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Abstract—This paper presents the results of a study of the pre-Quaternary tectonics and stratigraphy of the
Eurasia Basin (EB) according to the interpretation of the ARC1407A seismic profile and calculations of the
theoretical positions of linear magnetic anomalies. The sedimentary sequences are recognized in seismic pro-
files and their stratigraphic position is similar to that of sedimentary sequences in the western parts of the
Nansen and Amundsen basins. The age indexation of sedimentary sequences corresponds to the ACEX drill-
ing results and the main evolution stages of the EB. No previously recognized reference horizon with the age
of ~34 Ma, which is related to the termination of spreading in the western part of North Atlantic and amal-
gamation of the Greenland and North American plates, is recognized, as is supported by our studies in the west-
ern parts of the EB. In the western part of the Nansen Basin we identified a reference horizon with the age of
38 Ma for the first time, which was previously traced in the western part of the Amundsen Basin, whose forma-
tion is related to the evolution stage of the Eurekan Orogen. A reference horizon with the age of ~26 Ma, which
has been traced in the western part of the Amundsen Basin before, is also distinguished in the western part of
the Nansen Basin within ARC1407A. This geological boundary is related to the beginning of unstable spread-
ing in the western segment of the EB between the Yermak Plateau and Morris Jessup Rise (Plateau). The end
of a long stratigraphic hiatus between 44.4 and 18.2 Ma in the section of ACEX boreholes is clearly correlated
with the formation of a sedimentary sequence of ~19.6‒18.3 Ma, which is the age of the beginning of the for-
mation of a deep-water gateway between the North Atlantic and Eurasian sedimentary basins. This event
coincides with the main reconstruction stage of movements of the Eurasia and North America plates, which
led to a change in the direction of migration of momentary opening poles from the NNW to SSE. It is sug-
gested that the thick sedimentary sequences in the Nansen Basin and the rift valley of the Gakkel Ridge that
are observed in seismic section ARC1407A include Late Pliocene–Quaternary (<2.7 Ma) glaciomarine
rocks, which compose a significant volume of sediments in the eastern part of the EB and the Gakkel Ridge.
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INTRODUCTION
The Arctic Ocean includes two deep-water basins,

Amerasia and Eurasia, divided by the Lomonosov
Ridge. In contrast to the Amerasia Basin, whose geo-
logical evolution is still a matter of debate, the Eurasia
Basin (EB) formed in the Cenozoic as a result of
spreading between the North American and Eurasian
plates in the opinion of most geologists and geophysi-
cists [2, 9, 11, 12, 29, 30, 42, 55, 66, 86, 111] (Fig. 1).
The EB contains a thick sedimentary cover in deep-
water basins. The study of its structure was based on
low-resolution data from drifting stations [14].

In 2001, the specialists from the Alfred Wegener
Institute (AWI, Bremerhaven, Germany) provided
the first qualitative seismic profiles for the EB, which
allowed the systematic study of the sedimentary

cover [79]. Since 2008, a significant volume of new
seismic data within the EB has been produced in the
framework of national programs of Russia, Norway,
and Denmark [44, 56, 93].

The results of foreign studies are published in two
summarizing works [44, 56], which used key German
seismic profiles [79]. Various interpretation scenarios
of domestic data are published in numerous works of
three conditional groups: (i) the age of the continuous
spreading of the EB is accepted as Cenozoic beginning
from the Upper Paleocene [93], similar to foreign
studies [44, 56, 79], (ii) the EB originated “long before
the beginning of spreading postulated by magnetostra-
tigraphy (~60–120 Ma before)” [6], and (iii) the evo-
lution of spreading is limited only to the Eocene and
Pliocene–Quaternary [22].
693
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Fig. 1. The general bathymetric scheme of Eurasia Basin and the northern part of the Norwegian–Greenland Basin (Figs. 1, 2,
4–8 are based on the IBCAO v. 4 digital bathymetric model [77]). Here and in Figs. 2–4, 6, 8, and 11: NP, North Pole; SP, Spits-
bergen Archipelago; FJL, Franz Josef Land; SZ, Severnaya Zemlya Archipelago; NI, Novosibirsk Islands; YRM, Yermak Pla-
teau; MJR, Morris Jessup Rise. I, Medvezhinsky Trough; II, Eagle Trough; III, Franz-Victoria Trench; IV, St. Anna Trench;
V, Voronin Trench. (1) Location of drilling boreholes; (2) main transform faults; (3) De Geer Megatransform Zone after [57, 58];
(4) main directions of runoff of glaciomarine sediments, modified after [31, 91]; (5) isobaths 425 and 2500 m; (6–10) position
of seismic profiles: (6) AWI (Germany) after [44, 56, 79, 82]; (7) NPD (Norway) after [56]; (8) LOMROG (Denmark) after
[44]; (9) ARC (Russia) after [9, 24, 93]; (10) ARC1407A (Russia) after [6, 22, 93]; (11–13) LMA axes: after [67] (11) [42] (12)
and [55] (13). 
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Although we do not consider the ideas on the for-
mation of the Eurasia sedimentary basin and elabo-
rated models (after [6, 22]) in this work, because they
contradict the geological–geophysical data on the
evolution of the Eurasia sedimentary basin within the
entire system of North Atlantic, the presence of sedi-
mentary sequences of more than 500-m thick (locally,
>1 km thick) within the central and eastern parts of the
rift valley of the Gakkel Ridge [6, 20, 22, 79, 93, 105]
requires explanation.

In addition, there are differences in seismostrati-
graphic models of the division of the EB sedimentary
cover, which are based on ideas of continuous Ceno-
zoic spreading. A key issue is related to the identifica-
tion of a geological boundary with an age of ~34 Ma
[93], which was missed by other researchers [9, 44, 56,
79] and requires verification.

Profile ARC1407A is the only one crossing the EB
in its central part; it begins on a shelf of the Kara Sea
(the western wall of the Voronin Trough), and ends in
the Lomonosov Ridge 50 km from the location of the
ACEX deep-water boreholes (Fig. 1). There are differ-
ent interpretations of drilling results, one of which
suggests the presence of a long stratigraphic hiatus of
44.4–18.2 Ma [36, 38, 60, 76], which is not supported
by studies suggesting a short period of ~400 ka (within
36–34 Ma) [100], although both groups of researchers
relate the end of the hiatus with the amalgamation of
the North Atlantic and EB.

To resolve the contradictions in the interpretations
of the age and the duration of the stratigraphic hiatus
and thus the age indexation of the reference ref lec-
tors and the presence of thick sedimentary sequences
in the rift valley of the Gakkel Ridge, we reinter-
preted the key ARC1407A seismic profile. The
extremely low quality of aeromagnetic data in the
eastern part of the EB, however, keeps us from rely-
ing on the results of the identification of linear mag-
netic anomalies (LMAs) [2, 65, 93] in this sector of
the basin; thus, we used two classical approaches,
which are applied in the World Ocean areas without
reliable magnetometric data.
GEOTECTONICS  Vol. 57  No. 6  2023



THE PRE-QUATERNARY EVOLUTION OF THE EURASIA BASIN 695
The first approach is the verification of the corre-
sponding geodynamic models and kinematic parame-
ters of opening of tectonic plates. One of the elements
includes plotting drift lines, which has been done in [2,
65, 93]. In this work, we made more detailed calcula-
tions of drift lines by momentary opening poles. 

The second approach is the calculations of the
position of theoretical LMAs (TLMAs) and thus the
determination of the theoretical age of the oceanic
crust [107].

THE INITIAL DATA
AND ANALYTICAL METHODS

The basic technical characteristics (the length and
the type of the receiving streamer, the number of
channels, the tow depth, gun groups, sounding points,
etc.) for ARC1407A and other seismic profiles (Fig. 1)
were presented in [44, 56, 79, 82, 93]. In addition to
seismic data, almost all regional works in the Arctic tra-
ditionally use the results of digital compilation of data:
the IBCAO (International Bathymetric Chart of the
Arctic Ocean) bathymetric results [77], CAMP-GM
(Circum-Arctic Mapping Project – Gravity and Mag-
netic) magnitometry [63, 67], and DTU (Denmark
Technical University) [33] or WGM (Word Gravity
Map) [41] gravimetry projects. Because most scien-
tific Arctic studies do not analyze the reliability of
compilation data of the studied regions, we analyzed
the quality of digital compilations of remote data for
the EB and the northern part of the Norwegian–
Greenland Basin.

Bathymetry

In this paper, we used the IBCAO v.4 digital relief
model [77] without the Greenland Ice Sheet. The res-
olution of the model is 200 × 200 m, which became
possible due to the use of multibeam echo-sounder
(MES) data. Significant areas of the continental slope
of the western part of the Barents Sea, the adjacent
areas of deep water basins, the Knipovich Ridge, and
the northern part of the Mohns Ridge are covered by
MES data with the size of initial survey grids of 50 × 50
or 100 × 100 m. In this area, the precision and detail of
IBCAO v.4 [77] are maximal. In the EB, the compila-
tion included individual MES profiles, which partly
spanned the rift valley of the Gakkel Ridge, some areas
of adjacent deep water basins, and the slope of the
Lomonosov Ridge (Fig. 2).

For most MES-free water areas, we traditionally
used the results of profile measurement and digital
navigation and other compilation maps. The resolu-
tion of primary navigation maps significantly varies.
The precision and the resolution of data within the
western margin of the Barents Sea and adjacent deep-
water basins is significantly higher than for the Rus-
sian northern sector of the Barents–Kara margin.
GEOTECTONICS  Vol. 57  No. 6  2023
These IBCAO v.4 [77] compilation parameters also
significantly differ for various areas of the EB. They
generally do not correspond to the grid resolution of
200 × 200 m because of the varying density of data at
a uniform grid step. In addition, the junction areas of
small- and large-scale data inevitably contain “arti-
facts” in the form of various transformants, especially,
in areas with low relief gradient. All these peculiarities
should be taken into account in the interpretation of
the data.

Gravimetry
The results of the WGM-2012 project [41] were

used in this study as a gravimetric basis. With respect
to the equatorial Atlantic, the models of free air gravity
anomalies used the results of the DTU10 project
(Lyngby, Denmark) with a grid-cell size of 1′ × 1′ [33].
In this project, as in other analogs, the initial data for
deep-water marine areas include the results of satellite
altimetry observations, which were recalculated to
gravity anomalies, although this technology has some
limitations, which have been considered by geodesists
in detail [39, 103].

The following is important for geological interpre-
tation in the Arctic region. The method uses complex
summarizing and filtration algorithms for initial
altimetry data along the lines of satellite tracks. The
filtration window is 25–30 km for data from the ERS-1
(1991), ERS-2 (1995), and ICESat (2003) satellites,
which were used in modeling prior to the DTU-10
results [33].

This means that the anomalous gravity signal from
the rift valleys and near-rift seamounts, transform and
nontransform faults, continental slopes, and lower
order structures fall into the filtration window and the
anomalous gravity field from these objects partly loses
intensity and becomes smoothed. In the Arctic, the sig-
nal distortion upon the reflection from the ice surface is
the main source of errors of altimetry observations.

Various Arctic areas are unevenly covered by ice
and the observation errors vary depending on the
region. The external quality control is conducted from
independent sources. The ice-covered Arctic water
area was mapped by various surveys: from submarine
and surface devices, using ice- and airborne measure-
ments. In each survey type, the resulting data have cer-
tain limitations and errors, thus it is impossible to con-
duct a correct analysis of the precision and filtration
characteristics of altimetry observations.

We can however use the results of comparison
(DTU8 project [34]) for deep-water and shelf areas
around the Spitsbergen Archipelago and North
Greenland, which belong to the ice type (ice-covered
Arctic water areas) according to geodetic altimetry.

The reason for the choice of this area as a reference
is deliberate because of the significant volume of
marine and airborne gravimetric surveys during the
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Fig. 2. The scheme of high-resolution bathymetric studies of the Eurasia Basin and adjacent water areas. NP, North Pole; GR,
Gakkel Ridge; SP, Spitsbergen Archipelago; FJL, Franz Josef Land; SZ, Severnaya Zemlya Archipelago. (1) Isobaths 500, 2500,
3190, 3600, and 3800 m; 2–4, data: (2) compilation for Greenland shelf; (3) multibeam echo-sounding; (4) high-resolution mul-
tibeam echo-sounding. 
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ArcGP project [59]. It is necessary to understand that
marine gravimetric observations have certain errors in
their medium- and long-wavelength components,
which are related to nonlinear sliding of the zero point
of a marine gravimeter during long cruise “shoulders.”
For this Arctic area, nonlinear sliding was taken into
account very correctly, because of the close presence
of a reference gravimetric point on the Spitsbergen
Archipelago, which allowed frequent timewise gravi-
metric surveys in the ArcGP project [59]. A techno-
logical peculiarity of airborne gravimetry is related to
the application of a timewise filtration algorithm to
primary data. The filtration window is 20–25 km
(depending on the speed of the aircraft); this is lower
than that in satellite altimetry. The comparison of the
DTU8 [34] and ArcGP [59] projects showed a stan-
dard average statistical deviation of 5.8 mGal at the
maximum value of 34.4 mGal [34, 35].

The region to be compared (shelves around the
Spitsbergen Archipelago and North Greenland, adja-
cent areas of the EB) has contrasting tectonic struc-
tures: ridges, transform faults, continental margins,
rises, slopes, and basins, which exhibit striking high-
frequency gravity anomalies.
The results feasibly reflect the altimetry loss of the
high-frequency signal part in ice conditions, but the
airborne gravimetry data can also have significant
errors within individual profile areas. These errors are
typically caused by hitting turbulence in the aircraft,
which leads to the destabilization of gravimeters and a
sharp loss of precision. Depending on the intensity
and duration of the turbulence pulse, the gravimeter
returns back to the operating regime in 1–30 min,
which is equivalent to distances of 6.7–200 km at an
average speed of the aircraft of 400 km/h.

As an example, we can compare the NRL-98/99
airborne gravimetry data (an interprofile distance of
18–20 km) [42] and the data that resulted from the
LOMGRV-09 project (an interprofile distance of 10–
15 km) [49] in the shelf area of the continental slope of
Greenland and North America, Lomonosov and
Alpha ridges, and adjacent deep-water basins. The
results of the analysis in the interception points of pro-
files show that the difference is less than 5 mGal at the
maximum values of more than 15 mGal. The compar-
ison of the NRL data with ice surface gravimetry
observations from national databases of Canada and
Denmark showed the presence of local extreme errors
of up to ~80 mGal [50].
GEOTECTONICS  Vol. 57  No. 6  2023
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A new generation of low-orbital Jason-1 and -2,
Cryosat-2, and Saral-AltiKa satellites was launched in
2011–2013 allowing a significant increase in the high-
frequency component of altimetry measurements. As
a result, a refined DTU13 gravity field model of the
Arctic water area (a cell size of 1′ × 1′) was made at the
Denmark Space Research Institute (Lyngby, Den-
mark), which allowed the Nordic Geoscience Pty. Ltd.
company (Melbourne, Australia) to conduct addi-
tional processing of primary altimetry measurements
and to produce a refined NORDIC13 digital model (a
cell size of 1′ × 1′), which spans the area of the Arctic
Ocean between 65° and 88° N [46, 47]. For the ice-
free shelf areas, the error of the refined model is 1.0–
2.0 mGal [46, 47]; however, the real errors and filtra-
tion window for deep-water ice-covered Arctic remain
problematic.

New estimations of the precision of the filtration
values of altimetry gravimetric compilations are
expected, which is related to numerous marine obser-
vations in 2004–2014 in the Canadian Basin within
the framework of national programs of the United
States and Canada on the determination of the outer
continental shelf boundary (OCSB). The execution of
the Russian OCSB program was accompanied by
gravimetric observations for some seismic profiles;
however, their fragmentation and single interception
points prevent objective comparison.

In this study, we used the digital Bouguer gravity
field models of the WGM201 project and an isostatic
model calculated from the Airi–Heiskanen model [39].

Magnetometry

The results of the CAMP-GM project [63, 67] are
traditionally used as a magnetometric base. The matrix
has a grid cell size of 2 × 2 km, but the values are recal-
culated to the upper semispace at a height of 1 km.

For the magnetic field, the project is based on the
combined compilations of national digital anoma-
lous magnetic anomaly field (MAF) matrices, which
were made by specialists from Russia (Russian
Research Geological Institute (VSEGEI) and
VNIIOkeangeologia, St. Petersburg), the United
States (United States Geological Survey, USGS),
Canada (Geological Survey of Canada, GSC), Nor-
way (Norwegian Geological Survey, NGU), Sweden
(Sweden Geological Survey, SGS), Denmark (Geo-
logical Survey of Denmark and Greenland, GEUS),
and Finland (Geological Survey of Finland, GTK).

The task of combining surveys of various scales,
heights, directions, and measurement and navigation
precision, which have been conducted from the 1960s
to the present in Arctic with severe climate and intense
variations and the displacement of the magnetic pole,
is extremely difficult. The technical description of the
results of the CAMP-GM project is poor and prevents
GEOTECTONICS  Vol. 57  No. 6  2023
strict mathematic analysis of the quality of the free
matrix.

The initial national matrices have different cell
sizes: 1 × 1 km in most foreign compilations, 2 × 2 km
in the North Atlantic, and 3′ × 3′ with recalculation of
the field to the upper semispace at a height of 5 km for
the western Greenland. Because the matrix step of the
CAMP-GM project is 2 × 2 km, the foreign matrices
(excluding western Greenland) have excessive or equal
densities in the resulting compilations. The domestic
digital compilations (VSEGEI and VNIIOkeangeolo-
gia) have significantly lower of matrix resolutions and
the cell size is only 5 × 5 km. This means that for the
coverage area of domestic matrices, which is less than
50% of the area, the announced aim (on digital maps
at a scale of 1 : 5000000) is not achieved, because, in
this case, the minimum step of the grid cell must be
2.5 × 2.5 km (at a commonly accepted standard, the
level of detail of the matrix must be at least two times
higher than the map scale).

According to the technical description of the
CAMP-GM project [66], the combined VSEGEI
matrix was recalculated to the upper semispace at a
height of 5 km, which narrows its range during inter-
pretation. This is related to the depth of the magneti-
cally active oceanic basement.

In accordance with seismic data, the basement in
the central parts of the Amundsen and Nansen basins
occurs at depths of 6–8 km (e.g., [93]). If we take the
average value (7 km) and add the average f light height
during the airborne survey of 0.4 km and the recalcu-
lated height of 5 km, the value will be 12.4 km. It is evi-
dent that at this geological and technical altitude, the
MAF medium-wavelength component would be
strongly smoothed, the intensity will sharply decrease,
and many local anomalies will disappear or change
their morphologies and axes as a result of joining. In
fact, the VSEGEI matrix for the water basins can be
considered a small-scale digital scheme rather than a
digital map.

According to the technical description of the
CAMP-GM project [66], the combined VNIIOkean-
geologiya matrix was not recalculated to the upper
semispace. For the EB, the MAF matrices are signifi-
cantly overlapped and the VNIIOkeangeologiya
matrix completely spans the entire EB (Fig. 3).

Because this initial matrix was not recalculated to
the upper semispace, it is logical to use this matrix in
the CAMP-GM compilation for the EB. Since the
technical project description does not analyze the ini-
tial data and methods of their processing and linkage,
we were guided by publications on the combined geo-
physical data prepared by specialists of VNIIOkean-
geologiya [2, 87] and joint publications of specialists of
the Naval Research Laboratory (NRL, Research Lab-
oratory of the United States Navy) and VNIIOkean-
geologiya [72, 85]. The publication of 2018 [3] pre-
pared by specialists of VNIIOkeangeologiya summa-
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Fig. 3. The contours of domestic digital MAF models (grids of 5 × 5 km) used for the Eurasia Basin during the compilation in
CAMP-GM project after [63, 67] (based on the digital MAF model of the CAMP-GM project after [63, 67]). NP, North Pole;
SP, Spitsbergen Archipelago; FJL, Franz Josef Land; SZ, Severnaya Zemlya Archipelago. Contours of domestic digital MAF
models: I, VNIIOkeangeologiya (dark areas); II, VSEGEI (hatching). (1) Position of analyzed aeromagnetic profiles (the results are
given in Fig. 5); (2) position of seismic profile ARC1407А after [6, 22, 93]; (3) isobaths of 500 and 2500 m. 
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rizes the results of domestic gravimagnetic studies of
the Arctic Ocean.

In contrast to the previous works, in which the
researchers were forced to rely mostly on data from
primary materials during the analysis of domestic
magnetometric data of various ages, [3] analyzed his-
torical airborne surveys in comparison with modern
information (airborne and marine surveys). It was
established that the regional domestic surveys of
1961–1978 are characterized by positioning errors
from ±570 to ±38000 m.

During the works, the researchers compared the
domestic data relying on new surveys that partly cover
the Arctic seas of Russia and cover the adjacent deep-
water basins insignificantly. We fully support the opin-
ion that the results of these surveys are a reconnaissance
and give only a general idea on the MAF structure of the
studied regions and thus are unsuitable even for
research targets larger than at a scale of 1 : 2500000 [3].

At the same time, the magnetometric studies of the
American specialists and possibility of the correlation of
their historical data dramatically differ from the results
of studies of Russian specialists. All of the conditionally
“western” EB part is covered by two regular airborne
gravimetric NRL surveys of 1998–1999 (Fig. 4).

The survey was conducted with the highest-preci-
sion GPS navigation for that period (<1 m for three
components) [41]. The survey data have significant
peculiarities related to their task: the measurement of
gravimetric data (accompanied by magnetometric sur-
vey) for the composing a maximally precise Arctic dig-
ital model of free-air gravity field anomalies. This was
a geodetic task for composing a refined geoid model,
which is suitable for launching the new generation of
low-orbit satellites (TV communication, weather,
etc.), as was successfully implemented within the
ArcGP international project [57].

Judging from this task, the technical survey param-
eters were chosen taking into account the scale of the
Arctic water areas and necessary (geodetic) frequency
characteristics: medium- and long-wavelength gravity
field components. The survey parameters (an inter-
profile distance of 18–20 km, an average flight height of
600 m, and an average flight speed of 465 km/h) [42]
thus significantly differ from the parameters accepted
GEOTECTONICS  Vol. 57  No. 6  2023
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Fig. 4. A map of magnetometric studies and profile density of observation network in the Eurasia Basin. NP, North Pole;
SP, Spitsbergen Archipelago; FJL, Franz Josef Land; SZ, Severnaya Zemlya Archipelago. Contours of aeromagnetic surveys (IA,
IB–IV, Russian Federation; V–VII, United States, Russian Federation) by interprofile distance and years of studies: IA, ~8‒10 km
(1965‒1966); IB, ~25‒40 km (1968‒1969); II, ~25 km (1973); III, 10 km (1993, 1998, 1999, and 2000); IV, 5 km (1992);
V, ~8‒16 km (NRL-75, 1975); VI, ~8 km (NRL-73, NRL-74, 1973‒1974); VII, ~18‒20 km (NRL-98, NRL-99, 1998‒1999),
contour is darker; (1) aeromagnetic profiles (Fig. 5); (2) seismic profile ARC1407А (Russian Federation) after [6, 22, 93];
(3) isobaths 500 and 2500 m. 
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in a geodetic survey. The average f light height of the
aircraft for a regional magnetometric survey is 350–
400 m at a speed of 300–350 km/h.

In addition, the surveys of 1998–1999 for the west-

ern part of the EB were conducted at an angle of 40°
to the direction of the ridge strike rather than trans-
versely (Fig. 4). The magnetometric information is
thus smoothed relatively to the NRL surveys of 1973–
1975 (Fig. 5).

At the same time, the systematics, the high preci-
sion of the NRL survey navigation in 1998 and 1999,
and the interception of old surveys at an angle (signif-
icant volumes of interception points necessary for the
analysis of quality of data and correlation) allowed the
full identification and correction of navigation errors
in old surveys [85].

In their precision the historical magnetometric sur-
veys can conditionally be divided into several classes,
which are directly related to the possibilities of instru-
mental measurements. The most important real navi-
gation parameters of the historical surveys include

z
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their internal and external navigation errors. The radio
navigation stations placed along the perimeter of the
survey boundaries (on land, islands, or drifting ice)
yielded positioning errors and the total precision of the
polygon positioning mainly depended on the distance
from stations (external positioning). If the number of
radio navigation stations was sufficient and they were
placed maximally close to the survey perimeter, the
equipment operated stably, and the weather conditions
during the flights were good, the internal positioning
could be higher than the external one. These are
extremely important parameters, which affect the pos-
sibility of correlation of historical and modern data.

The surveys of the 1960s (until 1970, inclusively)
belong to the lowest precision class. Because of the
imperfect radio navigation equipment of those years
and a weak radio signal, the parameters of these sur-
veys belong to the navigation–radiogeodetic position-
ing class. The remoteness of some profile areas from
weak basic navigation stations within these areas (seg-
ments) resulted in areas of radio signal loss.
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Fig. 5. Comparison of the observed MAF curves with those extracted from digital AMF model of the CAMP-GM project [63,
67, 77] along the lines of aeromagnetic profiles (for the position, see Fig. 3, drift line 4). The topography is extracted from the
IBCAO v.4 digital bathymetric model [77]. a–c, profiles: a, NRL-75002; b, NRL-99019; c, PMGE-2000010. LMA (5An.2o‒
24no), position of identified LMAs after [9]. 1, 2, MAF curves: (1) observed; (2) extracted from CAMP-GM digital model
after [63, 67]. 
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In this case, the navigation for these segments was

carried out by piloting. The specialists who partici-

pated in field works onboard the aircraft were aware of

unpredictable Arctic winds at low flight echelons. In

the beginning of the f light along the profile line at

constant engine power parameters, the ground speed

could be 350 km/h reaching 370 km/h in the middle of

the profile line and decreasing to 330 km/h at the end

of the profile. These f light changes are also possible

for shifts relative to the axial line of the profile depend-

ing on the wind direction. All this is well determined

using GPS navigation in contrast to the averaged

ground piloting values, which were applied in past

periods with the use of unstable radio navigation for

the areas of signal loss by basic stations (no visual or

photo positioning occurred during the work above the

Arctic water area).

This means that nonlinear navigation errors are

present within single profiles. These issues are mani-

fested in the following: the absence of the parallel pro-

files, different interprofile distances, and individual

profile segments with a typical course change. These

surveys have extremely low external and internal navi-

gation characteristics. All these disadvantages were

typical of domestic surveys of the 1960s, which were

conducted in the eastern part of the EB (Fig. 4).
In addition, the level of detail of data of the studies
was 8–10 and 25–40 km directly above the Gakkel
Ridge and for the deep-water basins, respectively,
which significantly decreases the informativity of the
field. Because of these peculiarities, which present
nonlinear errors inside the profile, it is almost impos-
sible to precisely analyze the navigation errors; maxi-
mum navigation errors of up to 38000 km are possible
for them [3] and these data can only be used as a small-
scale scheme for visual analysis. These data reflect the
difficulties of navigation that were met by the first Arc-
tic researchers during airborne surveys.

Data Comparison

In 1948, Soviet researchers began annual and sys-
tematic studies of the Arctic seafloor in the framework
of high-latitude air expeditions; in 1950 they contin-
ued geological–geophysical studies from the “North-
ern Pole” drifting research stations.

In 1948, a group of geologists of a scientific expedi-
tion from the Research Institute of Arctic Geology,
Academy of Sciences, USSR under the leadership of
Ya.Ya. Gakkel discovered the Lomonosov Ridge.
Gakkel first proposed the continuation of a submarine
volcanic mid-oceanic ridge from the northern part of
the Atlantic Ocean to the Eurasian part of the Arctic
GEOTECTONICS  Vol. 57  No. 6  2023
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Basin, which was further named in his honor [15]. The
existence of this ridge was fully confirmed by hydro-
graphic and geophysical studies [7, 15]. At the begin-
ning of aerogeophysical works under the leadership of
A.M. Karasik (Research Institute of Arctic Geology,
Academy of Sciences, USSR), the first Arctic seafloor
bathymetric maps were composed by a hydrographic
survey of the Soviet Union Navy, which became the
basis for the Geomorphological Map of the Arctic
Ocean composed by Dibner et al. [8].

In the general plan of the eastern part of the EB
(the area of the most extensive Soviet Union studies),
the position of the Gakkel Ridge was clearly identified
prior to 1965 [8]. Further airborne surveys were aimed
at detailed works exactly above the ridge. The naviga-
tion precision prevents the symmetric study of ridge
flanks that characterize the possibilities of external
positioning (Fig. 4).

The surveys of 1971–1972 could conditionally be
called transitional. It is evident that the radio naviga-
tion equipment was probably perfected due to intensi-
fication of the radio signal from basic stations, thus the
areas of its loss within single profiles was strongly
reduced. The surveys of this class for the EB are absent.
The NRL survey (United States) of 1972 conducted
above the Mohns Ridge, its flanks, and adjacent basins
is a typical survey of this transitional class. The parallel
character of the profiles and the interprofile distance
became more stable. The single profiles, however, con-
tain areas of a sharp course change, which is evidently
related to radio signal loss from basic stations and
attempts by the aircraft crew to find the signal. It is
likely that the internal navigation precision was 0.5–
2 km with maximum jumps of up to 3–4 km, but it con-
tains sharp changes within single profiles.

The surveys conducted beginning from 1973 and,
especially, from 1974 belong to a new class with higher
stability of f light directions and parallel profiles indi-
cating significant perfection of the radio navigation
equipment. This survey class (NRL-1973, NRL-1974,
and NRL-1975) covers the western part of the EB.
The average interprofile distance for the NRL surveys
is ~8 km for 1973–1974, ~8 km for some area in 1975,
and ~16 km for the rest of the area in 1973–1975. Bet-
ter internal (rather than external) navigation errors are
a typical feature of these surveys. Based on the modern
data of 1989–1999, it was therefore possible to define
the external survey error and correct the navigation
[85], as well to use the entire data array (historical and
modern), which significantly affected the level of
detail of the MAF digital model and the quality of the
identification of the LMA axes [42].

Extraction of values along the lines of the observed
aeromagnetic profiles from the matrix and visual com-
parison with MAF plots is the only method of verifi-
cation of the correctness of the matrix of the Camp-
GM project [63, 67]. We thus chose three aeromag-
GEOTECTONICS  Vol. 57  No. 6  2023
netic profiles with the ability to provide a general idea
of various EB areas (Figs. 3, 5):

— profile NRL-75002 (United States, 1975) of the
MAF of the western part of the EB with the highest
spreading rates at the maximum density of well-posi-
tioned NRL data (Fig. 5a);

— profile NRL-99019 (United States, 1999, high-
precise GPS navigation) of the MAF of the central
part of the EB in the interception area with the histor-
ical materials of Soviet expeditions [11] (Fig. 5b);

— profile PMGE-2000010 (Russian Federation,
2000, GPS navigation, survey at a scale of 1 : 1000000
within the program of the State Geological Mapping
of the Russian Federation), which intersects the
ARC1407A seismic profile in the area of the continen-
tal slope and the area of the lowest quality of historical
materials of the Soviet expeditions (Fig. 5c).

Profile NRL-75002 has a different frequency
range, which was observed and extracted from the
MAF matrix (Fig. 5a). The smoothed character of the
field from the matrix is due to an insufficient grid cell
size of 5 × 5 km. The high-frequency MAF part above
the Gakkel Ridge is completely lost, whereas from 15
to 100% of the amplitude of the medium-wavelength
part is lost. At the same time, all LMAs are identified,
although some profile areas exhibit insignificant shifts,
which are caused by averaging at grids of 5 × 5 km and
further recalculation in the upper semispace at a
height of 1 km.

Some areas of profile NRL-99019 exhibit an oppo-
site phase of the observed and extracted fields in addi-
tion to complete loss of the high-frequency compo-
nent in the area of the continental margin of the Franz
Josef Land Archipelago (FJLA) and a partial loss of
the medium-wavelength component (Fig. 5a).

Profile PMGE-2000010 from the shelf edge is
characterized by totally inconsistent fields (Fig. 5c).
The causes of the data discrepancy are numerous,
although the absence of a proper technical description
of the CAMP-GM project [63, 67] makes this issue
difficult. The CAMP-GM project is a result of the
combination of various matrices. There are various
algorithms of this combination, but each algorithm
requires the interception area of matrices and the pri-
ority of one matrix above the other in the interception
area. The most likely reasons for unallowable differ-
ences between the initial profile MAF curves and
curves extracted from the matrix could be:

— VNIIOkeangeologiya and VSEGEI matrices
were combined in the central part of the EB yielding
errors at the combination stage due to the different fre-
quency ranges (the recalculation of the VSEGEI AMF
matrix to the upper semispace for the height of 5 km);

— during the combination of the VNIIOkean-
geologiya matrices of single surveys, priority was given
to the matrix that was calculated from less qualitative
data of the 1960s rather than matrices calculated from
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the results of the most precise and informative NRL or
PMGE surveys.

The precise reasons for these differences are not
important due to the absence of aeromagnetic MAF
data suitable for the qualitative visual and quantitative
modern interpretation for the entire eastern sector of
the EB, including the ARC1407A seismic profile and
all other profiles located to the east up to the Laptev
Sea. It is impossible to correctly identify the LMA axes
in the eastern part of the EB, which does not allow
the perfection of the results of the work of Glebo-
vitsky et al. [2].

A further full study of the tectonic evolution of this
Arctic segment will require new aerogeophysical sur-
veys. Two local areas in the Amundsen and Nansen
basins covered by PMGE surveys using GPS naviga-
tion prevent reliable refinements because of the
ultraslow rates of spreading in the eastern sector,
which occurred over the last tens of millions of years.
Reliable LMA identification needs a reference point:
the magnetic field above the Gakkel Ridge (Fig. 4).

The extremely low spreading rate during the forma-
tion of C13 in the EB [2] results in a strong superposi-
tion of fields and the MAF above the area of the oce-
anic crust, which formed during its underplating, and
is most often a local complication rather than a local
anomaly, as in North Atlantic. This is shown by aero-
magnetic profile PR75002 located in the west of the
EB, where the spreading rates are maximal (the best
LMA contrast) (Fig. 5b).

Detailed consideration of aeromagnetic data
reveals a trend of gradual attenuation and further dis-
appearance of this complication on the MAF curves
toward the east. Therefore, LMA 13 was not identified
in the EB by American researchers [42].

Single traces of MAF complication in the LMA 13
area can be seen in NRL-1999 profiles located in the
central part of the EB in front of the FJLA. Further to
the east, the anomaly is completely lost, which is
related to the decrease in the spreading rate. In works
on LMA identification or using of results of identifica-
tion [2, 93] in the EB eastern sector, LMA 13 is posi-
tioned in the center of a negative anomaly, which, as
suggested, divides the anomaly groups from С7‒12
and С15‒18. This is a suggested LMA 13 position
rather than its identified position according to AMF
data, which leads to the impossibility of orientation on
this position during geodynamic or seismostrati-
graphic analysis.

Another complicating factor of the Nansen Basin
for LMA identification is related to a significant deep-
ening of the magnetoactive basement (oceanic crust)
because of the thick sedimentary cover, which leads to
a significantly smoothed MAF.

Judging from the analysis and comparison of data,
we can state that the retrospective domestic data in the
eastern part of the EB are unreliable for LMA identifi-
cation. There are local areas at the f lanks of the Gak-
kel Ridge to approximately LMA 6n (~19.6 Ma) in the
Amundsen Basin that are covered by detailed retro-
spective aeromagnetic surveys, where the precision of
the identification is significantly higher, but correct
analysis of the precision of the LMA identification in
these areas is impossible (Fig. 4).

It is evident that the inconsistency of present-day
spreading axes and paleoaxes of the period of 53.9–
33 Ma in the western part of the EB [2] should also
occur in its eastern part. Closer to the continental
margin of the Laptev Sea, the time period of instability
should be similar to 33–0 Ma, which is caused by the
close location of spreading poles. Correct regional
zoning (long-lived segmentation) is impossible
because of the thick sedimentary cover and because
the seismic data in the eastern part of the Nansen
Basin are almost absent, which also makes the recog-
nition of symmetric segments in the basins relative to
the present-day spreading axis impossible.

RESULTS

The analysis of the results of gravimetric studies
confirms the ideas of Glebovitsky et al. [3] that the
potential fields of both the deep-water part of the Arctic
Ocean and the entire part of the adjacent Russian shelf
are still poorly studied. As well, the quality and the
detail of Arctic magnetometric data are the worst for
most areas of the deep-water part of the Arctic Ocean
adjacent to the marginal seas of the Russian Arctic.

In contrast to the foreign studies, the focus of
domestic works of recent decades was shifted toward
seismic works. At the same time, only one shallow bore-
hole was drilled in the deep-water part of the Arctic in
the Lomonosov Ridge and no further drilling in deep-
water basins is expected in the nearest future. The inter-
pretation of seismic data would thus more or less rely on
tectonic reconstructions, which cannot be perfected
without modern magnetometric information.

In contrast to the suggestion of Glebovitsky et al.
[3], we do not consider that the results of satellite
altimetry within the ice-covered part of the Arctic will
reach the precision level to be compared with regional
gravimetric surveys soon. It is obvious that the new
generation of low-orbit satellites allows the registra-
tion of the higher-frequency part of the gravity field,
but the wave reflection from the ice cover has no sys-
tematic class, because it depends on numerous com-
plex factors: the thickness of the ice cover, hummock-
ing, maturity and contamination of the ice cover (dif-
ferent reflection coefficients), the presence and sizes
of polynyas, etc.

It is evident that during further aerogeophysical
works aeromagnetometric studies should be prioritized
and accompanied by aerogravimetry. We are sure that
the organization of new aeromagnetometric expeditions
in the deep-water part of the Arctic Ocean will provide
optimal solutions: sufficient flight safety, planning pro-
GEOTECTONICS  Vol. 57  No. 6  2023
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files to obtain the maximum amount of geological data,
and uncompromising variation control.

THE TECTONICS OF THE STUDIED REGION

The Geodynamic Setting
A present-day divergent boundary between the EB

and North American Plate occurs within all of North
America from the Newfoundland–Iberian segment
and continues in the EB of the Arctic Ocean [25, 66,
106]. The deep-water EB formed in the Cenozoic as a
result of slow (transiting to ultraslow) spreading of the
North American (including the Lomonosov Ridge)
and Eurasian plates [2, 9, 11, 12, 29, 30, 42, 55, 66, 86,
89, 111] (Fig. 1).

Because various scales of inversion of the geomag-
netic field were used for the LMA identification, the
age indexation in this work is given according to the
International Geologic Time Scale of 2020 (GTS
2020) [74], which contains the scale of inversions of
the geomagnetic field [98].

There are some differences in LMA correlation
with geomagnetic polarity chrons (further, chrons)
and their naming. At this study, we accepted the mod-
ern style, which means that the LMAs in the Northern
Hemisphere belong to an interval of direct polarity of
one chron or subchron (n, normal) and are divided at
the age of its formation (o, old) and/or end (y, young).
In other studies, LMA (or its part) identification fol-
lowed the center of positive magnetic anomalies [2, 55];
therefore, they are depicted as meaning the center of
the direct polarity chron. The chrons, subchrons,
LMAs, theoretical LMA (TLMA) axes, finite rotation
poles (further, poles), and position of the TMLA
points on the rift lines are systematized in Table 1.

The present-day segmentation of the Gakkel Ridge
has been reviewed in numerous works [54, 90, 93].
Because in this work we consider some features of the
structure of sedimentary cover, we decided to divide
the EB into western and eastern parts; the conditional
boundary between them correspond to drift line 5 and
the middle of the line coincides with the maximum
curve of the Gakkel Ridge in its central part (Fig. 6).

During the Eocene–Early Oligocene (LMA
С24no‒13ny, 53.9‒33.2 Ma), the EB evolved inde-
pendently from the North Atlantic because of the
presence of the Greenland Plate [2, 42, 62, 66]. In the
northern part of the Norwegian–Greenland Basin,
transform movement of Greenland occurred relative
to the western margin of the Barents Sea along the De-
Geer Megatransform Zone [55, 57, 58].

In this period, none of the EB segments could be
considered Atlantic from a geodynamic viewpoint.
Before the beginning of the EB spreading, the
Lomonosov Ridge was a component of the Barents–
Kara continental margin. The EB evolved within an
entire system of the North Atlantic [55, 66] only after
the termination of spreading in the Labrador Sea–
GEOTECTONICS  Vol. 57  No. 6  2023
Baffin Bay system in the Early Oligocene (С13ny,
33.2 Ma), which divided the Greenland and North
American plates.

The western part of the basin exhibits a reliable suc-
cession of all referent Cenozoic LMAs beginning from
С24no (53.9 Ma), including the present-day 1n [2, 9,
11, 12, 29, 30, 42, 55, 66, 86, 89, 111] (Fig. 1).

The time of the beginning of spreading, however,
remains a matter of debate. According to [42], С25no
(57.656 Ma) is the earliest LMA. Some researchers
believe that opening began at ~58 Ma [2, 88]. If we
correlate this age with inversion geomagnetic field
scales, it corresponds to С26n, because the period of
its formation is 57.7‒59.0 [43] or 57.6‒57.9 [68] Ma.

The LMA С26n is also considered the beginning of
spreading in later work [30]. According to GTS 2020
[74], the age of the formation of С26n is 58.959–
59.237 Ma and is slightly younger for the period of the
beginning of spreading in the EB. Other researchers
suggest the beginning of spreading occurred between
С25n?/C24no (57.656‒53.9 Ma) [61]. We accept the
dominant viewpoint on the beginning of spreading at
~56 Ma [9, 36, 38, 42, 44, 50, 76, 93]. This age is based
on the correlation with LMA C25n, which is limited by
the age of 57.1‒54.0 [43, 73, 98] or 56.4‒55.9 [68] Ma
depending on the geomagnetic polarity scale. Accord-
ing to GTS 2020 [74], the age of LMA C25n is limited
to the period of 57.656‒57.1 Ma, i.e., the spreading of
the EB began at 57.4 Ma.

The accepted EB geodynamic settings that occurred
at ~45 Ma (С21no‒С20no, 47.760‒43.450 Ma)
include the change in the direction of spreading and the
transition from slow to ultraslow spreading [2, 66].
These are clearly correlated with the changed rates and
directions of spreading in the Norwegian–Greenland
Basin [62, 70, 71]. The reconstruction of plate move-
ment in the Northern Hemisphere was global, because
this period saw a kinematic reconstruction of the
Pacific Ocean plates [16].

The prevailing viewpoint is based on a comprehen-
sive study of the ACEX drill core, whose section con-
tains a long stratigraphic hiatus from 44.4 to 18.2 Ma
[36, 38, 60, 76]. Its beginning coincides with the change
in parameters of the EB opening, which resulted in the
change in direction of drift lines in the area between
С21n (47.760 Ma) and С20n (43.450 Ma) (Table 1,
lines for calculation of opening poles, Fig. 2, the posi-
tions of chrons).

Between С21n and С20n, the seismic record of all
profiles contain a reference reflector typical of the EB,
which is recognized as a reference in seismostrati-
graphic works based on the Cenozoic age of the for-
mation of the basin [9, 44, 56, 93].

The first traces of seasonal ice are recorded in the
ACEX drill core at ~46 Ma [37], which indicates cli-
mate change reflected in a sharp change of seismic
reflections above the reflector of ~45 Ma [93]. It is
suggested that the climate change is a result of the



704

GEOTECTONICS  Vol. 57  No. 6  2023

ZAYONCHEK et al.

Table 1. Indexation of chrons of geomagnetic polarity and opening poles of the North American Plate relative to the Eurasian
Plate

Magnetic anomalies: LMA, linear; TLMA, theoretical linear; the age indexation according to geomagnetic field inversion scale after
[98]; single chrons or subchrons of direct polarity (normal) are divided into the age of the beginning of its formation (o, old) and/or end
(y, young); *, opening poles (1no‒6no) after [89]; **, opening poles (13ny‒24no) after [66].

Chrons/(subchrons) 

of geomagnetic polarity, LMA, TLMA
Age, Ma

Momentary opening poles
Opening 

half-angles, °indexation,

(after [98])

LMA, TLMA 

(in text)

LMA, TLMA 

(in figures)
latitude, ° (N) longitude, ° (E)

C1no* C1no 1no 0.773 60.32 140.4 0.0790

C2ny* C2ny 2ny 1.775 63.65 135.8 0.1815

C2An.1ny* C2An.1ny 2An.1y 2.595 63.81 138.16 0.2690

C2An.3no* C2An.3no 2An.3o 3.596 62.94 139.02 0.3720

C3n.1ny* C3n.1ny 3n.1y 4.187 62.38 137.91 0.4290

C3n.4no* C3n.4no 3n.4o 5.235 62.1 138.19 0.5380

C3An.1ny* C3An.1ny 3An.1y 6.033 62.68 135.93 0.6110

C3An.2no* C3An.2no 3An.2o 6.727 63.59 135.57 0.6965

C4n.1ny* C4n.1ny 4n.1y 7.537 63.56 137.83 0.787

C4n.2no* C4n.2no 4n.2o 8.125 64.25 137.09 0.876

C4Ano* C4Ano 4Ao 9.105 64.64 135.91 1.0085

C5n.1ny* C5n.1ny 5n.1y 9.786 67.44 134.9 1.1365

C5n.2no* C5n.2no 5n.2o 11.056 68.18 133.9 1.3065

C5An.2no* C5An.2no 5An.2o 12.474 67.22 136.07 1.4860

C5ACny* C5ACy 5ACy 13.739 64.35 136.69 1.6075

C5ADno* C5ADo 5ADo 14.609 65.98 135.58 1.761

C5Cn.1ny* C5Cn.1y 5Cn.1y 15.994 68.06 135.87 2.0055

C5Dny* C5Dy 5Dy 17.154 68.2 134.84 2.1635

C5Eny* C5Ey 5Ey 18.007 69.05 133.69 2.3115

C6ny* C6ny 6ny 18.636 70.71 131.3 2.4635

C6no* C6no 6no 19.535 69.38 132.94 2.5346

C6AA (C6AAny–C6AAr.2n) C6AA 21.426 ‒ ‒ ‒

C7n (C7n.1ny–C7Ano) C7n C7n 24.396 ‒ ‒ ‒

C8n.1n С8ny 8ny 25.099 ‒ ‒ ‒

C9n (C9ny–C9no) C9n 26.930 ‒ ‒ ‒

С12ny С12ny 30.591 ‒ ‒ ‒

С12no С12no 12no 30.977 ‒ ‒ ‒

C13ny** C13ny 13ny 33.214 68.22 131.53 3.825

C13no C13no 13no 33.726 ‒ ‒ ‒

C15ny C15ny 15ny 35.102 ‒ ‒ ‒

C18n.1n C18ny 18ny 38.398 ‒ ‒ ‒

C18n.2n C18no 18no 40.073 67.72 133.91 4.625

C20ny C20ny 20ny 42.196 ‒ ‒ ‒

C20no C20no 20no 43.450 ‒ ‒ ‒

C21ny C21ny 21ny 46.235 ‒ ‒ ‒

C21no** C21no 21no 47.76 65.38 138.44 5.48

C22ny C22ny 22ny 48.878 64.52 138.18 5.75

C22no** C22no 22no 49.666 64.52 138.18 5.75

C23n.1ny C23ny 23ny 50.767 ‒ ‒ ‒

C23n.2no C23no 23no 51.724 ‒ ‒ ‒

C24n.1ny C24ny 24ny 52.540 ‒ ‒ ‒

C24n.3no** C24no 24no 53.900 63.07 144.26 6.41

C25ny C25ny 25ny 57.101 ‒ ‒ ‒

C25no C25no 25no 57.656 ‒ ‒ ‒

С26n (С26ny–C26no) С26n ‒ 59.098 ‒ ‒ ‒
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Fig. 6. The positions of drift lines in the Eurasia Basin. Arabian numbers, the numbers of drift lines. COB, continent–ocean
boundary; MJR, Morris Jessup Rise; YRM, Yermak Plateau; SP, Spitsbergen Archipelago; FJL, Severnaya Zemlya Archipelago.
I–IV, rifting system of the Laptev Sea (1st order structures) after [28, 52]: I, Ust Lena rift-related basin; II, Anzhu rift zone;
III, East Laptev province of horsts and grabens; IV, Novosibirsk rift; V–VI, possible Early Cenozoic paleotransform faults in the
Amundsen Basin: V, East Lomonosov; VI, Central–East Lomonosov; VII, Central Lomonosov after [49, 92]. (1) Position of
ACEX drilling boreholes after [38]; (2) isobaths of 500, 2500, 3190, 3600, and 3800 m; (3, 4) contours of structures (I–IV) of rift
system of the Laptev Sea after [28, 52]: (3) rift system; (4) 1st order structure; (5) main rises; (6) possible position of the Khatanga
Lomonosov Fault Zone; (7, 8) position of possible structures in the Amundsen Basin (V–VII); (7) Early Paleozoic paleotrans-
form faults; (8) East Amundsen paleorift; (9, 10) seismic profiles: (9) AWI (Germany) after [44, 56, 79, 82]; (10) ARC1407A
(Russia) after [93]; (11) theoretical drift lines; (12) position of the center of the rift valley; (13) theoretical position of reference
chrons (2An.3o–24no); (14) points of onlap of key sedimentary sequences on oceanic basement along the line of AWI20010300
seismic profile after [44] (Table 3, Unit-1a, Unit-1b, Unit-1c, Unit-2 for position of points, see Figs. 8, 10). 
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change in tectonic setting in the Northern Hemi-
sphere [93].

The next key event in the EB was caused by the ter-
mination of spreading in the Labrador Sea–Baffin
Bay system in the Early Oligocene (С13ny, 33.2 Ma)
[97]. It is considered that this age corresponds to the
beginning of opening of its westernmost segment
between the Yermak Plateau and Morris Jessup Rise
[2, 55, 66, 93].

This event has different estimations of its age and
scale. If we consider the seismostratigraphic models
based on the Cenozoic age of the formation of the EB,
the key difference between [93] and other studies [9,
44, 56, 82] is related to the recognition of the reference
boundary with the age of ~34 Ma (С13ny, 33.2 [74]).

The presence of this boundary is substantiated by the
termination of the Eurekan Orogeny caused by incorpo-
ration of the Greenland Plate into the structure of the
GEOTECTONICS  Vol. 57  No. 6  2023
North American Plate [2, 42, 66, 97]. The Eurekan
Orogeny significantly affected only limited areas: the
Queen Elisabeth Islands (Canadian Arctic Archipel-
ago), the northern and northeastern margins of Green-
land, the western coast and central part of the Spitsber-
gen Archipelago, the westernmost part of the
Lomonosov Ridge, Yermak Plateau, and Morris Jessup
Rise [49, 97, 109]. 

The end of a local, probably, medium-scale event in
the Arctic could not trigger a significant stratigraphic
reconstruction in the entire EB.

There is also an age uncertainty. The segment
between the Yermak Plateau and Morris Jessup Rise is
significantly narrower relative to the rest of the EB
because of the later opening of this area (Fig. 1).
According to various tectonic reconstructions, the
separation of the Yermak Plateau from the Morris Jes-
sup Rise occurred earlier in С12ny (30.591 Ma) [42] or
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synchronously with С13n (33.214‒33.72 Ma) [2, 56]
or possibly during the period of 35.3‒33.7 Ma [30]. In
another work [78], the age of the first identified LMA
decreases to С9n (26.420‒27.439 Ma).

Ambiguous interpretation of these tectonic ideas
and sedimentation regimes leads to equivocal inter-
pretation of ACEX deep-water drilling data in the
Lomonosov Ridge and for the further key events in
the EB.

The period of 18.2–17.5 Ma saw a sharp opening of
the Fram Strait (the present-day Lena Trough), which
connected the northeastern part of the North Atlantic
Basin and EB [36, 37, 76]. In the Arctic Ocean, this
led to very fast transition from an oxygen-poor lacus-
trine phase to an estuary marine phase, which was
replaced by an oceanic phase as a result of expansion
and deepening of the Fram Strait during the period of
11.56–9.36 Ma. In a geodynamic sense, this means
that the age of the phase change was independent from
the time of the beginning of opening of the EB
between the Morris Jessup Rise and Yermak Plateau,
because it occurred significantly earlier than 18.2 Ma
according to tectonic reconstructions.

According to an Os isotope study, the stratigraphic
hiatus spanned a short period of 34–36 Ma (the Late
Eocene), its duration was only 400000 ka, and the
opening of the Fram Strait began at ~36 Ma [100]
leading to marine circulation. The presence of a short
stratigraphic hiatus is supported by many Russian spe-
cialists [13, 21, 26].

RECONSTRUCTIONS AND INTERPRETATION

It is evident that the tectonic–stratigraphic evolu-
tion of the EB is contradictory from 36‒33.2 Ma. 

No LMAs of С13n (~33.214‒33.726 Ma) are traced
between the Morris Jessup Rise and Yermak Plateau [2,
30, 42, 56, 66, 78], i.e., this segment was divided later.
The full spreading in this segment at ages less than
33.5‒33.2 Ma became ultraslow (1.1‒1.5 cm/year) [2,
66]. According to theoretical calculations, the strait
width for the formation of the full link between the
oceans should be no less than 50 km [76]. At these low
spreading rates, the formation of an oceanic crust area
of this width requires a period of 3.0‒4.5 Ma. Even if
we accept the age of ~33.5 Ma (the middle of С13n,
33.214‒33.726 Ma) as the beginning of rifting exten-
sion between the Morris Jessup Rise and Yermak Pla-
teau, a strait of the necessary width for a proper water
exchange could theoretically form no earlier than
30.5‒29.0 Ma.

The main principle difference in the LMA inter-
pretation in the western part of the EB is related to the
identification of the oldest magnetic anomaly, which
began to form in a fragmentary way between the Mor-
ris Jessup Rise and Yermak Plateau (Fig. 1). This
LMA is confined to the range of C12no‒8ny (30.977–
25.987 Ma) [42] in contrast to С7n (24.025‒24.459 Ma)
according to [55]. This difference leads to uncertain
results of seismostratigraphic positioning.

The results of the LMA interpretation [42] were the
basis for the interpretation of seismic data in the west-
ern part of the Amundsen Basin [44]. The interpreta-
tion of seismic data in the western part of the Nansen
Basin [56] was based on the results of the LMA inter-
pretation [55]. The LMA in the western part of the
Nansen Basin was re-identified during the correlation
of the nearest Russian (Fig. 1, profiles ARC1103,
ARC1104, ARC1105, and ARC1106) and Norwegian
seismic profiles [9].

The work [42] described warranted identification
of the beginning of this LMA by 8ny (25.987 Ma).
A positive maximum of the magnetic anomaly, which
was identified by С9n (26.420‒27.439 Ma) [42], was
identified in [78].

The determination of the precise time of the begin-
ning of opening of the Fram Strait is still under discus-
sion due to the complex geodynamic setting and lim-
ited geological–geophysical data. The idea that the
earliest LMA of С6no (~19.6 Ma) appears fragmen-
tarily only in the northernmost part of the Lena Trough
connected with the EB is prevailing [55]. The first con-
tinuous LMA in the segment of the Lena Trough and
the southward Molloy Basin is С5n (~10.4 Ma) and a
continuous oceanic corridor formed in the Early Mio-
cene (20‒15 Ma). The earliest identified chron for this
segment is C6AA (~21 Ma) [53].

The considered age interval of the beginning of the
formation of the Lena Trough corresponds to the
ACEX stratigraphic model, in which the age of the ter-
mination of the long stratigraphic hiatus is accepted as
~18.2 Ma [36, 37, 76] and absolutely contradicts an
alternative model, in which the age of the termination
of the short hiatus is ~34 Ma [13, 21, 26, 100]. 

In our interpretation, we accepted the classical
ACEX model [36, 38, 76].

Various tectonic reconstructions are presented for
the junction area of the oceanic EB and the continen-
tal crust of the Laptev Sea: the displacement of the
Gakkel and Lomonosov ridges from the rift system of
the Laptev Sea shelf along the transform Khatanga–
Lomonosov Zone [51]; the motion of the
Lomonosov Ridge in the structure of the North
American Plate without the formation of a strike-slip
fault system [5, 19]; and the transform movement of
the Lomonosov Ridge relative to the Eurasia margin
along the Khatanga–Lomonosov Fault Zone only in
the initial spreading stage of the EB evolution in the
Early Cenozoic until the second half of the Eocene
and the termination of the transform movement due to
the change in the direction of plate movement in the
Northern Hemisphere [16, 28, 93].

During the correlation between the reference seis-
mic reflectors and the LMAs, it is important which
segment of the system is interpreted: a geodynamically
calm area or an area of insignificant transform move-
GEOTECTONICS  Vol. 57  No. 6  2023
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ments related to local jumps of the spreading axis. The
ARC1407A seismic profile is located approximately in
the center of the EB.

In spite of the significant distance of the ARC1407A
seismic profile from the Laptev Sea, there is a high
probability of discovery of local transform movements
in the central and eastern parts of the EB, because the
spreading rate decreases and instability increases
toward the continental margin of the Laptev Sea,
which is related to the approach to spreading poles.
The junction area of tectonic structures plays an
important role in the identification of the temporal
intervals of local jumps of the spreading axis.

The aeromagnetic data used in the LMA identifi-
cation in the eastern part of the EB are unreliable due
to their large errors leading to the search for an alter-
native verification of local jumps of the spreading axis.
The standard solution is the comparison of the posi-
tion of the drift lines with geomorphological and tec-
tonic elements. This analysis for the EB and its eastern
part has previously been conducted [2, 63, 93], but we
expanded the area of the analysis.

Analysis of Drift Lines and Migration 
of Momentary Rotation Poles

Drift lines can be calculated on the basis of the
position of momentary opening poles. In the case of
the necessary tracing of the peculiarities of the open-
ing from the present-day spreading center toward the
deep-water basins, the calculations are conducted
using half angles, which means symmetrical spread-
ing. In the case of asymmetric spreading, this assump-
tion, on one hand, leads to some distortions, but, on
the other hand, there are areas of jumps of the spread-
ing axis within single ridge segments.

The results of the recent calculations of the posi-
tions of opening poles [2, 66, 89] coincide, therefore
the estimations of the rate and direction of opening of
the EB [2, 66] also coincide. Thus, we used the results
of the analysis of peculiarities of spreading for the
westernmost sector of the eastern part of the EB [2],
which showed the following: the period of
С24no‒С20no (53.9‒43.45 Ma) had the maximum
asymmetry, indicating frequent jumps of the spreading
axis within single segments; asymmetry was strongly
reduced in the period of С20no‒13n (~43.45‒33.5 Ma)
leading to segmentation along the spreading paleoaxis,
when the areas of good coincidence of the present-day
and ancient spreading axis (LMA) are replaced by an
area of inconsistency, indicating local jumps of
spreading axis; almost full symmetry is observed
during at the period of С6no‒2nA (~19.6‒3.6 Ma).
These principles are clearly confirmed by the position
of the drift lines (Fig. 6).

The sedimentary cover of the Nansen Basin is sig-
nificantly thicker than that of the Amundsen Basin
[79, 93]; thus the continental slope area of the margin of
GEOTECTONICS  Vol. 57  No. 6  2023
the Kara Sea is strongly smoothed. Therefore, the dis-
tances from the end of the drift lines (С24no (53.9 Ma))
to topographic isolines of the Lomonosov Ridge from
the Amundsen Basin were compared during visual esti-
mation, which is based on seafloor topography.

Use of a continent–ocean boundary is an analogous
solution for visual comparison. Due to the scarce deep
seismic exploration data, we used gravity field anoma-
lies. This determination of the continent–ocean
boundary, especially in areas of smoothed topography
of continental margins, is rather conditional. The
position of this boundary corresponds to the maxi-
mum gradients of Bouguer anomalies [2, 50, 55], but,
because of the highly ambiguous position of the gradi-
ent in the eastern part of the EB, we supplemented the
commonly accepted standard with (i) additional use of
WGM-2012 isostatic anomalies calculated in the
Airy–Heiskanen model [41] and (ii) directed determi-
nation of the maximum horizontal gradients within
relatively straight areas of the Barents–Kara continen-
tal margin and Lomonosov Ridge.

The comparison of the directions of drift lines, the
seafloor topography, and the position of the conti-
nent–ocean boundary indicates that during the Early
Cenozoic the EB evolved within individual segments
(between drift lines 1‒3, 3‒5, 5‒8, 8‒10, 10‒12, and
12‒13), which were inherited from the tectonic struc-
ture of the continental margin [27, 92, 93] (Fig. 6).
The segments were divided by transform faults with
insignificant displacement. The first segment contains
a subsegment (Fig. 6) between drift lines 1–2.

The suggested Early Cenozoic paleotransform fault
[61, 92, 102] (we call it the Central Lomonosov fault)
clearly occurs in the direction of drift lines 4–5 in the
period of С24no (53.9 Ma)–С21no (47.760 Ma)
(Fig. 6). The curve in the center of the eastern part of
the Lomonosov Ridge, which is located exactly on a
traverse of drift line 8, indicates the presence of one
more paleotransform fault with the possible name of the
Central–East Lomonosov fault (Fig. 6). The paleo-
transforms in the Amundsen Basin should be mirrored
in the Nansen Basin, but the absence of reliable geo-
physical data prevent their identification, whereas the
morphological criteria (as in the Lomonosov Ridge) do
not work because of the thick sedimentary cover.

Drift line 14 on the shelf on the Gakkel Ridge con-
tinuation shows that the rift system of the Laptev Sea
is approximately two times wider, indicating intense
Upper Cretaceous (?) extension, which has already
been emphasized many times [51] (Fig. 6).

Drift lines 13–14 show that the direction of the
Khatanga–Lomonosov Fault Zone [28] coincides
with drift lines only for С20no (43.450 Ma)–C13ny
(33.214 Ma) and strongly differs for other Cenozoic
periods, reflecting the complex and multistage evolu-
tion of the formation of the easternmost area of the EB
(Figs. 6, 7).
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Fig. 7. The position of momentary opening poles for the Eurasian and North American plates after [66, 89] (IBCAO v. 4 bathy-
metric model [77]). NI, Novosibirsk Island; I‒IV, rift-related system of the Laptev Sea after [28, 52]: I, Ust Lena rift-related
basin; II, Anzhu rift zone; III, East Laptev province of horsts and grabens; IV, Novosibirsk rift; V, East Lomonosov. (1) Earth-
quakes in a range of 3.3 ‒ 6.9 М (intensity is proportional to sizes) after [10]; (2) isobaths of 500, 2500, 3190, 3600, and 3800 m;
(3, 4) contours of structures (I–IV) of rift-related structure of the Laptev Sea after [28, 52]: (3) rift system; (4) 1st order structures;
(5) main rises; (6) possible position of the Khatanga–Lomonosov Fault Zone; (7, 8) position of possible Early Cenozoic paleo-
transform fault (V) in the Amundsen Basin; (8) East Amundsen paleorift; (9) drift line; (10) center of the rift valley; (11) theo-
retical position of reference chrons (2An.3o–24no); (12) curve of migration of momentary opening poles (1no-6no [89]) and
(13ny-24no [66]); (13) position of momentary opening poles. 
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The previously found asymmetry of the distances
of the Amundsen and Nansen basins is confirmed
beginning from drift line 10 toward the continental
margin of the Laptev Sea and is explained by spreading
asymmetry during the period of 49–33 Ma [63]
(Figs. 6, 7). This asymmetry is most clear in drift line 12,
on which С24no (53.9 Ma) is theoretically already
located on the Laptev Sea shelf rather in the Nansen
Basin, whereas it is located in the Amundsen Basin on
the opposite side (Fig. 6).

This asymmetry can be explained by the opening of
the EB in this area in the Early Cenozoic in the south-
eastern part of the Amundsen Basin in front of the
Anzhu–Novosibirsk rift system and a further jump of
the spreading axis approximately during the period of
С21no (47.760 Ma)‒С20no (43.450 Ma). This age
corresponds to the reconstruction of spreading in the
EB and Norwegian–Greenland Basin [66, 71]. In this
case, the southeastern part of the Amundsen Basin

should host a local paleorift (we name it East Amund-

sen), whereas the junction with the continental margin

should occur along the fault, which we name the East

Laptev Paleotransform Fault (Figs. 6, 8).

The period of С20no (43.450 Ma)–C13ny

(33.214 Ma) registers the consistent directions of drift

lines of the suggested Khatanga–Lomonosov Fault

Zone. Very slow rifting with possible simultaneous

insignificant displacement (or displacements) along

this direction occurred in the easternmost segment of

the EB between drift lines 12–13 (Fig. 6).

The kinematic reconstruction of the opening of the

Eurasia and North America plates beginning from the

period of the formation of C13ny (33.214 Ma) is

reflected in the position of the opening poles (Fig. 7).
GEOTECTONICS  Vol. 57  No. 6  2023
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Fig. 8. The theoretical age of the formation of oceanic crust of the Eurasia Basin. NP, North Pole; MJR, Morris Jessup Rise;
YRM, Yermak Plateau; SP, Spitsbergen Archipelago; FJL, Franz Josef Land; SZ, Severnaya Zemlya Archipelago. I‒IV, rift-
related system of the Laptev Sea after [28, 52]. I, Ust’Lena rift-related basin; II, Anzhu rift zone; III, East Laptev province of
horsts and grabens; IV, Novosibirsk rift; V‒VII, possible Early Cenozoic paleotransform faults in the Amundsen Basin; V, East
Lomonosov; VI, Central–East Lomonosov; VII, Central Lomonosov after [49, 92]. (1) Position of ACEX drilling boreholes after
[38]; (2) isobaths of 500, 2500, 3190, 3600, and 3800 m; (3, 4) contours of rift-related system of the Laptev Sea after [28, 52];
(3) rift system; (4) 1st order structures (I–IV); (5) main rises; (6) possible position of the Khatanga–Lomonosov Fault Zone;
(7, 8) position of possible structures in the Amundsen Basin; (7) Early Cenozoic paleotransform faults in the Amundsen Basin
(V–VII); (8) East Amundsen paleorift; (9, 10) reference seismic profiles: (9) AWI (Germany) after [44, 56, 79, 82];
(10) ARC1407A (Russia) [93]; (11) dredging area of young basalts (the age (Ma) according to the results of geochronological
studies after [80] is shown to the right; the theoretical age (Ma) is shown to the left); (12) onlap of sedimentary sequences (Table 3,
Figs. 6, 10) on oceanic basement along the line of seismic profile AWI20010300 after [44]. The age and determination error (Ma)
after [44] is indicated to the right. The theoretical age (Ma) is indicated to the left: a, Unit-1a; b, Unit-1b; c, Unit-1c; d, Unit-1c. 
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It is likely that local jumps of the spreading axis
occurred regularly in the easternmost part of the EB,
but they are not reflected in geophysical data due to
ultraslow rates.

A strong change occurs in С6ny (18.636 Ma),
which coincides with the age of the termination of the
long stratigraphic hiatus revealed in the ACEX bore-
hole (~18.2 Ma) [36, 37] and the beginning of seg-
mented spreading in the Lena Trough (~19.6 Ma) [55].
Until that time, the displacement of the opening poles
generally followed the northwestern direction and
changed its direction to the south after that period
(Fig. 7).

The change in the direction of the opening poles at
~18.6 Ma led to a change in the opening mechanism in
the easternmost part of the EB and the beginning of
GEOTECTONICS  Vol. 57  No. 6  2023
relatively fast rifting of the continental margin at
ultraslow spreading rates starting approximately from
77.8° N.

The instability of the system and a reverse trend to
the northern direction during the period of С5ACy–
С5n2o (13.739‒11.056 Ma) are very important. It can
be suggested that the opening in the easternmost seg-
ment of the system beginning approximately from
77.5° N (the center of drift line 13–the local curve of
isobath of 500 m) began no earlier than С5ACy
(13.739 Ma). The section of the ACEX borehole con-
tains a stratigraphic hiatus of 11.6‒9.4 Ma, which sup-
ports the correlation of events [36, 37].

The almost complete absence of asymmetry for the
EB area [2] that hosts the ARC1407A seismic profile
is supported by drift lines 6 and 7 (Fig. 6). The near-
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rift seamounts are clearly limited by С6no (19.6 Ma).
There are insignificant differences in distances
between С24no (19.6 Ma) and the continent–ocean
boundary for drift line 7. The difference in distances
for drift line 6 is significantly higher. This indicates
that no significant axis jumps occurred at the initial
stage of opening in the area of the slope of the
Lomonosov Ridge, where the seismic profile is
located. The area of the continental slope in the
Amundsen Basin was characterized by axis jumps, but
its seismic record contains no basement due to the
significant thickness of the sedimentary cover [93],
thus it is impossible to make a seismostratigraphic
positioning for the lowest horizons.

If we rely on the estimations of asymmetry from [2],
the EB area with the seismic profile can be divided
into the following areas in the first approximation: the
central part formed during the period of 19.6‒0 Ma
(6no) with a high degree of symmetry not exceeding
the deviation of 3‒5% and the f lank formed during
the period of 56‒19.6 Ma (24no‒6no), where asym-
metry can reach 5‒7% for the most ancient ages in the
Amundsen Basin.

Profile ARC1407А lies in a seismotectonically and
geodynamically calm segment without significant
jumps. These estimations of possible asymmetry are
true for the calculations of the theoretical age of the
oceanic crust.

Seismostratigraphic Positioning
If we accept the continuous Cenozoic spreading

formation of the EB, the classic seismostratigraphic
indexation (as in [9, 44, 56, 79, 93]) suggests the iden-
tification of the onlap areas (closest to the rift valley)
of sedimentary sequences on the oceanic basement,
the ages of which are determined from the results of
LMA axis identification, which corresponds to the
principle of the impossibility of the formation of an
older sedimentary sequence than the age of the under-
lying oceanic crust (Fig. 9).

This method of seismostratigraphic indexation is
widespread for the age determination of sediments
formed in spreading basins, but it can yield significant
errors in this area. This is related to an extremely low
navigation precision of aeromagnetic data in this EB
area, the error of which can reach tens of kilometers.
This is supported by the results of LMA identification
along the line of the ARC1407A seismic profile [93]
(Fig. 9).

There is the extensive spreading asymmetry, which
results in strongly different lengths of the oceanic crust
areas formed for the same period in the Amundsen
and Nansen basins (Fig. 9).

An alternative solution is related to the determina-
tion of the theoretical TLMA position relative to the
present-day spreading center using the rotation poles
and half angles of opening of the Eurasia and North
American plates and the construction of the model of
theoretical age of the oceanic crust. The TLMA deter-
mination was based on the calculations of the position
of drift line with a step of 2.5–5.0 km, thus the given
determination errors are valid.

The present-day divergent boundary is accepted as
an initial point using the half angles as is done in this
work. The spreading axis in regional studies is typically
distinguished by the axis of the minimum of free air
gravity anomalies above the rift valley. We gave the pri-
ority to the IBCAO v4 bathymetry [77], which is based
on the MSE data for the Gakkel Ridge (except for the
easternmost area), because the compilations of gravity
anomalies for the Arctic are smoothed. In areas of
minor nontransform displacements of the rift valley and
the easternmost part of the EB, we preferred the free air
gravity anomalies from the WGM-2012 project [41].

The plate rotation poles, angles, and half angles of
spreading used in this work are shown in Table 1.
A cycle of glaciomarine sedimentation began ~2.7 Ma
that is reliably identified for the western and northwest-
ern margins of the Barents Sea and adjacent deep-water
basins by drilling and numerous seismic data [31]. The
theoretical TLMA position for this age was calculated
by linear interpolation between the nearest C2An.1ny
(2.595 Ma) and C2An.3no (3.596 Ma) with known
rotation poles [89].

For profile ARC1407А, the local rise in the center
of the rift valley, which can be related to neovolcanism
judging from the seismic record, is accepted as the
position of the present-day spreading center, for which
calculations have been made. The present-day volca-
nic axial ridges and volcanoes are mapped and con-
firmed by sampling [101] in a closely located area of
the rift valley of 85° N of the Gakkel Ridge [90, 101].

The results of TLMA calculations are used in seis-
mostratigraphic interpretation of profile ARC1407А.
For some slopes of the near-rift seamounts adjacent to
the rift valley of the Gakkel Ridge from the Amundsen
Basin, no sedimentary cover was revealed in the junc-
tion area of seismic profiles ARC1420 and ARC026
[93] (Fig. 6).

The 40Ar/39Ar age of dredged basalts in this area is
3.65 ± 0.01 Ma [80]. To compare the correctness of
TLMA calculations, whose age was assigned accord-
ing to the GTS-2020 [74], we calculated the matrix of
the theoretical seafloor age (Fig. 8).

Because of the instability of spreading for the period
of the formation of C6ny‒5n.1y (18.636‒9.786 Ma),
which is evident from the sharp displacement of plate
rotation poles located closely to the EB, only the
TLMA of С5An.2o (12.474 Ma) was used for the cal-
culation of the age matrix in a range of C5 (Fig. 6).
Because the geodynamic evolution of the EB area,
which is conjugated with the continental margin of the
Laptev Sea, remains debatable, the age matrix is cut by
an isobath of 500 m (Fig. 8).
GEOTECTONICS  Vol. 57  No. 6  2023
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Fig. 9. Seismostratigraphic correlation of seismic profiles ARC1407A and AWI20010100, modified after [18, 56, 93]. a, time sec-
tion along the ARC1407A seismic profile; b, deep section along seismic profile AWI20010100; c, mirrored image of section of part
of ARC1407A seismic profile in the Nansen Basin. TLMA, position of theoretical axes of linear magnetic anomalies and their
age (Ma) according to inversion geomagnetic field scale after [98]; LMA, position of axes of linear magnetic anomalies after [93];
LMA*, axes of linear magnetic anomalies and their indexation after [56]; LMA**, axes of linear magnetic anomalies identified
after [9]; COB, continent–ocean basin after [93] and the age of the formation according to the inversion geomagnetic field scale
after [98]; A, area of fast uplift of the paleowall of the rift valley; B, B', symmetric near-rift depressions in the Nansen and Amund-
sen basins relatively to the center of the rift valley of the Gakkel Ridge with an insignificant displacement (~2 Ma) of theoretical
age of the formation of oceanic crust; C, area of uncertainty of tracing of seismic horizons in the Amundsen Basin; 1, 1'; 2, 2'; 3;
4, 4', and 5, areas with significant or partial loss of correlation of seismic signal interpreted as submarine landslides and turbidite
flows. The age (Ma), the theoretical age of oceanic basement in areas of onlap of identified sedimentary sequences. The points
with the age of 2.7 Ma (red) are determined by linear interpolation between nearest TLMAs (Table 1). (1) Basement topography;
(2) seafloor surface above sedimentary cover; (3) faults; (4) boundaries in sedimentary cover of the Lomonosov Ridge; (5) pos-
sible position of the boundary in sedimentary cover on the Lomonosov Ridge corresponding to the beginning of spreading in the
Eurasia Basin; (6, 7) distance from the center of the rift axis to theoretical axes of LMAs (6) and LMA axes (7) after [93];
(8) surface of the oceanic basement; (9) MAF curve; (10) age of oceanic crust in areas of onlap of sedimentary sequences (Ma). 

1 2 3 4 5 6 7 8 9 10

24no

24no

24no

13no

13no

20no

20no

18no13ny

16ny

18ny 8ny21ny22ny

22n
7n

23ny

23n

24ny

24ny

6no 6no

13ny 13ny6ny 6ny

6ny

5n.1ny 5n.1ny

5ny

12no

H, km

T
im

e
 o

f 
d

o
u

b
le

 t
ra

v
e
l,

 s
T

im
e
 o

f 
d

o
u

b
le

 t
ra

v
e
l,

 s

0

1

2

3

4

6

7

8

100
nT

0

–100

1

2

3

4

5

6

7

8Oceanic crust

Nansen Basin Nansen Basin
Continental

crust

C
o

n
ti

n
e
n

ta
l 

m
a

rg
in

C
o

n
ti

n
e
n

ta
l 

m
a

rg
in

Gakkel Ridge Ringing wave

B

B

В

(b) (c)

24no

24no

22no

22no23no

22no

22no

24no

24no COB

COB

COB

24no

21no 21no

21no

21no

21n

20no?

20no? 20no?

21no?

21no?

25no?

21no?

18no

18no

18no

18no

18no

13ny

13ny

13y

6no

6no

6no

5An.2o

5An.2o

5An.2o

5An.2o5n.1ny 5n.1ny
3An.1y3An.1y 5An.2o

2Ano

2Ano

3An.1y

5Ac.no

T
im

e
 o

f 
d

o
u

b
le

 t
ra

v
e
l,

 s

1

2

3

4

5

6

7

8

1

2

3

4

5

6

7

8

Contrasting
reflections

Striking reflections
in the Upper Cretaceous (?)

sedimentary cover
Nansen Basin

Nansen
Basin

Nansen
Basin

Amundsen
Basin

Amundsen Basin

HA-7

HA-6
AM-6 L

o
m

o
n

o
so

v
 R

id
g
e

Gakkel Ridge

Ringing
wave

B'

(а)

Boundary
of the beginning

of spreading
~57.4 Ма

Erosion area

Unconformity boundary
44.4–18.6 Ma

Projection of ACEX borehole
(~50 km to the north)

?

~57.4

~57.4

~53.9~53.9 ~49.7

~49.7

~49.7 ~47.8

~47.8

~47.8 ~40.1

~40.1

~40.1

~44.0 ~50.1

~33.2

~33.2

~33.2 ~19.6

~19.6

~19.6

~20.7 ~25.5

~12.8

~12.8

~12.8 ~9.8 ~9.8~6.0

~6.0

~6.0 ~2.7

~2.7

~2.7 0

0

~13~19.2

~57.4

~10.2

~10.2

~18.7

~18.7

~24.5

~24.5

~26.5

~26.5

~41.8

~41.8

~48 Ma

~46 Ma

LMA

LМА*

LMA**

LMA**

Age, Ma*

Age, Ma

TLMA

Ma

Sedimentary sequences

Sedimentary
sequences

EB-5 EB-5

EB-4 EB-4

EB-3 EB-3

EB-2 EB-2

EB-1

А
B

HA-5A

HA-6

EB-5

EB-4

EB-3

EB-2

А

B

А
B

?

2.77

0

10.2

–18.3
–19.6
–26.0

–44.0

50.1

–57.4

Age, Ma

2.7

0

10.2

–18.3
–19.6
–26.0

–47.0
–38.0

–49.0

–57.4

1
1'

2

2'
3

4
4'

1

1'

2

2'

4

4'

5

3

А
?

~9.4 km

~289 km

~103 km

~77.5 km

~44 km

~59 km

~88 km

~88 km

~273 km
~297 km

~273 km
~297 km

~295 km

~128 km

~128 km

~130 km

~81 km

~59 km
~81 km

~81 km

~44 km ~44 km

~44 km

~44 km

~22 km

~11
km

~22 km

~22 km

~22 km

5
1

?

?

47

47

49

49

38

38

26

26

19.6

19.6
The starting and final points of the dredge profile

were further extracted from the matrix. The theoretical

ages for the starting (81°12.76′ N, 121°25.87′ E) and

final (81°12.15′ N, 121°31.26′ E) points of the profile

are 2.8 and 3.2 Ma, respectively, indicating the consis-

tency of theoretical calculations and laboratory deter-

minations.

Seismic profile AWI20010300, which is located

~120 km from the ARC1407A seismic profile [44], was

used as a reference in the western part of the Amund-

sen Basin. Due to the absence of transverse profiles

connecting the two profiles, the correctness of visual

comparison of seismic sequences is in doubt.
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To control this, the values for onlap points of sedi-
mentary layers on the oceanic basement along seismic
profile AWI20010300 [44] were extracted from the
theoretical age matrix. The results of the comparison
show very close ages confined to the LMA [44] and
those that were theoretically determined (Table 2).

The difference in age determination for the top of
sequence Unit-1а (44.5 Ma) [73], 44.8 Ma [98]) of
~1.6 Ma almost falls in the determination error of
±1.5 Ma [44]. The age of 44.8 Ma corresponds to the
reconstruction of movements of plates, thus this age dif-
ference can reflect the duration of the reconstruction.

The age difference of the top of sequence Unit-1с
(27.5 Ma [73] or 28 Ma [97]) of ~3.3 Ma slightly
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Table 2. Comparison of the age of the top of sedimentary sequences along the line of seismic profile AWI20010300
with results of determination of theoretical age extracted from value matrix (Fig. 8)

1, indexation of sedimentary sequences after [44]; 2, the age of the top of sedimentary sequences according to geomagnetic field inver-
sion scale after [44, 73]; 3, determination error of the age of the top of sedimentary sequences after [44]; 4, Used LMA for the determi-
nation of the age of the top of sedimentary sequences after [42, 44]; 5, 6, the age range of LMA intervals according to geomagnetic field
inversion scale: 5, after [73]; 6, after [98]; 7, the age of the top of sedimentary sequences according to geomagnetic field inversion scale
after [98]; 8, theoretical age of the oceanic crust at the onlap area of the top of sedimentary sequence according to geomagnetic field
inversion scale after [98]; 9, the Difference in determination of ages of the top of sedimentary sequences determined after LMAs and the
theoretical age of the oceanic crust (according to geomagnetic field inversion scale after [98]).
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exceeds the determination error of ±2.5 Ma [44]. It is
noted that the onlap point of the sedimentary
sequence on the oceanic basement is located within
the near-rift seamounts in the area of a sharp increase
in the basement, thus the age of this sequence could be
younger [44].

Seismic profile AWI20010100, which is signifi-
cantly remote from the ARC1407A seismic profile
[56], was used as a reference in the western part of the
Nansen Basin (Figs. 1, 6). The additional reference
horizons, whose ages were not analyzed, were traced
in stratigraphycally-related sequences (Fig. 9b). Not
changing the positions of the reference horizons, we
correlated them with the LMAs using the results of
LMA re-identification [9], which were specially con-
ducted to correlate the results of Norwegian studies
with the nearest Russian seismic profiles.

INTERPRETATION OF SEISMIC 
PROFILE ARC1407А

Comparison of the TMLAs and LMAs
along the ARC1407А Seismic Profile Line

The visual analysis of the TMLA positions and
results of identified LMAs from [93] shows the consis-
tent and absolutely different positions in the Amund-
sen and Nansen basins, respectively (Fig. 9a). The
results of the comparison of reliably identified LMAs
and TLMAs as qualitative estimations are shown in
Table 3.

The positions of the TLMAs and LMAs in the
Amundsen Basin for С5n.1ny, С6ny, and С24no coin-
cide because of the sufficient density of aeromagnetic
data in this area (Fig. 4). For the Amundsen Basin, a
single significant difference was revealed for С13ny

(~33.2 Ma). A single TMLA and LMA coincidence

for the Nansen Basin within the chosen errors (<7%)

is observed in the С24no area. The age error for the

LMA of С5n.1ny, С6ny, and С13ny varies from 25 to

100%, which cannot be explained by extensive jumps

of the spreading axis, because their signatures are not

visible from seismic data (Fig. 9a).

The extensive asymmetry of opening for the LMA

of С5n.1ny is noteworthy, because the length of the

oceanic crust area formed for the same period of time

in the Amundsen Basin is two times wider than that in

the Nansen Basin.

The LMA of С5n.1ny falls in a period that began

from the Early Miocene (С6no, 19.535 Ma), when the

EB formed as a single system with North Atlantic. The

works [2, 66, 89] dedicated to the LMA identification

in the North Atlantic and EB show a high spreading

symmetry in this period of the evolution of the system,

which excludes possible double asymmetry.

This asymmetry can be geodynamically explained

only by a long jump of the spreading axis, but this

should have led to the formation of a paleorift valley in

the Amundsen Basin, which is absent in the seismic

data, and transform faults should be present, which are

not visible from remote data (bathymetry, gravimetry,

and magnetometry).

Judging from these data, all LMAs identified in the

Nansen Basin and LMAs of 13ny (33.214 Ma) in the

Amundsen Basin have imprecise positions.
GEOTECTONICS  Vol. 57  No. 6  2023
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Table 3. Calculations of disproportions of the LMA position and age after [93] in the Amundsen and Nansen basins
along the line of ARC1407A seismic profile relative to the rift axis of the Gakkel Ridge (Fig. 9а)

The age indexation is according to geomagnetic field inversion scale after [98]; single chrons or subchrons of direct polarity (normal)
are divided into the age of the beginning of its formation (o, old) or/and end (y—young); *, the age of chron according to geomagnetic
field inversion scale after [98]; **, distance along the profile line from the spreading center to LMAs; ***, proportion of distances along
the profile line from the spreading center to the position of LMAs in the Amundsen and Nansen basins.
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Age Correlation of the Reference Reflectors 
and Sedimentary Sequences Recognized 

on Seismic Profile ARC1407A

The age indexation of reflectors, which are distin-
guished in the lower and middle part of the section of
the sedimentary cover, was conducted using tradi-
tional correlation of areas adjacent to the oceanic
basement, whose ages were determined by TMLA
position (Figs. 9a, 9b).

The reflector of the ARC1407 seismic profile area
above the Lomonosov Ridge was indexed according to
the ACEX drilling results by double projection of pro-
file AWI 91090 on profile ARC1407 through the inter-
mediate AWI 91091 profile [22]. Because this area of
the Lomonosov Ridge is f lat and seismic data in the
projection area show no faults in the upper part of the
sedimentary section, a similar approach from a geo-
graphical viewpoint is correct for tracing the most
contrasting and typical reflectors (Fig. 9a). There are
only two striking reflectors: the boundary of the Mid-
dle Cenozoic unconformity of 44.4‒18.6 Ma and the
boundary that registers the beginning of spreading in
the EB at ~57.4 Ma [98] according to the stratigraphic
position [36, 37].

If we consider the seismic profile toward the
Amundsen Basin, there is an erosion area, which cuts
the boundary of the Middle Cenozoic unconformity,
toward the slope of the Lomonosov Ridge in the upper
part of the section (Fig. 9a). The same pattern is
observed for profile AWI 91090 [81], thus it is impos-
sible to make a correct tracing of this reflector to the
graben after the slope even using paleosmoothing of
the reflector. This is also true for the boundary that
GEOTECTONICS  Vol. 57  No. 6  2023
registers the beginning of spreading in the EB, because
it is not traced on the slope.

The visual comparison of the seismic section of the
uplifted part of the Lomonosov Ridge and a deep gra-
ben and a slope, which occur toward the Amundsen
Basin, remains possible. One possible boundary of the
beginning of spreading of ~57.4 Ma is a single reflector
with a typical contrasting feature. With some assump-
tions, it can be traced in the graben and the next upper
slope area, but it is divided from the lower slope area
by a series of faults with a chaotic seismic record
between (Fig. 9a). Thus, during the interpretation of
the EB seismic data, we generally compared the results
with the ACEX borehole section.

Sedimentary Sequence EB-1
Because of the thick sedimentary cover within the

continental slopes and adjacent deep-water Nansen
Basin, the tracing of the lowermost ref lector inter-
preted as the basement is impossible, because it falls in
the zone of multiple reflections. The Nansen Basin
thus has a problem of identification and age index-
ation of the lowermost reflector in the sedimentary
cover, which is indexed at ~50 Ma [93]. The age index-
ation of this reflector was calculated for seismic pro-
files, which are located in front of the FJLA continen-
tal margin [93] according to the results of LMA iden-
tification in the area, which has been sufficiently
studied by aeromagnetic surveys.

This reflector in seismic profile ARC1407А is
clearly observed in the Amundsen Basin and, accord-
ing to theoretical calculations, has an age of ~50.1 Ma
(Fig. 9a). This reflector is traced in the western part of
the Nansen Basin on seismic profile AWI20010100
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(Fig. 6, drift line 8) and its age is estimated at 49 Ma
(Fig. 9b). These age values are similar to the maximum
Cenozoic sea level point (Fig. 10).

Correlating with ACEX drilling results, this age
corresponds to a geological boundary of ~49.7 Ma,
which is characterized by the oldest preserved biosili-
ceous taxon of 50.1 Ma, the beginning of onset of bio-
siliceous silt of 49.7 Ma, and episodic fresh-water con-
ditions of 48.6‒49.2 Ma [36] that explain the forma-
tion of contrasting and typical reflections in the
seismic record (Fig. 9a).

Sedimentary Sequence EB-2

The above located reflector is a reference clearly
observed in all available EB seismic profiles (Figs. 9a, 9b).
It divides a rhythmic sequence with contrasting reflec-
tions (EB-2) from a sequence with much lower con-
trasting reflections (EB-3). The age indexations of this
reflector, which was conducted by different research-
ers for seismic profiles located in different EB regions,
are close to each other [44, 56, 93].

In the western part of the Nansen Basin, the age of
this reflector is identified with the top of the sedimentary
sequence NB-1A with the age of 48 Ma [55] (Fig. 10).
Our connection of this reflecting horizon to the LMA
shows the similar result 47 Ma (Fig. 9b). In the eastern
part of the western sector of the Amundsen Basin, this
reflector is indexed at 44.5 Ma [44]. In work [93] based
on a significant volume of domestic seismic data, this
reflector is indexed at 45 Ma and is traditionally cor-
related with the beginning of a stratigraphic unconfor-
mity (45.4 Ma), which is based on drilling results in the
Lomonosov Ridge [36, 37]. For this reflector of the
ARC1407A seismic profile in the Amundsen and Nan-
sen basins, we calculated the ages of ~44 and 41.8 Ma,
respectively.

Sedimentary Sequence EB-3

The onlap of the above located characteristic sedi-
mentary sequence EB-3 on the oceanic basement
shows high symmetry in the Nansen (~26.5 Ma) and
Amundsen (~25.5 Ma) basins (Figs. 9a, 9c). This
reflector is clearly observed in the western part of the
Nansen Basin in seismic profile AWI20010100 [55]
(Figs. 9b, 10). The age indexation of this reflector is
similar (26 Ma) (Fig. 9b). In the Amundsen Basin, the
top of sequence EB-3 corresponds to the top of layer
Unit-1c of ~27.5 ± 2.5 Ma [44] (Fig. 10).

Similar interpretation results for the boundary of
~26 Ma contradict the results of [93, 94], in which the
reflector slightly located above is recognized as one of
the reference reflectors for the Arctic Basin with the
age of 34 Ma (~33.2 Ma [74]). If we accept the seis-
mostratigraphic model of [93], the age of the EB-3 top
should thus be older than 34 Ma, i.e., the difference
with results of our interpretation reaches ~10 Ma leav-
ing ~17% of the total age of the EB existence (a begin-
ning of ~57.4 Ma).

If we use the mathematic estimations of the preci-
sion of coincident identification of the LMA 13ny
[93], the difference in distances from its positions in
the Amundsen and Nansen basins to the present-day
spreading center is ~15 km or ~17% (Table 3, Fig. 9a).

The period of the formation of C13n was character-
ized by extremely low spreading rates, which are lower
than the present-day ones [2]. The seismic data show
that the width of the present-day rift valley is ~22 km,
whereas the theoretical calculations show that it
formed over the last ~2.7 Ma (Figs. 8, 9a). The asym-
metry of the LMA positions in 15 km should thus lead
to the formation of the paleorift valley in the Amund-
sen Basin, which is invisible from seismic data. More
disproportion is observed in comparison of the TLMA
and its theoretical age (Table 2).

Taking into account the slow spreading rates and
the visible position of the basement in seismic profile
showing the general symmetry of its deepening in a
range from the walls of the rift valley toward the basins
to LMA 13ny, we can conclude that a determination
error of its position has occurred.

The attempt at the LMA 13ny identification [65,
93, 94] in the eastern part of the EB from retrospective
domestic aeromagnetic data characterizing by low
density of network and large navigation errors is
important. The eastern part differs in low spreading
rates [2] that intensify the effect of MAF superposition
from single chrons. If we consider the MAF curves
[65, 93] above the interpreted seismic profile, it is
noteworthy that the local MAF, which can be identi-
fied as LMA 13n, is absent on the curves.

Sedimentary Sequence EB-4
The above located sedimentary sequence EB-4

reflects the changes that occurred after the beginning
of a new evolution stage of the EB (Figs. 9a, 9c, 10). In
the Nansen and Amundsen basins, the top overlaps
the oceanic basement with a theoretical age of ~18.6
and 19.2 Ma, respectively. By its position, the top is
correlated with the reflector of ~17.5 Ma, which is rec-
ognized in the western part of the Amundsen Basin
and related to the beginning of the oceanic phase in
the EB [44].

Some features of this sequence could be shown on
the example of the interpretation of the reflector that
overlaps the oceanic basement of the Nansen and
Amundsen basins with theoretical ages of ~24.5 and
~19.6 Ma, respectively, and divides this sedimentary
sequence into two subsequences, EB-4A and EB-4B
(Figs. 9a, 9c).

This reflector is recognized in the western part of
the Amundsen Basin and, in comparison with LMA,
its age is estimated at <25–20 Ma [44]. The clear age
inconsistency of this reflector in the Amundsen and
GEOTECTONICS  Vol. 57  No. 6  2023
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Fig. 10. The scheme of seismostratigraphic correlation of sediments along the line of profile ARC1407A and its correlation with
drilling results of the ACEX boreholes and main tectonic stages of the evolution of the Norwegian–Greenland and Eurasia basins
after [2, 9, 16, 36, 42, 44, 49, 55, 56, 60, 62, 64–66, 69, 70, 93].
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Nansen basins revealed in this work indicates a previ-
ous tectonic event, which was identified by mutual
location of sedimentary cover with the oceanic crust in
the Amundsen Basin (Figs. 9a, area A).

The tops of sedimentary subsequences EB-4A and
EB-4B and other internal contrasting horizons are
approximately parallel to the oceanic basement, which
sharply dips to the north. If we compare this area with
that of the present-day rift valley in the Amundsen
Basin, the following analogs are clearly traced.

The distance from the center of the rift valley to the
top of the wall is ~11 km and, according to the calcula-
tions, this oceanic crust area formed for over ~2.7 Ma.
Taking the fact into account that the spreading rate
slightly increases beginning from LMA 2Аn.3o
(3.596 Ma) [12], it is logical to suggest that the seg-
ment in area A, which is ~9.4-km long and formed for
approximately over ~1.5 Ma, is a relic of the wall of the
paleorift valley, which underwent intense uplifting
(Fig. 9a, area A).
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This area within sedimentary subsequence EB-4B
has intense reflections, which could be interpreted as
sills intruding the sedimentary cover as a result of
intense magmatic eruptions during the period of for-
mation of this oceanic crust area in the rift valley, i.e.,
the age of the top of sedimentary subsequence EB-4B
could be equal to the theoretical value in the Amund-
sen Basin of ~19.6 Ma (Fig. 9a, area A).

This period corresponds to the formation of the
first continuous and intense LMA 6no anomalies
between the Yermak Plateau and Morris Jessup Rise in
the EB and the f lanks of the Kolbeinsey Ridge in the
Norwegian–Greenland Basin [2, 42, 62, 66, 89]. This
reflector in the western part of the Nansen Basin cor-
responds to the top of layer NB-1B [56] in seismic
profile AWI20010100 (Fig. 9b).

The age indexation of this ref lector of 19.6 Ma fully
coincides with the determination of age of the top of
subsequence EB-4B (Figs. 9a–9c, 10).

The top of subsequence EB-4A is located slightly
closer to the rift valley, i.e., its age (similarly to the



716 ZAYONCHEK et al.
interpretation of ARC1407A seismic profile) can be
accepted as ~18.3 Ma (Figs. 9a, 9c).

Sedimentary Sequence EB-5
The top of sedimentary sequence EB-5 overlaps

the oceanic basement of the Nansen and Amundsen
basins at ~10.2 and ~13 Ma, respectively (Fig. 9a). The
position of the top coincides with a reflector distin-
guished in [93], which is indexed at 20 Ma. In [93], the
age was indexed by the position of LMA C6ny
(~18.636 Ma), but the sharp asymmetry of distances
from the center of the rift valley to this LMA in the
Amundsen and Nansen basins (~77.5 and ~59 km,
respectively) allows its erroneous recognition in the
Nansen Basin (Figs. 9a, Table 2).

The top of sequence NB-2 corresponds to 10 Ma in
the western part of the Nansen Basin [56] (Fig. 10).

Because of the dissection of the basement surface
and the low thickness of sedimentary lenses in the
near-rift depressions, it is impossible to trace the top of
the sequence toward the rift valley (Fig. 9b). In [56], the
age of the sequence is calculated on the basis of the
analysis of sedimentation rates in comparison with
results from the ACEX borehole [36, 37, 60]. By hypso-
metric level, sequence EB-5 in the Amundsen Basin
corresponds to layer Unit-4 (17.5(?)–8(?) 10.6‒8 Ma)
[44], which is close to our theoretical age values. The

age of the top of layer Unit-4 is correlated with a 10Be-
dated hiatus at a depth of 135.5–140.4 m in the ACEX
drill core (after [60], recalibrated after [45]) and the
onset of Fe–Mn crusts in the f lank of the Lomonosov
Ridge [84].

The age of top of sequence EB-5 of 10.2 Ma, in our
opinion, remains the same as the TLMA position in
the Nansen Basin, which corresponds to an insignificant
stratigraphic hiatus over the period of 11.6‒9.6 Ma, as
was observed in the ACEX borehole [36, 37].

Sedimentary Sequences EB-6-NA,
EB-7-NA, and EB-6-AM

The age indexation of the above located sequences
with TLMA is difficult due to the dissected seafloor of
the near-rift seamounts, preventing correct determi-
nation of the onlap point of the reflector on the oce-
anic basement. We interpreted the sequences as having
an age of <10.2 Ma.

DISCUSSION

The Period of the Formation 
of Sedimentary Sequence EB-1 (54.7–50.1 Ma)
The beginning of the formation of the sequence is

related to the beginning of the EB spreading, which is
accepted as ~57.4 Ma. The age of the top of seismic
sequence EB-1 is accepted as ~50.1 Ma, which totally
coincides with previous results [93] (Fig. 10). One of
the explanations of this boundary is related to its link
with climate changes [93].

At the same time, there are evident tectonic factors.
A jumplike decrease in the rate and a strong change in

the direction of spreading ( 30°‒40°) occurred at 50–

48 Ma in the northeastern Atlantic [64], although the
full spreading rates were relatively high at the period of
53.9–44.0 Ma in the EB: 2.2–2.7 cm/year [2]. The
directions of transform zones in the Labrador Sea
changed in the period of 50–48 Ma [64].

A semigraben, whose age is estimated at 55 Ma, is
located in the Amundsen Basin north of the TLMA
С24no (53.9 Ma) toward the Lomonosov Ridge
within the entire local basement inlier (Fig. 9a). The
work [92] suggested a change in the direction of
spreading at its earliest stage in the EB. An inversion
with the age of 53.5 ± 1 Ma was observed in the West
Spitsbergen Fault Zone, which is related to the begin-
ning of the transform displacement of Greenland rela-
tive to the northwestern part of the EB [104] and the
beginning of the northward displacement of Green-
land relative to North America [97]. The age of this
event is estimated at ~55 Ma (Fig. 10).

The Period of the Formation 
of Sedimentary Sequence EB-2 (50.1–44.0 Ma)
The theoretical age of the top of the sedimentary

sequence is ~44 and ~41.8 Ma for the Amundsen and
Nansen basins, respectively. Because the theoretical age
is slightly younger than the beginning of the stratigraphic
hiatus (45.4 Ma) in the ACEX borehole [36, 37], we can
assume a scenario of the earlier uplift of the central
segment of the Lomonosov Ridge above sea level and
erosion of a small part with an already formed sedi-
mentary sequence.

It is possible that the younger age of the top of the
sedimentary sequence EB-2 in the Nansen Basin is
related to the reconstruction of the direction of plate
movements in the Northern Hemisphere, which
occurred during 47.7–43.5 Ma (Figs. 9, 10).

In addition to the change in the direction of the EB
drift lines, the relics of this reconstruction are traced
in seismic data. The deformation of the sedimentary
cover located below the top of sequence EB-2 is
observed in seismic data in front of the eastern part of
the FJLA [93]. This indicates that the main change in
the spreading direction in this part of the Nansen
Basin occurred earlier than ~44 Ma.

Seismic profile ARC1407A for this age range con-
tains no evident signatures of deformation in the sedi-
mentary cover, but exhibits a clear local asymmetry of
the basement surface in the nearest areas to the place
of the reflector onlap. The local asymmetry includes a
minor displacement of the theoretical age of the for-
mation of oceanic crust in characteristic near-rift
depressions of the Nansen and Amundsen basins
(Figs. 9a, 9b, points B, B').

z

GEOTECTONICS  Vol. 57  No. 6  2023



THE PRE-QUATERNARY EVOLUTION OF THE EURASIA BASIN 717

Fig. 11. Interpretation of seismic profile AWI-91, modified after [82]. For the position of the profile, see Fig. 1 (drift lines 6 and 8).
Abbreviations: YeP, Yermak Plateau; MJR, Morris Jessup Rise; SS, identified sedimentary sequences after [82]; LMA, identified
linear magnetic anomalies after [82]; TA, theoretical age (Ma). A, A' and B, B', areas of symmetric deepening of the basement in the
Amundsen and Nansen basins relative to the Gakkel Ridge; C, C', areas of symmetric uplift of the basement in the Amundsen and
Nansen basins relative to the Gakkel Ridge; D, area of sharp deepening in the Nansen Basin without symmetric reflection in the
Amundsen Basin. (1, regional trend of topography within (A, A'), (B, B'), (C, C'), and (D, D') segments; (2, 3) types of oceanic crust
formed during symmetric spreading (2) and asymmetric spreading (jump/jumps of opening axis (?)) (3); (4) continent–ocean tran-
sition zone (asymmetric rifting (?)); (5) oceanic crust formed during the beginning of spreading (D)(?); (6) continental crust. 

0

2

4

6

200

1

400 600

2 3 4 5 6
Distance along the profile line, km

D
e
p

th
, 

k
m

MJR

SS

YeP

V,
km/s

Amundsen Basin Gakkel Ridge

Nansen

Basin

? ? ? ? ?13n

D

А А А' B'BC C'

6n 6n5n 5n LMA

~29
~29

~26
~26~22 ~22

~20
~20

~18 ~18~16.6
~13

~13
~15 TA, Ma

1.7–2.5

3.1

4.6
This can indicate local jumps of the spreading axis,
which are missed in calculations of the theoretical age of
the oceanic crust based on symmetric spreading. The
deviation of ~2 Ma shows the absence of a local jump
component in the calculations for the Nansen Basin.

Global plate reorganization does not occur rapidly
and if this is true ~2 Ma marks the duration of the local
reconstruction in the EB and therefore the age of the
formation of the top of sequence EB-2 within these
limits.

The Period of the Formation 
of Sedimentary Sequence EB-3 (44–26 ± 0.5 Ma)
This sequence characterizes the complex interac-

tion of three plates (Eurasian, North American, and
Greenland) and peculiarities of sedimentary cover in
the western part of the EB. The bottom and top of this
sequence identified on ARC1407A seismic profile are
clearly correlated with the reflector identified in the
western part of the Nansen and Amundsen basins
(Fig. 10).

Judging from the ARC1407A seismic profile within
sequence EB-3, there are no objective reasons for its
more detailed division. Two layers however are recog-
nized in the western part of the Amundsen Basin in this
period of [44]: Unit-1b (~44.5 ± 1.5‒~37.5 ± 2.5 Ma)
and Unit-1c (~37.5 ± 2.5‒~27.5 ± 2.5 Ma). The
reflector of 38 Ma is recognized in the western part of
the Nansen Basin (Figs. 9, 10).

During 40–38 Ma, the direction of spreading in the
Eurasia and Norwegian–Greenland basins changed
[62, 64]. The full averaged spreading rates were also
GEOTECTONICS  Vol. 57  No. 6  2023
slow: ~1.8 cm/year (the initial stage of less than 50 Ma
at ~3.8 cm/year) for the Norwegian–Greenland Basin
[62] and ~1.5 cm/year (the initial stage of less than
50 Ma at ~2.5 cm/year) for the EB [2].

In this period, Greenland continued to move
toward the north [97]. It is evident that the changes in
the directions and spreading rates observed in the
Norwegian–Greenland and Eurasia basins should be
reflected symmetrically between the Greenland and
North American plates, but these changes cannot cor-
rectly be observed due to extremely low spreading rates
in the western part of North Atlantic.

The 40Ar/39Ar age of basaltic f lows of the Ellesmere
Island is 49‒47 Ma and is accepted as a peak of
Eurekan Orogeny in some works [109]. The age of
40‒38 Ma reflects the later orogenic stage, which
affected the northern areas of the Ellesmere Island
and probably the Morris Jessup Rise and Yermak Pla-
teau. These areas were the local provenances that sup-
plied sediments during 44‒38 Ma in the adjacent
western part of the EB, but which are not traced to the
eastern part.

As in [44], we accept a tectonic factor of the forma-
tion of the top of sequence EB-3 with the age of 26 Ma.
This age corresponds to the termination of spreading
in the Aegir paleoridge in the Norwegian–Greenland
Basin.

New qualitative aeromagnetic data [70, 71] refine
the age of termination of spreading, because the pres-
ence of LMA С12-11no (~30.6‒30 Ma) nearest to the
paleorift is reliably determined. The age of termination
of spreading of ~25 Ma is determined assuming a sys-
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tematic decrease in the ultraslow spreading rate, which
occurred just after the period of the formation of C21r
(47.760‒48.878 Ma) [70, 71].

It is considered that the age of 27.5‒26.0 corre-
sponds to the formation of the first segmented LMA in
the northern part of the segment between the Morris
Jessup Rise and Yermak Plateau [42, 78]. If we index
the age period with the geomagnetic polarity inversion
scale, the interval corresponds to a period of frequent
magnetic field inversions in the range of С8‒С11
(~25‒30 Ma) (Fig. 10).

In this period, the EB had low spreading rates [2],
thus LMA identification is hampered because of the
superposition of anomalous fields from some blocks of
chrons of different polarity. In its geomorphological
and geophysical characteristics, the segment between
the Morris Jessup Rise and Yermak Plateau differs
from the rest part of the EB [2] with only one trans-
verse segmented profile AWI-91 conducted within its
limits in 1991 (Figs. 6, 8).

The identification of the profile [82] was based on
obsolete results of LMA identification of 1979 [111];
thus, we again indexed the seismic section with a the-
oretically calculated age emphasizing the clear asym-
metry of the structure of the ridge f lanks (Fig. 11). The
description of the peculiarities of the structure of sed-
imentary cover is taken from [82].

Directly on the uplifts, the thickness of the sedi-
mentary cover is only 100–200 m; there are erosion
signatures. If we consider the regional principles of the
basement topography from the present-day spreading
center toward the f lanks from the viewpoint of its sub-
sidence with the increasing age of the formation of the
oceanic crust, it occurs only in the central area, A–A'
(Fig. 11) and is limited by the age of ~13 Ma for the
Amundsen and Nansen basins, indicating symmetric
spreading.

The maximum thickness of sediments in the
depressions is ~200 m. The next area B' in the Nansen
Basin has no counterpart in the Amundsen Basin,
indicating unstable spreading during this period and
jump/jumps of the spreading axis (Fig. 11). The max-
imum thickness of sediments in the depressions is
~400 m.

The next symmetric areas, B and B', in general plan
(Fig. 11) exhibit an opposite change in regional direc-
tions increasing toward the slope foot. The basement
topography allows their identification as areas of active
rifting (continent–ocean transition zone (?)).

There is a deep graben in the Nansen Basin (area C)
with a theoretical age of formation of 27‒26 Ma, in
which the maximum thickness of sediments is three
times higher (~1500 m) in contrast to the opposite area
in the Amundsen Basin (Fig. 11).

The lower part of the section strongly differs in
higher seismic velocities (3.1 and 4.5 km/s), which can
indicate active intrusion of basalts to sediments. This
area can be interpreted as an initial spreading stage (?).
Because of the absence of significant jump/jumps
of the spreading axis in area B and B', the theoretical
age determination in area C and the next areas toward
the rises are groundless, because they were based on
general spreading symmetry (Fig. 11).

It is difficult to make theoretical calculations of the
possible time of the jump because of the extremely
curving single seismic profile in this segment of the EB
(Figs. 6, 8). 

We can suggest the following scenario. The initial
stage of separation of the Morris Jessup Rise from the
Yermak Plateau was accompanied by a regional uplift,
which also affected the western part of the Lomonosov
Ridge, the northern part of the Spitsbergen Archipel-
ago, the north of the Ellesmere Island, and possibly
the area between the Spitsbergen Archipelago and the
FJLA (its western part?). 

This is indirectly supported by the results of calcu-
lations of the Cenozoic uplift showing high values of
the uplift for the northwestern part of the Barents Sea
rather than for the northeastern, central, and southern
parts [4, 75]. It is likely that a mantle plume was located
beneath this area [42]; its traces occur at present as a
local minimum in tomographic models [63] that
defines the magmatic scenario of the evolution in this
segment [48].

This is emphasized by the sharp AMF intensity [2],
which is atypical of the entire EB area. Numerous
traces of grabens are observed in seismic data on the
Yermak Plateau [69], whereas intense magnetic
anomalies [42] and contrasting local reflections in
sedimentary cover [69] allow their interpretation as
the intrusion of basalts during continental rifting.

The age of ~30 Ma can be accepted as the begin-
ning of active rifting between the Yermak and Plateau
and Morris Jessup Rise with the uplift of territories,
which was followed by spreading in local segments at
~26 ± 0.5 Ma. A confident reflector of this age is thus
distinguished from seismic data of the western part of
the Amundsen Basin and the western part of the east-
ern sector of the EB.

The Period of the Formation
of Sedimentary Sequence EB-4 (26 ± 0.5‒18 ± 0.3 Ma)

Seismic sequence EB-4 is subdivided into two
subsequences and has a series of specific signatures
(Figs. 9a–9c, 10). By its hypsometric level, the lower
subsequence EB-4A (26 ± 0.5–19.6 Ma) corresponds
to layer Unit-2 (27.5 ± 2.5‒23(?)) (<20‒25) Ma [44]
in the western part of the Amundsen Basin and is
clearly correlated with the reflector in the western part
of the Nansen Basin. After the termination of spread-
ing in the Aegir Ridge at ~25 Ma [71], the first spread-
ing segments of the further Kolbeinsey Ridge [40, 63]
and Molloy Basin [55, 104], which divides the Knipo-
vich Ridge from the Lena Trough, form with a minor
delay during the formation of LMA 6B (~22 Ma).
GEOTECTONICS  Vol. 57  No. 6  2023
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LMA 6no (~19.6 Ma) is the first that was distin-
guished in the north of the Lena Trough and is continu-
ously traced between the Morris Jessup Rise and Yermak
Plateau [55]. The age of the top of EB-4 (~19.6 Ma)
reflects the age of the fast phase of amalgamation of
North Atlantic and EB.

The upper subsequence EB-4B (19.6–18.3 ± 0.3 Ma)
corresponds to the top of layer Unit-3 (23 (?)) (<20–
25)‒17.5 (?) Ma [44]. In [44], the age of 17.5 Ma is
correlated with the end of the estuary sea phase
according to the results of the interpretation of the
AXES borehole [36, 37].

The period of 18.636‒18.007 Ma (LMA 6ny‒5Ey)
saw a fundamental reconstruction of spreading of the
North Atlantic–EB system (Fig. 7). Beginning from
the period of the formation of LMA 24no (53.9 Ma) to
LMA 6ny (18.636 Ma), the main direction of migra-
tion of spreading poles occurred toward the NNW.
Beginning from the period of LMA 5Ey (18.007 Ma),
at least, before LMA 1no (0.773 Ma) and, probably, at
present, the main direction of migration of the spread-
ing pole reversed (SSE). It is thus logical to suggest
that the formation of this boundary was a result of this
reconstruction. Because there are no chrons of mag-
netic polarity between LMA 6ny and 5Ey, we can pro-
vide only the average probable estimation of the age of
this event of ~18.3 ± 0.3 Ma, which indicates the
beginning of the oceanic phase in the EB (Fig. 10).

The Period of the Formation 
of Sedimentary Sequences EB-4AM, EB-6-NA, 

and EB-7-NA

The upper sedimentary sequences younger than
10.2 Ma show striking asymmetry of thicknesses and
the character of the seismic record in the Amundsen
and Nansen basins (Fig. 9a, 9c). Four subsequences are
distinguished within the Amundsen Basin in sedimen-
tary sequence AM-6 by their seismic records (Fig. 9a).
In [44], the upper part of the sediments is subdivided
only into two layers Unit-5 (8 (?)–2.5 (?) Ma) and
Unit-5 (2.5 (?)–0 Ma), in which the age of 2.5 Ma
corresponds to the Late Pliocene–Quaternary glacia-
tion stage of the Arctic [31]. The sharp dissection of
the basement surface in the Amundsen Basin in the
ARC1407A seismic profile prevents correct tracing of
the reflector toward the Gakkel Ridge; thus we did not
divide sequence AM-6 in more detail (Fig. 9a).

A striking feature of the sedimentary sequence
within the Nansen Basin is related to the presence of
areas of significant or partial loss of signal coherence
(Fig. 9a, 9c, areas 1, 1'; 2, 2'; 3; 4, 4'; 5). The same
areas are known in the western part of the Nansen
Basin [9, 24, 56] and are interpreted as landslide bod-
ies or intense turbidite f lows (further, objects). In [56],
similar objects occur within the sequences that formed
from glaciomarine sediments of the Late Pliocene–
Quaternary glaciation stage of the Arctic, as was estab-
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lished by deep-water drilling in the northern part in
the Norwegian–Greenland Basin and on the Yermak
Plateau [31, 95, 96].

The German, Norwegian [56], and Russian seis-
mic profiles in the western part of the Nansen Basin
were correlated in [9]. It has been established that the
upper sequence of the sedimentary cover in the Rus-
sian seismic data, which hosts the objects, is identical
to the sequence, as was determined in [56] as a Late
Pliocene–Quaternary glaciomarine age with the lower
boundary of ~2.5 Ma (2.7 Ma [74]).

In [56], sequence NB-4 was divided into two subse-
quences by the boundary of 1.5 Ma (Fig. 10). In our
study, no more detailed division of sequence NA-7,
which hosts landslide bodies, was conducted and the
age of its foot was accepted as 2.7 Ma (Figs. 9a–9c, 10).

There is a significant difference in the thicknesses
and lengths of glaciomarine sediments on profiles
AWI-20010100 and ARC1407A (Figs. 9a, 9b). Seismic
profile AWI-20010100 indicates that the glaciomarine
sediments do not transit to the rift valley and stop
before the near-rift seamounts. On the ARC1407A
seismic profile, they are characterized by significantly
higher thickness and the presence of a significant
number of longer landslide bodies, which indicates the
more intense contribution of sedimentary material. It
can be stated that the age of sediments in the present-
day rift valley of the Gakkel Ridge is less than 2.7 Ma,
because it formed exactly during this period (Fig. 9a).

In the Norwegian–Greenland Basin, the maxi-
mum 3–4 km of the thickness of glaciomarine sedi-
ments, which comprise ~60% of the total thickness of
the entire Cenozoic sediments [96], are observed in
the area located in front of the Medvezhinsky Trough
(Fig. 1) [31, 57]. Profile ARC1407A is located on a tra-
verse of St. Anna and Voronin troughs, which together
exceed the size of the Medvezhinsky Trough (Fig. 1).

Thawing waters and glaciomarine sediments were
delivered to the central part of the Nansen Basin along
the St. Anna and Voronin trenches. At the initial thaw-
ing stage of the ice cover, the intense mud flows led to
sliding of previously formed slope sediments. The
lower landslide bodies are submarine landslides of
sedimentary cover formed during a period of <19.6–
2.7 Ma, which partly eroded the upper part of sedimen-
tary sequence EB-4B and completely eroded EB-5 and
EB-6 (10.2–2.7 Ma) in a significant part of the Nan-
sen Basin (Figs. 9a, 9b, areas 1, 1').

During further Quaternary thawing cycles of ice
covers, the intensity of mud f lows was high, thus they
overflowed the rift valley of the Gakkel Ridge, as is
similar to the interpretation results of seismic data of
the Knipovich Ridge [32]. This overflow led to the
origination of an uncertainty area of interrelations of
sediments that were delivered to the Amundsen Basin
from the Nansen Basin and directly formed in the
Amundsen Basin (Fig. 9b, area B).
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Profile ARC1407А within the rift valley of the Gak-
kel Ridge contains sediments ~600-m thick (Fig. 9a).
The sedimentary sequences in the rift valley are
observed on seismic profiles AWI20010300, ARC1405,
ARC026, ARC024, ARC1216, and ARC1420 [79, 83]
(Fig. 1). Beginning from profile AWI20010300, the
seafloor of the rift valley becomes f latter toward the
Laptev Sea (Fig. 6).

The narrowing of the EB is related to approaching to
the spreading poles. The rift valley thus approaches the
provenances of sediments: the Kara continental mar-
gin, which had ice cover, as suggested, during the Late
Pliocene–Quaternary glaciation stage [23, 83, 95].

It is suggested that the sharp asymmetry of seafloor
depths in the eastern part of the EB in the Nansen and
Amundsen basins is related to the contribution of sig-
nificant volumes of Late Pliocene–Quaternary gla-
ciomarine sediments in the eastern part of the Nansen
Basin, which also penetrate the rift valley of the Gak-
kel Ridge.

CONCLUSIONS

The following conclusions can be drawn as a result
of our studies.

(1) The sedimentary sequences on seismic section
ARC1407A and their stratigraphic indexation are
close to those in the western parts of the Nansen and
Amundsen basins.

(2) The age of sedimentary sequences corresponds
to the ACEX drilling results and the main stages
(onset, reconstruction, and deceleration of spreading)
of the evolution of the Eurasia Basin.

(3) The reference horizon, which was previously
recognized in the Eurasia Basin with the age of ~34 Ma
related to the termination of spreading in the western
part of North Atlantic and incorporation of Greenland
Plate in structure of North American Plate, is not
identified similarly to the results of study in the west-
ern parts of the Nansen and Amundsen basins.

(4) The reflector of ~38 Ma, which was earlier
traced in the western part of the Amundsen Basin, was
distinguished in the western part of the Nansen Basin.
Its formation is related to one of the evolution stages of
the Eurekan Orogeny of 40–38 Ma.

(5) The reflector of ~26 Ma, which was traced in
the western part of the Amundsen Basin, is recognized
in the western part of the Nansen Basin and within
ARC1407A seismic profile. The origination of this
extensive boundary is related to the beginning of
unstable spreading in the western segment of the Eur-
asia Basin between the Yermak Plateau and Morris
Jessup Rise.

(6) The termination of the long stratigraphic hiatus
of 44.4–18.2 Ma in the ACEX section is clearly cor-
related with the origination of the sedimentary
sequence of 19.6‒18.3 Ma, which supports the begin-
ning of the formation of a deep-sea gateway between
the North Atlantic and Eurasia Basin. This event coin-
cides with the main stage of the change in direction of
movements of the Eurasian and North American
plates, which is expressed in the change of the general
direction of migration of momentary spreading poles
from NNW to the SSE.

(7) Thick sedimentary sequences in the Nansen
Basin and the rift valley of the Gakkel Ridge, which are
observed on ARC1407A seismic profile, are Late Plio-
cene–Quaternary glaciomarine sediments (<2.7 Ma).
Our research confirmed that the thick sediments stud-
ied in the Nansen Basin and the rift valley of the Gak-
kel Ridge comprise a significant volume of sediments
in the eastern part of the Amundsen Basin and the
Gakkel Ridge.
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