
1. Introduction
The Indian Ocean is among the best locations worldwide for understanding the supercontinent fragmentation 
process because the seafloor spreading history following the breakup of Gondwana is still observable (Figure 1). 
Many seafloor spreading models of the Indian Ocean have already been presented (e.g., Norton & Sclater, 1979; 
Royer & Sandwell, 1989; Zahirovic et al., 2012). In the southwestern Indian Ocean, the seafloor is dominated 
by the Southwest Indian Ridge (SWIR) and several aseismic ridges (e.g., the Madagascar Ridge, Del Cano Rise, 
and Conrad Rise) and hotspots (e.g., Marion and Crozet). These aseismic ridges have been listed as oceanic large 
igneous provinces (LIPs; e.g., Bryan & Ernst, 2008; Coffin & Eldholm, 1994). Many magnetic surveys have been 
conducted; however, previously obtained magnetic survey lines are sparse and not properly aligned for detecting 
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the seafloor spreading direction (Figure 2). Therefore, the detailed seafloor 
spreading history of this area, including the formation of these aseismic ridg-
es, is still an open question.

Satellite-based free-air gravity anomalies (Sandwell et al., 2014) are a pow-
erful tool for understanding the tectonic settings of aseismic ridges. For ex-
ample, volcanic islands such as the Hawaiian Islands generally have positive 
anomalies surrounded by negative anomalies, which can be explained by the 
simple flexure of the oceanic plate due to crustal loading of excess material. 
In contrast, the Tamu Massif, which is the main edifice of the Shatsky Rise 
(another oceanic LIP), does not show a gravity signature with a large mass 
concentration at the center but has small gravity anomalies of <30 mGal. The 
massif is almost completely isostatically compensated, and Sager et al. (2019) 
identified linear magnetic anomalies on the massif. They proposed that the 
massif was formed by voluminous and focused ridge volcanism rather than a 
shield volcano emplaced on preexisting oceanic crust.

In the southern Indian Ocean, islands south of the SWIR such as the Prince 
Edward Islands and the Crozet Islands have positive anomalies surrounded 
by negative anomalies. This gravity signature implies excess volcanism on 
preexisting oceanic crust similar to that of the Hawaiian shield volcanoes. 
In contrast, the southern Madagascar Ridge and Del Cano Rise, which are 
located the off-axis of the SWIR to the north and south, respectively, are 
characterized by only positive gravity anomalies between 30 and 90 mGal 
(Figure 2a). This implies that a large central mass concentration on the pre-
existing oceanic crust as for shield volcanoes is an unlikely explanation of 
their origin. Both rises have been estimated to have a crustal thickness of 
over 10 km (Goslin & Diament, 1987; Schlich, 1982), and they have been 
classified as oceanic LIPs. They have been proposed to have originated from 
anomalous volcanism caused by the reorganization of plate kinematics near 
the active SWIR because their gravity anomalies are partly isostatically com-
pensated (Goslin & Diament, 1987). Global gravity and seafloor spreading 
models have also led to the proposal of Marion hotspot-SWIR interaction as 
a formation mechanism for the Del Cano Rise (e.g., Georgen et al., 2001; 
Zhang et al., 2011). Previous studies have suggested that the tectonic settings 
of the southern Madagascar Ridge and Del Cano Rise differ from that of the 
Crozet Plateau, but the origins of the two rises are still under debate. Goslin 
et al.  (1981) proposed that the southern Madagascar Ridge and the Crozet 
Plateau (in their paper, the Crozet Plateau was defined as a larger bathymetric 
high including the Del Cano Rise) probably have a common origin based on 
their magnetic anomalies, although this idea was based on sparse seafloor 
age identifications which were the only ones available at that time. Therefore, 
a more detailed seafloor spreading history around these rises is essential for 
reconstructing the separation history between the two rises and for improving 
the Late Cretaceous seafloor spreading history, including the nature of aseis-
mic ridges and hotspots in the central Indian Ocean.

We recently conducted several geomagnetic surveys at the SWIR between 
the Discovery II and Gallieni fracture zones (FZs). The survey lines were 
planned to align with the spreading direction of the SWIR. We combined 
our data with previous magnetic data to reestimate the seafloor age and re-
construct a seafloor spreading model. We evaluated the gravity and magnetic 
signatures to clarify the origins of the southern Madagascar Ridge and Del 
Cano Rise.

Figure 1. Regional map of the survey area. The background image uses 
ETOPO-1 global topography (Amante & Eakins, 2009). The solid black lines 
indicate the Southwest Indian Ridge (SWIR), transform faults, and primary 
fracture zone traces extracted from the satellite-based free-air gravity anomaly 
and vertical gravity gradient (Sandwell et al., 2014; Figure S1). The dashed 
black lines show triple junction traces on the African and Antarctic Plates 
(Patriat & Ségoufin, 1988; ED: Eric Simpson-Discovery II segment; DI: 
Discovery II-Indomed segment; IG: Indomed-Gallieni segment). The thin 
dashed lines are bathymetric contours at 500-m intervals.
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2. Geological Setting
The SWIR is an ultraslow-spreading ridge (spreading rate of 15–17 km/Ma from west to east (e.g., MORVEL; 
DeMets et al., 2010)) that extends from the Bouvet triple junction to the Rodrigues triple junction. It has a length 
of ∼7,700 km and accounts for 11–12% of the total length of the world's mid-ocean ridges. The survey area was 
the central SWIR between 35°E and 55°E and included a vast off-axis area ∼1,000 km from the spreading axis 
(Figure 1) containing several remarkable seafloor structures, such as the Madagascar Ridge, Del Cano Rise, 
Crozet Plateau, Conrad Rise, Prince Edward Islands, and Marion Island. On the basis of vertical gravity gradient 
(VGG) data (Sandwell et al., 2014; Figure S1), MacLeod et al. (2017) proposed that there may be an extinct ridge 
trending in an WNW-ESE direction between the Del Cano and Conrad Rises. The survey area contained four 
major FZs: Eric Simpson, Discovery II, Indomed, and Gallieni, from west to east. Applying the segmentation 
naming rule of Hosford et al. (2003), we can refer to the first-order segments of the SWIR by using the initials 
of the two nearest transform faults: ED, DI, and IG. The DI segment comprises two second-order segments with 
lengths of 135 and 90 km. These are bounded by a nontransform discontinuity with a left-lateral offset that is 
∼85-km long. The IG segment is ∼560-km long, and it has been extensively surveyed (e.g., Mendel et al., 2003; 
Niu et al., 2015; Sauter et al., 2001, 2009; Zhang et al., 2013; Zhao et al., 2013). The IG segment has been inferred 

Figure 2. (a) Regional free-air gravity map of the survey area extracted from the satellite-based free-air gravity anomaly (Sandwell et al., 2014). The thick black and 
gray lines are from our magnetic survey and other magnetic surveys, respectively. The thick green lines around the southern part of the Madagascar Ridge and Del Cano 
Rise indicate seafloor depth of <2,000 m. The thick blue lines around the southern part of the Madagascar Ridge and Del Cano Rise indicate free-air gravity anomalies 
greater than 30 mGal. (b) Magnetic anomaly map of the survey area. Previously identified isochrons are overlain on the profiles. The geomagnetic polarity reversal time 
scale of Ogg (2012) was used. The solid orange lines indicate the Southwest Indian Ridge (SWIR), transform faults, and primary fracture zone traces. Dashed black 
rectangular areas encompass the areas shown in Figure 3.
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to have both a thicker crust and hotter mantle than adjacent ridge sections based on the regional axial depth, 
mantle Bouguer anomalies, geochemical proxies for the degree of mantle melting, and seismic tomographic 
imagery along the SWIR (Sauter et al., 2009). Thus, locally anomalous melting of the SWIR may be attributed to 
a regionally higher mantle temperature provided by the Crozet hotspot (Sauter et al., 2009; Zhang et al., 2013). 
In this study, we defined the southern Madagascar Ridge and Del Cano Rise as bathymetric highs covering areas 
with free-air gravity anomalies greater than 30 mGal (Figure 2a), which mostly correspond to seafloor depths of 
<2,000 m (Figure 1). Although an area is better defined by its seafloor depth or morphological characteristics, we 
chose to use the gravity signature because of our focus on gravity signatures and the ambiguity of the boundaries 
between these features and their surroundings.

The Madagascar Ridge is an elongated ridge trending in the north-south direction that extends south of Mad-
agascar Island between 26°S and 36°S with a maximum width of ∼600 km (Figure 1). The Madagascar Ridge 
continues south to the northern flanks of the oceanic crust created at the SWIR. The Madagascar Ridge is bound-
ed to the west by the Mozambique Basin and to the east by the Madagascar Basin. The western flank facing the 
Mozambique Basin is steep and nearly rectilinear. In contrast, the eastern slope facing the Madagascar Basin is 
gentler with an average distance of 160 km between the 2,000-m and 4,000-m isobaths (Schlich, 1982). Accord-
ing to the global seafloor age model, this ridge was emplaced before ∼70 Ma (Müller et al., 2016), but no previ-
ous studies have identified any isochrons (Cande & Patriat, 2015; Cande et al., 2010; Royer et al., 1988; Ségoufin 
et al., 2004; Figure 2b). The Madagascar Ridge is divided into two different domains with the transition along 
31°S (Goslin et al., 1981). The northern part of the ridge shows a complex basement structure associated with 
short-wavelength magnetic anomalies (Goslin et al., 1980), whereas the southern part has a much more subdued 
topography with an extensive area of uniform sedimentation (Goslin et al., 1981). The Moho depth has been 
estimated to be 22–26 km in the transition zone at 31°S and to be 14 km in the southern part (Goslin et al., 1981; 
Schlich, 1982). Assuming a crustal density between 2,470 and 2,670 kg/m3, the crust has been estimated to be 
14-km thick according to the gravity model (Goslin et al., 1981). Suo et al. (2016) proposed a thick oceanic crust 
here on the basis of the low residual mantle Bouguer anomaly (RMBA) around the northern and southern parts of 
the Madagascar Ridge. The crustal thickness varies from north to south. The transition zone has an intermediate 
structure between normal oceanic and continental crust, and the southern part clearly has the structure of oceanic 
crust (Schlich, 1982). However, the age and nature of the ridge remain in question because no basement samples 
of the Madagascar Ridge have been recovered by deep-sea drilling at sites 246 and 247 (Schlich et al., 1974).

The Del Cano Rise is a composite feature trending in the east-west direction and lies south of the SWIR at ∼45°–
48°E (Figure 1). This rise has a smooth topography that culminates at a depth of ∼1,500 m. The overall structure 
and sedimentary cover are quite similar to those of the southern Madagascar Ridge. Both bathymetric highs show 
uniform sedimentation across an extended area (Schlich, 1982). The Del Cano Rise has been estimated to have a 
16-km thick oceanic crust with a crustal density of 2,600 kg/m3 on the basis of mechanical and thermal isostatic 
responses (Goslin & Diament, 1987). This is similar to the southern Madagascar Ridge, which has been estimated 
to have a 14-km thick oceanic crust. A low RMBA has also been estimated for the rise (Suo et al., 2016). Based on 
the symmetric magnetic anomalies south of the southern Madagascar Ridge and north of the Crozet Plateau, the 
Madagascar Ridge and part of the Del Cano Rise probably have a common origin and later separated following 
the early Paleocene (Goslin et al., 1981). The Del Cano Rise has been proposed to have originated from anoma-
lous volcanism caused by a significant change in the relative plate motion or spreading rate/direction of the young 
lithosphere near the active SWIR based on local Airy compensation of its topography (Goslin & Diament, 1987). 
Zhang et al. (2011) incorporated this gravity signature with the global plate model to propose that the Del Cano 
Rise formed when the Marion hotspot was close to the SWIR. Although the Del Cano Rise has been recognized 
as having thick oceanic crust by various geophysical features, no rock samples have been recovered, so the nature 
of this rise remains in question, similar to that of the southern Madagascar Ridge. In addition, as mentioned in 
Section 1, previous magnetic surveys were mostly not aligned to the spreading direction (Figure 2a), causing 
difficulty in age identification. Currently, seafloor age identifications have increased compared with those of the 
early 1980s (Figure 2b), but the majority of them are in the off-axis areas of the IG segment, whereas the southern 
Madagascar Ridge and the Del Cano Rise are emplaced in the DI segment (Figure 1), which has fewer identifica-
tions. Overall, the detailed seafloor spreading history between the two rises remains unknown.
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3. Materials and Methods
Magnetic data across the SWIR were acquired in December 2009, December 2010–January 2011, February 
2016, and January 2019 during cruises of the R/V Hakuho-Maru (KH-09-5, KH-10-7, KH-16-1, and KH-19-1, 
respectively). The survey lines were generally parallel to the predicted seafloor spreading direction (Figure 2a). 
We also used magnetic data acquired during a cruise of R/V Marion Dufresne (Magofond4 Leg2) and person-
al data provided by Professor J. Dyment. Open-source geomagnetic data from the National Geophysical Data 
Center (https://www.ngdc.noaa.gov) and several restricted sources of geomagnetic data (MD150 (Roest, 2005) 
and MD165 (Vially et al., 2008) cruises) provided by French oceanographic cruises (https://www.flotteoceano-
graphique.fr) were also used.

3.1. Geomagnetism

We used two types of magnetometers: a surface-towed proton precession magnetometer and a shipboard 
three-component magnetometer.

3.2. Derivation of the Total Magnetic Field

The total magnetic field intensity was acquired every 30  s by using a surface-towed proton precession mag-
netometer (PR-745, Kawasaki Geological Engineering Co., Ltd.). The sensor was towed ∼300 m behind the 
vessel to reduce the magnetic effects of the ship. Magnetic anomalies were calculated by subtracting the 12th 
generation of the International Geomagnetic Reference Field (Thébault et al., 2015) from the observed magnetic 
field intensity. No crossover correction was applied because of the few crossover data points. For seafloor age 
identification, we calculated the equivalent crustal magnetization by using the two-dimensional (2D) inversion 
method of Parker and Huestis (1974) on the bathymetric profiles for several survey lines in the DI and GI seg-
ments. Both our new data and several previous data sets were used in this calculation. The direction of seafloor 
magnetization was postulated to be the same as that of the geocentric axial dipole field. We chose the midpoint 
of each magnetic profile to calculate the geocentric axial dipole field direction. Prior to the calculation, several 
magnetic tracks that were somewhat winding were fitted to the best-fit great circle. The mean geocentric axial 
dipole field was 42.8° ± 5.4°S (mean value ± standard deviation), which corresponds to I = −61.5° ± 0.6°. We 
assumed a 500-m-thick magnetized layer, and we did not consider the sediment thickness. A bandpass filter with 
cutoff wavelengths of 5 and 120 km was applied to each iteration to stabilize the solution. The calculated mag-
netization patterns (normal and reversed) were roughly balanced, so we did not add an annihilator. The identified 
isochrons are plotted in Figures 3 and 4. We note that a few isochrons are not on the magnetic survey lines because 
the isochron positions are identified based on the great circle-fitted profiles. These offsets are small enough not 
to affect our interpretation. We identified the seafloor ages at other segments from the shapes of the magnetic 
anomalies. We also used 2D forward magnetic model software MODMAG (Mendel et al., 2005) to compare the 
synthetic and observed magnetic anomalies (Figures 3b and S3). We used these equivalent magnetization profiles 
with the geomagnetic polarity reversal time scale of Ogg (2012) to calculate the seafloor spreading rates for the 
DI and IG segments.

3.3. Acquisition of the Vector Magnetic Field

The primary advantage of vector measurement is for determining the location and strikes of magnetic boundaries 
from a single survey line (Seama et al., 1993). Thus, it is suitable for such a vast and low-accessibility area. We 
obtained vector magnetic field data by using a shipborne fluxgate magnetometer. The sampling interval was 
0.125 s during the KH-16-1 cruise and 1 s during the KH-10-7 cruise. Coordinate axes extended longitudinally 
along the ship, across the ship, and vertically. We acquired the vessel attitude data by using a vessel-equipped 
gyrocompass. The observed vector magnetic data were affected by the motion and magnetization of the vessel; to 
remove these effects, we calculated a set of coefficients for ship magnetization by using the least squares method 
(Isezaki, 1986; Korenaga, 1995; Seama et al., 1993) and the data acquired as the vessel performed a figure-eight 
turn. Because of the limited roll and pitch ranges, we improved the vertical components of the coefficient by com-
bining all figure-eight turn data from different latitudes. We calculated vector magnetic anomalies in the north, 
east, and vertical directions by subtracting the 12th generation of the International Geomagnetic Reference Field 
(Thébault et al., 2015) from the corrected magnetic field data. We applied a 20 s low-pass filter and 0.5–1.5 km 

https://www.ngdc.noaa.gov/
https://www.flotteoceanographique.fr/
https://www.flotteoceanographique.fr/
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cosine-tapered low-pass filter to remove the periodic effects of roll and pitch. A linear trend, which we assumed 
to be related to the time-dependent variation in the vessel's magnetization, was also subtracted from the magnetic 
anomalies. The correlation between the magnetic anomalies derived from the proton precession magnetometer 
data and the vector magnetic anomalies showed sufficient consistency to confirm their variations (Figure S5). 
We used the intensity of the spatial differential vector (ISDV) method (Seama et al., 1993) to calculate magnetic 
boundaries from the three-component magnetic anomalies. ISDVs reach maxima at magnetic boundaries re-
gardless of the magnetization direction. We used STCMkit (Korenaga, 1995) to analyze the data and calculated 
magnetic boundary strike diagrams (MBSDs) at each ISDV peak location.

Figure 3. (a) Magnetic anomaly map around the Del Cano Rise. Newly and previously interpreted isochrons are plotted over magnetic anomaly profiles. The 
background image indicates the satellite-based free-air gravity anomaly, as shown in Figure 1. The thick cyan, purple, and red lines correspond to the magnetic survey 
lines in Figure 3b. (b) Magnetic anomaly profiles between the SWIR and Del Cano Rise. The vertical dotted gray lines indicate waypoints of the track lines. The 
horizontal axis represents the track line distance. The bottom part shows a synthetic magnetic anomaly between Chrons 33 and 21. (c) Magnetic anomaly map around 
the southern Madagascar Ridge.
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3.4. Identification of the Seafloor Age

We identified the seafloor ages between the DI and IG segments in the survey area on the basis of magnetic 
isochrons from Chron 31o (69.3 Ma) to Chron 1 (0 Ma). In this study, we focused on the period between Chron 
30y (66.4 Ma) and Chron 21y (45.7 Ma) and used the geomagnetic polarity reversal time scale of Ogg (2012) 
(Figures  2b and  4). Figure  4 shows the newly identified magnetic isochrons (Cande & Patriat,  2015; Cande 
et al., 2010; Royer et al., 1988; Ségoufin et al., 2004) and MBSDs along with the seafloor age model of Müller 
et al. (2016). The seafloor age identifications, including the previous results, are shown in Figure S2.

Figure 4. Newly interpreted isochrons in the survey area using the geomagnetic polarity reversal time scale of Ogg (2012). 
Other previous data are also plotted. The thin gray lines indicate the seafloor ages of Chron 21 (45.7–47.4 Ma) and Chron 
30 (66.4–68.2 Ma) extracted from the global age model (Müller et al., 2016). Magnetic boundary strike diagrams (MBSDs) 
are also overlain. The dashed black lines indicate the azimuths of the strikes, and the lengths indicate the cosine of the 
inclination. The thin purple lines indicate the angular standard deviation, and longer lines indicate larger standard deviations.
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4. Results
4.1. Southern DI and IG Segments

We identified Chrons 28y, 29o, 30y, and 31y for the seafloor northwest of the Del Cano Rise at ∼45°20′S, 45°E 
(Figures 3 and 4). Figure 3b shows examples of the magnetic anomaly profiles. Several magnetic anomalies 
have single peaks in the synthetic profile with doublets in the data (e.g., Chron 23) and vice versa (Chron 24). 
Although some observed magnetic profiles are not fitted for the synthetic profiles, we consider that our identified 
isochrons are reasonable because the isochrons were continuously identified in an orderly manner starting from 
the younger ages (e.g., Chrons 1, 13, and 18) (Figures 3b and S3). We also identified Chrons 29o, 30y, and 31y at 
46°30′S, 44°E, which indicates that there may be a left-lateral offset ∼100-km long on the western side of the Del 
Cano Rise. Along the southern off-axis region of the IG segment, we identified Chrons 30y and 31o from west 
to east, which indicates a left-lateral offset ∼100-km long between the DI and IG segments during that period 
(Figures 3a and 4). In the IG segment, Chrons 24 and 30 are nearly parallel to each other, and we identified no age 
offset within the entire length of the IG segment. We did not identify Chron 32 (71.4–74.0 Ma) or older isochrons 
in the southern off-axis region of these two segments. We identified only Chrons 28o, 30y, and 31y at the rim of 
the rise. However, we did not observe magnetic anomalies that fit the geomagnetic polarity reversal model in the 
central part of the rise (Figures 3a and 4).

4.2. Northern DI and IG Segments

The northern off-axis area of the IG segment showed well-ordered magnetic anomaly reversal patterns, and the 
oldest identified isochron was Chron 31o (Figures 3c and 4). We also identified magnetic reversal patterns in 
the northern off-axis area of the DI segment, and the oldest isochron was Chron 31o. This indicates an ∼200 km 
offset between the DI and IG segments based on the isochron patterns of the two segments. However, the position 
and details of the offset are unclear because of the lack of magnetic data around the boundary. The seafloor isoch-
rons from Chron 21y to Chron 31o in the northern IG segment are well-ordered and nearly parallel to each other, 
which is similar to the conjugate area of the IG segment (Figures 3c, 4, and S3). In the northeastern most part of 
the IG segment, the oldest identified isochron is Chron 28y, which abuts the Madagascar Basin.

4.3. Seafloor Age Difference Between Models

In the off-axis area of the IG segment, Royer et al. (1988), Ségoufin et al. (2004), and Cande et al. (2010) iden-
tified isochrons up to Chron 29o, whereas Cande and Patriat (2015) identified isochrons up to Chron 31o. Our 
estimated positions for Chron 30y or younger are nearly the same as those for the other proposed seafloor age 
models (Figures 3a, 3c, and S2). The positions of Chron 31y and older differ somewhat among studies. For ex-
ample, some of the anomalies in the off-axis areas of the IG segment that we identified as Chron 30y were iden-
tified as Chron 31y by Cande and Patriat (2015). Both sides of the off-axis areas of the DI segment had very few 
previously identified isochrons compared with the IG segment. The oldest identified isochrons were Chrons 24o 
and 20o for the northern and southern off-axis areas, respectively (Cande et al., 2010; Royer et al., 1988; Ségoufin 
et al., 2004). On the basis of our results, we were able to add extensive new isochrons in the DI segment. Isoch-
rons younger than Chron 24o were mostly similar to the previous data (Figures 3a, 3c, and S2). For seafloor areas 
older than Chron 24o, no isochrons had been identified in previous studies, so we compared our results with the 
global age model (Müller et al., 2016; Figures 4 and S2). We identified Chron 30y with errors of ∼100 km in the 
northern off-axis area and ∼100–200 km in the southern off-axis area when compared with the global age model 
(Figures 3 and 4). As the global age model is constructed by referring to the isochrons, this discrepancy could be 
attributed to the sparse coverage of magnetic data/isochrons in the off-axis areas of the DI segment (Figure 2).

We identified magnetic isochrons up to Chron 31o by combining the previous data with our newly obtained data 
in the DI and IG segments, although there was uncertainty regarding Chrons 31y and 31o (Figures 3, 4, and S3). 
However, previous studies have not identified Chron 32 and older in the off-axis areas of both the DI and IG seg-
ments, including the southern Madagascar Ridge and Del Cano Rise (Cande & Patriat, 2015; Cande et al., 2010; 
Royer et al., 1988; Ségoufin et al., 2004; Figures 3 and 4). According to the global magnetic anomaly model 
(EMAG2, Maus et al., 2009), the magnetic anomalies observed for these two rises did not show any magnetic 
reversal patterns implying a seafloor spreading process. Thus, we suggest that the seafloor farther north and 



Journal of Geophysical Research: Solid Earth

SATO ET AL.

10.1029/2021JB021743

9 of 15

south of Chron 31o across these two segments did not form by spreading of the SWIR. However, we cannot rule 
out the possibility that sporadic magmatic activity may have obscured the preexisting magnetic reversal patterns.

4.4. Spreading Rate and Direction

For isochrons younger than Chron 30, we calculated the spreading rate by using magnetic data (Table S1). Be-
tween Chrons 30 and 21, the full spreading rates of the DI and IG segments were 17.6 and 18.6 km/Ma, respec-
tively, which can be classified as ultraslow. Spreading asymmetry was observed for both segments (Table S1). 
For the IG segment, we also calculated the spreading rate from Chron 20 to Chron 1 (SWIR spreading axis). The 
spreading rate was 25.4 km/Ma from Chron 20 to Chron 6, which can be classified as slow. This is similar to the 
spreading rate of 29 km/Ma that was calculated by Patriat et al. (2008), but our estimated rate is slightly lower. 
The spreading rate was calculated as 14.9 km/Ma between Chron 6 and the spreading axis, which is similar to the 
present SWIR spreading rate of 15 km/Ma (MORVEL; DeMets et al., 2010).

We estimated the spreading direction by using MBSDs from vector magnetic field data measured during our 
surveys. In the DI and IG segments, the azimuth of the MBSDs changed slightly at approximately Chron 21 
(Figure 4). In the IG segment, the mean azimuth of MBSDs younger than Chron 21 was approximately N95°E, 
whereas that between Chrons 30 and 21 was approximately N82°E and was calculated in only the northern off-ax-
is area (Figure S4). In the DI segment, the mean azimuth of the MBSDs was approximately N80°E in the southern 
off-axis area. The northern IG segment had little data, but the mean azimuth was calculated as N80°E, which 
is the same as that for the southern area. Considering that MBSDs with higher ISDVs (in this study, we chose a 
threshold of 40 nT/km for the ISDV) represent the direction of a magnetic boundary, the orthogonal direction of 
the MBSDs should be equal to the spreading direction. Therefore, a change in the spreading rate and direction 
would be expected at Chron 21.

5. Discussion
5.1. Model Reconstruction of the Middle SWIR From Chrons 30 to 21

On the basis of our identified isochrons, MBSDs, FZ flow lines, and several lineaments detected from gravity 
anomalies and the VGG (Figure S1), we reconstructed a model of seafloor spreading between the southern Mad-
agascar Ridge and Del Cano Rise. We focused our model on Chrons 30, 24, and 21. We used visual fitting for the 
reconstruction because we were considering the spreading history of only two segments of the SWIR. We fixed 
the Antarctic Plate at its present position and moved the African Plate for the reconstruction. Figure 5a shows 
the reconstruction of Chron 30y (66.4 Ma). Our model indicated that the higher gravity areas of the southern 
Madagascar Ridge and Del Cano Rise (surrounded by thick blue lines) were adjacent to each other at this time. 
This idea had already been proposed (Goslin et al., 1980) but was based on sparse magnetic surveys. Isochron 
identifications are still sparse in the DI segment after several subsequent studies (Figure 2b). Our model revealed 
the detailed separation history between the two rises for the first time. Comparing the global age model (Müller 
et al., 2016) with our newly identified isochrons, remarkably, Chron 30y was located to the south of the Del Cano 
Rise in the former was identified to the north of the rise in the latter. Our model suggests that the Del Cano Rise 
already existed by Chron 30y. This is in sharp contrast with the global age model, which shows that the majority 
of the rise had not formed at that time.

We named the segments between these two rises T1, R1, and R2 from west to east (Figures 5a and 5b). The T1 
segment was >200-km long and differed in direction from the other segments. The T1 segment was connected 
to the ED segment in the west and to the R1 segment in the east. The R1 and R2 segments were at least 100-km 
and 60-km long, respectively, based on our magnetic data. A left-lateral offset that was ∼100-km long bounded 
these two segments. The R2 segment was connected to the IG segment in the east by an offset, but the details are 
unclear. Ultraslow-spreading (18–19 km/Ma) trending N10°W started at the R1, R2, and IG segments at Chron 
30 or Chron 31 and continued to Chron 21.

Figure 5b shows the reconstruction of Chron 24o (53.4 Ma). By this stage, the SWIR east of the Gallieni FZ had 
started to propagate eastward (Dyment, 1993). Additionally, significant changes have been suggested to have 
occurred in the migration path of the Africa-Antarctic stage pole at Chron 24o (Cande & Patriat, 2015). The ED, 
R1, and IG segments were identified. However, an offset observed at Chron 30y between the R1 and R2 segments 
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seems to have become shorter or disappeared. Hence, the segmentation pattern differed from that at Chron 30y. 
This pattern could be observed at Chrons 25 and 26, so segment reorganization started at that age.

Figure  5c shows the reconstruction of Chron 21y (45.7  Ma). The segments had been reorganized, and three 
segments (DI1, DI2, and IG1) had developed with lengths of approximately 160, 70, and 100 km, respectively, 
in the west-east direction and bounded by left-lateral offsets. These segments may have evolved from parts of 
the T1, R1, and R2 segments. This segmentation pattern is similar to the present configuration of the spreading 
axis (Figure 1). Therefore, we infer that the DI1 and DI2 segments evolved into second-order segments of the 
DI segment. The IG1 segment evolved into a second-order segment of the IG segment (Figure 1). Part of the T1 

Figure 5. Reconstruction models of ages of Chrons (a) 30y, (b) 24o, and (c) 21y based on visual fitting. The background 
image was generated from satellite-based free-air gravity anomalies (Sandwell et al., 2014). The solid and dashed red lines 
indicate the spreading axis and discontinuities, respectively, at each reconstruction stage. The thick blue lines around the 
southern part of the Madagascar Plateau and Del Cano Rise indicate free-air gravity anomalies greater than 30 mGal.
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segment may have transformed into the Discovery II FZ, and the offset between the DI2 and IG1 segments would 
have become the Indomed FZ.

5.2. Formation of the Southern Madagascar Ridge and Del Cano Rise

We propose that the southern Madagascar Ridge and Del Cano Rise were a single bathymetric high by at least 
Chron 30 (Figure 5a). These rises have been listed as oceanic LIPs (e.g., Bryan & Ernst, 2008; Coffin & Eld-
holm, 1994) with 14–16-km thick oceanic crust (Goslin & Diament, 1987; Goslin et  al.,  1981). The free-air 
anomalies vary from 30 to 90 mGal over the southern Madagascar Ridge and from 30 to 50 mGal over the Del 
Cano Rise; thus, the two rises are characterized by only positive gravity anomalies (Figures 2a and 5). Consider-
ing that the two rises are adjacent, their similar gravity features and crustal thicknesses suggest the same origin. 
Plume-ridge/triple junction interaction is one of the possible causes for thicker-than-normal oceanic crust, rather 
than LIP volcanism emplaced onto the preexisting oceanic crust (e.g., Jiang et al., 2021; Sager et al., 2019; Zhang 
et al., 2011). Excess volcanism around an active spreading ridge may produce a thick crust without plate flexure. 
For understanding whether this interaction is applicable to the two rises, it is essential to know the relative loca-
tions among plume, ridge, and triple junction when the interaction occurred. Hence, plume-ridge/triple junction 
interaction at the southwestern Indian Ocean has been discussed (Desa et al., 2019; Georgen et al., 2001; Hom-
righausen et al., 2021; Zhang et al., 2011); however, the relative locations are different in each model because 
they depend on the plate motion model and hotspot model used. For example, Desa et al. (2019) suggested that 
the Marion hotspot was located east of the northern Madagascar Ridge and that the triple junction was located 
at the eastern end of the IG segment at Chron 31y (67.7 Ma) (Figure 8 in Desa et al., 2019). On the other hand, 
Homrighausen et al. (2021) proposed that the Marion hotspot was located near a triple junction at 75 Ma (dur-
ing Chron 33n) and located in the Antarctic plate at 65 Ma (during Chron 29n) (Figure 10 in Homrighausen 
et al., 2021). Therefore, the relative locations of plume, ridge, and triple junction at the separation stage of the 
southern Madagascar Ridge and the Del Cano Rise remain unclear, so it seems difficult to discuss the plume-in-
duced ridge/triple junction dynamics from their relative locations. For this reason, we discuss the origin of the 
two rises in terms of magnetic and gravity features.

In research on excess volcanism in oceanic LIPs coupled with mid-ocean ridges, the Tamu Massif has recently 
been recognized as having formed from voluminous and focused ridge volcanism rather than as a shield volcano 
(Sager et al., 2019). The magmatic activity is controlled by seafloor spreading so that linear magnetic anoma-
lies are observed on the massif (Sager et al., 2019). If the southern Madagascar Ridge and the Del Cano Rise 
were also formed by plume-ridge interaction, linear magnetic anomalies should be observed on the massifs. The 
continuity of the seafloor age identifications from the spreading axis of the SWIR suggests that the two rises 
had formed before Chron 31; however, no isochrons with older ages and no linear magnetic anomalies were 
observed (Figures 3a and 3c) in our study. The preexisting isochrons (Cande & Patriat, 2015; Cande et al., 2010; 
Royer et al., 1988; Ségoufin et al., 2004) have also not been interpreted for these rises (Figures 3a, 3c, and S2). 
In addition, linear magnetic anomalies cannot be seen in the global magnetic anomaly model (EMAG2; Maus 
et al., 2009). Thus, the observed magnetic characteristics imply that seafloor spreading of the SWIR may not have 
controlled the formation of the main parts of these two rises.

The formation age of the southern Madagascar Ridge and the Del Cano Rise may be older because an extinct 
ridge has been predicted between the Del Cano Rise and Conrad Rise (MacLeod et al., 2017). Based on the preex-
isting isochrons (Ségoufin et al., 2004), ridge activity was presumed to cease at approximately Chron 33o. Chron 
34y is also identified north of the Conrad rise, suggesting that the Del Cano Rise and the southern Madagascar 
Ridge had formed before then. In addition, the extinct ridge implies that a northward ridge jump occurred to the 
SWIR. The assumption of an extinct ridge corresponds to the fact that the identified oldest isochron was Chron 
31o in the DI and IG segments of the SWIR. Due to the ridge jump, the Del Cano Rise may have been transferred 
from the African Plate to the Antarctic Plate.

For the origin of thick crust, especially for the Del Cano Rise, that is in a local isostatic state (Goslin & Dia-
ment, 1987), the rise has been proposed to have originated from excess volcanism emplaced on or near the active 
axis of the SWIR by a major change in the relative motions of the Antarctic and African Plates (Goslin & Dia-
ment, 1987). However, their proposed idea does not explain the thick crust of the rise. They suggested that either 
the change in spreading geometry began at Chron 28 or that the drastic reduction in the spreading rate around 
Chron 24 resulted in excess volcanism. However, such changes were not observed in this study, and the two 
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bathymetric highs had already separated by that time (Figure 5b). In addition, as we already mentioned, Marion 
hotspot-SWIR interaction can explain the thick crust and gravity signature of the Del Cano Rise and the southern 
Madagascar Ridge (e.g., Georgen et al., 2001; Zhang et al., 2011); however, our obtained magnetic features do 
not support a contribution from seafloor spreading to the formation of the main part of the Del Cano Rise. More-
over, plume-induced excess volcanism around the extinct ridge may also be ruled out because the plume was far 
from the ridge, although the triple junction was located east of the ridge around Chron 34y (Desa et al., 2019; 
Homrighausen et  al.,  2021). Therefore, different possibilities should be discussed for their origin other than 
plume-ridge/triple junction interaction.

There is a possibility that LIP volcanism was emplaced onto the preexisting oceanic crust. This process is difficult 
to discuss due to the lack of basement rock sampling and age constraints on these rises. However, if the rises had 
been caused by intraplate volcanism, a high gravity anomaly surrounded by a low gravity anomaly would be ob-
served, which could be explained by plate flexure due to excess material loading on the oceanic lithosphere as for 
the Hawaiian shield volcanoes. However, the gravity signatures of these two rises are characterized by only high 
gravity anomalies, implying that intraplate volcanism is unlikely for their origin. Conversely, the Crozet Plateau 
is another oceanic LIP with an estimated crustal thickness of 10–16.5 km (Recq et al., 1998), which is similar to 
those of the southern Madagascar Ridge and Del Cano Rise, but the Crozet Plateau shows gravity features that 
can be explained by excess volcanism on preexisting oceanic crust. This also suggests that the southern Madagas-
car Ridge and the Del Cano Rise differ in origin from the Crozet Plateau.

Regarding other oceanic LIPs, the free-air gravity anomalies, crustal thickness, and magnetic anomalies of the 
Mozambique Ridge off southeastern Africa are similar to those of the southern Madagascar Ridge and Del Cano 
Rise. This ridge has free-air gravity anomalies from 30 to 70 mGal (Sandwell et al., 2014) with a crustal thickness 
of ∼22 km (assuming a crustal density of 2,900 kg/m3) and is in isostatic equilibrium (Hales & Nation, 1973). 
The magnetic anomalies do not show a reversal pattern (König & Jokat,  2010). On the basis of geophysical 
features, König and Jokat (2010) proposed that the Mozambique Ridge may be of oceanic origin and may have 
evolved in a region of high volcanic activity since the early beginning of the Gondwana breakup. The observed 
magnetic anomalies of the Mozambique Ridge can also be explained by massive basaltic extrusions/intrusions, 
dikes, and conduits that were emplaced at different times of normal and reversed magnetic polarities. However, 
these authors did not exclude the possibility that small continental fragments may exist near the Mozambique 
Ridge because several dredged samples showed continental affinity (e.g., Hartnady et al., 1992). In fact, conti-
nental fragments are recognized in the Indian Ocean. They are considered to have been emplaced/isolated during 
the breakup of Gondwana (e.g., the Elan Bank (Borissova et al., 2003), Naturaliste Plateau (Halpin et al., 2008), 
Laxmi Ridge (Naini & Talwani, 1982; Talwani & Reif, 1998), and Seychelles Plateau (Besse & Courtillot, 1988; 
Lawver & Gahagan, 1998)). Recently, Jiang et al.  (2021) proposed that the Elan Bank and the southern Ker-
guelen Plateau were formed by plume-induced excess volcanism on continental lithosphere (Figure 4 in Jiang 
et al., 2021).

We propose that the southern Madagascar Ridge and the Del Cano Rise may have been formed partly by conti-
nental fragments. These two rises have been recognized as oceanic LIPs; however, the observed magnetic anom-
alies and isochrons suggest that plume-induced excess volcanism controlled by seafloor spreading can be ruled 
out for their main origin. The magnetic anomalies can also be explained by sporadic magmatic activity similar to 
that of the Mozambique Ridge. The thicker-than-normal crust and low RMBAs of these rises may be explained 
by continental fragments covered by volcanic activity, similar to the model for the Elan Bank and the southern 
Kerguelen Plateau. Our hypothesis is based on the seafloor spreading history constructed from magnetic surveys, 
so additional geophysical surveys (gravity and seismic refraction/reflection) and direct geological evidence (rock 
samples) are essential to clarify the nature and origin of the rises.

6. Conclusions
Based on newly obtained magnetic data, we revised the seafloor ages in the central SWIR between the Discovery 
II and Indomed FZs in the Indian Ocean. We combined the identified seafloor ages on the basis of the total force 
magnetic anomalies, MBSDs calculated from three-component magnetic field anomalies, and open-source satel-
lite-based gravity anomalies to reach the following conclusions:
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 (1)  The oldest identified isochron was Chron 31o. Between Chrons 30y and 21y, the seafloor full spreading rate 
was ∼18–19 km/Ma, which is classified as ultraslow and the same as the present spreading rate of the SWIR. 
The spreading direction was approximately N10°W (MBSD direction is N80°E) from Chron 30y to Chron 
21y. Following Chron 21y, the spreading rate increased to ∼25 km/Ma, and its direction changed to approx-
imately N05°E (MBSD direction is N95°E)

 (2)  On the basis of our reconstruction of the seafloor spreading history, we propose that the southern Madagascar 
Ridge and Del Cano Rise once formed a single bathymetric high. The separation between the two would have 
occurred by Chron 30y. This is quite different from the global age model, which shows that most of the rise 
had not formed at that time. The segmentation pattern at Chron 30y differs from that of the present SWIR. 
The reorganization of the segments occurred around Chron 24, and the current segmentation pattern began 
around Chron 21. Our reconstruction suggests that the Discovery II and Indomed FZs did not exist when the 
southern Madagascar Ridge and Del Cano Rise separated but emerged around Chron 21

 (3)  Based on the magnetic features of the southern Madagascar Ridge and the Del Cano Rise, we propose that 
plume-induced excess volcanism controlled by seafloor spreading can be ruled out as the main origin of 
these rises. Seafloor age identification of the DI and IG segments and the cessation age of the extinct ridge 
suggests that the two bathymetric highs may have formed before Chron 34y. These two rises may be isolated 
structures that were separated by a ridge jump and SWIR spreading. We propose that continental fragments 
overlain by magmatic activity may also be a possible explanation for their origins rather than plume-induced 
excess volcanism

Data Availability Statement
Seafloor bathymetric data and magnetic data acquired during previous French cruises (MD150 and MD165) are 
included in the analyses. The magnetic data acquired during cruises of the R/V Hakuho-Maru (KH-09-5, KH-10-
7, KH-16-1, and KH-19-1) are available online (10.6084/m9.figshare.12111048).
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