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Fennoscandian palaeoglaciology reconstructed using a 
glacial geological inversion :model 
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BSTRACT. The e\'olutio n of ice-shcc t co nfig ura ti on a nd now pa tt ern in Fe nno ­
sca ndi a th ro ug h th e las t g lac ia l eyclc was reco nstruc tcd using a g lacia l geologica l ilwe r­
si on model, i.c. a th eo retica l m od el that fo rm a li ses the procedure o f using the la ndfo rm 
record to reconstruct ice shee ts. Th e m odel uses m a ppcd now traces a nd deglacial melt­
wa ter la nd forms, as well as rela tive chron ologies d e rived from c roSS-CUlling striae a nd 
tilllineatio ns, as input da ta . Fl o w-trace syste m s w e re cl ass ifi ed into fo ur types: (i ) time­
tra nsgressi\'e we t-bed deglac ia l fa ns, (ii ) time-tra n sgressi\'e fi-ozen-bed deglacia l fa n s, ( iii ) 
surge fa ns, a nd (i\ ') synchro no us no n-dcglae ia l (e \'e lll ) fa ns. Us ing re la ti\'c chrono logies 
a nd aggrega ti o n o f fans into g lac io logiea ll y pl a usible pattcrns, a seri es ofi ec-shee t confi g­
urati ons at difk renttime sli ces was ereeled. A chro no logy lVas constructed throug h con -e­
la ti o n with d a ted stra tig ra ph ica l record s a nd prox y da ta re nee ti ng g loba l ice \ '0 1 u m e. 
Geological ey ide nee ex ists fo r se \ 'Cra l di scre tc icc'-shee t confi g ura tio ns centred 0 \ '(' 1' th e 
Sea ndina\'i a n mo ullla in ra nge during th e ea rl y \\'e iehse li a n. The build-up of the m a in 
\\'e ir hseli a n Fe nnosca ndi a n ice sh ce t sta rt ed a t approx imatel y 70 k a, a nd our res u lts indi­
cate tha t it was cha rac teri sed by a n ice shee t with a ccntre of m ass located O\'er so uthe rn 
Norway. This config urati on ha d a noli' patte rn w hi ch is poo rl y re produced by c urrel1l 
numeri ca l m od e ls of th e Fennoscandi a n ice shee t. Atth e Las t G lacia l M ax imum th e m a in 
ice di\·ide was loca ted 0\'Cr th e Gu lf ofBOlhni a. A m aj or bend in the ice di\ ·ide was caused 
by o utnow o f ice to th e no rth wcs t O\'C r th e lowes t pa rt of the Sca ndinm'ia n m o unta in 
cha in . Widespread a reas o f preserwd pre-I a te-\\ 'e ic hscli a n la nd scap es indicate th a t the 
ice shee t had a frozen-b ed co re a rea, whi c h wa s o nl y pa rtl y dimini shed in s izc b y 
inwa rd-tra n sg ress in" wet-bed zones during th e decay phase. 

INTRODUCTION 

Numerica l m echa ni ca l o r th e rm omecha nical ice-shee t 

m odel s (e.g. Hug hes, 1981; Hi ndma rsh a nd o th e rs, 1989; 

Fas took a nd H o lmlunci , 1994-; Huybrec hts a nd T'siobbel. 

1995) a rc the m a in tools for reco nstructi on o f iec-sheet sur­

face topog ra ph y, a pa rame te r o f fund a men ta l impo rta nce 
fo r clim a te m ocl elli ng. The o utput from numeri ca l ice-sheel 

models is in ca lenda r-yea r tim e-s li ce [OI'ma t, ty pica ll y de­

pi cting ice-shee t surface to pogra phy a nd hence icc-no\\' pat­
tern s. 

The ice-no w direct io na l r eco rd in m aps oftilllin eati ons 

a nd stri a ti o ns is th e most va lu a ble d a ta reeo rcl fo r \'a lidating 

o r co nstra ining resu lts [ram numer ica l three-d imellsional 

ice-sheet model s. H o\\,c \'er, th e act ua l use or thi s ITCOI-d has 

bce n se\'ere ly ha mpered by th c L1Cl th a t g lac ia l la ndlo rms 

a rc inscribed a t th e base of ice sheets by processes tha t a rc 

hi ghl y \'ari able in tim e, space a ndm ag nilucie, res ulting in a 

heterogeneo us reco rd. I\ l0 reo\Tr, m~or deglac iati on­
rela ted la nd fo rm systems a rc time-t ransgress i\,(, ( i.e. th ey 

do not renec t true ice-now li nes a t a g i\T I1 t ime, but a rc the 

res ult of a n inwa rd-tra nsg ress i\ 'C fo rm ati on o f la nd form s 

nea r th e ice m a rg i n ) a nd can no t th erefore be d i rect i), com­

pared to time-slice res ults fro m numerica l m odel s. Thus, 

there is a needlo r a stricter treatme nt of the geo log ica l a nd 

m orph ologica l record i[ compa ri so ns with nume ri ca l model 

o utput a re to be m ade. \ Ve sce th c dC\'Clopment o f a n im 'er­

sion model ( i.e. a th eoretica l m odel th at form a li ses the pro-

cedure of using the la ndform reco rd to reconstruct p a laeo­

ice shee t e\'oluti o n a nd now pa tterns ) as a necessar y step 

towa rd s more sl rict \ 'a I idat ion o f ice-sheet models. Suc h a 

m odel must ta ke into acco unt th e te mpo ra l propert ies w ith­

in, as we ll as be t wee n, la ndfo rm sys te m s. 

Com pil atio ns a nd interpreta ti o n o f the geo logical 

reco rd in ~orth Ame rica a nd no rthe rn Europe fo rm th e 

b ase o f our curre nt undcrsta nding o f th e evolution o f th e 

La ure ntidc a nd Fe n nosrand ia n ice sh ee ts (e.g. P res t, 1970; 

Lundq\'ist, 1986, 1992; r\nderse n a nd I\ Ia ngerud, 1989). 

These works a rc foc Llsed la rge ly o n stra tig raphical con -c1 a­

ti o ns a nd da tin g o f m a rginal pos iti o ns, but do not integra te 

the n ow-trace ev ide nce in a ny me thodi ca ll y stringent m a n­

ne r. This is a striking bias, co nside ring the substa nt ia l effort 

tha t has gone into stri a ti on a nd ti ll- lineati on m a pping 

during th e past century (e.g. H 6gb o m , 1906; Ta nn e r, 1 9 1 ·~ ; 

H o ppe, 19.]·8; Ljung n e r, 1949; Prest a nd o thers, 1968), crea t­

ing a data base th a t compri ses hundred s o f publi shed w o rks 

a nd th o usa nds o findi\ 'idua l now-trace o bsen ·a ti ons. I n o ur 

vi cw, a n importa l1l r easo n for thi s d e fi c it of clTi cie nt use o f 

ex isting nOIl'-direc ti o na l data, is th e \ ·as tl ), increased m e th­

od o log ical d i fli c uiti es i m'oh-ed in a na l yz i ng now-trace i n­

fo rm a ti on on ice-sh eet scale, la rge ly re la ted to th e time­

t ra nsgress i\ 'C na ture o f m any g lac ia l la nd 'capes. 

Two different a pproaches ha\ 'C d o minated th e use o f 

lineati o n informati o n. The first approach (Hoppe, 1948; 

S tr6 mbcrg, 1981; Bo ul to n a nd o the rs, 1985) applies the 

ass Llmption th a tm os l lineations were fo rmed near a re treat-

283 

Downloaded from https://www.cambridge.org/core. 19 Dec 2025 at 17:25:36, subject to the Cambridge Core terms of use.

https://www.cambridge.org/core


J Ollmal qfClaciology 

ing ice ma rgin, i. e. emphasiscs thc ti me-transgressive na ture 

of the Oow-t race record. T he second approach treats the 

Oow-trace reco rd as a slack of "events" (Lj ung ner, 19+9; 

Boulton and C la rk, 1990a, b; Kl asscn a nd T hompson, 1993), 

i. e. the Oow-trace ITCOI·d is assumed LO represent di screte 

events tha t refl ect true Oow pa Llerns. The first a pproach 

wo rks well in a reas where the las t ice sheet more or less com­

ple tely erased o lder landforms during its wa ning stages 

(Stromberg, 1981), but fa il s a nd c reates confused reconstruc­

tions if applied to areas with preserved older g lacia l land­

form s. The second model a llows recognition of previous 

Oow patterns, for example in core areas of pas t ice sheets, 

where palimpses t la ndscapes di splaying se\"Cra l gen era ti ons 

of landform system s can be fo und (Ljungner, 1949; Boul LO n 

a nd Cl a rk 1990a, b ). Howc\'er, it creates erroneous res ults if 

applied LO time-transgress i\'e deglac ia l landscap es. 
In thi s paper, wc use the inve rsio n model de\'elop ed by 

Klem a n and Borgs trbm (1996) to reconstruct the e \ 'o lution 

of the Fennosca ndian ice shee t du r ing the \ Veichsel ian 

glacia l cycle. This model ma kes use of the direction a l infor­

m ati on in the subglacia llineati on record as well as the mar­

gina l mel twa ter landform record. Funda menta l in the 

inversion model is the se pa ratio n of deglac ia l la ndform sys­

tems from non-deglaeia l system s, as we ll as the recogni tion 

of intra-system age gradients (i.e. m etachronous \"s synchro­

nous land form systems). The i lwersio n model a lso inc I udes 

packing of indi\'idua l la nd fa rms into spati ally delineated 

"fa ns" (map units). 
Th e de\"Clopm ent of the inver sion model d raws on recen t 

ad\'ances in (i) the iden tificatio n a nd use of c ross-cutting 

lineati ons (Lagcrback, 1988 b; Boulto n and Cla rk, 1990a, b; 
C la rk, 1993, 1994), (ii ) the sep a ratio n of spati a l informati on 

prO\'ided by m a rg inal meltwater traces from the lin eation 

record (Borgstrom , 1989; Klcma n, 1992), (iii ) the develop­

ment of morphological crite ri a fo r identification of frozen­

bed zones (Sugden, 1978; Kle m a n a nd Borgstro m , 1990, 

1994; D yke, 1993; Kleman, 1994), a nd (iv) the understa nding 

of the lin kage betwee n spec ifi c land forms a nd la ndfa rm 

assemblages a nd g laciological condi tion (Soil id a nd Sorbel, 

1988; D yke a nd others, 1992; Klem an a nd others, 1994). 
The act ua l implementa ti o n o f the mode l has been a ided 

by recent advances in mapping o f minor and c ross-cutting 

landforms, including glarioflu\ 'ial chan nels (SoUid and 

To rp, 1984) a nd the discovery a nd mapping of p re-I ate 

\ Veichselian glac ial landforms in northern Fennoscandia 

( Kl~ a ns uu , 1975; NordkaloLl Proj ec t, 1986a, b; L agerback, 

1988b; Lage rback and Robertsson, 1988; Rodhe, 1988; 

Klem a n, 1992). 
The prima r y resul ts of the a pplication of the im'C rsion 

model are reco nstructions o f ice-sheet e\'olution a nd Oow 

patterns, whereas the chronological assignmen t o f the iden­

tified co nfi g ura ti ons rests on correl a ti ons with publi shed 

stratigraphieal data and proxy records of cl im ate and global 

ice vo lu me. The m aps conveying o ur resul ts arc in a time­

slice calendar-year format and are spec ificall y desig ned to 

be used as a bo unda ry cond ition for numerical m od els that 

use bed properti es a nd Oow pa tte rns as input d a ta, or for 

\'alida ti on of mass-balance d ri ven m odels that give fl ow pat­

terns and therm a l regime of ice-sh ee t beds as output. Unl ess 

o ther wise sta ted , all ages a rc g iven in thousand ca lenda r 

years (ka) or milli on calenda r years (M a ) BP. 
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LATE QUATERNARY CLIMATE AND CHRONOLOGY 

The Fennoscandia n reco rd of glacia l la nd forms refl ec ts two 
d o mina nt glaciati on m odes: (i) wes t-centred Scandin avia n 
ice sheets with a linea r ice divide essenti a lly para ll el to t he 
e levati o n ax is of the Scandinavian m o unta in range, refl ect­
ing shor te r periods of climatic deteri o ra tion (Andersen a nd 
M a nge rud, 1989; Klcm a n, 1992), a nd (ii ) Fennoscandia n ice 
shee ts with a more eas te rl y disper a l centre, independent of 
the m ountain range, r e fl ecting prolo nged glacia l build-up 
p eriods under clima tic conditions simil a r to those d uring 
the L ast G lacial ~/Iaximum (LGM ). These two config ura­
ti on s a re thought to have occurred rep ea tedly over Fen no­
scandia througho ut the Late Cenozoic (Porter, 1989; 
NI a ngerud, 1991; Klcma n and Stroe\ 'en , 1997), during which 
the time period 2.5- 0.8 1'vla was d o minated by sm a ller 
mounta in-centred Scandinavian ice sheets, whil e la rge 
eas t-centred ice shee ts o nl y developed a fte r 0.8 Ma. 

A s a chronologica l fra mework fa r the period prior to the 
LGM wc use the m a rine oxygen-i so to p e record, which is 
ass umed to reOect la rgely global ice-vo lume evolutio n, i.e. 
a c limatic signal da mpened and sm oothed through the filte r 
of ice-shee t mass-ba la nce relations. Fo r ass igning ages to 
pre-LGM config ura tio ns and flow p a tte rns we have m a de 
correl a ti ons to the M a rtinson a nd o thers (1987) reco rd 
(Fig. I), which has a n o rbita lly tuned time-sca le. \Vc ass ume 
th a t Fennoseandia n g lacia tion \'a ri ed in approxim ate con­
cert with global ice-vo lume changes, as indicated by the 
M a rti nson and othe rs (1987) record. The Greenl a nd ice­
core reco rd (Dansgaard and others, 1993) refl ects d i rec ti y 
No rthern Hemisphere climate, g iving inform ation a bo ut 
mill ennium-scale d yn a mics. However, such short-time va r­
ia tio ns in the climatic signal a re unlike ly to be refl ected in 
the subglacia l landfo rm record of the Fennoscandia n ice 
sheet. \Ve h3\"C th erefo re refrained from trying to co rrela te 
the c l i m atic signa ls in the Greenl a nd ice core with \'a ri a­
ti o ns in the long-term evolution o f tIle' Fennoscandia n ice 
sheet. 
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Fig. I The slacked oxygen-isotope record if Afartinson and 
others (1987), wilh a lime-scale based on orbitaltllning. T his 
is a proxy recordJor global ice volllme during the last glacial 
cycle. 
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METHOD 

The inyersion m od el compri ses a new class ificati on sys tem 
fo r g lacia l lan(lform assemblages a nd a stepwise dec iphe ring 
procedure. The conceptual framewo rk behind th e m o d e l is 
full y desc ribed in Klema n and Borgs trom (1996), as is the 
r a ti onale behind o ur bas ic assumptions. The fo ll owing 
ass umptions a rc employed in the model: 

(i) The bas ic control on landfonn creati on, prese n 'a ti on 
a nd dest ruc tio n is the loca ti o n o f the phase bo unda ry 
water/ice a t o r under the ice-sh ce t base (i. c. b asal 
tempe rature). 

(ii ) Basal sliding requires a thawed bed . 

(iii ) Lineations can o nl y form ifbasal sliding occurs. 

(i\ ') Lineations (drumlins, Ou tes, stri ae ) a re created In 
alignment with the local now a nd perpendic ul a r to 

the ice-surface contours a t th e time of creation. 

(v ) Frozen-bed conditions inhibit rea rrange ment of the 
subglacia l la ndscape. 

(v i) Regiona l dcglac ia ti on is a lways accompanied by the 
crea ti on of a spa ti a ll y cohere nt but metach rono us 
sys tem of meltwater features such as channels, es kers 
a nd glacia l la ke shorelines. In the case of frozen-bed 
deglacia tio n, eskers may be lacking. 

(\' ii ) Eskers a rc fo rm ed in a n inward-transgressi\'C fashi o n 
inside a ret reati ng ice front. 

C ritica l to o ur m odel a rc ass umpti ons (v) a nd (\' ii ). 
Assumption (\.) is based on e\' idence fo r frozen-bed preser­
vation of land fo rms during prolonged periods of ice cO\·e r. 
Fo r example, it has been shown th a t whole glac ia l la nd­
scapes, as well as d e li ca te landfo rms fo rmed during earl y­
\\ 'e ichse li an stadi a ls a nd intersta di a ls, ha\'e been m OIT o r 
less una ltered by subsequ ent ice-shee t o\'C rriding during 
la te r stages of th e g lacia tion (Lagc rback 1988b; Klema n, 
1992, 199+; D yke, 1993; Klem a n a nd Borgstrom , 199c1) 
Assumption (\'ii ) reli cs on studics show ing cyc lic sedime n­
ta ti on in eskers a nd th e co rrela ti o n tha t can be m a de 
be tween these cyc li c sequences a nd proglacia l rhy thmic 
sediments (e.g. \'a n 'Cd clays ), th ereby demonstra ting th e 
direc t link be twee n surface melting a nd esker build-up 
(No rman, 1938; D c G eer, 1940; H ebrand a nd Ama rk , 1989; 
Bolduc. 1992). 

The main compo nents used in the im'ersion mod el a rc 
ca lled Jails. Thcsc a rc tempora ry tools in the im'C rs io n 
m odel a nd arc th e simplifi ed and sp a ti a ll y delineated m a p 
representati ons o f g lac ia l landrorm swa rms that occ ur in 
fo rmerl y glac ia ted a reas. The use o f fa ns se r\'es the purpose 
o f d a ta reducti o n a nd a ll o\\'s rel a tiye chronologies to be 
appli ed to a ma nagea bl e number o f ca rtographic units. A 
elass ificat ion in o utwa rd-yo ung ing, synchrono us a nd 
inwa rd-younging sys tcms is a necessa r y first-order approx i­
m a ti o n LO allow reconstructi on of time-slice pattcrns fro m 
la ndforms system s w ith different temporal properti cs. 
C o herent fans a re d efin ed on the bas is o f spatia l continuity 
a nd the resembl ance to a glaciologica ll y plausible pa tte rn, 
i. e. a minimum-complex it y ass umptio n. 

The bas ic crite ri o n of "resemblance LO a glaciologica ll y 
pl a usible pattern" is simil a r to th a t employed by Bo ulto n 
a nd Cl a rk (1990a, b ) fo r their delineati o n of "now sc ts". Yet 
th ere is a maj or diOfe rcnce betwee n the Boulton a nd Cl a rk 

Klemall and olh.ers: Fennoscandian j](daeogLacioLogy recollstructed 

land scape-I e\'el classification (flow sets ) a nd ours (fans ): 
Boul LO n a nd Clark (1990a, b ) use onl y o nc class, defin ed by 
lineati o ns a lone, whereas our four fa n ty p es a rc defin ed on 
the basis of charac teri sti c la ndform assemblages (including 
meltwa ter traces ) a nd temporal gradi en ts within these la nd­
form asse mblages. 

Those elements whic h a llow definiti o n of a fan can b e 
any geological features tha t renect ice-now directi on (e.g. 
stri ae, flutes, till fabrics, g lac iotecLO nic fo lds, etc.). Frozen­
bed deglae iati on fa ns can be defin ed o n the bas is of melt­
water t races alone. L a ndform sys tem s m ay be formed 
during a single e\Tnt o r fo nned in a time-tra nsgress i\T (o ut­
wa rd o r inwa rd ) fashio n. A mapped fa n is therefore the 
orthogona l proj ec ti on o f a system th a t m ay be sloping in 
the three-dimensiona l time d istance d o m a in (Fig. 2), a nd 
consequentl y wc classify fa ns as inward-yo ul1ging, sy nchro ­
nously fo rmed or out ward-yo unging. 

A fan is spati a ll y d e fin ed by longitudinal continuity 
lines, a lig ned to a \'isua ll y cohere11l sys tem of now t races, 
a nd tra nS\ 'e rse up- a nd d ow nstream boundari es. The la tte r 
a rc drawn tranS\TrSe to continuity lines, in a stepped fash­
ion if necessary. 

Landscape-level classification 

Th e fa n types we recog ni se a rc class ified as foll o\\'s (Fig. 2): 

(I) " et -bed deg/aciatio llj(1I1 . These fans consist of a now-trace 
fa n w ith an o\Trl a i n a nd a ligned es ke r fan. These "clas­
sic" fa ns a rc intelvrc ted as representing in wa rd-tra n s­
g ress i\'C form ati o n o f fl ow traces (Bo ulLOn and other s, 
1985; Klcm an. 1990). which becom e p resen 'CCl as new 
a reas a re sUl'cess i\ '(' ly cleglac ia ted. Such fans a re unli­
ke ly to represcnt t rue fl owlines. 

(2) rl"o;:en -bed deglac/alioll fall . In these fa ns the landfa rm 
sys tems consist so lel y o f it sec-throug h pa ttern of me lt­
wa ter traces o\Trprimcd on a relict surface. l\Ia rg in a l 
cha nnels a rc domin a nt a nd eskers a rc sm all or lacking. 
The relict surfaces m ay be form er subaeri a ll y dC\'e l­
o ped surfaces or m ay co nt a in (usua ll y non-a li g ned ) 
now traces from a n o ldn' glac ia l cye nl. 

(3) ' '.~)! II (h TOnolls '' orel 'eIItfllll . These fans a rc d efin ed by la nd­
fo rm systems wi t h a bu nda11l fl o\\' t r aces but lacki ng 
a lig ned meltwater traccs. In some cases theycan be in­
te rpreted as the sit es o f form er ice streams; in o th e r 
cases they may ha\'(' fo rm ed by slow sh eet now fa r in­
sidc thc margin. Ifsuc h a fa n is defin ed by tilllineati o ns 
lackin g a later ove rprint, th e termin a ti on of lineati o n 
c rea ti on was proba bl y caused by cha nge to a froze n 
bcd (Fig. 2c ). If a fa n is defin ed by a lo w-frequency but 
regio na l occurrence o f older stri a ti o ns, no inferences 
can be made rega rding basa l tempe ra ture during sub­
sequent e\'Cnts. On the spati a l sca le of indi\ 'idua l 
roches mouLO nnees, lee-side protec ti o n a nd prese l'\'a­
t io n is opera ti ona l. H e nce, old stri ae can be prese l'\ 'Cd , 
despite susta ined we t-based ice now from other d irec­
ti o ns. 

("~) SlI1ge filii. These fa ns re present e\T11lS of enhanced ice 
no w, draining co nsidera ble amounts o f ice, proba bly 
dUI' ing decay stages. Surge fans ofte n h a\'e a di stineti ve 
bo ttleneck pallern , a nd the fl ow traces a rc thought to 
fo rm nea rl y synchro no usly O\'er th e whole fan a rea. 
?\Icltwa ter traces a r c o ft en a ligned in th e dista l pa n 
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Fig. 2. (a-f) Formative conditions and tempomlgradientsJorglaciallmulform assemblages, classified into six diffmnlfan [V/Jes. 
The majJ -jJlane and time- distancegmphs show horizontal and veTtieal ClIls, res/Jeetivery, through Ihe three-dimensional domain oJ 
the ice-sheet base ( two dimensions ) through time (one dimension). For eacltJan type, the ma/J-plane gmjJh shows characteristic 
landJoTms inJormation at the times indicated by thick arrows in the corresponding time- dislance diagrams. LandJorms become 
fossi lised behind migmting preservation bOTderlines (a, e andJ). The posilion if the ice mmgin is indicated in (a), (b) and ( d), 
while the map-/Jlanegmphs in (c), (e) and (J) areJully ice-covered. The width qfthe meltwaler::,ol1e in (d) shows a distinct 
widening because low -gmdient sU7ge-icepmfiles TesuLt in a temjJOTmy expansion oJthe ablation area where meltwater is produced. 
(g) T imegradients oJJan types a-J/Jlolled in a time ( I)- distance ( d) dOll1ain. Fan typesd and care horizontal and Ihe on[v ones 
where theJan patterns directly representflowLines. All otherJan types mayor may not represenlj7owlines, dejJelzrfing on whether 
ice-sheet configuration changes occurred during tlzeJormatiol1 oJ the Landform system constitllling tlzeJan. Thefigllre is modified 
Jrom Kleman and BorgstTijm (1996). 

bu t not in the up-glacier pa rt. T he time-span during 
which the fan is fo rmed is short, and therefore the pat­
terns probably closcly refl ect true fl owl i nes. 

(5) ContmctionJan. T hese represent the inward m igration of 
a preservation mecha nism other than deglaciation. 
This is likely to occur d uring an inward expansion of 
a frozen outer zone in a n ice sheet. 

T he first fo ur fan types (i. e. wet-based deglac iation fa ns, 

frozen-bed deglac iation fan s, synchronous fans and surge 

fans) are the o nes curren tl y employed in the inversion 

model. \ \le post ul ate the ex istence of (onlmction and er/)(I17sio17, 

but do not ye t have morphological criter ia to d iscriminate 

these fan types from synchronous fans on the basis of land­

fo rms alone. Co n equently, a ll non-deglac ial and non-surge 

fans are presently classified as synchronous fa ns. H owever, 

as will be elaborated on below, circumstantia l or strati­

graphical ev idence can in some cases permit identificat ion 

of adva nce fa ns. 

(6) ExpansionJan. Such fans represent the o u tward migra­
ti on of a preservation borderline, probably by refreez­
ing of the bed during a n outward expans ion of a froze n 
core zone in an ice sheet. 
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Deciphering procedure 

As a first step in th e d eciphering procedure, fans were spa­
ti a lly del ineated a nd elass ifi ed according lO the morpho­
logical criteri a desc ribed above. At fa n intersec ti ons, 
re la ti ve chronologies were established , using mainly pub­
li shed stri ae and till fabric, and in some cases also employ­
ing o ll r own air-photo interpreta ti on of cross-cutting 
landform s. The fans were sorted into rel a tive-age stacks, ac­
co rding to the re lati vc chronologies, th e first result be ing the 
reconstr ucti on of the inward-transgressive decay patte rn. 
Synchronous fans a nd deglaciat ion fa ns o lder than the las t 
decay stage we re aggregated into groups fo rming glac iologi­
ca ll y plausible, cohe rent fl ow pattern s. 

For the reconstruction of time-sli ce fl ow patterns, me ta­
ch ronous (dcglac ia tio n ) fans in the stack were deciphered in 
terms of reconstructing the changing ice-sheet configura­
ti ons during the deglaciati on. This was done by going up­
fan and rel ating successiH'ly younger pa rts of the fan to suc­
cessi\·el y yo unger di sp ersa l-centre locati ons. Thc time sli ces 
we re di stributed in to stadi als on the bas is of co rrel ati ons 
with strat igraphica l sequences of regiona l significance. 

Till Line.lions 

l;leman and others: Fennoscandian /)alaeoglaciology reconstructed 

In contrast to Boulton a nd Clark (1990a ), we do not 
ela im th a t thi s type of reconstruction can be performed 
strict ly obj ectively. Wc rather rega rd it as a n itera tive process 
with an o utput that is objec ti ve ly testable. Because of the re­
li ance on patial continuity ass umpti ons, the inversion 
model wo rks best in mediulll- to low-relief topography with 
dominant sheet-fl ow conditi ons. It is less powerful in di s­
sec tedlllounta inous reli ef as in westcrn Norway. 

ICE-FLOW DIRECTIONAL RECORD 

In this secti on wc gi\'e a n acco unt of the geo lllo rphological 
and glacia l geological record Llsed and the overa ll di stribu­
ti on pattern , while specifics a re treated in the results section. 

Tilllineations 

The map in Figure 3, showing till lineati ons in the Fenno­
scandia n ice-shee t core a rea, was compil ed from ex isting 
maps (sce sources in the fi g ure caption), as we ll as from our 
own mapping. In genera l, we rega rd the da ta as very reli­
abl e. In a reas where indep endent source m aps overl ap there 
is a good m atch in till-lineation directions. In a reas where 

Fig. 3. Tilllilleations ill the Fennoscandian ice-sheet core area. Sources rifinJormation: . Vorway: SoUid and Torp (1984); Sweden: 
Lidmar-BeJgstriim and otlzm (1991), Kleman (1992) and C. Hattestrand (zmpublishedglacial geom01 j)llOlogical mal) qf'Sweden; 
swle 1: 250 000): Finland a/'ld northwestern Russia: Pll llkari (1984) alld NiemeLii al/d others (1993). F OT the Kola Peninsllla we 
also llsed our own ma/)/Jing in stereoscoj)ic satellite images. T he mal) sheets comjJrising the NOTdkalott Project (1986a, b) weTe llsed 

.for parts qf'llorthem Fennoscandia. 
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only satellite image interpretation has been used (e.g. in 
Finl and; Punkari , 1984), there m ay be small-scale lineatio n 
se ts tha t a re missing, due to the low spati a l resolution of the 
source ma teri a l. However, wc regard it as highly un likely 
that a ny m<y or lineati on se ts, which wo uld inOuence the 
general interpretation or our results, a rc miss ing. 

Till lineations occur Q\'er the entire Fennoscandia n 
shield a rea (Fi g. 3), except for the centra l Kola peninsula 
a nd minor upl ands a nd summit a reas in northern Sweden 
and Finl and . In northern Finland and Sweden, cross-cut­
ting lineations arc common and pa rtly da te to glacial events 
before the late \ Veichseli an. J n peripheral pa n s of Norway, 
the southern third or Sweden, southeastern Finl and, as well 
as a ll southern and so utheastern periphera l a reas of LGNI 
ice-shee t extelll, mos t lineati ons relate to deglacial or near­
deglac ia l Oow of the las t ice sheet. In those a reas, older ice­
flow direc ti ons are only presen 'ed as older stri ae or till fab­
rics in lower strata . 

Striae a nd till fab r ics 

Striae a nd till fa brics a re excellelll da ta for the establish­
ment of relati\'e chronologies at fan intersections, but being 
point d a ta they a re less reli able than area-cove ring till linea­
tions fo r definiti on of fa n pa tterns. In southern Sweden some 
fans were defin ed by regiona lly persistent olde r stri ae pa t­
terns alone, as were some minor fans in northern Sweden 
and Finland. In additi on, the two fans in D enmark were 
defined using till fabrics a nd g laeiotectonic da ta . 

M eltwater la ndforrns 

For di scriminati on of deglacia l fa ns from non-deglacial fans 
by the criteri on of a ligned eskers, we haye used the esker 
information present in the source maps listed in the captio n 
of Figure 3. High-qua lity informati on rega rding glaeioflu ­
\'ia l mel t water chann els on the regiona l scale is available 
onl y in Sollid and Torp (1984), the ~ord ka lott Project (1986a) 
and C. H atlestrand (unpublished manusc ript maps). Wc have 
found no way of summarising thi s info rmation (the inter­
preta tion of which is dependent on the loca l topography) 
in a readable map, hut point out that wc haye actuall y used 
the meltwater landform reco rd in the reconstruction of the 
deglacia ti on patterns (cf. Lundq\'ist, 1973 b; Seppala, 1980; 
Borgs trom, 1989; Kleman, 1992). 

RESULTS 

Us ing the data se t described above and in Figure 3 wc de li­
neated fans according to the principles de tailed in the me th­
ods sec tion. This resulted in 56 fa ns, numbered from west to 
east in Figure 4, and the classifica ti on of these is also show n 
in Ta ble I. The Q\'e ra ll cha racteri stics of the fans are des­
cri bed below, while de ta il s are give n in co nnecti on with th e 
reconstructed ti me slices. 

D egl aciation fan s 

Fans 1, 2, 6, 23, 24, 43 and 45 are a ll form ed by land [o rm 
created in a we t-based m a rgina l zone a nd fossilised by i n­
ward transgress ion of the ice margin du r ing the decay 
phase. In much of Sweden, southeasternmos t Finl and a nd 
adj acent pa rts of Russ ia, de\'iati ons from this pattern a re 
ra re. Eskers a rc alig ned with ice-Oow traces. The spa tia l 
gaps between fans 1 a nd 2, 2 and 6, and 6 and 24 do not re-
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Table I. Classification qftlzeJans shown in Figure 4 

Fall tJjlf 

J)eglaciation Cans 

Synchronous (event ) la llS 

Surge fa ns 

Fallllllll1bel,. 

1,2.6.23. 2·1.30,38. +0, +3. 45, 4-7, +9, 56 

3, -t, 5. 7. 8, 9, 10. 11. 12. 13, H, 15, 16. 17, 18, 19, 
20,21,22.25. 27.29.31. 32. 3-J.. 35. 36, 37, 39, 
-l1,42. H , 51. 52. 53. 5+. 55 

2(;, 28. 33, +6. +8. 50 

nec t a lack o f deglacial traces in those areas, but rather re­
Oect areas wi th high-reli ef topography a nd thereby 
deglacia l Oow traces that fo ll ow valleys. To define fans in 
such a reas is not meaningful in a n ice-sheet-Ie\'el recon­
structi on. The gap between fa ns 6 and 24 (wh ich is essen­
tia lly covered by the event fa ll. 18) has, during both near­
maximum stages and the d ecay period, exp eri enced ice 
Oow from the cast-southeast. Consequentl y, di recti onal 
changes due to increased topographical control (during 
ice-sheet thinning) predomina te over any shifts related to 

configuratio n changes. Thus, fo r dec iphering la te-glacia l 
iee-sheet configuration changes, thi s area is less important. 

~los t of southern and coas ta l northern Sweden is cov­
ered by fan 1. I n eastern Sweden, successive ice margins, 
constructed transve rse to fa n lines, fit ",ell to ice m a rgins re­
constructed by the independent method of clay- va rve 
chronology (Stromberg, 1989). We ha\'e shown fans I and 6 
open-ended towards the centra l pa rt of the Scandinavian 
peninsula because of weak la nd fo rm dC\'Clopment at late 
stages in deglaciati on of those a reas, and consequentl y the 
occurrence o f windows with o lder lineati ons. This weak de­
glacial imprint is related to the fac t that those a reas must 
ha\'e deglac ia ted from the southern tip of a n elongated ice­
sheet remn ant. This di ve rgent-fl ow tip of the ice shee t per­
sisted duri ng the retreat from roughl y 62 to 66° N. For the 
whole of thi s inner zone, we have used the spa ti al con­
straints provided by the di stri bution of proglac ia llakes and 
glacioOuvia l channels to reco nstruct the pattern of the las t 
deglaciation. 

Two m ajo r complications in thi s simple deglacial fan 
pattern occ ur in Finl and a nd adj acent pa rts of northern 
Sweden. First, in southern a nd central Finl and [o ur maj or 
divergent fa ns related to the Salpausselka zone, as well as 
the somewh a t smaller (a nd yo unger) fan te rminating at 
the centra l Finnish ice-m a rgina l zone, arc classified as su rge 
fans and are considered to be related to short-lived ice 
streams during decay (fans 26, 28,46, 4·8 and 50). Secondl y, 
north and wes t of fan 50, substantial we t-bed imprints from 
the las t deglac iation are lacking, but instead spatia ll y 
coherent traces of deglacia l m cltwater drainage are super­
imposed across much older glacial landscapes. The local 
ice-surface slopes inferred from marginal meltwater chan­
nels hm'e g uided the definiti o n of thi s frozen-bed deglacia­
tion fa n. In the area covered by thi s fa n (No. 56), till 
lineati ons a re ra re, but the scattered striae a nd flutin gs that 
do occur support the deglacia l Oow direction inferred from 
meltwater traces. 

Fan 38 is defined by abunda nt lineati ons in a generall y 
northwest- southeast di recti on . The occurrence of direction­
a ll y conformable es kers, m a rg ina l moraines a nd marginal 
meltwater channels indicates th at it is a deglacia l landform 
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Fans and relative 
chronologies defined 
by flow direction indicators 
(Linealions, striae, till fabric) 

/ 

10" 

KlellZan and others: FeJllloscCI"dian palaeoglaciology recollstructed 

Fig. .t. Fails defined ontlie basis rifjlow-traceswarl71s shown ill Figure 3. alld publislted slriae and till~fabric data . Fall dassi/iw ­
tion into deglacial alld IlOn -deglacialJans ~v tlte jJresfI7ce or absence rif aligned glaciojlul'ial meltu'ater traces ll'rlS done IIsing 
maill£)) t/ie dala SOll rces referred 10 in lite cajltioll rif Figure 3. Fails are 11lIIIIberedJrom [1 'est 10 east. Relative chronologies are sltOle'll 
at intersectiolls rif flow -parallelfan lines, and are based on jJ1Iblished striae obsen'atiolls, as 1( 'ell as 0 11 air-j)/ioto interpretation q/ 
cross-cullillg Iil1eatioll .~vslellls. Sources used aregit'e11 in the tnt. Fall 56 illnortltern Sweden alld Fill lalld. lt'/iic/i r~/fects dl), -bed 
deglaciatioll. is sit own ill Figure 9togellier le'itl! adjacent Jails. 

sys tem a nd sho\\'s th a t th e a rea ex peri enced ice-free condi­

tions before the build-up o f the late-Weichsc li an ice sheeL. In 

th c a rea where f'<l.1l 38 is c ross-cut by fa n 2+, relaredto th e las t 

deg lac ia ti on, mainly la rgc r lineations in the o lder landscape 
rema in (Goodwilli e, 1995). St ra tigraphi ca l data, linked to 

morpho logy, fro m K Lua nsuu (1975), L age rback (1988 b) a nd 
Lage rbac k and Robertsso n (1988) un eCJ ui\'oca ll y permit the 

ass ig nment of fan 38 to a pre-I ate-Weichseli an ice shee t, as 

do th e stratigraphical d a ta presented by Korpela (1969), 
H irvas a nd Nenonen (1987) a nd Hin'a' (1991). Simil a r co n­

clusio ns rega rding a pre-Ia te-Weichselia n age were reached 

in mo rphological a na lyses by Rodhe (1988) and Kl em a n 
(1992), Beca use of th e regiona l a nd integra l occurrence o f 

ice-marginal land form s, such as encim o ra ines a nd ma rg in a l 

cha nnels, in th e olde r o \'e rprinted northwesterl y system , we 

ref'ut e the suggesti on b y Fo rsstrom (1995) th a t thi s landscape 
should renect a n olde r co nflgurati on o f the la te-\ Veichsel ia n 

ice shee t. 
The a rea ll y res tri c ted fa ns 30, +0 a nd 47, none of' w hi ch 

flt into th e las t deglac ia ti o n pattern defln ed by fans 24 a nd 

+3, a rc probabl y remna nts ["rom one o r m ore older deglae ia l 

e\'e nLS, as indicated by the p resence o f a lig ned es kers in fa ns 

30 a nd 4 0 a nd suites o f'l a te ra lmeltwater cha nnels in f~\Il +7. 

H OlI'ever, wc hm-c bee n una bl e to de termine the age of these 
fans. 

\ Ve h a \ "C absta ined f'rom trying to reso h"e the cumplex 
nea r-m a rg in a l ice dyna mics during post-LG..\I stages in 
D enma rk a nd southern Swed en (Lagerlund , 1987: Ring­
berg, 1989), which most proba bly illl 'oh-cd to pographica ll y 
determined d ra inage of thin fas t-mO\'ing lobes. Such nea r­
margina l d y na mics hm-c littl e po tenti a l to i llu minate th e 
co re-area conflg uration cha nges th a t a rc the fOC LlS or thi s 

paper. 

Synchronous (event) fans 

These fa ns a re a ll defined by no \\" traces o lde r tha n the las t 
deglac ia ti o n. Except fo r the nea r-m a rgina l f'a n 5, none o f' 
these fa ns conta in a li gned es ke rs o r oth ers features indicat­
ing close p rox imity to th e ice marg in. f a ns 4, 8, 10, 19,25,31, 
34 a nd L~2 a re based on tilllinca ti ons and stri ae d a ta. Fa ns 9, 
11 , 13, 14, 16, 17,20,21,35 a nd 44 a re based o n info rm ati on 
from stri a ti o ns a lone. Fa ns 15 a nd 22 a re defln ed by till fab­
rics in a n o ld bluish-grey fin c-g ra ined till th a t is occasion­
a lly found in centra l Swed en (Bjornbom, 1979). Fa ns 27, 29 
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and 32 a re based on small lineation pa tches only, and may 
well be deglac iation-related. I t should be noted that the clas­
sification of fans 36 and 37 is uncertain. 

For fans 5 and 7 we have accepted Houmark-Nielsen's 
(1981) reconstructed "Norwegian adva nce" a nd LGM fl ow 
patterns, respectively. Both fans a re mainly defined on the 
basis of till fabrics and glac iotectonic deformat ions. 

Fans 51- 55 and those on the Kola peninsula were 
mapped as synchronous (event ) fans due to the lack of pos i­
tive evidence for aligned deglacia l meltwater features, but 
they m ay well reflect post-Younger Dryas deglacial flow of 
an ice-sheet sector that was largely cold-based, having insig­
nificant subglacial dra inage. This is in agrcement with th e 
ubiquitous presence of regolith on the east-central Kola 
peninsula (NiemeIa and others, 1993). 

Surge fan s 

These strongly di vergent fans, a ll terminating in end mor­
aines, are interpreted as representing fast, latera ll y con­
stra ined ice flow (i.e. ice streams separa ted by sluggish-flow 
inlerloba te zones; Punka ri , 1989). As d iscussed by Cla rk 
(1994), these patterns a re diflicult to explain by time-trans­
gressive form ation close inside a retreating margin. We do 

Isotope stages 5d-5a 
(1 15-74 ka) 
Ice margins 

10" 

not know if fast fl ow occurred strict ly simultaneo usly O\'er 
the whole fan area , but the fact that striae in the proximal 
part of fan 48 a re clearly older than deglacial st r iae forming 
part of fa n I testifi es to the strongly reduced slope in the 
time- space doma in in comparison to deglacial fans . Fan 26 
in the Gulf of Bothnia cO\'ers the a rea where Stromberg 
(1989) found evidence for a rapid collapse in the marine 
a rea, which we consider to be compatibl e wi th ca lving 
during a low-gr ad ient post-surge situat ion. The surges asso­
ciated with fans 26,28,46,48 a nd 50 probably r esult ed in an 
accele rated westward shift of the ice di\'ide during deglacia­
ti on, as they must have d rained cons iderable amounts of ice 
from the interior of the waning ice sheet. Fan 33 is also most 
probabl y a surge fan. Such an ex tremely divergent fan i, un­
likely to resu lt from sheet flow, a nd there a re no topographic 
features constrain ing the ice fl ow. 

TiIlle-slice o u tlines 

Figures 5, 6 and 7 show the time slices for wh ich we think 
enough evidence ex ists to suggest the ouLl i ne and age of the 
ice shee t. For the LGM time sI ice we have also suggested the 
surface topography (form lines ) which we find m ost compa­
tible with the geologica l and geomorphologica l e\·idence. 

25° 

\ 
\ 
\ 
\ 

\ 

If ~~:~~n:~I~~~~~:~;~~ pre·late· 
........ GlaClolluvlat dralnaQe traces from 

pre-Iate-Welchsehan Ice sheets 

Fig. 5. Fans, ice-marginallandJorms and ice-sheet outlines assigned to the 115- 74 ka period (early ~ Veichseli{/n). ,Viunbers 1- 5 
rifer to ice-marginal zones discussed in the text. Solid lines represent ice margins irifenedfrom geological and geomorphological 
evidence, Dashed lines represent suggested ice-sheet olltlines. 
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Fig. 6 Fails. and ice-mmgillal outlilles assigned la the 7+ 25 ka /miod. Fails 7, 9. 15 and 22 together difine an ice sheet with centre 
o[mass located over SO li them . \ i.m( 'ay This cOllfiguration is inter/mted as representing tlte build-up /J/w se qfthe mid-vVeiclzseLian 
ice sheet dllrillg isoto/Je stage .f. Fall 16 is]Ollllger thallJan 15 alld probab£), rtj7ects a northeastward migration qftlze ice-dispersal 
celltre dllrillgjilrther nj)(lIIsion qf the ice sheet. 

Fo r the chronologica l ass ignment we hm'C assumed that 
glac ia ti o n in the area has in genera l fo ll owed global ice­
"olu me changes, as inlerred from the proxy record in Fig ure I. 

,I[wille isoto/x stages 5d- 5a, 115- 7+ ka ( Fig. 5) 
l~n 38 lo rms a coherent deglac ia l la ndfo rl1l system oye r 
much o f" northern f ennosca ndia, refl ec ting ice fl ow of a n 
elongated west-cenLred ice sheet with its e leyat ion axis par­
a ll el to the Scand ina"i a n mou ntain ra nge. Interpretation of 
st ra tigraph ica l data unequi" oca lly assig ns thi s to an ea rly­
Weichscl ia n glac ia tion beyond the ra di oca rbon-da ting 
ra nge, separated ri'om th e late Weichse l ian by one (Hirvas, 
1991). or t '\0 (Lagerback and Robertsson, 1988) inte r­
stad ia ls. Lagcrback (l988a, b) sugges ted a stage 5cl age fOl­
thi s ice sheet, as did ?-.Jangerud (199 1) and Lundqvist 
(1992). The appa rent d iscrepancy between the Finnish a nd 
S\\'ed ish data may re fl ec t a restricted a rea l extent of the 
stage 5b ice shee t inferred to halT ex isted by Lagerbac k 
a nd R obertsson (1988). five ice-m argina l zones pertaining 
to o nc o r both or the early-\Veichseli an ice sh ee ts a rc defin ed 
by la ndrorms or buri ed g lac ioflu vial outwash. These zones 
arc dctailed below and are marked in Fig ure 5. 

""one i: The H o rnava n- Tornet rask margina l zone, defin ed 
by la te ra l moraines in m~or "alleys (Klcma n, 1992) 
a nd degraded ma rgin a l cha nnels (Rod he, 1988; Kl e­
ma n, 1992) cross-cu t by g lac ioflu via l channels f"rom the 
las t deglac ia tion. Both g lac ioflu l" ia l systems cover vast 
areas a nd refl ec t incompa tibl e ice config urations. 

{one 2: The 1,-anstrancl- Id re-l~rnunclen a rea, where several 
of the low-mountain groups di splay glac io flu vial cha n­
nels re ll ec ting onc or m o re cleglaciatio ns o lder than the 
las t one (Kleman a nd o thers, 1992), a nd a lso scattered 
"old" m a rg inal mora ines (Solli d a nd Kri sti anssen, 
1982; Bo rgs trom. 1989). Both zones I and 2 conta in 
abunda nt relict peri g lacia l surfaces (Kl ema n a nd 
Borgst ro m , 1990, 1994), re fl ecting permafrost processes 
during interstadi a ls a nd preservation in frozen-bed 
zones o f" the lale-\ "eich. cl ia n ice sheet. 

(one 3: Th e Veik i mora ine zone, compri sing hummocky 
mora i ne re fl ecting supraglae ial sinkhole de po ition, es­
kers a nd cndmoraines. L agerback (1988b) interpreted 
these la ndla rms as having form ed during the areal 
stag na ti o n of a debris-loaded sluggish stage 5d ice 
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Isotope stage 2 ..ZQ-
(22 ka ) LGM 
Ice margin and ice­
surface topography 

SSo 

100 250 

Fig. 7. The sllggfsted ice-swJace topogmll/~JI at 22 ka BP ( [GA1), and thefiuls which constrain this reconstruction. The ice-swJace 
conLouTS (]arm lines ) difine the interpreted sha/le q/the ice swjace. The heaV)1 dashed Line indicates the positioll of the LGAf ice 
divide. Fall 31ma] be sfight01)IOlllIger or older than the LGM, as it indicates a somewhat more westerly dis/lersal centre LhanJans 
34 and 4-1. Fails 17, 21 and -f..! are difined on the basis rifstriae alone. The scarcity rif [G~\[ till LineaLiolls in the Fennoscandian 
shield area is eXjlLailled as the result offiw:.en -bed conditions under the centml flarls rifthe ice sheet ( see Fig.IO). 

sheet. Deta il ed mapping (G H attestrand , manuscript 
map) reveals tha t the Veiki moraines appea r mainly in 
approximately 10 km widc bands immed iately inside 
each cnd-moraine zone. "Ve therefore interpret this 
landform assemblage as representing repeated halts in 
the decay of an active ice sheet. Thus, we accept Lager­
back's age ass ignmeJ1l but not the concept of area l stag­
na tion. 

Zone 4: A seri es of till-covered glac ionuv ial formations in 
northern Fin land, a t right angles to the stage 5d now 
pattern (Nordka lott Project, 1986a, b ). 

Zone 5: Buried end moraines in the Pudasjarvi area (Suti­
nen, 1984), proba bly reflecting the m ax imum ex tent of 
the stage 5d ice sheet. 

No unequivoca l evidence exists for the ex tent of the 
south ern a nd western p a rts of the stage 5d ice sheet. 
Although the striae in the synchronous fans -J. (Vorren, 1977, 
1979), II a nd 12 (Lundqvist, 1969) define westerly ice divides 
of a probable early-\Veichsel ian age, they ca nnot be linked to 

a ny specific ice-m arginal pos ition. In the no rtheas t we have 
placed the ice ma rg i n at the above zone 5, where also the 
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coherent fl ow traces delining fan 38 terminate. Such an ice 
margin co uld p ossibly expl a in a zone of sandy sediments on 
the Gulf of Bo thnia sea-lloor (Freden, 1994), which forms a 
direct southwesterly ex tension of the suggested ice margin. 
We ha\·e ass igned the stage 5d maximum config uration a n 
age of 110 ka , by correlation with the marine oxygen-i sotope 
record. The configuration where the ice ma rg i n is defined 
by zone 3 is assigned an age of 100 ka. In its o\·erall outline, 
our reconstructed stage 5d ice sheet is simi la r to th e outline 
suggested by Lundq\·ist (1992), the only impo rtant differ­
ence being that wc infer a complete ice cover over coasta l 
Norway. \Ve do this on the ba is of the morpho logical evi­
dence fo r ex tremely west-ceJ1lred confi gu ra tions during 
ea rly parts oC the last glaciation (Ljungner, 1949; Kleman, 
1992). 

For ice-marginal zones I a nd 2 no accura te age con­
st raints exist; wc only know tha t the zones ren ect the occur­
rence of small-sized ice shee ts prior to the build-up of the 
late-Weichsel ian ice sheet (i.e. they can have formed any 
time dUl-ing the earl y \ Ve ichseli an, or even during the 
Saalian glaciation). Rega rding the stage 5b ice sheet, infer­
red to have existed on the basis of th in ti 11 bed s separating 
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the Perapol~ola a nd Tarendo interstadi a l d epos its (Lage r­
back a nd Robe rtsson, 1988), wc ha\·e fo und no coherent 
system or Oow-directi o n indicators directly supporting its 
ex istence. As a comple te ly cold-based icc covc r need no t 
leave any Oo\\" traces, the lac k of such traces Ica\·es open th e 
a lternatives of (1) no ice shecl, or (2) an a lmost en tirely co ld­
based ice sheet. If a stage 5b ice shee t ex isted, meltwater 
landfo rms must hm·e rormed during decay (Borgstrom , 
1989), but it is conce i\·a ble that they alT direet iona ll y com­
patibl e with the meltwater pattern la id down during th e 
stage 5d d ecay andth el-e ro re ca nnot be di stingui shed . Our 
preferred int erpre ta ti on is tha t stage 5b in northern f enno­
sea ndia \I·as charac te ri sed by a restricted glacia ti on, \\·ith 
build-up or a thin, entirely co ld-bascd ice sheet of limited 
size, not reaching th e Swed ish- Finnish bo rder or the Both­
ni an coast. This is in agreement with the lack orevidence 1'01' 

a stage 5b ice sheet in northern Fin la nd (Hin·as, 1991). 
An a lte rnati\·e, but in our opinion less likely, interprcta­

tion is that the ice shee t d e fin ed by ran 38 is indeed of5 b age, 
\\"i th the two subseq uen t i nterstadials instead represe11li ng 
Sa and a pa rti a l deglac iatio n of northern Fennosca ndia in 
iso tope stage 3, around 50 ka (cf. Ga rcia Ambros iani , 1991). 

.Iiarille isolope slages -I and 3, 7-1 25 ka ( Fig. 6) 
Most of Sweden is genera ll y assumed to ha \·e been ice­
co\·ered during isoto pe stage + (Andersen a nd l\ lange rud , 
1989; Lundq\·ist, 1992). A key problem in this co ntext is the 
age and stra tigraphic value ora characteri stic clayey, bluish­
grey ti ll w ith a high conte nt of far-travelled clas ts (Lund­
q\·ist, 1973a; Bjornbom, 1979), with possible corrclati\"Cs in 
Norway (Ulg, 1 9 '~8) a nd Finla nd (R a ini o a nd Lahe rmo, 
1976; Ii sa lo, 1992). An ca r ly-Weiehseli a n age was sugges ted 
by Lundq\·ist (1973a) a nd Lundq\·ist a nd l\ l ill er (1992), 
whereas an initi a l phase oC th e late \\ 'e ich seli an \\"as sug­
gested by Bj ornbolll (1979). D ata presen ted by 1 isa lo (1992) 
show tha t a bluish silt y 100\·er till in the a rea offa n 35 is older 
than inters tad ial sed iments dated as older than ++ ka. H ow­
e\"Cr, it is unkno\\" n if the lower till desc ribed by l isa lo (1992), 
which conta ins abundant rewo rked ma rine sed imen ts from 
the Ba ltic basin. is a true correla ti\·e to the Swedish sites. 

Of particular importance a rc the ice-OO\\· directions, 
inferred rrom till fabr ics a nd a fe\\ · stri ae observations [o r 
the till s described b~' Bj o rnbo m (1979). In central Sweden 
ice 0 0 \1· was from the wes t o r west-northwest. This indicates 
a n ice shee t \I·ith a so uthern centre of m ass, including a 
dome centre OI·cr so uthern Norway, as o pposed to the stage 
5d configu ra ti on, which h ad a northerly centre of ma ss. Fans 
15 a nd 22 a rc defined by till- f~lbr i e data a nd a few assoc ia ted 
stri ae in Bj ornbom (1979). Two other fa ns, 7 a nd 9, a lso incli­
ca te an ice sheet \\"ith a major dome centre o\Tr southern 
:\orwav, a nd when g ro uped with 15 and 22 [a rm a glac io­
logica ll y pla usible ice-shee t confi gurat io n. 

\ Vc no te tha t the pattern of fa n 7. which unquesti onab ly 
is older tha n the LGl\ 1 (H o uma rk-:\ielsen, 1981), indicates a 
pre-I a te-\ Veichseli an ice m argin in western D enma rk soulh o f 
the LGM position. Th is indicates an ex tens ive ice shee t cov­
ering the :\forth Sea , possibly linked with th e Briti sh ice 
sheet, in line with suggesti o ns by La rsen a nd Sejrup (1990), 
a nd \"e r y ha rsh clima ti c conditions. Fan 9, defined by a rc­
giona l occ urrencc or o lder stri ae from the north-north\\Tst 
(Adrielsson a nd Klingberg, 1989; Passe, 1990, 1993), lacks 
a ny dating constra ints. H owe\"Cr, Passe (1993) fo und wes­
terly a nd northwesterl y o r ienta ted glac ia l tec tonic features 
in Eemian sedimellls in thi s area , and considered these fl ow 
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directi ons to represent the first post-Eemian ice cO\"Cr in the 
a rea. Wc cons ider fans 7, 9, 15 and 22 incompatibl e \\·ith any 
reasonable LGl\ 1 or later Oow pattern. This a lso holds true 
for fan 8, defin ed on the basis of lineation , a nd an older 
stri ae sys tem doculllented by Eriesson and Gra nas (1983). 
1 n short , wc rega rd the Oow-trace e\·idence for the ex istence 
of the sou thwest-centred config ura ti on shown in Fig ure 6 as 
compelling, but acknowledge substa nti a l un ce rta int v rc­
gard ing it s age. 

Our prefer red illlerp reta ti o ll is that fan s 7, 9, IS and 22 
refl ect the rap id build-Lip of a southwes t-cen trecl ice sheet 
d uring the climat ic deter iorat io n at the beginning o f isotope 
stage +, i. e. tha t these fa ns are indeed expansion fan s. Wc 
suggest furthcr th a t thi s config ura ti on reflects ice build-up 
during ext reme cooling, with a seasonall y ice-cO\·cred :\0 1'­

wegian Sea. severely limiting precipita ti on suppl y to the 
north eastern pa rt of the ice shee t. The stagc -~ ice-shee t co n­
fi g urati on is di stinctl y difTerel1t [rom the stage 5d ice-sheet 
outline, which instead indica tes a t\\·o-domed ice sheet with 
a north erl y centre of mass. \Ve a lso consider it less likel y that 
fans 7, 9, 15 a nd 22 represent the stage Sb ice shee t. This is 
because th e a pprox im ately 6 ka duration of the coo ling 
a nd probable build-up phase during stage 5b is, with realis­
tic precipitation \·alues, too sho rt a time period to build an 
ice sheet th a t in this secto r is as large as, or larger tha n. the 
LGl\ 1 configurat ion. 

:\0 ice-OO\\' d i re,tiona I C\· idence bears on the cleta i led 
pa ttern of g rowth frolll th e 65 ka time-slice con fi g ura ti on 
to the LG;"! a t 22 ka. O xyge n isotope data (Fig. I) indicate 
a (!cerease in g loba l ice \·olullle during isoto pe stage 3 (mid­
\\"eichseli a n ), which is likely to be refl ected a lso in the 
Fennoscandia n ice sheel. Il1lerstad ial deposits a long the 
coast of Norway (i\ndersen a nd o thers, 1981, 1983; l\Ia ngerud 
a nd ot hers, 1981; L arse n a nd othe rs, 1987), in so uth\\Tstern 
Sweden (Hillcl(m, 197+; t\ I iller, 1977) and in the north­
eastern parts of D enma rk (Houma rk-Nielsen and K olstrup, 
1981) hmT been dated at 28 55 ka a nd indica te th a t there 
\\·as a mid-\ Ve ichscl ian retreat fro m o ur reconstructed stage 
+ ice-shee t exten t. The magn i t ude or this ret real is debated, 
and reconstructions range from \Try limited (Donner, 1996) 
to near-comple te (Olscn a nd o thers, IQCJ6) deglaciation 
during the mid-Weichse li a n. Th e oxygen isoto pe \·a ILl es 
during stage 3 a rc slightl y more negat i\·e than during stage 
5d a nd Sb (fi g. I). Thus, \\"C' arg ue th a t the minimum mid­
\ Veiehsc lian ice-sheet ex tr lll was in the same ra nge as the 
maximum ea rl y-\ \ 'eichscl ia n ice-s hn:t cU llfig uration, ou t­
lined in Fig ure S. 

Wc a lso consider it likely lha t fa ns 8 and 16, dc!ined by 
tilllinea ti ons a nd the regiona l occu rrence 0 (' no rthwesterly 
stri ae in th e L a ke ).Ia la ren region, res pecti\·ely ( l\Ioller and 
Sta lhos 1965, 1969; Bjornbom, 1981; J\lagnusson, 1986; Erics­
son a nd Lidcn, 1988; Gra nas, 1990), belong to th is peri od of 
ice-sheet g ro\l·th. This is because ra n 16 is \"Gunge r th a n fa n 
15, \\·hieh we assigncdto isoto pe stage + (around 65 ka ), but 
older than the LGl\1. As f~lIls 8 a nd 16 indica te a m ore north­
erl~ ' direction o r ice fl ow th a n fa n 15, th ey proba bly represent 
an cast \\·a rd m ig ra ti on of the ice-d ispersa l cent re. 

M arille isololJe slage 2.22 ko , L(;111 ( Fig. 7) 
This reconstruc ti on dilTCTs frolll the pIT\·ious o nes in tha t 
the L(; ~l ice margin is \\"ell documented (Andersen , 1981), 
except for some problematic areas located in the North Sea 
a nd Barcnts Sea sectors. \\'e ha \ "C tri ed to reconstruct a rea­
li stic surface topography based on the following lines of rea-

293 

Downloaded from https://www.cambridge.org/core. 19 Dec 2025 at 17:25:36, subject to the Cambridge Core terms of use.

https://www.cambridge.org/core


J ournal cifGlaciology 

·oning. (i) With a western ice-sheet m a rg in constra ined by 
the Norwegian shelf edge, the mos t easterl y ice-di\' ide p os i­
ti on should ha\'e occ urred when the eastern ice margi n of 
th e ice sheet was a t its max imum p os ition, i. e. du ring the 
LGM. (ii ) In northern and southern Fennosca ndia the fa ns 
rela ted to the most easterly d ispersa l centre a re li kely to 

have fo rmed at nea r-maxim um stages. (iii ) The isosta tie u p­
lift pa ttern does not indica te a h ea\ 'y ice-load in north­
eas ternmos t Fennosea ndia (Ekman, 1989). 

\ Ve ha\'e based the suggested ice-surface form I in es on 

the di rection of fans 5, 10, 14, 17, 20, 21, 27, 29, 31 and 44. \ Ve 

a re u ncerta in about the ehronologic p os ition of fa n 34: it 

may belong to thi s stage or it may be a much older feature 

prese rved beneath cold-based areas of the ice sheet. Fan 20 

is based on older stri ae in the K alma r a rea (Rudmark, 1980, 

1981, 1983, 198+), direc ti onally compa tible with a Ba lti c ice 

stream. The di rection of fan 14·, defi ned by older stri ae as 

described by Daniel (1989), matches the direction of fans 5 

and 20 yery we ll, defi ning a now p a ttern from an eas terl y 

disp ersa l centre. Fan 31 may not neeessarily ha\'e formed 

during the LGr..I, but neyertheless const ra ins an ice-disp er-

Isotope stages 2 and 1 
Decay panern 

/ 

10" 

sa l centre, located fa r to the east of the mounta in range. [:;a n 
10, based on stri ae (Lundq \'is t, 1969) a nd till lineations 
(Borgs trom, 1989), is comp a tibl e onl y with a main ice divide 
trending eastwards from the high ground in southern 
Norway. The location a nd shape of thi s fa n indicate that 
the lower ele\'ati on in the celll ra l part of th e mountain range 
significantl y innuenced the ice-dra inage pattern, caus ing a 
distinct b end in the main ice di\·ide. The fo rm lin es of the ice 
sheet in Fig ure 7 halT been draw n at right a ng les to the ice­
Llow directions correspond ing to the abo\'e menti oned fans. 

.\/arine isotope stages 2 andl, jJost -LG'\/ deer!)' jJaUe1'll (Fig. 8) 
The pos t-12 ka retreat pa ttern in Figure 8 is based on fa ns I, 
2, 5, 23, 24, "1-3 and +5, a nd the dry-b ed fan 56, shown in 
Figure 9. The ice-sheet o utline at 22 and 15.2 ka is based on 
Andersen (1981). The marg ina l retreat from the LGM posi­
ti on to the fin a l di sappea rance of the ice sheet has been ex­
tensively studied (e.g. Andersen, 1981; Lunc1qvist, 1986). This 
e\'o lution is \\"ithin the rad iocarbon-da ti ng range and is, in 
the Ba lti c a rea, a lso da ted by van T co unting (St romberg, 
1989). H ence, different p a rts of the retreat seq uence are 
dated by difTerelll methods a nd, in the case of rad iocarbon 

25' 35' 

Fig. 8. The deca)! pattemJrom 22 ka to approlimatefy 9 ka. Thinlilles are the longitudillal continui{JllinesJordeglacialfans I, 2, 6. 
24,43 and 45, as well as the distat parts cif fans 26, 28, 46, 48 alld 50. representing time-trallsgressiueJormation cifJ70w tmces and 
subsequent jJresmJation/~J! deglacia tion. Thin dashed lines represent the near-deglacialjlowlines of the pro rimal parts of fims 28. 
-16, 48 and 50. Ice-marginal positions at 22 and 15.2 ka are based all Andersell (1981), recalwlatedJrol71 radiocarbon ),eal'S to 
calendaryears on the basis cif Bard and others (1990). T he 12 ka ( lOllnger D 1]!as) and 10 ka ice III Cl1gins are based on the Swedish 
['a rue chronology (Striimbe lg, 1989, 199-1), with a 350 a correction based on the age of the lounger D1)JaS climatic euent ill the 
Greenland ice-core record ( iVJa)!ewski and otlzers, 1993). 
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Fig 9. The d1)'-bed deglaciatiollJall (56) ill lIortltem FellllO­
scandia. Th is Ja 11 lacks litllilleations and eskers and is in ­
stead defined ~l' glaciqfluvial channel systems and seal/ered 
observations qf Lom/fJ! )iOulIgest striae. Older glacial and 
1I01l-glaciallallrffoTllls were large{l' preserz'ed in thisJrozen­
bed area. 

datillg, different maleria ls im'oh'ing \'arious time lags a nd 
error sources. Gi\'en our a mbition to prese nt calenda r-yea r 
con fi gu ral io ns and lime-s lice no\\' patterns on ice-shee t 
sca le, th ese incompa tibiliti es hm"C to be O\TITome. Our 
approac h invok es lhe fo ll owing componenls: 

(I) Accepta nce of the calibration orthe rad ioca rbon time­
sca le by U-Th dating of Barbados corals (Bard a nd 
ot hers, 1990). 

(2) For the a rea sou th or the Ba ltic. where the lill ea ti ons in 
Fig ulT 3 gi\'e poor spati al control, wc ha\"(' accepted 
Andersen's (1981) 13 ka (IIC yea rs) ice m a rg in. For con­
\ 'e rsion to ca lendar years, wc ha\'e used a 2.2 ka CO rl"ec­
ti on der i\'ed from Bard a nd others (1990). 

(3) Acceptance of the Greenland Ice-core record 
(M aye\\'s ki and others, 1993), dated by a nnual laye r 
co unling, as a "true" record giving the a bso lutc age of 
the Younger Dryas climatic even t, an e\Tnt \\'hose 
g lac ia l geologica l e[Jec ts are well di spl ayed in Fenno­
scandi a . 

(4) Wc rega rd the Swedish \'a n T chrono logy as being 
acc ura te for post-Younger Dryas stages. This pre­
\'io usly Ooa ting chrono logy has been connected to the 
presen t by Ca to (1987). H owc\'Cr, in li ne wilh the sug­
gesti o n put fon\'a rd by Stromberg (1994), wc consider 
tha t lhe time lag between the abrupt post-Younger 
Dryas warming, ev ident in lhe Green la nd record, a nd 
lhe onsc t of rapid retreal from the You nger Dryas mor­
a in es in central Sweden (Stromberg, 1994) is unrea li sti­
ca ll y large. According lo ~layews ki a nd o thers (1993), 
the age of the Yo unge r Dryas clim a lic event is 12.9 
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11 .5 ka, whereas the clay- van"C chronology (Sll'om­
berg, 1994) dates lhe co rresponding readva nce, subse­
quen t ha lt a nd mora ine-building event al 11.6+-
10.94 ka. Thus, it appea rs tha t vanT ages a re LOO yo ung. 
\Ve regard a substa ntial li me lag between the o nse t of 
cooling, read\'ancc a nd ha lt of the ice ma rgin as 
plaus ible. H owever, a 550 yea r time lag be tween the 
onset o f warming and onset of rapid margina l retreat 
appea rs un likely: a time lag of on ly 200 yea rs appea rs 
more reasonable. \Vc have therefore added 350 years to 

the clay- van 'e age of lhe Yo unger Dryas moraines in 
S\\'Cden, lhu.' ass ign ing an age of 12 ka to the Younger 
Dryas m argin shown in Fig ure 8. 

Basal thertnal zonation at the LGM 

\Vc interp rel preserved pre- Ia te-Weichse li an g lac ia l a nd 
non-glac ia l la nd forms under the cen tra l pa rts of the ice 
sheet as m arking sustained frozen -bed cond itions during 
lhe last sladia l (Klema n a nd Borgstrom, 1990; Kl cman, 
1994). Areas wilh abundant reli c t landforms are shown in 
Figure 10. It is not implied tha t m arked areas have com­
pletely escaped erosion during the late Weichselian; loca ll \' 
wilhin lhese areas there are zones which have been sligh tly 
reshaped dur ing the las t stadi a !' There is commonly a n in­
lricate palchwork of nUled a nd complete ly prese rved a reas 
(Kleman and Borgstrom, 1994). H owcver, the g reater part 
orthc marked areas is una ltered , a nd wc thus interpret lhem 

Fig. la. Fro::.en -bed distribution at deglaciation (shaded 
areas) alld in/erred llIinilllllmJrozen-bed zone at LC1\[ (en ­
closed ~v hold line). Arrows mark ice-jfow directions ill wet­
bed zones culling into the Jrozen -hed core area rif the ice sheet. 
The maj) is based 011 data jnesenled in this paper as u'ell a.1 

JrOIll Aaitalle!l (1969), A-ujansltlt (1975). ,\ ordkaloll Project 
(1986a, b), L agerhack (1988a, h), Lagerbdck and Roher/sson 
(1988). Rodhe (1988), B01gstriill1 (1989), Alell7all alld Borg­
s/1'ijll7 (1990, 1994), Alell7an (1992). Kleman and others 
(1992), Lundqvist (1992), alld Hdttestrand ( in press). 
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as representing a reas where the la te-\ Veichsel ian Fenno­
scandia n ice sheet was frozen to its bed. 

The fragmented nature of the preserved area, which in 
northern Fennoscandia is clea rl y di ssected by inward-trans­
gressive lineation swa rms (fans 24 a nd 43), the surge fan 50 
and the non-deglacia l fan 31, indica tes a la rger form er 
ex tent of the frozen-bed zone. In our view, onl y the seve rel y 
restricted erosion assoc iated with a frozen bed can explain 
the obsen 'ed pattern, with sha rp lateral boundaries 
between young lineation zones and relict landscapes. As 
shown by the inward-transgressive lineation swarms, the 
frozen -bed area was diminished during the post-LG~ [ 

stages. \ Ve have used th is relati onship to infer what we con­
sider to be the minimum rea li stic frozen-bed extent a t th e 
LGM (heavy line in Fig. 10). As strat igraphical data indicate 
near-complete deglaciation during isotope stage 5a (Lager­
back a nd Robertsson, 1988; Lundqvist, 1992), the cold-based 
centra l zone must have developed during the 70~22 ka inter­
val. Lagerback (1988a ) inlCrred an ex tremely hars h pola r­
desert climate in northern Fennoscandia during stage 5a, 
wh ich through the development of deep permafrost m ay 
have facili tated the build-up of a largely cold-based ice­
shee t sector. The sca rcity offlow traces tha t ca n be assigned 
to m a rine isotope stage 3 is we ll exp la ined by a fro ze n bed in 
the core area of the ice sheet. 

I n the inversion presented here, there is onc group of 
subglacia llandforms which we have not employed, namely, 
the ribbed mora ines. D espite the fact that ribbed mora ines 
a re common features in the interior parts of former ice 
shee ts, they cannot a t present be used in the reconstructio n 
of ice sheets, as the sta te of knowledge regarding their gen­
esis is inadequate. H owever, there appea rs to be a spati a l 
linkage between the ribbed-moraine distribution a nd the 
basal thermal regime of the Fennosca ndian ice sheet. The 
area of frozen bed during the LGM (inside the thick line in 
Fig. 10) closely fo llows the distribution pattern of ribbed 
moraines in Fennoscandia (Sollid a nd Torp, 1984; :\fo rd­
kalott Proj ect, 1986a; H attestrand, in press). A simila r corre­
lation of a shrinking frozen-bed zone and the de\'elopm ent 
of ribbed mora ines has previously been suggested fo r the 
Labrador sector of the Laurentide ice shee t (Klema n and 
others, 1994). This is in line with the fo rmation hypothesis 
for ribbedmora ines put forwa rd by H a ttestrand (in press ), 
who argues that ribbed moraines form by fractur ing and 
extension of a pre-existing drift shee t, during the transition 
from frozen to wet-based conditions. Thus, it is possible that 
the distribution of ribbed moraines may in the future be 
used as an add i tional too l in mappi ng the extent of frozen­
bed a reas under form er ice shee ts. 

TiIne -s liee flow patterns 

Fig ure 11 summ arises, for each time slice, the su rface config­
uration and fl ow patterns that arc m ost compatible with the 
evidence pre\·iously presented. The configurations during 
glacia l maxima (110 a nd 22 ka) can be confidentl y recon­
structed, as can the stages during the las t deglac ia t ion, 
whereas ice-marginal positions and configurations during 
isotope stage 3 rem a in elusive. The identifica tion o f the 
65 ka configuration centred in the extreme southwest indi­
cates substanti al shifts, not only in the eas t~west balance 
(Ljungner, 194-9; Andersen and M a ngerud, 1989: Lundq\'ist, 
1992), but also in the north~south bala nce of the ice sheet. 
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DISCUSSION 

Glaciological m ech a n isIns 

Our results indicate tha t the configurat ion cha nges of the 
Fennoscand ian ice sheet during the las t glacia l cycle rep­
resent a unique, climati ca lly driven e\·o lution. There is no 
e\·idence to indicate short-term oscillatory changes in basa l 
temperature ( binge~purge mechani sm), as has been sug­
gested for the Laurentide ice sheet (l\ IacAyea l, 1993). Tfsuch 
repeated wet-bed even ts had occurred, wc wou ld expec t 
complete erasu re of old morphology and evidence for re­
peated Qow events with only slightl y differing pallrrns. The 
evidence fo r frozen-bed conditions for more than 50 ka in 
the ea rl y-\ Veichselian land scape indicates instead that the 
late-Weichsel ian ice shee t was a glaciologica ll y stable fea­
ture, with a thermal zonat ion pallern strongly resembling 
that proposed by Hughes (1981) for terres tria l ice domes. 
These results arc in line with recen t modelling experiments 
by Huybrechts and T'siobbel (1995) andJ. Fastook (persona l 
com munica tion, 1995), which indicate a stable frozen-bed 
core area f'or the Fennoscandian ice sheet. The ex istence 0 [" 

a fi"ozen-bed core area in Fcnnoscandia was prev iously sug­
gested by Schytt (1974) a nd Sollid and Sorbel (1988). We thus 
el1\' isage a frozen-bed CO I"e area , an intermedi ate zone with 
a frae tal patchwork offroze n a nd thawed bed, and an outer 
wet-bed zone as a normal zonation for terrestri a l ice domes, 
in li ne with reconstructions fo r periphera l domes of the 
Laurentide ice sheet (D yke, 1993), and the L abrador sec tor 
of the La urentide ice shee t (Kleman and others, 1994-). 

We likewise find a nother suggested g laeiologieal 
mechanism, drumlin formation caused by subglac ia l 
"megaflood" outbursts (Shaw, 1989), not applicable to the 
Fennoscandian ice sheet. The major drum I in zones in north­
ern Fennoscandia a ll terminate proxim all y in froze n-bed 
zones, leav ing no space for maj or subglac ial water reser­
voirs. Furthermore, som e maj or lineati on swarms a rc 
clea rly time-transgressive a nd reOect continuous format ion 
o\'Cr thousands of"years, which is incompatibl e with the sub­
glac ia l fl ood hypothes is, as Qoods cannot be sustained O\'e r 
such long ti me per iods. 

COInparison wit h nUIne rical m odelling r esults 

A comparison with recent numerical modelling of the 
Fen noscandian ice sheet by H olmlund and Fastook (1995) 
reveals g reat simil arit y in p a ttern for the ea rly-Weichse lian 
interval ( their fi g. 4b ), a lthough there a rc differences in the 
age assignments of the events. However, none of their time 
slices can explain the fl ow traces in fans 7,9, 15 a nd 22, con­
stituting our 65 ka config uration. This indicates a substa n­
ti al spa ti a l deficiency of the m ass-balance forcing in their 
model for at least one criti ca l time interva l during the las t 
glac ial. The same holds true for the model of Huybrechts 
and T'siobbel (1995) wh ich, a lthough creating a centra l 
frozen-bed zone in reasonable agreement with the geo­
logical ev idence, initially builds an ice sheet centred over 
northeas tern Fennoscandia, and does not show any poten­
ti al to explain the Oow pattern documented by the above 
fans. In ou r \'iew, these discrepancies between geo logica l 
data a nd numerica l model ling results suggest an inability 
of present g laciological m odels to handle adequately the 
large spati a l changes in precipitat ion pattern that we re most 
likely associated with m aj or changes in the pos ition of the 
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Il lel7l([1I and others: Felllloscandian /xilaeogiaciology reconstructed 

Fig. Il. . ~J ' nthesis oftheJm'ollreri illteljlrflatiolls regardillg ice-slieet olltline, disjJel:wl-cell tre locatioll ( D) all dflol(' jJ([lIem ( ar­
rows) Jorsi \ discrete timeslices d/lring the last glacial ~)'de. 

pola r wa te r from ('\ldm yre a nd others, 1972; J\IcJ\l a nus 
a nd others, 199+) a nd sea-i ce Co\Tr in the :"lonh Atl a nt ir. 

It shou Id a lso be noteci tha t whi le th e use o f the g lacia l 
geo logica l imTrsion model d esc ribed in thi s pap er can give 
inform ati o n o n th e evolutio n o f th e ice shee t in two dimen­
sions, i. e. th e ic<,-n olV pa tte rns a nd , to some ex te11l, th e out­

line of the ice shee t, \ 'ery littl e ca n be concluded concerning 
the thickn ess o f th e ice. Thus. th e results prese nted in thi s 
pa per should be used as bo unda ry co ndi tions fo r numerica l 
iee-shee tm odcls, as onl y th ese m odels can g in' inform ati on 
o n the Cu 11 th ree-d i mensio na I e\'olut ion of the Fen no­
scand ia n ice shee t. 

CONCLUSIONS 

In this paper wc hmT show n th a t, by employing a g lac ia l 
geo logic imT l'sion model to fo rm a li se the use o f the glacia l 
la ndfol'm reco rd, it is possible to reconstrUel t!J e evolu tion of 
th e Fennoscandia n ice shee t throug h th e las t g lac ia l. The 

m os t im port ant conclusions from the ill\Tstiga ti ons a re as 
fo ll ows: 

The now traces in bo th time-tra nsg ress i\T a nd "eve llL" land­
fo rm sys tems can be used effi c ie ntl y fo r reco nstruc ti o n of 
now-pa ttern e\'oluti on through the use of th e g raph ical 
g lac ia l geolog ica l i m 'C rsion mode l. 

Som e time du r ing the ea rl y Weichscli a n, probably during 
isotope stage 5d, a nortllllTs t-ce ntrcd ice shee t reached just 
anoss the G ulf o fBo thni a. 

Th r m,uor build-up phase of th e \ Veic hse li an Fennosca ndian 
icc shee t was cha racteri sed by a ce ntre of mass in a n ex­
t re me so uthweste rl y positi on during isotope stage 4. It is 
p roba ble th a t th e Briti sh and Fennosca ndian ice shee ts were 
connuent at thi s stage. Bui ld-up of th e north eastern seClor of 
the Fc nnosca nci ia n ice sheet slow ly took place during th e 
65- 22 ka inten ·a l. 

At the LG~I, the Fe nnoscandi a n ice sheet had a m a in ice 
divide O\'Cr th e Gulf o CBothn ia a nd a m aj or bend in the ice 
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divide eaused by outflow to the northwest oyer th e lowest 
pa n of the mountain chain. The ice sheet had a frozen-bed 
core a rea, which was only pa rtly consumed by inwa rd­
transgressi\ 'e wet-bed zones during the deeay phase. 

The southwest-centered pattern of build-up during iso tope 
stage 4 is poo rl y reproduced by curre11l numerical g lae io­
logical models. 
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