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TECTONIC MAP OF THE ARCTIC

INTRODUCTION

The Tectonic Map of the Arctic (TeMAr) has
been compiled under the aegis of the Commission
for the Geological Map of the World (CGMW) and
carried out since 2004 by the Geological Surveys
of the Arctic countries under the general coordina-
tion of VSEGEI, and with the support of UNESCO.
This map is part of the project of Atlas of Geologi-
cal Maps of the Circumpolar Arctic at scale 1:5M
(fig. 1). The TeMAr working group coordinated
by Russia (VSEGEI) includes leading scientists
from Geological Surveys, universities and national
Academies of Sciences of Denmark, Sweden, Nor-
way, Russia, Canada, the USA, France, Germany
and Great Britain.

Focussed active work on the legend for the Tec-
tonic Map of the Arctic (TeMAr) took place during
a series of meetings of the working group held
jointly with representatives of the Commission for
the Geological Map of the World in 2010: January
and April (St. Petersburg), February (Paris). The
first working draft of TeMAr was presented at the
4th international project workshop in April 2012 in

Lircumpolar Arctic
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Fig. 1. The frame of the International project “Atlas of
Geological Maps of the Circumpolar Arctic in scale 1:5M”

Vienna in conjunction with the General Assembly
of the European Geosciences Union (EGU). An
updated version, including a crustal thickness map,
a chart of crustal types, and a transarctic cross-
section, was displayed at the 34th session of the
International Geological Congress in Australia in
August 2012.

The updated TeMAr map was also shown at the
11th International Conference and Exhibition for
Oil and Gas Resources Development of the Russian
Arctic and Continental Shelf in September 2013 in
St. Petersburg. The fifth meeting of the international
TeMAr working group was held in February 2014
in Paris on the invitation of the Commission for the
Geological Map of the World. It was attended by
twenty participants from Canada, France, the USA,
Denmark, Norway, Sweden, Germany, and Russia.

In April 2015, the TeMAr map, including a full
range of maps and charts with marginal information,
was displayed at the meeting of the special session
of the General Assembly of the European Geo-
sciences Union in Vienna. In May 2015, the Canadi-
an portion was published by the Geological Survey
of Canada and made available to the working group
as Canadian Geoscience Map (CGM) 187.

The international testing of the updated layout
of the Tectonic Map of the Arctic took place at the
meeting of the TeMATr international working group
within the framework of the General Assembly of
the European Geosciences Union (EGU) in Vienna
in April 2016. The complete versions of the map
was prepared for the Geological Congress in Cape
Town in August, 2016.

During the course of deliberations by the TeMAr
international working group, it became apparent that
despite the concordant opinion of various experts
on the structure of bounding continental margins
and most of the Arctic basin, some issues still re-
mained on the table to be resolved. One such topic
is the tectonic nature of the least understood deep-
water part of the Arctic. Russian and some other
members of the working group, relying on domes-
tic and international geological and geophysical
studies in the Arctic in recent years, have argued for
the existence of Precambrian/Paleozoic continental
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Fig. 2. The participants of the workshop on the Tectonic Map in February, 2017 (Paris)

crust in the central Arctic Basin. US experts and
other researchers favour a different interpretation
that features a much more widespread distribution
of oceanic crust in the region.

In February 2017, in Paris, GGMW decided to
publish the 1:10M Tectonic map, as it was done for

other maps in order to distribute it among students
and the scientific community (fig. 2, 3).

The compilation of the Tectonic Map incorpo-
rated the results of a decades of the geological and
geophysical works in the Arctic area undertaken
by numerous international and national expeditions

Ceom
Comw SBCEIE

International Workshop on the Tectonic Map of the Arctic Map (TeMAr) at scale 1:5M
CGMW Headquarters in Paris
6-7-8 February 2017

Participants

Ms. Svetlana Botysun (on behalf of Dr. Richard Emnst, Carleton University, Canada); Dr. Stephen
Box (US Geological Survey); Dr. Christopher Harrison (Geological Survey of Canada); Acad.
Aleksandr Khanchuk (Russian Academy of Sciences); Dr. Nicolas Lemonnier; Dr. Tom Moore
(US. Geological Survey); Dr. Oleg Petrov (CGMW, VSEGEI); Dr. Karsten Piepjohn (BGR); Dr.
Manuel Pubellier (CGMW, CNRS); Dr. Igor Pospelov (CGMW, GIN RAS/VSEGEI); Dr. Philippe
Rossi (CGMW); Dr. Marc Saint-Onge (CGMW, Geological Survey of Canada); Prof. Sergey
Sokolov (Geological Institute, Russian Academy of Sciences); Dr. Bruno Vrielynck (CGMW).

The main aim of the workshop was:

i) to examine the modifications / complements performed by US, Canadian and German
colleagues to the last TeMAr GIS (version June 2016) and

ii) to integrate in the GIS the modifications discussed and endorsed during the workshop.

During the days following the workshop, CGMW experts and participants will review and
complete the modifications and will ensure the homogeneity of the relevant part of the
database for Canada and USA.

After this task is completed, the database and a printed copy of the map will be delivered in
early March 2017. VSEGEI will, in its turn, verify the completed map before presentation to
the EGU in Vienna next April and prior its printing at 1:5M scale.

In addition, CGMW will make tests to produce a reduced map at about 1:10M (as previously
done for other maps) for a diffusion mainly aimed at students. Although it shall be necessary
to delete some information due to constrains related to layout and format, this data will be
made available on a pdf file downloadable in CGMW web site.

A presentation of the map is planned to be held at CGMW booth during the EGU 2017.

Fig. 3. Resolution of the International Workshop on the Tectonic Map in the CGMW where the last version
of the Tectonic Map was accepted
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Fig. 4. Icebreaker “Akademik Fedorov” during expeditions Arctic-2005 and Arctic-2010, “Heally” and “Polarstern”
(expedition in 2008)
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Fig. 5. Comprehensive study of seafloor scarps with bedrock outcrops on the Mendeleev Rise using shallow drilling
and the manipulator of the research submarine in 2012 (expedition “Arctic-2012")

between 2000 and the present. Among these were
the Arctic-2005, 2007, and 2010 expeditions (ice-
breaker “Akademik Fedorov”), ARK-XXI-II/3 (ice-
breakers “Polarstern” and “Heally”) (fig. 4).

In 2012 important results were obtained by expe-
dition Arctic-2012 (icebreakers “Captain Dranitsin”

and “Dixon” aimed at comprehensive geologic in-
vestigation of the Mendeleev Rise (fig. 5).

The results of the expeditions include geophysi-
cal studies of the Arctic Ocean, diverse investiga-
tions of bedrock material from the Central Arc-
tic Uplifts, magnetic studies and research of the
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geological structure of Svalbard, Novaya Zemlya
and the New Siberian islands archipelagos.

In 2014 and 2016, the Geological Institute of
the Russian Academy of Sciences (GIN RAS) in
cooperation with the Geological and Geophysical
Survey of the Geological Institute (GEOSLUZHBA
GIN) and the Main Directorate for Deepwater Re-
search of the Ministry of Defense of the Russian
Federation conducted expeditions in area of the
Alpha-Mendeleev Rise to collect data for studying
geological section of the Rise. Rocks were sampled
by research submarine manipulators directly from
cliffs, ledges, elevations, as well as from debris be-
neath them and loose rocks formed on their terraces
and peaks resulted from bedrock destruction.

The Tectonic Map of the Arctic is a qualitatively
new product of present-day mapping. It includes
a set of additional (marginal) maps and charts,
which are based on the most recent integrated geo-
logical and geophysical data and demonstrates the
deep structure of the Earth’s crust and upper mantle
of the Circumpolar Arctic. They are as follows:
zoning map of the Circumpolar Arctic by nature
of potential fields, the map of sedimentary cover
thickness, the map of crust thickness, the map of
crust types, the 7600-km transpolar geotransect, the
tectonic zoning map.

The compilation of the Tectonic Map of the
Arctic has marked the beginning of a new supra-
regional level of geological-geophysical, isotope-
geochronological and metallogenic knowledge of
this inaccessible area. It called for comprehensive
studies, integrating efforts of experts in various
fields that promoted the development of fundamen-
tal geological sciences, the development and im-
plementation of scientific innovation bases for the
organization of cooperation between representatives
of geological surveys, national academies and uni-
versities. Studies conducted by international com-
munities have demonstrated successful experience
of international cooperation and are highlighted in
numerous publications and monographs. The Tec-
tonic Map of the Arctic not only solves scientific
problems, but it also is the most important basis for
assessing the Arctic region mineral potential.

The Tectonic Map of the Arctic under the inter-
national project Atlas of Geological Maps of the
Circumpolar Arctic at 1:5M was compiled at the
A.P. Karpinsky Russian Geological Research Insti-
tute, the leading enterprise of the Federal Agency

on Mineral Resources of the Russian Federation re-
sponsible for ensuring the state geological study of
Russia and its continental shelf. At VSEGEI, state
mapping at 1:1,000,000 and 1:200,000 scales as
well as composite and areal mapping is carried out
using modern regional geophysical, geochemical
and remote research methods, precision laboratory-
analytical, mineralogic-petrographic, and isotope-
geochronological technologies. The institute houses
the Isotope Research Centre and the Depository, in
which the materials obtained from the Mendeleev
Rise bottom are stored.

Arctic studies, very intensive over the last
15 years, allowed propelling the knowledge of this
region to a new level of generalization of geologi-
cal information and justification of the model of its
structure, reconstruction of its geological history.
The new Tectonic Map of the Arctic — on one hand —
is a modern geologic information system and — on
the other hand — demonstrates innovative methods
of 3D-geological mapping (fig. 6). While compiling
the Tectonic Map, main attention of the international
community was given to the Central Arctic.

Main scientific results include a creation of a
modern plate-tectonic model of the Circumpolar
Arctic. This model demonstrates that the Arctic
structure is determined by interaction of three litho-
sphere plates: two continental — North American
and Eurasian — and one oceanic — namely Pacific.
The Pacific oceanic plates descend under the North
American and Eurasian plates leading to a forma-
tion of active continental margins. Young Arctic
Ocean develops within the Gakkel Ridge, Nansen
and Amundsen Basins at the boundary between the
North American and Eurasian continental plates.
Thus, the Lomonosov Ridge, Mendeleev Rise and
other highs and depressions of the Central Arctic
Submarine Uplifts Complex are marginal basins
of the North American lithosphere plates and form
a single continental “bridge” between Eurasia and
North America, continuously passing into the shal-
low Eastern Siberian and Laurentian shelves. Conti-
nental nature of the Earth crust of the Central Arctic
Submarine Uplifts and close ties of the “bridge” be-
tween the two continents and their shallow shelves
are reliably confirmed by seismic data and the geo-
logical sampling of outcrops on the seabed. This
point of view is reflected in the materials of the
Tectonic Map of the Arctic and is shared by most
authors of the international map TeMAr.

O.V. Petrov, M. Pubellier
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EXPLANATION OF THE TECTONIC MAP OF THE ARCTIC

0.V. Petrov, S.P. Shokalsky, S.N. Kashubin, A.F. Morozov, N.N. Sobolev, I.I. Pospelov, S. Box, H. Brekke, R. Ernst,
Y. Faleide, C. Gaedicke, C. Gaina, L. Gernigon, |.F. Glumov, A. Grantz, G.E. Grikurov, P. Guarnieri, J.C. Harrison,
V.D. Kaminsky, Yu.B. Kazmin, L. Labrousse, N. Lemonnier, Yu.G. Leonov, N.A. Malyshev, E.D. Milshtein,

T. Moore, R. Orndorff, E.O. Petrov, K. Piepjohn, V.A. Poselov, M. Pubellier, V.N. Puchkov, M. Smelror,

S.D. Sokolov, M. Stephens, M.R. St-Onge, T.Yu. Tolmacheva, M.L. Verba, V.A. Vernikovsky

The Tectonic Map of the Arctic (TeMAr) that has been compiled under the International project Atlas of Geo-
logical maps of the Circumpolar Arctic in scale 1:5M. The project has been carried out since 2004 by Geological
Surveys of the Arctic countries supported by the UNESCO Commission for the Geological Map of the World
(CGMW) and national programs for scientific substantiation for the United Nations Commission for the Law of
the Sea (UNCLOS). The TeMAr working group coordinated by Russia (VSEGEI) includes leading scientists from
Geological Surveys, universities and national Academies of Sciences of Denmark, Sweden, Norway, Russia,
Canada, the USA, France, Germany and Great Britain. The Tectonic Map compilation activities were aimed at
acquiring thorough understanding of deep-water geological formations of the Arctic and Norwegian-Greenland
basins, shelves of the marginal seas and the adjacent continental onshore areas of the oceans. The Tectonic
Map is supplemented with a set of geophysical maps, schematic maps and sections that illustrate the deep
structure of the Earth’s crust and upper mantle of the Circumpolar Arctic.

Keywords: Tectonic Map of the Arctic, Circumpolar Arctic, legend, regional geology, tectonics.

The Tectonic Map of the Arctic (TeMAr) is based
upon the Polar Stereographic Projection (WGS 84).
In the south the map is bounded by 60° N. The
shadow relief base of the map was compiled us-
ing superposed images, synthesized from the Land-
sat 7 ETM+ (in three bands: 7 (2.08-2.35 um),
4 (0.76-0.90 um and 2 (0.52—0.60 pum) and a digital
landform model. The landform model has been con-
structed from the SRTM radar data (Shuttle Radar
Topographic Mission with 900 m = 30” resolution)
and the IBCAO chart (version 2.23 with 2 km reso-
lution) in the offshore areas.

The compilation of the 1:5M Tectonic Map of
the Arctic was based on its legend constructed by
the following principles:

— integral cartographic representation of geologi-
cal structures in deepwater parts of the Arctic and
Norwegian-Greenland basins, shelves and onshore
areas of the ocean margins, allowing structures cor-
relation;

— two main types of the Earth’s crust: oceanic
and continental;

— in oceanic domains — spreading zones, crust of
various ages and intraplate volcanic structures with
a thickened crust (oceanic plateaus and aseismic
ridges);

—in structures with continental crust — two
groups of geological complexes — indicators of the
main tectonic processes of a continental crust ac-
cretion and its destruction with formation of large

To cite: Explanation of the Tectonic Map of the Arctic /
O.V. Petrov [et al.] // Scientific contributions to the Tectonic
Map of the Arctic. Paris, 2019. P. 8-17.

igneous provinces (LIPs) that mark the Paleoconti-
nents break-up episodes;

— sedimentary covers are shown as an independ-
ent group of mapped objects (70 % of the total area);

— tectonic map is accompanied by a set of ad-
ditional digital maps (as a single GIS project),
depicting the region deep structure, its basement
tectonic subdivision and thickness of the sedimen-
tary cover, nature of the Earth crust and large igne-
ous provinces. Deep geological and geophysical
cross—sections are provided as well.

The legend of the Tectonic Map of the Arctic
has been compiled by two CGMW Subcommis-
sions (for Tectonic Maps and Northern Eurasia),
applying an experience in legend construction for
newest tectonic maps under the aegis of CGMW
and UNESCO.

In this Tectonic Map of the Arctic the latest data
obtained by ECS national programs on the delimita-
tion of the continental Arctic shelf outer boundaries
have also been used.

At the first stage, the existing legends of the
Structural maps Atlantic and Indian oceans as well
as tectonic and geological maps of continents were
analyzed. Possible approaches were discussed by ex-
perts from CGMW, VSEGEI, VNIIOkeangeologia,
Sevmorgeo and GIN RAS (workshop on January
11-13, 2010, St. Petersburg) to construct the legend
for TeMAr. Some drafts of it and the map fragments
have been prepared basing on the workshop results.

Then the legend was tested internationally at the
workshop on the Tectonic Map of the Arctic (April
7-9, 2010 in St. Petersburg) attended by partici-
pants from 20 organizations (geological surveys and
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Map compilers

Russia: Oleg PETROV, Sergey SHOKALSKY, Igor POSPELQV,

Sergey KASHUBIN, Andrey MOROZQV, Nikolay SOBOLEYV,

Evgeniy PETROV, Aleksandr BALUEYV, Sergey SOKOLOV, Garrik GRIKUROV,
Valery VERNIKOVSKY.

Canada: Richard ERNST, Christopher HARRISON, Marc ST-ONGE.
Denmark: Pierpaolo GUARNIERI.

France: Loic LABROUSSE, Nicolas LEMONNIER, Manuel PUBELLIER.
Germany: Karsten PIEPJOHN.

Norway: Morten SMELROR, Harald BREKKE, Jan FALEIDE.

Sweden: Michael STEPHENS.

USA: Stephen BOX, Arthur GRANTZ, Thomas MOORE, Randall ORNDORFF

Fig. 6. Tectonic Map of the Arctic at 1:10M scale [Petrov et all. 2019]. The map with the legend and additional maps
and schemes are available on the site of VSEGEI: http://www.vsegei. com/en/intcooperation/ temar-5000
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scientific institutions) from the Arctic countries (Rus-
sia, Canada, Norway, Denmark) with representatives
from France, Sweden, Great Britain, Germany, and
Leaders of the Commission for the Geological Map
of the World (CGMW). Discussion on the Legend
revealed different approaches of national tectonic
schools and showed a necessity of settling a unified
position and resolving of major contradictions.

At this workshop, an international working
group has been formed with the head O.V. Petrov
(CGMW Vice-president for Northern Eurasia),
S.P. Shokalsky (Secretary General of the CGMW
Subcommission for Northern Eurasia), Yu.G. Leo-
nov (President of the CGMW Subcommission for
Tectonic Maps), LI. Pospelov (Secretary General
of the CGMW Subcommission for Tectonic Maps),
Philippe Rossi (CGMW President), Manuel Pubel-
lier (CGMW Secretary General).

The first version of the legend on eight sheets
with an explanation has been sent to all the working
group members. Then a written discussion followed,
revealing disagreements in the approaches to the
compilation of the tectonic map and its database.
It took another round of coordination of the posi-
tions of Russian, American and European geolo-
gists. It has been decided to display in the most
disputable Amerasian Basin region a distribution
of the Cretaceous High Arctic Large Igneous Pro-
vince (HALIP), overlapping the basement struc-
tures, whose continental nature was disputed by
some authors of the map.

After a series of additional discussions and trans-
formations, the legend to the Tectonic Map was
finally approved and adopted at the workshop of
the international working group (CGMW, Paris,
April 15, 2011). In July 2011, the CGMW experts
tested the database of the map digital version. Then
in November 2011, the updated legend, database
and digital fragment of the map of the Russian part
have been provided to members of the international
working group to compile national map fragments.

The first draft of the Tectonic Map of the Arctic
with inset maps of deep structure and tectonic zo-
ning, and with the Transarctic Geotransect were dis-
cussed at the Austrian Geological Survey workshop
(Vienna, April 24, 2012). The legend and the first
map draft have been suggested to be ready.

This TeMAr draft was presented and discussed
in August 2012 at a session of the 34th International
Geological Congress in Brisbane.

After that, the draft of the Tectonic Map of the
Arctic was regularly updated by introduction of new
geological and geophysical data obtained in Central
Arctic, New Siberian Islands, Franz Josef Land, and
Severnaya Zemlya Archipelago.

In February 2014, the 5th meeting of the TeMAr
international working group with participants
from Canada, France, the USA, Denmark, Nor-
way, Sweden, Germany, and Russia was held at the
General Assembly of the Commission for the Geo-
logical Map of the World in Paris. There the Russian
party presented an updated draft of the Tectonic
Map of the Arctic.

Canadian, Danish and Swedish geologists de-
livered new regional fragments of the map to be
incorporated into the Tectonic Map of the Arctic,
with the exception of the Alaska, contiguous shelf
of the Chukchi Sea and the Alaska North Slope.
Since April 2014, Russian and CGMW experts have
been working on the compilation of these missing
fragments of the Tectonic Map using materials of
Thomas Moore and Stephen Box (US Geological
Survey).

Later the Russian TeMAr group compilers came
into a close contact with colleagues from Norway,
Denmark, Canada and the USA participating in na-
tional programs on definition of outer limits of the
continental shelf (ICAM-VI-VIII in 2014-2018).
When compiling and correcting the map draft, new
seismic data and results of dredged bottom material
study (2008-2016) have been introduced.

Regular General Assembly was held during the
European Geological Union (EGU) in Vienna in
April 2016. An this meeting was devoted to a dis-
cussion of the state-of-the-art and further promotion
of TeMAr. At the meeting, the latest draft of the
Tectonic Map of the Arctic was demonstrated and
discussed, and the issue of geological correlation of
structures of the Northeast of Russia, Alaska and
Arctic Canada was thoroughly debated.

The TeMAr Review Meeting Workshop took
place in February 2017 in Paris at the CGMW Head-
quarters. The Expert Council included the leaders of
the CGMW, Subcommissions for Northern Eurasia,
Tectonic maps and North America, representatives
of Geological Surveys of the USA, Canada, and Ger-
many, as well as the Russian Academy of Sciences.
The Expert Council approved the latest changes in
the tectonic map legend regarding structures of the
Northeast Russia and Alaska. It was noted in the
Minutes that the Tectonic map of the Arctic may
be submitted to the international geological com-
munity at the General Assembly of the European
Geosciences Union (Vienna) in April 2017.

In March 2017, a short workshop was held at
the CGMW Headquarters to review a GIS version
of the Tectonic Map of the Arctic.

In 2018, during the CGMW General Assem-
bly (Paris, February 2018), results of the work on
TeMAr were summed up and the map publication
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Elsonian (1,4-1,25 Ga)

Hallandian (1,47-1.42 Ga), Telemarkian (1,52-1,48 Ga),

Danopolonian (1,5-1,4 Ga), Jotnian (1,64-1,42 Ga)

Dalarnian (1,72-1,52 Ga)

Svaoofenman 2,1-1,75 Ga), Thelonian q. 9-1,91 Gal.

Wopmay —1,84 Ga), Hudsonian (1,85-1,78 Ga
p?a ian (1 94-1,85 Ga)

Early Karelian (2.5-2.3 Ga)

MESOPRO- | NEOPRO- |EARLY PALEOZOIC

TEROZOIC | TEROZOIC

Belomorian (2,7-2,6 Ga), Kenoran (2,72-2,65 Ga)
Kola (3:2-2.8 Ga)

Belozersk (3,5-3,2 Ga)

Isua (3.7 Ga), Amitsoq (3,9-3,6 Ga), Acasta (4,0 Ga)
(oldest continental crust)

8
;
2
%
z
4

‘Structural-thermal reworking

7 7|
# » /| Reworked Twice reworked

Note. Color stripes portraying of magmatic-metamorphic reworked crust

Undivided volcanic assemblages

Sedimentary successions®
Accretional wedge facies
Molasse
Metamorphic Units’
Greenschist facies

Gneiss, amphibolite and migmatites (mainly amphibolite
facies)

Gneiss and amphibolite (mainly granulite facies)
Grey gneiss (TTG) rock assemblage

Granulite-gneiss belt rocks

c e a, b —HP blueschist, c — eclogites (a — shown in scale;

b, ¢ —small bodies)

Notes: 1—

Plutonic assemblages

Subduction granites (M- and |-types)*

Collision granites (S- and I-type)”

Zonal confocal mafic massifs of Ural-Alaska type with PGE
mineralization (a — shown in scale; b — small body)

Archean subduction M- and I-type granites’

Archean collision S- and I-type granites’

Archean undivided plutonic assemblages'
Palecoceanic complexes

Ophialite allochtons (a — shown in scale; b — small body)

Complexes of palecoceanic crust and sediments, volcanic
plateau, ensimatic island arcs and accretionary prisms

Ophiolite sutures and their age established

color of polygon corresponds to the age of tectonic event;

2 - undeformed superimposed volcanic belt is shown by color pattern
(according the age of volcanism) on white background for the Okhotsk-
Chukotka and Cenozoic volcanic belts in North East Russia; 3 — ab-
sence of pattern indicates — undivided sedimentary successions; 4— color
of polygon shows the granite type, cofor of pattem shows the age of rocks

Fig. 7. Legend for cratons and mobile belts
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Large Igneous Provinces, Sill-Dyke Swarms and Rift Systems

Geological
Time Scale 2::;: Large Igneous Provinces, dyke swarms, sill areas Rifts
(ICS Chart, 2016) :
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Realm code: A— Alaska; C - Canada; ER — East Russia; G - Greenland; NE — North Europe

x

Selected plume centers located by giant radi ) dyke coloured in accordance with rock age (M1-9)

Fig. 8. Legend for large igneous provinces (LIPs), sill-dyke swarms and rift systems
(continued in fig. 9)
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Intraplate rift-, plume-related rock assemblages
(a — shown in scale; b — small bodies)

Plutonic assem blages‘

b
mi Peridolite-gabbro-norite layered massif
b ; :
@ | Gabbro-anorthosite massif
b Intraplate gabbro and dolerite sill-dyke
complexes (b")

| Rapakivi granite a(_'_- lb

Notes: 1 - color of polygon shows the position of i

i b@ Ancrogenic granite, alkaline granite, [ =
| leucogranite, syenite |
' b@ | Nepheline syenite rocks |

b | :
@ | Alkaline mafic-ultramafic rocks

Volcanic assemblages’

1 Traps: fiood basalls and tuffs

| Bimodal and alkaline volcanic rocks

€~ | Small bodies”: a — kimberlites,
~ | b-lamproites, ¢ — carbonatites

ic rock; color pattern shows the age of these rocks from color chart M1-8. 2 — color of symbol

reflects the age of rocks (color chart M1-8). 3 — color pattern (acwrdmg ) the age of rocks by color from M1-9) on light grey background (if they are post-orogenic) or on color

sedimentary covers (if the rocks are pre-orogenic)

Fig. 9. Legend for large igneous provinces, sill-dyke swarms and rift systems

at scales of 1:10M and 5M has been supported and
endorsed.

How to read the tectonic map. On the tectonic
map, all areas except those underlain by definitive
oceanic crust are subdivided into polygons that
designate deformed areas and relatively undeformed
sedimentary cover. Deformed areas are colored to
reflect the age of their initial tectonic overprint, as
shown in the column named “Tectonic events”. The
age of the first subsequent tectonic overprint is giv-
en by diagonal lines from upper right to lower left,
colored as above; the age of the second subsequent
tectonic overprint is given by diagonal lines from
upper left to lower right, colored as above. Polygons
are also overprinted by patterns that reflect the tec-
tonic setting of their rock assemblages as shown in
the legend. Areas of relatively undeformed sedimen-
tary cover are colored by the age of onset of sedi-
mentation and thickness of basin strata, as shown
in the column labelled “Sedimentary Cover”. Areas
underlain by unambiguous oceanic crust are col-
ored by their crustal age, as shown in the columns
under “Oceanic Realms”, and the thickness and age
of sedimentary cover is ignored. More details are
given in the Legend below.

Contents of the tectonic map legend. The sym-
bols are grouped according to their relation to con-
tinental or oceanic domains.

Continental Realms embrace cratons and mobile
belts of various ages, large igneous provinces and
rift systems areas with thinned and extended earlier
formed continental crust, as well as epicontinental
sedimentary basins, platforms cover and passive
Arctic margins of the Eurasian and North American
continents. Faults, folds, salt tectonics and other
structural elements, typical for the continental crust,
are shown separately.

This part of the legend comprises two groups
of rock associations, formed in different tectonic
regimes (compression and extension) in correspond-
ing tectonic settings.

Cratons and mobile belts. The first group include
complexes indicating the crust compression, short-
ening and thickening (“Accretion-collision-related
rock assemblages”) and was formed by the pro-
cesses of the continental crust growth. It comprises
volcanic, plutonic, sedimentary and metamorphic
complexes of various ages (fig. 7). These rock as-
semblages are shown on the map by a colour cor-
responding to a time of orogenesis and/or cratoniza-
tion. The age of orogen is determined by a time of
subduction-collision processes, structural deforma-
tions (folding, faulting etc.), metamorphism, syncol-
lision granitoid intrusive magmatism and molasse
accumulation.

Volcanic formations encompass rock associations
of ensimatic island arcs, Andean-type continental
margins, and back-arc basins. Related sedimentary
rocks are accretion complexes mélange, olistos-
tromes and molasses. This group also includes meta-
morphic complexes of various facies (greenschist,
amphibolite, granulite), Archean TTG complexes
and Paleoproterozoic granulite belts (marked with
red patterns) along with high-pressure blueschist
and eclogite complexes (marked by blue symbols).
M- and I-type accretion granitoids, S- and I-type
collision granites and zonal mafic intrusions of Ural-
Alaska type are also included in to this group.

All rock associations of this group (except
Paleoproterozoic and younger granitoids as well as
ophiolites and mafic rocks) are shown according to
the age colour chart (fig. 7). The Paleoproterozoic
and younger granitoids are shown in two shades
of red. Crimson colour shows M- and I-type sub-
duction granites, and bright red is used for S- and
I-type collisional granites. The age of granitoids,
apart from the oldest Archaean granitoids, which
are subdivided to I- and S-types, is shown by color
patterns in accordance with the tectonic time scale.

Paleooceanic complexes (ophiolite allochthons)
are depicted in violet and subdivided into ophi-
olite mélange and blocks with preserved ophiolite
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Structural Elements

Faults and structural fronts

Established Inferred Blind

——+ =+ + -+ 7+ --+--+-+ Normal and listric faults

=== =S Strike-slip faults (arrow shows offset)

Overthrusts and reverse faults

=t I Unclassified faults

Deformation front of orogen (ornament faces the more intensely deformed

e, . e . i " % -
VW WESTN tenang)

————— -=r--=r--= Boundary between external and internal zones of deformational belt

Geological boundaries between tectonic units

. Salt tectonics: a — areas of salt
o diapirism, b — local salt dome

Anticline fold axis

Offshore morphostructures:
a — uplifts, b — depressions

Other

Impact structures: a — large, b — small
(non-scaled) with age (Ma)

a€_5®

e Y@

Cenozoic volcanoes: a — active, b — extinct

Fig. 11. Legend for structural elements

sequence indicating a paleooceanic crust. Extended
narrow tectonic zones with ophiolite mélange can
be shown by the symbol of ophiolite sutures with
age indication.

The Legend permits demonstration of older crust
by younger tectonic processes (faulting, folding,
granitoids, metamorphism etc.). Superimposed oro-
genic events are depicted as colour strips superim-
posed upon a main background colour, allowing
display of a general sequence of formation and
transformation of tectonic structures.

General succession of geodynamic events can
be divided into four turn points (most prominent
events) from the assembling to break-up of supercon-
tinents: Kenorland (2500 + 200 Ma), Nuna (1800 +
+ 200 Ma), Rodinia (1000 = 150 Ma) and Pangea
(250 + 10 Ma).

Large igneous provinces, sill-dyke swarms and
rift systems. The second group includes magmatic
complexes-indicators, typical for crustal extension
and thinning regime (fig. 8, 9). They are correspond
with intraplate postorogenic and anorogenic tectonic
settings.

A separate time scale is used for this group
of magmatic complexes with nine stages of intra-
plate magmatism and rifting shown by different
colours from the Archean-M1 to the Cenozoic-M9
(fig. 8). Each stage is exemplified by large igneous
provinces, dike complexes and rifts in Greenland,
Canada, Alaska, Eastern Russia and Northern Euro-

pe. The most prominent magmatic complexes are
noted in bold. Most of the examples of large igneous
provinces and dike belts are depicted in accordance
with recommendations of the International Commis-
sion on Large Igneous Provinces (Ernst R.E. 2014).

Greenstone belts are assumed to be Archean pro-
torift structures with komatiite occurrences marked
by dot sign. Younger rift areas are outlined by black
contour with dots, coloured in accordance with the
colour chart (M2 to M9). Colour lines indicate
boundaries of volcanic areals and LIP areas. Colour
patterns display flood basalts and intraplate gabbro-
dolerite occurrences in accordance with their ages
(M2 to M9). Plutons are shown in different colour
according to their compositions: ultramafic-mafic
layered bodies are painted blue, gabbro and doleri-
te — green, rapakivi — pink, and alkaline massifs
are orange. Small (nonscale) intrusive bodies are
depicted by dot symbols of a relevant age colour.
The pattern colour taken from the chart (M1 to
M9) indicates an age of magmatic body. Coloured
dot symbols on the map indicate kimberlite pipes,
lamproite, carbonatite and occurrence of plume
centers. Colours of all tectonic elements of this
group correspond to the age of magmatism and/or
volcanogenic-sedimentary filling of rifts. Names of
the most prominent intrusions and their age (in Ma)
are given in the database.

Undeformed and weakly deformed sediments
more than 1 km as thick are considered in the le-



<"+ %" hyperstreched continental crust, volcanics)

Erosion plain on some deepwater rises

16 TECTONIC MAP OF THE ARCTIC
Oceanic crust
g |North Atlantic| Baffin Bay _
:;o;zgi::l é; and Eurasian | and Labrador |Canada Basin Fa:;zl:rnﬂi h
P Q g Basin Sea Basin 9
QUATERNARY = e
258—H3) IS B g e
[ = = FEp ) ) S ¢
Lo S
LL LL. LL_ LI... L.L Y
LT sl Structural Elements
 E ] o i, B . 2
S in Oceanic crust Domain
NEOGENE - 0, It
13Ma e w® Continent-ocean boun-
- dary (COB)
23034 af_/ Seafloor spreading axis:
' - b a — active; b — extinct
- - -
L
OLIGOCENE (0
ﬂ/_/" Transform faults: a — active;
33,913 b _ - b — extinct
~
. Linear magnetic anomalies with their
. 2
- 40 —ag———— = numbers
Las—dog— : ; ; p
B x Triple junction of crust-cutting faults
0 V’ (extension area within thinned conti-
EOCENE | g7 i nental crust and transitional zone in
: ! the Canada Basin)
A Seamounts
- 52 4—+24) 7 o SEDR ODP, IODP submarine drilling
— 4 .
5.9 (25} US boreholes in the Alaska shelf:
(o] Popcorn, Crackerjack, Klondike,
PALEOCENE (o Burger, Diamond
66,0 © Deep boreholes in Greenland Inland Ice
1005
LATE JURASSIC- 0
EARLY CRETACEOUS £
1635
a A b ® Unroofed upper mantle peridotites in the Sparse Magmatic Zone of
v ATy the Gakkel Ridge (a), local sampling site (b)
~ .| Ocean-Continent Transitional Zone (exhumed serpentinezed mantle, high

Fig. 12. Legend for the Oceanic Realms

gend as Sedimentary covers (fig. 10). Depending
on a starting time of a basin’s main stage of sag-
ging and formation of its sedimentary cover, they
are subdivided into seven generations (B1 to B7),
from the late Paleoproterozoic to the Cenozoic,
being painted in an appropriate colour. Isopach lines
show the total thickness of sediments. A change in a
cover thickness is displayed by colour intensity: the
thicker sediments — the darker colour. In superposed
basins of different age, a total thickness of sediments
is displayed by a single isopach system. Boundary
of basin buried under sediments off younger basin
is shown by double-dash-dot line with dots located
at an inner side. Dash lines indicate boundaries of

separate sub-basins. Coloured grid indicates a “cold”
structural reworking (weak folding) of sedimentary
covers. It is best pronounced in the Middle-Paleo-
proterozoic, Late-Paleoizoic and Cenozoic basins.

The oldest Paleoproterozoic basins (B1) typi-
cally have a sedimentary cover that began to fill
in the second half of the Paleoproterozoic (2050—
1600 Ma). Their relics occur within the Canadian
Shield. Formation of the youngest basins (B7) be-
gan as the Paleogene-Neogene grabens, usually un-
der rifting regimes. They are confined to the shelf
margins of the Canadian Arctic Archipelago and
located in the Laptev, East Siberian and Chukchi
seas.
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In the structure of the Circum-Arctic sedimen-
tary cover forms a peripheral belt of deep marginal-
shelf depressions (East Barents, North Kara, North
Chukchi, Beaufort Sea, McKenzie delta, Lincoln
Sea, etc.). The sedimentary cover thickness in these
depressions reaches 14—18 km with up to a half of
total thickness being composed of the Paleozoic —
Early Mesozoic sediments, overlain by the Late
Mesozoic — Cenozoic deposits. These depressions
are a result of successive two or more tectonic
events of a continental rifting and sedimentation,
e.g., the Permian-Triassic and the Late Mesozoic
in the North Chukchi Basin and the Hanna Trough.

Structural elements in the continental crust
realms are represented by disjunctive dislocations of
various kinematics: normal faults and listric faults,
strike-slip faults, reverse faults, and thrusts (fig. 11).
Other linear elements show deformation fronts,
boundaries between internal and external zones in
wide deformation belts and geological boundaries,
with exposed, assumed, and buried linear structures
depicted by different line types, positive and nega-
tive offshore (shelf) morphostructures.

The map demonstrates areas of intensive li-
near folding, salt tectonics areas and individual salt
domes, impact craters, old and active volcanoes.

Oceanic Realms. Domains with oceanic crust
in accordance with the recommendations of the
Commission for the Geological Map of the World
(CGMW) and the practice of compiling of the struc-
tural maps of Atlantic and Indian oceans are shown
by colour (fig. 12). The legend contains special
colours for the standard thin (5-7 km) mafic crust
formed by the Early Cretaceous spreading in the
central part of the Canadian Basin, in the Paleocene-
Eocene in the Baffin Bay and the Labrador Sea and
in the Eocene — Holocene in the North Atlantic and
the Eurasian Basin (O1 to O6). Some data for the
crust’s age of the North Atlantic has been provided
from GEUS publication (Tectonostratigraphic Atlas
of the North-East Atlantic Region / J.Hopper [et al.].
Copenhagen, 2014).

The Iceland-Faroe Ridge and the Iceland Pla-
teau are depicted by a special pattern using for the
oceanic plateau an aseismic ridges with these areas
over thick oceanic crust and intraplate mafic vol-
canism. Within the Iceland Plateau, the spreading
volcanism of the Mid-Atlantic Ridge interacts with
intraplate magmatism of ocean plateau type. There
the Mid-Ocean Ridge virgates to the Western and
the Eastern branches, displaced by transform faults
in the northern and southern edges of the plateau.
The oceanic crust of the Iceland-Faroe Ridge is split
by ages to Pleistocene—Holocene (< 2.6 Ma) and
Middle Miocene — Pliocene (15-2.6 Ma).

The legend allows display on the map of the
key magnetic chrons 2, 5, 6, 13, 18, 20, 21, 24 and
25. They mark heterochronous parts of the oceanic
crust, show the most bright and extensional mag-
netic linear anomalies.

In addition, the legend contains polygonal sym-
bols the Continent-Ocean Transition Zone with co-
occurrence of an exhumed serpentinizated mantle,
peridotites fragments of an extremely stretched con-
tinental crust and oceanic volcanic rocks (Iberian-
type margin): it is assumed in the central Canada
Basin, as well as in the Sparsely Magmatic Zone
with numerous mantle peridotite samples dredged
from the crest of the ultra-slow spreading Gakkel
Ridge (fig. 12).

Linear symbols mark the continent-ocean bound-
ary (COB), active and extinct spreading axes, ac-
tive, and extinct transform faults and linear mag-
netic anomalies with their numbers. Dot symbols
show seamount, black cross hatching displays the
plain surfaces of the Chukchi Plateau and central
Lomonosov Ridge, which apparently have been
formed in sub-aerial environments during low stand
of sea and active erosion of the ridges by seawater
and glaciers.

A triple junction symbol denotes triple-junction
fault area revealed in the Moho map in the Canada
Basin and Nautilus Basin. It indicates a consider-
able spatial extension of the continental crust, ac-
companied by crest-like mantle uplift and controls
the location of the Cretaceous volcanic field of
HALIP.

The sedimentary cover upon the oceanic crust
(Lena and Mackenzie rivers underwater fans) are
shown only by isopachs.

The Legend also provides display of well sites of
the deep-oceanic drilling, as well as five key para-
metric wells in the American sector of the Chukchi
Sea, and few boreholes, that show the basement
rocks under the Inner Ice of Greenland.
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GRAVITY AND MAGNETIC DOMAINS OF THE ARCTIC

S.N. Kashubin, O.V. Petrov, E.D. Milshtein, T.P. Litvinova, E.A. Androsov

Scheme of crustal blocks is based on a joint analysis of magnetic and gravity anomalies. Summary maps
compiled by the Geological Survey of Norway under the CAMP-GM project were used. The selected blocks
outline the different-rank tectonic structures of the crystalline crust.

Keywords: Circumpolar Arctic, Bouger anomalies, magnetic anomalies, tectonic zoning.

Anomalous potential field zoning makes it pos-
sible to delineate blocks with different types of crust
and reveal similarities in the nature of potential field
and tectonic structures (fig. 13).

Maps of the anomalous magnetic field (AMF)
and the anomalous gravity field (AGF) of the Arctic
at 1:5M scale are basic elements in the zoning. The
Russian part of the maps has been supplemented
with data obtained during modern medium-scale
surveys. The maps are supplied with matrices of the
magnetic and gravity fields with the size of the cell
of 5x5 km and 10x10 km respectively [Litvinova
et al. 2012a,b].

Transformations of potential fields and a set of
specialized maps (geological, topography and ba-
thymetry, sedimentary cover and crustal thickness)
were used as auxiliary materials for the delineation
of the units shown on the scheme [Petrov, Smelror
2015a,b; 2016]. The delineation was carried out in
an iterative mode directly on the computer screen
using GIS ESRI ArcMap v.9.3.

The analysis is based on principles of tectonic
zoning proposed by Yu.A. Kosygin [Kosygin 1975],
which fully correspond to the concept of compre-
hensive zoning of potential fields. In compliance
with principles, the zoning was considered as a
set of methods of space division (including the 3D
version) according to the selected systematics of
the bodies (ranks), following the rules of complete
space division with no remainder, no border cross-
ing, and the identity of characteristics of distin-
guished elements [Voronin 2007].

When delineating the areas, the following ranking
system was used (in descending order): anomalous
province, anomalous district, and anomalous area.
Morphostructural features (including zonality) of
potential fields were adopted as a main criterion in
zoning. The distinguishing of taxa of the first (anom-
alous province) and second (anomalous district)
orders was to a great extent based on the assessment

To cite: Gravity and Magnetic domains of the Arctic /
S.N. Kashubin [et al.] // Scientific contributions to the Tec-
tonic Map of the Arctic. Paris, 2019. P. 18-21.

of crustal alterations and mean values of the crustal
thickness [Kashubin et al. 2011; 2014].

Morphostructure of the fields, intensity and the
sign of anomalies are taken as a basis for the charac-
terization of these structures.

The research resulted in a comprehensive map
of potential fields zoning of the Circumpolar Arctic
(fig. 13, table 1), which was used as the basis for
compilation of a base map of crustal types and tec-
tonic zoning sketch-map.

The compiled map of complex zoning makes it
possible to demonstrate rather specific similarities
in the character of the potential field and tectonic
structures in the Arctic basin and its continental
margins. Fig. 13 shows an example of distinguish-
ing on the maps of potential fields large magma-
tic provinces corresponding to the region of the
Mendeleev-Alpha rises within the Arctic Basin and
the Tunguska Block in the Siberian platform. It is
possible to see similar blocks in potential fields
described by almost similar encodings “AGF” and
“AMF” (55-55 for the Mendeleev-Alpha rises and
56-55 for the Tunguska block).

Therefore, it uses the latest experience in the
compilation of new digital geological and tectonic
maps at 1:2.5—1:5M scale for Asia, Europe, North
and South America, Atlantic and Indian oceans.
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Fig. 13. Circumpolar Arctic zoning map based on the character of potential fields
Color indicates provinces: 1 — Eurasian (lighter tone corresponds to areas submerged to bathyal depths), 2 — North American,
3 — Mid-oceanic ridges, 4 — Pacific. Blue lines indicate boundaries of regions (bold); green lines show borders of areas. Digital
encoding of potential field types and corresponding tectonic units are shown in table 2. At the bottom: gravity anomalies map (A)
and anomalous magnetic field map (B)
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Table 1

Matching of letter symbols (indices) on the zoning map (fig. 28) to the units identified

Itll:(:e;;: Potential fields’ zoning (units names) Tectonic zoning
EURASIAN PROVINCE

EER East Europe Realm East European Platform

NSR Norwegian Sea Region Norwegian Shelf (Voring Plateau etc.)

NR Norwegian Region Scandinavian Caledonides

FR Fennoscandian Region Fennoscandian Shield

KMR Kola-Mezen Region Kola — White Sea and Mezen’ blocks

BSPR Barents Sea — Pechora Realm Timan-Pechora and Barents Sea Shelf

WBR West Barents Region Svalbard and structural elements of the West Barents Sea
Shelf

CBR Central Barents Region Central Barents Rises

EBR East Barents Region East Barents Trough

FIL Franz Josef Land Region Franz Josef Land Uplift

TR Timan Region Timan-Varanger dislocation zone

PR Pechora Region Pechora Sea Block

WSR West Siberia Realm East Uralian Fold Belt, West Siberian Basin

SKR South Kara Region South Kara Block

UKMR  |Uralian Khanty-Mansi Region East Ural Fold Belt, Uvat-Khanty-Mansi Block

CWSR  |Central-West Siberian Region Central-West Siberian Fold System

PYR Pre-Yenisei Region Pre-Yenisei Fold-Thrust Zone

SR Siberian Realm Siberian Platform

NKR North Kara Region North Kara Block

TKR Taimyr-Khatanga Region Taimyr Fold Belt, Khatanga Trough

TnR Tunguska Region Tunguska Block

KCR Kotui-Chon Region Magan Block

AnR Anabar Region Anabar Shield

OIR Olenek Region Olenek Block

AR Aldan Region Aldan Shield

KR Khandyga Region Pre-Verkhoyansk Foredeep

VPR Vilyuy-Patom Region Patom-Vilyuy Aulacogen

VCR Verkhoyansk-Chukotka Realm Verkhoyansk-Chukotka Fold-Thrust area

VR Verkhoynask Region Verkhoyansk-Chukotka Fold-Thrust System

OR Okhotsk Region Okhotsk Block

KIR Kolyma Region Kolyma Loop

OmR Omolon Region Omolon Block

ChR Chukchi Region Chukchi Fold-Thrust System

ChYR Chukotka-Yukon Realm Eastern Chukchi-Seward Fold-Thrust Belt

EYR East Yukon Region Seward Peninsula Block, Yukon-Koyukuk Basin

YR Yukon Region Ruby and Central Alaskan Terranes

CAR Central Arctic Realm Amerasian Basin

LSR Laptev Sea Region Laptev Sea Shelf

DMR De Long-Makarov Region De Long High, Lomonosov Ridge, Podvodnikov Basin,
Makarov Basin

ACR Alpha-Chukchi Region Chukchi Plateau, Mendeleev-Alpha Rise

CnBR Canada Basin Region Canada Basin

BCR Brooks-Colville Region Brooks Fold-Thrust Belt, Colville Basin, Alaska North Slope

WR Wrangel Region Wrangel-Herald Fold-Thrust Arch
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Table 1 continued

Itllll‘:e::l;;l Potential fields’ zoning (units names) Tectonic zoning
NORTH AMERICA PROVINCE
ISR Innuitian-Sverdrup Realm Innuitian Orogen, Sverdrup Basin
SvR Sverdrup Region Sverdrup Basin
IR Innuitian Region Innuitian Orogen
AIR Alaska Realm Alaska Superterrane
TgKR Togiak-Koyukuk Region Togiak-Koyukuk Terrane
TYR Tanana-Yukon Region Yukon Terrane
ARR Alaska Range Region Alaska Range
CRR Coast Range Region Coast Range
SMR Selwyn-Mackenzie Region Selwyn-Mackenzie Fold Belt
CR Canada Realm North America Craton
InR Interior Region Interior Platform
SIR Slave Region Slave Block
AmnR  |Amundsen Region Amundsen Block
THR Trans-Hudson Region Trans-Hudson Fold Belt
RR Rae Region Rae Block
HR Hearne Region Hearne Block
UR Ungava Region Ungava Block
TTR Teltson-Thelon Region Teltson-Thelon Fold Belt
FxR Fox Region Fox Block
GR Greenland Realm Greenland Shield, East Greenland Caledonides
CGR Central Greenland Region Greenland Shield
EGR East Greenland Region East Greenland Fold-Thrust Belt
PROVINCE OF MID-OCEANIC RIDGES
BLR Baffin-Labrador Realm Baffin-Labrador Oceanic Basin
LR Labrador Region Labrador Sea Basin
BR Baffin Region Baffin Bay Basin
NGOR  |Norway-Greenland Oceanic Realm Norway-Greenland Oceanic Basin
RyR Reykjanes Region Icelandic Basin, Reykjanes Ridge, Irminger Basin
GIFR Greenland-Iceland-Faroe Region Greenland-Iceland Ridge, Iceland-Faroe Ridge, Iceland
Plateau
KAR Kolbeinsey-Aegir Region Greenland Basin, Kolbeinsey Ridge, Norwegian Basin,
Aegir Ridge
MRR Mohns Ridge Region Mohns Ridge
KRR Knipovich Ridge Region Knipovich Ridge
EOR Eurasian Oceanic Realm Eurasian Oceanic Basin
NnR Nansen Region Nansen Basin
GkR Gakkel Region Gakkel Ridge
AmR Amundsen Region Amundsen Basin
PACIFIC OCEAN PROVINCE
BrSR Bering Sea Realm Bering Sea Basin
KKR Koryak-Kamchatka Realm Koryak-Kamchatka Fold Area
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CRUSTAL THICKNESS MAP OF THE ARCTIC

S.N. Kashubin, O.V. Petrov, E.D. Milshtein, E.A. Androsov, A.F. Morozov, V.D. Kaminsky, V.A. Poselov

Crustal Thickness Map is based on results of deep seismic studies and gravity field anomalies in the Cir-
cumpolar Arctic. Over 300 profiles of total length of about 140,000 km and equations of correlation, which link
the depth of the Moho discontinuity occurrence with Bouguer anomalies and the topography, were used for the
map compilation. The digital layout of the Crustal Thickness Map of the Circumpolar Arctic compiled from these

data is represented by the grid of 10 x 10 km.

Keywords: Moho discontinuity, Earth’s crust thickness, deep seismic sounding, Bouguer anomalies.

The Earth’s crust is commonly seen as an external
hard sialic shell located above the Moho. Informa-
tion about crustal thickness plays an important role
in studying the deep structure of the Earth. In seismic
and global geophysical constructions, knowledge
of crustal thickness is necessary for the calculation
of appropriate corrections, and in geological inter-
preting, it is important to know crustal thickness
both for structural and geodynamic constructions.
While studying areas of transition from continents
to oceans, changes in crustal thickness are often a
determining criterion for the identification of conti-
nental and oceanic crustal types.

Determination of crustal thickness is primarily
carried out by seismic methods. The generally ac-
cepted method is the determination by means of
deep seismic sounding (DSS) when the sole of the
crust is identified with the Moho (M), determined
from data of refracted and overcritically reflected
waves [Mooney 2007]. Sometimes the base of crust
is determined in seismic sections obtained by re-
flected waves (RW-CDP) [Suleimanov et al. 2007]
and remote ecarthquake converted wave (ECW)
methods [Zolotov et al. 1998]. In the absence of
seismic data, the crustal thickness is estimated using
the correlation relationship between the M-discon-
tinuity depth, topography, and Bouguer anomalies
[Demenitskaya 1967; Kunin et al. 1987].

The crustal thickness map shown in fig. 14 was
been compiled as part of the international project
for compiling the Atlas of geological maps of the
Circumpolar Arctic under the auspices of the Com-
mission for the Geological Map of the World (Petrov
et al. 2015). For this purpose, all available deep
seismic sections north of 60 °N (see list of publica-
tions of major seismic sections shown at the end of
this section) were used. This array of information
includes more than 300 seismic sections with total

To cite: Crustal thickness Map of the Arctic / S.N. Kashubin
[et al.] // Scientific contributions to the Tectonic Map of the
Arctic. Paris, 2019. P. 22-25.

length of over 140,000 km. Approximately 75%
of the sections are results of studies performed by
means of DSS, and the rest is represented by deep
seismic sections using RW-CDP and ECW methods.

The Map of crustal thickness was built in several
steps [Kashubin et al. 2011; 2014]. First, the depth
values to the M discontinuity obtained from seismic
cross-sections with a 25-km interval of were plotted
on the physical and geological maps. Totally, 5500
Zm (Moho depth) values within the Circumpolar
Arctic were plotted on the map based on seismic and
seismological data. Digital layouts of the anomalous
gravity field map [Gaina et al. 2009] and maps of
surface relief and depths of the ocean floor (IBCAO
ver 2.23) were used to show the depth values to the
M discontinuity in the space between the profiles
and vast areas where seismic data were lacking.
Zm values were calculated separately for the con-
tinental and marine parts of the area following the
network of 10x10 km based on Bouguer anomaly
values and relief data averaged within a radius of
100 km using correlation equations [Kashubin et al.
2011]. The resulting digital arrays were integrated
into one database along the coastline border with
subsequent correlation of isolines in the area of their
intersections. On the basis of adjusted data, the cal-
culation of the new digital array was made, which
was integrated with pre-existing digital maps of M
discontinuity depths [Ritzmann et al. 2006; Grad et
al. 2007; Erinchek et al. 2007; Artemieva & Thybo
2013]. The final map is presented in the form of a
Zm digital model with the cell size of 10x10 km for
the entire study area. In the course of recalculation
of Zm values to uniform values, the interpolation
error was estimated by comparing interpolated and
initial values in 3600 spots, in which depth values
were plotted using seismic data. Mean-square de-
viation between the interpolated and initial values
was £1.7 km, and the area between the isolines in
the resulting map was taken as 5 km. After subtract-
ing the depths of the ocean and the introduction
of corrections for the height of the observation on
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land, the map of depth values to the M discontinuity
was transformed into the Circumpolar Arctic crustal
thickness Map (fig. 14).

The compiled crustal thickness Map of the
Circumpolar Arctic differs from the global model
CRUST2.0 available for this area [Laske et al.
2000] greatly because, first, significantly more new
seismic data were used for its compilation, and,

second, global data averaging was not used in this
work. As can be seen from the figure, the crustal
thickness in the Circumpolar Arctic changes quite
significantly: from 5-10 km within the Norwegian-
Greenland and the Eurasian ocean basins to 55—
60 km in Scandinavia and in the Urals. Areas with
oceanic and continental crust are identified on the
map of crustal thickness rather confidently and the

1000 500

500 1000 km

Fig. 14. Circumpolar Arctic crust thickness Map [Kashubin et al. 2011; 2014].
Gray lines indicate main seismic lines and grey dots show seismic stations which materials were used for map compilation

km 5 10 15 20 25 30 35 40 45 50 55 60
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size and configuration of individual lateral varia-
tions of the thickness are quite comparable to the
size of the regional geological structures. So, the
new map is not only suitable for the introduction
of corrections during seismological and planetary
geophysical constructions, but it can also be used
for tectonic constructions in the Arctic basin.

The map of Arctic basin crustal thickness general-
ly shows the structure of the area of the Central
Arctic uplifts including the Lomonosov Ridge, the
system of Mendeleev-Alpha rises, and separating
them Podvodnikov-Makarova basins, Chukchi Bor-
derland, and the Northwind Ridge. Results of the
most recent Russian and foreign deep seismic sur-
veys (“Transarctic-1989-927, “Arctic-2000”, “Arc-
tic-2005”, “Arctic-2007”, “Lorita-2006”, “Arta-
2008, “Arctic-2012”") [Jackson et al. 2010; Funck
et al. 2011; Lebedeva-Ivanova et al. 2006; 2011;
Poselov et al. 2011] were used for the map of crus-
tal thickness of the Central Arctic uplifts and areas
of their intersection with structures of the Eurasian
and North American continental margins.

Seismic data indicate that the area of the Central
Arctic uplifts has the lowest degree of destructive
transformations of the continental crust. What we
see is its thinning caused by rifting continental crust
transformations while preserving vertical layering.
Thus, in the Lomonosov Ridge, the crustal thickness
is 17 to 19 km with an equal ratio of the upper and
lower crust. In the Podvodnikov-Makarov Basin,
the crustal thickness varies widely: from 19-21 km
in the southern part of the Podvodnikov Basin to
7-8 km in the northern part of the Makarov Ba-
sin. In the Mendeleev Rise, the total thickness of
the crust is 31-34 km with upper crust varying in
the range of 4-7 km. The available geological and
geophysical data [Grantz et al. 2011a,b; Kabankov
et al. 2004] indicate that the Northwind Ridge and
the Chukchi Borderland are relatively shallow sub-
merged ledge of the continental crust.

Thus, the area of the Central Arctic uplifts and
the Eurasian and North American continental mar-
gins represent an ensemble of continental geologic
structures with the common history of geologi-
cal evolution. Subdivision of the ensemble into
shelf and deepwater parts is a result of neotectonic
submergence of the central Arctic Basin. With the
present level of knowledge of the Arctic Basin,
there are no relevant data concerning the structural
isolation of the Central Arctic uplifts area from the
adjacent continental margins.
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MAP OF CRUSTAL TYPES IN THE ARCTIC

0.V. Petrov, S.N. Kashubin, E.D. Milshtein, E.A. Androsov,
N.l. Pavlenkova, S.P. Shokalsky, Yu.M. Erinchek

Correlation sketch map of crustal types, which differ in velocity and density parameters, structure, and total
crust thickness, has been compiled based on the data of deep seismic studies on continents and in oceans.
The sketch map of crustal types distribution, which was compiled based on seismic profiles in the Arctic, de-
monstrates the position of the oceanic and continental crust in the structures of the Circumpolar Arctic.

Keywords: deep seismic studies, oceanic, transitional, continental crust.

Through the lens of current views, based prima-
rily on geophysical data, oceanic and continental
crust naturally differ in their basic physical proper-
ties including density, thickness, age, and chemi-
cal composition. The continental crust is characte-
rized by average thickness of about 40 km, density
of 2.84 g/cm3, and the average age of 1500 Ma,
whereas the oceanic crust’s average thickness is 5
to 7 km, density is about 3 g/cm? and it is younger
than 200 Ma all over the Arctic area. There is a
common view that oceanic crust consists mainly
of tholeiitic basalts formed from quickly cooling
magma, whereas the continental crust, which has
a long history of development, is characterized by
more felsic composition [Blyuman 2011].

Deep seismic studies conducted in different re-
gions of the world, continents and oceans make it
possible to identify the main patterns in the velocity
model of the crust and their variability depending on
tectonic setting and history of development of the
Arctic region. Typical features of velocity models
of the crust, their relation to the tectonic structure
and history of development of various geological
structures have been widely discussed [Belousov,
Pavlenkova 1989; Meissner 1986; Mueller 1977,
Mooney 2007; McNutt & Caress 2007, etc.]. Some
of the researchers made attempts to distinguish main
types of crust. They were based on crustal thickness
data and seismic wave velocities in the crust. Ac-
cording to these parameters, typical features of the
continental crust are: great thickness (usually over
25-30 km) and the presence in the consolidated
crust of thick (up to 10 km or more) upper layer
with the P-wave velocity of 5.8-6.4 km/s. This
layer is often referred to as “granite gneiss.” The
oceanic crust is thin (typically less than 8-10 km);
the granite gneiss layer is lacking in it, and it is
almost entirely represented by rocks with seismic
wave velocities of more than 6.5 km/s.
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Detailed seismic surveys covering active and
passive continental margins and oceanic uplifts
have shown that in addition to typical continental
and oceanic crust, the crust with intermediate para-
meters is also common. It is characterized by the
thickness of 10 to 30 km and the “granite-gneiss”
layer in it is significantly reduced or completely
absent. The assignment of this crust to the oceanic
or continental type is often ambiguous, so some re-
searchers have even suggested that this crust should
be defined as a separate type — interim or transi-
tional crust [Belousov, Pavlenkova 1989], but most
researchers suggest using in tectonic constructions
two main genetic types of the Earth’s crust — con-
tinental and oceanic.

Differences in the composition of the oceanic
and continental crust are most evident when com-
paring their velocity models constructed from data
of multi-wave seismic surveys. It turns out that the
oceanic and continental crust differ greatly in ratios
of P-waves and S-waves (Vp/Vs) [Hyndman 1979].
In the consolidated continental crust, the Vp/Vs
rarely exceeds 1.75, while in the second and third
oceanic layers, Vp/Vs is 1.85-1.90. At the same
time, in the sediment layer and in the oceanic and
continental crusts, Vp/Vs varies widely, generally
exceeding values of 1.9-2.0. These data are con-
firmed by numerous DSS studies in oceans per-
formed by bottom stations providing registration of
S-waves and converted waves [Breivik et al. 2005;
Ljones et al. 2004; Mooney 2007, etc.]. Taking
into account the relation between the total content
of silica in crystalline rocks and the Vp/Vs ra-
tio [Aleinikov et al. 1991], these differences seem
quite natural and evidence different basicity of the
oceanic and continental crust. Thus, the generalized
data on the structure and velocity parameters of the
oceanic and continental crust can be represented as
follows (table 2).

As can be seen from the table, in contrast to
the continental crust, the oceanic crust lacks upper
(felsic) crust that is recorded most reliably from
Vp/Vs ratio. It is more difficult to distinguish the



MAP OF CRUSTAL TYPES IN THE ARCTIC

27

Table 2

Generalized model of the structure and velocity parameters of the oceanic and continental crusts
[Kashubin et al. 2013]

Oceanic crust Continental crust
Vp, km/c
Main layers Vp/Vs Vp/Vs Main layers
Water - - 1.45-1.50 - - Water
Sediments 2.1-2.5 2.0-4.5 2.1-2.5 Sediments
Second layer of oceanic 1.8-22 42-6.0 1.8-22 Basalts, interbedded with
crust sediments
- - - 5.8-6.4 1.69-1.73 Upper crust
- - - 6.3-6.7 1.73-1.75 - Intermediate crust
Third layer of oceanic crust - 1.81-1.87 6.6-7.2 1.75-1.77 - Lower crust
Crust-mantle layer - 1.78-1.84 7.2-7.6 1.78-1.84 - Crust-mantle layer

oceanic crust from the continental crust based on
absolute P-wave velocity values because of sig-
nificant overlap of P-wave velocity values in the
second oceanic layer and in the upper part of the
consolidated continental crust. However, velocities
in the second oceanic layer rarely reach values of
more than 6.0 km/s, so this problem can be partly
solved without information about Vp/Vs.

Following the generally accepted characteristics
of seismic velocity for the oceanic and continen-
tal crust (table 2), following types of the Earth’s
crust can be distinguished in the Circumpolar Arctic
(fig. 15, table 3) [Kashubin et al. 2013; Petrov et
al. 2016].

Normal oceanic crust (type 1, fig. 15), which
includes normal oceanic crust of spreading basins
(less then 10 km thick) and thickened crust of
oceanic plateaus and hot zones (about 15-30 km
thick, type 2), is common in the Circumpolar
Arctic, in the Norwegian-Greenland, Eurasian, and
Baffin-Labrador ocean basins [Bohnhoff & Makris
2004; Ljones et al. 2004; Funck et al. 2007]. It
includes two oceanic layers overlain by thin sedi-
ments [Ljones et al. 2004, etc.]. In the Baffin-Lab-
rador ocean basin, the crust thickens to 15-17 km
mainly due to magmatic underplating in the lower
crust [Thybo & Artemieva 2013], where P-wave
velocity reaches 7.4-7.6 km/s [Funck et al. 2007].
Thick (more than 20 km) crust of oceanic plateaus
and hot zones also forms the Greenland-Iceland-
Faroe Ridge [Bohnhoftf & Makris 2004; Ljones et

al. 2004], which apparently continues to the west
of the southern Greenland via the Baffin Bay and
forms a single zone of thickened crust — the Baffin
Island-Greenland-Iceland-Faroe Islands Ridge [Ar-
temieva & Thybo 2013]. Main increase in the thick-
ness is a result of the third oceanic layer, whose
thickness reaches more than 15 km thick.
Transitional crust. Nature of the thinned crust of
deep rift basins (type 3, fig. 15) is a question under
discussion. E. g., the crust thickness in the Canada
Basin is more than 10-15 km, and the single-layer
crystalline crust with the thickness of less than
10 km and Vp of 6.8-7.2 km/s is typical of the third
oceanic layer [Mair et al. 1981; Baggeroer et al.
1982; Stephenson et al. 1994]. Based on the seismic
velocity structure, it is traditionally believed that
the Canada Basin was formed on the oceanic crust
[e. g., Mooney 2007; Grantz et al. 2011].
Nevertheless, the comparison of velocity mo-
dels in the crust of the Canada Basin and the South
Barents Basin [Faleide et al. 2008], as well as the
Caspian Basin [Volvovsky et al. 1988] shows that
the depth-velocity models are very similar whereas
the nature of the crystalline crust (oceanic and con-
tinental) is viewed differently by different resear-
chers. One viewpoint is that these depressions have
oceanic crust, which forms so-called “oceanic crust
windows” on the shelf and continents [Mooney
2007; Grantz et al. 2011]. An alternative interpre-
tation [Volvovsky et al. 1988] suggests that thick
sedimentary strata in these depressions cover the
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Fig. 15. Map of crust types in the Circumpolar Arctic

1-2 — oceanic crust: 1 — normal crust of spreading basins, 2 — thickened crust of oceanic plateaus and hot spots; 3 — reduced
(transitional to oceanic) crust of deep depressions; 4-8 — continental crust: 4 — thinned crust of submarine rifts and basins, 5 —
thinned crust of submarine ridges and rises, 6 — thin crust of shelf seas, 7 — normal crust of platforms and fold systems, 8 — thick
crust of shields and collision areas. Gray lines show seismic-refraction and DSS profiles; type columns of the crust from seismic
data are the same as in table 3
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reduced (thinned) continental crust that lacks the
upper (or intermediate) layer. In our approach, we
do not take any side in the dispute (continental or
oceanic origin), but, instead, we consider the crust
of the Canada Basin transitional. It should be noted
that the P-wave velocity models are not enough to
understand the nature of the crystalline crust in deep
rift basins. Further studies using data from S-waves
and deep drilling will provide substantial arguments
in favor of a particular interpretation.

Marine continental crust. In contrast to the
oceanic crust, continental crust in the Circumpo-
lar Arctic is studied based on a large number of
deep seismic sounding(DSS) profiles (for regional
reviews see Faleide et al. 2008; Drachev et al.
2010; Artemieva & Thybo 2013; Cherepanova et al.
2013, and in the publications that are referred to in
these papers; Russian publications: Volvovsky et al.
1975; Druzhinin et al. 1983; 1985; 2000; Egorkin
et al. 1980; 1988; 1991; 2002; Isanina et al. 1995;
Poselov et al. 2007; 2010; 2011; Roslov et al. 2009;
Sharov et al. 2010; Ivanova et al. 2006, etc.).

These studies resulted in the identification of the
thin crust of submarine rifts and basins as a separate
type of continental crust (type 4, fig. 15). An exam-
ple of this type of the crust is the Podvodnikov-
Makarova Basin. According to the interpretation of
the DSS profiles obtained during expeditions Trans-
arctic-89-91, Transarctic-92, Arctic-2000 [Poselov
et al. 2011; Lebedeva-Ivanova et al. 2011], seismic
records of Pg-waves are typical of the crustal com-
plex with Vp = 6.1-6.3 km/s at the top of the con-
solidated crust, which is typical of the continental
crust. Therefore, in spite of low thickness typical of
the oceanic crust (12—15 km), the crust in this basin
is interpreted as thinned continental crust.

Thinned crust is typical of submarine ridges and
rises: the Lomonosov Ridge and the Alpha-Mende-
leev Rise (type 5, fig. 15), as it can be seen from in-
terpretations of Russian seismic profiles Arctic-2005
and Arctic-2007 in the Lomonosov and Mendeleev
structures [Lebedeva-Ivanova et al. 2006; Poselov
et al. 2007; 2010; Poselov et al, 2011; Sakoulina
et al. 2011], seismic experiment LORITA in the
Lomonosov Ridge [Jackson et al. 2010], and the
seismic profile obtained by seismic refraction in
the Alpha Ridge [Funck et al. 2011]. According to
these interpretations, the crustal thickness of the
ridges varies greatly from 15-17 km to 30-35 km
[Artyushkov 2010]. The crystalline crust is repre-
sented by slightly thinned upper crust as compared
to the normal continental crust and the thick lower
crust; thick crust-mantle complex was recorded un-
der the Alpha Ridge where the normal lower crust
is apparently lacking [Funck et al. 2011].

The continental nature of the crust in the Lomo-
nosov Ridge has been recognized by most research-
ers of the Arctic, while the nature of the crust in the
Alpha-Mendeleev Ridge has long been a subject of
debate. In particular, Funck et al. (2011) proposed to
classify the Alpha Ridge crust as volcanic crust simi-
lar to hot zone crust such as that of the Greenland-
Iceland-Faroe Ridge. However, the results of Russian
studies [Poselov et al. 2011; Lebedeva-Ivanova et al.
2006; Arctic-2012 (in press)] show that main strati-
fied sedimentary complexes, the intermediate com-
plex, and crystalline complexes of the Earth’s crust
are traced to the Mendeleev Rise from the shelf of
the East Siberian Sea. Thus, Mendeleev Rise should
be considered as the continuation of the Eurasian
continent (type 5, fig. 15). Although the relationship
between the crustal structures of the Alpha and Men-
deleev ridges is still not clear. Similarities between
the Vp velocity models and depth models suggest
that the crust both of the Lomonosov Ridge and the
Alpha-Mendeleev Ridge is thinned continental crust.
It should be noted that the general thinning of the
Alpha Ridge crust is somewhat veiled due to the
presence of thickened lower crust and may result
from intraplate magmatism related to LIP (magmatic
underplating) [Thybo & Artemieva 2013].

Shelf seas’ crust (type 6, fig. 15) occupies almost
all shallow-water areas of the Arctic Ocean; it is
somewhat thinned continental crust characterized by
very similar thickness (about 35 km) but highly var-
iable structure. Sedimentary cover thickness varies
widely from a few meters near islands up to 15 km
or more in the East Barents and North Chukchi
troughs. The crystalline crust structure on the shelf
is usually three-layered as in most of the Barents
and Kara seas [Breivik et al. 2005]; however, two-
layer structure was recorded in the East Barents
Basin and the northern part of the East Siberian Sea
[Roslov et al. 2009; Sakoulina et al. 2000; Ivanova
et al. 2006] where the upper crust is apparently
lacking, and in the De Long plateau where the in-
termediate crust is lacking on the graphs of seismic
velocities [Lebedeva-Ivanova et al. 2011].

Normal continental crust of platforms and fold
systems (types 7 and 8, fig. 15) occupies most of
the Circumpolar Arctic covering almost the entire
land area. Thickness, internal structure and compo-
sition of the crust vary considerably, which reflects
its complex tectonic evolution. Detailed informa-
tion on the crust structure and tectonic evolution
of the European continent, Greenland, Iceland, the
North Atlantic region, the West Siberian Basin and
the Siberian Platform can be found in recent re-
views published by Artemieva and Thybo (2013)
and Cherepanova et al. (2013).
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Thus, different types of the Circumpolar Arc-
tic crust form a global structure, one of the cen-
ters of which is the area of Central Arctic Uplifts
including the Lomonosov Ridge and the system
of Alpha-Mendeleev rises with separating them
Podvodnikov-Makarov Basin. The zone of volume
strain, areas of intraplate basic magmatism (Creta-
ceous HALIP Province) [Filatova & Hain 2009; Mu-
kasa et al. 2009], and submergences of shallow-water
volcanic structures to bathyal (up to 3.5 km) depths
[Brumley et al. 2009] in the absence of pronounced
spreading structures with typical linear magnetic
anomalies do not allow structures of the Central
Arctic Uplifts to be assigned to the oceanic type. It is
assumed that this type of the crust could be formed
by processes of basification and eclogitization of the
normal continental crust [Petrov et al. 2016].
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GEOTRANSECT ACROSS THE CIRCUMPOLAR ARCTIC

S.N. Kashubin, O.V. Petrov, E.D. Milshtein, S.P. Shokalsky

Summary geotransect is composed of DSS seismic line fragments and supplemented with density model-
ling. The geotransect demonstrates structure of the Earth’s crust and upper mantle along the line 7,600 km
long, which crosses the continental crust of the East European Platform, Barents-Kara shelf seas, Eurasian
Basin oceanic crust, reduced crust of the Central Arctic Submarine Elevations, shelf seas of Eurasia passive

margin, and crust of the Chukotka-Kolyma folded area.

Keywords: Circumpolar Arctic, velocity and density models, oceanic and continental crust.

7600 km long Geotransect across the Circum-
polar Arctic is constructed along the line joining
DSS seismic geotraverses: 1-EV—1-AR-Tran-
sarctic-92—Arctic-2000—Arctic-2005-5-AR-2-DV
(5400 km) from Petrozavodsk in the west to
Magadan in the east (fig. 16, 17). It includes: velo-
city, density models and geological-geophysical sec-
tion. Sedimentary cover base (B), upper crust base,

Geotransect position

02 4 & 8 012 6 Bk

T T S = =

Thickness of Sedimentary Cover

Fig. 16. Geotransect across the Circumpolar Arctic

lower crust roof, Earth’s crust base — M discontinui-
ty are shown in this geotransect. When determining
interfaces, velocity parameters (Vp) are specified:
sedimentary cover — 2.0—4.5 km/s; upper crust —
5.8-6.4 km/s; middle crust — 6.3-6.7 km/s; lower
crust — 6.6—7.2 km/s; upper mantle — 7.8-8.4 km/s.
Geological-geophysical section crosses the Eurasian
oceanic basin with the Eocene, Oligocene-Early

Crust Thickness

1000 20000 ki 1000 300 @ 1 000 2 000 km
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Miocene, and Late Miocene-Quaternary oceanic
crust (less than 10 km thick), Baltic Shield and
folded areas of Northwestern Russia.

Passive continental margins of the Eurasian
oceanic basin — the Barents-Kara, Laptev rift and
submerged Amerasian Basin with the Lomonosov
Ridge and Mendeleev Rise — are distinguished with
thinned crust. This uplift is interpreted as a block
of three-layer Archean — Mesoproterozoic crust
reaching up to 30 km in thickness with the Late
Precambrian and Paleozoic cover deposits under
the Late Mesozoic and Cenozoic sediments and
HALIP basalts. The limits and deep structure of the
Anyui-Chukchi and Upper Yana-Kolyma regions
in the section band are specified. Karelian granite-
greenstone region has a thick (up to 45 km) three-
layered crust and the presence of high-density and
high velocity crust-mantle lens as manifestation of
underplating and mafic-ultramafic magmatism.

Alpha-Mendeleev Ridge is characterized by ve-
locity and density parameters, which allow to pre-
sent it as a tectonic block with a three-layered crust
of 30 km thickness. Crustal thickness is maximum
for the Central Arctic Uplifts Area. High velocity
and high density local sites similar to the crust-
mantle complex are observed in the lower crust
bottom. This allows to suggest the presence of mafic
magma chambers under the vast HALIP basalt areal
assumed by the specific magnetic field.

Basalts are dated to Cretaceous (82 Ma) at Alpha
Ridge to the north of the geotransect. The suprac-
rystal complex of late Precambrian and Paleozoic

sediments is supposed to be sometimes within the
acoustic basement of the Mendeleev Rise, North
Chukchi basin within Anyui-Chukotka Fold Area.
Seafloor debris of gneiss-granite raised by piston-
corer (geological sampling of the steep slope of
the Geophysicists Spur) showed younger ages
(1139+15, 688+5, 448.7+4, 407.5+5.1 Ma), than
granite samples at the Mendeleev Rise.

The crust structure similarity of the Alpha-
Mendeleev Rise and the Karelian granite-green-
stone Area allow to suggest the presence of Early
Precambrian tectonic blocks in the Rise basement.
This assumption is supported by isotopic dating of
seabed rock specimens sampled during the expedi-
tions “Arctic-2000” and “Arctic-2005”. Pieces of
granite-gneisses dredged and raised by boxcorers or
piston corers from the Mendeleev Rise showed 2.7,
2.6, 2.3, 1.9 Ga, fragments of gabbro-dolerite dem-
onstrated 790+20 Ma and 2650 Ma (from xenogenic
zircon grains). Paleozoic sandstones and quartzites
430-300 Ma from the Mendeleev Rise also contain
Archean (3.1 Ga) detrital zircons, which indicate
participation of the Early Precambrian provenance.

The Lomonosov Ridge south — Lomono-
sov Ridge passes the pole and thus both ends are
South — cut by the geotransect differs by two-layer
structure and thinner (about 25 km) Earth’s crust.
Velocity and density of the lower crust are notice-
ably smaller than those of the Mendeleev Rise.
The main parameters of consolidated crust of the
Lomonosov Ridge are similar to thinned crust of
orogenic belts within the North-East Russia.
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MAP OF THICKNESS OF UNDEFORMED SEDIMENTARY COVER IN THE ARCTIC

0.V. Petrov, S.N. Kashubin, L.A. Daragan-Suschova, E.D. Milshtein, E.A. Androsov, E.O. Petrov,
K. Piepjohn, V.A. Poselov, I.I. Pospelov, S.P. Shokalsky, S.D. Sokolov

Summary map of the Circumpolar Arctic sedimentary cover was compiled according to seismic reflection
studies and summarizing all the available sediment thickness maps north of 60° N. The isopach section in the

summary map corresponds to 1.0 km, grid 5 x 5 km.

Keywords: Circumpolar Arctic, reflection seismics, sediment thickness.

By sedimentary cover is meant a sequence of
sedimentary, slightly dislocated, and usually unme-
tamorphosed rocks characterized by gentle dipping
that form the upper part of the Earth’s crust. On
continents, as a rule, on continents the sedimentary
cover lies on consolidated crust and in oceans — on
the second oceanic layer. However, in some sedi-
mentary basins, between the sedimentary cover and
crystalline basement, there are intermediate com-
plexes represented by metamorphosed and sedi-
ments dislocated to a varying degree. Sometimes,
these sediments are included in the sedimentary
layer [Gramberg et al. 2001], but more often they
are treated as formations of the so-called inter-
mediate structural stage [Poselov et al. 2011a,b;
2012]. In geological mapping, the thickness of sedi-
ments lying on heterochronic basements is shown
by isopach lines.

As a rule, the sedimentary cover is confidently
identified in seismic cross-sections by the nature
of seismic record and values of elastic wave ve-
locities, so seismic methods play a key role in the
study of the sedimentary cover. In RW-CDP time
cross-sections, the base of the sedimentary cover is
usually recorded from the sharp change of extend-
ed and subhorizontally oriented lineups to dashed
variously oriented field of reflectors or complete
cessation of regular seismic record. This horizon,
indexed in RW-CDP cross-sections as AB (acoustic
basement), usually coincides with the first-order
velocity boundary identified when observing with
P-wave method, DSS, and corresponding to sharp
increase in P-wave velocity values from less than
3.5-4.0 km/s to 5.0 km/s and higher. As a rule, the
base of the sedimentary cover is constructed from
seismic data using these features.

The thickness map of the Circumpolar Arctic
sedimentary cover shown in fig. 18 was com-
piled as a part of the international project on the

To cite: Map of thickness of undeformed sedimentary cover
in the Arctic / O.V. Petrov [et al.] // Scientific contributions
to the Tectonic Map of the Arctic. Paris, 2019. P. 36-39.

compilation of the Atlas of geological maps of
the Circumpolar Arctic carried out under the aus-
pices of the Commission for the Geological Map
of the World [Petrov et. al. 2016]. The map was
compiled on the basis of all available recent maps
showing the structure of the sedimentary cover
and seismic cross-sections [Gramberg et al. 2001;
Smelror et al. 2009; Grantz et al. 2011a,b; Drachev
et al. 2010; Divins 2008; Laske & Masters 2010;
Poselov et al. 2011a,b; 2012; Artemieva & Thybo,
2013, etc.]. All available data on the thickness
of the sedimentary cover collected from various
sources were converted into a single coordinate
system and presented in a unified grid with a cell
size of 5x5 km. In overlapping areas of original
maps, priority was given to more detailed studies.
Areas with no seismic data were filled by means
of sediment thickness interpolation using the global
model CRUSTI1.0 built on a grid of 1x1 degree
[Laske et al. 2010].

In its present form, the map can serve as a factu-
al basis for the distribution of sediments’ thickness
in the Arctic region for the analysis of the geologi-
cal structure and tectonic evolution of the Arctic.
The structure of the sedimentary cover reflects the
location of rift systems in continental margins, oro-
genic belts, and also allows identifying borders of
sedimentary basins.

The sedimentary cover of the Arctic, which in-
cludes the total thickness of undeformed rock se-
quences lying on the tectonic basement, reveals a
belt of deepwater shelf and marginal shelf basins
(East Barents Basin — North Kara Syncline, Vilkitsky
Trough — North Chukchi Basin; Colville Trough;
Beaufort Sea — Mackenzie River delta; Sverdrup
Basin and Lincoln Sea Basin, etc.). In these basins,
the sedimentary cover reaches 18-20 km.

System of submeridional (NS) deep-sea ba-
sins (Eurasia — Laptev Sea, Makarov Basin —
Podvodnikov Basin — De Long Basin and others)
with sedimentary cover of 6-10 km, is apparently a
younger system superimposed on Paleozoic—Meso-
zoic marginal shelf basins and troughs.
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500 1000 km

Fig. 18. Thickness map of Circumpolar Arctic sedimentary cover [Petrov et al. 2016]

Index map of authors’ layouts: 1 — Yu.M. Erinchek et al. 2002 (unpublished material). Relief map of the basement of
various ages of the East European Platform and the Timan-Pechora Province; 2 — D.L. Divins 2003 (unpublished mate-
rial). NGDC Total Sediment Thickness of the World’s Oceans & Marginal Seas; 3 — Grantz et al. 2009. Map showing
the sedimentary successions of the Arctic Region that may be prospective for hydrocarbons; 4 — Laske, Masters 2010.
Global Digital map of Sediment Thickness; 5 — Sakoulina et al. 2011. Sedimentary basins of the Sea of Okhotsk region;
6 — S.P. Shokalsky et al. 2010 (unpublished material). Schematic thickness map of the sedimentary cover of the Urals, Si-
beria and the Far East; 7 — Sakoulina et al. 2011. Thickness map of the Barents-Kara sedimentary cover; 8 — Poselov et al.
2012. Thickness map of the Arctic Ocean sedimentary cover; 9 — K.G. Stavrov et al. 2011 (unpublished material). Thick-
ness map of sedimentary cover at 1:5M; 10 — N. Kumar et al. 2010 (unpublished material). Tectonic and Stratigraphic
Interpretation of a New Regional Deep-seismic Reflection Survey offshore Banks Island; 11 — D.C. Mosher et al. 2012
(unpublished material). Sediment Distribution in Canada Basin; 12 — N.A. Petrovskaya et al. 2008 (unpublished mate-
rial). Main features of the geological structure of the Russian Chukchi Sea; 13 — I.Yu. Vinokurov et al. 2013 (unpublished
material). Sedimentary cover thickness from seismic profiles of the expedition Arctic-2012
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Sedimentary cover thickness decreases to 1 km
and less on the ridges separating the basins (Lomo-
nosov — New Siberian, Alpha — Mendeleev — Wran-
gel), where the basement with different age of forma-
tion and folding is outcropped. Among positive struc-
tures, the Gakkel Ridge should be noted as one of the
youngest oceanic spreading systems with outcrops of
Cenozoic oceanic basement, which is formed in the
axial part of the Eurasian sedimentary basin.

The map of sedimentary cover thickness of the
Arctic is of extraordinary importance for evaluation
of oil and gas resources. It is shown by the map of
sedimentary successions prospective for hydrocar-
bons compiled by A. Grantz in 2010.

Assessment of the petroleum potential of the
Arctic Region is handicapped by incomplete knowl-
edge of the location, character, age and geologic
setting of the sedimentary successions that underlie
this large, remote and incompletely mapped region.

The map attempts to fill this void by displaying
all of the supra-continental and submarine sedimen-
tary successions in the Arctic Region (variously
58-64 to 90°N) that are known or inferred to lie
at or near the land surface or the seafloor on the
basis of currently available data. The map consists
of four quadrants — Alaska and Arctic Canada, East
Siberia, Barents/Kara, and Greenland) at a uniform
of 1:6.76M scale. This scale was chosen because it
is the largest that will allow the map to be printed
on standard 42 inch wide printer paper.

A total of 143 sedimentary successions known
to contain hydrocarbons that were either generated
internally or expelled from other successions, or
which appear to be sufficiently thick to warrant at
least consideration of their hydrocarbon potential
based on their known or inferred thermal gradi-
ents, were identified in the Arctic Region in the
present study. The successions range in age from
Late Mesoproterozoic (mid-Riphean) to Cenozoic
and, within the confines of the Arctic Region,
range in size from less than 100 to more than
50,000 sq. km.

Among the greatest uncertainties concerning
future energy supply is the volume of oil and gas
remaining to be found in high northern latitudes.
The potential for resource development is of in-
creasing concern to the Arctic nations, to petroleum
companies, and to all concerned about the region’s
fragile environments. These concerns have been
heightened by the recent retreat of polar ice, which
is changing ecosystems and improving the prospect
of easier petroleum exploration and development.
For better or worse, limited exploration opportuni-
ties elsewhere in the world combined with tech-
nological advances make the Arctic increasingly

attractive for development. To provide a perspec-
tive on the oil and gas resource potential of the re-
gion, the US Geological Survey (USGS) completed
a geologically based assessment of the Arctic, the
Circum-Arctic Resource Appraisal (CARA), which
exists entirely in the public domain [Gautier et al.
2011].

About 30% of the world’s undiscovered gas and
13% of the world’s undiscovered oil may be in the
Circum-Arctic, mostly offshore under less than 500
meters of water. Undiscovered natural gas is three
times more abundant than oil in the Arctic and
is largely concentrated in Russia. Oil resources,
although important to the interests of Arctic coun-
tries, are probably not sufficient to substantially
shift the current geographic pattern of world oil
production.

These estimates do not include technological
or economic risks, so a substantial fraction of the
estimated undiscovered resources might never be
produced. Development will depend on market con-
ditions, technological innovation, and the sizes of
undiscovered accumulations. Moreover, these first
estimates are, in many cases, based on very scant
geological information, and our understanding of
Arctic resources will certainly change as more data
become available.
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TECTONIC PROVINCES OF THE ARCTIC

0.V. Petrov, S.P. Shokalsky, S.N. Kashubin, G.E. Grikurov, E.O. Petrov, K. Piepjohn,
N.N. Soboley, L.I. Pospelov, S.D. Sokolov, T.Yu. Tolmacheva

The Map of tectonic provinces of the Arctic compiled in a result of work on the tectonic map under the pro-
ject Atlas of Geological Maps of the Circumpolar Arctic is based on recent geological and geophysical studies
of the Arctic Ocean and Arctic islands, investigations of dredged seafloor material from Central Arctic uplifts.
The tectonic provinces of the Arctic areas were defined considering the types of Earth crust, age of consolidated
basement, and characteristics of geological structures of the sedimentary cover.

Keywords: Tectonic zones, Circumpolar Arctic, regional geology, tectonics

The Map of tectonic zoning of the Arctic
(fig. 19) was compiled as a result of work on the
tectonic map under the project Atlas of Geological
Maps of the Circumpolar Arctic and is based on re-
sults of processing geological and geophysical data
obtained over recent years during field studies. The
tectonic zoning of the Arctic areas was made taking
into account crustal types, age of consolidated base-
ment, and characteristics of geological structures of
the sedimentary cover. The legend for the map of
zoning includes five main groups of elements: con-
tinental and oceanic crust, folded platform covers,
accretion-collision systems, and provinces of conti-
nental basalt cover (fig. 20). An important feature
of the map of tectonic zoning is showing the conti-
nental crust in central regions of the Arctic Ocean,
the existence of which is assumed from numerous
geological data.

It should be noted that suggestions on the exi-
stence of continental blocks in the Arctic Ocean
were made at the very beginning of studying the
tectonic structure of the Arctic. In 1959, first color
tectonic map of the Arctic was compiled under
the supervision of N.S. Shatsky. It was made in
the polar map projection at 1:7M scale and in
1960 a black and white version was published.
It showed outlines of two platforms in the water
area of the Arctic: Barents Platform (or Barentsia)
in the western part and Hyperborean Platform in
the eastern part. The outlines of these two platforms
were used again in the Tectonic map of the Arctic
at 1:10M scale (1963) compiled by M.V. Muratov
and A.L. Yanshin based on the N.S. Shatsky’s map.
On this map, the Hyperborean Platform occupies
most of the Chukchi and East Siberian seas from
the Lomonosov Ridge to Mesozoides of Alaska,
Chukotka and Verkhoyansk Range, Variscides of the
Canadian Arctic Archipelago. The Barents Platform

To cite: Tectonic provinces of the Arctic / O.V. Petrov
[et al.] // Scientific contributions to the Tectonic Map of the
Arctic. Paris, 2019. P. 40-52.

fully occupied the Barents Sea between Severnaya
Zemlya and Novaya Zemlya, Svalbard with the
center in the Franz Josef Land Archipelago. In fact,
the Northeast and the Canadian Arctic Archipelago
were directly connected by the structures of the
Eurasian Basin and the Lomonosov Ridge via the
Hyperborean Platform.

The Tectonic Map of the Arctic and Subarctic
at 1:5M (1967) prepared under the guidance of
I.P. Atlasov, for the first time ever showed the exi-
stence of transitional structures between the cratons
and folded systems, between continental and oceanic
crust. This study suggested much more widespread
occurrence of fold belts in the Arctic water area and
cast some doubt on the existence of a single large
and homogeneous Hyperborean Platform.

The detailed Tectonic Map of the Arctic by
B.H. Egiazarov [Egiazarov et al. 1977] reflected the
conception of the existence of heterogeneous Arctic
Fold Belt formed on the periphery of the Hyperbo-
rean Platform with Archaean — Paleoproterozoic and
Early-Middle Paleozoic basement.

Tectonic structure of the Arctic was also dis-
cussed by V.E. Hain and his followers [Hain, 2001;
Filatova & Hain 2007, etc.; Drachev 2011]. In the
central part of the Arctic Ocean, he identified areas
of heterochronic oceanic crust with continental-
type crust, and intraplate oceanic crust elevations.
The possibility of the assignment of the crust in the
Makarov and Toll (Podvodnikov) basins to the tran-
sitional type is assumed. He classified the Lomono-
sov, Alpha, Mendeleev structures and the Chukchi
Plateau as the continental-type crust.

Currently, the Central Arctic is regarded as a col-
lage of fragments of a Neoproterozoic craton, which
underwent destruction during the Paleozoic-Ceno-
zoic evolution and covers almost the entire of the
Arctic region exposing along the continental fram-
ing of the North Atlantic and Eurasian ocean basins
at Novaya Zemlya, Taimyr Peninsula, Kara Mas-
sif, New Siberian Islands, De Long Archipelago,
Wrangel Island, Seward Peninsula, Canadian Arctic
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Fig. 19. Map of the Arctic basement tectonic provinces. Materials used: Pease et al. 2014; Harrison et al. 2011;
Grantz et al. 2009; Petrov et al. 2015; Morozov et al. 2013; Proskurnin et al. 2012; Daragan-Sushchova et al. 2014;
Vernikovsky et al. 2013; and other data

Archipelago and elsewhere [Zonenshain & Natapov
1987; Lawver et al. 2002].

Reliable evidences of the oceanic crust expressed
as well-defined structures of the Late Cretaceous —
Cenozoic spreading are inherent in the Baffin Bay,
Norwegian-Greenland and Eurasian basins. In two
small areas located in the center of the southern
part of the Canada Basin and in the Makarov Basin,
there are indistinct signatures of abandoned sprea-
ding, which suggest the presence of enclaves of
Mesozoic oceanic crust (Transition O/C Zone).

More than half of the modern distribution area of
the continental lithosphere in the Arctic is occupied
by the Archaean-Paleoproterozoic continental crust.
Its original and/or changed crystalline complexes
are preserved in the basement of Precambrian East-
ern European, Siberian and North American cratons.
Tectonic activation of marginal parts of the cratons
adjacent to (Meso?)-Neoproterozoic-Phanerozoic
accretion-collision belts caused folded deforma-
tions of old platform covers transformed to Elles-
merides of the Franklin Fold Belt and Mesozoides
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Fig. 20. Legend to the map of the Arctic tectonic provinces

of the Verkhoyansk and South Taimyr fold belts.
Archean — Mesoproterozoic convergent processes
not only modified peripheral areas of the cratons,
but also significantly increased the old continen-
tal basement. Grenvillian crust reworked by Early-
Middle Paleozoic (Caledonian-Ellesmerian) tectoge-
nesis is identified in the northern part of Ellesmere
Island (Pearya Terrane), on the Svalbard and Franz
Josef Land archipelagoes and in the basement of

the Barents Sea Basin and the near-Greenland seg-
ment of the Lomonosov Ridge combined in the
pre-spreading reconstruction with the Barents Sea
continental margin.

Timanides of the Polar Urals and Pay-Khoy
suffered the impact of the Late Paleozoic (Ura-
lian) orogeny that completed the consolidation of
the West Siberian and South Kara basins base-
ment. In continuation of the Timan Fold Belt across
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Novaya Zemlya and Central Taimyr, the strongest
reworking of the Late Neoproterozoic crust oc-
curred during the Early Cimmerian orogeny in the
Late Triassic—Early Jurassic. Continental crust of
Kolyma and south Chukotka increased during the
Cretaceous due to the structures of the Okhotsk
Volcanic Belt that formed at that time.

Vast “superterrane”, which extends from central
Alaska to the New Siberian Archipelago across north
Chukotka and southern parts of the Chukchi and East
Siberian seas, is interpreted as a collage of Neopro-
terozoic protoliths, which amalgamated into a single
continental block during the Paleozoic. During the
Mesozoic collision of this block with Northeastern
Asia and south Alaska, it underwent tectonomag-
matic reworking to form the compound Late Meso-
zoic Novosibirsk-Chukotka-Alaska Fold Belt most
of which was buried under the Upper Cretaceous-
Cenozoic cover in the inland shelf.

Within the outer shelf of the East Siberian and
Chukchi seas, Chukchi Borderland, the Beaufort
Sea and the North Slope of Alaska, the folded base-
ment is almost entirely hidden under the Middle(?)-
Upper Paleozoic — Cenozoic cover reaching in pla-
ces up to 20 km in thickness. Scarce geological data
(observations on De Long northern islands, drilling
in the American part of the Chukchi Sea, dredging
of bottom rocks of the Chukchi Borderland) suggest
mostly Timan-Caledonian formation of the crust,
which locally probably also hosts Grenville and
older protoliths.

The continental crust, transformed to various
degrees by stretching and intensive basaltic magma-
tism, which led to the HALIP formation, also under-
lies the Alpha Ridge and Mendeleev Rise and most
of negative elements of bottom topography [Poselov
et al. 2007; Pease et al. 2014]. Seismic data show
that the thickness of the continental crust varies
widely: from 30-32 km in the Mendeleev Rise to
18-20 km in the Lomonosov Ridge, decreasing to
8—10 km in rift structures of the Makarov Basin due
to the reduction of the upper crust layer.

Taking into account the current level of knowl-
edge of the Alpha Ridge and the Mendeleev Rise,
the crust of which is armored by volcanic products
and modified by deep magmatism, its internal struc-
ture cannot be identified and this area is shown on
the map of tectonic zoning without subdivision into
individual tectonic provinces. The same approach is
used for mapping Mendeleev and Chukchi subma-
rine plains and the eastern part of the Podvodnikov
Basin wherein the crust that underwent magma-
togenic impact is moderately submerged beneath
the basement of sedimentary basins, as well as
the periphery of the south Canada Basin, where

the extremely stretched crust is buried under thick
sedimentary cover and almost five kilometers of the
water layer.

More detailed descriptions including the justi-
fication of the continental crust age are given be-
low for individual morphostructures of the Central
Arctic Ocean (fig. 21).

The Arctic Ocean is the smallest and youngest
Earth’s ocean [Gramberg 2002]. It is subdivided
into Eurasian and Amerasian Basins that differ in
topography and geological and geophysical charac-
teristics of the seafloor.

The Eurasian Basin includes abyssal basins
(Nansen and Amundsen Basins) separated by the
mid-oceanic Gakkel Ridge with axial rift valley
(fig. 22). Along the continent-ocean boundary
(COB), it borders the Barents-Kara, Amerasian, and
Laptev sea rift passive margins [Jokat, Micksch
2004]. The Eurasian Basin has a length of about
2000 km and a width of up to 900 km. To the west,
its tectonic boundary corresponds to the Svalbard
transform fault system (De Geer Fault), to the east —
the Lomonosov Ridge and the Laptev Sea continen-
tal margin. The Gakkel Ridge separates the basin
into two basins: the Amundsen Basin, adjacent to
the Lomonosov Ridge, and the Nansen Basin that
emborders the Eurasian shelf.

Gakkel Ridge is an extended linear rise with a
dissected relief. The ridge is surrounded by abyssal
plains along the entire length (1800 km), but close to
the Laptev Sea shelf, it gets in contact with an eleva-
tion. East of 70° E, a distinct asymmetry is recorded
in the structure of the ridge. In the Nansen Basin
part, it is noticeably narrower, and the abyssal plain
is almost in contact with the rift valley, and from
the Amundsen Basin part, a broad plateau, elevated
above the abyssal plain at 200400 m and compli-
cated by mountains and ridges, is clearly traced in
the relief of the ridge. Topography of the rift valley,
its depth and other features are impermanent and
experience consistent alterations in four blocks of
the ridge, which follow one another along the strike.
The width in the ridge zone topography is less than
200 km, rift valley depths range from 5000-5200 m
near the Laptev Sea shelf to 4300 m in the central
and 4500-5000 m in the Greenland part [Naryshkin
1987; Orographic... 1995, etc.].

In the Nansen and Amundsen Basins, the bot-
tom is represented by subhorizontal abyssal plains.
The greatest depths reach about 4000 m in the Nan-
sen Basin and about 4,500 m in the Amundsen. In the
Amundsen Basin, maximum depths are concentrated
in its axial part, whereas in the Nansen Basin the area
with the greatest depths is located in the western part
of the basin settings [Orographic... 1995].
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Fig. 21. Map of the Arctic basement tectonic zoning combined with the bathymetric map of the Central Arctic
(symbols in fig. 34)

The Amerasian Basin boundary is located along
the base of the western slopes of the Lomonosov
Ridge. It is the largest deep-water basin in the Arc-
tic, and issues related to its structure and history of
formation are fundamental for reconstructing the
history of the evolution of the Earth.

A significant part of the Amerasian Basin is oc-
cupied by extensive Central Arctic uplifts (Alpha
and Lomonosov Ridges, Mendeleev Rise, Chukchi
Borderland). The area of the Central Arctic uplifts
“partitions” the central part of the Arctic Ocean be-
tween the Greenland and the Canadian Archipelago
shelves on one side and the East Asian one on the
other. This area includes not only large positive
forms of the seafloor topography, but also dividing
extensive depressions (Podvodnikov, Makarov and

Nautilus Basins, Mendeleev and Chukchi abyssal
plains) and a variety of smaller morphostructures
in the intermediate depth interval that complicate
first-order features.

The Makarov Basin is separated from the
Eurasian Basin by the Lomonosov Ridge. Accord-
ing to some last publications [Miller et al. 2017]
it is an enclave of the ocean floor, surrounded by
continental slopes, namely the outer, tectonically
dissected continental slopes. The slope of the basin,
shared with the Lomonosov Ridge, is called the
Shmakov Escarpment. It is much steeper and higher
than the opposite side of the depression. From the
Greenland-Ellesmere shelf, the deep Marvin Spur
opens to the Makarov Basin. The abyssal plain in
the basin floor is outlined by an isobath of 3,800 m.
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Fig. 22. 3D-image of the Nansen and Amundsen Basins with the continental slope foot of the Laptev Sea shelf
(IBCAO model, version 3.0)

Only in some small areas, the depths in the basin
exceed 4000 m. The bottom of the basin is flat, lev-
eled, complicated by an extended asymmetric ridge
about 800 m high, which continues westward the
Marvin Spur.

Lomonosov Ridge is a rise of the seabed, which
extends for almost 1,800 km across the Arctic Ocean
from the Lincoln Shelf to the East Siberian Shelf.
The width of the rise, which has a flat top slightly
rounded on the crest, is 45 to 200 km, the height
runs up to 4200 m. Seismostratigraphic analysis
shows that the formation of the Lomonosov Ridge
as a positive structure began in the Cretaceous. Dur-
ing the late Early Cretaceous (Aptian-Albian), the
Lomonosov Ridge developed as a sediment-covered
rise, which supplies clastic material to the adjacent
depressions. This is evidenced by pinching-out of
the Lower Cretaceous seismostratigraphic complex
towards the dome of the Lomonosov Ridge. Ta-
king into account that Cretaceous sediments both
in the Lomonosov Ridge [Dove et al. 2010] and the
Laptev Sea Shelf are represented by continental and
onshore-offshore coal-bearing formations, this rise
is interpreted as intracontinental.

Lomonosov Ridge as a morphostructure of the
modern Arctic Ocean formed during the Miocene.
At that time the shallow-water sediments turned into
deep-water ones [Dove et al. 2010]. At present, the
continental nature of the Lomonosov Ridge uplifting

is practically undebatable. The seismostratigraphic
analysis showed that structures of the Laptev Sea
Shelf continue in the Lomonosov Ridge. The struc-
tural-tectonic zoning of the Laptev Sea Shelf with
the involvement and partial processing of 35,000
liner km of seismic profiles enabled identification
(based on features of the basement and sedimentary
cover structure) of two subbasins in the Laptev Sea
Shelf: Western and Eastern Laptev Sea. Compara-
tive analysis of composite seismic profiles showed
similar features in the structure of the basement and
sedimentary cover of the Lomonosov Ridge and the
East Laptev Subbasin. In the basement of these struc-
tures there is an intermediate complex, which similar
to the New Siberian Islands is interpreted as slight-
ly dislocated Paleozoic — Early Mesozoic deposits.
Surveys carried out on the New Siberian Islands
showed thet the East Laptev Subbasin is filled with
an assemblage of platform carbonate and terrigenous
sediments formed in the Baikalian crystalline base-
ment reprocessed during the Caledonian and Cim-
merian phases of tectonogenesis. On the shelf, in the
acoustic basement of the continental block, there are
fragments of a layered seismic record corresponding
to slightly dislocated Paleozoic and Mesozoic strata
known on the New Siberian Islands.

Lomonosov Ridge underwent HALIP magmatic
manifestations only in local areas. Spreading pro-
cesses are mainly reflected there in the formation
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in the upper crust of numerous contrasting horst-
graben structures that were not leveled by sedimen-
tation and are well pronounced in the bottom relief.
The upper crust is slightly thinned, and between its
surface and the acoustic basement there is an almost
ubiquitous intermediate seismic layer, conventio-
nally referred to as “metasedimentary” [Poselov et
al. 2011a,b; Jackson et al. 2010]. This layer is ap-
parently composed of moderately metamorphosed
folded complexes of a wide age range silicaclastic
rocks [Knudsen et al. 2017; Morozov et al. 2013;
Kabankov et al. 2004; Rekant et al. 2012; Verniko-
vsky et al. 2014a; Grikurov et al. 2014].

Dominant distribution of these rock groups in
different segments of the Lomonosov Ridge is
shown on the map of zoning on the assumption of
an echelon alternation of heterochronic crust blocks
correlated with the conjugate Barents-Kara conti-
nental margin.

Mendeleev Rise as a denudation area, which
has existed at least since the Paleozoic — since the
formation of the Post-Ellesmerian North Chukchi
Trough. Formation of the eastern flank of the Mend-
eleev Rise is related to the Early Cretaceous rifting.
The Charlie Rift, at that time, separated the Mende-
leev Rise from the Chukchi Plateau. The Mendeleev
Rise, as a morphostructure of the Arctic Ocean,
similar to the Lomonosov Ridge, was formed during
the Neogene-Quaternary.

Judging by prevailing Paleozoic carbonate
dredged bottom rocks, the Mendeleev Rise, similar
to the Chukchi Borderland and Northwind Ridge,
is represented by submerged (during the neotec-
tonic phase) fragments of a continental crust block
with old Precambrian crystalline basement (fig. 23).
This block includes a Paleozoic platform cover of
the continent, known in literature as Hyperborea,
Eastern Arctic Platform [Kabankov et al. 2004] or
Arctida [Hain et al. 2009]. It is quite possible that
the Paleozoic cover of the Mendeleev Rise was
slightly affected by the Caledonian folding recorded
southwards, in the North Chukchi Trough.

As shown by the data obtained during the expedi-
tion “Arctic-2012”, overwhelming amount of large-
size bottom rock material (BRM), dredged from
steep submarine scarps is represented by sedimen-
tary littoral and shallow marine carbonate and terri-
genous rocks [Morozov et al. 2013] (fig. 24). The
composition of the sediments and their ages indi-
cate the presence of the platform unmetamorphosed
Ordovician-Devonian Carboniferous-Permian sedi-
mentary cover in the Mendeleev Rise (fig. 25).

In 2014 and 2016, the Geological Institute of
the Russian Academy of Sciences (GIN RAS) in
cooperation with the Geological and Geophysical

Survey of the Geological Institute (GEOSLUZHBA
GIN) and the Main Directorate for Deepwater
Research of the Ministry of Defense of the Rus-
sian Federation conducted expeditions in the Alpha-
Mendeleev Rise.

Rocks sampled by research submarine manipu-
lators directly from bottom outcrops proved the
existence of the Lower Paleozoic mainly carbonate
cover on the Mendeleev Rise [Skolotnev et al. 2017;
2019]. Among sedimentary rocks exposed in steep
slopes of the Mendeleev Rise, three stratigraphic units
were identified: the Ordovician-Silurian, Middle-Late
Devonian and Early Cretaceous.

On the other hand, seismic data show that in the
Mendeleev Rise, the sedimentary cover is represen-
ted by Cretaceous and Cenozoic sediments overlying
the acoustic basement. To explain this controversy,
it should be mentioned that in the Central Arctic
Uplifts, primarily in the Alpha-Mendeleev Rise,
large intense magnetic anomaly was recorded [ Verba
2006]. According to its image, amplitude-frequency
characteristics and the scale, this vast region is com-
parable with the areas of flood basalt large igneous
provinces. This assumption was confirmed by the
results of seismic interpretation obtained during the
cruise of the US icebreaker “Healy” in 2005. Several
seismic facies interpreted as sequences of basaltic
sheets and sills, intercalating with thick tuff layers
and, probably, sedimentary rocks were identified
below hemipelagic sediments in the Mendeleev Rise
and the north-western part of the Alpha Ridge at the
top of the acoustic basement [Bruvoll et al. 2010].
Observed cut tops of basement highs are treated as
surface erosion of the Mendeleev Rise in a shallow
sea, which took place simultaneously with or im-
mediately after its formation. The time of formation
of the volcanic rocks in the investigated part of the
Alpha Ridge and the Mendeleev Rise is defined as
the Aptian-Campanian (112—73 Ma) by Ar/Ar analy-
sis [Mukasa et al. 2015] (fig. 26).

The Ar/Ar isotopic analysis of dolerites from
Mendeleev Rise obtained in Arctic-2012 expedition
shown an Early Paleozoic age. The oldest ages ob-
tained for amphibole reach 471.5 + 18.1 and 466.9 +
+ 3.3 Ma, which corresponds to the Early—Middle
Ordovician [Vernikovsky et al., 2014b].

Updating of the areas of cretaceous volcanic
complexes’ distribution is based on the seismostrati-
graphic analysis of wave fields from seismic pro-
files. In the Central Arctic Uplifts, anomalies of
wave fields were recorded in the sedimentary cover
that can be related to magmatic activity in the study
area. In the Mendeleev Rise, areal covering volca-
nics occur over a large area, covering moderately
layered weakly folded strata. Their approximate
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Fig. 23. Outcrops of basement rocks traced in seismic profiles and taken (captured) on videocamera from a drilling rig
(site 06, Trukshin Mt in the North of the Mendeleev Rise, exp. “Arctic-2010”)

thickness varies greatly, from a few hundred meters
in local highs to 1-1.5 km in recent sinking of the
basement. Volcanic sheets are exclusively localized
in the bottom of the sedimentary cover that allows
approximate assessment of the age of acoustic base-
ment from the age of traps, as well as the evaluation
of stratigraphic extent of the sedimentary cover.
According to sampling results, in the Alpha Ridge,
the oldest sediments of the cover and the underlying
basalts are Campanian (~ 82 Ma) [Jokat 2003]. This
age is much younger than the expected time of the
opening of the Canada Basin (~148-128 Ma) and
older than the time of the opening of the Eurasian
Basin (~56 Ma) (fig. 27).

In the Mendeleev Rise, the Russian expedition
“Arctic-2012” drilled 3 short (< 2 m) wells in two
locations. All of them penetrated the acoustic base-
ment composed of Cretaceous basalts and trachy-
basalts in the south (~102—73 Ma) and late Cre-
taceous volcanic breccia (73 Ma) in the northern

part of the rise (Ar-Ar method). Similar Cretaceous
subalkaline and tholeiitic basalts were dredged in
the northern spur of the Northwind Ridge [Brum-
ley et al. 2015]. Ar-Ar determinations showed later
Cretaceous age than U-Pb method [Morozov et
al. 2013]. Based on available basalt datings, the
age of riftogenic movements can be defined as the
late Early Cretaceous — Late Cretaceous. Judging
by correlated reflectors, next stage of activation
of tectonic movements is Paleocene — Oligocene.
Formation of the largest seamounts of the Mend-
eleev Rise is related to them. Wells in the Ameri-
can sector of the Chukchi Sea recorded deep ero-
sion with missing Oligocene and even Miocene
sediments that correspond to eustatic minimum of
about 33 million years. Since the thickness of Mio-
cene-Holocene sediments on the raised areas of the
Mendeleev Rise is minimal, it is quite possible that
the process of uplifting of Paleocene-Oligocene
highs has intensified again.
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Fig. 24. Rock samples from the bottom outcrops of the Mendeleev Rise (“Arctic-2010”)

The Mendeleev Rise is the main area of HALIP
distribution (fig. 27). In this area, along with intensive
basaltic magmatism and block-faulting structures,
the spreading is evidenced by significant thinning
of the upper crust, which nevertheless retains the
“continental” total thickness due to the increase of the
lower layer by magmatic underplating. Similar to the
Lomonosov Ridge, between the acoustic basement
and the upper crust surface, there is an intermediate
(metasedimentary) layer, whose seismic transparency
is caused by abundant magmatic rocks.

Podvodnikov Basin has a block structure. There
are western and eastern blocks separated by the

uplift of the Geophysists Spur. Analysis of seismic
profiles showed that this separation occurred dur-
ing the Cretaceous. Despite the fact that the total
thickness of sedimentary cover in the basin is al-
most the same, the eastern and western parts of the
basin are characterized by different wave fields.
Abundant seismic complexes are recorded in the
eastern part. Layer velocities in the basement in the
east Podvodnikov Basin reach 5.9-6.3 km/s which
is typical of mature basements. Such characteristics
of the basement are also observed in the North
Chukchi Basin. Unfortunately, there are no reliable
velocities in the basement in the western part of
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Fig. 25. Hypothetical Paleozoic section and localities of the sampled carbonate rocks of the Mendeleev Rise

the basin, but it is possible that the basement of the
Podvodnikov Basin is heterogeneous. By analogy
with the North Chukchi Basin, the sedimentation
in the east Podvodnikov Basin is assumed to begun
in the Late Paleozoic — Early Mesozoic. In the late
Early Cretaceous, the basin was divided into eastern
and western parts as a result of tectonic movements.

In the western basin during the Cretaceous, rela-
tively thick layer of sediments deposited in the
environment of avalanche sedimentation (chaotic
seismic record) as a result of drifting from the
Lomonosov Ridge and Geophysists Spur. Com-
plete compensation of Cretaceous grabens occurred
during the Neogene-Quaternary.

The Laptev Sea Shelf (fig. 28) is a plain gentle
sloping to the north, which is complicated by a
few uplifts with islands located in the middle of
the shelf, as well as banks and underwater valleys,
including those associated with geological features

of the seafloor structure. Depths in the area do not
exceed 50 m. A trough with depths of up to 4045
m extends from the Khatanga River mouth along
the Taimyr Peninsula coast. The shelf plain is divid-
ed into terraces, so the downcutting of underwater
valleys is different. In separate segments it reaches
20 m and it does not exceed 5—10 m on flat sections.
Submarine valleys continue arterial waterways of
the land. The shelf edge is determined from a sharp
change in the inclination of the seafloor, which in
the Laptev Sea occurs at depths of about 100 m.
The orientation of the shelf edge varies from north-
western in the west to sublatitudinal in the central
part of the Laptev Sea and to northeastern in the
eastern part of the sea.

Specific features of the continental margins in
the Laptev Sea are its location at the junction with
the underwater Gakkel Ridge, the northernmost seg-
ment of the world system of mid-oceanic ridges, and
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the extremely smooth flattening of the continental
slope with depth. It is due to the presence of a thick
plume of sediments from the shelf.

Over the recent years, VSEGEI focused its
activity on the Russian part of the Eastern Arctic
where new detailed geological and geophysical data
were obtained. These data became the basis for the
creation of the modern tectonic model of the Arctic.
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Pacific Plate

One of main results of studying the geologi-
cal and tectonic structure of the Arctic region is a
subsequent reconstruction of its tectonic evolution.
Models of the plate tectonic evolution of the Cen-
tral Arctic are currently being discussed in many
publications [Lawver et al. 2011; Vernikovsky et

Fig. 30. The map of crustal types shows that

oceanic crust is present only at the boundary

of the lithosphere plates within the Eurasian
basin

Fig. 31. Crustal thickness map of the Arctic
showing the oceanic crust at the boundary
of the lithosphere plates within the Eurasian
basin

al. 2014; Metelkin et al. 2015; Miller et al. 2017,
Shephard et al. 2013; Dore et al. 2015], but there
is still no unified view on the tectonic evolution of
the region.

Reconstruction of the position of consolidated
basement blocks in the Arctic in the Proterozoic
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Fig. 32. The map of earth’s crust thickness shows that the earth’s crust in the Canada, Podvodnikov and Makarov basins has
a structure typical for deep sedimentary basins such as South Barents or Peri-Caspian depressions

and Paleozoic [Lawver et al. 2011; Vernikovsky et
al. 2014; Metelkin et al. 2015; Piepjohn et al. 2015;
Harrison 2017; Kossovaya et al. 2018; Ershova et
al. 2018a,b] are based on rare paleomagnetic data,
detrital zircons distribution, and fossil fauna biogeo-
graphy.

The Mesozoic-Cenozoic geodynamic history of
the Arctic, including the formation of the Canada
basin, the Makarov-Podvodnikov basin and the dis-
closure of the Eurasian ocean basin, is treated am-
biguously [Vernikovsky et al. 2014; Metelkin et al.
2015; Piepjohn et al. 2016; Toro et al. 2016; Jacobs-
son et al. 2012; Coakley et al. 2016; Lopez-Mir et
al. 2017; Chernykh et al. 2018].

Time of the Canada basin opening, considered
by different authors in the interval between the Late
Triassic and the Early Cretaceous, is established
from geophysical data on the crustal structure and
structural deformations on islands of the Canadian
Arctic [Lopez-Mir et al. 2017; Chernykh et al.,

2018]. Most experts agree that the fundamental
change in the direction of movement of lithospheric
plates and the progradation of the Mid-Atlantic
Ridge to the Arctic Ocean began in the early Eocene
(57-54 Ma) [Jokat et al. 2013; Knudsen et al. 2017].
It should be noted that in the majority of recent
scientific publications, no doubt is expressed con-
cerning the continental nature of the Central Arctic
Elevations — the Alpha-Mendeleev Rise [Bruvoll et
al., 2012; Dgssing et al. 2013; Gaina et al. 2014;
Oakey and Saltus 2016; Funck and Shimeld 2018;
Jackson et al. 2018].

Modern morphology of the seafloor and bathy-
metry of the Central Arctic are caused by complex
Cenozoic history of the sea level rise and lowering
associated, among other things, with a series of
arctic glaciations over the last 2.58 Ma.

A key achievement of compilation of the Tec-
tonic Map of the Arctic is a creation of a modern
plate-tectonic model of the Circumpolar Arctic.
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Velocity model (after Poselov et al. 2011)
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Fig. 36. The map of the sedimentary cover thickness of the Arctic and Asia demonstrates that sedimentary basins associated
with intraplate rifting typically have the total thickness of sedimentary rocks of 10-12 km and greater



58

TECTONIC MAP OF THE ARCTIC

0-15 km
15-30 km
30-45 km
45-60 km
60-120 km
120-350 km
350-700 km

A r'
0 1000 2000 3000 4000km
—

{(30°E




TECTONIC MODEL AND GEODYNAMIC EVOLUTION OF THE ARCTIC

59

Fig. 37. Scheme of earthquake centers depths
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This model demonstrates that the Arctic structure
is determined by interaction of three lithosphere
plates: two continental — North American and Eura-
sian — and one oceanic — namely Pacific (fig. 29).

The Pacific oceanic plate descends under the
North American and Eurasian plates leading to
a formation of active continental margins. Young
Arctic Ocean develops within the Gakkel Ridge,
Nansen and Amundsen Basins at the boundary be-
tween the North American and Eurasian continental
plates.

Within the North American plate, the Alpha-
Mendeleev and Lomonosov Ridges are represented
by reduced continental crust (fig. 30). This is shown
on the map of crustal thickness in the Circumpolar
Arctic (fig. 31) based on regularly updated seismic
data containing interpolation between profiles by
correlation dependence of the depth of Moho loca-
tion, gravity anomalies and relief. Up to date, the
map takes advantage of about 300 seismic profiles
of total length over 140 000 km.

The earth’s crust in the Canada, Podvodnikov
and Makarov basins has a structure typical for
deep sedimentary basins such as South Barents
or Peri-Caspian depressions within the bounds of
which some experts presume the presence of oce-
anic crust (fig. 15, 32, table 3).

Results of studies within the Barents and Kara
seas show that the earth’s crust of the Barents-Kara
passive margin measuring 35-40 km has 3-layer
structure. The thick sedimentary cover is underlain
by crystalline crust represented by upper low-ve-
locity and apparently mostly acidic crust and lower
higher-velocity and possibly more mafic crust. Such
thicknesses and structure are typical for earth’s crust
of shallow-water marginal continental seas.

The earth’s crust in the Amundsen basin is thin
(6-8 km) and has 2-layer structure (fig. 15, table 3).
Relatively thin low-velocity layer (presumably
formed by sediments interstratified with basalts)
overlies thin crystalline crust, which in its velocity
parameters corresponds to the lower mafic crust.
Such thicknesses and structure are typical for the
majority of oceans, as well as the sea depth that
reaches 4 km in the Amundsen basin.

The earth’s crust on the Lomonosov Ridge has
been studied both — in the central part of the Arctic
Ocean and in areas of its junction with Greenland
and East Siberia. Results of Russian and Danish-
Canadian studies correspond well and demonstrate
presence of intermediate (metasedimentary) com-
plex and 2-layer structure of the crystalline crust
under the sedimentary cover. Total thickness of
the earth’s crust on the Lomonosov Ridge loca-
ted 1-2 km sub sea measures 17-19 km (fig. 15,

table 3). Presently, the continental nature of the
Lomonosov Ridge is recognized by the majority of
Arctic researchers.

The earth’s crust of the Podvodnikov Basin is
thinner in comparison with the crust of surrounding
it rises and reaches 14-27 km (fig. 33). However,
its crystalline part also has 2-layer structure. The
most probable explanation is believed to be the
rift-related nature of the basin, which formed as a
result of continental crust stretching followed by its
submergence to bathyal depths up to 3.5-4 km.

The earth’s crust on the Alpha-Mendeleev Ridge
has been studied over last years by means of Rus-
sian and Canadian deep seismic sounding profiles
(fig. 34). Results of these studies correspond well.
Overall, the earth’s crust on the Alpha-Mendeleev
Ridge is similar to that of the Lomonosov Ridge;
however, its thickness is greater (32—34 km as op-
posed to 17-19 km on the Lomonosov Ridge) due
to increased thickness of the lower crust. Current
geological interpretation of this fact is so that in-
creased thickness of the lower crust is presumably
connected with magmatic underplating, which, in its
turn, led to intraplate basic volcanism and formation
of HALIP in this part of the Arctic.

This tectonic model is well reflected on gra-
vity and magnetic maps and conforms well to all
up-to-date geological and geophysical materials as
well as to the data obtained while studying the
Arctic islands and performing geological sampling
of the Arctic seafloor. Circum-Arctic magnetic
anomaly grid (CAMP-M) bear information related
to regional deeper and/or thicker portions of the
magnetic sources within the crust (fig. 35).

The map of sedimentary cover thickness within
the Canada, Podvodnikov and Makarov basins also
demonstrates characteristics determined by intra-
plate rifting. These basins typically have the total
thickness of sedimentary complexes greater than
10—-12 km, akin to the South Barents and Caspian
depressions, but uncommon for oceans (fig. 36).

Modern seismicity serves as an indicator of tec-
tonic processes and outlines boundaries of litho-
sphere plates (fig. 37). The wide belt of seismi-
city in the Pacific belt (Benioff-Zavaritsky zone)
determines the boundaries of the Pacific oceanic
lithosphere plate. Earthquake belts of the Mid
Atlantic and Gakkel Ridges form a narrow chain
of shallow earthquakes associated with divergence
of two continental plates and formation of young
oceanic crust.
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