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Abstract—Flat spot anomalies in the Quaternary part of the section of the Nansen Basin are imaged in seismic
records and are interpreted to be related to gas-rich fluid accumulations. The flat spots are mainly located
above basement highs between magnetic spreading anomalies C20 (~43 Ma) and C12 (~33 Ma). The complex
morphometric analysis of flat spots show that serpentinization processes identified from modelling of gravity
anomalies could be original gas source. This process also makes smoothing of the basement highs amplitudes.
The depth of the top of the flat spots below the seafloor has an almost constant value of ~390 m indicating
the ascent of gases from variable basement depths to a common subsurface fluid trap. The depth of the anom-
alies below the seafloor corresponds to a theoretical thickness of gas hydrate stability zone in the studied
region. Gravity modeling along the Arktika-2011-03 section showed the position of the upper mantle blocks
with lower (to 2.95 g/cm?) density within the highs of the acoustic basement. The flat spot anomalies occur
above basement highs, below which blocks with lower density typical of serpentinized rocks are modelled.
Thus, the serpentinization of the upper mantle ultramafic rocks is considered a main geochemical process,
which can explain generation and accumulation of gas in oceanic abyss at a 1—3 km thick sedimentary cover,
as well as small vertical movements of the basement blocks due to density reduction and expansion of ser-
pentinized rock.
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1. INTRODUCTION

Ultraslow spreading is observed on the segments of
global mid oceanic ridge (MOR) system, which have
particular geological features distinguishing them
from the other parts of MOR (Astafurova et al., 2000;
Edwads et al., 2001; Okino et al., 2002; Jokat et al.,
2003; Michael et al., 2003; Dick et al., 2003; Klein,
2003; Snow, Edmonds, 2007; Curewitz et al., 2010).
Main peculiarities of ultraslow ridges are the general
poor magma production, missing of a normal oceanic
crust elements (pillow lavas, sheeted dykes etc.) and
rough oceanic basement morphology. Rifting under
amagmatic conditions leads to unroofing of upper
mantle peridotites which in low temperature environ-
ment and contact with water provide the material for
serpentinization processes. Serpentinization causes
significant density loss of the affected rocks, diage-
netic upward tectonic movements, and methane gen-
eration (Charlou et al., 1998; Bougault, 2012). The
majority of ultraslow ridge segments is not surrounded

by significant sedimentary cover, which could trap the
abiotically generated methane (Petrov et al., 2016).
The oceanic basement of the Nansen Basin as the
southern part of Eurasian Basin was formed at the
ultraslow-spreading Gakkel Ridge. According to mag-
netic anomalies spreading in Nansen Basin started at
56 Ma (Nikishin et al., 2020). The sedimentary cover
of the Nansen Basin has average thickness ~3 km
reaching 6 km in the eastern part (Arctic Basin ...,
2017), due to the high sediment input from the Eur-
asian and Laptev Sea shelves. In the eastern part of the
basin even the Gakkel Ridge itself is completely cov-
ered by sediments from the Laptev Sea shelf sedimen-
tary fan (Baranov et al., 2019). The thick sedimentary
cover in the Nansen Basin provides the conditions for
trapping of fluids as can be observed by flat spots on
the seismic sections, a typical hydrocarbon indicator
(Taneretal., 1979) for sedimentary basins with mature
conditions for hydrocarbon generation. Flat spots in
the central parts of the Nansen Basin show the pres-
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ence of free gas in the upper parts of sedimentary sec-
tion with total thickness less than 2 km (Arctic Basin ...,
2017) above oceanic basement, which accretion
occurred in ultraslow spreading conditions. Similar
observations of free gas accumulations were made on
the flanks of other Arctic ultraslow spreading ridges
west of Svalbard covered by sediments (Johnson et al.,
2025; Waghorn et al., 2018).

Progress in seismic studies of deep-sea Arctic
allowed the development of a substantial and consis-
tent tectono-sedimentary model, which includes main
ideas on geology and seismo-stratigraphy (Jokat and
Micksch, 2004; Engen et al., 2008; Arctic Basin ...,
2017; Nikishin et al., 2020). We identified flat spot
anomalies of fluid origin (according to indirect evi-
dences) in the data of Arktika-2011 project (Arctic
Basin ..., 2017) in the upper part of the section of the
Nansen Basin and are distinct from magmatic-related
bright spots observed beneath the Barents Sea shelf.
Stratigraphically, these anomalies occur in the middle
part of Quaternary sediments and exhibit no links to
strong lithological reflectors. The fluid most likely
derives from methane-producing serpentinization of
the upper mantle rocks, which were studied in many
deep-sea regions of the World Ocean with total sedi-
ment thickness not greater than 3 km. Methane either
forms a plume in seawater or accumulates in topmost
parts of sedimentary cover yielding a characteristic
record in a seismic wave field (Charlou et al., 1998;
Bougault, 2012; Baranov et al., 2019; Shakhova et al.,
2017).

This study includes mapping and analysis of spatial
distribution of seismic flat spots in combination with
potential field data, 2D gravity modeling of crust and
upper mantle structures with serpentinized blocks and
comparison of flat spot morphometric characteristics
with geophysical fields. This comparative analysis of
several parameters, such as width of the flat-spot,
amplitude of the basement high and the thickness of
the sedimentary layer above and beneath the seismic
anomaly in combination with potential field data can
show causal relationships for a better understanding of
their genesis and role in tectono-sedimentary pro-
cesses: Our study aims to better understand the origin
and geodynamic setting of the flat spots.

2. REGIONAL SEISMIC STRATIGRAPHY
AND FLUID ORIGIN

2.1. Regional Seismic Stratigraphy

Because the ice-covered Arctic basins are difficult
to access, the knowledge and understanding about the
evolution of the upper mantle, crystalline crust, and
the sedimentary cover develop slowly in comparison to
ice-free oceanic basins. Nonetheless, available seismic
data for and Nansen Basin (Fig. 1) generally charac-
terize its geological structure and stratigraphy (Jokat
etal., 1995; Weigelt and Jokat, 2001; Geissler and
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Jokat, 2004; Jokat and Micksch, 2004; Engen et al.,
2009; More and Pitman, 2011; Hegewald and Jokat,
2013; Arctic Basin ..., 2017; Nikishin et al., 2017; Castro
et al., 2018; Lutz et al., 2018). The various multichan-
nel seismic reflection and seismic refraction data are a
basis for our detailed study of the region (Sokolov et
al., 2019).

Joint seismostratigraphic division of the sedimen-
tary cover for the Norwegian and Russian sectors of
the Nansen Basin is shown in Fig. 2 after (Engen et al.,
2009) and (Arctic Basin ..., 2017; Nikishin et al., 2017),
respectively. Comparison of horizon ages in Fig. 2 is
made having no direct tie to chronostratigraphic
framework proved by drilling between the data in Nor-
wegian and Russian sector of Nansen basin. Engen et al.
(2009) studied the western part of the Nansen Basin
and its frame using the data of (Jackson et al., 1984;
Baturin et al., 1994; Riis, 1994; Jokat et al., 1995;
Sorokin et al., 1998; Weigelt and Jokat 2001; Jokat et al.,
2003; Geissler and Jokat, 2004; Jokat and Micksch,
2004). According to this work, four seismic units with
typical seismic interval velocities from 1.8 to 2.4 km/s
have been recognized in the sedimentary cover.
Recently, Lutz et al. (2018) studied the seismic stratig-
raphy of the sedimentary cover and a basement con-
figuration of the southwestern part of the Eurasian
basin.

A series of reflection horizons are interpreted
within vast territories based on seismostratigraphic
data (Fig. 2). The acoustic basement, used for Fig. 2
(Engen et al., 2009) is traced from the continental
shelf and is characterized by diffraction hyperbolas
from the irregular top of the oceanic basement in the
unmigrated seismic data. There is onlap on existing
basement topography of a thick unit of undeformed
sedimentary rocks. The age boundaries of NB-1A,
NB-1B and NB-2 units differ according to different
authors (Jokat and Miksch, 2004; Engen et al., 2009;
Nikishin et al., 2017) (Fig. 2). Nikishin et al. (2017)
identified four seismic units generally typical of the
Eurasian Basin: (i) Early to Mid Eocene (56—45.7 Ma),
(ii) Mid Eocene to Early Oligocene (45.7—33.2 Ma),
(iii) Early Oligocene to Early Miocene (33.2—19.7 Ma),
and (iv) Early Miocene to Present (19.7—0 Ma). Engen
et al. (2009) subdivided the section into subunits,
especially, the Upper Miocene—Quaternary period.
Below, we describe the youngest seismic unit NB-4
according to (Engen et al., 2009).

Seismic unit NB-4 consists of the Quaternary
(2.6—0 Ma) sediments. The conformal boundary
between units NB-3 and NB-4 is concordant and is
traced as a continuous reflection horizon of medium
amplitude. Interval velocities of the seismic unit vary
from 1.6 to 2.0 km/s (1.8 km/s, on average) and its
thickness is 0.4—0.6 km (Engen et al., 2009). The bot-
tom of the unit in one profile exhibits a ~0.1 km thick
debris flow deposits with loss of reflection coherence
typical of chaotic clastic sediments. The presence of
Vol. 58
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Fig. 1. Seismic data for western Artic and Nansen Basin in 2014 according to Alfred Wegener Institute for Polar and Marine
research (Bremerhaven) and VNIIOkeangeologiya (St. Petersburg). Red, section used in this study; solid black lines, fragments

of sections shown in Figs. 3 and 4.

similar sedimentary bodies in other basin parts is
expected. According to the seismic record, NB-4 unit
is subdivided by (Engen et al., 2009) into two subunits:
the lower (NB-4A) showing weak parallel horizons
and local acoustic blanking of the record with loss of
reflection coherence and the upper (NB-4B) showing
striking parallel reflections, which are much brighter
than underlying ones. These are interpreted as two
regional subunits formed as a result of erosion of a gla-
cial slope in Pleistocene (Geissler and Jokat, 2004;
Engen et al., 2009).

2.2. Origin of Fluid

Several studies of oceanic rifts with exposed mantle
ultramafic rocks without sedimentary cover have
identified the high (by several orders of magnitude)
contents of CH, dissolved in bottom waters, proven
the abiogenic origin of hydrocarbon (CH,) on the

basis of 8"C isotopic composition (Charlou et al.,
1998; Dmitriev et al., 1999; Keir et al., 2005; Bou-
gault, 2012). Seawater circulation through the upper
mantle ultramafic rocks along deep-reaching fault sys-
tem results in serpentinization at temperatures of 100—
450°C, the formation of serpentine and magnetite
after olivine, and the release of H,, which interacts
with seawater-dissolved CO,, thus producing CH,
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(Charlou et al., 1998; Dmitriev et al., 1999). Discharg-
ing of fluid serpentinization products into the poorly
consolidated water saturated sediments creates accu-
mulations and form a seismic record typical for gas-
rich conditions.

Oceanic crust formed at slow- and ultraslow-
spreading with minor basaltic and gabbroic layers and
the presence of sedimentary cover able to trap the fluid
are most favorable for this process. In sediment-free
conditions, CH, directly goes to the water column.
For example, that was detected along the eastern flank
of the Knipovich Ridge (Cherkashev et al., 2001).
Assumption on its origin from serpentinized rocks was
made by (Rajan et al., 2012).

In addition to origination of fluids (Dmitriev et al.,
1999), serpentinization is accompanied by the forma-
tion of a new magnetic layer due to crystallization of
magnetite and change of the primary magnetic anom-
alies pattern (Astafurova et al., 1996; Oufiet al., 2002),
the volumetric extension of serpentinized rock and
decreasing of its density to 20% (Physical ..., 1984),
and the enhanced heat flow due to exothermic effect
(Delescluse and Chamot-Rooke, 2008). The scarce
measurements of heat flow in the deep-sea polar area
(Khutorskoy et al., 2013) do not allows correct estima-
tion of serpentinization heating contribution to its
value. Density reduction, which accompanies ser-
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Fig. 2. Main seismic units in the Norwegian (modified
after (Engen et al., 2009)) and Russian (modified after
(Nikishin et al., 2017)) sectors of the Nansen Basin.

pentinization and expands the rock volume (Physical ...,
1984), explains the positive vertical movements of
crystalline crust blocks and the formation of a fault
network in sedimentary cover and fluid pathways.

3. FLAT SPOT DATA
AND THEIR ALLOCATION

3.1. Flat Spot Pattern on Seismic Section

Flat spot anomalies were observed in the Nansen
Basin in seismic sections of AWI expeditions (Fig. 3)
and the Arktika-2011 project (Fig. 4). In all cases, they
represent a higher amplitude reflector of a few kilome-
ters in width in the section plane above large highs of
the acoustic basement. According to the displacement
of the positive and negative reflector phases, evidences
for reverse faults and local highs in reflector configu-
ration of the section upper part (indicating vertical dis-
placements of the basement blocks) are observed
above these basement highs. In some cases, the faults
are developed throughout the entire sedimentary
cover indicating a present-day tectonic process. There
are also indications of narrow vertical zones of acous-
tic blanking and changes in the amplitudes of the
reflectors near such zones. This is evidence of possible
ascent of fluids and horizontal fluid flow.
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In case of fluid or gas saturated rock the seismic
signal should be marked by inversion of polarity due to
negative contrast of acoustic impedance relative to
ambient rocks (Taner et al., 1979). Seemingly similar
anomalies of seismic record could occur, for example,
in sections with sills in sedimentary sequence, located
in the northern part of the Barents Sea shelf (Startseva
etal., 2017). But these anomalies are unparallel to sed-
imentary beds, have positive polarity and high ampli-
tude of reflections, and should be referred to bright
spots rather than flat spots. Another distinction is
related to uneven reflections from igneous intrusions,
which have variable inclination angles and often inter-
sect phases reflected from sedimentary cover. Such
anomalies were drilled at Ludlow area of Barents Sea
(Burguto et al., 2016) and were found to be Jurassic—
Early Cretaceous mafic intrusions (Map of Prequater-
nary formations, 2004).

The polarity of the Nansen Basin flat spots (Fig. 4)
is distinct from the seafloor reflection due to a nega-
tive jump of impedance, which is a result of fluid accu-
mulation in porous rock (Taner et al., 1979). Thus, in
case of lack of direct drill core sampling, this signal
property is indirect but certain evidence of fluid origin
of the anomaly. All flat spots in the Nansen basin are
smooth and horizontal indicating fluid origin of
anomalies, the lower boundary of which get this kind
of shape after fluid upward migration and accumaula-
tion beneath the trap.

3.2. Flat Spot Allocation in Sedimentary Section

Another feature of flat spots in Nansen basin is
related to their stratigraphic location, as a rule, in the
middle part of the NB-4 unit rather than associated to
reflector, which limits this (or another) seismic unit
(Fig. 4). Flat spot are related to horizontal fluid accu-
mulations below the sedimentary layers with imper-
meability (Backus and Chen, 1975), which could orig-
inate not only from varying lithology, but from physi-
cal state of fluid saturated rocks such as gas hydrate
(Judd and Hovland, 2007), which disruption could
lead to seepage of gas through the sea bottom into
water column. In Fig. 4, the anomaly occurs in the
middle of seismic unit NB-4A, the lower part of which
contains debris flow sediments responsible for trans-
parent incoherent signal (Engen et al., 2009). These
sediments most probably originated after sea level fall
and enhanced contribution of eroded sedimentary
material from the shelves and islands to the basin in
the beginning of Pleistocene (Engen et al., 2009). Flat
spot reflectors in Nansen basin also have higher rela-
tive amplitudes in contrast to acoustic properties of
fluid-free ambient rock.

Vol. 58
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Fig. 3. Fragment of AWI 20010460 section (for position, see Fig. 1) with flat spot anomalies of seismic record above the acoustic
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4. METHODS OF DATA ANALYSIS
4.1. Mapping of Flat Spot Anomalies

Time domain stack seismic sections AWI1-20010100
and AWI-20010460 with a CMP distance of 25 m and
Arktika-03, -04, -05, and -06 with a CMP distance of
6.25 m were interpreted in the RadExPro-2018.4 soft-
ware using picking of the tops of the flat spot anoma-
lies as an individual horizon beyond the current seis-
mic stratigraphic scheme (Fig. 2). The study deals with
the objects allocated within upper 500 ms below bot-
tom and not needed in depth migrated seismic data for
area with water depth ~4000 m. Positions of flat spot
tops obtained from seismic section interpretation
becomes a spatial objects on different topographic
basemaps.

4.2. Morphometric Characteristics of Flat Spots

We digitized flat spots morphometric characteris-
tics, the geometry of which is shown in Fig. 5. The fol-
lowing parameters of the anomalies were chosen:
(1) the seafloor depth, (2) the vertical amplitude of the
basement high, (3) the width of the anomaly in section
plane, and the thickness of the sedimentary layer
(4) above and (5) beneath the anomaly. We also used
the total intensity of magnetic anomalies ATa (Maus
et al., 2009) and Bouguer gravity anomalies (Balmino
et al., 2012) to compare with listed above parameters
for their geodynamic and structural interpretation.
This approach was examined on material of deep-sea
areas of an equatorial segment of the Atlantic Ocean
before (Sokolov, 2017), which exhibits deformations of
the basement and sedimentary cover with significant
acoustic blanking of seismic sections related to free gas
discharge. The comparison of morphometric parame-
ters of deformations with values of geophysical fields
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allowed conclusions on impact of crustal and upper
mantle on the structure and deformations of sedimen-
tary cover. Similar approach is applied here for the
Nansen Basin flat spot anomalies and it can be a key
for understanding of their genesis and place in a causal
sequence of tectono-sedimentary processes.

4.3. 2D Gravity Modeling

Serpentinization, which is accompanied by density
reduction of the upper mantle rocks, provides the basis
for local changes in standard density model of the
crust and uppermost mantle and for verification of the
hypothesis of these changes by solution of the forward
modeling. The free air gravity anomalies along the
Arktika-2011-03 section were simulated in TG-2D
program by forward and inverse gravimetry solutions
using interactive selection of gravity effects depending
on 2D structural-density blocks (Bulychev and Zait-
sev, 2008). The section is approximated by a system of
closed rectangles with a constant density (g/cm?®). The
formation of 2D model requires the depth of the
boundaries of main layers and their densities. The
interpretation of Arktika-2011-03 section yielded the
depth values of seafloor and acoustic basement, which
were recalculated from time domain with seismic
velocities of 1500 and 2000 m/s for the water column
and sedimentary layer, respectively. The free air grav-
ity anomalies along seismic section line were obtained
from the WGM-2012 model (Balmino et al., 2012).

The model includes four main layers, the gravity
effect from which has different amplitude characteris-
tics. The bottom of the first (water) layer with a density
of 1.03 g/cm? is determined by seafloor bathymetry
from IBCAO version 3 (Jakobsson et al., 2012). The
bottom of the second (sedimentary) layer is identified
Vol. 58
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from seismic data, which shows units from modern to
Early Eocene (Nikishin et al., 2017). For this layer we
assume average density of 2.30 g/cm?, as typical for
mainly clay rocks (Physical ..., 1984). This assumption
is supported by core physical properties from ODP site
911 (Myhre et al., 1995), which has linear trend of den-
sity from 1.8 to 2.1 g/cm? in the upper 400 m of core.
Average density through entire sedimentary cover with
thickness up to 4.5 km in southern part of section (Arc-
tic Basin ..., 2017) should be set to bigger value. Assess-
ment of velocity for Cenozoic sedimentary rock by
L.Y. Faust formula (Faust, 1951) and velocity-density
relationships by G.H.F. Gardner (Gardner et al.,
1974) allows the value of 2.3 g/cm?3.

The available seismic reflection data did not image
the reflection the Mohorovicic discontinuity (Moho),
which is the boundary between the crust and the upper
mantle. Due to lack of seismic refraction data, a com-
mon practice is to accept a suggestion on a crystalline
crust layer with a constant thickness of 6000 m (Kuo
and Forsyth, 1988), which was used for the Mid-
Atlantic Ridge zone with spreading half rates of 2—4
cm/year. In segments of slow- and ultraslow-spread-
ing ridges (half rates of <15 mm/year) with reduced
magmatism, this value should be decreased. A review
of data on the refracted waves and crustal models in
the basins adjacent to such ridges (Ritzmann et al.,
2002, 2004; Ljones et al., 2004; Czuba, 2007;
Kandilarov et al., 2008, 2010; Hermann and Jokat,
2013; Schmidt-Aursch and Jokat, 2016) shows plausi-
ble suggestion on a crystalline crust layer 4000 m thick
from the top of the acoustic basement. The density of
2.85 g/cm? is modelled for the third layer with a bot-
tom at the Moho boundary. The upper mantle rocks
with a density of 3.30 g/cm?® are modelled below the
oceanic crust. Refusal of constant crust layer thickness
for approaching of model fit without measurements of
Moho depth from reflection or refraction data could
lead to wrong model configuration in the places were
observed field is contributed by density variation.

Fit of computed field to measured field by forward
modelling does not have a single solution. It could be
derived by numerous versions of density distribution.
From our point of view preferred version is that main-
tains the blocks with biggest difference in density
within the layers first of all. For sepentinized mantle it
shifts from 3.3 to 2.95 g/cm?. Therefore, lesser varia-
tions of density in other layers could be not in main
consideration. In other words, we do not have infor-
mation about allocation of small density variations in
crust, but we have manifestations of variations in
upper mantle. The fitting approach should be done in
this layer fixing other layers with constant density.
Search of fit will be done by changing of size of sup-
posed serpentinized blocks. Varying of smaller density
difference in the crust is a less justified approach for
the task in Nansen basin.
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5. RESULTS OF DATA ANALYSIS
AND ITS PRIMARY INTERPRETATION

5.1. Spatial Distribution of Flat Spot Anomalies

The positions of mapped anomalies along seismic
sections are shown in Fig. 6, as well as the thickness of
the sedimentary cover as a topographic base (Petrov
et al., 2016). Within the limits of studied sections, we
identified 22 flat-spots that are more or less concen-
trated in a band between magnetic anomalies C20
(~43 Ma) and C12 (~33 Ma) (Fig. 6). This age range
of the basement (spanning the Middle and Late
Eocene), prompts the search of tectonic regime
changes as a reason for the regional basement struc-
ture formation in this time. In areas near to continen-
tal slope with a >3 km thick sedimentary cover no flat
spots were discovered in seismic data of Arktika-2011
project.

5.2. Morphometric Characteristics of Flat Spots

The studied sections exhibit 22 flat-spot anomalies
in total, which is insufficient for reliable statistical esti-
mations of morphometric properties, however, some
conclusions can be drawn. Symbol size scaling by third
parameter values yields additional aspects during 2D
cross-plotting. Less values of Bouguer gravity anoma-
lies at the places of flat spots indicate the decreasing of
basement density with wider seismic record anoma-
lies, shown by symbol scaling (Fig. 7a). It shows
greater volume of accumulated gas due to strong ser-
pentinization of ultramafic rocks, which leads to
decrease in their density. Lower differential basement
topography (difference between basement highs and
lows) at smaller Bouguer values (Fig. 7a) can be
explained by its reducing with the development of
upper mantle reworking and increase of area involved
in serpentinization. The comparison of anomalous
magnetic field values with a flat spot width (Fig. 7b)
shows a weak trend of its growth with increasing of
magnetic positive anomalies (probably overprinted on
primary linear anomaly structure and having Brunhes
age), because gas-producing serpentinization is
accompanied by the formation of magnetic minerals
(Astafurova et al., 1996). Fig. 7b also shows the trans-
fer of negative anomalies to positive values with the
growth of flat spot width. Scaling by the amplitude of
the basement differential shows that formation of wide
flat spots result in smaller difference between irregu-
larities of underlying basement. It primarily could be
interpretated as the result of the serpentinization pro-
cess evolution.

Considering Fig. 8, the comparison of morpho-
metric parameters reveals reasonable correlations: the
less the differential of the basement, the thicker the
sediments between the basement and the anomaly and
wider the flat spot anomalies shown by symbol scaling
on Fig. 8a and by basement differential scaling on Fig. 8b.
The key is that the evolving serpentinization leads to
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greater gas discharge and smoothed basement highs,
probably, due to expansion of the area around primary
irregularity of serpentinization center. It also should be
noted, that all flat spot anomalies are mostly located
above a narrow range of Bouguer anomaly values of
380—390 mGal (Fig. 9).

Parameter 4 (two way traveltime depth of the
anomaly below the seafloor or sedimentary thickness
above anomaly) is almost spatially constant along 22
detected anomalies and is 490 = 100 ms with signifi-
cant variation of sediments thickness below flat spots
(from 378 to 1562 ms). Assuming a seismic P wave
velocity in the upper part of the section of 1600 m/s,
the average values of parameter 4 will be 390 m. The
constant depth of the anomalies could be explained by
the vertical migration of free gas towards the base of
the gas hydrate stability zone where it form trap and
accumulates in it. Following to (Wallman et al., 2012),
the predicted thickness of the stability zone of a gas
hydrate layer in the area of study is 370—400 m: this is
similar to the observed depth of the anomalies.

Scaling of anomalies position by flat spot width
(Fig. 9) shows that this parameter increases towards
the East within the Nansen Basin. It could be the evi-
dence of more intense accumulation of gas in the east-
ern anomalies and also of more gas beneath the spots
in the sedimentary column. Based on available data, it
is difficult to conclude that this is a result of increasing
area of serpentinized ultramafic rocks.
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5.3. 2D Gravity Modeling Along
the Arktika-2011-03 Line

The modeling results are shown in Fig. 10. The
model calculations of four layers with a constant den-
sity of 3.30 g/cm? for the upper mantle, excluding the
serpentinized blocks with a density of 2.95 g/cm3
(Fig. 10a), yield higher (by 8—12 mGal) calculated
field relative to the observed field in areas of the acous-
tic basement highs (Fig. 10a). To compensate the dif-
ferences, the blocks with a density of 2.95 g/cm?, typical
for density reduced serpentinized mantle (Physical ...,
1984) were included into the model using interactive
selection, thus achieving the =1 mGal (or less) differ-
ence between the total model effect and observed
gravity field, which provided reduced differences.
Three boundaries, which were measured from seismic
section and proposed for bottom of crystalline crust
with constant 4000 m thickness, remain unchanged:
seafloor, acoustic basement, and the Moho. Topogra-
phy of the Moho could have an effect on the modelling
but there are no data on it. Therefore, a constant thick-
ness for the crust was assumed. The maximum differ-
ence between the observed and calculated fields is now
+0.8 mGal as a result of incorporation of 2.95 g/cm?
blocks below Moho into the model. This way of differ-
ence minimization is preferred to modeling of crust
density variations because the serpentinization of
upper mantle is considered as the main process
explaining wider flat spot anomalies above the base-
ment highs, exceeding its typical amplitude irregulari-
ties and associated to lower Bouguer anomalies values
(Fig. 7a). Also, the presence of sedimentary cover ver-
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Fig. 9. Spatial distribution of flat spot anomalies with linear scaling of symbols by parameter 3 (spot width). Position of linear
magnetic anomalies is after (Jokat and Micksch, 2004). The Bouguer anomalies are after (Balmino et al., 2012). The conditional
minimum and maximum sizes of symbols do not coincide with the real sizes of parameters in a map scale.

tical displacements (Fig. 4) supports the assumption of
serpentinized blocks volume expansion.

The comparison of modeling results along the Ark-
tika-2011-03 line (Fig. 10) with position of flat spots in
sedimentary cover shows that they are mostly focused
above the highs of the acoustic basement, the direct
gravity effect from which was calculated assuming the
upper mantle blocks with a density of 2.95 g/cm?.
These comparative results of the anomalies with cal-
culated gravity field are consistent with suggestions on
their genesis as a result of serpentinization, even with-
out support from drilling of the fluid-saturated
sequence.

6. DISCUSSION
AND GEODYNAMIC INTERPRETATION

Multichannel seismic data combined with 2D grav-
ity modeling and magnetic isochrone data allowed the
model of the structure and evolution of the basement
of the Nansen Basin with a significant role of an upper
mantle serpentinized layer with a density of 2.95 g/cm?.
Fluids or gas can also migrate from deep sedimentary
layers in the local troughs towards the basement highs.

LITHOLOGY AND MINERAL RESOURCES

Deep sedimentary units could contain organic carbon
to be a source rock, but in this case the typical hydro-
carbon generation conditions of pressure and tem-
perature should be considered to explain appearance
of the gas, which is questionable for the region. Cur-
rently appearance of conventional hydrocarbon accu-
mulations in standard oceanic crust areas at distance
>150 km from shelf edges is almost not known.

The flat spot anomalies of seismic sections, which
have fluid origin and occur below the seafloor at the
depth of gas hydrate stability zone, can be explained as
a result of serpentinization of the upper mantle rocks.
Unlikely that rough top of lithological inhomoge-
neous debris flow deposits could serve as horizontal
boundary for fluid trap and flat spot anomaly: it could
be a physical boundary of gas hydrate stability zone,
which can be hosted in part of section with no clear
bed boundaries and across them. Process of ser-
pentinization is accompanied by generation of fluids,
density loss and vertical displacement of crustal
blocks, visible in reflection phases shifts, and forma-
tion of faults in sedimentary cover. The presence of
these mantle zones is confirmed by 2D gravity model-
ing (Fig. 10b), the results of which coincide with spa-
Vol. 58
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Fig. 10. Results of 2D gravity modeling along the Arktika 2011-03 seismic section: (a) plots of observed free air (Balmino et al.,
2012) and calculated anomalies from 4-layer density model: water, sedimentary cover from bottom to acoustic basement detected
from seismic data, 4000 m constant thickness crust layer and upper mantle; (b) same layers configuration with added density
reduced upper mantle blocks providing optimal coincidence between modeled and observed field and position of flat spots

according to seismic data.

tial distribution of flat spots along the section. These
data in the studied area could indicate the modern
intraplate tectonic activity that makes available fault-
ing and water access to upper mantle. According to
(Rajan et al., 2012), similar results come from the for-
mation of mantle detachments in the eastern flank of
the Knipovich Ridge. These detachments could be
explained by reconfiguration of rift axis with shear
components of adjacent tectonic plates movements
(Sokolov et al., 2017). According to (Kandilarov et al.,
2010) low seismic velocities of the upper mantle are
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observed with serpentinization zones, local basement
uplifts and seismic record anomalies typical for the
presence of fluids in sedimentary cover with total
thickness of up to 2.5 s of two-way traveltime. It is
noteworthy that the detachments are exposed on the
surface of the crystalline crust in the basement area
with slowest spreading (half rates of ~5 mm/year)
(Kandilarov et al., 2008). The average distance
between anomalies C12 and C20 in the Nansen Basin
is ~100 km (Fig. 6) meaning that the average spreading
half rates was ~10 mm/year over a period from 43 to
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Fig. 11. Consistent causal link of processes occurring inside the layered and blocky lithosphere: (1) contrasting horizontal and
vertical rheology of mantle; (2) plate dynamics with horizontal and vertical movements; (3) penetration of water along the faults,
serpentinization density reduction of upper mantle; (4) vertical uplift of basement blocks, deformations of sedimentary cover and
generation of fluids; (5) subsurface accumulation of fluids, formation of seismic anomalies and fluid penetration into water column.

33 Ma. The distribution of the indexed anomalies
within this period, however, is uneven indicating pos-
sible significant deviations from the average rates in
the basin.

According to P-wave seismic tomography data
(Jakovlev et al., 2012) Arctic region, Gakkel Ridge and
Nansen Basin are the areas with heterogeneous mantle
structure. A depth range from 200 to 400 km exhibits
the negative velocity anomalies, which occurs in our
area of study. Further to the east from the longitude of
~70° E, the negative anomalies at these depths are
replaced by positive ones, therefore, forming a transi-
tion in rheological mantle condition in contrast to the
lower depths (<200 km). It is likely that this contrast-
ing condition below the Cenozoic lithosphere of the
Nansen basin also exists in the crust because of the
eastward amagmatic to magmatic transition along the
Gakkel Ridge at longitudes of ~40° to ~65° E accord-
ing to geochemistry of basalts (Michael et al., 2003).
In area of ~85° E, this contrasting condition is
expressed in a broad field of igneous rocks, the erup-
tion of which was accompanied by earthquakes cluster
of 1999 (Schlindwein, 2012). These data confirm
highly heterogeneous mantle rheology beneath the
elastic lithosphere in the study area from ~40° to ~60° E
(Fig. 1) which could impact on intraplate tectonic
processes while moving of lithospheric plates above it.

According to various geophysical data, the
intraplate tectonic displacements of basement blocks
make a consistent causal link of processes occurring

LITHOLOGY AND MINERAL RESOURCES

inside the layered and blocky lithosphere (Fig. 11)
and, finally, leading to the formation of flat spots:
(1) contrasting horizontal and vertical rheological
mantle condition; (2) variable in time and heteroge-
neous plate dynamics with horizontal and vertical
movements of individual blocks of cooled lithosphere
and enhanced macro-fracturing in form of detach-
ments; (3) penetration of water along the faults, ser-
pentinization of upper mantle rocks, and origination
of density reduction zones; (4) deformations of sedi-
mentary cover generated by vertical uplift of basement
blocks and generation of fluids; (5) accumulation of
fluids in subsurface sedimentary cover, sparsely inject-
ing into water column, and formation of anomalies of
seismic acoustic flat spot record (Sokolov, 2017, 2018).

Flat spots were identified in the area with a narrow
basement age range of 43—33 Ma. The age of 33 Ma
corresponds to the start of Greenland separation from
the Svalbard Plate (Engen et al., 2008). Similar anom-
alies are not observed above the younger basement
within the studied Nansen Basin. It shows that the
structure of oceanic basement prior to the opening
processes occurred in favorable conditions for the for-
mation of serpentinized blocks in the upper mantle,
which leads to the formation of gas-rich environment
and is reflected as flat spots in seismic record. It could
point to changes of tectonic regime parameters after
the breakup and initiation of Arctic basin open status.
Vol. 58
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7. CONCLUSIONS

1. The flat spot seismic anomalies observed in the
Nansen Basin are of fluid origin according to the fol-
lowing seismic indications: negative polarity of the
seismic signal, distinct from seafloor reflections,
smooth horizontal orientation of the anomalies and
location of the anomalies within the sedimentary unit
unrelated to lithological reflectors. It can be inter-
preted as the bottom of gas hydrate stability zone trap-
ping free gas. The depth of the top of the anomalies
below the seafloor has almost constant value of 490 +
100 ms (~390 m) and is located in the middle part of
seismic unit NB-4. This indicates the ascent of gases
from the basement to a common subsurface fluid bar-
rier from various depths of the acoustic basement. The
depth of the anomalies below the seafloor corresponds
to the theoretical thickness of gas hydrate stability
zone in the studied region. The lateral extent of gas
reservoirs increases eastward.

2. Flat spot anomalies occur exclusively in a band
between spreading anomalies C20 and C12. No anom-
alies occur in the upper part of sedimentary cover out-
side of this band above elder basement, where the
thickness exceeds 3 km, as well as above the basement
younger than C12.

3. Serpentinization of the upper mantle ultramafic
rocks is a geochemical process, which can explain the
generation and accumulation of methane, observed in
the seismic data used for this study, as well as vertical
movements of the basement blocks due to density
reduction and expansion of the serpentinized rock.

4. The comparison of flat spots morphometric
characteristics and Bouguer anomalies show, that evo-
lution of serpentinization processes, identified from it,
resulted in increasing gas accumaulation in wider flat
spots and decrease of the amplitudes of basement
highs, probably, due to expanded area around the pri-
mary serpentinization center with local density reduc-
tion of upper mantle, increasing of total sediment
thickness below the wide flat spots and their allocation
on mainly positive magnetic anomalies of basement.

5. Gravity modeling results coincide with the
observed field, if the crystalline crustal layer has a con-
stant thickness of 4000 m and a density of 2.85 g/cm3
and the upper mantle blocks with a lower (to 2.95 g/cm?)
density occur below the acoustic basement highs in the
upper mantle with a normal density of 3.3 g/cm?.
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