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A seismic stratigraphic framework and basin fill geohistory for Arctic Ocean basins is presented based on data
collected by several Russian Government organized expeditions to the Arctic Ocean. This analysis tied together
seismic stratigraphic interpretations for the shelf and the deep-water part of the ocean. The stratigraphic
framework is based on age data derived from linear magnetic anomalies in the Eurasia Basin, borehole data for
the Lomonosov Ridge and Alaska Shelf, and correlations with various regional geological events. Six seismic
boundaries were identified and traced regionally over large areas. We present as a hypothesis that the Arctic
Ocean probably was formed during four phases with different kinematics: 133-125 Ma - Canada Basin opening,
125-80 Ma - superplume-related tectonics and magmatism in the Alpha-Mendeleev Rise area and adjacent ba-
sins, 80-56 Ma - strike-slip fault tectonics, and 56-0 Ma — Eurasia Basin opening. The time interval of 45-20 Ma
appears to be a period of large-scale vertical intraplate movements and normal faulting. Climatic events are
recorded in the sedimentary cover of the Arctic Ocean.

The analyses were based on a comprehensive dataset that included more than 23,000 km of 2D seismic lines,
which were acquired in the deep-water part of the ocean, supplemented by a large number of federal and
commercial seismic lines, which were acquired for the Russian shelves during the past 10-15 years. In addition,
special multiple Russian expeditions collected samples on scarps of the Mendeleev Rise that served as ground
truth for the seismic interpretation.

1. Introduction

Franke, 2013; Brumley, 2014; Weigelt et al., 2014; Jokat and Ickrath,
2015; Nikishin et al., 2014, 2017, 2018, 2019; Rekant et al., 2015;

The Arctic Ocean has been actively studied in recent years. In this Thoérarinsson et al., 2015; Evangelatos and Mosher, 2016; Hutchinson

paper we discuss the geological structure of the Arctic Ocean as well as
associated aspects of paleoenvironment and paleoclimate. The tectonic
structure of the Arctic Ocean has been discussed recently in a series of
reviews (e.g., Vernikovsky et al., 2013; Gaina et al., 2014; Pease et al.,
2014; Nikishin et al., 2014; Lobkovsky, 2016; Coakley et al., 2016).
Various versions of the stratigraphy of the ocean’s sedimentary cover
have been presented (Embry and Dixon, 1994; Backman et al., 2008;
Bruvoll et al., 2010; Grantz et al., 2011; Houseknecht and Bird, 2011;
Mosher et al., 2012; Rekant and Gusev, 2012; Dgssing et al., 2013;
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et al., 2017; Petrov, 2017; Ilhan and Coakley, 2018; Miller et al., 2018a,
2018b; Homza and Bergman, 2019; Piskarev et al., 2019). Paleoenvir-
onmental and paleoclimatic investigations of the Arctic Ocean during
the Cenozoic were based primarily on results of drilling on the Lomo-
nosov Ridge within the framework of the ACEX Project (Brinkhuis et al.,
2006; Moran et al., 2006; Jakobsson et al., 2007; Backman et al., 2008;
Backman and Moran, 2009; O’Regan et al., 2010; Ehlers and Jokat,
2013; Stein et al., 2015). Prior to the current study reported here, the
limited data available, which included information from a single well as
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Fig. 1. Location and names of new Russian and other seismic profiles used for the seismic stratigraphic interpretation. The background map illustrates the
topography and bathymetry of the Arctic region (Jakobsson et al., 2012, 2020). Red lines indicate seismic data acquired during the Russian Federal projects Arktika-
2011, Arktika-2012, and Arktika-2014. Black lines in the shelf areas are federal and commercial profiles used for the regional seismic stratigraphy.

well as several seismic lines (note that the well was not tied to the
seismic data), did not allow for compiling a reliable stratigraphic
framework of the Arctic Ocean that could lead to a reasonable under-
standing of its paleogeography and paleotectonics.

In recent years, the Russian Government organized several expedi-
tions to the Arctic Ocean. In this paper we mainly use findings of the
projects Arktika-2011, Arktika-2012 and Arktika-2014, which collected
more than 23,000 km of 2D seismic lines in the deep-water part of the
ocean (see Paper-1, Nikishin et al., 2021a) (Fig. 1). In addition to these
data, numerous federal and commercial seismic lines acquired for the
Barents, Kara, Laptev, East Siberian and Chukchi shelves during the past
10-15 years (e.g., Drachev et al.,, 2010; Kumar et al., 2011; Nikishin
et al., 2014, 2017, 2018, 2019; Ilhan and Coakley, 2018) also were
available. For ground truth, rock samples were taken on sea floor scarps
along the Lomonosov Ridge and Mendeleev Rise (Morozov et al., 2013;
Petrov et al., 2016; Skolotnev et al., 2017, 2019; Knudsen et al., 2018;
Rekant et al., 2019). In this paper we tie together seismic stratigraphic
interpretations from the shelf to the deep-water parts of the ocean. Based
on this new stratigraphic framework, we will discuss the tectonic
structure and formation history of the Arctic Ocean. The improved un-
derstanding of Arctic Ocean paleogeography enables further examina-
tion of the relationship between the paleoenvironment and global
climatic changes of this region.

2. Geological setting and study area
The Arctic Ocean comprises a deep-water basin with complex

structure surrounded by multiple shelf seas (Fig. 2, Supplementary Fig.
1). The deep-water basin can be subdivided into two parts, the Eurasia

and Amerasia basins, separated by the Lomonosov Ridge. The Eurasia
Basin is a continuation of the North Atlantic Ocean with the ultra-slow
spreading Gakkel Mid-Oceanic Ridge running along its axis (Dick
et al., 2003). The Lomonosov Ridge, which separates the Eurasia and
Amerasia basins, comprises a terrane associated with a continental crust.
Based on plate reconstructions, the crust of the Lomonosov Ridge is
formed by Paleozoic orogens (a continuation of the Caledonian, Tima-
nian and Taimyr orogens) (Ziegler, 1988; Nikishin et al., 2021a; Knud-
sen et al., 2018; Miller et al., 2018b; Miller et al., 2018a; Rekant et al.,
2019).

In the Amerasia Basin, two domains can be identified: the North
Amerasia and the South Amerasia domains (Nikishin et al., 2014). The
South Amerasia Domain is represented by the Canada Basin, which is
characterized by three principal crustal types. In the central zone,
gravity and magnetic anomaly maps clearly indicate the presence of an
axial rift zone. It is commonly assumed that typical oceanic crust is
present there, whereas continental crust strongly extended by rifting is
identified along the basin margins (Mosher et al., 2012; Chian et al.,
2016; Hutchinson et al., 2017). In some marginal zones of the basin, the
crust has been suggested to be composed of serpentinized mantle
(Mosher et al., 2012; Chian et al., 2016). The timing of Canada Basin
formation has been the subject of debate with estimates ranging from
Early Jurassic to Late Cretaceous (e.g., Embry and Dixon, 1994; Embry,
1990; Grantz et al., 2011; Helwig et al., 2011; Coakley et al., 2016;
Hutchinson et al., 2017; Miller et al., 2018b, Miller et al., 2018a; Homza
and Bergman, 2019;). The North Amerasia Domain is represented by the
Alpha-Mendeleev Rise (we will use this name to collectively refer to the
Alpha Ridge and Mendeleev Rise) and the associated conjugate deep
basins. Two basins are present between the Alpha-Mendeleev Rise and
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Fig. 2. Tectonic scheme of the Arctic Ocean region. New version, based on Nikishin et al. (2014, 2017, 2018) and new data. The Canada Basin structure has been
resolved using data from Mosher et al. (2012) and Chian et al. (2016). For details and geography see Supplementary Fig. 1. Geographic base map is the Geological

map of the Arctic (Harrison et al., 2011).

the Lomonosov Ridge: the Podvodnikov and the Makarov basins. In the
area between the Alpha-Mendeleev Rise and the Canada Basin, the
Nautilus, Mendeleev and the Chukchi Abyssal Plain basins (or Toll
Basin) (Nikishin et al., 2017; Nikishin et al., 2014) are observed.

The Alpha-Mendeleev Rise crosses the Amerasia Basin and is located
between the Russian East Siberian-Chukchi Sea shelves and the shelf
associated with the islands of the Canadian Archipelago. The Alpha-
Mendeleev Rise comprises a relative bathymetric high area with a
relatively thickened crust up to 20-30 km thick (Alvey et al., 2008; Gaina
et al., 2014; Jokat and Ickrath, 2015; Petrov et al., 2016; Lebedeva-
Ivanova et al., 2019; Piskarev et al., 2019). Two main hypotheses con-
cerning the crustal structure of this uplift exist (e.g., Gaina et al., 2014;
Pease et al., 2014). Some authors propose that the uplifted zone com-
prises a Cretaceous oceanic plateau with a basaltic crust formed above a
mantle plume (Jokat, 2003; Dove et al., 2010; Funck et al., 2011; Grantz
et al., 2011; Bruvoll et al., 2012; Jokat and Ickrath, 2015). Other re-
searchers suggest that this uplifted domain consists of a continental crust
strongly thinned by rifting and within which Cretaceous plume volca-
nism manifested itself (Dgssing et al., 2013; Miller and Verzhbitsky,

2009; Nikishin et al., 2017; Nikishin et al., 2014; Oakey and Saltus,
20165 Petrov et al., 2016; Vernikovsky et al., 2014). The uplifted area is
characterized by complex structure and associated significant seabed
relief, and in general is expressed as an alternation of basins and ranges.

The crustal structure of the Makarov-Podvodnikov basin system has
been a matter of debate (e.g., Evangelatos et al., 2017; Lebedeva-Iva-
nova et al., 2019). Some authors assume that this basin has an oceanic
crust of an age that is not precisely known (Alvey et al., 2008; Grantz
et al., 2011). Other authors believe that the basin has a continental crust
thinned by rifting (Langinen et al., 2009; Glebovsky et al., 2013;
Kashubin et al., 2013; Laverov et al., 2013; Jokat and Ickrath, 2015;
Nikishin et al., 2014, 2017; Petrov et al., 2016; Piskarev et al., 2019).

The Nautilus-Mendeleev-Toll basin system is situated between the
Chukchi Plateau and the Mendeleev Rise. The structure of its crust is
subject to debate. Some authors suggest that the basin’s crust is oceanic
(Grantz et al., 2011; Hegewald and Jokat, 2013). However, seismic data
and gravity modeling suggest that the crust is likely characterized by
continental crust strongly extended by rifting (Brumley, 2014; Nikishin
et al., 2014, 2019).
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Fig. 3. A. Basement time depth map compiled using interpretation of 2D seismic lines (demonstrated as black solid lines). B. Sedimentary cover time thickness map
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The maps are for the Mendeleev Rise and North Chukchi Basin region (see map for location). The maps were compiled using Petrel software.
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Fig. 4. Interpretation of a fragment of seismic profile ARC 14-07 for the Lomonosov Ridge area. The profile is located nearly 50 km from the ACEX drill sites. The
profile is in time and depth scales. Depth-conversion methodology was discussed by Kashubin et al. (2018) and Nikishin et al. (2021a). Location of the profile is
shown on the map. 56 Ma, 45 Ma are seismic horizons and their ages. Data for ACEX from Bruvoll et al. (2010).

The Chukchi Plateau is a zone of relatively shallow bathymetry
associated with continental crust (Alvey et al., 2008; Kashubin et al.,
2013; Gaina et al., 2014; Coakley et al., 2016; [lhan and Coakley, 2018).
Within the central part of the Chukchi Plateau, dredging revealed the
presence of igneous rocks with an age of ca. 428 Ma, providing evidence
of Early Paleozoic orogeny in this area of the plateau (Brumley et al.,
2015). Consequently, it is likely that a crust of Early Paleozoic and older
age exists there (Brumley et al., 2015).

The shelf seas of the Arctic Ocean display a broad range of geological
structures. The Barents and Kara shelves and the shelf north of the Ca-
nadian Arctic Islands and Greenland are underlain by Paleozoic and
Neoproterozoic basement. These shelves are characteristic of sedimen-
tary basins with Paleozoic rifts (e.g., Nikishin et al., 2014; Pease et al.,
2014). Jurassic and Cretaceous rifts are known for the area of the
Sverdrup Basin (Harrison and Brent, 2005; Embry and Beauchamp,
2008; Hadlari et al., 2016).

The Alaskan Shelf is narrow with the Mesozoic and Cenozoic Brooks
Orogen situated close to the shelf. On the Laptev, East Siberian and
Chukchi shelves, numerous Cretaceous and Cenozoic rifts have been
identified recently (Drachev et al., 2010, 2018; Franke, 2013; Nikishin
et al., 2014, 2017, 2018, 2019; Ilhan and Coakley, 2018; Savin, 2020).
These rifts extend to the continental margin of the deep-water Arctic

Basin, suggesting that the rifts and basins were formed within a single
geodynamic environment. This issue is a prime focus in the present
study, with an emphasis on the part of the Arctic Basin adjacent to
Russia’s territory.

3. Data and methods

In this paper, we will use data collected primarily by the Arktika-
2011, Arktika-2012, and Arktika-2014 Projects. Characteristics of the
seismic and other data are presented in Paper-1 (Nikishin et al., 2021a).
In the present paper we use mainly 2D seismic data. We incorporated
results of seismic sonobuoys published in some technical reports and
papers (e.g., Poselov et al., 2012, 2019; Petrov, 2017; Butsenko et al.,
2019), however we will not further discuss these data here as they will
be fully reported in a separate paper.

For the Russian and American shelves, we utilized seismic lines ac-
quired by the companies MAGE (Murmansk, Russia), DMNG (Yuzhno-
Sakhalinsk, Russia), SMNG (Murmansk, Russia), ION-GXT (USA), and
others. In addition, for the Russian part of the shelf we utilized all
seismic lines available to the Ministry of Natural Resources and Envi-
ronment of the Russian Federation. These data together formed the basis
for the seismic stratigraphic framework presented here.
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We used published and unpublished basement depth maps and
structural maps for all Russian shelf basins based on all available data
from the Ministry of Natural Resources and Environment of the Russian
Federation as well as industry organizations. An example of our data is
illustrated in Fig. 3.

4. Observations and interpretations of the stratigraphy of the
Arctic Ocean area

The following data formed the basis for establishing the chro-
nostratigraphic framework of the Arctic Ocean: (1) drilling data from the
Lomonosov Ridge acquired within the ACEX Project (Moran et al., 2006;
Backman et al., 2008), (2) age data of linear magnetic anomalies of the
Eurasia Basin (Glebovsky et al., 2006; Gaina et al., 2011), (3) age data of
the sedimentary cover of the Chukchi Sea Shelf based on well ties
(Kumar et al.,, 2011; Hegewald and Jokat, 2013; Houseknecht and
Wartes, 2013; Nikishin et al., 2014, 2017, 2019; Aleksandrova, 2016;
Craddock and Houseknecht, 2016; Houseknecht et al., 2016; Ilhan and
Coakley, 2018; Popova et al., 2018; Homza and Bergman, 2019;
Houseknecht, 2019b; Houseknecht, 2019a; Skaryatin et al., 2020), (4)
data on formation history of Mesozoic orogens on islands in the East
Siberian and Chukchi Seas, (5) data on ages of De Long and Alpha-
Mendeleev Rise basalts, which are a part of the Alpha-Mendeleev LIP
or HALIP (Drachev and Saunders, 2006; Grantz et al., 2011; Morozov
et al., 2013; Brumley, 2014; Coakley et al., 2016; Mukasa et al., 2020),
(6) data on climate stratigraphy (Backman and Moran, 2009; Stein et al.,
2015), and (7) other miscellaneous data.

4.1. Drilling data from the Lomonosov Ridge — the ACEX Project

Wells from the ACEX Project across the Lomonosov Ridge have been
tied with seismic lines, which together formed the basis for the strati-
graphic interpretation of that area (Jokat, 2005; Moran et al., 2006;
Backman et al., 2008; Backman and Moran, 2009; Langinen et al., 2009;
Bruvoll et al., 2010; Poselov et al., 2012; Rekant and Gusev, 2012; Jokat
etal., 2013; Weigelt et al., 2020). Two principal stratigraphic units with
minimal structural dip are identified within the sedimentary cover:
Miocene-Quaternary deposits (18.2-0 Ma) are separated from underly-
ing Eocene deposits with an age of over 44.4 Ma, by an erosional surface.
Within the Eocene deposits, a significant lithological boundary at 45.4
Ma lies between two stratigraphic units, U1/6 and U/2 (Backman et al.,
2008; Bruvoll et al., 2012). Below this boundary, mud-bearing bio-
siliceous ooze is present, whereas above the boundary clays are domi-
nant. This boundary corresponds to a climate transition from “green
house” to “ice house” (Backman et al., 2008; Moran et al., 2006). In
general, transparent seismic facies are observed above this boundary,
whereas below this boundary a package with bright reflections is
observed (Backman et al., 2008; Bruvoll et al., 2010; Weigelt et al.,
2014). According to ACEX Project drilling data, this boundary is char-
acterized by a sharp change in rock density (Jakobsson et al., 2007). This
surface corresponds precisely to the boundary which we date it as 45 Ma
(Nikishin et al., 2014, 2017, 2018) and represents a regional strati-
graphic boundary that is associated with a major change in the character
of sedimentation and paleoclimate. In previous studies (Bruvoll et al.,
2010; Weigelt et al., 2014), this seismic boundary was tied to an
erosional hiatus and was dated as a much younger intra-Early Miocene
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surface.

Below the Eocene deposits, sediments in tilted fault blocks are
observed, and are probably of Cretaceous age (the presence of Campa-
nian deposits has been documented in previous studies) (Backman et al.,
2008; Bruvoll et al., 2010). The Pre-Eocene unconformity may corre-
spond to the onset of oceanic crust spreading in the Eurasia Basin (a
breakup unconformity caused by the onset of oceanic crust spreading)
(Backman et al., 2008; Bruvoll et al., 2010; Rekant and Gusev, 2012,
Weigelt et al., 2014, 2020, Nikishin et al., 2014). We date this boundary
on seismic lines as 56 Ma (Nikishin et al., 2018; Nikishin et al., 2017;
Nikishin et al., 2014). The Russian seismic line Arktika 14-07 is located
close the ACEX wells (Fig. 4), which allows correlation between bore-
hole and seismic data and consequent inclusion of borehole data in the
regional interpretation of the seismic data.

4.2. Magnetostratigraphy of the Eurasia Basin

The stratigraphy of the Eurasia Basin’s sedimentary cover is based on
the correlation of linear magnetic anomalies with the age of the base-
ment. Knowing the age of the basement, one can approximate the
maximum age of the overlying sediments (Chernykh and Krylov, 2011;
Rekant and Gusev, 2012). The linear magnetic anomalies are well
known for the Eurasia Basin (Gaina et al., 2011; Glebovsky et al., 2006).
We utilized these anomalies, each having its definite age, coupled with
new seismic lines acquired in through the Arktika-2011 and Arktika-
2014 Projects, as the basis for the chronostratigraphic framework. The
least ambiguous pattern was observed on line ARC-028 (Nikishin et al.,
2014, 2017, 2018). More regionally, analyses were carried out for the
seismic line Arktika-2014-07, which crosses the entire Eurasia Basin
(Fig. 5). The position of magnetic anomalies 21ny (45.7 Ma), 13ny
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horizons and their ages (Ma). C. Fragment of Arctic magnetic anomaly map (Gaina et al., 2011). Black circle shows a bright magnetic anomaly, which corresponds to
a possible area with intrusions observed on the seismic profile. See also supplementary data, Fig. 7 (seismic profile without interpretation at high resolution).
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Fig. 8. Interpretation of composite seismic profile (lines ION11-4600, ARC 14-23, and ARC 14-05) for the region from the Laptev Sea Shelf and Lomonosov Ridge to
Gakkel Ridge. Location of the profile is shown on the map. Different color lines are seismic horizons and corresponding ages (Ma). Kazmin Tectonic Scarp after
Nikishin et al. (2018). See also supplementary data, Fig. 8 (seismic profile without interpretation at high resolution).



A.M. Nikishin et al. Earth-Science Reviews 217 (2021) 103581

0 . [ Laptev Se
Gakkel Lomonosov Ridge Lomonosov Ridge Slope
R|dge X '> Two clinoform complexes,
16 % % S . 45-34 Ma uplift of the Lomonosov
' o
2 Pre-Miocene erosion Early Oligocene transgressive
= surface
]
=30 154
ﬁ Late Oligocene (Chatian) sea-level fall
» £ mass-transport deposits
£ §
Z.4s N

Fig. 9. Interpretation of composite seismic profile (lines ARC 14-22 and ARC 11-27) for the region from the Laptev Sea Shelf and along Lomonosov Ridge slope to
Gakkel Ridge. Location of the profile is shown on the map. Different color lines are seismic horizons and corresponding ages (Ma). See also supplementary data, Fig. 9
(seismic profile without interpretation at high resolution).
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Fig. 10. A. Interpretation of composite seismic profile for the Chukchi Sea (fragments of lines ARC 14-01, ION 11-1400, ION 11-4200, ION 15-2000, CS1-11200, CS1-
16100). Location of the profile is shown on the map. Location of boreholes is shown on the map and seismic profile in Fig. 11. Data are from Sherwood et al. (2002)
and Kumar et al. (2011). Pre-Aptian (BU) and pre-Paleocene (MBU) unconformities can be traced from shelf areas toward the deep water Arctic Ocean. B. Seismic
profile without interpretation. See also supplementary data, Fig. 10 (seismic profile without interpretation at high resolution).
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Fig. 11. A. Interpretation of composite seismic profile running from the Barents-Kara Seas shelf to Alaska Shelf (fragments of lines ARC 14-07, ARC 14-06, ARC 14-
01, ION 11-1400, ION 11-1100, ION 11-1100, CS1-11200, CS1-16100). Location of the profile is shown on the map. The ages of seismic horizons were correlated with

those of linear magnetic anomalies in the Eurasian Basin and data from Alaska Shelf boreholes. B. Seismic profile without interpretation. HARS - high-amplitude
reflection sequence. See also supplementary data, Fig. 11 (seismic profile without interpretation at high resolution).
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Fig. 12. Interpretation of composite seismic profile running from the Amundsen Basin to the North Chukchi Basin (fragments of lines ARC 11-28, ARC 14-01, ION 11-

4300, and ION 11-1400). R/PR - rift/postrift boundary. Location of the profile is shown on the map. See also supplementary data, Fig. 12 (seismic profile without
interpretation at high resolution).
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Fig. 13. Interpretation of composite seismic profile from the Gakkel Ridge to the North Chukchi Basin (fragments of lines ARC 14-05, ARC 14-13, ARC 14-03, and
ARC 14-01). R/PR - rift/postrift boundary. Location of the profile is shown on the map. SDW - syntectonic depositional wedge. See also supplementary data, Fig. 13

(seismic profile without interpretation at high resolution).
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Fig. 14. Interpretation of composite seismic profile running from the Podvodnikov Basin to the North Chukchi Basin (fragments of lines ARC14_P01, ARS10F24,
ION11_4200A). Location of the profile is shown on the map. See also supplementary data, Fig. 14 (seismic profile without interpretation at high resolution).

(33.16 Ma) and 6ny (19.7 Ma) is shown on the seismic profile. Sedi-
mentary sequences with ages of 56-45.7 Ma, 45.7-33.16 Ma, 33.16-19.7
Ma and younger than 19.7 Ma, respectively, correspond to these mag-
netic anomalies ages.

The ages of magnetic anomalies do not coincide exactly with the ages
of global sedimentary sequences (Gradstein et al., 2012). We also cannot
exactly tie boundaries of seismically-identified sequences to ages of
magnetic anomalies. Consequently, we assume that the boundary of
sedimentary sequences with a magnetic age of 33.16 Ma likely corre-
spond to the Eocene/Oligocene boundary (ca. 34 Ma). Similarly, the
boundary with an age of 19.7 Ma may be close to the Oligocene/
Miocene boundary (ca. 20 Ma) (Figs. 5, 6).

It should be noted that the 45.7 Ma boundary within the Eurasia
Basin nearly coincides with the boundary of 45.4 Ma observed on the
Lomonosov Ridge. The tops of the seismic sequences with these ages also
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have similar attributes. Therefore, we interpret the 45 Ma boundary
across the Eurasia Basin, in the Podvodnokov Basin, and on the Lomo-
nosov Ridge with some confidence (Figs. 4, 5, 6). We also trace the 34
Ma boundary (approximately base of the Oligocene) across the Eurasia
Basin and with high probability also into the Podvodnikov Basin (Figs. 5,
6). As sediments in the Eurasia Basin cannot be older than the basement,
the oldest sediments, which correspond to the base of the sedimentary
section and hence the age of basin formation, are 56 Ma (bottom of the
Eocene). The base of these sediments correlates with the base of sedi-
ments on the Lomonosov Ridge (these sediments are present above an
angular unconformity and the rift/postrift boundary).

In the Eurasia Basin and in the Podvodnikov Basin, the 45 Ma
boundary separates the lower seismic facies characterized by high-
amplitude reflections from the upper more transparent seismic facies.
This is probably a regional lithological boundary (Figs. 5, 6). Note that
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Fig. 15. Flattening on seismic horizons 45 Ma (A) and 66 Ma (B) for southern part of the seismic line shown in the Fig. 14. Large shelf clinoform complexes of the
North Chukchi Basin with transition to deep-water deposits in the Podvodnikov Basin can be observed.
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Fig. 16. Fragment of seismic profile presented on Fig. 14. Synrift and postrift complexes are observed in the Podvodnikov Basin. Rift/postrift (R/PR) boundary of the
Podvodnikov Basin grades to a boundary between sedimentary cover and acoustic basement in the North Chukchi Basin. A volcano-like structure is observed on the
top of synrift complex in the Podvodnikov Basin.
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Fig. 17. Interpretation of regional seismic profile 5AR for the Chukchi Sea region. Location of the profile is shown on the map. Different color lines are seismic
horizons and corresponding ages (Ma). See also supplementary data, Fig. 17 (seismic profile without interpretation at high resolution).

according to Moran et al. (2006) and Backman et al. (2008) ice-rafted
sediments appear in Arctic deposits at ca. 44.8 Ma, as calibrated by
the wells on the Lomonosov Ridge. Hence, a sharp climatic cooling likely
started at approximately that time. Concurrently, this apparently was
associated with a major change in the character of sedimentation. This
boundary associated with linked lithological and climatic contrast has
regional significance and can be mapped across the Arctic Ocean.

Examples of regional correlation of seismic stratigraphy between the
Eurasia Basin, Lomonosov Ridge, and Laptev Sea Shelf are shown in
Figs. 7, 8, 9. Our magnetostratigraphy of the Eurasia Basin (Nikishin
et al., 2014, 2017, 2018) has been corroborated by new data presented
by Weigelt et al. (2020). These authors recognize also seismic horizons
45 Ma, 34 Ma and 20 Ma in the Eurasia Basin.

4.3. Age data of the sedimentary cover of the Chukchi Sea Shelf

Several commercial wells (Popcorn, Crackerjack, Klondike, Burger,
Diamond) have been drilled in the Arctic region in the American part of
the Chukchi Sea (Sherwood et al., 2002; Kumar et al., 2011; House-
knecht and Wartes, 2013; Craddock and Houseknecht, 2016; House-
knecht et al., 2016; Ilhan and Coakley, 2018; Homza and Bergman,
2019). Based on data from these wells, a stratigraphic scheme has been
developed for the Alaskan Shelf (Sherwood et al., 2002). We compiled
composite seismic profiles linking the Russian seismic lines in the Arctic
as well as some commercial seismic lines on the shelf and tied the
stratigraphy to the Popcorn-1, Crackerjack-1, and Burger-1 wells.
Figs. 10 and 11 show an example of this analysis. The Cretaceous/
Paleogene boundary (the Mid-Brookian Unconformity, MBU) is traced
rather robustly into the North Chukchi Basin and into the Amerasia
Basin. On the Alaskan Shelf, this boundary commonly has an erosional
character and an angular unconformity is observed (Sherwood et al.,
2002; Kumar et al., 2011; Houseknecht et al., 2016; Ilhan and Coakley,
2018). In the North Chukchi Basin, the bottom of a thick clinoform
sequence corresponds to this ca. 66 Ma boundary (Figs. 12-16). The
Wrangel-Herald Ridge is located in the Russian part of the Chukchi Sea
(e.g., Nikishin et al., 2015; Verzhbitsky et al., 2015, Verzhbitsky et al.,
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2012) (Figs. 17, 18). Analysis of seismic and AFT data shows that a phase
of thrust faulting in this uplift zone near the Cretaceous/Paleogene
boundary with considerable uplift during the Maastrichtian-Paleocene
occurred (Verzhbitsky et al., 2012, 2015; Nikishin et al., 2014). This
event widely manifested itself in Alaska in the Brooks Orogen as well
(O’Sullivan et al., 1997; Peters et al., 2011).

The most complete Cenozoic section, which includes Eocene de-
posits, is penetrated by the Popcorn-1 well (Sherwood et al., 2002; Ilhan
and Coakley, 2018; Homza and Bergman, 2019; Houseknecht, 2019a,
2019b). The Eocene section is divided into three units: the Lower
Eocene, the Middle Eocene and the Upper Eocene. The 45 Ma boundary
can be traced into the North Chukchi Basin and into the deep-water part
of the Arctic Ocean (Figs. 5-15), and in general can be traced all over the
Arctic Ocean. In the North Chukchi Basin, this stratigraphic level cor-
responds to the bottom of a thick upper clinoform complex. The
Paleocene/Eocene boundary (ca. 56 Ma) is also penetrated by the
Popcorn-1 well and has been seismically mapped across the Arctic
Ocean (Figs. 10-14). The Popcorn-1 well also penetrated Mesozoic de-
posits, though unequivocal seismic correlation of these deposits across
the Arctic Ocean was not possible because of lack of definitive data. In
general, at this stratigraphic level, seismic correlations with the wells on
the Alaskan Shelf remain ambiguous.

Late Paleozoic to Jurassic sections were penetrated by several wells
drilled in the American part of the Chukchi Sea and Alaska. (e.g., Homza
and Bergman, 2019; Houseknecht, 2019a, 2019b; Sherwood et al.,
2002). A Late Paleozoic to Jurassic stratigraphic framework was pro-
posed for the southern part of the North Chuchi Basin using these
borehole data (e.g., Drachev et al., 2010; Nikishin et al., 2014) (Fig. 10).
Geoscientists from Rosneft Oil Company have carried out stratigraphic
analyses of seismic data tied to American wells in the North Chukchi
Basin (Fig. 19). They proposed the presence of a Carboniferous to
Jurassic section below the Cretaceous section of the North Chukchi
Basin. The key element proving the presence of a Paleozoic section is the
presence of salt diapirs, as the salt can have only a Late Paleozoic age.

In the Russian part of the Chukchi Sea, one well, on the Ayon Island
near the Chukchi Peninsula, is available (Aleksandrova, 2016). The well



A.M. Nikishin et al.

angular unconformity

TWT, s

170

180

Earth-Science Reviews 217 (2021) 103581

190 km

Fig. 18. A. Interpretation of composite seismic profile (DMNG_ES10Z05A, SC-90-20c). Location of the profile is shown on the map. Wrangel-Herald thrust belt is
clearly observed. Thrusting started before 66 Ma. Orogenic collapse together with normal faulting took place before 45 Ma. B. Fragment of the seismic profile.

Modified after Nikishin et al. (2019).

penetrated deposits from the Paleocene to the Quaternary (Supple-
mentary Fig. 2) that are characterized by continental and shelf sedi-
ments. The principal hiatus is dated at 47-39 Ma, which generally
coincides with the hiatus observed in the ACEX wells (44.4-18.2 Ma).
In Alaska two wells were drilled on the margin of the Hope Basin in
the Chukchi Sea (Bird et al., 2017) and penetrate Neogene to Eocene
deposits. Near the base of the well, Paleozoic carbonates are encoun-
tered. The Eocene sections contain volcanoclastic deposits and basalts.
The basalts have isotopic ages of 42.3+10 Ma and 40.7+2 Ma. We use
these data to calibrate the seismic stratigraphy of the Chukchi Sea.
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4.4. Formation history of Mesozoic orogens on islands of the East Siberian
and Chukchi Seas

An orogen of Mesozoic age is located in the Russian Far East in the
area from the Verkhoyansk Range to the Chukchi Peninsula. The com-
mon name of this orogen is the Verkhoyansk-Chukotka Orogen (e.g.,
Puscharovsky, 1960) (Fig. 2). The main collisional event took place in
the Early Cretaceous whereas the post-collision extension and intrusion
of granites took place at ca. 118-100 Ma (Parfenov and Kuzmin, 2001;
Sokolov et al., 2002; Miller et al., 2008, 2010, 2018a, 2018b;
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Fig. 19. Fragment of a seismic profile for the Chukchi Sea with geological interpretation. Location of the profile is shown on the map. Modified after Skaryatin et al.
(2020). PU - Permian Unconformity, JU — Jurassic Unconformity, LCU — Lower Cretaceous Unconformity, BU — Brookian Unconformity, CU — Cenomanian Un-
conformity, MBU — Mid-Brookian Unconformity, InEoU — Intra-Eocene Unconformity, NU — Neogene Unconformity, mNU — Mid-Neogene Unconformity, v — unit

with volcanics.
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Fig. 20. Interpretation of seismic profile located to the north of the New Siberian Islands. Pre-Aptian or intra-Aptian angular unconformity is well documented for
the New Siberian Islands (e.g. Kos’ko and Trufanov, 2002). Location of the profile is shown on the map. Data courtesy of the Ministry of Natural Resources, Russia.
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Fig. 21. Interpretation of seismic profiles for the East Siberian Sea Shelf (De Long High). A. Composite seismic profile from the East Siberian Sea Shelf (De Long High)
to the Podvodnikov Basin (lines MAGE ESS1611 and MAGE ESS1601). B. Enlarged section of profile ESS1611. C. Seismic profile MAGE ESS1625. Location of the

profiles is shown on the map. See also supplementary data, Fig. 21 (seismic profile without interpretation at high resolution).
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Fig. 22. Interpretation of composite seismic profile running from the East Siberian Sea Shelf to the Podvodnikov Basin (lines ARC 14-06 (fragment) and MAGE
ESS1601). Location of the profile is shown on the map. R/PR - rift/postrift boundary. SDW - syntectonic depositional wedge. See also supplementary data, Fig. 22
(seismic profile without interpretation at high resolution).
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Fig. 23. A. Interpretation of composite seismic profile from the East Siberian Sea and Chukchi Sea Shelf to the Podvodnikov Basin, Mendeleev Rise and Toll Basin
(lines ION12_1400, ION11_1400, 5AR, ARC14_P01, ARC12_03). Location of the profile is shown on the map. B. Interpretation without seismic imaging. See also
supplementary data, Fig. 23 (seismic profile without interpretation at high resolution).
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Fig. 24. Interpretation of a fragment of the composite seismic profile for the East Siberian Sea which is illustrated in Fig. 23 (white quadrangle) (line ION12_1400). A
large continental rift system can be observed with a number of rift phases between 125 and 45 Ma and later. The correct timing of rifting is difficult to evaluate.

0
Lomonosov Ridge
-1 Lomonosov Terrace
-2 Amundsen Basin
-33 Gakkel Rift
-4 S
ligocene clinoform

complex and channels

TWT, s

. . De Long
East Siberian Sea Shelf graben system

Podvodnikov Basin

Fig. 25. Interpretation of composite seismic profile from the East Siberian Sea Shelf to the Gakkel Ridge (lines ARC 14-05, ARC 14-13, ARC 14-03, and ARC 12-16).
Location of the profile is shown on the map. See also supplementary data, Fig. 25 (seismic profile without interpretation at high resolution).

Kuzmichev, 2009; Amato et al., 2015; Drachev, 2016; Toro et al., 2016;
Petrov, 2017).

Mesozoic folding widely occurs on the New Siberian Islands and on
the Wrangel Island in the Chukchi Sea. On the New Siberian Islands, the
collisional orogeny ended before the Mid Aptian. Upper Aptian deposits
unconformably overlie the Paleozoic-Lower Jurassic folded complex
with the surface marked by angular discordance (Kos’ko and Trufanov,
2002; Kuzmichev et al., 2009, 2013; Kos'ko et al., 2013). This angular
unconformity is well expressed on seismic profiles located in the area of
the New Siberian Islands (Drachev et al., 2018; Nikishin et al., 2018;
Nikishin et al., 2017; Nikishin et al., 2014) (Fig. 20). The following
sedimentary sections have been identified on these islands (Kos’ko et al.,
2013; Kuzmichev et al., 2013; Kuzmichev et al., 2009): the Late Aptian-
Albian, Upper Cretaceous (Cenomanian-Coniacian), Eocene, and Qua-
ternary. All deposits are represented predominantly by continental
sandstones, siltstones and clays, intercalated with coal horizons. The
presence of a Mesozoic pre-Aptian orogeny on the New Siberian Islands
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coupled with considerable pre-Aptian erosion is indicative of the fact
that sedimentary complexes of the East Siberian Sea system of rifts are
not older than Aptian (Sekretov, 2001; Nikishin et al., 2017; Nikishin
et al., 2014). The deposits of the East Siberian Sea rifts can be traced on
seismic lines into the Podvodnikov and Makarov basins of the Arctic
Ocean (Figs. 21-30).

On Wrangel Island, folded Silurian-Triassic deposits are observed
(Kos’ko et al., 1993; Verzhbitsky et al., 2015; Sokolov et al., 2017). It is
commonly assumed that the main folding took place in the Late Jurassic-
Early Cretaceous ca. 150-120 Ma, whereas a major uplift phase took
place at ca. 105-90 Ma and 72-64 Ma (Kos’ko et al., 1993; Miller et al.,
2010, 2018a, 2018b,; Verzhbitsky et al., 2015, Verzhbitsky et al., 2012;
Sokolov et al., 2017). Examination of seismic lines within the North
Chukchi Basin, north of Wrangel Island, reveals that the sedimentary
cover of the North Chukchi Basin probably overlies the folded structures
exposed on Wrangel Island (Nikishin et al., 2014, 2017) (Figs. 10, 17).
This suggests that the formation of the North Chukchi Basin is not older
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Fig. 26. A. Interpretation of composite seismic profile (lines ARC 14-39a, ARC 14-06, and ARC 14-02) for the region from the East Siberian Sea shelf to the
Lomonosov Ridge and North Pole. Location of the profile is shown on the map. Different color lines are seismic horizons and corresponding ages (Ma). B. Seismic
profile without interpretation. Basement-1 and basement-2 are two possible boundaries defining acoustic basement in the Arlis Gap-Makarov Basin region. An in-
termediate unit can be proposed between these boundaries. See also supplementary data, Fig. 26 (seismic profile without interpretation at high resolution).

than Aptian (Nikishin et al., 2014, 2017).

4.5. Formation history of Late Jurassic to Neocomian (pre-Aptian)
foredeep basins in the East Siberian and Chukchi Seas

The Verkhoyansk-Chukotka Orogen has its possible northern
boundary in the East Siberian and Chukchi seas and is expressed as a belt
of syn-collisional foredeep basins (e.g., Puscharovsky, 1960; Miller and
Verzhbitsky, 2009; Drachev et al., 2010, 2018; Nikishin et al., 2014,
2019; Bird et al., 2017; Popova et al., 2018). The basis of this hypothesis
is that a Mesozoic orogeny was known for the New Siberian Islands and
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Wrangel Island, however, the region of De Long Islands has Early
Paleozoic and older crust. Drachev et al. (2010) presented geophysical
data for location of this foredeep basin and Nikishin et al. (2014)
identified this thrust belt on recent Russian seismic data. Popova et al.
(2018) evaluated Rosneft Oil Company data and documented a pre-
Aptian foredeep basin, which they named the Zhokhov Basin. Based
on the number of recent seismic sections that cross this region (Fig. 31),
we recognize a classical foredeep basin with thrusting towards the north.
The two-way travel time thickness of the foredeep basin sedimentary fill
is ca. 5 secs, with a width of nearly 50-100 km. The Mesozoic orogen
together with its foredeep basin is covered by Cretaceous post-
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Fig. 27. Fragment of the profile shown in Fig. 26. This profile presents the first data illustrating the geological structure of the North Pole region. The North Pole is
located in the Amundsen Basin and close to the Lomonosov Ridge. A key question concerns the position of the continental and oceanic crust boundary on this profile.

Barremian deposits. Some possible grabens can be recognized at the
bottom of this Cretaceous section, the age of which is not older that the
Aptian.

A pre-Aptian foredeep basin was proposed and documented north of
Wrangel Island (Nikishin et al., 2014) and was named the North Wrangel
Basin. Recent Rosneft Oil Company seismic data have supported this
hypothesis (Skaryatin et al., 2020).

4.6. Formation history of the De Long plateau basalts and of the Alpha-
Mendeleev Rise basalts

The De Long Islands are located in the northern part of the New Si-
berian Islands in the East Siberian Sea. On Bennett Island, one of the De
Long Islands, Early Cretaceous plateau basalts are well known and
overlie a Lower Paleozoic folded complex (Kos’ko et al., 2013). The age
of the basalts is ca. 105-130 Ma (Drachev and Saunders, 2006; Kos'ko
et al., 2013; Kuzmichev, personal communication). Below the basalts,
Early Cretaceous sandstones with coals are observed (Kos’ko et al.,
2013). A strong magnetic anomaly is associated with the De Long
Islands, indicative of a possible widespread Early Cretaceous basaltic
plateau (Drachev and Saunders, 2006; Drachev et al., 2010; Gaina et al.,
2011; Saltus et al., 2011; Nikishin et al., 2014, 2017; Shipilov, 2016).
The De Long Plateau forms an uplifted area and is transected by several
seismic lines. Several grabens are located within the plateau (Drachev
et al., 2010; Nikishin et al., 2014, 2017). At the base of some of the
graben fills, packages of high-amplitude reflections are observed
(Figs. 6, 21, 22). We assume that these high-amplitude reflections
correspond to the De Long basalt complex interbedded with layers of
sedimentary deposits (Nikishin et al., 2014, 2017; Shipilov, 2016). The
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most obvious example is in the Anisin Basin located just north-west of
Kotelny Island of the New Siberian Islands where we recognize high-
amplitude reflections at the base of the graben and interpret as
possible volcanics. In addition we see seismic reflection patterns indic-
ative of the existence of numerous magmatic intrusions below the
acoustic basement (Fig. 32). It follows from this hypothesis that the
rifting in the East Siberian Sea started at the time of the basaltic
volcanism, i.e., the start of the rifting took place not earlier than the
Aptian (Nikishin et al., 2014, 2017).

Basalts were penetrated by shallow drilling on the slope of the
Trukshin Seamount on the Mendeleev Rise yielding U-Pb ages of 127 Ma
derived from zircon samples (Morozov et al., 2013) (see Paper-1,
Nikishin et al., 2021a). Basalts of similar age are known in the Cana-
dian Arctic Islands (e.g., Embry and Osadetz, 1989; Evenchick et al.,
2015). On the seismic line across the Trukshin seamount these basalts
are within the acoustic basement (Nikishin et al., 2014, 2017, 2021a).
North of the Chukchi Plateau, basalts were recovered by dredging on
slopes of bathymetric highs and have isotopic ages of 118-112 Ma, 105-
100 Ma, and 90-70 Ma (Brumley, 2014; Mukasa et al., 2020). On the
Mendeleev Rise they either are observed within the acoustic basement
or are present as high-amplitude reflections in the cover (Brumley, 2014;
Nikishin et al., 2014) These basalts are overlain by the Alpha-Mendeleev
sedimentary cover. It should be noted that at the present time there is
insufficient data on volcanic rocks of the Alpha-Mendeleev Rise, to allow
for robust conclusions. The sedimentary cover possibly starts from the
Middle-Upper Cretaceous and includes basalt deposits that form
seismically-defined packages characterized by high-amplitude re-
flections (Nikishin et al., 2014; Rekant et al., 2015; Coakley et al., 2016)
(Figs. 33-44).
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Fig. 28. Fragment of the profile shown in Fig. 26. This profile crosses the Makarov Basin and its southern margin. A. Interpretation of the profile. A V-shape trough is
located in the central part of the basin, interpreted as a possible rift basin with a pre-66 Ma age. Possible volcanic structures with Cretaceous pre-80 Ma age are

outlined by red lines. B. Section flattened on the 66 Ma horizon.

In 2014 and 2016 rock samples were collected from four scarps on
the Mendeleev Rise using a specially-equipped submarine (see Paper-1,
Nikishin et al., 2021a). The samples were collected by Skolotnev et al.
(2017, 2019,) and four sections were studied, composed mainly of
deformed sedimentary rocks with Ordovician to Devonian fauna (see
Paper-1, Nikishin et al., 2021a). These sections are pierced by basalt
dikes and sills of Early Cretaceous age (105-124 Ma) (Skolotnev et al.,
2017, 2019; Skolotnev, unpublished data). The deformed Paleozoic
deposits are unconformably covered by Aptian (or late Barremian to
Aptian) sandstones in the Trukshin seamount, and basalts and basaltic
tuffs with isotopic ages close to 112-124 Ma are observed (Petrov, 2017;
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Skolotnev et al., 2019; Skolotnev et al., 2017) (see Paper-1, Nikishin
et al,, 2021a). From these data it appears that the Mendeleev Rise
comprises a continental terrane that has experienced strong extension
and Cretaceous magmatism.

4.7. Formation history of rifting in the shelf basins of the East Siberian
and Chukchi Seas

A large system of continental rifts is present within the shelves of the
East Siberian and Chukchi Seas (Drachev et al., 2010; Nikishin et al.,
2019; Nikishin et al., 2017; Nikishin et al., 2017; Popova et al., 2018)
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Fig. 29. A. Fragment of the profile shown in Figs. 26 and 28, and detailed fragment of Fig. 28. This profile is located in the region between Arlis Gap Buried Plateau
and the Makarov Basin. A number of volcano-like features can be identified. Volcanoes have a Cretaceous pre-80 Ma age. B. Fragment of this profile. Dashed red lines

outline possible volcanoes without evidence for subareal erosion, suggesting that these volcanoes originated as submarine structures.
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Fig. 30. A. Fragment of the profile shown in Fig. 26. This profile is located in the Arlis Gap Buried Plateau. Red lines are outlines of possible volcanoes. Onlapping of
seismic horizons toward 80 Ma surface is observed, implying possible tectonic movements between 80 and 66 Ma and younger. B. Section flattened on the 80 Ma
horizon. Possible synrift complex can be observed below 80 Ma horizon. C. Fragment of the seismic line with possible volcanic structures. These structures are of
Cretaceous age (older than 80 Ma).
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Fig. 31. Seismic profiles for the Zhokhov Foredeep Basin region. A. Modified after Nikishin at al. (2014). B. Fragment of the profile ES1_16ES21 (MAGE, Murmansk,

data courtesy of the Ministry of Natural Resources, Russia).

(see Paper-1, Nikishin et al., 2021a). As we pointed out in previous
sections the most probable time of rift onset was the Aptian.
Numerous anomalies of apparent intrusive origin are observed on
several seismic sections north of Wrangel Island in the Chukchi Sea
(Figs. 45, 46). These anomalies, characterized by high-amplitude re-
flections, all occur below the possible 125 Ma horizon (the base of the
Aptian) and are similar to the numerous anomalies in the Barents Sea,
which have been interpreted as Cretaceous intrusions (Corfu et al.,
2013; Polteau et al., 2016; Minakov et al., 2018). In the North Chukchi
Basin, high-amplitude reflections are present at the base of the strati-
graphic section, and can be interpreted as alternating basalts and
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sedimentary rocks (Figs. 46, 47). This probable igneous province in the
Chukchi Sea is distinctly identifiable on the magnetic anomaly map
(Gaina et al., 2011) in the form of a strong positive anomaly. The age of
the magmatism could be Aptian (or HALIP); in this case, the magmatism
was approximately synchronous with the magmatism of the De Long
Plateau in the East Siberian Sea and with the magmatism on the Alpha-
Mendeleev Rise. We propose that at the onset of formation of the North
Chukchi Basin, approximately in the Aptian, basaltic magmatism
occurred.

Within the East Siberian and Chukchi Sea rifts, a rift/postrift
boundary is seismically identified (Figs. 20-26, and 32) though its
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Eurasia

Fig. 32. A. Fragment of seismic profile across the Anisin Basin. Location of the profile is shown on a map. B. Fragment of profile A. Possible volcanic complex and
intrusions can be observed. Volcanics are at the base of the rift basin. Data courtesy of the Ministry of Natural Resources, Russia.

precise dating is difficult. Because an unconformity between the Albian
and the Cenomanian exists on the New Siberian Islands, we propose as a
hypothesis that this boundary corresponds to the rift/postrift boundary
and we date it as 100 Ma. Miller et al. (2018b, 2018a) studied a normal
fault event possibly related to rifting, on Wrangel Island using U-Pb and
AFT dating and concluded that the timing of fault motion was likely 105-
100 to 95 Ma, with only a minor uplift after that. These data are
consistent with our general model. This unconformity of Cenomanian or
Early Cenomanian age also is well documented in the Beaufort-
Mackenzie Basin (Embry and Dixon, 1994) and Arctic Alaska (Homza
and Bergman, 2019; Ilhan and Coakley, 2018).

New data on the New Siberian Islands history based on low-
temperature thermochronology demonstrate that a cooling episode
took place at 125-93 Ma (Prokopiev et al., 2018). We interpret this
epoch as a rift shoulder uplift event. Our data do not support the hy-
pothesis of Prokopiev et al. (2018) that it was a compressive event with
thrusting.

4.8. A breakup unconformity on the Laptev Sea Shelf and on the
Lomonosov Ridge

Retraction of the Lomonosov Ridge from the Barents-Kara Shelf is
assumed to have occurred in the course of formation of the Eurasia Basin
(e.g., Drachev et al., 2010); a breakup unconformity with an age of about

25

56 Ma corresponds to the time of onset of oceanic crustal spreading in
the Eurasia Basin (Drachev et al., 2010; Franke, 2013; Nikishin et al.,
2014; Weigelt et al., 2014). This boundary is observed in the Laptev Sea
(Figs. 48, 49) and on the slopes of the Lomonosov Ridge (Figs. 7, 8, 9,
50), and can be correlated with boundaries of seismic sequences in the
Arctic Ocean.

New data on the New Siberian Islands history based on low-
temperature thermochronology demonstrate that a cooling episode
took place at ca. 53 Ma (Prokopiev et al., 2018). We interpret this epoch
as a rift shoulder uplift event.

4.9. Seismic stratigraphy of the Laptev Sea Basin

The Laptev Sea basin is traditionally considered a single rift system
(Drachev et al., 2010; Franke, 2013; Weigelt et al., 2014). Interpretation
of the new grid of seismic lines shows that this is probably not correct
(Nikishin et al., 2017, 2018). In the eastern part of the Laptev Sea in the
area of the Anisin Basin, complex rifting probably started in the Aptian.
There are two main constraints for this hypothesis: (1) At the base of the
rift fill sections in the area of the De Long High, packages of high-
amplitude reflections are observed, which are interpreted as basalts
(Figs. 21, 32). These basalts are present on the nearby De Long Islands
and have been dated at ca. 130-105 Ma (Barremian-Aptian) (Kos ko and
Trufanov, 2002; Drachev and Saunders, 2006;Kos’ko et al., 2013). (2)
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Fig. 33. Interpretation of composite seismic profile (lines ARC 12-03, ARC 14-01 and ARC 11-053) for the region from Lomonosov Ridge to Chukchi Plateau.
Location of the profile is shown on the map. Different color lines are seismic horizons and corresponding ages (Ma), R/PR - rift/postrift boundary. See also sup-

plementary data, Fig. 33 (seismic profile without interpretation at high resolution).

An angular unconformity at the base of the rift complex is observed on
some seismic lines in the area of the De Long High (Nikishin et al., 2014).
This unconformity probably corresponds to the known regional uncon-
formity on the New Siberian Islands, which lies at the base of the Aptian
and is substantiated in many studies (Kos’ko and Trufanov, 2002;Kuz-
michev et al., 2009, 2013;Kos’ko et al., 2013; Nikishin et al., 2017).

In the western part of the Laptev Sea Basin in the area of the Ust’
Lena Basin, a breakup boundary is clearly observed, which is dated at 56
Ma (Fig. 48). Below this boundary, a synrift sediment complex is
observed, which can be dated as Paleocene (or Cretaceous-Paleocene).
That is, continental rifting in the Ust’ Lena Basin took place in the
Paleocene before the onset of the Eurasia Basin opening.

Numerous intrusive type anomalies associated with volcanic sills and
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dykes are observed in the western part of the Laptev Sea on some seismic
sections (Fig. 48). These probable intrusions occur below the breakup
boundary (56 Ma). High-amplitude reflections, which can be interpreted
as volcanics, are identified below the Eocene section as well. The timing
of magmatism is likely close to the Paleocene/Eocene boundary. The
presence of a likely igneous province is confirmed by the presence of a
strong positive anomaly on the magnetic anomaly map (Gaina et al.,
2011). It is likely that a period of basaltic magmatism took place before
the onset of opening of the Eurasia Basin — we call this magmatic area the
Faddey Magmatic Province. Based upon magnetics and seismic data, a
very similar province with possible volcanoes is located on the other side
of the Eurasia Basin at the transition between the Lomonosov Ridge and
the shelf region (Figs. 7, 9). We name this magmatic area the
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Fig. 34. A. Interpretation of a fragment of seismic profile (lines ARC 12-03) from the Toll Basin (Fig. 33). Location of the profile is shown on the map. Different color
lines are seismic horizons and corresponding ages (Ma). SDR complexes and volcanoes on a top of SDRs are interpreted. B. Flattening on the rift/postrift boundary. C

and D - profiles without interpretation.

Lomonosov-Anisin Magmatic Province.

New data show that in the eastern part of the Laptev Sea, the main
rifting was in the Aptian-Albian. These rifts should be assigned to the
system of rifts of the East Siberian and Chukchi Seas rifts and were
connected with the Podvodnikov Basin (Nikishin et al., 2017). The Ust’
Lena Rift in the western part of the Laptev Sea was associated with the
subsequent opening of the Eurasia Basin.

Eocene-Quaternary normal faults are common in the Laptev Sea
Basin (Figs. 51, 52). Their formation has traditionally been interpreted
as the continuation of the Gakkel Mid-Oceanic Ridge (Drachev et al.,
2010; Franke, 2013; Nikishin et al., 2018).

4.10. SDR complexes in the Mendeleev Rise and Podvodnikov and Toll
basins

The Toll Basin is located between the Chukchi Plateau and the
Mendeleev Rise. The Toll Basin has one significant feature in its lower
part: there is a probable rift-postrift boundary below which packages of
reflections dip uniformly towards the Mendeleev Rise (Nikishin et al.,
2014) (Fig. 34). They are interpreted as possible Seaward Dipping Re-
flectors (SDRs) and are typical of volcanic passive continental margins
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(e.g., Geoffroy, 2005). Recently, American investigators published a
profile that lies southward and almost parallel to our profile (Ilhan and
Coakley, 2018). It clearly shows similar SDRs with the same polarity.
SDRs are primarily composed of synrift basalts that are emplaced during
continental rifting over mantle plumes (e.g., Geoffroy, 2005) (this is a
very specific topic which we will not discuss in detail here). Based upon
our grid of seismic data, apparent SDR-like units are very common for
the Mendeleev Rise (Figs. 34, 35, 36, 37, 38, 39, 40, and 41). They could
be classical SDRs with basalts, though we cannot conclusively rule out
the possibility that these reflections are indicative of sedimentary de-
posits within half grabens. The Mendeleev Rise appears to be divided
into two parts, each of which characterized by a consistent and con-
trasting dip. Reflections dip toward the Toll Basin on the eastern slope of
the Mendeleev Rise and toward the Podvodnikov Basin on its western
slope. The presence of SDR-like units also is proposed for the Podvod-
nikov Basin. These units are observed along the eastern and western
slopes of this basin (Figs. 33, 35, 36, 37). The rift/postrift boundary (or
top of SDR complex) seems to be at nearly the same stratigraphic level in
the regions of the Podvodnikov Basin, Mendeleev Rise, and Toll Basin
(Figs. 33-42). Although this is not precisely determined, we cannot find
evidence for moving this boundary to different stratigraphic levels. Our
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Fig. 35. A.Fragment of seismic profile shown in Fig. 33. The line ARC 12-03 for the Mendeleev Rise. Location of the profile is shown on the map. Different color lines
are seismic horizons and corresponding ages (Ma). B. Profile flattened on the 45 Ma horizon. Horst/graben structure on the Mendeleev Rise acoustic basement can

be observed.

seismic data suggests that SDR-like units and/or half-grabens are char-
acterized by strike that is approximately parallel to the Mendeleev Rise
and Toll Basin (Figs. 33, 37). This implies that the orientation of
extension was orthogonal to the Mendeleev Rise. We observe on 2D
seismic sections volcano-like conical seismic structures at the top of the
SDR complexes along 2D seismic lines (Figs. 34, 36).

As discussed above, Skolotnev et al. (2017, 2019) studied samples
collected on the Mendeleev Rise (see also Paper-1, Nikishin et al.,
2021a). These authors documented the presence of Aptian (or
Barremian-Aptian) shallow-marine sandstones, Cretaceous basalt lavas
and Cretaceous tuffs. The Paleozoic section is associated with basaltic
Cretaceous intrusions. Associated Cretaceous volcanic extrusives
occurred in sub-aerial and shallow-marine conditions. The isotopic age
of magmatism was close to 105-125 Ma (Skolotnev et al., 2019; Sko-
lotnev et al., in preparation). Our seismic data together with the
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Skolotnev et al. (2019) data demonstrate that the Mendeleev Rise con-
tains multiple half-grabens and/or SDR units. Half-grabens and/or SDRs
are characterized by continental basement enriched with basalt
intrusions.

A rift/postrift boundary is observed at nearly the same stratigraphic
level in the region of the Podvodnikov Basin, Mendeleev Rise, and Toll
Basin as discussed above. We dated the rift/postrift boundary for shelf
basins in the Laptev, East-Siberian Sea and Chukchi Sea as ca. 100 Ma.
Although this is a speculative conclusion, it seems most reasonable to
correlate this rift/postrift boundary on the shelf with the same boundary
in the Mendeleev Rise region and dating to ca. 100 Ma, or younger.
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Fig. 36. Fragment of seismic profile shown in Fig. 33. Some details of the Podvidnikov Basin are shown. A. Western slope of the Podvodnikov Basin. SDR-complex
can be observed below rift/postrift (R/PR) boundary. B. Profile flattened on the rift/postrift boundary. C. Possible volcanic structures at top of synrift complex in the
south-eastern slope of the Podvodnikov Basin (top of volcanoes is outlined by red line). D. Fragment of seismic profile across the Podvodnikov Basin (Fig. 33)

4.11. Cretaceous seismic stratigraphy of the Laptev Sea-East Siberian Sea- Basin as presented by Poselov et al. (2019) and Savin (2020).
North Chukchi Sea system shelf basins and Cretaceous seismic stratigraphy The rift/postrift (or top of SDRs complex) boundary is at nearly the
of adjacent deep-water Arctic basins and rises same stratigraphic level in the region of the Podvodnikov Basin, Men-
deleev Rise, and Toll Basin as we discussed above. There are two
Rift basins in the eastern part of the Laptev Sea and in the East Si- important consequences of this observation: (1) the Podvodnikov and
berian Sea and the North Chukchi Basin are characterized by a rift/ Toll basins together with the Mendeleev Rise have a nearly similar

postrift boundary at ca. 100 Ma (Figs. 6, 17, 18, 20, 21, 22, 23, 24, 26 timing of development and originated as a single geodynamic system
and 32). Sediment thickness in the North Chukchi Basin is characterized with extension orthogonal to the Mendeleev Rise; (2) the rift/postrift
by a TWT up to 9-11 secs (up to 20-22 km). The stratigraphic base of the boundary for this system could be 100 Ma or younger; a younger age

North Chukchi Basin is relatively flat lying as was observed on a number could be proposed due to the general hypothesis that the end of rifting
of seismic profiles (Figs. 10, 11, 12, 13, 14, 23, and 53). We subsequently events in the shelf areas is typically older than the end of rifting in
mapped that seismic horizon from the North Chukchi Basin into the adjacent deep-water basins (the South China Sea is an example; e.g.,

Laptev and East Siberian Seas (Figs. 10, 12, 13, 14, 16, 23, and 53). We Yang et al., 2018).
conclude that the stratigraphic base of the North Chukchi Basin com-

prises either a possible rift/postrift boundary or marks the top of SDR 4.12. Climatostratigraphy
units for the Podvodnikov and Toll basins as well as for the Mendeleev

Rise. We propose that synrift and pre-rift complexes are strongly Our correlations of seismic lines show that the boundary of ca. 45 Ma
stretched and represent the acoustic basement. Two possible explana- separates different seismic facies (Figs 5-16, 54). Above this boundary,
tions for these observations could be: (1) synrift hyperextension of a weak seismic reflections prevail, while below this boundary high-
continental crust with possible exhumation of the lower crust, or (2) amplitude reflections dominate (Weigelt et al., 2014; Nikishin et al.,
synrift exhumation of the mantle. Drachev et al. (2018) suggested the 2014). We associate this boundary with a sharp climatic cooling as has
possibility of local mantle exhumation. However, we prefer hyperex- been proposed earlier (Backman et al., 2008; Moran et al., 2006).

tension of the continental crust as a causal mechanism. Our interpreta- The Paleocene-Eocene Thermal Maximum (PETM) is well substan-

tion is based on the calculated crustal structure of the North Chukchi tiated for the Canadian Archipelago (West et al., 2015), Spitsbergen
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(Harding et al., 2011), and West Siberia (Akhmet’ev et al., 2010). Our
boundary of 56 Ma in the Arctic Ocean probably corresponds to a phase
of rapid warming. The Early Eocene is characterized by several phases of
rapid warming (Cramer et al., 2009; Gradstein et al., 2012), which are
observed for the Lomonosov Ridge as well (Stein et al., 2015). Deposi-
tion in the Arctic Ocean in general between 56-45 Ma is possibly asso-
ciated with these rapid warming phases and expressed on seismic lines
by the packages of high-amplitude reflections (Figs. 5-16).

A section characterized by high-amplitude reflections also is
observed below our proposed boundary of 80 Ma (Figs. 6, 10, 11,12, 13,
14, 16, 22, 23, 25, 26, 33, 37, 44, and 53). We refer to this high-
amplitude reflector sequence as HARS-2. This sequence has wide-
spread distribution and can be mapped across the Podvodnikov Basin
and in the North Chukchi Basin. We interpret the 80 Ma boundary to
have specific climatic significance. Recently acquired paleontological

30

700

1000 1100

Fig. 37. Interpretation of composite seismic profile (lines ARC 11-53, ARC 12-04, ARC 11-65 and ARC 12-18) for the region from Lomonosov Ridge to Chukchi
Plateau. Location of the profile is shown on the map. Different color lines are seismic horizons and corresponding ages (Ma). See also supplementary data, Fig. 37
(seismic profile without interpretation at high resolution).
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and isotopic data show that during late Cretaceous time (close to 80-90
Ma) the Arctic climate was relatively warm with relative cooling close to
Campanian time (Herman and Spicer, 1996; Jenkyns et al., 2004;
Zakharov et al., 2011; Pugh et al., 2014; Schroder-Adams, 2014;
Schroder-Adams et al., 2014; Herman et al., 2016). Other recent data
show a relatively cool climate during early Cretaceous time with some
short-lasting cooling events (Galloway et al., 2015; Herrle et al., 2015;
Rogov et al., 2017). These data correlate with the record of global cli-
matic history (O’Brien et al., 2017) (Fig. 55). We propose that our HARS-
2 sequence was formed during the late Cretaceous warm climate epoch.
In any case, the climatic history of the Arctic region requires further
investigations.
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Fig. 38. A. Fragment of seismic profile shown in Fig. 37. Rift/postrift (R/PR) boundary and synrift SDR complex are interpreted. B. Profile flattened on the rift/
postrift boundary.
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Fig. 39. Fragment of seismic profile shown in Fig. 37 and 38. Rift/postrift (R/PR) boundary and synrift complex are interpreted. A detailed image of possible

SDR unit.

4.13. Identification of new igneous provinces on the shelf

We have found evidence for two new magmatic provinces in the
region of the Laptev Sea (Figs. 7, 9, 48, 50). The age of the magmatism
likely is close to the Paleocene-Eocene boundary. Additional evidence
for the existence of volcanism associated with a rifted continental
margin of the Eurasia Basin in the Laptev Sea is evidently needed. Our
findings based on our newly acquired seismic data seem to contradict
conventional assumptions concerning the formation dynamics of the
Eurasia Basin (Drachev et al., 2010; Franke, 2013). A possible large
magmatic province is identified for the southern part of the North
Chukchi Basin with a possible Aptian (or HALIP) age (Figs. 45, 46, 47).
Further, our new seismic data demonstrate that the De Long magmatic
province has a substantially larger size than proposed before (Figs. 6, 21,
25, and 32).

The occurrence of Cretaceous basalt magmatism is well known for
the Barents Sea region. The magmatism has been studied for Franz Josef
Land (e.g., Dobretsov et al., 2013) and has been dated to ca. 122-125 Ma
(Corfuetal., 2013; Polteau et al., 2016). A key question is the correct age
and extent of this magmatic province (e.g., Shipilov, 2016). South and
southeast of Franz Josef Land, approximately at the base of the
horizontally-layered Aptian sequence, a package with high-amplitude
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and chaotic reflections is observed (Fig. 56). Its typical thickness is ca.
50-100 msec. In our view, this package of high-amplitude reflections
correlates with the basalt strata of Franz Josef Land. Based on borehole
data tied to the 2D seismic grid our interpretation of the age of these
reflections is close to the Barremian-Aptian boundary. Within the East
Barents Megabasin a number of intrusions principally within Triassic
shales have been observed (e.g., Dobretsov et al., 2013; Polteau et al.,
2016; Shipilov, 2016). The precise age of the intrusions is not known but
likely is the same as that of the lavas (Polteau et al., 2016). In association
with the intrusions, we observe coeval forced folding (Fig. 56), implying
that the intrusions occurred simultaneously with the basaltic volcanism
and structuration. Recently acquired regional data demonstrate that
magmatism took place nearly simultaneously in the Barents Sea, East
Siberian Sea and Chukchi Sea with a possible age close to 125 Ma.

4.14. Identification of regional seismic horizons

Based on the comprehensive data set reviewed here and in Nikishin
et al. (2021a), we propose the following tectonostratigraphic model for
the Arctic Ocean based on several key seismic horizons (Figs. 57, 58,
59):
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Fig. 40. A. Fragment of seismic profile shown in Fig. 37. Rift/postrift (R/PR) boundary and synfirt SDR complex are supposed. B. Profile flattened on the rift/

postrift boundary.
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Fig. 41. A. Fragment of seismic profile shown in Fig. 37. Rift/postrift (R/PR) boundary and synrift complex are supposed. B. Profile Flattened on the rift/post-
rift boundary.

. The base of the stratigraphic section correlates with the onset of
rifting on the shelves of the East Siberian and Chukchi Seas, which
occurred during the Aptian-Albian. Consequently, we propose that
the Podvodnikov Basin originated at this time (between ca. 100 Ma
and 125 Ma). Any older deposits, if present, are included in the
acoustic basement.

. The rift/postrift boundary in the East Siberian Sea is tentatively
dated as the boundary between the Upper and Lower Cretaceous (ca.
100 Ma). We can trace the rift/postrift boundary in the Podvodnikov
Basin and in the area of the Lomonosov Ridge (Figs. 6, 20, 21, 22 and
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26). We cannot date the age of the rift/postrift boundary in the deep-
water part of the Arctic Ocean. It could be 100 Ma or younger. The
HARS-2 is readily traceable above this boundary (Figs. 6, 10, 11, 12,
13, 14, 16, 22, 23, 25, 26, 33, 37, 44, and 53).

. Volcanism ended within the Mendeleev Rise approximately 80 Ma

ago (Brumley, 2014; Coakley et al., 2016). This boundary approxi-
mately corresponds to the upper boundary of the seismic package
associated with high-amplitude reflections (HARS-2). This 80 Ma
horizon can be readily traced in the Mendeleev Rise and the Arlis Gap
Buried High areas (Figs. 23, 26, 28, 29, 30, 33, 35, 37, and 44).
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Fig. 42. A. Interpretation of composite seismic profile (lines ARC 12-17, ARC 12-01 and ARS 10F-24) for the region from the North Chukchi Basin and along the
Mendeleev Rise.
Location of the profile is shown on the map. Different color lines are seismic horizons and corresponding ages (Ma). B. Profile flattened on the 45 Ma horizon. Horst/
graben structure on the Mendeleev Rise acoustic basement can be observed. See also supplementary data, Fig. 42 (seismic profile without interpretation at
high resolution).

4. The 66 Ma boundary corresponds to the bottom of the clinoform
complex observed in the North Chukchi Basin and to the MBU

Arctic Ocean along the base of the high-amplitude reflection
sequence (HARS).

boundary on the Alaskan Shelf. This boundary was subsequently
mapped into the deep-water part of the ocean (Figs. 10, 11, 12, 13,
14, 15, and 16).

. The 56 Ma boundary corresponds to a breakup unconformity. It has
the characteristics of a rift/postrift boundary on seismic sections.
This boundary is clearly expressed on the slopes of the Eurasia Basin
— in particular, on the Lomonosov Ridge and in the Laptev Sea
(Figs. 7, 8, 9, 48, 49, 50, 51) and can be traced in most parts of the
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. The 45 Ma boundary is primarily defined by the age of associated

linear magnetic anomalies in the Eurasia Basin. It is also defined on
the basis ACEX well borehole data (although different researchers
disagree on age dating of the well sections that tie to this seismic
horizon). This boundary corresponds to the top of the high-
amplitude reflection sequence (HARS). We correlate this horizon
with the timing of the onset of cooling and a concomitant sharp
change in ocean sedimentation (the transition from more siliceous
sediments to clays). The 56 Ma to 45 Ma section contains many high-
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Fig. 43. Interpretation of a fragment of seismic profile (lines ARC 12-01) (Fig. 42) for the Mendeleev Rise region. Location of the profile is shown on the map.
Different color lines are seismic horizons and corresponding ages (Ma). The escarpment was formed due to Cenozoic post-45 Ma extension. Samples were collected

using special equipment on this scarp. Data from Skolotnev et al. (2019, 2017).

amplitude reflections. We associate this section with a warming
epoch in the Eocene and hence — with an epoch of warmer-water
sedimentation. The 45 Ma boundary corresponds to the base of the
upper clinoform complex of the North Chukchi Basin. The 45 Ma
seismic horizon is one of the most continuous reflections in the Arctic
Ocean.

7. The 34 Ma boundary also is identified by age of associated linear
magnetic anomalies in the Eurasia Basin. Clinoform complexes
originating from the side of the Lomonosov Ridge are identified
above this boundary in the Amundsen Basin (Fig. 25). On the East
Siberian Sea and Chukchi Sea Shelf, activation of some thrust faults
are approximately associated with this boundary (Nikishin et al.,
2019; Nikishin et al., 2014) (Fig. 60).

8. The 20 Ma boundary is again mainly identified by age of associated
magnetic anomalies in the Eurasia Basin. The erosional character,
sometimes associated with responses to gravity tectonics (landslides,
channels, and slope erosion), are commonly observed with this sur-
face, which suggests that oceanic currents changed sharply in the
Arctic Ocean at this time (Figs. 12, 13, 23, 53). Our data support an
early Miocene onset of a ventilated circulation regime in the Arctic
Ocean that was attributed to the opening of the Fram Strait as pro-
posed by Jakobsson et al. (2007).

4.15. Vertical intraplate tectonic movements at 45-20 Ma

Our analysis of a grid of seismic lines shows that either syntectonic
depositional wedges (SDW) or syntectonic deposition lenses with ages of
45-20 Ma are present in the Podvodnikov Basin and in the Makarov
Basin (Figs. 6, 12, 13, 14, 25, 26, 28, 29, 30, 33, 37, and 61). These
deposits progressively pinch out toward the Lomonosov Ridge from the
side of the Podvodnikov Basin. This seismic sequence also pinches out
toward the Arlis Gap Buried High from the side of the Makarov Basin and
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is absent in the ACEX wells on the Lomonosov Ridge.

In many instances, onlapping onto the 45 Ma surface is observed. It is
likely that differential vertical movements started at 45 Ma. At that time,
relative subsidence was initiated in the Podvodnikov and Makarov ba-
sins with the onset of relative uplift at the Lomonosov Ridge (this cor-
responds to the hiatus in the ACEX wells). A phase of relative uplift is
also noted for the North Janette Basement High at the border of the
North Chukchi and Podvodnikov basins (Figs. 11, 12, 14). On the East
Siberian Sea-Chukchi Sea shelves and in the Amundsen Basin, a pro-
nounced phase of low-amplitude normal faulting appears to have
occurred around 45 Ma ago (Figs. 14, 15, 23, 24, 62) when activation of
normal faulting was established for the area of the Lomonosov Ridge
(Figs. 4, 5, 6, 8, 11, 61). As a result of these vertical movements, the
Makarov Basin became a separate basin. Phases of relative uplift
possibly took place for the Mendeleev Rise as well at this time (Figs. 33,
37). A major normal fault between the Mendeleev Rise and the Pod-
vodnikov Basin probably was activated between 45-20 Ma (Figs. 35, 37,
44). Further, we can unambiguously identify additional substantial
vertical movements and phases of normal faulting between 45-20 Ma in
this area. The principal driver behind these structural events can be
explained by normal oceanic crustal spreading which then passed into
ultra-slow spreading at ca. 45 Ma along the Gakkel Ridge (Glebovsky
et al., 2006). The transition to ultra-slow spreading and the ultra-slow
spreading itself probably occurred synchronously with the onset of
super-regional intraplate. The cause of these processes is discussed in
detail in Paper 3 (Nikishin et al., 2021b).

4.16. Comparison of different seismic stratigraphic frameworks
The seismic stratigraphic scheme for the area of the Podvodnikov

Basin presented in Weigelt et al. (2014) is most widely accepted. This
scheme is based on data from the ACEX wells as well as on correlation
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Fig. 44. Interpretation of composite seismic profile from the East Siberian Sea Shelf to the Chukchi Plateau (lines MAGE ESS1620 and ARC 12-03). Location of the
profile is shown on the map. Rift systems of East Siberian Sea, Podvodnikov Basin, Mendeleev Rise, Toll Basin, and Chukchi Plateau possibly constitute a single
geodynamic system with nearly synchronous history. See also supplementary data, Fig. 44 (seismic profile without interpretation at high resolution).
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Fig. 45. Interpretation of a fragment of seismic profile. Location of the profile is shown on the map. A number of seismic anomalies can be interpreted as magmatic
intrusions. All intrusions are located below horizon 125 Ma. Data courtesy of the Ministry of Natural Resources, Russia.
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Fig. 46. Interpretation of a composite seismic profile (lines ION11_4200A, ION15_2000, ION15_4225). Location of the profile is shown on the map. A number of
high-amplitude reflections below 125 Ma boundary can be identified. These can be magmatic intrusions within Paleozoic to Lower Cretaceous deposits. A chaotic

seismic unit above 125 Ma can be a sequence containing volcanoes.

Fig. 47. Fragment of seismic profile for southern slope of the North Chukchi Basin. See map for location. Star shows a top of calculated magnetic bodies at depth
close to 700 meters. A volcanic complex and intrusions can be recognized. Data courtesy of the Ministry of Natural Resources, Russia.

with major events in the Arctic. In general, our seismic stratigraphic
scheme is similar that presented by Weigelt et al. (2014). However, one
fundamental difference is that our 45 Ma boundary corresponds to their
23 Ma horizon. Weigelt et al. (2014) substantiated their age determi-
nation by arguing that a major regression took place at the end of
Oligocene with which the hiatus in the ACEX wells is associated. In
contrast, we argue that the correlation of the 45 Ma boundary with
linear magnetic anomalies in the Eurasia Basin and with the clinoform
complex in the Chukchi Sea places this boundary at 45 Ma. Another
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difference is that our boundary of 100 Ma, again based primarily on
recognition of linear magnetic anomalies, compared with an age of 66
Ma (Base Tertiary) according to Weigelt et al. (2014) scale. Nonetheless
it is noteworthy that irrespective of age differences, we have identified
the same main seismic stratigraphic units.

For the Makarov Basin, the seismic stratigraphic framework in
Evangelatos and Mosher (2016) in general coincides with our time scale.
Nonetheless, differences are likely for interpretation of lower horizons.

A new seismic stratigraphic framework for the North Chukchi Basin
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Fig. 48. A. Interpretation of seismic profile MAGE ESS1409. Location of the profile is shown on the map. Breakup unconformity is clearly observed (56 Ma). A
number of seismic anomalies can be interpreted as magmatic intrusions. All intrusions are located below horizon 56 Ma. Bright reflection package at the basement
could be interpreted as possible volcanics. B. Example of seismic expression of well documented intrusions in Stappen High, SW Barents Sea (Omosanya et al., 2016).
Bowl-shaped sills are found above extrusive deposits. Dykes are vertical to sub-vertical positive impedance reflections, which acted as conduits for emplacement of
other sills in this area. The extrusive rocks are parallel to sub-parallel to layered positive high amplitude anomalies. C. Fragment of seismic profile for the northern
part of the Barents Sea. Intrusions are clearly observed. The profile is located close to Franz Josef Land where Early Cretaceous intrusions and basalt lavas are

well documented.
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Fig. 49. Interpretation of seismic profile ARC-12-16 (western part) for area from the Laptev Sea Shelf to Eurasia Basin margin and Gakkel Rift (Nikishin et al., 2018,
with additional interpretation). See also supplementary data, Fig. 49 (seismic profile without interpretation at high resolution).

39



A.M. Nikishin et al.

Earth-Science Reviews 217 (2021) 103581

Profile ARC 14-23

TWT, s

-10

Profile ARC 14-22

TWT, s

Fig. 50. Interpretation of seismic profiles ARC 14-23 and ARC 14-22 for the southern part of the Lomonosov Ridge and adjacent shelf area. See also supplementary

data, Fig. 50 (seismic profile without interpretation at high resolution).
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Fig. 51. Interpretation of composite seismic profile (lines ION11-1700, ION11-4600 and ARC 14-23) for the Laptev Sea Shelf and along the Lomonosov Ridge slope.
Location of the profile is shown on the map. Different color lines are seismic horizons and corresponding ages (Ma). See also supplementary data, Fig. 51 (seismic

profile without interpretation at high resolution).

has been proposed by Ilhan and Coakley (2018). Our stratigraphic
schemes are very similar for the Aptian to Cenozoic deposits and we
reach similar conclusions (Nikishin et al., 2017; Nikishin et al., 2014).
There is, however, one important difference is in the age of the lower
synrift unit. Ilhan and Coakley (2018) recognized a synrift complex in
the Toll Basin characterized by SDRs. They interpreted the rift/postrift
boundary as a condensed section with an age approximately between
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Middle Jurassic and Neocomian (up to Barremian) with rifting having
taken place during Jurassic time. We observe a similar situation in the
Toll Basin with SDRs infilling a half graben (Nikishin et al., 2019,
Nikishin et al., 2014) (Figs. 33, 34). We observe a number of SDR-like
units in the Mendeleev Rise region as well, but according to our inter-
pretation Aptian or Aptian-Albian rifting was followed by late Creta-
ceous postrift subsidence with the rift/postrift boundary close to 100
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Fig. 52. Interpretation of composite seismic profile from the Laptev Sea Shelf to the East Siberian Sea Shelf (lines ION 11-1700, ION 11-4600 and ARC 12-16).
Location of the profile is shown on the map. See also supplementary data, Fig. 52 (seismic profile without interpretation at high resolution).

Ma. We have no evidence for the presence of condensed sections be-
tween synrift and postrift complexes in the Podvodnikov-Mendeleev-
Toll area (Figs. 33, 34, 35, 36, 37, 38, 39, 40 and 41). This rift/post-
rift boundary is very similar to well-known examples in other passive
continental margins.

Hegewald and Jokat (2013) have prepared a seismic stratigraphy for
the Chukchi Abyssal Plain (Toll Basin). In total, six horizons with ages
between Barremian/Hauterivian and Top Miocene were identified. The
age control on seismic data was based on five exploration wells located
on the northwest coast of Alaska coupled with additional seismic
reflection lines from the Chukchi Shelf. Their oldest horizon is the Lower
Cretaceous unconformity (Barremian-Hauterivian). In any case, they
concluded that it was not possible to map each horizon through the
entire new multi-channel seismic grid because of the presence of base-
ment highs, faults, unconformities, and variations in sediment thickness.
They interpret the Chukchi Abyssal Plain (Toll Basin) to have evolved in
Jurassic to Early Cretaceous time during the opening of the Canada
Basin. We have performed a similar study, correlating seismic horizons
with exploration wells located on the northwest coast of Alaska. On the

North Chukchi Basin

whole, correlations of our seismic lines with the wells on the Alaskan
Shelf were ambiguous and as a result, unreliable. Five different teams
from Moscow State University, Geological Survey of Russia, and Rosneft
Oil Company suggested different correlations with different ages.
Hegewald and Jokat (2013) and Ilhan and Coakley (2018) reported the
same problem. The key driver in this conundrum lies in the selection of a
regional geodynamic model. Hegewald and Jokat (2013) and Ilhan and
Coakley (2018) proposed that the Chukchi Abyssal Plain evolved during
the opening of the Canada Basin. They used the well-known rotation
model of the Amerasia Basin opening with simultaneous opening of the
entire basin (e.g. Embry, 1990; Grantz et al., 2011; Grantz and Hart,
2012). According to our geodynamic model, however, the Toll Basin is
not older than the rift system in the East Siberian and Chukchi Seas shelf.
Hence, these rift systems are not older than Aptian. Nikishin et al. (2014)
and Ilhan and Coakley (2018) recognized a synrift complex in the Toll
Basin presented by SDRs. New data show that SDR-like units are com-
mon for the Mendeleev Rise and Podvodnikov Basin. According to our
model, these SDRs have a HALIP age (not older than +130 Ma).

A number of geologists use the Arctic Alaska Basin stratigraphy for

Chukchi
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Fig. 53. Interpretation of composite seismic profile from the Chukchi Sea Shelf to the Toll Basin (lines ARC12_03, ION11_4200A). Location of the profile is shown on
the map. Rift/postrift boundary in the Toll Basin possibly coincides with the base of sedimentary cover of the North Chukchi Basin, implying that the flattened bottom
of the North Chukchi Basin is a rift/postrift boundary (green line). See also supplementary data, Fig. 53 (seismic profile without interpretation at high resolution).
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Fig. 54. Possible climatic seismic boundaries in different basins of the Arctic Ocean. A. Fragments of seismic profiles. B. Possible seismic units with anomalous

climatic warming or cooling significance.

the North Chukchi Basin (e.g., Hegewald and Jokat, 2013; Ilhan and
Coakley, 2018). They propose that the North Chukchi Basin has a
Jurassic section and originated during Jurassic rifting. We constructed a
geological section for the Arctic Alaska Basin and the North Chukchi
Basin (Fig. 63). Clearly, the basins are not characterized by a similar
stratigraphy. The Arctic Alaska Basin has a Beaufortian unit (Jurassic-
Valanginian-?) with transport of clastic material from the North
(Houseknecht, 2019a, 2019b). The North Chukchi Basin has no such
unit at the base. The Arctic Alaska Basin has a condensed section be-
tween the Lower Cretaceous Unconformity (~intra-Valanginian) and
GRZ (gamma-ray zone) (Aptian to Albian). The thickness of this unit is
minimal (Fig. 63) (Houseknecht, 2019a, 2019b) and the time of depo-
sition is close to 10-20 million years. This unit is absent in the North
Chukchi Basin. Consequently, our conclusion is that it is not reasonable
to apply the timing of events in Arctic Alaska to those of the North
Chukchi Basin.

Within our collective of co-authors, as is to be expected, different
teams have used somewhat different stratigraphic boundaries for the
shelf basins. These differences are not significant and discussions remain
ongoing about precise ages of horizons within the Cretaceous and
Cenozoic. Some variants of the stratigraphy were published by Popova
et al. (2018) and Skaryatin et al. (2020). Evidently in the absence of
wells, we have not yet seen the establishment of an unequivocal strati-
graphic scheme for the Arctic Ocean at large.
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5. Discussion

5.1. Correlation of major tectonic events in the geological history of the
Arctic Ocean

Our new data allow for the refinement of existing hypotheses
regarding the chronology of events in the history of the Arctic Ocean.
Below we focus on the formation history of the major basins and uplifts.

The new data confirm many previously held assumptions concerning
the history of the Eurasia Basin. Opening of the basin started at ca. 56 Ma
(Glebovsky et al., 2006; Gaina et al., 2011; Pease et al., 2014; Coakley
et al., 2016; Nikishin et al., 2017, 2018; Weigelt et al., 2020). Our data
show that the opening of the Eurasia Basin was preceded by continental
rifting in the western part of the Laptev Sea Basin (Figs. 48, 49) and on
the western slopes of the Lomonosov Ridge (Figs. 7, 8, 9, 50, and 51). In
the area of the Laptev Sea, basaltic magmatism probably preceded the
opening of the Eurasia Basin (Fig. 48). If this is the case, the dynamics of
Eurasia Basin opening is similar to the dynamics of the opening of the
North Atlantic as proposed, for example, by Gaina et al. (2017), Wil-
kinson et al. (2017), and Foulger et al. (2020).

A remaining question concerns the model for the geological structure
and history of the Amerasia Basin. Data presented in this paper
demonstrate that the North Amerasia Domain (the Mendeleev Rise
together with adjacent deep-water basins) together with the Mesozoic
rift system in the Laptev-East Siberian-Chukchi seas comprise a single
geodynamic system and originated during the Aptian-Albian. The North
Amerasia Domain is separated from the South Amerasia Domain (or
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Fig. 55. Cretaceous to Cenozoic global climatic events and climatic stratigraphy of the Arctic Ocean. A. Global time scale (Ogg et al., 2016). B. Main climatic events
in the Arctic Ocean in the Cenozoic (Stein, 2008). C. Main global Cretaceous climatic events (O’ Brien et al., 2017). D. Global climatic stages (Huber et al., 2018). E.
Cretaceous climatic epochs in the Arctic region (Schroder-Adams, 2014; Galloway et al., 2015; Herrle et al., 2015; Rogov et al., 2017). Horizontal colored dashed

lines with ages represent seismic horizons.

Canada Basin Domain) by a proposed Amerasia transform fault (Fig. 2)
(Nikishin et al., 2014). We include the Arctic Alaska Basin within the
South Amerasia Domain comprising the margin of the Canada Basin. We
propose here that the South Amerasia Domain had a different geo-
dynamic history and timing of evolution than the North Amerasia
Domain.

Regional seismic data without borehole control can lead to different
interpretations with different models of proposed ages for different
seismic horizons and units. Nonetheless, the seismic 2D grid demon-
strates definitively a sequence if not the precise timing of geological
events. We can recognize sequences of seismic complexes that originated
within the context of uniform tectonic environments and can therefore
be described as tectonostratigraphic units. Tectonostratigraphic units
and their associated sequences form the basis of our tectonic
restorations.

The first mega-tectonostratigraphic or seismic megasequence is the
Paleozoic to Jurassic unit. It is located to the north of the Zhokhov-
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Wrangel-Herald-Brooks thrust belt. We do not further discuss this mega-
sequence in detail here. This unit is documented in the Arctic Alaska Basin
as Ellesmerian and Beaufortian (e.g., Homza and Bergman, 2019;
Houseknecht, 2019a, 2019b). Our work suggests it as possible Ellesmer-
ian and Beaufortian to the north of Wrangel Island (Figs. 10, 19).

The second proposed seismic megasequence is Late Jurassic to
Neocomian in the North Amerasia Domain and Beaufortian in the South
Amerasia Domain. We have mapped the distribution and characteristics
of these seismic megasequences (Fig. 64), which are expressed as fore-
deep seismic megasequence in the Russian shelf. We can recognize a belt
of foredeep basins north of the Zhokhov-Wrangel-Herald thrust belt
(Figs. 2, 31). The Verkhoyansk-Chukotka Late Jurassic to Barremian
collisional orogen was formed south of this thrust belt. These foredeep
basins could be similar to the Verkhoyansk Foredeep Basin observed in
Siberia. The age of the foredeep seismic megasequence likely is similar
to the age of orogeny and close to Late Jurassic to Barremian.

The Arctic Alaska Basin is characterized by another type of seismic
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Fig. 56. A. Fragment of seismic profile for the Barents Sea. B. Interpretation of this seismic profile with possible lavas and intrusions. Correlations of seismic data
with boreholes show that the age of lavas is close to the Barremian-Aptian boundary. C. Model of intrusion propagation and forced folding above the intrusion
(Mathieu et al., 2008). D. Location of seismic profile (star). E. Fragment of the same profile with details. Data courtesy of the Ministry of Natural Resources, Russia.

megasequence for this time interval (Fig. 64). A shelf basin existed in
this region during the time from Jurassic to Hauterivian with transport
of clastic material from the north (possible Beaufort rift shoulder)
(Houseknecht, 2019a, 2019b). Pre-Hauterivian (LCU) erosion took place
in northern and western parts of the basin (Houseknecht, 2019a,
2019b). The uplift of the Beaufort High could be connected with rift
shoulder uplift or a forebulge rise. The Colville Basin subsidence could
be influenced by tectonic loading due to the start of Brookian orogenesis
(e.g., Homza and Bergman, 2019; Houseknecht, 2019a, 2019b). The
Lower Cretaceous Unconformity (LCU) was interpreted as being asso-
ciated with continental break-up (Helwig et al., 2011) or as a result of
flexural uplift related to Brookian orogenesis (Homza and Bergman,
2019).

We can observe a pronounced difference between the Russian and
Alaskan parts of the basins for Late Jurassic to Neocomian time. We do
not have any evidence for the existence of the North Chukchi Basin
during this time and have proposed a strike-slip Neocomian fault
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between the South Amerasia and North Amerasia domains (Fig. 64)
(Nikishin et al., 2014).

The third significant seismic megasequence is the package of pro-
posed Aptian to Albian units. We have mapped the distribution and
characteristics of these seismic megasequences (Fig. 65). Continental
synrift and postrift seismic sequences, which spread from the Laptev Sea
to the Chukchi Sea, are typical of the Russian shelf (Figs. 6, 10, 11, 20,
21, 22, 23, 24, 25, 26, 32, 44, and 52). The associated rift basins contain
continental basalts. The De Long basalts have an isotopic age of ca. 105-
130 Ma as we discussed above. We propose that the North Wrangel and
Anisin basalts have a possible similar HALIP age. There are three key
arguments for an Aptian-Albian age of continental rifting: (1) some rifts
are located above the Neocomian collision orogen and could be inter-
preted as collapse structures; (2) seismic data demonstrate that synrift
complexes overlap foredeep seismic megasequences with possible Late
Jurassic to Barremian age (Fig. 31); (3) HALIP basalts lie at or near the
base of a number of rifts (Figs. 21, 32). We can trace a rift/postrift
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Cretaceous boundary at ca. 100 Ma from the shelf area toward the
Podvodnikov and Toll basins and Mendeleev Rise (Figs. 6, 10, 11,12, 13,
14, 16, 22, 23, 25, 26, 44, and 53). All rifts or half-grabens have nearly
the same rift/postrift boundary on the shelf and in deep-water areas. We
discussed above that the age of this boundary could be younger in the
deep-water area. Graben structures are typical for the Podvodnikov and
Toll basins. SDR-like units are common features for these basins. The
Mendeleev Rise has a typical structure of half-grabens and highs. Many
half-grabens have SDR-like complexes. We recognized a number of
possible volcanoes in the region of the Mendeleev Rise, Podvodnikov
Basin and Arlis Gap (Figs. 16, 28, 29, 30, 34, and 36). The Mendeleev
Rise has an axial line that separates SDRs or half-grabens with different
polarity (Figs. 33, 34, 35, 36, 37, 38, 39, 40, 41, and 44). The Toll Basin
has an axial rift or trough in the northern part (Figs. 65, 66, 67), which
trends along the axial part of the basin. This trough directly coincides
with a strong magnetic anomaly (see, e.g., Gaina et al., 2011). One
possible explanation for this trough is that it represents an aborted start
of lithospheric separation. Basalts close to 127-100 Ma in age are
documented for the Mendeleev Rise. The Mendeleev Rise forms a single
geodynamic system together with the Podvodnikov and Toll basins and
originated due to extension orthogonal to the Mendeleev Rise as dis-
cussed above. The age of the basalts could be close to the age of rifting.
As a consequence, we propose that the main rifting and extension took
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place close to the Aptian-Albian time. We do not exclude the possibility
that rifting in the deep-water part of the Arctic Ocean could have
continued after the termination of rifting in the shelf region. A possible
age of the rift/postrift boundary could be from 100 Ma and up to 90-80
Ma. Our key conclusion is that rift systems in the shelf region originated
together and nearly simultaneous with the systems of the Mendeleev
Rise and adjacent Podvodnikov and Toll basins.

Multiple depositional environments can be recognized for the Arctic
Alaska Basin (Fig. 65). The Aptian to Albian is represented by the Torok
and Nanushuk stratigraphic units (e.g., Homza and Bergman, 2019;
Houseknecht, 2019a, 2019b). Condensed deposits are located at the
base of this sequence (Houseknecht, 2019a, 2019b) (Fig. 63). Clinoform
complexes within the Torok unit are common and well known (e.g.,
Houseknecht, 2019a, 2019b) with transport of clastic sediments from
the Chukotka region and the Brooks Orogen (Fig. 65) toward the Canada
deep-water basin, which possibly existed at that time.

A major difference in tectonic environment during the Aptian-Albian
for South Amerasia and North Amerasia domains can be recognized. In
this context, we propose the hypothesis that the Canada Basin originated
before the Aptian time as a deep-water basin.

A significant tectonic event took place close to 80 Ma in the North
Amerasia Domain. Sediments with an age younger than 80 Ma
commonly have uniform thicknesses in the Podvodnikov and Toll basins
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region and commonly cover all highs (Figs. 6, 11, 12, 13, 14, 16, 22, 23,
25, 26, 33, 36, 37, 44, 53, and 61). This suggests that the formation of
the Amerasia Basin occurred close to 80 Ma and regional uniform
thermal subsidence proceeded afterwards.

The seismic stratigraphy of the Podvodnikov Basin as a whole is
similar with that of the North Chukchi Basin and the East Siberian Sea
Basin (Figs. 6, 10, 11, 12, 13, 14, 21, 22, 23, 25, 26, 44, 53, and 61).
Isolated rifts can be observed at the base of the basin (Figs. 12, 13, 14,
16, 22, 33, 36, 37, and 44). Synrift sedimentary wedges, which are
typical for continental rifting, can be identified in these rifts. Therefore,
it is likely that the Podvodnikov Basin has a strongly extended conti-
nental crust (Nikishin et al., 2017; Nikishin et al., 2014; Petrov et al.,
2016). Similar conclusions were presented by Weigelt et al. (2014),
Jokat and Ickrath (2015), and Lebedeva-Ivanova et al., 2019, Lebedeva-
Ivanova et al., 2011.

The seismic stratigraphy of the Lomonosov Ridge is characteristic of
numerous rifts in the region. On the eastern slope of the Lomonosov
Ridge, a rift system forms the Lomonosov Terrace (Figs. 6, 33, 37). This
zone is typical of continental rifts that have an Early Cretaceous, Aptian-
Albian age according to our scheme (older than 100 Ma at least). On the
western slope of the Lomonosov Ridge, synrift deposits are observed
below the 56 Ma boundary (Figs. 7, 8, 9, 50, 51), probably corre-
sponding to Paleocene rifts. This rifting preceded the onset of opening of
the Eurasia Basin.

The new seismic data across the Mendeleev Rise (Figs. 33, 35, 37, 42,
44) reveals that structure of the Mendeleev Rise is almost identical to the
structure of the Alpha Ridge as reported by Brumley (2014) and Evan-
gelatos et al. (2017). Jokat and Ickrath (2015) noted that the Mendeleev
Rise does not seem to be associated with horst-graben basement struc-
ture. However, in contrast, our seismic lines, which run across and along
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the Mendeleev Rise (Figs. 33, 35, 37, 42, 44) clearly indicate the pres-
ence of basement grabens and horsts.

A key question remains with regard to how the irregular basement
relief should be interpreted. We interpret this irregular relief as apparent
horsts and grabens punctuating the acoustic basement surface of the
Mendeleev Rise. It is likely that the interpreted horsts are not volcanic
edifices and that they do, in fact, constitute horst-and-graben topog-
raphy associated with rifting. We flattened the 45 Ma horizon on seismic
lines (Figs. 35, 42). With this procedure, post-depositional structure is
removed, and original topography is restored, thus affording an
ambiguous view of the paleo-geography. Whereas alternative in-
terpretations are possible, we lean toward the horst-and-graben model
of Brumley (2014) and Nikishin et al. (2014).

We identified the Arlis Gap Buried High, which separates the Pod-
vodnikov and Makarov basins, on seismic lines (Figs. 11, 26, 30). With
respect to the acoustic basement relief, the Arlis Gap Buried High looks
similar to the Mendeleev Rise. Consequently, we consider this high to be
a continuation of the Mendeleev Rise structure. The magnetic anoma-
lies, which characterize the Mendeleev Rise, generally are analogous to
the anomalies of this high (Gaina et al., 2011; Oakey and Saltus, 2016).
The lower seismic stratigraphic unit contains many high-amplitude re-
flections and extends into the Makarov Basin as described by Evangel-
atos and Mosher (2016) and Evangelatos et al. (2017). This unit can be
interpreted as interbedded volcanic and sedimentary deposits formed at
the end of a volcanic epoch in the area of the Alpha-Mendeleev Rise
(Evangelatos and Mosher, 2016). We interpret several possible volcanic
structures as expressed on 2D seismic profiles (Figs. 26, 28, 29, 30). The
80 Ma horizon boundary, characterized by reflection onlap terminations
and a small angular unconformity, is observed in the area of this high
(Figs. 26, 28, 30). This suggests that just after deposition at 80 Ma,
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Fig. 59. Tectonostratigraphy for the Lomonosov Ridge.

vertical movements took place, ending at ca. 56 Ma. The 80-56 Ma
seismic stratigraphic unit is characterized by variable thickness
(Fig. 30), which is indicative of tectonic movement during the time of its
deposition.

In the Makarov Basin, two domains, the West Makarov Basin and the
East Makarov Basin, can be identified on the basis of acoustic basement
characteristics. This is consistent with the interpretation of Evangelatos
and Mosher (2016) and Evangelatos et al. (2017). Two of our seismic
lines cross the East Makarov Basin, one from the side of the Alpha Ridge
and one from the side of the Arlis Gap Buried High (Figs 5, 68, 26 and
28). The acoustic basement relief there is strikingly similar to that of the
Alpha-Mendeleev Rise. The lower seismic stratigraphic unit contains
high-amplitude reflections and can be mapped from the Makarov basin
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onto the Arlis Gap Buried High and probably onto the Alpha Ridge as
well. This is confirmed by Evangelatos and Mosher (2016) who mapped
along another seismic line that crossed the Makarov Basin and the Alpha
Ridge. This high-amplitude reflection package probably corresponds to
a succession of volcanic and sedimentary deposits with an age greater
than 80 Ma. We propose that the East Makarov Basin is a more subsided
part of the Alpha-Mendeleev Rise. The West Makarov Basin has pro-
nounced grabens at the base of the section (Figs. 28, 68 and Evangelatos
and Mosher, 2016). Unfortunately, with a loose 2D seismic grid, we have
no reliable data regarding the trend of these grabens. A small angular
unconformity, which can be interpreted as a rift/postrift unconformity,
was observed near the 66 Ma boundary (Figs. 28, 68). It follows from
this that rifting in the West Makarov Basin took place just before the
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Fig. 60. A. Interpretation of fragment of seismic profile ION15_4410 via Pegtymel Basin, located to the south of Zhokhov-Wrangel-Herald Thrust Belt (Fig. 2 and
supplementary data, Fig. 1). The rift basin originated not earlier than the Aptian as it has pre-Aptian orogenic basement. B. Profile flattened on horizon 20 Ma. The
rift basin was inverted with main events prior to 34 Ma and 20 Ma. As seismic stratigraphy for this region is badly constrained, ages of inversion could be younger.

Modified after Nikishin et al. (2019).

Paleocene. Our seismic stratigraphic correlations indicate no clear base
to the rift basin fill. Consequently, the best we can surmise is that the
rifting occurred sometime during the Late Cretaceous-Paleocene. The
key conclusion is that this rift event is nonetheless younger than the
Aptian to Albian rifting in the East Siberian and Chukchi seas shelf and
Podvondikov Basin.

We have noted the presence of evidence for likely vertical movement
dating to 80-56 Ma in the area of the Arlis Gap Buried High. These
vertical movements probably were synchronous with the rifting that
occurred in the West Makarov Basin. The main rifting probably took
place within the confines of the Lomonosov Ridge slope and was prob-
ably associated with strike-slip faults. Probably the West Makarov Basin
was formed at 80-66 (or 80-56) Ma as a pull-apart basin. This hypothesis
was discussed by us earlier in preliminary form (Nikishin et al., 2014,
2017,). Our interpretation likewise is consistent with the conclusion of
Evangelatos and Mosher (2016) that the West Makarov Basin was
formed as a pull-apart structure, though these authors argue that the
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basin was formed earlier than 80 Ma.

5.2. 2D seismic data and crustal structure of some basins and rises

The crustal structure of the Arctic Ocean is the subject of much
debate. A number of reviews have been presented (see, e.g., Pease et al.,
2014, Lebedeva-Ivanova et al., 2019). The North Chukchi Basin is a
prominent example of a super-deep sedimentary basin. It has a sedi-
mentary fill thickness of up to 20-22 km. We document evidence of
super-stretching of its basement but an open question remains con-
cerning the type of the basin’s basement. According to our model and
the recent calculated model of Savin (2020), this could be hyper-
extended continental crust. At present, however, we lack the data to
unequivocally establish the crustal structure. Hopefully, future numer-
ical modelling can potentially offer greater insight.

The Ust’ Lena Basin of the Laptev Sea has a sedimentary cover
thickness of the up to 7.5 secs TWT (nearly 15 km). The seismically-
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identified Moho is elevated to approximately 28 km calculated depth.
Seismic data suggest that the Moho is for the most part flattened (see
Paper-1, Nikishin et al., 2021a). Drachev et al. (2018) proposed mantle
exhumation below the sedimentary cover in this basin, however, our
grid of seismic lines does not show any unusual features. Consequently,
our data and new calculations of the crustal structure of the Laptev Sea
(Savin, 2020) do not support the hypothesis by Drachev et al. (2018).

Drachev et al. (2018) proposed mantle exhumation below the sedi-
mentary cover in the East Anisin Basin, located between the continental
shelf and the Lomonosov Ridge (Fig. 2). We present a few seismic lines
for this area (Figs. 7, 8, 9, 22, 49, 50, and 51) and observe that the
thickness of the sedimentary cover is less than 5 secs TWT. We conclude
that there is no seismic evidence for the Khatanga-Lomonosov fault as an
important active structure (Figs. 7, 8, 9, 22, 49, 50, and 51). We refer the
reader to Nikishin et al. (2018) for further discussion of Drachev et al.
(2018) hypothesis.

We present new data and a novel geological model for the Mendeleev
Rise. The key element is the presence of SDR-like units and half-grabens.
Basalts are well documented there as well. We propose that the Men-
deleev Rise has a stretched continental crust enriched with basalt in-
trusions. A similar model was proposed for the mid-Norwegian volcanic
continental margin (e.g., Abdelmalak et al., 2016). Skolotnev et al.,
2019, Skolotnev et al., 2017 studied four scarps in the Mendeleev Rise,
and for every scarp Paleozoic samples were collected. Basalts and
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dolerites were collected at stations close to the Paleozoic outcrops. As a
consequence, they surmise that the total relative volume of intrusions
could be up to 10-30% of the pre-Cretaceous basement. This clearly
represents is an intriguing case of a combination of extension, volca-
nism, rifting and intrusive magmatism.

The southern part of the Toll Basin is characterized by SDR com-
plexes within half-grabens (Figs. 33, 34). This is typical for inner SDRs of
volcanic passive continental margins with continental basement (e.g.,
Foulger et al., 2020). The northern part of the Toll Basin (or Mendeleev
Basin) has a narrow axial rift or trough (Figs. 66, 67). We propose that
this trough could be explained as a failed start of lithospheric separation.
The Toll Basin could be a good example of aborted oceanic spreading.

The Podvodnikov Basin has a highly stretched continental crust. The
key evidence is the presence of half-grabens and SDR-like units, typical
of continental crustal extension.

Additional data are required to better understand the crustal struc-
ture of the Arctic Ocean. Examples of crustal structural modelling using
seismic data were presented in a number of publications (e.g., Jokat and
Ickrath, 2015; Chian et al., 2016; Oakey and Saltus, 2016; Evangelatos
et al., 2017; Kashubin et al., 2018; Lebedeva-Ivanova et al., 2019; Pos-
elov et al., 2019; Savin, 2020). A new generation of such models could
integrate data on the geological evolution and basin structure and ar-
chitecture with constraints from geophysical observations of the crust
and lithosphere.
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5.3. Proposed model of the Arctic Ocean history

Many reconstructions of the formation history of the Arctic Ocean
presently exist (e.g., Alvey et al., 2008; Amato et al., 2015; Grantz et al.,
2011; Grantz and Hart, 2012; Hutchinson et al., 2017; Lawver et al.,
2015; Mosher et al., 2012; Shephard et al., 2013). It is clear that models
of different authors differ significantly (Paper-1, Nikishin et al., 2021a).
We propose as a hypothesis that the Arctic Ocean probably was formed
during four phases with different kinematics. The key tectonostrati-
graphic phases are: 133-125 Ma, 125-80 Ma, 80-56 Ma, and 56-0 Ma.

The boundaries of the first phase correspond to two regional un-
conformities observed on the Alaskan Arctic Shelf: 133 Ma - the Lower
Cretaceous Unconformity (LCU) and 125 Ma - the Brookian Unconfor-
mity (BU) (Sherwood et al., 2002). According to our model, the LCU
corresponds to the onset of opening of the Canada Basin, and the BU to
the end of formation of the Canada Basin. The duration of Canada Basin
formation is approximately 8 Ma. Such a rapid formation time is typical
of back-arc basins of the type observed in the Sea of Japan and the South
China Sea (see Ziegler and Cloetingh, 2004 for a review). Their widths
have similar values (about 600-700 km) as to what is observed in the
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Arctic region.

The timing of the cessation of Canada Basin formation probably
coincides with the onset of the large-scale collapse of the Verkhoyansk-
Chukotka Orogen and onset of continental rifting in the East Siberian
Sea and in the Russian part of the Chukchi Sea (Miller and Verzhbitsky,
2009; Nikishin et al., 2014, 2017). A major rearrangement of litho-
spheric plate kinematics occurred at ca. 125 Ma. The collapse of the
Verkhoyansk-Chukotka Orogen and onset of the impact of the HALIP
superplume corresponded to this rearrangement. A similar situation
occurred approximately at the Permian/Triassic boundary in West
Siberia where plume magmatism (e.g. the Siberian Platform, Taimyr)
and large-scale rifting took place simultaneously in different places (e.g.,
Nikishin et al., 2002). In the Arctic, these processes led to formation of
the deep-water rifted Podvodnikov and the Toll-Mendeleev-Nautilus
basins and the volcanic edifice of the Alpha-Mendeleev Rise on conti-
nental crust strongly thinned by rifting. These processes lasted approx-
imately till 80 Ma.

80 Ma is the approximate time of the end of subduction-related
volcanism in the Okhotsk-Chukotka volcanic belt (Fig. 2) (Akinin,
2012). After that, formation of the Koryakia-West Kamchatka
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accretional orogen began (Soloviev, 2008; Akinin, 2012) whose for-
mation ended at ca. 50-45 Ma (Soloviev, 2008). The end of subduction-
related volcanism in the Okhotsk-Chukotka volcanic belt may corre-
spond to the time of significant plate kinematic rearrangement and end
of Alpha-Mendeleev Rise formation.

During the 80 Ma-66 (56) Ma time interval, large-scale slip fault
deformation possibly occurred and resulted in the formation of the West
Makarov and other rift basins. These slip fault deformations probably
controlled the plate kinematics in the Atlantic and Pacific Regions.

From 56 Ma (or earlier) onward the formation history of the Arctic
Ocean was associated with opening of the Atlantic Ocean and the Eur-
asia Basin was formed.
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6. Conclusions

In this study, a new seismic stratigraphic framework is proposed for
much of the Arctic Ocean. We identified and traced extensively a
number of boundaries with ages of 100 Ma, 80 Ma, 66 Ma, 56 Ma, 34 Ma
and 20 Ma. The new seismic stratigraphic framework led to a new model
for the geological history of the Arctic Ocean (it should be noted,
however, that we specifically did not include the Canada Basin).

On the shelves of the Laptev, East Siberian and Chukchi Seas, large-
scale continental rifting took place in the Aptian-Albian. The Podvod-
nikov Basin and probably the Toll Basin started to form not earlier than
the Aptian; the rifting processes were completed by ca. 100-90 Ma.
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We propose the existence of a new Aptian igneous province north of
Wrangel Island. The Alpha-Mendeleev Igneous Province was surrounded
on all sides (except the area of the Canada Basin) by Early Cretaceous
igneous provinces. An approximately simultaneous onset of magmatism
at 130-125 Ma is likely to have occurred within a vast area. Analysis of
seismic data shows that the Arlis Gap Buried High is a continuation of
the structure underlying the Mendeleev Rise. Our data also show that
most of the Makarov Basin basement constitutes a continuation of the
Alpha Ridge structure. Summing up these data, it appears that the
Alpha-Mendeleev Igneous Province started to form at the eastern margin
of the Lomonosov Ridge. That is, the Alpha-Mendeleev Igneous Province
started to form at ca. 125 Ma as a volcanic rifted continental margin. The
Arctic superplume HALIP probably did not result in the opening of a new
ocean. No data are available to conclusively prove that a large-scale
formation of oceanic crust was taking place in the Late Cretaceous in
the Alpha-Mendeleev Rise area. The problem of structure and origin of

the Alpha-Mendeleev Rise will require further analysis. A key novel
finding is the presence of SDR-like units in the Mendeleev Rise and
Podvodnikov and Toll basins.

The time interval of about 80-66 (56) Ma is characteristic of strike-
slip fault tectonics. The West Makarov Basin was formed in this time
likely as a pull-apart basin. During the Late Cretaceous-Paleocene (ca.
80-56 Ma), continental rifting widely manifested itself in the western

and Chukchi Seas.
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part of the Laptev Sea and on the western slope of the Lomonosov Ridge.
This rifting preceded the opening of the Eurasia Basin. In the western
part of the Laptev Sea, an igneous province was identified using seismic
data. The possible age of volcanism is ca. 56 Ma. This magmatism pre-
ceded the opening of the Eurasia Basin.

The 45-34 Ma (or 45-20 Ma) time interval constitutes a period of
large-scale vertical intraplate movements in the Arctic Ocean. At that
time, relative highs commonly experienced uplift, while relative lows
experienced subsidence. Synchronously with vertical movements, acti-
vation of normal faulting took place on the Lomonosov Ridge and
Mendeleev Rise. The present-day bathymetry of the Arctic Ocean was
formed at this time with processes of vertical movement and normal
faulting continuing up until the present time. The transition from normal
spreading to ultra-slow spreading on the Gakkel Ridge happened at 45
Ma. Synchronously with this event, intraplate vertical movements
started and a phase of super-regional, low-amplitude normal faulting
took place. Normal faults of this age are detected in widespread regions
ranging from the Amundsen Basin up to the shelves of the East Siberian

Climatic events are recorded in the sedimentary cover of the Arctic
Ocean. During the 56-45 Ma time interval, as constrained by analysis of
seismic facies, a marked period of global warming occurred in the Arctic
region. An abrupt cooling that began at 45 Ma was caused by a sharp
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Plateau. D, E, F. Fragments of seismic profile ARC12_19 from Mendeleev Rise toward Chukchi Plateau (Fig. 66). The profiles are parallel to each other. Slopes of
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of rifting.

change in paleogeography that occurred in response to an acceleration
of uplift around the ocean.
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