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Abstract: The linear Ninetyeast Ridge (NER) is the longest oceanic intraplate volcanic edifice and
main feature in the Eastern Indian Ocean. Many seamounts are located on the ridge, whose origin and
age remain unclear due to the lack of samples of the bedrock of which they are composed. Carbonate
sedimentary caps on these seamounts prevent their direct geological sampling by dredging, therefore
indirect geophysical methods are an alternative. Such integrated geophysical studies (the main
methods are multibeam bathymetry and magnetic surveys) were carried out in cruise #42 of the R/V
Akademik Boris Petrov in 2017 on a large seamount at the base of the NER’s western slope near 0.5° S.
The collected data also includes seismic reflection data that reveal morphology, fault tectonics, depth
structure, and an assumed origin of this volcanic feature. The Ninetyeast Ridge was formed by the
Kerguelen plume magmatism at 50° S in the giant N-S fault. The seamount studied in cruise #42 of
the R/V Akademik Boris Petrov was formed mainly to the north as a result of two-stage magmatism in
a transverse strike-slip fault. The first stage (47 Ma) formed the main western part of the seamount
at 20° S. The second stage (23 Ma) formed its eastern part at 8° S. The time intervals between the
formation of the main massif of the Ninetyeast Ridge and the stages of subsequent magmatism that
formed the western and eastern parts of the seamount are approximately 31 and 55 Ma, respectively.

Keywords: seamount; Ninetyeast Ridge; bathymetry; fault; high-resolution seismic data; reflector;
magnetic field; anomaly

1. Introduction

Bathymetric surveys in the world’s oceans revealed a large number of seamounts, the
vast majority of which were formed at the boundaries of the lithospheric plate, where more
than 95% of volcanic activity is concentrated. However, some seamounts were formed away
from these boundaries. The explanation of intraplate volcanism required mechanisms and
structures other than those that define the tectonics of the lithospheric plates (spreading,
subduction, and transform faults). It was suggested that intraplate seamounts are the
surface trace of the “hot” mantle plume and can therefore be considered as windows
into the Earth’s interior, helping to explain various deep processes in the lithosphere [1].
The most important information on the composition and age of rocks composing oceanic
structures and, globally, on the chemical and physical properties of the oceanic lithosphere
is obtained by analyzing samples raised by dredging and drilling. However, for intraplate
seamounts in the world’s oceans, such data are very limited; therefore, various geophysical
methods are widely used to study them. In the Indian Ocean, there are many seamounts of
different ages, the formation of which cannot be explained by a single mechanism [2-7].
The central structure of the Eastern Indian Ocean is the Ninetyeast Ridge (NER), formed
according to the “hot spot trace” hypothesis as a result of the Indian Plate drift over the
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Kerguelen mantle plume [8-13]. This is evidenced by the results of seven DSDP and
ODP deep-water drilling sites due to a regular increase in the age of the basalts along
the ridge from south to north from approximately 40 to 80 million years [14,15]. In the
existing evolutionary models regarding the nature of the NER, there is generally some
disagreement, with the exception of its ancient northern segment, the formation of which is
unanimously attributed to intraplate volcanism in the Indian Plate away from the spreading
ridge [8,9,13,16,17].

On the main massive body of the ridge, many seamounts were observed along its
entire extent, including to the north of the equator [18]. Multibeam echosounder surveys
revealed their detailed morphology in different segments of the NER [19-21]. Kopf et al.
(2001) proposed that two seamounts in the southern segment of the NER near 17° S are
presumably 6 Ma younger than the adjacent parts of the ridge [19]. These conclusions
were obtained by correlating seismic profiles through these seamounts with the nearest
Site 757 ODP. Attempts to dredge some seamounts in the northern segment on the NER’ top
in cruise KNOXO06RR of the R/V Roger Revelle in 2007 were unsuccessful due to sedimentary
caps [20,21]. Only from one volcano in the lower part of the western slope of the NER at 10°
S in the #55 cruise of the R/V Vityaz in 1976 were basalts ~8 million years old dredged [22].
Thus, a young, late Miocene volcanism potentially existed 160 miles north of DSDP Site 214,
where the absolute age of the basalts was determined to be between 52.9 and 59.0 Ma, late
Paleocene—early Eocene [14,15], which, according to the above authors, cannot be explained
within the Kerguelen hotspot model of NER formation or generally from the plume theory.

The sparse grid of vessel magnetic survey profiles determines the weak study of the
anomalous magnetic field of the Ninetyeast Ridge, whose structure remains debatable to
date. In contrast to the regular series of linear magnetic anomalies in the basins adjacent to
the Ninetyeast Ridge [8,9], such single anomalies are rarely identified on the NER rather
conventionally due to the limited amount and poor quality of the available magnetic data.

Ideas about the structure and nature of the NER are largely based on the results ob-
tained in regular cruises of the Shirshov Institute of Oceanology (IO RAS) in the 70-80 years
of the last century [13,23,24]. In winter 2017, after a long break, cruise #42 of the R/V
Akademik Boris Petrov resumed geological and geophysical work in the Indian Ocean [25].
One of the tasks of the cruise was to investigate seamounts on the Ninetyeast Ridge. One
of them was investigated at the polygon in the area of 0.5° N and 88.8° E (Figure 1). This
seamount was selected from the ship’s route on the General Bathymetric Chart of the
Oceans (GEBCO) Gridded Bathymetry Data [26]. The polygon is located in the northern
segment of the NER, which morphologically is a series of echeloned massifs, presumably
tectonic blocks, into which it is broken by SW-NW strike-slip faults (Figure 1a) [21-23]. The
research included a bathymetric survey using a multibeam echosounder, high-resolution
seismic profiling with a parametric profiler, and a hydromagnetic survey. The survey on
the polygon was carried out at a speed of 9 knots simultaneously by these three devices on
seven profiles with a total length of about 120 km (Figure 1b).

The purpose of this article is to summarize the results from the first detailed geophys-
ical survey of the seamount on the NER to assume the time and origin of this seamount.
This allows for the generation of new ideas about the morphology of the seamount based
on the new detailed bathymetric survey with a multibeam, as well as new ideas about the
deep structure and nature of the mountain based on a detailed magnetic survey performed
for the first time. Together, these new results allow us to make assumptions about the
tectonic evolution of this NER segment. The new high-resolution seismic profiling data
evidence the recent tectonic processes in this area. They confirm the high tectonic activity,
which is manifested in the high modern seismicity [27-31].
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Figure 1. Scheme of the study area: (a) echeloned morphology of the northern segment of the
Ninetyeast Ridge (position in the inset), GEBCO map base (2019), red dotted line—assumed tectonic
faults, and star—deep ocean drilling sites DSDP and ODP; (b) bathymetric map with transects of
geophysical survey of cruise #42 of R/V Akademik Boris Petrov (solid line). Dotted line—profile of the
cruise RR1510 R/V Roger Revelle (2015).

2. Methods and Results
2.1. Bathymetry
2.1.1. Methods

A bathymetric survey of the seamount with continuous area coverage was performed
using the ATLAS HYDROSWEEP DS-2 deep-water multibeam echosounder (ATLAS HY-
DROGRAPHIC, Bremen, Germany), operating at a frequency of 15.5 kHz. A depth mea-
surement with an accuracy of 0.5% of its value was carried out by 240 beams in wide sector
(up to 120°), with the acquisition bandwidth reaching 370% of the depth.

The Hydromap software version 4.2 system data acquisition, processing, and visu-
alization software allowed the survey process to be controlled. During post-processing
with the MB-System package [32], the raw multibeam echosounder data were processed
(filtered, smoothed, and corrected) and exported from the internal format into ASCII format
to calculate a digital elevation model (DEM).

Subsequently, the data for the DEM calculation were supplemented from the GEODAS
database [33] with data from the expedition RR1510 of the R/V Roger Revelle (2015) that
passed through this area [27]. The DEM was used for the construction of the bathymetric
map, as well as the calculation of morphometric characteristics, allocation of geomorpho-
logical units, etc., in the SAGA GIS program [34]. For the analysis of the relief given below,
the data from the seismic profiling by the ATLAS PARASOUND DS2 parametric profiler
were also used.

2.1.2. Results

The seamount is located in the lower part of the western slope of the NER at a depth of
>4500 m. Its relative height is ~1400 m and the minimum mark is 3093 m (Figures 1 and 2).
The base of the seamount on the isobath of 4500 m has an almost rectangular shape of
approximately 17 x 15 km. Its longer sides have a SW-NE strike (azimuth ~53°), and
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the shorter ones have a SE-NW strike (azimuth ~307°). The top elevated surface of the
seamount has a depth of <3300 m and dimensions of 7 x 4 km with an oval-shaped
SW-NE strike (azimuth ~53°). On the relatively elevated summit surface, two SSW-NNE
ridges extend (azimuth ~25°) 150200 high. The same SSW-NNE strike-slip faults are
also observed deeper in the form of spurs in the lower parts of the slopes. It should be
noted that SW-NE and SE-NW strike-slip faults in the northern segment of the NER were
previously identified on the detailed survey polygons of the R/V Marine Geophysicist and
Pegasus (1982, 1983) and Roger Revelle (2007) [13,20,21]. Both trends are clearly evident in
the northern segment of the NER on the General Bathymetric Chart of the Oceans (GEBCO)
map [26].
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Figure 2. Relief of the bottom of the studied area: (a) shaded relief; (b) 3D image; and (c) map of the slope’s
dip angles and orographic scheme, 1—axes of rises, 2—axes of depressions, and 3—individual peaks.

The seamount slopes differ significantly in their morphology. The western slope is
weakly dissected and steep, with slope angles ranging from 20 to 30-34° (Figure 2c). The
southwestern slope is somewhat flatter, with angles of 10-20°, and is dissected by spurs
and depressions, as is the northwestern slope. At the foot of the latter, there is a broad
protuberance of WSW-ENE trending, formed by separate short ridges. The southeastern
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slope of the seamount is characterized by a rather complex relief. In its upper part, the
slope angles are 18-25°, and at a depth of 3500-3550 m, a stage of about 1.5 x 2 km is
marked, with a conic hill in its center. At a depth of 3800-3900 m, a broad trough separates
a step of about 6 km long, in the southern part of which there is also a conic hill more than
150 m high. The slope angles in the lower part of the slope do not exceed 10°, and only in
some places on the step ledges does it reach up to 20°.

The morpho-structural analysis of the bathymetric data is obtained, and the bathymet-
ric map of the seamount constructed based on them (Figures 1 and 2) allows us to trace
several clear morphological trends, apparently of a tectonic nature. The rectangular shapes
of the seamount suggest that the formation of its modern morphology was also influenced
by tectonic factors, namely the existing fault zones. The most well-defined are the trends of
the SW-NE strike, which are evident in the topography of the seamount and the adjacent
section of the NER. These are consistent with the strike-slip structures (Figure 1a) that
define the specific echeloned morphology of the northern segment of the ridge [13,23]. The
nature and timing of the formation of these SW-NE strike-slip faults in the NER, which
possibly continue into the adjacent troughs, are still debatable and are not discussed in this
paper. Another distinct morphological trend is the orthogonal SE-NW strike-slip faults,
which can be traced in the relief of the basement of the seamount and deeper parts of the
polygon. Slightly different trends of SSW-NNE strike are observed in the topography of the
upper part of the seamount, with which the ridges on its vault are associated. The troughs
separating them are traced into the slope limits and divide the seamount into two massifs
(Figure 2). Similar troughs also separate the lower part of the southeastern foothill of the
seamount with dissected relief. The features of the seamount’s relief are well illustrated by
the seismic profiles crossing it (Figure 3).

2.2. Seismic Profiling
2.2.1. Methods

The high-resolution seismic reflection survey in cruise #42 of R/V Akademik Boris
Petrov was carried out with the parametric sub-bottom profiler ATLAS PARASOUND
DS-2. The ATLAS PARASOUND sub-bottom profiler acts as a low-frequency sediment
echosounder and as a high-frequency narrow-beam sounder to determine the water depth.
The sub-bottom profiler is based on the parametric effect, which is produced by additional
frequencies through nonlinear acoustic interaction of finite amplitude waves. If two sound
waves of similar frequencies (18 kHz and e.g., 22 kHz) are emitted simultaneously, a
signal of the difference frequency (e.g., secondary low frequency of 4 kHz) is generated
for sufficiently high primary amplitudes. This new component travels within the emission
cone of the original high frequency waves, which are limited to an angle of only 4.5° for
the equipment used. The penetration was up to ~80 m into the seafloor.

PARASOUND seismic data were recorded during all cruises in parallel with the
bathymetric survey. The study area included seven profiles, four of which crossed the
mountain. Unfortunately, due to technical and weather problems, the quality of the
materials is not high. The data obtained, which were recorded onboard with an SEG-
Y format, were processed using the RadExPro 2019.1 software. The workflow of the
processing consisted of the following steps: frequency filtering, muting, static correction,
equalization of the amplitudes, deconvolution, etc. IHS Kingdom Suite software version
8.8 was used for interpretation, visualization and construction of 3D images, as well as for
time/depth conversion by section. The geological interpretation of sub-bottom profiles
was carried out based on the criteria of seismic stratigraphy in order to identify the main
seismic sequences [35-37]. We integrated available core data from the following sources
for interpretation of sedimentology: core data from Ocean Drilling Program (ODP) Leg
121 Site 758 (05°23.04’ N, 90°21.66" E) and International Ocean Discovery Program (IODP)
Leg 353 Site 1443 (5°23.01' N, 90°21.71" E) [15,38]. These sites were drilled ~550 km north
of the study area. In the nearest Site 216 Deep Sea Drilling Program (DSDP) (01°27.73' N,
90°12.48' E), no samples were taken from the upper part of the section [14]. The drill sites
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have similar depositional environments; therefore, we assumed that the sedimentology
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Figure 3. Seismic profiles of the ATLAS PARASOUND DS2 parametric sub-bottom profiler on a

very

compressed scale through the seamount. The seafloor is highlighted in red. The location of the

profiles is shown in the inset above and in Figure 1b. More detailed portions of some seismic profiles

are shown in Figure 5a (Profile 5) and Figure 6b (Profile 3).
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2.2.2. Results

The visible thickness of the sedimentary cover according to seismic data is not constant.
It varies from a few meters to 80-100 m in the northwestern part of the study area. The four
seismic profiles crossing the seamount show no reflection boundaries in the sedimentary
cover on the seamount (Figure 3). The sediment structure with internal reflectors below the
bottom surface is really not visible due to the very compressed and very small scales of the
PARASOUND records. Furthermore, volcanic rocks composing the seamount are exposed
directly in the bottom surface, and acoustical seismic signals do not penetrate normally below
the seafloor here. Unconsolidated loose sediments with a thickness of several meters are found
here only in small depressions on the seamount. This pattern is typical for seismic reflection
profiles through seamounts. Therefore, the records of the sub-bottom profiler PARASOUND
with a high frequency of 4 kHz look similar to a recording of a single-beam echosounder.

The visible thickness of the sedimentary cover areas off the seamount slopes reaches
80-100 m (Figures 4-6). An analysis of the wave pattern of the seismic records in the
northwestern part of the study area made it possible to identify three seismo-stratigraphic
units, whose boundaries correspond to horizons named A, B, and C (Figure 4). Prominent
seismic reflectors/horizons were traced visually based on their characteristic reflection
pattern, amplitude, and continuity.
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Figure 4. Seismic line 6 north to the seamount: (a) original uninterpreted and (b) interpreted. Re-
flectors A, B, and C are shown by green, orange, and violet lines. 1—seismo-stratigraphic unit 1;
2—seismo-stratigraphic unit 2; 3—seismo-stratigraphic unit 3; 4—disturbed zone with a chaotic
acoustic structure and no of correlation of reflectors; and 5—fault. It was not possible to iden-
tify the seismo-stratigraphic unit below reflector C. The position of line 6 is shown in Figure 1a.
(c)—lithostratigraphic summary of Site 758 ODP. 1—clayey nannofossil ooze; 2—nannofossil ooze;
3—clay; and 4—volcanic ash.
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Figure 5. The PARASOUND profiles near the seamount slopes showing fault possible activity.
(a) Profile 5 north to the seamount. (b) Profiles 4 and 5 south to the seamount. Possible faults (red dotted
line) in the upper part of the sedimentary section, coming to the bottom surface. The red arrows show
the direction of displacement along the fault. The position of the profiles is shown in Figures 1b and 3.
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landslide

P line 2

Figure 6. Fragments of seismic profiles 2 and 3 through the landslide bodies in the north of the
polygon. (a) common view; (b,c) view in details. The position of the profiles is shown in Figure 1b.
Reflectors A, B, and C in (¢) mark possibly the ash interlayers.

Seismo-stratigraphic unit 1 is located between the bottom and reflector A and has a
thickness of about 2-3 m. It is traceable in all seismic sections. reflector A is a continuous,
high-amplitude, relatively smooth boundary that almost conformally repeats the bottom
topography. Then, seismo-stratigraphic unit 2 follows, the bottom of which is the bound-
ary B. It is characterized by acoustic facies with parallel, high-amplitude discontinuous
reflectors. Reflector B stands out at a depth of 7-9 m; it has a lower amplitude and is
more discontinuous than reflector A. Seismo-stratigraphic unit 3 has seismic facies with
parallel, high-amplitude continuous to discontinuous reflectors. The lower boundary C at a
depth of 11—-15 m stands out in some places, more often being a series of close intermittent
high-amplitude reflections. Below seismo-stratigraphic unit 3, no layering can be traced in
our seismic sections.

These reflectors mark the geological boundaries of sediment layers with different
physical properties of sediments, primarily density, which is usually due to changes in their
lithology. For the lithological and stratigraphic interpretation of seismic profiles, the results
from deep ocean drilling sites 758 and 1443 [15,38] were used. We understand that our
sections did not cross the drilling sites. Nevertheless, we are trying to give a lithological
characteristic to seismo-stratigraphic units. The sites are close to each other and have a
similar section. For analysis, we studied the top of section of Site 758. The upper part
(025 m) of it consists of alternating clay-rich and clay-poor layers of nannofossil ooze with
several thick and thin ash layers. Deeper than 25 m of nannofossil ooze with clay was
drilled. At a depth of 2 m, the first ash layer of up to 10 cm thickness was identified in
the core section. We suppose that the high-amplitude reflector A in the seismic section
is correlated with this ash layer (correlation lines are shown by a dotted line between
Figure 4b,c), and seismo-stratigraphic unit 1 represents nannofossil ooze.
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At a depth of 8 m, an ash layer up to 23 cm thick was identified in the site core.
Possibly, reflector B is associated with the appearance of this relatively thick ash horizon in
the sedimentary section, and seismo-stratigraphic unit 2 is nannofossil ooze with clay and
frequent interbedding of thin layers of ash. In this interval, a change in physical properties
is also noted: a decrease in CaCO; content and a slight increase in density. One of the
largest layers of ash for this section is noted at a depth of 11 m and has a thickness of 13 cm.
Perhaps this ash layer is the C boundary. The seismo-stratigraphic unit 3 also represents
clayey nannofossil ooze. The sediments are more bioturbated and contain less ash layers.
Furthermore, this core interval is characterized also by a change in physical properties: a
decrease in CaCOj; content and a slight increase in density. Thus, there is a rather high
degree of correlation between seismic reflectors and the lithology of the upper part of the
sedimentary section. According to core data, we suppose that seismo-stratigraphic units 1,
2, and 3 can be placed in the Holocene-late Pleistocene age.

The northeastern part of the Indian Ocean south of Hindustan is characterized by
high tectonic activity manifested by intense crustal fracture deformation and the highest
oceanic intraplate seismicity [28-30]. This zone of intense intraplate deformation also
captures the northern segment of the Ninetyeast Ridge [15]. Here, strong aftershock events
of two mega-earthquakes of a magnitude of around 9 continued in the adjacent Warton
Basin [31]. It is believed that the high seismicity of the NER may be related to faults
extending down to the bottom surface [20,21]. Our seismic profiles near the seamount show
some signs of young, possibly modern neotectonic fault activity in the uppermost part of
the sedimentary sequence (up to 50-80 m) (Figure 5). Considering the distortion scale, the
faults are relatively gentle normal faults and have a small displacement amplitude. The
data obtained do not allow us to trace them in depth.

Further evidence of modern tectonic activity on the seismic profile are the acoustically
opaque zones with a chaotic internal sedimentary structure and an uneven bed (Figure 6),
which we interpret as landslide sedimentary bodies. The landslide is located in the north-
western part of the study area. The source area was observed as chaotic, discontinuous,
low-amplitude reflectors in the reflection seismic data were collected, with some continuous
stratigraphy visible. The observed pattern is in good agreement with the classical landslide
structures on the slope of marine tensional depressions and compressional elevations [39].
Reflectors A, B, and C were determined in the southwest part of the profile and have sharp
contact with the frontal deformation landslide zone. At first sight, the vertical boundary, at
which the reflectors abruptly cut off, may appear as a steep fault (Figure 6b); however, this
is due to a strong distortion of the recording scale (horizontal scale/vertical scale = ~30).
On the profile transformed to a more realistic view, which is not given in the paper, this
boundary is quite flat and characteristic of the landslide edge.

2.3. Magnetic Survey
2.3.1. Data and Methods

The hydromagnetic survey in cruise #42 of R/V Akademik Boris Petrov was carried
out with the MPMG-4 magnetometer (IO RAS production). A map of the anomalous
magnetic field (AMF) was synthesized based on the data of this cruise collected at the
studied area and the results of two surveys from the National Centers for Environmental
Information, NCEI database [40] (Figure 7a). The RMS error in the survey is estimated from
the 20 profile intersection points to be 6.3 nT, which is just over 1% of the AMF amplitude
over the seamount. This is a good result for open oceanic areas. To estimate the depth to
the center of magnetic masses, we apply the generally recognized method [41], which also
uses a radially averaged, frequency-normalized spectrum of magnetic anomalies.
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Figure 7. Anomalous magnetic field (AMF) above the seamount and testing of the hypothesis of
homogeneous magnetization of this structure: (a) measured field synthesized from geomagnetic
surveys, in nT; (b) seamount topography and contour (yellow bold line) limiting the position of the
homogeneous source in the horizontal plane, in m; (¢) model AMF with a homogeneously magnetized
seamount, in nT; and (d) residual field (measured—model), in nT.

2.3.2. Results

An intense (>540 nT) alternating magnetic anomaly, extending from SW to NE, is
observed above the studied seamount (Figure 7a). The zone of the largest AMF gradients
is confined to the seamount top. This gradient zone of NE extension (azimuth 60-65°)
separates rather smooth positive and negative parts of the anomaly. Its positive branch is
located above the northern slope of the seamount and continues into the adjacent deep-
water basin. It has two local maxima of approximately the same amplitude +305 nT
and +280 nT to the north of the oval top. This indicates a possible inhomogeneity of the
magnetization of the seamount. The negative branch of the anomaly with one minimum
~—240 nT is located above the southern slope of the seamount as well as in the adjacent
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deep-water basin. It is important to note that the main part of the magnetic anomaly
(>150 nT module, i.e., about 0.5 of the maximum amplitude) covers an area much larger
than the seamount foot along the 4500 m isobath. This may indicate that the magnetic field
in this section of the NER reflects not only the actual relief of the ocean floor, but also deeper
sources. In addition, the area of maximum AMF amplitudes is to the north of the seamount,
which is a characteristic of normally magnetized objects in the Southern Hemisphere.

A three-dimensional interpretation of the magnetic anomalies over the seamount
was performed and includes an analysis of the morphology of AMF and its gradients,
in order to highlight the structural boundaries and features of the spatial distribution
of the anomaly sources [42—45]. The key issue for this object located practically on the
equator was to determine the direction of its magnetization, since the correct analysis of
the AMF morphology and its gradients requires a reduction in the anomaly to the pole.
This problem was solved by successive application of the methods of the area analysis of
AMF—the Helbig magnetic moment method [46] and the method of interactive selection
of the equivalent source geometry, with a calculation of the average magnetization vector
by the least squares method. Both independent methods yielded results that are close in
inclination, —41° and —45°, but quite different in declination, —62° and —27°, respectively.
This difference is explained by the fact that the magnetic moment method is more sensitive
to edge effects and misaligned anomalies [47], which are obviously present in our data
(see Figure 7a). The analysis of the morphostructure of the analytical signal suggests
that structural lineaments orthogonal to its strike, possibly limiting faults, adjoin the
southwestern and northeastern edges of the main magnetic source. The morphostructure
of the analytical signal shows evidence of two centers in the deep structure of the object
confined to its flanks, which confirms the modeling results.

To estimate the magnitude and direction of the average magnetization of the seamount,
we also used the simplest model of a uniformly magnetized seamount; the results of this
fitting are shown in Figure 7b—d. These results clearly show that the magnetic structure of
our object is significantly more complex. The residual anomalies clearly demonstrate the
presence of at least one more intense source of anomalies in the NE part of the structure.
Therefore, we complicated the model and divided the volume of the seamount, considering
the morphostructural analysis performed, into four parts: two in the apical part, while the
other two are confined to the NE and NW slopes. However, in the process of solving the
inverse problem for four uniformly magnetized bodies, it turned out that the calculated
magnetization directions of the central and peripheral bodies practically coincide in pairs.
Therefore, we left the segmentation into the central and peripheral parts of the seamount
as the main one. Further interpretation was performed under the assumption that the
magnetization direction changes insignificantly within the given blocks (the geological-
structural inverse problem, according to [48]).

Before the vector three-dimensional interpretation, we also estimated the depth to
the lower edge of the sources of magnetic anomalies. During the selection of the simplest
models, the depth of the base of the model blocks was successively changed with a step
of 0.5 km in the range from 4.5 to 8 km. The best selection corresponded to the depth of
the seamount base at 7 km from the ocean surface (2.5 km deeper than the bottom of the
adjacent basin). The estimate obtained by the widely used spectral method [49,50] has the
same value: 7.08 km. Therefore, in further constructions, the lower edge of the models was
fixed at a depth of 7.1 km from the ocean level (2.6 km below the bottom in the seamount
area). It should be noted that the field morphology analysis and model selection were
carried out with simultaneous use of field data and their gradients, which significantly
increased the stability of the interpretation.

The determination of the average depth to the upper edge and center of magnetic
masses showed that the main depth interval, in which the sources of the anomaly are
located, is 3.5-7.1 km from sea level. This indicates the presence of the deeper roots of the
investigated seamount and indicates its volcanic nature.



J. Mar. Sci. Eng. 2023, 11,924

13 of 21

The results of solving the inverse problem, i.e., finding the vector inhomogeneous
magnetization in the volume of the mountain, are presented in Figure 8. We obtained
an almost complete coincidence between the measured (Figure 8a) and model (Figure 8c)
fields (correlation coefficient > 0.99). To verify the model, we also used the solution of
the direct problem with the found magnetization values, but under the condition of the
verticality of the magnetization vector and the direction of the external field - an analog of
reduction to the pole (Figure 8d), which is usually performed only by the AMF maps [45].
The direct correlation of the obtained anomaly with the relief (Figure 8b) is obvious, as
well as the confinement of the high magnetization values (Figure 8f) to the main volcanic
structures of the seamount—its central two-top block—located inside the white dotted line
in Figure 8b. The seamount is characterized by magnetization values up to 5.7 A/m with
an average value of 3.2 A/m, which are normal for this type of volcanic structure.

The magnetization vector directions obtained by solving the inverse problem were
recalculated into the paleolatitudes and age of the formation according to global modern
paleo-reconstructions. For each elementary volume in the seamount body, we can determine
the direction of this vector, and hence, the paleolatitude of its formation by the found
value of the magnetization vector, assuming that the magnetization, such as that of most
igneous rocks in the ocean, has a predominantly remanent component. Next, we used the
relationship between the paleolatitudes and age for any point on the Earth [51], based on
the modern paleotectonic reconstructions, to recalculate the paleolatitudes we found into
the ages. The magnetization directions calculated for the volume of the seamount form two
clusters with average values of —36° and —16°, respectively, for the central and peripheral
blocks. These inclination values correspond to the paleolatitudes of 20° S and 8° S. The
results of determining the age of the seamount sections are presented in Figure 8e. The
proximity of the boundaries of the same-age areas to the dividing of the seamount set at
the first stage of the interpretation is noteworthy; apparently, this approach was successful,
which was confirmed by checking the recalculation of the magnetization in the poleward
anomalies. In general, the patterns of the age distribution of the seamount structures are
as follows: the central part of the structure, including smoother and steeper western and
northern flanks, is about 47 Ma. Less regular, gentler eastern and southern flanks with
numerous small uplifts and depressions are about 23 Ma. Such a significant difference
indicates at least a two-stage volcanic development within the studied seamount.

In Figure 9, which shows the distribution of the magnetization modulus within and
under the volume of seamount, we noticed a thick central body extending from SW to NE
(the isosurface is given for magnetization values I = 3 A/m), which is located directly below
the oval top of the seamount. The ratio of the horizontal axes of this body is close to 2.5, and
the strike azimuth completely coincides with the morphological trends of the seamount.

According to the complex of the studied seamount’s geological and geophysical
parameters and the results of their interpretation, it becomes obvious that the most adequate
explanation of the observed phenomena is the process of volcanism development along
the NE strike-slip fault. This volcanism, which originated on the NE strike-slip fault and
began 47 Ma ago, led to the growth of almost 3.5 km (considering the thickness of the
modern sedimentary cover—up to 2 km [52]) of a conical structure, which we observe as
the central part of the seamount. As the paleo-volcan grew, the center of the effusion shifted
along the fault to the NE, and then volcanism ceased after a short time. The short duration
of this phase of volcanism follows from the fact that the studied seamount has a direct
polarity magnetization, and in the middle Eocene, chrons of direct magnetic polarity are
less prolonged than those of reversed polarity. The most likely straight magnetic polarity
chron, during which our object was formed, is 21n, which began 48.88 and ended 47.76 Ma
ago [53]. Intense volcanism resulted in the formation of a regularly shaped seamount
extending in the NE direction and up to 3.5 km high.
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Figure 8. Results of solving the inverse problem — finding the inhomogeneous magnetization in the
volume of the seamount: (a) the initial AMF directly over the seamount, nT; (b) the division of the
relief into two main blocks (white dashed and black bold lines), for which the average magnetization
directions were previously determined and fixed as constraints; (c) the model field from the picked
magnetization distribution, nT; (d) solution of the direct problem with the selected magnetization
distribution, provided that its direction and the direction of the external field are vertical (reduction
to the pole), nT; (e) age of the seamount fragments, determined by recalculating the found dip
angles into the paleolatitude and age using paleo reconstructions, Ma; and (f) lateral distribution of
magnetization, A/m.
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Figure 9. Solution of the inverse problem - finding the inhomogeneous magnetization in the volume
of the seamount: (a) magnetization, A/m. The isosurface corresponds to 3 A/m. (b) The isosurface,
bottom view from the NE. (¢) The isosurface, bottom view from the SW.

Volcanism at the study area resumed about 23 million years ago. The center was confined
to the NE summit, but for a number of reasons (a topic beyond the scope of this article), the
main effusion occurred in the eastern and SE segments of the structure, and precisely on the
seamount slopes, not on its summit. As a result, a characteristic morphology of the structure
and a peculiar magnetic structure of the anomaly sources were formed.

3. Discussion

Seamounts are widespread in the Eastern Indian Ocean [2-7]. Many seamounts are
located on the Ninetyeast Ridge [19-21]. However, their age and origin are still largely
undetermined, as no samples of their bedrock were recovered. The prominent seamount
at the base of the NER in its ancient northern segment was investigated by an integrated
multidisciplinary detailed geophysical survey in cruise #42 of R/V Akademik Boris Petrov.
The detailed maps of the topography from the collected multibeam data and the anomalous
magnetic field of the surveyed area were constructed the first time. As a result of the
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bathymetric survey, the morphology of the seamount was significantly clarified. It was
found that the bottom relief here has several clear morphological trends of SW-NE, SE-NW,
and SSW-NNE strike, which most likely mark the faults. The results obtained are consistent
with existing ideas about the tectonics of the northern segment of the NER and add new
details to them. Furthermore, the results allow us to make assumptions about the role
of the tectonic factor in the formation of the seamount and the possible timing of the
volcanism that formed it. The assumption of two stages of fault-related magmatic activity
is fundamentally new.

The formation of the main massif of the studied seamount appears to be related to
magmatism along the SW-NE strike-slip fault. Two small ridges on the mountain vault
are probably associated with the manifestations of magmatic activity along the SSW-NNE
strike-slip faults. The strike of the distinguished faults does not coincide with the N-S
(transform fracture zones) and E-W (faults in the paleo spreading center) strike of spreading
fault structures in the Eastern Indian Ocean [8,9], i.e., they have a different nature and
formation time (apparently, more recent). Based on the geomorphological analysis of rare
echosounding profiles, some influence of fault tectonics on the formation of the modern
bottom topography of the northern segment of the NER [21], located immediately north
of the polygon, was previously admitted. The volcanic nature of the ridge itself and its
formation as a result of a massive outpouring of basalts in shallow /subaerial conditions
is confidently supported by the results of petrological, lithological, and biostratigraphic
studies of deep-water drilling cores [14,15,54]. However, this does not exclude a younger
subsequent stage of volcanism, which could partly be controlled by fault tectonics.

The flat summit surfaces of the seamounts on the NER vault for the section located
immediately north of the polygon are explained by possible erosion activity in subaerial
conditions [18]. The elevated summit of the seamount we investigated cannot be related to
such a factor. It lies much deeper than it could if submerged after formation from the ocean
surface, both according to the theoretical and actual graphs of aseismic ridge submergence,
including the NER [54]. Apparently, its morphology with a relatively elevated top is caused
by endogenous factors related to the peculiarities of the NER volcanism, and probably, by
alignment as a result of pelagic sedimentation and subsequent redistribution of sediments
by local exogenous factors.

In the northeastern part of the Indian Ocean, traces of volcanic activity of the Indone-
sian island arc are widespread in the quaternary sediments. The products of volcanic
activity (ash, tephra, and lapilli) in the form of 5-40 cm-thick interlayers were found in
many deep-water sites [14,15]. Using tephrochronology, geochemical, and mineralogical
analyses, it was established that the ash layers in the upper part of the core section of Site
758 are the result of four stages of the eruption of the Toba volcano on Sumatra Island [55].
Its last eruption (75,000 BP), when volcanic ash covered an area of ~4 million km? all the
way to the east coast of Africa, was one of the largest in the last 25 million years. An
analysis of our seismic data, performed with stratigraphic reference of deep-water drilling
data, revealed that the three main reflectors A, B, and C (Figure 4) are possibly associated
with the presence of ash interlayers. Their wide distribution within the study area may be
associated with the eruptions of the Toba volcano on Sumatra Island.

Furthermore, the seismic data obtained significantly complements the ideas about high
neotectonic, up to modern, activity in the northern part of the Ninetyeast Ridge. They
confirmed the existence of faults in the uppermost part of the sedimentary cover up to the
bottom surface, with which, as suggested by [20,21] high regional intraplate seismicity, they
may be associated. Further evidence of modern tectonic activity may be the discovery of a
sedimentary body with a chaotic internal structure, which appears to be of a landslide nature.

The small low depression is in the seafloor in the central part of profile 6 (Figure 4).
Reflectors A, B, and C bend the immediate in its vicinity and then they abruptly break off,
apparently on a fault scarp. Existence of a disturbed zone with a chaotic acoustic structure
and no correlation between reflectors B and C is related apparently to tectonic deformation.
However, an increased thickness of sediments above reflector A may indicate some activity
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of any small gravity flow that created a low channel. There is some alternative to its genesis
(paleochannel or fault zone) due to the scarce penetration.

The magnetic survey over the seamount registered an intense magnetic anomaly,
which is much larger in area than the base of the seamount. It was established that the main
source of this anomaly is a deep linear geological object of SW-NE strike, located under the
basalt layer of the oceanic crust. Apparently, the deep roots of the seamount are associated
with the manifestation of magmatic activity in the zone of one of the faults of such a strike,
previously identified in the northern segment of the NER by morphological features [20,21].
It is necessary to explain why the two identified positive local magnetic anomalies in the
polygon are slightly offset relative to the ridges in the bottom topography at the top of
the seamount. Apparently, the ascending magma flow had a lateral horizontal deflection
from the deep source, which creates these anomalies, and magma migrated upward along
the already existing weakened fracture zones in the ridge body, which was potentially
somewhat distanced from it. A similar setting was previously observed in the formation
of relatively young volcanoes to the south on the NER vault during horizontal magma
flow [19].

The results of the interactive selection of the equivalent source of magnetic anomalies
clarified our preliminary assumptions, which were made on the basis of the geomorpholog-
ical analysis, about the two-stage formation of the seamount. The obtained values suggest
different paleolatitudes of the formation of the isolated segments of the seamount in the
two-stage cycle of its formation. According to our calculations of the paleolatitude and
age according to the magnetization vector of the seamount, its southwestern part was
formed at the first stage approximately 47 million years ago, and later the northeastern
part approximately 23 million years ago. At the same time, apparently, two small volcanic
structures on its top were also formed. Initially, in our opinion, after the formation of the
main volcanic massif of the ridge here in the next phase of secondary outpourings, the more
ancient western part of the seamount was formed. Then, during the subsequent phase of
magmatic activity, it expanded in the eastern direction. At the same time, the source of
magmas, judging by the close values of the estimates of the residual magnetization value,
remained the same. As a result, a linear (aspect ratio ~3:1) single object of the northeastern
strike apparently formed by magmatism in the zone of one of the faults of the same strike,
and was previously identified by different researchers in the northern segment of the NER
from the analysis of its morphology [13,20,21].

The explored seamount at 0.5°N lies on the boundary of two segments of the NER that
differ sharply in their depth structure. The segment to the south of 0.5° N is characterized
by a low effective elastic lithospheric thickness (Te) 0-5 km, whereas the segment to the
north is much higher in thickness 10-20 km [16,56]. The formation of this boundary is
associated with the second phase of spreading in the multistage late Cretaceous—Cenozoic
evolution of the Eastern Indian Ocean and the first major reorganization of plate kinematics
about 53 Ma ago during the first soft continental collision of the Indian continent with
the island arc of the South Asian subduction zone [8]. The interaction of the Kerguelen
mantle plume with the paleospreading ridge potentially created a thermal anomaly that
disrupted the oceanic lithosphere and excessive magmatism [12,13]. The timing of the first
phase of the formation of the seamount we studied, 47 Ma, closely follows this dramatic
event. The third phase of spreading began in the Middle Eocene ~42 Ma, when the second
major reorganization of the plates in the Eastern Indian Ocean occurred due to the hard
collision of the Indian Plate with the Eurasian Plate - the continental collision of Hindustan
with Asia [8], which continues to the present day. The second stage in the formation of
the seamount we studied, 23 Ma, seemed to be related to the reorganization of the fault
when the stress created by the collision in the northward drifting Indian lithospheric plate
reached critical values.

The mechanism of the formation of the studied seamount may be identical to the pre-
viously proposed underplating mechanism. It explained the nature of two relatively young
volcanoes to the south on the vault of the central segment of the NER near 17° S, which
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formed 6 Ma later than the main structural phase of the ridge [19]. The aforementioned
authors associated the latter phase of volcanism with the relaxation of tensile stresses in
the attenuated NE-SW strike-slip lineaments and magma uplift along the small pool apart
structures that formed. These stresses could create a regional tectonic and/or heat source
beneath the ridge due to an anomalous hot spot regime. They believed that the weakened
NE-SW and NW-SE strike-slanted lineaments, obliquely oriented relative to the main re-
gional meridional tectonic structures, were potentially formed by left-lateral strike-slip
faults along a giant 90° E fracture zone [21]. The tectonic faults identified by the polygon
survey are in good agreement with these directions. A similar two-stage volcanism in
this region was also established for the neighboring large intraplate Afanasy Nikitin uplift
based on the determination of the absolute age of the dredged basalts there [56]. Initially,
the main plateau was formed about 80-73 Ma ago. Then, 6-13 Ma later, a 1200 m-high
seamount of the same name was formed on the plateau as a result of magma outpouring
from the chamber below the uplift, which drifted together with the lithospheric plate. All
of the above is consistent with our assumption of two stages of formation of the studied
seamount at the base of the western slope of the NER as a result of magmatic activity
apparently associated with faults.

4. Conclusions

(1) The studied seamount appears to consist of two different-age fragments formed about
47 Ma and 23 Ma, respectively, 31 and 55 Ma after the main Ninetyeast Ridge massif.
In the first stage, the main western part of the seamount was formed. Then, during
the exploratory phase of magmatic activity, the volcanic structure expanded eastward;

(2) The explored seamount located at latitude 0.5° N and the volcano of the late Miocene
age located to the south at latitude 10° S [16] are in the zone of one of the giant
meridional faults that define the NER fault structure [8]. It is likely that the mechanism
of formation of these two volcanic structures is somewhat the same, although the
timing of formation differs significantly. As for the two volcanoes on the NER dome
near 17° S [19], these appeared to be related to the underplating magmatism of the
reactivation of this fault when the critical intraplate compression during continental
collision was reached;

(3) The morphology of the studied seamount suggests that it was formed as a result of
magma outpourings in the SW-NE strike-slip fault after the formation of the main
NER massif in the zone of a giant meridional fault [24]. Presumably, these SW-NE
strike-slip faults are second-order structures that apparently formed in the zone of
the ancient meridional transform fault [12]. The process was complicated by the
fact that shear deformations occurred along the fault during the relaxation of excess
regional compression stress with a NW-SE vector in the body of the Indo-Australian
lithospheric plate due to continental collision at its northern boundary. These shifts
potentially created the local tensile fault zones necessary for this, along which the rise
of magmatic material took place;

(4) The results of comprehensive studies performed in cruise #42 of the R/V Akademik
Boris Petrov suggest rather long cyclic magmatic activity in the northern segment of
the NER after 47 Ma already after the formation of its main massif at about 80 Ma.

In conclusion, we note, as well as other researchers [19,56], that the question of
secondary magmatism, or its last stage in the Ninetyeast Ridge, remains open to discussion,
as dredges of seamounts within it are needed to obtain a more definitive answer.
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