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Abstract: In our study, we have developed a new tectonic scheme of the Arctic Ocean, which is based mainly on seis-
mic profiles obtained in the Arctic-2011, Arctic-2012 and Arctic-2014 Projects implemented in Russia. Having inter-
preted many seismic profiles, we propose a new seismic stratigraphy of the Arctic Ocean. Our main conclusions are
drawn from the interpretation of the seismic profiles and the analysis of the regional geological data. The results of
our study show that rift systems within the Laptev, the East Siberian and the Chukchi Seas were formed not earlier
than Aptian. The geological structure of the Eurasian, Podvodnikov, Toll and Makarov Basins is described in this pa-
per. Having synthesized all the available data on the study area, we propose the following model of the geological his-
tory of the Arctic Ocean: 1. The Canada Basin formed till the Aptian (probably, during Hauterivian-Barremian time).
2. During the Aptian-Albian, large-scale tectonic and magmatic events took place, including plume magmatism in the
area of the De Long Islands, Mendeleev Ridge and other regions. Continental rifting started after the completion of the
Verkhoyansk-Chukotka orogeny, and rifting occurred on the shelf of the Laptev, East Siberian, North Chukchi and
South Chukchi basins, and the Chukchi Plateau; simultaneously, continental rifting started in the Podvodnikov and
Toll basins. 3. Perhaps the Late Cretaceous rifting continued in the Podvodnikov and Toll basins. 4. At the end of the
Late Cretaceous and Paleocene, the Makarov basin was formed by rifting, although local spreading of oceanic crust
during its formation cannot be excluded. 5. The Eurasian Basin started to open in the Early Eocene. We, of course,
accept that our model of the geological history of the Arctic Ocean, being preliminary and debatable, may need further
refining. In this paper, we have shown a link between the continental rift systems on the shelf and the formation his-
tory of the Arctic Ocean.
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PU®TOBBIE CHCTEMEI IIEJb®A POCCUACKOW BOCTOYHOM APKTUKH
U APKTUYECKOTIO I'/TIYBOKOBOJHOTI'0O BACCEMHA: CBA3b
TEOJIOTUYECKOW UCTOPUU U TEOJJUHAMUKH

A. M. Hukumiun!, E. U. IleTtpos?, H. A. Massies3, B. I1. EpmoBal

1 Mockosckull 2zocydapcmeeHHblll yHugsepcumem um. M.B. /lomoHocosa, zeoso2udeckull pakyremem,
Mocksa, Poccus

Z @edepasbHoe azeHmcemao no HedponoasizoeaHuto (POCHE/]PA), Mocksa, Poccus

3 PocHegpmb, Mockea, Poccus

AHHoTanus: Ha ocHOBe poccHiicKHX ceHCMHUYeCcKUX NMpoduJiel, MOJyYeHHBIX B paMKaxX IpoeKToB ApkTuka-2011,
ApxkTuka-2012 u Apktuka-2014, cocTtaBjieHa HOBasi TEKTOHUYeCKasl cxeMa ApKTHUYeCcKoro okeaHa. [IpuBefeHbl pe-
3yJIbTAThl HHTEPIPEeTALUMY MHOTUX CelicMUYecKUX npoduiel, peJcTaBieHa HoBasi ceicMocTpaTurpadus ais Apk-
THYecKoro okeaHa. OCHOBHBIE BBIBO/bI CZeJlaHbl HA OCHOBe MHTEpIIpeTaluy celcMuuecKux npodusiedl u Ha 6Gase
aHa/IM3a pervuoHaJbHBIX [e0JI0rM4ecKuX AaHHbIX. [IokaszaHo, 4To pudTOBBIE CHUCTEMBI B Npejesax Mopel JlanTeBsIx,
BocTouHo-Crubrpckoro 1 YykoTckoro 6611 06pa30BaHbl He paHblile allTCKOro BpeMeHH. [laHo onrcaHue reoJioruye-
cKoro crpoeHus 6acceiiHoB EBpasuiickoro, [logBogHukoB, Tosisa, MakapoBa u gpyrux. Ha ocHoBe cvHTe3a Bcex JjaH-
HBIX MOJIyYyeHa CJIe/lyrolas MoJieJib HCTOPUU ApKThdeckoro okeaHa. 1. KaHajckuii 6acceitH 6b11 06pa3oBaH [0 alT-
CKOTO BpeMeHHU (BeposiTHO, B roTepuBe-6appeMe). 2. B anTe-asb6e OblIM KPYNHOMACIITAOHbIE TEKTOHUYECKHE U
MarMaTH4YecKue CO6GBbITHSA: IJIIOMOBBIM MarMaTH3M OblJI B paiioHe nofHATHA [e-JloHra, Ha xpe6Te MeHzeneeBa U B
Apyrux o6yactsax. KoOHTUHeHTalbHbIM pUPTUHT MPOHU30IIeN cpa3y Nnocjae oKoOHYaHUs BepxosiHcko-UyKOTCKOU opo-
reHud U puPTUHr 6bL1 Ha wWesabde Moped JlanTeBblX, BocTouno-Cubupckoro, CeBepo-UykoTckoro u lHxHO-
YyKOTCKOr0 U Ha NMOJAHATUU YYKOTCKOroO IJ1IaTO; OJJHOBPEMEHHO KOHTHHEHTA/IbHbIN pUPTUHT Havyascs B H6acceiliHax
[opBosHUKOB U Tosns. 3. B no3gHeM Mesty pudTHHT, BOSMOXHO, IPOAOIKUIICS B 6acceiiHax [logBogHUKOB U Tosuis.
4. B KOHLe MO3/JHETr0 MeJjla U B NajieolieHe B xo/ie pudTUHTa 6bL1 06pa3oBaH 6acceiiH MakapoBa; JIOKa/lbHbBIH crpe-
JUHI OKeaHU4eCcKOW Kopbl pu ¢opMUpOBaHUU OGaccelitHa MakapoBa He UCKJIOUYeH. 5. EBpasuiickuil 6acceitH Hayas
06pa30BbIBaThCS B Havyasle 30leHa. Halla MoJiesib reojloru4eckoi UCTOPUU APKTUYECKOTO OKeaHa SIBJSIETCS Mpej-
BapUTeJbHOM U AUCKYCCUOHHOM. B 11e/10M, MbI OKa3aJ/ii CBSI3b KOHTUHEHTA/IbHbIX pUPTOBBIX CUCTEM Ha Liejbdax ¢
HCTOpHEeN pacKpbITUSl ADKTHYECKOI'0 OKeaHa.

KioueBble cnoBa: ApkTrka; EBpasuiickuii 6acceiis; CeBepo-UykoTckuii 6acceiiH; 6acceitH Mops JlanTeBbIX;
6acceiiH BocTouHo-Cubupckoro Mops; 6acceiit [1ogBoJHUKOB; Xpe6eT JIOMOHOCOBa; XpebeT
MeHenieeBa; XxpebeT ['akkeJist; 6acceitH MakapoBa; pudT; 0caIoOUHbIN 6acCeiiH; ceiCMUYeCKUH
npopuib

1. INTRODUCTION

The tectonic structure of the Arctic Ocean was dis-
cussed recently in a series of reviews (Fig. 1) [e.g., La-
verov et al, 2013; Vernikovsky et al,, 2013; Gaina et al,
2014; Pease et al, 2014; Nikishin et al, 2014; Petrov et
al, 2016; Drachev, 2016]. Different versions of the stra-
tigraphy of the ocean’s sedimentary cover were pre-
sented in [Kim, Glezer, 2007; Backman et al.,, 2008; Bru-
voll et al, 2010, 2012; Rekant, Gusev, 2012; Mosher et al.,
2012; Dgssing et al, 2013; Dobretsov et al, 2013; Wei-
gelt et al, 2014; Jokat, Ickrath, 2015; Nikishin et al,
2014; Brumley, 2014; Rekant et al, 2015; Evangelatos,
Mosher, 2016]. Large-scale seismic surveys were re-
cently conducted on the shelves of the Laptev, East Si-
berian and Chukchi Seas, as well as in the deep-water
part of the Arctic Ocean [Nikishin et al, 2014; Rekant et
al, 2015]. Rocks sampled during dredging and drilling

of shallow holes on the Lomonosov and Mendeleev
Ridges were studied [Morozov et al, 2013; Vernikovsky
etal, 2014; Petrov et al, 2016].

Rift systems on the Laptev, East Siberian and Chuk-
chi Shelves were described in numerous works, and
reviews were presented in [Drachev et al, 2010; Ni-
kishin et al, 2014]. The present-day Gakkel oceanic rift
is known in the Eurasian Basin (e.g., [Glebovsky et al,
2006, 2013; Gaina et al, 2014]). An abandoned Meso-
zoic (Early Cretaceous ?) oceanic rift is known along
the axis of the Canada Basin [Pease et al, 2014; Chian et
al, 2016]. Intraplate normal faults are known on the
Lomonosov and Mendeleev Ridges [Bruvoll et al, 2010;
Nikishin et al,, 2014; Brumley, 2014].

In 2011, 2012 and 2014, large-scale seismic surveys
were conducted by Russia in the Arctic Ocean. More
than 20560 line km of 2D seismic lines were acquired
[Nikishin et al, 2014; Rekant et al, 2015]. At the same
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I Fig. 1. Topographic map of the Arctic Ocean showing the main morphological features of the Arctic region.

| Puc. 1. Tonorpaguueckas kapra ApKTHYECKOr0 OKeaHa U OCHOBHbIE MOP(O/IOTHYECKHE 3/1EMEHTBI.

time, operations of oil companies yielded new net-
works of seismic lines for all Russia’s shelf seas. Based
on these new data, we revised our concepts concerning
the geology of the Arctic Ocean[Nikishin et al, 2014].
The most recent data are consolidated in the new tec-
tonic map (Fig. 2). In this paper, we briefly characterize
different continental and oceanic rift systems of the
Arctic and a link between their geological history and
geodynamics.

2. STRUCTURE OF THE DEEP-WATER PART
OF THE ARCTIC OCEAN

In the structure of the Arctic Ocean deep-water part,
traditionally identified are the Eurasian and Amerasian
basins separated by the continental Lomonosov Ridge.
The Eurasian Basin has oceanic crust. Opening of the
ocean started approximately at the Paleocene and Eo-
cene boundary (about 56 Ma) and continues till the

present time [Glebovsky et al, 2006; Gaina et al, 2014;
Pease et al, 2014; Nikishin et al.,, 2014].

The Amerasian Basin has a complex structure and
consists of several basins and uplifts (see Fig. 1). The
part of the Amerasian Basin situated farther to the
south is named the Canada basin. The Alpha-Mendeleev
Ridge crosses the Amerasian Basin from the shelf of
Asia to the shelf of North America. The Podvodnikov
Basin is situated between the Mendeleev Ridge and the
Lomonosov Ridge. The Makarov Basin is located be-
tween the Alpha Ridge and the Lomonosov Ridge. The
Toll Basin (or Chukchi Abyssal Plain Basin) is between
the Mendeleev Ridge and the rise of the Chukchi Pla-
teau. We suggest naming the Canada Basin as the South
Amerasian domain and the remaining part of the
Amerasian Basin with rises of the Alpha-Mendeleev
type as the North Amerasian domain. In this paper, we
do not consider the Canada Basin. New data on its
structure are presented in [Mosher et al,, 2012; Chian et
al, 2016].
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Fig. 2. Tectonic scheme of the Arctic Ocean region. New detailed version based on [Nikishin et al, 2014]. Data from [Mosher et al,

2012; Chian et al,, 2016] are used to show Canada Basin structure.

Puc. 2. TekToHn4eckasi cxeMa pailoHa ApKTHYeckoro okeaHa. HoBasi Bepcusi KapThl, ocHOBaHHas Ha [Nikishin et al, 2014]. CTpyk-
Typa Kanajckoro 6acceiiHa mokasaHa Cc MCII0JIb30BaHUEM JJaHHbIX B [Mosher et al, 2012; Chian et al, 2016].
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3. STRATIGRAPHY OF THE ARCTIC OCEAN

The following data and methods are taken as the ba-
sis for considering the seismic stratigraphy of the Arc-
tic Ocean: (1) drilling data on the Lomonosov Ridge
from the ACEX Project [Moran et al, 2006; Backman et
al, 2008];(2) data on ages of linear magnetic anomalies
of the Eurasian Basin [Glebovsky et al, 2006; Gaina et
al, 2011]; (3) data on the age of the sedimentary cover
of the Chukchi Sea tied to wells [Kumar et al, 2011;
Hegewald, Jokat, 2013; Nikishin et al, 2014]; data on the
formation history of Mesozoic orogens in the Russian
Far East and on islands of the East Siberian and Chuk-
chi Seas; (4) data on ages of plateau basalts of the
De Long Island and the Alpha-Mendeleev Ridge that are
a part of the Alpha-Mendeleev LIP or HALIP [Dracheyv,
Saunders, 2006, Grantz et al, 2011; Morozov et al., 2013;
Brumley, 2014]. Earlier, we correlated the seismic stra-
tigraphy of the Arctic Ocean with drilling data on the
Lomonosov Ridge and with linear magnetic anomalies
in the Eurasian Basin [Nikishin et al, 2014]. We identi-
fied seismostratigraphic boundaries with ages of about
45 Ma, 34 Ma and 20 Ma [Nikishin et al,, 2014] (Fig. 3).

In the Arctic Region, several commercial wells were
drilled on the shelf in the American part of the Chukchi
Sea (Popcorn, Crackerjack, Klondike, Burger, and Dia-
mond) [Sherwood et al, 2002; Kumar et al, 2011].
Based on these data, the stratigraphic scheme was de-
veloped for the Alaska Shelf [Sherwood et al., 2002]. We
compiled composite seismic profiles connecting the
Russian seismic lines in the Arctic and some commer-
cial lines on the shelf with the Popcorn-1, Crackerjack-
1, and Burger-1 wells. The Cretaceous - Paleogene
boundary (Mid-Brookian Unconformity, MBU) is rather
reliably traced into the North Chukchi Basin and the
Amerasian Basin. On the Alaska Shelf, this boundary is
eroded and has an angular unconformity [Sherwood et
al, 2002; Kumar et al, 2011]. In the North Chukchi Ba-
sin, the bottom of the thick lower clinoform complex
corresponds to this boundary. In the Russian sector of
the Chukchi Sea, there is the Wrangel-Herald Ridge [e.g.
Verzhbitsky et al, 2012, 2015; Nikishin et al, 2014]. The
analysis of seismic lines and AFT data shows that
within the strip of this uplift, an overthrust formation
phase occurred near the Cretaceous-Paleogene boun-
dary, as well as considerable uplifting in the Maas-
trichtian-Paleocene [Verzhbitsky et al, 2012, 2015;
Ikhsanov, 2014; Nikishin et al, 2014]. This event also
extensively manifested itself on both the Alaska and the
Brooks Orogen [O’Sullivan et al, 1997]. It may corre-
spond to the start of formation of the thick clinoform
complex in the North Chukchi Basin. That is why we
date the bottom of the cliniform complex as the MBU
boundary (66 Ma).

The most complete Cenozoic section is penetrated
by the Popcorn-1 well [Sherwood et al, 2002], in which

the section of the Eocene is available. The Eocene sec-
tion is subdivided into three units: Lower Eocene, Mid-
dle Eocene, and Upper Eocene. The stratigraphic level
with the age of about 45 Ma in the well can be traced on
seismic lines into the North Chukchi Basin and the
deep-water part of the Arctic Ocean. In the North Chuk-
chi Basin, this stratigraphic level corresponds to the
bottom of the upper thick clinoform complex. This
boundary is clearly traceable all over the Arctic Ocean.
The Paleocene - Eocene boundary (about 56 Ma) is
also penetrated by the Popcorn-1 well. We traced out
this boundary on seismic lines into the Arctic Ocean.
The Popcorn-1 well penetrated Mesozoic deposits,
though a correlation of these deposits with seismic
lines in the Arctic Ocean has not unambiguously estab-
lished yet because different versions of their develop-
ment are possible.

In the north of the New Siberian Islands in the East
Siberian Sea, there are the De Long Islands. On the
Bennett Island, well-known Early Cretaceous plateau
basalts overlie the Lower Paleozoic folded complex
[Kos’ko et al, 2013]. The age of the basalts is about
105-128 Ma [Drachev, Saunders, 2006, Kos’ko, Trufa-
nov, 2002; Kos’ko et al.,, 2013]. The basalts are underlain
by Early Cretaceous sandstones with coals [Kos’ko et
al, 2013]. A magnetic anomaly corresponds to the
De Long Islands, which may suggest the wide develop-
ment of the Early Cretaceous basalt plateau [Drachev,
Saunders, 2006; Drachev et al, 2010; Gaina et al., 2011;
Saltus et al, 2011; Nikishin et al, 2014]. The De Long
Plateau forms an uplift that was crossed by several
seismic lines. Several grabens exist around the plateau
[Drachev et al, 2010; Nikishin et al, 2014]. At the base
of the sedimentary cover of some grabens, packages
with bright reflectors are observed. In our opinion,
these bright reflectors correspond to the Le Long basalt
complex with horizons of sedimentary rock [Nikishin et
al, 2014]. Under this hypothesis, rifting in the East
Siberian Sea started just after the end of the basalt vol-
canism, i.e. not earlier than the Aptian [Nikishin et al,
2014]. The age of the De Long Plateau basalts probably
coincides with the age of the basalt plume magmatism
on the Franz Joseph Land in the north of the Barents
Sea, about 123-125 Ma [Corfu et al, 2013; Dobretsov et
al, 2013].

On the Mendeleev Ridge at the slope of the Trukshin
Seamount, basalts were discovered by drilling. The
U-Pb age of 127 Ma was determined for the basalts on
zircons [Morozov et al, 2013]. On the seismic line cros-
sing the Trukshin Seamount, these basalts are included
in the acoustic basement. North of the Chukchi Plateau,
basalts were dredged on slopes of uplifts. It is sup-
posed that on the Mendeleev Ridge they either are in-
cluded in the acoustic basement or form high ampli-
tude reflection [Brumley, 2014]. Their isotopic ages are
82-100 Ma and 112-124 Ma, according to [Andronikov
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Fig. 3. Interpretation of seismic line ARC_028. Locations of linear magnetic anomalies and their ages are shown. These data
are used for stratification of the Eurasia Basin. Magnetic anomalies are after [Glebovsky et al,, 2006; Gaina et al, 2011]. Modi-

fied after [Nikishin et al, 2014].

Puc. 3. UuTepnpeTtanus ceicmudeckoro npodusst ARC_028. [lokazaHo noJsiokeHUe JIUHEUHbIX MarHUTHBIX aHOMAJIUHM U UX
BO3pacTa. ITH JJaHHbIE UCTI0JIb30BaHbI Jis cTpaTudukanuu EBpasuiickoro 6acceiiHa. MarHUTHbIE aHOMaUU 1o [Glebovsky
etal, 2006; Gaina et al,, 2011]. MogudunuposaHo no [Nikishin et al., 2014].

et al, 2008; Brumley, 2014]. These basalts are overlain
by the sedimentary cover of the Alpha-Mendeleev
Ridge. It should be noted that data on ages of volcanic
rocks from the Alpha-Mendeleev Ridge are still too
scarce to make adequate conclusions. It can be sup-
posed that the sedimentary cover originates from the
Middle-Upper Cretaceous.

Within the shelves of the East Siberian and Chukchi
Seas, a large system of continental rifts exists [Drachev
et al, 2010; Nikishin et al, 2014]. It is most likely that
rifting started in the Aptian. For these rifts, the
rift/postrift boundary is identified on seismic lines. Its
accurate dating is difficult. Since an unconformity
exists between the Albian and the Cenomanian, we
suggest a hypothesis that this boundary corresponds to
the rift/postrift boundary, and we conventionally date
itas 100 Ma.

It is supposed that in the course of formation of the
Eurasian Basin, movements of the Lomonosov Ridge
from the Barents-Kara Shelf took place. The breakup-
type unconformity on the shelves with the age of about
56 Ma corresponds to the start of spreading [Drachev et
al, 2010; Franke, 2013; Weigelt et al,, 2014; Nikishin et
al, 2014]. This boundary is traced on the slopes of the
Lomonosov Ridge and can be tied up with boundaries
of seismic sequences in the Arctic Ocean [Nikishin et al,
2014].

Thus, we can identify the following seismic strati-
graphic boundaries in the Arctic Ocean: 125 Ma (vol-
canism on the De Long Plateau and on the Franz Joseph
Land and the start of rifting in the East Siberian Sea and
in the Laptev Sea); 100 Ma (an approximate time of the
rift/postrift boundary in the Laptev Sea and the East
Siberian Sea); 66 Ma (the bottom of the lower clino-
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forms in the North Chukchi Basin, the boundary is
traced to the wells on the Alaska Shelf; this boundary
coincides nearly with uplift and erosional event in
Alaska (~60+4 Ma) [O’Sullivan et al, 1997]; 56 Ma (the
break-up boundary at the time of start of opening of
the Eurasian Basin, the boundary is traced to the wells
on the Alaska Shelf); 45 Ma, 34 Ma, and 20 Ma. The
three latter boundaries were identified through corre-
lations of the seismic stratigraphy and linear magnetic
anomalies in the Eurasian basin. They have been traced
to the wells on the Alaska Shelf. These boundaries
closely match the timing of uplifting and erosion events
in Alaska: ~46+3 Ma, ~35+2 Ma, and ~24+3 Ma, ac-
cording to [O’Sullivan et al., 1997].

[t must be admitted that the model of the stratigra-
phy is still preliminary and needs refining. However,
currently, in the absence of wells, we cannot unambi-
guously determine the ages of seismostratigraphic
complexes.

4. DATA ON FORMATION HISTORY OF MESOZOIC OROGENS
ON THE ISLANDS OF THE EAST SIBERIAN AND CHUKCHI
SEAS

In the Russia’s Far East, the Verkhoyansk-Chukotka
orogen of the Mesozoic age occupies the area from the
Verkhoyansk Range to the Chukchi Peninsula. The main
collisions were in the Early Cretaceous, and the post-
collisional tension and intrusion of granites took place
about 118-110 Ma [Parfenov, Kuzmin, 2001; Sokolov et
al, 2002; Miller et al, 2008, 2010; Kuzmichev, 2009]. A
similar history was documented for Alaska [Miller,
Hudson, 1991].

Mesozoic folding deformations were widely mani-
fested on the New Siberian Islands in the East Siberian
Sea and on the Wrangel Island in the Chukchi Sea. On
the New Siberian Islands, the collisional orogeny ended
before the Mid Aptian. Upper Aptian deposits overlie
the Paleozoic-Lower Jurassic folded complex with an
angular unconformity [Kos’ko, Trufanov, 2002; Kos’ko et
al, 2013; Kuzmichev et al, 2009, 2013]. The following
sedimentary sequences are identified on these islands
[Kos’ko et al, 2013; Kuzmichev et al, 2009, 2013]: Late
Aptian - Albian, Upper Cretaceous, Upper Paleocene -
Eocene, Upper Oligocene - Lower Miocene, Upper Mio-
cene - Quaternary. Sedimentation hiatuses are revea-
led at the Albian/Cenomanian boundary, in the Early
Paleocene, at the Eocene/Oligocene boundary, and in
the Middle Miocene. All the deposits are represented
mainly by continental sandstones, siltstones, and clays
with coal horizons. Shallow-marine sediments are de-
tected in Eocene. The presence of the Mesozoic pre-
Aptian orogeny on the New Siberian Islands and signi-
ficant pre-Aptian erosion gives evidence that sedimen-
tary complexes of the rift system of the East Siberian

Sea located nearby are not older than the Aptian [Ni-
kishin et al, 2014]. The sedimentary cover of the East
Siberian Sea system of rifts is traced on seismic lines
into the Podvodnikov Basin of the Arctic Ocean.

On the Wrangel Island, Silurian-Triassic deposits
form a folded structure with cleavage [Kos’ko et al,
1993; Verzhbitsky et al, 2015]. It is believed that the
main folding took place in the Late Jurassic - Early Cre-
taceous about 150-120 Ma, and a significant uplifting
phase was about 70-64 Ma [Miller, Hudson, 1991;
Kos’ko et al, 1993; Miller et al, 2010; Verzhbitsky et al,
2012, 2015; Ikhsanov, 2014; Moore et al, 2015]. The
North Chukchi Basin is situated north of the Wrangel
Island. The seismic lines show that the sedimentary
cover of the North Chukchi Basin probably overlies a
fold structure found on the Wrangel Island [Nikishin et
al, 2014]. Hence, the formation time of the North Chuk-
chi Basin is not older then the Aptian [Nikishin et al,
2014; Ikhsanov, 2014].

5. INTERPRETATION OF REGIONAL SEISMIC PROFILES

For the Arctic Region, we created a series of super-
regional composite seismic profiles that tie up the
deep-water and shelf basins. For the deep-water part,
Russian seismic lines acquired in the course of the gov-
ernment-funded Arctic-2011, Arctic-2012, and Arctic-
2014 Projects are utilized. For the shelf part, we used
some commercial seismic lines. The profiles used to
trace the identified seismic boundaries are shown in
Figures 4 to 22.

6. RIFT SYSTEMS IN SHELF AREAS OF THE LAPTEV, EAST
SIBERIAN AND CHUKCHI SEAS

Within the shelf areas of the Laptev, East Siberian
and Chukchi Seas, numerous rifts were identified (see
Fig. 2) [Drachev et al, 2010; Nikishin et al, 2014]. The
main issue is correctly determining the age of rifting in
different rift systems.

For the area of the De Long Islands, we have shown
that bright reflector packages at the base of some rifts
may correspond to the Early Cretaceous (probably
Early Aptian) basalts of the De Long Plateau. In the area
of the Zhokhov Island, an angular unconformity is also
seen at the base of synrift deposits [Nikishin et al,
2014]. We suppose that this unconformity just corre-
sponds to the Pre-Aptian (Intra-Aptian - ?) unconformi-
ty on the New Siberian Islands; over there, coal-bearing
Aptian deposits overlie folded complexes of Paleozoic
to Lower Jurassic age. These data allow us to make an
assumption that rifting in the Laptev Sea and the East
Siberia Sea started in the Aptian, i.e. right after the
completion of the Verkhoyansk-Chukotka collision. The
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A

Lomongsov Ridge

Podvodnikov Basin

Chukchi Plateau

Mendeleev Ridge Toll Basin

B Geophysics
Ridge

Lomonosov Ridge

Ridge
Amundsen Basin

I Fig. 6. Interpretation of the composite seismic lines (A and B) across area from Amundsen Basin toward Mendeleev Ridge

and Chukchi Plateau. Modified after [Nikishin et al,, 2014].

Puc. 6. UHTeprpeTanuu KOMNO3UTHBIX cedcMuyeckux npoduiein (A u B) depe3 palioHbl OT GacceiiHa AMyH/iceHa [10
xpebta MeHeneeBa 1 YykoTckoro miaato. Mogudunuposano no [Nikishin et al, 2014].

start of rifting can be considered as a collapse of the
collisional orogen [Miller, Verzhbitsky, 2009; Nikishin et
al, 2014]. Similar data on ages of the rifts in the Laptev
and the East Siberian seas were presented in [Zavarzi-
na, Shkarubo, 2012; Khoroshilova et al, 2014; Petrov-
skaya, Savishkina, 2014]. A similar concept was sug-
gested in [Sekretov, 2001]on the basis of the first seis-
mic lines in the region. The correlation of seismic lines
for the East Siberian and Chukchi Seas suggests a high
probability that rifting started simultaneously in the
North Chukchi and the South Chukchi rift systems [Ni-
kishin et al, 2014]. This timeline is also confirmed by
the interpretation of the new network of seismic lines
(see Figs. 4,5,7,8,9,10,17, 21, and 22).

The thickness of sediments reaches 20 km in the
North Chukchi basin, probably exceeds 15 km in the
north of the East Siberian Sea, and amounts to 15 km.
in the Ust’ Lena rift of the Laptev Sea basin.

This means that all these rifts belong to the category
of super-deep basins (see Figs. 4, 5, 7, 8,9, and 17). The
bottoms of the super-deep parts of these basins are
flattened on the seismic lines, which may be indicative
of a hyper-extended continental crust.

In the Laptev Sea Basin, the rift phase is detected in
the Paleocene, which preceded the opening of the Eura-
sian Basin about 56 Ma [Khoroshilova et al, 2014; Ni-
kishin et al.,, 2014]. Besides, by normal faulting occurred
in the Laptev Sea Basin from the Mid Eocene till the
Recent time. This process widely manifested at the con-
tinuation of the Gakkel Oceanic Ridge [Drachev et al,
2010; Nikishin et al.,, 2014].

In the North Chukchi Basin, two large clinoform
complexes are identified on seismic lines. The lower
complex has the bottom at about 66 Ma, and the upper
one at about 45 Ma (see Figs. 4, 5, 7, 8, and 9). In the
oceanward direction, the complexes transit into com-
plexes of deep-water turbidites (see Fig. 10), as evi-
denced by the seismic data. These clinoform complexes
correspond to two orogeny phases onshore.

7. STRUCTURE OF THE EURASIAN DEEP-WATER BASIN
In the Eurasian Basin, four stratigraphic units can

be identified with the approximate ages of 56-45 Ma
(Early-Middle Eocene), 45-34 Ma (Middle Eocene -
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Fig. 8. Interpretation of the regional seismic line from Wrangel Island to Toll Basin.

The North Chukchi Basin gradually transforms to the Toll Basin. A possible pre-Aptian unconformity is well recognized. The North Chuk-
chi Basin has flattened basement topography, and a highly extended continental crust is assummed. Modified after [Nikishin et al, 2014].

Puc. 8. UnTeprnipeTalysi perHoHaJIbHOTO ceficMu4ecKkoro npoduiisi oT paioHa ocTpoBa BpaHresns u go 6acceiina Toss.

CeBepo-UykoTcKuli 6acceliH maBHO nepexoAuT B 6accedH Tosisa. BupHo BeposiTHOe mpef-anTckoe Hecorsacue. CeBepo-UyKoTcKUM
GacceilH MMeeT MOJIOryI0 Tonorpapuio NOBepxXHOCTH QyHAAMEHTA; BepPOATHO, PyHAAMEeHT 06pa30BaH CUJIbHO PACTAHYTOW KOHTHHEH-

TaJbHON KOpoH. MogudunuposaHno no [Nikishin et al, 2014].

Oligocene), 34-20 Ma, and 20-0 Ma (see Fig. 3). The
basin is characteristic of a considerable asymmetry in
the structure of the sedimentary cover. The Nansen
Basin has a significantly thicker cover as compared to
the Amundsen Basin [Nikishin et al, 2014]. This asym-
metry is caused by the abnormally thick Neogene-
Quaternary megasequence in the Nansen Basin.

The Gakkel Ridge is expressed in the relief of the
acoustic basement as a series of sub-parallel ridges and
troughs. The Russian seismic data from Arctic-2011,
Arctic-2012 and Arctic-2014 Projects show a ridge-
trough topography across the entire basement of the
Eurasian Basin. It is thus revealed that the Early Eocene
(56-45 Ma) basement has a more smoothed relief, the
Middle-Late Eocene (45-34 Ma) basement has a larger-
amplitude relief, while the Oligocene-Quaternary base-

ment relief of the oceanic crust has an abnormally dis-
sected relief with height variations up to 1.0-1.5 sec.
The morphology of the basement of oceanic crust
depending on spreading rate in different oceans is ana-
lyzed in [Elhers, Jokat, 2009]. The main conclusion of
this work is that the more dissected is the oceanic crust
basement top, the lower the spreading rate was. This
empiric conclusion confirms that an ultra-slow sprea-
ding is taking place in the Gakkel Ridge during the latest
approximately 45 million years. The ultra-slow sprea-
ding may be accompanied by formation of a special
type of crust [Elkins et al.,, 2014; Dick et al, 2003]: rather
than melting out basalts from the mantle, the mantle
matter is outputted to the surface (which is termed ‘ex-
humation of the mantle’) during spreading of plates
and then serpentinizes, while basalts may be melted
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Toll Basin North Chukchi Basin

acoustic basement |

Fig. 9. Interpretation of the regional seismic line from Wrangel Island to the Toll Basin.

The profile is parallel to the previous one (Fig. 8). The thickness of the sedimentary cover in the North Chukchi Basin is up to 11 seconds.
Modified after [Nikishin et al,, 2014].

Puc. 9. UHTeprnipeTalysi perHoHaJIbHOTO ceficMu4ecKkoro npoduisi oT paioHa ocTpoBa BpaHress u go 6acceiina Toss.

[podunp napasnenex npefbiayuemy npoounto (cM. puc. 8). TomuHa ocajouHoro yexsa CeBepo-UykoTckoro 6acceiiHa gocturaet 11
cekynz. Mogudunuposano no [Nikishin et al,, 2014].

Vilkitski Chukchi Plateau
s ; ; Chukchi abyissal plai S

1 passive margin Podvodnikov Basin Mendeleev Ridge CLE M ELOERER BT \ R

(Toll Basin) A

s_ec l
Fig. 10. Interpretation of seismic line 2012_03 going parallel to the shelf edge.

There are several graben-like structures in the lower part of the Podvodnikov Basin, which suggest large-scale continental rifting. The
turbidite system is revealed below the Eocene bottom. It means that the Podvodnikov Basin was a deep-water basin in the Paleocene time
at least. The synrift complex located at the bottom of the Toll Basin has reflectors that dip toward the Mendeleev Ridge. Such reflectors
may represent synrift basalt volcanics. Modified after [Nikishin et al, 2014].

Puc. 10. UnTepnpeTtanus ceiicmudeckoro npodussa 2012_03. [Ipodub npoxoJUT napasienbHo meabdy.

B HikHelt yacTu 6acceiina [1oJBOJHUKOB BbI/I€JISIETCSI MHOTO IPabeHON0J00HBIX CTPYKTYpP. DTO 03HAYAET, YTO UMeJ MEeCTO 3HAUUTEJb-
HbI KOHTUHEHTa/bHbIA pUPTUHT. TypOUAUTOBAs CUCTEMA BU/IHA HIKE MOJOLIBLI 301[eHa. U3 3TOro cieayeT, 4To, MO KpaiHeH Mepe,
yKe B majieoueHe 6acceiiH [10JBOAHUKOB 6bLI IJ1y6OKOBOAHBIM 6acceitHOM. CHHpUGTOBBIA KOMILJIIEKC BHUJIEH B OCHOBaHUM GacceiiHa
ToJuisi. B 3ToM KoMIJIeKce HabGJI0jal0TCsl pedIeKTOph], HAKJIOHEHHbIe B CTOPOHY Xpe6Ta MeH/iesieeBa. Takue pedieKTOpbI MOTYT GbITh
6a3aJIbTOBbIM BYJIKAHUYECKUM KoMILJIeKcoM. MoguduuupoBaHo no [Nikishin et al, 2014].
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Chukchi Plateau

6 - | Canada Basin

sec 281 km

Fig. 12. Interpretation of seismic line 2012_18. The Cretaceous rift system is well recognized. Low-angle folds are revealed
above the rift complex, which suggests that compression tectonics took place in the Cenozoic time. Modified after [Nikishin
etal, 2014].

Puc. 12. UnTepnperanus ceiicmuiyeckoro npoduis 2012_18. MoxHO pa3/MYuTh MesJOBy0 pUGTOBYyI0 cucteMy. [losorue
CKJIaIKU HAaOJII0JAI0TCS Bhlllle pudTOBOro KoMIiekca. M3 atoro ciefyet, 4To AedopMaluy CkaTvs ObLIN B KaiiHo30e. Mo-
audunponaHo 1o [Nikishin et al, 2014].

0
11 Podvodnikov Mendeleev Ridge Nautilus
5 Bas|n Shamshur seamount BaS|n

sec 350 km.

Fig. 13. Interpretation of seismic line 2012_17 across Mendeleev Ridge. Horst-like uplifts are typical for the Mendeleev
Ridge. Modified after [Nikishin et al, 2014].

Puc. 13. UuTepnpeTtanus ceficmuveckoro npoduisa 2012_17. [Ipoduab npoxofuT nonepek xpe6ta MeHpesneeBa. 'opcto-
Mol06Hble NOAHATHUS TUIIMYHBI /151 Xpe6Ta MeHjesnieeBa. MopgudunuposaHo no [Nikishin et al., 2014].
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I Fig. 14. Interpretation of seismic line 2012_05 across Mendeleev Ridge. Modified after [Nikishin et al., 2014].

I Puc. 14. UnTepnpetanus ceiicMmudeckoro npoduss 2012_05. [lpodusis npoxoaut nonepek xpe6ta Menzaeneesa. Moaudu-

uupoBaHo 1o [Nikishin et al,, 2014].

out to a small degree in a combination with exhuma-
tion of the mantle matter. The manifestations of recent
volcanism along the rift valley of the Gakkel Ridge are
described in [Michael et al, 2003; Cochran, 2008; Elkins
et al, 2014; Schmidt-Aursch, Jokat, 2016].

8. GEOLOGICAL STRUCTURE OF THE LOMONOSOV RIDGE

The Lomonosov Ridge, as noted above, is a terrane
with a continental crust. Our description of the cover is
based mainly on the interpretation of the Russian
seismic lines (see Figs. 4, 6, 15, and 16). On all of these
lines, systems of half-grabens are seen at the base of
the sedimentary cover, both on the Lomonosov Ridge
itself and in the basin between the Lomonosov Ridge
and the Geophysicists Spur. The trend of these half-
grabens coincides with the general trend of the Lo-
monosov Ridge. Our seismostratigraphic correlations
show that the systems of grabens from the side of the
Podvodnikov Basin are filled with Cretaceous deposits.
Some half-grabens could have been reactivated in the
Paleocene. The entire basin between the Lomonosov

Ridge and the Geophysicists Spur is probably underlain
by a system of half-grabens and definitely has a conti-
nental crust. This basin and its southern continuation is
a terrace of the Lomonosov Ridge, which we refer to as
the Lomonosov Terrace.

In the ACEX well, a tilted block composed of Campa-
nian rocks underlies the Eocene deposits. The top Up-
per Cretaceous deposits may compose the postrift se-
dimentary cover of the Cretaceous grabens. Along the
Lomonosov Ridge and its slope toward the Eurasian
Basin, there is a system of half-grabens under the Eo-
cene cover. Our correlation of the seismic complexes
suggests that this system of half-grabens is filled with
Paleocene deposits.

The subsidence history of the Lomonosov Ridge can
be characterized on the basis of well data from the
ACEX Project [Backman et al, 2008]. It is believed that
56.0-44.4 Ma ago, the territory of the ridge was a shal-
low sea. In the interval of 44.4-18.2 Ma, the territory
could have been below the sea level; possibly, events of
underwater erosion could have taken place. During the
latest 18.2 Ma, the ridge block underwent subsidence
down to the present-day depths. In the Quaternary
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time, the Lomonosov Ridge was covered with glaciers
several times, as evidenced by considerable glacier
erosion [Jakobsson et al., 2008, 2014].

The Lomonosov Ridge is typical of numerous nor-
mal faults that were formed after 45 Ma [Nikishin et al,
2014]. These faults dissect the Oligocene-Quaternary
deposits. Many of these normal faults were formed
through reactivation of Cretaceous and Paleocene nor-
mal faults.

From the side of the East Siberian Sea, the Lomono-
sov Ridge abuts against the shelf sedimentary basin.
The character of this boundary is well seen on seismic
lines (see Fig. 15). The seismic lines show that the bot-
tom of the Aptian-Paleocene synrift sedimentary cover
smoothly transits into the bottom of the Lomonosov
Ridge’s sedimentary cover. No boundaries at all are
revealed along the basement of the East Siberian Shelf
and the Lomonosov Ridge. A possible slip fault between
the Lomonosov Ridge and the Siberian Shelf is dis-
cussed in [Pease et al, 2014; Doré et al, 2016]. In fact,
structures of probable transpression are seen on some
seismic lines in the zone of the slope [Gaina et al, 2015]
(Figs. 21, 22). This may be a continuation of the Kha-
tanga-Lomonosov fault zone. No data the Khatanga-
Lomonosov Line is a regional transform fault with large
horizontal movements. A model structure of the crust
[Poselov et al, 2012] (see Fig. 15) shows that continen-
tal crust is continuously traced along seismic line 7-AR.

9. GEOLOGICAL STRUCTURE OF THE DEEP-WATER
PODVODNIKOV BASIN

The Podvodnikov Basin can be divided into the
Podvodnikov-Southern Basin, the Lomonosov Terrace
in the west of the basin, and the buried Arlis Plateau in
the north of the basin (see Figs. 4, 6, 10, 18, 19, and 20).
The Podvodnikov-Southern Basin is bounded by fault
zones on all sides. The boundary of the Podvodnikov-
Southern Basin and the East Siberian Shelf is crossed
by several seismic lines, that show a system of rift ba-
sins in the transition zone from the shelf to the
Podvodnikov Basin. These rifts belong to the system of
rifts of the East Siberian Sea wherein rifting occurred in
the Aptian-Albian, according to our correlations. The
seismic correlation reveals only this Aptian-Albian
complex at the base of the section in the southern part
of the Podvodnikov-Southern Basin. In the Podvodni-
kov-Southern Basin, synrift sediment complexes, that
are triangular-shaped (wedge) in the section view, are
clearly revealed at the base of the section, and the
rift/postrift-type boundary is traced above them. The
synrift complex of supposedly Aptian-Albian age is also
well shown on seismic line ARC-2012-03 that runs
along the continental slope (see Fig. 10). In our study,
the seismostratigraphic boundary of 100 Ma is the
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uppermost age boundary of the rifting period in this
basin.

W. Jokat's group [Jokat et al, 2013; Weigelt et al,
2014] studied the Podvonnikov Basin and, based on
interpretation of a single regional seismic line, made
conclusions that are generally similar to ours. They al-
so identify a number of rifts at the base of the sedimen-
tary cover section. However, our model of the stratig-
raphy of the Podvodnikov Basin and their model are
somewhat different.

10. GEOLOGICAL STRUCTURE OF THE MAKAROV BASIN

The Makarov Basin is situated between the Lomo-
nosov Ridge and the Alpha Ridge. In the south, it is se-
parated from the Podvodnikov Basin by the buried
Arlis Plateau. The Makarov Basin has a larger seabed
depth (3-4 km) as compared to the Podvodnikov Basin
and differs from it morphologically. In the plan view,
the basin’s shape is an isometric rhombus. The basin
was described in [Jokat, 2005; Langinen et al, 2009;
Lebedeva-Ivanova et al, 2011; Nikishin et al, 2014;
Evangelatos, Mosher, 2016]. The sedimentary cover
thickness in the basin reaches 2-4 km. From the side of
the Lomonosov Ridge, the basin is bounded by a sys-
tem of normal faults. A similar normal-fault boundary
is outlined with the Alpha Ridge as well. The basement
of the basin has a ridge-trough relief. Such basement
relief was, by all appearances, caused by rifting. Ridges
and troughs of the basement, by the available data,
have an east-west trend [Langinen et al.,, 2009]. The ba-
sin basement is probably composed of the continental
crust strongly extended by rifling, though at some plac-
es the crystalline part of the crust is thinned to 8-12
km, which may be indicative of the local presence of
the oceanic crust [Langinen et al, 2009; Lebedeva-
Ivanova et al, 2011].

The Makarov Basin is crossed by Russian seismic
lines ARC-14-06 andARC-14-07 [Nikishin et al., 2014].
The most important discovery in the Makarov Basin is
a large-size structure classified as a buried rift, possibly
trending near east-west. It is not yet clear whether this
rift is a continental or an oceanic one.

The rhombic shape of the Makarov Basin in the plan
view and its boundaries represented by the systems of
normal faults may suggest that the basin has a
transtensional origin like a pull-apart basin [Nikishin et
al, 2014]. The trend of the axes of its rifting does not
coincide with the trend of rifting axes in the Podvodni-
kov Basin. Would one admit that the axial rift is ocea-
nic, then the Makarov Basin could be considered as a
possible microoceanic basin of a pull-apart type inside
the region with continental crust. The interrelation-
ships of the Makarov Basin and the Alpha Ridge on
seismic lines show that the Makarov Basin is probably
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Fig. 19. Interpretation of regional seismic line 59-50 for the Podvodnikov Basin. The horst-graben structure of basement is
documented. It means that the basement has the highly extended continental crust.

Puc. 19. UuTepnpeTanus pernoHajJbHOro celicMuyeckoro npooussa 59-50 g 6acceiina [logBoaHuKoB. BuaHa ropcr-rpa-
6eHOBasl CTPYKTypa NOBepPXHOCTH ¢yHAaMeHTa. M3 aToro ciefyet, yTo GyHJaMeHT OacceiHa CJI0’KeH CUJIbHO PACTSAHYTON

KOHTHHEHTAaJIbHOU KOPOM.

younger than the Alpha-Mendeleev Ridge. Our seis-
mostratigraphic correlation data show that rifting in
the Makarov Basin took place earlier than 56 Ma, most
probably at the end of Cretaceous - Paleocene. Thus,
the Makarov Basin is younger than the Podvodnikov
Basin.

11. GEOLOGICAL STRUCTURE OF THE CHUKCHI ABYSSAL
PLAIN BASIN (OR THE TOLL BASIN) AND THE
NAUTILUS BASIN

The Chukchi Abyssal Plain Basin is situated between
the Mendeleev Ridge and the Chukchi Plateau. For this
basin, several new seismic lines are available from Arc-
tic-2012 Project (see Fig. 6). Line 4200 directed from
the North Chukchi Basin into the Chukchi Abyssal Plain
Basin (see Fig. 9) shows that a package of bright reflec-

tors not broken by faults lies at the base of the Chukchi
Abyssal Plain Basin sedimentary cover. The structure
of the acoustic basement is not revealed. In the Chukchi
Abyssal Plain Basin, the thickness of sediments is 3.6
sec. This cover with the same basement smoothly
transits in the cover of the North Chukchi Basin. On the
seismic line, the base of the cover is seen poorly. But in
the North Chukchi Basin, the sedimentary cover thick-
ness reaches 10 sec. We suppose for the North Chukchi
Basin that synrift sediments are of Aptian-Albian age,
and the postrift cover began to form in the Upper Cre-
taceous. This implies that the postrift sedimentary sec-
tion of the Chukchi Abyssal Plain Basin probably starts
from the Upper Cretaceous.

Line ARC-2012-03 crosses the Chukchi Abyssal
Plain Basin in its southern part (see Fig. 10). The Syn-
rift-1 unit is located below the bottom of the section
and forms packages of reflectors tilted to one side



Rift systems of the Russian Eastern Arctic shelf...

A.M. Nikishin et al.:

"BHU0BQ M.LOeh HOHAlIredLHaN g eHaxorouded edA1y14d.Ld BeHgoYonoLodo | "BIr
-upodu nioer yogedu g HATUE HULY UITHhOTEIO0 UI990LPUAHU)) "GONUHIT0G 0[] BHUAIIEQ BI'T 66 BIrudodl 0I0MD9hHWIN) 0J0HAIreHoMIad BuleLadudaLHy "gg -oud

‘uiseq s1y3 jo 11ed [eJ3Uad Y3 Ul pajedo] SI aIn3oNas
ayI[-1s10Y 9y, *a[yo.ad s1y3 jo 11ed 3ySLI ay3 Ul pa[easal SI 98pam AIeJUSWIPIS YLIUAS Y], "UISEY AONIUPOAPOJ 93 10J 6§ dUI[ d1WSIas [euoidal jo uonelaidiaiu] *0z “Sid

0006

0058

0008

005°Z

000°Z

0059

wlen b b b b Lo B 1y
IR

Q

b=3

o

©
1

005°'S

RARARRSRARERRARRS LA

000G

005+

(s) auny

000+

s b o b 1y

00S°€:

T

Riazana

000°€; 000°€

0052 0052

0002 0002

RARRRARSRARENRRRES nRARERAR:

o
8
3
N7

005"

T

T

000"+ 000"+

0050 0050

T

sl
anan




Geodynamics & Tectonophysics 2017 Volume 8 Issue 1 Pages 11-43

‘[610Z “Ip 32 DUIDY ‘FTOZ “ID 32 UlYSIyIN]| o OHedOdUTIUPUTON
‘e SH» dorsardad meH nrsHToundl BLHOWETHAQD UMOIrQ Med Mel ‘Ie€eH Lol HIW Gf 0030 BU.LIIQ0) OJOWSeIerouyadu ardon ordg SMHEWIAT'E0d OLh ‘Wakleronradl M9 "9HIMOE &
oHxxoweod ‘19dadoorur erodoed aroon 1I9Hed0gedgo UII90 919d0LOM ‘UIBHUIIMLHE I9HeERMOU «7» HodduU[] '19adadoorur woroxoed o HeEd @ MUHXBLOed Udl 19Hedogedgo Ur1dg aladoL
-03 ‘eLHaWeHA myorrg 19Hegeyon «I» yodduiy *(z -oud ‘wo) unnewdodar 1I9HOE HONITO0IOHOWO]/-BIHBLEY 9001l € BHOIO09H-BHATOINLO OF BIdLexIroYod MIrIOW U dWHXKed WOHHOMD
-oaduoHedy g ururoxodu uuitewdodal ULE OLh ‘WOLLURD 19| “YEERH LaIr HYW G OIF0MO MII9Q dHOLM) WOHIIBLHOHULHOM BH eLHOWEYHA] 9031019 BULEHION OLh ‘WaAduLladudorHu 19|\

"HU900eg umouuceddy g Bdomw o1oxodugu)-oHRoLI0Y eddram Lo Luroxodu arudod(] '91-z10z-eMuLidy Brudodi 0103409hUWIUSI LHaWIedd *TZ d9Ud

‘[sT0Z “ID 72 DUIDY ‘HTOZ “ID 32 UIYSIYIN] 191 PAYIPOIA 1030331 BN S, @3 Jo dO) 93 UO PaAIasqo e SIake] UOIBIUSWIPaS Juanbasqns ay) pue syuUN JUSWASEq 3SAY}
Se JuaAd BN G¥, parernisod ano Jayye soe[d yo03 Suryiidn Jey) 91eWNSa A ‘Z IoquInNu YIIM pasIewl ale ‘9uadod ay3 ul A[qissod ‘dn-3yea.aq Jo)je pawLio] SAUIPRUY T Iaquinu YIIm paylew
ale dn-yealq 03 paje[ad UOISUSIXa Aq pauLIoj S}UnN Juswased [eurdrio ay[, *(z “S1 99s) aU0Z UONBWLIOJSP AOSOUOWOT-e3UBIEYY] oY} Ul 9UaZ0aN-2u22031[Q Y3 0} [IUN PIISe[ dABY WYJIW pue
awdaa [euolssaldsuer) 9y} Wo.Jj pajnsat uonew.iojap siy3 ‘uorurdo ano uj ey G punode A[qissod aoe[d 3003 ado[s [EIUSURIUOD JY} J& SHUN Juswaseq 9y} jo Sunyidn ‘uonelaadiajur ano uf

‘uiseg eiseany ay3 03 J[9YS eaS UBLISQIS 1St WOl Juawdel) 9T-Z10Z-01391y aul] J1wsIas "I Z "Sud

vISvdn3 ¥

0000} /
A

0006
0008
0002
0009
0009
0007
000¢
000
0001

0

00001
0006
0008
000L
0009
0003
000
000
000
0001

1 |eAel] Aepp om |

Lo b Lo bl oo b b Ly

syney
Juso8l

B
eS

uiseg uaspunwy

oosSw Wl

spjoj pue sybiy juswaseq
uoissaidsuel) Jo wWalsAg

cho g b b b g

R RN RN RN RN RN R RN RN RN AR RN RN R RN RN RN R RN AR A RN R R RN AR AR A RN RN RN R AR RN RN R RN R R RRARR RN AR

1 ybiH buo e JJoys eag Asyden

=



A.M. Nikishin et al.: Rift systems of the Russian Eastern Arctic shelf...

(westward), which gentle out up the section. The inter-
pretation of this unit is ambiguous. It can be considered
as a part of the acoustic basement because lower
boundaries are not distinct. This unit looks like SDR-
type reflectors, though it manifests itself only locally
and on a single seismic line. We assume that the Syn-
rift-1 unit is a synrift unit and is represented to a con-
siderable extent by basaltic lavas. The boundary be-
tween the Synrift-1 and Postrift is expressed by a
rift/postrift-type unconformity. We date the Synrift-1
as Aptain-Albian by analogy with the basalts on the De
Long Islands. The synrift/postrift boundary is dated
conventionally as 100 Ma. Some faults were reactivated
after 100 Ma. The packages with bright reflectors at the
base of the Mendeleev Ridge section may be interpret-
ted as alternation of lavas and sediments.

Line ARC-2012-19 runs farther north than the pre-
vious one and is parallel to it (see Fig. 11). The inter-
pretation of the line shows that no distinct boundaries
are seen between the Chukchi Abyssal Plain Basin, the
Mendeleev Ridge and the Chukchi Plateau. Only smooth
transitions are observed between them. In the basin
itself, the sedimentary cover thickness is about 1 sec.
Peculiar features of the line are that along the basin’s
axis but closer to the Chukchi Plateau, a graben-like
structure about 16-20 km wide is identified at the base
of the sedimentary cover, and the thickness of the rift
cover is about 1 sec. This structure is definitely of tec-
tonic origin and is a graben. Two versions of a mecha-
nism for formation of this graben are possible: (1) this
is a graben on a continental crust, (2) this graben is a
buried oceanic rift.

Line ARC-2012-04 runs farther north than the pre-
vious one and is parallel to it (see Fig. 6, A). An axial
graben is also observed over there. It is also displaced
from the axis of the basin toward the Chukchi Plateau.
The width of the graben is 6 km, and the thickness of
the sedimentary cover in it is about 1 sec. Several more
graben-like structures are outlined parallel to the axial
graben. The graben on this line and on the previous one
is probably one and the same structure. If so, then the
axis of rifting in the Chukchi Abyssal Plain Basin was
oriented in the N-S direction and was parallel to the
axis of rifting on the Chukchi Plateau.

Summing up the data on the structure of the Chuk-
chi Abyssal Plain Basin, the following conclusions and
hypotheses can be formulated: (1) at the base of the
basin, rifts exist, and at least in one of the rifts indica-
tions of synrift volcanism are available; (2) the axis of
the rift had the N-S direction; (3) the transition from
the Chukchi Abyssal Plain Basin to the Chukchi Plateau
is smooth; (4) it can be supposed that the Cretaceous
rifts of the Chukchi Abyssal Plain Basin and of the
Chukchi Plateau were formed simultaneously on a con-
tinental crust; (5) it is probable that rifting in the Chuk-
chi Abyssal Plain Basin and in the North Chukchi Basin

took place simultaneously; these basins have a single
sedimentary cover.

The Chukchi Abyssal Plain Basin was earlier charac-
terized on the basis of seismic lines by the Alfred We-
gener Institute [Hegewald, Jokat, 2013]. It was shown
that the basement of the basin has a horst-graben
structure with the north-south trends of grabens. The
presence of basalt flow units is supposed. In the acous-
tic basement, packages of reflectors tilted to one side
were found. These authors identified several phases of
faulting: pre Cenozoic, pre Miocene, and younger ones.
All these conclusions are consistent with our conclu-
sions. The main differences between the assumptions
in [Hegewald, Jokat, 2013] and our conclusions concern
the age and basement type of the basin. Hegewald and
Jokat believe that the basement is of Jurassic age and
looks more like an oceanic crust. But they note that the
axes of the spreading in this basin and in the Canada
Basin are orthogonal to each other.

The Nautilus Basin is located between the Alpha
Ridge (its southeastern part is named the Nautilus
Spur) and the Chukchi Plateau. In fact, it is a gulf of the
Canada Basin. Several seismic lines are available for
this basin, which run from the Canada Basin toward the
Nautilus Spur, crossing a part of the Nautilus Basin
[Shimeld et al, 2011]. These lines show how the sedi-
mentary cover of the Canada Basin covers the slope of
the Nautilus Spur with onlap-type contacts. On the
slope of the Nautilus Spur and at the slope of the sedi-
mentary cover, low-amplitude normal faults are seen.
On the slope of the Nautilus Basin, an erosional surface
is distinctly revealed. On one of the seismic lines, a vol-
canic edifice is identified in the transition area of the
Nautilus Basin into the Canada Basin. Judging from this
seismic line, a 0.3 sec thick strata of volcanites is identi-
fied [Shimeld et al.,, 2011].

The Russian seismic lines from Arctic-2012 Project
cross the area of transition of the Mendeleev Ridge to
Nautilus Basin (see Figs. 13, 14). Generally, the transi-
tion between the ridge and the basin is smooth. On the
slope of the Mendeleev Ridge, numerous normal faults
are observed at the base of the sedimentary cover.

The zone of transition from the Nautilus Basin to the
Chukchi Plateau is named the Northern Chukchi Bor-
derland. According to the hypothesis in [Brumley, 2009,
2014), this area is a deeply submerged part of the
Chukchi Plateau because probable rift structures of the
Chukchi Plateau are traced into this area.

12. GEOLOGICAL STRUCTURE OF THE CHUKCHI PLATEAU

The Chukchi Plateau consists of the Chukchi Plateau
proper, the Northwind Ridge and the Northwind Basin
separating them. All researchers believe that the Chuk-
chi Plateau has a continental crust. Presently, a large
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Fig. 22. Seismic line Arctic-2014-14 and the zoomed-in section.

Compression-related features (ca. 45-23 Ma) are revealed in the continental slope in the Khatanga-Lomonosov deformation zone (see Fig.
2). Numbers in white circles: Unit 1 - syntectonic and syncompressional deposition simultaneously with folding in units 2 and 3; Units 2
and 3 - folded mainly between the 45 Ma horizon and the ‘blue” horizon; Unit 4 - clinoform type of deposits with paleoslope towards the
Podvodnikov Basin (Note: Unit 2 was not a topographic high/an uplift at that time); Unit/event 5 - Unit 2 together with the basement was
uplifted before the horizon interpreted as “23 Ma”; Unit 6 - erosional surface on the slope (Note: Horizon “23 Ma” was deposited after tec-
tonic uplifting of Unit 2 was complete). Modified after [Gaina et al, 2015].

Puc. 22. Ceiicmuueckuii npoounb ApkTuka-2014-14 u ero yBesimueHHbIA GparMeHT.

CTpyKTyphl CKaTHSI C BO3PAaCcTOM OKOJIO 45-23 MJIH JIeT MOTYT ObITb Pa3jHYMMbl HA KOHTHHEHTAJbHOM CKJIOHE B MoJioce XaTaHra-
JloMOHOCOBCKOH 30HBI fiedopmanuii (cM. puc. 2). Lindpsl B 6e/bIX KpYy)KKax MOKa3bIBAIOT CIeJyI0le COObITHS: eAUHNLA «1» CUHTEKTO-
HUYeCKasl U CHHKOMIIPeCCHOHHAs CeJUMEeHTaLUsl OJHOBpEeMeHHas CO CKJIAAYaTOCThIO B AVHHUIIAX «2» U «3»; eIMHULBI «2» U «3» GBLIN
CMSATBI B CKJIQJIKU MeX/y TOPU30HTOM «45 Ma» U «rosiy6bIM» ropu3oHTOM. EanHMIA «4» - KIMHOQOPMHBIN THI CeIUMEHTALMH C [TaJIeo-
CKJIOHOM B CTOpPOHY 6accelHa [10BOAHHUKOB, OTMETHM, YTO B TO BpeMs eAMHHUIIA «2» ellle He ObLIa MOAHATHEM. EqHMIA-cOObITHE «5»
[I0Ka3bIBAeT, YTO eJUHULA «2» BMecTe ¢ QYHAAMEHTOM 6blja MOAHATA JJ0 TOPU30HTA, HUHTEPIPETUPYEMOro Kak «23Max. EanHuma «6» -
3TO 3pO3MOHHAsK IOBEPXHOCTb Ha CKJIOHE; TOPU30HT «23Ma» 6blJ1 06pa30BaH 10C/Ie OKOHYAHHUS TEKTOHUYECKOr'0 BO3/IbIMAHUS eJHHUIIbI
«2». Mopguounuposano no [Gaina et al, 2015].



A.M. Nikishin et al.: Rift systems of the Russian Eastern Arctic shelf...

volume of seismic data is available concerning the
structure of the Chukchi Plateau area [Arrigoni, 2008;
Brumley, 2009, 2014; Grantz et al.,, 2011; Coakley, Ilhan,
2012; Mosher et al,, 2012; Hegewald, Jokat, 2013].

Several seismic lines cross the boundary of the
Chukchi Plateau and the Canada Basin [Brumley, 2014;
Mosher et al, 2012]. Interpretation of these lines shows
that this boundary is represented by a passive conti-
nental margin. No indications of compression struc-
tures are found [Mosher et al, 2012]. The boundary is
very narrow, which, from our viewpoint, does not ex-
clude that this boundary is of the transform continental
margin type.

There are several seismic lines for the Chukchi Pla-
teau itself, which are presented in [Arrigoni, 2008;
Brumley, 2009, 2014; Coakley, Ilhan, 2012; Hegewald,
Jokat, 2013]. On all of these lines, a system of horsts and
grabens is identified. A synrift complex with sediments,
triangular in the cross section, is readily identifiable in
the grabens. Coakley and Ilhan [2012] identify synrift
Mesozoic sediments and single out a later phase of
transtensional tectonics. Hegewald and jJokat [2013]
developed a new seismic stratigraphy for the Chukchi
Plateau. They indentify, questionably, Cretaceous sedi-
ments in grabens, and the Top Oligocene and Top Mio-
cene boundaries. According to their seismic stratigra-
phy model, grabens have definitely a Pre-Miocene age.
They also identify a young Post Miocene phase of nor-
mal faulting.

Four Russian seismic lines from Arctic-2012 Project
show the structure of the eastern part of the Chukchi
Plateau (or the Chukchi Plateau proper) [Nikishin et al,
2014] (see Figs. 6, A, 10, 11, 12). High- amplitude re-
flective packages (HARPs) are often identified at the
base of the sedimentary section. We suppose that these
may be layers with horizons of basalt lavas. Such in-
terpretation was suggested for similar formations in
the Canada Basin [Lebedeva-Ivanova et al.,, 2013]. In the
sedimentary cover, several tectonostratigraphic units
with several phases of rifting can be singled out [Ni-
kishin et al, 2014]. On one of the lines, synsedimenta-
tion compression folds are seen at the synrift/postrift
boundary. The rift basins have probably experienced a
phase of compression and a slight inversion. Conside-
ring that the phase of compression and folding in the
area of the North Chukchi Basin was approximately at
the boundary of Cretaceous and Paleogene [Sherwood
etal, 2002; Verzhbitsky et al, 2012; 2015; Nikishin et al,
2014], a compression phase in the Chukchi Plateau area
can also be dated approximately as the boundary of the
Cretaceous and the Paleogene. On this ground, we date
the age of the main rifting as Pre-Paleocene.

Seismic data for the Chukchi Plateau show that,
probably at first, there was a basalt volcanism phase in
the Cretaceous, and then the entire area of the present-
date plateau was subject to strong tension with for-

mation of the horst-graben structure with the general
N-S trend. The width of individual horsts and half-
grabens is 20-30 km. Generally, the system of Mesozoic
rifts of the Chukchi Plateau is similar to the Cenozoic
rift system of the Basin and Range Province in America
[Nikishin et al, 2014]. This means that the Chukchi
Plateau experienced a significant extension (up to 30-
50 %) and had a thin lithosphere. In the Mid Eocene-
Quaternary, the Chukchi Plateau was subject to tension,
and many Mesozoic normal faults were activated.

13. GEOLOGICAL STRUCTURE OF THE
ALPHA-MENDELEEV RISE

The structure of the Alpha-Mendeleev Rise is de-
scribed in [Jokat, 2003; Bruvoll et al, 2010, 2012; Dove
et al, 2010; Dgssing et al, 2013; Hegewald, Jokat, 2013;
Weigelt et al, 2014; Brumley, 2014; Nikishin et al,
2014]. In this paper, we will not discuss its structure as
a separate topic. Some seismic sections for this area are
shown in Figs. 5, 13, and 14. It should be noted that it is
commonly believed that this plateau is of volcanic
origin. At the base of its sedimentary cover, Cretaceous
grabens are identified [Brumley, 2014; Nikishin et al,
2014]. Many Cenozoic normal faults are also identified
with the age younger than 45 Ma. The main discussion
is going on concerning the problem of the basement of
this plateau [Nikishin et al, 2014]. Some researches be-
lieve that the plateau has a thick crust of basaltic com-
position. Others state that the plateau has a continental
basement with considerable rifting [Gaina et al, 2014;
Pease et al.,, 2014]. In our opinion, the Alpha-Mendeleev
Rise has a continental basement [Nikishin et al, 2014;
Vernikovsky et al,, 2014; Petrov et al., 2016].

14. DISCUSSION

Presently, it is only the formation time of the Eura-
sian Basin that is substantiated unambiguously -the
basin started to open about 56 Ma. The formation his-
tory of the Amerasian Basin is still unclear, and various
versions of its development are possible. One of the
main problems is whether all the Amerasian basins
(Canada, Podvodnikov, Makarov, etc.) were formed si-
multaneously or they have different ages [Alvey et al,
2008; Mosher et al, 2012; Grantz et al, 2011; Nikishin et
al, 2014; Lawver et al, 2015; Doré et al,, 2016].

Our seismic stratigraphic correlations give grounds
for the following preliminary conclusions, although
without a proper unambiguous substantiation yet:

(1) The Canada Basin probably had been formed
before the Mid Aptian in the Early Cretaceous [Miller,
Hudson, 1991; Helwig et al,, 2011; Nikishin et al, 2014;
Chain et al,, 2016], though this issue remains debatable.



(2) The Podvodnikov Basin started its formation
not earlier than the Aptian. Our main arguments refer
to the fact that the Mesozoic folding on the New Sibe-
rian Islands and on the Wrangel Island ended before
the Aptian (or at the beginning of the Aptian). The Ear-
ly Cretaceous (probably Aptian) De Long basalts were
formed after a phase of significant erosion and overlie
Paleozoic rocks of various ages with an angular un-
conformity. The seismic lines show that the De Long
basalts occur at the base of some rifts of the East Si-
berian Sea. Hence, the time of rifting and transtensional
tectonics in the East Siberian Sea cannot be older than
the Aptian. The time of rifting in the North Chukchi
Basin, according to our correlations, is also not older
than the Aptian. The rifts on the continental margin of
the Podvodnikov Basin cannot be older than these ba-
sins.

(3) According to our correlations, the belt of the
basins - the Chukchi Abyssal Plain, Mendeleev, and
Nautilus basins -was formed not earlier than the Apti-
an. This follows from the fact that rifting in the North
Chukchi Basin was not earlier than the Aptian.

(4) The Makarov Basin is probably younger than
the Podvodnikov Basin. The probable formation time of
the Makarov Basin is Late Cretaceous - Paleocene. The
basin probably was formed as a pull-apart structure.

At the present time, there are many reconstructions
of the formation history of the Arctic Ocean [e.g., Alvey
et al, 2008; Mosher et al, 2012; Grantz et al, 2011;
Lawver et al, 2015]. It is obvious that models of diffe-
rent authors significantly differ. We believe that the
Arctic Ocean probably has been formed during four
phases with different kinematics. According to our mo-
del, the conventional boundaries of the different phases
are: 133-125 Ma, 125-78 Ma, 78-56 Ma, and 56-0 Ma.

The boundaries of the first phase correspond to two
regional unconformities on the Arctic Shelf of Alaska:
133 Ma - the Lower Cretaceous Unconformity (LCU),
125 Ma - the Brookian Unconformity (BU) [Sherwood
et al, 2002]. According to our model, the LCU corre-
sponds to the start of opening of the Canada Basin,
while the BU to the end of formation of the Canada Ba-
sin. The end of formation of the Canada Basin probably
coincides with the start of the large-scale collapse of
the Verkhoyansk-Chukotka orogen and the start of con-
tinental rifting in the East Siberian Sea and the Russian
part of the Chukchi Sea [Miller, Verzhbitsky, 2009;
Nikishin et al, 2014]. It is likely that approximately
125 Ma a major rearrangement of the kinematics of the
lithospheric plates took place. The collapse of the
Verkhoyansk-Chukotka orogen and the start of the ef-
fect of the HALIP superplume corresponded to this
rearrangement. In the Arctic, these processes resulted
in formation of rift-related deep-water Podvodnikov
Basin and the Chukchi Plain, Mendeleev, and Nautilus
basins and the volcanic edifice of the Alpha-Mendeleev
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Ridge on the continental crust strongly thinned by
rifting. These processes lasted approximately till 78
Ma.

The approximate time of the end of subduction vol-
canism in the Okhotsk-Chukotka volcanic belt is 78 Ma
[Akinin, 2012]. After that, the Koryak-West Kamchatka
accretionary orogen started to be formed [Soloviev,
2008; Akinin, 2012], and its formation completed about
50-45 Ma [Soloviev, 2008]. The end of subduction vol-
canism in the Okhotsk-Chukotka volcanic belt may cor-
respond to the moment of significant rearrangement of
the kinematics of plates and completion of the for-
mation of the Alpha-Mendeleev Ridge.

Large-scale strike-slip deformations possibly took
place from 78 Ma to 56 Ma. As a results, the Makarov
Basin was formed. These strike-slip deformations pro-
bably coordinated the plate kinematics in the Atlantic
and Pacific regions.

Starting from 56 Ma (or earlier), the formation his-
tory of the Arctic Ocean is related to the opening of the
Atlantic Ocean, and the Eurasian Basin was formed.

15. CONCLUSIONS

The rift systems of the shelves of the Laptev, East
Siberian and Chukchi Seas formed in connection with
formation of the deep-water basins of the Arctic Ocean.
The main rifting epoch was in the Aptian-Albian. It was
synchronous with the start of formation of the Podvod-
nikov and Toll basins. The Aptian-Albian rifting took
place just after the plume magmatism on the De Long
Plateau, the Franz Joseph Land and in other places. The
Makarov Basin probably was formed as a pull-apart
basin later than the Podvodnikov Basin, between 78
and 56 Ma. The Eurasian Basin started to be formed
approximately at the boundary of Paleocene and Eo-
cene. Its formation is related to the development of the
Atlantic Ocean.
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