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This study investigates the relationship between the hotspot-ridge interaction and the formation of oceanic plateaus and sea-
mounts in the Southwest Indian Ocean. We first calculated the relative distance between the Southwest Indian Ridge (SWIR)
and relevant hotspots on the basis of models of plate reconstruction, and then calculated the corresponding excess magmatic
anomalies of the hotspots on the basis of residual bathymetry and Airy isostasy. The results reveal that the activities of the
Marion hotspot can be divided into three main phases: interaction with the paleo-Rodrigues triple junction (73.6—-68.5 Ma), in-
teraction with the SWIR (68.5-42.7 Ma), and intra-plate volcanism (42.7-0 Ma). These three phases correspond to the forma-
tion of the eastern, central, and western parts of the Del Cano Rise, respectively. The magnitude and apparent periodicity of the
magmatic volume flux of the Marion hotspot appear to be dominated by the hotspot-ridge distance. The periodicity of the
Marion hotspot is about 25 Ma, which is much longer than that of the Hawaii and Iceland hotspots (about 15 Ma).
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Numerous seamounts are generated at plate boundaries by
the volcanic and tectonic activities of mid-ocean ridges and
transform faults [1]. Correspondingly, hotspots are mainly
observed as intra-plate volcanism [2]. With the interaction
of mid-ocean ridges and hotspots, the intensity of hotspot
activity is amplified, resulting in the formation of broad
plateaus [3]. These plateaus and seamounts (or seamount
chains) substantially reflect the intensity of magmatism and
the tracks of hotspots [2, 4-7], and record the ages, loca-
tions and magmatic volume of seamounts created by hot-
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spots. It would be useful to study the time variation and
periodicity of the intensity of hotspot activity and the inter-
action of hotspots, mid-ocean ridges and transform faults [4,
5, 8, 9]. Radioactive dating of rocks can be adopted to de-
termine directly the ages of seamounts, and the thickness of
the oceanic crust (layer 2A to layer 3) can be regarded as a
first-order measure of the mantle magmatic volume [10].
However, very few rock samples have been taken and there
has been little determination of the crustal thickness from
seismic velocity profiles of ocean bottom experiments. In
many areas that have been little studied, the mentioned
methods cannot be used to calculate hotspot tracks and
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magmatic flux. Other geophysical methods, such as calcu-
lating the crustal thickness from topography or gravity data
and calculating the crustal age from magnetic anomalies and
plate reconstructions, have become the primary means of
investigation [6, 11].

Compared with the East Pacific Rise and Mid-Atlantic
Ridge, the region of the Southwest Indian Ocean has been
less studied. Recently, the ultra-slow and oblique spreading
characteristics of the Southwest Indian Ridge (SWIR) have
attracted increasing international attention [12]. In 2007, a
Chinese ship discovered the first active hydrothermal vent
in the SWIR [13]. The Southwest Indian Ocean then be-
came the focus of deep-sea research for its significance both
in terms of science and resources. In addition to the north-
east-striking SWIR, the study area also encompasses the
Marion, Crozet and Conrad (extinct) hotspots, the Mada-
gascar Plateau, the Del Cano Rise, the Conrad Rise and
other features, and numerous unnamed seamounts (Figure
1). The formation of these plateaus and seamounts had been
considered closely related to the SWIR and hotspots
[14-16]. Owing to the sparse data of large-scale magmatic
flux and plateaus (seamounts) dating, there was no clear
understanding of the time variation in the intensity of the

30° 40°
10° \
©)

. J ol /
A\ L2 r :'.‘ . T
A AN . AV P

4N T T sathymetry (km)
6 4 2 0

Figure 1 Bathymetric data of the study area based on satellite-derived
data from Smith and Sandwell [17]. Hotspots and plateaus are indicated in
red and the large transform faults in white. AB, Andrew Bain; M, Marion;
ES, Eric Simpson; DII, Discovery II; IN, Indomed; GA, Gallieni; All,
Atlantis II; MEL, Melville. The intervals of the white contours of the
crustal age are 20 Ma [18], and the ages are given in black. The black lines
indicate the spreading center. CIR, Central Indian Ridge; SEIR, Southeast
Indian Ridge; RTJ, Rodriguez Triple Junction.

Marion and Crozet hotspots, the origin of the Del Cano Rise
and Madagascar Plateau, and the interaction between hot-
spots and the SWIR.

In this study we first determined the relative positions of
hotspots and the SWIR and the ages of plateaus and sea-
mounts through plate reconstruction. Employing bathymet-
ric anomalies and the Airy isostasy model, we then calcu-
lated the magmatic volume of hotspots to (1) determine the
origin and evolution of plateaus and seamounts in the study
area and their relationships with hotspots and the SWIR, (2)
track the hotspots and analyze the temporal and spatial
variations in hotspot intensity, and (3) discuss the interac-
tions between hotspots, the SWIR and transform faults, and
their effects on the geometric formation of the SWIR.

1 Geological background

The most significant topographic feature of the Southwest
Indian Ocean has been shown to be numerous transform
faults and the SWIR traversing the study area. The SWIR
formed initially around 150 Ma ago [19], migrating rapidly
from 80 Ma. Since 80 Ma, the ridge axis had migrated about
2500 km from DII to the Rodriguez Triple Junction (RTJ,
70°E) and sequentially formed GA, AIl and MEL FZs
(Fracture Zones) and so on [19]. Currently, the AB trans-
form fault, with a length of about 1000 km, separates the
SWIR into eastern and western parts [19]. Previous geo-
physical and geochemical studies have shown that there is a
decreasing trend of the magmatic flux from west to east
between the AB transform fault and RTJ [20-22]. Accord-
ing to the geophysics (bathymetry, side scan, gravity, and
magnetic), geometry (the length of ridge segments, oblique
spreading angle, incidence of transform fault), geochemical
and petrologic characteristics of the SWIR, the eastern part
of the SWIR is separated into four super segments by the
DII (42°E), GA (52°20'E) and MEL (60°45'E) FZs [23, 24].
The shallowest part from the AB to DII FZs corresponds to
a negative residual mantle Bouguer gravity anomaly
(RMBA). It has been shown that intensive magmatism has
caused a thickened crust or higher mantle temperature. This
area may be affected by the Marion hotspot [23-25]. From
the east of DII transform fault to 49°30'E, the ridge axis
deepens and the RMBA becomes more positive. Accord-
ingly, Georgen et al. [25] inferred that the eastward propa-
gation of the Marion hotspot effect is blocked by the DII
transform fault. The crustal thickness from the GA to MEL
FZs determined by seismic velocity profiles is rather thin
[26]. The largest average axis depth is from the MEL trans-
form fault to the RTJ, and the crustal thickness thins con-
tinuously (average thickness of 4-5 km) as shown by seis-
mic velocity profiles [27, 28]. There are fewer transform
faults and numerous sites of exposed serpentine peridotites,
which are typical of ultra-slow spreading ridges.

On the African plate north of the SWIR, the areas with



the shallowest depth include the Mozambique Ridge,
Madagascar Plateau, and the ridge bathymetry anomaly
extending from the Madagascar Plateau to the SWIR. There
is still some debate about the origin of the Madagascar Pla-
teau. On the basis of DSDP (Deep Sea Drilling Project)
drilling data recorded at sites 246 and 247 of Leg 25, Coffin
et al. [15] considered the Madagascar Plateau as the conti-
nental crust, but neither hole at the sites totally penetrated
the sediment layer. Seismic velocity profile data shows that
the northern and southern parts of the Madagascar Plateau
(with 31°S as the boundary) are more inclined to be consid-
ered as the oceanic crust and might have originated from
Cretaceous hotspot activity, although there are differences
in the crustal structures [29]. The ridge bathymetry anomaly
from the Madagascar Plateau extending to the spreading
center has been considered as the track of the Marion hot-
spot [25, 30]. There are numerous plateaus such as the
Conrad Rise, Marion hotspot, Del Cano Rise and Crozet
Plateau on the Antarctic plate south of the SWIR. The shal-
lowest area of the Conrad Rise, which is south of the SWIR
and conjugated to the Madagascar Plateau, is close to sea
level, and there may be an extinct hotspot under its south-
east seamount (48°E, 53°S) [31]. The Marion hotspot, Del
Cano Rise and Crozet Plateau together constitute a hotspot
swell with a diameter of more than 1000 km. Some re-
searchers have considered them as a hotspot group. The
Marion hotspot is one of several active hotspots of long
geological history. At about 88 Ma, its magmatism created
the Volcan de 1'Androy lava pile on southern Madagascar
and might have caused the breakup of Madagascar and In-
dia [32]. Coffin et al. suggested that the Del Cano Rise
might have been created by the magmatism of the Marion
hotspot [15]. Analyzing the depth-gravity admittance func-
tion of the Del Cano Rise, Goslin et al. [33] considered that
this area approached local isostasy and was generated on a
weaker lithosphere in the proximity of a spreading center.
The Del Cano Rise is close to the Crozet Plateau, but both
the isostasy analysis and seismic velocity profiles indicate a
difference in their geological origins [34]. The Crozet Pla-
teau is also currently active, but its origin and track are still
a subject of considerable debate [31, 35, 36].

2 Residual bathymetry of the Southwest Indian
Ocean

Bathymetry data are a visualization of the magmatism of
hotspots and mid-ocean ridges. As the topography of sea-
mounts and plateaus was modified by the effects of litho-
sphere subsidence, sediment filling, compaction and other
factors, these influences were subtracted from the observa-
tion data in this study, and the residual bathymetry was ob-
tained to reflect the magmatism at the time of crust forma-
tion.

2.1 Data and errors

The bathymetry data used in this study were the latest 1'x 1’
satellite-derived data (Version 11.1) from Smith and Sand-
well [17], and they are presented in Figure 1. With the addi-
tion of more depth sounding data, 75% of the data were
within 24 km of a sounding point. In regions with complex
topography, the data, being significantly more accurate than
data of previous versions, were suitable for studying the
SWIR and seamounts of great depth variations. Along the
SWIR, the multi-beam data with 100 mx100 m grid spacing
were compared with the Version 11.1 of depth data in this
study (multi-beam data recorded by the Gallieni Cruise of
French L'Atalante [20]) employing the accuracy evaluation
methods of Smith and Sandwell [17]. The root mean square
of the depth variation in the multi-beam coverage area was
4613 m, while the difference between satellite altimeter data
and multi-beam data was only 198 m. This indicates that the
confidence of the latest version of satellite-derived data
might reach 96%.

We used the 2'x 2" oceanic crustal age data released re-
cently by Muller et al. [18] as shown in Figure 2. In the
study area, the new 2’ x2' model includes more ship track
magnetic data and thus is better than the 6'x 6’ crustal age
model widely used previously. The error of the crustal age
data for 58.9% of the entire study area was less than 2 Ma,
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Figure 2 Crustal age model with contour intervals of 20 Ma [18]. Crustal
ages are given in black font. Hotspot locations are indicated with white
solid circles. Names of hotspots and plateaus are given in red font and large
transform faults are given in white font.
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while that for 93.7% of the entire area was less than 5 Ma.
The areas with data errors greater than 5 Ma were mostly
the transition area between ocean and land or the fracture
zones, which had little effect on this research. The crustal
ages of the Marion and Crozet hotspots are about 30 and 70
Ma, respectively, and that of the Conrad Rise is about 90
Ma.

We used 5'x5' grid data provided by Divins [37] for the
sediment thickness in this study, and they are presented in
Figure 3. These data were compiled from the published
sediment thickness isopach map, data from DSDP and ODP
(Ocean Dirilling Program), and data from the NGDC, I0C
and GAPA projects. The average sediment thickness of the
study area was 0.75 km. Except for areas adjacent to land,
the sediment thickness was positively correlated to the
crustal age, and the sediment was obviously thicker on the
plateaus and hotspots. The sediment thickness around the
Marion and Crozet hotspots was close to 1 km.

2.2 Methods

During the spreading to both sides, the lithosphere cools and
becomes denser gradually, leading to the continuous subsi-
dence of the lithosphere and sea floor. In the lithosphere
subsidence equations, for both the half-space plate cooling
models, the crustal age has been considered as a key vari-
able [38—40]. Compared with other methods, the modified
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Figure 3 Sediment thicknesses isopach map [37]. Hotspot locations are
indicated with white solid circles. Hotspots and plateaus are given in red
font. Crustal age contours with intervals of 20 Ma are given.

equation (eq. (1)), proposed by Stein and Stein according to
the correlation between heat flow data and depth data, is
particularly useful and simple [40]. In addition, the theo-
retical values are more consistent with observations for
older crusts. The modified equation was used in this study
to calculate the residual bathymetry.

D=2600+365¢", 1<20 Ma,
D=5651-2473exp(~0.02781), 1=20 Ma, 1)

where D is the subsidence value (m) and ¢ is the crustal age
(Ma).

The sediments have two effects on depth data. One is the
filling and compaction of sediments resulting in a shallower
sea floor depth and the other is the sediment load resulting
in isostatic adjustment of the lithosphere, deepening the
sediment basement. With the sediment thickness subtracted
from the observed depth, the empirical formula (2) was used
to calculate the lithosphere deformation caused by sediment
loads. Crough [41] used DSDP data to derive a relationship
between sediment thickness and correction values. The em-
pirical formula (2) is a simple fit of this relationship (the
mean square deviation between the raw data and the fitted
data was about 0.06 km), being suitable for the area of
sediment thickness less than 1.8 km [41].

§=0.22¢+0.00014c*—c, (2)

where S is the correction value of sediment effects (m) and
c is the sediment thickness (m). The residual bathymetry is

RB=B-D+S, 3)

where RB is the residual bathymetry and B is the observa-
tion value.

2.3 Residual bathymetric anomalies

In the map of residual bathymetry (Figure 4), the huge swell
of the Marion hotspot, Del Cano Rise and Crozet hotspot
was the area having the most significant anomalies. As with
other hotspots around the world, this swell with a spatial
extent of about 1000 km originated from the supporting
force of the upwelling hot mantle material and the excess
magmatic crust by hotspots. With Marion-Del Cano-Crozet
as the center, the southward and eastward parts of the swell
had a spatial extent of no more than 300 km, while the part
near the north and west of the SWIR had an extent of nearly
1000 km. This difference might result from the effect of the
Marion and Crozet hotspots being amplified by the SWIR.
The southern ends of the Madagascar Plateau and Conrad
Rise were symmetrically distributed around the SWIR and
had similar residual bathymetry. The ridge-shaped bathy-
metric anomaly extending from the Madagascar Plateau to
the SWIR has been considered as the hotspot track [25, 30].
Along the triple-junction track, there was north-south sym-
metric uplift between the IN and AIl FZs, which gener-
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Figure 4 Calculated residual bathymetry of the Southwest Indian Ocean.
Hotspot locations are indicated with solid white circles. The hotspots and
plateaus are given in red font. The spreading center is indicated with black
lines. The triple-junction tracks are indicated with white dashed lines. The
Del Cano Rise is circled in black, and numbers represent the unnamed
bathymetry anomalies discussed in this study. 1 indicates the ridge-shaped
bathymetry anomaly extending from the Madagascar Plateau to the SWIR;
2 indicates the symmetric V-shaped topography along the triple-junction
track from the IN to AIl FZs; 3 indicates the topographic uplift from the IN
to GA FZs.

ally showed a gradual contraction of a V-shaped bathymetry
anomaly from west to east. Within the track of the triple
junction, the ridge axis west of the GA transform fault was
much shallow than that east of the GA transform fault. It is
seen that the segment of the SWIR to the west of the GA
transform fault was influenced not only by hotspots [25] but
also had influenced since the formation of the GA transform
fault. The bathymetry anomaly in the area of the active
spreading ridge between the IN and GA FZs is also seen to
have a contracted “V” shape from west to east. The anom-
aly might be influenced by the Crozet hotspot [42]. Similar
to the slow spreading Mid-Atlantic Ridge, the ridge-trans-
form inside corners were frequently distributed between GA
and AIl FZs and they are associated with significantly high
topography. The high topography of the ridge-transform
inside corners might originate from the footwall uplift of the
detachment faults [43] rather than magmatism.

3 Plate reconstruction

On the basis of the Atlantic-Indian Ocean hotspots reference

system provided by Muller et al. [31], a finite Euler pole
was used for plate reconstruction (Figure 5) in this study.
The study area includes the four large plates of Africa, Ant-
arctica, Australia and the India-Mid-India basin, and the
plate boundary data were taken from the Nuvel-1 model
[44]. The geochemical and petrological data demonstrated
clearly that the Marion hotspot was located on Madagascar
Island [32] around 90 Ma and approached the spreading
center gradually; therefore, 90 Ma was selected as the ini-
tiation time of reconstruction in this study.

As shown in Figure 5(a), the Marion hotspot was located
on the eastern side of Madagascar Island at 90 Ma (i.e. the
Volcan de I'Androy lava pile), which is consistent with pre-
vious geochemical evidence [32]. The Madagascar Plateau
and Conrad Plateau with similar residual bathymetry then
overlapped, while the triple junction was located to the east
of the Madagascar Plateau and moved slowly toward the
northeast. As the Marion hotspot was located on the north-
ern Madagascar Plateau at 84 Ma (Figure 5(b)), the Conrad
Plateau and Madagascar Plateau were almost separated, and
the crust where the Conrad Rise was located had formed.
Subsequently, as the African plate and the triple junction
moved to the northeast, the paleo-RTJ approached the
Marion hotspot gradually (Figure 5(c)). At 73.6 Ma (Figure
5(d)), the paleo-RTJ was only 160 km from the Marion
hotspot, while the Crozet hotspot was located near south-
eastern India. The southern crust where the Crozet hotspot
was located had formed by that time. From 73.6 to 68.5 Ma
(Figure 5(d), (e)), the paleo-RTJ was closer to the Marion
hotspot, and the eastern Del Cano Rise and southeastern
Madagascar Plateau formed on both sides of the SWIR.
From 68.5 to 58.5 Ma (Figure 5(e), (f)), the paleo-RTJ
moved rapidly to the northeast, leading to the steady and
stable generation of the IN, GA, and AIl FZs. The speed of
the paleo-RTJ propagation was 8 times the current spread-
ing rate. Meanwhile, the Marion hotspot was close to or
located on the spreading center, where strong magmatism
created the middle of the Del Cano Rise. With the hotspot
effect propagating along the SWIR, an east-pointing
V-shaped plateau with length over 1000 km formed in the
vicinity of the SWIR bounded by the IN, GA, and AlIl FZs.
With the spreading of the SWIR, the plateau was split into a
north-south symmetric topography anomaly along the tri-
ple-junction track (with the current location shown in Figure
4). At the same time, the Crozet hotspot reached the Antarc-
tica plate across the Southeast Indian Ridge; however, there
are no obvious topography anomalies on its track. At 50.3
Ma (Figure 5(g)), the Marion hotspot was close to or on the
SWIR between the DII and IN FZs, and a symmetrical high
topography anomaly formed on both sides of the SWIR.
The northern side of the anomaly was the southern end of
the Madagascar Plateau, and the southern side was the cen-
tral area of the Del Cano Rise. From 42.7 to 35.5 Ma (Fig-
ure 5(h), (i)), the spreading center moved far from the
Marion hotspot gradually, while the Marion hotspot was
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Figure 5 Plate reconstruction of the Southwest Indian Ocean based on the hotspot absolute reference system. In (a)-(k), the base map is the residual
bathymetry map at the corresponding age. The crustal ages with intervals of 20 Ma are indicated with white contours and values are given in black. The
paleo ridges are indicated with black lines. The Marion hotspot and Crozet hotspot are indicated with white solid circles. The current locations of the hot-
spots are indicated with solid black circles, and the historical and present locations are connected with white dotted lines; (1) shows the tracks of hotspots on
the corresponding plates, where white solid circles correspond to hotspot locations at different ages. The origin-end ages are given in white font, and hotspot
tracks are indicated with black lines.



located in the eastern crust of the AIl transform fault and
had a crustal age of 53 Ma, and formed the western part of
the Del Cano Rise. Meanwhile, a ridge topography anomaly
extending from the Madagascar Plateau to the SWIR
formed on the western side of the transform fault. Because
there was no corresponding topography anomaly on the
southern side of the SWIR, it is inferred that this topogra-
phy anomaly did not form on the SWIR. From 20.5 Ma to
the present (Figure 5(j)—(1)), the African plate had a clear
direction change relative to the Marion hotspot, moving
eastward instead of the original nearly northern direction.
At this time, the Marion hotspot had reached the current
location of hotspot activity. In contrast with activity of the
Marion hotspot, there was no obvious topography anomaly
on the track of the Crozet hotspot during this whole process.

4 Estimation of magmatic flux

Compared with other methods, calculating the magmatic
flux from bathymetry data is more visual and convenient.
Thereby, it is widely used in magmatic flux studies on the

Hawaiian hotspot of the Pacific as well as the Walvis and St.

Helena hotspots of the south Atlantic [8, 9, 45]. If the Moho
is considered as a compensation level and the local isostasy
is assumed, the shape of the Moho and the crustal thickness
could be calculated from the residual bathymetry. Because
the lithosphere of mid-ocean ridges is very weak, the cre-
ated seamounts in this area are mostly close to the local
isostasy model. Therefore, the crustal thickness generated
on the SWIR was calculated in this study according to the
Airy isostasy model.

Fiy = (1+%Jh+ R, &)
m v

where p, is the density of the volcanic crust, p,, is the sea
water density, and p,, is the mantle density, with values
given as 2800, 1030 and 3300 kg/m’, respectively. R is the
interlayer between the reference level of the topography
uplift and the “mountain root” and is given as 6 km, leading
to a calculated crustal thickness of the Del Cano Rise con-
sistent with that determined from seismic velocity profiles
[34]. The calculated crustal thickness is shown in Figure 6.
According to the seamounts age provided by plate recon-
struction, the crustal thickness was integrated at a corre-
sponding age in this study, and the time variation of the
magmatic flux of the Marion hotspot was obtained. The 6
km reference crustal thickness was subtracted from the
magmatic anomaly to remove the effects of normal crust
and hotspot swell (see section 5.1). From 80.2 to 42.7 Ma
(Figure 5(c)—(h)), the Marion hotspot was very close to the
triple junction and the SWIR, and its magmatic flux could
be represented with continuous crust accretion. From 42.7
Ma to the present (Figure 5(h)—(1)), hotspots were mainly

shown as the intra-plate volcanism rather than a continuous
process. The magmatic flux was taken as the mean value of
this period in this study. As shown in Figure 7(a), the hot-
spot effect was amplified as continuous intense magmatism
when the SWIR was close to the Marion hotspot. The peak
periods of two excess magmatic fluxes at about 74 and 50
Ma corresponded to two periods of the Marion hotspot: one
when the hotspot was adjacent to the paleo-RTJ and one
when the hotspot was on the SWIR. These were the periods
of formation of the eastern and central parts of the current
Del Cano Rise respectively. From 42.7 to 35.5 Ma, the ef-
fect of the Marion hotspot was mainly intra-plate volcanism.
The mean value of this magmatic flux was obviously
smaller than that in the interaction of the hotspot and the
SWIR, and the maximum mean value only accounted for
1/6 or 1/5 of that at 74 and 50 Ma, respectively (Figure 7(a)).
With the hotspot moving far away from the SWIR, its ex-
cess magmatic flux reduced further. The activity of the
Marion hotspot decreasing with time was consistent with
the conclusion of Georgen et al. [25]. However, the residual
bathymetry (Figure 7(b)) on the hotspot track reveals that
when the hotspot was far from the SWIR (about 30 Ma), the
depth was shallower than that at 74 and 50 Ma. This indi-
cates that the intra-plate magmatism of hotspots was more
focused and tended to create shallow seamounts, while the
effect of hotspots propagating along mid-ocean ridges
tended to create a broad low-amplitude plateau as hotspots
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Figure 6 Calculated crustal thickness based on the Airy isostasy model.
The locations of hotspots are indicated with white solid circles. The names
of hotspots and plateaus are given in red. The main transform faults are
given in white. The spreading center is indicated with black lines.
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Figure 7 Time variation of the excess magmatic flux of the Marion hotspot. (a) Time variation of the excess magmatic flux of the Marion hotspot; (b) time

variation of the residual bathymetry on the track of the Marion hotspot.

interacting with mid-ocean ridges.

5 Discussions
5.1 Model errors and their influences on the results

It is hypothesized that both plateaus and seamounts in the
study area are consistent with the Airy isostasy model.
During the intra-plate activity of hotspots, the lithosphere
already had certain strength. Therefore, the effective elastic
thickness of the lithosphere at the time of seamount forma-
tion should be considered in the calculation of the compen-
sation level, and a regional compensation model rather than
a local compensation model should be used to calculate the
total magmatic volume. However, studies on Hawaiian sea-
mounts indicated that different compensation models only
changed the shape of the compensation level without in-
fluencing the volume of the total magmatic volume [8]. As
the present study focused on the magmatic flux, the use of
the Airy model does not significantly affect the results.

In the areas of hotspot activity, it is supposed that the
hotspot swell with a range of up to several thousand kilo-
meters originates from magmatism or the mantle support
force. As shown in Figure 8, the former model used in cal-
culating magmatic flux includes the hotspot swell, whereas
the latter was required to eliminate the hotspot swell effect.
Because studies on Hawaiian seamounts considered that the
swell originates from mantle support [8], the swell effect
was eliminated in calculating the magmatic flux in this
study. Wessel systematically summarized the advantages
and disadvantages of various methods of eliminating the
hotspot swell effect [46]. The simple symmetry of the
SWIR was used to eliminate the influence here. The sym-
metric topography between IN and AIl FZs on the tri-
ple-junction track is due to the same plateau being gener-
ated by the hotspot effect along the SWIR. The symmetric
topography is supposed to have consistent depth values.
Because the northern part was not influenced by hotspot
swell, the difference in depth between the southern and

Depth
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Figure 8 Schematic diagram of the hotspot swell model, modified from
Vidal et al. [8]. (a) The magmatic flux with hotspot swell; (b) the magmatic
flux without hotspot swell.

northern parts is the correction value of the swell. In addi-
tion, because the central area of the hotspot swell is broad
with low amplitude changes, a constant correction value
was adopted here.

The plate reconstruction data used in this study were
based on the absolute reference frame of the Atlantic-Indian
Ocean hotspots, while increasing recent evidence indicates
that hotspots are not fixed on an absolute reference frame
[47]. However, the velocity of hotspots was much lower
than that of plates, and hotspots in the Southwest Indian
Ocean mostly had similar tracks [47]. The movement of
hotspots does not influence the key conclusions for the
large-scale issues discussed in this study.

5.2 Ridge-shaped bathymetry anomaly to the south of
the Madagascar Plateau

The ridge-shaped bathymetry anomaly extending from the
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Madagascar Plateau to the SWIR has been considered as the
track of the Marion hotspot when the hotspot crossed the
ES-DII segment of the SWIR to reach their current loca-
tions along this bathymetry anomaly [25, 30]. The recon-
struction in this study shows that the hotspot track was
mostly located on the eastern side of DII and did not corre-
spond to the ridge-shaped bathymetry anomaly. Meanwhile,
no plateau formed as the hotspot crossed the segment be-
tween ES and DII FZs. Therefore, it is considered that this
bathymetry anomaly may have been the result of the effect
of the Marion hotspot, which was located on the eastern
side of DII and penetrated the transform fault in this study.
This model is similar to the seamount chain generated by
the Discovery hotspot of the south Atlantic penetrating the
Agulhas transform fault on the other side [48]. That is, ow-
ing to the age offset of the two sides, there would be a slope
of certain angle at the bottom interface of the lithosphere
from one side of the transform fault to the other, leading to
the hotspot effect propagating from one side of the trans-
form fault to the other. As a result, a seamount chain formed
on the other side of the Agulhas transform fault [48].

5.3 Formation of the Del Cano Rise

The Del Cano Rise and its surrounding topographic anoma-
lies are associated with all kinds of hotspots activities, in-
cluding interaction with the triple junction, the SWIR and
transform faults as well as intra-plate seamount activities.
From 80 to 68.5 Ma, the eastern Del Cano Rise formed as a
consequence of the paleo RTJ and the hotspot, the main part
of the Del Cano Rise then formed owing to continuous inter-
action of the SWIR and the hotspot, and the western sea-
mounts formed as intra-plate seamounts from 42.5 to 35 Ma.
As the lithosphere of the triple junction and mid-ocean ridges
were weak, they tend to have Airy local isostasy. Therefore,
the main part of the Del Cano Rise was in a local isostasy
state while the intra-plate seamounts were mainly in a re-
gional isostasy state. This is consistent with the interpreta-
tions of the isostasy state of the Del Cano Rise and Crozet
hotspot by Goslin et al. employing gravity analysis [29].

5.4 Temporal variation of the Marion hotspot mag-
matic anomaly

We compared the excess magmatic flux of the Marion hot-
spot and that of the Hawaii and Iceland hotspots in this
study [4, 5], as shown in Figure 9(a). Except for the tre-
mendous magmatic flux (about 55 m’/s) generated by the
Greenland-Iceland ridge close to the continental margin at
53 Ma, the fluxes of the Hawaii and Iceland hotspots were
relatively consistent in terms of value and trend. Compared
with the Hawaii and Iceland hotspots, the magmatic flux of
the Marion hotspot has been much smaller since 40 Ma. In
the two peak periods of 74 and 50 Ma, the Marion hotspot
was influenced by the RTJ and SWIR, respectively, with the
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Figure 9 Contrast of excess magmatic flux of hotspots. (a) Excess mag-
matic fluxes of the Marion hotspot, Hawaii hotspot and Iceland hotspot; (b)
power spectral densities (PSD) of excess magmatic flux of the Marion,
Hawaii, and Iceland hotspots.

amplitude of activity intensity approximating that of the
Hawaii hotspot. In the frequency domain (Figure 9(b)), the
quasi-periodicity of the Marion hotspot activity was obvi-
ously affected by the distance between the hotspot and the
SWIR, and its apparent periodicity of 25.5 Ma corresponded
to the two maximum magmatic fluxes at 50 and 74 Ma.

The Hawaii and Iceland hotspots were located in the Pa-
cific and Atlantic, respectively, but had similar respective
quasi-periodicities of 16.3 and 15 Ma. Mejelde and Faleide
considered accordingly that this similar periodicity repre-
sented the large-scale fluctuation of the deep core-mantle
boundary and indicated the heat release to the mantle from
the Earth’s core in a periodic “pulse” with 15 Ma periodic-
ity [5]. The Marion hotspot being far from the Hawaii and
Iceland hotspots should be the ideal hotspot to verify this
hypothesis. However, the calculated apparent periodicity of
the Marion hotspot (25.5 Ma) was significantly longer than
that of the Hawaii and Iceland hotspots (about 15 Ma) and
was mainly dependent on the distance between the hotspot
and the SWIR. Therefore, the case of the Marion hotspot
demonstrates that the lithosphere heterogeneity may be an
important cause for the quasi-periodicity of hotspot activity.

5.5 Thermal barrier effect of transform faults

Investigation of the RMBA along the SWIR showed that the
effect of the Marion hotspot could cross the transform faults
of relatively small age offsets like M and ES FZs but was
terminated by the ultra-long AB and DII FZs [25]. Accord-
ingly, Georgen et al. [25] believed that the transform faults



had a thermal barrier effect on the hotspot propagation
along the spreading center and the blocking effect would be
more obvious for longer transform faults. The plate
reconstruction in this study shows that the Marion hotspot
was always between the DII and IN FZs when the Del Cano
Rise was generated by the Marion hotspot with strong
magmatism (73.6-42.7 Ma, Figure 5(e)—(h)). In the east-
ward direction, the propagation of the hotspot along the
SWIR (from 65 to 45 Ma) formed a V-shaped bathymetry
anomaly. The amplitude of the bathymetry anomaly east of
the GA FZ decreased and completely disappeared east of
the AIl FZ. In the westward direction, the Del Cano Rise
did not traverse the DII FZ significantly. This indicates that
the DII and AII FZs not only blocked the propagation of the
hotspot effects along the spreading ridge but also had a sig-
nificant thermal barrier effect throughout the whole interac-
tion history of the Marion hotspot and the SWIR. Although
the smaller transform faults like IN and GA FZs had a cer-
tain thermal barrier effect, they would not have completely
blocked the propagation of the hotspot effect along the
SWIR.

5.6 Origin of the Crozet hotspot

Owing to the similar distance and tracks of the Conrad and
Kerguelen hotspots, the origin and track of the Crozet hot-
spot have been a topic of debate. Curray et al. [36] inferred
that the track of the Crozet hotspot on the Indian plate was
from Rajmahal Traps (120 Ma) to Afanasy Nikitin Plateau
(70 Ma) through the 85°E Ridge. Curray et al. [36] argued
that the Rajmahal Traps is a large igneous province gener-
ated at the initiation time of the Crozet hotspot, the 85°E
Ridge was the track of the hotspot, while the Afanasy
Nikitin Plateau was generated in the process of the hotspot
interacting with the India-Antarctica Ridge. However, other
geophysical and geochemical evidence does not support this
view. On the basis of the reconstruction of a hotspot refer-
ence frame (used in this study) and the plate reconstruction
of hotspot absolute motion [31, 49], Muller et al. [30, 50]
considered that both the 85°E Ridge and Afanasy Nikitin
Plateau originated from the Conrad hotspot, which is no
longer active. Other researchers believed that the Rajmahal
Traps originated from the Kerguelen hotspot. Kent et al. [51]
showed that the Crozet hotspot might not have a relationship
with the Rajmahal Traps through analysis of Pb and Sr iso-
topes. From analysis of the Pb isotope, Mahoney et al. [35]
considered that there were great differences in the geochemi-
cal characters of the Crozet hotspot and the Afanasy Nikitin
Plateau and did not support the inference that the Afanasy
Nikitin Plateau was created by the Crozet hotspot.

If the 85°E Ridge is excluded, there are no obvious sea-
mount chains on the track of the Crozet hotspot on the In-
dian plate (90.0-58.6 Ma) and Antarctic plate (58.6-0 Ma),
while the SWIR also had geochemical characters different
from those of the Crozet hotspot [35]. Even though errors in
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the hotspot absolute motion and plate reconstruction were
considered, there was no track of the seamount chain con-
sistent with the Crozet hotspot motion in the study area.
This indicates that the Crozet hotspot had no obvious mag-
matism for a long period. This phenomenon is similar to
many smaller hotspots classified by Courtillot recently [52,
53]. This further suggests that not all hotspots have a no-
ticeable track of a significant seamount chain.

6 Conclusions

Most seamounts in the study region of the Southwest Indian
Ocean are related to the Marion hotspot and its interaction
with the SWIR. The Del Cano Rise was the result of the
interaction of the Marion hotspot with the Rodrigues triple
junction and the SWIR as well as the effect of intra-plate
volcanism in different phases. The ridge-shaped bathymetry
anomaly extending from the Madagascar Plateau to the
SWIR is thought to originate from the volcanism of the
Marion hotspot penetrating transform faults rather than the
track of the hotspot. The propagation of the Marion hotspot
effect along the paleo-ridge was restricted by transform
faults, and its attenuation correlated to the geometry of
transform faults. The magmatic flux of the Marion hotspot
was related to the distance between the hotspot and the
SWIR. The excess magmatic flux generated was greater
when the Marion hotspot approached RTJ and the SWIR
than when the hotspot was far away from the SWIR. The
quasi-periodicity of the Marion hotspot activity was con-
trolled by its separation distance from the triple junction and
the SWIR. The resultant apparent periodicity was signifi-
cantly longer than the apparent periodicities of the Hawaii
and Iceland hotspots.
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