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Vertical intraplatemotions are not easily related to plate tectonics. Understanding their underlyingmechanism 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 ex-
perienced substantial uplift followed by a long period of subsidence that led to formation of the world's largest
sedimentary basin–the West Siberian Basin. Its sedimentary cover has been extensively explored and described
in the Soviet literature. Here we digitise compilations of stratigraphic data to calculate the basin's subsidence his-
tory by backstripping analysis. Our results confirm the prolonged and high amplitude regional subsidence that
has been noted before and constitutes the basin's first-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 theMiddleOligocene.While the secondarymode of verticalmotion
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 basinmay hold im-
portant constraints on dynamic topography induced by sublithospheric mantle flow processes.

© 2017 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Plate tectonics (Morgan, 1968) is a powerful framework for under-
standing horizontal motions of Earth's surface, whereas the vertical
movements of the plate interior are more difficult to comprehend.
Their underlying geodynamic mechanisms are unclear, 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 ormountain building. Nevertheless, intra-
plate regions are known to have experienced significant uplift or subsi-
dence events, even though located far away from tectonic boundaries.

Soviet scholars recognized the importance of vertical motions early
on. Favouring a fixistic concept of global deformation, they acknowl-
edged that “the fundamental and most universal tectonic motions of
the Earth crust are vertical oscillatory movements” (Khain and
Ryabukhin, 2002). While their view was partly motivated by
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observations from the Russian cratonic interiors, where the effects of
vertical motions are evident from the stratigraphic record, the mecha-
nism for intraplate vertical motions remained unexplained.

Geodynamicists have long known that viscous flow in the Earth's
mantle can cause sizeable vertical movement of the Earth's surface in
addition to driving the horizontal component of plate motion. They in-
troduced the concept of dynamic topography (Hager and Gurnis,
1987) to refer to mantle induced vertical deflections of the lithosphere
(see Flament et al. (2013) and Braun (2010) for recent reviews). Be-
cause these deflections produce gravity anomalies of comparable ampli-
tude to the primary flow inducing mass anomalies associated with
mantle heterogeneity, it is essential that one takes them into account
in dynamic models of the Geoid (Colli et al., 2016; Ricard et al., 1984;
Richards and Hager, 1984).

Geologic inferences about dynamic topography have grown rapidly
in recent years. They are drawn from a variety of indicators, such as re-
gional velocity-depth anomalies in North Sea Chalk (e.g., Japsen, 1998),
residual depth measurements (Hoggard et al., 2016), the subsidence
pattern of intra continental basins (Heine et al., 2008) and marginal
seas in SE Asia (Yang et al., 2016), or the stratigraphic record along pas-
sive continental margins (e.g., Autin et al., 2013; Dressel et al., 2015;
Guillocheau et al., 2012; Paton et al., 2008; Praeg et al., 2005; Reeve et
V. All rights reserved.
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al., 2016; Said et al., 2015; Kukla et al., 2017 this volume). There is also
evidence for episodes of burial and exhumation along passive continen-
tal margins (e.g., Anell et al., 2009; Dressel et al., 2016; Japsen and
Chalmers, 2000; Japsen et al., 2012a), as well as reports of transient up-
lift events in the sedimentary basins of the North Atlantic (e.g., Hartley
et al., 2011)with amplitudes approaching 1 km. In the SouthAtlantic re-
gion, moreover, spreading rate changes appear to correlate with uplift
events, presumably owing to variations in pressure driven uppermantle
flow (Colli et al., 2014). Dynamic topography may thus provide impor-
tant clues on the convective circulation of the sublithospheric mantle.
Its temporal changes have implications for past mantle flow, which
one can constrain from retrodictions (Colli et al., 2015), inverse flow
modeling techniques (Bunge et al., 2003), backward advection
(Moucha and Forte, 2011).

The West Siberian Basin (WSB) is an ideal location to study intra-
plate vertical motions. It is the largest petroleum basin in the world, lo-
cated 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) (Fig. 1). The basin's subsidence initiated after a Permo-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 Oligo-
cene (~30Ma), leading to the accumulation of up to 12 kmof sediments
that archive the basin's tectonic history (Vyssotski et al., 2006). The
structure of the basin's sedimentary cover was documented by exten-
sive drilling and seismic experiments in the 1950s. In total, the overall
volume of exploratory drilling accounted for 6500 km in borehole
length. As well, 90% of the basin's area was covered by regional seismic
imaging (Kontorovich et al., 1975). While the original borehole and
Fig. 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 - Altay–Sayan 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 Fig. 7.
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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 subsi-
dence of a basin and corrects for the effects of sediment loading
(Steckler and Watts, 1978). While previous attempts to analyse the
basin's vertical motions performed backstripping in 1D for single
well data (Armitage and Allen, 2010; Saunders et al., 2005), we ex-
tend the analysis to 2D by using our digitised maps that cover the
WSB. Furthermore, we compare the obtained backstripping results
to the empirical thermal subsidence model from McKenzie (1978).
Data and workflow for this study are discussed in the Data and
methods Section 2.

2. Data and methods

The sedimentary thickness data was obtained by geo-referencing
and digitising isopach maps (Rudkevich, 1976; Rudkevich et al., 1988).
The resultingdata consists of grids for each of the 12 sedimentary cycles,
which are geological time intervals defined by their common deposi-
tional characteristics. Each grid point contains the value of the sediment
thickness, the lithological parameters (density, initial porosity and po-
rosity coefficients) and paleo-water depth for that location. The
resulting digitised isopach maps are presented in Fig. 2, while Table 1
summarizes the lithology of the maps and the corresponding lithologi-
cal parameters.

For each of the grid points we calculated the tectonic subsidence of
theWSB by backstripping the sediment thicknesses at the time intervals
dictated by the age of the sedimentary cycles.We use the porosity (ϕ) –
depth (z) relationship (Athy, 1930):

ϕ zð Þ ¼ ϕ0e
−cz;

where ϕ0 is the initial or surface porosity and c is the compaction coef-
ficient, to calculate the total layer thickness, which is the sum of the net
sediment thickness and the pore space. Backstripping is performed as-
suming 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 theminimum
estimate of uplift.

Water weight also contributes to loading the lithosphere and there-
fore 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 de-
positional 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. Fig. 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 the main driving mechanism of the basin's tectonic subsidence
without going into many technical details of depth or rheology de-
pendant stretching models (e.g., Brune et al. (2017) and Huismans
and Beaumont (2011)).

The model requires an assumption about the β-factor, which is
the measure of the crustal stretching estimated by a ratio of
unstretched relative to stretched crust. The present day crustal thick-
ness in the WSB is described by Cherepanova et al. (2013) (Fig. 4)
heWest Siberian Basin as an indicator for episodes of mantle induced
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Fig. 2. Isopachmaps. Isopachmaps showing sediment thickness inmeters for 12 sedimentary cycles (A–L), digitised after Rudkevich (1976) and Rudkevich et al. (1988). See Table 1 for the
ages and names of the sedimentary cycles. Colorscale interval is 200m. The isoline interval is 400m for A and 200m 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) andwestern part of the basin (H), followed by amigration 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.
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and ranges from 25 km in the northern parts of the basin to 43 km in
the periphery. The original thickness of crust prior to the formation
of the rifts in theWest Siberian basement is not known. To be conser-
vative, we assume it to be 45 km as amean, as suggested by the crust-
al thickness in the surrounding areas. A summary of β-factors and
other parameters applied in the thermal subsidence model is listed
in Table 2.
Please cite this article as: Vibe, Y., et al., Anomalous subsidence history of t
dynamic topography, Gondwana Research (2017), http://dx.doi.org/10.10
3. Stratigraphy

Figs. 2, 5, 6 and 7 describe the sedimentary cover of theWSB. A peak
sediment accumulation of ~2 kmoccurs in the Triassic and Early Jurassic
(Fig. 2A, B), followed by at most only 400 m of sediment in the Late Ju-
rassic period (Fig. 2C). Sedimentation was moderate in the following
sedimentary cycles (Fig. 2D–G), and took place mostly in the northern
heWest Siberian Basin as an indicator for episodes of mantle induced
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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) and
Rudkevich et al. (1988) and sediment parameters from Allen and Allen (2013).

Sedimentary cycle Age [Ma] Lithology Surface
porosity

Porosity coefficient
[m−3]

Density
[kg∗m−3]

Max. thickness
[m]

A - Triassic 250–190 Sandstone 0.49 0.27 2650 3000
B - Early Jurassic (Early
Pliensbachian-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 - Tithonian-Early Berriasian 152–142 Argillaceous 0.63 0.51 2600 400
E - Late Berriasian-Early Valanginian 142–136.5 Argillaceous sandstone 0.56 0.39 2460 500
F - Late Valanginian 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 - 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

K - Turonian-Maastrichtian 94–66 Argillaceous 0.63 0.51 2600 1000
L - Paleocene-Early Oligocene 66–30 Argillaceous-siliceous sandstones 0.56 0.39 2460 800
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and central parts of the basin. A shift of the depocenter to the West oc-
curred in the Late Hauterivian-Barremian (Fig. 2H). The last sedimenta-
ry cycle recorded was the Paleocene-Early Oligocene (Fig. 2L) during
which the depocenter was located roughly in the center of the basin.
The basin's sedimentary deposition is also described by the burial
graphs in Fig. 5. Unconformities are widespread in the Late Eocene
and Oligocene in all parts of the basin (Fig. 6). After Oligocene erosion,
sedimentation continued in the South of the basin, at the western mar-
gin and in the Yenisey delta, while the rest of the basin was in hiatus
(Fig. 6). In addition, a line drawing of the main seismic reflectors in
Fig. 7 shows the structure of the basin's sedimentary cover.

4. Uncertainties

Themain potential sources of uncertainty in our study are: the accu-
racy of isopach maps, paleo-water depth estimates and parameter
values related to the choice of sediment type. The contours of the orig-
inal isopachs are givenwith the interval of either 100 or 200m depend-
ing on the map. For the 100 m scale isopach, the points in-between the
contours would be either up to 50mmore than the N-th contour, or up
to 50 m less than the (N + 1)-th contour, so that the accuracy of the
Fig. 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 imprint of the global sea level
on the basin's local sea level is apparent in the Turonian transgressive event and in the
Cenozoic gradual sea level fall. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Please cite this article as: Vibe, Y., et al., Anomalous subsidence history of t
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isopach is ±50 m. In the same fashion, the 200 m scale isopach have
the accuracy of ±100m. The choice of input parameters for different li-
thologies (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 li-
thology types that were as similar (φmixed=0.60, φshale =0.63, φsand=
0.55) or as different (φmixed = 0.56, φshale = 0.65, φsand = 0.45) as pos-
sible, we compared the backstripping results with the results using the
mean porosity valueφmean=0.56 averaged from three present types of
sediments—sandstone, argillaceous and argillaceous sandstone. The
case with the most different values for the initial porosity yielded the
Fig. 4. Crystalline basement thickness map. Thickness map of crystalline basement in the
West Siberian Basin digitised 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 Fig. 8.

he West Siberian Basin as an indicator for episodes of mantle induced
16/j.gr.2017.03.011

http://dx.doi.org/10.1016/j.gr.2017.03.011


Table 2
Crystalline basement thickness (Cherepanova et al., 2013) and the corresponding β-factor
used in the thermal subsidence analysis (McKenzie, 1978). Other parameters include lith-
osphere thickness (100 km), thermal expansion coefficient of both mantle and crust (α
= 3 · 10−5 K−1), asthenosphere temperature (T = 1853 K), mantle density (ρm
= 3330 kg m−3), density of sea water (ρw = 1000 kg m−3), and thermal diffusivity (κ
= 8 · 10−7 m2 s−1). We assume that rifting ended 240 Ma and the unstretched crust
was 45 km thick. The applied model accounts for a water-filled basin.

Points P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Thickness,
[m∗103]

31 33 37 37 33 35 40 33 39 39

β-Factor 1.45 1.36 1.21 1.21 1.36 1.28 1.12 1.36 1.15 1.15

5Y. Vibe et al. / Gondwana Research xxx (2017) xxx–xxx
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.

5. Results

In Fig. 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 (Fig. 8A). In the
Early Jurassic, tectonic subsidence began to affect the whole basin,
with the main subsidence in the East (Fig. 8B). In the Late Jurassic, the
loci of subsidence were in the eastern and south-eastern parts of the
basin with ~250 m of tectonic subsidence, while the central, northern
and north-western parts subsided less than 100 m (Fig. 8C). At this
time subsidence propagated westwards, becoming uniform throughout
the basin, and was ~100 m (Fig. 8D). Later in the Late Berriasian-Early
Valanginian the basin underwent uplift and erosion; uplift was especial-
ly active in the center of the northern region, reaching 165 m in 5 Myrs
Fig. 5. Burial history graphs. Burial graphs of theWSB based on the stratigraphy data from
Rudkevich (1976) and Rudkevich et al. (1988) for two points—one in the north (Point 1)
and the other in the south (Point 6). The locations of the points are shown in Fig. 4. The
sedimentary cycles A–L are defined in Fig. 2.
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(Fig. 8E). At the same time subsidence was active in the South, the
south-western and north-eastern parts reaching 135m (Fig. 8E). Subsi-
dence affected the basin again in the Late Valanginian, stretching as a
line from the North of the basin to the South, with a peak amplitude
of about 200 m (Fig. 8F). 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 expand-
ed westwards, and the western and northern parts of the basin experi-
enced 200–270 m subsidence (Fig. 8G). Subsidence rates slowed in the
Late Hauterivian-Early Barremian for subsequent stages, with the west-
ern part becoming the locus of subsidence (Fig. 8H). The Aptian and Late
Albian-Cenomanianwere characterised by slow subsidence, almost uni-
form throughout the basin, and amounting to close to 200 m in the
North and center (Fig. 8I), with the center of subsidence migrating
Southeast (Fig. 8J). In the Turonian-Maastrichtian, most of the basin
was dominated by over 200 m of subsidence (Fig. 8K) until the Creta-
ceous-Tertiary transition when the eastern and southern margins of
the basin emerged (Fig. 6). In the Eocene the north-western parts of
the basin subsided (Fig. 8L), while in the Middle Oligocene the basin
uplifted starting from the Northeast.

We illustrate the temporal character of verticalmotions in Fig. 9with
two sets of points whose positions are shown in Fig. 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 respec-
tively). 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, indi-
cating periods of uplift. In theNorth (P1 and P2), a localmaximum is ob-
served during the Late Berriasian-Early Valanginian (period E, 142–
136.5 Ma). While in theWest (P7 and P8), the uplift occurs later during
the Late Valanginian (period F, 136.5–134Ma). Furthermore, the curves
in Fig. 9 show significant slowing of the tectonic subsidence in the Pa-
leocene-Early Oligocene (period L, 60–30 Ma). Lack of sediments after
30Ma precludes estimations of tectonic subsidence from Late Oligocene
to present.

For each plot in Fig. 9, a single-phase lithospheric cooling model
(McKenzie, 1978) for the selected points is shown using the β-factors
from Table 2. A purely thermal post-rift subsidence model predicts sig-
nificantly less tectonic subsidence at each point than what is calculated
from the backstripping analysis (Fig. 9). For example, the post-rift
cooling model produces only 1.3 km of subsidence in the North (Fig. 9,
P1) and 0.5 km in the center (Fig. 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).

6. Discussion

Based on a comprehensive and digitised stratigraphic dataset, our
analysis shows that theWSB 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 slow-
down in Late Jurassic, with the subsidence center 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 the West of the basin in the Late
Hauterivian. In the Paleocene, the basin's tectonic and paleogeographic
environment changed: slow subsidence continued until the Middle
Oligocene when the basin experienced renewed uplift.

Duration of the basin's tectonic subsidence exceeds the thermal re-
sponse time of the lithosphere (McKenzie, 1978). In other words, ther-
mal 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
heWest Siberian Basin as an indicator for episodes of mantle induced
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Fig. 6.Unified stratigraphic chart of theWSB. The chart is simplified and redrawn afterKontorovichet al. (1975).W, S, E,NE, N stand forNorth, South, East, Northeast andNorth of the basin.
On the right, the column Cycles shows corresponding sedimentary cycles. Unconformities interrupt 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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depth. However, the backstripping analysis suggests active tectonic sub-
sidence 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 sug-
gested that a persistent stretching with a low strain rate of 10−16 s−1

lasting for 50–100 Myrs and necessitating a β-factor of ~1.5 would ex-
plain 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
Fig. 7. Seismic profile acrossWSB. Line drawing showing seismic profile across theWSB fromW
Total sediment thickness is consistent with our stratigraphic data.

Please cite this article as: Vibe, Y., et al., Anomalous subsidence history of t
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indicates the need for largerβ-factors to explain the inferred subsidence
through lithospheric extension. To satisfy the amount of subsidence re-
ported for P1 in Fig. 9, the β-factor should be ~β=3. Consequently, the
thickness of stretched crust in the northern part of the basinwould 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 that theWSB's subsidence owes in part to thermal
accommodation after the plume event (Holt et al., 2012; Saunders et al.,
est to East (redrawn after Vyssotski et al. (2006)). Location of the profile is shown on Fig. 1.
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Fig. 8. Tectonic subsidencemaps. Maps showing tectonic subsidence in theWest Siberian Basin for 12 sedimentary cycles (A–L) as defined in Fig. 2. Note that the 0 contour corresponds to
uplift. The colorscale interval is 100m and isoline interval is 200m. Initially subsidence only affects the northern part (A). The region of subsidence expands, but is still focused in theNorth
(B) andmoves later (C) to the eastern part. The uplift is apparent in the Early Cretaceous (E). Later on (F, G) the subsidence locus shifts westwards, reaching the basin's 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 associatedwith uplifts (red color).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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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 Fig. 8). The
propagation of the plumematerial to the peripherymight have resulted
in the Triassic uplift of the southern area of the basin followed by the
post-Triassic subsidence (Friedrich et al., 2017 this volume). However,
in addition to the temporal decay of the thermal anomaly, the post-
Please cite this article as: Vibe, Y., et al., Anomalous subsidence history of t
dynamic topography, Gondwana Research (2017), http://dx.doi.org/10.10
plume subsidence hypothesis should consider Siberia's motion across
themantle. A 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;
O'Neill et al., 2005;Wessel and Kroenke, 2008), all of which contributes
to the uncertainty (Shephard et al., 2012).
heWest Siberian Basin as an indicator for episodes of mantle induced
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Fig. 9. Tectonic subsidence analysis. Tectonic subsidence analysis for point set from Fig. 4. Solid lines represent tectonic subsidence calculated by the backstripping analysis. Dashed black
lines show the thermal subsidence calculated for theβ-factor fromTable 2. Note an increase of subsidence amount fromNorth (P1) to South (P6). Positive peaks from142Ma to 136Maare
apparent, indicating uplift. The basin uplifted ca. 30Ma by unknownmagnitude, illustrated by the red dotted linewith a questionmark. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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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 (Fig. 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 the basin's prolonged subsidence would owe in part to the WSB's
movement relative to this broad, mantle-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 evi-
denced as peaks in the tectonic subsidence curves of Fig. 9. The ampli-
tude 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 withmagnitudes varying from 200m up to
2.5 km (Igoshkin et al., 2008). Taking into account that the basin is re-
mote from tectonic boundaries that could have influenced the basin's
evolution (Ziegler et al., 1995, 1998), these short-lived, regional mo-
tions are of considerable interest as they could provide geodynamic
constraints on the spatial and temporal scales of sub-lithospheric man-
tle flow. The vertical motions of the lithosphere induced by convective
stresses of mantle flow are commonly assumed to be large in scale—as
low as spherical harmonic degree two—and slowly changing in time.
Please cite this article as: Vibe, Y., et al., Anomalous subsidence history of t
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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 changes—implied by
its relation to deep mantle heterogeneity—are drawn from geodynamic
inferences thatmuch deepmantle heterogeneity is associatedwith 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 observa-
tions for additional dynamic topography components that are shorter
in spatial scale and faster changing over time. These components are in-
dicated by episodes of regional uplift and subsidence seemingly unrelat-
ed to the large scale circulation of the mantle, which are reported from
elevated passive continental margins (Japsen et al., 2012b), marginal
continental basins (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 oce-
anic spreading changes–on the order of 10 Myrs or so–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 ve-
locities 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
heWest Siberian Basin as an indicator for episodes of mantle induced
16/j.gr.2017.03.011
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Fig. 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 at 250 Ma.
Dashed line shows the WSB's contour. Red lines mark positions of equator and prime 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. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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archives of past mantle flow regimes, which one can constrain from
retrodictions (Colli et al., 2015) or inverse mantle flow modeling
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 theWSB paleo-water depth is noticeable in Fig. 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 Cretaceouswhich 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 diffi-
cult 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.

7. Conclusions

We have reconstructed the tectonic subsidence history of the WSB
for which we digitised available stratigraphic data and calculated tec-
tonic vertical motions for 12 sedimentary cycles using a backstripping
analysis. Gridded maps in Fig. 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
Please cite this article as: Vibe, Y., et al., Anomalous subsidence history of t
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and in the Early Jurassic. Subsidence slowed subsequently and its
locus moved to the western part of the basin. Between 142 and
136 Ma the basin experienced irregular uplift on the background of a
global marine transgression, followed by renewed subsidence. The
basin uplifted in theMiddle Oligocenewhen sedimentation stopped. Al-
though the basin's subsidence has been interpreted as thermal subsi-
dence 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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