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A B S T R A C T   

Over a period of the past 15–20 years, the Russian Government implemented the Arctic Mega Project for 
geological and comprehensive study of the Arctic Ocean. In this paper we discuss the methods that were used in 
the implementation of this project. In the course of several expeditions, multiple types of data were acquired, 
which included: (1) seismic data of different types, (2) subbottom profiler data, (3) geological sampling on slopes 
of the Mendeleev Rise with the use of special equipment, (4) borehole drilling, (5) gravity and magnetic 
anomalies, (6) offshore geodetic data, (7) multi-beam bathymetry surveys, and (8) field surveys on multiple 
Arctic islands. Several nuclear icebreakers and a scientific research submarine were deployed in these operations. 
Specifically, more than 23,000 km of 2D multi-channel seismic lines and more than 4000 km of wide-angle 
refraction/reflection seismic lines were acquired, in addition to subbottom profiles for the Eurasia Basin and 
new bathymetric data of the Arctic Ocean. The new database is intended to facilitate the development of new 
insights into Arctic geology and geodynamics and contribute to a better understanding of the structure and 
tectonic evolution of the Arctic Ocean as a whole.   

1. Introduction 

The Arctic Ocean remains one of the most poorly explored regions on 
Earth. The Arctic is surrounded by multiple countries: USA, Canada, 
Denmark (Greenland), Norway and Russia. This naturally implies the 
necessity of cooperation between different countries to investigate and 
explore the Arctic. A milestone in international scientific cooperation in 
the Arctic was the First International Polar Year (IPY) (1882–1883), 
initiated by the Austrian explorer and naval officer Lt. Karl Weyprecht 
(Weber and Roots, 1990; Stein, 2008). Over the years, Russia has taken 
active part in national and the international investigation of the Arctic 
Ocean. The current project takes Arctic investigation to a new level. 

The Arctic Ocean comprises the deep-water Arctic Basin and the 

continental shelves adjacent to it (Fig. 1). On the Russian side the con-
tinental shelf is widest and is represented by the Barents, Kara, Laptev, 
East Siberian, and Chukchi seas. On the margins of the USA (Alaska), 
Canada and Greenland, the continental shelves are significantly nar-
rower. The deep-water Arctic Basin is traditionally divided into the 
Eurasia and Amerasia basins. The boundary between the basins is 
marked by the Lomonosov Ridge. It has been suggested (Nikishin et al., 
2014) that the Amerasia Basin be divided into two subbasins: the South 
Amerasia and the North Amerasia basins. Key bathymetric features 
subsequently can be associated with each of these domains; the Canada 
Basin lies within the South Amerasia domain. The Alpha-Mendeleev Rise 
is located within the central part of the North Amerasia domain. The 
Podvodnikov Basin and deep-water Makarov Basin are situated between 
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the Alpha-Mendeleev Rise and the Lomonosov Ridge. The deep-water 
Nautilus and Mendeleev basins are located between the Alpha- 
Mendeleev Rise and the Canada Basin and the Toll Basins is identified 
between the Mendeleev Rise and the Chukchi Plateau. The Eurasia Basin 
is divided by the Gakkel Mid-Oceanic Ridge into the Nansen and 
Amundsen basins. The Eurasia Basin is asymmetric because the 
Amundsen Basin has a greater water depth than the Nansen Basin 
(Fig. 1). This asymmetry is also associated with its geological structure 
(e.g., Nikishin et al., 2018). 

The Arctic comprises a considerable part of the Earth’s surface. In the 
past, global plate reconstructions of the evolution of the Earth tended to 
largely disregard the Arctic simply because of lack of reliable data from 
that region. The kinematic history of lithospheric plates in the Arctic was 
developed with data from extra-Arctic regions (for instance, the North 
Atlantic and the Pacific Ocean) (e.g. Shephard et al., 2013). In order to 
construct an adequate model of the Mesozoic and Cenozoic global 
geodynamic history of the Earth, understanding the history of opening 
of the Arctic Ocean is clearly a prerequisite. The presence of the High 
Arctic Large Igneous Province (HALIP) complicates Arctic tectonic his-
tory. Until this project, limited data on its tectonic structure in the area 
of the Alpha-Mendeleev Rise had been available (e.g., Van Wagoner 
et al., 1986; Døssing et al., 2013; Coakley et al., 2016; Oakey and Saltus, 
2016). Consequently, there were widely different interpretations of this 
territory, ranging from a continental volcanic area to an oceanic basaltic 
plateau to a mid-oceanic ridge (e.g., Van Wagoner et al., 1986; Weber, 
1990; Dove et al., 2010; Bruvoll et al., 2012; Døssing et al., 2013; Lav-
erov et al., 2013; Pease et al., 2014; Jokat and Ickrath, 2015; Coakley 
et al., 2016; Oakey and Saltus, 2016; Petrov and Smelror, 2019; Mukasa 
et al., 2020). 

The ultra-slow spreading Gakkel Mid-Oceanic Ridge is situated in the 
Eurasia Basin (e.g., Dick et al., 2003; Nikishin et al., 2018). This is a 
unique geological feature. Its mechanism of formation to account for its 
ultra-slow spreading nature is poorly known, as is its mineralogical 
composition (e.g., Dick et al., 2003; Lutz et al., 2018; Jokat et al., 2019). 

Also unknown in detail is the exact timing of the initiation of Eurasia 
Basin opening and whether it was accompanied by magmatism or 
mantle exhumation during its formation, especially in the area close to 
the Laptev Sea. Although more than 20 km of sedimentary section has 
been documented on the Arctic shelves (e.g., the North Chukchi Basin, 
Nikishin et al., 2014, 2019; Piskarev et al., 2019, Petrov and Smelror, 
2019), its origin and the nature of the underlying crustal structure 
remain unclear. 

As recently as 2000, the Arctic Ocean, and especially its Russian part, 
had been poorly studied and consequently poorly understood. The his-
tory of exploration of this ocean has already been reviewed, e.g., in 
Weber and Roots (1990) Stein (2008), Coakley et al. (2016), Piskarev 
et al. (2019). Several models for the structure and evolutionary history 
of the Arctic have been proposed based on available data (e.g., Grantz 
et al., 1998; Lawver and Scotese, 1990; Embry, 1990; Jokat et al., 1992; 
Lane, 1997; Vogt et al., 1998; Weber, 1990; Zonenshain et al., 1990; 
Ziegler, 1988). Based on these studies using limited data control one 
could incorrectly surmise that the principal models of the Arctic Ocean’s 
evolution had already been formulated. The current study, which in-
corporates a vast new dataset, has afforded a whole new view of this 
basin. 

Between 1990 and 2000, the Arctic states (Canada, Denmark, Nor-
way, Russia and the USA) faced the challenge of establishing the outer 
limits of their continental shelves in the Arctic Ocean. The solution to 
this issue was to be based upon the United Nations Convention on the 
Law of the Sea (UNCLOS). Many of the requirements for establishing the 
outer limits of continental shelves involved the mapping of key 
morphological and geological structures of such offshore territories that 
are contiguous with the coastal State. 

UNCLOS assigns sovereign rights of resources of the seabed and 
underneath the seabed to the coastal state that lies adjacent. In this 
context, some of the same information used in establishing extended 
continental shelf areas can also be indicative of high hydrocarbon po-
tential under the shelves of the Arctic Basin. As a result, several 

Fig. 1. Topography and bathymetry of the Arctic region (Jakobsson et al., 2012, 2020). Red lines indicate seismic data acquired during the Russian expeditions 
Arktika-2011, Arktika-2012, and Arktika-2014. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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countries started evaluating the economic potential of the Arctic. 
Concern over issues of global ecology and climatic change became 
widely relevant in the process. 

To further knowledge of the Arctic Ocean, the new Arctic Mega 
Project was initiated in Russia in 2005. Prior to that time, most 
geophysical expeditions in the Arctic Ocean were carried out using 
drifting ice stations. Subsequently, from 2005 to 2020, using additional 
data collection methods, Russian scientists conducted integrated 
geological and geophysical surveys designed to produce a regional grid 
of lines, which would lead to a better understanding of the major Arctic 
Ocean’s structures (Fig. 1). 

For surveying purposes several research vessels (RV) were used, 
however, most surveys were performed by the special ice-class research 
vessel Akademik Fedorov. In areas with heavy ice conditions, research 
vessels were accompanied by the nuclear icebreakers Rossiya, Yamal and 
Arktika. Seismic surveys were conducted in 2011, 2012 and 2014. A 
substantial number of new 2D seismic lines were collected, including for 
the first time regional seismic profiles for the Laptev, East Siberian, and 
Chukchi seas. As of 2020, the database volume accumulated includes 
35,000 km of bathymetry profiles, more than 23,000 km of multi- 

channel seismic (MCS) lines, more than 4000 km of wide-angle refrac-
tion/reflection (WARR) (or deep seismic sounding) lines, and 150 so-
nobuoy seismic soundings. 

Throughout the program, geological sampling was undertaken on 
different structures of the Amerasia Basin using dredge, ROV and dril-
ling techniques. In 2012, 2014, and 2016, rock samples were collected 
from the Mendeleev Rise with the support of a nuclear scientific research 
submarine. In 2019, a subbottom profiler survey was conducted in the 
Eurasia Basin with in the areas of Gakkel Ridge and Nansen Basin. Given 
the perennial sea ice conditions and water depths, these wide-scale 
geological and geophysical surveys in the Arctic Ocean could have 
been conducted only with the support of a nuclear icebreaker and a 
nuclear submarine. To date, the Russian Arctic Ocean Mega Project has 
probably been the most cost-intensive geoscience project in Russia. 

We have prepared three papers based on the findings of the Russian 
Arctic Ocean Mega Project: (1) Data collection; (2) Arctic stratigraphy 
and regional tectonic structure (Nikishin et al., 2021a); and (3) Mesozoic 
to Cenozoic geological evolution (Nikishin et al., 2021b). 

We will discuss many aspects of the geology of the Arctic in these 
three papers focusing on two key issues: (1) the structure and formation 

Fig. 2. The five most frequently discussed models of 
the geological history of the Arctic Ocean. (A) Clas-
sical rotation model; (1) (in the square) the opening 
of the Amerasia Basin in the Jurassic–Cretaceous (the 
position of the spreading axis is shown), (2) (in the 
square) the opening of the Eurasia Basin in the 
Eocene–Quaternary; (1) (in the circle) the main 
transform fault along Lomonosov Ridge. (B) Model 
with the Alpha–Mendeleev Rise as the mid-oceanic 
ridge; (1) the opening of the Canada Basin in the 
Jurassic–Cretaceous, (2) the formation of a mid- 
oceanic ridge over the mantle plume in the Creta-
ceous, (3) the opening of the Eurasia Basin in the 
Eocene–Quaternary. (C) Rotation model with the 
main transform fault along the Alpha–Mendeleev 
Rise; (1) the opening of the Canada Basin in the 
Jurassic–Cretaceous, (2) the opening of the Podvod-
nikov–Makarov basin in the Late Creta-
ceous–Paleocene, (3) the opening of the Eurasia Basin 
in the Eocene–Quaternary; (2) (in the circle) the main 
transform fault. (D) Model with the 
Alpha–Mendeleev Rise as a volcanic continental 
margin; (1) the opening of the Canada Basin with the 
main transform fault along the edge of the Chukchi 
Plateau (Northwind Ridge, shown as 3 in the circle), 
(2) the formation of the 
Alpha–Mendeleev–Lomonosov area as a volcanic 
continental margin with large-scale rifting and 
mantle magmatism in the Cretaceous, (3) the opening 
of the Eurasia Basin in the Eocene–Quaternary. (E) 
Model with the Canada Basin as Late Cretaceous to 
Paleocene structure; (1) rifting and magmatism in the 
Alpha-Mendeleev domain in the Early Cretaceous, (2) 
opening of the Canada Basin in Late Cretaceous to 
Paleocene with the main transform fault along the 
edge of the Chukchi Plateau (Northwind Ridge, 
shown as 3 in the circle), (3) the opening of the 
Eurasia Basin in the Eocene–Quaternary. (F) General 
geography. Based mainly on Dove et al. (2010 and 
references therein), with additional information from 
Doré et al. (2015) (model “C”), Miller et al., 2018 
(model “E”), Nikishin et al. (2020) (model “D”).   
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history of the Alpha-Mendeleev Rise and adjacent deep-water basins and 
(2) the general chronology of geologic events in the Arctic Ocean’s 
history (Fig. 2). Further insight into these issues will clearly contribute 
to a better understanding of global geodynamics and of global Earth 
history for the Meso-Cenozoic. 

2. Data types 

As briefly mentioned above, a variety of different data types were 
acquired as part of the Arctic Ocean Mega Project: (1) multiple types of 
seismic data, (2) subbottom profiler data, (3) geological sampling on the 
slopes of the Mendeleev Rise with the use of special equipment, (4) 
borehole data, (5) gravity and magnetic anomaly data, (6) offshore 
geodetic data, (7) multi-beam bathymetry data, and (8) data from 
geological surveys on adjacent Arctic islands. 

2.1. Seismic data 

The Arctic Ocean is characterized by the presence of a solid ice cover 
with ever-changing properties, both from year to year as well as within 
the year (the area of ice cover is smaller in summertime and much larger 

in wintertime). This characteristic introduces the necessity of correc-
tions both in the timing (season) as well as in the techniques of con-
ducting classical seismic surveys - e.g., in the use of a towed seismic 
streamer and in the use of seismic stations of different types. 

The season for conducting seismic surveys northward of 82◦N 
commonly is limited to a period of a few months, ranging from July to 
October. During this time, due to the polar day and solar activity, the 
southern edge of the first-year ice cover retreats farthest northwards, 
while the multi-year ice cover thaws out to its thinnest within that 
calendar year. 

In solid ice conditions, two vessels sailing one after the other, are used 
for operations (Figs. 3, 4) along pre-planned seismic acquisition lines. This 
is a commonly used scheme for geophysical works in the Arctic Ocean (e.g., 
Hutchinson et al., 2009; Mosher et al., 2013; Piskarev et al., 2019; Petrov 
and Smelror, 2019). The main task for the lead vessel (the icebreaker) is to 
create an ice-free channel (a passage without solid ice or with ice crushed 
into smaller bits). The geophysical data-acquisition vessel follows the 
icebreaker. In the case of these Russian surveys, a nuclear icebreaker was 
used as the lead vessel, and the acquisition vessel, equipped with all the 
geophysical instrumentation, usually armored with some ice protection (e. 
g., strengthened hull), follows. 

Fig. 3. Example of marine technologies for seismic data acquisition adopted for Russian Arktika expeditions, using a combination of a nuclear-powered icebreaker 
and a research vessel. Information from Ministry of Natural Resources and Environment of the Russian Federation. 
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The main task of the data-acquisition vessel (a research vessel (RV), 
e.g. Akademik Fedorov) was to conduct the seismic survey, deploying a 
towed seismic streamer and seismic stations. Solid ice and pressure ice 
ridges handicap the constant-speed sailing of the RV, whereas crushed 
ice does not prevent maintaining a constant speed but can introduce 
noise on seismic recordings. For conducting surveys with a towed 
seismic streamer, all equipment trailed from the stern of the research 
vessel. These include airguns, seismic streamers, and “birds”. RV Aka-
demik Fedorov was equipped with a special ice protection system for safe 
deployment and recovery of the airgun and associated high-pressure 
lines as well as the seismic streamer. Stable speed of the acquisition 
vessel was critical to maintaining geometry for acquisition of quality 
data and to facilitate processing of the data. “Birds” on the seismic 
streamer helped ensure a constant tow depth. 

For conducting multi-channel seismic surveys, the containerized 
geophysical Arctic-service hardware system with solid-filled and gel- 
filled seismic streamers of various lengths were used. In different 
years, seismic equipment included: 

• Integrated offshore seismic data acquisition system ION Dig-
iSTREAMER or Sercel SEAL System;  

• Solid-filled seismic streamer ION DigiSTREAMER or solid-filled and 
gel-filled seismic streamers Sercel SEAL Streamer;  

• Bolt APG airguns;  
• Control and monitor navigation system ORCA or QINSy; 
• Streamer depth control and positioning system DigiBIRD and Dig-

iCourse, with the use of special devices (‘birds’) on a seismic 
streamer;  

• Digital airgun controller DigiSHOT or RTS Big Shot. 

In the Arctic Ocean, two versions of seismic streamer lengths were 
used. A 600 m long solid streamer was used when solid ice cover con-
ditions existed or when an ice channel would close relatively quickly. A 
streamer 4500 m long and longer (solid or gel-filled) was used in the 
absence of sold ice cover and when the ice channel remained open for 
sufficient time for the survey. The streamer towage depth for most of the 
seismic acquisition was 15 m in order to keep it below any ice keels. The 
shotpoint spacing on most of the seismic lines was 50 m, with a record 
length of 12 s. 

Additionally, while conducting multi-channel reflection seismic 

acquisition, sonobuoy seismic soundings were carried out for refraction 
data acquisition. These soundings were performed for some seismic lines 
with the use of floating seismic stations (sonobuoys). In the course of 
movement of the RV along a seismic line, these sonobuoys were released 
overboard at certain points, though only during the acquisition of multi- 
channel seismic data. These sonobuoys were not tied to the vessel in any 
manner. Thereafter, during the continuation of seismic signal shooting, 
these sonobuoys recorded seismic signals. These data were immediately 
transmitted to the research vessel via a wireless communication system. 
This communication channel continues to operate up to distances of 
15–20 km (from RV to sonobuoy). As a consequence, the obtained data 
contain reflected seismic events; nonetheless, their core value lies in the 
fact that they also contain refracted seismic events. Refracted seismic 
events are recorded especially well at offset distances over 10 km. These 
techniques commonly are used for Arctic Ocean geophysical procedures 
(e.g., Mosher et al., 2013). 

The main objective of refracted sonobuoy seismic soundings is to 
obtain a velocity model for seismic profiles that are acquired with the 
use of a short (600 m) seismic streamer. On these seismic lines, a 
reflection time-distance graph is too short to place reliance on stack 
velocities if the Dix formula is used for obtaining a velocity model for the 
line. That is why on such lines refracted sonobuoy seismic soundings 
were obtained. Consequently, this enabled velocity models to be 
computed for lines shot with a long seismic streamer (4500 m and more) 
where interval velocities could be obtained using the Dix formula. The 
hardware-software system used for conducting refracted sonobuoy 
seismic soundings was the radio telemetry seismic data acquisition 
system BOX (Fairfield Industries, USA). 

Wide-angle reflection and refraction (WARR) surveys were carried 
out during both dedicated expeditions (TransArctic-89-91, Arktika-2000, 
etc.) as well as in conjunction with integrated geophysical expeditions 
(Arktika-2012, Arktika-2014). In the early expeditions, seismic receivers 
were arranged on the water surface (or on ice surface) with the use of 
airborne landing operations from ice-based RVs. However, subsequently 
the method of self-emerging 4-component ocean-bottom stations was 
employed. In most operations, ADGS-2 M and ADSS-5000 stations with 
M-K-4-SM26m recorders (provided by the company EDB OE RAS) were 
used. 

The ocean-bottom station is a sphere of 450 mm diameter with a 
special housing at the top pole. This special housing combines, in terms 

Fig. 4. Photos of seismic data acquisition in the Arctic. An icebreaker is in the front, creating a channel within the ice for the research vessel. The research vessel has 
all the scientific equipment. Ice conditions are illustrated on the right. 
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of design, an electrochemical release, a hydroacoustic antenna, and a 
hydrophone (H component). Components such as a geophone module 
(X, Y, Z components) and power supply are placed inside the sphere. The 
encasing sphere of the ocean-bottom station is made of a high-strength 
aluminum alloy. Single-beam and multi-beam hydrographic 
echosounders installed on the RV were used for determining coordinates 
and depth at installation points of ocean-bottom stations. 

The seismic signal was produced through blasting TNT charges in 
early expeditions (TransArctic-1989–91, Arktika-2000 and onwards). 
Later, starting with the 5-AR expedition (2008), a special big-volume 
low-frequency airgun SIN-6 M was used, whose specifications are as 
follows:  

• Working pressure – 120-130 atm;  
• Volume of pneumatic chamber – 120 l;  
• Energy of signal produced – 310 kJ;  
• Frequency range – 8-12 Hz;  
• Submergence depth – 34-37 m;  
• Minimum interval between shots – 150 s;  
• Airgun offset distance from vessel hull – 70 m. 

Key details of each of the multi-channel seismic acquisition and deep 
wide-angle refraction/reflection data expeditions are described below. 

2.1.1. Multi-channel seismic surveys (MCS) 
Under the government-funded Arktika program a total of more than 

23,000 running km of state-of-the-art seismic lines in the deep-water 
part of the Arctic Ocean were acquired (Fig. 1). Below is a list of expe-
ditions with associated data volumes produced, equipment used, and 
specific features of seismic data acquisition. 

2.1.1.1. Traverse A-7 expedition. In 2007, the company MAGE con-
ducted an MCS of 820 km along a line (parallel to line A-7) from the New 
Siberian Islands to 83.5◦ N latitude, along the axial part of the Lomo-
nosov Ridge. SEAL System (Sercel, France) recording station, BoltAPG 
(1500 in3, 2000 PSI) guns as seismic source and SEAL Sentinel Solid 
(8100 m length, 648 channels) seismic streamer were used. The record 
length was 12 s and reached a CDP stacking fold of 108. Positioning was 
carried out using GPS Spectra system with an accuracy of at least 2 m. 
The main exploration target was the junction of the Lomonosov Ridge 
and the East Siberian shelf. 

2.1.1.2. Traverse 5-AR expedition. Also in 2009, MAGE completed a 

540 km MCS line from the Chukchi coastline to the edge of the Chukchi 
shelf using RV Geolog Dmitry Nalivkin. Sercel SEAL System recording 
station and I/O Sleeve guns (4010 in3, 2000 PSI) as seismic source. The 
SEAL Sentinel Solid (8100 m with 648 channels) seismic streamer was 
used, with a record length of 15 s, reaching a CDP stacking fold of 81. 
The seismic navigation system Spectra also was used for positioning. 

2.1.1.3. Arktika-2011 expedition. In 2011, a MCS survey was under-
taken by the company GNINGI, using the RV Akademik Fedorov and the 
icebreaker Rossiya. The total length of MCS lines was 6300 km. Sercel 
SEAL was utilized with a solid-filled 48-channel streamer of 600 or 4600 
m length, one or two air guns BoltAPG of 1025 or 2050 in3 volume, and 
2050 PSI working pressure. Navigation and positioning was provided by 
the integrated navigation system ORCA and software package SPRINT. 
The data were recorded and pre-processed by telemetric system BOX. 
Record length was 14–15 s and CDP stacking fold for the short streamer 
was 6 with 46 for the long streamer. The expedition’s main objective 
was to determine the thickness of sedimentary sequences within the 
Amundsen, Nansen and Podvodnikov basins. 

2.1.1.4. Arktika-2012 expedition. In 2012, the geological and geophys-
ical surveys shifted to the Podvodnikov Basin, the Mendeleev Rise, the 
Chukchi Plateau, and the De Long High, with the company Sevmorgeo 
performing the surveys. The icebreaker Kapitan Dranitsyn and RV Dikson 
(a former icebreaker converted to RV, equipped to perform any kind of 
offshore seismic surveys) were used. The air gun used was a BoltAPG of 
1600–2000 in3 with 2050 PSI working pressure, and for navigation and 
positioning a Trigger Fish system was used. 

Nine lines comprising 5300 linear km were acquired using a long 
seismic streamer (4500 m – 360 channels) – 1930 km – and a short 
seismic streamer (600 m – 48 channels) – 3370 km. This expedition’s 
main goal was to study and refine the structure of the sedimentary cover 
of the Mendeleev Rise. 

2.1.1.5. Arktika-2014 expedition. In 2014, MCS surveys were carried 
out by MAGE in the Nansen, Amundsen, Makarov and Podvodnikov 
basins, across the Lomonosov Ridge and along the margins of the Laptev 
and East Siberian seas using the RV Akademik Fedorov and the icebreaker 
Yamal. The total length of MCS lines acquired was 9900 km. 

The MCS complex employed the DigiStreamer data acquisition system 
and solid-fill seismic streamers 600 or 4500 m length. BoltAPG air guns 
with total volumes of 1025/1300/2050 in3 and 2050 PSI working 
pressure were used as seismic sources. Positioning was performed with 

Fig. 5. Location of wide-angle refraction/reflection seismic lines. Presented by VNIIOkeangeologia. For details see Piskarev et al. (2019).  
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navigation system QINSy. The record length was 12 s. and CDP sections 
were obtained with 6 stacking fold or 45 stacking fold for short and long 
streamers, respectively. 

The main objective of these MCS surveys was to study and refine the 
structure of the sedimentary cover of the Eurasia and Amerasia basins 
and the adjacent shelf, and to link with the stratigraphy of the major 
morphological structures of the region. 

2.1.2. Russian wide-angle refraction/reflection (WARR) lines 
The main purposes of the WARR surveys were to investigate major 

structures of the Arctic Ocean and to obtain velocity models of the crust. 
WARR lines were surveyed along regional lines through the Amerasia 
Basin (Lomonosov and Alpha ridges, the Mendeleev Rise, the Chukchi 
Plateau, Podvodnikov and Makarov basins), terminating at the adjacent 
shelf of Northeast Eurasia (Fig. 5). A brief description of key expeditions 
undertaken by Russia in the Arctic during the last three decades is 
presented below. As indicated above, WARR surveys were conducted by 
two main methods:  

• Arranging seismic receivers at the sea surface (including on ice) with 
the use of airborne operations conducted from ice bases or RVs. This 
method was used in the TransArctic-89-91, Arktika-2000, Arktika- 
2005 and Arktika-2007 expeditions.  

• Utilization of ocean-bottom stations with participation of RVs. This 
method was used in the 5-AR, Arktika-2012, Dream Line, Arktika- 
2014 expeditions. 

2.1.2.1. TransArctic-1989–91, TransArctic-92 expeditions. The total 
length of WARR lines acquired during the TransArctic 1989–1991 
expedition was 1490 km. These lines extended from the Makarov Basin 
across the Podvodnikov Basin to the East Siberian Shelf. The TransArctic- 
1992 WARR line crossed the Lomonosov Ridge approximately along 
84◦N latitude, including the adjacent Amundsen and Makarov basins. 
The length of the Transarctic-1992 line was 280 km. 

Acquisition of these Transarctic lines was the first Russian experience 
involving a regular WARR survey in high latitudes of the Arctic. These 
early data were characterized by sparse intervals between seismic re-
ceivers. Consequently, the sedimentary cover over the crust was only 
poorly studied, controlled as it was by refraction data and modeled 
based on reflection data. Only high-velocity waves propagating within 
the crystalline crust were interpreted with some reliability. 

Each of WARR lines had three arrays that were characterized by the 
following parameters:  

• 30 receive points with an average spacing of 5–6 km;  
• Shot points spaced at 40 km and 50 km;  

• Generation of seismic waves by TNT charges weighing 0.2–1.2 tons, 
with an amount of explosives per entire line of 18 tons. 

Seismic waves were recorded by Delta-Geon-1 digital recorders with 
the following specifications:  

• Number of channels - 3;  
• Frequency range 0.2–15 Hz;  
• Dynamic range – 100 dB;  
• Sampling interval – 7 ms. 

2.1.2.2. Arktika-2000, Arktika-2005 and Arktika-2007 expeditions. The 
Arktika-2000 WARR line (500 km long) was routed across the northern 
part of the Mendeleev Rise and the adjacent Canada and Podvodnikov 
basins at 82◦N. The Arktika – 2005 WARR line was acquired in 2005 
along the axial part of the Mendeleev Rise and its junction with the shelf 
(500 km). Finally, the Arktika-2007 regional WARR line (650 km long) 
was routed from the near-Siberian part of the Lomonosov Ridge to the 
Laptev Sea Shelf north of the Kotelny Island. 

Each of these WARR lines had the same survey parameters as the 
TransArctic-89-91 and TransArctic-92 WARR lines. Seismic waves also 
were generated by TNT charges. The main airborne operations were 
supported by helicopters from the research vessel Akademik Fedorov 
accompanied by the nuclear icebreakers Rossiya and Sovetskiy Soyuz. 

2.1.2.3. 5-AR expedition. This expedition utilized bottom stations to 
acquire WARR data. The 5-AR Line (550 km long) extended from Cape 
Billings (Chukotka coast) to the southern end of the Arktika-2005 line. 
Data were acquired by 56 4-component ocean-bottom stations, with 10 
km spacing between stations in the receiving array. Generation of 
seismic signals was done using a SIN-6 M airgun. It should be noted that 
only one station was lost during the 5-AR line survey. 

Two main types of ocean-bottom stations were used – ‘boomerang’ 
and ‘buoy-based’ stations. During the survey, it was decided to use 
boomerang ocean-bottom stations in deep water areas and in water 
areas with moving ice floes instead of buoy-based stations. 

2.1.2.4. Dream Line expedition. The WARR line (925 km long) was 
completed in 2009 by the company Sevmorgeo on the East Siberian Sea 
shelf, under a contract with British Petroleum. WARR data were ac-
quired using self-emerging 4-component ocean-bottom stations (X,Y,Z 
geophones and H hydrophone). 

2.1.2.5. Arktika-2012 expedition. The 480 km long WARR line ran from 
the Podvodnikov Basin to the Chukchi Plateau, crossing the southern 
part of the Mendeleev Rise. WARR data were acquired by Sevmorgeo 
using 4-component ocean-bottom stations of ‘boomerang’ type. The 

Fig. 6. Location of the main part of the seismic lines in the Arctic Ocean with greater detail over the Russian shelves. Yellow blocks – Rosneft licenses. Blue blocks – 
Gazprom licenses. Licensed blocks have many new seismic and other geophysical data. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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survey was carried out by the diesel electric icebreaker Dikson. 
Generation of seismic signals was carried out using a SIN-6 M airgun 

with working pressure of 120–130 atm and pneumatic chamber volume 
of 120 l. In the course of the work, one receiver array of seismic stations 
was set up with 30 seismic stations. Parameters of the acquisition ge-
ometry and of seismic signal recording were:  

• Shot points spacing – 312 m;  
• Receive points spacing in the receiver array – 10-20 km;  
• Length of time-distance graph – not less than 150 km;  
• Record length – 60 s. 

2.1.2.6. Arktika-2014 expedition. This WARR survey was undertaken by 
MAGE using the RV Nikolay Trubyatchinsky and consisted of two lines 
(250 km and 350 km). 4-component ocean-bottom stations of 
‘boomerang’ type and a 7300 in3 airgun were utilized. These WARR 
lines were located in the De Long High and the associated linkage area. 
The survey aimed to investigate the continuity and structure of the 
crustal complexes. Parameters of the acquisition geometry and seismic 
signal recording were:  

• Interval between excitations - 150 s;  
• Receive points spacing in the receiver array – 6-8.5 km;  
• Length of time-distance curve – not less than 150 km;  
• Record length – 60 s. 

2.1.3. Other new 2D and 3D seismic data for the Russian Arctic shelf 
As mentioned above, during the past two decades, many 2D seismic 

lines have been acquired in the Russian deep-water part of the Arctic 
continental shelf (Fig. 6). Prior to that, the continental shelves of the 
Laptev, East Siberian, Chukchi and North Kara seas had been poorly 
studied. All seismic data in the deep-water part of the Arctic Ocean 
belong to the Ministry of Natural Resources and Environment of the Russian 
Federation and are open to Russian investigators as well as foreign in-
vestigators involved in international scientific projects. 

On the Russian part of the shelf, the Russian companies Rosneft and 
Gazprom have vast licensed blocks (Fig. 6). For these blocks, a new dense 
grid of 2D seismic lines is now available. However, these data so far 
remain private. The bulk of the new seismic data was acquired by the 

Russian geophysical companies Rosgeo, DMNG, SMNG, Sevmorgeologia, 
Yuzhmorgeologiya, and MAGE. In addition, many other companies and 
institutes conducted seismic surveys there as well: BGR, Halliburton, 
British Petroleum, ION, CGG, TGS, and PGS. The Russian geophysical 
companies published key results of their surveys mainly in Russian. 
Geologists of scientific institutes of the Federal Subsoil Resources Man-
agement Agency and the Russian Academy of Science developed a modern 
seismo-stratigraphic framework of the shelf areas. Outside of Russia, 
BGR (Germany) has been a pioneer in investigating the Laptev Sea with 
the studies by Franke (2013). 

3D seismic data for the Russian shelf are available for individual 
licensed blocks of the East Barents and South Kara seas. They were ac-
quired by Rosneft and Gazprom and afforded the possibility to refine 
seismic stratigraphic models for these areas. Principal unconformities 
and major sequences were identified, and the history of the geologic and 
tectonic evolution was worked out in detail. For the Barents Sea, 3D 
seismic data demonstrated, for example, evidence of Early Cretaceous 
intrusions. 

The scientific institutes of the Federal Subsoil Resources Management 
Agency VSEGEI and VNIIOkeangeologia conducted regional geological 
and geophysical studies in multiple shelf areas. Results of their studies 
are available in open-source technical reports and were published 
openly (e.g., https://vsegei.ru/ru/info/; http://vniio.ru/publications/). 

In the Barents and South Kara seas, data from deep boreholes are 
available and have been tied to seismic lines to provide ground truth 
calibration (e.g., Smelror et al., 2009). Stratigraphic and seismic strati-
graphic frameworks for these seas have been extensively established. 
However, for the Laptev and East Siberian Seas, as no boreholes are 
available, seismic stratigraphic interpretations remain uncalibrated. 

2.2. Subbottom profiler surveys in the Eurasia Basin in 2019 

An expedition to the Eurasia Basin involving the acquisition of sub-
bottom seismo-acoustic data was conducted in 2019. At the present 
time, this is the most recent high-latitude integrated geophysical expe-
dition carried out by Russia in the Arctic. These offshore subbottom 
studies were aimed at obtaining high-quality data on bottom relief and 
structure of the upper part of the geological section in the area of the 
Gakkel Ridge. The following tasks were planned: 

Fig. 7. Location of subbottom profiles of expedition Arktika-2019 and location of some seismic lines.  
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• Acquisition of additional data by multi-beam and single-beam 
echosounders with the purpose of preparing a digital bathymetry 
database;  

• Acquisition of subbottom profiling accompanying the bathymetry 
surveying. 

Two nuclear icebreakers took part in the expedition initially: Taimyr 
and then 50 Let Pobedy. For research operations, as with earlier inte-
grated geophysical expeditions, the ice-class RV Akademik Fedorov was 
used. Continuous subbottom profiling was conducted with the purpose 
of studying the upper part of the geological section to a depth up to 
100–200 m. The location of profiles is shown in Fig. 7. 

New bathymetric data for the Eurasia Basin and data on modern 
geological processes on the continental slope and on the basin floor were 
obtained as a result of this expedition. Currently, these data are being 
processed. 

2.3. Rock sampling on slopes of the Mendeleev Rise 

To facilitate the geological study of the sedimentary cover and 

bedrock on the Mendeleev Rise, within the framework of the expedition 
Arktika-2012, specialized operations were conducted using two ice-
breakers with additional participation of a scientific research submarine 
(SRS). Later in 2014 and 2016, deep-water geological expeditions 
(Mendeleev-2014 and Mendeleev-2016) were conducted with full-scale 
participation of a nuclear SRS. The full-scale use of the SRS made it 
possible to replace the use of a RV, and the unique equipment on the SRS 
allowed rock samples to be taken from the sea floor precisely at the 
locations intended. The principal research methods utilized in these 
expeditions are described below. 

2.3.1. Arktika-2012 expedition 
On the Arktika-2012 expedition the objective was to sample bedrock 

on the slopes of the Mendeleev Rise. The expedition was undertaken by 
Sevmorgeo. Seabed sampling and deep-water drilling were conducted 
from the icebreaker Kapitan Dranitsyn. In conventional dredging, rock 
samples brought from the seabed usually are derived from “exotic” 
debris transported to the sampling site by ice rafting processes. The 
principal challenge was to make certain that the rock samples taken 
were in situ on the seabed, and shallow drilling with the use of an ice- 

Fig. 8. Comprehensive study of seafloor scarps with bedrock outcrops on the Mendeleev Rise using shallow drilling and the manipulator of the research submarine in 
2012 – conceptual scheme (expedition Arctika-2012). Data are presented by Ministry of Natural Resources and Environment of the Russian Federation and published by 
Morozov et al. (2014). 

Fig. 9. Photos of deep-water drilling unit during the expedition Arktika-2012.  
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class deep-water drilling unit ensured this objective. Sampling of bottom 
rock material was carried out using a hydrostatic corer, a grab sampler 
and a bottom dredge. For all of these operations the SRS was used. 

In accordance with the sampling plan, the following tasks were 
designated for surveying areas of 10 × 10 km size as envisaged during 
the pre-project planning:  

1. Detecting locations of bedrock exposure projecting through the 
surficial cover of loose sediments in areas using a grid size of 2 × 2 
km;  

2. Determining site parameters for positioning the drilling unit within 
the selected locations: seabed slope angle, current speed vector, di-
mensions of the revealed sites;  

3. Video-photometric and sonar documentation of the selected sites for 
geological sampling and deep-water drilling. 

The suite of studies included the following methods and equipment: 
in 10 × 10 km areas – multi-beam surveying; in 2 × 2 km areas – sub-
bottom profiler and side-scan sonar surveying. In the final stage of the 
studies, visual and video inspection of the sites where sampling was to 
be conducted was performed. Results of these inspections were decisive 

in selecting the appropriate seabed sampling method (Fig. 8). 
Within the framework of the Arktika-2012 expedition, 11 polygons 

(10 × 10 km) were surveyed. With the use of the SRS, six polygons were 
surveyed (Nos. 0, 1, 3, 5, 6, 8) and designated as the top priority targets, 
with the remaining five polygons to be sampled using alternative 
equipment. Polygons No. 0 and No. 6 were selected for core drilling. 
Shallow drilling with video tracking was conducted at four sites 
(KD12–06-21b on Polygon 6, KD12–00-31b, KD12–00-32b and 
KD12–00-33b on Polygon 0). On sites KD12–01-29b, KD12–06-31b, 
KD12–00-33b, bedrock cores were drilled; the lengths of cores recovered 
at these three stations were 60, 40, and 15 cm respectively. 

Drilling was conducted using the ice-class deep-water drilling unit 
GBU-2/4000 L (Fig. 9) developed by Sevmorgeo. It was designed in 2012 
especially for operations in the Arctic, capable of drilling holes up to 2 m 
in depth with 76 mm diameter tool and up to a water depth of 4000 m. 
During this expedition, operations with the deep-water drilling unit 
were conducted for the first time at negative ambient temperatures and 
in hazardous ice conditions. The drilling unit was installed at water 
depths over 2000 m. The icebreaker equipped with additional deploy-
ment and hoisting equipment was used for the first time as a RV. 

A bottom dredge developed by VNIIOkeangeologia, had a rectangular 
shape with a size of 1 × 0.5 m and a mass of 500 kg. The dredging 
method is standard for marine geology. The dredging sites were selected 
following the recommendations based on surveys of the sea floor ac-
quired by the SRS, coupled with analyses of seabed geomorphology 
within the work polygon. In total, 9 sites were sampled. 

For bottom rock sampling, the clamshell-type grab sampler DG-1-TV 
also was used (Fig. 10). It was developed more than twenty-five years 
ago and is widely utilized for seabed sampling. It consists of two half- 
scoops mounted on a frame equipped with a remote video system. 
From the nine locations sampled, bottom sediment samples weighing 
between 200 and 450 kg were obtained from seven of the locations. 
Video recordings of lowering and reaching the bottom were made at five 
sites. Finally, the hydrostatic corer E414M/01–00.000 was used for 
bottom sampling at total of 6 locations. 

The combined sampling methodology using all available sampling 
tools resulted in the collection of a large body of material, including 
more than 20,000 fragments of gravel-to-block size clasts (Fig. 11). The 
main results of the Arktika-2012 expedition were published in subse-
quent years (Morozov et al., 2013; Petrov et al., 2016: Vernikovsky 
et al., 2014; Kossovaya et al., 2018; Petrov and Smelror, 2019). They 
showed that dredging of slopes and shallow (up to 2 m) drilling resulted 
in recovery of primarily loose sediments. Consequently, there was no 
guarantee that samples thus taken were actually basement bedrock. As a 
result, many Arctic researchers assumed that the dredged sedimentary 
rocks were the product of ice rafting. 

2.3.2. Deepwater geological expeditions in 2014 and 2016 
The deep-water geological expeditions of 2014 and 2016 (Mendeleev- 

2014 and Mendeleev-2016) were able to reproduce the concept of “a field 
geologist with a hammer” analogous to the classical approach applicable 
to onshore surveys. The Geological Institute of the Russian Academy of 
Sciences (GIN RAS) and Geological and Geophysical Survey of GIN RAS 
(GEOSURVEY GIN RAS) have developed novel methodologies for 
comprehensive bottom surveys using the scientific research submersible 
(SRS). Bedrock samples from outcrops on the seabed were leveraged to 
produce stratigraphic columns similar to what could be obtained from 
deep drilling. This approach ensures that rock samples collected were 
indeed from bedrock. The most important aspect of this comprehensive 
methodology is the direct sampling of rocks from recognized bedrock 
outcrops by means of manipulators, thus excluding ice rafted debris. To 
accomplish this, a field geologist (Sergey Skolotnev) was submerged to 
the seafloor in a special manned deep-water vehicle where he could 
visually confirm outcrops presence and extract rock samples with the 
use of special manipulators. 

To fulfill this mission a special purpose-equipped SRS was used. The 

Fig. 11. Locations of polygons of the Arctic-2012 expedition on the Mendeleev 
Rise. The various sampling methods are shown with colour. Bathymetry of 
polygons is illustrated in greater detail. Data are provided by the Ministry of 
Natural Resources and Environment of the Russian Federation. 

Fig. 10. Photos of bottom grab during the expedition Arktika-2012.  
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Fig. 13. Submarine bedrock outcrops on the slopes of the 
Mendeleev Rise. A – sandstone (sample 14–09) (78◦ 10,8′ N, 
179◦ 07,0′ W, water depth 1229 m). B – andesite (14–02, 78◦

10,3′ N, 179◦ 07,5′ W, water depth 1484 m). C – dolomite 
(1601/22) (79◦ 00,8′ N, 174◦ 43,0′ W, water depth 2343 m). D 
– limestone (14–10, 78◦ 10,9′ N, 179◦ 03,3′ W, water depth 
1282 m). E – andesite basalt (1601/14) (79◦ 01,4′ N, 174◦

51,6′ W, water depth 2205 m). F – volcanic tuff (1601/25) 
(79◦ 00,5′ N, 174◦ 43,4′ W, water depth 2111 m). The photos 
were taken by a manned underwater vehicle. Data are pro-
vided by the Ministry of Natural Resources and Environment of 
the Russian Federation, and partly from Skolotnev et al. (2019).   

Fig. 12. Conceptual scheme of rock samples taking during Deepwater Geological Expeditions to the Mendeleev Rise in 2014 and 2016. Numbers 1, 2, 3 show the 
sequence of events. 
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SRS was equipped with a multi-beam echosounder, a subbottom pro-
filer, searchlights, photo and video cameras to detect rock outcrops and 
document the sampling process. The SRS also was equipped with special 
manipulators for rock sampling (Fig. 12). 

This unique methodology used on the Mendeleev-2014 and Mende-
leev-2016 expeditions involved six consecutive steps:  

• Select polygons for rock sampling based on outcrops detected using 
seismic sections;  

• Undertake a bathymetric survey followed by subbottom profiling of 
the slope in order to ascertain the precise locations of exposed rocks 
on the seafloor;  

• Have an experienced geoscientist observe the seafloor using video 
recordings of the nature of rock outcrops, and select sampling 
locations;  

• Recover bedrock samples from seafloor outcrops;  
• Identify and record photographically collected rock samples 

(Fig. 13); 
• Process in-lab (e.g., petrographic description and microscopic ex-

amination of rocks, X-ray phase analysis, chemo-analytical studies, 
rock dating) and construct composite geological cross-sections. 

The field trial studies conducted in 2014 in the southwestern part of 
the Mendeleev Rise were aimed at validating a methodology for con-
structing geological cross-sections across seafloor structures in the Arctic 
Ocean. For the first time, rock samples were taken at substantial depths 
(1600 m) directly from bedrock exposures on the Mendeleev Rise 
(supported with photo- and video-recording and ties to geophysical 
data). The 2014 field trials helped to work out the best possible suite of 
methods for reliable characterization of bedrock exposures. An impor-
tant advantage of this methodology was that a geologist was able to 
monitor while sampling was being conducted. 

The Mendeleev-2016 expedition successfully employed a SRS to 

recover rock samples from bedrock exposures within three polygons. 
The bedrock geology at the Mendeleev Rise was sampled at greater 
depths (2000–2400 m) and an improved sampling technique was 
applied. This work considerably expanded knowledge of the temporal 
and spatial limits of the geological record of the Mendeleev Rise, which 
is critically important for correlation with adjacent Arctic coastal 
geology. 

Thus, in the course of two expeditions, four separate steep slopes on 
the Mendeleev Rise were surveyed (Fig. 14). A principal aspect of this 
methodology is that rocks were sampled at regular depth intervals along 
such outcrops specifically for the purpose of constructing a geological 
cross-section. In total, 77 sites were sampled (Skolotnev et al., 2017, 
2019). 

The prime conclusion was that all four slopes on the Mendeleev Rise 
have similar Paleozoic sections, which are represented mainly by shelf 
carbonate and clastic deposits, and the distance from the southernmost 
point to the northernmost point is more than 500 km. It is highly likely 
that the entire Mendeleev Rise has a Paleozoic sedimentary cover. The 
findings of the Mendeleev-2014 and Mendeleev-2016 expeditions 
confirmed that the recovered bottom rock material during expedition 
Arktika-2012 was likely not of ice rafting origin, which is consistent with 
the paleontological data acquired during the previous Arktika-2012 
expedition (Kossovaya et al., 2018). 

2.4. Borehole data 

The Arctic Ocean is relatively poorly studied by deep drilling. This is 
especially true for its deep-water part within which only one borehole 
has been available. The first scientific drilling expedition to the central 
Arctic Ocean was completed in September 2004. Integrated Ocean Drilling 
Program Expedition (IODP) Leg 302, Arctic Coring Expedition (ACEX), 
recovered sediment cores up to 428 m below seafloor in water depths of 
~1300 m, 250 km from the North Pole (Backman et al., 2006). Results of 

Fig. 14. Locations of polygons of Deepwater Geological Expeditions to the Mendeleev Rise in 2014 and 2016, modified after Skolotnev et al. (2019). Background 
map is bathymetry data from the International Bathymetric Chart of the Arctic Ocean (Jakobsson et al., 2012). More detailed bathymetry data of polygons are 
provided by the Geological and Geophysical Survey of the Geological Institute of the Russian Academy. 
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studies of these boreholes have previously been published (e.g., Moran 
et al., 2006; Jakobsson et al., 2007). 

Several commercial wells (Popcorn, Crackerjack, Klondike, Burger, 
Diamond) have been drilled in the Chukchi Sea, located in the American 
part of the Arctic region (Craddock and Houseknecht, 2016; Homza and 
Bergman, 2019; Houseknecht et al., 2016; Houseknecht and Wartes, 
2013; Ilhan and Coakley, 2018; Kumar et al., 2011; Sherwood et al., 
2002). Based on data from these wells, a stratigraphic scheme for Late 
Paleozoic to Cenozoic was developed for the Alaska shelf (Sherwood 
et al., 2002; Homza and Bergman, 2019). In Alaska, two wells were 
drilled on the margin of the Hope Basin in the Chukchi Sea (Bird et al., 
2017). These wells penetrated Neogene to Eocene deposits. This sedi-
mentary section overlies Paleozoic carbonates. In the Russian part of the 
Chukchi Sea, one well was drilled on Ayon Island near the Chukchi 
Peninsula (Aleksandrova, 2016). The well penetrated deposits from the 
Quaternary to the Paleocene. 

In 2014, Rosneft and its US partner ExxonMobil successfully 
completed drilling of the world’s northernmost Arctic vertical well 
Universitetskaya-1 in the Kara Sea (the well TD is 2.1 km). Multiple 
companies participated in the drilling of this well, including ExxonMobil, 
Nord Atlantic Drilling, Schlumberger, Halliburton, Weatherford, Baker, 
Trendsetter, and FMC. A new oil field, Pobeda, was discovered and the 
section comprising Jurassic, Cretaceous and Cenozoic deposits was 
studied in detail. 

In 2017, Rosneft drilled the 2363 m deep well Tsentralno-Olginskaya 
in the Khatanga Gulf of the Laptev Sea. The well penetrated deposits of 
the Cretaceous, Jurassic, Triassic and Upper Paleozoic. Results of this 
drilling have resulted in a refinement of the stratigraphic model for the 
Laptev Sea. In the Russian part of the Barents Sea, several boreholes 
from the Soviet era are available and in the Norwegian part of the 
Barents Sea several new boreholes also are available. For the Barents 
Sea, a well-worked-out stratigraphy and seismic-stratigraphic frame-
work for Mesozoic and Cenozoic deposits is available (e.g. Smelror et al., 
2009). In the Russian part of the Barents Sea, Cenozoic deposits are 
largely absent, having been glacially eroded. 

On the whole, data derived exclusively from drilling on the shelves of 
the Arctic Ocean are insufficient to assemble an integrated seismic- 
stratigraphic framework for the entire Arctic Ocean. 

2.5. Gravity and magnetic data 

Within the framework of the geophysical expeditions in the Arctic 
Ocean, a shipboard gravity survey was conducted during the Arktika- 
2014 expedition in combination with multi-channel seismic surveying. 
For gravity data acquisition two gravimeters Chekan-AM and Shelf-E, 
produced by the company Elektobribor, were used. These gravimeters 
were positioned on two research vessels taking part in the Arktika-2014 
expedition. 

Data from the gravimetric sensors and gyro stabilization systems of 
the gravimeters were recorded using of SeaGrav software. For the Shelf-E 
gravimeter, data from the thermo-stabilization system of the gravimetric 
sensor were also recorded. The sampling rate of the primary gravimeter 
data, which were processed in-office, was 0.1 s. Recording of navigation 
data from the Trimble SPS 461 onboard satellite receiver also was made 
with the use of SeaGrav software for quality control of the gravimetric 
equipment, with a sampling rate of navigation data of 1 s. 

For in-office processing of gravity data we used data from the files in 
the format of the international exchange of geophysical data P1/90. 
These files contain navigation (latitude, longitude) and bathymetric (sea 
depth) information with 50 m (25 m) discretization. Gravimeters were 
placed in the specialized equipment rack near the vessel’s center, with 
the place of gravimeter installation determined relative to the reference 

point. The sensitive element of the gravimeter was located at the water 
level. 

Primary processing of gravimeter output data was made in real time 
mode with the use of the SeaGrav software module. The SeaGrav module 
results yield gravity increments with corrections for the gravimeter’s 
zero drift. The delay of resultant data caused by the time constant of the 
gravimeter and the digital filters was also taken into account in the 
processing. The quality of gravimetric observations was evaluated in 
real time in the course of data acquisition. Within the framework of the 
Arktika-2014 expedition, gravimetric data along the pre-planned 
geophysical lines were obtained, with 9900 km total length. Precise 
gravimetric data in the area near the point of the Geographic North Pole 
were obtained for the first time ever. 

All other key data on gravity and magnetic anomalies have been 
summarized in the course of various international projects (e.g., Gaina 
et al., 2011; Saltus et al., 2011). In particular, the most comprehensive 
map of anomalous magnetic fields of the Arctic and the grid of magnetic 
anomalies with 2 × 2 km cell size were produced by the Geological Survey 
of Norway as part of the CAMP-GM Project (Gaina et al., 2011). This 
group also produced a composite digital map of gravity field anomalies 
and a digital model with 10 × 10 km cell size (Gaina et al., 2011). 

It is worth noting that a vast portion of the Russian shelf has been 
licensed for exploration by petroleum companies (Fig. 6) and for most of 
them, new commercial gravity and magnetic surveys have been con-
ducted. All these data will become open source after several years. The 
new data have confirmed the anomalies known earlier and there are no 
fundamental changes in the regional character of magnetic and gravity 
anomalies. With these new data, the structure of the sedimentary basins 
of the Russian continental shelves can be resolved in more detail. An 
important discovery is the likely identification of new igneous prov-
inces. Evidence for a large-size igneous province with volcanics at the 
base of the sedimentary basin and numerous probable intrusions within 
the stratigraphic section of the Chukchi Sea north of Wrangel Island 
have been found (its contours approximately correspond to the previ-
ously known magnetic anomaly). The igneous province in the area of De 
Long Islands was studied. Its area turned out to be larger than previously 
assumed. A new igneous province appears to be present in the area at the 
junction of the East Siberian Sea and the Lomonosov Ridge, as well as on 
the shelf along the western edge of the Eurasia Basin. The new magnetic 
and gravity data showed that magmatism played a key role in the for-
mation history of the North Chukchi Basin and basins of the Laptev Sea. 
For the East Barents Sea, belts of Cretaceous dykes are readily 
detectable. 

2.6. Offshore geodetic operations 

An important aspect of the integrated geophysical surveys is the 
accurate determination of coordinates (positioning) of the research 
vessel. For this purpose two independent positioning systems for 
determining vessel position were used. 

The primary system was the SeaPath 330 satellite integrated navi-
gation system using signals from the GPS/GLONASS satellite positioning 
systems. Due to the fact that the study area is situated in the Earth’s 
high-latitude zone and hence beyond the zone of reception of any sys-
tems improving vessel positioning accuracy, data were collected in an 
autonomous mode, and no differential corrections were incorporated. 

The secondary systems, С-Nav-2050R and С-Nav-3050, were used in 
order to corroborate and confirm location readings as well as for backup. 
During the mobilization period before the start of combined survey 
operations, calibration and accuracy checks were performed for these 
systems. These calibration operations also were carried out periodically 
for the entire period of the expeditions. However, the confidence zone of 
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these operations ends at approximately 78◦ N, a location farther south 
than the survey areas. For this reason, in the period between the expe-
ditions and receipt of corrections, an evaluation of accuracy character-
istics of the primary positioning system relative to the secondary 
positioning system was made. Calculations were also performed on the 
positioning uncertainties by difference in coordinates obtained from 
these two systems. From the results of control tests in the expeditions 
Arktika-2011, Arktika-2012 and Arktika-2014, the accuracy of operation 
of the main vessel positioning system was determined as being better 
than ±5 m with confidence level of 95%. 

Instantaneous sea level was used as the elevation datum for 
geophysical surveys. Water depths in the survey’s area varied within the 
range of 700–4500 m. Tide variations were not accounted for as this is 
not required by the IHO S-44 standard for depths in excess of 200 m for 
bathymetry surveys and hence for geophysical surveys as well. 

2.7. Multi-beam bathymetric surveying 

In the course of the bathymetric expedition Arktika-2010 and the 
integrated geophysical expeditions Arktika-2011 and Arktika-2014, 
bottom relief was surveyed from the RV Akademik Fedorov with support 
of the nuclear icebreakers Yamal and Rossiya. Surveys of bottom relief 
were performed using an ЕМ122 (Kongsberg Maritime AS) multi-beam 
echosounder. In addition to the multi-beam echosounder, surveying 
with the single-beam echosdounder EA600 (Kongsberg Maritime AS) was 
also conducted. The main objective of single-beam surveying was the 
control of data obtained from the multi-beam echosounder as well as 
depth control at the time of data processing. 

Bottom relief surveying was performed by the research vessel Aka-
demik Fedorov in severe ice conditions in conjunction with a nuclear 
icebreaker. Because the main objective of the expeditions Arktika-2011 
and Arktika-2014 was to obtain good-quality geophysical data, bathy-
metric surveying was made along the pre-planned geophysical survey 
lines. Vessel speed during performance of the survey ranged from 4 to 6 
knots depending on ice conditions. This vessel speed ensured optimal 
quality of acoustic coverage of the seabed within the swath, making it 
possible to obtain a continuous digital model of the relief without 
considerable blanks. 

Computerized multi-beam echosounder control systems using Sea-
floor Information System software (Kongsberg Maritime AS) produced 
seabed relief surveys. Continuous 24-h monitoring by hydrographers 
and engineers resulted in uninterrupted round-the-clock operation of 
positioning/surveying. In addition, data quality monitoring and records 
of measurements of sound velocity in water were logged. All data were 
properly marking and annotated, and were maintained in accordance 
with pre-determined instructions. Hydrographers on watch also main-
tained scheduled documentation of performance quality with depth 
reading difference determinations between depths measured by the 
central beam of the multi-beam echosounder EM122 and depths 
measured by the EA600 single-beam echosounder. 

The approach of conducting bathymetric surveying in combination 
with geodetic operations ensured: (1) implementation of navigation 
along pre-planned survey lines, (2) quality control of vessel positioning 
determinations, (3) control of completeness and confidence of obtained 
bathymetric data, (4) uninterrupted recording of bathymetric data, and 
(5) obtaining necessary corrections for depth adjustment. 

In accordance with the classification of the IHO S-44 Standard, 
seabed relief surveying was conducted consistent with requirements of 
the second category of accuracy. The width of the swath covered by 
regular bathymetry grids was 3–4 km. 

2.8. Field surveys on Arctic islands 

Since 1937 the Russian Academy of Sciences has conducted many field 
expeditions focused on geological studies of islands and adjacent con-
tinental lands of the Arctic region. During the last decade, the geology of 
almost all islands of the Russian Arctic was re-examined. Most of these 
operations were organized by the Federal Subsoil Resources Management 
Agency (VSEGEI and VNIIOkeangeologia, Petrov, Proskurnin, Kos’ko, 
Korago, Sobolev, Gusev, Rekant et al.). Investigations also were con-
ducted by geologists from the Russian Academy of Sciences (Sokolov, 
Kuzmichev, Tuchkova, Danukalova, Karyakin, Lobkovsky, Rogov et al., 
Moscow; Vernikovsky, Metelkin, Nikitenko et al., Novosibirsk; Proko-
piev, Yakutsk; Akinin, Magadan), St. Petersburg State University (Ershova, 
Khudoley et al.) and Moscow State University (Nikishin et al.). During the 
last 7 years, Rosneft has undertaken geological investigations of almost 
all islands of the Russian Arctic as well as the study of cores from 
boreholes from the Arctic shelf. As a result, we have had access to: (1) a 
revised version of the stratigraphy of the Arctic islands, (2) state-of-the- 
art age dating of almost all igneous complexes on all islands, (3) age 
dating of detrital zircons from almost all stratigraphic intervals on all 
islands, (4) new paleomagnetic data, and (5) new models of the 
geological history of the Arctic islands. All of these new data are vital for 
better understanding of the geological history of the Arctic Ocean. 

3. Collected data summary 

All planned surveys within the framework of the Russian Arctic 
Ocean Mega Project have been completed. As a result of surveys con-
ducted between 2005 and 2020, the database as of today includes 
35,000 km of bathymetric profiles, more than 23,000 km of multi-
channel seismic (MCS) lines, more than 4000 km of wide-angle refrac-
tion/reflection (WARR) data, 150 refracted sonobuoy seismic 
soundings, approximately 10,000 km of gravity surveys, and a large 
amount of ocean bottom rock samples. All geophysical surveys along the 
pre-planned survey lines have been made possible only through the 
support of nuclear icebreakers. 

In total, during three years of expeditions Arktika-2011, Arktika-2012 
and Arktika-2014, the vast majority of planned MSC lines were suc-
cessfully acquired. Unfortunately, under conditions of solid ice cover, 
the long seismic streamer (4500 m and more) could be deployed to a 
lesser extent than planned. This was especially the case for the Arktika- 
2011 expedition when ice conditions were extremely severe. In contrast, 
for the Arktika-2014 expedition, more than half of the planned MCS lines 
could be acquired with the long seismic streamer, owing to improved ice 
conditions that year. 

Taking rock samples on slopes of submarine highs turned out to be a 
challenging task. Utilization of a bottom dredge and a grab sampler 
gives no guarantee that samples taken are just bedrock. Drilling 2-m 
deep boreholes showed that rocky formations have moved along the 
slope and became intermingled with loose sediments. The most effective 
method for taking samples of bedrock proved to be through the 
deployment of the scientific research submarine (SRS) equipped with 
special manipulators using GEOSURVEY GIN RAS methodology in the 
course of the Mendeleev-2014 and Mendeleev-2016 expeditions. Utiliza-
tion of the SRS made it possible to locate the most reliable places for 
sampling with manned underwater vehicles. The unique methodology 
available to the Mendeleev-2014 and Mendeleev-2016 expeditions 
enabled the construction of a composite stratigraphic column compa-
rable to the results produced by deep drilling. 

Bathymetric and subbottom surveys used jointly with other methods 
of studying the bottom of the Eurasia Basin demonstrated a high level of 
effectiveness, but could only be acquired when a nuclear icebreaker was 
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used. The detailed bathymetry and geological structure of the uppermost 
100 m were resolvable, facilitating the study of the rift valley area of the 
Gakkel Ridge as well as present-day geological processes on the conti-
nental slope and on the Nansen basin floor. 

4. Seismic data processing 

Processing of the MSC refracted sonobuoy seismic soundings and 
WARR seismic data were performed by several Russian and interna-
tional geophysical companies, in particular Rosgeo, SMNG, Sevmorgeo, 
MAGE, Geolab, GNINGI, WGP. As the processing standard, techniques of 
the company ION, with many years of geophysical experience, were used 
and many seismic lines were acquired and/or processed with their 
participation. The participating Russian geophysical companies utilized 
known and proven software packages (Paradigm Echos, SeisSpace Pro-
MAX, GEOLAB and others) and processing was undertaken in accor-
dance with international standards for seismic data processing. 

4.1. MCS data processing 

The generalized processing sequence for MCS data incorporated 
modern processing procedures. Interference waves and irregular noise 
suppression and multiple wave attenuation were the main processing 
procedures for stable tracking of seismic horizons and acoustic 
basement. 

LIFT (Leading Intelligent Filter Technology) procedure was used to 
suppress low-speed surface interference waves as well as impulse and 
irregular noise. LIFT provides effective suppression of interference 
waves of various types with conservation of signal amplitudes and phase 
characteristics. This technique is based on the extraction of signal and 
noise in different frequency ranges from seismic data, attenuation of 
interference waves to a level less than or equal to the signal in each 
frequency range using velocity filters, and calculation of the sum of the 
residual signal components that form the signal part of the seismic data. 

Multiple wave energy that is generated in offshore seabed seismic 
surveys and recorded on seismic records were predicted by combining 
mathematical extrapolation of the wavefield through the water column 
and calculation of the reflectivity from the seabed. The WEMA (Wave 
Equation Multiple Attenuation) procedure was used primarily for 
simulation and adaptive subtraction of multiple waves. Seabed reflec-
tivity in relation to the amplitudes of upward and downward waves was 
used to successfully suppress multiple waves. In WEMA, instead of 
estimating the seabed reflectivity, a least-squares calculation of the 
space-time variable of the matching filter was performed. No additional 
assumptions about the nature and complexity of the seabed were 
required to apply WEMA. Also, multiple wave attenuation was 

performed with the surface-related multiple elimination (SRME) as well 
as Radon transform procedures with the help of FK-transformation. 
Predictive deconvolution was applied to increase the seismic resolu-
tion, the frequency spectrum, and suppress reverberant waves in the 
shallow water part of the seismic lines. 

After seismic stacking 2D-FX deconvolution, spectral and amplitude 
balancing and two-way coherency filtration were applied. Increased 
vertical resolution was achieved by applying spectrum alignment. This 
has allowed for effectively compensating for the non-uniformity of 
definitive sections primarily within the section characterized by low 
acoustic velocities. 

Several iterations of velocity analyses were performed for the MCS 
data. In addition, sonobuoy seismic soundings data were used for 
obtaining final velocity models for each MCS line and for constructing 
depth sections. The data of sonobuoy seismic soundings were especially 
helpful for obtaining velocity models for the MCS lines acquired with 
short seismic streamers. The short seismic streamer records from MCS 
demonstrated low sensitivity to variations of stacking velocities. In 
general, stacking, supported by reliable velocity functions from sono-
buoy seismic soundings (150 in total), produced good quality seismic 
sections, especially in the noiseless environment of abyssal seas. 

The final processed seismic data were time or depth sections with 6 
CDP fold for short seismic streamer data (600 m), and time or depth 
sections with minimum 45 CDP fold for long seismic streamer data 
(4500 m. and longer). 

4.2. Seismic data interpretation 

In Russia, interpretation of the seismic lines of the Arktika expedi-
tions was conducted mainly by three groups: (1) the VSEGEI (St. 
Petersburg) group (e.g., Daragan-Sushchova et al., 2015; Petrov, 2017; 
Petrov and Smelror, 2019, 2) the VNIIOkeangeologia, St. Petersburg 
group (e.g. Poselov et al., 2012; Piskarev et al., 2019), (3) the so-called 
Moscow group (Moscow State University, Rosneft and GEOSURVEY GIN 
RAS) (e.g. Nikishin et al., 2014, 2018, 2019). Our Paper-2 summarizes 
the principal results of the interpretation of Russian seismic lines for the 
Arctic (Nikishin et al., 2021a). 

Sonobuoy seismic soundings data were obtained for most seismic 
lines. A part of the processing results has been presented elsewhere 
(Daragan-Sushchova et al., 2015; Petrov, 2017; Piskarev et al., 2019; 
Butsenko et al., 2019; Petrov and Smelror, 2019). Results of wide-angle 
refraction/reflection surveys were processed and published (Lebedeva- 
Ivanova et al., 2011, 2019; Poselov et al., 2012; Petrov et al., 2016; 
Petrov, 2017; Kashubin et al., 2018; Piskarev et al., 2019) and included 
in international reviews (e.g. Pease et al., 2014; Lebedeva-Ivanova et al., 
2019). 

Fig. 15. Composite seismic section running from the Barents-Kara shelf to Alaska shelf. Profile location is shown on the map.  
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5. International cooperation in the investigation of the Arctic 
Ocean 

Russia has taken part in many international projects aimed at the 
investigation of the Arctic, including in particular, the first scientific 
drilling expedition to the central Arctic Ocean in September 2004. Plans 
for this first-ever event were carefully crafted over several years and 
included a fleet of three icebreaker-class ships: a drilling vessel, the 
Vidar Viking, which remained at a fixed location and suspended over 
1600 m of drill pipe through the water column and into the underlying 
sediments, a Russian nuclear icebreaker, Sovetskiy Soyuz, and the diesel- 
electric Swedish icebreaker Oden. The Sovetskiy Soyuz and Oden pro-
tected the Vidar Viking by breaking heavy flows into smaller bits to allow 
the Vidar Viking to stay positioned in order to drill and recover the 
sediment cores. The Sovetskiy Soyuz conducted the first “attack” on 
oncoming heavy flows, whereas Oden was the last defense in protecting 
the drilling operation against the oncoming ice (Backman et al., 2006). 
When conducting seismic surveys in the Arctic Ocean, many interna-
tional companies participated on a commercial basis. 

Field surveys on the Russian Arctic islands were often conducted by 
international teams of geologists, organized by VSEGEI and institutes of 

the Russian Academy of Sciences. In these operations geologists took part 
from Sweden (D. Gee, V. Pease), USA (E. Miller), Germany (C. Brandes, 
D. Franke et al.), UK (R. Scott) and other countries. Other successful 
international projects included, for example, the Swedish-Russian-US 
Arctic Ocean Investigation of Climate-Cryosphere-Carbon Interactions 
(SWERUS-C3). 

One of the products of international cooperation was the Tectonic 
Map of the Circumpolar Arctic (TeMAr), which was compiled under the 
International Project Atlas of Geological Maps of the Circumpolar Arctic. The 
project has been ongoing since 2004 by geological surveys of the Arctic 
countries supported by the UNESCO Commission for the Geological Map of 
the World (CGMW) and national programs for scientific substantiation 
for the United Nations Commission for the Law of the Sea (UNCLOS). The 
TeMAr working group coordinated by Russia (VSEGEI) includes leading 
scientists from geological surveys, universities and national academies 
of science of Denmark, Sweden, Norway, Russia, Canada, the USA, 
France, Germany and Great Britain (see Petrov et al., 2016). 

6. Results and discussion 

Results of all these operations were consolidated into GIS-projects (e. 
g. Petrel, ArcGIS). With 2D seismic data we have been able to construct 
composite regional seismic profiles for all regions (Fig. 15) tied to 
drilling and magnetic and gravity anomalies data. We have also corre-
lated the seismic-based stratigraphy across multiple deep-water and 
shelf basins. This has enabled the construction of an integrated seismic- 
stratigraphic framework for the entire Arctic Ocean and its shelves (see 
Paper-2). 

Fig. 16. A. Fragment of seismic section ARC-12-05 for the Trukshin Seamount 
(Mendeleev Rise). Location of the section is shown on the map. The seamount is 
denoted by a white circle. The approximate locations of Russian samples for this 
seamount are presented. Ages of basalts are after Morozov et al. (2013) and 
Skolotnev et al. (in preparation). Fossils after Skolotnev et al. (2019). B. Tec-
tonostratigraphic chart of the Mendeleev Rise. The ages are based on Morozov 
et al. (2013), Skolotnev et al. (2019), and Mukasa et al. (2020), 

Fig. 17. Examples of seismic sections for shelf and continental slope, North 
Chukchi Basin. 
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Integration of seismic and sampling data from submarine slopes of 
the Mendeleev Rise acquired by SRS during the Mendeleev-2014 and 
Mendeleev-2016 expeditions has enabled us to construct a model for the 
structure and stratigraphy of this feature. Skolotnev et al. (2019) sug-
gested that based on subsea observations, Paleozoic deposits appear 
deformed and are not horizontally oriented (it should be noted that we 
cannot confirm this one way or the other). It is important to point out 
that on seismic sections all Paleozoic complexes look like acoustic 
basement, i.e., opaque, with no apparent coherent internal reflections. 
This suggests that the Paleozoic deposits are likely to be deformed into 
folds that image poorly due to their likely steep dip. At one site on the 
Trukshin Seamount (Skolotnev et al., 2019) samples of sandstones were 
taken at the base of a section of horizontal architecture that is well 
imaged on seismic sections. These sandstones were found to have 
Barremian-Aptian microfossils and detrital zircons with an age of about 
120 Ma (Skolotnev et al., in preparation). This might indicate that the 
development of the sedimentary and volcanic section of the Mendeleev 
Rise started approximately at the Barremian/Aptian boundary. 

It was also found that among exposures of Paleozoic rocks, many 
instances of basalt, dolerite and basaltic tuff (Skolotnev et al., 2017, 
2019) are present with isotopic ages of about 105–124 Ma (Skolotnev 
et al., in preparation). From the data acquired during the Arktika-2012 
expedition, an isotopic age of approximately 127 Ma was obtained for 
basalts collected from the Trukshin Seamount (Morozov et al., 2013). 
The large number of basalt outcrops indicates that the Paleozoic section 
as well as the entire basement underlying the Mendeleev Rise are 
impregnated with basaltic intrusions. Arctic Ocean researchers obtained 
isotopic ages of basalts in the intervals of 118–112, 105–100 and 90–70 
Ma at the northern part of the Chukchi Borderland (Mukasa et al., 2020). 

Our stratigraphic model of the Trukshin Seamount and the entire 
Mendeleev Rise is shown in Fig. 16. The main conclusion is that 
deformed Paleozoic sedimentary deposits cover the continental base-
ment there and that the Paleozoic deposits are impregnated with a large 
number of basaltic intrusions of Aptian-Albian age. The section covering 
the Mendeleev Rise comprising sandstones, tuffs and basalts, ranges in 
age from Barremian to Aptian; the presence of Triassic and Jurassic 
deposits has not yet been substantiated. 

In the North Chukchi Basin and on the continental slope of the 
Amerasia and Eurasia basins, clinoforms within various sedimentary 
sequences are well resolved (Fig. 17), and provide the basis for devel-
oping the seismic stratigraphic framework for the Cretaceous and 
Cenozoic of the Arctic Ocean. 

The Gakkel Ridge is a classic example of an ultra-slow spreading mid- 
oceanic ridge (Dick et al., 2003; Nikishin et al., 2018). For this area we 
acquired several multi-channel seismic lines and subbottom profiler 
lines (Figs. 18, 19). These data will contribute to a better understanding 
of the geodynamics of ultra-slow spreading. Seismic sections show that 
the Gakkel Ridge is asymmetrical and that along the strike of the rift 
valley, seamounts, which may be of volcanic or tectonic origin, are 
present. We also observe young normal faults along the Gakkel Ridge 
trend. These new data will be valuable for further special analysis and 
new expeditions. 

The data collected from the Arctic Ocean confirm the likely presence 
of volcanoes and volcanic complexes of Cretaceous age, which were 
detected earlier (e.g. Coakley et al., 2016; Mukasa et al., 2020). For 
example, our data confirmed that Aptian-Albian lavas and intrusions 
occur on slopes of the Mendeleev Rise. Seismic data demonstrate the 
presence of many seaward dipping reflectors (SDR) within sections in 

Fig. 18. Seismic sections across the Gakkel Rift valley. For location see Fig. 7. Modified after Nikishin et al. (2018).  
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the Mendeleev Rise area and of the adjacent Podvodnikov and Toll ba-
sins (Fig. 20). Many buried seamounts, interpreted as volcanic edifices, 
have been found in the Mendeleev Rise and in the Podvodnikov, 
Makarov, and Toll basins, as well as on the Lomonosov Ridge (Fig. 21). 
Our data show the existence of a vast volcanic edifice in the area of the 
Alpha-Mendeleev Rise, which was predicted by analyses of magnetic 
anomalies (e.g., Gaina et al., 2011; Saltus et al., 2011; Det al. et al., 
2013; Oakey and Saltus, 2016). 

On seismic sections across the deep-water part of the Arctic Ocean, 
we observe many half-grabens that are characteristic of continental rift 
systems. At the same time, we found at least two V-shaped structures 
suggestive of rift valleys not typical of continental rifts (Fig. 22). 
Alternative interpretations of such structures are presented in Paper-2. 

On the shelves of the Russian East Arctic in the Laptev, East Siberian 
and Chukchi seas, many synrift to postrift sedimentary basins with 
complex structure are identified. On many regional seismic sections 
across these basins, the seismic Moho is clear, occurring at depths be-
tween 9 and 11 s (Figs. 23, 24). This suggests that for these basins better 
constrained geometrical models for the structure of rift systems can be 
constructed for the entire thickness of the crust. The new data therefore 
make it possible to develop well-constrained models for the origin of 
these basins. 

Thicknesses of sedimentary deposits in excess of 10 s (more than 20 
km) have been observed in the North Chukchi Basin (Figs. 15, 24). An 
obvious and first-order question that will be addressed in Paper-2 is how 
such super-deep basins originate and what type of underlying crust is 
associated with them. 

Fig. 19. Subbottom profiler and multibeam data for the Eurasia Basin and 
Gakkel rift valley. A. Subbottom lines for the Gakkel Rift region (preliminary 
field processing). B. Multibeam profiles for the Gakkel Rift region. Background 
colored map is official bathymetry of the Eurasia Basin (IBCAO, Jakobsson 
et al., 2012). Note the significant difference between the new multibeam data 
and published bathymetry. C. Location map and data types. 

Fig. 21. Examples of seismic sections for regions of the Makarov and Toll ba-
sins. Possible volcanic edifices are indicated by arrows. 

Fig. 20. Examples of seismic sections for regions of the Mendeleev Rise and 
Toll Basin. SDR-like seismic units are proposed. Possible half-grabens are filled 
by basalts. 
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The Arctic Ocean can be called a lake-ocean during some periods of 
its history (e.g., Stein, 2008). At least from Cretaceous time until the 
present, it has been situated in the vicinity of the geographic North Pole. 
Its sediments contain records of paleoclimatic changes for the time 
period of more than 100 million years. To a large extent, sedimentation 
and lithology of sediments were controlled by the paleoclimate. On 
seismic sections we recognize packages of reflections of variable 
amplitude representing variable lithologies that can be traced region-
ally. Seismic data allow us to infer different climatic epochs in the his-
tory of the Arctic (see Paper-2). 

An example of data integration focused on the understanding of the 
geological structure of the Podvodnikov Basin is shown in Fig. 25. 
Interpretation of this seismic section shows that synrift and postrift 
complexes can be identified. The synrift complex contains uni- 
directional dipping bright reflectors, which can be interpreted as syn-
rift deposits with interbedded basalts (SDR-like units). The velocity 
model shows that in the synrift complex, rocks with high seismic ve-
locities are present, which can be interpreted as basalt. Data on magnetic 
and gravity anomalies also exhibit a large anomaly in this basin (the 
High Arctic Magnetic High Domain of Gaina et al., 2011; Oakey and 
Saltus, 2016), which is thought to be associated with HALIP basalts 
(Oakey and Saltus, 2016). 

Integration of the entirety of the new data available enables us to 
develop a comprehensive stratigraphic and regional tectonic structural 
framework (see Paper-2) and a new model for the Mesozoic-Cenozoic 
geological evolution of the Arctic Ocean (see Paper-3). 

7. Conclusions 

The Russian Arctic Ocean Mega Project was undertaken in the past 
15–20 years. A very substantial amount of new data was obtained:  

(1) More than 23,000 km of multi-channel seismic lines, enabling the 
construction of a new comprehensive stratigraphic and regional 
tectonic structural framework and a new model for the Mesozoic- 
Cenozoic geological evolution of the Arctic Ocean.  

(2) More than 4000 km of wide-angle refraction/reflection lines 
enabling the construction of models for the structure of the 
Earth’s crust for various regional features.  

(3) For the Mendeleev Rise, many rock samples were taken on slopes 
of seamounts in the course of three expeditions. Notably, sam-
pling was undertaken with the use of drilling and a scientific 
research submarine. These data facilitates creation of a model for 
the structure of the Mendeleev Rise.  

(4) The Ministry of Natural Resources and Environment of the Russian 
Federation, as well as Rosneft and Gazprom made a major effort in 
setting the stage for seismic surveying and the study of magnetic 
and gravity anomalies. Contributing to this effort were several 
new commercial wells that have recently come available. Inte-
gration of all new data for the shelf provides a robust base for 
improvement of our understanding of the entire Arctic Ocean.  

(5) New subbottom profiles for the Eurasia Basin have been acquired. 
This makes it possible to better understand the structure of the 
Gakkel Ridge and Quaternary processes in the entire Eurasia 
Basin.  

(6) New data on the bathymetry of the Arctic Ocean have been 
collected, improving the previously poorly studied bathymetry in 
major parts of this ocean.  

(7) A large body of additional new data including, for example, 
bottom dredging, gravity and magnetic anomalies, has been 
obtained. 

Our expeditions demonstrated that for an effective investigation of 
the Arctic Ocean, deployment of modern icebreakers and submarines is 
vital. 
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Fig. 22. Example of seismic sections for regions of the Makarov and Toll basins. V-shaped troughs are filled by sediments.  
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Fig. 23. Examples of seismic sections for the Laptev and East Siberian seas. Seismic Moho (white arrows) is well expressed within the synrift-postrift basins.  
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Fig. 24. Examples of seismic sections for the East Siberian and Chukchi seas. Seismic Moho (white arrows) is well recognized for synrift-postrift basins. Yellow 
arrows show possible crustal suture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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