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Direct evidence of the long term (~ 1000  for different common assumptions concorning
year} gﬂﬂ_iouﬂuﬂoaﬁnﬂhﬁ.- the viscosity structure as a function of depth
mentls it provided by the manner in which EOEEAQES 1975).

the earth adjusied to the surface load (ice and To my knowledge Daly (1934) was the first
water) redistributions of the Pleistocene. Parti-  to dmw attention to the importance of the
cularly constraining evidence is provided by wplift behaviour of ‘peripheral’ areas. Intuitive-
the adjustment behaviour of areas adjacent to  ly he expected that mantle material squeezed
the region actually loaded or unloaded. Thisis  out from under glaciated areas would naturally
trne becanse the adjustment behaviour of tend to produce periphicral bulges. When the
these peripheral regions is completely different  glaciers melted E%ﬂu%iﬂ-ﬂ
for important classes of mantle rheology and collapse. Peripheral troughs might even form
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temporarily upon unloading, before the pre- and confirm his fecling that the peripheral against channel Newtonian flow mitigates as 8 to distribute itself under the world's occans
glaciated isostatic equilibrinm was restored. uplift wag in fact initially sympathetic to the | strongly or morc strongly against a nom- rather than pile up near the lneded areas asa
Daly could not find the appropeiate geologi-  central oplift. Arcas along the east coast of the linear roantic rheology. peripheral bulge, rn—.&..ﬂngoq.nﬁnunﬂ
EEE%%FEF U.S. uplifted during and immediately after the We next present cakulations for geoid of the oceans wmder the occans melt water
felt, if anything, the behaviour of the peripheral - melting of the ice of the last glacier, and have Eﬂpmﬁﬂgﬂmanno_.zi load must bc at least as fast as the ratc of
arcas was opposite to that expected on the more recently been sinking (Kays and Bar- 1(10°2P mantle) and 4 (10°*P mantlc below adjustment of the land areas under the altered
basis of the above bulge hypothesis. He there-  ghoorn, 1964; Marner, 1969, p. 442-443) 1000 km depih) given in Cathles (1971, 1975, glacial load (sec Fig 1). Mathematically
fore developeda ‘punching’ hypothesis whereby ~ Catheles (1971, Ssnru_s&naﬁuoin Because the last melting of the glacicrs was & 'no bulge® oriterion may be written:
glacially loaded areas punched through the of a u&.nﬂEEBﬂr to the i slow with respect to the rate at which the land

lithosphere but friction om the punched ioad redistribution of the last deglaciation hod end occan basins adjested in the 10°? poite 4 Bhcanana  CRITERIA FOR
through zones influenced the peripheral litho- concluded the observed isostatic adjustment mantle case (Model 1') govid effects are  — ot Bt _ZOE—H—.EE
sphere and eliminated periphersl bulgss by in North America and elsewhere is consistent significantly diminished by the isostatic ad| hgeeans | (LOADING) [
forcing mantle material to be redistributed at with and suggests a mantle with umiform ment which takes place diwing the load oTEANSTT BULGE

dopth. The poripheral areas were dregged -~ 10°* poise viscosity from the basc of the redistribution.

down somewhat by the Lithosphere as the asthenosphere to the core mantle boundary. maﬁgiﬂgm&i!ai Eisﬂhﬁng
Ioaded regions saok and hater uplified, produc-  The uplift behaviour of the cast coust of the noted for Holocene sea levels in islands of the Sutfatcs, and h=the displacement of the
 inganinitial sympathetic peripheratbehaviour. U.S. formed an important part of the analyses. Pacific. Geoid changes in the 10°2F mantle 0cean baging or land from equilibrium. Using
Dealy felt such behaviour was indicated Independent methods' of calculation have model make the absenice of Holocene high pea (1) it can be easily shown that the absence of a
{weakly) in the peologic record. When the ice  given similar resnlts and implicd similar levels a more stringent constreint on mantle peripheral bulge can’ be naturally expected
melied, uplift of the inloaded regions caused — conclusions (Pelticr and Andrews, 1976). viscosity than it would otherwise be, Proscnt for Newtonian flow in a constant viscosity
friction on the punched throngh zome and  Cathles (1975) ako argued the obscrved data probebly suggest both & gradual tiiloffof mantle but that if the upper mantle is more
dragged the peripheral areas up somewhat mode of uplift, particalarly the uplift behaviour glacial melting and a lower mantle visoosity fuid than the lower mantle or if the ricology
gbove isostatic equilibrium before the uplift  of pexipheral areas, required & Newtonian as somewhat lens than 1072 poise. is non-linear, peripheral bulges must be expec-
in the central areas siowed and the peripberal  well as consiant viscosity mentlc. Finally we examine the paripheral response  led upon loading and peripheral troughs upon
areas sank back down. Both Cathles (1975)and Pelticr and Andrews ofareas near the Canadian and Fenmoscandian  unloading. The reasoning sketched below
Soon after _az.ineu of Daly's Eor {1976) calcnlate uplift curves. Although gravita- glacial systcms. The clfects of geoid perturba- tabulated in Tahle .

Haskell (1935, 1936, 1937) showed that a tional effects are calculated neither socount for fions ero taken into account in the Canadian ~_ First coneider linear rheologies. For any
lithosphere was not required to producs the  the influence of gravity on ocsan sea levels case ‘and shown 1o make littlo difference in harmonic load regardless of the variation of
initinl sympathetic periphersl behaviour Farrell and Clark (1976) point out the potential previous interprotations. Deep flow in a ncar  iscosity with depth the mate of uplift (4/3r)
desired by Daly (ic. climimate peripheral significance of geoid (sea lovel) perturbations comstart viscosity finar mantle appears to be and the amount of remaining uplift are related
_..._un:...:_ian:.uuqsﬁs..:ﬁa. caused by the Pleistocens load redistributions. required by available data. The cvidence in  (Cathles, 1975, p. 43 11):

if the viscosity of the mantle under the load mBREnnELEm under Canada Fermoscandia is far less constraining but R

were constant to a depth of a load diametar !uEa—uBSBmoEw_FEE!nE probably also requirts decp fow and a fairly i @
or so. In such cases deep flow occurred ami lead to a rising sea lewc,-gravitational Duid asthencsphere. It is shown that interpre-

natorally and did not have to be forced by a  affects could alter the aatore of the goological Bmoao...on_qnaaﬂnu_ uplift history characteristic dimension of the
rigid lithosphere. Peripherical areas responded  evidence, perhapa enough to affect the inter- Fennoscandia in terms of mantlc theology can  load or the wavelength of the load harmonic,
initialty gympathstic fashion with the pretation of the peripheral bulge behaviour. be misleading sinee the conclusions depend  the rolaxation time, proportional to 1/
central load area and later roze (loading) or ~ Several articles (Post and Griggs, 1973; entirely on the amount of uplift assumed. to  decp flow is permitted, but proportional
sank (unloading) back to equiliwiun level Brennen, 1974; Crough, 1977) have inferred remain .4t present. On the other hand the ifflowisconfined to a chavmel thin with respect
much as Daly Elt the geologic evidence EE-—.BE?—EE?—.HO_.EE EE%E&EE:& to L {Takeuchi, 1963) Thus dh/dt is propor-
iEEiES& uplift in Feonoscandia and found it to be non- isobase in Fennoscandia over the last 9000 tional 1o AL or h/L* with the result (sinco
way lwi linear rheology} to produce linear (2= 3), not Newtonian (z = 1), Eﬁ&ﬂg?nﬂ!i% Acarana Fcamaoa ~ Aocaans Pocaans tha
(loading) bulges of the iypes emvisioned in In this paper wo will first analyse the mantle and a fairly substantial asthencspherc the no bulge criterion is easily mei in the
Daly’s boige hypothesis was to restrict flow peripheral bulge phenomena from the point of under the Fennoscandian shield. ﬂﬂnnnﬂvngnsggnng
1o a viscous channel beneath the load. view of martle rheology. We show that, for & ’ but rot met in the case where flow is restricted
E%SEEE% non-linsar rheology (n = 3), peripheral bulges IL The Perigheral Bulge R to s channe] thin with respect to the dimensions
uplift peripheral to areas last deglaciated in  should be .formed upon loading (troughs Nos-Nacar Masth of the Canadian glacial Toad area.

North America have tended to confirm Daly’s upon unloading) that arc at least as large &s Brennen (1974) argued (and Croungh, 1977,
judgement regarding the lack of evidence fora  if flow were restricted 10 a thin Newtonian If mantlc material, displaced by isostatic has verified by numerical calculation) that for a

pevipheral {loading) bulge (Flint, 1971, p. 346), Er.—#ﬁuao_nn.nneﬁgnﬁﬁ.nuu adjustment from under glacially loaded arcas, non-linear rheology with e creep coefficient
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e [Afmr Bloon, 1967) that is constant as a function of depth #h/dt oc  deglaciation is provided by the meltwater
orb:af Ik". Tablc 1 shows that for reasonable curve shown in Fig. 3.

1—3 km WCE \|’emafo.. perameter values the tendency to form peri- Tzostatic equilibrinm was assumed to have
:ea/% pheral bulges (loading) andtroughs (unloading) boen attained under the glacial load. Themodel

should be cven stronger for a non-lincar jce masses bogan to mclt 19,000 years ago.
{n =13) theology than for flow restricted to a The ice melted brst in Western Canada and

thin channel with linear rheology (e 129» southern and eastern Furope. As the ice
24). Any increass in creep cocfficient with melted and the oceans filled, isostatic adjust-
depth would increase the tendency toward ment began. The degree of isostatic dis-
‘channel’ bulges and tronghs by, changing the equilibrinm reflected itself in perturbations of
Bow geometry form from L/ to (L /L. F. the gooid. Where the land surface lay below

The above analysis is very simple but two isostatic equilibrium (Le. deglaciated areas)
conclosions seem certain: relative to the load distribution at the timk,

(1) Becanse of the difference im applied the geoid was depressed. Where the earth’s
stress onder glacially Joaded {or unloaded) surface lay above isostatic equilibrium (ie.
arcas and occans (meltwater cfflux or influx)a  in the occans) the geoid was clevated. The

a4 bulges (loading) and troughs (umloading) perturbation of the gtoid * At any given time
Aegr The squared dependence of adjustment rate sca level parallels the peoid surface cverywhere.
WO BuLoE IF —g- <1 on applied siress means the continental arcas  No account was taken of the load redistri:

Adar will adjust much faster than the ocean basine. bution that would be cansed by the perturba-

Peripheral bulget will result becanse mantle tion of the geoid (i.e. as done by Farrell and

Fig. 1. The eriterion for no pexipheral bulye is that the natural rate of occan basin material cannot pet to the ocean besins fast Clark, 1976). These effects arc amall. Consider-
dy under the mel load be at least a8 rapid as the natural rate of enough. ing the maxinm geoid perturbation by the
R N e e @ The tendency of a non Jincar mantle to  original meltwater increment (~ 109m) was
pemi— Soclty Copyrightnd 1967 produce peripheral (loading) bulges will be ~ 10m, the porturbation of the geoid due to

at least as great as in the case of Newtonian the load redistribotibn caused by the geoid
EEEE:EFE;ER perturbation should be X 1 m.

vailable geologic data mitigates against Fig. 2a—i shows the gooid was perturbed
- . " . channd flow (o, against mantle viscosities by the Wisconsin load redistribution as one
T iy of o oAt atls which incroase with depfh), the data mitigatcs  Tight cxpect. At the start of deglaciation the
even more strongly against an effective {Le. so perturbation was z¢ro. As deglaciation and
RHEOLOGY far as isostatic adjustment phepomena is adjustment procecded the perturbation of the
#ocon= 1 1 3 concerned) non-lincar mantle rheology. geoid increased, reaching at T opu,, = 8000 yra
FLOW GEOMETRY Deep Charmel Decp BP a minimum of ~ — 57 m in central Canada
and a maximum of ~ + 11 m in the Pacific
” HFENDERG _ E.zrtu.nap__ cotd Cuanges Attrellog Lst g1 can of Austrlia. A progcnt (T i = 0
% AL KE? 17 ] the geoid it hardly deformed at all {(—4.3m
BULGE Fig."2a—i gives the calculated changes in in central Canads and +09 metres SE of
CRITHRIA global geoid elovation of a model self- Australia). The model earth is quite near
;nwW» . gravitating viscoelastic earth with a uniform igostatic cquilibrium. The degrec of geoid
Ta m. Arv wﬁv.. 10?2 poise mantle (Model 1) a8 a function of  perturbation was greatly diminished by the
a2 L maodel time for the casc of a load redistribution  fact with a 10°%P lower mantle the low order
e 12 1650 similar to the onc which ocourred on the load harmonics all decay with decay times
&~ ~02 -~ ~IB carth beiween 19,000 years ago and present. 2 2500 years whereas glacial melting took

172 1, ~ 3000 Details of how the ice Joad was redistributed R .
, ~ 2500 m/p, to the world's oceans and details of the iimah.:.in:t!srirrtﬁl..ﬁrﬂ

-~ 1 %%Eiﬁg P for alf onder mumbecs s 1
b~ 10, in Cethkes (I575). A feeling for the model L eoeion 4.3 e e
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Fig. 2a—i. Displacements in metres of the geold from equilibrium due to the load redistribution caused by the melting of

the Late Wisconsin glaciers ave given as n fanction of time, A constant viscosity 16°2 P linear mantle is asvumad {Model 17,

Tca melting began 19,000 years befora prosent snd contitmed to 6500 years before present (seo Fig. 3). Detnlls of glacal

retreat, ice melting, and methods of computation are given in Cathles (1975). The isostatic adjusiment which oconrred as
the ice meltad substantially reduced the magnitude of geold perturbations (sea Fig. 4)
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The bigh viscosity lower manthe stops isostatic adjustment of fhe ocean basing of the southern hemisphare aver the time

peﬂodml}un'l.Simelhemllghﬁl.]loldwuapplhdbrn!mm!ﬁﬂmﬂnmmmmormﬁuquilihﬂmut

the utnrt of deglaciation I clearly not correct. A load cycle of glaciation and deglaciation with isostatic equilibrium prior
to giaciation must be considered to compute realixtic geoif maps for slow responding models such as thia one
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Fig, 5. Uplift corves for islands in the Pacific {sce dots in Fig. 2) are corrected first for ocean basin subsidence
end medtwater influx (ocean volume corrected carve) and them for the tilting of the peoid (1072 P moded of

Fig 2) to obtain an ancrgenes curve. Geoid cocrections make the obsrved tack of Holoome high sea The id clearly ke the i influx probebly did not

bevel (e Fig. ) mors severe constriot on (he st stages of s moelting and an Loves manle visoety obatrvcd Jark of lokoemso tigh v Joves 1 a8 abeuply of At as catty tinc s icatod
the Pacific 8 more stringent constraint on the Eﬂhuﬁgﬂo&%ﬁ%r&
geaeral sunk over the last 8000 years under the  tilting as time goes on At Ty, = 8000 details of glaciel melting and lower mantle wmore gradual tailoff, extending to ~
influence of 109 metres of model meliwater yecars BP it is clevated 7 to 10 m in the South viscosity (rate of oceans basin adjustment).* EE%EEE&
EE.FEESEQEEE% Puacific. At Tppgy = 0 it is clovated at most ~ 1 Fig. 6 compares the model emergence curves observed -and calculated custatic curves in
subsidence ondet such a load i 109 p_/p,, metre. The degres of tilting increases as one fior three islands {ses next section for Bermpda Fig. 6 would be comsiderably improved.
109/3.313 g/em? = 32.6 m, where g_ nn:!_ﬂ EEEEEEEE curve) to the emergance curves observed. The EEEEB._EFEE
of water, g quﬁﬂﬂnﬂﬁug zero line in the diagrams of Fig. 2. relationships between the model curves is observed curves could be improved if the
most cases, however, the sinking of the locali- EEEEE&%FE similar to that between the observed curves, oceans adjusted somewhat more rapidly than
ties is guite dlose to the average sinking of the Egiggﬁuﬂ bat the form, partieplarly the Holocene high suggested by a 10°2P lower mantle. This
ocoan basins as & whole. Thos wi EEQ. Jewel at any locality and represents the Gmal soa levels in the model curves, is not correct. possibility is also suggested by other kinds of
ocean yolume are accounted for the localities . corrections to obtain the emergence curves Two solutions are indicated First the data (Cathlea, 1975)
behave like “dip sticks’ (Bloom, 1967) and the in Fig. 5. *(Thous contisoe 0 be L Fig 7 gﬂ;ﬁoﬁﬂ!ﬂn-ﬁn oheerved
Egﬂﬁngggng . . . o on o curves for the 10°°P lower mantle model whose
ch (e Yotame Corca care). T T T e R EE SRR g e g i 4 b,

From Fig. 2 it is clear that the geoid i85  over the cosma) o in this volume) the peripheral trough sround Canada, is
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Zegland is not sintilar to that obacrved . nninna_ EEEEIE
sphere with Bezural gidity 50 x 107 N-m
sinking far more rapidly than observed sand the Fig. 8 roviews the significance of peripharal i fic. an 88km clastic layer with Youngs
relationshin between the Micronesia and New  uplift behaviour. The uplift profilcs i this = modulua 834 x 10! dynesfem’) T 20,000
Zealand curves is not similar to that observed.  figure are for a flat carth witha viscous channel years and then The tjme of
of various thicknessws > circular, un.E.d i Lithoephere 50 81025 N-m .-!EEBF_E«IH_.JﬁoE
V. The Uplift Response of Areas Perigheral Channel 3000km 1022 P from 10,000 EP to prescnt. The deep low
0 the Last Camsdian Ice Cay is applied to EE-.IG!E !_a.n D=8207kni?/ pheocmens of peripheral uplift followed by
lithosphere for 20,000 years and then suddenly - w aubsidenc: are cvidenced fn the last case
Calcnlation of geoid changes attonding removed. Uplift profiles arc given every 1000 / 0000 u-_.ﬂ__nn._.n.nrﬂanw__.rw..lln_...hsg
isostatic adjustment -__aIEBon:ﬁsn.n years afier the sudden deglaciation. Despite Eﬂ!«iﬁ-ﬂﬂﬁiwhnn
diffosivities given in b’/
iﬁoﬁeﬂoauhotz 1" (10%* poise the simplicity of the calcalation the contours -8000 your (D= pg3/3n, p=density of upper
mantie) and Model No. 4 (10** poise mantle of the sccond two models are reasonably 000 050 100 150 200 250 mantl,ge pravitational content, H = chan-
below 1000 km depth, ouunu-vacuuuaﬂnﬁ— close to the similar models discossed in this NORMALIZED RADIAL DISTANCE el thickness, i = viscosity)
previously (Cathles, 1975) for gravitational paper which include clastic and gravitationsl . L
i?ggigﬁgnﬁ effects and a realistic gradual load removal. channel i which Aow is permitted is inoreascd.  uplift followed by subsidence is evidenced
cast coastof the US. wastaken bythe suthorin ~ The celculstions of Fig. § show the magni- In the lnst case the channel thickness is great  In this last case 8 maximum early post-glacial

previous work fo be a particularly significant tude of postglacial periphcral subsidence is cnough (the entire thickness of the mantle) uplffi of about 42 m is followed by only 22m
indicator of mantle visooeity and rhealogy. diminished greatly as the thickness of the that the desp fiow phenomens of peripheral  of subsidence. In the ofher cascs the post-




model is unique in having late glacial and early EE?E%E
postglacial upiift followed by subsidence, dence E!- central 15. and a smaller

which
and o!.._q —!-Ehn_-_ uplift .».o_#i!_ _uu E oplift in central Canada and small
sabaidence (Cathles, 1975; Mormmer, 1969, peripheral n:-.n..—ﬂ!ﬂ

PABMINT BLEVATION OF PAST SHOARLYMMN (m) ~ .
b = a8 m B MMM AN

FRSENT ELEVATION OF PAST SHORELEH )+
- [ 1y
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obscrved peripheral uplift history. Previously comections, the present rate of sea level riae

calcolated (Cathles, 1975) uplifts for Model neodod was 2.4 mm/year.® o.\
ZM.E_. (10°%P mantle) and z.wm.n_ No. 4 . e o
(10%P below 1000km depth, 1022P above) u- o~
are corrected first for the diing of the gookd ' ) U Bt Rome o1 Ates Perigheral ",
iin the ocean basins (Figs. 2 and 4) and then for \\.N\..\M\W“\\ T P a
L ]
.\.11\. |

the isostatic adjustment of the occan basins ~ Scveral recent authors have inferred the o

and meltwater influxes so as to obtain first a mamtle rheology iz non-linear through analysis | - - et L) \.\_\

geoid corrected curve and then an emergence  of the uplift of central Fennoscandia (Post and v L ) P

carve. The cakulated emergence curves are  Grigga, 1973; Brennen, 1974; Crough, 1977, T | o

compared to those observed along the cast Post and Griges (1973) for example point out v s

coast of the U.S. that (if fluid properties do not change with
Althwouph peoid corrections can be 10m  depth) the central areas of an unloaded region

'gi
i
A
:
i
i
=
i
¥
B
E

curves are in markedly betier agreement with AR C)]
the 10°P mantle mode! than with the high I,
viscosity lower mantle model Particularfy where n is the order of the stress—strain rate | \M..
critical data is provided by Maine, which constitutive relation (ie. cé=¢", where &=

shows late ghcial and early postglacial uplift St rite, o= strest, c=cesp cosfficient), )
followed by subsidence (which can cmly be k is the amount of u plift remaining in the ol 0 Upliit of mesth of Angarsen Riser
matched by a deep flow uniform viscosity ceatralarca of uplift atany given time, and 4 & _
model) and by the southern localities which a constant which depends on ¢, the dimension

show much less sinking than would be required ©f the unloaded arca, the geometry of the 20 20 40 om0 70 assoimm o8

the unloading trough of & channel or hi zoncs where flow or crecp is permitted, ete. )
_v-w-gl.a._oiﬂgn_ng._n_. = Both Bremnen and Crough give detailed RATE OF UPLIFT (cnfyr) -+

We conchude that gravitationsl effects witl €xpressions for A. We imow the history of ) .
not substantially help high viscosity lower UPlift in Fennoscondia quite well (Lidén, Fig. 10, Rate of uplift valoes for the mouth of the Angorman River) Sweden, compuizd
mantle models (ie. channe? model) fit the 1938; Lliboutry, 1971)and so know the velocity by Liiboutry (1971) ara ploticd against remaining uplift asmming varions amounts of
obeerved sea Jovel daia in the critical North  of central uplift, o — akf3s), at past times. If Hlﬁ.ﬂeamﬁfi“.ﬂﬂnsﬁisnﬁarﬂiji
American east coast area. A, substantially —We know, or could guess, the amount of uplift sing Mormer's (1963) i .rauEiEai._uq_
_uniform ~10%2 poise Newtonian mumtle Eaﬁn-ngn!agﬂﬁn&&ng ﬁgﬂ_gﬂﬁﬁﬁaﬁiiﬁuﬁlgaﬂhﬂggﬂ
atill strongly indicated by data from this area 10 the uplift that has occurred between past resulty depend extirely on the of wplift d to remetin at preseat
the calculations. fonction of time. Since (3) implhes log A=

A discussed elsewhore {Cathles, 1975) once  1/nlogA + 1/nlogv, the slope of a plot of on the amount of uplift assumed to remain at  ted by Lifboutry (1971), who more recently
it is Goncloded the earth’s mantlo is Newtonian JOEA vs logv determines manile rheology present. Fig. 11 shows the fit to the data is made an analysis similar to Van Bommelen
and of reasonebly constant viscosity, other directly. equally good whether n=1 or n=3. The and Berlage's. . .
uplift evidence (the present rate of uplift in _ Fig 10 shows a plot of log k vs log v assam- equations in that figure arssimply thosolutions At facc valve seloclod negative gravity
Canada and the history of that uplift) place ing various amounts of isostatic uplift remain to (3) with 7= 1 or 3 and constants redefined angglsigﬁ
quite rigid constraints on the viscosity of the t0 be realized in central Fennoscandia. It is in & convenient fashion. The form for the be intorpretod es they have been in the past
mantle as & whole, and the common geo- . itmediately apparent that the valuc of n solution of (3) with n=1 is exactly the same E—E«FGSHEE.._&&S!W
morphological practice of assgming an deduccd by such art analysis depends entirely as the solution for the uplift of a surfice gest ~210m of uplift renain. This would
exponentially decreasing uplift is formd to doprossion thaped like gaussian trongh with iluuﬁiiun_ng.g.
have a sound theoretical basis, Also he *{inezamininggeoidefiects I notioad anerorin Fig Sha~c mantle flow restricted to a channel that i more recent gravity maps (Honkasalo, 1964,
present rate of subsidence of the east coast of %ﬁdﬂiﬁﬂh thin with respect to the load dimensions,© 1966) show gravity anomalics have little
the U 8. i in good agresmeant with the observed o, Shifting the calcslsted curves 25° orth (to the kot This problem was solved and applied to the  comelation with present or past uplift. They
present rate of subsidence assuming a present in thedigram}to their proper position make agreament Fennoscandian uplift by Van Benmelen and  correlate well with lithologic changes in the
Tate of sen level rise of 2mmyPear dUE 10 vosay e o melmy o o e e o et Beriage (1935, p. 32, ciuation 12). The para- &ros. Most of the pravity anomalics can
meltwater influx. Previously, without geoid  bot does mot change any of the-conclusions reached.) meter valuss used in Fig 11 arc those sugges-  therefore reasonably (I think more reasonably)




EF:.EEUHEEREE.EE—I!EF—SFE
it theoretical carves for decp flow in a comstant viscosity mantle (exponeniial
curve)

) and for Bow restricted to a thin chanme] or non-linear {1 = 3) flow. The two types
of curves fit the data equally well provided the amount of nplift remaining st present

be attributed to density chaoges in the crust  adjustment may be subject to interpretation,
swpported by an elastic Xthosphere Only it is useful to look for other data that bear on
small large scale anomalics { — 3.5mgal) then the question of mantle sheolopy Flg 12
remain, which suggest a central uplift of from Méorner (1975) shows the average rate of
~25m This implies a MNewtonian (n=1) uplift along the Swedish east coast (western
mantle theology (Fig. 10). Balling (this volome)  Baltic), obtained by dividing the total uphift
shows a nepative gravity anomaly t00 broad (comrected for custatic sea level changes)
to be supporied crustally resolis if gravity = observed over different time intervals by the
expromsed @5 8 residual from an empirical time interval. An interesting featore of the
relation between bouguer gravity anomalies diagram s that the location of zero uplift has
and clevation, remained fixed for at least the last 9000 yours
Since determination of the fraction of {ie. afl curves cross the horizontal axis at the
gravity anomalics in Fennoscandia attribut- same point).
able 0 presently remaiming  isostatio Fig. 13a to [ shows calculated uplift profiles

Iyer with a Youngs modules of 835 x 10! to be 10,000 years before present.
2 and such a3 would be sufficient to ﬁmm.mu-rggn!a.u%m!i
wapport the lithologically associated gravity migrates outward for a umiform viscosity
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cycle 22000yra loud cycle 22000y
Fig. 13; Uplift bistories and average rates of uplift over varioos time intervals ave computad for a Fennoscandian sized . .
Joad (1100 km diameiry) applied to a half space with various viscosity profiles and am elastic lithosphere for 22,000 mantle but inward if low is resiricicd tomthin - asthenosphere (Fig. 13¢ or d) prodoces curves
ggﬂgégbiﬁgiﬂgag Engﬁnseﬂﬂm.ﬂﬂﬁ.““_l ] finid channel This obscrvation it by no means  very much like those in Fig. 12. The maximam
ilhmirate the conditions under which the zero isobmse may remain stationary as observed in in o O " : P
diagrnm (c) are the observed average oates of uplift taken from the exponentisl fit to the data shown ip Fig, 11. Agree- ﬂ?ﬁ. Mﬂnﬂﬂg —ﬂ.““ _.*r ..__H.wnn”nm “ﬂ-wﬂunﬂ—”nw -.”B as 2 function of Eu-nﬁﬁ
ment botween pasticularly dingram 136, the abzved average rate: of uphift from Fig. 11 (bt not Fig. 12) for r= 9000 (Fig- 132} nor channel flow |i'iy Fig | excellent agreement
BP or for ¢ = 4000 BP, and the lack of zoro uplift sobase migratien observed in Fig. 12, is excellent. The reasons for produce average uplift plots which look much valoes observed in central Fermoscandia by
discrepancy between the data of Fig. 13 (dots in diagram c) and Fig. 12 from 4000 BP to prescnt is not clear Likethosein Fig. 12. Howeverdeep {ii» plusan  Lidén (1938).




Fig. 14 shows the modcls of Fig, 13cand d  hasnearly thesame valees of T over a range of
{particularly u&_lo._:on.ﬂﬂ specira. in EFSEEE%WDE._E

t d
deduced from the Fennozcandian oplift data  This is reasonsble eince, if the zero vplift
by McConnell (1968). Stationary zero uphift Egﬂgﬁinlgnoli
position is associated with a decay curve which  outward for channel flow, it -_EE._EII

!&!...EE!!&S&B&EEFEEE!II.E
flow. Climumel ow decay spectra do not book dowmward {Cathes, 1975, . 183)

required to produce a stationary zwro uplit peripheral subsidence. The motive of the
isobase. Channel flow alone will not do. As EEEEEBEEE
shown by M&mer in this volame the lack of of an ini interesting picce of cvidence which,
migration of the zero uplift isobase i not  if truc, might have the important implications
restricied to the Swedish east coast but is  that there is a fairly substantial asthenoaphero
shown in other profiles across the icc marginto  under the Foumoscandian shield, and that
the north west and east. isostatic uplift there occomred in major part
It should be cautioned that this enalysis is through deep flow m a uniform viscosity
EMEEEEEESSEE mantle beneath the upper mantle asthenos-

removal can make a very substantial difference, VIL Comch

the validity of the analysis could depead in

large part on how significant the Salpeusselkid (1) The tendency of different flow geomciries
stillstand was in the total gleciation hisiory and rheologies to produce peripheral
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bulges upon loading and -troughs upon lack of Holocene high sea levels in the ingena fdopy och Kronologi 1 A I, Geol. Uplife. Ab XVI General Assembly
ing is ovaluated. Non-li e  more int on Lifboutry, L. A. 71, Rbnoigieai P .:n.on 1939, *On the Upheaval of Land in

logies (n—13) should generate peripheral details of the last melting and on lower boutry, L. A., 1971. IF

bulges around loaded regions that arc at  mantle viscosity than it would otherwiso gfhﬁaw.tn e, Jow. ﬁi Acxl Sei. Fennicoe, 53,

least as large as thoac produccd when linear be (Figs. 5, 6. McConnell, R. K., 1968, ‘Viscosity of the Mantle  Pelfier, W. R. and Andrews, 1. T., 1976. ‘Glacial-

fluid flow is restricted to a thin channel (4) Taking into account geokl perturbations EEEE%E% F-Eﬁb&.lu.!.lﬁ.:nmﬁaﬂ___.a:n...

{Table 1) Thuos evidence against channel does not affect the interpretation of critical ment’, Jour, Gaophys. Rex., 73, 7089-7105. Geophys. J. R. axtr. Soc_, 46, 505-646.

Newtonian flow is also cvidence against sea level data along the east coast of the Mbener, N. -A., 1969, “The Late Quaternary History Post, R. L. and Grigss, D. T., 1573. "The Earth

effiective (8o far as glacial rebound pheno- US. which directly requires a constant %ﬂﬁ_ﬂﬂjiﬁaﬂi ﬁﬁl mm..,.zs Newlonian Flow’

menz are concerned) pon-lincar mantle viscosity ~10*P Newtonian mantle EE.EEE.HEE%. Stuiver, M., 1971, “Evidence for the Variation of

rheology. (Fig. 9) Undersikning, Arshok, €3, Sar. C, No. 640, Atmospheric C'* content in the Late Quatcmary
(2) Perturbation of the earth’s geoid that (5) Interpretztion of central Fennoscandian Euwa?ﬁ...—._n . gﬁ-ﬂéﬂ.ﬂﬂu’uﬁ-?ﬂrﬂﬂusﬁ

ocourred ‘during and after the melting of uplift in terms of mantle rheology give Mtener ¢ Holooone tic Edited Turckian, ¥ ivermity

the last (Wisconsin) glaciers is calenlated  Newtonian or nowincar (n=3) vesults B O T = e e

for two mantle models (uniform 107%P depending upon the amount of uplift Mamex, N--A., 1975, Dowble Nature of the Famo-  peusation’, Jour. Geopliys. Rux., 68, 2357,

mantle in Fig. 3; 10°2P upper mantle, remaining it central Fennoscandia at

10**P mantle below 1000km decpth in present (Fig- 10).

Fig. 4). For thc 10**P mantle case the (6) The obscrvation that the zcro uplift isobase

maximum pertorbation of the gooid was has remained fixed for at least the last 9000

—57m in central Cenada and m years along the Swediah conast may indicate
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