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We present a new model of the crustal and tectonic structure of the Arctic region north of 60° N latitude,
constrained as a part of the international Atlas of Geological Maps of the Circumpolar Arctic under the aegis
of the Commission for the Geological Map of the World. The region is largely formed by (i) Archean–
Paleoproterozoic shields and platforms, (ii) orogenic belts of the Neoproterozoic to the Late Mesozoic ages over-
lain by platform and basin sediments, (iii) Cenozoic rift structures formed in part as a consequence of seafloor
spreading in the North East Atlantic Ocean with propagation into the Central Arctic Ocean along the Gakkel
Ridge, (iv) deep-water ocean basins and shallow-water shelves of the North Atlantic and Arctic Oceans, and
(v) associated large igneous provinces (LIPs).
Wepresent a series ofmaps for the Circumpolar Arcticwhich includemaps of the depth toMoho and thickness of
the sedimentary cover and presents tectonic regionalization based on 18major crustal types (oceanic, transition-
al, and continental) recognized in the Arctic. A 7600 km-long crustal geotransect across the region illustrates the
details of its crustal and tectonic structure.We discuss geological, geophysical and geochemical datasets onwhich
the new regional model is based. These include magnetic and gravity maps of the Circumpolar Arctic and a wide
range of existing and recently acquired bathymetric, geophysical (including seismic), geological, isotope and geo-
chronological data (illustrated by new age data for seabed and bedrock samples from the New Siberian Islands).
The analysis of these data in the framework of regional tectonic evolution allows for correlating onshore and off-
shore lithospheric fragments and for recognizing regions with oceanic, transitional, and continental crust in the
Circumpolar Arctic.

© 2015 Published by Elsevier B.V.
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1. Introduction

The Arctic represents one of the last biggest uncharted areas of the
World. This large area includes two deep-water basins with oceanic
crust, the Eurasia Basin and the Canada Basin (Fig. 1). The geological his-
tory and tectonic evolution of these basins are still not known in detail.
A great deal of research has been concentrated on the Eurasia Basin be-
cause it is the extension of the North East Atlantic oceanic crust into the
Arctic (e.g. Sekretov, 2002), whereas the history of rifting and spreading
in the Canada Basin remains less studied (Pease et al., 2014). Due to
scarce seismic and geochronological data coverage (e.g. Dobretsov and
Pokhilenko, 2010), the tectonic origin of the Lomonosov and Alpha-
Mendeleev Ridge System (AMRS) is also poorly understood, with
models ranging from a volcanic rifted continental margin or an oceanic
plateau with homogeneous mafic crust as constrained by gravity
modeling (Dove et al., 2010) to a 20–30 km thick continental crust
with a well-pronounced granitic layer as indicated by seismic data
(Lebedeva-Ivanova et al., 2006; Poselov et al., 2008; cf. Artyushkov,
2005, 2010). Similarly, different tectonic models are being proposed
for the evolution of the Lomonosov Ridge (Minakov and Podladchikov,
2012; Verzhbitskii et al., 2012).

The Arctic contains some of the world's largest hydrocarbon prov-
inces, including the West Siberian Basin, as well as several other
world-class petroleum bearing regions such as the Timan–Pechora
Basin, the North Slope of Alaska, the Barents Sea and the Norwegian
Sea; significant petroleum potential is expected for other off-shore
Arctic regions (e.g. Khain et al., 2009; Pease et al., 2014). The Arctic re-
gion also contains significant potential for metallogenic resources and
holds large volumes of prospective industrial minerals (e.g. Dodin,
2008; Dobretsov and Pokhilenko, 2010). However, in the face of a rapid-
ly growing need to assess more effectively the mineral resource poten-
tial of the Circum-Arctic region, the region remains largely unexplored
tectonically and geologically. A thoughtful assessment of regional min-
eral resources should be based uponmodern geological and geophysical
data and conceptual geodynamic models.

Tomeet this challenge, the international project “Atlas of Geological
Maps of Circumpolar Arctic at 1:5 М scale” was launched in 2003 by
Geological Surveys of the Circum-Arctic states with active support
from the UNESCO Commission for the Geological Map of the World
(CGMW). In addition to the Surveys, this work engaged a number of
scientists from national academies of sciences, research institutes
and universities. As the first step, an international effort to compile
Circum-Arctic geophysical (magnetic and gravity) and bedrock maps
(Figs. 2–4) has been undertaken by a consortium of national agencies
from Canada, Denmark, Finland, Norway, Russia, Sweden and the USA
(Petrov and Smelror, 2007; Gaina et al., 2011; Smelror and Petrov,
2012). This effort has been complemented by a German initiative
CASE (Circum-Arctic Structural Events) which resulted in acquisition
of a vast amount of geophysical and geodynamic data in the Arctic re-
gion since its start in 1992 (Tessensohn et al., 2012). This was followed
by the on-going TeMAr initiative, launched in 2009 to constrain a
newTectonicMapof the Arctic region. Thepresent study has the follow-
ing important objectives, which follow the principles of the TeMAr
initiative:

• to correlate geological structures of the mainland, shelf and deep-
water areas of the Arctic;

• to recognize and outline regions of accretion that led to the formation
of continental crust;

• to distinguish and outline areas affected by rifting and intraplate
magmatism, including large igneous provinces (LIPs), that caused
reworking of continental crust and is in part superimposed on oceanic
crust;

• to map the sedimentary basins and platform covers which are
extremely widespread in the Arctic.

The history of tectonic mapping in the Arctic spans over more than
fifty years. Recent compilations build on geological, tectonic, and
geophysical studies compiled by various authors, ranging from the
first Soviet tectonic maps (Bogdanov, 1963; Egiazarov, 1970; Leonov
and Khain, 1984; Zonenshain and Natapov, 1987) to recent maps (e.g.
Drachev et al., 2010; Drachev, 2011; Gaina et al., 2010, 2011; Grantz
et al., 1998, 2001, 2011a, 2011b; Harrison et al., 2011; Khain, 2001;
Scott, 1995; Spencer et al., 2011), regional large-scale compilations of
seismic models for the crust of Eurasia (e.g. Artemieva and Thybo,
2013 and references therein; Cherepanova et al., 2013), and regional
studies (Breivik et al., 2012; Czuba et al., 2011; Faleide et al., 2008;
Franke et al., 2004; Khain and Filatova, 2010; Ljones et al., 2004;
Mjelde et al., 2008; O'Leary et al., 2004; Poirier and Hillaire-Marcel,
2011; Raum et al., 2006; Reid and Jackson, 1997; Ritzmann et al.,



Fig. 1. Topography and bathymetry map of the Arctic region at 1:5 M scale in a polar stereographic projection based on ETOPO1 Global Relief Model (NOAA National Geophysical Data
Center, 2011).
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2007; Saltus et al., 2011; Tessensohn et al., 2012; Verzhbitskii et al.,
2012; Voss and Jokat, 2007), and takes advantage of multidisciplinary
data coming from numerous new research projects in the Arctic.

The new crustal and tectonic model of the Circum-Polar region
addresses the above listed objectives and is based on the following
data sets (discussed in detail below):

• potential field data (land, marine and satellite gravity and magnetic
data, particularly on ocean magnetic anomalies) (Sections 2.1–2.2),

• seismic data (multi-channel seismic data and seismic reflection/
refraction profiles which constrain the structure of the sedimentary
cover and the crystalline basement) (Section 2.3),

• geological and geochemical data for on-shore and off-shore rocks, in-
cluding data on LIP-related magmatic complexes and rifts (Section 3),
inferred and established faults, bathymetry and topography (Section 4),
• old and new geochronological data (ages of bedrock from on-land
sampling, off-shore basement outcrops, and drill cores from ultra-
deep continental and submarine oceanic drilling) (Sections 4–5).

This unique data set allows for tectonic mapping of the Arctic re-
gion. Geological and geophysical data on the structure of the sedi-
mentary cover and the crystalline basement form the basis for
distinguishing major crustal types (Section 6) characteristic of dif-
ferent tectonic settings in the Arctic region. The approach provides
a new view of the structure of the Arctic crust and its tectonic evolu-
tion, summarized in the tectonic model of the Circum-Polar region
(Section 6). The integration of geological, geophysical and geochro-
nological data into digital maps forms a new type of database



Fig. 2.Mapofmagnetic anomalies based on ground/airborne regional compilationswith a regional long-wavelength component derived from a globalmodelMF6 of lithosphericmagnetic
field based on CHAMP satellite data (Gaina et al., 2010, 2011, see details in Table 1).
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which is of utmost importance for a rational choice of the key sites
for deep-water drilling in the Arctic, particularly in the Central Arctic
region, aimed at obtaining indisputable direct geological data on the
structure and origin of the most controversial and still unexplained
geological regions of the Earth.

2. Geophysical data used for mapping the Circum-Polar Arctic

The compilations of digital maps at a 1:5 М scale for the Circum-
Arctic region north of the 60 N degree latitude for magnetic, gravity
and bedrock data (Figs. 2–4) (Gaina et al., 2010, 2011; Harrison
et al., 2011; Saltus et al., 2011) formed the basis for our constraints
of the regional tectonic map (Fig. 5). Tectonic zoning (Fig. 5) was fur-
ther constrained by a series of accompanying maps (Figs. 6–13)
prepared through collaboration with the international working
group. These maps, constrained by combining geological and geo-
physical data, include regional models of crustal thickness, as well
as thicknesses of the crystalline crust and the sedimentary cover in
the Arctic region.

Additionally we provide information on major geological structures
in the Arctic region, discuss the distribution of major crustal types
(Section 6), and illustrate regional variations in crustal structure along
a composite Transpolar Geotransect (Section 7) which is constrained
by deep seismic profiles and gravity modeling. The presented set of
maps together with the Geotransect facilitate understanding of the
deep structure of the Arctic. This section briefly describes principal
data sources which formed the basis for the new regional tectonic
model.



Fig. 3.Mapof gravity anomalies of the Circum-Polar Arctic (Bouguer— for onshore regions and free air anomalies for offshore regions compiled on a 10 km×10 kmgrid (Gaina et al., 2010,
2011, see details in Table 2).
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2.1. Magnetic map

Potential field data are crucial for tectonic mapping, because other
types of data (e.g. regional geology) sample chiefly shallow layers of
the crust. In contrast, potential field data can be used to distinguish
areas with oceanic and continental crust, to outline cratons, lithosphere
domains and terranes, to trace sutures and major fracture zones, and to
map enigmatic tectonic features of the Central Arctic region.

The new magnetic anomaly compilation for the Circum-Arctic area
(Fig. 2) constrained on a 2 km × 2 km grid (see Table 2 for details) has
a better coverage than similar compilations, in particular in the High
Arctic, around Greenland, and in the NE Atlantic and has a higher lateral
resolution (Gaina et al., 2010, 2011). The short-wavelength component
is based on near-surface gridded magnetic data (published open-access
and classified) provided by the Geological Surveys of the Circum-Arctic
states (Table 1). The regional long-wavelength component is based on
the satellite-derived magnetic anomalies model MF6 which extends to
spherical harmonics degree 120 (333 km wavelength) (Hemant et al.,
2007; Maus et al., 2008).

2.2. Gravity map

The compilation of gravity anomalies for the Circum-Arctic region
(Gaina et al., 2010) includes free-air gravity anomalies for off-shore
areas and Bouguer gravity anomalies for on- shore area (Fig. 3). Similar
to the aeromagnetic data compilation (Table 1), gravity data was pro-
vided through collaboration with the corresponding national agencies
(Table 2).



Fig. 4. Geological map (bedrock data compilation by Harrison et al., 2011).
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For long wavelengths, quality control was based on satellite gravity
models. Given a long history of the model development, oceanic data
set was corrected using the EGM96 global potential model (Lemoine
et al., 1998; Kenyon and Forsberg, 2001). Recently a new regional gravity
model for the Arctic region (McAdoo et al., 2013) and a global EGM2008
gravity model based on GRACE satellite data have been released with a
significant improvement in resolution (Pavlis et al., 2012). For on-shore
regions, the Bouguer anomaly was calculated using the standard proce-
dure and assuming crustal density of 2670 kg/m3. For ice-covered Green-
land, where the thickness of inland ice is ca. 3–3.5 km (Bamber et al.,
2001), the height of ice sheet was recalculated to an equivalent rock to-
pography. The combined free air/Bouguer anomaly map, constrained on
a 10 km × 10 km grid (Gaina et al., 2010, 2011), is shown in Fig. 3.

2.3. Crustal structure

The present regional model of the crustal structure of the Circumpo-
lar Arctic is based on numerous seismic studies (wide-angle profiles,
multichannel seismic reflection studies, and seismic receiver functions)
and their compilations (Table 3) in the form of maps (Grad et al., 2009)
and digital databases (Artemieva and Thybo, 2013; Cherepanova et al.,
2013). Figs. 10–13 summarize geophysical data on the structure and
thickness of the basic crustal layers, including thickness of sedimentary
cover, total crustal thickness and thickness of the crystalline basement.
These maps, together with gravity, magnetic, geochronological, and
geological data are used to distinguish and map different crustal types
in the Arctic region.

2.3.1. Thickness of sedimentary cover
The map of sedimentary cover thickness (Fig. 10) is constrained by

all available modern structural compilations and seismic sections
(Artemieva and Thybo, 2013 and references therein; Avetisov, 2012;
Divins, 2008; Drachev et al., 2010; Geissler and Jokat, 2004; Gramberg
et al., 1999; Grantz et al., 2011a,b; Laske and Masters, 1997; Poselov
et al., 2011, 2012; Smelror et al., 2009, etc.). All available data on the sed-
imentary cover thickness, collected from different sources, were
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converted to the same coordinate system, correlated in regions with
overlaps, giving priority to more detailed studies, and presented on a
uniform 5 km × 5 km grid (Table 3) (Fig. 10). Areas lacking seismic
data on sediment thickness are filled by interpolation, taking additional
advantage of a global CRUST1.0 model constrained on 1° × 1° grid
(Laske et al., 2013).

The structure of the sedimentary cover reflects regional tectonics, and
correlates with the location of orogenic belts and rift systemswithin con-
tinental margins, therefore allowing us to outline boundaries of sedimen-
tary basins. The sedimentary cover of the Arctic, that is the total sequence
of undeformed rocks resting on the tectonic basement, ranges in
Fig. 5. New tectonic map of the Arctic at 1:5 M scale. High-resolution figure is available as an
oceanic crust— gray-blue colors (oceanic plateaus with thick crust are marked by “L”-symbol
on the tectonic age: the main crust-forming events for cratonization, orogeny (accretion, sub
lines: sea-floor spreading axes (solid— active, dashed— extinct); thin purple lines: transform fa
continent–ocean transition; black lines: solid—major faults, hatched— rifted structures, boldwi
boundaries. Symbols: purple colors— ophiolite complexes; black and white symbols— volcani
correspondingly; symbols referring tometamorphic complexes: red— various gneissic complex
morphic core complexes. A complete legend in high-resolution can be downloaded from: http
thickness fromnear-zero values to ca. 20 km.Abelt of deep shelf andmar-
ginal shelf basins (the East Barents–Northern Kara, Vilkitsky–Northern
Chukchi, and Colvill basins; the Beaufort Sea–Mackenzie Delta; the Sver-
drup and Lincoln Sea basins, etc.) has sedimentary cover that reaches 18–
20 km in thickness. A 6–10 km thick layer of sediments is typical of a sys-
tem of submeridional (N–S) deep-water depressions (the Eurasia–Laptev
Sea, the Makarov–Podvodnikov–De Long basin and others). These
basins are likely to be superposed on the Paleozoic–Mesozoic marginal
shelf basins and troughs, and thus to be of a younger age.

The sedimentary cover reduces in thickness to ca. 1 km and less at
ridges separating the basement depressions (the Lomonosov–New
Electronic Supplement. See text for details. Color code: oceanic domains with spreading
); continental domains — in accordance with the conventional geologic color chart based
duction/collision-related events), rifting and intraplate magmatism. Lines: Bold purple
ults (solid— active, dashed— extinct); blue lines: solid—magnetic anomalies; hatched—

th red hatching— deformation fronts, red— strain zones, thin gray lines—major geological
c and plutonic assemblages in compressional and extensional (or plume-related) settings,
es, blue— blueschists and eclogites, green— basalt–komatiite greenstone belts andmeta-
://www.vsegei.com/en/intcooperation/temar-5000/.

http://www.vsegei.com/en/intcooperation/temar-
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Fig. 6. Tectonic zoning (regionalization) of the Arctic (based on results of VSEGEI and VNIIOkeangeologia, St. Petersburg, Russia). Colors show different tectonic domains: mid-oceanic
(blue), Central Arctic (pink), North American (green), Eurasian (brown), and Pacific oceanic (purple). Lines: boundaries between tectonic units (red — 1st order, blue — 2nd order,
green dashed— 3rd order). High resolution map can be downloaded at: http://www.vsegei.ru/en/intcooperation/temar5000/downloads/Tectonic_zoning.jpg.
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Siberian, the Alpha–Mendeleev–Wrangel ridges) where the basement
outcrops have different ages of formation and folding. Among the posi-
tive basement structures, the Gakkel Ridge should be especially men-
tioned as one of the youngest oceanic spreading systems. The ridge,
which has been formed in the axial part of the Eurasia sedimentary
basin, has outcrops of the Cenozoic oceanic basement.

2.3.2. Depth to Moho and thickness of crystalline crust
The map of crustal thickness (Fig. 11) is based on the compilation of

all available deep seismic sections north of 60° N latitude, which in-
cludes about 200 seismic sections with a total length of more than
100,000 km (Kashubin et al., 2011). Wide-angle profiles comprise
ca. 75% of the data; the remaining 25% include deep seismic sections ob-
tained from multichannel seismic reflection studies (MCS) and from
seismic receiver functions (RF). For the Eurasian part of the area, recent
compilations of the crustal thickness are used (Grad et al., 2009;
Artemieva and Thybo, 2013; Cherepanova et al., 2013). The gaps in
the Moho depth between seismic profiles are covered by values based
on a parameterized correlation between the Moho depth along seismic
profiles and Bouguer gravity anomalies corrected for topography
(Kashubin et al., 2011).

A new digital model of the crustal thickness (theMoho depthminus
bathymetry or topography) is constrained on a 10 km × 10 km grid for
thewhole territory of the Circumpolar Arctic (Fig. 11, Table 3). The total
crustal thickness (excluding water layer) varies from 5 to 21 km in oce-
anic, transitional and (assumed here to be continental) thinned crust of
submarine rifted basins, to 22–28 km in thinned continental submarine
crust, increasing to 35–50 km in continental crust of the shelves and on-
shore areas. The smallest values of crustal thickness, 5–10 km, are
within the Norwegian–Greenland and the Eurasia oceanic basins,
while the deepest Moho, at 55–60 km depth, is typical of the central
Fennoscandian Shield and the Urals. Variations in the crustal thickness

http://www.vsegei.ru/en/intcooperation/temar5000/downloads/Tectonic_zoning.jpg


Fig. 7. Tectonic domains of Fig. 6 shown on the top of gray-shaded ETOPO1 topography (NOAA National Geophysical Data Center, 2011). Lines: boundaries between tectonic units (red—

1st order, blue — 2nd order, green dashed— 3rd order).
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allow for recognizing areas with oceanic and continental crust. The lat-
eral extent and configurations of distinct crustal domains with similar
crustal thickness are in overall agreementwith regional geological data.

Knowledge on the crustal thickness is particularly important for un-
derstanding processes of crustal evolution, including its tectono-
magmatic reworking and modification, such as thinning of platform
continental crust in extensional settings or thickening of oceanic crust
by magmatic underplating. The concept is illustrated by Fig. 12 for the
area in the North Canada Basin — the North Chukchi Borderland,
where a local crustal thinning south of the Alpha Ridge suggests a
local lithosphere extension in the region with a possible triple junction
of spreading axes. As proposed recently, this triple junction extensional
structure might have controlled the Cretaceous Central Arctic “High
Arctic LIP” (HALIP) volcanic area in the northern part of the Canada
Basin and dynamics of the spreading axis in its southern part (Grantz
et al., 2011a,b). Alternatively, crustal thinning could be associated with
the HALIP emplacement and could be caused by crustal and lithosphere
delamination, similar to the Variscan Europe (Artemieva and Meissner,
2012). The latter hypothesis is supported by the absence of any signifi-
cant gravity anomaly (Fig. 12, bottom right), which rules out the pres-
ence of spreading axes below the basin and rather favors magmatic
underplating followed by later delamination of heavy and gravitational-
ly unstable material.

Variations in the thickness of the crystalline crust, that is the differ-
ence between the crustal thickness and the thickness of sedimentary
cover, allow for recognizing deep basins (round-shaped cratonic and
elongated rifted, green colors in Fig. 13) and collisional zones (elongated
features in brown colors in Fig. 13). Orogenic belts are oftenmarkedby a
significant change in thickness of the crystalline basement along suture
zones, such as observed along the orogens of the Urals, Novaya Zemlya,
and Taymyr. The age of collisional eventsmay be constrained by the age
of the associated rock complexes (S-granites, molasses, etc.) in combi-
nation with the age of the final folding in orogens and distribution of
the deformation fronts in adjacent sedimentary basins.



Fig. 8. Boundaries of tectonic domains (Fig. 6) superimposed on the map of magnetic anomalies (Fig. 2). Lines: boundaries between tectonic units (black— 1st order, solid white — 2nd
order, dashed white — 3rd order).
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3. Major large igneous provinces (LIPs) in the Arctic region

The Arctic region north of 60° N hosts a number of LIPs (the largest
are shown Fig. 14),which are important for understanding tectonic evo-
lution of the region and its present crustal structure. These LIPs have
been formed by intraplate magmatic events with production of a large
volume (N0.1Mln km3 and often N1Mln km3) of volcanic rocks (mainly
flood basalts), sill complexes, mafic–ultramafic layered intrusions, and a
plumbing system of mafic dyke swarms (e.g., Bryan and Ernst, 2008;
Bryan and Ferrari, 2013; Coffin and Eldholm, 1994; Courtillot and
Renne, 2003; Ernst and Buchan, 2001; Ernst et al., 2005; Ernst, 2014).
Many LIPs have associated silicic magmatism (both intrusive and extru-
sive), carbonatites and, in some cases, lamprophyres, lamproites and
kimberlites. LIPs are typically characterized by a short duration mag-
matic pulse(s) and their origin is still a subject of debates (see www.
mantleplumes.org, largeigneousprovinces.org). Emplacement of LIPs
may be associated with deep-seated mantle plumes arising to the base
of the lithosphere and continental breakups. Many LIPs are associated
with a variety of ore deposits and may also have impact on petroleum
potential.

3.1. The Siberian Trap province

The Siberian Trap province (Fig. 14) with a total area of N4 Mln km2

covers a large part of the Siberian craton and the West Siberian basin
(Borisenko et al., 2006; Reichow et al., 2002; Ivanov et al., 2013) and

http://www.mantleplumes.org
http://www.mantleplumes.org
http://largeigneousprovinces.org


Fig. 9.Boundaries of tectonic domains (Fig. 6) superimposed on themap of gravity anomalies (Fig. 3). Lines: boundaries between tectonic units (black— 1st order, solidwhite— 2nd order,
dashed white — 3rd order).
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is the oldest (ca. 250Ma) in the Arctic region.Magmatism related to the
Siberian LIP event may also be present in Chukotka within the Alaska–
Chukotkamicroplate (Ledneva et al., 2011). Recent precise U–Pb dating
(Burgess and Bowring, 2015) demonstrates a short duration of less than
1 Ma for emplacement of most of the Siberian trapmagmatism. The or-
igin of the Siberian LIP is still debated (Saunders et al., 2005; Dobretsov
et al., 2008; Reichowet al., 2009) and itmay be linked to amantle plume
with the center at the northern border between the Siberian craton and
the West Siberian basin (e.g., Ernst and Buchan, 1997; Schissel and
Smail, 2001; Sobolev et al., 2011). Alternatively, its originmay be related
to a small-scale edge-driven convection at a sharp transition from a
thick cratonic to a thin platform lithosphere of the West Siberian basin
(King and Anderson, 1998). The Siberian LIP event could have played
an important role in the opening of the Arctic Ocean.
3.2. The High Arctic LIP

The HALIP (High Arctic LIP, ca. 130–70 Ma) is the most prominent
magmatic event in the Arctic (Buchan and Ernst, 2006; Maher, 2001;
Tarduno et al., 1998; Tegner et al., 2011). On the Canadian side, the
HALIP comprises extrusive and intrusive magmatism within the
Sverdrup Basin of the Axel Heiberg and the Ellesmere Islands, and is
widely distributed in the Queen Elizabeth Islands as a giant radiating
dyke swarm (Trettin and Parrish, 1987; Embry and Osadetz, 1988;
Estrada and Henjes-Kunst, 2004; Døssing et al., 2013; Jowitt et al.,
2014). On the northern European side, the HALIP includes Svalbard,
the Franz Josef Land, the De Long and other islands north of Russia
(see Section 5), where gabbro-dolerite dykes and flood basalts are al-
most similar in age and composition (Bailey and Rasmussen, 1997;



Fig. 10. Thickness of sedimentary cover. Given uneven and, in general, poor seismic data coverage (see Fig. 11), the maps are additionally constrained by potential field data and tectonic
similarity. See Table 3 for details. High resolution map can be downloaded at: http://www.vsegei.ru/en/intcooperation/temar-5000/downloads/sedimentary_thichness.jpg.
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Maher, 2001; Villeneuve and Williamson, 2006; Shipilov et al., 2009;
Dobretsov and Pokhilenko, 2010; Corfu et al., 2013). New seismic stud-
ies demonstrate that crustal velocity structure of the Central Arctic is
significantly affected by the HALIP magmatism (e.g. Faleide et al.,
2008; Czuba et al., 2011).

Stratigraphy and isotope ages (Ar–Ar, Rb–Sr and one U–Pb) indicate
that magmatic activity has been wide-spread at ca. 130–70 Ma, al-
though discretization of magmatic pulses requires more precise dating.
Sparse U–Pb dating suggests that the HALIP may be dominated by a
pulse of tholeiitic magmatism at ca. 130–120 Ma (Corfu et al., 2013),
as confirmed by a U–Pb age of 128Ma for a drill sample obtained during
the “Arctic-2012” expedition (Morozov et al., 2013). A younger pulse at
ca. 100–90 Ma is also present, at least in the northern Canada section
(Estrada and Henjes-Kunst, 2013; Trettin and Parrish, 1987).

The geodynamic origin of the main HALIP 130–90 Ma pulse(s) is
interpreted to be caused by a mantle plume. The youngest, ca. 80 Ma,
pulse of magmatism appears to be more local and restricted to the
northern Canada and Greenland. The radiating dyke swarm pattern ex-
posed on the Queen Elizabeth Islands of Canada (Buchan and Ernst,
2006) suggests that it may be associated with a plume beneath the ad-
jacent Alpha Ridge or may be related to rifting (Jowitt et al., 2014;
Tegner et al., 2011). Paleoreconstructionswith the closure of the Gakkel
Ridge ocean (Buchan and Ernst, 2006; Døssing et al., 2013) indicate that
this swarm may be linked to dykes on the Franz Josef Land.

Basaltic volcanism in Alpha–Mendeleev Ridge area (see Section 4) is
of the same age and of similar composition as the HALIP magmatism in
the continental frame of theArctic Basin (Svalbard, Franz Josef Land, and
De Long Archipelagoes, North Greenland, Ellesmere Island, and other
islands of the Canadian Arctic Archipelago) (Maher, 2001). Thus the
origin of the submarine Alpha–Mendeleev Ridge System is thought to
be closely related to the HALIP. However, both oceanic (Jackson et al.,
1986; Tarduno et al., 1998;Weber and Sweeney, 1990) and continental
(Coles et al., 1978; Ivanova et al., 2006; Johnson et al., 1994; King et al.,
1966;Miller et al., 2006)models of its origin have been proposed almost

http://www.vsegei.ru/en/intcooperation/temar-downloads/sedimentary_thichness.jpg


Fig. 11. Thickness of the crust (Moho depth minus bathymetry). Black lines and symbols— seismic profiles and seismic RF studies. Given the scarcity of seismic data, the maps are addi-
tionally constrained by potential field data and tectonic similarity. See Table 3 for details. The color scale is chosen to highlight crustal blocks of different tectonic origin (continental, oce-
anic, and transitional). White box— outline of the region shown in Fig. 12. High resolutionmap can be downloaded at: http://www.vsegei.ru/en/intcooperation/temar-5000/downloads/
crust_thichness.jpg.
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simultaneously and the controversy still exists. Alternative models for
the nature of both the Alpha–Mendeleev Rise and the HALIP igneous
province as a whole include: (1) aseismic plateau above a hotspot in
the mantle, (2) a hotspot track on the oceanic crust, (3) an interaction
of a hotspot with a spreading ridge, (4) an interaction of an island arc
and a spreading center, (5) a spreading center exhausted in the
Cretaceous, and (6) a submerged block of continental crust affected by
intraplate volcanism and underplating. As discussed further, in our in-
terpretation of geodynamic nature of the submarine Alpha–Mendeleev
Ridge System, we favor the last mechanism.

3.3. The North Atlantic Igneous Province

The North Atlantic Igneous Province (NAIP) is the youngest (62–
55 Ma) LIP of the Arctic region (Fig. 14). NAIP is associated with the
opening of the North Atlantic Ocean between Europe and Greenland.
The associatedmagmatic rocks are present along the conjugatemargins
of Norway and Greenland (Faleide et al., 2008) and at the Greenland–
Iceland–Faroe Ridge where the crustal structure and the ocean bathym-
etry are anomalous (Artemieva and Thybo, 2013). Magmatic rocks of
the NAIP are also present at the western margin of Greenland. At
55 Ma, the opening of the North Atlantic propagated into the Arctic
Ocean, where ocean opening is associated with the Gakkel Ridge
(Glebovsky et al., 2006).

3.4. Older LIP events

The older LIP record on the continental blocks north of 60° N is also
robust with events dated at ca. 300, 370, 615, 720, 780, 1270, 1385,
1505, 1750, 1970, 2030, 2100, 2190, 2210–2230, and 2450–2500 Ma

http://www.vsegei.ru/en/intcooperation/temar-downloads/crust_thichness.jpg
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Fig. 12.A proposed triple junction of spreading axes controlling crustal thinning in the North Canada Basin, the North Chukchi Borderland (and local spreading in the South Canada Basin)
(see Fig. 11 for location, themap is rotated180°). Left: shownwith respect to crustal thickness, right—with respect tomagnetic andgravity anomalies.White hatching—distribution of the
HALIP basalts; green symbols— the basalt sampling sites with the ages and themethod used: 1— CESAR cruise (VanWagoner et al., 1986); 2— Polarstern cruise (Jokat, 2003); 3—Healy
cruise (Brumley, 2009); 4 — Arctic-2012 cruise (Morozov et al., 2013).
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(for details see Table 1.2 in Ernst, 2014). A number of these LIP events
are of scale similar to HALIP and the Siberian Trap LIP (e.g., Buchan
and Ernst, 2004, 2013; Vuollo and Huhma, 2005; Ernst and Bleeker,
2010; Gladkochub et al., 2010). The largest of these are shown in Fig.
14. Note however that for these Paleozoic and Proterozoic LIPs, erosion
has typically removed most of the flood basalt component and these
older LIPs are recognized by their plumbing system of regional dyke
swarms and sill provinces (Ernst, 2014).

We next summarize and discuss the results of recent geochemical
and geochronological studies of rock samples recovered from the sea
bottom in some parts of the Arctic ocean. Many of these magmatic
rocks are associated with the three major Arctic LIPs discussed above.

4. Sampling the sea bottom: geological and geochemical data

Rock samples from the sea bottom provide an important informa-
tion on themost enigmatic, central part of the Arctic basin. The samples
from the sea bottom of theMendeleev Rise, aswell as the slopes and the
western foot of Lomonosov Ridge were acquired by drags, boxcorers
and piston coring during expeditions Arctic-2000, 2005, and 2007,
Polarstern ARK-XXIII/3 (2008), and Healy-2005, 2008, and 2009. Com-
position of rock clasts is dominated by sedimentary rocks (dolomite
and sandstone) (Kaban'kov et al., 2004, 2008).Magmatic andmetamor-
phic rocks (altered gabbro-dolerite and gneiss-granites) comprise not
more than 10–15% of all debris. Angular shape and sharp-edged geom-
etry of most of the rock fragments and the absence of large clasts in the
Makarov and the Canada Basins, that are adjacent to the Mendeleev
Rise, suggest local origin or short-distance transportation of the studied
samples. Archean detrital zircons (up to 3.0 Ga)were found in Paleozoic
sandstones sampled by a dredge in the Mendeleev Rise; they provide
evidence for the participation of ancient provenance in the formation
of sandstones. We next discuss these results in detail.

4.1. The Lomonosov Ridge

Gneissic granite clasts were obtained from a depth of 4170 m at the
North Pole, near the northwestern foot of the Lomonosov Ridge (sam-
pling station AF-0701, Russian Polar Marine Expedition of 2007, R/V
“Akademik Fedorov”). Sediments, sampled by a boxcorer with dimen-
sions of 50 × 50 × 50 cm, preserve their initial stratification at three
levels: at the near-bottom, in the middle, and in the upper parts of the
section, which cover the depositional interval of ca. 28 ky. The sedi-
ments contain five fragments (up to 2 cm) of pinkish gneissic granite.
Fifteen zircon grains found in four of the granite fragments and dated
on SHRIMP at the VSEGEI Center for Isotopic Research contain inherited
2.9–3.0 Ga nuclei (Fig. 15) (Petrov et al., 2010).Magmatic crystallization
took place at 2.5–2.6 Ga, with younger recrystallization of 2.2–2.3 Ga of
zircon rims. Available geological data suggest local origin and a relative-
ly short-distance, about 100 km, of transportation of granitic debris
from the nearby slope of the Lomonosov Ridge. At the North Pole, the
Lomonosov Ridge narrows, sharply changes the strike, its slopes
become steeper, with areas where elevated crystalline basement is
overlain by a thin sedimentary cover (Jackson et al., 2010). Gneissic
granite debris could move stepwise along with submarine landslides,



Fig. 13. Thickness of consolidated crust (constrained as the difference between Figs. 11 and 10). High resolution map can be downloaded at: http://www.vsegei.ru/en/intcooperation/
temar-5000/downloads/consolidated_crust_thichness.jpg.

Table 1
Sources for the magnetic anomaly map (Fig. 2).

Region Aeromagnetic data gridded at Source

Alaska 1 km × 1 km USGS database, US Geological Survey
Canada 1 km × 1 km GSC database, Geological Survey of Canada
Fennoscandia and NW Europe 1 km × 1 km, pre-1990 data GTK/NGU/SGU databases, Geological Surveys of Finland, Norway and Sweden
On-shore Russia and the Russian shelf 5 km × 5 km VSEGEI (Russian Geological Research Institute) and VNIIOkeanologia databases,

both Russia, updated with compilation by Glebovsky et al. (2000)
NE Atlantic region, offshore Norway 2 km × 2 km, pre-2008 data Olesen et al. (1997); Olesen et al. (2007); Gernigon et al. (2008)
Oceanic regions 5 km × 5 km VNIIOkeanologia database, Russia
Greenland region

• NE Atlantic east of Greenland 5 km × 5 km Verhoef et al. (1996)
• West Greenland update at 5 km × 5 km Rasmussen (2002)
• Nares Strait area update at 1 km × 1 km Damaske and Oakey (2006); Oakey and Damaske (2006)

Regional long-wavelength component 333 km wavelength CHAMP satellite magnetic anomalies model MF6, spherical harmonics up to degree
120 (Hemant et al. (2007); Maus et al. (2008).
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Table 2
Sources for the gravity anomaly map (Fig. 3).

Region Land gravitya data gridded at Source

Alaska 5 km × 5 km USGS database, US Geological Survey
Canada 5 km × 5 km GSC database, Geological Survey of Canada
Fennoscandia and NE Atlantic region 2 km × 2 km GTK/NGU/SGU databases, Geological Surveys of Finland, Norway and Sweden
On-shore Russia and the Russian shelf 10 km × 10 km VSEGEI (Russian Geological Research Institute) and VNIIOkeanologia databases, both Russia
Arctic ocean and Greenland N/A Airborne, surface, submarine gravity and satellite radar altimetry data
Eastern Arctic Ocean 10 km × 10 km Covered by Russian gravity data

a Free-air gravity anomalies for off-shore areas and Bouguer gravity anomalies for on-shore area.
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downwards from the overlying ledge where the crystalline basement
outcrops, i.e. from the steep slope of the Lomonosov Ridge down to
the foot of the ridge in the Amundsen Basin. The possibility of such
origin of granite clasts is evidenced by

(1) the similarity of the studied granite clasts in age, habit, and
composition,

(2) the Archean age of the granite in the absence of Archean granites
in the coastal frame of the Arctic basin,

(3) the presence of granite clasts of the same type at several
hypsometric levels, one above another as seen in the section of
the bottom sediments,

(4) poor roundness of rock clasts,
(5) marked petrographic and mineralogic differences between the

bottom sediments hosting granitic clasts and the pelagic ooze
of deep depressions of the Arctic Basin (Gusev et al., 2008).
However, the bottom sediments hosting granites are similar in
mineral composition to Mesozoic carbonaceous siltstone, raised
by piston coring from the Lomonosov Ridge (Grantz et al.,
2001). This similarity suggests that polar sediments may have
been formed at the foot of the Lomonosov Ridge by submarine
weathering of ridge rocks and redeposition of alteration
products;

(6) similarity of ages of detrital zircons from the host bottom mud
and from the studied granitic rocks, that are proposed to be a
possible source of zircons.

In the southern part of the Lomonosov Ridge, in the up to 2 km high
escarpment of the Geophysicists' Spur, the box corer took from a depth
of 2.5 km (sample ALR07-16B) 180 rock clasts of less than 1 cm in size,
dominated by carbonates and metamorphic schist, but also containing
granite, gneiss, shale, sandstone, and quartzite (Rekant et al., 2012). In
contrast to the polar part of the Lomonosov Ridge and the Mendeleev
Rise (discussed further below), where up to now gneiss granite show
exclusively Archean and Paleoproterozoic ages (Figs. 15–16), the gneiss
and granite of the sample ALR07-16B give Mesoproterozoic (1139 ±
15 Ma), Neoproterozoic (688 ± 5 Ma), Ordovician (448.7 ± 4 Ma),
and Devonian (407.5 ± 5.1 Ma) ages of granitoid rocks. The inherited
zircons of this sample are dominated by Paleoproterozoic zircons
(1700–2100 Ma), while a small group of Archean zircons (up to 2900–
3000 Ma) is also of interest. The host bottom sediments from the
Geophysicists' Spur, as well as polar mud are characterized by a wide
Table 3
Sources for the crustal structure maps (Figs. 10, 11 and 13).

Map Model grid Data source

Thickness of sediments (Fig. 10) 5 km × 5 km • Numerous structural compilatio
• Regions with no seismic data: C

Crustal thickness (Fig. 11) 10 km × 10 km • Off-shore and on-shore regions
with a total length of more than
reflection studies and receiver f

• The European part of the area —

• Regions with no seismic data: c
profiles and Bouguer gravity ma

Thickness of crystalline
basement (Fig. 13)

10 km × 10 km The difference between Figs. 11 a
range of zircon ages: 1800–2100 Ma, 600–800 Ma, 200–400 Ma, and
130–160 Ma, with 73 Ma being the youngest of them (the HALIP age).
Importantly, the Grenville-age zircons (ca. 0.9–1.3 Ga), that are so typi-
cal of the North American (Laurentian) sources (e.g. Rainbird et al.,
1997), have not been found yet in the bottom sediments from the
Geophysicists' Spur of the southern part of the Lomonosov Ridge.
4.2. The Alpha Ridge and the Canada Basin

At most ten existing sampling stations (dredging, boxcorers, piston
corers, and, in one case, deep-sea drilling) reliably confirmed by 2012
the presence of mafic rocks (intraplate alkaline andmoderately alkaline
basalts) in the Central Arctic Rises (Jokat, 2003; Van Wagoner et al.,
1986). In the area of the Alpha Ridge, the ice station CESAR (acronym
for the Canadian Expedition to Study the Alpha Ridge, set up in 1983
on the drifting ice) dredged shallow volcanic rocks of basic composition
from the slope of the trough (Jackson et al., 1986). Basalts were also ob-
tained from the escarpment along the Seismic Line 98540 of the
Polarstern cruise in 1998 and later (Jokat, 2003), and volcanoclastic
rocks (Brumley, 2009; Van Wagoner et al., 1986) and metamorphosed
sedimentary rocks (Clark et al., 2000) were dredged aswell. Weathered
basalts may form the acoustic basement of the central part of the Alpha
Ridge (Van Wagoner et al., 1986); they are overlain unconformably by
Upper Cretaceous (Campanian) marine sediments with ages preceding
the disclosure of the Canada Basin. Yellowish weathered rocks (sample
6) obtained by CESAR, have a chemical composition of high-titanium
(2.75–3.57% TIO2), high-phosphorous and ferriferous alkaline basalts
with low concentrations of magnesium and calcium (Van Wagoner
et al., 1986). Subalkaline basalts selected during the Polarstern
cruises showed similar characteristics with elevated titanium content
(W. Jokat, personal communication).
4.3. The Chukchi Ridge and the Chukchi Plateau

Over half a tonne of fragments of metamorphic rocks (crystalline
and green schists, orthogneiss, granite, and aplite) were raised in 2009
by dredging from the Healy icebreaker on the steep slope of the Central
Chukchi Ridge within the northern part of the Chukchi Plateau (sample
DS-5) (Brumley, 2009). Zircons extracted from orthogneiss samples
have the ages of 428 ± 3.4 and 500 Ma. The age of 850–1000 Ma
ns and seismic sections (based on results of VSEGEI and VNIIOkeangeologia, Russia)
RUST1.0 model at 1° × 1° (Laske et al., 2013).
(based on results of VSEGEI and VNIIOkeangeologia, Russia): ca. 200 seismic profiles
100,000 km (ca. 75% — wide-angle profiles, ca. 25% — multichannel seismic

unctions)
a crustal thickness compilation (Grad et al., 2009; Artemieva and Thybo, 2013)

alculated from a parameterized correlation between the Moho depth along seismic
ps (Kashubin et al., 2011)
nd 10



Fig. 14. Map of Arctic Large Igneous Provinces (LIPs). Different magmatic provinces are shown by different colors (see discussion in text).
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determined for crystal nuclei of one of the samples suggests the
Caledonian reworking of the Baikalian (or older) crust.

Ocean bottom sampling from theHealy icebreaker during the 2008–
2009 cruises along the line from the southern margin of the Alpha
Ridge, across the seamount chain along the eastern border of the
Canada Basin, to the northern margin of the Northwind Ridge and the
Chukchi Plateau (Brumley, 2009) brought alkaline andmoderately alka-
line basalts (Morozov et al., 2013). Samples DR-6 (79°44′31″N; 155°06′
43″W) are submarine tholeiitic pillow lavas, rocks of DR-7 (78°32′02″N;
156°42′00″W)were erupted in a subaerial environment and geochem-
ically are similar to continental plateau basalts. No samples with the
MORB composition have been found. Trace element composition of sea-
mount rocks is characterized by enrichment in incompatible elements
as compared to the primitivemantle (Mukasa et al., 2009). All seamount
basalts are depleted in Sr, Nd and Hf isotopic ratios and differ markedly
from the Gakkel Ridge basalts.

The Chukchi Plateau basalts, presently located at a depth of N3.5 km,
were formed by volcanic eruptions in shallow submarine environment
after passing through a thick continental crust. Their chemistry suggests
a strong extension and a rapid deep submergence of the continental
crust of the submarine continuation of the Chukchi Plateau (Morozov
et al., 2013). Thismodel does not complywith the hypothesis of oceanic
crust in the area adjoining the Canada Basin. Morozov et al. (2013)
conclude that the volcanism of the Central Arctic rises was probably
plume-related and the seamount volcanic rocks most likely belong to
the Cretaceous HALIP province. Given Early Cretaceous isotopic age of
the basalts (Morozov et al., 2013), active magmatism in the Amerasian
Basin continued for approximately 35 million years. Geological sam-
pling continues in this area and new data will provide further evidence
for its geodynamic evolution.

4.4. The Mendeleev Rise

Magmatic rocks have been collected from the Mendeleev Rise dur-
ing high-latitude expeditions Arctic-2000, Arctic-2005, and Polarstern-
2008 (ARK-XXIII/3). Gneissic granite clasts of the same composition



Fig. 15. Top: Five Early Precambrian gneiss-granite samples from the North Pole site AF-0701 (2007) at the northwestern foot of the Lomonosov Ridge (depth of 4170 m); bottom: the
results of their SHRIMP-dating (Archean zircon ages) (Petrov et al., 2010).
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and age (2.7, 2.6, 2.3, 1.9 Ga) as from the Lomonosov Ridge area were
dredged from the Mendeleev Rise along with sedimentary rocks and
quartzite.

Consequent dredging of the Mendeleev Rise during the Arctic-2012
cruise on the Captain Dranitsyn icebreaker gave the same Archean and
Paleoproterozoic U/Pb and Rb/Sr ages (2.6–1.7 Ga, with no younger
ages) for small granitoid fragments (Fig. 16). Geological sampling of
the seabed in the Mendeleev Rise during the Arctic-2012 cruise includ-
ed 9 dredges, 6 telegrab samplings, 6 piston corers, 3 shallow (less than
2 m deep) drill holes drilled at two flat sites (they penetrated deprived
pelagic sediments in the northern and southern parts of theMendeleev
Rise with the total core length of 1.15 m), and also 5 sampling sites
where manipulator of a scientific submarine (SSM) was used in escarp-
ments (Fig. 17). The sampling included video recording, which showed
the presence of bedrock outcrops on the steep slopes of the flat “table”
submarine mountains (escarpments) where geological sampling was
done. Out of the eleven studied and sampled sites, three are in the
southern part of the Mendeleev Rise, four — in the central part of the



Fig. 16. Isotopic dating of gneiss-granites and gabbro-dolerites obtained from the Mendeleev Rise in the Arctic-2005 cruise (Petrov et al., 2010): a— granite samples (AF0508-D2-5);
b — Archean zircon ages (SHRIMP II) from granite fragments and inherited zircons from gabbro-dolerites; c — gabbro-dolerite samples (AF05-D11-31, AF05-26D-2); d — dated zircons
from gabbro-dolerites.
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Mendeleev Rise (the Shamshur High), and three— at the northernmar-
gin of the Mendeleev Rise (the Trukshin and Rogotsky seamounts).

The collection of analyzed samples includes about 100 samples larg-
er than 10 cm, ca 3000 clasts ranging in size from 1 cm to 10 cm, and a
large number of samples less than 1 cm in size. The vastmajority of rock
fragments are of acute-angled shape and, judging by photos and video,
they are unevenly distributed on the sea floor, mainly near the escarp-
ment. Rock composition includes:

• 55% of carbonate rocks (mainly dolomite and limestone; in the central
part of the Mendeleev Rise, on the site 9, it contains the Devonian–
Permian fauna),



Fig. 17. Map showing the location of the Arctic-2012 cruise track, geological sampling sites, and multichannel reflection seismic profiles on the Mendeleev Rise and the adjacent areas.
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• 25% of clastic rocks (sandstone, siltstone, mudstone),
• up to 15% of intrusive rocks (gabbro-dolerite, granitic rocks, few
basalts)

• b10% of metamorphic rocks, mainly greenschists and quartzites.

Two sites in the southern part of the Mendeleev Rise are character-
ized by widespread Fe–Mn crusts where drag raised more than 500 kg
of these rocks. Most interesting of the Arctic-2012 expedition samples
(basalts from the drill cores and seven large blocks — 2 gabbro-
dolerites, 2 dolomites and 3 quartz sandstones obtained by SSM) were
analyzed geochemically (Fig. 18).

For the first time, as a result of submarine drilling at the Mendeleev
Rise (Fig. 17), core samples of the Cretaceous High Arctic Large Igneous
Province (HALIP) were recovered from the boundary between the sed-
imentary cover and the folded basement. Petrographic, mineralogical,
and geochemical studies of basalts from the Mendeleev Rise, and their
comparison to basalts of other HALIP regions, are work in progress. Ba-
salts from the drill cores are massive, amygdaloidal high-Ti trachybasalt
or breccia of trachybasaltic hyaloclastite with montmorillonite matrix
(Fig. 19). Trachyandesite occurs on the top of the trachybasalt in the
southern part of the rise (site 00). Geochemically, the trachybasalt of
the Mendeleev Rise resembles intraplate basalt of seamounts of the
North Chukchi Borderland, the De Long Archipelago, the Franz Josef
Land, and the Cretaceous continental flood basalt of the Deccan Plateau.
At the same time, they differ significantly from oceanic and island-arc
tholeiites, such as for example the Gakkel Ridge MORB (Morozov
et al., 2013).

Basalts from the southern part of the Mendeleev Rise have the Late
Permian age of 260 Ma (local U–Pb zircon age) typical of the Siberian
traps and bimodal complexes in West Siberia, while trachybasalt clastic
lavas from the northern part of the Mendeleev Rise show a different iso-
topic age (SHRIMP) of 128Ma that corresponds to the HALIP age (Fig. 20).
Gabbro-dolerites of the two fragments retrieved by SSM do not be-
long to these igneous provinces, because both show Cambrian ages of
498 Ma and 500 Ma by zircon U/Pb SHRIMP dating (Fig. 20). Dredged
from the Mendeleev Rise in 2012 (Arctic-2012 cruise) mafic rocks are
similar in composition and much older: 936–505 Ma (13 samples
dated by Sm/Nd isochrone method). Thus, it is likely that in different
parts of theMendeleev Rise the acoustic basement is overlapped by ba-
salts of different ages, and therefore the Central Arctic volcanic province
may be polychronous. The age clusters of zircons suggest the presence
of old sialic basement that underlies the rocks of the Mendeleev Rise
(captured zircon with an age of 2.7, 1.9, 1.6, and 0.8–1.2 Ga). At the
same time, the presence of typical magmatic zircons (128 Ma and
260 Ma) in the basalt suggests basalt eruptions associated with at
least two large magmatic provinces (LIPs): the Cretaceous HALIP and
the Permian–Triassic Siberian traps.

Sedimentary rocks from the Mendeleev Rise have Paleozoic age.
Dolomites are light gray to brownish gray orwhitefine-grainedmassive
often recrystallized rocks; no fossils have been identified in them. The
light limestone sometimes contains Devonian and Permian fossils
(Fig. 21). In particular, Paleozoic fauna was found in limestone
fragments from the Shamshur seamount (see Fig. 18 for location).
Quartz sandstones obtained by SSM are characterized by massive or
cross-bedding structure, illitic or dolomite-calcitic recrystallized
porphyroblastic cement and have detrital zircons with ages of 450–
350 Ma (site 06) or 250–200 Ma (site 01) (see Fig. 17 for locations).
Many sedimentary rocks in the collected samples are altered, recrystal-
lized and have anomalous high density, suggesting that they may be a
part of the acoustic basement that is overlain by Late Mesozoic and
Cenozoic soft sediments with a distinct layered seismic structure and
thus visible just below the surface of the acoustic basement only in
small fragments of multichannel reflection seismic profiles at the
Mendeleev Rise. Processing and analyzes of rock material obtained in



Fig. 18. Rock samples obtained by Manipulator of Scientific Submarine during the Arctic-2012 cruise to the Mendeleev Rise.
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the expedition Arctic-2012 as well as the processing and interpretation
of seismic data are in progress.

5. Geochronological data: a regional example for the New
Siberian Islands

Wenext discuss in detail new results for theNewSiberian Islands ar-
chipelago at the border between the Laptev and the East Siberian seas
(see Fig. 1 for location), which are of great importance for the recon-
struction of the geological structure and geodynamic evolution of the
East Siberian shelf, one of the least known areas of the Arctic, and of
the Eastern Arctic. In recent years, the geological surveys of the Arctic
countries have carried out a number of international field studies of
the New Siberian archipelago proper and on the adjacent submarine
highs (Korago and Stolbov, 2012; Kos'ko et al., 2013). In particular,
joint international expeditions of BGR (Germany) and VSEGEI (Russia)
of 2011, 2012 to the New Siberian Islands, which targeted to obtain
more accurate data on the geological structure and tectonics of the
East Siberian shelf, have sampled all of the islands composing the
archipelago, except for Jeannette Island (Fig. 22).

5.1. De Long and Anjou islands

Recent paleomagnetic studies indicate that the De Long and Anjou
islands are a part of the same continental block, at least since early
Paleozoic (Vernikovsky et al., 2013), and by rock composition and
geodynamic evolution the continental block of the De Long–Anjou
islands resembles Wrangel Island.

Based on isotopic geochronological studies of magmatic and sedi-
mentary complexes of the De Long islands, the basement is of Baikalian
age. The platform sedimentary cover includes the middle Paleozoic–
Jurassic complex of dislocated sediments with various degrees of meta-
morphism and the Cretaceous–Cenozoic complex of weakly lithified
rocks. The intermediate seismic complex of theDe Long islands is formed
by rift volcanogenic–sedimentary strata of supposedly Cambrian age,
and the Cambrian–Ordovician turbidite sequence formed in continental



Fig. 19. Core (KD12-06-21b/9) of trachybasalt (from the Arctic-2012 shallow (≤ 2 m) submarine drilling). See Fig. 26 for site locations. a, b — seafloor outcrops at site 06— the Trukshin
seamount in the North Mendeleev Rise; c, d— hyaloclastite volcanic breccia with grey trachybasalt clasts and yellowmontmorillonite matrix, and dark grey porous trachybasalt from the
Shamshur seamount at site 01 in the Central Mendeleev Rise; e, f — thin sections of volcanic breccia (e) and porous trachybasalt (f).
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margin environment (Kos'ko et al., 2013). Lower Paleozoic sediments
are unconformably overlain by Early Cretaceous (120 Ma by K–Ar
dating) basalt, which is petrochemically similar to the HALIP basalts.

On the Anjou islands, the intermediate complex includes the Lower
Ordovician–Lower Carboniferous layer composed of shallow-marine
limestone, rarely dolomite, mudstone, and sandstone with diverse
fauna typical of the Siberian biogeographic province (Vernikovsky
et al., 2013; Kos'ko et al., 2013). The upper Middle Carboniferous–
Jurassic part is dominated by shallow-marine terrigenous,mainly clayey,
sediments. The Cretaceous–Cenozoic complex lies with angular uncon-
formity on the underlying sediments and consists mostly of coal-
bearing terrigenous sediments, which in the lower part contain rhyolite
lavas and tuffs (117–110 Ma by K–Ar dating), and in the upper part —
mainly intraplate Neogene–Quaternary alkaline basalt and limburgite.

5.2. Henrietta and Zhokhov Islands

New geochronological data (U–Pb isotope ages) on the acid rocks of
the magmatic complexes of the Henrietta and Zhokhov Islands (see
Fig. 22 for location) show the Proterozoic age of the basement. In the
northeastern part of the Henrietta Island, a monzodiorite porphyry sill
cutting volcano-terrigenous sediments constrains the age of magmatic
crystallization of ca. 600 Ma, whereas distinct clusters of inherited zir-
cons indicate several Proterozoic components in the rock with ages of
ca. 0.85 Ga, 1.1 Ga, 1.2 Ga, 1.4–1.5 Ga, and 2.4 Ga (Fig. 23, Table S1).
On the Zhokhov Island, all four xenoliths of acid rocks hosted by the Ce-
nozoic basalt— tonalite (G-4-VV), granodiorite (G-8-VV), granosyenite
(G-9-VV), and leucogranite (G-7-VV) yield perfectly concordant
Neoproterozoic U–Pb ages of magmatic crystallization of 598 ± 4 Ма,
568 ± 4 Ма, 569 ± 4 Ма, 552 ± 3 Ма, respectively (Fig. 24). These re-
sults are in a good agreement with the age of acid magmatism on the
Henrietta island and indicate a ca. 50-Ma duration of a regional Vendian
magmatic pulse. They further provide a chronological benchmark for
geodynamic reconstructions. New geochronological data are expected
to be soon available for mafic–magmatic rocks from other New Siberian
islands.

Flood basalts similar with mafic rocks associated with the large
positive magnetic anomaly of the Central Amerasia Basin also



Fig. 20. Samples of seabed sedimentary rocks obtained by SSM during the Arctic-2012 project: a, b — quartz sandstones, a — Triassic–Jurassic (250–200 Ma) cross-bedded with illite
cement, b — Late Devonian–Early Carboniferous (350 Ma) with recrystallized carbonate matrix; c, d — the corresponding thin sections; e, f — light grey massive dolostones and their
thin sections (g, h).
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underlay the sedimentary cover on the De Long islands. By their ap-
pearance and composition, they resemble Cretaceous (ca. 92–58 Ma,
Thorarinsson et al., 2011) basalts of the HALIP on the Bennett Island
(Tegner et al., 2011) and Cenozoic alkaline basalts on the Zhokhov
Island (Fig. 22).

5.3. Belkovsky and Stolbovoy islands (the Laptev Sea shelf)

Geological structure of the Laptev Sea shelf is reflected in the struc-
ture of its intrashelf island uplifts such as the Belkovsky and Stolbovoy
islands (Fig. 22). The tectonically undisturbed Oligocene–Miocene sed-
imentary cover of the Belkovsky Island is formed by coastal–marine
coal-bearing sediments, which lie with angular unconformity on the
folded basement (Proskurnin et al., 2012). Two sedimentary succes-
sions are identified as part of folded structures of the island: theMiddle
Devonian shallow-marine carbonate sequence and the Late Devonian–
Permian olistostrome–flysch succession, which reflects the transition
from the carbonate platform to the mainly terrigenous passive conti-
nental margin (Kos'ko et al., 2013). The study of detrital zircon assem-
blages suggests that detrital material was supplied from the Siberian



Fig. 21. Thin sections with fossils in dredged Devonian and Permian limestones (sites 00, 06, 09 from the North-Central Mendeleev Rise, Arctic-2012 cruise).
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Platform and the Taimyr–Severnaya Zemlya area. Magmatic complexes
of the Belkovsky Island are composed of Triassic gabbro-dolerite, which
resembles traps of the Siberian platform (Kuzmichev and Goldyrev,
Fig. 22. Ship track (red lines) and sampling sites (stars with numbers)
2007). The proximity of the sections of the Belkovsky Island and the
northern Verkhoyansk Fold Belt is consistent with the continuation of
the Verkhoyansk fold structures to the Laptev Sea shelf.
of the international cruise 2011 to the New Siberian Archipelago.



Fig. 23. Zircon ages from monzodiorite porphyry from the Henrietta island of the New Siberian Islands (see Fig. 30 for sampling location).
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5.4. Bolshoy Lyakhovsky Island

Geological structure of the Bolshoy Lyakhovsky Island differs from
the rest of the New Siberian Islands archipelago (Fig. 22). The southern
part of the island is made by ophiolite complex which is a tectonic mix-
ture of serpentinized peridotite, banded gabbros, pillow basalts, and pe-
lagic sedimentary rocks (black shale and chert), metamorphosed under
epidote-amphibolite, blueschist and greenschist facies (Kuzmichev
et al., 2005). The rocks of ophiolite complex are broken by intrusive
massifs of different composition varying from gabbro-diorite to
leucogranite and with an age of 110–120 Ma. Tectonic structures of
the Bolshoy Lyakhovsky Island are interpreted as a continuation of the
South Anyui Suture in Chukotka (the north-eastern part of Eurasia,
adjacent to Alaska).
6. New tectonic model of the Arctic region

6.1. Principles of tectonic mapping and major tectonic patterns

Various sets of geophysical, geological and geochronological data to-
gether with ocean bottom sampling formed the basis for the new tec-
tonic regionalization of the Arctic. The map (Fig. 5)shows the main
tectonic features of the Arctic landmass, the continental shelves, and
the deep-water tectonic structures. Correlation of geological structures
on land, shelf and in deep-water areas is important for a deeper under-
standing of the nature of the Arctic crust and its regional features.

Importantly, the new regional tectonic model is not a mere data
compilation, but an integration of the results of state-of-the-art deep
seismic, bathymetric and geological field studies, analysis of potential
fields data, isotopic data, and seafloor sampling data from the Arctic
islands and the mainland. The combination of various data types pro-
vides complementary information for the regions with competing hy-
potheses on their origin. The approach allows us to choose the least
controversial tectonic model by correlating the onshore and off-shore
tectonic units. In particular, the most recent geological and geophysical
data indicate that the Central Arctic Rises may represent a part of a
deeply submerged continental margin which preserves close tectonic
and geological relationship with the structures of the adjacent islands
and the continental land of Eurasia (a possible relationship to North
America is under investigation).

The construction of the new tectonic model for the Arctic region is
based on the following principles.

1. The tectonic model should enable the correlation of the submerged
geological structures in the Amerasia Basin with geological and
tectonic structures on the shelves (marginal seas) and on the
surrounding continental mainland.

2. Major focus is on mapping the continent–ocean boundaries, oceanic
domains with linear magnetic anomalies, spreading axes with indi-
cation of spreading rates, transform faults, and mantle unroofing as
on the Gakkel Ridge.

3. Given the extraordinary size and structural complexity of the Arctic
sedimentary basins, special attention is paid to their full characteriza-
tion in terms of spatial and age relations (by the agewemean the age
of the earliest principal subsidence event). The onshore and epicon-
tinental offshore sedimentary accumulations greater than 1 km in
thickness are regarded as sedimentary basins.

4. Given the scarcity of data on the structure of the lithospheric mantle
in the Arctic region, the tectonic model is largely based on the struc-
ture (geological, geophysical, geochemical and geochronological) of
the crust (the sedimentary cover and the crystalline basement).

5. In oceanic domains (that is the areas with oceanic crust and spread-
ing structures) two principal tectonic types are recognized:
a) areas with normal oceanic crust distinguished by the spreading age,
b) areas with overthickened oceanic crust typical of intraplate oceanic

plateaus.
6. Continental crust is classified into two groups by crustal lithology

which reflects the tectonic processes that created/modified the crust:
a) continental crust formed by accretionary processes;
b) continental crust that has undergone tectono-magmatic reworking;

this includes rift zones, areas of intraplate magmatism (LIPs) with
plumbing systems of mafic dyke swarms, possibly associated with
continental break-up (including failed break-up) events.

7. The continental lithosphere is further classified by tectono-thermal
age, that is the age of the last major tectonic event such as



Fig. 24.U–Pb SIMS SHRIMP zircon ages of granitoid rocks fromnodules in the Cenozoic alkaline basalts of the Zhokhov Island of the De-LongArchipelago (see Fig. 22 for locationmap). The
rock samples were collected in 2011 during the international cruise to the New Siberian Islands.
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cratonization, accretion, collision, rifting, intraplate magmatism
(including LIPs) and metamorphic reworking. For example, the age
of orogeny is defined by the time of lithosphere deformation, meta-
morphism, and subduction-related processes.
6.2. Crustal types

Following a long recognized correlations between crustal structure
and tectonic provinces (e.g. Braile, 1989; Christensen and Mooney,
1995), we distinguish 3 major crustal types (oceanic, transitional, and
continental) subdivided further into types with 18 different seismic ve-
locity models typical of the crust in the Arctic region (Figs. 25 and 26,
Table 4). They are described in detail further below. Although there
are considerable variations in the crustal structure within each crustal
type, the approach allows for recognizing crustal provinces which
share similar seismic velocity–depth structure in the Circum-Polar
region.

The crustal types in the Arctic as recognized in the previous study
are based on (i) the overall crustal structure (Figs. 10, 11, 13),
(ii) geodynamic setting, and (iii) typical seismic velocity models of the
crust. The latter are constrained by seismic profiles for each crustal
block, whereas crustal blocks are distinguished by potential field
anomalies, bathymetry, and by thicknesses of individual crustal layers
in seismic models. It is important to recognize that the present
definition of the crustal types in the Arctic Ocean will remain uncertain
until verified by targeted regional geophysical remote and rock
sampling.

Note that our subdivision of the crust into the types does not follow
14 major crustal types adopted in global crustal models (e.g. Mooney
et al., 1998), where only 6 types are included for water-covered regions
as compared to 11 types included in our regionalization. Our classifica-
tion of the crustal types also differs from other recently-compiled inter-
pretations of the crustal types in the Circumpolar Arctic (Mooney, 2007;
Grantz et al., 2011a). The major reason is that our new tectonic
model includes new Russian data acquired along seismic profiles
Transarctic-89–91, Transarctic-92, Arctic-2000, Arctic-2005, Arctic-
2007 and Arctic-2012. This allows us to constrain crustal evolution of
the entire block of the Central Arctic (the Lomonosov Ridge, the
Mendeleev–AlphaRidge System, and the Podvodnikov andMakarov ba-
sins). We interpret this area as a single mega-structure that potentially
represents a continuation of the continental margin of the Eurasian
continent and possibly also the North American margin.

Following a generally accepted seismic velocity structure for oceanic
and continental crust, we distinguish crustal layers by average Vp veloc-
ity in each crustal layer (Fig. 26) and, excluding water, recognize 4
layers in the oceanic crust, 3 layers in the transitional crust, and 5 layers
in the continental crust (Table 4). In general, variations in seismic veloc-
ity structure of the crust between different tectonic provinces correlate
with variations in crustal thickness. We next discuss structure of the



Fig. 25. Map illustrating spatial distribution of the eighteen crustal types recognized in the Arctic (Fig. 26); it integrates the information on the deep crustal structure with the tectonic
zoning of the region (Fig. 6). The background map shows major tectonic domains: oceanic (blue), oceanic plateaus (dark blue), transitional oceanic–continental crust (light blue), and
domains with different types of the continental crust (shades of brown with the lightest shade corresponding to the shelves). Lines: boundaries between tectonic domains with different
crustal types (solid red— continent–ocean boundary, dotted red— boundaries of domains with the transitional crust, blue— boundaries between continental blocks with different crustal
types). Compare with Fig. 6.
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crust in the Arctic region, following the adopted crustal types (see
Table 4 for details).

6.3. Oceanic crust

The oceanic crust includes normal oceanic crust of spreading basins
(less than 10 km in thickness, type 1O, Table 4) and thickened crust of
oceanic plateaus and hotspots (ca. 15–30 km thick, types 2O and 3O),
and it is widespread in the Circumpolar Arctic in the Norwegian–
Greenland, Eurasian and Baffin–Labrador oceanic basins (Bohnhoff
andMakris, 2004; Ljones et al., 2004; Funck et al., 2007). It includes oce-
anic layers 2 and 3 overlain by thin sediments (e.g. Ljones et al., 2004).
In the Baffin–Labrador oceanic basin, the crust thickens to 15–17 km
(Funck et al., 2007; Artemieva and Thybo, 2013), chiefly due to mag-
matic underplating in the lower crustal layer (Thybo and Artemieva,
2013) where the velocity of the P-waves reaches 7.4–7.6 km/s. Thick-
ened (20–30 km thick) crust, typical of oceanic plateaus and hotspots,
forms the Greenland–Iceland–Faeroe Ridge (Bohnhoff and Makris,
2004; Ljones et al., 2004; Parkin and White, 2008) which apparently
continues west of southern Greenland across the Baffin Bay and forms
a single belt of thickened crust, the Baffin–Greenland–Iceland–Faeroe
Ridge (Artemieva and Thybo, 2013). The increase in crustal thickness
is caused chiefly by oceanic layer 3, which is more than 15 km thick.

6.4. Transitional crust

The nature of thinned crust of deep rifted basins (the transitional
crust, type 4T in Table 4) is subject of debates. For example, in the
Canada Basin the crust has sedimentary thickness of more than 10–
15 km (Fig. 11) and a single-layer crystalline crust with thickness of



Fig. 26. Crustal types in the Circum-Arctic region based on regional seismic data complemented by gravity data. See Table 4 for more details. High resolution figure can be downloaded at: http://www.vsegei.ru/en/intcooperation/temar-5000/
downloads/l-9-big_1.jpg.
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Table 4
Typical thickness of crustal layers (in km) for different types of the crust (Figs. 25, 26).

Layer Type # Water Sediments Basalts or 2nd
oceanic layer

Upper cont.
crust

Middle cont.
crust

Lower cont. crust or
3rd oceanic layer

Magmatic
underplating

Depth to
Moho

Examples Selected references

Vp (km/s) 1.45–1.50 2.0–4.0 4.2–6.0 5.8–6.4 6.5–6.7 6.8–7.2 7.4–7.6

Oceanic crust (3 types)
– Normal of spreading ridges 1O 1–3 km 0.5 km 2–3 km – – 4 km – 9 km Mid-Atlantic Ridge * Ljones et al. (2004), Voss and Jokat (2007),

Ritzmann et al. (2004)
2O 1–3 km 2 km 2–3 km – – 6 km – 9 km Baffin Bay, Labrador Sea * Funck et al. (2007)

– Thick of oceanic plateaus and
hotspots

3O 1–3 km – 2–3 km – – 18 km 5 km 23 km Iceland–Faeroe Ridge * Parkin and White (2008), Bohnhoff and
Makris (2004)

Continent–ocean transitional
crust (1 type)

4T 4 km 8 km 3 km Transitional layer, 6.3–6.6
km/s, 7 km

– – 22 km Canada Basin * Stephenson et al. (1994), Grantz et al.
(2011a, 2011b)

Continental crust (14 types)
Off-shore

– Thinned of submarine lows 5C 2 km 2 km 2 km 2 km – 10 km – 18 km Makarov–Podvodnikov
Basin

* Lebedeva-Ivanova et al. (2011)

– Thinned of submarine highs 6C 2 km 2–4 km 2–3 km 5–6 km – 20 km – 24 km Lomonosov Ridge * Jackson et al. (2010)
7C 2 km 2–4 km 2–3 km 5–6 km – 8 km – 30 km Mendeleev Rise * Lebedeva-Ivanova et al. (2006),

Poselov et al. (2007a)
8C 2 km 2–4 km 2–3 km 5–6 km 12 km – 7 km 30 km Alpha Ridge * Funck et al. (2011)

– Thinned of shelves 9C 0.2 km 5 km – 10 km 10 km 9 km – 34–35 km Barets and Kara seas * Breivik et al. (2005), Roslov et al. (2009)
10C 0.2 km 15 km – – 10 km 9 km 34–35 km E. Barents and N

East-Siberian Seas
* Sakoulina et al. (2011), Roslov et al. (2009)

11C 0.2 km 1 km 1 km 12 km – 20 km 34–35 km De Long Plateau * Lebedeva-Ivanova et al. (2011)
Onshore

– Normal 12C – 13 km – 14 km – 14 km – 40–45 km Chukchi and Verkhoyansk
Fold Belts

* Salnikov et al. (2012), Surkov et al. (2007)

13C – 3 km – 15 km 12 km 12 km 40–45 km East European and
Siberian platforms

* Egorkin (1991), Artemieva and Thybo
(2013), Cherepanova et al. (2013), Avetisov
and Golubkov (1996), Isanina et al. (1995)

14C – 5 km – 17 km 17 km – 40–45 km Mezen Basin * Kostyuchenko and Romanyuk (1997)
15C – 10 km – 10 km 10 km 10 km 40–45 km West Siberian Basin * Cherepanova et al. (2013)
16C – 8 km 3 km 15 km – 20 km 40–45 km Tunguska Basin * Egorkin et al. (2002), Cherepanova et al. (2013)

– Thickened 17C – – – 18 km 17–20 km 15 km – 50 km Baltic Shield, Novaya
Zemlya

* Yuliniemi et al. (2004), Roslov et al. (2009),
Artemieva and Thybo (2013)

18C – – – 5 km 17–20 km 15 km 10 km 50 km Urals Fold Belt * Druzhinin et al. (2000), Kashubin et al. (2006)
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Fig. 27. Location of the Transpolar Geotransect and seismic profiles used to constrain it (see Table 5 for details).
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less than 10 km and Vp of 6.8–7.2 km/s typical of oceanic layer 3
(Baggeroer and Falconer, 1982; Mair and Lyons, 1981; Stephenson
et al., 1994). Based on seismic velocity structure, the Canada basin is tra-
ditionally believed to be formed on oceanic crust (e.g. Mooney, 2007;
Grantz et al., 2011a).
Fig. 28. Transpolar Geotransect (high-resolution figure is available as an Electronic Supplemen
anomalies. The upper middle section: simplifies interpretation of crustal structure in terms of
interpretation of seismic and gravity data. The bottomsection: geodynamic interpretation based
B — top of the crystalline crust, Up — upper–middle crust boundary, L — middle–lower crust b
However, a comparison of crustal velocity models for the Canada
Basin, the South Barents Basin (Faleide et al., 2008), and the Caspian
Basin (Volvovsky and Volvovsky, 1988) shows that the seismic veloci-
ty–depth structure of all three basins is very similar, whilst the nature
of the crystalline crust (oceanic vs continental) is regarded differently
t). The top section: magnetic anomalies (red), free air (blue) and Bouguer (green) gravity
principal crustal layers. The lower middle section: density structure of the crust based on
on seismic velocities, gravity andmagnetic anomalies. See legend in Fig. 30. Abbreviations:
oundary, M — Moho.
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by various researchers. One point of view is that these sedimentary
basins have oceanic crustwhichmakes the so-called “oceanic crustwin-
dows” on shelves and continents (Mooney, 2007; Grantz et al., 2011a).
An alternative interpretation suggests that in these basins thick sedi-
mentary sequences overlie reduced (thinned) continental crust that
lacks the upper (or middle) layer (Volvovsky and Volvovsky, 1988).

In our approach, we do not take any side in the debate (continental
versus oceanic origin), but instead consider the crust of the Canada
Basin as transitional. It is worth noting that P-wave velocity models
alone are insufficient for understanding the nature of crystalline crust
in deep rifted basins. Further research using S-wave data and deep
drilling will provide important arguments in favor of one or another
interpretation.

6.5. Off-shore continental crust

In contrast to the oceanic crust, the continental crust in the Circum-
polar Arctic is studied by a large number of deep seismic sounding (DSS)
profiles (for regional overviews see Artemieva and Thybo, 2013;
Cherepanova et al., 2013 and references therein; and for interpretations
of individual DSS profiles refer to Drachev et al., 2010; Druzhinin, 1983;
Druzhinin et al., 1990, 2000; Egorkin et al., 1980, 1988, 2002; Egorkin,
1991; Faleide et al., 2008; Isanina et al., 1995; Ivanova et al., 2006,
2011; Poselov et al., 2007a, 2010, 2011; Roslov et al., 2009; Sharov
et al., 2010; Volvovsky and Volvovsky, 1975).We next discuss the struc-
ture of the continental crust in the Arctic region, following the adopted
subdivision of crustal types (Fig. 26, Table 4).

6.5.1. Submarine rifts and basins
Thinned crust of submarine rifts and basins in regions with shallow

bathymetry is recognized here as a separate type of the continental
crust (type 5C). An example of this crustal type is the Podvodnikov–
Makarov Basin. Despite a small crustal thickness (12–15 km), more
typical of oceanic crust, the crust of the Podvodnikov–Makarov
Basin is considered as thinned continental crust based on interpreta-
tions of Pg-wave records along the DSS profiles Transarctic-89–91,
Transarctic-92, Arctic-2000 (Poselov et al., 2011; Lebedeva-Ivanova
et al., 2011). These seismic studies distinguish a crustal complex with
Vp-velocities of 6.1–6.3 km/s in the upper part of the consolidated
crust that is typical of the continental crust.

6.5.2. Submarine bathymetric highs
Thinned crust is characteristic of the Lomonosov Ridge and the

Alpha–Mendeleev Ridge, based on interpretations of Russian seis-
mic profiles Arctic-2005 and Arctic-2007 at the Mendeleev and
Lomonosov Ridges (Sakoulina et al., 2011; Poselov et al., 2007b, 2010;
Lebedeva-Ivanova et al., 2006), the LORITA seismic experiment at the
Lomonosov Ridge (Jackson et al., 2010), and a seismic refraction profile
at the Alpha Ridge (Funck et al., 2011). These seismic studies show that
the crustal thickness in the ridges is highly variable and ranges from 15
to 17 km to 30–35 km (Artyushkov, 2010). The crystalline crust in-
cludes a slightly thinned upper crustal layer as compared to normal
continental crust and a thick lower crustal layer; a thick crust–mantle
complex (underplated material) is recognized below the Alpha Ridge
where the normal lower crustal layer is apparently missing (Funck
et al., 2011).

The continental nature of the crust of the Lomonosov Ridge (type
6C) is recognized by themajority of Arctic researchers, while the nature
of the crust of the Alpha–Mendeleev Ridge remains a subject of debate
(discussed earlier in Section 4). Specifically, Funck et al. (2011) propose
that the crust of the Alpha Ridge (classified here as continental type 8C)
should be considered as thickened oceanic crust, by analogywith anom-
alous crust of “hot spots” such as in the Greenland–Iceland–Faeroe
Ridge (type 3O).

Our interpretation is based on the results of Russian studies (Poselov
et al., 2011) which show that basic stratified sedimentary complexes,
intermediate complex and crystalline crustal complexes are traced
onto the Mendeleev Rise from the East Siberian Sea shelf. Therefore,
the Mendeleev Rise is regarded as a continuation of the Eurasian conti-
nent (type 7C). A similar continuity with the North American margin
cannot be fully assessed as the amount of presently available data is in-
sufficient to test this hypothesis. Although structural and tectonic rela-
tionships between the crustal structures of the Alpha Ridge and the
Mendeleev Ridge still remain an open question, the similarity of the
Vp-velocity vs depth models suggests that both the Lomonosov and
the Mendeleev–Alpha Ridges have thinned continental crust. It should
be noted that the overall thinning of the crust of the Alpha Ridge is
somewhat veiled by the presence of thickened lower crustal layer
(Fig. 26 and Table 4), whichmay have been formed bymagmatic under-
plating related to the intraplate LIP-related magmatism (Thybo and
Artemieva, 2013).

6.5.3. Slightly thinned crust of the shelves
The shelves occupy almost all shallowwater area of the Arctic Ocean

and are characterized by a slightly thinned continental crust with a very
uniform thickness (ca. 35 km) but with a significantly variable seismic
velocity structure, which requires their subdivision into three types
9C, 10C, and 11C (Table 4). The thickness of the sedimentary cover
ranges within very wide limits, from a few meters near islands to
15 km or more in the East Barents and the North Chukchi Basins.

The crystalline crust of the shelves usually has a three-layer struc-
ture (type 9C) as in most of the Barents and Kara seas (Breivik et al.,
2005). However, a two-layer structure has been interpreted for the
East Barents and the Northern East-Siberian Seas (Roslov et al., 2009;
Sakoulina et al., 2000; Ivanova et al., 2006), where the upper crustal
layer is apparently absent (type 10C), and for the De Long Plateau (the
New Siberian Islands archipelago) (type 11C) where the middle crustal
layer is not seen in seismic velocities (Lebedeva-Ivanova et al., 2011).

6.6. Onshore continental crust

Normal continental crust of platforms and fold systems occupymore
than 55% of the Circumpolar Arctic territory, covering nearly all
landmass. This crust is highly variable in thickness, internal velocity
structure and composition, which reflects its complicated tectonic evo-
lution. To keep the paper focused on the tectonic evolution of the Arctic
region, we omit discussion of the crustal structure of the continental
framework. For detailed and comprehensive overviews of the Moho
depth, crustal structure and tectonic evolution of the European conti-
nent, Greenland, Iceland, the North Atlantics region, the West Siberian
Basin and the Siberian craton the reader is referred to the recent region-
al crustal models by Artemieva and Thybo (2013) and Cherepanova
et al. (2013).

A few important comments to make here are the following. In the
on-shore Arctic area north of 60° N, the thickness of the continental
crust is highly variable and ranges from ca. 35–38 km in extended re-
gions to 50–60 km in some Precambrian blocks (e.g. the Baltic shield
and the Volga–Uralia block of the East European Craton) and in the
Urals fold belt (types 17C–18C). However, most stable continental
crust is ca. 40–45 km thick (types 12C–16C in Table 4) with a three-
layer structure of the crystalline basement. In Precambrian shields and
platforms the three crustal layers have similar thicknesses (type 13C).

In some crustal provinces, one of the crustal layers may be missing,
leading to a two-layer crustal structure. For example, themiddle crustal
layer is significantly thinned (b4 km) along the Proterozoic Central
Russia Rift System where the middle crust could have been “squeezed
out” during craton amalgamation by ductile flow in a rheologically
weak crustal layer (Artemieva, 2003). In other places, such as in the
Tunguska Basin of the Siberian craton where flood basalts are present
within the sedimentary layer, the intermediate crustal layer may be
not seen in seismic velocities because of significant additions of mag-
matic material into the crust during the Siberian LIP event (type 16C).



Fig. 29. Legend to the Transpolar Geotransect (Fig. 28).
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The lower high-velocity crustal layer may also be missing, particu-
larly in extensional settings (e.g. the Mezen rift system in the northern
part of the East European Craton, type 14C). Its absence may either be
real, due to crustal extension and possible delamination, or it may be
apparent, if the lower portion of the crust has undergone partial
eclogitization and became seismically indistinguishable from mantle
rocks (Artyushkov, 2005; Artemieva and Meissner, 2012). However, in
some crustal provinces the high-velocity lower crustal material is well
distinguished in seismic cross-sections, e.g. in the Urals (type 18C)
where the high-velocity (7.2–7.6 km/s) crustal root extends down to a
50–60 km depth (Druzhinin et al., 2000; Kashubin et al., 2006).

7. Examples from regional geotransects

A 7600 km long composite Transpolar Geotransect (Figs. 27–29)
shows the crustal structure of the Arctic Region across the Fennoscandian
Shield, the West Arctic Platform, the Eurasian Oceanic Basin, the
province of the Central Arctic Rises, the Anyui–Chukchi and the
Verkhoyansk–Kolyma Fold Areas. Note, that the geotransect is not a
real seismic transect but is constrained by various sets of geophysical,
geological, tectonic, and bathymetric data as discussed in the previous
sections to illustrate variations in the crustal structure across major
tectonic blocks of the Arctic region. Seismic profiles used to constrain
the geotransect are listed in Table 5.

To see the crustal structure in detail, we zoom on three most
interesting sections and discuss them separately. They include the
Central Arctic Rises area (Fig. 30), the Karelia Craton (Fig. 31), and the
Anyui–Chukchi Fold Belt (Fig. 32).

The Early Precambrian Fennoscandian Shield at the European end of
the Geotransect provides an example of a typical continental crust
(Fig. 31). The Karelian granite–greenstone area is clearly marked by the
presence of a high-density and high velocity crust–mantle material in
the lower parts of a ca. 45 km thick three-layer crust. This underplated
material, probably caused by mafic–ultramafic magmatism, reflects a
complex geodynamic evolution related to crust–mantle interaction
(Thybo and Artemieva, 2013). Similar observations were made along
the Lithoprobe seismic refraction profile SAREX which crossed three Ar-
chaean crustal domains: the Hearne province, the Medicine Hat block,
and the Wyoming craton in central Montana (Clowes et al., 2002).

The central part the geotransect, further northwards from the Baltic
Shield, clearly shows that a thin high density oceanic crust is present
only in the Eurasian oceanic basin (Fig. 28). The boundaries of the
oceanic basin are interpreted as the major tectonic zones of the first
rank. The oceanic basin is surrounded by (i) the Barents–Kara and the
Laptev Sea passive margins, and (ii) the Amerasian Basin with rifted
thinned continental crust which contains the Cretaceous intraplate vol-
canic rocks located between the sedimentary cover and a two-layer
consolidated crust.

The Alpha–Mendeleev Ridge System (Fig. 30) is interpreted as a
tectonic block with a three-layer crust of 32–34 km in thickness, that
is the thickest crust in the area of the Central Arctic Rises. Locally, high
Vp-velocity and high density bodies may be present at the base of the
lower crust, similar to the crust–mantle complex of the Karelian
granite–greenstone belt. Aeromagnetic data provides additional evi-
dence that mafic magma bodies may be present under the vast HALIP
Table 5
Seismic profiles used to constrain the Transpolar Geotransect (Fig. 27).

Profile distance (km) Seismic profile Type of

−3800 to −2700 1-EV MCS
−2580 to −1280 1-AR Wide-a
−100 to 180 Trans-Arctic-92 Wide-a
350 to 700 Arctic-2000 Wide-a
920 to 1550 Arctic-2005 Wide-a
1550 to 2300 5-AR Wide-a
2600 to 3800 2-DV Wide-a
area (Døssing et al., 2013). In particular, the Alpha Ridge to the north
of the Geotransect contains Cretaceous (82 and 88 Ma) basalts (Van
Wagoner et al., 1986; Jokat, 2003) (Fig. 12), while Early Cretaceous
(128 Ma, U–Pb method) rocks were sampled by a drill core at the
Mendeleev Rise (Morozov et al., 2013). Supracrustal complexes of late
Precambrian and Paleozoic sediments are also recognized in various
placeswithin the acoustic basement of theMendeleev Rise. The inferred
similarity of the crustal structure between the Alpha–Mendeleev Ridge
System and the Karelian granite–greenstone belt suggests the presence
of Early Precambrian tectonic blocks in the basement of the Central
Arctic Rises area.

The southern part of the Lomonosov Ridge crossed by the
Geotransect (Fig. 32) has a two-layer crustal structure with a thinner
(about 25 km) crust. Here, the lower crustal Vp-velocity and the in-
ferred density are noticeably smaller than below the Mendeleev Rise.
The overall structure of the basement below the Lomonosov Ridge is
similar to a thinned and generally two-layer crust of the Mesozoic oro-
genic belts of the northeastern Russia, such as in the North Chukchi
rifted basin within the Anyui–Chukchi Fold Belt (Fig. 32).

8. Conclusions

The present study reviews and summarizes geological, geophysical
and geochronological data for the Circum-Polar Arctic region (north of
60° N) collected and interpreted by joint efforts of geological surveys
and research organizations of the Arctic countries. The result is a new
crustal model which formed basis for a new tectonic regionalization of
the Circum-Polar region. The latter is based on joint analysis of several
complementary datasets:

a) bathymetry/topography,
b) seismic and potential field data on the structure of the sedimentary

cover and the crystalline basement,
c) magnetic data on crustal magnetic anomalies,
d) geological and geochemical data on composition of near-surface on-

shore and seabed off-shore rocks,
e) geochemical and geochronological data on ages of the rocks and

Arctic magmatic provinces.

Based on these data, we recognize three major crustal types (ocean-
ic, transitional, and continental) divided into a number of types with
crustal structure characteristic of different tectonic settings in the Arctic
region.

1. Normal oceanic crust (less than 10 km in thickness) is widespread in
the Circumpolar Arctic and is present in theNorth Atlantic Ocean and
in significant parts of the Eurasia Basin of theArctic Ocean. Thickened
crust of oceanic plateaus and hotspots (15–30 km thick) is present in
the Baffin–Labrador oceanic basins and along the Greenland–
Iceland–Faeroe Ridge.

2. Transitional crust with more than 10–15 km of sediments and a
single-layer, ca. 10 km thick, crystalline basement is identified in
the Canada Basin. The crustal structure is similar to the South Barents
and the Caspian Basins, and its nature (oceanic versus continental) is
uncertain.
seismic data Major references

Milshtein et al. (2007)
ngle reflection/refraction, MCS Ivanova et al. (2006)
ngle reflection/refraction Poselov et al. (2011)
ngle reflection/refraction Lebedeva-Ivanova et al. (2006)
ngle reflection/refraction Poselov et al. (2011)
ngle reflection/refraction, MCS Sakoulina et al. (2011)
ngle reflection/refraction, MCS Surkov et al. (2007)



Fig. 30. Fragment of the Transpolar Geotransect for the Central Arctic Rises Area. See explanations in Fig. 28 and legend in Fig. 29. Location is marked in Fig. 28. HALIP = High Arctic LIP.
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Fig. 32. Fragment of the Transpolar Geotransect for the Anyui–Chukchi Fold Area. See explanations in Fig. 28 and legend in Fig. 29. Location is marked in Fig. 28.

Fig. 31. Fragment of the Transpolar Geotransect for the Fennoscandian Shield. See explanations in Fig. 28 and legend in Fig. 29. Location is marked in Fig. 28.
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3. Continental crust is typical for large areas of the Circumpolar Arctic
and it is highly variable in thickness, inner structure, and tectonic
origin. Typically the Precambrian platforms have a 37–45 km
thick crust with thinner values typical of intracratonic basins and
paleorifts (the West Siberian Basin, the Central Russia Rift System,
the Mezen Basin). The thickest crust (50–60 km) is typical of some
blocks of the Precambrian shields (the Baltic Shield and the Volga–
Uralia block) and the Paleozoic Uralides orogen, where it has 3
“standard” layers with similar thicknesses and locally may have a
thick (ca. 10 km) high-velocity layer of underplated material above
the Moho.

4. We recognize seven types of off-shore continental crust. Thin
(12–15 km) crystalline crust, typically with a ca. 2–3 km thick
sedimentary sequence, is characteristic of the Podvodnikov–
Makarov Basin, where the upper crustal velocity is typical of the
upper continental crust. Thinned crystalline crust (15–35 km
plus ca. 3–6 km, and locally more, of sediments) is typical of sub-
marine ridges in the Central Arctic (the Lomonosov and Alpha–
Mendeleev Ridges). A high-velocity, ca. 7–8 km thick layer of
underplated material may be wide-spread at the Alpha Ridge. Our
interpretation of the Alpha–Mendeleev Ridge as a continental block
is supported by the continuation of stratified sedimentary, interme-
diate and crystalline crustal complexes from the Mendeleev Rise to
the East Siberian Sea shelf at the continental margin of Eurasia and
more data are needed to evaluate a postulated link with the North
American margin.

5. Shallow-water shelves have continental crust, with Moho typi-
cally at ca. 33–35 km depth. The crust of the Western Barents
and Kara Seas has 3 layers typical of the continental crust, each
ca. 10 km thick. The East Barents Sea and the northern part of
the East Siberian Sea have, on average, a ca. 15 km thick (locally
more than 20 km) sedimentary layer and significantly thinned
(or absent) upper crustal layer. The crust New Siberian Islands
archipelago is also ca. 35 km thick but may lack themiddle crustal
layer.

6. Many tectonic structures are traced from the land throughout shelf
regions and into deep-water parts of the submerged continental
margins and show a tendency to become younger northwards to-
wards the Canada Basin. This pattern is illustrated by the Urals–
Novaya Zemlya orogen, where the age of collisional structures
changes from Late Carboniferous to Permian in the South andMiddle
Urals, respectively, and to the Late Permian and Triassic in the Polar
Urals, the Pay–Khoy and the Novaya Zemlya orogens. Similarly, the
Triassic traps of Eastern and Western Siberia (Siberian Trap LIP)
were followed by the Cretaceous basalts of the High Arctic LIP
(HALIP).

The new regional model of the structure of the Arctic crust will en-
able development of a consistent viewpoint on the geological structure
and geodynamic evolution of the complex and vast territory of the
Circum-Polar Arctic. Joint international research of scientists from
many countries on the Atlas of Geological Maps of Circumpolar Arctic,
developed under the aegis of the Commission for the Geological Map
of the World (CGMW), stimulates further collaboration between
geological surveys and research centers of the participating countries
and contributes to the formation of an international scientific school
of geological cartography.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.earscirev.2015.11.013.
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