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Abstract :

Evolution of the Amsterdam-St. Paul (ASP) plateau is debated as a consequence of the Kerguelen mantle
plume interaction with the South-East Indian Ridge (SEIR) or related with a weaker ASP plume origin. We
performed an integrated geophysical approach using gravity and magnetic modeling along with the joint
inversion of Ps receiver function and Rayleigh wave group velocity dispersion data to determine the
crustal architecture, and upper mantle structure below the plateau. The gravity-magnetic model revealed
that the plateau is associated with three crustal layers as basaltic layer, gabbroic layer and underplated
material underlain by sedimentary strata. Our models further suggests that beneath the ASP plateau the
Moho depth varies from ~6.6 to 18.0 km. Joint inversion of Ps receiver function and Rayleigh wave group
velocity dispersion curve suggested the Lithosphere-Asthenosphere Boundary at depth of 50 km below
the Amsterdam Island. Further seismological result suggests evidence of a Low Velocity Zone below the
Moho at depth of 20-36 km which may represent a magma chamber. Our model suggests that the
evolution of the ASP plateau is guided by the Amsterdam and St. Paul fracture zones, which acted as a
thermal boundary confining the horizontal movement of the ASP plume. We propose that the ASP plateau
is not linked with the Kerguelen plume and emphasize origin of the ASP plateau by the interaction of SEIR
with the ASP plume.

Highlights

» The Amsterdam-St. Paul (ASP) plateau is associated with basaltic, gabbroic and underplated layer
below sedimentary strata. » A low velocity zones below the Moho (20-36 km depth) indicate magma
chamber beneath the Amsterdam Island. » The Lithosphere-Asthenosphere boundary is present at
~50 km depth. » The ASP plateau might not be formed by the Kerguelen plume.
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1. Introduction

The interaction of migrating mid-ocean ridge with a near-ridge hotspot plays a
significant role in the formation of oceanic plateaus such as Iceland, Azores and
Galapagos (Gente et al., 2003; Johnson et al., 1972; Wilson and Hay, 1995). The ridge-
hot spot interaction leads to morphological evolution of oceanic plateaus and magma
production at the ridge over millions of years (Schilling et al., 1985). The magma
production at the plateau depends upon the migrating plume-ridge interaction, governed
by the major controlling factors (1) the plume flux and (2) thc direction and rate of the
spreading ridge relative to the plume (Small, 1995).

The South-East Indian Ridge (SEIR) interacted with tv'0 b0t spots: the Kerguelen and
Amsterdam-St. Paul (ASP) hotspots since ~40 My (Dau<cet et al., 2004). The Kerguelen
plateau was formed when the SEIR interactea with the Kerguelen hotspot and
separation of the Broken Ridge from <= Kerguelen Plateau took place
contemporaneously at ~40 Ma (Mutter and Cande, 1983; Tikku and Cande, 2000).
Further, the ASP hot spot interacted w*'i the SEIR and formed the ASP plateau (Fig.
la, b) at ~10 Ma (Maia et al., 2011, Janin et al., 2012; Sibrant et al., 2019). Initially,
Luyendyk and Rennick (1977) suyg=sted that the ASP plateau was formed by the
Kerguelen plume, whereas :'organ (1978) hypothesized a distinct mantle plume
resulted formation of the p'aicau. Several geochemical studies (Ludden et al., 1980;
Graham et al., 1999; Johnscor, et al., 2000) reported that the ASP basalt is similar to the
Kerguelen plateau Los ', Broken ridge basalt and Ninteyeast ridge basalt, whereas
some recent studies ~ased on the geochemical and isotopic analysis (Doucet et al.,
2004; Nicolaysen et al., 2007; Janin et al., 2012) documented evidence of distinct

isotopic characteristic of the ASP basalt on
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Fig.1 (a) General bathymetric map of *..> i-dian Ocean showing major physiographic
features in region. MAD: Madagascar, SEY: Seychelles, CR: Carlsberg Ridge, CIR:
Central Indian Ridge, SWIR: South-Vv.'ast Indian Ridge, SEIR: South-east Indian Ridge,
RTJ: Rodriguez Triple Junction, KP: Kerguelen Plateau, ASP: Amsterdam- St. Paul
Plateau. (b) Detailed view of t.» ASP plateau over Free-air gravity anomaly map. Map
showing selected transects ‘Lie 1, Line 2, Line 3, Line 4, Line 5, and Line 6) along
which integrated gravit, magnetic modeling was carried out. Satellite bathymetry and
gravity data is avauac'e ciong thick black solid segment of transects whereas satellite
bathymetry and gravit, along with ship-borne magnetic data is available along thick red
solid segment of transects. Black triangle represents refraction station named RS-39
(taken from Francis and Raitt 1967) and another black triangle represents AIS station
which is a permanent broadband station located on the Amsterdam lIsland. Solid red
circle represents seamounts lie on the ASP plateau. Red color semi-transparent circle
represents probable location of the ASP hotspot (Maia et al. 2011). H, 11, 12, J1, J2, J3
and J4 represent ridge segments of the SEIR (Taken from Conder et al., 2000). BS:

Boomerang Seamount, CDP: Chain of Dead Poet, AFZ: Amsterdam Fracture Zone,



SPFZ: St. Paul Fracture Zone, BTF: Boomerang Transform Fault, HTF: Hillegom

Transform Fault, SPS: St. Pierre Seamount.

different locations on the plateau. Presently, two school of thoughts exist on the
formation of the ASP plateau. A group of studies (Graham et al. 1999; Doucet et al.,
2004; Nicolaysen et al., 2007) supported a secondary hotspot known as the ASP
hotspot was responsible for the formation of the ASP plateau within a time span of ~10
My (Janin et al., 2011; Maia et al., 2011; Janin et al., 2012; Sibrant et al., 2019),
whereas, few studies (Luyendyk and Rennick, 1977; Bredu.' and Steinberger, 2018)
reported the plateau origin to be associated with the Kergu~ler plume.

Several geophysical studies like bathymetry, gravity, anc magnetic (e.g., Royer and
Schlich, 1988; Scheirer et al., 1998; Scheirer et al , ?2L20; Conder et al., 2000; Janin et
al., 2011; Maia et al., 2011) have been conductea ~ver the ASP plateau to date. The
marine magnetic studies suggested several £ E'R ridge segments running over the ASP
plateau (Royer and Schlich, 1988; Conr'zr * al., 2000). Gravity studies suggested ~13
km thick crust over the plateau (Schencr et al., 2000; Maia et al., 2011), while Dubinin
et al. (2017) suggested 12-16 km tr.~k crust over the plateau. However, these studies
could not comment on the origin uf the mantle plume that caused formation of the ASP
plateau convincingly.

Global tomographic studies (Lhao, 2007) indicate low P-wave velocity originating from
the core-mantle bound=*v = the entire mantle beneath the region southwest of the
Amsterdam Island w:ic suggest that plume may be originating from the core-mantle
boundary. However, th2 study was not indicative to the fact whether the low P-wave
velocity associated with the plume had any link up with the ASP plateau or not. Another
study, using S-receiver function technique (Kumar et al., 2007) reported the depth of the
Moho at ~14 km and the Lithosphere-Asthenosphere Boundary (LAB) at a depth of ~49
km beneath the Amsterdam Island. However, a detailed seismological study at the
Amsterdam Island and of the ASP plateau is not available to date.

Present study thus aims to understand the crustal architecture and upper mantle
structure beneath the ASP plateau integrating bathymetry, gravity, magnetic and

seismological datasets. The primary objectives are (i) to determine the crustal



architecture of the ASP plateau, (ii) to investigate the upper mantle structure below the
Amsterdam Island, (iii) to find any linkage between the ASP plateau and the Kerguelen
plume. (iv) to analyze the ASP hotspot-SEIR interaction and present tectonic
configuration of the ASP plateau.

2. Regional tectonic setting

The ASP plateau (Fig. 1) is a complex structure that formed by ridge-hot spot interaction
(Janin et al., 2011; Maia et al., 2011). The plateau lies in the southern Indian Ocean
over the SEIR with intermediate spreading (Conder et al., 200 and the ridge separates
the Australian plate in NE from the Antarctic plate in S\V. "'he ASP plateau can be
delimited by the depth ranges from 2300-2800 m, .‘aviig an area of >30000 km?
(Scheirer et al., 2000). The plateau is bounded by > ,*msterdam Fracture Zone (AFZ)
to the north and the St. Paul Fracture Zone (SPF.} to the south (Royer and Schlich,
1988; Janin et al., 2011; Maia et al., 2011). Tns. Chain of Dead Poets (CDP), located to
the NE of the ASP plateau (Johnson <* &'. 2000; Janin et al.,, 2011) is a chain of
submarine volcanoes (Fig. 1a) which w2, formed since ~20 Ma and suggested to be a
trace of the ASP hotspot (Janin et ¢!, 2011; Janin et al., 2012). The ASP plateau is
mostly submarine except two suk -e ial features, the Amsterdam and St. Paul islands
which are located ~100 km agart .rom each other and are recently formed (~0.4 Ma)
(Watkins et al., 1975). Ti.=sc two islands are structurally separated by a SW-NE
transform fault (Fig. 1b)

The plateau hosts w1, aci*’e seamount, the Boomerang seamount (Johnson et al., 2000;
Nicolaysen et al., 20C7,, which is an active submarine volcano located ~18 km NE of
the Amsterdam Island (Johnson et al., 2000). Another prominent seamount, the St.
Pierre seamount lies east of the St. Paul Island (Nicolaysen et al., 2007) (Fig. 1b). A set
of four SEIR ridge segments 11, 12, J1 and J2 were identified by Royer and Schlich
(1988), which later modified as six ridge segments I1, 12, J1, J2, J3 and J4 (Fig. 1b) by
Conder et al. (2000). They further suggested that the ridge segments over the plateau
shows en echelon segmentation and oblique spreading and the southward propagation
of the segment J2. They further suggested that the segment | include two primary

spreading centers I1 and 12 with an additional short and active spreading center



between the two, which is grouped with 12 segment. Scheirer et al. (2000) reported that
segments I1 and 12 are separated by a recently formed discontinuity known as the
Boomerang Transform Fault (BTF) (Fig. 1b). Segment 12 is comprised of northern
shorter section (20 km) and a southern longer section (100 km) which is limited in the
south by the Hillegom Transform Fault (HTF). Further southward, extending from the
HTF, segment J1 comprises of three short (<50 km), sigmoidal, en echelon segments
which are oblique to spreading direction. Segment J2 is a propagating rift crossing the
southern edge of the plateau, whereas segments J3 and J4 (separated by ~15 km) are
off the ASP plateau (Conder et al., 2000) (Fig. 1b).

3. Datasets

3.1 Bathymetry and Potential field data

In this study, we used ship-borne bathymetry, ore. ity and magnetic data along with
satellite bathymetry and gravity data (Fig. 1k). ship-borne bathymetry data is obtained
with a special request to Ifremer Mari== Geosciences, LOUBRIEU Benoit, ROYER
Jean-Yves, MAIA Marcia (Bathymetry - Saint-Paul and Amsterdam - synthesis, 2020).
Ship-borne gravity and magnetic data are received with a special request to
Hydroamsterdam oceanographic cruse (BEUZART Paul, 1984) and the data were
sampled at 1 minute. The :“ree-Air Gravity Anomalies (FAA) are obtained after
editing/deleting the spikes/c rureous data points from the data file. Magnetic data are
corrected by removing <riko< and the total magnetic field intensity data are reduced to
residual magnetic w.n.~"es by subtracting the International Geomagnetic Reference
Field (IGRF) of apprpriate epoch. We then used the satellite altimetry derived
bathymetry and FAA data as the obtained ship-borne data collected in 1984 and is
sparse along the track line. We, therefore, used the corresponding satellite bathymetry
and gravity data along the track line for the present study as the ship-borne and satellite
data are of good correlation. We extracted the satellite derived bathymetry data from
‘Bedrock’ version of ETOPO1 global relief grid data (Amante & Eakins, 2009)
(https://www.ngdc.noaa.gov/mgg/global). We extracted the FAA data from global marine
gravity data ‘grav.img.24.1’ (Sandwell et al., 2014)
(https://topex.ucsd.edu/pub/global_grav_1min).



3.2 Seismic refraction and palaeomagnetic data

We have also used the public domain seismic refraction and palaeomagnetic results of
the study area. We have compiled the results of seismic refraction data from station RS-
39 (Fig. 1b, Francis and Raitt, 1967) to derive the crustal layer density over the plateau
as gravity constraint for integrated gravity-magnetic modeling. Palaeomagnetic
properties of lava flow found on the ASP plateau are very mu-h limited. Waltkins et. al.
(1975) and Carvallo et al. (2003) have collected samples 1 r p allaeomagnetic study over
the St. Paul and the Amsterdam islands, respectively I'ala 20magnetic studies provided
the magnetic properties of lava flow over these t.2 1.'ands and the results are used

here as magnetic constraint for integrated gravity-mec. inetic modeling.

3.3 Seismological data

We used three component seismograr. < from the permanent broadband station - AIS
(Amsterdam lIsland, Fig. 1b) availabic from IRIS (Incorporated Research Institutions for
Seismology) data centre (https:/.¢s.nis.edu/wilber3/find event). We have considered
three high magnitude teleseis.nic carthquake events, lying in the epicentral distance
ranging from ~ 4940 to 497" k. ~, with magnitude Mw >7.2. These earthquakes occurred
at the Sunda subductic~ 2>e (Table 1). We have selected these earthquakes since
these events are Ic..*eu <iose to each other and thus the seismic waves sample similar

region.

Table 1: Earthquake event catalogue used for joint Inversion of receiver function and

dispersion curve.

Date | Origin Time | Latitud | Longitud | Dept | Back Epicentra | Magnitud
(Hr:min:sec | e e h Azimuth | | e (Mw)
) (°N) (°E) (km) | (°N) Distance
(km)

2004 | 00:58:52 3.4125 | 95.9012 26.1 |26.6678 |4939.6 9.0




-12- 4

26

2008 | 08:08:31 2.7634 | 95.9644 31.4 27.0847 | 4871.46 7.3
-02- 6

20

2010 | 05:59:42 3.7328 | 96.0278 42.3 | 26.6745 | 4973.93 7.3
-05- 6

09

Also, the high magnitudes were beneficial for phase identivication of receiver function
and dispersion curve analysis which are used for this study ard preclude the use of any
additional frequency filters for noise elimination. We uc~d 20 minutes of time length of

these seismograms to include both the body and s'.iioce waves.

4. Methodology

4.1 Integrated potential field forward "..>ac'ing

To find out the crustal architecture o1 ‘he ASP plateau, we derived several crustal
models using 2D integrated gravity-magnetic forward modeling approach across the
plateau. The computational schenie is based on the method of Talwani et al. (1959) and
algorithms of Won and Bevis (1987). Crustal models were generated by GM-SYS
module of the Oasis Mont.! scftware using the two-dimensional modeling method of
Talwani and Heirtzler (.34, with the help of gravity and magnetic data under available
geological and geup:V/sical constraints. The objective for integrated gravity-magnetic
modeling in this study .s to obtain a plausible crustal structure, which is compatible with
the observed anomalies and known constraints.

We carry out the integrated gravity-magnetic modeling along several transects (Line 1,
Line 2, Line 3, Line 4, Line 5 and Line 6; Fig. 1b), which traverse in NW-SE (Line 1, 2
and 6), SW-NE (Line 4 and 5) and NNW-SSE (Line 3) directions across the ASP
plateau crossing both the St. Paul and Amsterdam Islands (Fig. 1b). We chose Line 6 in
such a way that it crosses the Amsterdam Island. Due to unavailability of magnetic data
over the island, we only perform the gravity modeling along the transect. Since there is

limited magnetic data available on the ASP plateau along these transects, they are




extended in either direction or both directions to cover the whole plateau area. We
prepared the initial models along transect using sediment thickness (Straume et al.,
2019) and published seismic refraction (Francis and Raitt, 1967) results. For that, we
derived the densities of different crustal layers below the ASP plateau from refraction
seismic velocity data from station RS-39 (Francis and Raitt, 1967) using Brocher
formula (Brocher, 2005). For the entire profile, we considered the densities of water,
sediments, crustal layers - 2, 3, 4 and upper mantle as 1.03, 1.97, 2.61, 2.89, 3.15 and
3.3 g/cm?, respectively. The results of paleomagnetic study over the ASP plateau
(Waltkins et. al., 1975; Carvallo et al., 2003) provided maynetic constraints and the
magnetic parameters, which are used for the integratea mcdelling, are presented in
Table 2. Crustal architecture of the ASP plateau is der. ‘ed from the database prepared
from geological models and is discussed in section C

Table 2: Magnetic parameters used for moc e'.ny of magnetic anomaly in the present

study.
_ _ ~ Magnetic Parameters (SI)
Geological Magnetic _ _
_ o NRM Inclination | Declination
body Polarity Suseouibility . .
(A/m) (®) (®)
Basaltic ‘ §
Normal J.001813 8.49 -57 356.3
flow |
_ Normz. | 0.001813 8.49 -57 356.3
Intrusive — N—]
Revorse 0.001813 8.49 57 356.3

4.2 Mantle Bougue. Anomaly (MBA) and Vertical Gravity Gradient (VGG)
calculation:

The FAA data contains the combined gravity effects from seafloor topography,
sediments, crust, and mantle density anomalies (Georgen et al., 2001). Mantle Bouguer
Anomaly (MBA) of the study area is computed by subtracting the gravity effects of the
topography and of crust-mantle interface (assuming a normal crustal thickness of 6 km)
from the FAA. Gravity effects of these interfaces are computed using Fast Fourier
Transform (FFT) algorithm (Parker, 1972). Densities of water, crust, and mantle were
used as 1.03 x 10° 2.7 x 103, and 3.3 x 10° kg/m?, respectively. Besides MBA, we also




estimate the Vertical Gravity Gradient (VGG) which is the second derivative of the
earth’s gravity field. VGG is used in the present study to depict the edges of shallow

features such as plateau, volcanoes and seamounts based on lateral density variation.

4.3 Seismological data analysis

To complement integrated gravity-magnetic modelling described in section 4.1 and 4.2
using a better constrain S-wave velocity-depth model, we carry out the joint inversion of
the Receiver Function (RF) and dispersion datasets (Ammon et al., 1990; Julia et al.,
2000; Ozalaybey et al., 1997; Gupta et al., 2016).

4.3.1 RF data preparation

The processing and analysis of the data are perfor..>eu using the Computer Program in
Seismology (CPS) (Herrmann, 2013). An initial L. =processing of the data such as
demean, detrend and instrument correction ¢ re epplied before further analysis. For RF
preparation, we pick the onset of the P woves and window the data between 10-50
seconds before and after the P arrnv>'. The traces are then rotated to radial and
transverse components. An iterative time domain deconvolution (Ligorria and Ammon,
1991) is performed between the i7«dal and the vertical components to isolate the Ps
phases. We use lower Gaussicn factor here as our objective is to study the lithospheric
structure. We use a Gauss. n flter width (Gw) of 1.6, which corresponds to a low pass
filter with a corner frecei.~y of ~0.8 Hz (Ligorria and Ammon, 1991). We chose a

Gaussian factor of Z.C tu ficer the low frequency impulses.

4.3.2 Dispersion data preparation

We window the Rayleigh wave segments from the vertical component to compute the
dispersion curves. The dispersion curves of group velocity for fundamental mode are
computed in the period range of 2-100 seconds using Multiple Filter Analysis (MFT)
technique (Bhattacharya, 1983; Herrmann, 1973) to sufficiently retrieve the information

of the crust and upper Mantle.

4.3.3 Joint Inversion



We then use the preconditioned RF and dispersion datasets to perform the joint
inversion using the program ‘joint96’ (Herrmann, 2013), which is a linearized inversion
scheme based on damped least squares technique (Menke, 1984). The two important
parameters which are used to produce a reliable estimate of the S wave velocity
structure and stabilize the inversion are (i) damping factor and (ii) influence parameter.
The damping factor which controls the model stability and resolution are fixed at 0.5.
The influence parameter which is a linear combination of prediction errors from the
receiver function and dispersion terms provides weightage to individual datasets for
inversion, is also fixed as 0.5 (Julia et al., 2000). We chose > give equal weightage to
both the datasets. Since a priori information from high 1~so'dtion seismic data is not
available on the Amsterdam Island. Therefore, we chn.e a constant starting model with
S-wave velocity of 4.5 km/s and assuming Moho (2w to depth of 100 km. We also
employ layer smoothening and weightage. We smnc*ien the upper 20 km and apply the
maximum layer weightage starting from the fre. 'ayer down to a depth of 50 km and a
gradual decrease in weightage up to  depoth of ~85 km and greater. We iterate the
inversion process for 30 times for n,<d layer thickness and variable velocity and

density. A flow chart of the processing step is depicted in Figure 2.
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Fig. 2 Complete flow chart for the jcint inversion of Receiver function and dispersion

curve

5. Results and Interp. ctation

5.1 Crustal architecture of the ASP plateau

Crustal architecture of the ASP plateau is derived from the geological models (Fig. 3
and supplementary material S1) which are generated using integrated gravity-magnetic
modeling along selected transects. FAA ranges from -12 to 153 mGal over the plateau
where maximum anomaly is observed along the Amsterdam Island and minimum
anomaly along the western side of the plateau (Fig. 3 and supplementary material S1),
whereas the magnetic anomaly ranges from -900 to 1500 nT. The results reveal three

crustal layers: 2, 3 and 4 below the sedimentary layer. Based on the refraction velocity



data from station RS-39 (Fig. 1b, Fransis and Raitt, 1967), we suggest crustal layer 2
(Vp = 4.52 km/s), 3 (Vp = 6.73 km/s) and 4 (Vp = 7.61 km/s) overlie the Moho (Vp=8.3
km/s). Moho density (~3.3 g/cm®) is derived using Brocher formula (Brocher, 2005) from
Vp data of an adjacent refraction station RS-38 (Fransis and Raitt, 1967). Christeson et
al. (2019) suggested that oceanic crustal layer 2 show a velocity of Vp=4.6 km/s for 10.5
Ma, which is similar to crustal layer 2 (Vp=4.52 km/s) of the ASP plateau formed since
~10 Ma (Maia et al. 2011). Condie (2016) suggested that below the oceanic plateau, the
velocity of lower crust varies almost uniformly (6.7 to 6.9 km/s) and an underplated layer
shows the velocity ranging from Vp ~ 7.2-7.7 km/s. The Vp .~ a magmatic underplated
crust is estimated within a range of 7.5-8.0 km/s (Watts et 2l., .985; Caress et al., 1995;
Charvis et al., 1999). Considering interpretation from th s study and previous results, we
classify crustal layer 2, 3 and 4 as layer 2 of ocez.'c ~rust or basaltic lava flow (Vp =
4.52 km/s), layer 3 of oceanic crust (Vp = 6.73 knmy_* and underplated crust (Vp = 7.61
km/s). Previous studies over oceanic platecus, ke Iceland (Darbyshire et al., 2000),
Azores (Spieker et al., 2018) and Gal~rayns (Sallarés et al., 2005) also suggested
similar type of crustal layering. The re~ults on all the crustal layers are described in

detail in following section.

5.1.1 Sedimentary layer

The integrated gravity-magneic modeling results suggest that the thickness of the
sedimentary layer varie< frc. few meters to ~ 2.1 km over the ASP plateau and seems
to increase beyond u.= ~undary of the plateau. Minimum sediment thickness is present
over the Amsterdam -.nd St. Paul islands whereas maximum sediment thickness is
observed at the western boundary of the plateau coinciding with the AFZ

(supplementary material S1.1-S1a-Line 2).

5.1.2 Crustal layer 2 (Basaltic layer)

Crustal layer 2 is interpreted to be a basaltic layer with thickness varying from 1.1 to 5.5
km over the plateau. The minimum basaltic thickness is observed along the eastern end
of the ASP plateau near the SPFZ (Fig. 3a, ¢ and supplementary material S1). The

maximum thickness of basaltic layer is interpreted at adjacent eastern side of the St.



Paul Island (Fig. 3a). Basaltic thickness at the western end of the plateau is also very

less and controlled by the AFZ.

5.1.3 Crustal layer 3 (Gabbroic layer)

The model suggests that the crustal layer 3 or lower oceanic crust (Gabbroic layer)
shows a thickness ranging from 2.2 to 9.5 km over the plateau. The minimum thickness
of ~2.2 km is interpreted at the western end of the plateau whereas maximum thickness
of the layer 3 is interpreted at adjacent eastern end of the St. Paul Island (Fig.

supplementary material S1.3-S1c-Line 4).

5.1.4 Crustal layer 4 (underplated crust)

The results suggest that the layer 4 represents cnulrplated crust with a maximum
thickness of ~2.1 km (supplementary material S1.7-Sla-Line 2) below the St. Paul
Island. We do not observe the underplated le yer nresent below the ridge segments and
volcanic centers. Scheirer et al. (2000) »!~0 ,=ported evidence of significant underplated
materials below the ASP plateau. Presce . study shows that underplated material is only

present under the ASP plateau and ahsent beyond the ASP boundary.

5.1.5 Moho

The maximum Moho depth ~f - 1.8 km is observed below the St. Paul Island (Fig. 3a and
supplementary material S1.?-Slc-Line 4) and ~16.5 km below the Amsterdam Island
(Fig. 3c). The Moho et decreases up to 6.6 km at the eastern part of the plateau
which is associated w*!i the AFZ. Further at the western part, the Moho is interpreted to

be shallow
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Fig. 3a Crustal model derived along Line 1. Density for magmatic intrusive body is 2.80
g/cm?®. Magnetic parameters used in anomalies computation are mentioned in Table 2. |
(n): Magmatic intrusive body with normal polarity, | (r): Magmatic intrusive body with
reverse polarity, FAA: Free-air anomaly. 3b Crustal model derived along Line 5. 3c

Crustal model derived along Line 6.

at a depth of 7.5 km and is associated with the SPFZ. Our results suggest a deeper
Moho below the ASP plateau and shallower beyond the plateau. The Moho depth is
observed to be ~10.2 km northeast of the ASP plateau towars the CDP volcanic chain
and the crust below it is associated with a ~1 km thick una >rpl ated material (Fig. 3b and

supplementary material S1.3-S1c-Line 4).

5.1.6 Crustal thickness

The difference of average cumulative thickne s of water plus sediment (~2.5 km) from
the Moho depth represents the average <ru.tal thickness of the ASP plateau. However,
only a thin veneer of sediment is obse. ’:d on both the islands with less water column
thickness which is negligible relative to the crustal thickness and to reduce from the
Moho depth. Hence, we get the cirisial thickness ranging from ~6.6 to 18 km over the
ASP plateau (Fig. 3 and supnicmeiitary material S1), where the maximum thickness of
~18 km is observed below the St. Paul Island. The earlier studies by Scheirer et al.
(2000), Conder et al. /20¢?, and Maia et al. (2011) suggested a maximum crustal
thickness of ~12 «n :<wow the St. Paul Island. However, Dubinin et al. (2017)
suggested that crusta' ‘nickness near the St. Paul and Amsterdam islands could reach
up to 12-16 km; our results are in good agreement with these studies. The present
study suggests absence of lower oceanic crust and very thin layer of underplated crust
below the St. Paul and Amsterdam islands, displaying a crustal thickness of ~18 and

~16.5 km, respectively.

5.1.7 Magmatic activity
There are several magmatic intrusive bodies (width of 2-11.5 km) of normal and reverse

polarity interpreted in the crust of the ASP plateau (Fig. 3 and supplementary material



S1) and those might have played an important role in increasing the thickness of
basaltic layer. Quilty (2007) reported presence of Rhyolitic dikes in crust of the St. Paul
Island on the ASP plateau.

5.2 Results of jointly inverted receiver function and dispersion data for the ASP
plateau

The velocity variation of different crustal layers is not much differentiated. It can be
attributed to the limited resolution associated with the long wavelengths of teleseismic
events. The longer wavelengths and low frequencies could c~tect large-scale features
such as the Moho, LVZ, and LAB. Furthermore, the the ~ret cal estimation of vertical
resolution of receiver function relies on approxima‘ing the dominant wavelength.
Empirical relationship suggests that the depth of re_>lution of the inverted RF’s is equal
to half of the converted (Ps) wavelength (Bostock < «d Rondenay,1999 and Rychert et
al., 2007). Therefore, considering an averaje ‘s of 3.8 km/s and frequency of 0.8
(Gaussian width 1.6) Hz the minimum reza1vable depth would be ~ 4.75 km. Therefore,
the minimum layer resolution is 2.5 km.

Joint inversion of both the datasets chows promising results. We can observe that the
RF’s and the dispersion curve bo.h siiows that the predicted results are well correlated
with the observed data (Fig 4. b,. The S-wave velocity in the crust ranges from 3-4
km/s. (Fig. 4c). These velcritics resemble with layer 2 and 3 of normal oceanic crust.
However, the thickness ~t o crust is greater than two times as compared to normal
oceanic crust (~7 kin, (v./'hie et al., 1992).

At a depth of 12 -1€ '\m the velocity varies from ~ 3.9-4.2 km/s. This range of the
velocities represents intermediate velocities between the lower oceanic crust and Moho
(White et al., 1992). Brink and Brocher (1987) reported that transitional velocities at
crust-mantle boundary indicates an anomalous plutonic complex at Oahu ridge, Hawaii.
Similar, transitional velocities are observed along the hotspot track of LA Réunion which
is attributed to the magmatic underplating (Gallart et al., 1999). Evidence of magmatic
underplating has also been reported at different volcanic hotspot islands (Caress et al.,
1995; Grevemeyer et al., 2001; Contreras-Reyes et al.,, 2010; Gupta et al., 2010).



Therefore, the transitional velocity from this study likely represents an underplated crust

which may be a result of the magmatic activity.

AlS

0.50

98.00 20041226(361)0058

0.072

AlS

0.50

g%;g 20080220(051)0808

AIS Vs (km/s)
37592 20100509(129)0559 2.5 3.0 3.5 4.0 4.5

0.072 O‘III\\l\\|L\\||\\|\\\||\|

Moho [

0 5 ) 10 15 20 25 20
Time {sec)

N
— T

= £
< £40 1 [ -
£ [
o
3 ] | LAB r
@ =) | [ «—|
g I~ \-/';] ‘ —
2 i
S i
L o
2 2 :
o 50 ~
2 ; . —— Initial
s Rayleigh Wave |
© 8. 1 —— Final
1 © |
[:: 100 T T T T T T T T T T T T ‘ T T T T T T T T
=

3.00

Time Peri 1d (se ) 10°
Fig. 4a Observed (rea, and predicted (blue) Radial Receiver Functions. 4b Observed

(black dots) and modelled (continuous red line) dispersion curves in the period range of

2-100 seconds. 4c Final velocity model (continuous blue line) obtained after Joint
inversion of RF’s and dispersion curve. The continuous red line at Vs=4.5 km is the

initial velocity model.

We identify the Moho at a depth of 16 km corresponding to Vs 4.3 km/s which is also in
good agreement with the integrated gravity-magnetic modeling (~16.5 km) described in
section 5.1.5 and the results (14 km) from earlier studies (Kumar et al., 2007). Further,

we also observe a significant low velocity zone (~ 4.0 Km/s) at a depth of ~20-36 km



(Fig. 4c) which may be a result of magma ponding/chamber and it is located
immediately below the Moho. Another LVZ of ~ 4.4 km/s is observed at a depth of ~ 50
km (Fig. 4c) and seems to be associated with the Lithosphere-Asthenosphere Boundary
(LAB). Analyzing Sp receiver functions, Kumar et al. (2007) reported the LAB at the
depth of 49 km which is in good agreement with the result of this study.

5.3 Results on the VGG and MBA analysis

The VGG map (Fig. 5a) clearly shows the maximum horizontal density variation along
several shallow features mainly fracture zones, seamounts, is.>nds and ridge segments.
The Amsterdam Island, St. Paul Island, Boomerang seam ~un. and St. Pierre seamount
are clearly visible on the VGG map as it shows high 9.avity gradient whereas BTF and
HTF are associated with negative gravity gradient Z.~oi~aly. A large variation of VGG is
observed along the AFZ and SPFZ which are loca.=d north and south of the plateau,
respectively. Southern part of the SPFZ is nrt clearly identifiable close to the ridge
segments J1, J2 and J3 in the VGG ma”: 2.1 therefore, difficult to mark its boundary at
this region. The VGG map clearly show: (nat the ASP plateau is morphologically limited
between these two fracture zones.

Mantle Bouguer Anomaly (MBA) v7luc arises due to changes in density of crustal and
mantle structure. Negative ME A vcdlue indicates mass deficiency arising either from a
thicker crust or low-density n.>terial or both whereas positive MBA indicates excess
mass which arises eithe: frc~ a thinner crust or high-density material or both. The MBA
map (Fig. 5b) indica.> u:~t the ASP plateau is associated with relatively negative MBA
compared to the surr~unding oceanic crust. Further, MBA value decreases below the
region between the Amsterdam and St. Paul islands. The SEIR segments outside the
plateau H, J3, J4 and fracture zones are also reflected in the MBA map whereas ridge
segments 11, 12, and J1 are not visible. Further, the ridge segment J2 is partly visible in
its southern part and not identifiable in its northern part in the map. The MBA map
clearly indicates that the ASP plateau is associated with negative MBA and limited
between the AFZ and SPFZ. Outside these two fracture zones, MBA drastically

increases and clearly demarcate the ASP plateau boundary.
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Fig. 5a Vertical Gravity Gradient (VGG) map of the study area. Black solid stars
represent Amsterdam and St. Paul Islands. 5b Mantle Bouguer Anomaly (MBA) map of
the ASP plateau. Al: Amsterdam Island, SPI: St. Paul Island. Other details are given
Fig. 5a. 5¢ Mantle Bouguer Anomaly map of the Indian Ocean. Other details are given
Fig. 5a.

6. Discussion

6.1 Discussion on the Crustal architecture of the ASP plateau

Integrated gravity-magnetic modeling results suggest that tncre is three crustal layers
interpreted below the sedimentary layer: basaltic layer, ge hbroic layer and underplated
layer associated with the ASP plateau.

Evidence of maximum sediment thickness at the ~aithwest part of the ASP plateau
along with the AFZ clearly indicate that the AFZ he~ played a major role in controlling
the sediment deposition at the fracture zone. Si.n‘larly, average sediment thickness of ~
1 km at the southeastern part of the A<®P lateau along the SPFZ, also indicates the
role of SPFZ in the sediment deposiu~.1. Further, very thin basaltic layer along the
eastern and western boundary of the ASP plateau near the SPFZ and AFZ respectively,
suggest influence of both the fraca re zones in controlling the basaltic thickness (Fig. 3
and Supplementary material S2). haia et al. (2011) suggested that SPFZ was unstable
at ~0.9 Ma when the crustd' thickness started decreasing and a less magmatic
accretion regime resultzd % the transform discontinuity. Maximum basalt thickness
adjacent to the St. -cun !=land (Fig. 3a) further suggests a magma rich regime at these
locations. Previous st:dies (Janin et al., 2011; Maia et al., 2011) suggested present
location of the ASP hot spot below the crust between St. Paul and Amsterdam islands
and might be the reason for the maximum basaltic thickness. The results further
suggest absence of underplated material below ridge segments and volcanic centers
which may be due to the continuous magma supply beneath these zones. Graham et al.
(1999) suggested that the plume has been feeding the ridge segments 11, 12 and J1 on
the ASP plateau and might led to the absence of underplating. Present study shows
underplated material below the ASP plateau but absent beyond the fracture zones,

which indicates that the plume is not affecting the crust outside the fracture zones which



mark the boundary of the ASP plateau. Francis and Raitt (1967) have shown absence
of a layer having velocity range of 7.1-7.6 km/s (underplated layer) at the refraction
station RS-38 located outside the ASP plateau, which support our result that the
adjacent oceanic crust is not affected by the plume. Other studies (Royer and Schlich,
1988 and Dubinin et al., 2017) suggested that AFZ and SPFZ (Fig. 5a, b) behaved as a
thermal barrier of the ASP hot spot activity limiting the magmatic underplating between
these fracture zones. Present study suggests crustal thickness in the range of ~6.6 to
~18 km within the ASP plateau caused by variation in basaltic thickness as well as
accretion of underplated material below the ASP plateau. The ~rustal thickness variation
within the plateau indicates a variable melt supply (Janin et «l., 2011) caused by high
and low magmatic phases in different episodes (Maie «t al, 2011; Sibrant et al., 2019).
Small (1995) suggested three different model for p!cme -ridge interaction and discussed
the possible volcanism in an off-axis and on-ax.~ scenario. In the present study,
presence of intrusive bodies into the crust of tre plateau suggests several weak zones
which may be associated with faults and -ift zones. The modelling result shows intrusive
bodies near the ridge axis (Fig. 3b) proubly formed by the on-axis volcanism whereas
intrusive far from the ridge axis over :he plateau suggested to be formed by the off-axis
volcanism. Therefore, we believe &at (he plateau was evolved by off-axis volcanism as
well as by on-axis volcanism. 'Jsu.g bathymetry, magnetic and side scan sonar data,
Conder et al. (2000) suppc:ted the off-axis volcanism over the plateau, whereas other
studies (Maia et al., 2011; <orant et al., 2019) suggested on-axis volcanism over the
plateau. Presence o. st '2ral normal and reverse polarity magmatic intrusions into the
crust of the plateau suggests evolution of the plateau in different magnetic polarity time.
The intrusions could have been a major source for basaltic volcanism to the surface of
St. Paul and Amsterdam Islands (e.g., Conder et al., 2000; Carvallo et al., 2003).
Moreover, the presence of active submarine volcanism reported at the Boomerang
seamount (Johnson et al., 2000) indicate that the plume is currently active below the
plateau. Another study by Conder et al. (2000) suggested more than one locus of
hotspot activity from the plume which might be the reason of magmatic intrusion (in this

study) in the ASP plateau.



6.2 Presence of Low Velocity Zone (LVZ) below the ASP plateau?

The observed Low Velocity Zone (LVZ; ~ Vs 4.0 km/s) below Moho (at depth 20-36 km)
(Fig. 4c) indicates a possible presence of the magma chamber or partial melt present
below the Amsterdam Island. An active magma chamber acts as a sink for magma from
a deeper reservoir, which is commonly located in the lower crust or the upper mantle
(Becerril et al., 2013). Previous studies also indicate presence of LVZ associated with
magma chamber/magma-trap/magma-ponding at the Moo discontinuity beneath
Iceland (Derbyshire et al. 2000), Galapagos Island (Villeqériez et al.,, 2007), Azores
islands (Zanon, 2015), Valles caldera, New Maxico /L itte " et al. 1995), Teno volcano
(Longpre” et al. 2008) and Mount Fuji (Kinoshita et ..! ~915) etc. Magma feeding fissure
eruptions ascend through the lithosphere up to th. Moho where neutral buoyancy is
reached (e.g. Cushman et al. 2004; Schwar: €. al. 2004; Nicolosi et al. 2006; Civile et
al. 2008; Klu'gel et al. 2009). Howe'~r, ascending magmas are not necessarily
expected to stagnate at the Moho due ‘- the apparent lack of neutral buoyancy at this
interface (Hansteen et al. 1998). Bul "nce the neutral buoyancy is reached, the magma
chambers near Moho depths mwy camp the ascent of subsequent magma batches
(Clague, 1987).

Morgan (1971) suggested :ha. above the core of the plume, active upwelling plays a
major role in melt gensau~i. Buoyant and upwelling mantle lead to decompression
melting below the ciry sc'izus (Villagébmez et al., 2007). Further, accumulation of melt at
the base of the therm~! lithosphere creates the observed sharp discontinuity in seismic
velocity (Kawakatsu et al., 2009). When the upwelling mantle plume approaches the
lithosphere, it begins to flatten and spread at base of the lithosphere forming a low
velocity zone at LAB. It is suggested that the magma first interact at the asthenosphere-
lithosphere transition in the form of melt, and then further migrates through the
lithosphere through dyke propagation (Havlin et al., 2013). We suggest that the magma
is possibly stored at the base of the crust and only ascended to the surface using deep
active faults. Quilty (2007) reported faults on the Amsterdam and St. Paul islands which

might have acted as passage for magma eruption. Our study also reported multiple



intrusive bodies into the crust of ASP plateau. Hence, we propose that the LVZ
immediately below Moho at depth of 20-36 km beneath the Amsterdam Island is
generated by the combination of melt and excess temperature associated with the
plume activity in the form of a magma chamber.

6.3 Horizontal extent of the ASP plume magma supply

The Vertical Gravity Gradient (VGG) map (Fig. 5a) mark the boundary of the AFZ in the
north and the SPFZ in the south. Southern part of the SPFZ near the ridge segments
(J2 and J3) is not clearly identifiable as these ridge segments are affected by the ASP
plume and by presence of thick basaltic crust adjacent to thece ridge segments. Royer
and Schlich (1988) suggested that the volcanic activity ovzr the plateau was very
diffused which altered the normal seafloor spreadin® magnetic anomalies. Further,
Graham et al. (1999) reported that the mantle plur.2 1.4 the ridge segments I1, 12 and
J1 on the ASP plateau and might be the reason ot . *;scureness. The ridge segment J2
is less identifiable in its northern half wherca’ southern half of the ridge is properly
reflected in the VGG map, which might nu.~ate that the upper half part is affected by
the plume activity, but southern half sey.ent is still unaffected and represents an active
ridge segment. Maia et al. (2011, suggested that AFZ acted as a barrier to the
volcanism in evolution of the plateed. rhe VGG results suggest that the ASP plateau is
morphologically evolved betwe n t.e AFZ and SPFZ.

The MBA map (Fig. 5b) clecrly shows that the ASP plateau is associated with relatively
negative MBA compare? tu *ie surrounding oceanic crust. Our gravity-magnetic result
reinforces the inte.pewtion that thicker crust (6.6-18 km) and presence of several
intrusive bodies asso~ated with the plateau formed by the on-axis as well as off-axis
volcanism, causing the negative MBA over the plateau. Below the St. Paul Island, a
higher negative MBA is observed probably due to the presence of much lesser dense
material caused by the ASP plume activity. Maia et al. (2011) and Janin et al. (2011)
suggested the probable location of the ASP hotspot beneath the Amsterdam and St.
Paul Islands. Outside the AFZ and SPFZ, the MBA is consistent and positive suggesting
presence of a normal oceanic crust unaffected by the plume activity. It is, therefore,

clear that these two fracture zones AFZ and SPFZ restricting the magma supply from



the ASP plume beyond the fracture zones and the plume activity is limited beneath the
ASP plateau only.

Therefore, based on the interpretation of the VGG and MBA results, we suggest that the
ASP plume activity was limited between the AFZ and SPFZ and the plateau was

morphologically evolved between the two fracture zones.

6.4 Linkage between the Kerguelen plume and the ASP plateau??

The MBA map (Fig. 5c) represents density variation in the Mantle and If any flow of
volcanic material exists between the Kerguelen plume and 5CIR that must be reflected
in the MBA map as this magmatic flow will display negetive MBA due to hotter melt
material. The MBA map of the study region shows a lirea negative MBA between the
ASP plateau and Ninety East Ridge-Broken Rizge along the ASP hot spot track
associated with CDP volcanic chain. This linear . =gative MBA is indicative of less
dense material caused by deeper Moho and/or presence of hotter melt materials along
the CDP volcanic chain between the "S> plateau and CDP volcanoes. It will be
discussed in the section 6.5 that the unJ~rplated crust and deeper Moho along the ASP
hot spot track is present below thc CDP volcanic chain. Previous studies reported
underplated crust and deeper Muko welow the other hot spot tracks (e.g., Coffin and
Eldholm, 1992; Coffin et al., 2C12; \-ontaine et al., 2015; Kumar et al., 2019; Kumar and
Chaubey, 2022). We interp. =t .~om the Figure 5c that the MBA below the crust between
the Kerguelen and ASP nictzau is almost constant and does indicate the absence of
hotter melt mantle 1.°,awcral and/or showing similar Moho depth. Absence of density
variation in the mantl> material below this crust suggests that it is not affected by the
plume and probably no magma channel is present between these two plateaus.
Kerguelen plume is currently active over the Kerguelen plateau since past ~22 Ma
(Duncan et al. 2016) and recently volcanic eruption took place at Heard & McDonald
Island (Patrick and Smellie, 2013). However, the ASP plume is suggested to be active
since ~20 Ma when it formed CDP volcanoes. Eventually from ~10 Ma, it started
forming ASP plateau till date. Zhao (2007) has shown a low P-wave velocity zone
beneath the mantle which is very much closer to the present location of the Kerguelen

plateau and might be associated with the Kerguelen plume. It is observed that the low



P-wave velocity zone is quite far from the Amsterdam Island and doesn’'t show any
linkup in the mantle with the ASP plateau. No evidence of channelized flow between the
ASP plateau and the Kerguelen plateau in the MBA map concludes that the ASP
plateau might not be formed by the Kerguelen plume but was formed by a weaker ASP

plume.

6.5 Plume-ridge interaction

We synthesize our results with earlier work to further eluciuate the interaction of the
ASP plume with the SEIR in time and evolution of the plat.au. The ASP volcanic massif
forms a morphologically isolated plateau by the ASP p'um2-SEIR interaction. Previous
studies suggested that the ASP plateau is formed Zi'ni»g the past 10 My (e.g., Janin et
al., 2011; Maia et al., 2011; Janin et al., 2012; S, ant et al., 2019) and the Chain of
Dead Poets (CDP) volcanic is assumed to be: t'ie hot spot track of the ASP plume over
past ~20 My (e.g., Janin et al., 2011; M~ia ¢t al., 2011; Bredow and Steinberger, 2018)
and trends age progressively from the ~uuthern end of the Ninety East Ridge towards
the ASP plateau. Different stages o1 Mlume and the SEIR ridge interaction starting from
~20 Ma to present are discussaeri 11 detail with the probable on-axis and off-axis
volcanism over the plateau. Fu:thei, formations of intrusive bodies and magma chamber
are also explained in the sc.>ei atic diagram (Fig. 6).

Since ~20 Ma, the SE!™ sc~uarated the Antarctic plate and Indo-Australian plate and
migrated north-eas:w ~ru towards the ASP plume, which was situated below the oceanic
crust of Australian pla*~. The ASP plume created a magma chamber through the melts
or magma ponds just below the oceanic crust and melted the base of the crust during
that time (Fig. 6a). Several magmatic intrusions took place along the weaker zones into
the crust in the form of volcanoes leading to the formation of CDP volcanoes (Fig. 6a).
During ~15 Ma, as the plate moved further, maximum magma supply at the center of
the plume formed magma chambers and series of volcanoes continuously along the
ASP hot spot track. Whereas the magma supply decreased to the older magma
chambers as the plume moved far from the older chambers causing deficiency in

magma supplied to the older magma chambers, cooling the melted material at base of



the crust, and formed underplated crust (Fig. 6b). At the same time, melt extracted
through the weak zones or faults in form of intrusions and formed several small and big
volcanoes depending on the magma supply. Until ~10 Ma, the ASP plume created
several volcanoes of CDP along the hot spot track and underplated the crust below the
CDP volcanoes. Richards et al. (2013) suggested high-velocity underplating at the
crust-mantle interface beneath several hotspot tracks like the Kerguelen (Coffin and
Eldholm, 1992; Coffin et al., 2002), Reunion (Fontaine et al., 2015; Kumar et al., 2019;
Kumar and Chaubey, 2022), Cocos ridge (Galapagos hot spot track) (Sallarés et al.,
2003) and Louisville hot spot track (Conteras-Reyes et al., zc10) etc. The ASP plateau
started forming since ~10 Ma as the SEIR started coming ~losar to the ASP plume (Fig.
6c) which resulted in the maximum magma supply belo. th 2 SEIR axis for the formation
of the ASP plateau while less magma supplied tc (he ‘solcanoes located southwest of
the CDP volcanic chains simultaneously. Janin et a;. (2011) suggested formation of the
Boilaeu and La Bruyere seamount (>8 Ma) d Ir'.i¢ this magmatic phase and Janin et al.
(2012) suggested formation of the sea~ounts by interaction of the magma supplied
through local depleted mantle and ASF ~wume magma. We believe that during ~10 to 6
Ma, the Boilaeu and La Bruyere semount were formed by melt supplied through a
magma chamber when the ASP Ll te au started evolving. The north-eastern part of the
ASP plateau was started forr.ing :nitially during the period ~10 to 6 Ma. Maia et al.
(2011) suggested that at slc've: spreading rate of the SEIR, the connection between the
ASP hot spot and SEIP wc< established at larger distance causing higher magmatic
activity during the pi-as2 «rom ~10 to 6 Ma (Sibrant et al., 2019). Maia et al. (2011)
suggested an on-axis * olcanism for the formation of the plateau. We reported intrusive
near the ridge axis (Fig. 3b) in the modeling results which suggest that they were
formed probably by the on-axis volcanism. However, it is worth to mention here that
several other intrusive (far from the ridge) are also interpreted at the plateau which
suggest off-axis volcanism over the plateau. Previous results by Conder et al. (2000)
also supported the off-axis volcanism over the ASP plateau. The ASP plume has melted
the base of the crust erupting the magma to surface through the faults or weak zones
and started forming the ASP plateau (Fig. 6¢) probably by off-axis volcanism until the

distance between the ASP hot spot and SEIR reduced and a connection between the



plume and ridge established. When the connection between the plume and ridge
established or the SEIR reached close to the center of the ASP plume, the magma was
supplied from the plume to the ridge and caused an on-axis volcanism over the plateau.
We, therefore, believe that the ASP plateau is formed by both the on-axis as well as off-
axis volcanism. Further, the first ridge jump took place to southwest of its initial position
(Fig. 6d) at ~6.3 Ma (Maia et al., 2011) and paleo ridge-axis acted as a weaker rift zone
for the formation of other intrusive bodies. The distance between the SEIR and the ASP
plume increased due to the ridge jump and causing weaker connection between them
and resulted in less magmatic activity over the plateau as cuggested by Maia et al.
(2011) and Sibrant et al. (2019) during the phase from 6-3 Ma.

During the phase from 6 to 3 Ma, the distance betwee. th 2 plume and ridge increased
due to the ridge jump and the connection between .'"'n.>e and ridge was weakened that
further led to the off-axis volcanism over the plateau. =ventually, the plate moved further
northeastward, the SEIR started approachiny ‘n=2 plume again and age progressively
magmatic activity in term of intrusive =1 .2va eruption took place along the plateau
(Fig. 6e) by off-axis volcanism. Furthor, when the SEIR came closer to the plume
center, second ridge jump took place at ~3.3 Ma (Maia et al., 2011) and re-located the
SEIR at a new axis very close to c:n er of the hot spot (Fig. 6f) marking second phase
of higher magmatic activity. Tl.» AUP plateau evidenced higher volcanism in this phase
as on-axis position of hot sp,ouw ~ource gave rise to strong increase in melt supply (Maia
et al., 2011) and causer ~n ~kis volcanism over the plateau. Further in age progression,
SEIR migrated nc.uew~tward and crossed the ASP plume positioning below the
Antarctica plate towar~s southwest of the ridge (Fig. 6g). The ridge continued migrating
northeastward with increasing distance from the plume up to its present location with a
low magmatic activity since ~0.9 Ma (Sibrant et al., 2019) and developed the recently
formed Boomerang and St. Pierre volcanoes and Amsterdam & St. Paul islands (Fig.
6h). However, Watkins et al. (1975) suggested that the Amsterdam and St. Paul islands
were formed during ~0.4 Ma. Using the bathymetry data, Maia et al. (2011) reported
several bathymetry high features over the plateau, which might have formed by the off-
axis volcanism by the plume activity. Interpreted intrusions at the Amsterdam and St.

Paul Islands and nearby regions suggest an off-axis volcanism since the present



location of the ASP plume is beneath both the islands and is away from any of SEIR
ridge segments. Presence of a LVZ at depth of 20-36 km beneath the Amsterdam
Island in the present study is the probable source of magma supply to the surface. It
may also be noted that the Boomerang seamount is currently an active seamount
(Johnson et al., 2000) near the ridge segment 12 and is quite distant from the present
location of the plume. However, the Boomerang seamount is getting a magma supply
either through the ridge segment fed by the plume or by any active magma chamber.
Several submarine volcanoes and seamounts reported over the plateau are associated

with bathymetric high features (Maia
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Fig. 6 Schematic diag.am depicting interaction of the ASP plume and the SEIR since
~20 Ma in different stag :s.

et al., 2011; Sibrant et al., 2019). Presence of intrusive in present study and bathymetric
highs over the plateau suggest a continuous magma supply to the submarine volcanoes
by an active magma chamber. Janin et al. (2011 and 2012) suggested that CDP
volcanoes were formed in two generation of magmatic activity; earlier by the ASP plume
activity and later by melt migration generated either by plume or depleted mantle or
partial melt through the recently formed CDP volcanoes. Presence of low velocity zone
below the Amsterdam Island (at depth of 20-36 km, Fig 4c) and negative MBA along the



CDP volcanic chain (Fig. 5b), we believe that magma melt was formed along the ASP
hot spot track in the upper mantle. This melt supplied magma to deeper magma
chambers which further fed the melts to volcanic magma chambers and erupted onto
the surface. Conder et al. (2000) suggested that the new spreading centers acted as
channels for transporting melts away from volcanoes and extending the dimensions of
the platform by driving the rift propagation. It is worth mentioning that the AFZ and
SPFZ played an important role in limiting the horizontal extent of magma chambers,
which also suggests a smaller plume head for the ASP mantle plume. Some studies
(Sibrant et al., 2019) suggested that the ASP plume is wea:2r whereas other studies
(Couirtillot et al., 2003; Janin et al., 2012; Marigneir et al., .'02()) suggested the plume to
be of deeper in origin.

7. Conclusions

In the present study, we used integrated grav tv-magnetic modeling results to determine
the crustal architecture of the ASP p!~tecu. Further, we used the results of joint
inversion of Ps receiver function and r1=yleigh wave group velocity dispersion data to
give the upper mantle structure be.~w the Amsterdam Island and the ASP plateau.
Analysis and results of geophysica’ cata through integrated approach have provided a
new understanding of the crus. >l aichitecture and upper mantle structure of the plateau.
Major finding of the present <tuy is summarized as follows:

(i) ASP plateau is assrcia~d with three crustal layers below the sedimentary strata:
basaltic layer (laycr ?), gabbroic layer (layer 3) and underplated layer. The results
further report presenc< of several intrusive into the crust of the plateau and suggest
both off-axis and on-axis volcanism over the plateau.

(i) Moho depth ranges from 6.6 to 18 km below the plateau where maximum depth
interpreted below the St. Paul Island while minimum Moho depth interpreted outside the
plateau. The Moho is interpreted at a depth of ~16 km below the Amsterdam Island.

(iif) A Low Velocity Zone below the crust-mantle boundary (20-36 km depth) beneath the
Amsterdam Island is interpreted as signature of a magma chamber. The Lithosphere-

Asthenosphere Boundary is interpreted at a depth of 50 km.



(iv) The ASP plume is suggested to be a weaker plume which is bounded between
Amsterdam Fracture Zone and St. Paul Fracture Zone. We further suggest that there is
no conduit from the Kerguelen plume towards the ASP plateau and the plateau is
formed by the ASP plume.
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Highlights:
» The Amsterdam-St. Paul (ASP) plateau is associated with basaltic, gabbroic and
underplated layer below sedimentary strata.
» A low velocity zones below the Moho (20-36 km depth) indicate magma chamber
beneath the Amsterdam Island.
» The Lithosphere-Asthenosphere boundary is present at ~50 km depth.
» The ASP plateau might not be formed by the Kerguelen plume.



