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Summary:

The Barents Sea area is characterised by deep sedimentary basins and a relatively flat-lying crust-
mantle interface. The load of such sedimentary basins is generally compensated by the strength of the
crust and lithosphere. A parameterisation of this strength can be obtained by considering the effective
elastic thickness. | evaluate the effective elastic thickness of the Barents Sea region by forward
calculation of lithospheric flexure under the loads of sedimentary layers and water. The effective
elastic thickness is calculated along two profiles from south of Svalbard to Novaya Zemlya. | consider
the following compensation mechanisms: 1) local compensation by Airy isostasy, 2) flexure of an
elastic plate and 3) flexure of crust and lithosphere with a depth-dependent rheology. The results
show that the present-day loads of water and sediments in the Barents Sea region are almost entirely
compensated by local Airy isostasy or a very thin elastic plate. The crust of the Barents Sea is
therefore weak from an isostatic point of view. The difference in width and depth of sedimentary
basins between the western and eastern Barents Sea is not reflected in a difference in effective elastic
thickness. I also find that lateral variations in effective elastic thickness are not needed to explain the
main features of the basement deflection. This conclusion contrasts with Wienecke et al. (2007) who
show low values for elastic thickness in the western Barents Sea and high values throughout the
middle and eastern Barents Sea. Their high values may be a result of additional loads that were
erroneously assigned to the crust and which require a higher plate strength for compensation. | show
that the Wienecke et al. (2007) solution is too stiff and that their effective elastic thickness leads to a
poorer fit to basement deflection than obtained in this report.
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1. INTRODUCTION

The Barents Sea area was shaped during several phases of compression and extension. These
tectonic events affected the Barents Sea lithosphere and could have led to long-term changes
in its mechanical and thermal structure. A first order approach to search for trends that may
identify old orogenies or extensional phases utilises the effect of such long-term changes in
lithosphere structure by examining effective elastic thickness (T¢) values. This report focuses
on the information contained in the T, values for the Barents Sea region. | use numerical
forward models of lithosphere flexure to identify the main contributions to T, and to examine
the sensitivity to thermal and mechanical parameters.

Effective elastic thickness is a parameter that describes the response of the lithosphere to
long-term loading. Its value gives an indication of the ability of the lithosphere to support
loads, as in the classic example of downwards flexure of oceanic lithosphere under the load
of volcanic seamounts such as the Hawaiian islands (section 4.3 in Watts, 2001). In oceanic
domains, T, is mainly determined by thermal age and can to a first order be found by the
depth to the 450-600°C isotherm (Watts, 1978). Old and cold lithosphere is strong (high Te)
and will deflect with a long wavelength, while young and warm oceanic plates are weak (low
Te) and can show large amplitude deflection with a short wavelength. In continents, Te is
determined by a combination of parameters. It reflects the integrated strength of the
lithosphere, with contributions from elastic, viscous and brittle parameters (Burov and
Diament, 1995; Watts and Burov, 2003). The Barents Sea region consists mainly of thinned
continental lithosphere and the interpretation of its T, is, therefore, not straightforward. My
aim is to evaluate the effective elastic thickness of the Barents Sea region by forward
calculation of lithospheric flexure under the loads of sediments and water. | present effective
elastic thickness values along two east-west profiles through the Barents Sea. The results give
information on depth-dependent stresses and the distribution of strong and weak layers with
depth.



2. BRIEF SUMMARY OF THE REGIONAL SETTING OF THE BARENTS SEA

The Barents Sea is surrounded by Northern Norway, Northwest Russia, Novaya Zemlya,
Franz Josef Land and Svalbard (Fig. 2.1). Its crust is continental, though thinned, and transits
towards oceanic crust just west of Svalbard (Ritzmann et al., 2007). The region contains
several structural highs and deep sedimentary basins. The Barents Sea area experienced
several phases of compression and extension. During the Timanian orogeny (Late
Precambrian), the Barents Sea, Novaya Zemlya and possibly Franz Josef Land amalgamated
with Baltica. Along the eastern margin of Baltica, Ordovician-Silurian rifting opened the
Uralian Ocean. This extension probably affected the North and South Barents basins just west
of Novaya Zemlya (O'Leary et al., 2004). Closure of the ocean in the Uralian orogeny (Late
Carboniferous-Early Permian) may have led to compressional structures as far north as
Novaya Zemlya. The Pechora Basin is likely affected by foreland basin subsidence related to
the Uralian orogen, but this signal is not clear in the basins west of Novaya Zemlya (O'Leary
et al., 2004). These basins could have formed in multiple phases of extension (from the
Ordovician to Early Triassic) (Otto and Bailey, 1995; Johansen et al., 1993; O'Leary et al.,
2004), though large-scale normal faults are absent. A brief compressional episode, related to
westward movement of Novaya Zemlya in the Late Triassic to Early Jurassic, mildly inverted
the eastern Barents Sea basins (Otto and Bailey, 1995; Buiter and Torsvik, 2007).

The eastern margin of Greenland and the western margin of Norway collided in the
Caledonian orogeny (Late Silurian). It is speculated that Caledonian trends are visible in the
western Barents Sea, though the location of the Caledonian suture north of Norway is
uncertain (Breivik et al., 2005; Cocks and Torsvik, 2005; Ritzmann and Faleide, 2007). The
basins in the western Barents Sea formed by several extensional episodes during the Late
Mesozoic, related to rifting of the North Atlantic, and Early Tertiary, related to extension and
opening of the Norwegian-Greenland Sea (Faleide et al., 1993). The basins in the western
Barents Sea are smaller and slightly less deep than the basins in the eastern Barents Sea.
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3. FORWARD CALCULATION OF EFFECTIVE ELASTIC THICKNESS

3.1 Modelling method

The deflection of a lithospheric plate under loads can be approximated by the one-
dimensional flexure equation (see also Turcotte and Schubert, 2002, Chapter 3):

d? d w(x d w(x
250,005 p M~ )gw= (0 (31)
Here D, is flexural rigidity, w(x) vertical deflection, P horizontal force, pn and p, density of
material below and overlying the plate, respectively, g gravitational acceleration and g(x) the
vertical load. | will neglect horizontal forces in this report (P = 0). The equation is valid for
the following assumptions: 1) the plate is thin compared to its width, 2) the deflection is
small compared to the width of the plate, 3) the deflection is plane strain, 4) the principal
stress normal to the surface of the plate is zero, and 5) plane sections of the plate remain
plane. The value of the effective flexural rigidity D is determined by the effective elastic
thickness T, and two elasticity parameters, usually Young's modulus E and Poisson ratio v.

3
e (32)
12(1-v7)
D, is easily calculated for a purely elastic plate. In continental lithosphere, however, effective
elastic thickness does not correspond to a physical depth. It is instead a parameter with which
continental flexural behaviour can be characterised. The value of D, contains contributions
from elastic and non-elastic components in material behaviour.

An effective flexural rigidity can be calculated by requiring that the bending moment
supported by a plate with a continental rheology equals the bending moment of an elastic
plate (Goetze and Evans, 1979; McNutt et al., 1988):
h/2 dZW

I(Uxx - Gzz)ZdZ == De 2

—h/2 dX
Here oy and o, are depth-dependent horizontal and vertical stress, respectively, dw/dx? is
curvature and h is lithosphere thickness.

(3.3)

The distribution of lithosphere stress with depth depends on rheology. Figure 3.1 shows the
stresses with depth for the example of a plate bending upwards, with tension at its top and
compression at its base. The stresses in an elastic plate vary linearly with depth (Fig. 3.1a),
but tend to get unrealistically high at the top and bottom of the plate. A cut-off on the
maximum stress that can be sustained leads to an elastic-plastic rheology (Fig. 3.1b)
(McAdoo et al., 1978). In the case of a visco-elasto-plastic rheology stresses are limited by
brittle behaviour near the surface and ductile flow at the base (Fig. 3.1c). The maximum
stress that can be supported is now determined by temperature (and thus heat production,
surface heat flow and thermal conductivity), thickness of crust and lithosphere, composition,
density, strain-rate and tectonic loading (tension or compression).

I calculate the present-day effective elastic rigidity for two profiles across the Barents Sea by
iteratively solving the flexural equation (equation 3.1) for (1) a completely elastic plate and
(2) a plate with a depth-dependent rheology (cf. Fig. 3.1c) (Appendix A). The equations are
solved using a finite-difference method (Buiter et al., 1998; Buiter, 2000).
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Fig. 3.2: Example of variations in crustal rheology. The yield envelope is calculated using a strain-
rate of 10" s, the values in Table 3.1 and the geotherm shown on the left, which is calculated
following Chapman (1986). Flow laws: a) wet diorite (Hansen and Carter, 1982), b) Adirondack
granulite (Wilks and Carter, 1990), c) dry anorthosite (Shelton and Tullis, 1981), d) wet diabase
(Shelton and Tullis, 1981), e) wet anorthite (Rybacki and Dresen, 2000), f) Pikwitonei granulite
(Wilks and Carter, 1990), g) microgabbro (Wilks and Carter, 1990), h) dry Maryland diabase
(Mackwell et al., 1998). The bold line around the grey area (curve e) is the reference yield envelope
used in the calculations for the Barents Sea. It is characterised by brittle behaviour until around 20-25
km depth below which ductile creep occurs.

The depth-dependent rheology is characterised by a yield envelope that gives the maximum
stresses that can be supported. For stresses larger than the yield stress the rocks will fail by
brittle behaviour or by ductile creep flow (Appendix A). Brittle behaviour is determined by
the coefficient of friction, cohesion and the pore fluid factor (Table 3.1). The onset of creep is
determined by strain-rate, temperature and by the material under consideration. The flow
laws for crustal and mantle rocks are derived under laboratory conditions and need to be
extrapolated across several orders of magnitude to lower strain-rates. Figures 3.2 and 3.3
show that there is a considerable range in available flow laws. For the Barents Sea study, |
have chosen flow laws that are intermediate in the range of flow laws. The creep strength of



the crust and mantle is affected by the rate of deformation and temperature (Fig. 3.4).
Regions that have high deformation rates and/or low temperatures are stronger.

For high surface heat flow and/or weak lower crust material, the crust may decouple from the
upper mantle, as in Figure 3.3. This causes a substantial reduction in the effective elastic
thickness of the lithosphere (McNultt et al., 1988).
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Fig. 3.3: Example of variations in mantle rheology. Parameter values as in Figure 3.2. Flow laws: a)
wet Anita Bay dunite (Chopra and Paterson, 1981), b) wet olivine (Rutter and Brodie, 1988), c) wet
Aheim dunite (Chopra and Paterson, 1981), d) dry olivine (Hirth and Kohlstedt, 1996), €) olivine
(Goetze, 1978), f) dry dunite (Chopra and Paterson, 1984). The bold line around the grey area (curve
d) is the reference yield envelope used in the calculations for the Barents Sea. It includes the crustal
yield envelope for wet anorthite (Rybacki and Dresen, 2000).
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3.2 Mechanical and thermal parameters for the Barents Sea

The values of mechanical and thermal parameters used in the calculation of T, for the Barents
Sea are compiled in Table 3.1. The Moho depths are from Ritzmann et al. (2007). Along the
two profiles investigated in this report, the Moho lies at 35 km depth on average. It is deeper
(towards 50 km) under Novaya Zemlya and shallows westward towards the Greenland-
Norwegian Sea. The sedimentary basins are deep, with an average depth of 10 km along both
profiles (Ritzmann et al., 2007; lvanova et al., 2006; Bungum et al., 2005). The density
values for crust and sediments are from Ebbing et al. (2007). The sediment density ps
follows:

p(2) = D™ p + (LD ) p, (3.4)

Here @y is initial porosity (0.6), pr fluid density (1030 kg m®), p; grain density (2700 kg m™)
and by, b, are depth decay parameters (b; = b, = 0.9 km™). This results in an average
sediment density of 2600 kg m™ for a sediment thickness of 10 km. The surface heat flow is
chosen at the relatively standard value of 55 mW m™ for continental crust. Heat flow
measurements in the Nordkapp Basin (not above salt diapirs) show similar values (Bugge et
al., 2002).

Table 3.1 Model parameter values

Parameter Symbol  Value
Moho depth average 35 km
Density water Pw 1030 kg m*
sediments Ps equation 3.4
crust Pe 2900 kg m*®
mantle om 3300 kg m™®
Strain-rate & 10t
Gravitational acceleration g 9.81 ms?
Friction coefficient u 0.577
Pore fluid factor A 0
Cohesion C 0Pa
Young's modulus E 10" Pa
Poisson's ratio v 0.25
Power law crust* pre-exponent A 1.8x10™ st pa”
activation energy Q 356 kJ mole™
power n 3.0
Power law mantle? pre-exponent A 2.872x 10" s pa™
activation energy Q 535 kJ mole™
power n 3.5
Thermal conductivity k 25WmtK?!
Surface heat flow Q. 55 mW m™
Universal gas constant R 8.31J K™ mole™

Heat production 10°W m?

! Rybacki and Dresen (2000)
2 Hirth and Kohlstedt (1996)



4. PROFILE 1: MID-NOVAYA ZEMLYA TO SOUTH SVALBARD

Profile 1 runs from just south of Svalbard across the Barents Sea and the middle of Novaya
Zemlya to the Kara Sea (Fig. 4.1, location in Fig. 2.1). It follows the profiles of Ivanova et al.
(2006) and Bungum et al. (2005) (Fig. 4.2). The Ivanova profile shows a relatively flat-lying
upper-lower crust boundary and Moho, without a substantial crustal root under Novaya
Zemlya. The Bungum profile shows more pronounced differences in these horizons. In the
calculations, | have used the sediment thickness and Moho depths from Ritzmann et al.
(2007) on which the Bungum profile has been based. The upper crust and lower crust are
combined in one layer. | calculate the deflection under the load of sediments and water and
compare this to the depth of the basement. To avoid boundary effects, the profile is extended
1000 km on each side in the calculations.
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Fig. 4.1 (below) Thickness of the crust and sedimentary cover along profile 1 (see Fig. 2.1 for
location), after Ritzmann et al. (2007) and (above) the vertical load exerted by the water and sediment
layers.

4.1 Profile 1: Airy isostasy
Airy isostatic deflection of the basement, hy, is calculated analytically from:

00 =2 (h, =, (0) + £ (0, =, () (4.1)
Here hy, and hs are the reference values for water and sediment thickness, respectively
(average values along the profile are used, with hy, = 195 m and hs = 9899 m) and h',, and h’s
are the actual water and sediment thickness along the profile. Along profile 1, the crust is
almost in Airy isostatic equilibrium (Fig. 4.3). The good fit is a first indication that the crust
along this profile is relatively weak. Differences between the Airy isostatic deflection and the
basement depth can be seen below the basins and below Novaya Zemlya. The basement

10



subsidence is larger than the calculated deflection below the North Barents basin and the
basin in the west Barents Sea, which could indicate that the crust or lithosphere contains
additional loads in these regions. The calculated deflection does not reach the pronounced
upward basement deflection observed at Novaya Zemlya.
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Fig. 4.2 Transects across the Barents Sea and Novaya Zemlya along Profile 1 indicated in Fig. 2.1. a)
after Bungum et al. (2005). b) after Ivanova et al. (2006). Figure from Buiter and Torsvik (2007).
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Fig. 4.3 Airy isostatic deflection compared to basement depth along profile 1. Density of mantle is
3300 kg m™, the sediment density has a constant value of 2600 kg m™ (sediment density is depth-
dependent in flexure calculations).
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4.2 Profile 1: Elastic flexure

The deflection of a thin elastic plate is very similar to the Airy isostatic deflection. Figure
4.4a illustrates the flexural deflection for plates with low values of elastic thickness of 10 and
30 km. The fit to basement depth is again poor below the sedimentary basins and Novaya
Zemlya. As expected, the elastic plate with a thickness of 30 km behaves stiffer than the plate
with a thickness of 10 km. This can be seen most clearly in the regions where the curvature in
the basement deflection is largest. Figure 4.4b shows the fit of flexure of a thin elastic plate to
the Moho. The deflection is calculated by also including loads caused by density differences
in the crust (using the density values of Ebbing et al., 2007) addition to the load of water and
sediments. The fit for a low elastic thickness of 10 km is remarkably good.
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Fig. 4.4 Flexure of a thin elastic plate along profile 1. a) Deflection of plates with elastic thickness 10
and 30 km compared to basement depth. The elastic plate is loaded by water and sediments. b)
Deflection of an elastic plate with thickness 10 km compared to the Moho. The plate is loaded by
water, sediments and crustal density differences.

4.3 Profile 1: Crustal flexure

A plate with a single yield envelope rheology will have an effective elastic thickness equal to
its mechanical thickness if no flexing occurs (and in absence of horizontal forces). The
mechanical thickness is determined by the depth at which the stress has decreased to 50 MPa
(Bodine et al., 1981) and is 32.4 km along profile 1 (average of the values in tension and
compression, Appendix A). Figure 4.5a shows that this maximum is reached regularly along
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the profile. The minimum is 13.9 km under Novaya Zemlya. The average Te is 27.3 km. The
deflection of a plate with a crustal rheology is very similar to the deflection of a
homogeneous elastic plate with a thickness of 30 km (Fig. 4.5b). This is an indication that
lateral variations in elastic thickness do not play an important role along this profile.

Profile 1 crustal rheology (single yield envelope)
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Fig. 4.5 Flexural deflection of a plate with a single yield envelope crustal rheology (Fig. 3.2) along
profile 1. a) Effective elastic thickness. b) Calculated deflection (crustal flexure) compared with the
deflection of an elastic plate (elastic flexure) and with the basement depth. Around x = 610-655 km
wiggles in the T, value indicate numerical difficulty in obtaining the solution at these locations.

The stress distribution with depth in Figure 4.6 shows that the top part of the plate behaves
brittle, the middle elastic, while the bottom part fails by ductile creep. The thickness of the
layer with elastic behaviour varies along the profile. Upward bending regions show tension at
the top and compression at the base. This can be seen at the transition between the west and
east Barents Sea basins at x=200-500 km. Downward bending causes compression at the top
and tension at the base of the plate. This occurs in the North Barents Basin (x=600-900 km)
(Fig. 4.6).
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Fig. 4.6 Distribution of stress (ox) with depth for selected locations along profile 1. This solution is
for a single yield envelope crustal rheology (effective elastic thickness and deflection in Fig. 4.5).

The flow law for the lower crust in these calculations is for wet anorthite (Rybacki and
Dresen, 2000) and has been chosen because it is intermediate in a range of lower crust flow
laws. To test the sensitivity to the lower crust flow law, | have calculated T, along profile 1
for a weaker (Adirondack granulite, Wilks and Carter, 1990) and a stronger rheology
(microgabbro, Wilks and Carter, 1990) (Fig. 3.2). The weak flow law is characterised by a
transition of brittle to ductile yielding between 10-12 km and a mechanical thickness of 22
km (average of compressional and tensile values). The weak lower crust is here obtained by
using a weak flow law, but alternatively high temperatures (high surface heat flow) or low
strain-rates would also result in a weak lower crust (Fig. 3.4). The strong flow law leads to a
crust which is almost entirely brittle with a brittle-ductile transition between 25 and 30 km
and a mechanical thickness of 36.6 km. The average T. along Profile 1 is 18.4 km for the
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weak rheology (Adirondack granulite), 27.3 km for the intermediate rheology (wet anorthite)
and 31 km for the strong case (microgabbro) (Fig. 4.7a). These differences in T, lead to only
small differences in the flexural deflection (Fig. 4.7b).

In conclusion, the forward calculations of flexure of a plate with a crustal rheology show that
the crust along profile 1 is relatively weak, that its effective elastic thickness lies between 20
and 30 km, and that lateral variations in T. are not required to explain the basement
deflection.

Profile 1 crustal rheology (single yield envelope)
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Fig 4.7 Sensitivity of crustal flexure to choice of flow law for creep behaviour in the lower crust. Wet
anorthite (Rybacki and Dresen, 2000) is an intermediate flow law which has been used in the other
calculations. Adirondack granulite is a weak flow law, while microgabbro is strong (both Wilks and
Carter, 1990). A comparison of the strength profiles is shown in Figure 3.2.

4.4 Profile 1: Lithospheric flexure

Flexure of a plate with a lithospheric rheology, which includes yield envelopes in the crust
and upper mantle, is shown in Figure 4.8. A plate with a double yield envelope rheology can
have a high effective elastic thickness if the lower crust has a high enough strength to remain
coupled to the upper mantle. As the Moho depth along profile 1 varies, coupling of crust and
mantle occurs at x = 0-200 km and around x = 750 km along profile 1 (Figs. 4.8 and 4.9). If
the lower crust decouples from the upper mantle, the effective elastic thickness is reduced
(McNutt et al., 1988). This occurs in the remaining part of the profile. The average T, is 38.5
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km. If the high values (> 60 km) are ignored, the average T, is 33.2 km, which is similar to
the T, of the plate with a crustal rheology. The high T, values deteriorate the fit to the
basement depth as the plate behaves too stiff in those regions (Fig. 4.8). Crustal flexure seems
therefore to be more appropriate in this region. The stress distribution with depth shows again
upward (convex) bending at the transition between the west and east Barents Sea basins (x =
300-500 km) and downward (concave) bending in the North Barents Basin (x=600-900 km)
(Fig. 5.9).
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Fig. 4.8 Flexure of a lithospheric plate with a double yield envelope rheology (Fig. 3.3) along profile
1. The comparison to the basement depth is shown below, the effective thickness values are shown at
the top. The mechanical thickness is 61.7 km
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Fig. 4.9 Distribution of stress (oxx) with depth for selected locations along profile 1. This solution is
for a double yield envelope lithospheric rheology (effective elastic thickness and deflection in Fig.
4.8).
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5. PROFILE 2: SOUTH NOVAYA ZEMLYA TO SOUTH SVALBARD

Profile 2 lies to the south of profile 1 and runs from just south of Svalbard across the South
Barents Basin to the Pechora Basin (Fig. 5.1, location in Fig. 2.1). The western part of the
profile shows the transition to the oceanic crust of the Norwegian-Greenland Sea (for x < 200
km). Just east of this transition, the Moho is relatively flat and dips slightly to the east,
increasing its depth from around 30 to 35 km. Near Novaya Zemlya (just to the north of the
eastern part of the profile) the Moho becomes deeper. Around x=900-1000 km, west of the
South Barents Basin, a remarkable thick basement is present. The origin of this basement
block and the accuracy with which it is resolved in the Ritzmann et al. (2007) data is
uncertain. In the following calculations, the basement and crust will therefore be treated as
one layer. The profile is again extended 1000 km on each side.
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Fig. 5.1 (below) Thickness of the crust, basement and sedimentary cover along profile 2 (see Fig. 2.1
for location), after Ritzmann et al. (2007). The upper and lower crust are here combined in one layer.
(above) The vertical load caused by the water and sediment layers.

5.1 Profile 2: Airy isostasy

The Airy isostatic deflection of the basement is calculated analytically by using equation 4.1
with an average water and sediment layer thickness of 330 m and 10070 m, respectively.
Figure 5.2 shows that along profile 2, the load exerted by the layers of sediments and water
on the Barents Sea crust is almost completely compensated by local Airy isostasy. Below the
South Barents Basin, the calculated deflection is less than the basement deflection. This was
also seen below the North Barents Basin along profile 1 (Fig. 4.3) and could be an indication
of loads in the crust or mantle, or of sediments with a higher density than assumed.
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Fig. 5.2 Airy isostatic deflection compared to basement depth along profile 2.

5.2 Profile 2: Elastic flexure

The good fit to the basement deflection with Airy isostasy is an indication that the plate
underlying the Barents Sea is rather weak. It is to be expected therefore that a thin elastic
plate will also fit the basement deflection well and this is confirmed by the fit to basement of
a plate with a thickness of 10 km in Figure 5.3. The deep deflection below the South Barents
Basin is again not reproduced. A stronger plate (thickness 30 km) behaves stiffer and
smoothens the basement undulations.
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Fig. 5.3 Flexure of thin elastic plates (with thickness 10 and 30 km) along profile 2. The plates are
loaded by water and sediments.

5.3 Profile 2: Crustal flexure

Flexure of the crust only is calculated by a single yield envelope rheology with a mechanical
thickness of 32.4 km. The vyield envelope is representative for continental crust and the
oceanic domain (x < 200 km) is therefore not included in the model. The average effective
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elastic thickness is 28.1 km, which is very similar to the average T, of 27.3 km along profile
1. Low values (with a minimum of 15.7 km) occur where the curvature in the basement
deflection is high, for example at x = 320, 580, 1020 and 1620 km. The maximum of 32.4 km
is reached regularly along the profile (Fig. 5.4a). The deflection of the plate with a crustal
rheology is again very similar to the flexure of a laterally homogeneous elastic plate with a
thickness of 30 km.

The undulations of the basement cause lateral variations in convex and concave bending of
the plate with resulting differences in the stress distribution with depth (Fig. 5.5). Beneath the
South Barents Basin the plate bends downwards (concave bending) and the stress profiles
show compression at the top and tension below (x=1100-1400 km in Fig 5.5).
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Fig. 5.4 Flexural deflection of a plate with a single yield envelope crustal rheology (Fig. 3.2) along
profile 2. a) effective elastic thickness, b) calculated deflection (crustal flexure) compared with the
deflection of an elastic plate (elastic flexure) and with the basement depth.
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Fig. 5.5 Distribution of stress (oyxx) with depth for selected locations along profile 2. This solution is
for a single yield envelope crustal rheology (effective elastic thickness and deflection in Figure 5.4).
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6. COMPARISON AND DISCUSSION OF THE TWO PROFILES

In this report, the effective elastic thickness is calculated along two west-east profiles in the
Barents Sea: profile 1 from south of Svalbard across mid Novaya Zemlya and profile 2 from
south of Svalbard to south of Novaya Zemlya. The T, is obtained by simple numerical
forward modelling of the basement flexural deflection under the loads of the present-day
sediments and water layer. | have considered Airy isostasy, flexure of homogeneous elastic
plates, crustal flexure and lithospheric flexure. In the last two cases, the crust and lithosphere
have a depth-dependent rheology, which is characterised by brittle failure, elastic behaviour
and ductile flow.

The results show that the loads of sediments and water in the Barents Sea area are almost
entirely compensated locally by Airy isostasy or by a very thin elastic plate. This implies that
the crust of the Barents Sea is weak from an isostatic point of view. The models do not show
differences in flexural compensation behaviour between the two profiles or along the profiles.
The difference in size and depth of the sedimentary basins between the west and east Barents
Sea is thus not reflected in the (effective) elastic thickness values. Overall local compensation
for the Barents Sea basins is also found by Ebbing et al. (2007) using local isostasy and
forward density modelling. Their forward models, however, show that changes in the density
distribution in the mantle are required between the west and east Barents Sea, which correlate
with the overall change in basin configuration between the east and west Barents Sea. | find
that the deflection of the basement is mainly a response to loading of the crust by sediments
and that lateral changes in upper mantle density structure are not needed to explain the
overall basement deflection. Lateral differences in Te, which result from the depth-dependent
rheology, do not play an important role and most of the flexural deflection can be explained
by a laterally homogeneous thin elastic plate.

All flexural profiles of basement deflection in this report show local differences from the
actual basement deflection. The sources of these local misfits could either lie in the basement
depth data or in crustal loads that are not taken into account in the flexure calculations. The
extremely thick basement block just west of the south Barents basin along profile 2 (between
profile kilometre 900 and 1000, Fig. 5.1) may present an example of inaccuracies in the
basement and crustal data. In some domains, the lower crust may have high seismic P-
velocities (> 7 km s™) (e.g. Ivanova et al. 2006) and thus higher densities, resulting in an
internal crustal load. Another source of internal loading may be related to intrusions in the
crust (Ebbing et al., 2007).
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7. COMPARISON TO THE ANALYTICAL SOLUTION OF AN ELASTIC PLATE

7.1 Teobtained with forward modelling and inversion

In this report, | have used forward modelling of deflection data to obtain the effective elastic
thickness along profiles. The effective elastic thickness of an area can also be calculated by
inversion of topographic and gravity data. These two independent methods predict the same
quantity (T.) and their results should be approximately similar (see also Watts and Burov,
2003).

Wienecke et al. (2007) calculated the effective elastic thickness of the Barents Sea area using
an inversion technique based on an analytical solution for an elastic plate (ASEP) (Fig. 7.1).
Their solution is characterised by relatively high effective elastic thickness values (up to 65
km), with lower values (10-20 km) in the western part of the Barents Sea and underneath
Novaya Zemlya. In contrast, my forward flexure models predict that the Barents Sea domain
is in local Airy isostatic equilibrium or has low elastic thickness values (30 km or lower). The
differences in the results of the two methods are substantial and imply that the Barents Sea is
considered isostatically strong from the point of view of the results of Wienecke et al. (2007)
and weak based on the results presented in this report.

s 15° 20° 25° 30° 35° 40° 45° 50° 55° 60° 65° 70° 75° go°
1000000 1500000

' ,ca 4 *pgooeggoi

" 250008,

0000006

OFEL

n
0000058

P ‘il
500000 1000000 1500000

207 25° 30° 35° 40° 45° 50° 55° 60°
elastic thickness [km]

10.00 20.00 30.00 40.00 50.00 60.00

i | I

Fig. 7.1: Map of effective elastic thickness of the Barents Sea from Wienecke et al. (2007), calculated
using the analytical solution for an elastic plate (ASEP).
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Additional tests have therefore been performed to attempt to constrain the causes of the
differences in the results obtained with the two methods.

7.2 Tests of modelling methods

The first test considers loading of an elastic plate with a laterally varying thickness (Fig. 7.2).
A symmetric topographic load is centred close to a change in elastic thickness from 25 to 10
km. This causes a deflection which is slightly asymmetric. The topography of the load is held
fixed and the area between the load and the deflection it causes is considered to be filled with
the same loading material. The final load is therefore around 21 km high. This approach
requires an iterative solution, since the deflection is not known beforehand. Figure 7.2 shows
that the results from the forward method used in this report and the analytical solution for an
elastic plate (ASEP) used in the inversion are very similar. The test therefore confirms that
the solution given by the two different methods is in principle the same.

The inversion technique fixes the topography of the load and adds material underneath to fill
up the deflection. This is suitable for orogenic settings, where the topography is known and
the material underneath less well constrained. The forward technique | use in this report can
be used in the same manner (Fig. 7.2). Alternatively, it can apply a load of which the size is
known without adding additional material. The latter approach is for example suitable for
modelling the deflection caused by the loading by known water or sediment layers such as in
the Barents Sea.
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The synthetic model in Figure 7.2 is calculated in 2D for the forward method used in this
report, but in 3D for the ASEP method. Using the load and the deflection, an inversion can be
made for elastic thickness in the 3D model domain and compared with the original elastic
thickness map. Figure 7.3 shows the elastic thickness obtained by the inversion superposed
on the original elastic thickness. The 2D solution of Figure 7.2 is for y = 1500 km. The
inversion reproduces the first order features of the synthetic model with low elastic thickness
values on the sides and high values in the middle of the domain. Figure 7.3 also shows
variations in elastic thickness, that are introduced by the inversion, but which are not present
in the original synthetic model. These differences can be up to 20-25 km.
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Fig. 7.3 Solution obtained by inversion (small domain) superposed on the initial T, distribution. The
colour scale-bar shows elastic thickness in km.

As a second test, | have calculated the deflection under the load of sediments and water along
profile 1 using the Wienecke et al. (2007) effective elastic thickness. The T is read from their
map (Fig. 7.1), because it could not be extrapolated digitally from their results. Figure 7.4
shows that the fit to basement using the Wienecke et al. (2007) T, is worse than the fit of the
deflection calculated with a laterally homogeneous thin elastic plate. In Figure 7.5 the fit of
model flexure to the basement data is quantified using the root-mean-square (rms) difference:

.

n=y

Here n is the number of measurents, wsex the calculated deflection and wqys the observed
deflection. A lower value for an rms difference means that the fit is better. Figure 7.5 shows
that the fit to basement deflection is best for low values of elastic thickness. The laterally

25



variable T, of Wienecke et al. (2007) (Fig. 7.4a) along profile 1 is 47.6 km on average. The
deflection calculated with the variable T, of Wienecke et al. (2007) (Fig. 7.4) results in a fit
which is better than that of a laterally homogeneous plate with a thickness of 47.6 km.
However, a better fit would be obtained for a plate with a lower effective elastic thickness.
The lithosphere of the Wienecke et al. (2007) solution is too stiff.
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Fig. 7.4 a) Effective elastic thickness along profile 1 read from Wienecke et al. (2007) (Fig. 7.1). b)
Flexure of a laterally homogeneous elastic plate of 10 km thickness leads to a better fit to basement
than flexure calculated with the T, of Wienecke et al. (2007).
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Fig. 7.5 Fit of calculated flexure to basement data quantified by rms-difference (low rms values
denote a better fit) versus elastic plate thickness for profile 1. A low elastic thickness gives a good fit
to basement deflection. Flexure calculated using the variable Wienecke et al. (2007) T, gives a
somewhat better fit than the flexure of a laterally homogeneous plate with 47.6 km thickness, but the
fit of a thin elastic plate is better.
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7.3 Conceptual differences in modelling methods

The synthetic test shows that the two modelling methods (forward finite difference of this
study and ASEP of Wienecke et al., 2007) give the same solution to a simple problem.
However, they result in different solutions for the Barents Sea area, with ASEP leading to
higher values for the effective elastic thickness than the forward modelling method. A reverse
test in which the T, solution of ASEP is used in the forward modelling method shows that the
ASEP solution is too stiff and does not results in a good fit to the Barents Sea basement
deflection. It is here speculated that the ASEP solution may need such a stiff plate to
compensate for additional loads that are applied. This points to a conceptual difference in the
modelling techniques (Fig. 7.6).
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Fig. 7.6 (top) The forward model applied in this study uses the full load of the water and sediment
layers to calculate the basement deflection. If used to calculate the deflection of the crust-mantle
interface, the loads caused by lateral density and thickness changes in the crust are also taken into
account. The crustal reference column then uses the average crustal thickness along the profile (e.g.,
he = 24.9 km along profile 1). (below) The ASEP method refers all densities, including those of the
water and sediment layers, to a reference column. In the Barents Sea area a reference Moho depth of
30 km is used (Wienecke et al., 2007), which is less than the average Moho depth of the region.

In order to calculate the deflection of the crust-mantle interface, not only the loads of
sediments and water, but also internal crustal loads and crustal thickness changes need to be
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taken into account. To calculate the loads related to the crust, | use a crustal reference column
that is obtained by averaging of the crustal thickness and densities along the profile under
consideration. This means that both positive and negative loads will be present along the
profile (Fig. 7.6 top). Wienecke et al. (2007) refer all layers, including the water and sediment
layers, to a reference column (Fig. 7.6 bottom). Their reference Moho lies at 30 km depth.
However, because the crust-mantle interface is on average deeper than 30 km in the Barents
Sea area, this choice results in additional upward directed forces. These extra forces then
need to be compensated by an increase in elastic thickness. This would explain the generally
high T values of Wienecke et al. (2007). It would be interesting to see the solution that uses
a reference depth which is more in line with the average Moho depth in the area, e.g., 35 km.
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8.

CONCLUSIONS

This study reports the effective elastic thickness (Te) along two east-west profiles in the
Barents Sea region, from south of Svalbard to Novaya Zemlya. The T, is obtained by forward
modelling of lithospheric flexure under the loads caused by sediment and water layers and by
fitting the calculated flexure to the sediment-basement interface. | show the following:

1.

w

The Barents Sea crust is isostatically weak along both profiles. This is shown by the best
fits to the sediment-basement interface and the Moho obtained by local Airy isostasy or a
very thin elastic plate.

There is no difference in T, between the west and east Barents Sea along the profiles. The
difference in size and depth of the sedimentary basins between the west and east is thus
not reflected in a difference in Te.

There is no indication of a Caledonian suture along the modelled profiles.

Crustal flexure with a depth-dependent rheology results in brittle, elastic and ductile
material behaviour (from top downwards). The average effective elastic thickness along
the two profiles is around 30 km for crustal flexure.

The water, sedimentary and crustal loads can be compensated by the crust. The
lithosphere is not necessarily needed to compensate these loads.

The difference between the results reported in this study and Wienecke et al. (2007) could
be caused by the introduction of artificial additional loads in Wienecke et al. (2007)
related to their choice of a too shallow reference Moho.

A T of 48 km on average as obtained by Wienecke et al. (2007) is too stiff to explain the
deflection of the sediment-basement interface.
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APPENDIX A: BRITTLE AND DUCTILE MATERIAL BEHAVIOUR

The maximum stress in the brittle regime follows the frictional criterion of Byerlee (1978):
t=uo,+C~= uo, (A1)
Here p is the coefficient of friction, and t and o, are the shear and normal stress acting on the

surface under consideration. In terms of principal stresses 3 and o3 this becomes (Jaeger and
Cook, 1979):

i 2u
compression : (o, — ;) = \/_—pgz(l— A)
1+ 4% — u
(A.2)
tension: (o, —o,) = 2—'u,ogz(l— A1)

N1+ 1% + i

Here p is rock density and A the pore-fluid factor (pore-fluid pressure divided by lithostatic
pressure). For small deflections typical for lithospheric flexure, the horizontal and vertical
stress can be considered approximately equal to the principal stresses. Using that o, = 0 for
the flexural equation, Byerlee's law becomes:

compression: o,, = 2—ﬂpgz(l— A1)
1+ u4® —p
) (A3)
tension: o, = ——<2— pgz(1l- A)

N1+ %+ u

At higher temperatures, power law creep takes over. The flow law generalised to effective
stress is (Ranalli, 1987):

-Q
& = Aaé"’l)ai'jeRT (A.4)
Here ¢&;is the strain-rate tensor, T(x,z) temperature, R the universal gas constant, Q

activation energy, n flow law power, A flow law pre-exponent, c'; the deviatoric stress tensor
and effective stress o' is (GlijG'ij/Z)llz. Using the constraints of the flexural equation (equation
3.1) (plane strain, vertical stress is zero), the flow law can be rewritten to horizontal stress
only:
Q
O = Exc A E™T (A.5)

X

Where An, is the modified flow law parameter.

Equations A.3 and A.5 define the depth-dependent yield stress. For stresses larger than the
yield stress, the rocks will fail by brittle behaviour or by power law creep. In order to
determined the effective flexural rigidity it is necessary to integrate the product of yield stress
with depth over depth (equation 3.3). To facilitate this integration, the creep curves are fit to a
linear line (Fig. A.1).
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