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S U M M A R Y
The eastern Barents Sea basins, west of Novaya Zemlya, were mildly inverted between Late
Permian and Early Jurassic times, as indicated by mild folds in the basin sediments. Previous
studies have suggested that the crustal part of Novaya Zemlya was thrust westward, but the
magnitude of this compressive movement is not well known. Our aim is to provide an order-of-
magnitude constraint on the amount of shortening associated with the displacement of Novaya
Zemlya and inversion of the eastern Barents Sea basins by combining numerical models and
plate reconstructions in an iterative process. We use a 2-D finite-element method to model
inversion of a pre-defined basin. The total amount of shortening imposed on the models is
first constrained by plate reconstructions for the Barents Sea region for the Late Palaeozoic
to Early Mesozoic. We assume that the shortening is caused by westward movement of the
Siberian plate, but the magnitude of this westward displacement in plate reconstructions is
highly uncertain due to the allochthonous nature of the rocks of Novaya Zemlya and the
scarcity of palaeomagnetic data in the region. Our models show that shortening localizes in
the model basin and at Novaya Zemlya and that westward propagation of deformation is more
efficient when the strength of the lower crust is reduced. Part of the movement of the Siberian
plate could be accommodated by thrusts at Novaya Zemlya and perhaps in the domain of the
Kara Sea at the western margin of the Siberian plate. By comparing the inversion obtained in
the numerical models to the inferred inversion structures in the eastern Barents Sea basins we
further constrain the amount of shortening that caused the inversion and therewith improve
the plate reconstructions for the region. Our models indicate that the westward movement of
Novaya Zemlya occurred in the Late Triassic–Early Jurassic (220–190 Ma) and was limited in
magnitude to 100–200 km, which is considerably less than previous estimates (500–700 km).

Key words: Barents Sea, basin inversion, finite element model, Novaya Zemlya, plate recon-
struction.

1 I N T RO D U C T I O N

Reconstructions of the position of tectonic plates through Earth’s

history help constrain the amount of convergence and divergence

associated with plate margin processes and thus of contractional

and extensional velocities. Such velocities can vary considerably

from almost zero to high values as, for example, 14 cm yr−1 for the

Late Cretaceous Pacific-Eurasia convergence (Northrup et al. 1995)

and 18–21 cm yr−1 in the middle Miocene at the East Pacific Rise

(Wilson 1996). The displacement magnitudes and velocities ob-

tained from plate reconstructions can be used as a first order con-

straint on numerical models of plate margin behaviour. The velocity

magnitudes are thereby also a control on viscous material strength
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and can thus affect the style of deformation. However, plate re-

constructions can in general not be used to constrain the amount of

extension or shortening exactly. They are often based on palaeomag-

netic data which have uncertainties caused by errors in the palaeo-

magnetic measurements, the distribution of measurement points and

the fact that palaeomagnetic methods cannot be used to determine

palaeolongitudes of continents or blocks. The uncertainty in conti-

nent positions generally increases backward in time and could be

on the order of several hundreds of kilometres for the Mesozoic and

Palaeozoic. The quantification of the displacements can, however,

be improved through combination with other methods, as, for ex-

ample, cross-section restoration or crustal thickness determination

from seismic and seismological data. In this study, we combine plate

reconstructions with numerical models. Our aim is to improve con-

straints on the amount of shortening associated with the inversion

of the basins in the eastern Barents Sea, offshore of Novaya Zemlya

(Fig. 1).
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Figure 1. Map showing the location of the basins in the eastern Barents

Sea, which are divided in a North and a South Barents Basin. Other basins

and highs are stippled. The locations of the sections in Figs 2 and 3 are

schematic. BI = Bear Island.

The present-day Barents Sea area consists of a number of basins

and highs (Fig. 1), which were formed and deformed by the Tima-

nian (Late Precambrian), Caledonian (Silurian) and Uralian (Permo-

Carboniferous) Orogenies and several phases of extension. The Ti-

manian deformation phase is the result of the collision and coales-

cence of terranes (including Novaya Zemlya and possibly also Franz

Josef Land) with the northern margin of Baltica at around 550 Ma.

The Caledonian orogeny resulted from the Late Silurian closure

of the Iapetus Ocean, which was situated between the Greenland

margin of Laurentia and the western margin of Baltica. This event

also involved the convergence between Svalbard and the Barents

Sea realm (Cocks & Torsvik 2005; Gee 2005). Along the eastern

margin of Baltica, the Uralian Ocean had formed by Ordovician

and Silurian rifting. Subsequent closure of this ocean in the Late

Carboniferous–Early Permian led to continent–continent collision

between Kazakhstan and Baltica (forming the Ural Mountains south

of Pay-Khoy; Fig. 1) that lasted until the Early Triassic (Brown &

Echtler 2005).

The origin of the eastern Barents Sea basins is still unclear. The

basins are relative deep and have an average sediment thickness

of around 13 km (O’Leary et al. 2004; Bungum et al. 2005). It

has previously been assumed that Novaya Zemlya was involved

in the Uralian Orogeny and that the basins which lie just west of

Novaya Zemlya were foreland basins associated with the Urals

(Ziegler 1989). The basins continue southwards into the Timan-

Pechora basin, which is probably overprinted along its eastern edge

by Permo-Triassic foreland basin subsidence related to the Urals

(O’Leary et al. 2004). Alternatively, the basins could be the result of

multiple phases of extension, which is supported by Permo-Triassic

normal faulting and the subsidence histories of the South Barents

Sea basin (Johansen et al. 1993; Otto & Bailey 1995; O’Leary et al.
2004). There is, however, no clear evidence for large-scale normal

faulting. O’Leary et al. (2004) distinguish three extension episodes

in the South Barents basin, based on the determination of subsidence

by backstripping and the inversion for strain-rates as a function of

time that fit the subsidence profiles: (1) Ordovician-Silurian rift-

ing, associated with the opening of the Uralian Ocean along the

eastern margin of Baltica, and subsequent passive margin forma-

tion; (2) Middle-Late Devonian extension with stretching factors

between 1.10 and 1.27 and (3) Late Permian–Early Triassic (300–

240 Ma) extension with stretching factors >3 and the accumulation

of more than 7 km of sediments in the basin centre (see also Otto

& Bailey 1995). O’Leary et al. (2004) also point out that the simi-

larity in structures and sedimentary thicknesses between the North

and South Barents basins suggests similar stretching factors for the

Permo-Triassic extension phase for both basins.

The area covered by the Kara Sea on the eastern side of Novaya

Zemlya is the offshore continuation of the Siberian Plate (Fig. 1).

Similarly to the Barents Sea area, the region consists of highs and

basins and its origin is not completely understood. Extension prob-

ably occurred in the Permian or Permo-Triassic (Nikishin et al.
2002; Vyssotski et al. 2006) and was followed by the eruption of

the Siberian flood basalts at the Permo-Triassic boundary (around

250 Ma). The Siberian traps further east are a surface expression

of this event. The flood basalts could have extended into the Kara

Sea and the cooling of the melts may have caused basin subsidence

(Vyssotski et al. 2006).

Late Triassic inversion structures on the eastern margin of the

South Barents basin are shown in the interpretation of a seismic

profile in Otto & Bailey (1995) (Fig. 2) (after the report of Baturin

et al. 1991). The Permian and Triassic rocks are mildly folded, while

thrusts are interpreted near the surface at Novaya Zemlya. These

thrusts could have been active when the folds were formed, though

constraints on the time of formation and activity of the thrusts are

difficult to find. Otto & Bailey (1995; see also Torsvik & Andersen

2002) propose that Novaya Zemlya was thrust over the margin of the

eastern Barents Sea in the Late Triassic. A contractional event in the

eastern Barents Sea is also mentioned by other studies [e.g. Johansen

et al. 1993; Nikishin et al. 2002; Bungum et al. 2005 (Fig. 3)], though

at different times (between Late Permian and Early Jurassic). The

time and magnitude of the compressive movement are thus not well

constrained.

In the next section, we first describe the late Palaeozoic to early

Mesozoic plate reconstructions for the region and the constraints

for the compression phase that can be derived from them. We then

present numerical models of shortening of the Barents Sea basin for

a generalized 2-D cross-section across the eastern Barents Sea and

Novaya Zemlya. The synthesis of the two approaches results in a

new plate tectonic scenario for the region.
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Figure 2. Interpretation of a seismic section through the eastern Barents

Sea, showing inversion structures. The section is after Otto & Bailey (1995),

the original section is in Baturin et al. (1991). We interpret Prinovozemelsk

(‘near Novaya Zemlya’) high to be the along-strike continuation of Admiralty

High (Fig. 1). Location of section in Fig. 1.
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Figure 3. Transects across the eastern Barents Sea and Novaya Zemlya (for location see Fig. 1). (a) After Bungum et al. (2005). The interpretation is based

on seismological data supplemented with geophysical data. (b) After Ivanova et al. (2006). The section is based on multichannel seismic data, wide-angle

reflection/refraction profiling and geological/geophysical data.

2 P L AT E R E C O N S T RU C T I O N S F O R

T H E E A S T E R N B A R E N T S S E A

The eastern Barents Sea region comprises a number of plates and ter-

ranes which were assembled in compressional processes that started

in the late Precambrian and probably terminated in the Early Juras-

sic. Novaya Zemlya forms an integrated part of Baltica since the

late Precambrian (coalescence in the Timanian orogeny, Roberts

& Olovyanishnikov 2004). At the end of the Carboniferous the

Kazakhstania terranes amalgamated with Baltica during the Uralian

Orogeny (Fig. 4).

Few methods place reliable constraints upon Palaeozoic–Early

Mesozoic plate reconstructions and quantitative reconstructions

can only be achieved by using palaeomagnetic methods. There are

numerous palaeomagnetic data from Baltica/Stable Europe for the

Late Palaeozoic–Early Mesozoic, but unfortunately there are very

few reliable palaeomagnetic data from Siberia between the Silurian

and the Permo-Triassic boundary. This implies that Siberia’s conver-

gence history with the Kazakhstania terranes, Baltica and the inde-

pendent Kara plate has little quantitative basis and relies heavily on

interpolation (Cocks & Torsvik 2007). At around 250 Ma, however,

there are many high-quality palaeomagnetic data sets from Siberia.

These data are mostly derived from the Siberian Traps (ca. 251 Ma;

Fig. 4) and differ slightly from Baltica/Stable Europe (Torsvik &

Andersen 2002), though the data overlap within error. The differ-

ence allows some post-250 Ma movement of Siberia with respect to

Baltica.

The Kara plate includes the North Taimyr and the Severnaya

Zemlya archipelago and supposedly collided with Siberia (S-C

Taimyr in Fig. 4) during the Late Palaeozoic Uralian Orogeny

(Vernikovsky 1996, 1997). However, the Triassic Taimyr Traps

(dated to as young as 227 Ma, Walderhaug et al. 2005) experi-

enced younger deformation, indicating that some or all Taimyr de-

formation occurred in the Late Triassic–Early Jurassic rather than

in Uralian times (Inger et al. 1999; Torsvik & Andersen 2002). At

the same time, Novaya Zemlya may have acted as an allochthonous

body that was thrust westward into the eastern Barents Sea. Crustal

shortening is also observed in Pay-Khoy (Fig. 1) and mild Triassic–

Jurassic inversion is also recognized within the West Siberian Basins

(Nikishin et al. 2002; Torsvik & Andersen 2002). However, the

magnitude of Late Triassic–Early Jurassic movements is difficult

to estimate due to lack of high-quality palaeomagnetic data in the

region, as well as the resolution power of palaeomagnetic data in

general: 1◦ uncertainty in palaeomagnetic latitude equals 111 km.

The Late Permian–Early Triassic reconstructions of Otto & Bailey

(1995) and Torsvik & Andersen (2002) imply a subsequent west-

ward movement of Novaya Zemlya of as much as 500–700 km.

These estimates derive from the assumption that Novaya Zemlya

was aligned with the Ural Mountains and Taimyr in the Uralian and

only afterward reached a more westerly position. The displacement

estimate seems to be too large, especially since inversion structures

C© 2007 The Authors, GJI, 171, 1376–1389

Journal compilation C© 2007 RAS

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/171/3/1376/2035359 by guest on 10 April 2024



Numerical models and plate reconstructions 1379

30ºN 40ºN

 

FJL

FJL

N
 T

a
im

y
r

SZ

Carboniferous-Permian (c. 300 Ma)

Siberian

Craton

S
-C

 T
a
im

y
r

Kara
Plate

Novaya

Zemlya

Kaz. Terranes
Baltica

Kara

Plate

Novaya

Zemlya

Kaz. TerranesBaltica

Siberian

Traps

                 West Siberian Basins

Permo-Triassic (c. 250 Ma)

Figure 4. Reconstructions of the eastern Barents Sea realm at around 300 and 250 Ma (modified after Cocks & Torsvik 2007). Striped areas in 250 Ma

reconstruction indicate future compressive movements (see text) along the western margin of Novaya Zemlya and the eastern margin of the Kara plate. FJL =
Franz Josef Land; SZ = Severnaya Zemlya.

in the East Barents Sea are relatively moderate. Based on prelimi-

nary model results of our study, Cocks & Torsvik (2007) reduced this

amount considerably and Fig. 4b schematically shows gaps (striped

areas) west of Novaya Zemlya and along the Taimyr margin that

are considered to be compressed by subsequent Late Triassic–Early

Jurassic deformation.

Since no independent data can constrain the actual amount of

westward movement of Novaya Zemlya, we here try to resolve this

issue by combining plate reconstructions with numerical models

which are aimed at investigating the amount of shortening that would

agree with the mild level of inversion structures observed in the east-

ern Barents Sea. We suggest that deformation in the eastern Bar-

ents Sea could be the result of continued movement of the Siberian

plate in the Late Triassic–Early Jurassic, which is perhaps driven by

far-field stresses related to the destruction of the Palaeotethys (Kim-

merian tectonic phase). The convergence direction is approximately

perpendicular to the strike of Novaya Zemlya. We first consider

a modest scenario in which 300 km convergence occurred over a

30 Myr interval, that is, between 220 and 190 Ma. This is also

the time period where we invoke sinistral strike slip deformation

along the western Barents Sea margin using a new model devel-

oped by Torsvik et al. (2006). This strike-slip deformation probably

resulted from intra-Pangean rifting between Baltica and Laurentia,

with Laurentia (including Greenland) rotating clockwise relative to

Baltica.

3 N U M E R I C A L M O D E L S O F B A S I N

I N V E R S I O N

3.1 Modelling approach

We attempt to better constrain the magnitude of shortening asso-

ciated with inversion in the eastern Barents Sea by combining nu-

merical models of basin inversion with plate reconstructions. Our

approach will result in an order-of-magnitude estimate of the short-

ening (i.e. tens versus hundreds of kilometres). Further refinement

will at present not be feasible due to uncertainties associated with

the choice of the initial geometry and the rheology, which are poorly

constrained by the available data, and a difficult to estimate uncer-

tainty inherently caused by the representation of the complexity of

a natural setting in a simplified model experiment. We will inves-

tigate the sensitivity of our model to variations in rheology and

geometry.

Basin inversion has been investigated with many analogue

(e.g. Buchanan & McClay 1991; Eisenstadt & Withjack 1995; Mc-

Clay 1995; Brun & Nalpas 1996; Panien et al. 2005; Del Ventisette

et al. 2006) and fewer numerical (Hansen et al. 2000; Buiter &

Pfiffner 2003; Hansen & Nielsen 2003) models. We use a numeri-

cal approach because this allows the application of a temperature-

dependent rheology and gives large freedom in investigating the

effects of variations in material properties and model setup. The

equation of mechanical equilibrium for incompressible flows and

the heat equation are solved using an arbitrary Lagrangian–Eulerian

formulation. The code (Sopale) is 2-D plane-strain and is charac-

terized by its ability to achieve large deformations with free surface

behaviour (Fullsack 1995). The modelling method has been shown

to well reproduce results of laboratory models of shortening and

inversion in granular materials (Buiter et al. 2006; Panien et al.
2006).

The model materials deform according to a viscous-plastic rhe-

ology (Table 1). Frictional-plastic behaviour is modelled by an in-

compressible Drucker–Prager frictional criterion:

(J ′
2)1/2 = P(1 − λ) sin(φ) + C cos(φ), (1)

where J ′
2 is the second invariant of the deviatoric stress tensor,

P dynamic pressure, λ pore fluid factor, φ angle of internal fric-

tion and C cohesion. We use a relatively standard value of 30◦

for the crustal value of φ (following high pressure data of Byerlee

1978). The pore fluid factor is hydrostatic and effectively reduces

the brittle material strength (φ = 30◦ for λ = 0.36 is similar to φ =
19◦ for λ = 0) (Beaumont et al. 1996). We assume that frictional

materials weaken with strain. This strain softening is simulated

by a simple linear decrease of the angle of internal friction with

increasing strain [which is measured as accumulated effective devi-

atoric strain, ( 1
2
ε̇i j ε̇i j )

1/2]. Bos & Spiers (2002) suggest that weak-

ening by pressure solution-controlled flow of fine-grained fault
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Table 1. Model material properties.

Material property Sedi Crust Strong

Angle internal friction φ 15◦ 30◦ 50◦
Cohesion C (MPa) 10 10 100

Pore fluid factor λ (hydrostatic) 0.42 0.36 0.36

Density (kg m−3) 2400 2800 2800

Wet quartzitea:

Power-law const. Ab (s−1 Pa−n) 8.574 × 10−28

Power-law exponent n 4.0

Power-law act.energy Q (kJ mole−1) 223

scaling factor c 1 1 2

Wet anorthitec:

Power-law const. Ab (s−1 Pa−n) 1.8 × 10−15

Power-law exponent n 3.0

Power-law act.energy Q (kJ mole−1) 356

scaling factor c 1 1 2

Thermal diffusivity (m2 s−1) 10−6

Thermal expansion (K−1) 0

Heat production (W m−3) 9 × 10−7

aGleason & Tullis (1995).
bModified to a general state of stress (Ranalli 1987).
cRybacki & Dresen (2000).

rock may be included in geodynamic models by a decrease in ap-

parent friction coefficient from ∼0.75 for unstrained material to

∼0.3 for highly strained material. We keep approximately the same

ratio and reduce the angle of internal friction to half of its value

(φ →φ/2) over a strain interval of 0.5–1.5. Viscous deformation fol-

lows either linear-viscous behaviour [(J ′
2)1/2 = 2η İ 2] or power-law

creep:

(J ′
2)1/2 = cA−1/n İ 1/n

2 eQ/n RT , (2)

where η is viscosity, A a constant, n power-law exponent, İ 2 second

invariant of the strain-rate tensor, Q thermal activation energy, R gas

constant, T temperature and c a scaling factor (usually 1). We test

two flow laws: a wet quartzite flow law (Gleason & Tullis 1995),

which results in a relatively weak lower crust in comparison with the

strength profiles from other flow laws, and a strong flow law for wet

anorthite (Rybacki & Dresen 2000) (Fig. 5). Alternatively, we could

have varied the strength of the lower crust by varying the temperature

or strain-rate. The results of the weak (strong) flow law can to first

order be interpreted as representing a warm, slow-deforming (cold,

fast-deforming) environment.

At the surface of the models, material is removed or added fol-

lowing simple erosion and sedimentation laws. For diffusive erosion

and sedimentation, the rate of topography change depends on sur-

face curvature (Culling 1960):

dh

dt
= κ

d2h

dx2
, (3)

where h is the topography and κ the diffusion coefficient. For slope-

dependent erosion the topography change follows:

dh

dt
= k

dh

dx
, (4)

where k is an erosion coefficient. These are simplified representa-

tions of the complex surface processes in nature. We have chosen to

test different surface processes models, because not much is known

about the erosion and sedimentation history of the eastern Barents

Sea in the Late Triassic–Early Jurassic.

Extensional sedimentary basins may form structural weaknesses

in the lithosphere where shortening preferentially localizes even af-

ter the thermal signature of extension should have been dissipated

a) rigid-plastic model

b) viscous-plastic model

linear viscous detachment

vinv16 km crust

strong crust400 km

VEx5
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30 km, T
b
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T
s
 = 0 

o
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Figure 5. Setup and boundary conditions for the numerical models.

(a) Rigid-plastic model (23 040 Eulerian elements and minimum 208 633

Lagrangrian tracking points). (b) Thermo-mechanical model (32 400

Eulerian elements and minimum 292 951 Lagrangian tracking points). GT =
flowlaw for wet quartzite of Gleason & Tullis (1995); RD = flowlaw for wet

anorthite of Rybacki & Dresen (2000). The flowlaws are plotted for a litho-

static pressure and a strain-rate of 10−15 s−1.

away. Previous studies have pointed out that this weakening may

be related to the replacement of competent crustal rocks by weaker

sediments during basin formation, thermal blanketing by low con-

ductivity sediments (and associated weakening due to higher tem-

peratures) and the presence of normal faults that can be re-used in

compression (Ziegler et al. 1995; Sandiford 1999; Hansen & Nielsen

2003). We, therefore, consider a basin which is filled with sediments

which are weaker than the surrounding crust (Table 1). By starting

from a pre-defined basin (Fig. 5), we avoid modelling the uncertain

formation history of the basin. The available geological and seismic

data indicate that large-scale normal faults are absent in the basin

area and we have, therefore, not included pre-existing normal faults.

Our 2-D model follows a simplified and generalized section

across Novaya Zemlya and the eastern Barents Sea basins. From the

data presented in Ivanova et al. (2006), Bungum et al. (2005) and

Ritzmann et al. (2007) (Fig. 3) we infer that the width of the eastern

Barents Sea basins is at present around 400 km and that the crustal

thickness underneath them is approximately 20 km. We assume that

these values are more or less representative for the situation at the

end of basin formation. This is valid as long as the shortening event

was of limited magnitude, which is supported by the mild inversion

structures observed in the basin and by our modelling results. Our

model basin is 10 km deep. We include a 5 km thick sediment layer

to the west of the basin, to account for a sediment cover in the central

Barents Sea. Not much is known on the cause of the compressional

deformation of the basins. We speculate that inversion in the east-

ern Barents Sea was caused by westward movement of the Siberian

plate. Deformation in our models is, therefore, driven by a westward

velocity at the Siberian plate margin. To avoid localization of defor-

mation in the Siberian plate, we first model the Siberian plate itself

as a strong block (Table 1) indenting Novaya Zemlya. This block

only provides the driving velocity and has no real physical meaning

in our models. We later test the effect of this assumption by adopting

a standard crustal strength for the Kara Sea area.

The models with a temperature-dependent rheology have a sur-

face temperature of 0 ◦C and a Moho temperature (at 30 km)

of 522 ◦C. This initially corresponds to a surface heat flow of

57 mW m−2. This is within the range of the sparse heat flow data
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in the south of the Barents Sea (not above salt diapirs) and the Kara

Sea (Artemieva & Mooney 2001; Bugge et al. 2002).

In the next section, we first describe a simple inversion model on

the scale of the upper crust (Fig. 5a). In this model, the lower crust is

represented by a thin linear-viscous basal detachment. We then test

the effects of (1) basal detachment strength, (2) surface processes,

(3) pre-existing thrusts, (4) the presence of a lower crust and its

strength (Fig. 5b) and (5) the strength of the Kara Sea domain. We

aim to find an upper limit to the amount of displacement associated

with the movement of the Siberian plate by searching for a simple

model that reproduces the main characteristics of the eastern Barents

Sea basin inversion: localization of shortening near the eastern basin

margin and mild folds in the basin fill.

3.2 Brittle inversion models

3.2.1 Model 1

In our first models the sediments and crustal materials are

temperature-independent rigid-plastic. The combined thickness of

upper crust and basin is 15 km and the models are underlain by a

1 km thick linear-viscous detachment (Fig. 5a). This detachment

can be viewed as a pre-existing horizontal detachment fault or as

a very simple representation of viscous lower crust behaviour. We

use a shortening velocity of 1 cm yr−1. However, because most ma-

terials in this model (sediments and upper crust) are rigid-plastic,

their behaviour is not velocity-sensitive. The velocity dependence

of the linear-viscous basal detachment is investigated by varying its

viscosity (see next Section 3.2.2). The detachment in Model 1 has

a viscosity of 1020 Pa s. At the surface a minor amount of diffu-

sive erosion and sedimentation is applied with a coefficient of 5 ×
10−8 m2 s−1 (Table 2).

The results in Fig. 6 show that deformation first localizes at the

right-hand side of the model by forming shear-zones and pop-ups in

the Novaya Zemlya domain and at the eastern (right-hand) side of the

basin. Deformation propagates through the model and has reached

the far side of the basin after around 75 km of shortening. Both

basin fill and the underlying upper crust are involved in shear-zone

formation and associated folding. The base of the model below the

linear-viscous detachment is held fixed. This basal boundary condi-

tion simulates a setting where the upper crust is coupled to the lower

crust and thus restricted in horizontal displacements at its base. The

strength and thickness of the basal detachment layer determine how

fast deformation propagates from the right (or east) side of the model

where the velocity is applied to the left (or west). This is investigated

further in Sections 3.2.2 and 3.3. The style of deformation in this

model resembles models of the formation of fold-and-thrust belts

(e.g. Mulugeta 1988; Storti et al. 2000; Schreurs et al. 2001), where

shortening is accommodated by the formation of forward thrusts and

backthrusts, which form more or less in-sequence towards the fore-

land. The in-sequence behaviour is partly disrupted in our model

because of the preferred localization of shortening in the weaker

sediments of the basin. The model indicates that a limited amount

of displacement of the Siberian plate leads to deformation of the en-

tire basin. This does not correspond to observations that indicate that

deformation is more restricted to the eastern part of the basin. The

model, therefore, provides an upper limit to the displacement of the

Siberian plate (Table 2). Fast propagation of deformation through

the basin area is facilitated by the basin fill being weaker than the

crust and by the linear-viscous basal detachment.

3.2.2 Influence of basal detachment strength (models 2–4)

A higher value for the viscosity of the detachment (viscosity =
2 × 1020 Pa s) focuses deformation to the right-hand side of the

model and in some cases even initiates deformation of the strong

crustal block (model 2, Fig. 7a). Because the detachment is linear
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Table 2. List of models.

Basal detachm.
Surface Max. short.c

Model Rheol.a Thick (km) Visc (Pa s) processesb (km) Remark Figures

1 RP 1 1020 d 5 × 10−8 m2 s−1 75 Reference model 6

2 RP 1 2 × 1020 d 5 × 10−8 m2 s−1 125 7a

3 RP 1 5 × 1019 d 5 × 10−8 m2 s−1 50 7c

4 RP 1 1020 d 5 × 10−8 m2 s−1 25 Decoupled at base 7d

5 RP 1 1020 d 2 × 10−6 m2 s−1 100 8b

6 RP 1 1020 sl 9.5 × 10−11 m s−1 100 8c

7 RP 1 1020 total > 200 8d

8 RP 1 1020 d 5 × 10−8 m2 s−1 75 Pre-exist thrusts 1020 Pa s 9

9 RP 3 1020 d 5 × 10−8 m2 s−1 50 10b

10 RP 5 1020 d 5 × 10−8 m2 s−1 25 10c

11 RP 15 1020 d 5 × 10−8 m2 s−1 25 10d

12 VP – – d 5 × 10−8 m2 s−1 75 Gleason & Tullis (1995) 11a

13 VP – – d 5 × 10−8 m2 s−1 175 Rybacki & Dresen (2000) 11b

14 RP 1 1020 d 5 × 10−8 m2 s−1 75 no strong SIB 12a

15 VP – – d 5 × 10−8 m2 s−1 50 GT, no strong SIB 12b

aRP = rigid-plastic rheology, VP = viscous-plastic rheology (Fig. 5).
bd = diffusive erosion and sedimentation, sl = slope-dependent erosion.
cAn indication of the upper limit of Siberian plate displacement is determined by the shortening at which the deformation reaches the west basin margin.

550 km0 200 400

a) model 2, basal detachment 2x10
20

 Pa s

b) model 1, basal detachment 10
20

 Pa s

c) model 3, basal detachment 5x10
19

 Pa s

All models at 100 km of  shortening

VE x 2

d) model 4, basal detachment 10
20

 Pa s, roller base

Figure 7. The propagation of deformation through the models is to a large degree influenced by the level of decoupling at the base of the upper crust. (a–c)

Models 1–3 illustrate the sensitivity to the viscosity value of the basal detachment. (d) Model 4 with a roller basal boundary condition (free horizontal movement)

shows efficient transfer of shortening through the basin. The models are shown at 100 km of shortening. Vertical exaggeration is 2.

viscous and the overlying materials are brittle and, therefore,

velocity-independent, a higher viscosity value for the basal detach-

ment is equivalent to using a higher velocity (i.e. 1 cm yr−1 and

2 × 1020 Pa s is equivalent to 2 cm yr−1 and 1020 Pa s). A weaker

basal detachment (viscosity = 5 × 1019 Pa s, model 3, Fig. 7c)

transfers deformation efficiently through the basin and already af-

ter 50 km of shortening thrusting is initiated at the left-hand side

of the basin (Table 2). In this case, the weak material of the de-

tachment layer effectively decouples the overlying brittle crust from

the base of the model. The most effective decoupling is obtained

when horizontal movement at the base is unrestricted (roller bound-

ary condition) as in model 4 (Fig. 7d). In this case, the entire basin

is uplifted and thrusts form at both basin margins already in early

stages of the shortening. As the effects of shortening in the east-

ern Barents Sea are restricted to the eastern part of the basins it

is considered likely that the lower crust in this area possesses a

strength which is high enough to restrict horizontal movements

of the upper crust above it. We therefore, consider models with

a basal detachment which is not too weak and a fixed horizontal

base.
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Figure 8. Influence of surface processes on the localization of shortening. The panels above each model show the amount of eroded (models 5–7) or eroded

and sedimented (model 1) material. Erosion and sedimentation is measured at fixed points in space (Eulerian reference frame). Note the different scale on the

erosion panels. The models are shown at 100 km of shortening with a vertical exaggeration of 2. NZ = model equivalent of Novaya Zemlya.

3.2.3 Influence of surface processes (models 5–7)

The previous models (1–4) have an almost negligible amount of

erosion and sedimentation at their surface. However, surface pro-

cesses have been shown to influence compressional tectonic pro-

cesses (Koons 1990; Beaumont et al. 1992; Willett 1999; Simpson

2006; Pysklywec 2006, among others) and they could influence

the effectiveness of localization of shortening in our model basin.

We examine the model response to (1) diffusive erosion, (2) slope-

dependent erosion and (3) total erosion. Diffusive erosion (with a

coefficient of 2 × 10−6 m2 s−1, no sedimentation) leads to focusing

of deformation to the right part of the model (model 5, Fig. 8b).

Deformation has still reached the far side of the basin by 100 km of

shortening, but in a less pronounced manner than in the reference

model (model 1 in Fig. 8a). Slope-dependent erosion with a coef-

ficient of 9.5 × 10−11 m s−1 leads to a similar style of behaviour

(model 6, Fig. 8c). The erosion coefficients for these two models

have been chosen such that similar amounts have been eroded at

100 km of shortening. The extreme case is total erosion, where all

material above the initial model surface is removed during model

evolution (model 7, Fig. 8d). In this model most shortening is lo-

calized at the transition between the strong block (‘Siberia’) and the

normal crust (‘Novaya Zemlya’), though some thrusting still occurs

at the eastern edge of the basin.

Removal of the overburden by erosion leads to local relative weak-

ening in frictional materials due to the reduction in the lithostatic

component of the pressure (eq. 1), facilitating continued uplift along

thrust ramps. Conversely, sedimentation tends to suppress deforma-

tion through the strengthening effect of an increased overburden

(see also Simpson 2006). An alternative approach to understanding

the effects of surface processes on our models is to compare them

to critical thrust wedges (Dahlen 1984). Erosion in our models is

mainly concentrated on material uplifted along the thrusts towards

the rear of the model (where local surface curvature and surface

slope are highest) and causes a reduction of the surface slope. This

leads to a subcritical value for the taper angle of the model wedge

and the model reacts by internal deformation to recover the critical

taper value (e.g. Dahlen & Barr 1989). Deformation will thus be

concentrated in areas where material has been removed by erosion.

These models show that surface erosion helps to localize shorten-

ing to the eastern part of the model and that thrusts in that do-

main tend to have larger offsets. The existing information on the
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25 km

50 km

75 km

100 km

shortening: VE x 2

550 km0 200 400

0 km

pre-existing weak zones

Figure 9. Influence of pre-existing thrusts in the upper crust (simulating older thrusts at Novaya Zemlya) (model 8). Vertical exaggeration is 2.

level of erosion at Novaya Zemlya and in the eastern Barents Sea

in the Late Triassic to Early Jurassic is unfortunately rather scarce.

Johansen et al. (1993) report an erosional unconformity in the North

and South Barents Basin at the Triassic–Jurassic boundary which

may speculatively be related to the compressional episode we are

studying here. Our models indicate that with reasonable levels of

erosion (e.g. Figs 8b and c) deformation still reaches the west side

of the basin after around 100 km of shortening. This provides again

an upper bound to the displacement associated with the shortening

event (Table 2).

3.2.4 Influence of pre-existing shear zones (model 8)

Most of the previous models indicate that the westward movement of

the indenter (‘Siberia’) could easily have led to substantial thrusting

in the sedimentary basin, with deformation of both sediments and the

upper crust. Some of the shortening is accommodated at the crustal

block representing Novaya Zemlya. Novaya Zemlya was affected

by orogenies before the Late Triassic–Early Jurassic, such as the

Timanian and possibly the Uralian Orogeny (with peak deformation

at 290–300 Ma). These would have led to the formation of thrusts,

which may have been re-used in the later compression caused by

the movement of the Siberian plate. We, therefore, here investigate

the sensitivity of our models to pre-existing weak shear zones in the

‘Novaya Zemlya’ block (model 8, Fig. 9). The aim of this model is

to investigate whether displacement along pre-existing thrusts could

have reduced the level of deformation in the eastern Barents Sea

basins. We are not reproducing existing thrusts at Novaya Zemlya,

but instead include two weak zones with a 30◦ dip angle. The pre-

existing thrusts are simulated as strips of three elements wide with

a linear-viscous rheology (viscosity 1020 Pa s) (cf. Buiter & Pfiffner

2003). This is a simple manner to simulate a weak region and is not

meant to imply that shear zones would behave in a linear-viscous

manner. Fig. 9 shows that the right-most pre-existing shear zone is

activated early in model evolution. The upper crustal layer climbs

up along the thrust ramp and is thrust over the margin of the basin,

approaching the thin-skinned nature of the deformation interpreted

in Fig. 2. The deformation in the basin resembles the model without

pre-existing shear zones (model 1, Fig. 6) and shear zones form

at the far end of the basin before 100 km of shortening. This may

indicate that the pre-existing shear zones in the ‘Novaya Zemlya’

block do not influence the thrusting in the basin to a large degree.

3.3 Brittle-viscous inversion models (models 9–13)

The models in the previous sections consist of brittle sediments

and upper crust, underlain by a weak linear-viscous detachment of

1 km thick. To investigate the influence of the lower crust on the

localization of shortening in the upper crust, we first stepwise in-

crease the thickness of the linear-viscous layer until it extends to

the base of the crust at 30 km. A thicker viscous layer will re-

duce the impact of the boundary conditions at the bottom of the

model. This is important in two aspects: (1) A thick basal layer

may facilitate horizontal movements at the base of the upper crust.

Model 4 (Fig. 7d) already illustrated that free movement at the base

of the upper crust (roller) promotes fast propagation of deformation

across the model domain and early inversion of the basin. (2) A

thick viscous layer may allow vertical movements at the base of the

upper crust. This effectively implements a simple form of isostatic

compensation. Models 9–11 (Fig. 10) show that a thicker viscous

layer transfers shortening efficiently along the entire basin. Fewer

thrusts form in the Novaya Zemlya block and in the basin area itself,

until shortening is mainly localized along shear zones at each side

of the basin (Fig. 10d). The upper crust is underthrusted along these

shear zones. The uplift of the basin and thrusting at the basin sides

resembles a more ‘classic’ style of basin inversion (Cooper et al.
1989).

Temperature-dependent creep in the lower crust leads to a dif-

ferent strength profile than in the case of linear-viscous flow. It is

characterized by a high strength at the brittle-viscous transition,
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Figure 10. Illustrates the influence of increasing thickness of a linear viscous lower layer with viscosity 1020 Pa s on the localization of shortening in the brittle

upper layer (with a fixed thickness of 15 km). Strong linear viscous lower crust (indenter at the right-hand side of the model) has a viscosity of 1021 Pa s and a

1 km thick basal detachment of 1020 Pa s, while its strong brittle upper crust is identical to the strong crustal block in models 1–8 (Table 1). All models are at

100 km shortening and have no vertical exaggeration.

50 km

100 km

a) model12, wet quartz flowlaw

b) model 13, wet anorthite flowlaw

50 km

100 km

550 km0 200 400

NZ

Figure 11. Evolution of viscous-plastic models with temperature-dependent creep (model set-up in Fig. 5b). (a) Model 12 with flowlaw of Gleason & Tullis

(1995). Distributed uplift of the basin area is visible after 50 km of shortening, while shear zones have formed at the basin sides after 100 km of shortening.

(b) Model 13 with flowlaw of Rybacki & Dresen (2000). The stronger flowlaw leads to localization of shortening at the right-hand side of the model, with the

formation of shear zones in the Novaya Zemlya (NZ) domain and in the eastern part of the basin.

which decreases downwards (Fig. 5b). Horizontal movements at

the base of the upper crust could, therefore, be more restricted in

models with creep flow. The transition between brittle and viscous

material behaviour in the creep models is determined by the values

for temperature, strain-rate and pressure and the parameters in the

plasticity and creep laws (eqs 1 and 2). In model 12 we have used the

relatively weak flowlaw for wet quartzite (Gleason & Tullis 1995,

Table 1, Fig. 5b). The entire basin is inverted (Fig. 11a) with uplift

of the basin sediments after 50 km of shortening and the forma-

tion of thrusts at both basin sides by 100 km of shortening. The

inversion style has similarities to the model with a thick linear vis-

cous lower crust (model 11, Fig. 10). In these models, shortening

leads to efficient propagation of deformation throughout the basin.

The available data (though sparse) seem however to indicate that

deformation is more limited to Novaya Zemlya and the east side

of the basins. This could imply that only a low amount of shorten-

ing occurred and/or that the lower crust is stronger. A model with a

stronger flowlaw [model 13 with wet anorthite of Rybacki & Dresen

(2000), Figs 5b and 11b] leads indeed to focusing of deformation in

the Novaya Zemlya domain and at the eastern side of the basin. In
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these domains thrusts form that dip towards the indenting Siberian

plate.

3.4 The role of the Siberian plate (models 14–15)

In our models we have assumed that shortening was caused by

displacement of the Siberian plate. Within data resolution power,

palaeomagnetic data for Siberia and Baltica (inset in Fig. 13, see also

Cocks & Torsvik 2007) allow post-Permian relative movements of

more than 1000 km. Our models show that substantial deformation

of the eastern Barents Sea basins and Novaya Zemlya already oc-

curs for far smaller displacement magnitudes. The indentation in the

Novaya Zemlya region is consistent with models in which Siberia

and Baltica/Kazakhstan converged in a large-scale sinistral trans-

pressional system (Natal’in et al. 2005; Van der Voo et al. 2006).

The western part of the Siberian ‘indenter’ is occupied by the

Kara Sea (Fig. 1), directly to the east of Novaya Zemlya. Extension

in the Kara Sea is likely to have taken place in the Late Permian to

Mid Triassic (Nikishin et al. 2002; Vyssotski et al. 2006) and could

have weakened the Siberian plate margin. In such a scenario, the

westward displacement of Siberia may be expected to have caused

shortening not only in Novaya Zemlya and the basins to its west,

but likely also in the Kara Sea. We have tested two models in which

the Siberian domain is not simulated as a strong indenter, but in-

stead as crust with the same properties as the crust of the Novaya

Zemlya domain and the crust underlying the eastern Barents Sea

basins (models 14 and 15, Fig. 12). In the rigid-plastic case (model

14), thrusts now also form in the western Siberian domain, taking up

part of the shortening. The viscous-plastic case (model 15) shows

more distributed deformation in the domain of the Siberian inden-

ter in comparison with the case of a strong indenter (model 12).

Shear zone formation in the eastern Barents Sea model area is less

pronounced than in the corresponding models with strong indenter,

but still of substantial level. Deformation involves the entire basin

at slightly less amounts of shortening for the cases without strong

indenter (Table 2). A weak Siberian plate margin could thus have ac-

commodated part of the shortening associated with the convergence

of Siberia and Baltica at Novaya Zemlya. Mild Triassic–Jurassic in-

version is recognized in the West Siberian Basin to the east of the

Kara Sea (Torsvik & Andersen 2002), but we have not found indi-

cations for contemporaneous inversion in the Kara Sea. This seems

to indicate that the Siberian plate indeed moved as a relatively rigid

block. We can, however, not completely rule out minor inversion in

the Kara Sea and we will allow for this uncertainty in our estimate

of Siberia’s displacement.

The available data seem to indicate that inversion structures in

the eastern Barents Sea basins are relatively minor and that thrusts

at Novaya Zemlya could have accommodated large offsets. It is un-

known whether the thrusting is an indication of deformation which

occurs at shallow levels only (upper few kilometres to upper crust),

or whether deformation occurs throughout the crust and lithosphere,

but in a more distributed manner. We expect that part of the west-

ward movement of Siberia would have been taken up by the Novaya

Zemlya thrusts, which is also supported by our models.

4 S Y N T H E S I S : A N E W P L AT E

R E C O N S T RU C T I O N

The eastern Barents Sea basins experienced mild inversion as the

Siberian plate margin was pushed into Novaya Zemlya in the Late

Triassic–Early Jurassic. Keeping in mind all shortcomings associ-

ated with representing a natural situation in a numerical model, our

models indicate that shortening would have deformed the eastern

Barents Sea basins already in early stages of the convergence and

that deformation could in most cases have involved the entire basin

by 100 km of shortening (Table 2). Localization of deformation in

the eastern part of the basin and at Novaya Zemlya is promoted by

(1) a high strength of the lower crust, through either a high viscos-

ity detachment (Fig. 7) or a strong creep law (Fig. 11), (2) surface

erosion (Fig. 8) and/or (3) small amounts of shortening (Fig. 6).

Novaya Zemlya may have been pushed westward in a thin-skinned

manner (as seems to be indicated on the interpreted section of Otto

Figure 12. The role of the Siberian indenter in models with a rigid-plastic (a and b) and viscous-plastic (c and d) rheology. (a) Rigid-plastic reference model 1

with strong indenter, (b) identical model with standard strength Siberian crust (model 14), (c) Viscous-plastic model 12 with strong indenter and (d) identical

model with standard strength Siberian crust (model 15). The flow law in (c) and (d) is for wet quartz (Gleason & Tullis 1995). A strong Siberian indenter

transfers shortening efficiently to the basin area and suppresses thrusting in the domain of the west Siberian plate margin.
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Figure 13. Plate reconstruction at ca. 205 Ma in which Baltica, with the Barents Sea, is kept fixed. The reconstruction is halfway through the Late Triassic–

Early Jurassic compressional event and the Siberian plate has been pushed with around 100 km. The grey-shaded areas denotes areas that are affected by

this deformation and the striped areas denote the subsequent difference between 205 and 190 Ma. The compressional arrows denote the stress-field direction,

the numbers in the pink boxes represent the amount of subsequent compression (in km) that will occur and the single black arrows are point velocities. The

compression leads to development of the Byrranga fold and thrust belt east of Taimyr. At the same time we anticipate that the Lomonosov terranes are colliding

along the north Barents Sea margin, while the West Barents Sea margin is undergoing large-scale sinistral strike faulting (detailed in Torsvik et al. 2006). NZ =
Novaya Zemlya; WSB = West Siberian Basin. The lower diagram shows our model 8 after 100 km of shortening. Pre-existing thrusts facilitate thrusting of

Novaya Zemlya material over the eastern margin of the Barents Sea, while simultaneously thrusts develop in the Barents Sea basin. Top-left inset compares

the ca. 250 Ma mean palaeomagnetic poles from Europe (50.5◦S, 337.6◦E; A95 = 5.3◦; N = 8 poles), Siberia (55.7◦S, 323.2◦E; A95 = 12.2◦; N = 3 poles)

and Taimyr (59.2◦S, 327.9◦E; A95 = 4.7◦; N = 2 poles) (see Cocks & Torsvik 2007, and references therein). The mean poles are plotted with 95 per cent

confidence ovals (A95). Our plate tectonic reconstruction (with approximately 200 km post-250 Ma convergence in the Novaya Zemlya region) improves the

correlation between Europe, Siberia and Taimyr. However, both the adjusted and the in situ pole for Siberia plot within the 95 per cent confidence oval of Europe.

Conversely, the Taimyr in situ pole differs from the European one, but only around 100 km of convergence (Euler pole: 77◦N, 144.6◦E, angle = 2◦) is needed

to make the Taimyr and European pole overlap within their 95 per cent confidence oval. Based on these data, we, therefore, estimate that the displacement of

the Siberian plate was 100 km at a minimum, but the upper estimate from the palaeomagnetic data exceeds 1000 km.
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& Bailey (1995), Fig. 2), which could have been achieved along pre-

existing shear zones inherited from older orogenies (Fig. 9). Short-

ening in our models is caused by the displacement of the Siberian

plate which acts as an indenter. Part of the shortening is taken up

by thrusts at Novaya Zemlya and the westward displacement of No-

vaya Zemlya will, therefore, be less than the westward displacement

of the Siberian plate. A conservative estimate of the shortening that

caused the westward movement of Novaya Zemlya and the inversion

of the eastern Barents Sea basins based on our modelling results is

100–200 km.

Our models indicate that the westward displacement of Novaya

Zemlya is less than in previous reconstructions. Fig. 13 shows a

new plate reconstruction for the Barents Sea region at 205 Ma.

The Siberian plate (along the eastern margin of Novaya Zemlya)

is modelled to move with our maximum estimate of approximately

200 km between 220 and 190 Ma. The reconstruction is thus at a time

when half of the shortening has taken place and the Siberian plate

has been pushed approximately 100 km. The amount of shortening

will naturally vary along the margin of Novaya Zemlya as the plate

motion of Siberia is calculated as rotation around an Euler pole. The

Euler rotation pole of the Siberian plate relative to Baltica at 220 Ma

is given by 77◦N latitude, 144.6◦E longitude and a rotation angle

of 5◦, which yields a mean plate speed of 0.65 cm yr−1. We use the

same rotation pole for Novaya Zemlya relative to Baltica/Barents

Sea, but with an angle of 4◦ at 220 Ma. This simulates compression

at Novaya Zemlya while it is being thrust into the Barents Sea. The

resulting westward displacement of Novaya Zemlya is between 100

and 170 km (from north to south) with a point velocity of around 0.5

cm yr−1 at the centre of Novaya Zemlya (velocity vector in Fig. 13).

Palaeomagnetic data give a minimum estimate of 100 km

convergence based on Euler poles that result in near orthogonal

convergence at Novaya Zemlya and on the assumption that the Pay-

Khoy region acted as a strike slip zone (‘small circle’). However,

the upper limit for allowable convergence exceeds 1000 km owing

to the geometry of the Euler pole and the uncertainties in the mean

poles for Europe, Siberia and Taimyr (Fig. 13). The large conver-

gence estimates in Otto & Bailey (1995) and Torsvik & Andersen

(2002), that is, 500–700 km, were motivated by a scenario in which

Novaya Zemlya was first involved in the older Uralian Orogeny and

thought to form a near-linear continuation of the Uralian Belt. It

was subsequently thrusted into the Barents Sea to reach its more

westerly position. We assume that Novaya Zemlya already was in

a more westerly position by Late Triassic–Early Jurassic times and

speculate that it may not have been aligned with Taimyr and the

Uralian Belt.

Our combination of numerical models and plate reconstructions

has resulted in a first-order quantification of the amount of westward

displacement of the Siberian plate margin and Novaya Zemlya in the

Late Triassic–Early Jurassic. This interdisciplinary approach allows

us to sharpen estimates of plate tectonic movements in areas where

few constraints exist, while also yielding more insight into tectonic

processes taking place at plate margins.
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