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Abstract

High Arctic new seismic data, collected by Russian Federation from 2011 to 2014, and
additional geological and geophysical information, are used to interpret the basement and sedimentary
structure of central and eastern Eurasia Basin, the Gakkel Ridge, and their transition into the Laptev
Sea. We find that significant changes in basement topography occur in Nansen Basin at C20 (43.43
Ma) and in the Amundsen basins at C21 (45.7 Ma), and in both basins at C13 (33 Ma). A long seismic
profile, that documents for the first time the structure of conjugate flanks and their margins in the
central-eastern Eurasia Basin, confirms that oceanic accretion was asymmetric, with 10% less crust
developed in the Amundsen Basin since continental break-up. In the eastern Amundsen Basin, we
observe mid-ocean ridge uplift since C13 (33 Ma). We identify four distinct sedimentary packages in

the Eurasia Basin: Early to Mid Eocene (c. 56 to 45.7 Ma), Mid Eocene to Early Oligocene (45.7 to



33.2 Ma), Early Oligocene to Early Miocene (33.2 to 19.7) and Early Miocene to Present (19.7 to 0

Ma); they are linked to the oceanic lithosphere age determined from magnetic data.

The deepest part of the Gakkel Ridge (5215 m), situated close to the easternmost part of this
mid ocean ridge, is imaged for the first time by seismic data that reveals volcanic constructions within
the older axial ridges and on the flanks. Gakkel Ridge’s asymmetric flanks with shallow, regularly-
spaced, and rugged structure, typical to ultra-slow spreading ridges, imply periodicity of tectonic
phases. The Khatanga-Lomonosov Fault between Lomonosov Ridge and the Laptev Sea region, is
identified on few seismic profiles; kinematic models predict that it may have been active only for a

maximum of 10 myr after continental break-up.

Keywords: Arctic Ocean, Eurasia Basin, Gakkel Ridge, oceanic crustal asymmetry, Gakkel

Ridge Deep, Khatanga-Lomonosov Fault



1. Introduction.

Two main basins, the Eurasia and the Amerasia basins, are located in the deep-water part of the
Arctic Ocean, and are separated by the Lomonosov Ridge continental sliver. The present day plate
boundary, the Gakkel Ridge (GR), previously known as Nansen cordillera (e.g. Beal et al., 1966), runs
through the Eurasia Basin (Fig. 1), and is considered the slowest mid-ocean ridge on Earth (6-13
mm/yr, e.g. Jokat et al., 2003; Savostin et al., 1984; Dick et al., 2003). This plate boundary is connected
on one side to the North Atlantic mid-ocean ridge through a narrow passage between Svalbard and
Greenland, and on the other side to the Laptev Sea continental rifting (Fig. 1). Early studies of the
Eurasia Basin at the beginning of the last century (with bathymetric measurements performed during
the famous 1895 Nansen expedition) were followed by numerous oceanographic measurements by
Russian scientists, who discovered the Lomonosoov and the Gakkel ridges by c¢. 1950, and by more
intensive data acquisition campaigns in the subsequent decades. Sea ice covering this region for more
than 10 months per year, impedes data collection by ships; and the proximity to the North Pole (and
north magnetic pole) complicates magnetic measurements. However, geological and geophysical data
acquired by ships, airplanes, submarines and satellites before 2011 (Fig. 2) satisfactorily document the
western part of the Eurasian Basin, including the western segment of the ultra-slow Gakkel Ridge, and
can be used to identify the first order structure of the entire Eurasia Basin and surroundings.

The Eurasia Basin is floored by c. 57-0 Ma old oceanic crust (Karasik et al., 1983; Brozena et
al., 2003; Glebovsky et al., 2006; Alvey et al., 2008); as inferred from the linear magnetic anomalies
(Savostin and Karasik, 1981; Karasik et al., 1983; Savostin et al., 1984; Gaina et al., 2002; Brozena et
al., 2003; Glebovsky et al., 2006; Gaina et al., 2014; Gaina et al., 2015). The Gakkel Ridge started its
magmatic activity in Late Paleocene-Early Eocene with an intermediate spreading rate (e.g. Brozena et

al., 2003; Glebovsky et al., 2006).



The Nansen Basin and its continental margin (Fig. 1) has so far been the best-studied area of the
Eurasia Basin due to denser than elsewhere geophysical data coverage. These studies have described:
the Arctic plate boundary according to seismicity, bathnymetry and potential field data (e.g. Engen et al.,
2002), the segment of northern Barents Sea continental margin (e.g. Minakov et al., 2011), and the
sedimentary cover of the western Eurasia Basin continental margin (e.g. Jokat and Micksch, 2004,
Engen et al., 2009). In comparison, the Amundsen Basin (Fig. 1) was poorly studied (Jokat and
Micksch, 2004; More and Pitman, 2011), and its continental margin, the Lomonosov Ridge, has only
recently been described in some details (Chernykh and Krylov, 2011; Rekant and Gusev, 2012;
Dgssing et al., 2014). Until recently, the eastern part of the Eurasian Basin close to the Russian shelves
of the Barents, Kara and Laptev seas (Fig. 1), had an extremely poor geophysical and geological data

coverage (for a review see Drachev et al., 2010; Pease et al., 2014).

More recent data and interpretations of the Gakkel Ridge structure, mostly its western part, are
presented in several studies (Schmidt-Aursch and Jokat, 2016; Morozov et al., 2016; Michael et al.,
2003; Jokat et al., 2003; Urlaub et al., 2009; Jokat and Micksch, 2004; Cochran et al., 2003;
Schlindwein et al., 2005, 2015; Jokat and Schmidt-Aursch, 2007; Cochran, 2008; Engen et al., 2009).
Current knowledge indicates that the present day mid-ocean ridge has a very thin crust, ¢. 2-6 km thick
(Urlaub et al., 2009; Schmidt-Aursch and Jokat, 2016), and is segmented in non-volcanic and sparsely-
volcanic segments, with deep earthquakes in the amagmatic sections (at c. 35 km depth; Schlindwein

and Schmid, 2016).

The past decade saw a substantial increase in the scientific and economic interest for the High
Arctic. Concerted national and international expeditions collected large amounts of data from poorly
surveyed areas, including the eastern part of the Eurasian Basin, and the surrounding continental
margins and shelves. In 2011, 2012 and 2014, a total of 20560 km of 2D seismic profiles was collected,

using two icebreakers and a 600 m long streamer, by several multi-national research teams with major



support from the Ministry of Natural Resources and Environment of the Russian Federation (see a
subset of this data in Fig. 1). In 2012, Petroleum Geo-Services (PGS), together with scientific
consortium Geology Without Limits, also launched a long-term international scientific survey of the
Barents and Kara Seas (for a review see Nikishin et al., 2013). The new data coverage surpasses any

other systematic seismic investigation in the eastern (and probably in the entire) High Arctic.

For the first time, a large number of seismic data enables now to study the structure of the
slowest part of the Gakkel Ridge, together with its oceanic flanks, and its continuation into the rifted
Laptev Sea and neighboring areas. While part of the new Russian data was published by us (Nikishin et
al., 2014, 2017; Gaina et al., 2015), or by our colleagues (Petrov et al., 2016; Rekant et al., 2015), this
paper presents for the first time the detailed structure of the eastern Gakkel Ridge, Eurasia Basin and its
continental margins as revealed by the new Russian seismic data, and a compilation of other existing

data, in a plate tectonic context.

2. Regional tectonic framework

For setting the scene of the Eurasia Basin tectonic history, we will first review shortly the
geology of continental crust to the south, east and north of this basin. The Eurasia Basin is bordered to
the south by Barents and Kara sea shelves (Figs. 1, 2, 3) of Paleozoic and Neoproterozoic crust (e.g.,
Drachev et al., 2010; Pease et al., 2015; Nikishin et al., 2014). The Lomonosov Ridge tectonic sliver,
detached from the northern Barents and Kara sea shelves in the Eocene, has presumably continental
crust of the same age as these shelves (for a review see Poselov et al., 2012; Pease et al., 2015; Nikishin
et al., 2014), and was modified by the orthogonally trending Silurian-Devonian Caledonian and Late

Paleozoic Taimyr orogenies (Fig. 3).

The narrow plate boundary between the Eurasia and North American plates, the mid-ocean

Gakkel Ridge, continues eastward within the stretched Laptev Sea continental domain. This continental



rift system is a complex region of about 900 km width which started prior to the breakup between the
Lomonosov Ridge and the Barents/Kara sea shelves (Drachev et al., 1998, 2010; Sekretov, 2002;
Franke et al, 2000, 2001; Zavarzina and Shkarubo, 2012; Nikishin et al., 2014, 2017; Khoroshilova et
al., 2014; Mazur et al., 2015). The Laptev Sea continental basement is an amalgamation of terranes
whose boundaries and ages are still disputed (Drachev et al., 2010; Drachev, 2016; Nikishin et al.,
2014). The Ust’ Lena Rift is probably underlain by the Verkhoyansk Mesozoic pre-Aptian fold belt
(Drachev, 2016; Nikishin et al., 2017), but the connection between the Verkhoyansk and South Taimyr
orogens is poorly documented. The South Anyui suture, formed between the East Siberian Shelf and
Northeast Asia as the South Anyui Ocean was subducting, continues into the Laptev Sea, but its exact
location is disputed (Kuzmichev, 2009; Drachev, 2016). On our tectonic map (Fig. 3), we draw the
continuation of the South Anyui suture under the Bel’kov and Anisin rifts, following trends shown on
the gravity and magnetic anomaly maps (Gaina et al., 2011), and based on interpretation of regional
seismic lines. The New Siberian Islands terrane, with a Neoproterozoic basement overlain by a
platform cover of Ordovician to Cenozoic age (Kos’ko et al., 2013; Nikishin et al., 2014; Ershova et
al., 2016; Donukalova, 2016), is located north and east of the South Anyui suture. Fold deformations in
these islands took place before the Aptian (Kos’ko et al., 2013). The De Long Rise terrane is situated
north of the New Siberian Islands terrane. A Neoproterozoic continental crust with a Cambrian-
Ordovician sedimentary cover (Kos’ko et al., 2013; Donukalova, 2016), has been described in the
southern part of this terrane, whereas north of it, lies a deformed Cambrian-Ordovician volcanic arc
(Kos’ko et al., 2013; Ershova et al., 2016). The Zhokhov buried thrust belt of pre-Aptian age is imaged
by seismic profiles between the New Siberian Islands the De Long terranes (Drachev et al., 2010;
Nikishin et al., 2014, 2017). Aptian deposits overlie the Zhokhov thrust belt and adjacent terranes
above an angular unconformity. The Mesozoic deformation of this region may have ended before the
Aptian time, and therefore we infer that the Laptev Sea rifting started not earlier than Aptian, but could

have been as late as Turonian. According to Nikishin et al. (2017), the three main phases of Laptev Sea
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rifting are: (1) Aptian to Albian, (2) Paleocene (or at the end of Late Cretaceous-Paleocene), and (3)
from Eocene to Quaternary (Fig. 3). It should be noted that there are no drilled wells in the Laptev Sea
and the sediment stratigraphy can only be inferred from dated geological formation from the exposed

islands and extrapolated from dated horizons in the Eurasia Basin (discussed in section 4).

3. Data and Methods

3.1. Seismic data

This study presents selected 2D seismic profiles collected in 2011, 2012 and 2014 in the High
Arctic by two icebreakers. 214 sonobuoys have been deployed along seismic profiles (see Fig. 2 for
their location). Details of seismic data acquisition are given in Table 1. Depth conversion was
performed with the software FOCUS and ECHOS (Paradigm Geotechnology) using information from
seismic lines after time processing, regularization procedures and calculated velocity models with
refined RMS velocities. For profiles with a long streamer (> 4500 meters), velocity models were
calculated from the reflected wave (CDP) velocity analysis. For profiles with a short streamer, velocity
models were obtained from the sonobuoy refraction waves seismogram velocity analysis. A detailed
analysis of all sonobuoy data will be published separately, but we document the velocity profiles used
in depth conversion for the longest profile across the entire Eurasia Basin and its flanks (ARC14-07) in

Fig. 4.

3.2. Potential field data

To assist with the interpretation of seismic data along selected profiles, we have used recently
published bathymetry (GEBC02014/IBCAOv3, www.gebco.net), and potential field data (magnetic
data from the GAMPGM-M, 2 km resolution gridded data, Gaina et al., 2011; and free air gravity
DTU13, 1 minute resolution global grid, Andersen et al, 2014) as illustrated in Fig. 2. The Eurasia
Basin magnetic gridded data is mainly based on the combined Russian (VNI1O)-American (NRL)
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gridded data published by Kovacs et al., (1999) and used by Glebovsky et al., (2006) to interpret the
kinematics of the Eurasian Basin. The original magnetic data distribution is published by Glebovsky et

al., (2006), and we refer the reader to its Fig. 1.

The age of oceanic lithosphere along the new seismic profiles was determined by interpreting
the patterns of normal and reverses magnetic anomalies extracted from the CAMP-M magnetic
anomaly grid (Gaina et al., 2011). With the caveat that the magnetic data is not evenly distributed in the
Eurasian Basin, and errors and uncertainties may have been introduced by data interpolation, we have
interpreted the magnetic anomalies and assigned ages based on the timescale of Ogg (2012) for the

chron times shown in Table 2.1.

4. Results — the Eurasia Basin tectonic structure based on new seismic data and potential

field analysis

4.1 Nansen Basin

A new set of five seismic profiles cover now part of the SW Nansen Basin (ARC11-003,
ARC11-004, ARC11-005, ARC11-006, ARC11-010), and one long profile (ARC14-07), extends
across both Nansen and Amundsen basins and their continental margins (Figs. 1, 2). The Nansen Basin
seismic profiles, together with magnetic, free air gravity, and bathymetry data extracted along the same

profiles, are presented in Figs. 5 and 6 (un-interpreted seismic profiles are shown in Figs. S1, S2).

A distinct continent— ocean boundary (COB) is most of the time an abstract, 2D representation
of a more complex, 3D structure, but this boundary is often needed for plate kinematic reconstructions.
In this study, the COB is regarded as the seaward limit of the continent-ocean transition (COT). We
tentatively mark the COT by attempting to interpret the landward limit of “pure” oceanic crust. This is

in fact the seaward limit of the ocean-continent transition zone, but in the absence of refraction data, to



locate this boundary, we can only use the seismic reflection patterns indicative of oceanic crust,

together with the potential field data signature.

In the following, we summarize the structure of the Nansen Basin revealed by the new seismic

profiles:

1) The acoustic basement can be followed from the continental shelf into the deep basin on two
(ARC11-05 and ARC11-06) out of four profiles that cross the Barents Sea shelf into the Nansen Basin.
Continental basement blocks are bounded by steep faults. Note that these two seismic profiles image
the segment of the Barents Sea continental margin that has a bent and, together with its conjugate
Lomonosov Ridge segment, it may have experienced strike-slip and transtensional motion during
continental break-up (e.g. Minakov et al., 2012). Rugged basement topography typical for oceanic crust
can be identified within a domain about 50 to 60 km south of the location where we interpreted the

positive magnetic anomaly C24no (53. 98 Ma).

2) The interpreted basement topography younger than C200 (43.43 Ma) is more rugged and
shallower than the crust of 43 Ma and older. This is best observed on profiles ARC11-003, ARC11-004
and ARC11-005 (Fig. 5). A prominent step in the basement topography is observed around C13 old (c.
33 Ma) oceanic lithosphere, which probably marks a change in the spreading regime. A sharp transition
between deep and shallow (with about 0.5 sec) basement is best seen on profiles ARC11-003, ARC11-

004 and ARC11-005, Fig. 5 and on profile ARC14-07, Fig. 6.

3) On line ARC11-006, the sediment package dated 45 Ma and older is deformed indicating a

post-45 Ma event that disturbed it.

An additional seismic line (PGS-GWL-006), across St. Anna Trough and the Kara Sea shelf,

documents break-up/post-breakup sedimentation (Fig. 7). Possible Eocene deposits lay on Paleozoic



sedimentary sequences and acoustic basement. This may indicate a pre-Eocene uplift and erosion of the

continental margin during break-up and incipient sea-floor spreading.

4.2 Amundsen Basin

As part of the Russian seismic data acquisition campaign presented here, many more seismic
profiles have been acquired in the Amundsen Basin and adjacent Lomonosov Ridge (Fig. 1) than in the
Nansen Basin. In the following we will divide the seismic data interpretation in two parts: the north
Amundsen Basin (lines ARC11-035, ARC11-034, ARC11-032, ARC11-031, ARC11-030) shown in
Fig. 8, and the south part of the basin close to the Laptev Sea (lines ARC11-029, ARC11-028, ARC11-
027, ARC11-026, ARC11-024) shown in Fig 9. Un-interpreted seismic profiles from Amundsen Basin
can be seen in Figs. S3 and S4.

From the northern Amundsen Basin seismic lines, the following observations can be noted:

1) The basement topography in the Amundsen Basin is much more rugged than in the
conjugate Nansen Basin, as shown by numerous faulted, c. 10-20 km wide blocks (Figs. 6, 8a, b).

2) The first morphological change in interpreted basement topography occurs at C21 (47.33-
45.68 Ma), where a prominent trough and ridge system is observed on all profiles (Fig. 8). We do
observe, however, that on line ARC11-035, ARC11-034 and ARC11-032 the oceanic basement dated
C22 has also a higher relief than the surrounding basement. On line ARC11-032 we can observe an
unconformity in the sedimentary cover, and onlaping layers on the C22 block, indicating tectonic uplift
(Fig. 8c). On all profiles one can observe that crust younger than C21 becomes shallower.

3) The new seismic data document new “seamounts” or basement ridges at seafloor level which
are missing in the GEBCO/IBCAO Arctic bathymetric map (see features marked with “Sm” on profiles
ARC11-030 and ARC11-031, Fig. 8).

Three out of the five new S Amundsen Basin seismic lines extend to the Lomonosov Ridge

margin, showing a gentle slope on lines ARC11-029 and ARC11-027, and a sharper transition to the
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oceanic domain on line ARC11-028 (Fig. 9). Other notable characteristics revealed by the seismic data
include:

1) A similar “trough and ridge” structure divides the smoother oceanic crust older than C21 (on
some lines C22), from the shallower and rougher crust c. 45 Ma and younger (Figs. 8 and 9).

2) A deep trough (c. 8s two-way travel time, TWTT), with symmetrical flanks that extend for
about 80 km between presumably C24no and C21no, is seen on line ARC11-027. The trough coincides
with a positive magnetic anomaly peak, but is difficult to conclude whether it may be an extinct
spreading ridge.

3) On seismic lines ARC11-024, ARC11-026 and ARC11-027 (Fig. 9), a small angular
unconformity of onlap type is well seen in the sedimentary basement against oceanic crustal blocks
dated C16 or C13. This unconformity traces an uplift phase that may be linked to slow/intermediate to

ultra-slow spreading transition time.

4.3 Conjugate profiles in Nansen and Amundsen basins

To date, only one seismic profile continuously runs through the entire Eurasia Basin and its
continental margins (line ARC14-07, Figs. 1, 6). Profiles ARC11-010 (in the Nansen Basin, Fig. 5) and
ARC11-035 (in the Amundsen Basin, Fig. 9) are almost conjugate, but do not extend to the Gakkel
Ridge. For a more complete picture of the Eurasia Basin conjugate flanks, we present these three
profiles in Fig. 6. Note that seismic profile ARC14-07 is depth-converted, whereas ARC11-010 and 11-

035 are in two-way travel time (TWTT) measured in seconds.

Profile ARC14-07 remarkably shows the asymmetry of oceanic crust accretion and
sedimentation in the Eurasian Basin. Along this profile, the Nansen Basin is 360 km wide and has the
deepest basement at 7.8 km, whereas the Amundsen Basin is 330 km wide with the deepest basement at

6 km. The new data suggest that the Amundsen Basin is ¢. 700 m shallower than shown by the
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GEBCO/IBCAO bathymetric grid (Fig. 6). Greater subsidence occurred in the Nansen Basin due to the
higher sediment load from the Barents/Kara sea shelves; the seismic profile shows that the thickest
sediment cover reaches 4 km, whereas in the Amundsen Basin is only 2 km. This observation is
confirmed by the two quasi-conjugate profiles, ARC11-010 and 11-035 shown in Fig. 6B. Asymmetry
is also observed in the accreted crust, with basement as old as C13 reaching the seafloor. The
Amundsen Basin has rougher and shallower basement topography, with older basement (older than
C20) being at almost the same depth until it reaches COB (c. 6 km). The Gakkel Ridge valley displays

asymmetric flanks, with a wider and more rugged topography to the north.

4.4. Age and stratigraphy of the Eurasian Basin sedimentary cover

The age of oceanic lithosphere, as identified from magnetic data projected along the new
seismic profiles, is summarized in Fig. 10. This information has been used to guide the dating of
various sedimentary packages interpreted between strong reflectors in the Eurasia Basin seismic data
(Figs. 5, 6, 8 and 9), and interpolated with dated sedimentary packages from the ACEX drill (Moran et
al., 2006). The ACEX drill holes are about 55 km to the north of the ARC14-07 seismic profile (Figs. 2

and 6), which is imaging the same succession penetrated by the IODP drill.

We observe that the prominent seismic reflector that abuts Eurasia Basin oceanic crust formed
between chrons 20no and 21no (dated 43 and 47 Ma respectively), looks very similar on seismic
profiles across the Lomonosov Ridge (Fig. 6, Nikishin et al., 2014, 2017). This seismic horizon was
drilled by the ACEX expedition (Moran et al., 2006) and was dated 45.4 Ma (Backman et al., 2008;
Backman and Moran, 2009); consequently we assign a c. 45 Ma age to the continuation of this horizon
in the Eurasia Basin. Magnetic boundary dated at 33.2 Ma is very close to the Eocene/Oligocene
boundary (33.9 Ma), and therefore we propose that the seismic boundary that terminates against the

C13 (33.2 Ma) oceanic ridges coincides with the Eocene-Oligocene boundary.
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Following the correlation between sedimentary packages, age of oceanic lithosphere determined
from the magnetic data, and dated sedimentary succession from the ACEX drill sites, the age of the
four main sedimentary packages identified in the new seismic dataset may be: (1) Early to Mid Eocene
(c. 56 to 45.7 Ma), (2) Mid Eocene to Early Oligocene (45.7 to 33.2 Ma), (3) Early Oligocene to Early
Miocene (close to Aquitanian) (33.2 to 19.7), and (4) Early Miocene (close to Burdigalian) to Present

(19.7 to 0 Ma).

As part of the new Russian geophysical dataset, several seismic profiles run along the
Lomonosov Ridge and its slopes towards the Amundsen Basin (Fig. 1). On these profiles we see a rift-
postrift type boundary and suggest that it corresponds to the break-up boundary, marking the onset of
the Eurasia Basin opening (Nikishin et al., 2014, 2017; Gaina et al., 2015). We note that this boundary
was also identified within the Laptev Sea (Franke, 2013; Khoroshilova et al., 2014; Nikishin et al.,
2014; Weigelt et al., 2014), and we consider it of Paleocene-Eocene or early Eocene age. A slightly
younger horizon is imaged on the seismic line that crosses the Kara Shelf continental margin (Fig. 7).
This sedimentary horizon covers underlying deposits with an angular unconformity, probably linked to

continental break-up, and therefore also of early Eocene age (Fig. 7).

4.5. Gakkel Ridge

The complete rift valley and conjugate elevated flanks of the Gakkel Ridge (Figs. 11, S5) are
imaged by two seismic profiles oriented perpendicular to the ridge (Fig. 1). Profile ARC14-07 (Fig. 6
and 11A) shows the mid-ocean ridge structure in the central Eurasia Basin, and profile ARC14-05 (Fig.
11) is documenting the configuration of the easternmost part of the basin, a region poorly mapped by

seismic data until now.

The Gakkel Ridge basement shown by the seismic profiles in Fig. 11A, B, is characterized by a

rough trough-and-ridge topography with normal faults (marked by red lines), uplifted rift shoulders,
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rotated blocks and syn-rift sediments. Such steep faults have been described in the Knipovich Ridge
region, an area of ultra-slow seafloor spreading (e.g. Kvarven et al., 2014). Gakkel Ridge rift shoulder
uplift seems to be synchronous with tectonic block rotation (Fig. 11A, B).

The Gakkel Ridge and recently formed valley in the central Eurasian Basin are asymmetric,
with about 80 km wide elevated topography (c. 3500-4000 m) in the Amundsen Basin, compared to
only 50-60 km wide high ridge topography in the Nansen Basin (Fig. 6 and 11A). This asymmetry is
also observed in the eastern Eurasia Basin, where the Gakkel Ridge forms at the slowest pace (Table
2.2 and Fig. 10), with rift shoulders c. 50 km wide (in the Nansen Basin), versus c¢. 70 km wide in the
Nansen Basin (Fig. 11). The general Gakkel Ridge asymmetry is reflected in the bathymetry and
potential field data (gravity and magnetics, Figs. 2, 6, 11). Negative free air gravity values indicate that
the ridge is magma starved, or the magma chamber is very deep. The Gakkel Ridge valley is
characterized by a broad (in its central part, Fig. 11A), or narrower (in the eastern part, Fig. 11B),
positive magnetic anomaly showing the formation of oceanic crust from chron C1 normal (Brunhes,

0.78 Ma) at a depth of approximately 3.5 km.

4.6. The Gakkel Ridge Deep

The new seismic data document for the first time the deepest valley along the Gakkel Ridge, a
deep basement structure situated very close to the easternmost tip of the Gakkel Ridge (Fig. 11B). For

an easy reference, we will call this deep-graben: the Gakkel Ridge Deep (GRD).

GRD has been detected by earlier Russian bathymetric charts and imaged by modern
bathymetric maps (IBCAO v3, Jakobsson, 2012), which incorporated information from those charts.
The Russian new seismic data allow now mapping this feature in greater detail. GRD is surrounded by
steep faulted blocks, which may have been overprinted by volcanic edifices in several places (Fig. 12).
In its deepest part (c. 5200 m), the GRD is about 95 km long and 30-45 km wide, and the basin’s depth

relative to the shoulder uplifts is 1800-2000 m. The seismic line ARC11-026 crosses the Shaykin
14



Seamount situated on the elevated GRD rim (Fig. 12); a feature registered by the GEBCO Gazeteer as
the “Shaykin Hill” named by the Russian scientist G. Grikurov in 2003. GRD elevated bathymetric
flanks may host volcanic edifices shown by the seismic reflection data as pointed hills features (Fig.
12). One of this “pointy hill” is seen in the multibeam high-resolution bathymetric data collected along
the ARC14-05 seismic line (Fig. 12A), and a detailed topographic image suggests a seamount-like
feature with rugged eastern flanks (Fig. 12B.e.). Strong reflectors indicating volcanic material are seen
within young sediments accumulated in the GRD adjacent rift valley (Fig. 12). Note that the northern
GRD flank displays a prominent circular magnetic anomaly, and two smaller similar anomalies are
seen within the deep part of GRD (Fig 12A), indicating a magmatic origin of these features. Very
recent, Piskarev and Elkina, (2017) postulated that this Gakkel Ridge segment hosts a giant caldera that
erupted 1.1 myr ago, and spewed volcanic material as far as 1000 km away.

The seismic line ARC14-20 (Fig. 11) runs along the GRD eastern edge, and further southwards
is parallel to the GRD’s valley. South of GRD, the next Gakkel Ridge segment is limited by a large
seamount (Fig. 11), which we call the Trubyatchinsky Seamount to honor the 2014 expedition vessel
name (Nikolay Trubyatchinsky). In its tectonic position, the Trubyatchinsky Seamount is similar to the
Logachev Seamount of volcanic origin (Okino et al., 2002; Schlindwein and Schmid, 2016), which

separates different segments of the Knipovich Ridge rift valley (Jokat et al., 2012).

5. Discussions

5.1. Seafloor spreading asymmetry in the Eurasia Basin

Oceanic seafloor spreading process is characterized as “symmetric” if, for a particular time
period, the same amount of oceanic lithosphere is accreted on conjugate flanks. A global study shows
that seafloor spreading created asymmetric lithospheric flanks in many oceanic basins worldwide
(Muller et al., 2008), mainly in regions where mantle thermal anomalies facilitated ridge jumps and

oceanic lithosphere transfer from one flank to another.
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It has long been observed and reported that the Nansen Basin is shallower than the Amundsen
Basin, due to the thick sediment load accumulated in the former from the Barents and Kara sea
continental shelf erosion (e.g. Jokat et al., 1995). North of Barents and Kara seas continental margins,
one can identify a deeper “top of oceanic basement” than adjacent to the submerged Lomonosov Ridge
margin (Fig. 6). Besides this depth asymmetry, earlier geophysical data also revealed an asymmetry in
oceanic lithosphere accretion in the two Eurasia sub-basins. Among the first to report asymmetry in the
seafloor spreading based on magnetic anomaly data, Vogt et al., (1979) described an asymmetry for
younger crust (up to C6), and suggested that the asymmetry is increasing for older crust, with half
spreading rates in the Amundsen Basin consistently lower (with 10 — 20%) than in the Nansen Basin.
Jokat and Micksch, (2004) used modern multichannel seismic profiles in the western Nansen and
Amundsen basins (acquired in 2001 with the German and US icebreakers RV Polarstern and USCGC
Healy) to explore the characteristics of oceanic crust and sedimentary cover. Although the analysed
profiles are not conjugate, Jokat and Micksch, (2004) noticed the much rougher basement topography
of the Amundsen Basin flank, and also a sharp decrease in basement depth between chrons 12 and 18
on the same flank. Jokat and Micksch, (2004) concluded, based on the two seismic profiles in the west
Eurasia Basin and an analysis of basement subsidence vs. spreading rates, that the spreading regimes in
the two sub-basins were offset, with the Amundsen Basin meeting a slower regime much earlier than in

the Nansen Basin, and hence the difference in basement topography on the two flanks.

We have used the newly interpreted magnetic chrons and location of continent-ocean boundary
(Figs. 5, 6, 8, 9 and 10), to evaluate the seafloor spreading rates along the seismic profiles in the
Nansen and Amundsen basins, and computed median values for several time intervals (Table 2.2). The
result of our calculation has been added on Fig. 10. As reported by many other studies before,
following break-up, the Eurasia Basin first opened at intermediate rates (e.g. Glebovsky et al., 2006;

Vogt et al., 1979). We note that a 50 - 60 km region with negative magnetization, that marks the first
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oceanic crust probably dated C24r (53.98-57.1 Ma), formed at a median half spreading rate of 17.5
km/myr, which is 150% higher than the highest seafloor spreading rate computed for younger times

based on this study data (see Table 2.2).

This new seismic dataset documents for the first time a complete, conjugate transect through the
entire eastern Eurasian Basin and its margins (Fig. 6), and therefore allows a proper quantitative
analysis of observed asymmetry in oceanic lithosphere accretion on conjugate flanks. The seafloor
spreading rates calculated along this long profile (Table 2.2 and Fig. 10) show higher values in the
Nansen Basin than in the Amundsen Basin except for the spreading stage C21no-C20no (c. 47-43 Ma),
when the report is reversed. At this time, the second peak of the deformation between north Greenland
and Lomonosov Ridge/southern Eurasia Basin, known as the Eurekan orogeny or deformation, could
have affected a larger portion of the Arctic as suggested by Gaina et al., (2015). A prominent change in
the sedimentation pattern is also dated at c. 45 Ma (e.g. Backman et al., 2009), and is visible on all our
seismic profiles. We note that the ARC14-07 profile aligns with the Lomonosov Ridge structural bend
(Fig. 6), which may represent an important tectonic boundary (e.g. Minakov et al., 2012; Shipilov and
Vernikovsky, 2010), that may have influenced at least the early seafloor spreading evolution. This
configuration is probably inherited from a pre-breakup basement configuration that places a suture
(Caledonian or Timanian), and associated orogenic tectonic grain, perpendicular to the Eurasia Basin
southern margin (Figs. 3 and 13). We suggest that the reversal in the oceanic crust asymmetry and
subsequent ultraslow spreading rates (Table 2.2 and Fig. 10) could have been triggered by a series of
plate boundary re-adjustments due to either competing tectonic stresses or different rheology in

surrounding tectonic environment.

5.2. Eastern Gakkel Ridge and SWIR

The structure of the western Gakkel Ridge - a part of plate boundary between Eurasia and North

America, and the rules of plate tectonics, indicate that this mid-ocean ridge falls under the ultra-slow
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spreading ridges category. Similar seafloor spreading regimes are found only in few places on Earth
(e.g. Dick et al., 2003; Snow and Edmonds, 2007), and the Southwest Indian Ridge (SWIR) is probably
the closest analogue to the GR, although SWIR is much farther away from continental margins than
GR. Since the eastern Gakkel Ridge has been poorly surveyed so far, we firstly analyse its
geomorphology and compare it with known ultra-slow spreading mid-ocean ridge structure. A
comparison between the GR and SWIR structures is shown in Fig. 11C. Three profiles documenting
the SWIR configuration for a segment situated close to its northeastern tip at the Rodriguez Triple
Junction, show a transition from a deep valley (c. 4000 m) with asymmetric ridge flanks (profile 3-3’,
Fig. 11C), to a region where an elevated block (at 3000 m depth) occupies the central mid-valley, and
where the ridge flanks are more symmetric (profile 2-2°, Fig. 11C). From there, the ridge is continuing
towards a broader central valley where a more recent rift has been developed within an older structure,
with asymmetric rift shoulders (profile 1-1°, Fig. 11C). The GR bathymetric profiles from central (Fig.
11A), and eastern (Fig. 11B) part, are superimposed at the same scale on the SWIR bathymetry along
the three profiles (Fig. 11C). The morphology of GR in its central part resembles well with the
asymmetric, central SWIR segment. The narrower, GR “double” rift valley (or an incipient volcanic
construction within older axial ridges), situated at its slowest spreading part (shown in Fig. 11B),
matches well the ultra-slow SWIR segment nearby the triple junction (and therefore closest to the
rotation pole). Both SWIR and Gakkel Ridge display asymmetric rift shoulders in their respective

segments close to the rotation poles (Fig. 11C, profile 1-1°).

Mendel et al., (2003) described the morphology of various SWIR segments based on detailed
multibeam data. They conclude that the asymmetry of SWIR abyssal hills reflect the oceanic crustal
thickness and its tectono-magmatic history. Larger abyssal hills are connected to thicker crust
formation, whereas smaller abyssal hills are found in regions of thinner crust, thus reflecting the

amount of magma supply. As in the SWIR case, we also observe that the GR flanks with shallower and
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rugged structure are more regularly spaced (Fig. 11A right hand side), and this may indicate periodic

tectonic phases, as suggested by Mendel et al. (2003).

5.3. Along-ridge segmentation of the eastern Gakkel Ridge valley

Along-ridge segmentation of the western Gakkel Rift was observed in bathymetry, gravity, and
magnetic signals, was revealed by local seismicity, and by the petrology of rock samples collected
from rift valley (Michael et al., 2003; Jokat et al., 2003; Schmidt-Aursch, Jokat, 2016; Schlindwein and
Schmid, 2016). The segmentation is not defined by transform faults, as in most mid-ocean ridges, but
in the morphology of the ridge determined by the magma supply. On this basis, the segments were
labeled “magmatic” and “sparsely magmatic/amagmatic” (e.g. Michael et al., 2003). This segmentation
has been mostly described for Gakkel Ridge up to 85°E longitude - the most easterly point reached by
the AMORE expedition (e.g. Michael et al.,, 2003). More recent studies have investigated
microseismicity of a confined portions of the Gakkel Ridge at 85°E, as discussed for example by
Korger and Schlindwein (2014). Here we briefly discus the eastern Gakkel Ridge (longitude 60 to c.
123 °E) segmentation, based on the most recent gridded gravity data (DTU 13, Andersen et al. 2014),

recorded seismicity, and on the new Russian seismic reflection data.

Engen et al. (2002) divided the Gakkel Ridge in many segments according to the type of
seismicity displayed by 1959 to 1999 earthquakes. According to that study, east of the 60°E Gakkel
Ridge “bend”, a large segment (c. 370 km) displays intense seismicity and extensional faulting. East of
that region, Engen et al., (2002) interpret another three similar, albeit shorter, extensional segments,
which are intercalated with areas where strike-slip or oblique motion is predominant. The new free air
gravity data (DTU13, Andersen et al. 2014), and seismic events recorded from 1960 to 2016 (Fig. 14),
indicate that the first order segmentation of the eastern Gakkel Ridge may be described as four
segments with intense seismic activity (A1-A4 indicated with grey ellipses in Fig. 14), of which the

westernmost one is the most active, and three regions with less seismic activity (11-13). The ridge
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flanks of A1-A4 display higher gravity anomaly values compared to 11-13. The Al region shows the
highest number of earthquakes along the ridge (including a zone of swarm earthquakes less than 30km
deep, according to the ISC+EMSC earthquake catalogues from 1960 to 2016), with the latest larger
earthquake (magnitude 4.7) registered on 22.10.2016 (shown with magenta star symbol in Fig. 14).
Another cluster of earthquakes aligns perpendicular on the ridge, at a location that coincides with a

change in the Gakkel Ridge spreading direction (a “kink’) at 86°E longitude (blue ellipse in Fig. 14).

Seismic line ARC 14-07 crosses the Al region, documenting for the first time the structure of
the Gakkel Ridge east of 85°E longitude. As discussed in a previous section (see Fig. 11), a cross-
section through the Gakkel Ridge and valley shows 3200-3500 m deep, asymmetric flanks, with a
higher and rounded peak in the Amundsen Basin that resembles a volcano (tentatively interpreted by us
as C3Any old), and a faulted ridge valley which is c. 50 km wide and 4200 m deep (Fig. 11). The entire
Al region exhibits wide ridge flanks with high free air anomaly values in the Amundsen Basin (Fig.
14). Region A2 has a more symmetric structure with features that resembles seamounts on both sides of
the Gakkel Ridge (magenta ellipses in Fig. 14 indicate features with high bathymetry and gravity
anomaly values). The new seismic lines stop shortly before encountering the Gakkel Ridge high
topography (Fig. 8), but they imaged three undetected seamounts (“Sm” in Fig. 8), located in a
seismically active off-axis area, which may be connected to recent volcanic activity. A3 is a c. 400 km
long “active” segment of the Gakkel Ridge defined by relatively high seismic activity (although lower
than in A1 and A2 segments previously described). This segment starts just west of the GR deepest
segment (GRD, Figs. 11 and 12), and continues almost to the easternmost tip of the Gakkel Ridge

(although a less seismically active zone may divide this region in three parts, see Fig. 14).

In the southern Amundsen Basin towards the Laptev Sea, sediments younger than Miocene (c.
33-20 Ma) seem to onlap on the newly formed bathymetry, indicating vertical motion of the Gakkel

Ridge (Fig. 9). The bathymetric scarp that coincides with this boundary is called in this study the
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“Kazmin Tectonic Scarp” (after Yury Kazmin -the scientific head of Russian Federal Arctic project
who planned the seismic acquisition). Vertical motion of ultra-slow spreading ridges due to intense
tectonic activity and serpentinisation that results in a more buoyant crust, has been described for the
Knipovich Ridge (North Atlantic) and SWIR (Indian Ocean), and we suggest that these processes may

also explain the formation of the Kazmin Tectonic Scarp (KTS, Fig.14).

The easternmost Gakkel rift valley is filled with sediments, and this observation led some
authors to postulate that the ridge is an old feature, as an explanation for a sediment-filled area which is
situated relatively far from continental sediment sources (Rekant and Gusev, 2016). In the ¢. 5200 m
deep GRD, probably the deepest rift valleys in the Gakkel system, sediment thickness is about 300-500
m, while in the rift segment east of the GRD, the sediment thickness exceeds 1000 m (see Figs. 9, 11,
15). Asymmetric rift flank topography and its dynamics may be the reason for different sedimentation

patterns within the rift valley.

5.4. Transition from oceanic to continental domain in the easternmost Eurasia Basin

In the area where the Gakkel Ridge approaches the Laptev Sea Shelf, the ridge is buried under
sediments, and has a very faint signature in the seabed topography (Figs. 1, 2), but is relatively well
imaged by the free air gravity anomaly (Fig. 2, 11), and magnetic anomaly (Fig. 2). On the seismic
data, we can see the easternmost GR segment at 78.8° N, just before becoming an intra-continental
plate boundary (Figs. 15, S6). The buried valley (to 6.6 s TWTT) is flanked by steep and high (to 4 s
TWTT) flanks, and is characterized by negative magnetic and gravity anomalies. Recent small-
amplitude normal faults that disturb Quaternary sediments, indicate recent tectonic activity (Fig. 15,
profile AB). From this point imaged by the seismic data, up to the Laptev Sea shelf, the recent structure
of the Gakkel Ridge is seen as a gravity low that turns to the west with a small offset (c. 60 km), as also

indicated by recent, and very high seismicity (Fig. 15 lower panels). These evidences confirm that the
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mid-ocean ridge is continuing until it abuts against the continental shelf, as also suggested by Sekretov,

(2002), based on of the first seismic profiles for that region.

From the tip of the Eurasia Basin, the plate boundary shifts to the east along a small segment of
transfer fault called “Severnyi transfer” by Fujita et al., (1990). This boundary aligns with a small circle
projected around the recent pole of opening between the North American and Eurasian plates (e.g.
60.32° N, 140.40° E; Merkouriev and DeMets, 2014), and was detected also by older seismic reflection
data (e.g. Franke et al., 2001). This small transfer-segment links the mid-ocean ridge to the intra-
continental plate boundary that follows the trend shown by smaller and intermediate earthquakes (Fig.
15 lower panels). Positive magnetic anomaly and gravity peaks characterize a c¢. 35 km wide region,
where deformed upper sedimentary layers (Fig. 15 profile A’B’) indicate recent tectonic activity. This
region constitutes the northernmost part of the plate boundary in the Laptev Sea. Note that a much-
reduced cluster of seismic events is located also to the west of the presumably recent plate boundary,
indicating a larger region of deformation. The ION-11-4600 (A’B’ segment shown in Fig. 15) reflects
the general structure of the Laptev Sea rifts in the proximity of the Eurasia Basin southern boundary.
The sedimentary packages in the Laptev and East Siberian shelves are only dated by extrapolation from
exposed island geology and regional seismic stratigraphy tied to the few wells existent in the Arctic
region (e.g. Weigelt et al., 2014), although the rifting ages are still disputed (e.g. Drachev et al., 2010).
According to the sediment packages succession and total sediment thickness interpretation, rifting may
have migrated from east to west, from probably Cretaceous to recent times, as inferred from the
sediment thickness variation shown by the seismic line ION11-4600. This interpretation contradicts the
eastward rejuvenation of rifting in the northern Laptev Sea from west to east as suggested by Drachev

etal., (1998).

Previous studies attempted to reconstruct the location and the type of plate boundary between

the Eurasia Basin and the eastern Laptev Sea rift system. It has been postulated that a transform fault
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trending orthogonal to the Gakkel Ridge, a feature called Khatanga-Lomonosov Fault (KLF),
facilitated the motion of the Lomonosov Ridge and adjacent Amundsen Basin north of the Laptev Sea
(Drachev et al., 1998, 2010; Sekretov, 2002; Franke, 2013; Pease et al., 2014; Doré et al., 2016;
Nikishin et al., 2017). Recent data collected by German scientists and interpreted by Jokat and Ickrath,
(2015) and Jokat et al., (2013), indicate undisturbed Cenozoic sediments along a line that is crossing
the NE Eurasia Basin, the Lomonosov Ridge and adjacent Podvodnikov Basin along 81° N. Based on
this data, and arguing that recent seismicity at the junction between the East Siberian Shelf and the
Lomonosov Ridge (the presumed termination of the KLF) is absent, Jokat et al. (2013) suggest that a
transform fault between the Lomonosov Ridge and the Laptev Sea shelf may have been active only
before the Eurasia Basin oceanic crust formation. Poselov et al., (2012) and Nikishin et al., (2014,
2017) interpreted new Russian seismic data (see their 7-AP profile), and concluded that a faulted
basement overlain by a sedimentary cover showing a small depression above that basement fault, may

be the locus of the Khatanga-Lomonosov transform.

We inspect four seismic profiles that are crossing the postulated zone of strike-slip between the
Lomonosov Ridge and the Laptev Sea/Siberian Sea shelves (Figs. 16, S7). The two profiles crossing
the Podvodnikov Basin and the Siberian Shelf indicate that the older sediments (Paleocene-Eocene ?)
were indeed disturbed (Fig. 16). The tectonic deformation observed on profile ARC14-14 was
interpreted by Gaina et al. (2015) as a result of the Eurekan event far-field stresses. The two profiles
crossing the Amundsen Basin and terminating against the Laptev Sea shelf (ARC14-22 and ARC14-
23), indicate break-up related basement faulting (Fig. 16). On line ARC14-22 we mark a basement high
next to the Lomonosov ridge as “Ra” following Gaina et al. (2015), who suggested that this block
formation marks a seafloor spreading orientation due to the Eurekan-related compression in the
Eocene. An elevated basement block of unknown origin (“?”” on profile ARC14-22 in Fig. 16) is

connecting the Amundsen oceanic basin and the continental tilted blocks of the Laptev Sea shelf.
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In order to get a first order indication of the plate boundary continuation from Eurasia Basin
into the Laptev Sea shelf at the time of continental breakup and first seafloor spreading, we have
reconstructed the main geological provinces shown in Fig. 3 at the C24no time (53.98 Ma), by using a
slightly modified Gaina et al. (2002) rotation (latitude=62.5° N, longitude=143.47° N, and angle=-
12.89). The reconstruction makes the simple assumption that the Eurasia Basin and its southern margin
belongs to the Eurasian plate, whereas the Lomonosov Ridge and adjacent Amerasia Basin, East
Siberian Shelf and eastern Laptev Sea rift system were attached to the North American plate, at least
since the Paleogene. According to this model, continental break-up and early seafloor spreading
followed an orientation along the northward projection of the South Anyui suture (SAS), between the

Anisin and Novosibirsk rift complexes (Fig. 13).

Reconstructions of the Eurasia Basin and Laptev Sea region for selected times during the
Eocene to Present by using the same assumptions as above and rotations from Gaina et al. (2002)
adjusted to the Ogg (2012) geomagnetic timescale, are presented in Fig.16 (lower panels). There we
show that strike-slip motion may have occurred in the southern Eurasia Basin between break-up time
and c. 45 Ma. After that time, transtensional motion was predominant, and perhaps rifting continued in
the Ust’Lena Rift, as indicated by thinner (and maybe younger) sediment packages (Fig. 15, profile
A’B’). We conclude that during the opening of the Eurasia Basin, the region at its eastern boundary
towards the Laptev Sea shelf, may have acted for a very short time as a strike-slip boundary, but since
mid-Eocene it mainly experienced transtension. Today, the Gakkel Ridge is linked by a short transform

with the intra-continental rift that has shifted its location to the east, in the older Anisin Basin (Fig. 15).

6. Conclusions

One of the most extensive modern seismic dataset is documenting, in an unprecedented way,
the structure of the youngest High Arctic oceanic basin, the Eurasia Basin, and its margins. In this

study we present 25 new seismic profiles in the Nansen and Amundsen basins, their shared mid-ocean
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ridge, the Gakkel Ridge, and the transition towards the Laptev Sea. The oceanic basement topography
imaged by these profiles show two major changes that correspond to variations in seafloor spreading

regimes: at C21-20 (45-43 Ma) and at C13 (33 Ma).

This seismic dataset includes a complete, conjugate transect through the entire Eastern Eurasia
Basin and its margins that allows, for the first time, a quantitative analysis of observed asymmetry in
oceanic lithosphere accretion on true conjugate flanks. Continent-ocean boundary location has been
interpreted on 9 profiles, and the oldest oceanic lithosphere has been identified on 13 profiles.
Asymmetry in oceanic crust accretion occurred both at old and younger seafloor spreading stages in
these basins, with a general trend of higher spreading rate in the Nansen Basin, as postulated before
(e.g. Jokat and Micksch, 2004). We note that the contrary is true for oceanic lithosphere of C21no-
C20no (c. 47-43 Ma), when the report is reversed, at least along the long conjugate profile ARC14-07.
The time of change in the seafloor spreading asymmetry coincides with the second peak of the Eurekan
orogeny and a change in the Arctic Ocean sedimentation pattern dated at c. 45 Ma (e.g. Backman et al.,
2009), and we suggest that these changes are linked. The seismic profiles in the southern Amundsen
Basin show onlaping young sediments against the mid-ocean ridge flanks, indicating an uplift event.
The bathymetric scarp that marks this boundary of presumably Oligocene (C13) age is called the

“Kazmin Tectonic Scarp”.

A comparison between the detailed structure of the Gakkel mid-ocean ridge and its analogue in
the Indian Ocean, SWIR, shows the asymmetry of the ridge flanks and valleys, and similar structures as
they approach the pole of rotation and the slowest spreading rate. As in the SWIR case, we observe that
the Gakkel Ridge flanks with shallower and rugged structure are more regularly spaced, which may

indicate periodic tectonic phases, as suggested by Mendel et al. (2003).

The seismic data presented here reveal new tectonic structures, previously undetected: few

seamounts in the Amundsen Basin, a detailed asymmetric structure of the eastern Gakkel Ridge, and a
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peculiar deep mid ocean ridge valley, the Gakkel Ridge Deep, and its volcanic flanks, formed at the
slowest spreading segment of the Gakkel Ridge. From GRD, the Gakkel Ridge continues towards the
Laptev Sea as a magmatic segment characterized by high seismicity and occurrence of seamounts,
among them the Shaykin and Trubyatchinsky seamounts. In the easternmost part of Eurasia Basin,
close to the Laptev Sea shelf, the Gakkel Ridge can be seen as a deep, buried mid-ocean ridge valley,
and its current activity is reflected by the recent dense faults that disturb the younger sediments and the
seafloor. The Gakkel Ridge is linked with the intra-continental plate boundary, currently east of the
Laptev Sea Horst, by a short transform fault segment. Our seismic data and plate tectonic
reconstructions suggest that strike-slip motion in the southernmost part of the Eurasian Basin may have
occurred from break-up until c. 45 Ma; after that it was mostly transtension between the oceanic and
continental domain, probably continuing as rifting in the Ust’Lena basin until very recent. It follows
that the Khatanga-Lomonosov transform fault, if present, may have had a shorter than previously

postulated life span.
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Figure captions

Figure 1. Location and names of the new Russian Arctic seismic profiles used for the tectono-
stratigraphic interpretation. Background map: Arctic topography and bathymetry (Jakobsson et al.,
2012). Red lines are Russian Federal projects Arktika-2011 and Arktika-2012 seismic profiles, orange
lines - Arktika-2014 seismic profiles, yellow line - “Geology Without Limits” selected profiles, purple

lines — ION selected seismic profiles.

Figure 2. Gridded geophysical data used in this study and location of Russian seismic profiles
discussed in the text (in white): A. bathymetry (GEBCO2014/IBCAOvV3); B. free air gravity anomalies
(DTU13, Andersen et al., 2014); C. magnetic anomaly grid (CAMP-GM, Gaina et al., 2011). Gakkel
Ridge location is from Engen et al., (2002). In panel A, black dots are earthquake locations from the
ISC (www.isc.ac.uk/iscbulletin ) and EMSC (www.emsc-csem.org www.emsc-csem.org) earthquake
catalogues from 1960 to 2016. The latest large earthquake (magnitude 4.7) erupted on 22.10.2016 on
the Gakkel Ridge is shown by the magenta star. Russian sonobuoy locations are shown as open circles

(panel B).

Figure 3. High Arctic tectonic map revised after Nikishin et al, 2014, 2017. Abbreviations: DLB — De
Long Basalts (128-112 Ma), LGPB — Laptev-Gakkel pull-apart basin (c. Oligocene to Recent), SAS —
South Anyui Suture (c. 130-120 Ma), VOF — Verkhoyansk Orogen Front, ZB — Zhokhov Basalts (1 —

3.6 Ma), ZBTB — Zhokhov buried thrust belt.

Figure 4. Seismic velocity-depth model for the Nansen and Amundsen basins based on sonobuoy data

recorded along profile ARC14-07 (see profile and sonobuoys location in Figs. 2 and 4).
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Figure 5. Arktika-2011 (Nansen Basin) seismic profile interpretation (profile location shown in the left
lower corner and in Fig. 1, un-interpreted data in Fig. S1). Magnetic anomalies (CAMP-GM, Gaina et
al., 2011) along the same profiles are shown in red; free air gravity anomalies (DTU13, Andersen et al,
2014) - in magenta, and bathymetry (GEBC0O2014/IBCAQOV3) - in blue. “C” stands for magnetic chron.
The interpreted age of seismic horizons is guided by the oceanic basement age and correlations with

pan-Arctic geological and geophysical data.

Figure 6. A. Seismic line ARC14-07 across the entire Eurasian Basin and its continental margins
(location in Fig. 1, un-interpreted data in Fig. S2), and B. Seismic lines ARC11-010 (Nansen Basin)
and ARC-035 (Amundsen Basin) showing incomplete Eurasia Basin conjugate flanks. Red numbers in
panel A indicate the location of sonobuoy deployments. Potential field data, bathymetric profiles, and

chron interpretations as in Fig. 5.

Figure 7. Seismic profile PGS-GWL-006 interpretation along the Nansen Basin passive continental
margin. The lower sedimentary cover may be Eocene strata deposited on acoustic basement and North
Kara Basin Paleozoic sedimentary sequences. This indicates pre-Eocene uplift of the northern Kara

margin. Profile location in inset figure and Fig. 1.

Figure 8. Arktika-2011 (north Amundsen Basin) seismic profile interpretation (location in inset figure
and Fig. 1, un-interpreted data in Fig. S3). Potential field data, bathymetric profiles, and chron

interpretations as in Fig. 5. “Sm” stands for seamount.

Figure 9. Arktika-2011 (south Amundsen Basin) seismic profile interpretation (location in inset figure
and Fig. 1, un-interpreted data in Fig. S4). Potential field data, bathymetric profiles, and chron

interpretations as in Fig. 5.

41



Figure 10. Magnetic anomaly identifications and seafloor half spreading rates calculated according to
the new oceanic lithosphere age identifications along the seismic profiles shown in Figs. 5, 6, 8 and 9

(see also Table 2).

Figure 11. Interpretation of seismic profiles across the Gakkel Rift valley, and comparison with
selected Southwest Indian Ridge bathymetric profiles (location in inset figure and Fig. 1, un-interpreted
data in Fig. S5). A is a fragment of seismic profile ARC 14-07 (see Fig. 5A), B is a fragment of seismic
profile ARC 14-05 (Fig. 1), and C is seismic profile ARC 14-20. Red solid lines are possible normal
faults. Abbreviations: GRD - Gakkel Ridge Deep, SC - Shaykin seamount, TS - Trubyutchinsky
seamount. C. Bathymetry (GEBC0O2014), magnetic anomalies (WDMAM) and free air gravity
(DTU13, Andersen et al., 2014) along selected profiles across the Southwest Indian Ridge (SWIR); see
profile location on the right hand side. Cyan profile and blue thick dotted line are segments of the
Gakkel Ridge bathymetric profiles shown in panel A and B, respectively, plotted at the same scale with

the SWIR bathymetry.

Figure 12. The Gakkel Ridge Deep. A. Bathymetry (IBCAO v3, 500m grid resolution) and contours
from magnetic anomaly grid CAMP-GM (Gaina et al., 2011). Yellow lines are seismic profiles
discussed in this study. B. 3D image of bathymetry (same as in A.), and detailed images of seismic data
showing volcanic constructs within GRD and on its flanks. Panel e shows gridded multibeam data (90

m cell size) collected along ARC14-05 profile.

Figure 13. Main tectonic provinces flanking Eurasia Basin (as in Fig. 3) reconstructed at C24no time
(53.98 Ma). Barents/Kara seas and Lomonosov Ridge continental margin outlines have been adjusted
according to the COB (continent-ocean boundary) interpretation shown in Figures 5, 6, 8 and 9.
Magnetic picks for C24no shown in green and gray. ELH is East Laptev Horst shown in two positions:
semi-transparent polygon shows ELH location in the absence of Paleocene rifting in the East Laptev

Sea rift system; the brown polygon shows the rotated ELH to account for rifting that may have
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occurred prior to Eurasia-North America break-up. Abbreviations: AR-Anisin Rift depocenter, CKH-
Central Kara High, FJL-Franz Josef Land, NR-Novosibirsk rift depocenter, SAS-South Anyui Suture,

VUH- Vize-Ushakov High.

Figure 14. Along-ridge segmentation of East Gakkel Ridge. Background: free air gravity anomaly
(DTU13, Andersen et al, 2014). Thin grey lines show the location of seismic profile presented in the
text, blue lines are profiles running through the Gakkel Ridge central valley. Black dots are location of
earthquakes (1959-2015) with magnitude greater than 4 from the I1SC catalogue (http://www.isc.ac.uk).
Magenta star shows the location of recent magnitude 4.7 earthquake. A1-A4 grey ellipses indicate
Gakkel Ridge “magmatic” segments which are divided by 11-I3 “amagmatic or sparsely magmatic”
zones. Interpreted volcanoes/seamounts are indicated by magenta circles. The easternmost Gakkel
Ridge pre-Late Eocene is shown by red lines, as suggested by Gaina et al., 2015. KTS is Kazmin
Tectonic Scarp, GRD is Gakkel Ridge Deep, Ssm is Shaykin seamount, Tsm is Trubyutchinsky

Seamount.

Figure 15. Seismic lines across the easternmost end of Gakkel Ridge (AB profile: ARC2012-16), and
the northernmost part of the Laptev Sea (A’B’ profile: ION-11-4600) (location in inset figure and Fig.
1, un-interpreted data in Fig. S6). Lower panels show gravity anomaly (left), and magnetic gridded data
(right) as in Fig. 2. Open circles, stars and dots are seismic events from ISC+EMSC earthquake
catalogues from 1960 to 2016. Blue arrow indicates the small transform fault that links Gakkel Ridge
to the active intra-continental plate boundary in the Laptev Sea.

Abbreviations: K is Cretaceous, PG is Paleogene (PG1-Paleocene, PG2-Eocene, PG3-Oligocene), and

Ng-Q is Neogene-Quaternary.

Figure 16. Seismic lines inspected for Khatanga-Lomonosov Fault (K-L) activity (location in inset

figure and Fig. 1, un-interpreted data in Fig. S7). Potential field data and bathymetric profiles as in Fig.

43



5. Dashed segment in the magnetic profile signals a higher data uncertainty. Lower panels show plate
reconstructions of Lomonosov Ridge and adjacent regions (North American plate) relative to a fixed
Eurasia (EUR) plate. Abbreviations: AB-Amerasia Basin, AR-Anisin Rift, ELH-East Laptev High,
NR-Novosibirsk Rift, NSI-New Siberian Islands, U’LR-Ust’Lena Rift. Blue line is the inferred plate
boundary through the Eurasia Basin, light blue line — the inferred continuation of this boundary through
northern Laptev Sea, and dashed line is the inferred Oligocene-Miocene intra-continental plate
boundary through the Laptev Sea. Magenta line segments show the motion of Lomonosov Ridge

(North American plate) relative to Eurasian plate from 55 Ma to Present in 5 myr interval.
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Table 1. Seismic data acquisition technical details

Seismic Streamer Seismic source
profiles
ARC1407, ARC1408, | 600m length 8 airguns (total

ARC1409, ARC1406,
ARC1439a, ARC1439

48 channels, sampling
rate 2 ms, recording
length 12 s

volume - 1300
dma), shot
interval 50 meters

ARC1401, ARC1411,
ARC1402, ARC1403,
ARC1412, ARC1413,
ARC1414, ARC1425,
ARC1405, ARC1420

4500 m long

380 channels, sampling
rate 2 ms, recording
length 12 s

8 airguns (total
volume - 1300
dmaq), shot
interval 50 meters

ARC1216, ARC1202,
ARC1201, ARC1205,
ARC1217, ARC1204,
ARC 1218

600 m long

48 channels, sampling
rate 2 ms, recording
length 15 s

8 airguns (total
volume - 2050
dmq), shot
interval 50 meters

ARC1203, ARC1219

4500 m long

360 channels, sampling
rate 2 ms, recording
length 15 s

8 airguns (total
volume - 2050
dmq), shot
interval 50 meters

ARC11 lines

600 m long (48
channels, sampling rate
2 ms, recording length
15s

16 airguns (total
volume - 2050
dmq), shot
interval 50 meters

Sonobuoy (Hydrophone - MP-24L3 from GeoSpace) data has been
collected with a sampling rate of 4 ms, and a recording lenght of 8-12
s. The seismic source was a Bolt 8500APG, with 1300 dmg., at 50 m

shot interval
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Profile COB- | C24no-C21no | C21no- C20no- C13ny- C6no- C13ny-
C20no C13ny
number C24no | (6.6 myr) C6no Cbhny Cb5ny
(3.9 myr) (10,3 myr)
(c. (13,4 myr) | (9,9 myr) (23,3 myr)
3.12
myr)
dist dist | rate dist | rate | dist | rate | dist | rate | dist | rate | dist | rate
11-003 58 80 1212 |32 |82 63 |6.12 | x X
11-004 50 78 1181 |33 |[846 |65 |63l |x X
11-005 63 82 1242 |30 |77 61 | 592 |x X
11-006 57 71 10.75 |32 |82 76 | 7.38 |x X
11-010 X X X 70 |6.8 5, |41 |32 77 3.3
14-P07-A 733 | 1111 |435|111 |57 |5.53 722 | 3.1
4 5 8
14-P07-N 80 1212 |33 |[846 |78 |7.57 119 |51
11-035 60.6 | 9.18 58 | 148 |35 |34 X
7
11-034 82 1242 136 923 |53 |515 |x
11-032 89 13.49 | x 59 | 573 |13 |0.97
11-031 95 1440 |30 |7.69 |X X
11-030 98 1485 |35 (897 [52 |505 |14 |1.04
11-029 18 76 1151 |24 6.15 | 48 466 |12 24 57.7 | 2.48
11-028 20 87 1318 |24 |6.15 |43 |4.17 |12 X X
11-027 16 85 1288 |23 |59 44 | 4.27 |12 X 51.9 | 2.23
8
11-026 X 20 512 |55 534 | 14 27 X
11-024 X X 47 | 456 |11 11 X
14-05 61.9 | 2.66

Table 2.1. Magnetic chrons and ages according to (Ogg, 2012) geomagnetic timescale.
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Age

Chron | Agein Ma Geological time
5n.1ny 9.786
5n.2no 11.056
6no 19.722
13ny 33.157 Base of Rupelian
18no 40.145 Base of Bartonian
20no 43.432
21ny 45.724
21no 47.349 Base of Lutetian
22no 49.344
24n.3no 53.983

Table 2.2. Seafloor half spreading rates along seismic profiles presented in Figs. 5, 6, 8 and 9.
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Highlights

Asymmetric spreading in the eastern Eurasia Basin

East Gakkel Ridge tectono-magmatic segmentation

Strike-slip and transtension north of Laptev Sea since Eocene
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