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ARTICLE INFO ABSTRACT

Editor: Dr H Thybo The West Siberian Seaway connected the Tethys to the Arctic Ocean in the Paleogene and played an important
role for Eurasian-Arctic biogeography, ocean circulation, and climate. However, the paleogeography and
geological mechanisms enabling the seaway are not well constrained, which complicates linking the seaway
evolution to paleoenvironmental changes. Here, we investigate the paleogeography of the Peri-Tethys realms for
the Cenozoic time (66-0 Ma), including the West Siberian Seaway, and quantify the influence of mantle con-
vection and corresponding dynamic topography. We start by generating continuous digital elevation models for
Eurasia, Arabia, and Northern Africa, by digitizing regional paleogeographic maps and additional geological
information and incorporate them in a global paleogeography model with nominal million-year resolution. Then
we compute time-dependent dynamic topography for the same time interval and find a clear correlation between
changes in dynamic topography and the paleogeographic evolution of Central Eurasia and the West Siberian
Seaway. Our results suggest that mantle convection played a greater role in Eurasian paleogeography than
previously recognized. Mantle flow may have influenced oceanic connections between the Arctic and global
ocean providing a link between deep mantle convection, surface evolution, and environmental changes. Our
reconstructions also indicate that the Arctic Ocean may have been isolated from the global ocean in the Eocene,
even if the West Siberian Seaway was open, as the Peri-Tethys — Tethys connection was limited, and the
Greenland-Scotland Ridge was a landbridge.

Keywords:
Paleogeography
Oceanic gateways
Mantle convection
Dynamic topography
Paleoclimate
Geodynamics

1. Introduction

Plate tectonics, mantle dynamics, volcanism, and eustasy controlled
the Cenozoic (66 — 0 Ma) paleogeography of the Peri-Tethys realms and
affected reorganizations in biogeography, ocean circulation, and
climate. The West Siberian Seaway (WSS), encompassing the Turgai
Strait, West Siberian Sea, and the Kara Strait, provided a shallow water
connection over northern Eurasia linking the Tethys and Arctic Ocean in
the Paleogene (Fig. 1). At this time, Eurasia was covered by an epicon-
tinental sea which was a part of the Peri-Tethys that included flooded
platform areas on either side of the Arabia-Eurasia convergence zone
(Meulenkamp and Sissingh, 2003). The epicontinental sea was con-
nected to the Tethys in the south during most of the Paleogene, then
sometimes referred to as the proto-Paratethys Sea, until the Late Eocene

when continent collision closed the Tethys-Peri-Tethys connections
resulting in the origin of the isolated Paratethys Sea (Bosboom et al.,
2017; Meulenkamp and Sissingh, 2003; Rogl, 1999). It is suggested that
this sea reached to the Arctic Ocean through the Turgai Strait and West
Siberian Sea, and at its most extensive, the WSS likely enabled an ocean
corridor between the Arctic and Tethys Oceans.

Previous studies suggest the seaway was open in the Latest Creta-
ceous/Early Paleocene, then closed sometime in the Paleocene (Barrier
et al, 2018; Brikiatis, 2014), opened again around the
Paleocene-Eocene, and stayed open throughout the Eocene until in
closed permanently by the Late Eocene (Akhmetiev et al., 2012; Barrier
et al., 2018; Rogl, 1997). However, the timing and configuration of the
Eurasian-Arctic connections is not well constrained and while some
studies indicate the seaway may have been operational in for most of the
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Eocene (Akhmetiev and Beniamovski, 2009; Akhmetiev et al., 2012),
others have the Arctic connection closed continuously or periodically
during this time (Barke et al., 2011; Blakey, 2021; Kaya et al., 2019;
Palcu and Krijgsman, 2022), or closed but prone to episodic flooding due
to second order sea level changes (Iakovleva et al., 2001). This includes
possible restrictions in the Kara Strait, north of the West Siberian Sea,
that could have inhibited a connection to the Arctic already in the Early
—Mid Eocene even if the Turgai Strait was open (Kaya et al., 2019; Palcu
and Krijgsman, 2022). The suggested timing of the final closure of the
Arctic-Tethys seaway also ranges in the literature form Mid Eocene
(Palcu and Krijgsman, 2022) to Early Oligocene (Rogl, 1997), which
makes it challenging to link the closure to specific paleo-environmental
events in the Cenozoic.

Constraining the evolution of the WSS is thus very important as it
would have implications for ocean circulation, climate, and biogeo-
graphic dispersal of marine and terrestrial species. For example, it is
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proposed that the WSS contributed to the meridional heat transport from
tropical to high latitudes during the global warming at the Paleocene-
Eocene Thermal Maximum (PETM) (Akhmetiev et al., 2012), and that
a later reduction in the flow through the WSS and the Tethys-Paratethys
connections advanced a subtropical Monsoon climate over North Cen-
tral Eurasia (Akhmetiev and Beniamovski, 2009). Also, recent modelling
studies (i.e. Hutchinson et al., 2019; Straume et al., 2022) show that the
salinity of the Arctic Ocean, which would depend on the paleogeography
of the WSS, played a critical role for the Atlantic Overturning and global
climatic changes in the Late Eocene and during the Eocene-Oligocene
Transition.

The WSS was located over the West Siberian Basin which is the
largest cratonic basin in the world (Allen and Armitage, 2011). The
basin formed after the Permo-Triassic uplift event related to plume
arrival beneath the lithosphere and the following emplacement of the
Siberian trap basalts (Reichow et al., 2005; Saunders et al., 2005), and
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Fig. 1. Simplified paleogeography maps of Eurasia and the Peri-Tethys region for different Cenozoic time steps. A) Ypresian (~52 Ma). B) Priabonian (~35 Ma). C)
Burdigalian (~19 Ma). Light grey = ocean, dark grey = land. We only name the Cenozoic stages described in the text.
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evolved with succeeding periods of subsidence recorded from the
Jurassic (~200 Ma) until the Oligocene (~30 Ma) (Vibe et al., 2018;
Vyssotski et al., 2006). This prolonged subsidence has been linked to
continued lithospheric stretching and thinning (Armitage and Allen,
2010), which was an important prerequisite for the original location of
the seaway, but this process was largely completed by the Cretaceous
(Vyssotski et al., 2006) and cannot explain paleogeographic changes in
the Cenozoic. Also, episodes of uplift, which must be explained by other
mechanisms, are recorded in the Mesozoic and Cenozoic (Vetrov et al.,
2021; Vibe et al., 2018). Quantifying the mechanisms and geological
processes at play in Central Eurasia during the Cenozoic is crucial and
may provide better constraints to the Evolution of the WSS. Tectonic
forces and global sea level changes are often used to explain the WSS
paleogeography. However, Northern Central Eurasia likely experienced
little tectonic activity during this time (e.g., Glorie and De Grave, 2016),
and although eustacy played an important role, the global sea level
changes cannot alone account for the extent of the WSS (Popov et al.,
2010). A configuration resembling that of previous Paleogene re-
constructions (Akhmetiev et al., 2012), would (if sea level was the only
factor) require more than 200 m higher sea level than today. This would
be consistent with the most extreme sea level estimates for the Paleo-
gene (e.g., Haq and Al-Qahtani, 2005; Haq et al., 1987; Xu et al., 2006),
but would also flood most of Northern Eurasia between Scandinavia and
the Urals providing a more significant sea/seaway to the Arctic Ocean
west of the Urals, for which there is little evidence. However, a narrow
strait is sometimes inferred along the western flank of the Urals (i.e.,
Akhmetiev and Beniamovski, 2009; Akhmetiev et al., 2012; Benia-
movski, 2007). This suggests that other mechanisms, such as mantle
convection and corresponding changes in dynamic topography likely
influenced the paleogeography of the seaway (Vibe et al., 2018).

In this paper, we explore the role of mantle convection and dynamic
topography on the paleogeographic evolution of the Peri-Tethys realms
including the WSS. We do this by generating a new continuous Cenozoic
digital elevation model (DEM) for Eurasia, Arabia, and Northern Africa
based on geological evidence primarily from the tectono-sedimentary-
palinspastic maps of Barrier et al. (2018). The new DEMs are then
incorporated in the paleogeography model of Straume et al. (2020), to
create new global Cenozoic DEM from 66 Ma to present. In addition, we
compute new global time-dependent dynamic topography re-
constructions based on recent plate motions and tomography models
and investigate the correlation between mantle convection and changes
in paleogeography. Lastly, we evaluate the role of the mantle convection
and paleogeography on oceanographic, climatic, and biogeographic
events in the Peri-Tethys realms during the Cenozoic time.

2. A new Cenozoic paleogeographic digital elevation model for
Eurasia, Arabia, and Northern Africa

Detailed paleogeographic digital elevation models (DEMs) are
essential to study past climates and are one of the most important
boundary conditions in deep time paleo-ocean circulation and climate
models. This is our motivation for generating a new continuous Ceno-
zoic DEM for the Tethyan realm including Northern Africa, Arabia, and
Eurasia, based on the Tectono-Sedimentary-Palinspastic maps of Barrier
et al. (2018). Additionally, we make adjustments to key regions such as
the Tethys and West Siberian Seaways considering published regional
paleogeographic indicators such as: Geological/sedimentary data which
we used to constrain the outlines of the WSS north of our main study
area in the Eocene (e.g., Akhmetiev et al., 2012), biogeographic data on
terrestrial biota migrations which were used as indications of a closed
seaway in the Early Paleocene (e.g., Brikiatis, 2014), and oceanographic
data indicating periodically continuous connection to the Arctic Ocean
in the Eocene (e.g., Dickson et al., 2022). The reconstructions are ulti-
mately incorporated in the global model of Straume et al. (2020)
creating a new global paleogeographic DEM for every millionth year of
the Cenozoic time.
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The general methodology of the paleogeographic reconstructions is
as outlined in Straume et al. (2019) (oceanic domain) and Straume et al.
(2020) (oceanic + continental domain), but the models for the conti-
nental topography in the Peri-Tethys realm include a new approach of
digitizing geological units of the past and approximating elevation based
on the type of environment. We take advantage of the
Tectono-Sedimentary-Palinspastic maps of Barrier et al. (2018) which
cover the Peri-Tethys realms for several time intervals in the Cenozoic
including the Danian (66.0-61.6 Ma), Ypresian (56-47.8 Ma), Lutetian
(47.8-41.2 Ma), Priabonian (37.8-33.9 Ma), Rupelian (33.9-27.8 Ma),
Burdigalian (20.4-16.0 Ma), and Tortonian (11.6-7.2 Ma). We digitize
and convert these maps to elevation for each time slice using approxi-
mate elevations outlined in Table 1.

Overall, this gives a good first order approximation of the elevation,
but there are uncertainties in estimating the exact elevation in deep time
based on this methodology, primarily as the geological maps do not
constrain exact elevation and do not cover the Cenozoic continuously.
We strive to minimize these uncertainties by evaluating tectonic setting,
sea-level, present-day topography, and other reconstructions, to make
our model as realistic as possible. We apply this methodology for Eur-
asia, Arabia, and Northern Africa separately to rotate the resulting grids
with their respective plate motion path in a paleomagnetic reference
frame. To cover the time gaps between the digitized maps we blend the
grids using cosine taper weights, by applying a Generic Mapping Tools
(Wessel et al., 2019) grid blending module. We change the weighting for
each time step, so when, e.g., generating the 40 Ma paleogeography (in
the gap without data between the Lutetian and Priabonian re-
constructions) the resulting grid is a blend of the Lutetian and Priabo-
nian digitized grids with a stronger weighting of the Lutetian which is
closer in time to 40 Ma. We apply this before moving the grids to their
paleo-location so that the blending routine is not influenced by any
tectonic lateral motion (See supplementary Figs. S1-S3 for reconstructed
topography at present location). Where we have additional data for
specific regions or other timesteps, we adjust the models manually at the
respective locations and/or time intervals. Lastly, the new re-
constructions are incorporated in the Straume et al. (2020) model,
making a new global Cenozoic paleogeography DEM (Fig. S5).

Our paleogeography is reconstructed using a paleomagnetic refer-
ence frame to be applicable for paleoclimate. Paleomagnetic reference
frames are relative to the Earth’s spin axis, the latitude from which
determines solar energy and the climatic zones (e.g. Lithgow-Bertelloni
and Gurnis, 1997; Torsvik et al., 2008; van Hinsbergen et al., 2015). In
contrast, mantle/hotspot reference frames are relative to the deep
mantle and are useful for geodynamic questions but are not intended for
paleoclimate studies. In particular, mantle reference frames, with some

Table 1
Conversion from paleo-geological environment to elevation. Classes and envi-
ronments names as in Barrier et al. (2018).

Class Environment Elevation
Continental High-moderate mountains, active mountain ranges > 2000 m
Low mountains and plateaus 500 m-1500
m
Lowland, erosional plains 100 m-400 m
Fluvio-lacustrine, Alluvial plains, Continental 0 m-200 m
molasse
Transitional Flooded lowland/Marginal marine, Coastal plain/ —50 m-50 m
Shallow mixed shelf, Deltaic fan, Evaporites
Marine Reef, carbonate, and terrigenous platforms -300 m—100
m
Slope/basinal deeper marine carbonates and -1500
clastics, radiolarites m—400 m
Deep marine sediments < —2000 m

The given range in elevations reflects variations along slopes such as continental
margins and roughness inherited from the present-day topography. The final
elevation in the DEMs is also influenced by the tectonic model and therefore
differ in some places, manly in the vicinity of plate boundaries.
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exceptions (e.g., Miiller et al., 2022), exclude true polar wander which is
the mean rotation of both crust and mantle relative to the spin axis
arising from redistribution of density heterogeneities in the mantle and
corresponding changes in the Earth’s moment of inertia (Goldreich and
Toomre, 1969; Steinberger and Torsvik, 2010; Torsvik et al., 2012).
Used inappropriately, mantle reference frames can yield considerable
paleolatitude errors (e.g., van Hinsbergen et al., 2015)-more than 10°
for the Cenozoic, and even larger further back in time.

We re-emphasize the need to use a paleomagnetic reference frame
because the majority of previous paleo-climate model studies appears to
be on mantle reference frames. For example, the Deep-Time Model
Intercomparison Project (DeepMIP) has mainly used the Herold et al.
(2014) mantle frame reconstruction for the Early Eocene. Where only
one out of eight climate models analyzed for the DeepMIP Early Eocene
study of Lunt et al. (2021) used a paleomagnetic reference frame
reconstruction and none of the nine models used for the Early Eocene
analysis of African climate by Williams et al. (2022) used a paleomag-
netic reference frame.

2.1. Eurasia and the West Siberian Seaway

We reconstruct the paleogeography of Eurasia, including the WSS,
following the methodology described above based on the maps of Bar-
rier et al. (2018). This does not cover Eurasia entirely, but a region that
today spans between ~ 20°E-105°E and ~ 20°N-60°N (Fig. 2). It
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includes Eastern Europe in the West, the Himalayas and Tibetan Plateau
in the East, the Eurasian continent boundary in the South, and Siberia in
the North. The parts of Eurasia outside this region are reconstructed as in
Straume et al. (2020), where the continental parts north of 60°N are
reconstructed after the pre-glacial topography model of Medvedev et al.
(2018) and global sea level changes, while the few remaining regions
not updated here keep the present day elevation adjusted for sea level
changes rotated to their paleo-location. Our model diverges from the
maps of Barrier et al. (2018) as we use a different plate tectonic model,
especially influencing the elevation along the southern margin of Eur-
asia due to different configuration and timing of the Arabia-Eurasia
continent collision. We use the rotations of Torsvik et al. (2019) and a
modified version of the continental polygons of Torsvik and Cocks
(2016), with new continent-ocean boundaries for Eurasia and Arabia
modified from van Hinsbergen et al. (2020) and optimized for paleo-
geographic reconstructions by Straume et al. (2020). We also add the
Bitlis Massif from the kinematic model of van Hinsbergen et al. (2020) to
improve the model for the Tethys Seaway (see below), which also
influences/improves the reconstructions of southern Eurasia.

For the WSS in the Cenozoic, our reconstructions show a closed
seaway in the Paleocene (66-56 Ma), an open but shallow seaway in the
Eocene (56 - 33.9 Ma), and a closed seaway afterwards. This is consis-
tent with other reconstructions of the seaway (Akhmetiev et al., 2012;
Barrier et al., 2018). It contradicts some studies having the seaway
closed in the Early — Mid Eocene time (Barke et al., 2011; Blakey, 2021;
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Fig. 2. Eurasian (outlined in pink), Arabian (lavender), and North African (orange) paleogeography constructed by digitizing the Tectono-Sedimentary-Palinspastic
maps of Barrier et al. (2018) and incorporated in the plate tectonic kinematic model of Torsvik et al. (2019). We show the reconstructions from: A) Ypresian (56 Ma —
47.8 Ma), B) Lutetian (47.8 Ma-41.2 Ma), C) Priabonian (37.8 Ma - 33.9 Ma), D) Rupelian (33.9 Ma - 27. 8 Ma), E) Burdigalian (20.4 Ma-16.0 Ma), F) Tortonian
(11.6 Ma — 7.2 Ma). See Fig. S4 in the supplementary material for the Danian (66.0 — 61.6 Ma) maps, these are also included in our model, but are not shown here.
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Palcu and Krijgsman, 2022), however, the seaway in our model is very
shallow and prone to close from changes in sea level like suggested by
lakovleva et al. (2001) during this time, and we cannot rule out an early
closure of the Kara Strait as suggested by Palcu and Krijgsman (2022).

2.2. Arabia and Northeast Africa

Like Eurasia, Arabia was flooded by an epicontinental sea in the early
Cenozoic, but due to elevation changes caused by the plate tectonic
rifting and collision with Eurasia, eustacy, and changes in dynamic
topography, the continent gradually emerged above sea level by Late
Miocene times (Fig. 2). We reconstruct the Arabian paleogeography
after the maps of Barrier et al. (2018); however, we also modify our
reconstructions in between the Burdigalian (20.4-16.0 Ma) and Torto-
nian (11.6-7.2 Ma) to allow for a re-opening of a shallow seaway after
the first appearance of the Gomnphoterium landbridge (Fig. 1) in the
Early Burdigalian (see section on the Tethys Seaway below). This is
based on marine species migration and geological evidence suggesting a
temporal re-establishment of a shallow marine seaway in the Mid
Miocene (~ 16-12 Ma) connecting the Mediterranean with the Indian
ocean over a flooded Arabia (e.g. Bialik et al., 2019; Segev et al., 2017).

We reconstruct Northeast Africa separately from Arabia although
separation, through seafloor spreading in the Red Sea, did not start
before the Miocene, at ~13—12 Ma (Augustin et al., 2021). However,
doming related to the arrival of the Afar Plume (centered near Ethiopia
and Yemen) instigated an initial phase of African — Arabian rifting in the
Early Oligocene sometime between ~ 34 Ma-32 Ma (e.g., Collet et al.,
2000; Segev et al., 2017), which caused relative motion between Africa
and Arabia from that time. The Northeast African reconstructions are
generated from the maps of Barrier et al. (2018), but as with Arabia and
Eurasia the locations differ due to the updated tectonic kinematic model,
and topography in the vicinity of plate boundaries are also influenced by
the paleogeography model.

2.3. Tethys seaway

Before the Arabia-Eurasia collision, the Tethys Seaway was a deep
oceanic gateway linking the Indo-Pacific and Atlantic Oceans. The
closure of the Tethys Seaway is recognized as an important step towards
the modern ocean circulation and climate, and has been suggested to
facilitate the transition towards a stronger overturning circulation in the
North Atlantic Ocean (Zhang et al., 2011), influence upwelling in the
Arabian Sea which could have strengthened the South Asian Monsoon
(Bialik et al., 2019), and even to affect the strength of the Antarctic
Circumpolar Current, by ending transport of warm saline Mediterranean
waters to the Indian ocean continuing as far south as the Southern Ocean
(Hamon et al., 2013; Ramsay et al., 1998).

Here, we reconstruct the paleobathymetry of the oceanic lithosphere
in the seaway using the methodology outlined in Straume et al. (2020),
but also adding tectonic units of the Bitlis Massif from van Hinsbergen
et al. (2020), which blocks parts of the Seaway before continent colli-
sion. The first closure of the seaway has been suggested to coincide with
the consumption of the last remaining Eastern Tethys oceanic litho-
sphere (Okay et al., 2010). However, our kinematic model and the new
continental reconstructions of Arabia and Eurasia show the oceanic part
close at ~ 30 Ma, 10 Myr before full closure of the Tethys Seaway, and
that final closure of the seaway, with the emergence of the “Gompho-
terium landbringe” (Rogl, 1997) occurred across the flooded Arabian
continent after the initial stages of continent collision. There are
geological indicators for a re-opening of a shallow seaway in the Mid
Miocene (~16-12 Ma) across Arabia (e.g. Bialik et al., 2019; Segev et al.,
2017), and as mentioned in the previous section, we incorporate this in
our reconstructions in between the Burdigalian and Tortonian
reconstructions.
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3. Cenozoic mantle convection and dynamic topography models
3.1. Methodology

We investigate the role of mantle convection on surface paleo-
topography using an updated version of the global mantle convection
modelling routine discussed in Steinberger et al. (2004). This approach
computes time-dependent dynamic topography by advecting mantle
density anomalies backward in the mantle flow field, based on mantle
densities from present-day inferred from seismic tomography and sur-
face plate velocities. Similar computations have been explored before,
and here we mostly follow a procedure as described in Miiller et al.
(2008): We convert relative seismic share wave velocity to relative
density anomalies by scaling with a factor 0.25 and exclude any
anomalies above 200 km depth. To compute past anomalies, we use both
“pure backward advection”, leading to anomalies also in the uppermost
200 km in the past, and “modified backward advection” where mostly
cold, sinking anomalies in the uppermost 200 km are removed, and
mostly hot, rising anomalies are upward-continued to depth 200 km.
Our models benefits from updates using more recent tomography where
we mainly use SMEAN2 (Jackson et al., 2017) and Tx2019slab (Lu et al.,
2019), but also testing S40RTS (Ritsema et al., 2011) and SEMUCB-WM1
(French and Romanowicz, 2014). In addition, we use new plate veloc-
ities derived from Torsvik et al. (2019) and besides the mantle viscosity
structure of Steinberger and Calderwood (2006) we use the updated
mantle viscosity structure of Steinberger (2016).

Our paleogeographic DEMs are intended for paleoclimate studies,
where the climate system depends on latitude from rotation pole, and
therefore reconstructed using a paleomagnetic reference frame. There-
fore, our time-dependent dynamic topography should also be in a
paleomagnetic reference frame to accurately compare through time.
This is achieved as follows: For backward-advecting mantle density
anomalies, we use a mantle reference frame. By replacing the free-slip
boundary condition at the core-mantle-boundary (CMB) with no-slip
for degree 1 toroidal only, we allow for a net rotation of plate motions
over the relatively fixed lower mantle, in the absence of lateral viscosity
variations. Backward-advection is done here back to 100 Ma but, as is
well known, becomes increasingly unreliable further back in time. In
particular, the computed density field becomes successively more
layered, and flow speeds decrease further back in time.

In the next step, these backward-advected density anomalies for each
reconstructed timestep are used to compute surface stress, with a free-
slip (instead of prescribed plate motions) boundary condition at each
instance, which is converted to dynamic topography “beneath air” using
a density contrast 3300 kg/m® between uppermost mantle and air.
Lastly, the resulting dynamic topography fields are transferred into the
paleomagnetic frame with finite rotations also specified in Torsvik et al.
(2019), corresponding to true polar wander. We also provide our dy-
namic topography estimates in an alternative, mantle reference frame
(see data availability statement).

3.2. Results

The resulting time-dependent dynamic topography and mantle flow
predictions are shown in Figs. 3, 5, and S6-S8. We focus our discussion
on results computed using the SMEAN2 composite tomography but re-
sults from other tomographic models are shown in the supplementary
(and data are made available). The different model runs show similar
predictions in terms of amplitude, where peak-to-peak ranges around +
2 km, with results for TX2019 slightly lower (closer to + 1.5 km), and
SEMUCB-WML1 slightly higher (closer to = 2.5 km). These ranges are
comparable with estimates from previous work (see e.g., Flament et al.,
2013, for a review) but amplitudes depend on the specific modeling
setup, and there is some debate as to what dynamic signal is compatible
with constraints on residual topography (e.g., Hoggard et al., 2016;
Yang et al., 2017).
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Fig. 3. Dynamic topography computed using SMEAN2 tomography and plate velocities of Torsvik et al. (2019). Left panels show dynamic topography predictions,
and right panels show the difference between the paleo-dynamic topography (forl0 Ma, 35 Ma, and 60 Ma) and the present dynamic topography rotated to its
paleo-location, in order to highlight the change in continental dynamic topography. The right panels also show oceanic lithospheric ages (Straume et al., 2020) that

are used in reconstructing paleobathymetry. See text for further explanations.

The general issue of dynamic topography amplitudes aside, we are
here mainly concerned with temporal change of dynamic topography.
For this, we exclude density anomalies in the upper 200 km, as they
either do not lead to changes in dynamic topography, if they are within
the lithosphere, or corresponding temporal changes are hard to predict
for more than a few million years back in time, due to small-scale con-
vection in the low-viscosity asthenosphere and the effects of thermal
diffusion which cannot be time-reversed. Amplitude predictions from
our backward convection reconstructions decrease back in time as the
computed density fields become more layered, and flow speeds
decrease.

Spatially, the dynamic topography depends somewhat on which
tomographic models are considered (Figs. 3, 5, and S6-S11) but the
patterns are overall similar in important regions were the structural
models agree. On the largest scales, all models show the long wave-
length, degree 2 pattern with highs over Africa and the Pacific Ocean,
and circum-Pacific lows (Flament et al., 2013), and those serve to
organize regional flow patterns. On smaller scales, all models considered
show a negative anomaly over the West Siberian Sea back in time, for
example. Focusing on Central Eurasia, and Cenozoic changes in dynamic
tomography, we favor the models that are based on the most recent
tomographic imaging (i.e., SMEAN2 and TX2019) because we have
found those models to also provide good model fits to present-day in-
dicators of dynamic consistency, e.g., by comparison with geoid and
plate motion predictions. However, the spatial correlation with the
evolution of the WSS is not as clear when using the older models (i.e.,

S40RTS and SEMUCB-WM1), as further discussed below.
4. Discussion
4.1. The West Siberian Seaway and dynamic topography

To investigate how changes in dynamic topography may have
affected the surface topography through time, we compute the differ-
ence between the present-day and paleo-dynamic topography (Fig. 3,
right panels). The present dynamic topography is rotated to the paleo-
location before calculating the difference so that the resulting dy-
namic topography anomaly represents how much the present topog-
raphy would have changed from changes in dynamic topography,
accounting for the tectonic motion of the continents. Notably, for the
Paleogene, we observe a clear negative anomaly over Eurasia that cor-
relates well with our reconstructed paleogeography of the WSS (Figs.3 &
4) based geological evidence (i.e., Barrier et al., 2018). This correlation
is most significant in our models using Tx2019 and SMEAN2 tomogra-
phy, but a similar pattern is also observed in our models using the older
tomography models where all models tested in this study yield a nega-
tive dynamic topography anomaly back in time in the West Siberian Sea.
However, S40RTS (Figs.S7 & S10) and SEMUCB-WM1(Figs. S8 & S11)
do not show a negative anomaly around the paleo-location of the Turgai
Strait (see supplementary material for details). These changes indicate
uplift in West Siberia due to dynamic topography in the interval from the
Paleogene towards the present which is in agreement with the recorded
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subsidence history of the basin based on stratigraphic data (Vibe et al.,
2018). It is also observed in the circum-Arctic dynamic topography
models of Shephard et al. (2014), but is in contrast to the computations
of Spasojevic and Gurnis (2012) who model a west-east tilting of Siberia.
The model of Shephard et al. (2014), like many previous similar
models, differs from our estimates of dynamic topography over time
because it is based on plate reconstructions and subduction history
alone, and not on back-tracking seismic tomography. This means that
while slab-induced negative dynamic topography may be captured in
such models, dynamic topography highs are only associated with
broad-scale return flow. Therefore, such models do not have a focused
dynamic topography high in Afar, for example. A subduction centric
modeling approach has its merits, in particular when going further back
in time, beyond the ~60 Myr limit when the backward-advection be-
comes unreliable, and when results are calibrated against tomography to
understand slab trajectories (e.g., Conrad and Gurnis, 2003).

|
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However, we regard our approach more suitable and complete for
the geologically more recent past which we are concerned with here.
The approach of Spasojevic and Gurnis (2012) used hybrid geodynamic
models that combine inverse with forward models to overcome their
individual limitations. Their approach considers both tomography and
plate reconstructions and, in this way, is more like ours. The difference
between their predictions and ours for central Eurasia is likely the result
of using different seismic tomography models, since we also find
considerable differences for our own results when using different to-
mography models. The dynamic topography results presented here are
spatially more in agreement with the reconstructed paleogeography of
the WSS than the previous paleo-dynamic topography models, which
likely results from using more recent tomography models (e.g., SMEAN2
and Tx2019) that arguably better image the seismic velocity anomalies
below central Eurasia. In future work, further progress may be achieved
by updating the hybrid models developed by Spasojevic and Gurnis

-600
Dynamic topography [m]

=400 -200

34Ma 45Ma 55Ma

West Siberian Sea

\

Turgai Strait

N

WSS South

Dynamic topography anomaly [m]

Pl Pli Miocene
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Fig. 4. Negative dynamic topography anomalies over North Central Eurasia during the Eocene. The maps show the negative dynamic topography anomaly over
central Eurasia (see text for details), plotted on top of the paleogeography reconstructed in this paper (grey = land, light beige = water). This figure shows the results
computed using the SMEAN2 tomography model (the other models are shown in the supplementary, Figs. S9-S11).
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(2012) with more recent topography models and plate reconstructions.

The explanation for this dynamic topography anomaly is changes in
a slow seismic anomaly beneath North Central Eurasia, originating at
the core mantle boundary, that is inferred to be an active upwelling
forward in time, and hence advected down in the mantle back in time
(Fig. 5.). Backward advection of the slow anomaly influences the
computed dynamic topography and gives rise to the negative dynamic
topography anomaly in Fig. 4. This seems to be part of a larger con-
vection cell, where the upwelling beneath Eurasia may be triggered by
the downwelling corresponding to the sinking slabs associated with the
Tethyan subduction (Fig. 5). These changes in mantle flow and corre-
sponding dynamic topography could explain the topographic evolution
of the WSS in the Paleogene.

The computed dynamic topography is up to 800 m lower over
Northern Eurasia in the West Siberian Sea region during the Eocene,
indicating the potential for a significantly deeper basin in the Early
Cenozoic. A deeper basin in the past is supported by apatite fission track
thermochronology indicating uplift in the West Siberian Basin (Vetrov
etal., 2021). However, the exhumation ceased by the Cretaceous, before
the time we are considering. The fission track study of Vetrov et al.
(2021) also record Cenozoic uplift and link this exhumation history to
far-field effects from tectonic activity along the southern and eastern
margins of Eurasia. However, this is for Novosibirsk massif which is
closer to the regions influenced Indian-Eurasian collision and seems less
likely as an explanation for the paleogeographic changes in our study
area as most of the West Siberian Sea was far away from any plate
boundary throughout the Cenozoic. Also, the tectonic subsidence of the
West Siberian Basin presumably ended earlier (Vyssotski et al., 2006) so
processes such as decreasing lithospheric stretching were not influ-
encing the paleogeography during the time we are considering here. Our
model indicates that mantle convection and changes in dynamic
topography may be a more likely explanation. This would have been
most significant North of the Turgai Strait, and far field tectonic effects
from the Indian-Asia or Arabia- Eurasia collisions could still have played
arole further South, i.e., for the evolution of the proto-Paratethys sea (e.
g., Kaya et al., 2019). The topography anomaly is weaker around the
paleo-location of the Turgai Strait (with maximum differences ~200 m),
supporting the view that the Peri-Tethys-Arctic connections were likely
shallow as suggested by previous paleogeographic reconstructions (e.g.,
Akhmetiev et al., 2012; Barrier et al., 2018). Also, that a combination of
sea level changes, tectonics, and dynamic topography likely controlled
the link to the Arctic Ocean.

The timing of Arctic-Peri-Tethys connections may be hard to
constrain using our dynamic topography computations given the tem-
poral resolution and increasing uncertainties back in time. However, the
longer trends in seaway configuration seem to correlate well with dy-
namic topography changes. For example, the dynamic topography
anomaly is weaker in the Turgai Strait region during the Paleocene than
in the Eocene, which agrees with the closed Paleocene scenario in the
paleogeographic maps of Barrier et al. (2018), and is also indicated by
faunal migration patterns (Brikiatis, 2014).

4.2. Arctic isolation and a “great” Arctic Ocean in the Eocene

The Arctic Ocean experienced very fresh hydrological conditions
during Early-Mid Eocene peaking at ~49-48 Ma recorded by the well
documented presence of the Azolla freshwater fern (Brinkhuis et al.,
2006; Dickson et al., 2022). This has been used to indicate a closed WSS.
However, the Arctic Ocean may have been isolated from the global
ocean even if the seaway through the Turgai Strait was open in the
Eocene.

Our reconstructions show that the oceanic connections between the
Tethys and the Eurasian/Paratethys Sea were limited during the Eocene
and could have imposed significant restrictions to water exchange be-
tween the basins, especially during the Mid Eocene. At the same time,
connections between the Eurasian epicontinental Sea, and the North
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Sea, through the Danish-Polish Through existed episodically (e.g., Palcu
and Krijgsman, 2022). We propose that these basins were a part of a
greater Arctic Ocean, enabling exchange of water masses and biogeo-
graphic dispersal between the Peri-Arctic basins. At its greatest extent,
this could have included the Arctic Ocean, Paratethys Sea, North Sea,
and the Nordic Seas. Linked through the WSS, the Danish-Polish Trough,
and the Barents Sea, and isolated to the South by elevated topography
along the Arabian-Eurasian collision zone, Europe, and the
Greenland-Scotland Ridge (Fig. 6). Our reconstructions have temporal
Tethys-Peri-Tethys connections to the greater Arctic Ocean during the
Eocene, also, shallow straits may have existed episodically to the Nordic
Seas over the Eastern part of the Greenland-Scotland Ridge (i.e., the
Iceland-Faroe Ridge or the Faroe-Shetland Channel) (Straume et al.,
2020), and to the North Sea through the Strait of Dover (van Vliet-Lanoe
et al., 2010), but there may have been periods of very little water ex-
change through these straits in the Eocene.

Osmium isotope analysis indicate that seawater exchange rates to the
Arctic ocean decreased from the Early Eocene (~ 56 Ma), and reached a
minimum ~48-46 Ma, before increasing slightly by 46-44 Ma (Dickson
et al., 2022). This does not seem to be directly linked to the WSS, as the
seaway is mostly open during this time interval in our reconstructions.
The change in Tethys-Peri-Tethys connections along the Southern
Eurasian margin may be a more likely cause for the documented changes
in water exchange to the Arctic during the Early — Mid Eocene.

Moreover, the WSS was relatively shallow which would not have
allowed for much throughflow and could have closed temporarily at
several places due to changes in sea level or dynamic topography. There
is also a possibility that the Kara Strait (Fig. 1) imposed restrictions to an
Arctic connection at this time. Our estimated dynamic topography
anomaly is not as negative where the Kara Strait may have existed as in
the West Siberian Sea (Figs. 4, 5), and could explain the limited water
exchange to the Arctic in the Early-Mid Eocene (Dickson et al., 2022)
when there likely was Tethys-Peri Tethys connections (Barrier et al.,
2018; Bosboom et al., 2017; Palcu and Krijgsman, 2022; Rogl, 1999) and
the Turgai Strait and West Siberian Sea was open (Akhmetiev et al.,
2012; Barrier et al., 2018). However, indications of limited water
connection at this time cannot be directly inferred from our paleoge-
ography or dynamic topography computations.

5. Summary and conclusions

We generate paleogeographic reconstructions for Eurasia, Arabia
and Northern Africa and create a new global paleogeographic DEM
covering the Cenozoic time in 1 Myr time intervals. Additionally, we
compute time-dependent dynamic topography for the last 100 Myrs and
evaluate the role of mantle convection on the paleogeographic evolution
of Central Eurasia, and the West Siberian Seaway to the Arctic Ocean.

We find that changes in paleogeography of the West Siberian Seaway
correlate well with changes in dynamic topography and that dynamic
topography likely played a significant role in the paleogeographic evo-
lution of Central Eurasia. Specifically, changes in an active mantle up-
welling below central Eurasia caused changes in dynamic topography
and influenced the evolution of the West Siberian Seaway.

Our study shows how deep Earth processes such as mantle convec-
tions may have played an important role for regional ocean circulation,
climate, and faunal migrations by influencing the paleogeography of a
key seaway to the Arctic Ocean.

Data availability

Our global paleogeographic DEMs and dynamic tomography com-
putations are available here: https://doi.org/10.5281/zenodo.8262689.
We share the dynamic topography both in a mantle- and paleomagnetic
reference frame. Also, visualizations based on this data are available at
www.s-ink.org (Crameri et al., 2022).
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Fig. 5. Cenozoic paleogeography and cross sections showing mantle density anomalies. The orange line shows the dynamic topography along the profile for each
time slice, and the colored triangles show the change in dynamic topography from the previous time step indicating mantle induced uplift and subsidence. The
density anomalies and dynamic topography are from our model using SMEAN2 tomography. Black arrows show the velocities while the sketched transparent arrows
highlight the flow pattern where sinking fast anomalies associated with the Tethyan subduction trigger upwelling beneath Eurasia causing uplift in the region of the
West Siberian Seaway. The profile is fixed to Eurasia.
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Fig. 6. Extent of the Arctic Ocean in the Mid-Late Eocene (~ 40 Ma). Pink color
indicates seaways and straits connecting the Arctic with the global ocean, while
orange color indicates internal seaways within the “greater” Arctic Ocean.
GSR= Greenland-Scotland Ridge, SD = Strait of Dover, TPT=Tethys Peri-Tethys
connections, BS = Barents Sea, DPT=Danish-Polish Through, WSS = West Si-
berian Seaway.
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