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The spatiotemporal evolution of the enhanced magmatism of the SWIR is illustrated.

Enhanced magmatism affected ridge geometry, segmentation, and melt focusing.

The full spectrum of ultraslow spreading modes is identified over 160 km along the axis.

Introduction

The Mid-Ocean Ridge (MOR) is the birthplace of the oceanic lithosphere that covers 65% of the Earth's surface, through seafloor spreading with magmatic and tectonic extension, which is mainly controlled by spreading rate and melt supply [START_REF] Buck | Modes of faulting at mid-ocean ridges[END_REF][START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF][START_REF] Phipps Morgan | Dependence of ridge-axis morphology on magma supply and spreading rate[END_REF]. Ultraslow spreading ridges (full spreading rate of <20 km/Ma), which account for ~20% of the global MOR, are believed to have sparse magmatism with extensive tectonic extension [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF][START_REF] Minshull | Crustal structure of the Southwest Indian Ridge at 66°E: Seismic constraints[END_REF]. However, recent studies show intensive magmatism at several ultraslow spreading ridge sections [START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Michael | Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge[END_REF][START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF], suggesting a more diverse, not overall lower, melt supply relative to faster spreading ridges. Such axial melt distribution has been documented to vary on regional [START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Georgen | Evidence from gravity anomalies for interactions of the Marion and Bouvet hotspots with the southwest Indian Ridge: Effects of transform offsets[END_REF][START_REF] Michael | Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge[END_REF] and segment (Cannat et al., 1999;[START_REF] Grindlay | A different pattern of ridge segmentation and mantle Bouguer gravity anomalies along the ultra-slow spreading Southwest Indian Ridge (15°30′E to 25°E)[END_REF][START_REF] Sauter | The Southwest Indian Ridge between 49° 15′E and 57°E: Focused accretion and magma redistribution[END_REF][START_REF] Zhang | Thickness of extrusive basalts dominating the magnetic structure along the ultraslow-spreading Mohns Ridge axis[END_REF] scales, controlling magmatic and tectonic processes as well as ridge segmentation [START_REF] Carbotte | Tectonic and magmatic segmentation of the Global Ocean Ridge System: A synthesis of observations[END_REF]. On the regional scale (>200 km), ridge sections at ultraslow spreading ridges with a poor melt supply, such as the easternmost Southwest Indian Ridge (SWIR) [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantlederived rocks at the Southwest Indian Ridge for 11 million years[END_REF] and the Sparsely Magmatic Zone of the Gakkel Ridge [START_REF] Cochran | The Gakkel Ridge: Bathymetry, gravity anomalies, and crustal accretion at extremely slow spreading rates[END_REF][START_REF] Michael | Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge[END_REF] are characterized by an overall deep axial valley with extensive mantle peridotites exhumed on the seafloor, thin (or missing) magmatic crusts, and high Mantle Bouguer gravity Anomalies (MBAs). In contrast, melt supply can be regionally rich, producing thick magmatic crusts and displaying a relatively shallow (or free) axial valley and low MBAs, such as the Indomed-Gallieni supersegment of the SWIR [START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF][START_REF] Yu | Plate-driven micro-hotspots and the evolution of the Dragon Flag melting anomaly, Southwest Indian Ridge[END_REF]). This regional-scale variation of melt supply may be attributed to the heterogeneities of the thermal structure and/or mantle composition, e.g., a melt-rich region corresponding to a high mantle temperature and/or a high volatile (e.g., water) content [START_REF] Asimow | The importance of water to oceanic mantle melting regimes[END_REF][START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Michael | Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge[END_REF][START_REF] Robinson | Low degree melting under the Southwest Indian Ridge: The roles of mantle temperature, conductive cooling and wet melting[END_REF].

On the segment scale (<100 km), segment centers receive more melt than their corresponding segment ends near transform faults (TFs) or nontransform discontinuities (NTD) (Cannat et al., 1999;[START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Sauter | The Southwest Indian Ridge between 49° 15′E and 57°E: Focused accretion and magma redistribution[END_REF], similar to what has been observed at the slow spreading Mid-Atlantic Ridge (MAR) [START_REF] Lin | Evidence from gravity data for focused magmatic accretion along the Mid-Atlantic Ridge[END_REF]. Such along-axis melt focusing results in a topographic high, a thickened crust, and a low MBA at the segment center [START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Sauter | The Southwest Indian Ridge between 49° 15′E and 57°E: Focused accretion and magma redistribution[END_REF], where volcanic seafloor is almost symmetrically accreted from an axial volcanic ridge (AVR) with high-angle normal faults [START_REF] Mendel | Magmato-tectonic cyclicity at the ultra-slow spreading Southwest Indian Ridge: Evidence from variations of axial volcanic ridge morphology and abyssal hills pattern[END_REF]. While at segment ends or some melt-poor segments, reduced melt supply leads to different spreading modes, in which one or even two (in case of nearly zero melt supply) plates are accommodated by long-offset (up to 10 km), low-angle detachment faults that exhume gabbros and peridotites on the seafloor [START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF][START_REF] Sauter | Continuous exhumation of mantlederived rocks at the Southwest Indian Ridge for 11 million years[END_REF][START_REF] Zhou | Magmatism at oceanic core complexes on the ultraslow Southwest Indian Ridge: Insights from near-seafloor magnetics[END_REF].

In this paper, we focus on the ultraslow spreading SWIR 46-53.5°E (full spreading rate of 14 km/Ma), including the melt-rich Indomed-Gallieni supersegment (580 km long) and the melt-poor Gallieni-Gazelle segment (93 km long) named by their bounding TFs (Figure 1a).

The Indomed-Gallieni supersegment presents a higher melt supply than its adjacent ridge sections, its older flanks, and the SWIR average [START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge[END_REF], including the most magmatically-robust endmember at 50.5°E (9.5-km thick crust) among ultraslow spreading ridges (Chen et al., 2021;[START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Niu | Along-axis variation in crustal thickness at the ultraslow spreading Southwest Indian Ridge (50°E) from a wide-angle seismic experiment[END_REF]. This regional high melt supply has been depicted as a domain with elevated seafloor and reduced MBAs (identified in Figure 1), which may originate from a melting anomaly event starting 11 Ma ago with a V-shaped, eastward propagation [START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF]. In contrast, the Gallieni-Gazelle segment has widespread peridotites exposed on the seafloor, corresponding to a thin or missing magmatic crust [START_REF] Zhou | Thin crust as evidence for depleted mantle supporting the Marion Rise[END_REF].

The SWIR 46-53.5°E, with the characteristic of a highly variable melt supply in time and space, therefore, provides an excellent opportunity to address several long-standing questions for ultraslow spreading ridges. If melt supply increases with time, what is the possible mechanism? What is the spectrum of melt supply at ultraslow spreading ridges, and how does it link with ridge segmentation, faulting patterns, and seafloor spreading modes? Here we combined shipboard bathymetry and gravity data along the SWIR 46-53.5°E (Figures 1 and2), collected during the annual Chinese DY cruises between 2008 and 2016 [START_REF] Li | Enhanced hydrothermal activity on an ultraslow-spreading supersegment with a seismically detected melting anomaly[END_REF]Liu et al., 2020) with data collected during the French cruises in the 1990s [START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF]. The combined datasets allow us to 1) examine the variation of melt supply within the SWIR 46-53.5°E, 2) illustrate spatial and temporal evolution of the enhanced magmatism and explore its impact, and 3) investigate the spectrum of melt supply at an ultraslow spreading rate and its related faulting pattern and seafloor spreading modes.

Data and Methods

The whole shipboard bathymetry and gravity dataset cover 40-220 km off-axis seafloor along the SWIR between 46°E and 53.5°E. The later dataset was acquired during the Chinese DY cruises, including the DY115-20 Legs 5-7 in 2008-2009, DY115-21 Legs 5-7 in 2009-2010, DY125-30 Legs 1-4 in 2013-2014, DY125-34 Legs 1-4 in 2014-2015, and DY125-39 Legs 1-4 in 2015-2016 aboard the R/V Dayang Yihao and DY125-40 Legs 1-4 in 2015Legs 1-4 in -2016 aboard the R/V Xiangyanghong 10. The earlier dataset was acquired during the French Gallieni and SWIFT cruises in the 1990s [START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF]. Two datasets have an excellent agreement in the overlapping area.

Bathymetry data

The later bathymetry data were collected using the Simrad EM120 multibeam system on the R/V Dayang Yihao and the SeaBeam 3012 multibeam system on the R/V Xiangyanghong 10 [START_REF] Li | Enhanced hydrothermal activity on an ultraslow-spreading supersegment with a seismically detected melting anomaly[END_REF]Liu et al., 2020;[START_REF] Zhou | Thin crust as evidence for depleted mantle supporting the Marion Rise[END_REF]. We combined the bathymetry data into a grid interval of 100 m (Figures 1a and2a). Faults and seamounts are manually detected. The obtained features (see examples in the inset of Figure 2a) were manually checked and digitized with seafloor topography, slope, and roughness maps (Figures 2a,S1a,and S1b,respectively). Fault density was calculated as kernel density with a grid size of 110 m and a search radius of 10 km (Figure S1c). Subsidence curves, seafloor deepening with age due to the plate cooling, were predicted using a simple law of the square root of spreading age (T) and the empirical depth (D) [START_REF] Parsons | An analysis of the variation of ocean floor bathymetry and heat flow with age[END_REF]: D(T) = 340T 0.5 + D(T0), and assuming symmetrical spreading around the location of the present-day (T0) ridge axis (Figure 3).

Gravity data

The later gravity data were collected using the LaCoste and Romberg (L&R) S129 gravity meter during the DY115-20 and DY115-21 cruises, the L&R S162 gravity meter during the DY125-30, DY125-34, and DY125-39 cruises, and the Dynamic Gravity Systems (DgS) advanced technology marine gravity meter during the DY125-40 cruise. We performed the linear drift and Eötvös corrections to obtain gravity free-air anomalies (FAAs; Figure S2b).

The total length of the processed survey lines is more than 3.5×10 4 km, with a total of >6600 crossovers (Figure 2b). The root-mean-square of crossover errors of FAA is 3.4 mGal for the whole dataset (Figure S2a), which is gridded with an interval of 0.5'.

We calculated the MBA map (Figure 2c) by subtracting the predicted gravity effects of the water layer above the seafloor and a constant crustal thickness of 6 km from the FAA [START_REF] Kuo | Gravity anomalies of the ridge-transform system in the South Atlantic between 31 and 34.5° S: Upwelling centers and variations in crustal thickness[END_REF], using GMT software gravity calculation 'gravfft' model [START_REF] Wessel | The Generic Mapping Tools Version 6[END_REF]. The water, crust, and mantle densities were assumed to equal 1.03, 2.7, and 3.3 g/cm 3 , respectively. Here, we ignored the gravity effect of a sedimentary layer because its thickness within the study area is not significant [START_REF] Straume | GlobSed: Updated Total Sediment Thickness in the World's Oceans[END_REF]. To fully cover the area of enhanced magmatism, satellite bathymetry and gravity data [START_REF] Sandwell | Global marine gravity from retracked Geosat and ERS-1 altimetry: Ridge segmentation versus spreading rate[END_REF][START_REF] Weatherall | A new digital bathymetric model of the world's oceans[END_REF] are used to fill the gap in shipboard data and generate a larger map of MBA with the approach mentioned above (Figure 1b).

The residual MBA (RMBA; Figure S2d) was calculated by removing the thermal correction that is the gravity effect of lithosphere cooling associated with spreading age. The mantle temperature field was calculated from spreading age at a constant half spreading rate of 7 km/Ma, then converted into mantle density variations [START_REF] Kuo | Gravity anomalies of the ridge-transform system in the South Atlantic between 31 and 34.5° S: Upwelling centers and variations in crustal thickness[END_REF]. We removed the gravity effect of these density variations (Figure S2c) from MBA to obtain RMBA. To avoid edge effects at the ridge axis, our temperature field was cut by 25 km offaxis. RMBA is assumed only due to variations of crustal thickness that can be predicted by the downward continuation of the RMBA [START_REF] Kuo | Gravity anomalies of the ridge-transform system in the South Atlantic between 31 and 34.5° S: Upwelling centers and variations in crustal thickness[END_REF]. A filter with a cut-off wavelength between 20 and 30 km was applied to reduce short-wavelength anomalies. The crustal thickness at the center of segment #27 (50.5°E) is calibrated to the depth (9.5 km) of the seismic Moho interface [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF], yielding a crustal thickness map (Figure 2d). A larger map of crustal thickness is also generated with satellite gravity data filling the gap of shipboard data (Figure S3).

Results

Ridge segmentation

The SWIR between 46°E and 53.5°E includes two first-order segments bounded by the Indomed, Gallieni, and Gazelle TFs. The axial valley (~670 km along the ridge axis), bounded by the first pair of major inward-facing faults, has an average width of 18 km (Figure 1a). It is cut off by a large swollen volcanic plateau around 50.5°E and offset ~110 km by the Gallieni TF. The first-order Indomed-Gallieni supersegment (580 km) can be divided into three provinces with dramatic changes in the ridge strike at longitudes of 47.67°E and 48.45°E (Figure 1a). The general ridge strike in the Indomed-Gallieni supersegment is N72°. The ridge strike between the Indomed TF and 47.67°E is nearly eastwest (N85°), changing to N47° between 47.67°E and 48.45°E and back to N75° between 48.45°E and the Gallieni TF. We, therefore, defined these three regions with distinct ridge strikes as the Western (125 km long), Oblique (100 km long), and Eastern (355 km long) provinces (Figure 1a). The other first-order Gallieni-Gazelle segment is nearly east-west (93 km long). The average azimuths of faults follow the ridge strike, N89° for the Western province, N75° for the Oblique province, N83° for the Eastern province, and N84° for the Gallieni-Gazelle segment (Figure 4b).

Ten second-order segments subdividing from the Western, Oblique, and Eastern provinces, and one single segment in the Gallieni-Gazelle segment, are numbered as segments #24-#34 from east to west (Figure 1), following the previous ridge segmentation study (Cannat et al., 1999). Nontransform discontinuities (NTDs) that offset segments are numbered N25-N34 (Figure 5). Segment length, measured between the deepest points of the adjacent NTDs, ranges between 15 and 93 km, and segments #24 (93 km), #25 (90 km), and #27 (85 km) are the longest ones (Table S1).

Using the bathymetry map (Figures 1a and5), we draw the ridge axis that should be the most recent volcanic activity and/or the center of tectonic deformation. It was picked along the crest of axial volcanic ridges (AVRs), centers of intra-rift volcanic ridges, or the deepest point within the NTDs. The ridge axes of segments #26-#28 have been well defined using bathymetry, gravity, and magnetic data (Cannat et al., 1999;[START_REF] Sauter | The Southwest Indian Ridge between 49° 15′E and 57°E: Focused accretion and magma redistribution[END_REF], and the ridge axis at the center of segment #27 (SWIR 50.5°E) was identified along the most recent eruptions using the AUV-based microbathymetry and magnetic data (Chen et al., 2021). A typical second-order segment is characterized by a topographic high and an MBA low at the segment center, and the topography deepens and the MBA increases gradually towards segment ends (Figure 4). We do not classify two long-offset (up to 45 km), highly oblique (~N45°) NTDs N30 and N31 as second-order segments (Liu et al., 2020), because they do not have such topographic or gravity features along the axis (Figures 4a and5c).

Regional-scale enhanced magmatism

Our bathymetry and gravity maps outline a melt-rich domain characterized by abruptly elevated seafloor and significantly reduced MBAs between 46.5°E and 51.9°E (Figures 1 and2). The boundary of this melt-rich domain is partly identified based on the previous study [START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF], in which bathymetry and gravity data only covered the off-axis seafloor between segments #26 and #28. The elevated seafloor and reduced MBAs synchronously show a V shape in the Eastern province, narrowing from segment #30 (~130 km wide) to a magmatic tip (51.9°E) that is ~30 km to the west of the Gallieni TF (Figures 1 and5a). Due to the inadequate off-axis data in the Western and Oblique provinces, the boundary of the melt-rich domain is drawn by a combination of shipboard and satellite-derived data (Figure 1). There, the width of the melt-rich domain is almost constant at ~140 km, with no evidence of a V shape.

Along-axis depth and MBA profiles in Figure 4 show contrasting features to the west (46-51.9°E) and to the east (51.9°-53.5°E) of the tip; the mean depth and the mean MBA to the west of the tip are 3150 m and -67 mGal, 1300 m shallower and 70 mGal lower than those to the east, respectively. Numerous volcanic seamounts and frequent faults (high fault density) are observed inside the melt-rich domain, while outside this domain, seamounts are nearly absent, and faults are widely spaced with a lower fault density (Figures 2a,4b,and S1c). The average crustal thickness inside the melt-rich domain is ~7.5 km, which is 1.5 and 3 km thicker than the region outside the melt-rich domain of the flanks at segments #26-#28 and the region to the east of the magmatic tip, respectively (Figure 2d).

Segment-scale variations of melt supply

Inside the melt-rich domain, segment #27 is the most magmatically-robust segment, and its segment center at 50.5°E is the present magmatic apex. This segment is characterized by highly elevated seafloor (shallows to ~1650 m at the segment center), a higher density of volcanic seamounts, conjugate faults rifting domal volcanos and extending up to 65 km along the axis, the lowest MBA (down to -100 mGal) with a well-defined circular MBA low, i.e., the 'bull eyes' pattern (Figures 2 and5b) [START_REF] Lin | Evidence from gravity data for focused magmatic accretion along the Mid-Atlantic Ridge[END_REF], and the thickest crust (9.5 km) [START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF]. Segment #32 has the second magmatically-robust feature, also corresponding to a circular MBA low (down to -85 mGal) and a crustal thickness of up to 9 km. AVRs are observed at segments #25, #26, #28, #29, #31, #33, and #34, with relatively small MBA lows and thinner crusts (Figures 4c and5), indicating moderate magmatism. Segments #30 and #32 are highly fractured, with frequent faults on both flanks with no well-defined AVRs (Figures 5b and5d). The spacing of discrete magmatic centers in the Indomed-Gallieni supersegment, i.e., the spacing of spreading cells [START_REF] Carbotte | Tectonic and magmatic segmentation of the Global Ocean Ridge System: A synthesis of observations[END_REF], is 30-70 km with an average of 55 km. In cross-sections, the seafloor inside the melt-rich domain does not follow the subsidence curves, especially at segments #27-#29 (Figure 3). Detachment faults (DFs) and oceanic core complexes (OCCs) with exposure of gabbros and peridotites are observed at south flanks of segments #25 (Junhui DF), #28 (Dragon Horn DF1 and Dragon Horn DF2), and #29 (Yuhuang DF), corresponding to more elevated seafloor, more positive MBAs, and thinner crusts, relative to their conjugate flanks (Figures 3 5, and6). According to this criterion, we suspect a detachment fault to be located at the south flank of segment #34, despite no sampling evidence yet (Figures 3 and5d). We also found that the inside corner of the Oblique province (i.e., the southern plate of segments #28-30) has ~0.8 km thinner crust than the outside corner in the conjugate plate (Figure 2d) Outside the melt-rich domain, we differentiate three areas: the deepest part at flanks of segments #26-#28, the ridge section between the magmatic tip and the Gallieni TF, and segment #24 to the east of the Gallieni TF (Figures 5a and5b). All three areas are characterized by the absence of volcanic morphological features (e.g., no seamounts) and a deep basement capped by widely spaced axis-parallel ridges with no corrugations (Figures 5a and5b). In the deepest part at flanks of segments #26-#28 (Figure 5b), the seafloor is relatively flat (probably due to a sediment layer) with faults that are up to 50 km long and 1500 m relief, and this area follows well with the subsidence curves (Figure 3). Between the magmatic tip and the Gallieni TF, the seafloor deepens 2000 m, and MBA increases ~25 mGal from west to east. The near-axis Mt. Qiaoyue DF is ~30 km long with a high relief of 3500 m, and two off-axis ridges are ~60 km long with lower reliefs of 1500 m; these three ridges have a smooth, rounded topography (Figures 5a and6d). At segment #24, a topographic high and an MBA low are observed at the segment center with very few volcanic features (Figures 4 and5a). Off-axis ridges (10-60 km long) with a smooth, rounded topography are almost evenly distributed on the south and north flanks (Figure 5a).

Discussion

Comparison of gravity-derived and seismic crustal thicknesses

We compare gravity-derived and seismic crustal thicknesses around the center of segment #27 (Figure 7), where a 3-D seismic experiment has been carried out within a 40×40 km 2 box [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF]. The gravity-derived crustal thickness at the center of segment #27 (50.5°E) is calibrated to 9.5 km by seismic data [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF]. The along-axis misfits of crustal thickness increase from the segment center toward segment ends, while across-axis misfits are minor (Figures 7d and7e). We link the along-axis misfits with mean crustal density variations that are mainly contributed by gabbroic layer 3 [START_REF] Tolstoy | Crustal thickness on the Mid-Atlantic Ridge: Bull's-eye gravity anomalies and focused accretion[END_REF]. The segment center corresponds to the thickest gabbroic layer 3 (up to 6.7 km) and hence the lowest mean crustal density, whereas segment ends (20 km toward the segment center) correspond to a thinner or even disappeared layer 3 and hence higher mean density. The seismic low-velocity anomaly at the segment center, interpreted as a hot lowcrustal mush zone [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF], could further lower the mean crustal density at the segment center. Our gravity model ideally applied the assumption of a homogeneous crustal density, resulting in the crustal thickness underestimated at segment centers and/or overestimated at segment ends and displaying a smoother crustal variation than seismic data. This discrepancy between the seismic and gravity-derived crustal thickness has also been discussed for the MAR [START_REF] Tolstoy | Crustal thickness on the Mid-Atlantic Ridge: Bull's-eye gravity anomalies and focused accretion[END_REF]. We take this into account in our interpretations and discussion.

Spatial and temporal evolution of enhanced magmatism and its origin

We divided the study area into stripes separated by isochrons (axis-A1, A1-A2, A2-A3, A3-A4, and A4-A5; Figure S3) to obtain along-axis, time-average crustal thickness resulting from the enhanced magmatism. These isochrons are mainly constrained by magnetic anomaly picks [START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF], as well as by spreading distance from the ridge axis (assuming a constant half spreading rate of 7 km/Ma) and a global dataset of crustal age [START_REF] Seton | A global dataset of present-day oceanic crustal age and seafloor spreading parameters[END_REF] for areas without magnetic picks. The magnetic anomalies from A1 to A5 correspond to 0.78, 2.581, 5.894, 8.072, and 10.949 Ma, respectively [START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF]; we mainly use magnetic anomalies A1-A5 in the following for the convenience of discussion. We subtract a referenced crustal thickness from the along-axis, time-average crustal thickness of each stripe to get crustal thickness anomalies in Figure 8a. For this referenced crustal thickness, we take the mean thickness value of 6 km in the area beyond A5 between 49° and 51.5°E (covered by shipboard gravity and bathymetric data), inferred to be unaffected by the enhanced magmatism (Figure S3).

Positive anomalies of crustal thickness initially occurred between A5 and A4 in the

Western and Oblique provinces, as well as segment #30 of the Eastern provinces (Figure 8a).

There is no evidence for a magmatic propagation in the Western and Oblique provinces, and segment #32 has received the highest melt supply since A4. In the Eastern province, positive anomalies of crustal thickness eastwardly propagated from segment #30 to the magmatic tip between A5-A4 and A1, and segment #27 has received the highest melt supply since A3 (Figure 8a). This eastward propagation has a mean velocity of ~30 km/Ma between segments #28 and #26 at 8.1-4.2 Ma ago [START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF], and of ~20 km/Ma between segment #25 and the magmatic tip at 4.2-0.78 Ma ago.

Figure 8b shows the time-average crustal volume anomalies per unit ridge length along the whole Indomed-Gallieni supersegment and three provinces. The crustal anomaly in the whole Indomed-Gallieni supersegment increased from 11.5 to ~18 km 3 /Ma/km between A5 and the present. Since A5, the Western and Oblique provinces have received decreased melt volumes from 29.1 and 26.5 to 14.2 and 10.4 km 3 /Ma/km, respectively, while the Eastern province has received increased melt volumes from 0.8 to 21.6 km 3 /Ma/km (Figure 8b).

The origin of the enhanced magmatism at the Indomed-Gallieni supersegment is still being discussed. Some authors hypothesized it as the interaction between the SWIR and the Crozet hotspot that is 800-1000 km to the south of the SWIR [START_REF] Breton | Geochemical heterogeneities within the Crozet hotspot[END_REF][START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF][START_REF] Yang | Isotopically enriched N-MORB: A new geochemical signature of off-axis plume-ridge interaction-A case study at 50°28′E, Southwest Indian Ridge[END_REF][START_REF] Zhang | Magmatism and tectonic processes in Area A hydrothermal vent on the Southwest Indian Ridge[END_REF], which may cause anomalous mantle temperatures and/or compositions beneath the Indomed-Gallieni supersegment. Although our shipboard dataset cannot verify this ridge-hotspot interaction due to the spatial limitation, our results show that the excess crustal production at the peak of the enhanced magmatism between A2 and A1 (~1×10 4 km 3 /Ma) is one order of magnitude smaller than the Galapagos Spreading Center influenced by the off-axis (200 km) Galapagos hotspot or the Reykjanes Ridge influenced by the on-axis Iceland hotspot (3±2×10 5 km 3 /Ma) [START_REF] Sallarès | Crustal thickness constraints on the geodynamic evolution of the Galapagos Volcanic Province[END_REF].

Alternatively, the enhanced magmatism may be attributed to the enrichment of water in the mantle [START_REF] Liu | Water enrichment in the mid-ocean ridge by recycling of mantle wedge residue[END_REF], which could result in a greater depth of the initiation of mantle melting and thus more melt productions [START_REF] Asimow | The importance of water to oceanic mantle melting regimes[END_REF]. This water involvement in mantle melting is interpreted as recycled from an ancient wedge mantle residual [START_REF] Liu | Water enrichment in the mid-ocean ridge by recycling of mantle wedge residue[END_REF][START_REF] Wang | Trace element and isotopic evidence for recycled lithosphere from basalts from 48 to 53°E, Southwest Indian Ridge[END_REF][START_REF] Yu | Plate-driven micro-hotspots and the evolution of the Dragon Flag melting anomaly, Southwest Indian Ridge[END_REF]. The impact of the water involvement may be limited within the Indomed-Gallieni supersegment [START_REF] Liu | Water enrichment in the mid-ocean ridge by recycling of mantle wedge residue[END_REF], as its adjacent ridge sections have an overall low melt supply with widespread peridotites [START_REF] Zhou | Thin crust as evidence for depleted mantle supporting the Marion Rise[END_REF].

No matter what the origin of the enhanced magmatism is (e.g., anomalous temperatures, compositions, and/or dynamics of the mantle melting), it increased crustal productions, started in the Western and Oblique provinces at almost the same time, and later occurred in the Eastern province with a decreased velocity of eastward propagation. The geometry of the anomalous magmatic source with buoyant mantle upwelling may be responsible for the change of the enhanced magmatism, e.g., the Reykjanes Ridge [START_REF] Martinez | Propagating buoyant mantle upwelling on the Reykjanes Ridge[END_REF] and the Azores Platform in the northern MAR (Cannat et al., 1999b). Thus, we interpret that before 11 Ma ago, the magmatic source in the Western and Oblique provinces may have a horizontal fronter (i.e., the depth where the anomalous melting began) and upwell at a relatively homogenous rate (Figures 8c and8d), which should be overall shallower and/or have a faster upwelling rate than the later interaction at the Eastern province. In this later interaction, if the upwelling rate of the magmatic source is homogenous before 11 Ma ago, its fronter may have a slope facing east (Figure 8c), and if the fronter is horizontal, the upwelling rate may decrease from west to east (Figure 8d). Both hypotheses can form a plane-view, V-shaped propagation with a decreased velocity. The two (western and eastern) magmatic centers at segments #32 and #27 may be derived from locally extreme melt focusing [START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF] and/or the heterogeneity of the magmatic source.

The impact of the enhanced magmatism

Ridge geometry

The ridge geometry at ultraslow spreading ridges is commonly controlled by the combination of orthogonal volcanic and oblique nonvolcanic regions [START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF][START_REF] Sauter | The Southwest Indian Ridge between 49° 15′E and 57°E: Focused accretion and magma redistribution[END_REF], like what has been observed in our study area. This orthogonal-oblique ridge geometry may be stable for millions of years or modified by changes of spreading rate and/or melt supply [START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF]. Satellite-derived bathymetry outside the melt-rich domain of the Oblique province shows that spreading-parallel fracture zones were cut off by the elevated domain (Figure 1a). In addition, three more oblique sections at the south edge of the enhanced magmatism at longitudes of 49.55°E, 50.55°E, and 51.1°E (Figure 5b) indicate ridge jumps, presumably associated with the discontinuity of the eastward magmatic propagation [START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF]. Therefore, we propose that the plate boundary between the Indomed and Gallieni TFs may have been reorganized 11-8 Ma ago due to the melting event, as the spreading rate did not change. More intensive geophysical survey lines are needed to better understand these changes in ridge geometry and their connections to magmatism.

Attenuation of melt focusing

To describe the melt focusing on the segment scale, we compare along-axis MBA amplitude (△MBA) versus segment length (L) in Figure 9. Positive correlations of L and △MBA (i.e., a longer segment generally has a greater △MBA) have been documented at the melt-poor easternmost SWIR (Cannat et al., 1999) and the slow spreading MAR 15-38°N [START_REF] Detrick | Gravity anomalies and crustal thickness variations along the Mid-Atlantic Ridge between 33°N and 40[END_REF][START_REF] Lin | Evidence from gravity data for focused magmatic accretion along the Mid-Atlantic Ridge[END_REF][START_REF] Thibaud | A systematic analysis of the Mid-Atlantic Ridge morphology and gravity between 15°N and 40°N: Constraints of the thermal structure[END_REF], and at a given segment length, a higher △MBA at the melt-poor easternmost SWIR suggests a higher degree of melt focusing, corresponding to a larger axial variation of crustal thickness and/or mantle temperature (Cannat et al., 1999). In the Indomed-Gallieni supersegment, there is also a positive correlation between segment length and △MBA, as we consider △MBAs of segments #32 and #33 as a single segment because the offset at their intervening NTD is not significant (~3 km) and the MBA variation in between is weak (Figure 4c). The fitting line of the Indomed-Gallieni supersegment is almost the same as the MAR 15-38°N but below the melt-poor easternmost SWIR (Figure 9 and a similar pattern for along-axis relief versus segment length in Figure S4), suggesting that the degree of melt focusing (i.e., crustal thickness variation) at the Indomed-Gallieni supersegment is close to the MAR 15-38°N but lower than the meltpoor easternmost SWIR.

Comparing seismically documented segments of the Indomed-Gallieni supersegment and the MAR 15-38°N, segment #28 and segment 34°N (OH-3) of the MAR have similar lengths of 40-45 km, corresponding to similar crustal thickness variations of 3-3.3 km and 2.4-3.9 km, respectively [START_REF] Hooft | Crustal thickness and structure along three contrasting spreading segments of the Mid-Atlantic Ridge, 33.5°-35[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Zhao | Three-dimensional seismic structure of the Dragon Flag oceanic core complex at the ultraslow spreading Southwest Indian Ridge (49°39′E)[END_REF]. As for longer segments, segment #27 and segments 35°N (OH-1) and 21.5°N of the MAR also have similar lengths of 85-90 km, corresponding to crustal thickness variations of 5.5 km, 3.5-4.5 km, and 2.5-4 km, respectively [START_REF] Dannowski | Crustal structure of the propagating TAMMAR ridge segment on the Mid-Atlantic Ridge, 21.5[END_REF][START_REF] Hooft | Crustal thickness and structure along three contrasting spreading segments of the Mid-Atlantic Ridge, 33.5°-35[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF]. It is not surprising to have a higher variation at segment #27 as its △MBA has a positive deviation from the fitting line (Figure 9), which is interpreted as a local high degree of melt focusing [START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF].

We also compared along-axis basalt (glass) Na8.0 contents between 46°E and 53.5°E [START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Liu | Water enrichment in the mid-ocean ridge by recycling of mantle wedge residue[END_REF][START_REF] Wang | Trace element and isotopic evidence for recycled lithosphere from basalts from 48 to 53°E, Southwest Indian Ridge[END_REF], which reveals a nearly uniform pattern inside the melt-rich domain (including the most magmatically-robust segment #27) and thus suggests very small variations in the degree of melting (Figure 4). We, therefore, propose that segment-scale melt focusing at the Indomed-Gallieni supersegment is lowered by the enhanced magmatism with two possible explanations. First, since the cold lithosphere depresses the top of the melting region and since the thickening of the axial lithosphere at segment ends results in lower melt production than their corresponding segment centers [START_REF] Bell | Crustal control of ridge segmentation inferred from observations of the Reykjanes ridge[END_REF][START_REF] Magde | The relationship between buoyant mantle flow, melt migration, and gravity bull's eyes at the Mid-Atlantic Ridge between 33°N and 35[END_REF][START_REF] Sauter | The Southwest Indian Ridge between 49° 15′E and 57°E: Focused accretion and magma redistribution[END_REF], the axial variation of lithosphere thickness may be decreased due to extra heat released by the buoyant magmatic source. This hypothesis is supported by microearthquakes recorded by ocean-bottom seismometers; the maximum depth of earthquakes determines a mostly homogenous axial lithosphere thickness along segment #28 [START_REF] Yu | Lithospheric Structure and Tectonic Processes Constrained by Microearthquake Activity at the Central Ultraslow-Spreading Southwest Indian Ridge (49.2° to 50.8°E)[END_REF]. Although the degree of melt focusing in the study area is comparable to the slow spreading MAR, the lithosphere thickness at segment #28 is about twice thicker than the MAR 26° and 29°N (15 vs. 8-10 km) [START_REF] De Martin | Kinematics and geometry of active detachment faulting beneath the Trans-Atlantic geotraverse (TAG) hydrothermal field on the Mid-Atlantic Ridge[END_REF][START_REF] Wolfe | Microearthquake characteristics and crustal velocity structure at 29°N on the Mid-Atlantic Ridge: the architecture of a slow spreading segment[END_REF][START_REF] Yu | Lithospheric Structure and Tectonic Processes Constrained by Microearthquake Activity at the Central Ultraslow-Spreading Southwest Indian Ridge (49.2° to 50.8°E)[END_REF], which probably results from shallower melt emplacement and thus more efficient hydrothermal heat extraction in our study area [START_REF] Chen | Thermal Regime of Slow and Ultraslow Spreading Ridges Controlled by Melt Supply and Modes of Emplacement[END_REF]. Second, the melt may be redistributed in the lower crust that is hot enough to transport melt from segment centers to ends [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Magde | The relationship between buoyant mantle flow, melt migration, and gravity bull's eyes at the Mid-Atlantic Ridge between 33°N and 35[END_REF][START_REF] Sauter | The Southwest Indian Ridge between 49° 15′E and 57°E: Focused accretion and magma redistribution[END_REF].

Melt supply, faulting pattern, and seafloor spreading modes

The pattern of faulting at slow and ultraslow spreading ridges is highly sensitive to melt supply, associated with diverse seafloor spreading modes [START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF][START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Escartín | Central role of detachment faults in accretion of slow-spreading oceanic lithosphere[END_REF][START_REF] Liu | Global Trends of Axial Relief and Faulting at Plate Spreading Centers Imply Discrete Magmatic Events[END_REF]. For example, dramatic changes in melt supply over an along-axis distance of <30 km (away from any TFs) at the easternmost SWIR are correlated with spreading modes and faulting patterns changing from successive flip-flop detachment faults with nearly zero melt supply to frequent high-angle normal faults with moderate melt supply [START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF].

The variability of melt supply at the SWIR 46-53.5°E is even larger than at the easternmost SWIR, which is bracketed by two endmembers, the most magmatically-robust endmember at the center of segment #27 (50.5°E) and nearly zero melt supply to the east of the magmatic tip (51.9-53.5°E). At the center of segment #27, crustal thickness is up to 9.5 km [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF] with conjugate faults at lengths of up to 65 km (Figure 5b). In addition, the measurement of apparent faults based on microbathymetry data suggests that the magmatic contribution to the plate spreading (M value) [START_REF] Buck | Modes of faulting at mid-ocean ridges[END_REF], is over 90%, i.e., M > 0.9 (Chen et al., 2021). In contrast, to the east of the magmatic tip, the seafloor is characterized by widely spaced, rounded, smooth ridges (Figure 5a) with extensive peridotites on both ridge flanks [START_REF] Huang | Geological characteristics of the Qiaoyue Seamount and associated ultramafic-hosted seafloor hydrothermal system (~52.1°E, Southwest Indian Ridge)[END_REF][START_REF] Zhou | Thin crust as evidence for depleted mantle supporting the Marion Rise[END_REF]. This region is similar to the smooth seafloor around the nearly-amagmatic SWIR 64.5°E (close-up views in Figure 10 for comparison), which is generated by successive flip-flop detachment faults that accommodate almost 100% of the plate spreading (M = ~0) and continuously exhume mantle-derived peridotites onto the seafloor [START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF][START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantlederived rocks at the Southwest Indian Ridge for 11 million years[END_REF].

We, therefore, propose that the region to the east of the magmatic tip may similarly be controlled by successive flip-flop detachment faults. The near-axis Mt. Qiaoyue DF, between the magmatic tip and the Gallieni TF, should be the youngest detachment fault, and two offaxis ridges are older detachments (Figure 5a). The youngest Mt. Qiaoyue DF is only half the length of two older detachments, and these two older detachments also bracket the Junhui DF (detachment facing volcanic seafloor) and the center of segment #25 (volcanic facing volcanic seafloor with frequent high-angle normal faults; Figure 5a). This suggests that over an along-axis distance of ~60 km near the magmatic tip, the eastward propagation of the enhanced magmatism modifies the seafloor spreading from flip-flop detachment, detachment-volcanic, to volcanic-volcanic modes. In the study area, similar detachment-volcanic spreading modes can be observed at segments #28, #29, and possibly #34, and similar volcanic-volcanic spreading modes can be observed at segments #26, #30, and #32 (Figures 3 and5), which are also commonly observed at slow and ultraslow spreading ridges [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Escartín | Central role of detachment faults in accretion of slow-spreading oceanic lithosphere[END_REF][START_REF] Mendel | Magmato-tectonic cyclicity at the ultra-slow spreading Southwest Indian Ridge: Evidence from variations of axial volcanic ridge morphology and abyssal hills pattern[END_REF][START_REF] Zhou | Magmatism at oceanic core complexes on the ultraslow Southwest Indian Ridge: Insights from near-seafloor magnetics[END_REF].

The SWIR 46-53.5°E, therefore, displays the full spectrum of melt supply, M value, and faulting patterns among ultraslow spreading ridges; these spectrums can be identified within a minimum along-axis distance of 160 km between the center of segment #27 (50.5°E) and the Gallieni TF. Recent numerical modeling predicted that faulting patterns and spreading modes coincide with changes of melt supply at an ultraslow spreading rate [START_REF] Liu | Global Trends of Axial Relief and Faulting at Plate Spreading Centers Imply Discrete Magmatic Events[END_REF], which provides implications for the spreading process of the SWIR 46-53.5°E. As melt supply decreases from the most robust to nearly zero, seafloor spreading processes change from volcanic-volcanic mode with nearly no faults (the center of segment #27), volcanic-volcanic mode with frequent normal faults (segments #26, #30, and #32), detachment-volcanic mode (segments #25, #28, #29, and possibly #34), to successive detachments mode (the region to the east of the magmatic tip).

Conclusions

Based on the combination of shipboard bathymetry and gravity datasets, we identified 11 second-order segments (#24-#34) and mapped geological features (faults and volcanic seamounts) at the SWIR 46-53.5°E. We provided new insights into the spatial and temporal evolution of the enhanced magmatism in the Indomed-Gallieni supersegment. The enhanced magmatism initiated in the Western and Oblique provinces 11 Ma ago with no propagation and a decreasing melt supply, while in the Eastern province, there is an eastward magmatic propagation with an increasing melt supply and a decreasing propagating velocity. The present propagation tip is at 51.9°E, ~30 km to the west of the Gallieni TF. We further attribute the change of the enhanced magmatism to the interaction with an anomalous magmatic source, and differences of upwelling rates and/or geometry of this source may play important roles. The enhanced magmatism changed ridge segmentation of the Indomed-Gallieni supersegment by lowering the spacing of magmatic centers and the degree of segment-scale melt focusing, typical of what is observed at the slow spreading MAR. As magmatism dramatically decreases from the most robust (9.5 km-thick-crust at 50.5°E) to nearly zero (near the Gallieni TF) over an along-axis distance of 160 km, ultraslow seafloor spreading systematically changes from volcanic-volcanic mode with very few faults to successive flip-flop detachment mode. [START_REF] Li | Enhanced hydrothermal activity on an ultraslow-spreading supersegment with a seismically detected melting anomaly[END_REF]Liu et al., 2020;[START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF][START_REF] Zhou | Thin crust as evidence for depleted mantle supporting the Marion Rise[END_REF] were superimposed on the GEBCO 1 min grid [START_REF] Weatherall | A new digital bathymetric model of the world's oceans[END_REF]. 3 provinces (Eastern, Oblique, and Western) and 11 segments (#24-#34) are labeled. Yellow stars mark the locations of hydrothermal fields [START_REF] Huang | Geological characteristics of the Qiaoyue Seamount and associated ultramafic-hosted seafloor hydrothermal system (~52.1°E, Southwest Indian Ridge)[END_REF][START_REF] Li | Enhanced hydrothermal activity on an ultraslow-spreading supersegment with a seismically detected melting anomaly[END_REF][START_REF] Tao | First active hydrothermal vents on an ultraslowspreading center: Southwest Indian Ridge[END_REF]. See legends for symbols and magnetic picks A1-A5 [START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF]. The boundary of the enhanced magmatism is drawn by a suddenly elevated seafloor (Figure 1a) and reduced MBAs (Figure 1b). to 9.5 km, which is defined by depths to the Moho interfaces [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF]. Black square shows the location in Figure 7. is calibrated to the seismic Moho at 9.5 km [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF]. (d) Na8.0 contents of basaltic glasses [START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Liu | Water enrichment in the mid-ocean ridge by recycling of mantle wedge residue[END_REF][START_REF] Wang | Trace element and isotopic evidence for recycled lithosphere from basalts from 48 to 53°E, Southwest Indian Ridge[END_REF]. Thick gray line illustrates the long-wavelength variation of the Na8.0 contents. [START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Huang | Geological characteristics of the Qiaoyue Seamount and associated ultramafic-hosted seafloor hydrothermal system (~52.1°E, Southwest Indian Ridge)[END_REF][START_REF] Liu | Water enrichment in the mid-ocean ridge by recycling of mantle wedge residue[END_REF][START_REF] Yang | Isotopically enriched N-MORB: A new geochemical signature of off-axis plume-ridge interaction-A case study at 50°28′E, Southwest Indian Ridge[END_REF][START_REF] Yu | Plate-driven micro-hotspots and the evolution of the Dragon Flag melting anomaly, Southwest Indian Ridge[END_REF][START_REF] Zhou | Magmatism at oceanic core complexes on the ultraslow Southwest Indian Ridge: Insights from near-seafloor magnetics[END_REF][START_REF] Zhou | Thin crust as evidence for depleted mantle supporting the Marion Rise[END_REF]. V-V: volcanic-volcanic mode. D-V: [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF]. Dashed lines outline the seismic low-velocity anomaly of -0.4 km/s at 7 km below the seafloor [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF]. Profiles AA' and BB' are shown in (d) and (e). (b) Gravity-derived crustal thickness (see the location in Figure 2d), calibrated to 9.5 km at the center of segment #27 by seismic data [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF]. (c) Difference of crustal thickness between seismic and gravity data. (d) and (e) Across-and along-axis crustal structure. The boundary of crustal layers 2 and 3 is defined by a velocity gradient contour at 0.3 s -1 [START_REF] Jian | Seismic structure and magmatic construction of crust at the ultraslow-spreading Southwest Indian Ridge at 50°28[END_REF][START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge[END_REF]. Thick solid and dashed lines represent the seismic and gravity-derived Moho interface, respectively. In the Western and Oblique provinces, the fronter of the magmatic source is probably horizontal with a homogenous upwelling rate. In the Eastern province, (c) if the upwelling rate of the magmatic source is the same as that of the Western and Oblique provinces, its fronter may have a slope facing east, (d) and if the fronter is horizontal, the upwelling rate may decrease from west to east. Thicker arrows represent two magmatic centers at segments #27 and #32. (Cannat et al., 1999), and the slow spreading MAR 15-38°N (thick gray fitting line) [START_REF] Detrick | Gravity anomalies and crustal thickness variations along the Mid-Atlantic Ridge between 33°N and 40[END_REF][START_REF] Lin | Evidence from gravity data for focused magmatic accretion along the Mid-Atlantic Ridge[END_REF][START_REF] Thibaud | A systematic analysis of the Mid-Atlantic Ridge morphology and gravity between 15°N and 40°N: Constraints of the thermal structure[END_REF]. [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantlederived rocks at the Southwest Indian Ridge for 11 million years[END_REF].
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 1 Figure 1. Bathymetry and MBA maps at the SWIR between 45.5°E and 53.5°E. (a) The shipboard bathymetry data[START_REF] Li | Enhanced hydrothermal activity on an ultraslow-spreading supersegment with a seismically detected melting anomaly[END_REF] Liu et al., 2020;[START_REF] Sauter | Propagation of a melting anomaly along the ultraslow Southwest Indian Ridge between 46°E and 52°20′E: Interaction with the Crozet hotspot?[END_REF] Zhou and 

  The arrow (near the Gallieni TF) indicates the tip of the eastward propagation of the enhanced magmatism. The inset shows the location of the SWIR and the study area inside the red square. (b) MBA map calculated by shipboard bathymetry and gravity data (bright colors) filled with satellite-derived data (light colors).

Figure 2 .

 2 Figure 2. Geological mapping and gravity inversion. (a) Geological interpretation superimposed on the bathymetry map (see legend for symbols). Across-axis profiles are shown in Figure 3. The inset shows examples of picking seamounts and faults. (b) Gravity survey tracks of the DY cruises (black lines) and the Gallieni cruise (blue lines). (c) MBA map calculated by subtracting the predicted gravity effect based on shipboard bathymetry and a 6 km-thick model crust from the FAA in Figure S2b. The grid spacing of the FAA and MBA maps is 0.5 min. (d) Crustal thickness, calibrating the center of segment #27 (50.5°E)

Figure 3 .

 3 Figure 3. Cross-axis sections of segments #24-#34. Profile locations are in Figures2a and 2c.Black and blue lines denote depth and MBA, respectively. Dotted horizontal lines mark the baselines of depth (-3 km) and MBA (-50 mGal). Thick gray lines are subsidence curves, predicted using the law of the square root of spreading age (T) and the empirical depth (D) by[START_REF] Parsons | An analysis of the variation of ocean floor bathymetry and heat flow with age[END_REF]: D(T) = 340T 0.5 + D(T = 0), where assumes a symmetrical spreading around the location of the present-day (T = 0) ridge axis.

Figure 4 .

 4 Figure 4. Along-axis variations. (a) Depth profile. Locations of detachment faults (DFs) are labeled. (b) Seamounts frequency and fault density. Seamounts are counted within 10 km off the axis (20 km in width) and binned by 0.1° in longitude. Rose maps from left to right represent the faults azimuths (black lines) and the average azimuths (red lines with values) of the Western, Oblique, and Eastern provinces as well as the Gallieni-Gazelle segment. (c) MBA and crustal thickness profiles. Crustal thickness at 50.5°E (the center of segment #27)

Figure 5 .

 5 Figure 5. Detailed bathymetry maps showing seafloor morphology and geological information. All figures have the same scales of distance and color. See the legend for symbols in Figure 5b. Locations and contents of rock samples are from multiple sources

  detachment-volcanic mode. S-D: successive detachment mode. (a) segment #25 and the region to the east of the magmatic tip. (b) Eastern province (segments #25-#30). The inset shows the close-up of the Dragon Horn DFs. (c) Oblique province (segment #31 and NTDs N31 and N32). (d) Western province (segments #32-#34).

Figure 6

 6 Figure 6. 3-D views showing Dragon Horn (a), Junhui (b), Yuhuang (c), and Qiaoyue (d) detachment faults with the same distance scale. See locations in Figure 5.

Figure 7 .

 7 Figure 7. Comparison of gravity-derived and seismic crustal thicknesses at the center of segment #27. (a) Seismic crustal thickness, defined as depths to the Moho interfaces (Jian et

Figure 8 .

 8 Figure 8. Spatial and temporal evolution of the enhanced magmatism of the Indomed-Gallieni supersegment. (a) Along-axis, time-averaged crustal thickness anomalies of the melt-rich domain, calculated by subtracting the referenced mean crustal thickness (6 km) in the area beyond A5 and between 49°and 51.5°E with shipboard gravity and bathymetry data (vertical stripes in Figure S3), which is not affected by the enhanced magmatism. Positive (red) and negative (blue) anomalies are filled. Solid and dashed outlines indicate that crustal thicknesses are derived from the shipboard and satellite data, respectively. (b) Time-average crustal volume anomalies per unit ridge length along the whole Indomed-Gallieni supersegment (white squares) as well as the Western (blue squares), Oblique (green squares), and Eastern (red squares) provinces. (c) and (d) Possible geometry of the fronter (i.e., the depth where the anomalous melting began) of anomalous magmatic source before 11 Ma ago.

Figure 9 .

 9 Figure 9. Along-axis MBA amplitude (△MBA) as a function of segment length (L). Data included are the Indomed-Gallieni (red circles and red dashed fitting line by this study), the easternmost SWIR (blue circles and blue dashed fitting line)(Cannat et al., 1999), and the

Figure 10 .

 10 Figure 10. Close-up views of bathymetry maps with the same distance and color scales, showing seafloor morphology and faulting pattern of the nearly-amagmatic regions of the SWIR. Same legend as Figure 5b. (a) The region between the magmatic tip and the Gallieni TF, (b) Segment #24 to the east of the Gallieni TF, (c) Smooth seafloor at the easternmost SWIR[START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantlederived rocks at the Southwest Indian Ridge for 11 million years[END_REF].
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