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On the magnitude of the Late Tertiary and Quaternary
erosion and its significance for the uplift of Scandinavia and
the Barents Sea

F. Riis and W. Fjeldskaar

Geological evidence related to the Late Tertiary uplift and erosion of the Barents Sea and Scandinavia includes marine scismic
data, well data and field obscrvations on land. The amount of crosion has been studied using geochemical and sedimentological
data from wells and topographical data and data on the block fields onshore. The amount of erosion has been compared to the
amount of deposition in the huge Pliocene-Pleisiocene wedges situated offshore Norway and in the Barents Sea.

The data suggest that there is a close relation between the uplift and erosion of Scandinavia and the Barents Sea, and that
the uplilt is related to two main events: (1) mountain building in Central South Norway and along the trend Lofoten-Bjgrngya-
Svalbard due 1o Palacocene to Oligocenc teclonic phases; and (2) glaciation in the Late Pliocene and Pleistocene, which was
related to plateau uplift of large areas.

Based on lithospheric flexural theology parameters from studies of the posi-glacial uplift, modelling shows that the
compensating isoslatic uplift is close to 70% af the magnitude of ercsion where crystalline basement is croded. The magnitude
of the observed uplift in Scandinavia scems, however, 10 be greater than the erosion in some areas, and therefore mechanisms
other than pure isostatic compensation must be sought to cxplain this. One part of the uplift is thought to date back to
Paleogene lectonism, but obscrvations suggest that there is an uplift in excess of these two components. We have investigated
the possibility that migration of phase boundarics in the lithosphere may be the mechanism of this additional uplift.

The response of a phase transition in the lithosphere to pressure relief causced by crosion leads Lo thickening of the upper
lighter phase and thus greéter uplift than expecled from isostasy alone. Migration of the phase boundary is a time-dependent
process. Theorctical models show that for load cycles of the order of 1 Ma, the surface deflections associated with the movement
of the phase boundary can be large, up to 50% of the isostasy. Therefore, modeliing of the phase migration combined with
isostasy in response to erosion might lead to an uplift larger than the amount of eroded rocks. Thus, theeretically (he phase

migration model is of interest, although it is not supported by independent geological evidence.

Introduction

The late phasc ol crosion in the Barents Sea
significantly affected the petroleum accumulated in
traps (c.g., Nyland et al,, this volume). Also, in large
parts of the platform areas, Triassic and Jurassic
source rocks situated in the oil window have been
uplifted and cooled. Therefore, much effort has been
put into the task of quantifying the uplift and erosion
in the Barents Sea.

This study was initiated as a consequence of new
dating results of the Late Cenozoic scdimentary
wedge penetrated by two wells on the Senja Ridge
{(Fig. 1). Our results indicatc the wedge to be of
the Late Pliocene and Pleistocene age (Fidvin and
Riis, 1989). The size of the wedge corresponds to an
crosion of 530-1000 m in 1the Southern Barents Sea
{Vorren ct al., 1988; Vorren et al., 1990; Nattvedt ct
al., 1988).

A similar wedge is situated on the shelf offshore
Mid-Norway (Fig. 2), although it contains a smaller
volume of sediments. This wedge has been pene-
trated by sevcral wells on Haltenbanken, and its
age has been determined to be Late Pliocenc and
Pleistocene. Thus, this age correlates with the wedge
outside Bjgrngyrenna.

Results from ODP wells on the Vgring Plateau
(Jansen et al, 1983) indicate that the first major
glaciations took place at approximately 2.5 Ma. This
age correlates well with the age dating of the wedges.
Examination of the coarse fraction of the cutting ma-
terial has yiclded large amounts of angular fragments
of crystallinc basement in the wedges (Eidvin and
Riis, 1989).

In both areas, thc Miocene and Early Pliocenc
deposils appear to be thin, on average in the order
of a fcw hundred metres at most. Thus, geological
evidence indicatcs that in the Late Pliocene and
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Fig. 1. Location map of Barents Sea, showing key wells and bathymetry. Map compiled by Y. Kristoffersen, B. Beskow, M, Sand and
Y. Ohta, Norsk Polarinstitutt (1989).
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Fig. 2. (a) Time thickness map of Late Pliocene-Pleistocene wedges, Mid-Norway shell,

Pleistocene period a dramatic increase in deposition
rates along the shell was related o glaciation of
the Barents Sca and of Scandinavia. The late phase
of erosion in the Barents Sea must, thereforce, be
seen in a larger context. The observation that large
amounts of erosion were related 1o glaciations led
us to investigale the thermal and isostatic effects of
the rapid loading and unloading resulting from the
crosion process. The study is based on simplificd
maps showing estimated amounts of erosion and
deposition in Scandinavia and in the Barents Sea in
glacial times (the last 2.5 million years).

The aim of this study is to determine whether
the observed uplift patiern can be modelied using
simple assumptions about the effect of erosion and

glaciation, and whether the mterpreted uplilt related
to erosion and glaciation can be separated from
uplift due to older tectonic phases related o the
opening of the North Atlantic. )

Late Pliocene-Pleistocene geology
Erosional and depositional pattern

Qccurrence and dating of sedimentary wedges
Along the Barcents Sea margin, large sedimentary
wedges occur at the mouth of bathymetric troughs
(Fig. 1). The wedge fed by Bjgrngyrenna is morc than
4 km thick (Fig. 3), and the wedge off Storfjordrenna
rcaches the same thickness, although its areal extent
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Fig. 2 (continued). Maps (b) and (c) show location of wells and scismic lines and bathymetry.

is smaller. These two wedges arc associated with
large positive Bouguer gravity anomalies. Fjeldskaar
and Rijis (1988) relate parts of these anomalies to
a lack of isostatic compensation due to rapid recent
deposition.

Along the northern Barents Sea margin, a similar
pattern appears. Sparsc scismic data collected by
NPD and by Baturin (1988) and regional bathymetry
(Perry and Fleming, 1985) indicate that sedimentary
wedges occur in a similar pattern, although probably
with smaller sediment volumes.

The wedge off Bj@rnpyrenna (Fig. 1) was sampled
by the two wells, 7117/9-1 and 2, which penetrate ap-
prox. 800 m Upper Pliocene and Pleistocene (Eidvin
and Riis, 1989). The dating of this sequence has been
much debated due to resedimentation (e.g., Spencer
et al,, 1934; Npttvedt et al, 19388). However, the
micropalaeontology, St isolope analysis and study of
the basement fragments all strongly indicate that the

depositional age of the sequence is Late Pliocene
and Pleistocenc.

The wedge ofl Storfjordrenna was penctrated by
onc DSDP well in a disial position close to the
Knipovich Ridge (Fig. 1). The scction was dated
as Pliocene (Talwani et al., 1976). The uppermost,
mainly Quaternary part of the wedge can be corre-
lated seismically to the wedge off Bjgrngyrenna.

In the Mid-Norwegian shelf, there are two main
wedges which are also linked to major bathymetric
troughs — the wedge at the mouth of Norskerenna
and the “Mid-Norway wedge” at the mouth of
troughs extending from Vestljorden and Ranafjorden
(Figs. 2 and 4). These two wedges have a maximum
thickness in the order of 2000 m. Both have been
penetrated by a number of wells (Fig. 2), and they
may be assigned a Late Pliocene-Pleistocene age
(Rokoengen and Renningsland, 1983; Dalland et al.,
1988) (Naust Formation).
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Estimates of erosion

In the Barents Sca and in Scandinavia, the amount
of erosion has been cstimated by diflerent methods.
For the Southern Barents Sca and for Mid-Norway,
it has been assumed that all erosion products which
were (ransported to the west have been deposited
in the respective offshore wedges. This mass balance
gives an independent control on the crosion map,
although the drainage divides cannot be cstablished
with certainty. We have concentrated on applying
the method of mass balance on Mid-Norway-North
Sweden, because the uncertainty of the size ol the
drainage area is not too great. For the southern Bar-
ents Sca and Finnmark, the drainage arca is less well

known, and for South Norway-South Sweden, the
arca of deposition is not casily mappable. Further-
more, there is no major fault activity along the coast
of Nordland post Triassic times. This mcans that the
geometry of the uplift should be simple. However,
Loloten was an active structural element in the Late
Cretaceous and Paleogene.

(1) Barents Sea. The magnitude of erosion in
the Barcnts Sea was estimated by geochemical data
(vitrinite reflectance and Ta) from the deep wells
(Fig. 5). In the western parts, the map is based
on the occurrence of a seismic reflection which
cuts across the scismic stratification in the Late
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Fig. 3. Thickness map of Late Pliocene and Pleistocene sediments below the Upper Regional Unconformity, southwestern Barents Sca.

Paleocene and Early Eocene layers. This reflection
shows a rcgional dip to the west (Fig. 6), and is
correlated to the transition from Opal A to micro-
crystalline quartz (opal CT) observed in well 7117/
9-1 (Ramberg Moe et al., 1988). This transition takes
place at approx. 50°C, and the dip of the reflector
indicating the diagenetic change may be explained by
lilling and erosion after its formation. The deepest
level observed for the reflector was assumed to be
the level of no crosion, and the erosion in the rest of
the arca was cstimated by the difference in elevation,
assuming no lateral changce in temperature gradient.

In the eastern and northern parts of the Bar-
cnts Sea, there are very few data points (Antonsen
et al., 1991). Scismic stacking velocities (Norwegian
Petroleum Directorate, unpublished work) and geo-
logical data from Svalbard (Manum and Throndsen,
1978) suggest a general decrcasc in erosion from

west 10 cast in this area.
It is well known that Spitsbergen was uplified
and croded as a consequence of Eocene-Oligocene
tectonism (c.g., Steel and Worsley, 1984). Also, the
Bjprnpya-Stappen High arca was uplifted along the
Knplegga Fault in different tectonic phases in the
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Fig. 4. Bathymelry of the North Sea. Based on data from Statens Kartverk.

Eocene and Oligocene (Fig. 7). This happened also
to the Senja Ridge and Lofoten islands farther south
{Brckke and Riis, 1987). As a conscquence, the
large amount of erosion observed in the western and
northern parts of the Barents Sea can be related
partly 1o tectonic uplift in thc Paleogenc and partly
to the glacial effects we are concerned with in this
study.

Farther east and south in the Barents Sea, the
Early Tertiary tectonic effects can be expected to be
more subdued. Thus, an estimate of 860-1000 m of
Late Pliocene-Pleistocene crosion based on the sed-
iment volume in the wedge off Bjprngyrenna scems
reasonable for the central parts of the Southern
Barents Sea.

It should be pointed out that these values are
surprisingly high compared to studics of present day
crosion rates at Svalbard, estimated at 0.2-0.5 mm/

year (Lsve et al., in preparation), and at 0.5-1 mm/
year for active glacicrs (Elverhgi et al., 1980, 1983).
1000 m of e¢rosion is equivalent to 0.4 min/year,
suggesting that the Barents Sea was not submerged
for much of the glaciation period.

(2) Mid Norway. The calculated crosion is based
on the assumption that a pre-glacial surface can
be mapped onshore in Scandinavia. If the present
height and topography of the pre-glacial surface
can be established, the amount of erosion can be
calculated by subtracting the present mean heights
from the height of the pre-glacial level,

Block ficlds are observed on many of the high
mountains in South Norway. Nesjc et al. (1988} sug-
gest that the block ficlds were formed by weathering
processes prior 10 glaciation. It is assumed that the
lowest limit of the block fields approximates a pre-
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Fig. 5. Map of southern Barents Sea showing interpreted amount of Tertiary erosion (in metres). This interpretation is based on
vitrinitc and pyrolysis data from deep wells as well as on Figs. 6 and 12, prafites EE’ and FF'.

glacial surface. In Mgpre, thesc pre-glacial surfaces
may be traced almost to sea level.

Fig. 8 shows a simplified map of mecan heights
contoured from an 8 x 8 km grid prepared by the
Geographical Survey of Norway and the Geographi-
cal Survey of Sweden (1963). The summit level map
(Fig. 9) is based on smoothed heights of the block
ficlds where they exist, combined with summit levels
in areas where there arc few data on block fields or
where block fields do not occur. This map may be
regarded as an approximation of a pre-glacial sur-
face, but as it does not take into account topography
in this surface, it could be regarded as a pre-glacial
surface of maximum probable elevation.

A. Nesje (University of Bergen, unpublished work)
has compiled the paleic surface in Norway (Fig. 10).
The interpretation is based on geomorphological
ficld work in Southern and Mid-Norway, and mainly
on map studies in Northern Norway. This map may
be interpreted as an approximation of the present
day level of the pre-glacial topography, and it must
be regarded as a better approximation than the
summit level map.

Onshore erosion (Fig. 11) was calculated by sub-
tracting the mean height map (Fig. 8) from the
summit leveli map (Fig. 9), and therefore it must
be regarded as 4 maximum case of eroded rock in
glacial times. Tn the offshore areas, crosion has been

calculated by extrapolating the croded part of the
sedimentary sequence (o the shore. The pre-glacial
pinch out line of sedimentary rocks on the crystalline
basement was inferred by using the profiles AA' to
FF' (Fig. 8), and is shown in Fig. 11. The pinch out
line was drawn so that the block field regions were
not given a pre-glacial sediment cover.

A comparison was made beiween the deposited
volume of sediments in the wedge ofl Mid-Norway
and the eroded volume in Mid-Norway suggested in
Fig. 11, using tentative drainage divides as shown on
Fig. 9. The result is given in Table 1. The croded
thicknesses suggested in Fig. 11 are in the order of
1.5-2 times 100 large to fit into the wedge. This sup-

TABLE 1

Frosion and accumulation Mid-Norway wedge

Area Volume

(km?) (km*)
Glacial wedge (Fig. 2) 139000 100000
Eroded sedimentary rocks (Fig. 11) BE600 64900
Eroded bascment (Fig. 11} 108000 89300
Corrected bascment (2.7/2.2) 108000 109000
Total crosion: 173900 km®
“Total deposition: 100000 km?

The assumplions are seismic velocity of 2200 m/s and density of
bascment/density of sediment = 2.7/2.2.
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ports the idea that the paleic surface map (Fig. 10)
may be a better approximation of the pre-glacial
surfacc than the summit level. If this is the case, the
topography before glaciation may have been quite
rough even in Nordland, with local relief in the order
of 500-700 m. In this case, a “summil level” surface
must be interpreted as older than Neogene. Allcrna-
tive ways of explaining the volume difference would
be to change the drainage divides and to reduce the
amount of croded sedimentary rocks.

Our present knowledge of Tertiary tectonic cvents
and thickncss of the Oligocene to Early Pliocenc
section on the shelf, suggests fairly low deposition
rates and, thus, a fairly low reliel at the onsel of
glaciation. It scems that more detailed studics are
necded 1o resolve this problem.

Tn conclusion, Fig. 11 is a maximum case for the
amount of matcrial croded in the glacial period, and
the volume could be reduced by 30-407%. Even so,
the amount of crosion in the time of glaciation is
higher than was expected.

Structural pattern

Six profiles were constructed across Scandinavia in
diflcrent structural positions (Fig. 12). Profiles AA/
and DD’ describe the situation with a fairly large
uplift onshore, no obvious tectonic activity along
the margin and, for profile DD’, a thick wedge of
Plio-Pleistocene sediments deposited on the shelf.
Note that for those profiles the summit level can
be projected into the scdimentary sequence, sug-
gesting a pinch out of scdiments in a position
presently onshore before erosion and uplift took
place.

Profile BB shows a large uplift onshore, tectonism
offshore, and a small Plio-Pleistocene wedge. On-
shore, the palcic surface can be traced almost to sea
level, fitling the position of the base ol the wedge
offshore. This supports a pre-glacial, but Tertiary age
of the paleic surface.

Prolile CC' traverses the anomalously low Trond-
heim area, where Jurassic sediments arc known in a
fault-bounded basin in Beitstadfjorden (Bge, 1989).
Here the summit level projects into the bascment-
scdiment boundary oflshore. Accordingly, the sed-
imentary cover in this profile has been extended
farther onshore, (0 give the onshore dome a shape
similar to the other seclions. The scdiments re-
moved were included in the calculation of erosion
(Fig. 11).

Prolile EE” and profile FF' have been constructed
by adding a sedimentary cover in the Barents Sca
according to Fig. 5. The profiles suggest that the
summit level inferred from Troms and Finnmark

correlates fairly well with the erosion interpreted in
the Barents Sea, given that there was not a marked
topographic break between these areas prior to the
onsct of major erosion.

The summit level map (Fig. 9) and the cross-
scctions AA’ to FF, combined with a regional
overview (Fig. 13), show that there are some com-
mon structural features related to the uplifted Scan-
dinavia and Barents Sea.

— The sequence of sedimentary rocks surrounds
the coast from Skagerrak to the White Seca with
a fairly uniform dip away from the mainland. The
boundary between sediments and crystalline base-
ment is at a fairly regular distance from the coast line
and commonly coincides with a bathymetric low.

~ The base of Late Pliocene (glacial) sediments
combined with the surface of the summit level to-
gether form an asymmetric dome structure with the
steep side facing offshore. The structuring of the
base of the glacial sediments shows that the dome
formation is recent, The dome has two maxima — in
North Sweden and in South Norway — and in map
view it turns around the coast (Figs. 9 and 13). The
boundaries of the dome do not seem to be faulted
to a large cxtent, although they coincide with the
boundary faults along some segments of the coast.

- The maximum amount of erosion seems to occur
in a zone along the coast. The extremal value is com-
monly located close to the boundary of sedimentary
cover and crystalline bascment.

The paticrn of a structural dome in Scandinavia
may be regarded as part of a geomorphological/
structural pattern of concentric highs and lows, as
pointed out by White (1972). The following obscrva-
tions may be of importance.

- The cxposed crystalline shield is geographically
linked 1o the areas of glaciation.

— A central shallow depression is found in Bot-
tenvika (Fig. 13), (even when allowing for a residual
glacial rebound of approx. 100 m, as proposed, e.g.,
by Balling, 1980).

— Marginal highs occur concentrically, including
Scandinavia, Kofa and the hills at the Finland-Soviet
boundary. The outcrop of the Cretaceous in Den-
mark and Scania indicates that cven in the south
there has been a large amount of erosion and uplift.

— In the periphery outside the marginal highs
we find shallow marginal morphological depressions.
Offshore, they include the bathymeltric lows along
the coast of Norway and Kola, thc White Sea and
the Gulf of Finland. Onshore, they include the great
lakes of Viinern, Vittern, Ladoga and Onega (Fig.
13). This zone ol marginal lows is connccted to
the boundary between crystalline basement and sedi-
mentary Cover.
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- The sedimentary cover surrounding the glaciated
area in general dips away [rom the exposed core of
basement rocks.

White (1972) noted such a concentric geomorphic
pattern in Fennoscandia and compared it with a
similar pattern in North America. He connected this
pattern to glaciation, but his explanation involved
unrealistically high values of erosion (Sugden, 1976).

It may briefly be commented that a similar pattern
of a central depression, marginal highs and huge sed-
imentary wedges occurs even in connection with the
Greenland ice sheet (Weidick, 1976). The Barents

Sea ice sheets werc developed on thick deposits of
sedimentary rocks and the present topography differs
from the other areas by its low clevation 100400 m
below sea level. However, in this context, Svalbard,
Bjerngya, Franz Josef Land and Novaya Zcemlya may
be regarded as marginal highs.

It is concluded that the development of the con-
centric pattern of highs and lows is related to glacia-
tion both in time and space, and hence we suggest
that its development should be explained in terms of
eflects related to glaciation itself.
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Modelling of crustal response

The removal of load in croded arcas and ad-
ditional loading in the areas of deposition causcs
isostatic response of the Earth’s lithosphere. The iso-
static responsc is the most obvious mcchanism f[or
the uplift/subsidence in the study area. The magni-
tude of the observed uplift in some areas, however,
seems 1o be greater than the erosion. The isostatic
process alonc cannot explain an uplilt of this magni-
tude. An additional process is needed. Here we have
looked at one possible candidate which may con-

tribute to the uplift. This 1s the migration of phase
boundaries in the lithosphere in response to pressure
relicl caused by erosion.

In addition, rifting in the North Atlantic causing
uplift in Scandinavia (Sales, 1989) is regarded as a
part of the story. The modelling presented in this
paper is an atlempt to calculate the magnitude of
the effects expected from glacial erosion, so that
these fundamentally different tectonic cvents can be
quantified and separated.
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Isostasy

The isostatic process is simulated by a non-
spherical three-dimensional model, in which the
lithosphere is & uniformly thick elastic layer overlying
a viscous asthenosphere. With this model, we are
able to treat the isostatic problem analytically using
the Fourier transform technique. The mathematical
model is described in Appendix A.

A (positive or negative) load applicd to the Earth’s
surface will be partly balanced by the elastic litho-

e w LN HE e 1Y 73 n 15 %" 1 w HE w o

. based on contouring of 8 x 8 km grid values.

sphere and partly by the buoyant forces of the
asthenosphere. Loads of short wavelengths will be
balanced by the Jithosphere, so that the lithosphere
acts as a low-pass filter. The characteristics of this
filter depend on the flexural rigidity. In this study we
used a vatue for the flexural rigidity of D = 10 Nm.
A study based on data on the present rate of uplift
and postglacial sea level changes has revealed a value
of the flexural rigidity of Scandinavian mainland of
less than 10** Nm (Fjcldskaar and Cathles, 1991).
The results of the isostatic response reported here

PeoowT oL Map of mean ® ghts
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Fig. 9. Summit level map of Scandinavia. Constructed from height of block fields (Nesje et al., 1988) and by drawing isolines through

the highest summits.

(Fig. 14} can, theretore, be considered as maximum
values.

The relaxation time for the isostalic flexural com-
pensation estimated from the postglacial uplift is
only a few thousand years (Fjeldskaar and Cathlcs,
1991). Thus it is reasonable (0 assume that the flex-
ural equilibrium was achieved during the erosional
process. As the time period considered here is less
than 5 million years, the viscous properties of the
lithosphere {as described by Fjeldskaar and Pallesen,

1989) arc not taken into account.

The resulting  isostatic  adjustments of the
Earth’s surface due 1o Pleistocenc/Pliocene erosion/
deposition are shown in Fig. 14a. The modelling was
based on the crosion modcl presented in Fig. 13 and
the parameter values are given in Table 2.

Calculation based on the amounts of erosion in-
ferred show that the isostatic uplift of Late Pliocene/
Pleistocene age amounts to 9001400 m in the west-
ern Barents Sea, and the subsidence of the sediment
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Fig. 10. Map of altitude of paleic surface in Norway. Compiled by Alle Nesje (University of Bergen, unpublished work). 500, 1000 and
1500 m contours are reinforced.

wedge is 700-1800 m. Onshbre, the most severe ero- FPhase boundary migration
sion took place in the Nordland area, which caused
an uplift of 200-800 m, depending on the lithosphere It has been proposed (e.g., Kennedy, 1959) that

rigidity of the area. phasc transitions in the Earth’s upper layers provide
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TABLE 2

Parameter values

Young’'s modulus
Poisson’s ratio

Lame’s parameter
Asthenosphere density

Inverse slope of Clausius Clapeyron curve
Geothermal gradient

Density of upper phase

Density of:lower phase

Bulk medulus

(£
(v)
(”7’\)
(o)
(v)
(&)
{r1)
(n2)
(K)

103 x 101" Nm—?

0.25
334 x 10 Nm
33 x 10 kgm?

75 K/kbar

12 K/km

2.8 % 10° kg/m®
3.2 x 10° kg/m?
556 x 101° Nm

Partly based on O’Connell and Wasserburg (1967).
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Fig. 12. Structural cross-sections showing summit level (solid
Pleistocenc deposits. For location of profiles, see Fig. 8.

a mechanism of uplift and subsidence of the Earth’s
surface. This is based on the assumption that phase
transitions at depth respond to pressure changes at
the surface. Subsidence at the surface occurs when
an increase in pressure (by sedimentation) causes
the upward migration of the phase boundary. Uplift
would follow a decrease in pressure (by erosion)
causing downward motion of the phase boundary.
The mechanism has been studied by several authors
(c.g., O’Connell and Wasserburg, 1967, 1972; Gjevik,
1972; &’Connell, 1976; Mareschal and Gangi, 1977,
Mareschal and Lee, 1983). In these works, analytical
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line), mean height (dashed ling), basement outcrop and Pliocene-

and numerical approximations of the movement of
the Earth’s surface by phase boundary migration
have been established.

The phase transition considered here is the transi-
tion from gabbro to eclogite at the base of the crust
at a depth of 30-50 km. Migration of this phasc
boundary has been suggesied as an explanation for
the formation of sedimentary basins (e.g., Mareschal
and Lee, 1983).

We have adopted an equilibrium approximation,
since it is easily shown, using the analytical approxi-
mations of O’Connell (1976), that the phase bound-
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Fig. 13. Contoured grid showing values of erosion in the area covered by the Scandinavian and Barents Sea ice sheets in the glacial
period. Erosion is given in terms of thickness (km) multiplied by density. The map is based on computer contouring of grid values.
Contour interval: 1 km x 10 kg/m>. Areas of sedimentation are given with negative values.

ary migration will be 90% compensated in 3 million
years, using the parameter values given in Table 2
and a phase transition temperature of 1000 K. The
results shown in Fig. 14b are based on an assumption
of 50% phase transformation in the arca. In spite
of this, we consider the resulting surface adjustments
to be maximum values. The mathematical model is
formulated in Appendix B.

We are aware that field studies of eclogites indicate
that granulites may be metastable for a long time,
and eclogitization may take place only along shear
zones where fluid has moved (Jamtveit ct al., 1950).

The modelling of surface adjustments caused by
possible changes in phase boundaries shows that this
effect may be significant, of the order of 500 m
of uplift in the western Barents Sca, and similar
amounts of subsidence in the depositional wedge.
Approximately 300 m of the uplift in the Nordland
area may be explained by phase changes in the crust/
mantle boundary.

The resulting adjustments of the Earth’s surface
duc to movements of the phasc transition are shown
in Fig. 14b. The calculation was bascd on the ¢rosion/
deposition model in Fig. 13, and the parametcr
values given in Table 2.

Discussion of modelling results

The calculation of crustal response was based on a
grid representing the thickness of material eroded in
the glacial period multiplied by its density (Fig. 13),
as well as the amount of sediment accumulations in
the oflshore wedges (negative numbers).

For the medelling, it was necessary to input infor-
mation for the total area of glaciation and erosion
and, therefore, very tentative values have been given
in the eastern areas on which we have no informa-
tion. However, errors in the eastern parts will not
scriously affect the results in Norway and the Barents
Sea.

The contoured values in the western Barents Sca
do not coincide with data in Fig. 5, as we have
tentatively tried to separate the last (glacial) phase
from the Paleogene phase of uplift and erosion.,

The three-dimensional modclling results indicate
that the uplift of the Scandinavian mountains should
be comparable with thc amount of erosion. The
areas of sediment accumulation subside substantially,
allowing space for continued rapid deposition.

In the Barents Sea and other arcas where sed-
iments are removed, the net effect of the erosion
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Fig. 14. Three-dimensional modelling of crustal response in the Scandinavia-Barents Sca areas. (a) Uplift and subsidence due to
isostatic adjustment, using a flexural rigidity of 1 x 10 Nm. The comtour interval is 200 m. (b) Uplift and subsidence as a result of
phase boundary migration, using a crusial thickness of 35 km and a density contrast of 0.4 x 10° kg/m>. The contour interval s 50 m,

process is lowering of the surface. In the southern
Barents Sea, the model predicts that removing 1200-
1400 m of sediments (assuming a density of 2.2),
results in an uplift of 600-800 m (compare Figs. 13
and 14). Hence, a pre-glacial clevation of 300-400 m
above sea level is needed to explain the present el-
evation. In the western and northern Barents Sea,

the elevation must have been higher. Similar results
arc obtained from the southern part of Sweden and
Denmark, where mainly sediments were removed.
The three-dimensional modelling gives results
which simulate quite well the observed structural
pattern with the marginal highs and peripheral lows.
The marginal highs are formed where dense base-
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Fig. 15. Two-dimensional modelling of crustal response along profite DI, The shape of a simplified pre-glacial topography is shown
after erosion and deposition. The modelled results are compared with the observed profile DIY. For location, scc Fig. 8.

ment rocks are eroded, and they are slightly dis-
placcd towards the central parts of the ice sheet
from the area of maximum erosion. The periph-
¢ral lows seem to form where the erosion is at a
maximum, while the subsidence/uplift is small due
to the hinge line position at the boundary between
crystalline basement and sedimentary cover. Where
sediments only are eroded, the model predicts sur-
face jowering, as is observed. In the central depres-
sion of Bottenvika, subsidence is predicted, and ob-
served.

The low elevation of the Trondheim area can be
explained by the assumption that it was covered
by sedimentary rocks considerably lighter than the
basement hefore onset of erosion.

However, the total theoretical adjustment is not
in accordance with observation everywhere. Adjust-
ment due to isostasy and phase change was calculated
on profile DD’ crossing Vega, Nordland, extending
from the shelf edge to Bottenvika (Fig. 12). This
profile is regarded as a cross-section in an arca
which was not affected strongly by Paleogenc tec-
tonic events, and the uplifted dome as well as the
depositional wedge are well developed.

The results of calculation (Fig. 15) show that the
isostatic and phase change eflects may comprise al-
most the amount of erosion in thc onshore arca.
The calculated uplift is considcrably smaller than

observed, leaving a diffcrence in the order of 500 m.
Offshore, the subsidence was calculated by adding
the isostatic and phase change effects to the effect of
compaction of the underlying sediments. For the cal-
culation of compaction, we used a general porosity
trend based on well data from Haltenbanken. Fig-
ure 15 demonstrates that the subsidence modelled is
slightly smallcer than that observed, However, the fit
is better than for the onshore part.

There are many possible cxplanations for the dis-
crepancy observed. One way out of the problem
could be 1o fit the onshore part by assuming that
the pre-erosional elevation was much higher than
250 m. This explanation is supported by the paleic
surface map, Fig. 10. However, the low sedimenta-
tion rates on the shelf from the Oligocene through
Early Pliocene suggest that the relief was not high at
this time. This points in the opposite direction.

It is thought that some anomalies can be explained
by assuming a pre-crosional high relief. The best
example is South Norway. Figure 10 indicates that
the paleic surface is elevated to more than 1500 m
between Sognefjorden and the high peaks of Jotun-
heimen. These high peaks represent a topography
where the summit level is elevated several hundreds
of metres above the paleic surface. In the North
Sea and Mgre Basin, thick Paleogenc sedimentary
wedges are observed with a progradational direction
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roughly from the east. Thus, there is independent
evidence that the uplift of the highest mountains
in South Norway took place largely prior to the
Pliocene.

Hence, separation of the Palcogene uplift from
the Plio-Pleistocenc is problematic. Qur calculations
indicate that an important part of the concentric
morphology can be explained by rapid erosion and
deposition of the material in the glacial periods.
However, if the calculated uplift is removed from
the present topography, we will still be left with a
concentric morphology, although more subdued, We
consider it unlikely that plate tectonic effects related
to the opening of the Atlantic in the Paleogene
should create such a topography. Also, the defor-
mation of the base of the Upper Pliocene and even
Quaternary layers (Fugelli and Riis, in press) into
the regional dome structures is such that it cannot be
explained tolally using the present model.

Conclusions

— The uplift of Scandinavia and the Barcnts Sea
is related to Paleogenc thermal cffects due to the
North Atlantic rifting and opening, and 10 isostatic
adjustments due to Pliocene/Pleistocene glaciation
and erosion.

— The models presented do not explain satisfacto-
rily the total magnitude of the observed uplift of the
Scandinavian mountains, although they simulate well
the observed structural patiern.

— Obscrvation and modelling suggest that the cro-
sion effects are very important in the study of recent
structurcs in glaciated areas worldwide.
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Appendix A

Isostatic model

The lithosphere is modelled as a thin elastic plate
overlying an incompressible fluid substratum, ex-
pressed in the Fourier domain with the initial topo-
graphic load F(k) and the resulting flexural defor-
mation Ag(k) written as a function of wavenumber k.
The cquilibrium isostatic compensation is achicved
by subsidence (Cathles, 1975):

F&)

o) = pRok)

where g is gravity, p is density of the mantle, and a(k)
is a paramcter characterizing the flexure response of
the lithosphere. The lithosphere flexure depends on
the elastic strength of the lithosphere and a(k) is
given by the equation (Cathles, 1975):

2pk [$% — (kH)?| + (CS + kH))

_ P
«k) S+ kHC
where § is sinhkH, C is coshkH, and u is Lamé’s
parameter.

The mechanical thickness of the lithosphere, H, is
given by the equation:

12(1- u2)D}”3

pe 20

where D is flexural rigidity, £ is Young’s modulus,
and v is Poisson’s ratio.

Appendix B

Theoretical formulation of phase boundary mi-

gration

Let us first, for the purpose of illustration, consider
a one-dimensional case assuming a phasc boundary
at depth in the mantle, scparating (wo phases of
the same component, Suppose the temperature at
which the phase change takes place (7.) is related
to the pressure by the following equation (Clausius-
Clapeyron equation):

TC=TO+7PC=TU+73PIZ

Ty is the transition temperature at the Earth’s sur-
face, py is the density of the upper phase, z is the
depth of the phase boundary and vy is the inverse
slope of the Clausius-Clapeyron curve.

Consider a uniform crosion of a half-space which
undergoes a phase change at depth zp. The decrease
in hydrostatic pressure due to the erosion is AP. If
the geothermal gradient is initially zero, the phase
boundary will migrate downward until the pressure
decrease is cancclled. The equilibrium migration of
the phase boundary is:

AP
g

/_\zEJ =

This migration will cause an uplift of the Earth’s
surface of:

Ap

AZ=AZP'm
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where Ap is the density difference between the
upper and lower phases.

In this study we use an analytical approximation
for the equilibrium position of a phase boundary
under the horizontally varying surface loads given by
Mareschal and Gangi (1977). Under the assumptions
that the Earth behaves as an elastic solid above the
phase boundary, that the equilibrium position does
not depend on deviatoric stress and that the two
phases have the same thermal properties, they found
that the vertical displacement of the phase boundary
due to the applied load P(k,a) is in thc Fourier
domain:

S(k) = ¥ (k) - P(k,a)

where:
ot | expt-tea
Y (k) = (vger ~ B)
L+ [ T ](ﬁ)[ka[sinh@ka) — 2ka)
A+ )\ a D(ka)

and:

2
D) = [). ﬁﬂ} + Biiﬂ cosh?y +

(7)
ok _p—p \ a

a P v8m— B

7 is the inverse slope of Clausius-Clapeyron curve, 3
is the geothermal gradient, p; is the density of the
upper phase, p; is the density of the lower phase,
a is the depth of the phase change, K is the buik
modulus, and A and p are Lamé’s parameters.
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