra m Stra it bc tllTc n 

Greenland and SI'alba rd, These depth s place ice-shc ll' 

g- roundin g lines on th e ,\ret ic co nlinental s lupe , a Ill'd th a t 

slopes d Oll'nll'ard sea lI'a rd , a nd therefore lI'o uld sta bi I izl' 

ma rin e icc d o mes a nd increasc I", ,\Iso, th c spac in g of'B ond 

cyr les te nds to be longc r carli er in th e las t g lac ia ti on cycle, 

so marinc ice dom es ca rli e r in th e cyc le m ay ha lT hadlll o rc 

tim e to g ro ll', 

Th e g la c ia l geo logy in Fi g ure + a lloll's lll'O reco nstru c­

ti o ns o f' m a rin e ice d o m cs o n thc Euras ia n I\rni c 

co ntin c nt a l shclf Th e rcco nstru cti ons in Fi g urt's .'i a nd 6 

arc o btain ed [o r rcs pec til 'C sno ll'-line 101l'C rin gs 01' 1000 m 

Cor th c L as t Gl ac ia ti o n and 1200 m fo r the m ax imum 

Pkistocc ll e g lacia ti o n Pt' II'(\ 1975 : Broec kc r a nd Del1lo n, 

1989 : P e lto, 1992 ), Bo th reco nstructi o ns a re ob ta ined 

li 'o m prescnt-dal' prcc ipitati o n rat es, w ith i " = 20 ka in 

Equ a ti o n ( 10 " all o ll'in g 20 000 yea rs o f g l'()\\' th to 

co nfo rm lI'ith th c hi g h-l a titud e hcmi-c),c lc o f' in sola ti o n 

d o minated b y th e +1 ka cyc le of' th e Earth 's ax ial till. 

Insola ti o n is ass umed La control snoll' lines , Snow-line 

lowerin g ex p a nd s ex istin g is la nd ice ca ps in th e eastern 

a ndnonh e rn Barents S t'a , H OII' el'Cr, th esc icc caps ca nn o t 

ach 'an cc into th e ccntra l Barc nts Sea until sca icc g- ro unds 

in lI'ater 0 \'('1' 100 m dec p, E I'{' n th en, th c size 0 1' ice ca ps 

on ' r Sl 'albard a nd Fra nz .l ose r La nd is limit ed b y icc 

streams that dCI'('l o p in fj o rd s, int l'l'-i sland c hannels ane! 

sul)marin c tro ug hs on nea r!I' a ll sid es , Th cse ice caps a re 

continuo usly d o\\'n-dr<lll'll b y th e i(' e s treams so th ey 

nCIT r ex p a nd mu ch beyo nd th ese is land g ro ups, In 

contras t , icc ca ps on tll(" is lands or Nm'aya Zeml ya , th e 

.\I ell' Siberi a n [sla nds, \\ ' ra ngcl Isl a nd and , to a lesser 

ex tcnt, th c isla nds of'S e l '(' rna ya Zcml ya , are mu ch less 

I'Ldnera blc to d own-draw by marine icc s treams, so they 

can be nucl ci fo r m a jo r marin e ice d om es , 

Croml'a/d and H llgheJ ,' Paleog/aci%gy's grand 1l ll ,lOlzw! jJl'ob/elJl 

GLACIA TION FOR SNOW LINES 1000 In LOWER 

Fig ure 5 sho ll's th e ext ent o f' m a rin e Euras ia n g lac iati on 

after 20000 yea rs fo r prt'se nt-cl ay prcc ipit a ti o n ra tes w hen 

prese nt-day s no ll' lines a rc 101l'C rccl b y 1000 m, A ccordin g­

to th e hi g hl a nd-o ri gin , lI' inclll'a rd-g roll,th h yp o th cs is 

(Flint. 19 71 ) , th c present-d ay ice cap o n Nm'a ya Z eml ya 

is th e mos t pro b a ble nu clcus fo r a m a rine ice d o m e in th e 

Ba rt' nts Sea, ~l o i s ture-bea ring lI'('s terly lI'in cls. a lo ng lI' ith 

sh a ll oll' lI'a le r o n th e wes t a nd d ec p lI'a ter o n th e cast, 

lI'o uld a ll o ll' thi ~ ice ca p to ach 'an ce into tlt e Ba rc nts Sea 

bUl no t into th e K a ra Sea , ,\ m a rin e ice d om e lI'o uld then 

d elT lop in th e eas tern Ha rc lll s Sea a nd mnge lI'ith a 

sm a ll e r ice d o m e ol'e r SI 'a lba rd and lI'ith th e S candin­

a l 'ia n ice sh ee t a t the Las t Gl ac ia l ]\l ax imul1l , I cc fl'om 

this Ba rr nts ice domc lI'o uld fl ow in to the K a ra Sea , 

foll oll'ing g lac ia l through 1'<l II t'ys alTOSS N OI'a >'a Z eml ya 

a nd th en fa nning o ut , fl o ll' in g no rth wa rd as icc s trea ms in 

S a int ,\nn a T ro ug h a nd \ 'o ro nin Trough , fl oll'ing 

cas tll 'a rd ac ross Sl'I'(' rn a> a Z e ml ya a nd 1I 0 ll' ing so uth­

lI'a rd in g lac ial thro ugh I'a ll cys o n th e Taim y r P c ninsula 

a nd in th e es tu a ri cs of' th c Y e ni sel' Ri lTr a nd th e O b 

Ri l 'er, :'Ilos t o f' th e ice mOl' in g lI'l's tll' a rd f'ro m th c Ba ren ts 

ict' d ome w o uld e nter a g ia nt ice strea m in Bea r Isla nd 

T ro ug h , Ice m Ol'ing to th e no rth wes t lIo uld e ntCl' ice 

s treams in th e s ubm a rin e tro ug hs a nd int e r-i s la nd 

c ha nn els o f Fra nz J ose I' La nd a nd SI'a lba rd , l (' e 1ll 00 'in g 

to th e southllTs t lI'o uldtra nsgrcss o n to th e no rth Russ ia n 

Pl a in a nd , af'te r re trra t ol'Sca ndil1 <11 ' ia n ice , o nt o th c K ola 

P e nin sul a , Fig ure 5a SllOII'S th cse 11 011' pa tl nllS, fe) r 

compari so n lI'ith th e glac ial geo lop; ica l noli' indi calO rs in 

Fig ure +, Th e poo res t m a tch is n ca r th e era l .\[ o unta ins, 

w here th e g lac ia l g-co lo,g> sho ll's icc mOl'in g so uth ll('s l­

lI'a rd I'rom th c K a ra Sca, not f'ro m th c Ba re nts S ca , The 

cl epos i ti ona l II-ed gc o n th e conti nc n ta l slope o f' th c lI'cstern 

Ba rellls Sea in Figu re -I \las s uppli ed by th c la rge i('e 

strea m in Bear Is la nd T ro ug h , 

In th e Ea s t Siberi a n Sea, a marine icc d o m e d CI-e lopcd 

01,(, 1' the \TCII' Siberia n Isla nds, It m e t icc fi 'o m th e Ba rents 

ice d ome in tlt e La ptel' Sea , produc in g a lOll' saddlc on 

th c ice clil'id e , Eas t Sibni a n icc 1ll 00Td so uth wa rd across 

th e Len<l RiI'CT delta andth c Y a no Indig irka L OlI'la nd as 

fill' as Pro nc hi sc h cl' Rid g-e a nd Po IOLI, nl' Rid ge , acco rding 

to o ri cnt ed lakes a nd glac ia l t l'c t o ni c~ (sce Fig, 3 ) , The 

Eas t Sibcri a n d o m e ex te nd e d to tlt e ed gc 0 1' th e 

contin enta l shelf' in th e no rth a III I lo rm C"d a sa ddle lI' ith 

th e Chukchi d o m e in th e eas t. Fi g ure 5b sho ll's th e icc­

fl o ll' pall t' rtl , fo r compari so n lI'ith g lacia l geo logica l 11 011' 

indi ca to rs in Fig ure -L Fea tures II 'C a ttribule to glacia l 

tt'c toni cs a rc southll'a rd a bo ut a n icc dO lll e no rth o f' thc 

i\'CI\' Siberi a n Islands a nd impl y n o rthll'ard rc trcat o r th e 

icc d ome durin g d eglac ia ti o ll, If confirm ed, thi s is I'urther 

c I'idcnce 10 1' s ta b le g ro undin g o n th e co ntin e ntal slope, 

Th e d epos iti o n a l lI'Cdge Oil th e contin cnt a l s lo p e 0 1' th e 

Lapt cI' Sea mal' be form cd as th e scciimcnts o r th c L cna 

Ri I'C r icc-d a l1l111 ccll a kc IIT rc rcl C<lsedll'hen th e ice sacidle 

coll a psed , a nd th e I'a llel cross in g th e La ptcI' S ca shelf' 

co uld be erod ed b y o utburst nood s of"th a tl a ke , n o t b ) th e 

L e na Ri I'CT itself, as sug-ges tcd b y hi Uern ( 1993 ) , 

The C:hukc hi cl o m e pro babl y o ri g ina ted as an ice cap 

o n \\' ra ngcl Is la nd but a t th e L as t Glac ia l :'Ila x imum it 

lI'as ce ntc red in th e Chukc hi S e a , hal'in g g rown in th e 

dirt'('l io n o rm o isture-bea rin g winds fi'om Ber ing Stra it in 
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the genera l circula tion-model simula tion by l'vJa nabe 
a nd Brocco li ( 1985 ). ~larin e Chukch i ice sp ill ed over 
C hukchi Peninsula and through Bering Strait to produce 
g lac ia l tec tonics on S t. Law rence Isla nd and to end as a 
calving ice wall a long th e edge of the continental sh e lf in 
the southwes tern Bering Sea. Fie ld studies by H eiser a nd 
othe rs (1992 ) a nd by Brigham-Gre tte a nd others ( 1992 ) 
show tha t th e snow line during the Last Glaciation rose 
from 150 m high on Se. Lawre nce Island to 300 m high 
on Seward Peninsula and a subm a rin e ridge , possibly a 
m oraine, ex tended northeas twa rd from Se Lawrence 
I sla nd. These res ults li mit the transgression of Chukchi 
m a rine ice to the wes tern Bering Sea and to coas ta l 
A las ka north of Seward Peninsula , perhaps as far as 
Point Ba rrow, accord ing to oriented lakes. Ice from th e 
C hukchi dome may have spread over the Chukchi 
forela nd , where it wo uld have ente red ice streams in 
subm a rine troughs to the north a nd ended a long th e 
Northwind Escarpment to the eas t. Figure 5c shows the 
ice-flow patte rn for compa ri son with glacial geo logical 
fl ow indi cato rs in Figure 4 . The d epositional wed ge on 
th e continen tal slope in the south\\·es tern Bering Sea in 
Fig ure 4 may haye been supplied by the cah-ing ice wall 
in Fig ure 5c. Tra nsgression of th e m a rine Chukchi ice 
d o m e onto the northwes tern A laskan coas t sho uld 
isos ta ti call y d epress the coastli ne. R a ised beaches 10 
12 m high a re wides pread a long thi s coast and a re 14C 
d a ted as old er than 40 ka (H a milton and Brigham ­
G rette, 199 1). 

GLACIATION FOR SNOW LINES 12001D LOWER 

Fig ure 6 shows th e ex telll of Eurasia n glaciation after 
20000 yea rs for present-d ay prec ip ita ti on ra tes when 
present-d ay snow lines a re 1200 m lo\,ve r. This a llows 
the marine ice dome in the eas tern Barents Sea to 
continue expanding eas twa rd into th e K ara Sea a nd 
southward on to the centra l Siberi a n main land , eve n a ft er 
its ex pansion westward and nort hward had halted a t the 
ed ge of the Euras ia n Arctic con tin enta l shelf. Therefore, 
the Ba rents ice dom e migra ted southeas tward into th e 
K a ra Sea to becom e a K a ra ice d ome that was much 
la rge r and was able to engu lf hig hl a nd ice caps on T a im yr 
Peninsul a, Pu torana Plateau a nd Anabar Pla teau (see 
Fig . 3). Island ice caps on Severnaya Zem lya, nourished 
by moi sture-bea ring wes terl y wind s, co uld exp a nd 
westward and thereby contribute to forming a m a rin e 
K a ra ice dom e. K ara ice could then spread eastward 
ac ross Severnaya Zeml ya and through Boris Vilkitski 
Stra it in to the L apte\· Sea. K a ra ice could also spread 
westward in thro ug h \·all eys across Novaya Zeml ya a nd 
c ross th e Baren ts Sea. ending as a n ice stream in Bea r 
Isla nd Trough, as ice streams in subm arine troughs a nd 
inter-i sland channels in the northwes t Barents Sea and as 
ice lobes (a llowing ri\·e r va ll eys on the north Russ ian 
Pl a in , K ara ice moving northwa rd wou ld have entered 
ice streams in Saint Anna Troug h a nd Voronin Trough, 
K a ra ice moving south ward wo uld have fo ll owed the Ob 
a nd Yenisey River es tua ri es into th e central Siberia n 
Lowl and and followed glac ia l through valleys in Taim yr 
Peninsula to continue across the Putorana Pla teau a nd 
th e Anabar Pla tea u. Figure 6a shows these fl ow pa tterns 
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for compari son with g lac ia l geological flow indicators in 
Fig u re 4 , Th ere a re no m aj or disc repa ncies . 

The marine ice dome o\,e r the New Siberian Islands in 
the East Siberian Sea wo uld ha\'e adva nced south\nlrd to 
the foo thills of mounta ins in northeaste rn Siberia if snow 
lines were 1200 m lowe r. T herefore , we located th e 
so u th ern margin of this ice dome a long the edge of th ese 
foothill s. I n parti cul ar, we ass umed tha t the Kolyma 
Ri ver was ice margina l at the glacial m aximum , so that 
its course today marks th e former ice m a rgin , and wc 
assu m ed that ice lobes occupi ed the va ll eys of th e 
Indigirka River and th e Ya na Ri ve r. If tru e, the glac ia l 
geo logy produ ced by th is ad\ 'ance is now buried under 
yedoma d eposited in ice-d a mmed lakes during ice retrea t. 
In th e La ptev Sea, th e ice saddle between the Kara ice 
dom e a nd the Eas t Siberi an ice dome was both higher 
and broader when marine ice adva nced to the so u th ern 
foo thills. For ice fl ow in g northwa rd from the East 
Siberian dome, \Ve located the ground ed ice margin at 
th e 1000 m bathymetric contour west of Lomonosov 
Ridge a nd at the 1500 m bathymetric contour east of 
LomonosO\· R idge, since a n ice shelf 1500 m thi ck in th e 
Canadia n Basin of th e Arctic O cean co uld not cross 
Lomonoso\' Ridge with o ut thinning by 500 m , Figure 6b 
shows th ese Om\' patterns for compariso n \\·ith glac ia l 
geo logical fl ow indi ca to rs in Figure 4, Disc repa ncies a re 
minor a nd a re the sa m e as those noted for Figure 5b. 

Th e C hukchi dom e is enl arged by moistu re-bea ring 
winds from the North Pac ifi c and i t expands in that 
direction, if snow lines a re lowered by 1200 m. Mounta in 
glacia ti on in north eas te rn Siberia and Alaska is a lso 
expand ed , In particu la r , g lac iat ion of the Anadyr R ange 
and the Koryak ~lountai ns in Siberia and the Brooks 
Ra nge in Alaska allow m a rin e Chukchi ice pouring ove r 
C hukchi Peninsul a, thro ugh Bering Strait and ove r 
Seward Peninsula to be unusua ll y thi ck because marine 
and mounta in ice merged , th ereby elimin a ting la tera l 
abla tion zones in th is region. Marine Chukchi ice wou ld 
th en have been abl e to a d va nce furth er southward across 
the Beri ng Sea. Judging from glac ial troug hs cutting "the 
co rners" of south easte rn Chukch i Peninsula , as we ll as of 
th e Navarin , Ol yntorski y and Govena Peninsul as (a ll 
three the sea\\·a rd promontories of th e Koryaksk iy 
Ra nge) , th a t ice probab ly im'aded th e d eep bas in of the 
Bering Sea, ending a, an ice shelf that ca lved in to th e 
Pac ifi c Ocean along th e Aleutian Commander Islands, It 
is worth m entioning that thi s fund amentally new concept 
of th e North Pacifi c g lac iat ion is consistent with th e 
sensa ti ona l di scO\'eries m ad e on leg 145 of the "J oides 
Reso lu tion" Ocean Drilling Progra m (Anon. , 1992 ) , If 
longi tud in al lakes and transverse ridges in the so uth ern 
Yukon d elta reveal glac ia l linea tions, the lower Yukon 
Ri \·er wou ld ha ve been ice margina l. In northern Alas ka , 
Chukchi ice may ha ve occ upi ed glacial through \·alleys in 
th e D eLo ng .Ylountains, entered the Beaufort Sea a nd 
transgressed onto th e Alaskan North Slope as far as th e 
Colville Ri ver, which wou ld ha\'e been ice marginal. A 
la rger Chukchi dom e m ay have advan ced to the 1500 m 
ba th ym etric contour in the Chukchi foreland . This fl ow 
pattern is shown in Fig ure 6c [or compa rison with the 
glac ia l geo logy in Fig ure 4. Oriented la kes in th e southern 
Yukon de lta are from th e Black and Kwig uk Qu adrangles 
of the Un ited States Geologica l Survey (USGS) topo-
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g rap hi c maps o[ Alaska , lI'hereas othe r orie n ted la kes 

d ep icted in Fig ure .f are from sa te ll ite image ry , W c ha\"(' 

more confid e nce in g il'ing a paleoglaciological interpreta­
tion to ori ented lakes in sa tellite imagery, because th e 

assoc ia ted geo morphology is 111 0 re el' iden t. Th rough 
I'a ll eys in the D eL o ng :-lounra ins a nd across Seward 

Pe ninsula a rc also fi 'olll uses to pogra phi c quadrangle 

maps, so our inte rpreta tion th a t th ese a re glac ial thro ugh 
I'a ll eys is ques tion ab le , \\ 'ith these resen'a ti o ns, the fl oll' 

indi ca tors in Fig ure ~ arc in reasonable agreem e nt with 

th e fl o\\' lines in Fig ure 6c. Raisedmarin r sho rr lin es up to 

60 m hi gh o n th e north ern a nd north wes tern Alaska 

coas ts, an d o f a ppare nt Plioce ne age (Brig ham-Gre tl r and 
C a rter, 1992 ), lI'ould be compat ible Il'ith g lac io isostat ie 

d e press ion by th e Chukchi ice d o m e in Fig ure 6 , W c 

pro pose that thcse ra ised sho re lines represented rebou nd 

a fter coll apse o f the cosmoge ni c nuclid es m ay id e ntify 

th ese shorelin es as Plei stoce ne fea tures, 

FUTURE RESEARCH GOALS 

Pa leD- ice shee ts controlled bl' prese nt-d ay precq)) tation 

ra tes fo r snow lin es either 1000 o r 1200 m lowe r and 

g rowing [or 20000 yea rs a rc, o r course, no t th e o n ly 

possibilities, Obl'io us a lternatil 'es arc to co nfin e grow th of 
paleo-i ce shee ts to o th er tim e sp a ns a nd to a ll O\l' different 

prec ipitati o n rates a nd other sno ll' lin rs, \[o re rea li sti c 

reco nstructi o ns Il'o u ld a ll oll' prec ipita ti on rates to c h a nge 

as an ice shee t ge ts larger and it increas in g' ll' c re a tes th c 

su rro unding meteorological cond i ti o ns. because it be­
comes th e d ominant gcograp hi ca l fea turc, It is a lso 

poss ible that , exce pt for the Ba re nts Sea, there was no 

ex tens il'C g lac iation of" th c Euras ian Arcti c co ntin en ta l 

sh e lf, es pec ia ll >' during th e Las t Glacial \I axilllulll, so 

there was no Arc ti c ice sheet. This possib ilit y h as the 
ach 'a nt age o f' fi-ce ing us from th e task of reco ns tru c tin g 

pa leD-ice shcets in the Ru ss ian }\ rCl ic but it m a kes no 

co ntributio n lO\\'ard stimu lating Quaternan' resea rc h in 

th ese remo te regions, in the h ope that kcys to under­
sta nd ing glo bal c lim a tic cha nge will be fo und th e re , 

\\'e cxpcc t that future resea rc h rela ted to th e Arc ti c 

ice sheet wi ll pro l 'id e nell' in sig hts into th e I'ery b asics o f' 

paleoglac iology , I t will in l"() h-e m ap ping the ma x imum 

ex te nt of m a rin e ice domes on Arc ti c con tin enta l sh e h-es, 

mapping a nd d a ting tht' s tag cs or th eir cl eg lac ia tio n, 
d e tcrminin g th e d yna mics o f iceberg a nd lac ust rin e 

o utbu rsts as ice d o m cs co lla ps cd a nd ice-da mm ed lakes 
II-ere drain cd , es ta bli shing wh e th e r the ice domes were 

conn ected across th e .\ rc ti c Ocean b y a fl oa tin g ice shell', 
locating the maj o r ice s trea m s that link ed rh em 

dynamica ll y to th e ice shelf. a nd d eterminin g how 

c h a ngcs in o nc secto r of a unified Arctic ice sh ee t 

a[lected ice d yn am ics in o th er sec tors, On a mo re ge neral 

scale, II'C I"ill lea rn Il'hether ex is te nce of' th e ice shee t 
compels recasting our knOll"l ed ge and und ersta nding o f" 
Quaternan' g lacial histo ry, In [ac t. th e pay-o fr m ay be a 

sc ic ntifi c rn'o luti o n in und ersta nding globa l clim a te a nd 

sea-I n'e l cha nges, es pec ia ll y ab ru pt c ha nges, 
Lcsso ns lea rn ed fi 'o lll stud y ing g lac iology's g ra nd 

unso h 'Cd p ro blem in th e Antarct ic ca n bc app licd 

direc tl y to und e rs ta nding paleog laciology's g ra nd un­

so h Td prob le m in th e Arct ic. D o ice strea ms ha\ 'e life 

Gro:,swald alld Hughes: Paleoglariologfs grand IIl/soh /ed jJroblelll 

cycles lo nger th a n but com para ble to surge cycles o["so m e 

m o unta in gla ciers? Pre limina ry studi es suggcs t th ey d o 

(C la rk e. 1987, Can th ese lire cycles produ ce icebe rg 

outbursts in th e North Atla nti c th a t co rrelate w ith 
" H e inri c h el'ents' 0 [" g lac iomarin e sedimenta ti on that 

m ay d ate cessa ti o n s of :\orth Atlantic Deep \\'a te r 

production a nd shut-downs of o\T rturning circulati o n ? 
This possib ilit y ex is ts ( .\Jaci\yea l, 1993) a nd th e ("('s­
sa ti o n s may tri gge r a brupt g loba l climate c h a n ge 
(H ughcs, 1992a ), H ow was th e dry interglac ia l ecolog­

ica l regime oCCcntra l A sia transformed b\' majo r ch a n ges 

in a rm osp heric c i rc-ula i io n and Il'a te r-I'apor tran sport 
e nsuing fi'om the .\ rc ti c ice-shect form a ti o n> \\'ha t ro le in 

th ese c ha nges was played by the I'ast proglacia l la kes 

impo und ed by th e ice sh ee t, espec ia ll y by their out burs ts 

during deglaciation? On th eore ti ca l grounds, onc may 
expect profo und (,co log ica l and g-eomo rph ologica l re ­
o rga n iza ti ons, 

\\ 'h a t a rc the a rc h eo logica l impli ca ti ons for peopling 

the Americas if th e Ber ing La nd Brid ge betwce n S ib e ria 

a nd Alaska Il'as periodicalh' bloc ked b ) a marine ice lo be 

ex te nding across Bc rill g" Stra it from a m a rine ice d o m c in 
th e Chukchi Sca? Our finite-clem e nt ice-shee t m od e l 

produces this lo iJc w ith o nly mod es t c h a nges of present­

d ay climate in Be rin g ia (Hughes a nd others, 1991 ) , 
Fin a ll y. hOll' rap idl y a nd hOll' soo n co uld a n Arcti c ice 
sheet Corm aga in? 

Ans\\'C rs to these compelling qu cs ti o ns arc hidd e n in 
th e Arctic, rorelllost in Arct ic Ru ss ia, W ith Russ ia n Ol" 

morc o pen to internat ional co-o pera ti vc scientifi c in\"Cs­
ti ga ti o ns than t'\ '(T bcl()rc,. dcfi niti n' a nswers to th ese 

qu es ti ons arc within reac h but timc may be runnin g o ut 
as lIT c lller a nClI' and perhaps a warmer century, J n 

particular, onc can spec ul a tc tha t if "gree nh o use" 

warming eliminatcd winter sea ice in th e LOll' Arc t ic, 

a ll O\l' ing g rea ter w inter prec ip ita tio n in th e High Arcti c, 

thickening sea ice in th e H igh Arcti c m ig ht grou nd on 

sha llO\l' Arctic co ntin c nt a l sheh-cs a nd impound rivers 
fl owing into lhe ,\ rn ic Ocean, The " W hit e Hole" mi g ht 

fo rm a lmost in stanta neo usly in th e d ecades ahead a nd 

e nclose an area compara bl e in size to th a t cOI'ered by an 

.\ rc ti c ice shee t at its m ax imum sta ge (sce Fig, I). ca us ing 

sea lel'el to dro p a lmost as fas t as it rosc during 

termin a ti o n or the las t g lacia l cyc le, Paleoglac io logy's 

g ra nd ullSoh-ed problem Ill ay be <lnS\\Tred much soon e r 
th a n lIT expect a nd b y N a ture he rself", no t bl' us, 

IMMEDIATE RESEARCH GOALS 

\\re d o no r need to wait until Nature a nswcrs pa leo ­

g lac io log>"s gra nd unso lved problem , ,\ 1 uch ca n be d o ne 

to d e te rminc whether o r no t an rc ti c ice shect existed in 

th e past a nd Il'ha t arc its implications f() r und ersta nding 

Qu a te rnary climati c c h a nges, including c ha nges triggcred 
by "greenh ouse" Il'a rm ing a nd a brupt c ha nges, 

D a ta ble ma tnials, including tu sks a nd tee th o f" 

\I'oo ll y ma mmo ths, are widespread o n the Arc ti c 
coastal plains o f Siberia a nd its ofT.<; ho re isla nds, a nd 

they arc typi ca ll y associat ed w ith bo th glacia l a nd 
m a rin e deposits , So ["a r, th ese m ateria ls a re o n ly 

s po radi call y d a ted and so me o[ th e sampl es Llsed fo r 

327 
https://doi.org/10.3189/S0022143000016208 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000016208


] ollma/ OJ G'/aci%g)' 

dating a ppea red to be contaminated and thus yielded 
spurious , mi sleading chronologies, Ob\'iously, thcse 
e hronolog ics should be subj ec ted to scr upul ous 
re\·ision. based upon sys te mati c da tin g and rc-dating 
of Siberian samples. taken in stratig ra phi ca ll y clea r 
silUarions, combining A?\lS I-Ie; da ting a nd sudi cia l 
dating or cosmogcnic nuclides whene\'er poss ibl e, A 
hi sto ry o r marine ice-shee t transgress io ns o nt o the 
Arcti c coas ta l plains ca n be unra\'cled b y this 
ch ronology-esta blish i ng program, 

D a rin g lac ustrin e deposi ts of th e former Y C'iogui 
ice-d a mm ed lake in rhe Y e ni sey Yall ey and a youngest 
morain e on th e north ern Taim\'J' Penin sul a are or 
high es t priorit\" as th eir ages would shed li g ht on the 
maximum ex tenr of th e last Kara ice dom e and the 
final stages o[ irs histo ry , 

Russ ian geo logists, es pecially those \\'o rking in 
Siberia , ha \'e accompli sh ed impress i\'C work on glac ia l 
a nd Qu a te rn a ry lithology , s tra tigraph y, pal eontolog\', 
a rcheology and gcocryo logy, HO\l'e\'e r , g la cia l gco­
morphology, \\'hi ch is mos t import ant for p a leoglaciol­
ogical reconstru ction s, has no t similarl y ad\'anced, 
H ence , a specia l g laciogeomorphological program 
should a lso be considered , Specifically, the ex isting 
ma ps o f' cnd moraines. ice -shO\'Cd fea tures a nd ice­
motion-direc ti ona l proxies, suc h as g iant g lacial 
groo\ 'es, drumlins and 0 u tes, should be \'Crified and 
impro\'(:d on th e basis o f' a ir-space im ages a nd fi eld 
rcconnai ssances, We sugges t that spec ia l a tte nti on be 
pa id to the Arctic "orie nted la kes" as a particular'" 
promi sing tool of'i ce-shee t reco nstruct io ns fo r Siberia, 

?\larine scienti sts are o n th e \'erge o f' a major brea k­
through in studi es of th e d eep Arctic O cean, We 
expect that th e st udies of unusua ll y thick sed iments 
blanke ting th e ocea n 000 1' would yield e \ 'id ence for 
past g lacial- interglacial cycles , In this com ex l. \I'e 
should be read\' to co rre la te the glac ia l r ecords f'rom 
the Arctic contincntal sheh'es or Eurasia a nd the 
Eurasia n m ainl and wi th th ose of'th e ocean , especia lly 

in ArCli c basins just beyo nd troughs o n the Arctic 
contin ental shelf' th at are th c most probabl e sites for 
ice strea ms th a t drained th e marine ice domes, 

Th e o ri g in or th e ice-ri ch un conso lid ated sed imcn ts 
blanketing th e Arctic coas ta l lowlan ds in north eastern 
Siberia and northern Alaska is st ill unclea r and 
debatable, '\Iean\\'hil e . th ese sed iments, conta ining 
e rrati cs a nd taken eith e r fo r signa tures of' eusta tic 
m a ri ne transg ress ion or (o r lacust ri ne seq uences 
form ed in ice-d a mm cd la kes. may testify as to 
\\' he th e r th ese 10\l'Ia nds d e\·e loped under d om i nall ce 
of' marine ocea ni c tra n sg ressions a nd regressions 
(" dilu\·ia li st ic" scena rio ) , o r ex perienced rec urrel1l 
g lacia ti o ns by a marinc ice shect g rou nd ed on the 
Arctic co ntin enta l she lf'. Th e la tt e r "glac ia li st ic" 

scena rio seems more predi c tab le for the Hig h Arctic, 
\I 'hich c \'en today is jus t ha lf'-\l'a\' bct,,'een Ice Age 
a nd inte rg laci a l conditi ons, espec ia ll y the broad 
co ntin e nta l shel\'es and g lacia ted island s of' th e 
Russia n Arctic, 

328 

Th e nea rl y co nLIllU OUS raised ma nne sho relines 
a long the n o rth,,'es t Al as kan coast arc o ld er th an 
40 ka BP (H a m i I ton and Brigham-Grctte, 199 1) , This 
coas tlin e should be dated using ex pos ure dating with 
cosmogen ic nu clides to determine \I'heth er ice ri'om 
th c marine Chukchi ice dome rransgressed o n to thc 
Alaskan mainland during the L as t Glaciation, 

Holocene raised beac hes are 10\1' or absenr on 
Ru ssian Arcric isla nds IJu t a re hi g h and widespread on 
Canadian Arctic isla nd s, This implies that eithcr 
m arine ice d o m es were 10\1' or absent on the Russ ian 
Arctic continenta l shell' but not on the Canadian 
Arctic co ntin e nta l shelf durin g the L as t Glac ial 
?\Iaximum, o r Cl fl oa ting' ice shelf' o r percnni a l sea ice 
pre\'ented th e wave ac ti on need ed to form beaches in 
th e Russian Arctic until the late H olocenc, The second 
expla na ti on is th e case in Antarctica, where th e la te 
Wisconsin marine icc sheet o n th e R oss Sea con­
tinenta l she lf' reached 700 m abo\'e present-day sea 
le\'C1 on R oss island an d along th e nea rb y Tra nsa I1l­
arctic M o untains, an d \\'as O\'er 1300 m thick in 
.\l c.\ I urdo Sou ne! yer ra ised beac hes a re lo\\' o r a bse l1l 
(Stui\'Cr a nd ot hers, 198 1) , Thi s region li es just north 
of' the ca h'ing ri'ont or th e Ross Ice Shelf', which has 
rctrca ted during the Holocene and perennial sea ice 
ex tends to most shorelin cs e\'Cn today, Systema ti c 
g rin·it\, measurements should be made in the Russian 
Arctic to see ,,'hether a pattern or ncgari\'c ano m a li es 
ex ists th at is com patible with rhe marine ice domes in 
Figures J a nd 6 , l[it is, thcse ice domes proba bl y existed 
during the L ast Glacial i\J aximum and ice g roundcd 
along H oloce n c shorelines pre\'Cnted beac hes from 
[orming during post-glacial isostat ic rcbound, 

DISCUSSION 

\\'e ha\'e a\'oid ed assignlllg tim es to the marine ice sheets 
recons tru cted in Fig ures J and 6, These rcconstructions 
arc const ra ined by geomorp hology a nd not by d a tes , Both 
reconstructions a ll ow the iee sh ce ts to g row [or 
20000 yea rs for sno \l' lines lowe red by 1000 and 1200 m, 
respec ti\ 'el;" \\'e expec t th e marine ice shee ts to (o rm 

whencwr these co nditi ons pre\'ailcd during th e Quatern­
a r y, Specifically, since oxygcn-isotope records durin g th e 
las t 800000 yea rs re\'ea l glac ia tio n cycles las tin g a bou t 
100000 years eac h , with no grea t di fTcrcllces in ice \ '01 ume 
[rom one g lac ia l maximum to th e next if oxygen-i so tope 
ratios arc a reliable ice proxy (H ays a nd oth ers, 1976 ), we 
bclie\'e th a t ei ther reco nstruc tion is possi ble for a ny 
Pl eistoccne g lac ia l maX llllUlTl. Furihermorc, n e ith er 
r eco nstruction h as a tta in cd a stcad \' sta te for our 
specifi ed mass balance, If' tim e ,,'as su ffi cien t, a sno\\' 
lin e 1000 m lower would cOll\ 'e rr the Figurc 5 recon stru c­
tion into the Fig ure 6 reconstruction, and a sno ,,' lin e 
1200 m lower ,,'ould make the Fig ure 6 reconstruction 
e\'en largc r, so th a t ice in Figu re 6a would adntJ1ce into 
the Ukraine, a nd ice in Figure 6b would reach th e Sea of 
Okh otsk, The geom orph ology in Figure 4- indica tes th at 
time \\'as not sLifTi c ient to produce a steady-sra te ice sheet 
in Arctic Eurasia, Th e act ual limits of' g la c ia ti on, 
espec ia lh' during the last g lac iation cycle, will he 
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es ta bli shed no t by computer mod e ls but by careful a nd 

sustained fi eld \I'ork using th e lat es t dating method s. 

Howe \'e r , o ur m o d e l simul a ti o n s alert us to th e 

possibilities. 
Th e ice-shee t reco nstru ction in Fig ures 5 a nd 6 a rc 

based on th e \'ie \\' th a t sno\\' prec i pita tion born e by 

wes te rl y \\'inds was h ea\ ')' on th e weste rn side of" Nova),a 

Z e mlya a nd li ght o n th e eas tern side , a ncl an ice d o m e 

\\'o uld mi g ra te ea st\l"£lrd mT r ~O\'a y a Zeml ya if th e 
reg io n a l sno,,' line \\'e re lowered by a n a dditi onal 200111 . 

This \ 'ie\\' requires th a t a single hi g h ice d om c d e\T lo ped 

in rh e Barents Sea . H O" T\Tr, ice spreading from a sing le 
hi g h K a ra Sea icc d o m e pro \'id es a b e tter fit to g lacial 

geo logy , nea r rh e U ra ls a nd else\\'here, th a n ice spreadin g 
["rom a sing le hig h Ba rent s Sca ice d o me, During 

d eg lac ia ti on, retreat o f ice ma rg ins wo uld lean' a sing le 

ice d o m e m 'c r No \'aY<1 Z eml ya in Fi g ure 5 and m'e r the 
K a ra Sea in Figure 6, Gl ac ia l geo log\' sho" 's ice Ill o \ 'ing 

\\'es tw a rd into th e Barents Sea a nd [h c re is no e\·id en ec 

th a t a n ice d ome e\-c r ex isted m 'e r NO\'aya Zeml ya . \\ 'e 

co n c lud e th a t )1o \'aY <l Zellll ya did no t cas t a lo ng 

prce ipitation shad o ,,' OHT th e K a ra Sea , as th a t contrad­
icts th e field e\·id en ce fo r th e las r deg lac ia ti on, I r the 

Bare nts Sea ice d om e d epi cted in Fig ure 5 ne\'er exis ted , 

th en th e Kara Sea ice d ome depi c ted in Fig ure 6 

d en ' lo ped in situ, no t as a res ult o f eas t\l'a rd mi g ra ti o n 

of a h>'po rhcti cal Barents Sea ice d o m e . 

On e co uld conclud e th a t no nig ht s o r ra ised beac hes 

a long th e coasr o r th e no rth Russ ian Plain I1rO\TS th a t n o 

marin e ice shee t cx is ted in the Barents Sea durin g the 
Las t Glacia l :'-Ia x illlulll. H C)\\T\Tr , hi g h rai sed beaches o n 

th e islands ofS\ 'a lbard and " 'icl es pread g la c ial geo logy o n 
th e fl oo r o r th e Ba re nts Sea <l nd o n the north Ru ss ia n 
Pl a in pro \'e th a t a marinc ice shee t did ex ist. ,,·ilh o ut 

produ cing fli ghts o f rai sed beac hes on th e no rth Ru ss ian 
Plain, Th e same is tru e o r th e Kara Sea , Furth er cast. th e 

m a rin e ice shel' l " 'o uld la rm in situ o n a froze n bed , so 

littl e g lacial geo logy would be produ cecl. The la ck o f 

" 'idespread g lac ia l geo logy or ni ghts o r ra ised beaches o n 
th e coas tal pl a ins o f" Siheri a a nd l\l as ka is no t, in itself, 
proo f that th e ft 'oze n contin C' ntal she k es a nd adj acc nt 

coas tal plains o f" th e L a pte\', Eas t Sibe ri a n, Chukchi and 

Beaulc)rt Seas were not co\"('rr d by a m a rin e Ice sheet 

during the la st g lac iati o n, 

i\ so lution to thi s dilemma li es in recogni zing th e 
di s tinction bel,,-ce n g lac ia ted coaslal zo n es of the Nor­

" 'egia n type and o r th e Siberi a n type . Th e )1 or"Tgia n 
coa slal /,o ne, whi ch included S\'albard , la\ ' be t"Te n th e 

ice di\·id c alld th e sea\l'a rd ma rg in o r th e ice shee t, so 

re trea t o r th e sea " 'a rd ice ma rg in w as immediatel y 

a ccompa ni ed by isos tati c rebound o f a coasta l zone that 
was in continuous co ntacr ,,·ith the o p en sea , Th erefo re , 

f1i g hls of rai sed beac h es full of conte lllpora n ' m a rin e 

f ~lLIn a " 'ould be produced , on(' beac h lo r e \Tn ' increm e nt 
o f re trea t. a nd radi oca rbon datin g o f f~1LlI1 a l shell s " 'o uld 

I'ie ld a c lear a nd prec ise chrono logy of d egla cia ti on, 

In sha rp contra s t. th e Siberi a n coas ta l zo ne l a~ ' 

bC'l\\Te n th e ice di\ ·ide and th e la llChl"£Hd marg in of the 

ice s h ee t , so re trea t o f th e la nd\\'ard ma rg in wa s 
accompa ni ed b\· isos tati c reboulld of la nd th a t was no t 

in co ntac t with th e open sea , and m a rin e beac hes would 
no t 10 rm. I nstead, ice-d a mmed la kes alo ng th e retrea tin g 

la ndwa rd ice ma rg ll1 \\'o uld fo rm a nd b c a load on lhe 

Gros.l[('ald alld Hughe.l: Paleoglaciologis gralld lIllsohwl problem 

bed rh a t p a rtl y replaced rhe form er ice loa d. Spill,,'ays 

dra ining these lakes \I'o uld be continuou sly relocat ed 

durin g ice re trr at. so th e isos ta ti c responsc to d eglac ia ti o n 

" ould be irregul a r bo th te mpo ra ll y and spatiall y, Th e icc 

ma rgin wo uld res pond to th ese insta biliti es \\ 'ith ach"anees 

th a t were superimposed o n a genera l re trea t, such as 
occ urred al o ng th e la ndward margin o f" th c marine ice 
shee t in th e Ba rents a nd K a ra Seas, ,,·here a th a ,,'ed bed 

ex isted a nd so g lac ia l geo logy was produ ced, 

Beca use th e bed was th a wed , basa l s liding was 

eontinuo ll s ly tra nsporting marine she ll s la ndwa rd and 

eac h ad\'an ce a nd re trea t or th e landward ice margin 
" 'as a cco mpani ed Iw dumping this mi x o f m a rin e shells 

in proglac ial la kes or as g lacia l outwash, Th e mi xed 

she ll s w o uld ha n ' the a ges of a ll th e Pl eis toce ne 

il1lerg lac ia tions a nd m a n y interstadi a ls \\ 'ithin g lacia ­

ti ons, This is \Vh~ ' radiocarbon ages of"marine d e posits on 
th e Sibe ri a n 100\'la nds a re o ft en no n-finit e o r "O\-c r 

40 ka", These bog us dates and low ra ised beaches 

und erpin th e \ 'iew that th e Kara Sea w a s n o t th e sitc 

o r a m ajor ice d ome during th e lasl g lac ia ti o n, H O" 'e\T r , 

ra ised m a rin e beaches \\'o ulcl fo rlll o nl y af"te r th e 
terrestri a l ice m a rg ins h a d re trea ted en o ug h to a ll o \\' 

ice-d a mlll cdlakes to be di sc h a rgecl directl y into th e open 
sea, R a ised beaches a rc o f"t e n prese nt but th ey are 10" ', 

This is con sistent "ith linal coll a pse o f lh c Euras ia n 

ma rin e ice dOlll es la te in th e Holoce ne , \\'hen isos tati c 

rebound \I'as nea rl y eOlllplete a nd th e coas tlines we re 

seaso na ll y ri 'ec o f sea ice. 

The co nce pt th a t when marine ic e shee ts a re 

g round ed o n po la r co nti n enta l shrl n ' , a nd coas ts, so 
Ih a t ice m O\'es O\T r preg lac ial marine sedim c nts \\"hi ch 

a re tlll"n erod ecl , entra in ed a nd tra nsported la nd"'a rd, to 

be clumped into ice-cl a mm ed lakes o r adcled to glacial 

out \\"a sh, prO\'idcs a n ex pl a na ti on fc»" th e h ugc lowl a nd 

a reas orSibnia th a t arc blanketed wilh old-age fossil-ri ch 
sedim ent s h a\' in g marin e g eoc hemistr y . , \f"tcr man y 

Quate rnary g lac ia ti on cyc les, contamin a ti o n of surfi cia l 

sedim ents b y non-co ntempo rary orga ni cs a nd ino rgani cs 

is no" so m 'lT"'helming, so omniprcse nt a nd so di\ "C rse 
th a t e\-e n th e .\l\IS l ie: d a ting techniqu e m ay be una ble 

to untang le th e stra ti g ra phi c puzz les,. 1('[ a lo n e CO Il\Tn­

ti onal radi ocarbon d a tin g , Ig norin g cl e pos iti on by a 

ma rin e ice shc('t has led so m \" Ru ss ia ns to embrace 

neodilu\ 'ia ni slll as an ex planati on for wid espread marine 

seciiments o f" " o ld" age in th e 10" Tr Pec ho ra Bas in a nd in 
th e " 'es t Sibe rian Lo,,'land, 

Th e Dry \'alleys of" Anta rctic a " T IT ill\ 'ad ecl by 
ma rin e ice lo bes " 'hen th e m a rin e' \\ 'es t Antarc ti c ice 

shee t ach 'an eed ac ross th e R oss Sea during th e las t 

g lac ia ti o n. Th ese ice lo bes d a mmed lakes in th c Dry 
\ 'a ll c \'s just a s \\T propose for th e Siberi a n Arcti c coa, (;) I 

pl a in. The conf"using strati g raph y of th e Dry \ 'a lb's 

IT\Taled a d eg la cia ti on hi s to r ~ of" th e marin e ice shee t 
onl y a fter th e lacustrin c sho relincs " T IT mapped and 

o rgani cs in rh e ir assoc ia ted d eltas we re datecl (Stui\"t' r 
a nd o th e rs, 198 1). This hi story placed g lac ia l e rra ti cs on')" 

600 111 abo \ 'C ra ised beaches o nl y 6 111 hi g h o n n earby Ross 

Isla nd. Th erefo re, " T po int to Anta rcti ca to support our 
\·ie,,· of th e g lac ia l hi story o f th e ,\rcti c. Wc no tc, hO""(, \Tr, 

that 30 years o f sustain ed fi e ld research were spent befc)lT 
the reco rd o rrh c las t deglac ia ti on in th e Dry \ 'allcys, a tiny 

a rea , was understood, \\ 'c ca nnot ex pect th e Russ ian 
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Arctic, which spans II time zones, to re\Ta l its deglac ia tion 
history wit hout a correspondingly large r eITort. 

Of more glac iologica l interes t than the exten t of' 
former Eurasian glac ia tion is th e expand ed horizon fo r ice 
d ynamics when Eurasian g laciation combines with North 
American and Green la nd g lac iation to complete the 
circuit of ma rine ice dom es on Arctic co ntin enta l shel ves. 
Th en th e domes could sustain an ice shelf' !loating on th e 
Arctic O cean, so th a t a n Arct ic ice shee t existed as a 
unifi ed d ynamic sys tem , just as does th e Antarctic ice 
sheet today. The heartbea t of th e Arctic ice sheet wou ld 
be cycles of thaH'ing and refreez ing of th e bed under the 
major ice domes, wi th th e concom i ta nt red uced and 
resto red basa l traction causing the so uth ern ice margins 
to advance and retrea t, and sea level to ri se and fa ll. T he 
a rteri es th rough which this hea rtbea t pumped ice \·\·e re 
the majo r ice streams radiating from th e m ajor ice domes 
a nd fl anking th e ice saddles betwecn ice d omes. Wi th an 
Arcti c ice shee t beha \'ing as a single d ynamic sys tem, the 
hea rtbea t of each ice dome communi cated with th e 
hea rtbea ts of all other ice domes thro ugh their Ice 
streams, since they pumped ice into the sea through 
these a rteries and sea le \'e l direc tly afIected the ma rine 
ma rgins of' a ll ice domes. ~larin e ice dom es expand ed as 
sea level fell and con trac ted as sea le\'e l rose, crea ting 
another hea rtbeat tha t beca me a sccondary ha rmoni c 
superimposed on th e primary heartbca t o f' basal thawing 
a nd refreezing. I n addition , ice strea ms may have lile 
cycles of their ow n , th e rel)\' addin g e\'('n hi g h e r 
ha rmoni cs (Hug hes, 1992a, b). Th e prospect or a 
Quatern a ry symphon y orches trated by th e harmoni cs of 
an Arc ti c ice sh ee t quickens the hea rtbea t of every 
glaciologisl. The search to find tha t ice shee t, and th en to 
read its musica l sco re, is p a leog laciology's g rand unsoh-ed 
problem. 
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