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Abstract—It is established that faults in the sedimentary cover of the Nansen basin and seismic anomalies of
the “flat spot” type, associated with methane accumulation, are grouped into three spatial combinations:
(1) synchronized faults and spots, (2) spots without faults, and (3) faults without spots. They are generally dis-
tributed between the C20 and C12 linear magnetic anomalies over negative variations of the lithosphere den-
sity with depths up to ~25—30 km and lateral periodicity ~50 km. Combination 1 originates from serpentini-
zation of the upper mantle rocks in the presence of water penetrating deeply through previously formed tec-
tonic displacements, an increase in the rock volume, and local rise of crystalline blocks, leading to the
formation of faults of reverse-fault kinematics, which involves the entire sedimentary cover from the acoustic
basement to the ocean bottom. The combination 2 is characterized by predomination of “flat spots™ of fluid
origin in the absence of faults, which, because of rare seismic observations, may be missed and not appear in
a plane of the sections. Combination 3 represents faults without “flat spots” with a spatial step of ~10 km
above the acoustic basement highs. In the Bouguer anomalies, this combination is manifested over ~80-km
depression of ~25 mGal depth, comparable to the gravity depth under the axis of Gakkel Ridge. This is not
due to the linear structure of the ridge, but, perhaps, to a single upper mantle plume. Therefore, the mecha-
nism of the fault formation above it is related not to serpentinization, but to the rise of plume to the surface.
Physical modeling of the structure formation during slowdown of the spreading rate, which occurred in the
range C20—C12, showed that the amplitude of differences in the basement elevations increases greatly. Com-
parison with a real acoustic basement shows the similarity of its relief in the corresponding time intervals of
the spreading slowdown with the areas of relief change in the physical model. An increase in the amplitudes
of the basement highs occurs most likely due to the formation of faults that provide circulation of water nec-
essary for serpentinization.
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INTRODUCTION

In the western part of the Russian sector of the
Nansen Basin adjacent to Franz Josef Land archipel-
ago, several seismic sections were carried out as part of
the Arctic-2011 project [1, 15] (Fig. 1). These data,
together with Russian and foreign seismic data,
formed the basis for an adjusted seismic stratigraphic
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model of the deep part of the Arctic [6]. Numerous
“flat spot”-type anomalies are observed in seismic
data of the area studied. The anomalies are interpreted
as reservoir-type methane accumulations resulting
from serpentinization of rocks in the upper mantle [3]
and from the interaction of released hydrogen with
dissolved CO, in water entering the crystalline part of
the crust and the upper mantle along a fault system [7].
These anomalies are usually associated with vertical
tectonic faults in the sedimentary cover that involve
the entire thickness of sediments from the surface to
the acoustic basement highs (Fig. 2), over which they
are manifested. The fluid origin of the "flat spots” is
confirmed by downward deflection of reflectors in the
sedimentary cover beneath this type of anomalies.
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Fig. 1. Seismic sections under the Arctic-2011 project [1, 19] in the western part of the Russian sector of the Nansen Basin. The
axes of linear magnetic anomalies are given according to [16]. The red line shows the position of a fragment of the seismic section

in Fig. 2.

The purpose of this work is to determine the gene-
sis of tectonic dislocations, analyzing the gravity field
in order to identify density heterogeneities in the crust
and upper mantle. The density heterogeneities can
cause vertical isostatic adjustment of the crust and,
consequently, disturbance of the Cenozoic sedimen-
tary cover accumulated on the basement. A significant
changes in the topography of the basement in the Eur-
asian basin is correlated with the linear magnetic
anomalies (LMAs) C21, C20 and CI13 [15]. “Flat
spots” and faults in the section of the studied seismic
profiles are located predominantly between the LMASs
C20 and C12 [7]. The first stage of the spreading rate
slowdown and the formation of higher amplitude relief
of the basement occurred in the interval between these
anomalies [4]. Therefore, we will compare the identi-
fied features of the seismic sections with the distribu-
tion of spreading rates in the Nansen Basin and with
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the results of physical modeling of the structure for-
mation under the slowdown of spreading processes.

Intraplate phenomena in the basins, associated
with tectonic activation of the areas without manifes-
tations of the main active geodynamic processes, usu-
ally observed at plate boundaries, are of fundamental
interest in terms of the stratified and block structure of
the oceanic lithospheric plates [9]. In the absence of
active factors, the structure of basins should be a stag-
nant object, where the sedimentary cover is accumu-
lated on the spreading basement with background
oceanographic processes affecting the transportation
of sediments. Intraplate processes in the basins
develop in the presence of off-axis magmatism, or
when serpentinization develops along the existing fault
network, which can be activated by variations in the
tectonic regime parameters.
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Fig. 2. A fragment of the Arktika-2011-06 section. Yellow arrows show the position of acoustic basement highs under faults in the
sedimentary cover. The blue arrow shows the broad highs of the basement beneath a flat spot with reflector deflection in the sed-

imentary cover. The position of the fragment is shown in Fig. 1.

DATA AND METHODS

The solution of these problems is based on the
interpretation of a wave field of the seismic lines of the
Arctic-2011 project [1, 15]. In addition to the strati-
graphic reference of the main reflectors of the basin
section, this study focuses on section elements such as
“flat spots” and tectonic dislocations of the sedimen-
tary cover. The picking of these objects in the interpre-
tation software forms a specific database that makes it
possible to map their spatial distribution. The “flat
spot” anomalies, formed by the accumulation of free
gas beneath a local near-surface fluid trap, were inter-
preted previously [7] (Fig. 3). In the present work, the
map compilation is supplemented by the distinguished
tectonic displacements in the sedimentary cover of the
basin (Fig. 3).

Serpentinization leads to the formation of methane
and occurs with the deconsolidation of rocks up to
20% and with the similar increase in volume with ver-
tical movements of crustal blocks. The possibility of
serpentinization was proved in [7] by solving a forward
gravity model with the addition of similar bodies in the
upper mantle for the fit of the observed and calculated
anomalous fields. The thickness of the crystalline part
of the crust was assumed to be at 4000 m. An unbal-
anced density source of vertical movements, associ-
ated with the increase in the volume of the upper man-
tle rocks during serpentinization, has been revealed.
This source triggers an isostatic response with the for-
mation of dislocations in the sedimentary cover cover-
ing the basement. Due to the fact that the top of the
second oceanic layer in the seismic lines of the Arctic-
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2011 project is an acoustic basement and the deeper
reflections that could set the geometry for density
variations are not traceable, it has been decided to cal-
culate the gravity inversion for the Bouguer reduction
without any spatial regularization.

The Bouguer anomalies were calculated based on
2500 m gird the Arctic Gravity project [12] and
smoothed in 10-km floating window the IBCAO v.3
grid [14] to the state at which the amplitude spatial
spectrum of the topography become comparable to
the gravity field spectrum. The density values used
were as follows: water 1.03 g/cm?, continental crust
2.67 g/cm?, and oceanic crust 2.8 g/cm?. The result of
the calculation is shown as a topographic base in Fig. 3.
The same figure shows the profiles along which the
inversion was calculated. The edge parts of the profiles
are prolonged with entering the shelf and crossing the
Gakkel Ridge axis, which is wider than the limits of
the seismic data demonstrated in Fig. 3. The calcula-
tion was performed in ZondGM?2D software [5] using
the deconvolution methods and Newton’s method
with focusing regularization. A vertical grid was
formed with a scale factor of 1.2, which, at a starting
depth of 1 km, allowed us to form a grid with a depth
of up to 100 km on 18 nodes. Figure 4 illustrates the
calculated density variations over the four profiles.

The “flat spots” and faults are manifested between
LMAs C20 and C12 above the basement, which
formed under the conditions of slowing spreading.
Therefore, to reveal the features of the structure for-
mation of the consolidated crust, we performed phys-
ical modeling of this geodynamic regime for the two-
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Fig. 3. The spatial distribution of the faults identified from seismic data and the “flat spot” anomalies according to [7]. Bouguer
anomalies were calculated from Arctic Gravity Project data [12] on a 2500-m grid using IBCAO v.3 [14]. Red lines show the pro-
files, along which the gravity field inversion was calculated (Fig. 4). The profiles were drawn along the position of the seismic
sections (Fig. 1) with continuation to the shelf and to the intersection with Gakkel Ridge. Numbers indicate the spatial combi-
nations of anomalies and faults observed on the sections: 1, faults in combination with flat spots; 2, flat spots without faults;

3, faults without flat spots.

stage rate reduction (Fig. 5). According to [4], the
indicated time interval in the acoustic basement
topography along the Arctic-2011-3 section is mani-
fested by typical high-amplitude forms, occupying an
intermediate hypsometric position between the base-
ment topography older than the C20—CI12 interval
with a relatively high spreading rate and younger, but
with ultra-slow values. This circumstance creates pre-
requisites for the modeling performed.
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Experimental studies were carried out in the Labo-
ratory of Experimental Geodynamics, Museum of
Earth Science, Moscow State University, in accor-
dance with the conditions of similarity and methods
described in [2, 19]. On the basis of the experiments on
extension of a two-layer model of the lithosphere,
these methods propose a model of the formation of
relief and normal faults on the ridges with a slow or
ultraslow rate of extension. The model material is a
complex colloidal system, based on liquid (mineral
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Fig. 5. Features of the structure formation on the southern flank of Gakkel Ridge at two-stage deceleration of the spreading rate
according to the data of physical modeling (experiment no. 2737). (a) The step-by-step photographs of structures of the modeled
rift in the direction of extension orthogonal to the primary weakened zone; (b) the schematic section of the formed relief along
line I-II with indication of the rates in the physical model; (c) comparison of the relief section with the results of identification of
magnetic anomalies for the Arktika-2011-3 profile, the basement relief and determination of the spreading rates according to [4].

oil) and solid (ceresin, paraffin) hydrocarbons with
various surface-active additives. The material satisfies
the similarity criterion in the shear modulus [10].
Meeting the criterion requires that the ratio of stresses
in the lithosphere, which caused its deformations
(suprahydrostatic stresses), to hydrostatic stresses in
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the slab has to be the same in nature and in the model.
With a stepwise reduction of the spreading rate by a
ratio of 2 and 1.6 carried out in the modeling (Fig. 5a),
relief with a typical structural pattern was obtained
(Fig. 5b). The relief was compared with the real acous-
tic basement (Fig. 5¢).
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RESULTS AND DISCUSSIONS

As a result of the cartographic compilation of faults
and “flat spot” anomalies (Fig. 3), three spatial com-
binations of these elements of the seismic sections of
the sedimentary cover are determined. The most com-
mon combination is the spatial synchronization of the
faults and spots (Fig. 3, item 1). The obvious interpre-
tation of the synchronization is formulated on the
basis of the solution of the forward gravity model [7]
and represents serpentinization of the upper mantle
rocks in the presence of water that penetrated into the
depths through the previously formed tectonic dislo-
cations, an increase in the volume of rocks, and local
rise of crystalline blocks, leading to the formation of
faults of reverse-fault kinematics, involving the entire
sedimentary cover from the acoustic basement to the
bottom surface (Fig. 2). Methane, a product of inter-
action between CO, and hydrogen dissolved in water,
is also released along these faults [3]. Getting into the
stability zone of gas hydrates, methane transforms into
this aggregate state and forms itself a fluid trap, under
which it continues to accumulate. This is indicated by
similar values of the top depths of the “flat spots,”
390 = 75 m in all sections analyzed [7], which approx-
imately correspond to the theoretical thickness of the
stability zone in the deep-water Arctic [20]. The
absence of spots above the basement younger than C12
is explained by the reduction of the sedimentary cover,
where they can form. The absence of spots above the
basement older than C20 is explained by the possible
migration of fluids to the continental slope.

Combination 1 (Fig. 3, item 1), distributed mostly
between LMAs C20 and C12, is located above the neg-
ative density variations on all sections (Fig. 4) with
depths up to ~25—30 km. This value is of the same
order of magnitude as the serpentinization depth
determined in the basin southwest of the Zonda
Trough by the absence of seismicity in the upper man-
tle [17] due to the more ductile state of the rocks. A
more interesting fact is the ~50 km lateral periodicity
of negative density variations. With an average spread-
ing rate of ~10 mm/year in the specified time interval
[4], it turns out that the formation of the lithosphere is
accompanied by such density anomalies every ~5 Ma.
A possible interpretation of this density periodicity
may be the effect of variable geodynamic activity on
the spreading parameters. It is known [8] that the
intensity of tectonic processes in the zone of oceanic
rifting directly affects the fluctuations in the sea level.
The power spectrum of an eustatic curve [13] is char-
acterized by maximum periods of ~5 Ma. In spite of
the fact that the Eurasian Basin became connected
with the World Ocean only ~18 Ma ago, the planetary
periodicity of the sea level fluctuations depends on the
planetary geodynamic processes that should be mani-
fested in the Arctic during rifting at Gakkel Ridge
regardless of the presence or absence of a water bridge
between the ocean basins. This is also confirmed by
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the character of the change in the spreading rate in the
Nansen Basin with a period of ~5 Ma according to [1].

Combination 2 (Fig. 3, item 2) represents the pre-
domination of “flat spots” in the absence of faults. Its
interpretation can be the following. Accordingto [1] in
the Arctic-2011-4 seismic line, the anomalies contain
the reflector deflection beneath them, which clearly
indicates their fluid origin. In addition, these anoma-
lies are located above the broad (20 to 30 km) highs of
the acoustic basement, with a large height difference
(600 and 900 ms) and indicate their association with
crustal (and mantle) structures. The absence of visible
displacements of reflectors along faults within these
anomalies of the Arctic-2011-4 section most likely
indicates that the faults may be outside of profile. Tak-
ing into consideration that the step between the tran-
sectsis 50 to 80 km (Fig. 1), fault skipping is quite real-
istic. A “flat spot” is more difficult to miss, because
fluid after migration upward through the section is
distributed under a fluid trap and creates anomalies
with a width of 2 to 12 km [7]. Fluid migration toward
the continental slope from the fault zones cannot be
excluded in the presence of a small gradient of near-
surface reflectors.

Combination 3 (Fig. 3, item 3) is unique in terms of
seismic data and represents the faults without “flat
spots.” They represent (Fig. 2) a spatial series of dis-
placements with a spacing of ~10 km, located above
acoustic basement highs. The highs rise into the near-
surface layers near the bottom above the level of the
“flat spot” 490 ms under the bottom in the northern
part of the section fragment, which is outside this
series of displacements. In the Bouguer anomalies,
this series is located above an isometric depression in
the values of reduction of ~80 km in diameter (Fig. 3).
The difference in values in the center and at the edges
of the depression is ~25 mGal, which is comparable to
the negative difference of the Bouguer anomalies of
~50 mGal in the Gakkel Ridge axis. These features are
clearly visible in the profiles of Fig. 4. The sections
along these profiles demonstrate that combination 3
on the Arctic-2011-6 section is located in an area very
different from the upper mantle lateral density varia-
tions with a step of ~50 km and depths of ~25 km. The
character of the density section beneath the area of
combination 3 has more similarities with the area of
deconsolidation beneath Gakkel Ridge. The fact that
a similar deconsolidation in the central part of Nansen
Basin is absent on other sections indicates a local rise
of the less dense matter. It is related not to the linear
structure of the Gakkel Ridge, but possibly to the sin-
gle upper mantle plume, which is a near-surface
branch of another, larger system of heated subvertical
channels in the mantle. This is indirectly confirmed by
seismic tomography [11]. The data indicate the mantle
plume rose from depths of ~550 km on the section
through the Nansen Basin east of the Arctic-2011-6
density section. The plume interpretation of the den-
sity section suggests the mechanism of fault formation
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above it, which is associated not with serpentinization
and volume increase in the mantle cooled below
500°C, but with the plume rising to the surface in the
basin with the sedimentary cover overlying the previ-
ously formed spreading basement. The rising plume
results in isostatic adjustment of the media with verti-
cal motions of a positive sign.

The time interval C20—C12 is characterized by an
approximately twofold decrease in the spreading rate
[1, 4] compared to the interval C24—C21. After C20—
C12, the spreading rate decreases by another
~1.6 times. Due to the fact that the studied faults and
“flat spots” accompanied by negative density varia-
tions fell within this interval, the physical modeling of
the structure formation was carried out in this geody-
namic regime. The experiments showed the following.
The ridge relief, formed at the initial stage of extension,
has a typical pattern for spreading zones (Fig. 5a). In
the area of two-stage rate reduction, the amplitude of
the elevation differences increases significantly. For
slow-spreading segments of rifts, it is known that high-
amplitude basement ridges are usually accompanied
by faults going under the Moho boundary [18], along
which fluid circulation and serpentinization occur.
Further, the significantly asymmetric relief of the
basement was formed in the model. The schematic
structural profile along the line I-II (Fig. 5b) shows a
typical pattern with simple strike—slip structures in the
axial zone of the rift and a high probability of transi-
tion of the extension axis. This pattern was compared
with the real acoustic basement (Fig. 5c) and shows
the similarity of its relief heights at the corresponding
time intervals with areas of a change in relief in the
physical model. The spreading slowdown in two stages
causes an increase in the amplitudes of the basement
highs in two stages, which is related to the formation of
faults under the conditions of low magmatic produc-
tion typical of slow-spreading ridges. It is also possible
that the inertia of the plate motion and the rate of crust
formation, leading to torsion of the formed crustal
blocks, also come into play depending on the ratio of
the drift rate to the rate of magma rise.

CONCLUSIONS

(1) This work studied the faults in the sedimentary
cover of the Nansen Basin and “flat spot”-type seis-
mic anomalies in the seismic lines of the Arctic-2011
project. It was found that these elements are grouped
into three spatial combinations: 1, synchronized faults
and spots; 2, spots without faults; 3, faults without
spots.

(2) Interpretation of the origin of combination 1 is
serpentinization of the upper mantle rocks in the pres-
ence of water that penetrated into the depths through
the previously formed tectonic faults, increase in the
volume of rocks and local rise of crystalline blocks,
leading to the formation of faults of reverse-fault kine-
matics, involving the entire sedimentary cover from
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the acoustic basement to the bottom surface. This
combination is predominantly distributed between
LMAs C20 and C12 over negative density variations
with depths up to ~25—30 km and lateral periodicity of
~50 km. This means that, at average spreading rates in
the Nansen Basin, such anomalies are formed in the
lithosphere every ~5 Ma due to variations in the geo-
dynamic activity.

(3) Combination 2 represents the predomination of
“flat spots” in the absence of faults. Interpretation of
the origin of these seismic recording anomalies comes
to the accumulations of fluids, under which we reveal
the reflector deflection and broad, acoustic basement
highs with a significant difference in elevation. The
faults along which fluids are circulating may be missed
due to the sparse observation network and may be out-
side the section plane. Fluid migration toward the
continental slope from fault zones is also not excluded
if there is a small gradient of near-surface reflectors.

(4) Combination 3 represents the faults without
“flat spots” with ~10 km spacing above acoustic base-
ment highs. In the Bouguer anomalies, this combina-
tion on the Arctic-2011-6 seismic line is located above
the isometric depression of ~80 km, where the differ-
ence in values in the center and at the edges of the
depression is ~25 mGal. This is comparable to the
negative difference in the Bouguer anomalies due to
the ~50 mGal deconsolidation beneath the axis of the
Gakkel Ridge and is very different from the upper
mantle lateral variations that dominate in the basic
data in the Nansen Basin. Similar deconsolidation in
the central part of the Nansen Basin is absent on other
sections, indicating a localized rise of less dense mate-
rial. This is not due to the linear structure of Gakkel
Ridge, but possibly due to a single upper mantle
plume. Thus, the mechanism of the fault formation
above t is not related to serpentinization, but to the rise
of the plume material to the surface and vertical move-
ments of a positive sign, disturbing the entire sedimen-
tary cover from the spreading basement to the bottom.

(5) The time interval C20—C12 with the main
manifestation of faults and spots is characterized by an
approximately twofold decrease in the spreading rate.
Physical modeling of structure formation under this
geodynamic regime has shown that the amplitude of
relief gradients strongly increases with a two-stage
decrease in the spreading rate. The high-amplitude
ridge-like highs of the basement are accompanied by
the faults going under the Moho boundary. Fluid cir-
culation and serpentinization occur along these faults.
In continuation of the tension, the significantly asym-
metric relief of the basement on the tension axis was
obtained. Comparison with the real acoustic basement
shows the similarity of its relief in the corresponding
time intervals of spreading slowdown with the areas of
relief change in the physical model. An increase in the
amplitudes of the basement highs associated with fault
formation is shown.
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