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Summary  
Motion of the lithospheric plates is a reflection of the convective circulation of the 

%ÁÒÔÈȭÓ ÍÁÎÔÌÅȢ 0ÌÁÔÅ ÄÉÖÅÒÇÅÎÃÅ ÉÓ ÁÔÔÒÉÂÕÔÅÄ ÔÏ ÔÈÅ ÍÁÎÔÌÅ ÕÐ×ÅÌÌÉÎÇÓȟ ×ÈÉÌÅ ÐÌÁÔÅ 

ÃÏÎÖÅÒÇÅÎÃÅ ÔÏ ÔÈÅ ÍÁÎÔÌÅȭÓ ÄÏ×Î×ÅÌÌÉÎÇÓȢ )Î ÁÄÄÉÔÉÏÎ ÔÏ ÔÈÅ ÈÏÒÉÚÏÎÔÁÌ ÍÏÖÅÍÅÎÔȟ 

plates move vertically. Vertical plate motions are documented both at the tectonic 

boundaries and in the plate interior. The marginal vertical motions can be explained by 

changes of the stress state in the plate boundary setting. Yet, a mechanism responsible 

for the intra-plate vertical motions still remains unclear. Understanding this mechanism 

would shed the light on the nature of anomalous topographic features and improve the 

ËÎÏ×ÌÅÄÇÅ ÏÆ ÔÈÅ ÐÏÏÒÌÙ ÃÏÎÓÔÒÁÉÎÅÄ %ÁÒÔÈȭÓ ÍÁÎÔÌÅ ÐÁÒÁÍÅÔÅÒÓȢ Moreover, it would 

have implications for minimizing the risks associated with explorations of natural 

energy resources.  

 In this work we study the character of intraplate vertical motions and their driving 

forces in the West Siberian Basin (WSB) and Northern Europe. We begin by constraining 

the tectonic subsidence history of the WSBȢ 4ÈÅ 73"ȭÓ ÓÅÄÉÍÅÎÔÁÒÙ ÃÏÖÅÒ ÒÅÐÒÅÓÅÎÔÓ ÁÎ 

archive of ÔÈÅ ÂÁÓÉÎȭÓ ÖÅÒÔÉÃÁÌ ÍÏÔÉÏÎÓ ÆÏÒ ÔÈÅ ÌÁÓÔ ςυπ ÍÉÌÌÉÏÎ ÙÅÁÒÓȢ $ÕÅ ÔÏ ÔÈÅ ÂÁÓÉÎȭÓ 

intraplate location and the large scale, it serves as a perfect location to study the vertical 

motions isolated from the effects of plate boundary stresses. Our analysis shows that the 

WSB experienced anomalous subsidence interrupted by repeated episodes of uplift, 

consistent with uplift events reported in the Barents Sea and at the North Atlantic 

passive margin.  

We extend our study by exploring the vertical motions in the northern Europe and the 

North Atlantic. To illustrate the regional topographic evolution, we construct the digital 

continent-scale erosional surface maps for 5 stratigraphic boundaries of Cenozoic. The 

maps reveal that northern Europe experienced increased erosion in the late Paleocene ɀ 

late Eocene and in the Miocene. These time intervals also correspond to the episodes of 

increased North Atlantic spreading velocity. Accordingly, our work shows a strong 

agreement between the two trends. In addition, we find that these results agree with  the 

dynamic topography trend inferred by the output of a mantle convection model. We 

connect these findings through a common mantle-related mechanism. 



 

We suggest that observed trend may indicate a fast, plume-fed flow in the thin 

asthenospheric channel beneath Northern Europe. The topographic signal may reflect a 

mantle flow driven by the pressure gradient related to Iceland. Such flow serves as a link 

between the horizontal and vertical plate motions and could have implications for the 

paleo-topographic and basin development studies in Europe and in other regions.  

  



 

Contents 

Acknowledgements .................................................................................................................................. v 

Summary ................................................................................................................................................ vii 

Introduction ............................................................................................................................................. 1 

Preface ................................................................................................................................................. 1 

Background .......................................................................................................................................... 1 

i. Plate tectonics ......................................................................................................................... 1 

ii. Vertical Plate motions ............................................................................................................. 3 

iii. Dynamic topography ............................................................................................................... 5 

iv. Surface observations ............................................................................................................... 5 

Summary of chapters .......................................................................................................................... 6 

Conclusion ............................................................................................................................................... 8 

References ............................................................................................................................................... 9 

Chapter 1 ............................................................................................................................................... 13 

Anomalous subsidence history of the West Siberian Basin as an indicator for episodes of mantle-

induced dynamic topography ................................................................................................................ 14 

Abstract ............................................................................................................................................. 14 

Introduction ....................................................................................................................................... 14 

Data and Methods ............................................................................................................................. 17 

Stratigraphy ....................................................................................................................................... 22 

Uncertainties ..................................................................................................................................... 27 

Results ............................................................................................................................................... 28 

Discussion .......................................................................................................................................... 32 

Conclusions ........................................................................................................................................ 35 

Acknowledgements ........................................................................................................................... 36 

References ......................................................................................................................................... 36 

Chapter 2 ............................................................................................................................................... 43 

Kalkulo report on the vertical plate motions in the Barents Sea .......................................................... 44 

Introduction ....................................................................................................................................... 44 

Geological setting .............................................................................................................................. 44 

Tectonic history ................................................................................................................................. 48 

i. Main Paleozoic events ........................................................................................................... 48 



 

ii. Main Mesozoic events ........................................................................................................... 49 

iii. Main Cenozoic events ........................................................................................................... 51 

Coeval tectonic pulses ....................................................................................................................... 52 

Proposed Mechanisms ...................................................................................................................... 55 

Mantle beneath the Barents Sea....................................................................................................... 56 

Concluding remarks ........................................................................................................................... 58 

References ......................................................................................................................................... 59 

Chapter 3 ............................................................................................................................................... 65 

Repeated Cenozoic erosional events in northwestern Eurasia during episodes of faster spreading: 

implications for the common driving mechanism................................................................................. 66 

Abstract ............................................................................................................................................. 66 

Introduction ....................................................................................................................................... 66 

North Atlantic spreading rate ............................................................................................................ 67 

tǊƻȄƛŜǎ ƻŦ ǾŜǊǘƛŎŀƭ Ƴƻǘƛƻƴ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƛƴ ǘƘŜ ƎŜƻƭƻƎƛŎŀƭ ǊŜŎƻǊŘ ....................................... 70 

Results ............................................................................................................................................... 71 

Discussion .......................................................................................................................................... 75 

Conclusions ........................................................................................................................................ 76 

Tables ................................................................................................................................................ 77 

Acknowledgements ........................................................................................................................... 82 

References ......................................................................................................................................... 82 

Curriculum Vitae .................................................................................................................................... 87 

 

 

   

 



1  Introduction 

Introduction  
 

Preface 
This work addresses the fundamental questions related to the vertical plate tectonics. 

Vertical motions of plates are observed worldwide. They play an important role in 

shaping the EarthȭÓ surface as we see it today. Besides that, vertical motions are directly 

related to the formation of the hydrocarbon resources that bring energy to the modern 

life. Despite the huge impact on our world, their nature is not fully understood. The 

major challenge to overcome is the complexity of the Earth systems consisting of many 

inter -related parameters, some of which are concealed in the depth of the Earth. In this 

thesis we attempt to make a step in understanding the character of the vertical motions 

and their drivi ng mechanisms.  

Background  

i. Plate tectonics  
At the beginning of the twentieth century, a German researcher Wegener (1880 ɀ 1930) 

ÐÕÂÌÉÓÈÅÄ Á ÂÏÏË ȰThe Origin of Continents and OceansȰ (Wegener, 1920). This book 

presented a theory that all continents were once joined into one origin continent and 

then consequently drifted apart. The theory of continental drift was supported by 

paleontological and geological evidence matching on adjacent continents that were 

ÓÕÐÐÏÓÅÄÌÙ ÃÏÎÎÅÃÔÅÄ ÉÎ ÔÈÅ ÐÁÓÔȢ .ÅÖÅÒÔÈÅÌÅÓÓȟ ÄÕÒÉÎÇ !ÌÆÒÅÄȭÓ ÌÉÆÅ ÈÉÓ ÔÈÅÏÒÙ was met 

with criticism and rejection. Almost fifty years later, with the development of 

technologies facilitating geophysical explorations, the idea of continental drift was 

accepted leading to the rise of the field of Plate Tectonics.  

Plate Tectonics studies motions of plates ɀ rigid blocËÓ ÏÆ ÔÈÅ %ÁÒÔÈȭÓ ÏÕÔÅÒ ÓÈÅÌÌ 

(Morgan, 1968). The outer shell resembles lithosphere ɀ the outermost layer, which 

covers the Earth interior layers ɀ the mantle and the core (Figure 1).  Unlike the theory 

of continental drift, plate tectonics also studies the mechanisms that drive the plates. 

Nowadays it is widely accepted that the major source of energy responsible for the 

motions of plates is the heat of the EarthȭÓ interior  (Turcotte and Schubert, 2014). This 

heat is generated by the radioactive decay inside the core and then transferred to the 
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outer layers. The heat transfer at the core-mantle boundary occurs by the means of 

conduction. This type of heat transfer is a result of the microscopic collision of particles 

and movement of the electrons within a body.  Once the mantle is heated up, the heat is 

further transferred through the mantle by the means of advection . Advection is another 

type of heat transfer, occurring by the bulk motion of the material. The combination of 

conduction at the core-mantle boundary and advection throughout the mantle 

constitutes the process of mantle convection .   

 

 

Figure 1. 3ÃÈÅÍÁÔÉÃ ÄÒÁ×ÉÎÇ ÏÆ ÔÈÅ %ÁÒÔÈȭÓ ÌÁÙÅÒÓ. A simplified mantle convection cartoon 
illustrates how mantle drives plate tectonics. The hotter mantle rises up forcing plates apart at 
spreading ridges and colder mantle sinks down dragging plates at subduction zones.  

Mantle convection is induced by buoyancy ɀ a body force described by !ÒÃÈÉÍÅÄÅÓȭ 

principle  (Fowler, 2004; Turcotte and Schubert, 2014)Ȣ 4ÈÅ ÐÒÉÎÃÉÐÌÅ ÓÔÁÔÅÓȡ ȰAny object, 

wholly or  partially immersed in a stationary fluid, is buoyed up by a force equal to the 

×ÅÉÇÈÔ ÏÆ ÔÈÅ ÆÌÕÉÄ ÄÉÓÐÌÁÃÅÄ ÂÙ ÔÈÅ ÏÂÊÅÃÔȢȱ 4ÈÕÓȟ ÂÕÏÙÁÎÃÙ ÉÓ ÄÒÉÖÅÎ ÂÙ ÔÈÅ ×ÅÉÇÈÔ ɀ or 

better said ɀ density differencesȢ 4ÈÅ %ÁÒÔÈȭÓ solid mantle behaves as a viscous fluid on a 

geological time scale of millions of years (Cathles, 1975). In the mantle, hotter and less 

dense material rises upwards by buoyancy and, oppositely, colder and denser material 

sinks down. Such motion of the mantle is a principle mechanism responsible for plate 

tectonics (Turcotte and Schubert, 2014). When the hot mantle material reaches the 

%ÁÒÔÈȭÓ ÓÕÒÆÁÃÅ ÉÔ Ãreates the new oceanic floor and pushes the plates apart at the mid-

oceanic ridge, a process known as oceanic spreading. As the material cools down and 
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becomes denser it sinks down at subduction zones (Figure 1). This is a basic mechanism 

driving the plates horizontally. 

ii.  Vertical Plate motions  

As mentioned above, mantle convection drives the plates in horizontal perspective, but 

the plates also move vertically. Vertical plate motions are common at the plate 

boundaries. Mountain building is an example of an upward vertical plate motion, or 

uplift, occurring when plates converge and collide. Moreover, convergence of plates can 

trigger the downward plate motion ɀ subsidence. The mechanisms of subsidence in the 

vicinity of convergent boundaries include flexure of lithosphere, foreland and fore-arc 

basin development (Allen and Allen, 2013; Watts, 2001). The divergent plate boundaries 

are also associated with vertical motions. In this case, the ridge uplift occurs when 

mantle material rises up to the surface, lifting the ocean floor (Phipps Morgan et al., 

1987). After reaching the surface, the mantle material becomes a part of the sea-floor, 

moves away from the spreading center and subsides due to cooling (Allen and Allen, 

2013).  

In some cases, vertical motions are observed away from the plate boundaries. A well-

known mechanism of the intraplate vertical movement is the removal of a large amount 

ÏÆ ×ÅÉÇÈÔ ÆÒÏÍ ÔÈÅ %ÁÒÔÈȭÓ ÓÕÒÆÁÃÅȢ 7ÈÅÎ ÔÈÅ ×ÅÉÇÈt is removed, the crust is going to rise 

in order to achieve a new equilibrium in the process ÃÁÌÌÅÄ ȰÉÓÏÓÔÁÔÉÃ ÒÅÂÏÕÎÄȱȢ Isostatic 

equilibrium is a ÇÒÁÖÉÔÁÔÉÏÎÁÌ ÂÁÌÁÎÃÅ ÂÅÔ×ÅÅÎ ÔÈÅ %ÁÒÔÈȭÓ ÌÁÙÅÒÓ ɀ crust and mantle, 

where crust ÉÓ ȰÆÌÏÁÔÉÎÇȱ ÉÎ the underlying denser mantle (Watts, 2001). A good example 

of the isostatic rebound is post-glacial uplift, occurring when the ice-sheets of the glacial 

period retreat causing the underlying crust to re-adjust (Sigmundsson, 1991). 

Interestingly, vertical motions of plates are also observed in the locations remote from 

tectonic boundaries and not associated temporarily or spatially with the glacial rebound. 

For example, the %ÁÒÔÈȭs surface has experienced large amounts of subsidence in the 

plate interior, forming depressions (Pysklywec and Mitrovica, 1998). In the process of 

subsidence such depressions accumulate sediments, leading to the development of 

intra-plate sedimentary basins. The intra -plate basins occur on all continents, and the 

largest of them is the West Siberian Basin (WSB) (Leighton, 1991) (Figure 2). The WSB 

covers the territory of about 3 million km2, which is approximately the size of Western 

Europe (Vyssotski et al., 2006). Forces, responsible for the downward motion of such 
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large areas remain debated. Moreover, geological observations suggest that at some 

time periods intra -plate basins were subjected to intense uplift. The uplift of intra-plate 

basins inhibited further accumulation of sediments and led to erosion. Processes 

governing the uplift of intra -plate basin are not yet clear either.  

 

 

Figure 2. World  map of intra -plate basins . The compilation of basins is based on the set of 
intracontinental basins (Heine, 2007), interior cratonic basins (Leighton, 1996) and basin 
polygons provided by Statoil. The largest intra-plate basin ɀ the West Siberian Basin (WSB) ɀ is 
later used in the study.   

Some studies (e.g., Cloetingh, 1988) relate intra-plate vertical motions to the far-field 

effects of the changes at the plate boundaries. However, in many cases subsidence and 

uplift affect areas that are further away from the possible influence of the stresses at 

plate boundaries (See Chapter 1). In addition, the timing of the intra-plate vertical 

motions and tectonic events at the plate boundaries does not always agree. In these 

cases it is difficult to establish an accurate relation between the two events. A potential 

explanation of vertical motions in such regions is the stress exerted on the plates by the 

underlying mantle. This mechanism overcomes the spatial limitation related to the 

distance to plate boundaries, since the mantle flow is present globally. Its role in the 

vertical displacement of crust in response to mantle flow is a topic of active research and 

is referred to as dynamic topography.    
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iii.  Dynamic topography  
Dynamic topography is a deflection oÆ ÔÈÅ %ÁÒÔÈȭÓ ÓÕÒÆÁÃÅ ÉÎ ÒÅÓÐÏÎÓÅ ÔÏ ÔÈÅ ÕÎÄÅÒÌÙÉÎÇ 

mantle flow. 4ÈÅ ÔÅÒÍ ȰÄÙÎÁÍÉÃȱ ÉÓ chosen due to the fact that on the geological time 

scale the mantle is constantly in motion. If present, the vertical component of the mantle 

flow may produce topographic signals. Hence, the signals may vary spatially and 

temporally, depending on the mantle state. Dynamic topography and its scales can be 

inferred from numerical models and geophysical observations. A prominent example of 

dynamic topography is the anomalously high elevation of the southeast of Africa 

associated with a hot mantle anomaly revealed by seismic tomography (Lithgow-

Bertelloni and Silver, 1998). Also, geological data indicates differential vertical plate 

motions in the interior of the North American continent. Namely, the Western Interior 

Seaway of North America was actively subsiding in the late Cretaceous, but was uplifted 

in the Tertiary (Bond, 1976; Liu and Nummedal, 2004). According to these observations, 

the wavelength of dynamic topography varies from ~100 km to ~1000 km and its 

amplitude is in the order of 1-2 km (Flament et al., 2013).  

The exact mechanism of dynamic topography is a question of active research. Recent 

numerical models significantly advanced our understanding of the mantle convection. 

Nevertheless, the lack of accurate constraints on the density and viscosity structure of 

the mantle remains an obstacle to fully understand and model the mantle flow. The 

present day mantle structure can be to some degree constrained by the seismic 

tomography (Kárason and Van Der Hilst, 2000). However, reconstructing the mantle 

flow of older geological ages is a more complex task, because the past mantle structure is 

unknown. It involves implementation of sophisticated numerical algorithms and often 

relies on the global plate motion models and theoretical assumptions. As a consequence, 

the uncertainties related to the mantle induced topography become significant. 

Classification of the available algorithms and their limitations is presented by Flament et 

al. (2013). 

iv. Surface observations  
Just as the mantle flow models can be used to constrain dynamic topography, also 

information on the topography evolution can improve our knowledge of the mantle 

processes. This is done by comparing the surface expressions of dynamic topography 
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with topography predicted by mantle models. Thus, surface observations serve as a 

valuable source of information in understanding the deep EarthȭÓ processes. 

At the moment, the geological constraints of the dynamic topography evolution are of a 

local character. Moreover, detecting the dynamic component of vertical motions on a 

local scale is often difficult because at times it is not easily distinguishable from other 

tectonic mechanisms. Therefore, the most informative regions to observe dynamic 

topography are larger-scale plate interiors where effects of other tectonic controls are 

smaller (Gurnis, 1992). The record of the vertical motions is preserved by the 

sedimentary basins and can be restored from their  cover.  

The aim of this thesis is to contribute to the global database of dynamic topography 

evolution by studying the anomalous vertical motions of the largest intra-continental 

sedimentary basin ɀ the West Siberian Basin (Chapter 1). We then extend our analysis of 

vertical motions to the Barents Sea and Northern Europe. In order to understand the 

relation of vertical motions and the mantle, we juxtapose the trends of the observed 

vertical motions and available mantle flow indicators. The latter include vertical motions 

predicted by the mantle convection model and relative velocity of Eurasian plate. More 

details on the hypotheses, methods and results of this work are provided in the 

Summary of chapters.  

Summary of chapters  
Chapter 1 ɀ Anomalous subsidence history of the West Siberian B asin 

as an indicator for mantle -induced dynamic topography  

The West Siberian Basin is a good example of the intra-continental region that has 

ÅØÐÅÒÉÅÎÃÅÄ ÖÅÒÔÉÃÁÌ ÍÏÔÉÏÎÓȢ 4ÈÅ ÂÁÓÉÎȭÓ ÓÅÄÉÍÅÎÔÁÒÙ ÃÏÖÅÒ recorded the history of 

subsidence and uplift from the Permo-Triassic and until the late Paleogene. Although the 

basin has been extensively explored, its development mechanisms are not very clear. 

The traditional view on its formation process presumes the post-rift thermal 

accommodation subsidence (Lobkovsky et al., 1996). We contributed by calculating the 

ÔÅÃÔÏÎÉÃ ÃÏÍÐÏÎÅÎÔ ÏÆ ÔÈÅ ÂÁÓÉÎȭÓ ÓÕÂÓÉÄÅÎÃÅ ÁÎÄ ÕÐÌÉÆÔ ÏÎ ÔÈÅ ÓÃÁÌÅ ÏÆ ÔÈÅ ×ÈÏÌÅ ÂÁÓÉÎ 

based on geological data.  
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Furthermore, we assessed whether the calculated subsidence would agree with the 

model of the post-rift thermal basin subsidence. Our results demonstrated that 

calculated and modelled subsidence trends differ in several aspects. The subsidence of 

the West Siberian Basin was about twice larger and lasted longer than the thermal 

subsidence. Also, the basin experienced migration of the subsidence center and repeated 

uplift events. Such observations indicate that thermal subsidence is unlikely to be the 

ÏÎÌÙ ÍÅÃÈÁÎÉÓÍ ÒÅÓÐÏÎÓÉÂÌÅ ÆÏÒ ÔÈÅ ÂÁÓÉÎȭÓ ÄÅÖÅÌÏÐÍÅÎÔ and the vertical motions 

reflect the underlying mantle processes.  

Chapter 2 ɀ Kalkulo Report on the v ertical motions in the Barents Sea  

Mantle convection is a process, operating on a very large continent scale (Jones et al., 

2011). Therefore, the mantle-induced vertical motions in the West Siberian Basin may 

be also reflected in the proximate regions. An area to the northw est of the WSB ɀ the 

Barents Sea contains several deep intracratonic basins, where this hypothesis can be 

tested. Due to a very high hydrocarbon potential, the Barents Sea has been extensively 

explored, and a large amount of data is freely available (Henriksen et al., 2011). Thus, 

tectonic events and vertical motions of the Barents Sea basins are relatively well 

constrained. We dedicate Chapter 2 to reviewing the data and models of the Barents Sea 

geology to understand the character of its vertical motions. The data indicate the 

following pattern: Permo-Triassic rifting followed by intense Triassic subsidence; a 

rifting event at the end of Jurassic ɀ beginning of Cretaceous accompanied by an uplift of 

highs; moderate subsidence in the Cretaceous and the late Cretaceous ɀ Paleogene uplift 

and the Neogene intense uplift. We have found that the character of the vertical motions 

in the Barents Sea resembles the one in the WSB. This is a very strong indication that the 

vertical motions in these regions are governed by a common mechanism likely 

manifesting the mode of the underlying mantle flow.  

Chapter 3 ɀ Repeated Cenozoic erosional events in northwestern 

Eurasia during episodes of faster spreading: implications for the 

common driving mechanism   

In the two previous chapters we have learned that large parts of Eurasia are affected by 

coeval vertical motion. Moreover, coeval vertical motions have been reported along the 
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North Atlantic margin ɀ in Greenland, the British Isles and Norway (Japsen and 

Chalmers, 2000). In this chapter we constrained the evolution of European topography 

by the means of digital hiatus surface maps at the bases of 5 distinct Cenozoic epochs. 

These results show two episodes of the areal increase in erosion occurring at the 

Paleocene-Eocene boundary and in the Miocene. In order to understand the role of the 

mantle convection flow in the European topography we compare this trend to the 

indicators of the underlying mantle flow. The hiatal area curve is very close qualitatively 

and also quantitatively (since Miocene) to the dynamic topography predicted by the 

mantle convection model. Moreover, the observed trends are in strong qualitative 

agreement with the North Atlantic spreading velocity trend. Our work links the vertical 

and horizontal plate motions in the North Atlantic through a pressure-driven mantle 

flow triggered by the mantle anomaly associated with the Icelandic mantle plume.   

Conclusion  
The outcome of our work provides estimates of the spatial and temporal pattern of 

vertical motions in Western Siberia since the Permo-Triassic and in northwestern 

Eurasia since the late Cretaceous. Our results reveal a remarkable closeness in the 

character of certain subsidence and uplift events in various locations of the study area. 

The large spatial extent of the corresponding vertical tectonics indicates their strong 

relation to the deep EarthȭÓ processes. This hypothesis was further supported by the 

mantle convection model output and the analysis of the plate velocity variations in the 

North Atlanti c, which directly reflect the mantle convection mode in the region. The 

analysis demonstrated that episodes of velocity increase of Eurasia relative to North 

America corresponded to an overall increase of uplifted area in northwestern Eurasia. 

We interpret this outcome as an indication of a common mechanism, relating the 

spreading velocity variations and topography variations.  

A number of analytical and numerical solutions proposed that a pressure driven flow in 

the mantle asthenosphere could link the changes of horizontal and vertical plate 

motions (Höink et al., 2012; Höink and Lenardic, 2010). Moreover, these models also set 

constraints on the asthenospheric structure characterized by lower viscosity and 

thinner  channel shape (Weismüller et al., 2015). These models demonstrate that the 

flow in the thin low-viscosity asthenosphere would have a strong pressure-driven 
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component associated with higher flow velocities. On its way through the 

asthenosphere, the pressure-driven flow woul d also induce vertical plate motions. In the 

case of North Atlantic, the pressure gradient may arise due to the mantle anomaly 

related to the Iceland plume. The rising anomaly would cause a topographic signal, first 

focused on the plume area and moving radially away from the plume (Friedrich et al., 

2017). Such anomaly would also cause changes of the spreading velocities.  Our work is 

a systematic approach to support this theory by the surface observations.  

We observed that the pattern of dynamic topography is in a good agreement with the 

suggested mantle flow mechanism. An important consequence of this agreement is the 

possibility to elaborate the constraints on the mantle structure. Better constraints of 

mantle parameters would allow more accurate mantle convection models improving our 

knowledge of the deep Earth processes. Thus, the focus of the future work should be on 

the analytical estimation of elements characterizing the mantle convection system in 

order to minimize the misfit between the modelled and observed topography.  

Deeper understanding of the laws governing the vertical motions and the mantle flow 

would also have a practical value in the energy field. Knowing the processes underlying 

ÔÈÅ ÓÅÄÉÍÅÎÔÁÒÙ ÂÁÓÉÎÓȭ ÄÅÖÅÌÏÐÍÅÎÔ ×ÏÕÌÄ ÆÁÃÉÌÉÔÁÔÅ ÄÅÃÉÓÉÏÎ ÍÁËÉÎg process in the 

hydrocarbon domain. This knowledge would reduce the costs of exploration drilling and 

also decrease the risks associated with it.  
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This chapter presents estimates of tectonic subsidence of the West Siberian Basin based 

on available geological data. The obtained tectonic subsidence estimates are then 
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the main mechanism ÏÆ ÔÈÅ ÂÁÓÉÎȭÓ ÄÅÖÅÌÏÐÍÅÎÔȢ Significant differences in the patterns 

of observed and predicted subsidence indicate an imprint of an additional mechanism, 

likely related to the sublithospheric processes. 
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Anomalous subsidence history of the West 

Siberian Basin as an indicator for episodes of 

mantle -induce d dynamic topography  

 

Abstract  
Vertical intraplate motions are not easily related to plate tectonics. Understanding their 

underlying mechanism is further complicated by poor constraints on the magnitude and 

timing of these motions. Western Siberia is a prominent intraplate area affected by 

vertical tectonics. Shortly after the assemblage of Pangaea, the region experienced 

substantial uplift followed by a long period of subsidence that led to formation of the 

×ÏÒÌÄȭÓ ÌÁÒÇÅÓÔ ÓÅÄÉÍÅÎÔÁÒÙ ÂÁÓÉÎɀthe West Siberian Basin. Its sedimentary cover has 

been extensively explored and described in the Soviet literature. Here we digitise 

ÃÏÍÐÉÌÁÔÉÏÎÓ ÏÆ ÓÔÒÁÔÉÇÒÁÐÈÉÃ ÄÁÔÁ ÔÏ ÃÁÌÃÕÌÁÔÅ ÔÈÅ ÂÁÓÉÎȭÓ ÓÕÂÓÉÄÅÎÃÅ ÈÉÓÔÏÒÙ ÂÙ 

backstripping analysis. Our results confirm the prolonged and high amplitude regional 

ÓÕÂÓÉÄÅÎÃÅ ÔÈÁÔ ÈÁÓ ÂÅÅÎ ÎÏÔÅÄ ÂÅÆÏÒÅ ÁÎÄ ÃÏÎÓÔÉÔÕÔÅÓ ÔÈÅ ÂÁÓÉÎȭÓ ÆÉÒÓÔ-order vertical 

motion. However, our backstripping results also reveal a secondary mode of shorter 

spatial and temporal scales induced by the migration of the maximum subsidence across 

the basin. Importantly, the generally slow subsidence of the basin was interrupted by 

uplift events in the early and late Cretaceous and in the middle Oligocene. While the 

secondary mode of vertical motion is not easily understood in terms of traditional 

subsidence models restricted to lithospheric cooling after stretching, it is consistent 

with rapid uplift events that have been reported for other locations, such as elevated 

passive continental margins. We discuss the geodynamic implications and conclude that 

the basin may hold important constraints on dynamic topography induced by 

sublithospheric mantle flow processes. 

 

Introduction   
Plate tectonics (Morgan, 1968) is a powerful framework for understanding horizontal 

ÍÏÔÉÏÎÓ ÏÆ %ÁÒÔÈȭÓ ÓÕÒÆÁÃÅȟ ×Èereas the vertical movements of the plate interior are 

more difficult to comprehend. Their underlying geodynamic mechanisms are unclear, 
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because the forces commonly assumed to govern vertical movements of tectonic plates, 

for instance lithospheric flexure or isostasy (see Cloetingh and Ziegler (2007) for a 

review) are usually associated with plate margin processes such as subduction or 

mountain building. Nevertheless, intraplate regions are known to have experienced 

significant uplift or subsidence events, even though located far away from tectonic 

boundaries. 

Soviet scholars recognized the importance of vertical motions early on. Favouring a 

fixistic ÃÏÎÃÅÐÔ ÏÆ ÇÌÏÂÁÌ ÄÅÆÏÒÍÁÔÉÏÎȟ ÔÈÅÙ ÁÃËÎÏ×ÌÅÄÇÅÄ ÔÈÁÔ ȰÔÈÅ ÆÕÎÄÁÍÅÎÔÁÌ ÁÎd 

ÍÏÓÔ ÕÎÉÖÅÒÓÁÌ ÔÅÃÔÏÎÉÃ ÍÏÔÉÏÎÓ ÏÆ ÔÈÅ %ÁÒÔÈ ÃÒÕÓÔ ÁÒÅ ÖÅÒÔÉÃÁÌ ÏÓÃÉÌÌÁÔÏÒÙ ÍÏÖÅÍÅÎÔÓȱ 

(Khain and Ryabukhin, 2002). While their view was partly motivated by observations 

from the Russian cratonic interiors, where the effects of vertical motions are evident 

from the stratigraphic record, the mechanism for intraplate vertical motions remained 

unexplained.  

'ÅÏÄÙÎÁÍÉÃÉÓÔÓ ÈÁÖÅ ÌÏÎÇ ËÎÏ×Î ÔÈÁÔ ÖÉÓÃÏÕÓ ÆÌÏ× ÉÎ ÔÈÅ %ÁÒÔÈȭÓ ÍÁÎÔÌÅ ÃÁÎ ÃÁÕÓÅ 

ÓÉÚÅÁÂÌÅ ÖÅÒÔÉÃÁÌ ÍÏÖÅÍÅÎÔ ÏÆ ÔÈÅ %ÁÒÔÈȭÓ ÓÕÒÆÁÃÅ ÉÎ ÁÄÄÉÔÉÏÎ ÔÏ ÄÒÉÖÉÎÇ ÔÈÅ ÈÏÒÉÚÏÎÔÁÌ 

ÃÏÍÐÏÎÅÎÔ ÏÆ ÐÌÁÔÅ ÍÏÔÉÏÎȢ 4ÈÅÙ ÉÎÔÒÏÄÕÃÅÄ ÔÈÅ ÃÏÎÃÅÐÔ ÏÆ ÄÙÎÁÍÉÃ ÔÏÐÏÇÒÁÐÈÙ (Hager 

and Gurnis, 1987) ÔÏ ÒÅÆÅÒ ÔÏ ÍÁÎÔÌÅ ÉÎÄÕÃÅÄ ÖÅÒÔÉÃÁÌ ÄÅÆÌÅÃÔÉÏÎÓ ÏÆ ÔÈÅ ÌÉÔÈÏÓÐÈÅÒÅ ɉÓÅÅ 

Flament et al. (2013) and Braun (2010) for recent reviews). "ÅÃÁÕÓÅ ÔÈÅÓÅ ÄÅÆÌÅÃÔÉÏÎÓ 

ÐÒÏÄÕÃÅ ÇÒÁÖÉÔÙ ÁÎÏÍÁÌÉÅÓ ÏÆ ÃÏÍÐÁÒÁÂÌÅ ÁÍÐÌÉÔÕÄÅ ÔÏ ÔÈÅ ÐÒÉÍÁÒÙ ÆÌÏ× ÉÎÄÕÃÉÎÇ ÍÁÓÓ 

ÁÎÏÍÁÌÉÅÓ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÍÁÎÔÌÅ ÈÅÔÅÒÏÇÅÎÅÉÔÙȟ ÉÔ ÉÓ ÅÓÓÅÎÔÉÁÌ ÔÈÁÔ ÏÎÅ ÔÁËÅÓ ÔÈÅÍ ÉÎÔÏ 

ÁÃÃÏÕÎÔ ÉÎ ÄÙÎÁÍÉÃ ÍÏÄÅÌÓ ÏÆ ÔÈÅ 'ÅÏÉÄ (Colli et al., 2016; Ricard et al., 1984; Richards 

and Hager, 1984)Ȣ 

'ÅÏÌÏÇÉÃ ÉÎÆÅÒÅÎÃÅÓ ÁÂÏÕÔ ÄÙÎÁÍÉÃ ÔÏÐÏÇÒÁÐÈÙ ÈÁÖÅ ÇÒÏ×Î ÒÁÐÉÄÌÙ ÉÎ ÒÅÃÅÎÔ ÙÅÁÒÓȢ 4ÈÅÙ 

ÁÒÅ ÄÒÁ×Î ÆÒÏÍ Á ÖÁÒÉÅÔÙ ÏÆ ÉÎÄÉÃÁÔÏÒÓȟ ÓÕÃÈ ÁÓ ÒÅÇÉÏÎÁÌ ÖÅÌÏÃÉÔÙ-ÄÅÐÔÈ ÁÎÏÍÁÌÉÅÓ ÉÎ 

.ÏÒÔÈ 3ÅÁ #ÈÁÌË ɉÅȢÇȢȟ Japsen (1998)Ɋȟ ÒÅÓÉÄÕÁÌ ÄÅÐÔÈ ÍÅÁÓÕÒÅÍÅÎÔÓ (Hoggard et al., 

2016)ȟ ÔÈÅ ÓÕÂÓÉÄÅÎÃÅ ÐÁÔÔÅÒÎ ÏÆ ÉÎÔÒÁ ÃÏÎÔÉÎÅÎÔÁÌ ÂÁÓÉÎÓ (Heine et al., 2008) ÁÎÄ 

ÍÁÒÇÉÎÁÌ ÓÅÁÓ ÉÎ 3% !ÓÉÁ (Yang et al., 2016)ȟ ÏÒ ÔÈÅ ÓÔÒÁÔÉÇÒÁÐÈÉÃ ÒÅÃÏÒÄ ÁÌÏÎÇ ÐÁÓÓÉÖÅ 

ÃÏÎÔÉÎÅÎÔÁÌ ÍÁÒÇÉÎÓ ɉÅȢÇȢȟ Autin et al. (2013), Dressel et al. (2015), Guillocheau et al. 

(2012), Paton et al. (2008), Praeg et al. (2005), Reeve et al. (2016), Said et al. (2015)ȟ 

+ÕËÌÁ ÅÔ ÁÌȢ ɉÔÈÉÓ ÖÏÌÕÍÅɊɊȢ 4ÈÅÒÅ ÉÓ ÁÌÓÏ ÅÖÉÄÅÎÃÅ ÆÏÒ ÅÐÉÓÏÄÅÓ ÏÆ ÂÕÒÉÁÌ ÁÎÄ ÅØÈÕÍÁÔÉÏÎ 

ÁÌÏÎÇ ÐÁÓÓÉÖÅ ÃÏÎÔÉÎÅÎÔÁÌ ÍÁÒÇÉÎÓ ɉÅȢÇȢȟ Anell et al. (2009), Dressel et al. (2016), Japsen 

et al. (2012a), Japsen and Chalmers (2000)Ɋȟ ÁÓ ×ÅÌÌ ÁÓ ÒÅÐÏÒÔÓ ÏÆ ÔÒÁÎÓÉÅÎÔ ÕÐÌÉÆÔ ÅÖÅÎÔÓ 
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ÉÎ ÔÈÅ ÓÅÄÉÍÅÎÔÁÒÙ ÂÁÓÉÎÓ ÏÆ ÔÈÅ .ÏÒÔÈ !ÔÌÁÎÔÉÃ ɉÅȢÇȢȟ Hartley et al. (2011)) ×ÉÔÈ 

ÁÍÐÌÉÔÕÄÅÓ ÁÐÐÒÏÁÃÈÉÎÇ ρ ËÍȢ )Î ÔÈÅ 3ÏÕÔÈ !ÔÌÁÎÔÉÃ ÒÅÇÉÏÎȟ ÍÏÒÅÏÖÅÒȟ ÓÐÒÅÁÄÉÎÇ ÒÁÔÅ 

ÃÈÁÎÇÅÓ ÁÐÐÅÁÒ ÔÏ ÃÏÒÒÅÌÁÔÅ ×ÉÔÈ ÕÐÌÉÆÔ ÅÖÅÎÔÓȟ ÐÒÅÓÕÍÁÂÌÙ Ï×ÉÎÇ ÔÏ ÖÁÒÉÁÔÉÏÎÓ ÉÎ 

ÐÒÅÓÓÕÒÅ ÄÒÉÖÅÎ ÕÐÐÅÒ ÍÁÎÔÌÅ ÆÌÏ× (Colli et al., 2014)Ȣ $ÙÎÁÍÉÃ ÔÏÐÏÇÒÁÐÈÙ ÍÁÙ ÔÈÕÓ 

ÐÒÏÖÉÄÅ ÉÍÐÏÒÔÁÎÔ ÃÌÕÅÓ ÏÎ ÔÈÅ ÃÏÎÖÅÃÔÉÖÅ ÃÉÒÃÕÌÁÔÉÏÎ ÏÆ ÔÈÅ ÓÕÂÌÉÔÈÏÓÐÈÅÒÉÃ ÍÁÎÔÌÅȢ )ÔÓ 

ÔÅÍÐÏÒÁÌ ÃÈÁÎÇÅÓ ÈÁÖÅ ÉÍÐÌÉÃÁÔÉÏÎÓ ÆÏÒ ÐÁÓÔ ÍÁÎÔÌÅ ÆÌÏ×ȟ ×ÈÉÃÈ ÏÎÅ ÃÁÎ ÃÏÎÓÔÒÁÉÎ ÆÒÏÍ 

ÒÅÔÒÏÄÉÃÔÉÏÎÓ (Colli et al., 2015)ȟ ÉÎÖÅÒÓÅ ÆÌÏ× ÍÏÄÅÌÉÎÇ ÔÅÃÈÎÉÑÕÅÓ (Bunge et al., 2003)ȟ 

ÂÁÃË×ÁÒÄ ÁÄÖÅÃÔÉÏÎ (Moucha and Forte, 2011)Ȣ 

The West Siberian Basin (WSB) is an ideal location to study intraplate vertical motions. 

It is the largest petroleum basin in the world, located on the Eurasian plate, and 

bounded by the East European Craton from the West and the Siberian Craton from the 

East (Vyssotski et al., 2006) (Figure ρɊȢ 4ÈÅ ÂÁÓÉÎȭÓ ÓÕÂÓÉÄÅÎÃÅ ÉÎÉÔÉÁÔÅÄ ÁÆÔÅÒ Á 0ÅÒÍÏ-

Triassic uplift event, which left evidence in the form of rift structures and the well-

known Siberian trap basalts (Reichow et al., 2005). Many authors have suggested that 

the Permo-Triassic uplift event and magmatism are consequences of a plume arrival 

(Dobretsov et al., 2013; Holt et al., 2012; Saunders et al., 2005). The subsidence, delayed 

in the majority of the basin until Jurassic (200 Ma), continued until the middle Oligocene 

(~ 30 Ma), leading to the accumulation of up to 12 km of sediments that archive the 

ÂÁÓÉÎȭÓ ÔÅÃÔÏÎÉÃ ÈÉÓÔÏÒÙ (Vyssotski et al., 2006)Ȣ 4ÈÅ ÓÔÒÕÃÔÕÒÅ ÏÆ ÔÈÅ ÂÁÓÉÎȭÓ ÓÅÄÉÍÅÎÔÁÒÙ 

cover was documented by extensive drilling and seismic ÅØÐÅÒÉÍÅÎÔÓ ÉÎ ÔÈÅ ρωυπȭÓȢ )Î 

total, the overall volume of exploratory drilling accounted for 6500 kilometers in 

ÂÏÒÅÈÏÌÅ ÌÅÎÇÔÈȢ !Ó ×ÅÌÌȟ ωπϷ ÏÆ ÔÈÅ ÂÁÓÉÎȭÓ ÁÒÅÁ ×ÁÓ ÃÏÖÅÒÅÄ ÂÙ ÒÅÇÉÏÎÁÌ ÓÅÉÓÍÉÃ 

imaging (Kontorovich et al., 1975). While the original borehole and seismic data is not 

readily available, detailed interpretations have been published in the Soviet literature.  

In this paper, we digitise these compilations of sedimentary data and constrain the 

tectonic vertical motions in the WSB using backstripping analysis. This method 

determines pure tectonic subsidence of a basin and corrects for the effects of sediment 

loading (Steckler and Watts, 1978)Ȣ 7ÈÉÌÅ ÐÒÅÖÉÏÕÓ ÁÔÔÅÍÐÔÓ ÔÏ ÁÎÁÌÙÓÅ ÔÈÅ ÂÁÓÉÎȭÓ 

vertical motions performed backstripping in 1D for single well data (Armitage and Allen, 

2010; Saunders et al., 2005), we extend the analysis to 2D by using our digitised maps 

that cover the WSB. Furthermore, we compare the obtained backstripping results to the 
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empirical thermal subsidence model from McKenzie (1978). Data and workflow for this 

study are discussed in the Data and Methods section. 

  

Figure  1. Geographic map of the basin . Geographic map showing topography and outline 
(digitised after Cherepanova et al. (2013) of the West Siberian Basin (WSB). ESP - East Siberian 
Platform, UM - Ural Mountains, ASM - AltayɀSayan Mountains. Much of the basin is low-lying at 
less than 150 m elevation. The black line shows location of the regional seismic profile from 
Figure 7. 

 

Data and Methods  
The sedimentary thickness data was obtained by geo-referencing and digitising isopach 

maps (Rudkevich, 1976; Rudkevich et al., 1988). The resulting data consists of grids for 

each of the 12 sedimentary cycles, which are geological time intervals defined by their 

common depositional characteristics. Each grid point contains the value of the sediment 

thickness, the lithological parameters (density, initial porosity and porosity coefficients) 

and paleo-water depth for that location. The resulting digitised isopach maps are 

presented in Figure 2, while Table 1 summarizes the lithology of the maps and the 

corresponding lithological parameters. 
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For each of the grid points we calculated the tectonic subsidence of the WSB by 

backstripping the sediment thicknesses at the time intervals dictated by the age of the 

sedimentary cycles. We use the porosity (f) ɀ depth ( z ) relationship (Athy, 1930): 

0( ) ,czz ef f-=   

where 0fis the initial or surface porosity and c  is the compaction coefficient, to 

calculate the total layer thickness, which is the sum of the net sediment thickness and 

the pore space. Backstripping is performed assuming Airy isostasy, because the basin is 

approximately in isostatic equilibrium as its crust is not sufficiently strong to support 

the sediment load (Saunders et al., 2005). We implement an iterative approach for each 

layer, where subsequent decompactions are applied for each layer removed (Said et al., 

2015). Tectonic uplift is derived from the local paleo-water depth gradient, and 

therefore stands for the minimum estimate of uplift. 

Water weight also contributes to loading the lithosphere and therefore paleo-water 

depth is added to the decompacted sequence at each time step in backstripping. An 

indicator for paleo-water depth comes from the amount and type of foraminifera in the 

sediment. Bulinnikova et al. (1978) provides water depth values for different 

depositional environments of the WSB based on the foraminifera content. Combined 

with knowledge of the basin's depositional environments from Kontorovich et al. (1975) 

we constructed curves of basin paleo-water depth. Figure 3 shows the mean paleo-water 

depth and its standard deviation. 

To estimate the contribution of post-rift thermal subsidence in the development of the 

basin, we applied a lithospheric cooling model from McKenzie (1978). This model, which 

assumes uniform stretching, is a simplified way to test whether thermal subsidence is 

ÔÈÅ ÍÁÉÎ ÄÒÉÖÉÎÇ ÍÅÃÈÁÎÉÓÍ ÏÆ ÔÈÅ ÂÁÓÉÎȭÓ ÔÅÃÔÏÎÉÃ ÓÕÂÓÉÄÅÎÃÅ without going into many 

technical details of depth or rheology dependant stretching models (e.g. Brune et al. 

(2017), Huismans and Beaumont (2011), Watts and Burov (2003)).  

The model reqÕÉÒÅÓ ÁÎ ÁÓÓÕÍÐÔÉÏÎ ÁÂÏÕÔ ÔÈÅ ɼ-factor, which is the measure of the 

crustal stretching estimated by a ratio of unstretched relative to stretched crust. The 

present day crustal thickness in the WSB is described by Cherepanova et al. (2013) 

(Figure 4) and ranges from 25 km in the northern parts of the basin to 43 km in the 
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periphery. The original thickness of crust prior to the formation of the rifts in the West 

Siberian basement is not known. To be conservative, we assume it to be 45 km as a 

mean, as suggested by the crustal thickness in the surrounding areas. ! ÓÕÍÍÁÒÙ ÏÆ ɼ-

factors and other parameters applied in the thermal subsidence model is listed in Table 

2.  
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Figure  2. Isopach maps. Isopach maps showing sediment thickness in meters for 12 
sedimentary cycles (A-L), digitised after Rudkevich (1976) and Rudkevich (1988). See Table 1 
for the ages and names of the sedimentary cycles. Colorscale interval is 200 m. The isoline 
interval is 400 m for A and 200 m for B-L. Note intense sedimentation at the onset of subsidence 
(A, B) followed by slow-down and shift of depocenter to the East (C, D, E). The depocenter shifts 
back to the central (F, G) and western part of the basin (H), followed by a migration to the North 
(I, J). (K) shows a depocenter intensification in the Northeast. (L) is the last sedimentary cycle 
before the basin's uplift and erosion. The data was gridded using splines in tension, with a 
tension coefficient of 0.75 and a 0.25 degree resolution.   

Sedimentary cycle  

 

╜╪ 

Age  

 

Lithology  Surface 

Porosity  

  □  

Porosity  

Coefficient  

Density  

 

▓▌z

□ ]  □  

Max. 

thi ckness 

 

A - Triassic  250-190 Sandstone 0.49 0.27 2650 3000 

B ɀ   Early Jurassic 

(early Plinsbachean -

Bathonian)  

190-166  Argillaceous 

sandstone 

0.56 0.39 2460 2500 

C - Late Jurassic 

(Callovian -

Kimmeridgian)  

166-152 Argillaceous 

sandstone and 

limestone 

0.56 0.39 2460 400 

D ɀ Tithonian -early 

Beriassian  

152-142  Argillaceous 0.63 0.51 2600 400 

E - Late Berriasian -early 

Valangian  

142-136.5  Argillaceous 

sandstone 

0.56 0.39 2460 500 

F - Late Valangian 136.5-134 Argillaceous 

sandstone 

0.56 0.39 2460 400 

G - Early Hauterivian  134-132.5 Argillaceous 

sandstone 

0.56 0.39 2460 600 

H - Late Hauterivian -

Barremian   

132.5-

126.3 

Argillaceous 

sandstone 

0.56 0.39 2460 500 

I ɀ Aptian  126.3-

109.5 

Argillaceous 

sandstone, increasing  

sandstone to the east 

0.56 0.39 2460 500 

J - Late Albian -

Cenomanian  

109.5-94 Argillaceous 

sandstone, increasing 

sandstone to the east 

0.56 0.39 2460 800 
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Table 1. Summary of sedimentary parameters used in the backstripping. For the ages 
(Gradstein et al., 2012) was used as timescale, while the lithology was taken from Rudkevich 
(1976), Rudkevich et al. (1988) and sediment parameters from Allen and Allen (2013).

 

Stratigraphy  
Figures 2, 5, 6 and 7 describe the sedimentary cover of the WSB. A peak sediment 

accumulation of 2ͯ km occurs in the Triassic and early Jurassic (Figure 2 A, 2 B), 

followed by at most only 400 m of sediment in the Late Jurassic period (Figure 2 C). 

Sedimentation was moderate in the following sedimentary cycles (Figure 2 D-G), and 

took place mostly in the northern and central parts of the basin. A shift of the 

depocenter to the West occurred in the late Hauterivian-Barremian (Figure 2 H). The 

last sedimentary cycle recorded was the Paleocene-early Oligocene (Figure 2 L) during 

×ÈÉÃÈ ÔÈÅ ÄÅÐÏÃÅÎÔÅÒ ×ÁÓ ÌÏÃÁÔÅÄ ÒÏÕÇÈÌÙ ÉÎ ÔÈÅ ÃÅÎÔÅÒ ÏÆ ÔÈÅ ÂÁÓÉÎȢ 4ÈÅ ÂÁÓÉÎȭÓ 

sedimentary deposition is also described by the burial graphs in Figure 5. 

Unconformities are widespread in the Late Eocene and Oligocene in all parts of the basin 

(Figure 6). After Oligocene erosion, sedimentation continued in the South of the basin, at 

the western margin and in the Yenisey delta, while the rest of the basin was in hiatus 

(Figure 6). In addition, a line drawing of the main seismic reflectors in Figure 7 shows 

ÔÈÅ ÓÔÒÕÃÔÕÒÅ ÏÆ ÔÈÅ ÂÁÓÉÎȭÓ ÓÅÄÉÍÅÎÔÁÒÙ ÃÏÖÅÒȢ 

 

K ɀ Turonian -

Maastrichtian  

94-66 Argillaceous 0.63 0.51 2600 1000 

L ɀ Paleocene-early 

Oligocene 

66-30 Argillaceous-siliceous 

sandstones  

0.56 0.39 2460 800 

Points  P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 

Thickness,  

□ᶻ  

31 33 37 37 33 35 40 33 39 39 

ɼ-factor  1.45 1.36 

 

1.21 1.21 

 

1.36 

 

1.28 

 

1.12 

 

1.36 

 

1.15 

 

1.15 
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Table 2. Crystalline basement thickness (Cherepanova et al., 2013) ÁÎÄ ÔÈÅ ÃÏÒÒÅÓÐÏÎÄÉÎÇ ɼ-
factor  used in the thermal subsidence analysis (McKenzie, 1978) . Other parameters include 
lithosphere thickness (100 km), thermal expansion coefficient of both mantle and crust 
‌ σϽρπὑ , asthenosphere temperature ( Ὕ ρψυσ ὑ ,mantle density ” σσσπ ὯὫϽ
ά , density of sea water ” ρπππ ὯὫϽά , and thermal diffusivity ‖ ψϽρπά Ͻί . 
We assume that rifting ended 240 Ma and the unstretched crust was 45 km thick. The applied 
model accounts for a water-filled basin.  

 

 

Figure  3. Mean paleo-water depth  Mean paleo-water depth (the solid black line) in the basin 
compiled from foraminifera (Bulinnikova et al., 1978) and paleogeographic environment data 
(Kontorovich et al., 1975) with error bars indicating one standard deviation. Colored dashed 
lines show global eustatic level from different studies (Haq et al., 1987; Kominz, 1984; Müller et 
al., 2008b; Pitman, 1978) for comparison. Overall, the local and the global sea level curves do not 
coincide, although the iÍÐÒÉÎÔ ÏÆ ÔÈÅ ÇÌÏÂÁÌ ÓÅÁ ÌÅÖÅÌ ÏÎ ÔÈÅ ÂÁÓÉÎȭÓ ÌÏÃÁÌ ÓÅÁ ÌÅÖÅÌ ÉÓ ÁÐÐÁÒÅÎÔ ÉÎ 
the Turonian transgressive event and in the Cenozoic gradual sea level fall. 
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Figure  4. Crystalline  basement thickness map . Thickness map of crystalline basement in the 
West Siberian Basin digitized from Cherepanova et al. (2013). Crustal structure is complex with 
maximum thickness (43 km) near cratonic borders and minimum thickness (25 km) in the 
northernmost part of the Basin. Black dots show location of the points (P1 to P9) for which 
subsidence curves are calculated in Figure 8. 
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Figure  5. Burial histor y graphs. Burial graphs of the WSB based on the stratigraphy data from 
Rudkevich (1976), Rudkevich et al. (1988) for two pointsɂone in the north (Point 1) and the 
other in the south (Point 6). The locations of the points are shown in Figure 4. The sedimentary 
cycles A-L are defined in Figure 2. 
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Figure  6. Unifi ed stratigraphic chart of the WSB . The chart is simplified and redrawn after 
Kontorovich et al. (1975). W, S, E, NE, N stand for North, South, East, Northeast and North of the 
basin. On the right, the column Cycles shows corresponding sedimentary cycles. Unconformities 
inter rupt sedimentary record in the early Jurassic and Oligocene in the North and the Northeast 
and in the Triassic, early Jurassic, early and late Cretaceous and at the Eocene-Oligocene 
boundary in the southern part of the basin. 
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Uncertainties  
The main potential sources of uncertainty in our study are: the accuracy of isopach 

maps, paleo-water depth estimates and parameter values related to the choice of 

sediment type. The contours of the original isopachs are given with the interval of either 

100 or 200 m depending on the map. For the 100 m scale isopach, the points in-between 

the contours would be either up to 50 m more than the N-th contour, or up to 50 m less 

than the (N+1)-th contour, so that the accuracy of the isopach is ±50 m. In the same 

fashion, the 200 m scale isopach have the accuracy of ±100 m. The choice of input 

parameters for different lithologies (e.g. initial porosity, density, porosity coefficient) 

also carries some uncertainty. To estimate the uncertainty, we varied the values for the 

initial porosity of rocks. Using porosities for each of the three lithology types that were 

as similar ( mixedj = 0.60, shalej = 0.63, sandj = 0.55) or as different ( mixedj = 0.56, shalej = 

0.65, sandj = 0.45) as possible, we compared the backstripping results with the results 

using the mean porosity value •  = 0.56 averaged from three present types of 

sedimentsɂsandstone, argillaceous and argillaceous sandstone. The case with the most 

different values for the initial porosity yielded the biggest difference relative to the 

mean initial porosity case, with the maximum difference reaching 15 % of the tectonic 

subsidence for all time steps.  

Additionally, the isostasy model impacts the final result. Our choice of an Airy isostasy 

implies maximum values of tectonic subsidence.  

 

 

Figure  7. Seismic prof ile  across WSB. Line drawing showing seismic profile across the WSB 
from West to East (redrawn after Vyssotski et al. (2006)). Location of the profile is shown on 
Figure 1. Total sediment thickness is consistent with our stratigraphic data.  
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Results 

In Figure 8, we present the results of the backstripping analysis. At the Permo-Triassic 

boundary, the northern part of the basin subsided to about 2 km, reflecting the trend of 

the basement rifts (Figure 8 A). In the early Jurassic, tectonic subsidence began to affect 

the whole basin, with the main subsidence in the East (Figure 8 B). In the Late Jurassic, 

the loci of subsidence were in the eastern and southeastern parts of the basin with ~250 

m of tectonic subsidence, while the central, northern and northwestern parts subsided 

less than 100 m (Figure 8 C). At this time subsidence propagated westwards, becoming 

uniform throughout the basin, and was ͯ 100 m (Figure 8 D). Later in the Late 

Berriasian-early Valangian the basin underwent uplift and erosion; uplift was especially 

active in the center of the northern region, reaching 165 m in 5 Myrs (Figure 8 E). At the 

same time subsidence was active in the South, the southwestern and northeastern parts 

reaching 135 m (Figure 8 E). Subsidence affected the basin again in the Late Valangian, 

stretching as a line from the North of the basin to the South, with a peak amplitude of 

about 200 m (Figure 8 F). However, to the East and West of this line, there is a hiatus in 

sedimentation implying a relative uplift of the basin edges in these regions. In the early 

Hauterivian, the basin expanded westwards, and the western and northern parts of the 

basin experienced 200-270 m subsidence (Figure 8 G). Subsidence rates slowed in the 

late Hauterivian-early Barremian for subsequent stages, with the western part becoming 

the locus of subsidence (Figure 8 H). The Aptian and Late Albian-Cenomanian were 

characterised by slow subsidence, almost uniform throughout the basin, and amounting 

to close to 200 m in the North and centre (Figure 8 I), with the centre of subsidence 

migrating Southeast (Figure 8 J). In the Turonian-Maastrichtian, most of the basin was 

dominated by over 200 m of subsidence (Figure 8 K) until the Cretaceous-Tertiary 

transition when the eastern and southern margins of the basin emerged (Figure 6). In 

the Eocene the northwestern parts of the basin subsided (Figure 8 L), while in the 

middle Oligocene the basin uplifted starting from the Northeast.  
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Figure 8. Tectonic subsidence maps. Maps showing tectonic subsidence in the West Siberian 
Basin for 12 sedimentary cycles (A-L) as defined in Figure 2. Note that the 0 contour 
corresponds to uplift. The colorscale interval is 100 m and isoline interval is 200 m. Initially 
subsidence only affects the northern part (A). The region of subsidence expands, but is still 
focused in the North (B) and moves later (C) to the eastern part. The uplift is apparent in the 
early Cretaceous (E). Later on (F, G) the subsidencÅ ÌÏÃÕÓ ÓÈÉÆÔÓ ×ÅÓÔ×ÁÒÄÓȟ ÒÅÁÃÈÉÎÇ ÔÈÅ ÂÁÓÉÎȭÓ 
western part (H). Then the subsidence locus moves to the center (I, J) and to the East (K) of the 
basin. (L) shows the early Paleogene change of tectonic mode in the basin associated with uplifts 
(red color). 

 

We illustrate the temporal character of vertical motions in Figure 9 with two sets of 

points whose positions are shown in Figure 4. The first set of points crosses the basin 

from North to South (respectively P1-3, 9 and 4-6), while the second set crosses it from 

West to East (P7-10 respectively). The tectonic subsidence in the northernmost point 

(P1) reaches 3.5 km, while it is only around 1.6 km in the southernmost point (P6). From 

West to East, the maximum tectonic subsidence increases from 1.1 km (P7) to 2.0 km 

(P9) and then drops again to 1.6 km in the East (P10). Some of the curves also feature 

intermediate local maxima, indicating periods of uplift. In the North (P1 and P2), a local 

maximum is observed during the late Berriasian-early Valangian (period E, 142-136.5 

Ma). While in the West (P7 and P8), the uplift occurs later during the late Valangian 

(period F, 136.5-134 Ma). Furthermore, the curves in Figure 9 show significant slowing 

of the tectonic subsidence in the Paleocene-early Oligocene (period L, 60-30 Ma). Lack of 

sediments after 30 Ma precludes estimations of tectonic subsidence from Late Oligocene 

to present.  

For each plot in Figure 9, a single-phase lithospheric cooling model (McKenzie, 1978) for 

ÔÈÅ ÓÅÌÅÃÔÅÄ ÐÏÉÎÔÓ ÉÓ ÓÈÏ×Î ÕÓÉÎÇ ÔÈÅ ɼ-factors from Table 2. A purely thermal post-rift 

subsidence model predicts significantly less tectonic subsidence at each point than what 

is calculated from the backstripping analysis (Figure 9). For example, the post-rift 

cooling model produces only 1.3 km of subsidence in the North (Figure 9, P1) and 0.5 

km in the centre (Figure 9, P9), compared with 3.5 km and 1.6 km of backstripping-

derived subsidence for the same points. In addition, the thermal cooling curve flattens at 

around 200 Ma, whereas the backstripping curve shows a nearly linear decrease until 

the Cretaceous-Paleogene boundary (66 Ma).  
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Figure  9. Tectonic subsid ence analysis. Tectonic subsidence analysis for point set from 
Figure 4. Solid lines represent tectonic subsidence calculated by the backstripping analysis. 
Dashed black lines show the thermal subsidencÅ ÃÁÌÃÕÌÁÔÅÄ ÆÏÒ ÔÈÅ ɼ-factor from Table 2. Note 
an increase of subsidence amount from North (P1) to South (P6). Positive peaks from 142 Ma to 
136 Ma are apparent, indicating uplift. The basin uplifted ca. 30 Ma by unknown magnitude, 
illustrated by the red dotted line with a question mark. 
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Discussion 
Based on a comprehensive and digitised stratigraphic dataset, our analysis shows that 

the WSB experienced varied and prolonged vertical motion from its inception in the 

Triassic to today. Relatively fast tectonic subsidence in the Triassic and early Jurassic 

was followed by a slowdown in Late Jurassic, with the subsidence centre moving from 

the North to the East. At the Jurassic-Cretaceous boundary, some regions in the basin 

experienced significant uplift. Later on, the subsidence moved westwards and reached 

ÔÈÅ 7ÅÓÔ ÏÆ ÔÈÅ ÂÁÓÉÎ ÉÎ ÔÈÅ ,ÁÔÅ (ÁÕÔÅÒÉÖÉÁÎȢ )Î ÔÈÅ 0ÁÌÅÏÃÅÎÅȟ ÔÈÅ ÂÁÓÉÎȭÓ ÔÅÃÔÏÎÉÃ ÁÎÄ 

paleogeographic environment changed: slow subsidence continued until the middle 

Oligocene when the basin experienced renewed uplift.  

$ÕÒÁÔÉÏÎ ÏÆ ÔÈÅ ÂÁÓÉÎȭÓ ÔÅÃÔÏÎÉÃ ÓÕÂÓÉÄÅÎÃÅ ÅØÃÅÅÄÓ ÔÈÅ ÔÈÅÒÍÁÌ ÒÅÓÐÏÎÓÅ ÔÉÍÅ ÏÆ ÔÈÅ 

lithosphere (McKenzie, 1978). In other words, thermal subsidence of the basin is 

expected to attenuate ~20 Myr after its onset, when the change in depth becomes less 

than 10% of the total depth. However, the backstripping analysis suggests active 

tectonic subsidence of much longer duration. Armitage and Allen (2010) explained the 

protracted subsidence of intraplate basins through a mechanism that involves 

continuous lithospheric stretching. Specifically, they suggested that a persistent 

stretching with a low strain rate of ρπ ί  lasting for 50-100 Myrs and necessitating a 

ɼ-factor of 1ͯ.5 would explain the long lasting WSB subsidence. Evidence exists for 

faulting and fault reactivation in the basin, concentrated at Jurrasic and Oligocene time 

(Kontorovich, 2009). However, our backstripping analysis indicates the need for larger 

ɼ-factors to explain the inferred subsidence through lithospheric extension. To satisfy 

the amount of subsidence reported for P1 in Figure ωȟ ÔÈÅ ɼ-factor should be ͯ ɼЀσȢ 

Consequently, the thickness of stretched crust in the northern part of the basin would be 

as small as 15 km, in disagreement with existing crustal models (Cherepanova et al., 

2013). 

The Permo-Triassic emplacement of the Siberian flood basalts has encouraged the idea 

ÔÈÁÔ ÔÈÅ 73"ȭÓ ÓÕÂÓÉÄÅÎÃÅ Ï×ÅÓ ÉÎ ÐÁÒÔ ÔÏ ÔÈÅÒÍÁÌ ÁÃÃÏÍÍÏÄÁÔÉÏÎ ÁÆÔÅÒ ÔÈÅ ÐÌÕÍÅ 

event (Holt et al., 2012; Saunders et al., 2005). It is reasonable to assume that the plume 

was located in the North of the basin, where the vertical motions initiated (Rudkevich, 

1976) and where they take on their largest amplitude (see Figure 8). The propagation of 

the plume material to the periphery might have resulted in the Triassic uplift of the 
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southern area of the basin followed by the post-Triassic subsidence (Friedrich et al., this 

volume). However, in addition to the temporal decay of the thermal anomaly, the post-

ÐÌÕÍÅ ÓÕÂÓÉÄÅÎÃÅ ÈÙÐÏÔÈÅÓÉÓ ÓÈÏÕÌÄ ÃÏÎÓÉÄÅÒ 3ÉÂÅÒÉÁȭÓ ÍÏÔÉÏÎ ÁÃÒÏÓÓ ÔÈÅ ÍÁÎÔÌÅȢ ! 

number of plate kinematic models is available for tectonic reconstruction of the past 100 

Myrs (e.g., Seton et al. (2012)). These models rely on the choice of a reference frame, for 

example several fixed hotspots or moving hotspots models (Doubrovine et al., 2012; 

/ȭ.ÅÉÌÌ ÅÔ ÁÌȢȟ ςππυȠ 7ÅÓÓÅÌ ÁÎÄ +ÒÏÅÎËÅȟ ςππψɊ, all of which contributes to the 

uncertainty (Shephard et al., 2012).  

Taking the plate reconstruction to the Permo-Triassic time requires additional 

assumptions (Cogné, 2003; Evans, 2009) that enable one to estimate the motion of the 

WSB over the mantle (Figure 10). A True Polar Wander-corrected reconstruction of 

Eurasia (Steinberger and Torsvik, 2008; Torsvik et al., 2008) implies that the WSB 

moved ͯ 2300 km northeast since the Permo-Triassic boundary. Thus if the plume was 

connected to a large-scale mantle upwelling and associated dynamic topography arising 

from convective stresses (Braun, 2010), then ÔÈÅ ÂÁÓÉÎȭÓ ÐÒÏÌÏÎÇÅÄ ÓÕÂÓÉÄÅÎÃÅ ×ÏÕÌÄ 

Ï×Å ÉÎ ÐÁÒÔ ÔÏ ÔÈÅ 73"ȭÓ ÍÏÖÅÍÅÎÔ ÒÅÌÁÔÉÖÅ ÔÏ ÔÈÉÓ ÂÒÏÁÄȟ ÍÁÎÔÌÅ-anchored topographic 

swell. 

Our analysis identifies short-lived and regional uplift events. Superimposed on the long 

term basin evolution, and concentrated ͯ 142-136 Ma in the North and ͯ 136-134 Ma in 

the West, they are evidenced as peaks in the tectonic subsidence curves of Figure 9. The 

amplitude of these peaks is about 400 m which gives a minimum estimate of the uplift 

intensity. Furthermore, there is evidence of intense erosion in the basin in the Cenozoic 

with magnitudes varying from 200 m up to 2.5 km (Igoshkin et al., 2008). Taking into 

account that the basin is remote from tectonic boundaries that could have influenced the 

ÂÁÓÉÎȭÓ ÅÖÏÌÕÔÉÏÎ (Ziegler et al., 1998, 1995), these short-lived, regional motions are of 

considerable interest as they could provide geodynamic constraints on the spatial and 

temporal scales of sublithospheric mantle flow. The vertical motions of the lithosphere 

induced by convective stresses of mantle flow are commonly assumed to be large in 

scaleɂas low as spherical harmonic degree twoɂand slowly changing in time. 

Arguments for broad spatial scales are based on seismic imaging of the deep mantle, 

which reveals long wavelength mantle heterogeneity (Grand, 2002; Ritsema et al., 2011; 

Simmons et al., 2007; Van der Hilst et al., 1997), while arguments for slow temporal 
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changesɂimplied by its relation to deep mantle heterogeneityɂare drawn from 

geodynamic inferences that much deep mantle heterogeneity is associated with past 

subduction (Richards and Engebretson, 1992) and the slow convective overturn of the 

mantle (Bunge et al., 1998), effectively suggesting that dynamic topography evolves on 

time scales of 100 Myrs.  

However, evidence is mounting from a variety of geologic observations for additional 

dynamic topography components that are shorter in spatial scale and faster changing 

over time. These components are indicated by episodes of regional uplift and subsidence 

seemingly unrelated to the large scale circulation of the mantle, which are reported from 

elevated passive continental margins (Japsen et al., 2012b), marginal continental basins 

(Autin et al., 2013; Dressel et al., 2015; Guillocheau et al., 2012), and the oceanic realm, 

where some locations record transient uplifts (Hartley et al., 2011). In the South Atlantic 

region, moreover, rapid oceanic spreading changesɀon the order of 10 Myrs or soɀ

correlate with vertical motion (Colli et al., 2014). The underlying mechanism for these 

changes involves variations in pressure driven upper mantle flow (Iaffaldano and Bunge, 

2015; Nerlich et al., 2014) where flow velocities may exceed plate tectonic velocities by 

an order of magnitude (Weismüller et al., 2015). Our observations for the WSB are 

broadly consistent with these inferences and suggest that basins hold important 

archives of past mantle flow regimes, which one can constrain from retrodictions (Colli 

et al., 2015) or inverse mantle flow modelling techniques (Ghelichkhan and Bunge, 

2016). 

We close our discussion on the WSB tectonic subsidence history by considering eustatic 

sea level variations. An overprint of the global sea level curve on the WSB paleo-water 

depth is noticeable in Figure 6. Curves for eustatic sea level and the WSB paleo-water 

depth follow broadly similar trends in the Turonian, presumably in response to the 

global Cretaceous sea level high, and in the Late Cretaceous which experienced a sea 

level drop. While it is thus possible to attribute some basin shallowing in the Late 

Cretaceous to eustatic sea level effects, it is difficult to explain the basins vertical motion 

entirely this way. However, a better representation of the various geodynamic 

influences on global sea level is needed (Austermann et al., 2015) to separate the 

regional and global sea level signals in the WSB. 
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Figure  10. Tectonic reconstructions since 250 Ma . Snapshots of plate tectonic 
reconstructions from 4DPlates (Clark et al., 2012) since the onset of vertical motions in the WSB 
ÁÔ ςυπ -ÁȢ $ÁÓÈÅÄ ÌÉÎÅ ÓÈÏ×Ó ÔÈÅ 73"ȭÓ ÃÏÎÔÏÕÒȢ 2ÅÄ ÌÉÎÅÓ ÍÁÒË ÐÏÓÉÔÉÏÎÓ ÏÆ ÅÑÕÁÔÏÒ ÁÎÄ ÐÒÉÍÅ 
meridian. We use the Plates UTIG model (Müller et al., 2008a) and the fixed hotspot reference 
frame. Note that Siberia experienced ͯ2300 km North-East motion from the initial location since 
250 Ma.  

 

Conclusions 
We have reconstructed the tectonic subsidence history of the WSB for which we digitised 

available stratigraphic data and calculated tectonic vertical motions for 12 sedimentary cycles 

using a backstripping analysis. Gridded maps in Figure 8 illustrate the result of our calculations, 

showing alternating periods of slow subsidence, interrupted by brief uplift periods. The most 

intense subsidence phase was in the Triassic and in the early Jurassic. Subsidence slowed 
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subsequently and its locus moved to the western part of the basin. Between 142-136 Ma the 

basin experienced irregular uplift on the background of a global marine transgression, followed 

by renewed subsidence. The basin uplifted in the middle Oligocene when sedimentation 

ÓÔÏÐÐÅÄȢ !ÌÔÈÏÕÇÈ ÔÈÅ ÂÁÓÉÎȭÓ ÓÕÂÓÉÄÅÎÃÅ ÈÁÓ ÂÅÅÎ ÉÎÔÅÒpreted as thermal subsidence in the 

wake of a Permo-Triassic rifting event, our results indicate a more complex history. Specifically 

the amplitude and prolonged duration of subsidence, its migration throughout the basin, and the 

occurrence of regional, short lived uplift events call for the influence of additional 

sublithospheric factors related to mantle flow. Our results suggest that basins hold important 

archives of past mantle flow regimes. 
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Chapter 2 
 

 

 

 

This chapter presents a Kalkulo report on the vertical plate motions in the Barents Sea. 

 

In previous chapter we have learned that tectonic subsidence of the West Siberian Basin 

and especially its northern part exhibit features indicative of dynamic topography. This 

chapter is dedicated to the study of a neighbouring intraplate sedimentary basin ɀ the 

Barents Sea. The overview of the most recent geophysical data shows a remarkable 

correspondence of major tectonic events in the Barents Sea and West Siberian Basin. 

Due to the large spatial scale of coeval tectonic pulses, the chapter challenges ideas of 

local tectonic mechanisms and discusses the role of mantle convection in development 

of these regions.  
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Kalkulo r eport on the vertical plate motions in 

the Barents Sea 

 

Introduction  
Vertical plate motions play a major role in shaping sedimentary basins and formation of 

hydrocarbon sources (Allen and Allen, 2013). Efficient basin exploration requires 

understandiÎÇ ÏÆ ÔÈÅ ÂÁÓÉÎÓȭ ÖÅÒÔÉÃÁÌ ÍÏÔÉÏÎÓ ÁÎÄ ÔÈÅÉÒ ÕÎÄÅÒÌÙÉÎÇ ÍÅÃÈÁÎÉÓÍÓȢ 

Generally, basin subsidence and uplift are associated with deformation at the tectonic 

boundaries. However, there are various examples of sedimentary basins formed in the 

plate interior and their development mechanisms still remain unclear (Leighton, 1991). 

An example of such intra-cratonic basins is the West Siberian Basin, discussed in 

Chapter 1 (Vibe et al., 2017)Ȣ 7Å ÓÈÏ×ÅÄ ÔÈÁÔ ÔÈÅ ÂÁÓÉÎȭÓ ÓÕÂÓÉÄÅÎÃÅ ÉÓ ÕÎÌÉËÅÌÙ Á ÒÅÓÕÌÔ 

of thermal accommodation, because of its amount and prolonged duration. Moreover, 

the West Siberian Basin experienced irregular uplift episodes, accompanied by re-

activation of faults. In order to further investigate the nature of the intraplate vertical 

motions we look into another intra-cratonic basin bordering the West Siberian Basin ɀ 

the Barents Sea.  

The Barents Sea has been actively explored since the end of the 20th century and its 

tectonic history is relatively well constrained (Henriksen et al., 2011b). In this chapter 

we aim to review the latest geophysical data on the geological structure, vertical 

motions and upper mantle setting in the framework of the Greater Barents Sea. We test 

whether the character of vertical motions in the Barents Sea can relate to that observed 

in the West Siberian Basin. Understanding the pattern of vertical motions potentially 

enables generalization of the laws, which governs development of the intraplate basins. 

Geological setting  
The Barents Sea occupies an area of c. 1500 M km² north of Europe, bordered by the 

Norwegian-Greenland Sea to the West and Novaya Zemlya to the East (Figrue 1). The 

Barents Sea is typically divided into the Western and the Eastern Barents Seas. The two 

parts of the Barents Sea have been distinguished due to the geo-political reasons, but 

also due to the significant differences in the crustal and sedimentary structures.  



45  Geological setting 

The Western Barents Sea comprises the highs, platforms and numerous smaller basins 

(Figure 1). It is situated on a Caledonian suture representing an assembly of basement 

terrains (Doré, 1991). The Western Barents Sea overlays a non-homogeneous crystalline 

crust with indications of high-density bodies, which could possibly resemble accreted 

Iceland arcs or oceanic terrains (Breivik et al., 2002). According to Faleide et al. (2008) 

in some parts of the Western Barents Sea, such as the Svalbard Platform, crustal 

thickness reaches 30 km. Ritzmann and Faleide (2009) suggest presence of the old, 

continental lithosphere in the Western Barents Sea. Tomographic model interpretation 

(Gac et al., 2016), however, shows that lithosphere in the Western Barents Sea is hotter 

and thinner, than in the Eastern Barents Sea. The type or the age of the crust in the 

Western Barents Sea is presumably different from the one in the Eastern Barents Sea 

(Sakoulina et al., 2015). 
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Figure 1 . Geographical setting and the structural setting of the Barents Sea.  The Eastern 
Barents Sea lies to the West of Novaya Zemlya and comprise two major basins: South Barents 
Basin and North Barents Basin. The Western Barents Sea occupies an area north of the 
Norwegian coast and comprises smaller basins, paltforms and highs. Abbreviations: GH ɀ 
Gardarbanken High, SH ɀ Sentralbanken High, PH ɀ Polarrev High, HH ɀ Hopen High.  The 
shapefile is freely available at http://www.npd.no/en/Top ics/Geology/Temaartikler/Structure -
elements/. 

The Eastern Barents Sea contains major South and North Barents basins and several 

highs (Figure 1). It has possibly comprised one large basin before it split up into the 

southern and northern parts by the Ludlov saddle in Triassic time or, according to some 

studies, in the middle Jurassic (Klett and Pitman, 2011; /ȭ,ÅÁÒÙ et al., 2004). Regarding 

the crustal structure, the older seismic studies report that the Eastern Barents Sea rests 

on a combination of sub-oceanic crust and continental blocks (Verba et al., 1986). 

However, more recent explorations found that the Eastern Barents Sea crust is of 

continental nature (Ritzmann and Faleide, 2009). The continental origins of the crust are 

confirmed by the deep seismic investigations (Sakoulina et al., 2000). The crustal 

thickness data varies between different studies. The study by Sakoulina et al. (2015) 

documents crustal thickness of 35 km in the North Kara Basin, 50 km in the Novaya 

Zemlya area and 40 km in the North Kara Sea. However, The BARENTS50 crustal model 

by Ritzmann et al. (2007) suggest lower crustal thickness values (see Figure 2 b). 

At least four mechanisms are proposed to be responsible for the formation of the 

Barents basins: sag-basins due to extension (Ritzmann and Faleide, 2009), foreland 

basin bordering due to Uralian orogeny (Otto and Bailey, 1995), thermal cooling 

(/ȭ,ÅÁÒÙ et al., 2004), densification of crustal mafic heterogeneities due to buckling (Gac 

et al., 2013). Both western and eastern parts of the Barents Sea were shaped by several 

extensive rifting episodes (Doré, 1995). 
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Figure 2. Sediment and crustal thickness of the Barents Sea. The maps represent 
different layers of the BARENTS50 crustal model by Ritzmann et al. (2007). The model is plotted 
using Albers Conic projection and 5 km data contours.  
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Tectonic history  

i. Main Paleozoic events  
Gudlaugsson et al. (1998) outlined the main Paleozoic events of the Western Barents Sea 

history to be consolidation of the basement due to Caledonian orogeny; Devonian 

tectonic regime of both extension and compression; Carboniferous and Permian 

extensive rifting events; and gradual development of the non-fault related Permian 

subsidence.  

The Caledonian stage began in the middle to late Silurian with a climax in the late 

Devonian (Aplonov et al., 1996; Doré, 1995; Klett and Pitman, 2011). In the Western 

Barents Sea, the main arm of the Caledonides (The Barents Caledonides) follows the NE 

trend of the Scandinavian-Greenland Caledonides and covers the most of the southern 

Western Barents Sea. Another arm of Caledonides is oriented northwards and covers the 

northwestern Barents Sea ɀ the Svalbard Caledonides (Henriksen et al., 2011b). The 

Svalbard and Barents Caledonides define the N-S and NE-SW trends of the Barents sea 

fault complexes, which are thought to be basement-controlled and repeatedly activated 

(Doré, 1991). 

The Devonian regime is documented on Svalbard, where a N-S oriented graben is filled 

with the early and middle Devonian strata (Friend and Moody-Stuart, 1972). Later, the 

strata was deformed by folding and faulting during the lÁÔÅ $ÅÖÏÎÉÁÎ Ȱ3ÖÁÌÂÁÒÄÉÁÎ 

ÍÏÖÅÍÅÎÔÓȱ ÁÎÄ ÕÎÃÏÎÆÏÒÍÁÂÌÙ ÏÖÅÒÌÁÉÎ ÂÙ #ÁÒÂÏÎÉÆÅÒÏÕÓ ÓÔÒÁÔÁ ɉ6ÏÇÔȟ ρωςψ). The 

nature of this event is not very clear (Gudlaugsson et al., 1998).  

The two main extensional phases in the Western Barents Sea are agreed to be the late 

Devonian- middle Carboniferous and Permo-Triassic (Gabrielsen et al., 1990; 

Gudlaugsson et al., 1998). The first one resulted in formation of numerous extensional 

basins separated by local highs, such as Tromsø, Bjørnøya, Nordkapp, Fingerdjupet, 

Maud, Ottar and possibly Hammerfest Basins (Dengo and Røssland, 2013). Fault 

movements ceased in the late Carboniferous, and the relief was covered by the 

Carboniferous-Permian succession (Gudlaugsson et al., 1998). This platform-wide 

succession marked the switch from the fault-controlled syn-rift subsidence to the sag-

basin type subsidence active throughout Permian. Another rifting episode occurred at 

the Permo-Triassic boundary and affected the northerly trending zone at the western 
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margin of the Barents Sea. For example, extensive erosion is documented on the Loppa 

High at the Permo-Triassic (Gabrielsen et al., 1993) 

/ȭ,ÅÁÒÙ et al. (2004) highlights three main rifting events in the Eastern Barents Sea in 

the Paleozoic: early Ordovican, middle Ordovican- Silurian and middle to late Devonian. 

These events are documented for both the Timan-Pechora and South Barents Basin, and 

it is proposed that they had similar Paleozoic structural history, but were separated by a 

paleo-high. Henriksen et al. (2011b) and Klett and Pitman (2011) point to another major 

rifting pulse also in the middle Carboniferous.  

A major Permo-Triassic rifting event, which affected the Western Barents Sea, was also 

active in the Eastern Barents Sea, Timan-Pechora Basin and the WSB (Allen et al., 2006; 

Gramberg, 1997; Klett and Pitman, 2011).  

ii.  Main Mesozoic events  

The series of rifting events described above led to the crustal extension and formation of 

half-grabens, resulting in development of a sag basin in the Barents region and 

pronounced Triassic subsidence (Gudlaugsson et al., 1998). The subsidence was mainly 

focused on the Eastern Barents Sea and the Nordkapp and Hammerfest basins 

(Henriksen et al., 2011b). In the Western Barents Sea, Triassic subsidence rates were 

lower than in the East, but still very high, also suggesting that thermal subsidence might 

have played an important role, until the middle Triassic (Gudlaugsson et al., 1998). 

Interestingly, although the Triassic subsidence is partially attributed to the last stages of 

Uralian orogeny by most authors (Klett and Pitman, 2011; /ȭ,ÅÁÒÙ et al., 2004; Otto and 

Bailey, 1995), they note that the Barents Sea does not show geometries characteristic to 

foreland basins. 

Following Henriksen et al. (2011a) a major rifting episode in the Western Barents Sea 

occurred in the late Jurassic ɀ Cretaceous, which was mostly confined to the western 

basins ɀ including the Hammerfest Basin, which subsided relatively to the Loppa High. 

Some rifting, uplift and faulting are also recognized in the Tromsø, Bjørnøya and Harstad 

basins, and after the final stage of rifting these basins rapidly subsided (Faleide et al., 

2008).  Faleide et al. (1993) documents major unconformities bounding the 

Teistengrunnen group (Callovain to late Beriassian) and numerous unconformities 

within  the group indicating continued late Jurassic faulting. This early Cretaceous 
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structuring of the southwestern Barents Sea was characterized by extensional faulting 

with a large downthrow to the West (Faleide et al., 1993). Magmatism was also present 

in the form of doleritic instrusions in the Triassic ɀ early Cretaceous shales (Gjelberg and 

Steel, 1995). The differential uplift and subsidence in the late Cretaceous led to the 

formation of deep basins  

 

Figure 3. Stratigraphic chart of the Barents Sea.  Simplified after Henriksen et al. 
(2011b), Worsley (2008). The right panel outlines the main tectonic events in the region and at 
the closest tectonic boundaries.  
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flanked by exposed highs and formation of the deep marine shales ɀ Bazhenov formation 

or Hekkingen formation.  

The Eastern Barents Sea also experienced an uplift and sub-aerial exposure of basin 

margins in the late Jurassic (Klett and Pitman, 2011). Notably, the regional  

Ȱ,ÁÔÅ +ÉÍÅÒÒÉÁÎȱ ÕÎÃÏÎÆÏÒÍÉÔÙ ÍÁÒËÉÎÇ ÒÉÆÔÉÎÇ ÁÔ ÔÈÅ *ÕÒÁÓÓÉÃ- Cretaceous transition is 

recognized in all basins of the North Atlantic (Jacquin and de Graciansky, 1998). 

Late Cretaceous strata is widespread in the Western Barents Sea, while the Eastern 

Barents Sea holds only the early Cretaceous strata truncated by unconformity overlain 

by the Quaternary sediments (Henriksen et al., 2011b).  

iii.  Main Cenozoic events 

Faleide et al. (1993) identifies a depositional break at the Cretaceous-Tertiary transition 

between the Sotbakken and Nygrunnen groups (Figure 3). The hiatus was then followed 

by a deposition of uniform sequence that was deposited as a sheet in the entire Barents 

Sea in the late Paleocene. Paleocene-Eocene sediments are found in the Western Barents 

Sea in the Hammerfest and Nordkapp basins, resting unconformably on the Cretaceous 

rocks. But the Cenozoic stratum is eroded on all the platforms around and at the Loppa 

high. Judging from the truncation of the early Cretaceous strata, a significant Cenozoic 

uplift affected the Barents Sea. Deposition was happening only along the western margin 

ɀ in the Sørvestnaget basin and the Vestbakken Volcanic Province. 

In the Eocene, the central segment of the Western Barents Sea underwent rifting and 

volcanism, followed by a down-faulting in a pull-apart setting (Faleide et al., 1993, 1991, 

1988). The southern part of the Sørvestnaget basin was uplifted and eroding, shedding 

sediments onto the immature oceanic crust and Tromsø basin. Stappen high 

experienced an uplift in the early Eocene after the pronolnged susbsidence period 

following the Permo-Triassic uplift (Worsley et al., 2001).   

In the early Oligocene, compression between Svalbard and north Greenland resulted in a 

fold and thrust belt on Svalbard (Henriksen et al., 2011b) and compression and 

inversion features are seen over all the Barents Sea. The main center of deformation and 

volcanism in the southwestern Barents Sea was the Vestbakken volcanic province 

(Faleide et al., 1993). The next uplift episode in the Barents Sea took place in the late 
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Cenozoic. However its timing is not very well constrained, and is debated to have 

happened either in the early Oligocene, or in Miocene (Reemst et al., 1994). 

Dimakis et al. (1998) summarized the results of sediment balance works to derive the 

total value of the Cenozoic Western Barents Sea erosion. They suggest that the Barents 

Sea was sub-aerial prior to glaciations and erosion estimate varies from 1200 to 3500 m. 

The appatite fission track studies by Nyland et al. (1992) identifiy  two uplift events in 

the Western Barents Sea, one 50-40 Ma and another 10-5 Ma.  

The Eastern Barents basin and north Kara Sea were uplifted and eroded first at the late 

Cretaceous ɀ Paleogene transition (Klett and Pitman, 2011; Musatov, 1998, 1989). The 

uplift is estimated to be on the order of 1000 m (Johansen et al., 1992; Musatov, 1999; 

Sobolev, 2012). N to NE striking reverse faults are identified by Gustavsen et al. (1997) 

and interpreted to have developed due to the compression in the Late-Cretaceous ɀ 

Paleogene. The Ludlov saddle became more prominent during the late Cretaceous and 

Paleogene (Klett and Pitman, 2011). Another uplift, presumably, in Oligocene and 

Miocene, occurred along the pre-existent faults (Klett and Pitman, 2011). The total 

estimates of uplift range from 200-1500 m to as much as 2000-3000 m (Musatov, 1999; 

Ryabukhina et al., 1999).   

 

Coeval tectonic pulses  
An overview of sedimentary literature, presented above, draws our attention to the 

similar timing of events in Eurasian sedimentary basins.  

The major Permo-Triassic rifting, which played a crucial role in the West Siberian Basin 

formation, also affected all parts of the Barents Sea. The Permo-Triassic extension is 

documented in various locations along the North Atlantic margin (Doré et al., 1999) and 

marks the onset of rifting activity in the North Sea Basin (Ziegler, 1992). The Permo-

Triassic rifting event is responsible for the formation of large graben system in the West 

3ÉÂÅÒÉÁÎ "ÁÓÉÎ ÁÎÄ ÉÓ ÔÈÏÕÇÈÔ ÔÏ ÐÌÁÙ ÔÈÅ ÍÁÉÎ ÒÏÌÅ ÉÎ ÔÈÅ 73"ȭÓ ÆÏÒÍÁÔÉÏÎȢ 4ÈÅ 

contemporary Siberian flood basalts, erupted during the rifting, link this event to 

important processes in mantle convection. Namely, geochemical experiments and 

numerical modelling results support a theory of a Permo-Triassic mantle plume under 

Siberia (Reichow et al., 2002; Saunders et al., 2005). However, Gramberg (1997) 
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suggests that the Eastern Barents rifting event is presumably younger than the West 

Siberian. 

After the Triassic rapid subsidence of the basins, which affected both the Barents Sea 

and the West Siberian Basin, the late Jurasssic ɀ early Cretaceous rifting episode 

occurred in both regions. The water-loaded tectonic subsidence curve of the WSB, 

presented in Chapter 1 (see Figure 4), shows positive peaks around the Tithonian-

Beriassian transition. These peaks indicate interruption of subsidence and occurrence of 

uplift. Sedimentary overview (Kontorovich, 2009; Kontorovich et al., 2011) confirms a 

late Jurassic- Cretaceous uplift with re -activation of the existing faults in the WSB. The 

North Sea studies (Evans, 2003; Ziegler, 1992) recognize the late Jurassic ɀ early 

Cretaceous rifting pulse, which was active for about 10 My. Notably, Ziegler (1992) 

highlights the absence of volcanism in the North Sea at this rifting stage, whereas 

magmatic intrusions are preserved in the Western Barents Sea sediments (Gjelberg and 

Steel, 1995). Concerning the North Sea volcanism, a large volcanic center and intense 

doming (with a structural relief of up to 2500 m) developed earlier, in the middle 

Jurassic. 

 

Figure 4:  Irregular subsidence of the West Siberian Basin. Map from Vibe et al. (2017) 
showing amount of early Cenozoic tectonic subsidence and uplift in the West Siberian Basin. The 
plot on the right shows tectonic subsidence curve (bold black line) compared to predicted 
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thermal subsidence (dashed gray line). Tectonic subsidence is several times bigger than 
expected thermal subsidence and is interrupted by uplift events, which indicates additional 
development mechanisms. 

Cenozoic encompassed two regional rifting episodes, documented in the Barents Sea, the 

West Siberian Basin and the North Atlantic. The first rifting episode occurred in the 

early Paleogene. As discussed above, unconformities of this time are widespread in the 

Barents Sea (Faleide et al., 1993; Henriksen et al., 2011a, 2011b). Rifting in the future 

Greenland-Norwegian Sea and at the NE Atlantic boundary reached its peak at the 

Cretaceous ɀ Paleogene boundary (Skogseid et al., 2000). The British Isles were uplifted 

at this stage, which led to deposition of thick siliciclastic sequences in the North Sea 

(Evans, 2003). The West Siberian Basin also experienced re-activation of tectonic 

movements at the Meso-Cenozoic boundary. Our tectonic subsidence curves (Figure 4) 

do not show any pronounced peak at this time stage. Nevertheless, seismic cross-

sections in Kontorovich (2009) demonstrate that Paleocene faulting was intense, cutting 

through the whole Mesozoic section. This study shows strong indications that this 

tectonism played a crucial role in the development of main depression in the WSB ɀ the 

Koltogory-Urengoy mega-rift. To make a long story short, rifting at the Meso-Cenozoic 

boundary affected a very vast territory from Greenland to Siberia.  

Another regional tectonic event is confined to the late Cenozoic. The Neogene uplift 

event in the North Atlantic and the Barents Sea left a noticeable imprint in the form of 

intense erosion (see Japsen and Chalmers (2000) for an overview, and also Figure 3 in 

Chapter 3). The exact timing of this uplift is hard to constrain, because almost all uplifted 

areas lack Cenozoic sediments. In addition, glacial erosion contributed heavily to the 

removal of Meso-Cenozoic cover. Despite that, the apatite fission track analysis for 

Scandinavia (Hendriks et al., 2007; Hendriks and Andriessen, 2002) indicates that 

Neogene witnessed an intense uplift both in Northern and in Southern Scandes. 

According to Rudkevich (1976) the onset of the West Siberian Basin uplift occurred 

already around middle Oligocene. 

To sum up, the pattern of vertical motions in the Barents Sea is very similar to that in the 

West Siberian Basin: the Permo-Triassic rifting is followed by a very intense Triassic 

subsidence; re-activation of uplifts at the start and end of Cretaceous, and intense uplift 

from the end of Oligocene- beginning of Miocene. This pattern is observed over a 

distance of about 4000 km. One of the first works to notice a regional character of 
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tectonically generated Triassic and Jurassic sequence boundaries in the Arctic was 

Embry (1997). One year later, Jacquin and de Graciansky, (1998) presented the outline 

of global Mesozoic unconformities, recognizable in all Western European basins. 

Namely, these unconformities are the Hardegsen (Permo-Triassic), Early Cimmerian 

(early Jurassic), Mid-Cimmerian (middle Jurassic), Late Cimmerian (late Jurassic) and 

Laramide (Cretaceous-Paleogene) and are associated to rifting events. It is likely that the 

Paleocene and Miocene unconformities described in previous sections are also of the 

global, tectonically induced type.  

 

Proposed Mechanisms  
The rifting events observed in all of the Barents basins are usually linked to the local 

plate tectonic changes at the basin boundaries. Namely, the Permo-Triassic rifting is 

thought to be a consequence of the Uralian Ocean closure. This closure constituted the 

final stage of Pangean assembly which led to the subsurface heat accumulation (Doré et 

al., 1999; Nance et al., 1988). In the WSB, this major rifting event is agreed upon to be an 

effect of the mantle plume (Saunders et al., 2005). The transition from Permian to 

Triassic was an important stage of Earth tectonic evolution, associated with the 

assembly of the supercontinent Pangea, which split up again shortly (Matthews et al., 

2016). This time interval is also associated with the biggest mass extinction event 

(Rhodes, 1967). Changes of the sea level, increased temperatures and atmospheric 

carbon dioxides due to the continuous volcanism are possible causes of this ecological 

collapse (Erwin, 1994).   

The late Jurassic rifting event in the Barents Sea and in the WSB is attributed to the 

change of the stress field due to the opening of the Arctic basins (Faleide et al., 1993; 

Kontorovich, 2009). Worsley (2008) suggests that the uplift in the late Jurassic is related 

to the heat flow associated with the opening of the Arctic basin. 

The Cenozoic Barents Sea uplift is shown by Gac et al. (2016) to be possibly due to the 

lithospheric shortening caused by the North Atlantic ridge push. In the WSB, according 

to an overview by Vyssotski et al. (2006), the Paleocene change of the depositional 

environments (Rudkevich, 1976) and later the uplift of the whole basin is possibly a 

consequence of the Indian ɀ Eurasian collision.  
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However, the nature of these tectonic events is unlikely to be of a local character, for 

example associated with changes of tectonic stresses. The large scale of the distribution 

of coincident vertical motions points to a common underlying process. Jacquin and de 

Graciansky (1998) suggested a long-term basin subsidence as a main trigger of the 

eustatic changes producing the unconformities. However, this mechanism does not 

account for the fault re-activation associated with development of unconformities. 

Embry (2006) suggested that the nature of synchronous global 

transgression/regression events could be related to the changes of the tectonic plate 

velocities and directions. This idea was inspired by the study of Collins and Bon (1996), 

linking the eustatic changes with mantle dynamics. In Chapter 1, we found that the 

ÉÒÒÅÇÕÌÁÒÉÔÉÅÓ ÏÆ ÔÈÅ 73"ȭÓ ÓÕÂÓÉÄÅÎÃÅ pattern are likely mantle related. This result is 

consistent with the theory that processes in the deep Earth generate a large-scale 

intraplate relief signal. Taking into account that the modern data of the Barents 

basement (Sakoulina et al., 2015) proposed an active dynamic component in the Barents 

Sea formation, observed coeval vertical motions, which connect North Atlantic and 

Siberia through the Barents Sea are likely to manifest some kind of mantle processes.  

 

Mantle beneath the Barents Sea  
The deep structure of the Barents crust and upper mantle are a subject of active 

investigations (Gac et al., 2016; Ivanova et al., 2011; Klitzke et al., 2016; Levshin et al., 

2007; Minakov et al., 2017; Ritzmann and Faleide, 2009; Sakoulina et al., 2016). The 

main results concern the thickness and strength of the regional lithosphere, as well as its 

thermal state. The regional s-wave model BARMOD by Levshin et al. (2007) indicates 

that the lithosphere is thicker in the Eastern Barents Sea than in the Western Barents 

Sea. Lithospheric mantle contributes to a large degree to the increased lithospheric 

thickness in the Eastern Barents, and its crystalline crust is thinner than in the Western 

Barents Sea (Klitzke et al., 2016). Moreover, Eastern Barents Sea is characterized by a 

positive s-wave anomaly in the upper mantle (Levshin et al., 2007). Mantle density 

distribution in Figure 5 demonstrates the corresponding positive anomaly. 3D gravity 

model of the Barents Sea by Klitzke et al. (2016) is consistent with the density increase 

in the upper mantle in the East. Ritzmann and Faleide (2009) suggests that such 

anomaly could be a result of Siberian plume melt accumulation in the Pre-Permian rift 
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structures. 

 

Figure 5: Mantle density at different depths. The maps represents slices of BARENTS3D 
model (NORSAR(2006):BARENTS3D, http://www.nors ar.no/seismology/barents3d/  (Levshin 
et al., 2007; Ritzmann et al., 2007)) . The model identifies a positive anomaly in the 
southeastern Barents Sea.   

Computations of the lithospheric strength (Gac et al., 2016) show that the Western 

Barents Sea is characterized by the weak lithosphere, while the lithosphere is stronger 

in the East Barents Sea. This study shows that the lithospheric strength is mostly 

controlled by its thickness. The thermal model (Klitzke et al., 2016) shows hotter 

lithosphere in the West than in the East, both in terms of the mantle heat flow and the 

surface heat flow. For comparison, the average heatflow values are ~75 mW/m² in the 

West and 64 mW/m² in the East for the surface heat flow and ~45 mW/m² and ~28 

mW/m²  for the mantle heatflow. In the Norwegian- Greenland sea these values are 73-

344 and 55-340 mW/m²  respectively. 

http://www.norsar.no/seismology/barents3d/





























































