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ABSTRACT. Accounting 10 r isos tas), in glaciologica l mod els has a lways been a 
necess it y but these mod els mos tl y lI se ve ry simple pa ra meteri zati ons (Le :\feur a nd 
Huybrechts, 1996) . Th e need [or more realisti c isos ta ti c pa ra meteriza ti o ns ra pi d ly 
became ap pa rent , es pec ia ll y in th e trea tment o f bedrock-sensiti\ 'e issues such as the 
gro un d ing-line migra ti o n (Hu ybrec hts, 1990a, h ). T o this cnd , a ra th er sophisti ca ted 
Ea rth model , a \'oiding mos t o f the commo n ass umptio ns, has been de\T loped a nd is 
presented here. Th e two key gro ups of pa ra meters, to \"hich th e mod el is mos t 
sensiti ve, a re th e Ea rth properties a nd th e rh eologica l la w used (c)r th e m antl e. Th e 
aim o[ thi s paper is first to j ustify the use of \lax well rh eology [or th e ma ntl e a nd th en 
to tu nc the mos t sensiti vc Ea rth para meter, nam ely the ma ntl e \·iscos it v. in ord er to 
match th e numero us pre,ent-day up lift d a ta o\'e r Fennosca ndi a , So, in the first 
insta nce, a short re\'iew orthe d iffe rent a \ 'a il a ble rh eo logies is presented a nd di sc ussed, 
The \'isco-elas ti c theo ry, as well as th e ma th ema ti ca l bac kground used in the present 
model, is a lso briefly sketched . Second ly, a glacia l scenario over Fennoscandi a sen Td 
as a n input ror the m od el in a calibra ti on tes t o n th e ma ntl e-viscos ity va lu es . Th e 
degree or agreement of the mod el outputs with th e p rese nt-d ay measurements g ives a 
reference se t of Green fun cti o ns, to which one can reasona bly refel' when modelling thc 
isos ta ti c res ponse ove r a rcas w here such a con trol is no t possible (Le :'Ieu r a nd 
Hu ybrechts, 1996 ). Fina ll y, a closer look to lhe tim e-de pend ent s url~lce d isp lace ments 
will confirm th e a b ili ty for the model to rep roduce co rrec tl y th e ma in pos tglac ia l 
rebound cha rac teristi c fea tures. 

INTRODUCTION 

The huge ice m asses ca used by la rge g ro und ed ice shee ts 

result in depression of the Ea rth 's surface. This spec ifi c 
res ponse o f the pla net is kn own as th e isos la ti c res ponse 
a nd in re turn ac ts on th ese ice shee ts, a nd therefore has 
fu ll y to be ta ken into acco unt in a ny ice-sheet mod elli ng 
a ttempt. Indeed , in th e case oC isosta ti c equi li brium , th e 
Ea rth d enec ti on can be as much as o nc-thi rd of the ice 

thickn ess acco rding to the hydros ta ti c a pproximation . It 
m eans a lowering of up to I km below the th ickest pa n s of 
la rge ice shee ts. One ca n eas ily rea li ze th e consequences of 
such a shirt on the ice ca p in terms o f surface m ass 
ba la nce. An o th er cru cia l po int lies in th e spec ifi c 
geometry o[ accommod a tio n in the vi cinity of th e ice­

shee t ma rg in , m ain ly controlled by th e lithospheric elas t ic 
bend ing . Th e periphera l fo rebu lge induced by th e 
as then ospheri e viscous o utnow may a lso play a ro le 
beyond th e ground ed-ice limit. I n the case oCa ma rine ice 
sheet, such as in \ Ves t Anta rc ti ca, a n acc ura te pa ra­
meteri za ti on o f the bedrock ele\'a tion , in these sensiti ve 

a reas seems cr ucia l. It perm its proper determ ination of 
the grounding-line m ig ra ti on accord ing to the rel a tive 
sea-lc\TI cha nges, a nd the consequent efrec ts on th e 
sta bi li ty o f lhe ice shelf (H uybrech ts, 1990a, b , 1992; Le 
i\ Ieur a nd Hu ybrcehts, 1996 ). Bes id es the efrects o f 
specifi c geom etrica l aspec t, th e lagged res ponse o[ thc 
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Earth strongly innuences the time-depend a nt behm 'io ur 
of ice shee ts. It is even ge nerall y a rg ucd th a t these ice 

Ea rth processes wo uld pa rt ly explain the ch a rac teristi c 

100 kyea r period ove r whi ch ice caps ha ve regula rl y 
grown a nd decayed fo r th e las t 800 000 yea rs. Ne\ 'e r­
theless, as cru cial a s it may a ppea r, th e d e\ 'elopment o r a 
reali st ic Ea rth model sti ll encoulllers ma ny d ilTi culti es . 
One of the most importa nt points li es in the a ppro pri a te 
choice [or a rh eologica l la w which must be suffi cient ly 

realisti c, without being too complex to model. Fo r th a t 
purpose, linear rh eo logies are pa rti cu la rl y appreciated , 
since they a llow model linear outputs with respect to th e 
loading \'a lues, a cru cia l property for the con vo luti on 
process of the Green fun cti o ns. Sec ti on I expla ins the 
main reasons for using such rheo logies a nd also to wh a t 

extent th ese linea r para me terizati ons can be simp li fi ed . 
T he second major iss ue concerns the co rrect determina ­
tion of the Ea rt h pa ra meters. Some o f them are rela t ivel y 
well kn own from seismic d a ta, such as the H ookea n 
para meters a nd th e densit y profile (Dwiezonsky a nd 
Anderson, 198! ), whereas o thers rem a in unce rta in such 

as the viscos ity profile withi n the ma ntl e. I n ord er to co pe 

with this prob lem , a calibratio n teS t o n \'iscosity is carr ied 
out by m a tc h ing the num ero us d a ta d eri\'ed fr om 
Fennoscandia (sec ti o ns 2 a nd 3) , F ina ll y, sec ti on 4 goes 
d eeper in to the res ults from the refe rence model th a t 
res ulted fl'om th is stud y. 
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1. THE MODEL PHILOSOPHY 

1.1. The vis co-elastic theory 

Due to the large-sca le displacements pro\'id ed by th e 

g lacio-i sos ta ti c process, an accurate modelling oC the 

Earth response under large ice shee ts requires spheri ca l 
models th at take in to account the who le planet (Pelti er, 
1974; Cathles, 1975; Lambeck and o th ers, 1990; Spada 
a nd o th ers, 1992 ) , These kinds of model manage to 
reproduce co rrec tly th e di. placement field (espec ia ll y th e 

deep part ) a nd th erclore can eas il y inco rpora te th e 
com plex interactions between this latttT and the gra \ita­
tion al potential [ield (Bac h us , 1967; Peltier, 19H), The 
four main parts ge nera ll y adop ted [or th e planet consist of 
an inncr il1\'isc id co re surro und ed by a \'iscous mantle 
(which is often sp lit into a n inner lower mantle a nd a n 

outer upper onc ), a nd fin a ll y a peripheral elastic litho­

sp here, J\I ost or th e deform a ti on ta kes place in th e m a ntl e 
under the [onn of a , 'isco-elasti c Oow (th e use o r thi s 
terminology will be clarified later on ) a nd , to a lesse r 
degree , in the lith os ph ere which esse nti a ll y be nd s 

elast icall y, These prelimina ry consid era ti o ns led to th e 

now generall ), acce pted fam il )' of self-gra vi ta ti ng sphe­
ri ca l \'isco-elastic models (Pelti er, 1974; Lambeck a nd 
o thers, 1990; Spacla a nd o th ers, 1992 ) , Th e cru eia l issue is 
in r~\ct th e way the ma ntl e rh eo logy is trea ted, Th e two 
main ques tions a re (i) whether onc ca n co nsid er th e 

re la tion bc tween stress and stra in ra te as linea r, a nd (ii ) 

how to d eal wi th th e d e\'ia ti ons rrom th e perfec tl y elastic 
behaviour for th e short tim e-limit res ponse (revea led by 
seismi c sur[ace-wa ve a tten ua ti on ) , As regard s th e lo ng 
time limit (lo r times in excess of se\'e ra l hundred years) , 
the mantle is subj ec t to a stead y-sta te yiscous now th a t 

some laboratory ex perimenLs h a\'e tri ed to reproduce 

(K ohlstedt a nd G oe tze, 1974; Durh a m a nd Goetzc , 
1977 ), Unfortun a te ly, th ese results hm'e sugges ted a 
non-linear Oow law, at leas t a t th e strain-ra te cha rac te r­
istics of la bora tory-ind uced cree ps ( 10 (i S i ) , Howcyer, as 
argued by Peltier ( 1982 ), th ese ra tes a rc far hig her th a n 
those encountered in the mantle ( 10 16 s \ and th e 

corresponding stress leyels would fa\ 'our gra in-boundary 
processes instead of th e single-c rys ta l d eformation ob­
tai ned by experi men ts, Some other studi es (Twiss, 1976; 
Berekh emer and others, 1979; Brethau and others, 1979; 

Greenwood and o th ers, 1980) even sugges t that thi s 

g rain-bound a ry creep process might obey a lin ea r 
constitutive relation, As rega rd s short time-sca le beha­
viour, it seems from recent work in seismology th a t thi s 
a nelasticity a lso fits in th e fram ework of a linea r relation, 

Fin a ll y, Peltier a nd o th ers ( 1981 ) have e\'('n cla imed 
that th e re exists a sing le lin ear model ca pabl e of 

continuously d escribing th e who le geod ynamic tim e 
spec trum, and es pec ia ll y th e tra nsitio n from th e shorL­
term anelast icit y to th e long-term stead y-sta te viscous 
Oow, Th e so ca ll ed "generali zed Burge rs bod y" , ",hell 
expressed under its simplilled form (th e Burgers bod y), 
still yields a ra th er complex stress-stra in relation, H ow­

eve r, Pelti er ( 1982 ) first showed that, when one tries to 

infer th e cha rac teristic pa rameters of such a model in 
order to match the quality fac tors, it a ppea rs that in th e 
short-time limit, th e d e\'iations fi'om a perfe erl y elast ic 
behavio ur arc no t ve ry la rge , Secondl y, th e stead y \'isco us 

Le J[eur: [sos/a/ie jJos/g/acia/ reboul/d ol'er Fellllos((ll/dia 

now that ra pidl y takes 0\'('1' and becomes the prcdomi­
na nt deformation process in the pos tglacia l rebo und, can 
eas il y be trea ted with a simpl e yiscous Newtonian stress­
stra in re la tion, On th e basis o r th ese two consid era ti ons, 
and [o ll owing most of the se lf~g ra\ ' it a ting sph eri ca l \'isco­

elas ti c models (Pelti er, 19rt; La mbeck a nd others, 1990; 
Spada a nd o th ers. 1992 ), the rheological body used in thi s 
stud y has becn " red uced" to a simpl er l\I axwell bod y, It 
consists or a sp rin g and a d as hpo t in se ri es , Onl y three 
pa ra meters a rc necessa ry to cha rac te ri ze entirel y th e 
m ec ha ni ca l be ha\'iou r , na mel y A a nd f.L , th e tw o 

com 'entio na l La me consta nts fo r a H ookean elas ti c so lid , 

and v, the \'iscosity gO\'erning the strain rate for th e 
, 'isco us Oow, for a l\I axwe ll hoc" ', th e linea r combin a tion 
be t\\'('en the stress tcnsor Th-I , th c stra in tensor e kl a nd th eir 
respec ti\'(' time d e ri va ti\'(~s (d o tt ed tensors) reads 

T n th e Laplace- tra ns[orm clomain, where th e tenso rs a rc 
now expressed in te rms or their La pl aee tra nsfo rms. 
according to 

the conslituti,'e rela ti on in Equati on ( I ) reduces to 

7}1 = ).. (s) e;;f5u + 2/-i(s) ekl 

(2) 

(3) 

which is exac tl y th a t for a H ookean solid , but with th e 

cocfIicients A a nd f.L no\\' functions o f th e la pl ace \'ariable 
S acco rdi ng to 

with 

).. (S) = )..S + pK/v , 
S + /-i/v 

J( = A + 2: ' 

/-is /-i (s) - ---;­
- S + p /v 

(4) 

This form a li sm illustra tes th e co rrespondence prin ciple 
(Pcltie r, 1974) , wh ich sta tes th a t it becom es possibl e, by 
shifting to th e L a pla ce-translo rm domain , to reduce a ny 
lin ea r rh eo logy to a simple elastic Hookea n trea tm ent. T o 

understand thi s a pproach , sand /-i / v must be interpreted 
as im'e rse tim es , then th e va lue s = - f.L / v = - l / T,n 
clearl y appears to be singular and is the il1\'e rse of th e so 
call ed "l\ Iaxwell time T,1I'" It mea ns th a t 10 1' sho rt rime­

sca les corresponding to Isl» /-i / v , th e terms ).. (s) and 
f.L (s) , res pec tively, tend towards th e conve ntional Lam e 

para m e ters A a nd /-i , indi cating a Hookean elas tic 
behavio ur. COI1\'erselv, [or low \'a lues of Is I corresponding 
to time \'a lues far greater th a n the l\1[axwe ll time 
(t » T,,, ), )..(s) a nd /1( s), respeerively, tend towa rds K 
a nd vs , In th e time domain , thi s yields a stress-strain 
relation cha rac te ristic of an in compressible viscous nuid, 

that is: Tkl = J(eiiDI.:I + 2vekl , Th e full visco-elastic treat­
ment a llowed by thi s principl e comes from the fac t that 
the entire li'equency s-spectrum is consid ered from the 
elas ti c limit to th e large time-sca le viscous Oo\\' , The time­
d ependent so lution is obta ined from the Laplace in version 

of the s-d epend ent so lution of the eq uiva lent elasti c 
problem, This method is fundamenta lly different from 
th a t emp loyed by Ca thl es ( 1975 ) , which trea ts th e vi scous 
and elas ti c sys tems of equations separatel y a t eac h time 
step and a dds them to approximate th e total di spl ace-
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ment. ,\ pa per by \\' u (1992) clea rl y shows th a t thi s la tter 
a pproach g i\TS poo r res ults compa red to th ose from th e 
co rres po nd ence principle, as fa r as th e ma ntle is supposed 

to be \'isco-elas tic, 

1.2. The unit IDodel 

\\'e arc no \\' co nce rn ed with th e cl as ti c-equiva lent 

probl em o f th e response to th e surface loading fo r a sclf­

g rm' ita ting spheri ca l Ea rth , The a ppropria te equ a ti o ns 

fo r momentum conse n 'a ti on , g ra \'ita ti ona l a nd d cnsity 
perturbations ha ve bee n lineari zed " 'ith res pec t to sma ll 
perturba ti o ns fro m a h ydros ta ti c initi a l equilibrium 
(Bac h us, 1967 ), Th e unit-impulse po int load a nd th e 

ensuin g symmetry of th e problem a rc pa rti cul a rly suita ble 

fo r a sph eri ca l surface ha rm o ni cal trea tm ent. Therefore, 

th e new spec tra l \'a riabl es d epend onl y o n th e radius 
within th e Ea rth , Th e linea rit y in bo th th e stress stra in 
rel a ti o n a nd th e elas ti c equa ti ons a llow th e superpos iti on 
o f each ha rm oni c contributio n in th e fin a l solution , F or 

insta nce, th e solution di spl ace ment \Tc to r u a nd th e 

so lution g rm 'it a ti ona l po tenti a l perturba ti on sca la r cp 
reads 

f'-- ( oP)) (cos e) ) U(T, e)=L..., U,,(r ', s) P17 (cos e)e,+V,,(,. ,s) oe eH , 
n= O 

QC 

cpCr, e) = 2..:1>II(T, .s)p,,(cos e) (5) 
,,=0 

wh ere er is a radi a l unit ,,('c to r. eo a range nti a l o ne, l ' th e 
radi a l di stance fro m th e centre o f th e Ea rth a nd P" the 
11th degree Legendre polynomia l. Then U" , v" , 1>" a re 

th e co rres ponding spec tra l a mplitude so lutions fo r th e 

radi a l a nd ta ngential di spl ace ll1 ents a nd th e gra\ 'it a tiona l 
po tenti a l perturba ti on, res pec ti\T ly, in res ponse to thc 
n th d cgrec com ponelll of th e load, 

In th e spec tra l d omain , th e ex pressio n o f th e quas i­

stati c el as ti c equa ti ons a nd th e stress strain re la ti on g i\TS 

a system o f' six first-o rd er o rdina ry differenti a l equ a ti ons 

whi ch a re so h 'ed numni ca ll y \\'ith th e a ppropri a te 
bounda ry conditi ons at th e t\\'O end points o r th e d o ma in , 
Then. a no rma l-mod e meth od ro r ill\'e rting th e L a pl ace 
tra nsro rm (Pcl tier. 1985 ) yields th e time d epend en t 

im pul se res po nse und er th e fo rm of a n insta nt a neo us 

res po nse }~~ (th e supersc ript E d eno tin g th e elas ti c 
insta nta neo us contributio n ) ro ll owed bv se\'e ra l \'isco us 
d ecay mod es, So th e Lo\T number Y,,( r , t ) o r , in o th e r 
wo rds, th e contributi on of the nth ha rm oni c d eg ree ta kes 
th e fo rm 

;v 
Y,,(T, t ) = 2..: R n,k)e''') + Y~(r -)t5( t ) (6) 

j= 1 

where th e 8", jU = 1 to N ) rep resent N discre te \',dues o f 
th e L a place \'a ri a ble S a nd a re th e in\T rse cha ra cte ri sti c 

accomm od a ti on time-sca les of eac h of th e N \'isco us 

mod es, a nd R n,j th e co rres ponding a mplitude, R ecall th a t 

wc a rc in th e tra nsfo rm ed space and th erefor e d ealin g 
with spec tra l "'Iri a bles lik e' Y,J r'"I ); \I 'e still hmT to 
ITCO\Tr th e cola titud e-dependence (j b y sum ming th ese 
\'a ri a bles wi th th e assoc ia ted L ege nd re po l yno m i a I 
accordin g to Equa ti on (5 ) , 

Th e p rocedure fo ll owed up to now IS \ 'irtua lh' th e 
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same fo r m os t o r th e se lf-g rm 'i ta tin g \ 'isco-el as ti c spheri ca l 
m od els a nd lead s to th e computa ti on o r th e Grce n 
fun c ti o n, As this Green functi o n represents th e E a rth 

res ponse to a unit-impulse load, it is in [ac t a di rec t 

consequence of th e stru c ture orth e pla ne t ass umed by (h e 
m od el. There rore, th e diflc rence betwee n th ese mod els 
\\'ill essentiall y com e fro m th e different ,,'ays of acco unting 
fo r thi s struc ture and fi 'o m th e diffe rent num eri ca l 

trea tm ents used [o r so h 'ing th e o rdin a ry diffe renti a l 

equ a ti ons sys tem , One spec ifi c fea ture of th e present 

mod el li e'S in a computa ti on. fo r se ism ic d a ta , of some 
Ea rth p ro perti es like th e elas ti c shea r a nd compress ion 
moduli , th e d ensit y a nd th e g ra\'it a ti o na l accelera ti o n 
wi thin each of the m a in E a rth d oma ins, Onl y th e \'iscos it)' 

p ro fil e, \\' hi ch r em ains th e m os t un ce rtain , is kept 

consta nt within two la ye rs (lower a nd upper m a ntl e ) , 
Alth o ug h this me th od yil' ld s th e sa me m aj o r di scont­
inuiti es in th e d ensit y a nd viscos it y pro files a t th e cnd 
points of th e d oma ins as th ose based o n successive laye rs 
of unifo rm pa ra meters (S pad a a nd o th ers, 1992), the 

ens uin g ex tra \'isco us m od es exhibit diffe rent cha rac te r­

isti cs (a mplitude a nd time consta nt ) , Fin a ll y, th e to ta l 
res po nse to a ny rea li sti c load will com e fro m th e 
com 'oluti on of this " unil " G reen fLlnc ti on Y (a, e, t ) a t 
th e s urf~l ce (a is th e Ea rth 's radius) with th e space- time 

hi sto ry of th a t load (Peltier, 1974), From there onc ca n 

di stin guish two ways of a pplica ti on fo r such a m od el. On 

th e o nc ha nd , th e m od el can be fo rced by Cl prescribed 
g lac ia l scc na rio to m a tch th e tim e-d epend ent Ea rth 
res po nse as in th e present stud y, On th e othCl- one, th e 
model can a lso be full v co upl ed w ith a n ice-shee t m odel in 
o rder to ta ke into acco unt th e bed roc k response in th e ice 

d yna mi cs (Le :\I eur a nd Huybrec hts, 1996), In o rder to 

acco unt p ro perl y fo r thi s bedrock eflec t, th e isos tat ic 
rl's po nse has to be computed as o ri e' n as possible ro r th e 
nl'w bedrock profil e to be re-inse rted in the' ice model a nd 
th e ice-now pattern to bl' ca lcula ted acco rdin g ly, It 

th e refo re impli es ma n y ca ll s to a n " isos ta tic sub-ro utin e" 

espec ia ll y fo r long-term pa laeoc lim a tc simulatio ns a nd 

th a t m a kes th e use of th e G reen fun c ti o n ve ry suita ble 
since th e " coupling" ('\ '(' ntua ll>' redu ces to a com 'o luti on 
process, 

2. COUPLING OF THE GREEN FUNCTION WITH 
A GLACIAL SCENARIO OVER FENNOSCANDIA 

2.1. The loading scenario 

As \\T a rc co ncern ed \\'ith pos tg lacia l rebo und , th e 

loa ding scena ri o with \\'hi ch th e impulse G reen [unc ti on 

is to be cO l1\ 'o luted esse nti a ll y spa ns th e las t g rea t 
d l'glaciation peri od , th a t is bc twec n l 8 000 yea rs a nd 
8000 years BP , \\'e did no t ap pl y th e exae t es tim a te o f Ihe 
Fennosca ndia n ice-shee t max imum ex tent a t th e Las t 

Gl ac ia l ~l aximum ( LG~r ) a bo ut 18 000 yea rs ago, 

compi led b y And ersen in D ento n and Hug hes ( 198 1), 

Beca use it is now ge nera ll y beli e\Td th a t thi s reco nstru c­
ti on g i\TS exagge ra ted thi ckn esses (;\Tesj e a nd Da hl. 1990; 
Fjcldskaa r. 1994 ), a g lo ba l thi ckcningofa bo ut 500m has 
been a pplied a ll O\'e r th e ice shee l to yie ld a m ore rea listi c 

initi a l co nfig ura ti o n , Fig, I ), From th e re, th e spec ifi c 

d cglac ia ti on chrono logy \\'as der i\wl from a space tim e 
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Fig, 1, The inilial ice-loading cOllji'gumlion wed ill Ihe 
jJreseI/! s!u1J ,f or !he La,l! Glacial ,,/rl\illlulII 18000-,'eals 
ago, COII!oun are gil'ell 1'1 '1'1)' 250117 alld Ihe 111(11 illlllm 
!itickllf,IS is 2640 Ill , lee loading 01'1'1' Iceland is 1101 

cOllsidered, The wit ill' j i'inge rejJresen!j Ihe aerialL)' fI/JO,IW! 

areas as a tonseqllel/re of !he sea -Ifl'el 101l'erillg of] 30 III 
for Ihallime, 

interpo la tio n o f a 5" b y 5 - g ricld ecl reconstructio n ( I C E-l~ 

Pe ltier a nd i\nd n ' \\'s, 1976 ), gi\ing th e d eglac iatio n 

pro fi le e \'en ' 2000 yea rs, By successin 'ly a ppl ying th esc 

inte rpo la ted ice-shee t c ha nges eye r)' 1000 yea rs to Our 

in iti a l max imu m co nfi g ura ti o n (\\'hi ch first has to be 
di g iti zed o n our 50 km by 50 km spa ti a l g rid ) , \\T finall y 
obta in ed th e requ ired g lac ia l sce na ri o (sce sna psho ts in 
F ig ures 1,2 a nd 3 ), As wdl as th e c ha nges in ice th ic kn ess, 

th e sea -I e \ 'e l ,'aria ti o n s h ,1\T to be int egratcd a nd 

suhsta n t ia ll y co n tribut e- to th e- isos ta ti c res po nsc no t o nl y 
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Fig, 2, The glacial s(f//{lrio al J..J.1.}e\ ::,e!aars B!', The 

CO ITl',ljJollding ,Iea-Iel'el drojJ 1.1 106111, 

l~e .1/1'111': /so,ltalic }Jos/glacial reboulld Ol'e!' Fl'll lIos((Jndia 

below th e sea but a lso [11' inla nd (sce th e regio na l as pec t 

o f th e Ea rth respo nse ; L e ;\I eur a nd Hu ybrec hts, 1996 ) , 

T his hydro-isos ta li c e ffec t is a ll th e m ore- impo rta nt since 

m ea n sea In'Cl has undergo ne stro ng , 'a ri a ti o ns ",hen the 
l'\o rth crn H emisph e re la rge ice shee ts sud d enly di sinte­
g ra ted durin g th e deg lac ia ti un peri od m en ti o ned a bm 'e , 
Indeed , m ean sea le\'('1 is supposcd to ha n' ri se n b y a bo ut 

130 m be t \\Te n th e L G '\I whe n no rth ern ice shee ts we re a t 

th eir paro:\ysm a nd a pproxim a te ly 8000 yea rs ago \I,hen 

th e las t ice melted , to fin a ll y reach a mea n leve l c lose to 

th e prese nt o nc (Figs I 3 ), Th e geoida l e usta ti sm has 
bee n neglec ted in th e h yd ro-i sos ta ti c compo nL' I1l of' th e 
to tal Ea rth respo nse in the se nse tha t we ha \'(' ass ulll ed a 

unifo rm ocea n fillin g as the :\To rth ern H e misph ere ice 

shee ts di sil1legra ted, H o\\c \c r , such a contributi o n must 

be negli g ible in terms of E a rth surface di' pl acem cn ts a nd 
is esse ntia ll y wo rth acco unting \I,hen m odelling acc ura te 
sca -I ('\'(' I pa LL ern s, 

2.2. The nlenlory effect and the inlpacts of initial 
conditions 

Th e philoso ph y o rth e unit mod el is to prm 'id e a n impulse 
Gree n function lik e th a t d e pi c ted in Equati o n (6 ) as th e 
res po nse to a n impu lse-un it load \\'hi c h can be re pr­

esent ed as a I kg n eedle pressed o n to th e Ea rth a nd 

insta nt a neo usly rem owd, Th e res po nse 10 a ny rea li sti c 

load \\,ill co m e fi 'om a d o ubl e s pace~[im e cOlw o luti o n of 

thi s unit res po nse \\ith th e histo r\' o f th a t load , Fo r th e 
sa ke o f sim pli cit y, and to illu stra te o ur prese nt purpose, 
\\ '(' ca n no \\' co nsid er a po int load c ha rac teri zed b y its 
tim e-d e- pe nd ent hi sto ry, say H (t ), If' Y (r', t) in Equ a tion 

(6) represents th e Gree n fun c ti o n fo r th e surface dis­

place m ent, fo r insta nce, th en th e tim e-depend ent surfi1ce 
di splace me nt DISP (t ) indu ced Iw th a t load is g i\ 'en by 

DISP (a, t ) = [~ H (t' )Y(a , t - t') elt ' (7) 
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Fig . 4. The two different scenarios tested in the sellsitivilj' to 
initial conditiolls in terms oJ total ice volulI/e. For the 
loading-scenario B, the ice thicknesses bifore the LGM (left 
oJ the vertical dashed lil/e) are deduced from that Jor t/ie 
LG'M with a weightingJactor between 0.6 and J to match 
the monstructioll ]ram Baumallll alld others (1995). 

where a is the Earth's radius. Contrary to the impulse 
case depicted in Equa ti on (6 ), where the response is 
insta ntaneously gi\'en by summing the different modes, 
we see that in the present case one has to integ ra te th e 
contribution of a ll the previous loads preva iling before th e 
time t we consider. This illustra tes wh a t we ca ll th e 
memory effec t. In pract ice, because of th e exponenti a ll y 
decaying response, a nd acco rding to th e respec ti\'e 
amp litud es R",) a nd charac te ri s tic tim e consta nts 
T".j = -l / s",) for eac h viscous model (see Equ a tion 
(6)) , more tha n 99.9 % of the res ponse is accounted for 
when this memory period is limited to 30 kyea rs. This 
memory effect emphas izes the problem or the cor rect 
choice for initi a l conditions, es pec ia ll y in the present case 
where on ly a few indica ti ons of the ice-sheet beha\'iour 
before the LGM are ava ilable. According to our memory 
peri od, one should theo retica ll y know the glac ia l scena rio 
from 48 000 years BP to resto re properl y the Earth 
response a t a round th e LGM. R egarding present-d ay 
patterns, the loading hi story since 30000 yea rs BP has to 
be known and still includes periods before the LGM. 
Therdore, the ma in issue li es in the co rrec t determination 

of the g lac ia l scenario prior to the LGM, a question th a t 
has a lways been a subjec t of much deba te. W e should 
neve rthel ess keep in mind tha t more th an 90% of the 
response is a lread y ac hie\'ed in 15000 years. Beca use the 
unce rt ainty essenti a ll y conce rns th e duration of the 
maximum ice extent before 18000 years ago , one can 

expec t on ly small cha nges d epending on the scena ri o 
chose n for tha t period , as re\'ealed by the foll owing 
experiment. 

[n thi s stud y, two different scena rios a rc tested (Fig. 
4) . The first (A) considers a consta nt LG?\I ice-max imum 

load so th a t a steady sta te is reached a t 18 kyears BP, 

whereas th e second (B) supposes ice-l oad Ouctuations th a t 
have been dedu ced from a n ice-shee t extent reconstruc­
ti on of Ba uma nn and o th ers ( 1995 ) . The co rres pondi ng 
Ea rth response is d epi cted on Figure 5 under th e form of 
three defl ec ti on profil es a long a southwes t- northeas t 
transec t (d efin ed later on but obsen 'a blc in Figures 6 

a nd 7, a nd 10- 14) a t 18kyea rs BP, 8kyears BP and a l the 
present tim e, respect ively. As initi a ll y g uessed , th e 
difle rence in the results is onl y significant fo r the LG:\1 
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profi le (less tha n 20 m a t th e cen tre of the depress ion) and 
\'ani shes \"Cry fa st as time goes on. Th e converge nce is so 
fast th at the res ul ts ror periods aro und the present tim e 
can a lm ost be considered as independ en t of th e scenari o 
prior to th e LGI\f. Th ere fore, a n initia l bedrock 
configura ti on in stead y state with th e LGM maximum 
load can reasonab ly be used in the framework of this 
paper. 

2.3. The interest of modelling the Earth response 
over Fennoscandia 

Fennoscandi a has been a n a rea of grea t interest for 
postglac ia l rebound studi es ror th e pas t decades and , as 
such , h as been subj ec t to many field-mea surement 

cam pa igns. The ma in reason is the fac t that thi s a rea 
has not entirel y recove red th e stead y-state surface 
geomet ry co rresponding to the present ice-free conditions. 
It means th a t the Earth still ex periences the influence of 
th e past ice-loading events with a still ex isting depression , 
a rea ture tha t illustrates the " memory effec t" . The rate at 

which thi s depression is still rising tod ay, as well as the 
rree-a ir gra\'ity anoma ly resulting from th e induced lack 
of matte r , ha \" e bee n reco rd ed durin g th e many 
campaigns mentioned a bo\·e. Since they are ava ilab le, 
th ese data, wh en co rrectly reproduced by isosta tic 

rebound models, provide a n opportunit y to assess the 

ma in Earth param eters such as the lithospheric thi ckn ess 
or the viscos ity profile within the mantl e. Some recent 
studi es (Lam beck a nd others, 1990; l\IitrO\'ica a nd 
Peltier, 1993; etc.) revea l a conse nsus as regards the 
ranges within whi ch the different parameters obta in cd a re 
\·arying. Th e bounds ror the Earth parameters in the 

rollowing ca libration stud y will be fixed according ly (see 
Ta ble I ) . Th e second main ad van tage of stud ying 
Fennoscandia li es in the good knowledge of the form er 
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ice-sheet maximum ex tensio n d ed uced fro m acc u ra te 

ma pping of t he pe ri p h era l mo ra ines (D e n to n a nd 
Hu g hes, 198 1) , or [rom th e inform a ti o n cont ent of ice­
rafted d et rit Lls (Ba uman n and o th e rs, 1995 ), a nd a lso in 

th e num ero us attempts in reconstructing th e ice-shee t 

dis integra ti o n c h ro no logy. As th e g lacia l sce na rio is th e 

o nl y input fo r the unit m odel accord ing to Equ a ti o n (7), 

o ne sho uld note the im porta nce [or sLl ch an input to be as 
reali s ti c as possi ble, es pecia ll y [o r th e se nsiti\' ity stud y th a t 
fo ll ows. 

3. CALIBRATION OF THE MODEL ACCORDING 
TO VISCOSITY 

3. 1. The sen sitive para lIle te r s for th e lIlode l 

As a prelimina ry re m a rk, it sho uld be stressed that Ea rth 

models a re not on ly se nsiti \'e to th e classical pa ra m e ters 
such as \ 'iscos it y b ut th ey a lso d epend o n th e way the 
rh eology or th e p lanet is trea ted . H owe\·er. for th e reaso ns 
me nti on ed in sect io n 1. 1, the Il ow law will rema in th a t o f 

a l\IaxlVe ll body th ro ug ho ut this st udy, a l th o ug h so m e 

tes ts on d ifTeren t rh eo logies mi ght impro\"C th e m od e l 

acc uracy. Therefo re, we will esse nti a ll y [oc us o n th e 
dilTe re llL combi na tio ns o[ viscosity \'a lues wi thin th e two 
laye rs orth e man tl e (T a bl e- I ) . No tes ts he1\T bee n ca rri e-d 
o u t \'a rying th e lith os ph e ri c thickn css since thi s pa ra me te r 

esse n ti a ll y con tro is the fin a l sh ape o f th e d eg ree o r 

FI~t;. 6. .I l ajJ of Ihe jJ/esfll l- d(~)' rail' oJ IIjJliji O/'tr 
Fetlllos(({lIdia (ji-om /Jailillg. 1.980) . The colllollrs are ill 
117111 a I and reftr 10 Ihe meall sea lel'el. o·/uso!ule ('erliea! 

velorilies ale oblailled b), adding Ihe pleSenl- (Ir~J ' clIslalir 
(0 IIIjJO/l e/I I (auolIl 1 111117 a I ) 10 IheJe m!lIes. The sOlllh­
lce.11 northeasl Iransecl fo r the SeIIsilil'iO' 11'51 Itas uel'll 
ollllilled. 

Le lli ellr: i sostat/r /Jostglarial rebolllld over FfI1l1os({/lIdia 

Table I . T'isrosi{J' /'(/llIesjor Ihe si.ljilsl rullS ill Pa .L The 
10j) 1'011.' gil'fS Ihe IIp/Ja-malltle l'iscosilj', whereas the left 
COIIlIllIl gil'l's Ihe lower malltle aliI'. Gill' call Ilolice tltat tlte 
10lf'er malll/e is ahC'(~J's lakm 10 be more l'is(()lIs Ihall Ihe 
lI/JPer om flapt jor rllll 4 

2.5 X 1 0~1 

J. Ox I O~1 
1 

-J. 

7.5x l 020 

2 
5 

5.0 x 1 0~o 

3 
6 

d ep ress io n (esse n tia ll y a t th e m a rg ins of th e ice shee t ) 

but no t its ch rono logy as th e viscosit y d oes. Th e second 

reaso n d e ri \ 'es rrom th e ge n er a l ag ree m ent in th e 

lit era ture fo r a m ea n va lue or abo u t 100 km (L a mbed 
a nd ot hers, 1990; l\Iit ro\· ica a nd Pel ti e r, 1993 ), w hi c h is 
in lin e with gcod yna mi ca l e\·id e nce (p la te-tec to ni cs 
theory ) , at leas t fo r sta ble anc ient shi e lds suc h as 

Fennosca nd ia . T he ji thos ph eri c thi c kn ess is ne\'cnheless 

cruc ia l \I' he n o ne requires a n acc ura te geo m etri ca l 

trea tm ent close to th e gro unding line, when d ea ling \" ith 
th e sta bilit y o f m arine ice shee ts (L e :\le u r a nd H uy­
brec hts, 1996 ). Fina ll y, it sho uld be m enti o ned th a t th e 
lith osp here m ay und ergo qu it e- dras ti c thi ckn ess cha nges 

in o th er loca tio ns suc h as ac ross orogeni c be lts (Tra ns­

a n ta rc ti c l\Io un ta i ns) o r c lose to ocean ridges (Icela nd ) . 

Fig. 7. ,\laj) of a";' ~)) 8v smoolhed jiee-ail glm 'i~J ' 

alloma~) ' ill mgal OI'er F fIlllos({[lldia (jrom Bailillg, 1980) . 
The.le m/lies hm'f 10 he lowered ~y abolll 10 mgal ill order 
10 jYrol'ide relel'a ll t eqlliNllenl remaining disjJlacemenls . 
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Fig. 8 . .Ifo{Mled rates of lIjJliftlor Ill //.\ I to 7 a/ollg Ihe 
sOlltlw'eIt-llortheas t tra llsect. Till' el/Jecled 1Il(lI ill1 111ll value 
q! 101/11/1 a I l'a/lIe i.1 olltlilled. 

3.2. The validation criteria 

Befo re s ta rtin g th e ex per im ents, a " a lid a ti o n crit e r io n ha d 
to be defin ed o n th e basis o r th e present-day ra te or uplift 

( Fig. 6) a nd g ra \ 'it y anoma ly (Fig . 7) compil ed by Ba ilin g 

( 1980) . All th e simula ti o ns fro m this first se l o f experi­

m ents gaye a m od ell ed prese nt-day ra te o r uplift quit e 

simi lar in sh a pe but with diffe re nt \·a lues. So a n 
a ppro pri a te south"Ts t- no rtheas t tra nsec t (d epi cted in 
Figs 6 a nd 7, and 10 14 ) pass ing thro ug h th e a rea o r 

m a ximum up lift (G ulf o f Bo thni a ) a ppea red to be 

adequ a le fo r compa ring th e difle- re nt runs. Indeed , th ey 

a ll sho \\" different rate pro fil es (Fig . 8 ) and th e a g ree m e nt 

\,-ith th e m a ximum o bse n 'ed " a lue (d epicted by th e 
ho ri zo nt a l 10 mm a I line ) provides a first crit e ri o n. Onc 
can no t ice th a t 10 mill a I is so m e,,-ha t la rger th a n ,,·ha t 

ca n be d educed [I-o m F ig ure 6. The reaso n is th a t th e 

m ax imum \'a lue a t th e centre o f th e e ll ipse must be c lose 

to 9 mm a I a nd th e le\T ll in g has bee n pe rfo rm ed by 
refe rrin g to mean sea le\ 'el \\'hi c h is ass um ed to be ri sin g 
b y a bo ut I mm year I a t th e prese n t tim e (Fje ld ska ar, 
1994 ) . Thc second c r ite ri o n does no t d er i'T fro m a direct 

co mpa r iso n of th e g ra v ity fidd s. because the d a ta a re less 

sm oo th ed as a conseq uen ce of loca l geologica l he terog­

eneity . The)' arc a lso g lo ba ll y bi ased a cco rd ing to Ba i li ng 

( 1980 ) . An y\\'ay. a Ill a p suc h as F ig ure 7 is s ti ll 
int erpre ta b le once th e geo log ica l perturba ti o n has bee n 
ro ug h ly es tim a ted a nd co rrected [o r a nd o nce a g lo ba l 

lowe r ing o f a bo ut 10mga l has bee n a pp li ed. I t is now 

ge nera ll y be li e \ 'ed t hat the pure iSosla tic compo ne nt 01" 
t he free-a ir g ra\'ity a no m a ly reac hes a m a x imum o f abo ut 

- 15 to 20 mga l 0 \ "Cr the G ul f o f Bo th nia . This free-a ir 
grav ity ano ma l)' is d irec tl y co n nec ted to the de" ia ti o ns 0 [" 

the p rese nt surface heig ht frolll t he ice- fiTe stead y state 
o nc . I nd eed , the re is a simple formu la rela ti ng the 

rema i n i ng d isp la ce m e n ts to this anoma l y (Ll i I)o u try . 
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Fig. 9. Del'iatioll from slea~) ' slale al present ill lerms ~! 
sll ~/a{f dis/J/acelllellts a/ollg Ihe Ira llsecl for rUlI s I 10 7. 
Tltl'Je dis/allce.\ ({fll also bl' illler/He /ed a.1 Ihe fI /Jec/ed 
dis/J/a(flllelll.r to come ill lite f ll/ll re before Ih e sill/ace 
reaches Ihl' ire-free cOllditioll stf(/{{)' ,lla/e (/7at Jlllface). 

1965 ), " 'hi c h is 

- 6.glO- G 

h = or h = - 7.236.g (8) 
2IIG p" 

,,·ith h th e d isp lacem e nt in m e tres. 6.g th e a no m a ly in 

mga l. p" th e as th c nos phcric d ensit y a nd G th e g ra "ita ­
ti o na l co nsta nt. Then we can d e ri" e o ur second c rit erio n 

b y c hec king th e re maining di sp lace m e nt s a lo ng th e sam e 

tra nsect (Fig . 9), es pec ia ll y with th e minimum \'a lu e in 

lh e \ 'ic inity o f th e Gu lf o rBo thnia. According to Equatio n 

(8 ), thi s " a lue sho u ld lie be t"'ee n a bo ut 100 a nd 150 m. 

3.3. Res ults of the experiments 

Th e ca libra ti o n o f th e m od el has bee n ca rri ed o ut in two 

s tep s. A first se t o f six simula ti olls h as bee n pe r fo rmed 

acco rdin g to T a b le I . \I·here th e \ 'iscosit y \ 'a lues m 'Te 

c hosen \\'it ho ut a ny a pri o r i but jus t in orde r to ra nge 
,,-i thin commo n ly acce pted bo unds. Then , o n th e bas is o f 

these res ul ts, it becam e poss ibl e to [it optim a l "iscos ities 

f() r bo th th e IC)\\T r a nd upper m a nt le in a fin a l rea listic 

run ( run 7) to \I·hi c h \IT a re ab le 10 refer in fu tu re . Th e 

res ults fro m a ll th ese se\ 'e n runs a re d e pi c ted in Fig u re 8 
in term s o f prese nt-cl ay ra te o f up lift and in F ig ure 9 in 
terms o f t he re m a in ing disp lacem e nts needed to reach a 

stead y sta te . D isregard ing run 7, inspection o f Fig ures 8 

a nd 9 re \ "Ca ls th e m a i n pos tg lac ia l tim e d epe nd ellt 

be h m 'io u r a s Cl fun c t ion o r a m ean y iscos ily \ 'a lue 

represe nt a ti \T o f the w ho le mant le (a t t h is s tage. no 
d istinct ion betwee n the low e r a nd upper mantle \\'i ll be 
co nsid ered in the int e rp re ta tio n ). Indeed, runs I a nd 2 
a re c ha racterized by the h ig hest g loba l " iscosity "a lues 

(sce T a ble I ) a nd sho\l' hig her up li ft ra tes a nd re maining 
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Fig. 10. Sll'a([J'-.llale rl'.I/)()l/je (If lite rl'ji'rl'llCl' 1II0del III 
lerllls (If :'II I./acc dis/JlacellleJIls ill III for Ihe I .C,I/ , 
18 kJ'f({J"j ago . Tlte (OllsequenCf,1 ~/ Ihe ,Iea -Iel'el lalcerillg 

(130111) are depicled (t ,1 01/ Figure.! 1 3. 

displacemcnts fi 'o m a sceond group made of' runs 5 and 6 

(lO\I'('St g loba l \ 'iscosity \·a lues ) . As surpri sing as they may 

seem in a first instance, these results arc some\I' hat 

consistent in the sense that for the high-\ 'iscosit), group the 

equ ilibrium sta te is st ill rar off, whereas for the low­
\'iscosit y o nc a s teady state has a lmost ent ire ly recO\·e red. 
Then, the higher uplift rates a lso become exp li ca ble as 
they appear to be more sensitin' to the sta te of'imba lance 

than to the \ ' iscosit), itself. Unfort unately. none ort il e rUlls 

carried out there has gi\TIl entirely satisfactory results , 

since eac h or them does not fit at least o nc or the t\I 'O sets 
or data. H OWl'\Tr, these preliJ11inan' results ca n help in a 
refinemcnt or the \ 'iseosit>, \ ',liues w ith a final siJ11ulat ion. 
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Fig. 12. Di.I/)/acell/eIIl pailI'm jiJr lite /HI' 1fI11 11r~1 ' ill Ill. 
Th e:'1' 1'(1/11(',1 call a/.lO be illlnjireled a ,1 Ih(' relllaillillg 
di,ljJ!a(flllflll.l be/ore lite II/odel IHOl'fI.1 a .l/f({({J' slale (}la I 

.I /llj'a(f) , Iltal i ,l , ill lite prmlll (a.le. ill abolll 23 OOOJ'ear,l . 
or ill ollter ll'ord:,. 30000 ),ear,1 qfler lite /rol o)'.l/al if iCl' 
lIIe/led (1111'11101), effecl). 

The ITmalnlng displacements seem to f~\\ ' ou r a 

mantir \·iscos it\· bet\ITen that for runs I and 2 
') 1 . - .) 1 

10- Pa s ) and th at 1'01' runs :J and 6 (1.0 x 10-

100\'er 
? " _.J X 

Pa s) , 

w hereas malching or the eorrcet rate or uplift requires a 
parameterizalioll close to that fo r run 5. Finalh- , the 
supposed rcl(.' rcllcc model was run \I'ith a irm'C'r mantlc 

"iscosit y of' 1.5 x 1021 Pa s and an upper man lie \·iscosit\· 

of' 7.5x 102° Pas. D esp ite the fact that run 7 docs not 

stric tl y match any or the t\I 'O criteria. it ll e\'C'rtheless g i\ '('s 
the best g loba l fit \I·ith a maximulll up li fi o f' 11.5 mm a 1 

and a maximum remaining clepression of' 72 m a long the 

transect. 

4. ILLUSTRATION OF THE MAIN POSTGLACIAL 
REBOUND FEATURES WITH THE REFERENCE 
MODEL 

4.1. Surface-displacetnent patterns 

Figures 10 12 shO\I' the c1ifl<-rcl1t surf;lcc-c1clol'mation 
pallerns at 18 h'Cars, 8 kycars BP and at lhc prescnt limc 
fClr the reference model in responsc to the glacial scena ri o 

descri bed abo\'(' (Fi gs. I 3 1. The li rst characterist ic 

gcomc tri ca l feature comcs f'rom the lith osphere, \l'hich 

bends like a n clastic plate under the load a nd g i\ 'es ri se lO 

dC\'iations to an id ea li zed hydrosta ti c profile L e \leur 
and Hu ybrechts, 1996 ) . . \ s a co nsequence, the maximulll 
depress io n is reduced and o nl y reach es 600 m in a sleaciy 
state at 18kyears BP (Fig. 10 ) insteaci of'abo ul the 800m 

th at a h yd rostat ic calcu latio n would predict, according to 

the maximum ice th ickness 126+0 m . On the ot her hand, 

this depression expands rurther rrom the ice-sheet margin 
see Figurc 10; for ins tancc, th e icc-rrce area bct\I'Ccn 

'\or\I'ay and the Briti sh I sles ), so that th e tota l ast heno-

325 https://doi.org/10.3189/S0260305500013598 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500013598


Le Alellr: /sos/a/ic pas/glacial rebound Ol'er Felllloscalldia 

spheri c di sp laced \'olum e below th e lithosphcre is the 
same as it wou ld be using th e hydrosta ti c so lution, The 
second noticeable geom etri ca l feature is a direct expres­
sion of th e slow cree p processes taking place \\'ithin the 
und erlying ma ntle , There, the substra tum Oo\\'s o ut 
und er the pressure exe rted by the lith osphere and creates 
a periph era l forebulge , This forebul ge, whose height is 
ge nerall y about one-tenth of th e central d epression , olien 

interfers with the outermost pa rt of th e depression due to 

the lithosphere and m a kes th ese two struc tures some times 
difTi cult to id entify (Le ?\ leur, in press ) , Another po int 
worth noting from F igures 10 12 is th e specific timing of 
the Earth response to a n ice sheet. Indeed , a mong th e 
different geodyna mica l processes that load th e Earth 
surface, ice shee ts seem to be th e only o nes a bl e to prO\'ide 
sufTi ciently fast-varying loads to induce a transient 
response from the ma ntle, In other words, during th e 
rapid d ecay of th e Fennosca ndian ice shee t. the planet 
does not halT time to accommodate entirely a presc ribed 
ice thickness befo re th e la tter e\'oll'es to ano ther \'alue , As 

a consequence, at 8 kyea rs BP (Fig. 11 ) , th e centra l 

depression is still more than 300 m d eep , d es pite an 
equilibrium \'alue of less than 160 m acco rding to a 
m ax imum ice thickness o f' a bout 500 m. This character­
isti c tra nsient isos tati c rebou nd is, of course, rema rkab ly 
illustrated by the present-d ay imba la nce (Fig. 12). It 
m ea ns that th e Earth has not yet reco \'e red th e 
eq ui libriul11 surface corresponding to the present-d ay 
zero load (a Oa t surface in the present case ), e\'en if this 
load has remained constant for the past 7000 yea rs. This 
justifi es th e memory eOcct (see a bo\'e ) a nd especia ll y 
values of th e order of la' years for the time-integration 

period. 

4 .2. Uplift and free-air grav ity anOInaly patterns 

Despite slig h tl y different 1'<1lues, the present-da y ra te of' 
up lift gi\'('n by the mode l is in quite good ag reement with 

the data as rega rds the g loba l sha pe (Figs 6 and 13 ). Th e 

o 500 1000 1500 2000 2500 3000 

Fig. 13. JIlajJ of the /msfllt-d(~J' role of ujJLiji ill nUll a I 

for the reference rull. 

326 

o 500 1000 1500 2000 2500 3000 

Fig. N .. \lap of thefree-air graz1i[JI aIIOI7WO' ill mgalfor 
the refere!lte rim. 

elliplica l shape is co rrect ly reproduced as well as the areas 
of ri sing a nd sinking d elimited by th e ze ro co ntour, which 

follows th e Norwegian coas t and c rOSSeS Denmark and the 
Baltic Sea. Unfortunate ly, th e d a ta from Bailing do not 
prO\'id e inform a ti o n fa rth er a \\'ay, to which th e model 
results co uld be com pa red. Howeve r, some sea-Ie\T I 
measurements a long th e North Sea coas t ga IT, according 
to L1iboutry ( 1965), a ri se 0[37cm per 100 yea rs a t th e 

mouth of the Ri\ 'er W ese r (northern Germany) a nd of 

20 cm per 100 years in Lubeck (Netherlands ). The 
ass umed eusta tic component being 10 cm pCI' 100 years, 
th e d ed uced ra te of's inking becomes c lose to the mod el 
outputs (sce the 2 mm a ' and - 3 mm a ' contours O\'('r 
these areas ) . As regards the free-air g ra\·ity a nomal y 

pattern (Fig. 14 ), th e comparison with th e direct 
meas urements is no t stra ig htforward for th e reasons 
previously mentioned , I t is ne\Trth eless possib le to check 
wheth er these resu lts arc cons istent with the other model 
outputs. As the free-a ir g rm'ity anoma ly is connected to 

the rema ining disp lacem ents, th e good co rrela tion with 

th e uplift becomes ob\'ious from Fig ures 13 and 14 with 

similar respec tive d epressed a nd ri sing areas. Addition­
a ll y, the minimum anomaly or- 12 mga l sugges ts (accord­
ing to Equalion (8)) a rem a ining di sp lacement of' about 
87m, in somewhat good agrecment with th e actua l 
m aximum d epression \'a lue of 77 m gl\'('n by the mod el 

(not exact ly on the transec t). 

CONCLUSION 

Earth models a rc inte resting for two ma in pu rposes. On 

the one ha nd , they ca n help in inferring th e most poorly 
constra ined parameters fo r the pla net suc h as the ma ntle 
\'i scosity . On the o ther hand , they can be fu ll v co upled 
\\'i th the no\\' a \'ai lablc three-d imcn siona l ice -sheet 
models to account for the isos tat ic impact 011 the ice 
beha\' iour (Le M eur a nd H uybrechts, 1996 ). I n order to 

ca rry ou t thi s las t task with SLl ccess, o nc has to be sure the 
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isostatic Illodel is suflicienth· realistic. Unfortunately. 
c urrent ice shee ts do not prO\·idc any eflie ient \I·a\· of 
testing- the Earth contribution (sce the paper by Le ~r eur 

and Huybrechts, 1996). Only recently , ice-frce arcas like 

North i\ mcrica or Fennoscandia ha\"C ofTered the 

possi hi li t y or time-lagged isosta ti c eflCTts. wi th \I·h ich 
onc may c heck the model \·a li clity. As th is st ud y tends to 
shcJ\\·. the model is se nsit i\"e to both the Earth parameters 
and tile assumptions as regards the rheo logy. and making 

a correct se nsiti\·ity test is \·e ry difficu lt. In f~1C t , \I·e shou ld 

need another independent way of' checking these para­

meters and a lso a Illore confident fi:)rmcr icc'-sheet hi story. 
H O\lTHT. the fact th at the mode l seems able to 1110re or 
less reproduce se\Tral dilTerent isostatic features and 
measured data make th e full coupling with an ice-s heet 
model \I·o rth performing. The expected resu lts shou ld 

therefore be at least as good as those ob tain ed using 

simpler and ob\'iously less rea li sti c bedrock parallleteriza­
tions. 
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