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B. ®bEJICKAAP (Uccaenosar. uncturyt Tekronop Crasanrep, Hopserusi), A. B. AMAHTOB (BCET'EU, Poccus)

Ilepekocsl mociieIeTHUKOBBIX OeperoBbIx JiMHHI moOepexxbs Hopserun
KaK CBHAETEJIbCTBO HAMMYMA acTeHochepbl HU3KOH BA3KOCTH
npu ¢Ja0oi M3rMOHO KeCTKOCTH JuTochepbl’

CKaHIMHABHSA SIBJISIETCS OJIHMM M3 KJIIOUEBBIX PAilOHOB HCCJIEIOBAHNS JIEMHUKOBOIO M30CTATHIECKOTO
noxusaTua. MoelmpoBanne mo3aHe- W NMOCJIeNleJHUKOBOM peiakcanun PeHHOCKAHINN AKTHBHO Pa3BUBA-
eTcsl B MOCJe/IHIe TO/Ibl, HO, K COXKAJIEHUI0, PeoIoTHYecKue napaMeTpbl 3eMiIM CUIbHO OTIMYAIOTCS Y pa3-
HBIX UccenoBaresieil. BoJbIIMHCTBO CeMAIMCTOB NPeNNoJaraeT 3HaYuTeIbHOe U3MEeHeHUe BSI3KOCTH OT
BepxHeil K HIXKHell MAHTHM B COYETAHUM C IJIOTHOM ynpyroii sutocdepoii.

B pesyabrare 3HaUNTENLHOTO YBeJIMYEHHs BA3KOCTH OT BepXHeil K HUDKHel MAaHTHM KOMIIEHCHPYIOIMil
H3MeHeHHe HATPY3KU NOTOK B MAHTHH YACTHYHO KOHLEHTPUPYeTCsl B BepxHeii ManTHu. Takas Mozesb «reue-
HHS B KaHAJIe» — OJJHA M3 BO3MOXKHBIX KPAifHHX TMNoTe3, npeaiokeHHbix 0oee 80 ner nazan. Ee nporuso-
N0JIOKHAS B pacnpeeeHu! BA3KOCTH aIbTePHATUBA onpe/esieTcs KaK Moje/b «ITyOUHHOTO pacnpeze/ieH-
HOTO TeYeHHsI»; OHA MPEINOJIaraeT, YTo MPOIECC MPOUCXOAUT HA OOJbIINX NIyOMHAX.

ComocTasiienie peabHO HAOMIOIAEMBIX MAJEOrPAIHEHTOB (MIEPEKOCOB B HANPABJIECHAM IEHTPATbHOM
yacTu DeHHOCKAHIMH) NOCJIeIeTHUKOBbIX OeperoBbIX JMHMI HauOoJee U3YYEHHbIX PAilOHOB MOOEPexXbs
Hopserun ¢ HaieKHBIMA BO3PACTHBIMH PeNepPaMH ¢ MOJIEJIbIO C PA3IHYHBIMH NapaMeTPpaMu Peosiorun 3eM-
JIM ¥ CXeMaMH JeTISIUALMA NOCTPOEHHBIX TUArPAMM (eperoBoii JMHUN MOKA3bIBAET 3HAUYNTENbHbIH HAKIOH
K uentpanbHoii yactn enHockannuu. Habmonaempie criekTpbl U3MeHeHHii OePeroBbIX JIMHUI Mpeaiara-
0T UCKJIIOUHTEJIbHbIE TIePCIeKTHBBI isi H3ydenusi hu3myecknx cBoiicTs 3emim. Monenm nepekocoB JpeB-
HHUX OeperoBbIX JUHWUII HOPBEKCKOTO Mo0epexbsi 0YeHb YYBCTBUTEIbHBI K JKECTKOCTH JUTOCHEPHI U BI3KO-
ctu MaHTuu. M3ocTaTyeckuii oTBeT Ha Aerisnuanio MeHHOCKAHANH MOJy4eH ¢ NOMOIIbIO MO/IENn 3eM-
JIM C MHOTOCJI0iiHOi MaHTHell T depeHnnpoBaAHHOI BA3KOCTH MO ypyroii Jutocdepoii. 3rudHyio xect-
KOCTb MOCJIe/IHel  BA3KOCTb acTeHocGepbl M3MEHSIH ISl JOCTHKEHHS] COOTBETCTBHS MEXKIy TeopeTHie-
CKHUMH U Ha0JII0JaeMbIMHU TlepeKocaMil BO BpeMeHH.

MopnempoBaHue MOKa3aj0, YTO HAWTYYIIee COOTBETCTBHE C JAHHBIMH HAOGJIONAIOCH NMPH «IIIyOMHHOM
pacnpeesieHHOM Te4eHHH» NPH HAJIMYMH acTeHocdepbl MOHMKeHHO# BA3KocTH (MeHee yem 7,0 x 10 I1a c)
ToIMHOI MeHee 150 KM, BA3KOCTH HIpKeexameil MaHTHH 0KoJio 102! [1a ¢ u adekTrBHOI ynpyroii ToJI-
nmuHe Jutocgepsl 30—40 KM (4TO SKBUBAJIEHTHO KecTKOoCcTH MeHee 1024 Hm). Monenb «TeyeHHs1 B KaHa-
Jie» PH 3HAYNTETLHOM TOBBINIEHAN BA3KOCTH OT BepXHeil K HIDKHEi MAHTHH B COYETAHMH C MOIIHOM YTIpy-
roii iurocgepoii He MOXKET 00bCHATH IPATMEHTOB HAKJIOHOB JIPEBHUX 0€PeroBbIX JIMHUIA, HAOII0OIAEMbIX HA
HOPBEKCKOM M00epexKbe.

KuioueBsie cnoBa: usocmasus, modeauposatue, peonoeusi, oaoyen, oredenenue, Pennocxandus, Hop-
seeusl.

Willy FJELDSKAAR (Tectonor, Stavanger, Norway), Aleksey AMANTOV (VSEGEI, Russia)

Tilted Norwegian post-glacial shorelines require a low viscosity asthenosphere
and a weak lithosphere

Scandinavia is one of the key areas for research on glacial isostatic adjustment. Extensive modeling of
the late- and post-glacial rebound in Fennoscandia has been done over the recent years, but unfortunately the
suggested Earth rheology varies a lot among the researchers. Most of the researchers argue for a significant
viscosity change from upper to lower mantle, combined with a thick elastic lithosphere. We study 5 paleo
shoreline gradients with various Earth rheology parameters and various deglaciation models. Shorelines from
coastal Norway show significant tilt toward the more central parts of Fennoscandia. The observed shoreline
gradients offer exceptional promise for the study of the physical properties of the Earth’s uppermost layers.
Our modeling shows that best fit with the observed data is achieved with a 150 km thick lowviscosity astheno-
sphere with a viscosity of 1.3 x 10" Pa s above a uniform mantle of viscosity 102! Pa s, and an effective elastic
lithosphere thickness (T,) of 30 km (flexural rigidity ~5 x 1023 Nm). In contrast, models with a significant
viscosity increase from upper to lower mantle combined with a thick elastic lithosphere cannot explain the
shoreline gradients observed at the Norwegian coast. We suggest that the shoreline gradient information
needs to be taken into account in glacial isostatic adjustment modeling.

Keywords: isostasy, modeling, rheology, Holocene, glaciation, Fennoscandia, Norway.

Introduction. The Earth has been and still is readjust-  enables determination of the underlying Earth rheol-
ing after being subjected to huge ice load during the last  ogy, both the effective elastic lithospheric thickness and
glaciation. This postglacial rebound in northern Europe  mantle viscosity. However, there is still debate on the
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properties of the lithosphere and whether or not the
mantle has a low viscoelastic asthenosphere and a large
increase in viscosity to greater depths.

As reviewed in Cathles [4], Daly in 1934 [7] was the
first to recognize anomalous uplift behavior in areas
peripheral to the former ice sheet. Based on intuition
and channel flow models such as those Van Bemmelen
and Berlage [25] he expected that mantle material would
be squeezed out from under glaciations and produce
peripheral bulges. After melting he expected that these
peripheral bulges would collapse. However, Daly could
not find geological evidence in support of the bulge
model. In fact he found that geological data pointed to
the opposite behavior of the peripheral areas to what was
expected from the bulge hypothesis: late glacial and early
post-glacial uplift followed by subsidence.

Daly therefore proposed the “punching” model for
explaining how the uplift could give a pattern that was
supported by observations. The peripheral areas were
dragged down by the lithosphere as the ice-loaded region
subsided. When the glacier melted, the central area
would drag the peripheral areas above the isostatic equi-
librium before they later sank down. Haskell [12] found
that the isostatic adjustment of a half-space of uniform
viscosity behaved much like Daly’s punching model. In a
uniform viscosity half-space, flow occurs at great depths.
The areas peripheral to the load respond initially sym-
pathetically with the central regions. Unloading would
produce an initial regional uplift, before the peripheral
areas later would sink back to equilibrium. If the upper
mantle is more fluid than the lower mantle, peripheral
bulges must be expected upon loading and peripheral
troughs upon unloading [5]. Cathles [4] used this kind
of discrimination as evidence for an isoviscous 102! Pa s
mantle.

These two end member models (channel flow with a
thick lithosphere, and deep flow with an asthenosphere
and thin lithosphere) are still under debate today, and
there is no agreement in the literature on what model
that best fits the data of post-glacial rebound. Steffen
and Wu [23] give a review of modeling results on Fen-
noscandian rheology based on observations of post-gla-
cial as well as ongoing uplift in the area. They state that
“inversion of RSL (Relative Sea Level) data indicates no
low-viscosity zone underneath Scandinavia or that its
presence is poorly resolved by the data”. However, the
BIFROST GPS data (vertical component) favors a thin
low-viscosity layer between 160 and 200 km depth [23].

All results on viscosity structure cited in Steffen &
Wu [23] use models with significant differences in vis-
cosity between upper and lower mantle (channel flow
models). This reflects that the majority of present day
modelers relies on the channel flow model. The sug-
gested Earth rheology for Fennoscandia consists of an
effective elastic lithosphere thickness (t,) of 75—160 km,
and a viscosity of lower mantle up to 100 times higher

than the upper mantle. Earlier studies proposed a lower
viscosity asthenosphere on top of the mantle. McCon-
nell (1968) suggested a 200 km thick asthenosphere with
0.1 x 102! Pa s [16] on top of a mantle of 102! Pa s and
increasing with depth, Cathles (1975, 1980) a lithosphere
with flexural rigidity 50 x 1023 N m with a 0.04 x 102! Pa s
75 km thick asthenosphere overlying a uniform 102! Pa s
mantle [4, 5], and Wolf (1987) a 100 km thick astheno-
sphere with 0.012 x 102! Pa s [26].

Fjeldskaar (1994, 1997) strongly argued for a flex-
ural rigidity of 103Nm (t, ~20 km) at the Norwegian
coast, increasing to above 10 x 1023 Nm (t,~50 km) in
central parts of Fennoscandia [9, 10]. Fjeldskaar et al.
(2000) found that a low viscosity asthenosphere (with
thickness less than 150 km thick and viscosity less than
7.0 x 101 Pa s) over a uniform mantle of viscosity 102!
Pa s gives an optimum fit to observed sea level data from
Fennoscandia [11].

We have now revisited the Norwegian shoreline dia-
gram data, and modeled the paleo shoreline gradients for
various Earth rheology parameters and various deglacia-
tion models, with higher spatial resolution than before.
To our knowledge the shoreline diagrams are not used in
other recent analyses of the post-glacial rebound. This
paper shows, based on analysis of relaxation spectra,
rebound in peripheral areas and tilting of paleo shore-
lines, that the post-glacial rebound in western Norway
is best modeled by a deep flow model.

Relaxation spectra. The differences in viscosity struc-
ture between deep flow (uniform mantle viscosity) and
channel flow models (with a significant viscosity increase
from upper to lower mantle) will result in different relax-
ation time spectra. Relaxation is the time required for
an exponentially decreasing variable (as the amplitude
of a damped oscillation) to drop from an initial value to
1/e or 0.368 of that value (where e is the base of natural
logarithms).

We have selected some recently published Earth
models based on the land uplift of Scandinavia (Table 1),
and calculated the different relaxation spectra. Except
for the model termed “asthenosphere”, they are all
channel flow models.

The selected examples of channel flow viscosity
structure are proposed in recently published studies [2,
20, 13, 22]. Based on deglaciation models ICE-5G [19]
and ICE-6G [20] they deduce a preferred Earth rheol-
ogy under Scandinavia; based on data on the present
rate of uplift or relative postglacial sea level data. The
viscosity structures vary between the studies, but they all
agree that there is a significant increase in the viscosity
from upper to lower mantle, i.e. channel flow models.
The researchers disagree on the thickness of the elastic
lithosphere, but agree that it is relatively thick — between
90 and 160 km (see Table 1 for details). The lithosphere
thickness is often termed ‘effective elastic thickness’,
and is related to the stiffness or flexural rigidity of the

Table 1

Various Earth models based on the post-glacial uplift of Scandinavia. Viscosity in astenosphere,
upper and lower mantle has unit 102! Pa s

Lithosphere, km | Asthenosphere Upper mantle Lower mantle
Peltier et al. (2015) [20] 90 — 0.5 1.7
Kierulf et al. (2014) [13] 140 — 0.7 2
Steffen et al. (2010) [22] 160 — 0.4 20
Auriac et al. (2016) [2] 120 — 2 50
Asthenosphere [11] 30 0.013 1 1
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Fig. 1. Relaxation-spectra for the various viscosity models
given in Table 1. Curves with solid lines show the relaxation
spectra calculated with a thin elastic lithosphere (~30 km), while
the dotted lines are for 90—160 km thick elastic lithosphere
(according to Table 1). The shaded areas are relaxation spectra
(with uncertainties) calculated by McConnell (1968) [16], and
inferred by Mitrovica & Peltier [17])

lithosphere. The flexural rigidity describes the resistance
to bending under the application of applied, vertical
loads.

The relaxation spectra for the various models are
shown in Fig. 1. The solid lines show the spectra cal-
culated with a thin elastic lithosphere (~30 km). There
are significant differences between the various models.
The channel flow model have much higher relaxation
time than the “asthenosphere® (deep flow) model at the
shorter wavelength load harmonics.

However, as mentioned above the channel flow
models also assume a thick elastic lithosphere, between
90 and 160 km thick. Thick elastic lithosphere speeds up
the response (reduce the relaxation time). The response
reduction is particularly strong for wavelengths lower
than 2000 km. The resulting relaxation spectra for the
channel flow models are much closer to the “astheno-
sphere” model when the elastic lithosphere thickness is
larger.

McConnell (1968) provided direct evidence of man-
tle viscosity for Scandinavia [16]. He transformed data of
strandlines for central parts of Scandinavia (along a pro-
file from Angermanland in Sweden to Izhora in Russia)
to relaxation spectra of the post-glacial rebound. McCo-
nnell’s results have been analyzed and updated later [18].
The relaxation spectra [16, 17] are shown by the shaded
regions in Fig. 2. These relaxation spectra can be used to
evaluate the various viscosity models in Table 1.

As shown in Figure 1 the best match with the relax-
ation spectra is achieved by the “asthenosphere” model,
both for low and high wavelengths. Most of the channel
flow models also give a reasonable fit to the observed
relaxation spectra. The exception is the preferred model
for Fennoscandia of Auriac et al. [2], which has signifi-
cant deviations from the relaxation spectra (the relax-
ation spectra for thin lithosphere deviates so strongly that
it is not shown in Fig. 1).

The preferred viscosity model of Peltier et al. [20]
overestimates the relaxation time by at least 1000 years
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for low wavelengths. On the other hand, the model of
Steffen et al. [22] underestimates the relaxation times for
low wavelengths by approximately 400 years. The model
of Kierulf et al. [13] overestimates the relaxation time for
longer wavelengths.

In summary McConnell’s spectra require either a
channel flow model with a very thick lithosphere (similar
to Daly’s down-punching lithosphere), or a deep flow
model (similar to Haskell’s) with a low-viscosity asthe-
nosphere and a thin lithosphere. The deep flow model
gives the best match with McConnell’s data, but the
cited channel flow models also give reasonable matches
with McConnell’s data.

Other channel flow models not mentioned here
could give better matches. Mitrovica & Peltier [17] found
that there is a range of channel flow viscosity models
that potentially match McConnell’s relaxation spectra —
upper mantle viscosities between 3.7 and 4.5 x 1020 Pa s,
lower mantle viscosities in the range 1.9—2.2 x 102! Pa
and a lithospheric thickness ranging from 70 to 145 km.
The bottom line for this discussion is that the relaxation
spectra do not have the resolving power to rule out any
of the end member viscosity structures and distinguish
between channel flow or deep flow models.

However, as mentioned above the two mantle viscos-
ity end members give quite different uplift pattern in
peripheral areas, and thick lithosphere strongly reduce
shoreline tilts at the ice margins as we discuss below. Let
us first compare the Scandinavian peripheral uplift pat-
tern for a deep flow versus channel flow viscosity models
and then examine the implications of measured tilts.

Uplift in peripheral areas. Theoretical post-glacial
rebound for a channel flow and deep flow model is
shown in Fig. 2. As expected, the most significant differ-
ence is found in peripheral areas. For the extreme cases
the pattern will be this: for the channel flow, peripheral
areas will first subside, then uplift. In the deep flow case
peripheral areas will first uplift, then subside.

Fig. 2 does not show two extreme cases, but two
intermediate cases. But we still see the same phenomena:
The deep flow model will give uplift in the peripheral
areas, followed by subsidence, while the peripheral areas
for the channel flow model will first subside then uplift.
Fig. 2 clearly shows that peripheral areas can distinguish
deep from channel flow models. This method was used
by Cathles [4] to interpret the North American periph-
eral response noted by Daly to indicate deep mantle
flow and an isoviscous adiabatic 102! Pa s mantle. Data
could be marshaled in Europe to make the same distinc-
tion, but in this paper we focus on using ice margin tilts
to constrain lithosphere thickness. We will show that
tilting in Scandinavia requires a thin lithosphere and
therefore suggests deep flow mantle models are the most
appropriate.

Ice Margin Tilts. Observations of the post-glacial
shorelines (shoreline diagrams) on the Norwegian coast
are perfect for measuring the tilting of past shorelines,
and these tilts are for constraining lithosphere thick-
ness, especially when the shorelines are close to the ice
margin.

a. Measuring shoreline tilts. The late- and post-
glacial sea level in Fennoscandia has been mapped by
the following means:

— Shoreline displacement curves, showing the verti-
cal displacement at a certain location,

— Shoreline diagrams, showing the displacement and
tilting of paleo shorelines,

— Tide gauge, old water marks, and GPS measure-
ments that record the present relative sea level change.
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Fig. 2. Calculated uplift at 15 000, 12 000 and 5000 BP for two different Earth rheologies, channel flow vs.
deep flow models. Upper figure: channel flow model with a ~100 km thick lithosphere, lower mantle viscosity of
20 x 1022 Pa s and upper mantle viscosity of 0.4 x 102! Pa s. Lower figures: deep flow model with a ~30 km thick
elastic lithosphere above a 75 km low-viscosity asthenosphere (~10" Pa s) and a uniform mantle of viscosity 102!
Pa s. The focus of the figure is the uplift pattern of the peripheral areas; the brown color mark areas that have
subsided relative to present day (max 50 m). At 5000 BP the channel flow model is still uplifting in the entire
region, while the deep flow model is subsiding in the peripheral areas

The advantage of using the tilting of shorelines of
some particular age as data to constrain mantle models
is that the tilting data is minimally affected by sea level
change. The tilting is related essentially only to flow in
the mantle and the flexure of the lithosphere.

Five sites along the Norwegian coast with observed
shoreline diagrams have been selected for the present
investigation; Bergen area (western Norway) [15], Sun-
nmere (western Norway) [24], Trendelag (mid Norway)
[14, 24], Lofoten [18] and Finnmark (northern Norway)
[21]. Tilting at these sites is determined by shoreline dia-
grams. A shoreline diagram is a cross-section displaying
the elevation and tilt of a shoreline of a particular age.
Constructing shoreline diagrams requires the existence
of isolation basins at a range of distances from the shore-
line that are all near sea level at some particular time in
the past. An isolation basin is a basin that can form a
lake or be connected to the sea with a small change in
land elevation or sea level. To find a number of isolation
basins at a range of distances from the shoreline is rare,
and there are thus few areas with high quality shoreline
diagrams.

Except for location #4 (Lofoten area) the shoreline
diagrams are constructed by dating deposits in isola-
tion basins. This is the most precise method available
to determine both the elevation and the age of former
sea levels.

The method is this: Sediment cores are taken from
small lakes and bogs situated at different elevations in a
limited area. The position of the former sea level rela-
tive to the outlet of these basins determines whether the
sediments in the basin are marine, brackish or lacustrine.

PETHOHAJIBHAA TEOJOTI'HA

When sea water flows into the basin the sediments will be
marine or brackish. The sediments are then dated, and
the date at which each isolation basin became brackish
indicates when its outlet was just at sea level. Isolation
basins with the same age of brackish transition had the
same elevation at the transition, but may now have dif-
ferent elevation if later isostatic uplift was greater inland.
This is of course usually the case and so when the eleva-
tions of the lakes with the same age brackish transition
are plotted as a function of distance from the present
shoreline the tilt of the shoreline is indicated. The tilt is
often nearly linear. The uncertainty of the tilt depends
on the accuracy of the timing of the isolation of each
basin, which in turn depends on the number and qual-
ity of radiocarbon dates from each basin. Details of the
method are provided in [24].

The most precise shoreline diagram is from the
Bergen area (#1). This diagram is constructed along a
projection plane through eight locations, over a distance
of 30—40 km [15]. The gradient of the 12 000 years old
shoreline is 1.34 m/km — with a range between 1.25
and 1.44 m/km (Fig. 3). The same method is used to
construct shoreline diagrams in locations #2, #3 and
#5. The uncertainties are related to the age dating,
maximum uncertainty in the age dating is estimated
to 5—10%. The tilts of the Younger Dryas (12 000 BP)
shoreline of Bergen (#1) is 1.3 (£0.1) m/km, Sunnmere
(#2) 1.3 (£0.13) m/km, Trendelag (#3) 1.7 (£0.17)
m/km, Lofoten (#4) 1.1 (£0.2) m/km and Finnmark
(#5) 0.6 (£0.06) m/km.

The shoreline diagram of location #3 covers an
extraordinary long distance (100 km), and the gradient
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Fig. 3. Shoreline diagram from Bergen area, redrawn from [15]. This diagram uses 12,000 BP sea levels recorded from
eight isolation basins over a distance of 40 km. The gradient of the shoreline diagram is 1.3 m/km. Inset sketch shows
a cross-section of an isolation basin with lacustrine, brackish and marine deposits. Age dating of the core will give the
exact time when sea level fell below the threshold of the lake. The basin would give one point in a shoreline diagram; to
construct a full sea level diagram data from several basins at different altitudes are needed

Fig. 4. Locations of the observed paleo shoreline gradients used as calibration for our calculations (white circles). The colors
show calculated shoreline gradients at 12 000 BP for Model 1 in Table 2. This model uses deglaciation AA1, has a low viscosity
asthenosphere (0.013 x 102! Pa s), a 102! Pa s mantle, and a lithosphere rigidity 5 x 1023 Nm (elastic thickness ~30 km). The
contour interval is 0.2 m/km
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in the inner part is higher (>1.7 m/km) than the outer
part. All locations are shown in Fig. 4.
b. Calculating shoreline tilts. In principle, three fac-
tors could contribute to the tilts of the paleo shorelines:

— Sediment isostasy; the Earth’s response to redis-
tribution of rocks,

— Hydro isostasy; the Earth’s response to changes
in water load,

— Glacial isostasy; the Earth’s response to changes
in glacial load.

Sediment isostasy. Glacial erosion and sedimentation
was modelled by Amantov and Fjeldskaar (2013) over
a 1000 year time intervals utilizing a largely automated
interpretation of regional geological and geomorphologi-
cal observations [1]. The modeled redistribution of sedi-
ments, however, has no significant impact on the gradi-
ents of the paleo shorelines along the Norwegian coast.

Hydro-isostasy depends eustatic (meltwater addi-
tions to the ocean) changes, but also on the paleo relief,
because the extent of the area covered by water has not
been constant through time. The paleo relief is a func-
tion of the glacial isostatic response. The area covered
with water (ocean or lake) depends on the area covered
with glaciers. Fig. 5 (from [1]) shows the spatial distribu-
tion of water used in the calculations of hydro-isostasy
in combination with eustatic sea level. The eustatic sea
level changes over time, according to Fairbanks [8], were
applied on the spatial distribution of oceans as shown on
Fig. 5. Hydro-isostasy will cause a small inerlase in the
tilt of the shorelines because they are all dipping towards
the ocean.

Glacial isostasy. The Earth’s response to glaciers
is here modeling by using a flat Earth layered viscous
model overlain by an elastic lithosphere. For more details
on the modelling technique, see [9, 10]. It was shown
in [10] that calculated isostatic equilibrium deflections
by our flat Earth filtering technique show insignificant
deviations to the deflections calculated for an isotropi-
cally elastic, uniformly thin, spherical shell (presented in
[3]) for a load up to 1000 km in radius.

Another potential source of error with our method is
that it ignores the coupling between the lithosphere and
mantle. To quantify the errors introduced by neglecting
full coupling, Fjeldskaar [10] calibrated against ana-
Iytical solutions for a spherical shell and showed that

it agrees within 10 % with viscoelastic models of the
lithosphere [16]. Thus our filtering method introduces
some errors, but the errors are scarcely of practical sig-
nificance for modelling of the postglacial uplift.

The main challenge for a regional flat Earth model
is that it cannot provide detailed sea level changes as
a global model can. The advantage, however, is that
the modelling can be done with high-resolution and
short CPU time. The spatial resolution in the modeling
reported here is 10 km.

Deglaciation history. We use different deglaciation
histories in the modeling: a deglaciation history of our
own design (Fig. 6, AA1) and Peltier’s ICE-5G [19] and
ICE-6G [20] deglaciation histories.

The method used to compute AAI ice-sheet thick-
ness consists of the following steps (more details are
given in [1]):

— Estimation of a general ice-sheet with averaged
values and shapes associated with the viscoplastic flow
of ice known from present day ice-sheets,

— Modification of ice-thickness distribution and dif-
ferent ice flow velocities due to sub-glacial topography,

— Corrections of ice-thickness by ice-streams, topo-
graphic roughness at the ice base, areas of discharge, etc.

The full reconstructed deglaciation history used in
the calculations is shown in Fig. 6. Fig. 7 compares
the ice thicknesses of AAl and Peltier’s ICE-5G [19]
and ICE-6G [20] deglaciation models at 12 000 years
BP. This is the time when the studied shoreline gradi-
ents were established along the Norwegian coast, and
is the main contributor to the shoreline gradients at
12 000 BP. It is worth mentioning that the ice margin in
southwestern Norway experienced a major ice-sheet re-
advance of at least 40 km in Younger Dryas [15]. There
is uncertainty related to the initiation and duration of
this re-advance, which may affect the calculated tilting.

Using shoreline tilts to distinguish Earth model.
We have found earlier [9—11] that best fit with the
observed present rate of uplift and Younger Dryas shore-
line tilts was achieved with an effective elastic thick-
ness of less than 30—40 km (flexural rigidity less than
1024 Nm), a low-viscosity asthenosphere (viscosity less
than 7.0x10" Pas) above a uniform mantle of vis-
cosity 102! Pa s. With these parameters and using the
method described above, the calculated gradients of

Fig. 5. Estimated post-glacial paleo bathymetry for 1000 years intervals from 16 000 to 9000 BP; Fairbanks (1989) [8]

is used as a measure of the eustatic change. From [1]
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Earth models used in the calculations

Table 2

Lower mantle | Upper mantle | Asthenosphere | Lithosphere
Model ICE model viscosity, Pas | viscosity, Pas | viscosity, Pas | thickness, km
1 AAL 102! 102! 1.3 x 109 30
2 ICE-5G 102! 102 1.3 x 1019 30
3 AAl 102 102t 1.3 x 10 90
4 ICE-5G 1.7 x 102 0.5 x 102 - 100
S ICE-6G 1.7 x 102t 0.5 x 102t - 30
6 ICE-5G 20 x 102! 0.4 x 102! - 160
7 ICE-5G 2 x 102 0.7 x 102 - 140
Table 3
Observed and calculated gradients of the 5 Norwegian locations, m/km
Location | Observed | Model 1 | Model 2 | Model 3 | Model 4 | Model 5 | Model 6 | Model 7
#1 1.3 1.3 1.3 0.7 0.8 0.7 0.6 0.5
#2 1.3 1.3 1.2 0.9 0.9 0.8 0.7 0.7
#3 1.7 1.8 1.7 1.2 1.2 1.1 0.9 0.9
#4 1.1 1.1 1.1 0.9 1.1 1.0 0.8 0.8
#5 0.6 0.6 1.2 0.7 0.7 0.7 0.6 0.6

the 12 000 BP shorelines of Fennoscandia are as shown
in Fig. 4. This is for Model 1 in Table 2, which give
optimum match with the observed gradients for the five
locations (Fig. 12, Table 3).

The first question to be clarified is to what extent the
match between the tilts calculated by Model 1 and those
observed is dependent on the deglaciation model used
in the isostatic calculations. We address this question in
Model 2 by substituting ICE-5G for deglaciation model
AALl. The tilts for Model 2 (Fig. 8) are different from
Model 1 (Fig. 4), but still fits the observed shoreline

diagrams reasonably well (Table 3 and Fig. 12). Thus,
the match between observed and calculated shoreline
gradients is not very dependent on the deglaciation
model. The fit between observed and calculated tilts is
almost as good with ICE-5G as with AA1 (except for
the tilt at location #5).

The next question is whether the match with the
observations is equally good for other models of Earth
rheology, i.e. channel flow models which require a thick
lithosphere. Fig. 9 shows that this is not the case. Com-
pared to the case with thin lithosphere (Fig. 4 and 8), the

Fig. 8. Calculated shoreline gradients at 12 000 BP (Model 2), modeled with deglaciation model ICE-5G, low
viscosity asthenosphere (1.3 x 10* Pa s) and lithosphere rigidity 5x 102> Nm (elastic thickness ~30 km). Contour
interval is 0.2 m/km
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Fig. 9. Calculated shoreline gradients at 12 000 BP for Model 3, with ice history model AA1, low viscosity
asthenosphere (1.3x10" Pa s) and lithosphere rigidity 5x102¢ Nm (elastic lithosphere thickness ~90 km).

Contour interval is 0.2 m/km

calculated gradients for elastic lithosphere thickness of
~90 km of Model 3 are reduced almost in half in south-
western Norway (location #1), and also significantly
reduced at locations #2 and #3. The mismatch to the
observations is shown in Fig. 12 and Table 3. A litho-
sphere rigidity of 5 x 102¢ Nm (elastic lithosphere thick-
ness ~90 km) gives too low gradients. Thus there seems
to be an upper bound on the elastic lithosphere based on
the paleo shoreline gradients. The upper bound of elastic
lithosphere thickness is significantly less than 90 km.
What about the mantle viscosities? Will different vis-
cosity profiles affect the calculated shoreline gradients?

Examples of various channel flow models (Models 4—7)
with the calculated tilts are presented in Fig. 10 and 11.

Fig. 10 shows the gradients with a viscosity mod-
el from Peltier [20] and deglaciation models ICE-5G
(Model 4) and ICE-6G [19, 20] (Model 5). The upper
mantle viscosity is 0.5x102! Pa s, the lower mantle
viscosity of 1.7x102! Pa s, and the lithosphere rigidity
5% 102 Nm (t, ~90 km). The mismatch of Model 5to the
observations is more severe than for Model 3, which is a
deep flow model with a thick lithosphere. This mantle
viscosity profile and deglaciation history makes the tilt
agreement worse.

Fig. 10. Calculated shoreline gradients at 12 000 BP; modeled with ICE-5G (Model 4, left) and ICE-6G (Model 5, right),
both with upper mantle viscosity 0.5x 102! Pa s, lower mantle viscosity 1.7 x 102! Pa s and lithosphere rigidity 5x 1024 Nm (te
~90 km). Contour interval is 0.2 m/km
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Fig. 11. Calculated shoreline gradients at 12 000 BP for Models 6 and 7, left (Model 6): upper mantle viscosity 0.4 x 102!
Pa s, lower mantle viscosity 20 x 102! Pa s and lithosphere rigidity 4 x 1025 Nm (te ~160 km); deglaciation model is AA1. Right
(Model 7): upper mantle viscosity 0.7 x 102! Pa s, lower mantle viscosity 2 x 102! Pa s and lithosphere rigidity 3 x 1225 Nm (te
~140 km). The deglaciation model is ICE-5G. Contour interval is 0.2 m/km

Fig. 11,a shows the tilts calculated with the rheology
suggested by Steffen et al. [22] with the AAI deglacia-
tion. The upper mantle viscosity 0.4x 102! Pa s, lower
mantle viscosity 20x 102! Pa s and lithosphere rigidity
4x102 Nm (t, ~160 km). This Earth rheology (Model 6)
gives even worse mismatch to the observations compared
to Model 5 (cf. Fig. 12 and Table 3).

Fig. 11,5 shows the calculated gradients using the pre-
ferred viscosity model of Kierulfet al. [13] and the ICE-
5G deglaciation (Model 7). The upper mantle viscosity

is 0.7x 102! Pa s, lower mantle viscosity 2x 102! Pas,
and a lithosphere rigidity of 3x 102 Nm (t, ~140 km).
The mismatch with the observations for this rheology is
similar to Model 6 (Fig. 12 and Table 3).

It is clear from Fig. 12 and Table 3 that best fit with
the observed tilts in western Norway at 12 000 BP is
achieved with a deep flow model — with an effective elas-
tic thickness of ~30 km (flexural rigidity ~5x 102> Nm),
a low-viscosity asthenosphere of thickness of 75 km and
viscosity of 0.013x 102! Pa s above an otherwise uniform

2
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Fig. 12. Observed (black squares with uncertainties) and calculated gradients for the five locations (locations, Fig. 8)
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mantle of viscosity 102! Pa s. Channel flow models
(exemplified by Models 4—7) are not able to explain the
observed post-glacial shoreline diagrams in Norway.

Conclusions. Our analysis shows that best fit with the
observed tilts of paleoshorelines in Norway is achieved
with a deep flow model: a uniform mantle of viscosity
102! Pa s overlain by a low-viscosity 75 km astheno-
sphere with a viscosity of 0.013 x 102! Pa s and capped
by a thin lithosphere with an effective elastic thickness of
~30 km (flexural rigidity ~5 x 1023 Nm). The ice model
is not of great importance for the calculated tilts. The
lithosphere thickness is the controlling factor. Channel
flow models (exemplified by Models 4—7) require thick
lithospheres to match McConnell’s relaxation spectra,
but with these thick lithospheres they are not able to
match the observed post-glacial shoreline tilts in Norway.

Shoreline tilts thus seem to be the best way to resolve
the channel-flow-thick-lithosphere vs deep-flow conun-
drum, and they clearly indicate deep flow. This means
that the peripheral areas should be subsiding as indicated
by the brown ring in the lower panels in Fig. 2, and this
prediction could provide a further test of the deep flow
models.
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