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Abstract—The paper analyzes the “bright spot” and “flat spot” anomalies of seismic data on the southeastern
flank of the Knipovich Ridge associated with the accumulation of free gas in the sedimentary cover above the
oceanic basement. The identified anomalies are associated spatially with negative values of the residual Bou-
guer anomaly and positive magnetic field (ATa) anomalies. This fact indicates the existence of decompaction
zones in the crust and upper mantle related to serpentinization that can also provoke the superimposed, prob-
ably modern, chemogenic magnetization and distortion of the primary linear pattern of magnetic anomalies
in the oceanic basement in the study area. Serpentinization was also responsible for vertical displacements of
the crustal and upper mantle blocks on the flanks, leading to deformations of the sedimentary cover with the
rock dilation. Off-axis seismicity indicates tectonic disruptions on flanks of the ridge with a higher access of
water necessary for the serpentinization and the subsequent change in the physical properties of rocks
reflected in geophysical fields. The eastern flank of the Knipovich Ridge underwent tectonic activation along
the basement structures representing the northern extension of the Senja fracture zone, resulting in accumu-
lations of free gas in the sedimentary cover.
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INTRODUCTION

Seismic studies of the sedimentary cover on flanks
of the Knipovich Ridge (Fig. 1) provided insight into
the distribution of its thickness on the spreading base-
ment in small-scale (Straume et al., 2019) and large-
scale models (Shkarubo, 1996; Yampolsky and
Sokolov, 2012), tectonic structure (Amundsen et al.,
2011; Kvarven et al., 2014; Peive and Chamov, 2008;
Shipilov et al., 2006; Zayonchek et al., 2010) and to
accomplish seismostratigraphic subdivision (Amund-
sen et al., 2011; Chamov et al., 2010; Kvarven et al.,
2014; Zayonchek et al., 2010). Previous researchers
did not pay much attention in studying the seismofa-
cies features of sediments and their differences on the
western and eastern flanks. Nevertheless, facies stud-
ies were carried out for the contourites in connection
with the circulation of bottom waters along the conti-
nental slope west of Spitsbergen (Svalbard) (Rebesco
et al., 2013, 2014) and sedimentary sequences of the
Vestnesa Ridge with manifestations of degassing and
pseudobottom reflectors defined as bottom simulated
reflectors (BSR), which represent the bottom of the
gas hydrate layer (Plaza-Faverola and Keiding, 2019),

380

and the Svyatogor Rise (Johnson et al., 2015; Waghorn
et al., 2018). Degassing on the bottom surface is man-
ifested as holes on the bottom (pockmarks remaining
after gas emissions) and zones of bubble discharge into
the water column. In the sedimentary sequence, free
gas pools appear in seismic sections as bright spots
related to a drastic increase in the reflected wave
amplitude due to an increased contrast of the acoustic
properties of the host medium and gas-saturated lay-
ers. Sometimes, the free gas dramatically enhances the
signal scattering, leading to a sharp attenuation of
reflections from the underlying sequences. If gas pools
under a local or regional fluid-confining bed (quite
often, BSR), are quite large, the impermeable bed is
underlain by a sufficiently thick layer exceeding the
resolution of the applied reflected wave method. In
this case, the lower edge of the gas saturation zone
acquires a flat shape, and the reflection from it is
called “flat spot” if the amplitude contrast is retained.
In the of the Knipovich Ridge area, in addition to the
Svyatogor Rise, bright spots were detected on the east-
ern flank at 76°25" N (Rajan et al., 2012) in a seismic
section studied by the refracted wave method. The
obtained boundary velocity values suggest that the
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upper mantle located under the detected bright spot
represents an area of serpentinization provoked by the
contact of mantle rocks with seawater and the conse-
quent formation of hydrogen and methane. The seis-
mic data used in this article are related to the manifes-
tations of anomalies of the “bright” and “flat” spot
types. In this paper, we studied this phenomenon by
mapping the spatial distribution of bright spots and
comparing their morphometric characteristics with
geophysical fields that reflect the metamorphism of
upper mantle rocks during serpentinization. The aim
of these studies is to determine the possible tectonic
nature of basement structures, which are overlain by
bright and flat spots in the sedimentary cover, and to
reconstruct their and the gas pool distribution pattern
in sedimentary sequences.

STRUCTURE OF THE BASEMENT
AND ORIGIN OF FLUIDS

The structure of the oceanic basement of the Kni-
povich Ridge and its flanks is shown on the tectonic
scheme (Shkarubo, 1996). This is the only open access
work showing the structural surface of the basement in
the southeastern ridge edge by isohypses. The “conti-
nental” area of the Barents shelf subplatform (in east)
and the area of the newly formed spreading oceanic
crust (in west) are separated by the continent—ocean
transition region, where the continental crust was sub-
jected to intense destruction. Of particular interest is
tracking of the destroyed continental-newly formed
oceanic crust contact zone, which reflects the onset of
the ocean floor spreading. In plan view, it is a stepped
boundary. Such “spreading” crust boundary, consist-
ing of shear and normal fault segments, was previously
established in the northern Atka trough (Baturin,
1993). In the south, this zone coincides with the Senja
regional fault: from 74° N to Cape Serkap, it stretches
along 13°—14° E, further to the north it gradually shifts
westward to the Molloy fracture zone (Fig. 2).

According to the anomalous magnetic field (ATa)
data (Mosar et al., 2002; Sokolov, 2011), direction of
the basement spreading of the Knipovich Ridge flanks
inherited the trend set by the orientation of segments
of the initial continental crust breakup (Baturin,
1993), with the subsequent reorientation by ~45°
during the spreading axis jump to its current W—E
position. In accordance with the interpretation of seis-
mic data and the latest results of acromagnetometric
studies (Gernigon et al., 2020), the initial disclosure of
the Norwegian—Greenland Basin section with the
future Knipovich Ridge began along the ocean—conti-
nent transform boundaries in the Senja and Hornsund
fracture zones in a rotation-shaped pattern with the
center located in the southwestern Mohns Ridge about
~260 km north of Jan Mayen Island. At present, the
basement at the NNE extension of the Senja fracture
zone accommodates structures with a similar orienta-
tion but not coinciding with azimuths of the main tec-
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tonic elements in the modern spreading zone—at seg-
ments and transform displacements. Seismic activity
of the eastern flank of the Knipovich Ridge (Sokolov
et al., 2017) indicates tectonic activation in this part of
the basin along the continuation of the Senja fracture
zone (Fig. 3). The development of long-lived dis-
placement planes during the prevailing extension cre-
ates ideal conditions for the penetration of seawater
into the upper mantle, resulting in the serpentinization
with the release of hydrogen and methane.

Studies in 1970—1980, carried out in places of the
World Ocean with outcrops of ultrabasic mantle rocks,
revealed several orders of magnitude higher CH, con-
centration relative to the background value (Bougault,
2012; Charlou et al., 1998; Dmitriev et al., 1999; Keir
et al., 2005). At the same time, the isotopic composi-
tion (8"C) clearly indicated the abiogenic origin of
hydrocarbon. These authors assumed the CH, forma-
tion by geochemical processes. Access of water to
ultrabasic rocks in the upper mantle through a fracture
system promotes the serpentinization at a temperature
ranging from ~100° to ~450° C (and, probably, higher).
In this process, serpentine and magnetite are formed
from olivine. In addition, H, is released to interact
with CO, dissolved in water, resulting in the formation
of CH,. Upon entering the water, CH, makes up
abnormal concentrations in the water column. If the
sedimentary cover is developed at fluid seepages from
the crystalline crust, the gas is retained in sediments,
resulting in the formation of seismic records typical of
the gas-saturated media.

The most favorable situation for this process is
found where the oceanic crust, formed during the slow
and ultra-slow spreading, contains minimal basalt and
gabbroid layers along with a sedimentary cover capa-
ble of retaining the fluid. If such sediments are lack-
ing, CH, falls directly into the water column, as was
established along the eastern wall of the Knipovich
Ridge (Cherkashev et al., 2001). The realization of
such conditions was studied on the eastern flank of the
Knipovich Ridge (Rajan et al., 2012), where the upper
mantle is complicated by deep detachment zones with
reduced seismic velocities (Kandilarov et al., 2010)
and the sedimentary cover (two-way traveltime up to
2.5 s) included seismic record anomalies typical of the
presence of fluids.

In addition to the formation of fluids (Dmitriev et al.,
1999), serpentinization is accompanied by the appear-
ance of a new magnetoactive layer due to the forma-
tion of magnetite, dilatation of the rock subjected to
serpentinization, and simultaneous decrease of its
density down to 20% (Fizicheskie ..., 1984), as well as
manifold increase heat flow due to the exothermic
effect of this process (Delescluse and Chamot-Rooke,
2008). The formation of chemogenic magnetite
undoubtedly affects the primary linear image of mag-
netic anomalies by imposing an additional component
that creates a mosaic pattern of the anomalous mag-
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Fig. 2. Tectonic scheme of the northeastern Norwegian—Greenland Basin, according to (Shkarubo, 1996). (1—5) Boundaries of
structures: (1) Barents subplatform, (2) Medvezhye—Spitsbergen (MS) terrace and Pomorye megatrough, (3) shelf grabens,
(4) Knipovich Ridge crest, (5) axial rift; (6—10) fracture zones: (6) Knolegga—Hornsund boundary fracture zone, (7) major nor-
mal and transverse faults, (8) local normal faults, (9) largest transform fault zones, (10) transform faults in the median ridge;
(11) boundary of the trap field in the Vestbakken province; (12) the assumed boundary of the spreading oceanic crust; (13) iso-
hypses of the basalt basement surface; (14—20) lithostructural sequences and tectonic zones of the transition region and oceanic
basin: (14) neotectonic crest of the Knipovich Ridge with a thin layer of dislocated Neogene—Quaternary sediments, (15) Ceno-
zoic sedimentary (nondislocated) sequences on the oceanic crust, (16) Cenozoic sedimentary sequences on the transitional crust,
(17) the same, on the continental substrate, (18) field of the Eocene volcanic sedimentary cover (Vestbakken province), (19) shelf
grabens with the Paleogene—Early Neogene infill, (20) outcrops of the basalt basement on the ocean floor surface: (a) volcano-
tectonic ridges in the range; (b) outcrops of the rift valley.

. V.

2°W 0° 2°E 4°E 6°E 8 E 10°E 12°E 14°E 16°E 18°E
] ]
f

= _\‘ P ;X,’_’

(AN
~ 1
o
\

oy
~

.
= / \
N
A
//

— S
[

-
/[
/ f /

I L

78‘; N

L
[l "

Magnitude
Z_ ° 0 Z
N s
= @ 0.01-2.50 N
@ 251-3.00

@ 30370
. 3.71-5.30

76° N

75° N

74° N
74° N

012525 50 75
== —— 9
-_— g | T T
2°E 4° E 6°E 8°E 10°E 12°E 14°E 16° E
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netic field in the study area (Olesen et al., 1997), where
it is very difficult to differentiate the primary and
superimposed components of the field. Decompac-
tion caused by the serpentinization and the conse-
quent rock dilation can be quite responsible for the
positive vertical movements in the crustal crystalline
blocks, the formation of a fault network, deformations
in the sedimentary cover, and the formation of con-
duits for fluid migration upward the section.

The seismostratigraphic differentiation of the sedi-
mentary cover on the eastern flank of the Knipovich
Ridge has a specific feature associated with thick Qua-
ternary alluvial fans. According to (Amundsen et al.,
2011), the cover consists of glacial and preglacial
sequences. The preglacial sequence is restricted at the
bottom by an acoustic basement composed of a
spreading magmatic layer of the oceanic crust. The
age of sediments overlying the basement varies from
the Eocene in east to the Pliocene in west. The glacial
sequence, composed of three Quaternary subse-
quences, is separated by seven reference reflectors
extending from the shelf edge to the rift valley wall of
the Knipovich Ridge. The section presented in
(Amundsen et al., 2011) has a glacial sequence up to 1 km
thick. Total thickness of sediments on the eastern side
of the Knipovich Ridge on the oceanic substrate can
reach ~6000 m (Straume et al., 2019), and average
thickness is ~3500 m. Gas pools making up the bright
and flat spots are found in both sedimentary
sequences.

ANALYTICAL DATA

This work is based on unpublished materials in the
Russian Federal Geological Fund (RFGF) and the
digital data based on the common depth point tech-
nique of seismic reflection method (CDP-SRM) (Fig. 1).
The materials were obtained by Marine Arctic Geo-
logical Expedition (MAGE) in 1989—1992 on the Bar-
ents Sea shelf and the western continental slope up to
the Knipovich Ridge. The continuous seismic profil-
ing (NSP) data obtained by the Geological Institute,
Russian Academy of Sciences, in cruises 24, 25, 26,
and 27 of the R/V Akademik Nikolaj Strakhov (2006—
2010) were also used. In addition, we used open access
data on the gravity field and its reductions (Balmino
et al., 2012), as well as the anomalous magnetic field
(Maus et al., 2009) compiled within [2” x 2'] grids.

DATA PROCESSING METHODS

The summarized CDP-SRM time sections were
loaded into the RadExPro software package for inter-
preting the seismic data with the picking of bright and
flat spots as a discrete horizon beyond the strati-
graphic reference. We also included the single-chan-
nel CSP sections with picking of the above-mentioned
seismic anomalies. Due to a significantly lesser depth
of the CSP sections, the spots were identified exclu-

LITHOLOGY AND MINERAL RESOURCES  Vol. 57

No. 5

385

sively in the upper part of the sedimentary section
based on these data. The allocated spots were checked
for fluid pools by calculating the seismic attribute of
the instantaneous frequency in the RadExPro pack-
age. Local minimums of the attribute along the reflec-
tors indicate a local decrease in layer velocities due to
fluid saturation. The results of picking were exported
to the ArcGIS cartographic environment, where, first
of all, the cartographic position of spots was shown on
a topographic basis of geophysical fields. In addition,
the spots were assigned the values of these fields cor-
responding to their centers, which showed that the
spatial position of spots was confined to certain zones
in the basement of the eastern flank of the Knipovich
Ridge.

RESULTS AND PRIMARY INTERPRETATION

Interpretation of the seismic data made it possible
to identify 24 anomalies of the wave field referred to
the “bright” or “flat” spots. Figures 4—7 present
examples of these anomalies.

Figure 6 shows a fragment of the CSP section S26-
52 with a fluid anomaly of the bright spot type (thick-
ness ~160 ms (~120 m), horizontal size 12 km). Given
that the horizontal dimensions are isometric, the pool
volume will be 13.5 bln m3. The anomaly fills an anti-
form overlain by similar reflector configuration that
does not yield an anomalous record, suggesting a local
rise of unconsolidated sediments under fluid pressure
or deformation of sediments during the vertical move-
ment of basement blocks. There is another smaller
spot west of the big spot. Section S24-P2-12b (Fig. 7)
extending from the Hovgaard Ridge to the western
wall of the Knipovich Ridge is equipped with a frag-
ment of the seismic record with the bright spot-type
fluid anomaly located above the BSR gap. Thickness
of the anomaly is ~120 ms (~90 m), and the horizontal
size is 4 km. The anomaly fills the antiform overlain by
a conformal deformation of the bottom profile, prob-
ably, also suggesting a local rise of unconsolidated sed-
iments under the pressure of fluids migrated upward
the section through the fracture in the fluid-confining
rocks.

The sublatitudinal sections including the seismic
record anomalies and acoustic basement shows the
deformations of preglacial and, in some cases, glacial
sedimentary sequences, which can be deformed by
vertical movements of the consolidated crust blocks.
Deformations of the sedimentary cover above the
basement are minimal at the sublongitudinal section
91240 (Fig. 1), which also indicates the sublongitudi-
nal orientation of the folded front axis. The spatial
position of anomalies is shown in Fig. 8 based on the
residual Bouguer anomaly as a topographic basis. In
this paper, residual anomalies are understood as a
high-frequency component of the field with the wave-
length less than 65 km. This value of the boundary fre-
quency was chosen in order to ensure the effect of den-
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sity inhomogeneities (after filtration of the field trans- The field of Bouguer residual anomalies (Fig. 8)
formant) in the serpentinization-prone crust and shows that the linear structure associated with the
upper mantle. Senja fracture zone continues to the NNW. This con-
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yielded by the high-frequency filtration of the full Bouguer anomaly for wavelengths <65 km.

tinuation represents a linear maximum—minimum
pair stucking into the Knipovich Ridge near 76° N.
The location of most spots is associated with negative
zones of residual anomaly. The particularly deep min-
imum of the field is associated with a few anomalies
north of 78° N. Average value in the area of anomalies
on both walls of the Ridge is close to zero after filtra-
tion (0.3 mGal), the average value is —2.7 mGal
beneath the anomalies and —0.5 mGal on the south-
eastern flank of the ridge. Comparison of the spatial
position of the anomalies with the anomalous mag-
netic field ATa, according to (Olesen et al., 1997) (Fig. 9),
shows that the anomalies are confined mainly to
mosaic areas of the field marked by the lack of linear
configuration. In addition, average level of the mag-

LITHOLOGY AND MINERAL RESOURCES

netic field in the seismic anomalies is +72 nT and
almost all seismic anomalies lie within the limits of
significant positive magnetic anomalies.

DISCUSSION AND GEODYNAMIC
INTERPRETATION

The obtained results show that continuation of the
ocean—continent transform boundary along the Senja
fracture zone is marked by the tectonic reactivation
manifested by the following unique configuration of
earthquake epicenters (Fig. 3). Events on the eastern
flank of the Knipovich Ridge are arranged as long
chains along the fracture zone continuation and as
orthogonal short chains with numerous weak events.
2022
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Fig. 9. Position of seismic anomalies of the bright and flat spot types based on the topobasis of the anomalous magnetic field ATa

data, according to (Olesen et al., 1997).

Such spatial distribution of seismic events mimics the
classical distribution along the standard structural ele-
ments of a divergent boundary (rift segments and
transform faults) but with a ~60° orientation relative to
the modern ridge. The orientation of these epicenters
also does not coincide with the orientation of linear
magnetic anomalies in those places where they are
detected as short segments (Fig. 9), suggesting that the
active basement structures are superimposed on the
primary structure. Long chains of events on the flank
are located along the elongated residual Bouguer
anomalies (Fig. 8), which is a continuation of the
Senja fracture zone. Hence, the basement structures
making up variations of residual Bouguer anomalies
are experiencing modern alternating movements. The
rise of consolidated crust blocks provokes deforma-
tions in the sedimentary cover (Figs. 4, 5). According
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to (Kandilarov et al., 2008; Rajan et al., 2012), the
downwarping of blocks is related to the detachment on
the eastern flank of the Knipovich Ridge. According
to (Rajan et al., 2012), detachment on the Knipovich
Ridge and its flanks is accompanied by serpentiniza-
tion in the upper mantle and is exemplified by a seis-
mic section with a “flat spot” anomaly. Serpentiniza-
tion is accompanied by decompaction, dilatation, and
gas generation, leading to positive vertical movements
and gas accumulation in the sediments overlying the
basement.

In areas with the most intense degassing (Fig. 7) in
deep zones of the Svyatogor Rise, the upward migrated
gas forms a gas hydrate layer with the BSR bottom
(Waghorn et al., 2018), which serves as a fluid-confin-
ing barrier for the rising fluid flow. If the BSR integrity
is distorted, the fluid flow makes up heave mounds in
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weakly consolidated sediments (Figs. 6, 7). Based on
the CDP-SRM data, many bright spot anomalies in
the preglacial sedimentary sequence are located above
the acoustic basement highs in accordance with the
hypothesis of link with serpentinization. The average
residual Bouguer anomaly beneath seismic anomalies
is at least 1 to 3 mGal lower then the total average value
of this transformant near zero. This fact indicates the
presence of crust and/or upper mantle decompaction
zones associated with serpentinization. Average value
of the anomalous magnetic field at seismic anomalies
is +72 nT and is almost entirely in the positive range,
regardless of the distance to the ridge, and, conse-
quently, of age. Hence, serpentinization, accompa-
nied by the formation of magnetite, can be a modern
coeval regional process producing the superimposed
chemogenic magnetoactive layer in the upper mantle.
This scenario can explain the mosaic pattern of the
anomalous magnetic field and the loss of correlability
of classical spreading magnetic linear anomalies typi-
cal for flanks of the Knipovich Ridge (Olesen et al.,
1997).

CONCLUSIONS

1. The eastern flank of the Knipovich Ridge is
undergoing tectonic reactivation along the basement
of structures that make up the northern continuation
of the Senja fracture zone and are inconsistent with
the orientation of both rift segments of the ridge and
transform displacements therein. These structures are
expressed in the high-frequency component of Bou-
guer anomalies and are accompanied by deformations
of the sedimentary cover above the basement, accord-
ing to the seismic data.

2. Anomalies of the bright or flat spot type identi-
fied from the seismic data are related to the process of
degassing. Such anomalies are located in areas with
negative values of the residual Bouguer anomaly and
positive anomalies of the magnetic field, suggesting
correlation of anomalies with decompaction zones,
probably, associated with serpentinization accompa-
nied by the formation of methane and the superim-
posed chemogenic magnetization, which distorts the
primary linear pattern of magnetic anomalies from the
spreading basement. The positive value of the anoma-
lous magnetic field indicates the modern age of these
processes.

3. Vertical displacements of the crustal and upper
mantle blocks on flanks leading to deformations of the
sedimentary cover and off—axis seismicity can be
explained by rock dilatation as a result of serpentiniza-
tion and tectonic detachments on the flanks. The con-
sequent increase in the access of water needed for this
process changed the physical properties of rocks
(sources of geophysical fields).
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