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Abstract⎯Manifestations of f luids and deformations in the sedimentary cover, which are both factors of
brightening (blanking anomalies) in seismoacoustic records, in the equatorial segment of the Atlantic coin-
cide with the sublatitudinal zones of the activated passive parts of transform faults and with zones of lower
gravity anomalies and higher values of remnant magnetization, which form as a result of serpentinization. The
cause-and-effect sequence of intraplate phenomena includes: the contrasting geodynamic state → horizontal
movements that form macrofractures → water supply to the upper mantle → serpentinization of rocks in the
upper mantle → deformations associated with vertical uplift of basement and sedimentary cover blocks, cou-
pled with f luid generation → and fluid accumulation in the sedimentary cover, accompanied by the forma-
tion of anomalies in seismoacoustic records. Based on the seismic data, we have identified imbricate-thrust
deformations, diapir structures, stamp folds, and positive and negative f lower structures, indicating the pres-
ence of strike-slip faults in the passive parts of transform faults. The general spatial distribution of deforma-
tion structures shows their concentration in cold mantle zones. Correlative comparison of the structural char-
acteristics of deformations shows the direct relationship between the heights of structures and the develop-
ment of serpentinization processes. As per the age of the basement, deformations range from 27–38 to 43–
53 Ma; a quite thick sedimentary cover makes it possible to reveal them based on the characteristic types of
seismoacoustic records. The formation of the Antilles arc ca. 10 Ma ago affected the equatorial segment of
the Atlantic; it formed kink bands where lithospheric blocks underwent displacements with counterclockwise
rotations, deformations related to compression and vertical uplift of crustal fragments, and local extension
that favored degassing of endogenous f luids. Sublatitudinally oriented imbricate-thrust deformations with
different vergences indicate irregularity and alternating strike-slip directions as blocks between fractures were
laterally influenced.

Keywords: equatorial Atlantic, cold mantle blocks, geodynamics, serpentinization, deformations of the sedi-
mentary cover, degassing, passive parts of transform faults
DOI: 10.1134/S0016852118040076

INTRODUCTION

Deformations of the sedimentary cover in the
deep-water part of the Atlantic have been repeatedly
described in the literature (for example, see [1, 3, 5, 7,
9, 11–13, 17] and others). These works were based on
the data obtained during the expeditions conducted in
the period since 1984 until 2006. They included the
studies within two large regions: (a) along the Angola–
Brazil geotraverse carried out by the Institute of
Oceanology, Academy of Sciences of the USSR, in the
period from 1984 to 1986 under the Ministry of Geol-
ogy and Academy of Sciences of the USSR, (b) and in
the equatorial segment of the Atlantic (ESA) carried
out by the Geological Institute of the Russian Acad-
emy of Sciences (hereinafter, GIN RAS) aboard the

R/V Akademik Nikolai Strakhov. In the foreign litera-
ture, there is the publication summarizing the copious
data on continental margins and the deep-water part
of the Atlantic [21]. It was determined in this work that
the postrift sedimentary supersequence, which occurs
on the rift supersequence of the margins and igneous
basement of the ocean, is a sedimentary structure gen-
erally undisturbed by other tectonic deformations,
with layers dipping gently towards the spreading center
and wedging at the acoustic basement. In the opinion
of the authors of [21], the only exceptions are active
consedimentation normal faults, plastic salt f lows,
faults caused by movement of salt and subsidence of
the covering sequence, faults in the rift supersequence
of the perioceanic zone with disturbed isostatic equi-
librium, as well as mud volcanism and igneous intru-
401



402 SOKOLOV et al.

Fig. 1. Distribution of structures undifferentiated by type related to vertical uplift of basement and sedimentary cover, based on
data from cruises 6 and 9 of the R/V Akademik Nikolai Strakhov (GIN RAS, 1987, 1990), and their comparison to basement age
and residual relief on topographic basis. Inset: location of study region in Atlantic with respect to MAR: (1) structures related to
vertical uplift, (2) isolines and values of basement age, Ma.
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sive bodies. This conclusion was responsible for the
corresponding approach to studying deformations in
the Atlantic. However, further study of the sedimen-
tary cover in oceanic basins showed the tectogenic fac-
tors that form intraplate deformations in the deep-
water part of the ocean.

This study is based on the results obtained by GIN
RAS in the ESA. Among the deformation structures in
abyssal parts of the ESA, the predominant contribu-
tion comes from those related to vertical uplift of the
sedimentary cover by narrow blocks in the basement
(diapir, or piercement, structures) of both recent and
present-day ages (in terms of the extent of deformation
in the section), by wide blocks in the basement (stamp
folds), degassing-related uplift, and transpressive
stress. In [7], based on continuous seismic profiling
(CSP) data obtained during cruises 6 and 9 of the
R/V Akademik Nikolai Strakhov (GIN RAS, 1987 and
1990; both cruises led by Yu.N. Raznitsin; the head of
the CSP party was V.M. Poberzhin) in areas of such
fracture zones as the Marathon, Mercury, Arkhan-
gelsky, Doldrums, and Vernadsky; primary analysis of
the spatial distribution of these structures was con-
ducted, as well as their statistical characteristics with-
out differentiation by deformation type. The general
statistical characteristics of structures with vertical
uplift were studied. It was found that the main spatial
cluster of deformations was related to NW-oriented
kink band structures, which cause bends in the
branches of transform faults in the northern segment
of the ESA (Fig. 1) between 7° and 15° N, on both
flanks of the Mid-Atlantic Ridge (MAR). Neverthe-
less, preliminary analysis of different types of defor-
mations showed that they differ in spatial arrangement
with respect to the tectonic elements of the ocean
floor; this suggests the need for further study and
interpretation of their genesis. The aim of the present
work is to define structural references for deforma-
tions of various types and degassing zones in the sedi-
mentary cover, and to compare them with macrofrac-
tures, gravity, and magnetic fields, their transform
faults, as well as with seismotomographic data indicat-
ing the geodynamic state of the mantle. The ultimate
task is to determine how the origins of deformation
structures from detailed CSP data fit the cause-and-
effect sequence of intraplate phenomena, which con-
sists of the following steps (after [17], with additions):

(1) the horizontally contrasting geodynamic state
of the mantle;

(2) inhomogeneous horizontal movements form-
ing a higher degree of macrofracturing, including tec-
tonic shear deformations, during cooling of the litho-
sphere;

(3) water supply to the upper mantle through the
formed macrofractures;

(4) creation of conditions for serpentinization of
upper mantle rocks with the formation of decompac-
tion zones, local negative gravity anomalies, and
higher magnetization anomalies;

(5) deformations related to the vertical uplift of
blocks of the basement and sedimentary cover and
fluid generation (mainly methane);
GEOTECTONICS  Vol. 52  No. 4  2018
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Fig. 2. Occurrence frequency for heights of structures related to vertical uplift, as measured for basement.
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(6) accumulation of fluids in the sedimentary cover,
formation of anomalies in seismoacoustic records, and
penetration of fluids into water.

PRIMARY RESULTS WITHOUT SEPARATION 
OF STRUCTURES INTO TYPES

The results obtained from the general analysis of
the statistical characteristics of deformation structures
can be formulated as follows. The histogram for the
heights of structures undifferentiated by type (Fig. 2)
shows that the most frequently observed are about
400 m. The origination of vertical movements related
to serpentinization of upper mantle rocks and a 20%
increase in their volume suggest that the thickness of
the layer involved in this process is up to 2 km. Given
that this process could not have taken place in the
entire rock volume, but only along fractures, the real
depth of rock alteration may be higher. The height dis-
tribution shows weak signs of polymodality, in partic-
ular, at 1300 m (Fig. 2). This may indicate both the
presence of individual large diapirs and activation of
processes in the vicinity of these structures; note that
recognition of such activation for each structure
requires particular analysis of the seismic wave field.

It is feasible to analyze the properties of deformed
objects depending on the age of the substrate on which
they formed (Fig. 3). This approach can replace, to cer-
tain degree, estimation depending on the distance from
the MAR. The values of ages were taken from [25]. We
can reliably see a descending pseudolinear depen-
dence of the depth of the bottom near the mentioned
structures. Such a trend is not very predictable
because, in accordance with the model representation
in [18], the trend should look like the descending
curve of the square root of age. The real trend is, how-
ever, gradual around 20 Ma and up until around 60 Ma
has a gentle slope. The heights of structures are
arranged as an inclined band with a gentle ascent from
GEOTECTONICS  Vol. 52  No. 4  2018
400 to 600 m up until 20 Ma and then with a gentle
increase to ~700 m. Three intervals of higher values of
the age parameter (6–16, 27–38, and 43–53 Ma, or
Middle–Late Miocene, Oligocene, and Early–Mid-
dle Miocene, respectively) are superimposed on this
band (Fig. 3). These intervals are similar to those
when deformations were manifested along the geotra-
verse on the western f lank of the MAR [17], but with a
shift of 7–8 Ma toward younger ages with respect to
the MAR. As well, the intervals continue to overlap.
Given the pseudoperiodic evolution of the magnetic
properties of serpentinites depending on temperatures
in the upper mantle [14], this distribution can be inter-
preted as a local activation and continuation of dia-
piric processes when certain temperatures are reached.
Notably, the zone affected by deformations can be
repeatedly activated when the medium attains the next
temperature interval of serpentinization processes.
The age of the substrate does not fit the ages of struc-
tures, but it may illustrate the evolution of the tem-
perature state with time. Figure 3 also shows the ages
of discontinuities in the bottom relief gradient—20 and
60 Ma—from [15]. These ages fall in the gaps between
age zones with anomalous folding of the basement. In
[15], these discontinuities were explained by the
change in density of the upper mantle due phase tran-
sitions during crystallization at the base of the litho-
sphere: such changes result in a nongradual change in
averaged relief according to the root-of-age law. Such
a combination indicates a certain sequence of changes
in the structure of the lithosphere during its cooling.

TYPES OF DEFORMATION STRUCTURES

There are different approaches to categorizing
types of deformation. The deformation structures in
the Northwest Pacific, obtained from CSP data, were
reviewed in [6]. According to [6], the types of struc-
tures include the so called injective and tectonic
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Fig. 3. Distribution of heights of diapir structures and bottom depths above them versus age of igneous substrate. Age intervals
with higher values of heights of basement highs are shown in gray columns: (1) bottom depths; (2) heights; (3) ages of break points
in bottom relief.
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mounds. If to compare these types to the traditional
terminology, asymmetric tectonic mounds limited by
reverse faults in one side are the manifestations of
imbricate-thrust deformations. Injective mounds are
diapiric (piercement) structures, or stamp folds at
wide basement blocks. In addition, the author of [6]
distinguished the complex of deformations related to
fluid ascent and anomalies of sediments bedding (the
latter related to contour currents and turbidite f lows).
Deposits of f lows are widespread in the abyssal zone,
but they are not of tectonic origin there. For example,
these are the most common soils in taxonomy of
structural anomalies in the abyssal sedimentary cover:
they differ from the simplest seismofacies of filling,
which is theoretically the main one in basins. How-
ever, real observations in the studied basin of the
Pacific [6] have shown that there are zones where this
seismofacies is not detected. Study [17] presented a list
of types of deformations studied in the ESA along the
western passive parts of the Marathon and Mercury
transform faults; analogously to deformations in the
Pacific, they were predominantly represented by
(a) structures with vertical uplift or sediments pierced
by basement blocks with different widths and (b) struc-
tures and seismoacoustic record patterns caused by the
fluid factor. Structures with vertically displaced nega-
tive reflectors are rare.

The zone with the most intense development of
deformation structures in the ESA is the study region
of cruise 9 of the R/V Akademik Nikolai Strakhov. We
used the following technique to process the CSP data.
Since the distance between traverses during these
works ranged from 5 NM in small areas to 30 NM
during reconnaissance traverses to cover areas as large
as about 1000 × 500 km, correlation of reflectors with
thicknesses of no more than 1000 m and occurring on
fragmented igneous basement, in order to construct a
continuous surface of reflectors, is problematic. These
data allow us, using the picking approach to indicated
peculiarities of the wave field in problem-oriented
software (RadExPro developed by RadExPro Seismic
Software, Russia), to reveal and digitize spatial loca-
tions and quantitative characteristics for multiple dis-
locations of normal and reverse fault types, stamp
folds, diapir structures, acoustic blanking anomalies
of seismoacoustic records, f lat-topped basement
uplifts, drifts, and others. These peculiarities of the
wave field, along with the vectors of such parameters
as width, height, and thickness of sediments above
basement folding, form a database that is updated
jointly with available spatial coverage and supple-
mented by geophysical field values, whose interpreta-
tion has geodynamic implications. The most wide-
spread (frequently occurring) types of deformations in
the sedimentary cover within the study region are: ver-
tical acoustic blanking anomalies in seismoacoustic
records, or gas pipes (Fig. 4, profiles 1, 2); stamp folds
(Fig. 4, profiles 9, 10); diapir structures (Fig. 4, pro-
files 8, 9); individual reverse faults (Fig. 4, section 7);
imbricate-thrust systems of reverse faults (Fig. 4, pro-
file 3); horizontal acoustic blanking anomalies in seis-
moacoustic records (Fig. 4, profiles 2, 7); and normal
faults (Fig. 4, profile 4).

These mentioned types, with the exception of nor-
mal faults, can be combined into groups based on the
same principle as in [6]. Erosional-accumulative forms
owing to currents contain incuts and drifts (Fig. 4, pro-
file 2), natural levees (Fig. 4, profile 5), and landslides
(Fig. 4, profile 11).

Types of deformation not reported earlier for basins
should be mentioned in particular: these are positive
and negative f lower structures (Fig. 4, profiles 5, 6).
Negative f lower structures form during shear displace-
ment of lithospheric blocks with elements of compres-
GEOTECTONICS  Vol. 52  No. 4  2018
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Fig. 4. Main types of deformation structures, based on CSP data from cruise 9 of R/V Akademik Nikolai Strakhov (GIN RAS,
1990). Numbered arrows indicate structural features in seismic sections (SS; their numbers are in boldface): SS 1: 1, vertical
acoustic blanking anomaly in sedimentary cover; 2, diapir structures; 3, plicative folds. SS 2: 1, incut; 2, horizontal acoustic
blanking anomaly in sedimentary cover; 3, vertical acoustic blanking anomaly in sedimentary cover; 4, drift. SS 3: 1, reverse faults
and thrusts. SS 4: 1, normal faults. SS 5: 1, positive f lower structures; 2, diapir structures; 3, natural levee. SS 6: 1, negative f lower
structures. SS 7: 1, reflectors inclined at >1° in sedimentary cover; 2, constant thickness between reflectors in folded-type record;
3, disjunctive dislocations; 4, diapir structures; 5, structural unconformities; 6, acoustic blanking anomaly in sedimentary cover
in form of lenses and gas chimneys. SS 8: 1, reflectors inclined at >1° in sedimentary cover; 2, diapir structures; 3, acoustic blank-
ing anomaly in sedimentary cover in form of lenses and gas chimneys; 4, disjunctive dislocations. SS 9: 1, broad stamp fold;
2, diapir structures. SS 10: 1, diapir structures; 2, reverse faults and thrusts; 3, normal faults; 4, plicative folds; 5, narrow stamp
fold. SS 11: 1, landslide body.
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Fig. 5. General spatial distribution of deformations and other anomalous types in seismoacoustic records as obtained when inter-
preting point-based peculiarities of wave field during cruise 9 of R/V Akademik Nikolai Strakhov (GIN RAS, 1990). Inset: loca-
tion of study region. Topographic basis is satellite altimetry data with data from [26]. Isolines with values are for mobility attribute

 after [17]; dotted lines denote bends of kink-band structures. Deformations and anomalous types in seismoacoustic
record: (1) diapir structure; (2) normal fault; (3) reverse fault; (4) hinge; (5) paleochannel; (6) vertical acoustic blanking anomaly;
(7) horizontal acoustic blanking anomaly; (8) bright spot; (9) f lat top; (10) landslide; (11) sediment discharge; (12) volcanic edi-
fice; (13) basement intrusion; (14) stamp fold; (15) bending fold; (16) imbricate-thrust folds; (17) positive f lower structure;
(18) natural levee; (19) drift; (20) negative f lower structure.
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sion or extension. Remarkably, these objects were
revealed in the passive parts of transform faults,
objects for which displacement is theoretically absent.
Nevertheless, based on data on the difference between
spreading rates in adjacent blocks of oceanic crust
(sometimes it differs by a factor of 2–3 [10]) and under
the assumption about the geodynamic implications of
this [16], we can conclude that shearing in the passive
parts of transform faults is theoretically possible.
Detection of near-fault f lower structures in CSP
images within the sediment-filled passive parts of fault
troughs indicates the true existence of this process and
obviously supports it with facts.

GENERAL SPATIAL DISTRIBUTION 
OF DEFORMATIONS

The general spatial distribution of deformation-
related and other anomalous patterns in seismoacous-
tic records (Fig. 5) is related to the survey route, but
the obtained cluster of points does not mean the
absence of any forms in between traverses. Morpho-
logical interpolation of the space between traverses is
carried out on a topographic basis (satellite altimetry
data [26]), which also reflects the structure of the
acoustic basement beneath the sedimentary cover.
The isolines in Fig. 5 show the values of mobility attri-
bute, after [17]; negative values of this attribute indi-
cate “cold” lenses in the upper mantle at a depth of
about 470 km depth. The minimum attribute values
reflecting the values of the Poisson coefficient and
indicating the geodynamic state correlate with the
degree of macrofracturing on the surface [16] and
determine the distribution of surface geophysical
characteristics. The different rheological properties at
the mentioned depth result in (a) more mobile
dynamics in “hot” zones with a lower viscosity of
mantle material and (b) a higher degree of macrofrac-
turing above cold blocks. Their interaction creates
conditions for additional faulting in cold blocks, espe-
cially for irregular spreading rates along coeval base-
ment zones [25]. Thus, the first two elements of the
sequence of intraplate events—a contrasting geody-
namic state of the mantle and macrofracturing—are in
a cold zone (Fig. 5).

In the studied segment of the Atlantic (Fig. 5), the
following types of deformations appear with the corre-
sponding number: 76 diapir structures, 65 stamp folds,
40 imbricate thrusts, 72 reverse faults, 68 vertical
acoustic blanking anomalies, and 22 horizontal acous-
tic blanking anomalies.

The deformations revealed from the structure of
the sedimentary cover [17] are predominantly concen-
trated above the cold mantle zone to the east of the
zero isoline of  attribute. Additionally, this
isoline is also the western boundary of kink bands
(Fig. 5) manifested in the acoustic basement structure.
Deformation structures revealed from the detailed
CSP data along traverses are very compactly arranged

( )δ Vp Vs
GEOTECTONICS  Vol. 52  No. 4  2018
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Fig. 6. Spatial distribution of f lower-type deformations in sedimentary cover of fault troughs, based on data from cruise 9 of
R/V Akademik Nikolai Strakhov (GIN RAS, 1990). Inset: location of study region. Topographic basis is satellite altimetry data
with data from [26]. Named line shows location of section in corresponding figure. Types of f lower structures: (1) positive;
(2) negative.
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within the boundaries of the cold segment revealed
from processing of fine-scale seismic tomography and
altimetry data. The agreement of these results also ver-
ifies the relationship between the state of mantle and
distribution of deformation structures. The density of
deformation structures, especially folds, noticeably
decreasing nearing the MAR because of (a) the small
thickness of sediments from whose structure these
deformations were revealed and (b) manifestations of
sediments in the forms of small isolated pockets in
depressions in the acoustic basement. In the present
study, intermediate elements of the sequence of
intraplate phenomena, related to alteration of mate-
rial, are not considered. The presented data concern
only the implications of their processes: they are
expressed as deformations and manifestations of f luid
supply to the sedimentary cover.

DISTRIBUTION OF STRIKE-SLIP 
DEFORMATIONS

Strike-slip deformations form a paragenesis that
includes the compression structures along the fault. In
seismic sections of the sedimentary cover, which are
orthogonal to the shear plane, shear deformations are
seen as specifically shaped flower structures, one of
which is shown in profile 5 of Fig. 4. Arrow 1 in the
middle part of the fault trough marks an antiform with
no basement folding at its base; this antiform is char-
acterized by an attenuating amplitude for the shift of
reflectors upsection and by contrasting reflectors from
the sides of the fault trough on both sides of the fault.
Such a wave field is formed under transpressive condi-
tions as a positive f lower structure. Transtension forms
GEOTECTONICS  Vol. 52  No. 4  2018
negative f lower structures characterized by sinking of
reflectors (Fig. 4, section 6). The presence of such
structures in the sedimentary cover of the passive parts
of transform faults indicates shear displacements
between segments of oceanic lithosphere after their
movement beyond the active parts of faults as a result
of spreading. This phenomenon is theoretically possi-
ble [16] owing to the difference in spreading rates of
segments along the MAR, as much as 2.5-fold. Since
this difference leads to additional displacement
beyond the limits of the active parts of transform
faults, the sedimentary cover accumulated in passive
parts can experience shear deformations. In addition,
the formed fracture zone is a zone of weakness and can
contain serpentinites, which favor displacements
when faults are reactivated.

Figure 6 shows the spatial distribution of the
revealed shear deformations (f lower structures) in the
sedimentary cover of faults to the west of the MAR.
Positive f lower structures are located chiefly at the
bend of the Marathon and Mercury faults, which
frame the kink-band-like structural zone in the north,
indicating a transpressive regime that formed such a
structural pattern of fault troughs. Within this fram-
ing, we revealed the more rarely occurring negative
flower structures which suggested the presence of an
extensional component. The spatial density of these
structures was determined by a discrete network of
surveying traverses. In fact these deformations may be
represented by elongated structures. Thus, origination
of this deformation zone was characterized by mosaic-
ity in the stress distribution, with the formation of
extension in the internal part.
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Fig. 7. Fragment of CSP profile no. S09-04 across western passive part of Vema Fracture Zone, based on data from cruise 9 of
R/V Akademik Nikolai Strakhov (GIN RAS, 1990). Arrow indicates location of median ridge in fault trough.
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The studied segment is framed in the south by the
western passive part of the Vema Fracture Zone,
where a median ridge is observed in the altimetry field,
indicating shear with compression. During expedi-
tionary works, this structure was traversed only by the
survey transect along ~45° W (Fig. 7), which is 300 km
east of the revealed f lower structures. We can see the
median ridge in the shown section: it rises 450 m above
the bottom; it has a total height of about 1350 m and a
width of about 1200 m on the bottom; it intruded into
sediments to form small-amplitude plicative folding
on the reflector at a depth of about 200 ms (Fig. 7).
Thus, the median ridge is of variable height along its
western continuation and approaches the northern
side of the Vema Fracture Zone (Fig. 7), on which
there are deformations related to the movements of
wide (more than 20 km) basement blocks. Transpres-
sive conditions are observed in the majority of the pas-
sive parts of faults framing the zone of kink bands,
which can be quite reliably inferred from the distribu-
tion of the mapped deformations in the sedimentary
cover. The seismoacoustic section to the south of the
median ridge (Fig. 7) indicates the presence of inten-
sive bottom currents that formed erosional-accumula-
tive objects.

CORRELATION BETWEEN DEFORMATIONS 
AND GEOPHYSICAL FIELDS

Сomparison between deformations, for which we
digitized such quantitative characteristics as width,
height, and thickness of sediments above folding of the
basement, on the one hand, and geophysical fields, for
which structural and geodynamic interpretations are
available, on the other, makes it possible to obtain
approximate models of their mutual dependences
through correlations between numerical values of the
mentioned characteristics and values of fields and
ages. The models can be expressed quite easily by clus-
ters of points or have a dispersed character, barely
showing a trend. For correlations, we used Bouguer
anomalies calculated from altimetry data [26] and bot-
tom relief; magnetization used in correlation was cal-
culated from anomalous magnetic field (AMF) [24]
and bottom relief data for a magnetized layer 500 m
thick, from bottom relief data only [27], and from ages
according to the linear magnetic anomalies [25]. Bou-
guer anomalies mainly reflect the relief of the crustal–
mantle interface, and the less the value of this anomaly
the deeper this interface occurs. These anomalies also
reflect density inhomogeneities in the crust and upper
mantle, which are especially contrasting in the MAR
zone due to thermal anomalies and nonuniform mag-
matism. Density inhomogeneities also include ser-
pentinization-related decompaction zones. Magneti-
zation is mainly represented by two components:
thermo-remnant, which decreases with distance from
the MAR, and chemo-remnant, which forms during
serpentinization and conceals magnetization. Thus,
the mentioned parameters reflect the processes of
fracturing and accretion of an inhomogeneous struc-
ture of the igneous spreading basement. The relief is
the top of the crustal layer and an indicator of inho-
mogeneities related to deformations in the sedimen-
GEOTECTONICS  Vol. 52  No. 4  2018
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Fig. 8. Diapir structures in ESA west of MAR, based on data from cruise 9 of R/V Akademik Nikolai Strakhov (GIN RAS, 1990).
(a) General spatial distribution of diapir structures (inset: location of study region); (b) correlation between magnetization calcu-
lated from data on anomalous magnetic field and relief combined with heights of diapir structures above basement (dashed lines
denote trends and sizes of filled circles proportional to thickness of sediments above tops of structures, from 0 to 520 m); (c) cor-
relation between heights of diapir structures above basement and basement age (intervals of basement ages with higher density of
diapir structures are marked by gray columns): (1) locations of diapir structures (in panel (a)); (2) diapir structures in correlation
coordinates (in panels (b) and (c)).
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tary cover. The age of the basement is the key param-
eter forming the evolutionary relationship between
structures; it indirectly reflects their thermal history.

CORRELATION BETWEEN THE MAIN TYPES 
OF DEFORMATIONS

Diapir Structures
An overview of diapir structures (Fig. 4, sections 1,

5, 7, 8) shows that they are ubiquitous along the sur-
GEOTECTONICS  Vol. 52  No. 4  2018
veyed traverses (Fig. 8), but tend predominantly
toward blocks between fractures and not fault troughs
as do f lower structures. A dense cluster of these objects
in the interval of 48°30′–48°00′ W is related to the sur-
vey area. To the west of this area, the distance between
traverses is 30 arc min and the zone between 48°30′
and 50°30′ W within its limits is characterized by min-
imum density of diapir structures (Fig. 8a). In general,
this zone fits the zone of local extension revealed by
negative f lower structures (Fig. 6), but an exact out-
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line of its boundaries is hardly possible, because it is
revealed by a regional survey network. The fit of local
extension zones and zones with a low density of diapir
structures additionally indicates that a mosaic alterna-
tion of compression and extension zones (with the latter
ones dominant) forms under transpressive conditions.

Comparison of heights of diapir structures above
the basement and magnetization of basement rocks
(Fig. 8b) shows the presence of two trends with differ-
ent slopes. The expected regularity is that the heights
of structures increase depending on the presence of
intensive serpentinization processes, for which the
rock volume expands, which pushes blocks, and at the
same time, chemical magnetization occurs during the
formation of magnetite. Under transpressive condi-
tions, upward pushing increases the heights of struc-
tures. Comparison of the heights and thicknesses of
the sedimentary cover above the tops of these struc-
tures (Figs. 8b, 8c) shows that thicker sediments are
observed for small amplitudes of structures (up to
400 ms), whereas for large amplitudes, the structures
completely penetrate the cover to reach the surface.
Comparison of structures and ages (Fig. 8c) shows a
similarity to the distribution of structures with undif-
ferentiated types (Fig. 3): the majority of structures
have amplitudes of no more than 400 ms and are
grouped into two clusters of 27–38 and 43–53 Ma, cor-
responding to periods of intensified serpentinization
when the upper mantle reached the optimal tempera-
ture interval [14]. The values of amplitudes above the
mentioned limits are rare, and structures with smaller
amplitudes do not pierce the sedimentary cover.

In Fig. 8, two distinct trends with different slopes
are the most interesting. The gently sloping trend is the
main one and is represented by a large number of
structures with the sedimentary cover above their tops;
the steep one is characteristic of rare structures with-
out a superimposed cover and with a low magnetiza-
tion. Such a distribution can be explained by the nar-
row blocks piercing of the sedimentary cover by some
diapir structures with a low degree of serpentinization
and low magnetization in zones of weakness (fracture
zones), and by their freer growth compared to the
main structures of this type.

Stamp Folds
Stamp folds (Fig. 4, profiles 9, 10) in the study area

(Fig. 9a) are distributed nearly homogeneously in the
sublatitudinal direction, centered on the survey tra-
verses and in blocks between fractures. Morphological
interpolation from continuous altimetry-based topog-
raphy supports the viewpoint that the folds revealed on
particular traverses are single folded structures with
axes following the configurations of fault troughs. This
can be seen from the compilation of seismogeological
profiles [8]. The change in sizes of symbols denoting
heights of folds above the basement (Fig. 9a) suggests
long-period undulation of these heights within the
lithospheric block between the Mercury and Vema
fracture zones, with a minimum around 50° W and
disappearance of folds beyond the limits of the kink-
band zone. The zone of low heights coincides with the
zone of lower density of diapir structures (Fig. 8a) and
negative f lower structures (Fig. 6). This argues for the
presence of a structural complex related to small local
extension orthogonal to the passive parts of fracture
zones.

The trend toward an increase in the widths of folds
with height is obvious (Fig. 9b). Digitized width and
height values increase or decrease with the respective
change in another parameter. Within a range up to
17000 m wide, gentler trends are distinguished, sug-
gesting the advancing growth of fold heights. This is
explained by a possible faster vertical increment for
narrower units piercing the upper crust. Comparison
between widths of folds and Bouguer anomalies
(Fig. 9c) shows a fold concentration between 311 and
338 mGal coupled with an increase in their widths in
the middle of this range. Note that this range corre-
sponds to certain decompaction of abyssal values of
Bouguer anomalies. The background mean values of
these anomalies in the abyssal part of the ESA are
significantly less (>100 mGal) than in other basins to
the north and south (Fig. 9a, inset). Since there also
are maximum lateral displacements of segments of
the MAR along transform faults with long active
parts, we can suggest that deformations, lateral dis-
placements, and the low background of Bouguer
anomalies form a group of interrelated geological and
geophysical phenomena.

The dependence of the widths of folds on magneti-
zation (Fig. 9d) is demonstrated by a cluster of points
beneath the trend: folds in this cluster become nar-
rower as magnetization increases, indicating that more
serpentinized blocks containing magnetoactive mate-
rial have a tendency to form narrow structures that
pierce (Fig. 8b) or uplift (Figs. 9b, 9d) the upper crust.
This is verified by the formation of serpentinite pro-
trusions substantiated in [2] based on data from the
Canary–Bahaman geotraverse.

Imbricate Thrusts
The majority of the region under discussion was

studied by submeridional traverses in which imbricate
thrusts (Fig. 4, section 3) are nearly absent (Fig. 10a).
They were revealed mainly in sublatitudinal passages
between traverses and within the limits of the polygon
in the eastern part of the studied region. These struc-
tures are manifested in the framing of the kink-band
zone, also indicating shear movements along the pas-
sive parts of fault troughs, because deformations of this
type are part of the strike-slip paragenesis [19]. In the
survey area with sublatitudinal traverses, thrusts are
expressed in all blocks between fractures. Thus,
mutual displacements of blocks take place in the entire
area with a deformed configuration of the passive parts
GEOTECTONICS  Vol. 52  No. 4  2018
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Fig. 9. Stamp folds in ESA west of MAR, based on data from cruise 9 of R/V Akademik Nikolai Strakhov (GIN RAS, 1990).
(a) General spatial distribution of centers of stamp folds (inset: location of study region in background of normal Bouguer anom-
alies); (b) correlation between heights and widths of folds (dashed line denotes trend); (c) correlation between widths of folds and
Bouguer anomalies (filled circles are proportional to heights of folds graded from 45 to 1020 m; vertical lines delineate interval of
Bouguer anomalies with more frequently occurring folds); (d) correlation between widths of folds and magnetization calculated
from data on anomalous magnetic field and relief (dashed line denotes trend). Folds: (1) graded on height from 45 to 1020 m (in
panel (a)); (2) in correlation coordinates (in panels (b)–(d)).
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of faults. The distribution of vergences, whose direc-
tions are oriented as shown by triangles in Fig. 10a,
shows that mutual displacement of blocks can be mul-
tidirected and makes up a compact group of these
forms with different vergences. Most likely, the distri-
bution of vergences occurs due to variations in the
directions and values of the displacement vectors for
individual blocks between fractures within the general
deformation zone. The central part of the region,
around 50° W (Fig. 10a), is also anomalous in terms of
manifestation of this type of deformations, which are
observed along two submeridional traverses, showing
the presence of corresponding displacements.

The dependence of the widths of deformations on
magnetization (Fig. 10b) shows that the largest objects
GEOTECTONICS  Vol. 52  No. 4  2018
formed for the minimum values of this parameter.
This indicates the absence of its cause-and-effect rela-
tionship with serpentinization processes and the influ-
ence of shear on their formation. At high values of
magnetization, structures with minimum widths form
in the framing of narrow serpentinite protrusions. The
dependence of deformation amplitudes on the values
of Bouguer anomalies (Fig. 10c) is demonstrated by a
cluster of them in the range of 310–334 mGal. The
analogous range corresponds to the distribution of
forced folds (Fig. 9c) on a generally lower back-
ground of Bouguer anomalies in the ESA. The distri-
bution of heights of deformations based on basement
age (Fig. 10d) shows that recent and present-day
deformation processes involve structures of both the
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Fig. 10. Imbricate-thrust deformations in ESA west of MAR, based on data from cruise 9 of R/V Akademik Nikolai Strakhov
(GIN RAS, 1990). (a) General spatial distribution of imbricate-thrust deformations (inset: location of study region on back-
ground of normal Bouguer anomalies); (b) correlation between widths of deformations and magnetization calculated from data
on anomalous magnetic field and relief (dashed line denotes trend); (c) correlation between heights of deformations and Bouguer
anomalies (here and in panel (d), intervals of Bouguer anomalies with more frequently occurring deformations are marked by gray
columns); (d) correlation between heights of deformations and age. Thrusts: (1) oriented along direction of vergence (in panel (a));
(2) not graded, in correlation coordinates (in panels (b)–(d)).
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sedimentary cover and basement from all periods of
activated serpentinization and the formation of struc-
tures with vertical uplift (Fig. 3).

Reverse Faults

The distribution of reverse faults shown in Fig. 11
by symbols proportional to the deformation ampli-
tudes is demonstrated by clear mosaic fragmentation
of the stress field, causing formation of faults. Reverse
faults are the least represented in the central part of the
studied region, around 50° W. Detailed studies within
the survey area in eastern part of the region revealed
that reverse faults occur more frequently in sublatitu-
dinal traverses, indicating a sublatitudinal orientation
of the major tangential stresses that affected the litho-
sphere in the region and produced faults and deforma-
tions in the sedimentary cover. The maximum con-
centration and amplitude of reverse faults was revealed
in the framing of the kink-band zone, in particular, in
the northwest, where the azimuths of the passive parts
of faults change.

Vertical Acoustic Blanking Anomalies

Vertical acoustic blanking anomalies in seismoa-
coustic records (gas brightening, also referred to as gas
chimneys) are manifestations of f luids in these
records: f luids penetrate upwards through weakly con-
solidated sediments or along fractures. The presence
GEOTECTONICS  Vol. 52  No. 4  2018
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Fig. 11. Reverse faults in ESA west of MAR, based on data from cruise 9 of R/V Akademik Nikolai Strakhov (GIN RAS, 1990).
Inset: location of study region on background of normal Bouguer anomalies. Vertical lines denoting reverse faults are graded in
terms of their amplitudes from 12 to 1100 m.
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of this type of record indicates that there are no f luid-
impermeable layers along the volume occupied by gas
chimneys (Fig. 4, sections 1, 2, 7, 8) and there are no
coherent reflectors within this volume. The bases of
gas chimneys are in most cases rests on the acoustic
basement represented by a basaltic layer, indicating an
endogenous source of f luids. Gas chimneys are
observed within the entire studied region, but mainly
in the axial zones of the passive parts of sediment-
filled fault troughs (Fig. 12a). The presence of gas
chimneys makes it possible to detect degassing by the
CSP method because degassing in water column in the
frequency range of CSP (up to ~150 Hz) at depths of a
few thousand of meters, with pneumatic seismic
sources employed, is nearly unnoticeable. Thus, the
finding of gas pipes predominantly in fault troughs
does not indicate a total absence of degassing in the
bottom parts without sedimentary cover. Neverthe-
less, the studied region, whose basement ranges from
20 to 60 Ma in age, is nearly completely covered by
sediments, except for some rare basement outcrops
corresponding to vertical uplifts or piercing of deposits
and to reverse-fault dislocations. It follows from this
that the abundance of gas pipes in faults is a significant
characteristic and an indicator of an endogenous ori-
gin of f luids, for which their seepage to the surface is
confined to crustal faults. The given depth of trans-
form faults identified in the relief is inferred from the
fact that they mainly disappear after calculation of
normal Bouguer anomalies (Fig. 12a, inset). A certain
number of gas chimneys were revealed around 48° W,
in the area of small submeridional displacements,
where a detailed area was surveyed.

The dependence of heights of gas chimneys on
magnetization (Fig. 12b) indicates a weak and predict-
GEOTECTONICS  Vol. 52  No. 4  2018
able increasing trend, because serpentinization pro-
cesses lead to both an increase in chemical magnetiza-
tion and fluid yield [4]. On this background, there are
two zones with higher values of heights of gas chim-
neys, also characterized by a higher f luid yield at the
stage of serpentinization development, when the mag-
netoactive layer with an effective magnetization of
about 0.2 and 0.6 A/m was formed, supporting the
idea of the presence of certain intervals in which the
mentioned processes are activated [14]. Comparison
of the heights of gas chimneys and Bouguer anomalies
(Fig. 12c) shows that the gas chimneys are clustered
within the range of 315–348 mGal, which is lower
with respect to the background value in abyssal basins.

Comparison of the heights of gas chimneys and the
age of the basement (Fig. 12d) indicates that gas chim-
neys abruptly began to appear more frequently starting
from 37–40 Ma or older. On the younger basement,
there is an interval without gas chimneys and a small
increase in their abundance on basement younger than
25 Ma. Analysis of the spatial locations of gas chim-
neys (Fig. 12a) shows that the interval from 25 to
37 Ma where gas chimneys are absent is also expressed
in the zone of 49°30′–48°30′ W, where gas chimneys
were not revealed. Thus, the majority of gas chimneys
coincide with the third interval of deformation con-
centration (Fig. 3), as obtained without subdivision of
deformations into types. The given age distribution
can be explained in different ways:

(1) serpentinization processes formed the f luid
which was slowly supplied to the sedimentary section;

(2) the f luid was not generated during the first and
second (from young to ancient) serpentinization inter-
vals (Figs. 3, 12d), or it was blocked;
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Fig. 12. Vertical acoustic blanking anomalies in seismoacoustic record (gas chimneys) in ESA west of MAR, based on data from
cruise 9 of R/V Akademik Nikolai Strakhov (GIN RAS, 1990). (a) General spatial distribution of gas chimneys graded in terms of
their heights (inset: location of study region on background of normal Bouguer anomalies); (b) correlation between heights of gas
chimneys and magnetization calculated from data on anomalous magnetic field and relief (dashed line depicts trend); (c) correla-
tion between heights of gas chimneys and Bouguer anomalies (here and in panel (d), intervals of Bouguer anomalies with more
frequently occurring gas chimneys are marked by gray columns); (d) correlation between heights of gas chimneys and age. Gas
chimneys: (1) graded on height, from 300 to 2670 m (in panel (a)); (2) not graded, in correlation coordinates (in panels (b)–(d)).
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(3) formation of a kink-band zone that changed
configuration of fault zones abruptly increased the pos-
sibility of fluid supply into the sedimentary cover, wid-
ening fault zones in basement 40 Ma or older in age.

It is difficult to determine exactly which interpre-
tation is correct, but the predominant manifestation
of gas chimneys in this area and at the mentioned age
of the basement is obvious. Another remarkable fea-
ture is that the widths of gas chimneys increase
explicitly westward (Fig. 12a), possibly supporting
the third interpretation related to widening of fault
zones (however, the other two versions are not com-
pletely excluded).
Horizontal Acoustic Blanking Anomalies

The horizontal acoustic blanking anomalies in
seismoacoustic records within abyssal basins—so-
called lenses (Fig. 4, sections 2, 7, 8)—are domains
with acoustic stratification that has disappeared,
located immediately above the basement. Their distri-
bution in the studied region (Fig. 13a) shows that they
are located predominantly in blocks between fractures.
If we assume that the source of f luid was the same for
both vertical and horizontal acoustic blanking anoma-
lies in seismoacoustic records, then it was supplied
ubiquitously. Vertical zones ~240 ms high on average
can be found mainly in fault troughs, where the pres-
GEOTECTONICS  Vol. 52  No. 4  2018
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Fig. 13. Horizontal acoustic blanking anomalies in seismoacoustic record (lenses) in ESA west of MAR, based on data from
cruise 9 of R/V Akademik Nikolai Strakhov (GIN RAS, 1990). (a) General spatial distribution of lenses graded in terms of their
widths (inset: location of study region on background of normal Bouguer anomalies); (b) correlation between widths of lenses
and magnetization calculated from data on anomalous magnetic field and relief. Lenses: (1) graded on width from 4.5 to 20 km
(in panel (a)); (2) not graded, in correlation coordinates (in panel (b)).
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ence of f lower structures (Fig. 6) suggests shear dis-
placements leading to fracturing. Horizontal zones
~250 ms thick on average—which is almost the same
as the average height of vertical zones—are rarer, and
their widths are up to 20 km, whereas vertical zones are
~980 m wide on average. The similarity of vertical
extents for vertical and horizontal zones indicates the
same fluid progradation rate in sediments, whereas
the difference between their widths and structural
positions suggests different fracture systems along
which endogenous f luid f lowed. We can also suggest
that there is a fracture system in blocks between faults,
but we could not identify it because of sparse subme-
ridional traverses.

Lenses widen westward, and their occurrence on
basement 40 Ma or older in age, like for gas chimneys,
points to the complete similarity of the processes
GEOTECTONICS  Vol. 52  No. 4  2018
forming this type of anomalies, except for the geome-
try of conduits. These channels in the kink-band
zone can differ from those in the rest of the studied
region, because the distances between fault troughs
here are 10–15% larger than those in the remaining
part (Fig. 13a). Therefore, small local extensional struc-
tures can form, as well as shear and thrust deformations.
Comparison of the widths of lenses and magnetization
of the basement (Fig. 13b) shows that narrower lenses
form for large height values and intensive serpentiniza-
tion, passing into high vertical zones (Fig. 12b).

GEODYNAMIC SCHEME 
OF THE EQUATORIAL SEGMENT 

OF THE WEST ATLANTIC
Analysis of the data on tectonic deformations and

fluid anomalies from the CSP record has allowed us to
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Fig. 14. Geodynamic scheme of ESA of MAR. Inset: location of study region on background of normal Bouguer anomalies:
(1) Antilles arc; (2) direction of Antilles arc effect and movement of plate from MAR; (3) counterclockwise rotation of blocks;
(4) shear displacements; (5) alternating shear displacements; (6) zone of minimum deformations; (7) boundary of kink band;
(8) transform faults; (9) rift axis; (10) parallel branch of fault.
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compile a geodynamic scheme of the studied region
(Fig. 14). The western part of the northern segment of
the ESA is located in a zone characterized by negative
values of  parameter and manifestations of
transform faults with large lateral displacement of seg-
ments of the MAR. In addition, general decompaction
is observed there between the fracture zone at 15°20′
and the Vema Fracture Zone; according to spreading
rate data from [25], it is a zone with 10% higher
spreading rates compared to the plate segments north
and south of it. Since the difference in spreading rates
cannot become equal directly beyond the active part of
the fracture, shear displacements in passive parts con-
tinue to exist at distances comparable to the lengths of
active parts. This process causes the plate to be parti-
tioned into particular blocks along passive parts of
faults with the formation of tectonic breccias and ser-
pentinites [8]; note that plate fragments can be acti-
vated along zones of weakness with variations in their
motion parameters. In this respect, dextral and sinis-
tral strike slips are indicated along passive parts of the
fracture zone at 15°20′ and the Vema Fracture Zone.
According to the data from [22], foundation of the
Antilles arc is dated back to as early as ~10 Ma ago. Its
effect on the northern segment of ESA (Fig. 14) led to
the formation of kink-band zone that changes config-
uration of passive parts of transform faults—remark-
ably, only in the latitude interval of the arc extent.
Additionally, this effect led to reorientation of the
Vema Fracture Zone’s fault trough [20] to the position

( )δ Vp Vs
orthogonal to the Antilles arc. Formation of this arc
was most likely caused by penetration of a branch of
the plume that formed the East Pacific Rise along the
Galapagos Rift into the Atlantic from the west, as seen
from seismic tomography imaging [23].

Formation of the kink-band zone is associated with
displacements of lithospheric blocks with counter-
clockwise rotation. This leads to deformations related
to compression and vertical uplift of crustal blocks and
to the formation of local extension zones favoring
degassing of endogenous f luid. The sublatitudinal ori-
entation of imbricate thrusts with various vergences
points to inhomogeneity of shear displacements with
the lateral effect on blocks between fractures: in the
scheme (Fig 14), this is indicated by the alternating
displacements along transform faults. The superposi-
tion of the general vector of plate motion from the
MAR with respect to the effect of the Antilles arc
forms the area to the east of the kink-band zone. Here,
deformations are the least expressed and their maxi-
mum amplitudes are observed in the periphery of this
area and in the kink-band zone itself. In the north, this
area is bounded by the fault trough of a parallel branch
of the Marathon Fault, along which shear displace-
ments of alternating directions are also possible. The
kink-band zone also formed along the primary inho-
mogeneous structure of the plate that emerged due to
an abrupt change in the parameters of plate motion 70
to 50 Ma ago, as well as to the westward shift of the
Eulerian pole. This led to a change in the spreading
GEOTECTONICS  Vol. 52  No. 4  2018
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direction, bends of transform faults along the entire
North Atlantic, and formation of a rift in the Labrador
Sea. This is the basement age interval (70 to 50 Ma),
with the initially formed inhomogeneity, in which the
kink-band zone formed under the influence of the
Antilles arc.

SYNTHESIS OF THE RESULTS
The features of f luids in seismoacoustic records are

(a) the loss of acoustic stratification and chaotization
of layers, (b) contrasting gas caps, (c) subsidence of
synphase axes, (d) narrow vertical acoustic blanking
anomalies (related to f luid penetration) in seismoa-
coustic records, (e) acoustic blanking anomalies
within sediments adjacent to the basement in seismo-
acoustic records, and (f) the occurrence of anomalies
in the instantaneous frequency attribute.

The features of f luid penetration into water from
the sedimentary cover that accumulates mobile com-
ponents are (a) characteristic wave diffraction with
peaks above the surface of the bottom, (b) loss of
acoustic stratification, (c) a brightened and chaotic
pattern of the record in the upper part of the section
beneath the penetration zone, (d) local bulging of the
bottom, and (e) formation of either sedimentary-
material fans or pockmarks.

Fluid anomalies are encountered above diapir
structures, fault zones, and probably in areas with a
degraded gas hydrate layer acting as f luid seal, in addi-
tion to lithologically low-permeable sediments.

Manifestations of f luids spatially coincide with
sublatitudinal zones of MAR-induced activated defor-
mations within basins with depths of 1700 m greater, as
well as the zones with negative density anomalies, such
as Hess-type crust around the fracture at 15°20′ and in
the South Atlantic at 20°–24° S. Deformation zones
are represented by a variety of strike-slip displacements
in combination with compression and extension. The
decrease in density during serpentinization forms grav-
ity anomalies that exceed the accuracy of altimetry data
and makes it possible to spot these zones from remote
sensing data.

A considerable number of deformation structures
are units related to vertical uplift of the sedimentary
basement in narrow and wide blocks, degassing-
related ascent, and transpressive f low of both recent
and present-day age. Spatially, they tend to be near
NW-oriented kink bands crossing the northern seg-
ment of the ESA. The height histogram for structures
undifferentiated by type has a main peak at about
400 m. During serpentinization, the origin of vertical
pressing out of basement blocks, the thickness of the
layer involved in serpentinization is up to 2 km. The
polymodality of distribution indicates repeated activa-
tion of processes in the vicinity of these structures.
There is a descending dependence of the depth of the
bottom near these structures on the age of the base-
GEOTECTONICS  Vol. 52  No. 4  2018
ment: it appears linear, with a step of about 20 Ma and
a more gently sloping gradient after this age. The main
trend in the heights of structures has a form gently
sloping upward from 400 to 600 m in the interval of 0–
20 Ma and then with an even gentler ascent to 700 m
with three overlapping zones with abruptly higher val-
ues at 6–16 Ma (Middle–Late Miocene), 27–38 Ma
(Oligocene), and 43–53 Ma (Early–Middle Eocene).

Such a distribution can occur due to the magnetic
properties of serpentinites, which vary as a function of
decreasing temperature of the upper mantle combined
with local activation of diapiric processes after a cer-
tain temperature is reached. The age of the basement
does not correspond to the age of structures but may
reflect the evolution of temperature. In the intervals
between zones with high structures, there are break
points of the relief, which are related to phase transi-
tions at the base of the lithosphere.

Deformation structures based on 2D CSP data
were categorized in the direction of mass displace-
ments in the vertical plane of the section. The follow-
ing types of tectonic structures were distinguished:

(1) imbricate-thrust deformations expressed as
bulging under horizontal displacement;

(2) diapir (piercement) structures related to posi-
tive vertical displacements;

(3) stamp folds related to wide basement blocks;
(4) deformations related to the ascent of f luids.
Deformations related to vertical movements are typ-

ical of the flanks of the MAR, where cooling of the lith-
osphere is maximum. In these areas, the sedimentary
cover is usually thin; therefore, these deformations can
hardly be identified from deformations of the cover.
Negative displacements also take place during transten-
sion in the passive parts of faults. Sediment bedding
anomalies related to contour currents and turbidite
flows (which do not have a tectonic nature) have also
been distinguished. In the studied basin, there are areas
where the seismofacies of these flows are not observed.
The most frequently encountered deformations of the
sedimentary cover within the studied region are (a) ver-
tical acoustic blanking anomalies in seismoacoustic
records (gas chimneys), (b) stamp folds and diapir
structures, (c) reverse faults, (d) imbricate-thrust sys-
tems, and (e) horizontal acoustic blanking anomalies in
seismoacoustic records.

In particular, types of deformation related to strike
slips should be mentioned: negative and positive
flower structures revealed in the passive parts of trans-
form faults. Data on differences in the spreading rates
for different parts along the MAR allow us to conclude
that slipping is possible in the passive parts of trans-
form faults.

The general spatial distribution of deformational
and other types of anomalous patterns in the seismoa-
coustic record demonstrates their maximum concen-
tration in zones with a higher degree of macrofractur-
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ing above cold blocks revealed from analysis of the
tomographic  attribute and confirms the first
two elements in the sequence of intraplate phenom-
ena: the contrasting geodynamic state of the mantle
and macrofracturing. The occurrence frequency of
folded units decreases closer to the MAR due to the
small values of the sediment thickness.

Detection of structures pertaining to strike-slip
paragenesis in the sedimentary cover above the passive
parts of transform faults indicates the existence of
shear displacements between segments of the oceanic
lithosphere after their spreading-induced removal
beyond the limits of active parts. Positive f lower struc-
tures formed in a transpressive regime are located at
the bends of the Marathon and Mercury fractures
framing the structural kink band in the north. Within
this framing, rare manifestations of negative f lower
structures indicate a local extensional component in
the mosaic of stresses.

The studied region is framed in the south by the
western passive part of the Vema Fracture Zone,
where the median ridge (indicator of shearing with
compression) is identified in the field derived from
altimetry and CSP data. Thus, transpressive condi-
tions are observed in most passive parts of faults fram-
ing the kink-band zone.

The spatial distribution of the most frequently
revealed deformations in the northern segment of the
ESA to west of the MAR shows a higher concentration
of deformations with a positive vertical motion com-
ponent, framed by a kink band that changes the nor-
mal configuration of the passive parts of transform
faults. A similar distribution is observed for positive
flower structures in fault troughs and for diapir struc-
tures, stamp folds, thrust-related deformations, and
reverse faults. This produces a mosaic distribution
with a clear minimum of the number and amplitude of
these structures in the central part of the studied area,
between 50°30′ and 48°30′ W, which supports the
probable character of the stress distribution. A specific
feature of the distribution of reverse-fault and thrust
deformations is their sublatitudinal vergence with
alternating direction. Joint analysis of the magnetiza-
tion and heights of diapir structures shows a direct
relationship between these heights, on the one hand,
and the intensity of magnetization and development of
serpentinization processes, on the other. The width of
stamp folds demonstrates an inverse dependence on
magnetization, which is a tendency toward protrusion
under conditions of narrow serpentinization zones.
The absence of a relationship between magnetization
and reverse-fault/thrust deformations suggests their
predominantly shear origin. Deformations are present
in the Bouguer anomaly range of ~310–340 mGal,
which is considerably lower than the background value
in the adjacent abyssal basins. This indicates that
deformations are related to decompaction and how
decompaction occurs in the vicinity of faults with large

( )δ Vp Vs

lateral displacement of the MAR axis. In terms of
basement age, deformations are clustered within two
time intervals, 27–38 and 43–53 Ma; the basement
corresponding to these intervals lies under a thick sed-
imentary cover, which makes it possible to identify
deformations from characteristic patterns of the seis-
moacoustic record.

The distribution of f luid-related anomalies shows
their ubiquitous presence within the Bouguer anomaly
range of ~310–340 mGal, but gas chimneys are mani-
fested predominantly along fault troughs, whereas
lenses can mostly be found within blocks between
fractures. Note that all types of anomalies adjoin the
acoustic basement: this suggests their endogenous ori-
gin. Widths of anomalies regularly grow westwards as
serpentinization processes become older. The anoma-
lies in the seismoacoustic record related to the loss of
acoustic stratification owing to f luid penetration were
formed by one source, but they removed from the
basement into weakly consolidated sediments through
different fracture systems. Gas chimneys and lenses
are of almost the same height and thickness within
sediments, and they are characterized by the same
rates of f luid penetration upsection. Their comparison
with magnetization has revealed regular growth in
fluid-related anomalies with amplitudes, surging
within two magnetization intervals. We emphasize
that f luid-related anomalies are almost completely
absent above basement younger than 40 Ma, the zone
of which corresponds to one with tectonic deforma-
tions moderate in amplitude. This takes place either
owing to the specific character of f luid penetration
from the basement into sediments, which causes a
delay in the formation of f luid-related anomalies, or
due to stresses in the lithosphere: under these stresses,
sites of local extension form in the framing zone of
kink bands, promoting f luid release.

CONCLUSIONS

(1) When compared with geophysical fields,
intraplate deformations in the ESA and degassing zones
in the sedimentary cover, which are identified from
aggregate features in seismic profiling records and asso-
ciated with the inhomogeneous state of the upper man-
tle and macrofracturing, indicate the presence of verti-
cal displacements of basement blocks due to decompac-
tion and additional magnetization of rocks in the upper
part of the crystalline layer, which occurred from ser-
pentinization of rocks in the upper mantle.

(2) Analysis of seismic sections from area and tra-
verse surveys shows the presence of shear deforma-
tions in combination with compression and extension
beyond the limits of the MAR (flower structures,
imbricate thrusts, and median ridges) and deforma-
tions characterized by vertical uplift of basement
blocks with an amplitude of 400 m on average (diapir
structures, reverse faults, stamp folds, and acoustic
GEOTECTONICS  Vol. 52  No. 4  2018
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blanking anomalies in seismoacoustic records, recog-
nized as lenses and gas chimneys).

(3) Intraplate deformation phenomena, combined
with analysis of geophysical fields, form the following
unambiguous cause-and-effect sequence of phenom-
ena and processes: a contrasting lateral geodynamic
state of the mantle; inhomogeneous horizontal dis-
placements that formed over time as the lithosphere
cooled, such as macrofracture features tectonic like
strike slips and associated deformations, and isostatic
compensation of local vertical displacements; pene-
tration of water into the upper mantle through faults
and fractures; establishment of conditions favorable
for serpentinization of rocks in the upper mantle,
accompanied by formation of decompaction zones,
and local negative-gravity and higher-magnetization
anomalies; the appearance of deformations related to
vertical uplift of the basement and sedimentary cover
blocks, accompanied by the generation of f luids
(chiefly methane); accumulation of f luids in the sedi-
mentary cover and their penetration into water, asso-
ciated with the formation of anomalies in seismoa-
coustic records.
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