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ARTICLE INFO ABSTRACT

Keywords: We present a seismic and density model for the crust and the uppermost mantle of the Arctic Ocean off-shore
Magmatic underplating Chukotka down to a 40 km depth along a 740-km long latitudinal (at ca. 77°N) “Arctic-2012” wide-angle/MCS
Submar?n.e cqntinental plateau profile. Joint seismic and gravity modeling indicates significant differences in the crustal velocity and density
Serpentinization structure of the northeastern Vilkitsky Trough, the Mendeleev Rise, the Chukchi Basin, and the Chukchi Plateau.

Wide-angle marine seismics
Ray-tracing
Gravity modeling

The Vilkitsky Trough and the Chukchi Basin have a thin crust (23 km and 18 km, correspondingly), 6-8 km
thick sedimentary cover, 3-6 km thick upper/middle crust (with the smallest thickness of 3-4 km beneath the
Chukchi Basin), and 9-10 km thick lower crust. The uppermost mantle of the Chukchi Basin has a high density
(3.27-3.31 g/cm®) and a low velocity (Vp ~ 7.8 km/s), which we explain by 5-10% serpentinization of mantle
peridotite at a 22-35 km depth as a result of crustal hyperextension and seawater penetration.

The Chukchi Plateau and the Mendeleev Rise have a thick crust (28-29 km and 33-34 km, correspondingly),
underlain by a normal mantle (Vp ~ 8.0 km/s). The Chukchi Plateau has a 2-4 km thick sedimentary cover, a
thick (15-18 km) upper/middle crust with low-Vp, low-density lenses interpreted as magmatic intrusions, and a
9-12 km thick lower crust. The Mendeleev Rise has a 3-7 km thick sedimentary cover (most of which is formed
by metasediments with a possible presence of volcanic rocks), a 7-8 km thick upper/middle crust, and a thick
(20 km) lower crust which includes a 3-4 km thick high-velocity (Vp ~ 7.3 km/s) underplated magmatic ma-
terial. The high density anomaly (at depths > 35km) below the Mendeleev Rise is interpreted as an eclogitic
body in the upper mantle lithosphere.

Seismic Vp and Vp/Vs structure of the crust along the “Arctic-2012” profile indicates its continental nature: a
3-18km thick upper/middle crustal layer with Vp ~ 6.0-6.8 km/s and Vp/Vs ~ 1.70-1.73 typical of felsic-
intermediate continental upper crust is present along the entire profile. Strong variability of the crustal structure
along the profile reflects its significant modification by metamorphism and magmatism, possibly related to the
High-Arctic Large Igneous Province and localized lithosphere extension beneath the Chukchi Basin.

1. Introduction Stephenson, 2016). Both bathymetric highs, which form a ca.
2000km X 400 km submarine elevation with a depression in the
Tectonic origin of the system of the Alpha-Mendeleev submarine middle (the Cooperation Gap separating the Mendeleev Rise and the

rises/ridges (AMSR) of the Arctic Ocean is still debated (Lane and Alpha Ridge, Fig. 1a), are usually interpreted to result from the same
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Fig. 1. Wide-angle profiles in the area of the Central Arctic uplifts (top panel) and location of the “Arctic-2012” wide-angle profile plotted on the map of free air
gravity anomalies in the Circumpolar Arctic (Gaina et al., 2011) (bottom panel). Wide-angle profiles (top panel): 1-Transarctic-89-91 (Poselov et al., 2011; Lebedeva-
Ivanova et al., 2011); 2-Transarctic-92 (Poselov et al., 2011); 3-Arctic-2000 (Poselov et al., 2011; Lebedeva-Ivanova et al., 2006); 4-Arctic-2005 (Poselov et al.,
2011); 5-Arctic-2007 (Poselov et al., 2011); 6-5-AR (Sakulina et al., 2011); 7-Lorita (Jackson et al., 2010); 8-ARTA (Funck et al., 2011); 9-Arctic-2012 (this study).
Red triangles in the bottom panel — OBS locations for the “Arctic-2012” profile.
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Fig. 2. MCS reflection depth section (upper panel), velocity model from the MCS data (middle panel), and seismic boundaries determined from the wide-angle data
plotted atop of the MCS section (lower panel). Blue lines — boundaries determined from the wide-angle data coinciding with interfaces from the MCS data, green line

— boundary constrained only from the wide-angle data.

tectonic processes, such as for example modification of a continental
plateau by LIP-related volcanism with the Kerguelen Plateau as a pos-
sible closest analogue (Oakey and Saltus, 2016). Elucidation of geo-
dynamic relationship between these bathymetric highs and their re-
lationship to the adjacent geological structures remains a matter of
debate, although many studies are inclined to extrapolate results of
geological and geophysical studies of a part of the submarine elevation
system to the entire system of the bathymetric highs. Three most
common viewpoints on the nature of the Alpha-Mendeleev system are
the following:

(1) AMSR is an oceanic plateau formed by long-lasting and probably
hotspot-related volcanic eruptions in the Late Cretaceous (similar to
the Iceland hotspot) (Forsyth et al., 1986; Jokat, 2003; Funck et al.,
2011);

(2) AMSR is a rifted continental volcanic margin (White and McKenzie,
1989; Coffin and Eldholm, 1994; Dove et al., 2010);

(3) AMSR is a submerged system of uplifts formed on the continental
crust (similar to the Lomonosov Ridge crust) intensively modified
by subsequent, possibly plume-related, magmatism (Miller et al.,
2006; Lebedeva-Ivanova et al., 2006; Poselov et al., 2011; Oakey
and Saltus, 2016).

Despite a significant diversity of the opinions on the geological and
tectonic origin of the AMRS crust, all studies agree that its original
structure has been significantly modified by an extensive volcanism and
magmatism. Geological and geophysical information on the structure of
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the AMSR has increased significantly over the past 15 years, in parti-
cular due to research efforts by the Arctic states (first of all by Denmark,
Canada, and Russia) aimed at establishing the boundaries of their
continental shelves in the Arctic Ocean. Recent Arctic surveys included
seismic surveys from manned drifting ice research stations, multi-
channel seismic (MCS) near-vertical-incidence reflection surveys from
research vessels escorted by powerful icebreakers, and wide-angle
seismic reflection and refraction studies. These surveys made it possible
to determine seismic velocity structure of the crust in different tectonic
provinces of the Arctic ocean; however the number of crustal-scale
seismic models for the AMRS remains limited (e.g. Lebedeva-Ivanova
et al., 2006; Poselov et al., 2007, 2011; Funck et al., 2011; Sakulina
et al., 2011) (Fig. 1).

The combined high-latitude geological and geophysical expedition
“Arctic-2012” (Morozov et al., 2014) has acquired seismic data along a
740-km long latitudinal line crossing the Mendeleev Rise at about 77°N
(across the northeastern Vilkitsky Trough, the Mendeleev Rise, the
Chukchi Basin, and the Chukchi Plateau) (Fig. 1). The “Arctic-2012”
seismic survey included wide-angle profile with autonomous ocean
bottom seismometers (OBS) and multichannel seismic (MCS) reflection
survey with a towed streamer. At present, this is the most high-latitude
wide-angle seismic line on the Mendeleev Rise performed with OBS and
multicomponent records (earlier, wide-angle studies at these latitudes
were performed with on-land vertical seismometers deployed on ice).

Here we present results of seismic interpretation and joint seismic
and gravity modeling along the “Arctic-2012” wide-angle profile, which
includes seismic Vp, Vp/Vs and density model for the crust and the
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uppermost mantle of the Mendeleev Rise, the Vilkitsky Trough, the
Chukchi Basin, and the Chukchi Plateau. We compare regional crustal
structure with seismic structure of other parts of the Arctic ocean, and
provide evidence for the continental nature of the crust of the
Mendeleev Rise and the adjacent tectonic units along the profile.

2. Data
2.1. “Arctic-2012” seismic data acquisition

Seismic OBS and MCS data were acquired in August-September
2012 by JSC Sevmorgeo from the Dixon diesel icebreaker (Morozov
et al., 2014).

1) The wide-angle survey used a single high-power 7320 cub. in.
(1201) SIN-6 M airgun with shot spacing of 315m and 27 ocean
bottom seismometers (OBS) equipped with a three-component
geophone and a hydrophone. The OBS spacing ranged from 10 km to
20 km with the maximum distance between the outermost instru-
ments of 480 km. The total length of the wide-angle line is 740 km
(shooting was extended for 130 km in each direction from the out-
ermost OBSs).

2) The MCS reflection surveys along the wide-angle profile (contractor
— WGP Exploration Limited, U.K.) were conducted with the 4500 m
long 360-channel towed Sercel SEAL streamer (12.5m channel
spacing). Bolt APG airgun array with the total volume of 2050 cu in
(33.6 1) operating at pressures of 135-145 bar was used as a seismic
source. The shooting interval was 50 m resulting in the common
midpoint (CMP) fold of 45.

The details on seismic data processing are described in Appendix A.
Fig. 2 shows the seismic depth section of the upper crust along the MCS
profile combined with interfaces obtained from the wide-angle data
modeling.

2.2. Wide-angle data

In general, seismic records along the “Arctic-2012” wide-angle
profile are of high quality (see Figs. S1-S3 in the Electronic
Supplementary Data Section). Refracted waves in the sediments (Psed),
crystalline basement (Pg), and at the top of the mantle (Pn) are clearly
identified in the first arrivals; reflected waves from the Moho (PyP)
(Fig. S1) and some reflections from the mid-crustal boundaries are seen
in secondary arrivals. Seismometers’ horizontal components record
converted PS-waves from the basement (PgS) (Fig. S2) and major S
phases: Sg, SuS (Fig. S3). Here and after in this paper, by “pure” S-
waves we really consider PS-waves which propagate with transverse
polarization along the entire path in the solid medium below the con-
version at the seafloor on downgoing raypaths. Large variations in the
bathymetry and in the geometry of the acoustic and crystalline base-
ments are the main causes for undulations of the observed arrivals.

Sedimentary refracted waves have apparent velocities ranging from
1.8 to 5.4 km/s. Seismic waves with apparent velocities of 3.2-3.5 km/s
and higher are the most consistent and are identified only in the first
arrivals. Waves with lower apparent velocities are recorded almost for
all OBSs only in the secondary arrivals, due to a large water thickness.
Most of the sedimentary phases are observed in the first arrivals at
offsets of up to 20-25 km.

Different refracted phases are identified by breakpoints in travel-
time curves of the first arrivals. However, for fine structural layering
with a small velocity contrast the breakpoints are not always visible.
Sedimentary S-refractions from the upper part of the sediments are not
observed on seismograms, as they have apparent velocities smaller than
Vp in water.

Refracted waves associated with the upper crust (Pg) are the best ob-
served along the entire profile. These phases are the first arrivals in the
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offsets from 15 km to 80 km. The prevailing values of the Pg apparent
velocity are 6.2-6.7 km/s. The corresponding S phases (Sg) are iden-
tified on the horizontally oriented sensor components (Sg) (Fig.S3). In
addition, strong converted phases (PgS) are formed at the top of the
crystalline basement. These phases show a constant time shift with
respect to Pg (Fig. S2), which indicates that the conversion takes place
on the upgoing ray.

Refracted phases coming from the lower crust (PL) become the first
arrivals after Pg. They have apparent velocities of 6.7-7.1 km/s and can
be identified at offsets of 80-100 km. P;, are usually weaker compared
to Pg and have discontinuities in the travel-time curves. S phases re-
fracting in the lower crust are also identified (Sp).

Moho reflections (PyP) are identified on most OBS records and ap-
pear on offsets of 80-100 km (at the eastern part of the profile) and
60-70 km (at the western part). PmP are observed out to 180-200 km
offsets, reaching in some cases 220-240 km. The shear-wave Moho re-
flections (SuS) are distinctively identified on the horizontal sensor
components, but are scattered due to interference of the waveforms
(Fig. S3).

The uppermost mantle refractions (Pn) are observed not at all sta-
tions. With offsets from 20-30 km to 40-60 km their amplitude varies
from very strong to only “guessed” against the background noise. The S
refractions (Sn) are observed extremely rarely due to their weakness.

Sub-Moho reflections are present in several OBS records in the
central part of the profile. However, due to episodic appearance of these
phases, the presence of persistent boundaries in the uppermost mantle
is under question.

Fig. S4 (in the Electronic Supplementary Data Section) shows a set
of P travel-time curves along the “Arctic-2012” wide-angle profile,
which allows identification of different crustal blocks.

(1) The Mendeleev Rise block has a clearly expressed subdivision
into the upper and lower crust with a relatively deep Moho.

(2) The Chukchi Basin block is characterized by the Moho uplift,
and has a thin and on average high-velocity crust.

(3) The Chukchi Plateau at the eastern end of the profile has a thick
low-velocity basement.

(4) The structure of the Vilkitsky Trough block at the western end of
the profile is not well resolved (Fig. S4). The interpretations of the MCS
data show that the maximum thickness of the sedimentary cover is in
the Vilkitsky Trough and in the Chukchi Basin.

3. Combined geophysical model
3.1. Seismic velocity model

Seismic structure along the “Arctic-2012” profile is based on the
forward modeling of the travel times for all phases identified in the OBS
data (the SeisWide interactive software (Chian and Lebedeva-Ivanova,
2015, Chian et al., 2016) developed by D. Chian based on algorithms
and codes of Zelt and Smith (1992)).

3.2. Phases modeling

Stacked MCS reflection section demonstrates a large number of re-
flecting horizons in the sedimentary cover (see Fig. 2). However, not all
of the corresponding reflections are identified from the individual OBS
data sections. The velocity-interface model of the sedimentary cover
includes only the boundaries identified by the refracted phases (Psed)
from the wide-angle data. In addition, secondary refraction arrivals are
used when possible (Fig. 3). This way we obtain a robust velocity model
comparable with the MCS velocity data. A comparison of velocities
calculated from the MCS and OBS data for the location with the greatest
sediment thickness shows only minor differences (Fig. 4).

The top of the crystalline basement corresponds to the transition
from consistent sub-horizontal reflecting horizons to scattered re-
flectivity below it, as seen in the MCS section. The velocity contrast
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Fig. 3. Example of the data section and ray tracing diagram for refracted and reflected P-waves in the sedimentary cover (OBS 480). Po—the direct water wave; Psed —
refracted waves in the upper sedimentary layer; PiP — mid-sedimentary reflected waves; Plmsed — refracted waves in the lowermost sediments; Pg — refracted waves

in the upper crust. B — top of the crystalline basement.

across the top of the crystalline basement is not always sharp. For the
major part of the profile, the Vp values at the top of the crystalline
basement are in the range of 6.0-6.4 km/s. However, along a large part
of the profile the overlying sediments have Vp ~ 4.0-5.6 km/s, locally
reaching 6.0 km/s. Such Vp values are intermediate between the values
typical for sediments and for the crystalline basement, with similar
observations reported earlier in the Arctic Ocean (Lebedeva-Ivanova

et al., 2006; Poselov et al., 2011; Funck et al., 2011). We interpret this
layer as corresponding to (meta)sedimentary rocks. Refracted waves
from this layer (Plmsed) are identified in the first arrivals (see Fig. S5 in
the Electronic Supplementary Data Section).

Examples of the crustal (crystalline basement) refractions (Pg, Py),
Moho reflections (PyP), and refracted mantle phases (Pn) are shown in
Fig. 5. Vp in the upper/middle crust is 6.0-6.7 km/s, increases in the
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Fig. 4. Comparison of Vp velocity vertical profile obtained from the MCS and
wide-angle data at the OBS 480 location for the shallow part of the profile.

lower crust to 6.8-7.3 km/s, and reaches 7.8-8.0 km/s in the uppermost
mantle.

3.3. PS-wave modeling

The best recorded converted waves are registered on the horizontal
radial component and correspond to PgS-waves. The conversion takes
place at the top of the crystalline basement on the upgoing raypaths.
Raytracing modeling of these phases is done by specifying the conver-
sion boundary and the Poisson’s ratio (or the Vp/Vs ratio). An example
of PgS modeling is given in Fig. 6. Calculations show that Vp/Vs in the
sediments varies from 1.9 to 2.8 with an average of 2.3. For the low-
ermost sedimentary layer (interpreted as metasediments), the estimate
of Vp/Vs is around 2.0.

3.4. S-wave modeling

On average, along the “Arctic-2012” profile, it was possible to
identify S-wave Moho reflections (SmS) for half of the stations and some
S refraction phase for one third of the instruments. Examples of mod-
eled refracted S-waves (Sg, Sp) in the crystalline basement and Moho
reflections (SyS) are shown in Fig. 7. The estimate of Vp/Vs is
1.70-1.78 in the crystalline basement, in sharp contrast to high values
in the sedimentary sequences.

3.5. Assessment of picking errors and the velocity model uncertainties

The crustal and upper mantle velocity model along the “Arctic-
2012” profile is based on modeling of P-, S-, and converted waves
(Fig. 8). We use the Rayinvr software package (Zelt and Smith, 1992) to
evaluate the uncertainties of the model.

It is commonly accepted that model quality is fine if the root-mean-
square (RMS) error does not exceed 50-100 ms for P travel times and
100-200 ms for S and converted waves travel times, while the nor-
malized value of x* does not exceed 1. In this case, the velocity
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uncertainties are expected to be = 0.1-0.2 km/s. Table 1 shows RMS
misfit and x? criterion for all types of phases used in the raypath
modeling.

The analysis of the travel-time data (Table 1) shows that the RMS
values are reasonable for all P- and PS-phases. The RMS values for S
phases (especially for Sg) slightly exceed the picking uncertainty of
200 ms.

The examples of the raytracing are shown in Figs. 9-11. High ray-
paths density for P phases in the crust and uppermost mantle is suffi-
cient for reliable velocity modeling (Fig. 9). The shallow structure is
resolved also by the converted PS-waves (Fig. 10). S phases have been
identified only fragmentarily, limiting the number of the travel-time
picks (Fig. 11). Therefore, it is possible to use S phases only for a rough
estimate of Vp/Vs, but not for a detailed vs model.

3.6. Modeling of gravity anomalies

We test the final velocity model by calculating a 2D density model
along the “Arctic-2012” profile to fit the observed gravity field (see
Fig. 1; Gaina et al., 2011). The initial density model is constrained by
seismic velocities converted to density values:

p = 0.23Vp?® for sediments (Gardner et al., 1974),

p=0.18Vp + 0.4 (Vp/Vs) + 1.02 for the basement (Kashubin,
1984).

The average in situ density of the uppermost mantle is assumed to
be 3.35 g/cm3 (Krasovsky, 1981), which corresponds to sub-Moho
temperatures of 350-420°C assuming mantle peridotite density of
3.39-3.40 g/cm® at room conditions. For the estimated Moho depth of
25-35 km along the profile, such sub-Moho temperatures may all be fit
by a 60-65mW/m® continental geotherm (Pollack and Chapman,
1977).

Forward gravity modeling for density values based on the above
specified Vp-density conversion shows a significant misfit between the
observed and the calculated gravity fields. Therefore, the initial density
model is corrected based on a 3D solution of the inverse gravity pro-
blem in the spectral domain (Milshtein et al., 2008). As a priori in-
formation, we use the depth to the major seismic interfaces and the
velocity variations with depth. The density model is iteratively adjusted
until an acceptable fit to the gravity field is achieved. The final density
model along the “Arctic-2012” profile is shown in Fig. 12. The model
fits the observed gravity field with the RMS error of 4 mGal and with
the maximum misfit of < 10 mGal.

The density values increase with depth from 2.00 to 2.50 g/cm?® in
the upper sedimentary layer to 2.50-2.67 g/cm® in the lower sedi-
mentary layer (metasediments), to 2.60-2.83 g/cm® in the upper/
middle crust, and to 2.85-3.01 g/cm® in the lower crust. Below the
Mendeleev Rise, the lower crustal density reaches 3.10 g/cm>. Density
of the uppermost mantle varies from 3.27 g/cm® below the Chukchi
Basin to 3.40 g/cm® at a 38-40 km depth below the Mendeleev Rise.

4. Results: structure of the crust and uppermost mantle

Our final seismic velocity and density models along the “Arctic-
2012” wide-angle profile are shown in Figs. 8 and 12, respectively. We
discuss below the structure and a possible nature of different layers
from top to bottom.

4.1. Sedimentary layer

The upper sedimentary layer is clearly identified from low-angle
bedding of reflectors in the MCS section (see Fig. 2). Its thickness
reaches 7-8 km in the Vilkitsky Trough, 4 km in the Chukchi Basin, and
decreases to 0.5-1.0 km in the Mendeleev Rise. P-wave velocities in-
crease with depth from 1.6-1.9 km/s in the upper part of the layer to
4.8-5.6 km/s at its bottom in the deepest parts. The Vp/Vs ratio varies
widely from 1.9 to 2.8. Densities, as a rule, do not exceed 2.4-2.5 g/
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cm®. The results are consistent with geological sampling of the sedi-
mentary cover on the Mendeleev Rise which revealed that it is com-
posed of quartz and feldspar-quartz sandstones, dolomite and limestone
(Morozov et al., 2013).

The lowermost sedimentary (possibly metasedimentary) layer is present
not in all parts of the profile. Its presence is identified from the tran-
sition from regular subhorizontal reflections to irregular inclined re-
flectors in the MCS section. The layer is identified in the Mendeleev Rise
with a thickness of up to 3-5km, the thinner sequence (1.5-2.0 km) is
present in the Chukchi Basin and the layer may be locally present
within the Chukchi Plateau. However, the layer has not been identified
in the Vilkitsky Trough.

113

The lowermost sedimentary layer has Vp values (4.0-6.0 km/s) in-
termediate between sediments and the basement and the Vp/Vs ratio of
1.9-2.0. We note that a sedimentary layer with similar Vp (5.0 km/s
and higher) has been observed off-shore mid-Norway where, based on
seismic and drilling data, it has been interpreted as the post-Cretaceous
sediments (Mjelde et al., 1996). In the Arctic Ocean, greenschist, me-
tabasite, and gneiss have been dredged in the escarpments of the
Mendeleev Rise; two deep-sea drilling wells in the northern and
southern parts of the Mendeleev Rise recovered the core of Cretaceous
cenotype basalts (trachybasalt and trachyandesite) (Morozov et al.,
2013), which apparently belong to the High-Arctic Large Igneous Pro-
vince (Gottlieb et al., 2010). We therefore interpret the lowermost
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sedimentary layer as a metasedimentary layer with the presence of
volcanic rocks, despite strong reflections indicative of sill intrusions are
not observed in our high quality MCS data.

4.2. Crystalline basement

The upper part of the crystalline basement (the upper and middle crust)
is determined from Vp and it has Vp ~ 6.0-6.4 km/s at the top of the
layer (the uppermost upper crust) and Vp ~ 6.7-6.8 km/s at the bottom
of the layer (the lowermost middle crust). The layer has relatively low
Vp/Vs values (1.70-1.73) typical of the continental crust (Fig. 8). The
average densities of rocks composing the upper/middle crust vary from
2.69 to 2.83 g/cm> However, several lenses (20-50km across and
5-10 km thick) with a low-density material (2.60-2.67 g/cm3) are re-
cognized at 5-12km depth in the upper crust of the Chukchi Plateau.
The eastern part of the Chukchi Plateau apparently lacks the upper
crust with Vp ~ 6.0-6.4 km/s, while this layer is clearly present along
all other parts of the “Arctic-2012” profile (Fig. 8).

The thickness of the upper/middle crustal layer varies from 15 to
18 km under the Chukchi Plateau to 3 km under the Chukchi Basin. In
the Mendeleev Rise, the thickness of the upper crust is 7-8 km. The
composition of the upper crust is not known from geological sampling,
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but it can consist of volcanic and metamorphic rocks of mainly felsic to
intermediate composition (Aleinikov et al., 1991; Christensen, 1996).
This conclusion is supported by the presence of granite, gneiss granite,
granodiorite and gabbro-dolerite fragments in samples dredged at the
Mendeleev Rise (Morozov et al., 2013; Petrov et al., 2016).

The lower crust is characterized by Vp of 6.8-7.3km/s, the Vp/Vs
ratio of 1.74-1.78, and an average density of 2.85-3.01 g/cm®. Its
thickness is surprisingly uniform along the entire “Arctic-2012” profile,
ranging from 9 to 12km beneath the Vilkitsky Trough, the Chukchi
Basin and the Chukchi Plateau and increasing to ca. 20 km beneath the
Mendeleev Rise (Figs. 8, 12) where it includes a 3-4km thick high-
velocity lowermost crust.

The high-velocity lowermost crust with a high Vp (7.3 km/s) and high-
density (3.10 g/cm?) is recognized only under the Mendeleev Rise and
we interpret this layer as magmatic underplaying (Thybo and
Artemieva, 2013) related to intraplate mafic volcanism and the HALIP
formation.

The crustal thickness ranges from ca. 18-23 km beneath the Chukchi
Basin and the Vilkitsky Trough to ca. 28-29 km beneath the Chukchi
Plateau and 33-34 km beneath the Mendeleev Rise. The thickness of the
crystalline basement is ca. 14-15 km in the Vilkitsky Trough, ca. 12 km
in the Chukchi Basin, 25-27 km in the Chukchi Plateau, and 26-29 km
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beneath the Mendeleev Rise.

4.3. Upper mantle

The uppermost mantle is characterized by normal Vp values of
7.8-8.0km/s. The average density in the uppermost mantle is ca.
3.35 g/cm®. However, the region with the most shallow Moho under the
Chukchi Basin has the uppermost mantle density (at a 22-27 km depth)
as low as 3.27 g/cm®, while below the deepest Moho under the
Mendeleev Rise it may reach 3.40g/cm® at a 35-40km depth (see
Fig. 12). We discuss a possible geodynamic origin of these anomalies in
the next section.

5. Discussion
5.1. Origin of the density anomalies

Density anomalies may be caused either by differences in tem-
perature or in chemical composition, or both. A density drop by ca.
0.08 g/cm® in the sub-Moho upper mantle beneath the Chukchi Basin,
as compared to the “normal” mantle in the adjacent parts of the profile
(Fig. 12), requires a ca. 700 °C temperature anomaly, if all density de-
crease is of thermal origin only (for thermal expansion coefficient of
3.5 x 107° 1/K and “normal” mantle density of 3.35g/cm®). Such
huge temperature anomaly is not possible even when a region is af-
fected by a mantle plume, and the density anomaly clearly indicates the
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Table 1
Picking errors and raytracing uncertainties for all seismic phases used in the
modeling.

Phase Assumed picking Number travel RMS error x>
uncertainty (ms) times (ms)

Py 50 685 21 0.174
Psed 50 703 36 0.530
Plmsed 50 1426 45 0.801
Pg 100 7885 87 0.752
Py, 100 8864 111 1.222
PP 100 10672 75 0.556
Pn 100 1514 73 0.537
PuviP 100 1534 50 0.248
PgS 100 5827 63 0.426
P.S 100 1475 57 0.392
Sg 200 152 293 2.154
S 200 316 212 1.126
SmS 200 307 208 1.090
Sn 200 47 124 0.395

presence of a strong compositional anomaly in the upper mantle of the
Chukchi Basin. Furthermore, a recent high-resolution seismic tomo-
graphy model for the Arctic Ocean (Lebedev et al., 2017) does not show
any significant shear-velocity anomaly beneath the Mendeleev Rise-
Chukchi Basin region at shallow depths (< 100 km), while it shows a
strong low-velocity anomaly (ca. 6%) beneath this region centered at
around 200 km depth. The lateral size of the anomaly is significantly
larger than the Chukchi Basin and its origin is speculative.

We note that the crystalline crust beneath the Chukchi Basin is
thinned to 12 km only (Fig. 12). We speculate that a hyperextension of
the crust with a possible formation of crustal-scale fractures may have
allowed seawater to penetrate through the crust and to serpentinize the
upper mantle peridotites. For serpentinite density of 2.6-2.7 g/cm?, the
mantle density anomaly beneath the Chukchi Basin requires ca. 10%
serpentinization at a 22-27 km depth and ca. 5% serpentinization at a
27-35km depth, in case all density anomaly is caused by this
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metamorphic reaction. The reduced upper mantle Vp velocity (7.8 km/s
versus 8.0 km/s) beneath the Chukchi Basin can also be explained by
the same degree of serpentinization of mantle peridotite (for serpentine
Vp ~ 5.8km/s, Courtier et al., 2004).

The penetration of seawater through the crust would have also
caused phase transitions in the lower crustal material to garnet gran-
ulite (density 3.0-3.2 g/cm®) or even partial eclogitization of the lower
crust. In the latter case, the high-density (3.01 g/cm®), high-velocity
(7.2km/s) lower crustal anomaly beneath the Chukchi Basin may be
explained by the presence of ca. 20% of eclogitic material in the lower
part of the lower crust (assuming “normal” lower crustal density of
2.90 g/cm® and eclogite density of 3.46 g/cm® (Ito and Kennedy, 1971;
Austrheim, 1987)).

We note that the Vilkitsky Trough also has a thin crust (with a
14-15 km thick crystalline basement) and a high-density (3.01 g/cm®),
high-velocity (7.2 km/s) lower part of the lower crust, and therefore it
may have been affected by the same metamorphic processes as the
Chukchi Basin. However, the absence of density anomalies in the upper
mantle suggests that seawater did not penetrate the Moho at the
Vilkitsky Trough.

Similar to the Chukchi Basin, a 3-4 km thick high-density (3.1 g/
cm®), high-velocity (7.3 km/s) underplated material in the thick lower
crust of the Mendeleev Rise may be made of garnet granulite or a
partially eclogitized basaltic underplate, while the presence of eclogites
in the upper mantle lithosphere is suggested by a high density anomaly
below a 35 km depth. It is hardly possible to put any age constraints on
these metamorphic processes, and the upper mantle density anomaly
can be an old (Precambrian/early Paleozoic) eclogite body.

The lower crust of the Chukchi Plateau has only minor density
anomaly in the lower part of the crust, however it has low-density
bodies in the upper crust (2.60-2.67 g/cm>). We note that the Chukchi
Plateau also has an increased thickness of the upper crust (ca. 16 km as
compared to 3-8 km in other parts of the profile) and propose that the
low-density upper crustal bodies may be associated with magmatic
intrusions.
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5.2. Tectonic nature of the crust

On the whole, by the Vp and Vp/Vs structure, the crust along the
entire “Arctic-2012” profile corresponds to the continental type. The
presence of the upper/middle crust, presumably of felsic-intermediate
composition, and the Vp/Vs ratio in the basement typical of the con-
tinental crust (1.70-1.78, in contrast to values typical of the oceanic
crust of 1.81-1.87 (Hyndman, 1979)) provides a strong support for its
continental origin (Kashubin et al., 2013). This conclusion is in agree-
ment with recent studies which argue for a continental origin of the
Alpha-Mendeleev system of bathymetry highs (Oakey and Saltus,
2016).

5.3. Comparison with other studies

The Alpha-Mendeleev Rise System has been studied in recent years
by several wide-angle profiles (Fig. 1), which resulted in a number of
crustal and uppermost mantle Vp models (Fig. 13). There is a general
agreement between the velocity models for the Mendeleev Rise, despite
different seismic profiles crossed different parts of the bathymetry high.

All interpretations recognize high-Vp sedimentary (metasedimen-
tary) sequences, the upper and lower parts of the crust, with similar Vp
velocities and thicknesses of the individual layers in different models.
The presence of the crust-mantle layer (underplated material?) with Vp
velocities of 7.4-7.6 km/s was identified along the “Arctic-2000” profile
(Lebedeva-Ivanova et al., 2006). Along the “Arctic-2005” profile, the
Vp values in the lower crust immediately above the Moho are

significantly lower than in other profiles (6.9km/s in contrast to
7.3km/s) (Poselov et al., 2011). However, these differences do not
affect the generally consistent interpretation of the crustal structure of
the Mendeleev Rise and demonstrate a remarkable similarity of its deep
structure with the crustal structure of the Alpha Ridge (Fig. 13).

A comparison of the Vp model for the crust and uppermost mantle
of the Mendeleev Rise with velocity models for the Iceland-Faroe Ridge
and the Kerguelen Plateau shows a significant similarity (Fig. 14). The
Iceland-Faroe Ridge and the Kerguelen Plateau are chosen for com-
parison because it has long been proposed that both of these oceanic
structures were formed as a result of extensive volcanic activity — on the
oceanic crust in case of the Iceland-Faroe Ridge (Bohnhoff and Makris,
2004, etc.) and on the continental crust in case of the Kerguelen plateau
(Operto and Chavis, 1995, etc.). Gravity and magnetic data were used
recently (Oakey and Saltus, 2016) to argue that the closest analogue for
the Alpha-Mendeleev system is the continental part of the Kerguelen
plateau. Our results support this conclusion on the continental nature of
the crust at the Mendeleev Rise and its significant magmatic overprint.

A comparison of velocity models for the crust and the uppermost
mantle of the Mendeleev Rise, the Iceland-Faroe Ridge and the
Kerguelen Plateau (Fig. 14) clearly shows their similarity, with the most
pronounced differences in the upper 10 km, which corresponds to the
difference between the felsic upper continental crust in the Mendeleev
Rise and the Kerguelen Plateau and the mafic oceanic crust in the
Iceland-Faroe Ridge. As noted above, the Vp/Vs values modeled for the
Mendeleev Rise from multicomponent observations indicate the felsic-
intermediate composition of the upper/middle crust, and its continental
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nature is further supported by the results of isotope-geochemical studies
of the bottom-rock material sampled in the Mendeleev Rise escarp-
ments (Morozov et al., 2013).

6. Conclusions

We report interpretation of wide-angle reflection and refraction
data which were acquired, for the first time, in the high-latitude Arctic
Ocean across the Mendeleev Rise at 77°N. A dense array of ocean
bottom seismometers with a 3-component recording of the wave field
allowed for detailed interpretation of the crustal and upper mantle
structure down to ca. 40 km depth. The MCS seismic data along the
same 740 km long profile allowed to model a detailed structure of the
sedimentary cover and the uppermost crystalline crust. Joint inter-
pretation of seismic and gravity data allowed for determining Vp, Vp/
Vs and density in the crustal layers and the uppermost mantle.

1. We observe a strong variability in the crustal structure beneath the
northeastern Vilkitsky Trough, the Mendeleev Rise, the Chukchi
Basin, and the Chukchi Plateau, with the Moho depth ranging from
ca. 24 km in the Vilkitsky Trough and ca. 21 km the Chukchi Basin,
to ca. 30 km in the Chukchi Plateau, and to ca. 33-34 km beneath
the Mendeleev Rise. The thickness of the crystalline basement
ranges from ca. 14-15km in the Vilkitsky Trough and ca. 12km in
the Chukchi Basin, to 25-27 km in the Chukchi Plateau, and to ca.
26-29 km beneath the Mendeleev Rise.

. The sedimentary cover, including both the upper layer of sediments
(typically with Vp < 4.5km/s) and the lowermost sedimentary
layer with Vp > 4.0 km/s, varies in thickness from ca. 8 km in the
Vilkitsky Trough, to 6 km (including 4 km of the upper sedimentary
layer) in the Chukchi Basin, 2-4 km in the Chukchi Plateau (with a
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2-3 km thick upper layer of sediments), and 3-7 km (including less
than 1 km thick upper layer of sediments) in the Mendeleev Rise.

. The upper/middle crust with seismic characteristics of felsic-inter-
mediate continental upper crust (Vp ~ 6.0-6.8km/s and Vp/
Vs ~ 1.70-1.73) is present along the entire profile. The thickness of
this crustal layer is 6-8 km along the profile, except for the Chukchi
basin where it thins to 3-4 km and the Chukchi Plateau where its
thickness increases to 15-18 km with the presence of low-density
(2.60-2.67 g/cm®) upper crustal bodies, interpreted as magmatic
intrusions.

. The lower crust (Vp ~ 6.8-7.3km/s and Vp/Vs ~ 1.74-1.78) is the
most uniform in thickness (ca. 10 km), except for the Mendeleev
Rise where this layer is ca. 20 km thick. A 3-4km thick high-Vp
(Vp ~7.3km/s and Vp/Vs ~ 1.78), high density (3.10g/cm®)
lower part of the lower crustal layer is present only below the
Mendeleev Rise and we interpret it as underplated magmatic ma-
terial, while the high density upper mantle anomaly (3.40 g/cm? at
depths > 35 km) is interpreted as an eclogitic body.

. The sub-Moho upper mantle Vp velocities are ca. 8.0 km/s beneath
the Vilkitsky Trough and the Chukchi Plateau, and reduce to
7.8 km/s beneath the Chukchi Basin. The presence of a high-density
(3.01 g/cm®) body in the lower part of the lower crust, necking of
the crystalline crust to ca. 12 km in thickness, and the presence of a
low-velocity (7.8km/s), low-density (3.27-3.31g/cm®) upper
mantle body beneath the Chukchi Basin suggest basalt to garnet
granulite phase transitions (with a possible particle eclogitization)
in the lower crust and 5-10% serpentinization of the upper mantle
at a 22-35km depth, possibly caused by seawater penetration
through the crust to the uppermost mantle during crustal hyper-
extension.

6. We recognize a discontinuous seismic reflector 6-7 km below the
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Moho (at 30 km below the Vilkitsky Trough and the Chukchi Basin
and at ca. 40 km depth beneath the Mendeleev Rise).

7. Our results support the continental nature of the crust along the
entire profile and suggest that the Alpha-Mendeleev system of
bathymetry highs was formed on the continental crust by mafic
magmatism, probably related to the HALIP, as supported by in-
dependent geological, geochemical and geophysical studies of the
Alpha-Mendeleev Rise system.
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Appendix A. Seismic data processing
Processing of MCS reflection data

The main goal of the MCS data processing is to constrain a detailed
seismic image of the velocity structure and the reflections in the sedi-
mentary cover; the latter introduce significant distortions of the arrival
time of main phases in the OBS survey. The velocity analysis of the MCS
data is used to model seismic velocities in the sedimentary cover with
the maximum possible resolution. The MCS reflection depth-section is
constrained by using a combined velocity model, including the results
of the velocity analysis of the MCS data for the sedimentary cover and
the OBS data for the upper crustal layers.

The MCS seismic data processing (implemented in the Echos pro-
cessing system of the Paradigm software package) includes a set of
standard procedures, such as formation of the common-mid-point
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(CMP) line geometry in the coordinate system of the OBS profile, am-
plitude debiasing, suppression of low-frequency noise by frequency
filtering, suppression of multiple waves by the SRME methods; ampli-
tude correction for spherical divergence, suppression of coherent noise
based on common shot gathers, ensemble amplitude equalization, an
interactive analysis of CMP root-mean-square velocities, spiking de-
convolution, normal moveout correction, CMP stacking, velocity mod-
eling for migration based on the CMP velocity field in the sedimentary
cover with account for the velocity model for the basement, Kirchhoff
post-stack migration, FX-deconvolution, generation of the velocity
model for time-to-depth conversion, and time-to-depth conversion. A
seismic depth-section for the upper crust along the MCS line combined
with interfaces from the OBS data modeling is shown in Fig. 2.

OBS data processing

The main purpose of the OBS data pre-processing is to obtain the
maximum number of noise-free seismic records of refracted and wide-
angle reflected waves from the boundaries in the crust and the upper-
most mantle. P-, S-, and converted PS-waves, due to their different
polarizations, manifest themselves differently in the records on hydro-
phones, vertical and horizontal geophones. We sort the OBS records
into common receiver gathers, and apply all necessary technical cor-
rections and assign the proper geometry. Next we process the hydro-
phone and the vertical components to identify P-waves, and process the
horizontal components to identify S- and PS-waves. By “pure” S-waves
we mean PS-waves that propagate with transverse polarization along
the entire path below the conversion point at the seafloor on the
downgoing raypaths.

The processing of the hydrophones records and the vertical com-
ponent of geophones records includes the following basic procedures:
attenuation of reflection wave amplitude, predictive deconvolution,
frequency band filtering, and amplitude normalization. Processing re-
cords for the horizontal component includes additional steps (besides
procedures aimed at attenuation of irregular noise, also applied to P-
waves): (1) calculation of the radial and transverse horizontal compo-
nents by applying a virtual rotation of a seismometer around its vertical
axis by a rotation matrix with the directional angles detected from the
direct water wave; (2) enhancing S- and PS-waves by suppressing P-
waves. Procedures of fan, adaptive, coherent, FK filtering and sub-
traction of waves with given apparent velocities are widely used.
Examples of P-, PS-, and S-waves records are given in Figs. S1-S3.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.jog.2018.03.006.
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