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Structure et évolution des failles de détachement et de la lithosphère océanique aux dorsales ultra-lentes: apports du magnétisme marin Résumé Représentant environ 25 % du système des dorsales médio-océaniques, les dorsales ultralentes présentent d'importantes différences avec les autres dorsales. L'approvisionnement hétérogène en magma le long de l'axe génère une structure lithosphérique très contrastée et des modes d'expansion du plancher océanique variés causés par la présence de failles de détachement. Ces fortes variations génèrent par conséquent des signaux géophysiques difficiles à interpréter. IV longueur de plancher océanique magmatique et la longueur totale du plancher océanique, ainsi que la durée des épisodes durant lesquels les failles de détachement dominent (DDFE). Nous constatons que le degré de magmatisme et la DDFE sont corrélés positivement et négativement au taux d'expansion, respectivement. La DDFE et le magmatisme présentent une faible corrélation négative entre eux mais avec de grandes barres d'incertitude. Par ailleurs, nous identifions trois types d'expansion basés sur la modélisation du plancher océanique sur les flancs conjugués. Ce sont les types Magmatique-Tectonique (MT), Magmatique-Magmatique (MM), et Tectonique-Tectonique (TT). Le plancher océanique tectonique inclus le plancher océanique corrugué et le plancher océanique lisse, en raison du manque de résolution suffisante pour les différencier avec la bathymétrie mono faisceau généralement disponible. La succession de différents types d'expansion fait alterner différents modes d'évolution. Par exemple, si l'expansion du plancher océanique passe du type MT avant 3 Ma au type MM à l'heure actuelle, le mode d'évolution sera MT-MM. Nous synthétisons quatre modes d'évolution selon les résultats de la modélisation des 17 profils: MT, MT-MM, MM-TT, et Mixte. Ces alternances de différents types d'expansion reflètent la variation de l'approvisionnement en magma. Par exemple, le mode MT-MM indique que les variations d'alimentation magmatique permettent alternativement de satisfaire une expansion asymétrique sur une faille de détachement puis une expansion magmatique symétrique . Ainsi, la variation des anomalies magnétiques sur les dorsales ultra-lentes permet d'évaluer la structure lithosphérique et l'expansion du plancher océanique à la fois dans le temps et le long de l'axe.

Les résultats ci-dessus suggèrent que, dans un contexte où l'apport magmatique hétérogène aux dorsales ultra-lentes crée une lithosphère océanique contrastée, les données magnétiques représentent un outil efficace pour étudier la structure et l'évolution de cette lithosphère à différentes échelles.

Dans cette thèse, nous tentons de comprendre les relations entre la lithosphère complexe de l'accrétion ultra-lente et les anomalies magnétiques marines à différentes échelles.

Les failles de détachement observées aux dorsales ultra-lentes exhument des roches du manteau sur le plancher océanique. Ces péridotites peu aimantées, la plupart avec un degré de serpentinisation relativement faible (<60%) et porteuses d'une aimantation à dominante induite, enregistrent mal les variations temporelles du champ géomagnétique. Pour étudier les "core complexes" océanique (OCCs) créés par les failles de détachement, des données magnétiques à haute résolution ont été acquises près du plancher océanique par un véhicule sous-marin autonome (AUV) sur trois OCCs de la dorsale ouest-indienne (SWIR) ultra-lente. Les données magnétiques réduites au pôle (RTP) montrent une anomalie magnétique faible sur la surface de détachement contrastant avec une anomalie forte sur les zones basaltiques. Nous identifions ensuite les limites de polarité magnétique et les limites lithologiques sur la base des interprétations magnétique et géologique. Nous constatons que les trois OCCs ont été mis en place à des âges proches mais présentent des structures de dôme et des abondances de serpentinite différentes. De plus, nous évaluons la rotation du mur inférieur de la faille de détachement en corrigeant la distorsion normale et en minimisant la distorsion résiduelle des anomalies magnétiques RTP, calculées par le biais d'une inversion en aimantation équivalente dans le cas de levés drapant la topographie pour lesquels les algorithmes conventionnels ne s'appliquent pas. Pour mieux comparer les trois OCCs, nous introduisons un paramètre -le degré de magmatisme -obtenu à partir de la quantité de basalte extrusif qui représente indirectement le flux de magma dans un épisode donné. Le résultat montre II que les trois OCCs ont des degrés de magmatisme différents qui, à leur tour, influencent les caractéristiques des failles de détachement. La présence de la serpentinite et la rotation du mur inférieur de la faille de détachement augmentent lorsque le degré de magmatisme diminue, tandis que l'intensité de l'anomalie RTP et la présence de corps de gabbro exhumés indiqués par la structure en dôme diminuent lorsque le degré de magmatisme diminue. Deux mécanismes principaux d'évolution des failles de détachement sont observés aux dorsale ultra-lentes. Dans un environnement magmatique relativement robuste, la mise en place et l'arrêt de la faille de détachement sont contrôlés par la restriction et l'augmentation des apports de magma, respectivement. Inversement, dans les segments amagmatiques, la mise en place et l'arrêt de la faille de détachement sont contrôlés par l'alternance de failles de détachement de pendage opposé.

Les caractéristiques des OCCs ou des failles de détachement peuvent être une manière d'approcher l'approvisionnement hétérogène en magma le long de l'axe des dorsales ultra-lentes.

Les résultats ci-dessus montrent que la présence de serpentinite sur la surface de détachement réduit significativement les anomalies magnétiques mesurées près du fond. Cette réduction s'exprime-t-elle également sur les anomalies magnétiques marines de surface? L'accrétion par failles de détachement est-elle la raison principale pour laquelle les anomalies magnétiques marines de surface sont difficiles à interpréter sur les dorsales ultra-lentes? Pour répondre à ces questions, nous avons construit un modèle à trois couches composées de basalte, de gabbro et de péridotite. Le modèle conventionnel de couches uniformes d'épaisseur constante n'est pas adapté aux dorsales ultra-lentes en raison de l'absence fréquente de la couche de basalte.

Dans notre modèle, la croûte magmatique est divisée en trois couches, alors que le plancher océanique tectonique n'est composé que de péridotite, afin de se rapprocher des structures crustales observées pour différents degrés de magmatisme. Pour mieux montrer la relation entre les différents types de croûte et les anomalies magnétiques marines de surface, nous effectuons la modélisation pour différents degrés de magmatisme. Les résultats obtenus montrent que la croûte magmatique présente des anomalies magnétiques claires, alors que les surfaces de détachement ne présentent aucun signal significatif. Cependant, lorsque le degré de magmatisme augmente, l'occurrence plus grande de corps de gabbro exhumés, capables de porter une aimantation rémanente, permet l'expression d'anomalies magnétiques d'amplitude plus faible. Le gabbro intrusif pourrait présenter une aimantation rémanente plus forte que le gabbro situé sous la croûte III magmatique, en raison d'un fractionnement plus élevé causé par un refroidissement plus rapide dans un endroit moins profond. L'importance des corps gabbroïques dans l'enregistrement des anomalies magnétiques pendant l'épisode de faille de détachement est également suggérée par le coefficient de corrélation entre les anomalies magnétiques obtenues pour différents degrés de magmatisme et celles obtenues pour un plancher océanique totalement magmatique. Pour confirmer la fiabilité de la méthode de modélisation, nous avons sélectionné quatre profils magnétiques transversaux dans différents segments magmatiques le long de la SWIR. La répartition de la croûte magmatique et tectonique est effectuée sur la base de la forme des anomalies magnétiques observées selon les critères obtenus dans le processus direct de modélisation. Les intervalles de polarité magnétique sont ajustés pour adapter les anomalies magnétiques synthétiques à celles observées. Les résultats montrent une bonne corrélation entre les variations modélisée et réelle du magmatisme. Par exemple, de l'accrétion tectonique pure par faille de détachement est obtenue sur la partie la plus orientale, amagmatique, de la SWIR, alors que de l'accrétion magmatique pure est obtenue sur les derniers ~10 Myr sur le segment magmatique à 50.5°E de la SWIR. Ces résultats suggèrent que la variabilité des anomalies magnétiques marines de surface pourrait être un outil efficace pour estimer la structure crustale sur les dorsales ultra-lentes.

L'application satisfaisante de la méthode de modélisation sur la SWIR nous incite à étendre les travaux sur les autres dorsales ultra-lentes afin d'explorer leur structure lithosphérique et les modes d'accrétion des fonds océaniques. Nous sélectionnons une autre dorsale ultra-lente longue, la dorsale de Gakkel (GR), et une dorsale ultra-lente courte, bien étudiée, la dorsale de Cayman (MCSC). Avec la SWIR, ces trois dorsales présentent des taux d'expansion moyens différents -MCSC à16 mm/an, SWIR à 14 mm/an et GR à 12 mm/an et pourraient représenter les différents scénarios de formation du plancher océanique dans le groupe des dorsales ultra-lentes. Nous disposons de quatre profils transversaux sur trois segments présentant des environnements magmatiques différents sur la GR, quatre profils sur la MCSC, et 5 nouveaux profils coupant des segments de la SWIR situés plus à l'ouest des quatre autres profils présentés dans le chapitre précédent. Les résultats de la modélisation montrent que l'accrétion par faille de détachement est très répandue sur les trois dorsales ultra-lentes, représentant de 15 à 52 % du plancher océanique total suivant les cas. Nous calculons le degré de magmatisme défini ici comme le rapport entre la VIII magnétiques transversaux observés sur trois dorsales ultra-lentes avec des taux d'expansion moyens différents, la dorsale de Cayman (Mid-Cayman Spreading Center or MCSC) à 16 mm/an, la dorsale ouest-indienne (SWIR) à 14 mm/an, et la dorsale de Gakkel (GR) à 12 mm/an. Les résultats montrent que l'expansion par failles de détachement représente de 15 à 52 % de la totalité du plancher océanique. Le magmatisme calculé et la durée des épisodes durant lesquels les failles de détachement dominent (DDFE) sont corrélés positivement et négativement avec le taux d'expansion, respectivement. Trois types d'expansion du plancher océanique, Magmatique-Tectonique (MT), Magmatique-Magmatique (MM), Tectonique-Tectonique (TT), et quatre modes d'évolution pertinents, MT, MT-MM, MM-TT, et Mixte, sont identifiés, reflétant la variation spatiale et temporelle de l'apport magmatique sur les dorsales ultra-lentes.
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Philosophy of the thesis

Explore the magnetic signature of contrasted detachment-fault and magmatic crusts, and their corresponding modes of seafloor spreading, at ultraslow spreading ridges, based on both nearseafloor and sea-surface magnetic anomaly data, in order to use magnetic anomalies as an additional tool to study the lithospheric structure and its evolution at these ridges. Mid-ocean ridges are divergent plate boundaries where seafloor spreading creates new oceanic lithosphere. They are used as a window to study the Earth deep structure and evolution since their role was understood in the 1960s. The total mid-ocean ridges span 65000 km in length, which are divided into four groups according to their different spreading rates (i.e., velocity at which the plates are diverging; [START_REF] Searle | Mid-ocean ridges[END_REF]. From fast (full spreading rate > 80 km/Myr) to intermediate (55 < full spreading rate < 80 km/Myr) to slow spreading ridges (20 < full spreading rate < 55 km/Myr), the seafloor morphology varies from axial high and small relief abyssal hills to a rift valley with larger relief abyssal hills to a rift valley with large offset faults and occasional accretion of Oceanic Core Complex (OCC). This variation of seafloor structure reflects the different degrees of magma supply and dike intrusion at these ridges [START_REF] Buck | Modes of faulting at mid-ocean ridges[END_REF]. Although the variable magma supply builds different shapes on the three categories of ridges, their thermal and seismic structure do not significantly change (Purdy et al., 1992a;[START_REF] Morgan | The genesis of oceanic crust: Magma injection, hydrothermal circulation, and crustal flow[END_REF]. For instance, their lithospheric structure agrees well with the model derived from ophiolite studies, in which a 6-km thick oceanic crust is observed on all the three categories of ridges. This thickness corresponds to the ~700°C isotherm and marks the upper boundary of the elastic lithosphere [START_REF] Purdy | Relationship between spreading rate and the seismic structure of mid-ocean ridges[END_REF][START_REF] Nicolas | Mapping oceanic ridge segments in Oman ophiolite[END_REF][START_REF] Snow | Ultraslow-spreading ridges rapid paradigm changes[END_REF]. However, when the spreading rate further decreases to < 20 km/Myr, defining the ultraslow spreading ridges, the lithosphere presents anomalous and heterogenous composition, structure, and evolution by comparison to faster ridges. A strong variability distinguishes the ultraslow spreading ridges, including a specific melt-poor and a more magmatic end-members, to complete the global panorama of mid-ocean ridges. The group of ultraslow spreading ridges is composed of the Southwest Indian Ridge (SWIR) in the Southwest Indian Ocean, the Gakkel Ridge (GR) in the Arctic Ocean, the Mid-Cayman Spreading Center (MCSC) in the Cayman Trough between the North American and Caribbean plates, the American-Antarctic Ridge (AAR) between the South American and Antarctic plates, and the Knipovich (KR) and Mohns (MR) ridges in the Norwegian-Greenland Sea, northernmost Atlantic Ocean (Fig 1 .1) [START_REF] Snow | Ultraslow-spreading ridges rapid paradigm changes[END_REF]. Geophysical and geological studies of these American-Antarctic Ridge, SWIR: Southwest Indian Ridge.

Segmentation and obliquity

Unlike the faster spreading ridges, ultraslow spreading ridges display sparse or even no transform faults (TF) that are normally used as a first-order segment boundary. Segments in these ridges are then separated by non-transform discontinuities and some ridge segments are strongly oblique to the spreading direction. The magma supply is reflected by the seafloor morphology and geophysical data like the Mantle Bouguer anomaly, magnetic anomaly, and seismic velocity [START_REF] Sauter | The Southwest Indian Ridge between 49°15′E and 57°E: focused accretion and magma redistribution[END_REF][START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF][START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge: SOUTHWEST INDIAN RIDGE SPREADING RATE[END_REF]. The contrasted magmatic characters of the different segments indicate a focused magma supply and melt migration along the ridge axis (Fig 1 .2). The larger spacing between the enhanced magma segments compared to that at the slow spreading ridges reflect a larger scale mantle upwelling cell [START_REF] Sauter | The Southwest Indian Ridge between 49°15′E and 57°E: focused accretion and magma redistribution[END_REF][START_REF] Okino | Preliminary analysis of the Knipovich Ridge segmentation: influence of focused magmatism and ridge obliquity on an ultraslow spreading system[END_REF][START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge: SOUTHWEST INDIAN RIDGE SPREADING RATE[END_REF]. In the magmatic segments where the magma supply is focused, seafloor spreading is dominantly accommodated by magmatic intrusions and is marked by volcanic seafloor and strong bull-eye MBA and central magnetic anomaly. Conversely, in the amagmatic segments where the magma supply is depleted, seafloor spreading is dominantly accommodated by detachment-faulting which results in smooth seafloor, higher MBA, and reduced central magnetic anomaly. In the intermediate weakly magmatic segments where the magma supply is insufficient, magmatic spreading is intermittent with punctuated volcanism, and variable MBA and magnetic anomaly [START_REF] Okino | Preliminary analysis of the Knipovich Ridge segmentation: influence of focused magmatism and ridge obliquity on an ultraslow spreading system[END_REF][START_REF] Michael | Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge, Arctic Ocean[END_REF][START_REF] Sauter | Ridge segmentation and the magnetic structure of the Southwest Indian Ridge (at 50°30′E, 55°30′E and 66°20′E): Implications for magmatic processes at ultraslow-spreading centers[END_REF][START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF]Chen et al., 2021).

In addition, the ridge obliquity, i.e. the angle between the ridge segment orientation and the perpendicular to the spreading direction, is a secondary factor that determines the magmatic character of a segment. Oblique segments such at 10°-16°E on the SWIR and 35°-49°N on the KR show magma-starved characters such as less volcanic edifices and mounds, mantle rock exposures, higher seafloor relief and MBA, because the obliquity slows down the effective spreading rates, resulting in a lower upwelling magma velocity and melt formation, and a limited horizontal dike propagation [START_REF] Okino | Preliminary analysis of the Knipovich Ridge segmentation: influence of focused magmatism and ridge obliquity on an ultraslow spreading system[END_REF][START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF][START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge: SOUTHWEST INDIAN RIDGE SPREADING RATE[END_REF]. The obliquity is a sufficient but not a necessary condition in controlling the regional magmatism distribution, as orthogonal segments also present amagmatic characteristics like the Sparsely Volcanic Zone on the GR and the area near 64°E on the SWIR [START_REF] Michael | Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge, Arctic Ocean[END_REF][START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge: SOUTHWEST INDIAN RIDGE SPREADING RATE[END_REF].

Mantle heterogeneity

Heterogeneity of the mantle composition is an important contributor to the melt productivity [START_REF] Niu | MORB mantle hosts the missing Eu (Sr, Nb, Ta and Ti) in the continental crust: New perspectives on crustal growth, crust-mantle differentiation and chemical structure of oceanic upper mantle[END_REF]. The heterogeneity is usually reflected in the geochemical and isotopic composition of dredged samples. The Mid-Ocean Ridge Basalt (MORB) on the faster spreading ridges usually have lower Na8.0 and higher Fe8.0 and relatively homogenous ranges indicating a constant and sufficient magma supply [START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF][START_REF] Standish | MORB generation beneath the ultraslow spreading Southwest Indian Ridge (9-25°E): Major element chemistry and the importance of process versus source: SWIR MORB-PROCESS VERSUS SOURCE[END_REF][START_REF] Sauter | The ultraslow spreading Southwest Indian Ridge[END_REF]. Conversely, the MORB dredged on the SWIR shows a large diversity. The easternmost and westernmost SWIR show a dramatically higher Na8.0 and lower Fe8.0 with depleted heavy rare earth elements and anomalously low Ti8.0 contents, whereas the MORB from the regions at 52°-62°E locate in the range of normal basalt (Fig 1 .3). This emphasizes the along-and a switch from dominant buoyant flow in the magmatic region to a dominant passive flow in the amagmatic region [START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF][START_REF] Meyzen | A discontinuity in mantle composition beneath the southwest Indian ridge[END_REF][START_REF] Sauter | 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]. b) Melt production related to the ridge obliquity [START_REF] Sauter | The ultraslow spreading Southwest Indian Ridge[END_REF]. Furthermore, mantle spinel lherzolites and harzburgites dredged between 52-68 °E on the SWIR and 187 Os/ 188 Os ratios of peridotites on the GR both show a heterogenous mantle and contrasted melt production along the ultraslow spreading ridges [START_REF] Seyler | Evidence for major-element heterogeneity in the mantle source of abyssal peridotites from the Southwest Indian Ridge (52° to 68°E): MAJOR-ELEMENT HETEROGENEITY[END_REF][START_REF] Seyler | Asthenospheric metasomatism beneath the mid-ocean ridge: Evidence from depleted abyssal peridotites[END_REF][START_REF] Liu | Ancient, highly heterogeneous mantle beneath Gakkel ridge, Arctic Ocean[END_REF]. 

Volcanism

From fast to slow spreading ridges, volcanism is narrowly focused near the ridge axis indicating that magma is uniformly intruded within a < 2 km-wide neovolcanic zone [START_REF] Macdonald | Mid-ocean ridges: Fine scale tectonic, volcanic and hydrothermal processes within the plate boundary zone[END_REF][START_REF] Smith | Constructing the upper crust of the Mid-Atlantic Ridge: A reinterpretation based on the Puna Ridge, Kilauea Volcano[END_REF]. However, volcanism at the ultraslow spreading ridges present less regularity (Fig 1.4). For instance, on the westernmost (9°-16 °E) and easternmost (63°-65°E) SWIR, young off-axis volcanism is observed up to 10 km and 25 km away from the axis, respectively (Fig 1.4). This indicates that the large offset normal faults and detachment faults, rooted into the melt-intruded axial lithospheric mantle, channel melt into the crust to the off-axis domain. This fault-associated volcanism results in a wider volcanic accretion zone at the ultraslow spreading ridges [START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF][START_REF] Standish | Young off-axis volcanism along the ultraslow-spreading Southwest Indian Ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF][START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF].

Meanwhile, the spatial distribution of mantle chemical heterogeneity probably also affects the type of volcanism [START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF]. On the east GR (85°E), a 'zero-age' explosive volcanism with pyroclastic deposit was discovered, a very rare occurrence on mid-ocean ridges at depths below 3000 m [START_REF] Tolstoy | Seismic character of volcanic activity at the ultraslow-spreading Gakkel Ridge[END_REF][START_REF] Sohn | Explosive volcanism on the ultraslow-spreading Gakkel ridge, Arctic Ocean[END_REF]. This is interpreted as the result of the cold and thick lithosphere on the ultraslow spreading ridges preventing the melt penetration; the latter therefore accumulates in a deep-lying magma chamber, until the pressure makes it discharge through an explosive eruption [START_REF] Sohn | Explosive volcanism on the ultraslow-spreading Gakkel ridge, Arctic Ocean[END_REF]. 

Hydrothermalism

Studies trying to relate the spreading rate and the presence and abundance of hydrothermal venting predicted that the ultraslow spreading ridges are not favorable to hydrothermalism due to their presumably insufficient magma supply [START_REF] Baker | A 6-year time series of hydrothermal plumes over the Cleft segment of the Juan de Fuca Ridge[END_REF][START_REF] Baker | The relationship between near-axis hydrothermal cooling and the spreading rate of mid-ocean ridges[END_REF][START_REF] German | Distributions of hydrothermal activity along the Mid-Atlantic Ridge: interplay of magmatic and tectonic controls[END_REF]. However, subsequent water-column surveys relying on optical sensors discovered widespread hydrothermal venting on the GR [START_REF] Edmonds | Discovery of abundant hydrothermal venting on the ultraslow-spreading Gakkel ridge in the Arctic Ocean[END_REF], SWIR [START_REF] Bach | Discovery of ancient and active hydrothermal systems along the ultra-slow spreading Southwest Indian Ridge 10°-16[END_REF][START_REF] Münch | Relict hydrothermal events along the super-slow Southwest Indian spreading ridge near 63°56′E-mineralogy, chemistry and chronology of sulfide samples[END_REF][START_REF] Baker | Hydrothermal venting in magma deserts: The ultraslow-spreading Gakkel and Southwest Indian Ridges: HYDROTHERMAL VENTING IN MAGMA DESERTS[END_REF]German et al., 1998;[START_REF] German | Hydrothermal activity on the eastern SWIR (50°-70°E): Evidence from core-top geochemistry, 1887 and 1998[END_REF][START_REF] Tao | First active hydrothermal vents on an ultraslow-spreading center: Southwest Indian Ridge[END_REF], KR ( Connelly et al., 2007a), MR [START_REF] Schander | The fauna of hydrothermal vents on the Mohn Ridge (North Atlantic)[END_REF], and MCSC (Connelly et al., 2012) (Fig 1.5).

The frequency of hydrothermal vents appears even higher than at faster spreading ridges [START_REF] Edmonds | Discovery of abundant hydrothermal venting on the ultraslow-spreading Gakkel ridge in the Arctic Ocean[END_REF][START_REF] Snow | Ultraslow-spreading ridges rapid paradigm changes[END_REF]. A first reason may be the continuous rift valley with rare transform faults that makes the hydrothermal plumes easy to detect [START_REF] Edmonds | Discovery of abundant hydrothermal venting on the ultraslow-spreading Gakkel ridge in the Arctic Ocean[END_REF]. More importantly, ubiquitous tectonic structures connected with a focused magma supply provide a favorable fluid path and the heat source required for an effective hydrothermal circulation. In the magma-poor areas, deep-rooted detachment faults help mining the heat from melt zones to feed a long-lived high temperature hydrothermal field [START_REF] Bach | Discovery of ancient and active hydrothermal systems along the ultra-slow spreading Southwest Indian Ridge 10°-16[END_REF][START_REF] Tao | Deep hightemperature hydrothermal circulation in a detachment faulting system on the ultra-slow spreading ridge[END_REF]. [START_REF] Baker | The relationship between near-axis hydrothermal cooling and the spreading rate of mid-ocean ridges[END_REF]. b) Frequent occurrence of hydrothermal sites on the ultraslow slow spreading GR [START_REF] Edmonds | Discovery of abundant hydrothermal venting on the ultraslow-spreading Gakkel ridge in the Arctic Ocean[END_REF]. SEPR: East Pacific Rise between 14° and 20°S; NEPR: East Pacific Rise between 9° and 13°N; JDFR: Juan de Fuca Ride; RR: Reykjanes Ridge.

However, the hydrothermal fields reported so far are in majority mafic-hosted. Ultramafichosted hydrothermal fields like Rainbow [START_REF] German | The Rainbow Hydrothermal Plume, 36°15′N, MAR[END_REF], Lost City [START_REF] Kelley | An off-axis hydrothermal vent field near the Mid-Atlantic Ridge at 30°[END_REF][START_REF] Kelley | A Serpentinite-Hosted Ecosystem: The Lost City Hydrothermal Field[END_REF], and Logachev [START_REF] Cherkashev | Massive sulfide ores of the northern equatorial Mid-Atlantic Ridge[END_REF] found on the slow spreading Mid-Atlantic ridge (MAR) appear to be uncommon on the magma-poorer ultraslow spreading ridges, with only one site found on the GR and a few sites inferred on the SWIR and KR [START_REF] Bach | Discovery of ancient and active hydrothermal systems along the ultra-slow spreading Southwest Indian Ridge 10°-16[END_REF][START_REF] Edmonds | Discovery of abundant hydrothermal venting on the ultraslow-spreading Gakkel ridge in the Arctic Ocean[END_REF][START_REF] Connelly | Hydrothermal activity on the ultra-slow spreading southern Knipovich Ridge: HYDROTHERMAL ACTIVITY[END_REF].

Lithospheric structure and evolution

The crustal structure of ultraslow spreading ridges is not as well defined as that of faster spreading ridges, where the Penrose 3-layer model generally agrees with a ~6-km thick crustal structure [START_REF] Nicolas | Mapping oceanic ridge segments in Oman ophiolite[END_REF][START_REF] Karson | Internal structure of oceanic lithosphere: A perspective from tectonic windows[END_REF][START_REF] Snow | Ultraslow-spreading ridges rapid paradigm changes[END_REF][START_REF] Searle | Mid-ocean ridges[END_REF].

Ultraslow spreading ridges displays extremely uneven crustal variations. The crust is much thinner than at faster ridges, and sometimes without layer 3 [START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF][START_REF] Jokat | Geophysical evidence for reduced melt production on the Arctic ultraslow Gakkel midocean ridge[END_REF][START_REF] Jokat | Crustal thickness and earthquake distribution south of the Logachev Seamount, Knipovich Ridge: KNIPOVICH RIDGE CRUSTAL STRUCTURE[END_REF] (Fig 1 .6). For instance, the crustal thickness ranges between ~1.9-3.3 km on the GR [START_REF] Jokat | Geophysical evidence for reduced melt production on the Arctic ultraslow Gakkel midocean ridge[END_REF], ~4.5 km on the KR and MR [START_REF] Jokat | Crustal thickness and earthquake distribution south of the Logachev Seamount, Knipovich Ridge: KNIPOVICH RIDGE CRUSTAL STRUCTURE[END_REF][START_REF] Meier | Segment-Scale Seismicity of the Ultraslow Spreading Knipovich Ridge[END_REF], ~3-5 km on the MCSC [START_REF] Grevemeyer | Constraining the maximum depth of brittle deformation at slow-and ultraslowspreading ridges using microseismicity[END_REF], and an averaged ~2-6 km with a large variation on the SWIR [START_REF] Muller | Segmentation and melt supply at the Southwest Indian Ridge[END_REF][START_REF] Minshull | Crustal structure of the Southwest Indian Ridge at 66°E: seismic constraints[END_REF][START_REF] Zhou | Thin crust as evidence for depleted mantle supporting the Marion Rise[END_REF]. [START_REF] Snow | Ultraslow-spreading ridges rapid paradigm changes[END_REF]. b). Penrose model for the structure of oceanic crust. c). Hess model for the structure of oceanic crust that applies better to the ultraslow spreading ridges [START_REF] Dick | Past and Future Impact of Deep Drilling in the Oceanic Crust and Mantle[END_REF].

The large variation reflects the focused magma supply within and between adjacent segments. For example, the crustal thickness varies from 3-4 km at the segment end to 7-8 km at the segment center on Segment 28 (49.65 °E) of the SWIR [START_REF] Zhao | Three-dimensional seismic structure of the Dragon Flag oceanic core complex at the ultraslow spreading Southwest Indian Ridge (49°39′E): 3-D Seismic Structure of Dragon Flag OCC[END_REF]. In addition, an extremely thick (10 km) crust was observed in Segment 27 (50.5 °E) of the SWIR indicating a large-scale focused magma supply beneath this segment [START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge: Magmatic accretion at ultraslow ridge[END_REF]. Conversely, in amagmatic segments like the sparsely volcanic zone of GR or the easternmost and westernmost SWIR, the crust totally disappears with mantle rocks exposed on the seafloor instead [START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF][START_REF] Michael | Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge, Arctic Ocean[END_REF][START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF][START_REF] Zhou | Thin crust as evidence for depleted mantle supporting the Marion Rise[END_REF]. As for the thickness of the axial brittle lithosphere defined by the largest depth of micro seismicity, ultraslow spreading ridges generally conforms to the model relating the lithospheric thickness to the spreading rate, with a large variability [START_REF] Morgan | The genesis of oceanic crust: Magma injection, hydrothermal circulation, and crustal flow[END_REF]. For example, [START_REF] Huang | Centroid Depths of Mid-Ocean Ridge Earthquakes: Dependence on Spreading Rate[END_REF] observed that the depth of micro seismicity beneath ridge axes deepens with decreasing spreading rate, from < 2 km at fast spreading ridges to ~6 km at slow spreading ridges [START_REF] Searle | Mid-ocean ridges[END_REF]. This depth increases abruptly to 17 km at the MCSC [START_REF] Grevemeyer | Constraining the maximum depth of brittle deformation at slow-and ultraslowspreading ridges using microseismicity[END_REF], and 20 km and 35 km at the magmatic and amagmatic segments on the SWIR, respectively [START_REF] Schlindwein | Mid-ocean-ridge seismicity reveals extreme types of ocean lithosphere[END_REF]Yu et al., 2018) (Fig 1.7). This observation may reflect a cold and thick brittle lithosphere and along-axis melt supply near the lithosphere-asthenosphere boundary on the ultraslow spreading ridges [START_REF] Schlindwein | Mid-ocean-ridge seismicity reveals extreme types of ocean lithosphere[END_REF]. Furthermore, the upper lithosphere, within 15 km in the amagmatic section on the SWIR and 8 km on the KR, does not show any seismicity reflecting a weak zone of mantle rocks caused by widespread serpentinization [START_REF] Schlindwein | Mid-ocean-ridge seismicity reveals extreme types of ocean lithosphere[END_REF][START_REF] Meier | Segment-Scale Seismicity of the Ultraslow Spreading Knipovich Ridge[END_REF].

The tectonic structure of oceanic crust formed at the ultraslow spreading ridges also shows distinctive characteristics with respect to faster spreading ridges. A new type of seafloor, coined "smooth seafloor", was discovered on the amagmatic easternmost SWIR. Four modes of seafloor spreading on documented on conjugated flanks: Volcanic-volcanic, Volcanic-corrugated, Volcanic-smooth, and Smooth-smooth [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Cannat | Spreading rate, spreading obliquity, and melt supply at the ultraslow spreading Southwest Indian Ridge: SOUTHWEST INDIAN RIDGE SPREADING RATE[END_REF] (Fig 1.8). These different spreading modes reflect the variation of magma supply in time and along axis. Among them, the smooth-smooth mode indicates that accretion is totally achieved through detachment faulting with a near zero magma supply. The newly formed detachment fault cuts across its precursor in an opposite dip, resulting in a "flip-flop" evolution to maintain the total plate divergence (Sauter et al., 2013;[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].

Detachment faults and Oceanic Core Complex

Large offset low-angle large normal faults, or detachment faults, were envisaged to interpret the mantle rock exposure on the seafloor at magma-poor segment ends of slow and intermediate spreading ridges in the 1990s [START_REF] Dick | Low angle faulting and steady emplacement of plutonic rocks at ridge transform intersections[END_REF][START_REF] Mutter | Structural Processes at Slow-Spreading Ridges[END_REF][START_REF] Cannat | Emplacement of mantle rocks in the seafloor at mid-ocean ridges[END_REF][START_REF] Tucholke | A geological model for the structure of ridge segments in slow spreading ocean crust[END_REF]. It was subsequently confirmed by geological observation of a structural high showing corrugated surfaces (i.e., with striations parallel to the spreading direction) and serpentinite exposure near the inside corner of the Atlantis Transform Fault (TF) and the MAR [START_REF] Cann | Corrugated slip surfaces formed at ridge-transform intersections on the Mid-Atlantic Ridge[END_REF]. Named the Atlantis Massif, this structure provides a record of footwall rotation over ~1-2 Myr and allowed the definition of "megamullions" (the set of corrugations) and "Oceanic Core Complex" (OCC; the whole structure) [START_REF] Tucholke | Megamullions and mullion structure defining oceanic metamorphic core complexes on the Mid-Atlantic Ridge[END_REF]. The detachment fault, believed to have initiated during an amagmatic episode, was supposed to be rooted onto the base of lithosphere, explaining why the discovered OCCs were all located near the inside corners of TF [START_REF] Cann | Corrugated slip surfaces formed at ridge-transform intersections on the Mid-Atlantic Ridge[END_REF][START_REF] Blackman | Origin of extensional core complexes: Evidence from the Mid-Atlantic Ridge at Atlantis Fracture Zone[END_REF][START_REF] Tucholke | Megamullions and mullion structure defining oceanic metamorphic core complexes on the Mid-Atlantic Ridge[END_REF]. A different model was proposed after the discovery of the Atlantis Bank OCC on the SWIR [START_REF] Dick | A long in situ section of the lower ocean crust: results of ODP Leg 176 drilling at the Southwest Indian Ridge[END_REF]. The footwall of this OCC is made of gabbro showing a gradually decreasing deformation with depth and meltassociated deformation in the shallow part of the detachment surface. These observations led to the conclusion that detachment faults root into a melt-rich zone near the axial magmatic system, and that magmatism also contributes to the initiation of detachment faults [START_REF] Escartín | Constraints on deformation conditions and the origin of oceanic detachments: The Mid-Atlantic Ridge core complex at 15°45′N: MID-ATLANTIC RIDGE OCEANIC DETACHMENT[END_REF].

Alternatively, a third model considers that detachment faults root into an alteration front in the shallow lithosphere, because no ductile deformation was observed in the footwall at the 15°45'N OCC on the MAR [START_REF] Macleod | Direct geological evidence for oceanic detachment faulting: The Mid-Atlantic Ridge, 15°45′N[END_REF]Escartín et al., 2003) (Fig. 1.9). The three models may not be exclusive and suggest that detachment faults may initiate in different ways in various magmatic environments. [START_REF] Escartín | Constraints on deformation conditions and the origin of oceanic detachments: The Mid-Atlantic Ridge core complex at 15°45′N: MID-ATLANTIC RIDGE OCEANIC DETACHMENT[END_REF].

Later surveys showed the widespread occurrence of the OCCs on the MAR, affecting ~35% of the total seafloor accretion throughout individual segments and even up to 50% between 12°30-35°N [START_REF] Smith | Widespread active detachment faulting and core complex formation near 13° N on the Mid-Atlantic Ridge[END_REF][START_REF] Escartín | Central role of detachment faults in accretion of slow-spreading oceanic lithosphere[END_REF]. This confirms that detachment faults can also occur in some magmatic environments. Numerical modeling subsequently suggested that detachment faulting occurs when the magma supply is waning with a magmatism-M value of 0.3-0.5 meaning that about 30-50% of the total extension is accommodated by the dike opening [START_REF] Buck | Modes of faulting at mid-ocean ridges[END_REF][START_REF] Tucholke | Role of melt supply in oceanic detachment faulting and formation of megamullions[END_REF]. The detachment fault slip is maintained by the fault weakening and the formation of secondary hydrous minerals during serpentinization which significantly reduces the strength of the lithosphere even for lower (<15 %) degrees of serpentinization [START_REF] Tucholke | Megamullions and mullion structure defining oceanic metamorphic core complexes on the Mid-Atlantic Ridge[END_REF][START_REF] Escartín | Strength of slightly serpentinized peridotites: Implications for the tectonics of oceanic lithosphere[END_REF][START_REF] Macleod | Life cycle of oceanic core complexes[END_REF]. When the magma supply increases enough to overwhelm the detachment footwall, the detachment fault is terminated [START_REF] Macleod | Life cycle of oceanic core complexes[END_REF].

The whole "life-cycle" of the detachment fault conforms to the "rolling-hinge" model [START_REF] Lavier | Self-consistent rolling-hinge model for the evolution of large-offset low-angle normal faults[END_REF]. This intermediate degree of magmatism is also essential for generating the domal structure and megamullions on the OCCs [START_REF] Tucholke | Role of melt supply in oceanic detachment faulting and formation of megamullions[END_REF]. When magmatism is near-zero, the crustal accretion is totally accommodated by detachment faults that alternately cut each other in a "flip-flop" mechanism, resulting in the smooth seafloor observed on the easternmost SWIR [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF]Sauter et al., 2013) (Fig1.10). Conversely, [START_REF] Ildefonse | & Integrated Ocean Drilling Program Expeditions 304/305 Science Party[END_REF] proposed that the initiation of detachment fault may be related to an enhanced magma supply, and OCCs may have a gabbroic core as evidenced by the Atlantis Massif and Atlantis Bank OCCs with little to no serpentinized peridotite. The intrusion of the gabbro body along the fault weak zone initiates the detachment fault, and finally terminates when the gabbro body is exhumed and cooled on the surface. This latter model does not seem to be prevalent, and the two models are not mutually exclusive. The deep configuration of a detachment fault was first unraveled by a seismic study. Micro seismicity shows a steeply dipping (~70°) interface in the deep part of the fault zone and an aseismic zone with a flat dip of 20+5° in the shallow part [START_REF] Demartin | Kinematics and geometry of active detachment faulting beneath the Trans-Atlantic Geotraverse (TAG) hydrothermal field on the Mid-Atlantic Ridge[END_REF]. The focal mechanisms suggest extensive deformation in the deep part and compressive deformation in the shallow part, reflecting two distinct stages in the detachment fault evolution [START_REF] Parnell-Turner | Seismicity trends and detachment fault structure at 13°N, Mid-Atlantic Ridge[END_REF]. These different stages of the detachment fault provides a pathway for fluids and can host different types of hydrothermal vents [START_REF] Mccaig | Oceanic detachment faults focus very large volumes of black smoker fluids[END_REF][START_REF] Tao | Deep hightemperature hydrothermal circulation in a detachment faulting system on the ultra-slow spreading ridge[END_REF].

Marine magnetic anomalies on the ultraslow spreading ridges and OCCs

Marine magnetic anomalies on the ultraslow spreading ridges

Compared with the faster spreading ridges which generally display a clear central magnetic anomaly and well identifiable geomagnetic polarity reversals, magnetics on the ultraslow spreading ridges shows a strong variability, making their interpretation difficult. The shape and amplitude of magnetic anomalies depend on the different magmatic environments within and between segments. Within an individual segment, magnetic anomalies and equivalent magnetization (inverted from the anomalies assuming a constant thickness layer) decrease from center to end of the segment, which is opposite to the slow-spreading MAR [START_REF] Ravilly | Axial magnetic anomaly amplitude along the Mid-Atlantic Ridge between 20°N and 40°N[END_REF]Sauter et al., 2004). This suggests lateral melt transport from segment center to segment ends, implying a decreasing thickness of the extrusive basalt layer toward segment ends (Sauter et al., 2004;[START_REF] Sauter | The ultraslow spreading Southwest Indian Ridge[END_REF][START_REF] Zhang | Thickness of extrusive basalts dominating the magnetic structure along the ultraslow-spreading Mohns Ridge axis (71.8°-73.7[END_REF]. However, we should exclude the magmatically robust segment 27 of the SWIR, which shows variation of the equivalent magnetization similar to the MAR, with lower amplitude in the segment center than at segment ends. This may be caused by a large magma chamber beneath the axial region that would heat the crust and prevent the lava from fractionating and producing Fe-Ti rich basalt [START_REF] Weiland | Ridge segmentation and the magnetic structure of the Southern Mid-Atlantic Ridge 26°S and 31°-35°S: Implications for magmatic processes at slow spreading centers[END_REF]Sauter et al., 2004;[START_REF] Jian | Evidence of an axial magma chamber beneath the ultraslow-spreading Southwest Indian Ridge[END_REF]. Although the serpentinized peridotite with high serpentinization degree (> 60%) exposed at the segment ends bears strong induced (and sometimes remanent) magnetization and may contribute to the magnetic anomalies [START_REF] Cannat | How thick is the magmatic crust at slow spreading oceanic ridges?[END_REF][START_REF] Ravilly | Axial magnetic anomaly amplitude along the Mid-Atlantic Ridge between 20°N and 40°N[END_REF][START_REF] Tivey | Magnetization of 0-29 Ma ocean crust on the Mid-Atlantic Ridge, 25°30′ to 27°10′N[END_REF]Oufi, 2002a;[START_REF] Sauter | Magnetization of 0-26[END_REF]Szitkar & Murton, 2018a), the magnetic properties of dredged peridotites suggests that they do generally not carry a sufficiently stable remanent magnetization to significantly contribute to the large-scale variation of marine magnetic anomalies [START_REF] Bronner | Magnetic signature of large exhumed mantle domains of the Southwest Indian Ridgeresults from a deep-tow geophysical survey over 0 to 11 Ma old seafloor[END_REF][START_REF] Maffione | Magnetic properties of variably serpentinized peridotites and their implication for the evolution of oceanic core complexes[END_REF]. This variation at segment-scale suggests focused magma supply and large-scale mantle upwelling under the ridge axis [START_REF] Jokat | Geophysical evidence for reduced melt production on the Arctic ultraslow Gakkel midocean ridge[END_REF][START_REF] Sauter | The Southwest Indian Ridge between 49°15′E and 57°E: focused accretion and magma redistribution[END_REF]Sauter et al., 2004). Among segments, magnetic anomalies show a clear central magnetic anomaly and identifiable conjugate anomalies at magmatic segments contrasting to a weak central magnetic anomaly and barely identifiable across-axis magnetic anomalies at magmatically poor segments [START_REF] Jokat | Geophysical evidence for reduced melt production on the Arctic ultraslow Gakkel midocean ridge[END_REF]Sauter et al., 2004;[START_REF] Bronner | Magnetic signature of large exhumed mantle domains of the Southwest Indian Ridgeresults from a deep-tow geophysical survey over 0 to 11 Ma old seafloor[END_REF][START_REF] Zhang | Thickness of extrusive basalts dominating the magnetic structure along the ultraslow-spreading Mohns Ridge axis (71.8°-73.7[END_REF].

Marine magnetic anomalies over Oceanic Core Complex

As mentioned above, magnetic anomalies in the magmatically poor segments do not show well-defined symmetrical signals on the conjugate flanks due to the occurrence of detachment faults. Episodes of detachment faulting accretion affect the shape and amplitude of magnetic anomalies due to the exhumation of less-magnetic upper mantle rocks [START_REF] Tucholke | Submersible study of an oceanic megamullion in the central North Atlantic[END_REF].

Additionally, the flank that hosts the OCC would display a faster apparent spreading rate due to the intrinsic asymmetric spreading at OCCs [START_REF] Okino | Development of oceanic detachment and asymmetric spreading at the Australian-Antarctic Discordance: AUSTRALIAN-ANTARCTIC DISCORDANCE[END_REF][START_REF] Searle | Asymmetric generation of oceanic crust at the ultra-slow spreading Southwest Indian Ridge, 64[END_REF]. The degree of asymmetry also seems to reflect the local magma supply. For OCCs hosted in magmatically robust segments such as the slow spreading MAR and the segments at 49.5°E and 57°E on the SWIR, the magnetic anomalies over the OCCs are reduced but magnetic chrons can still be recognized [START_REF] Tucholke | Submersible study of an oceanic megamullion in the central North Atlantic[END_REF][START_REF] Hosford | Crustal magnetization and accretion at the Southwest Indian Ridge near the Atlantis II fracture zone, 0-25 Ma: CRUSTAL MAGNETIZATION AND ACCRETION AT THE SWIR[END_REF][START_REF] Wu | An intermittent detachment faulting system with a large sulfide deposit revealed by multi-scale magnetic surveys[END_REF]. These lowamplitude magnetic anomalies may be due to the highly fractionated gabbro intrusions underneath the detachment footwall [START_REF] Hosford | Crustal magnetization and accretion at the Southwest Indian Ridge near the Atlantis II fracture zone, 0-25 Ma: CRUSTAL MAGNETIZATION AND ACCRETION AT THE SWIR[END_REF]. When the degree of magmatism decreases, the magnetic anomalies over the OCCs show a progressively lower amplitude and the asymmetry between the conjugated flanks increases. Conversely, in amagmatic segments like on the easternmost SWIR, magnetic anomalies show ubiquitous low amplitudes, and no significant anomalies due to polarity reversals can be identified on both flanks because of the pure detachment spreading achieved by the "flip-flop" mechanism [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF][START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF].

Motivation, interest, and limitations of the magnetic studies 1.4.1 Motivation

As mentioned above, ultraslow spreading ridges show many peculiarities compared to faster spreading ridges, but they are still poorly understood due to sparse data coverage and largescale only investigations conducted so far. The OCCs and detachment faults reported on the SWIR show widely different structure and evolution: for instance, the Atlantis Bank OCC at 57°E displays a large corrugated surface overlying abundant gabbro intrusions whereas the easternmost amagmatic area shows smooth seafloor and pure detachment spreading [START_REF] Dick | A long in situ section of the lower ocean crust: results of ODP Leg 176 drilling at the Southwest Indian Ridge[END_REF][START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF]. The cause of this variety still needs to be confirmed: does the heterogenous along-axis magma supply determine the variable structure and evolution of OCCs? How should we interpret the complex and highly variable marine magnetic anomalies on the ultraslow spreading ridges, knowing that the detachment fault accretion strongly affects them? Is the conventional approach assuming a constant-thickness basaltic layer still applicable to model the magnetized crust and identify the magnetic polarity reversals under the condition of widespread mantle rock exhumation? Are the different spreading modes deciphered by the bathymetric analysis of the easternmost SWIR [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF] suitable for all the ultraslow spreading ridges, and what is the role of detachment faulting in determining the lithospheric evolution?

To answer these questions, in Chapter 2 we study three OCCs located on the SWIR, between Indomed and Gallieni fracture zones (FZs), by using near-seafloor magnetic data to explore the relationship between the local magma supply and the OCC structure and evolution. In Chapter 3 we design a three-layer magnetic modeling method to approach the complex crustal structure and interpret the variability of the sea-surface magnetic anomalies on ultraslow spreading ridges, with application on 4 contrasting SWIR profiles. In Chapter 4 we use this method to model the seafloor spreading modes of three ultraslow spreading ridges, namely the SWIR, GR, and MCSC, using sea-surface and aeromagnetic surveys.

Interest and limitations of marine magnetic studies

Magnetic data are widely used to study the structure, and evolution of oceanic basins, and for exploring potential mineral deposits, because magnetic surveys are cheap and quite easy to acquire, and many sea-surface data are already available. Magnetometers can be installed on deepsea, sea-surface, and even aerial platforms to obtain data at different scales and resolutions, making both detailed and regional studies achievable. The negligible influence of sea water on the magnetic signal makes the processing and inversion methods used on the continents fully suitable to marine magnetic data. Different rocks of the oceanic lithosphere with different degrees of fractionation present distinguishable magnetic properties. Physical and chemical processes encountered by these rocks, like faulting, hydrothermal alteration of basalt and serpentinization of peridotite, modify the type and amount of magnetic minerals, which in turn affect the rock magnetic properties. Nearly all lithospheric dynamic processes are recorded by the marine magnetic anomalies, making them an efficient tool to study oceanic structures and processes.

However, the temperature-dependance of the oceanic rock magnetization makes the magnetic data limited in resolving deep lithospheric structure beyond the Curie temperature of the magnetite (580°C). The intrinsic non-uniqueness of the potential fields limits the ability of magnetic methods to obtain an absolute thickness and magnetization for the different layers.

Magmatism is defined as the part of the crustal accretion accommodated by magma intrusions [START_REF] Buck | Modes of faulting at mid-ocean ridges[END_REF], so the thickness of brittle lithosphere should be considered during the calculation of magmatism because it determines the lateral length of magmatic seafloor that is practically used to calculate the magmatism for a given amount of magma intrusion [START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF]. However, the above-stated limitations of magnetics prevent us from computing estimates of the magmatism as previously defined for different ridge segments and only allow us to obtain an equivalent parameter for comparison among different OCCs and ultraslow spreading ridges.

The balance between the thickness of different layers and their magnetization means that we can adjust the thickness of an individual layer and reduce its magnetization accordingly and still properly model the observed magnetic anomalies. To alleviate this problem, we fix the thickness of the different layers and adjust their magnetization in time and along axis to reflect the off-axis alteration and the amount of axial melt production. 

Abstract

Oceanic core complexes (OCCs) and detachment faults play a key role in crustal accretion at slow and ultraslow spreading centers. We investigated the effect of different magma supply at three OCCs of the Southwest Indian Ridge using high-resolution deep-sea bathymetric and magnetic data. The average equivalent thickness of extrusive basalt deduced from the magnetic anomalies, a proxy for magma supply, decreases from west to east, from the Yuhuang (49.25°E) to Longqi (49.65°E) to Junhui (51.75°E) OCCs. Conversely, serpentinite outcrops become more abundant, the domal OCC morphology flattens as the footwall rotation (measured by the magnetization vector inclination) increases, and hydrothermal evidence becomes sparse.

Combined with results from the amagmatic easternmost Southwest Indian Ridge, our study shows that the magma supply controls the character and evolution of the OCCs and detachment faults on the Southwest Indian Ridge.

Introduction

As an essential constituent of slow and ultraslow spreading centers, oceanic core complexes (OCCs) result in asymmetric flanks, corrugated seafloor, and mantle-rock exhumation.

They have been found not only at magma-starved ridge segment ends [START_REF] Cann | Corrugated slip surfaces formed at ridge-transform intersections on the Mid-Atlantic Ridge[END_REF][START_REF] Blackman | Origin of extensional core complexes: Evidence from the Mid-Atlantic Ridge at Atlantis Fracture Zone[END_REF][START_REF] Tucholke | Megamullions and mullion structure defining oceanic metamorphic core complexes on the Mid-Atlantic Ridge[END_REF] but are widespread and account for 50% of the recent seafloor formed at the Mid-Atlantic Ridge [START_REF] Smith | Widespread active detachment faulting and core complex formation near 13° N on the Mid-Atlantic Ridge[END_REF][START_REF] Escartín | Central role of detachment faults in accretion of slow-spreading oceanic lithosphere[END_REF]. Numerical models suggest that magmatism plays a major role in the development of OCCs [START_REF] Buck | Modes of faulting at mid-ocean ridges[END_REF][START_REF] Tucholke | Role of melt supply in oceanic detachment faulting and formation of megamullions[END_REF][START_REF] Olive | The structure of oceanic core complexes controlled by the depth distribution of magma emplacement[END_REF]. In contrast, OCCs are still poorly known at ultraslowspreading ridges. An end member is the Southwest Indian Ridge (SWIR) east of Melville fracture zone, a nearly amagmatic spreading center that exposes smooth seafloor interpreted as the remnants of detachment fault (DF) footwalls [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF]. Seafloor spreading is purely tectonic there. Conversely, the SWIR exhibits a more robust magma supply farther west [START_REF] Sauter | The Southwest Indian Ridge between 49°15′E and 57°E: focused accretion and magma redistribution[END_REF]. In this area, between the Indomed and Gallieni fracture zones (Fig. 2.1A), the shallower 20 water depth and lower-mantle Bouguer anomaly indicate a thicker crust and hotter mantle, and the higher amplitude of the central magnetic anomaly, a thicker extrusive basalt layer. We used highresolution bathymetry and magnetic data to investigate three OCCs-the Yuhuang, Longqi, and Junhui OCCs-in this area and show that the morphology, magnetic signature, and evolution of these OCCs are closely related to the magma supply.

Data and Methods

Near-bottom bathymetry and magnetic data were acquired by the Qianlong II autonomous underwater vehicle (AUV) during the DY-43, DY-49, and DY-52 cruises from 2014 to 2020. The AUV collected data at an altitude of ∼100 m above seafloor, with a sampling interval of 1 m along lines 400 m apart. Noise introduced by attitude variation was reduced by the method of [START_REF] Wu | Correction of tri-axial magnetometer interference caused by an autonomous underwater vehicle near-bottom platform[END_REF], and the International Geomagnetic Reference Field (IGRF) model [START_REF] Thébault | International Geomagnetic Reference Field: the 12th generation[END_REF] was removed. The magnetic anomaly was gridded at a 100 m × 100 m interval and inverted to equivalent magnetization using a regularized minimum residual method (see details in the Supplemental Material) assuming a magnetized layer 100 m thick below the seafloor. Because the anomaly was measured on an uneven observation surface, and for the sake of resolution, we calculated the reduced-to-pole (RTP) magnetic anomaly by forward modeling from the equivalent magnetization [START_REF] Szitkar | The magnetic signature of ultramafic-hosted hydrothermal sites[END_REF].

Results

Geological Description of the OCCs

We interpreted the components of the three OCCs (breakaway, detachment surface, termination) on shipboard and AUV bathymetry following the criteria of [START_REF] Smith | Widespread active detachment faulting and core complex formation near 13° N on the Mid-Atlantic Ridge[END_REF].

Yuhuang OCC (Fig. 2.1B; Fig. S2.1 in the Supplemental Material) strikes in an east-northeast direction, slightly oblique to the east-west axial volcanic zone. It extends ∼6 km along the spreading direction and drops ∼1.5 km in elevation from breakaway to termination. The termination separates volcanic terrains to the north and the detachment surface where serpentinite samples were dredged. Farther south, a chaotic volcanic area, where dredges recovered basalt, hosts a hydrothermal field with large sulfide deposits (Tao et al., 2014;[START_REF] Liao | Bulk geochemistry, sulfur isotope characteristics of the Yuhuang-1 hydrothermal field on the ultraslowspreading Southwest Indian Ridge[END_REF]. Longqi OCC (Fig. Longqi-1 was found on the hanging wall [START_REF] Tao | Deep hightemperature hydrothermal circulation in a detachment faulting system on the ultra-slow spreading ridge[END_REF][START_REF] Tao | First active hydrothermal vents on an ultraslow-spreading center: Southwest Indian Ridge[END_REF], whereas inactive site Longqi-3 was found in the chaotic area separating the detachment surface and the breakaway. Farther south, an older volcanic zone and a large DF are identified on the regional bathymetry (Fig. S2.1). Junhui OCC (Fig. 2.1D; Fig. S2.1), the easternmost OCC, extends ∼9 and ∼6 km along and across axis, respectively. The detachment footwall is quite flat. Mass wasting is observed in the middle of the area, and smooth seafloor is tentatively identified to the west (Fig.

2.1D

). Basalt has been dredged east of the area, and serpentinite on the detachment surface only.

No hydrothermal field has been reported to date.

Magnetization Inclination and Footwall Rotation

The magnetization acquired by young oceanic basalt at mid-ocean ridges within the last million years is approximately parallel to the present-day geomagnetic field. However, the magnetization vector direction can be affected by subsequent tectonics, such as DFs, as observed on the Mid-Atlantic Ridge at 26°N [START_REF] Szitkar | Near-seafloor magnetics reveal tectonic rotation and deep structure at the TAG (Trans-Atlantic Geotraverse) hydrothermal site (Mid-Atlantic Ridge, 26°N)[END_REF][START_REF] Szitkar | Detachment tectonics at Mid-Atlantic Ridge 26[END_REF]. It is difficult to estimate the footwall rotation at the observed OCCs in the absence of any specific structural or paleomagnetic measurements (e.g., [START_REF] Morris | Footwall rotation in an oceanic core complex quantified using reoriented Integrated Ocean Drilling Program core samples[END_REF]. To address this problem, we explored the full range of possible remanent magnetization directions, calculated their corresponding RTP anomalies, and selected the range of inclinations that make the anomalies centered on its causative source, in general basaltic features such as the linear breakaways. OCC footwall rotation axes are generally orthogonal to the spreading direction; i.e., broadly east-west for the broadly north-southspreading SWIR. Following the dipole field hypothesis, the magnetization vector trends north and its rotation around a perpendicular axis allows the rotation angle to be estimated directly from the inclination data. The inclinations that properly deskew the observed anomalies are approximately -75° to -105° (average -90°), -75° to -120° (average -97.5°), and -85° to -135° (average -110°) for the Yuhuang, Longqi, and Junhui OCCs, respectively. Because the inclination of the dipole field is -57° in the area, we estimate the amount of rotation as 33° ± 15°, 40.5° ± 22.5°, and 53° ± 25° for the Yuhuang, Longqi, and Junhui OCCs, respectively.

RTP Magnetic Anomaly

The RTP anomaly over the Yuhuang OCC trends northeast-southwest, parallel to the structural orientation (Figs. 2.1B and 2.1E). The strong linear positive anomaly separates the area into three parts, from north to south: (1) a low and slightly negative anomaly reflecting the weak induced magnetization of recovered serpentinites; (2) a strong positive linear anomaly associated with basalt, suggesting that the contrast in magnetic signature with the northern part corresponds to a lithological boundary; and (3) strong negative anomalies associated with basalt, suggesting that the transition corresponds to a polarity boundary, most likely the Brunhes-Matuyama boundary (0.78 Ma; e.g., [START_REF] Cande | Revised calibration of the geomagnetic polarity timescale for the Late Cretaceous and Cenozoic[END_REF]. The OCC therefore initiated in the late stage of the Matuyama period.The RTP anomaly over the Longqi OCC is generally oriented east-west (Figs.

2.1C and 2.1F). In the northwestern corner, around the Longqi-1 hydrothermal vent, a strong positive anomaly indicates recent and abundant volcanism. A weak negative magnetic anomaly characterizes serpentinite and the detachment surface. Farther south, the breakaway, a bathymetric high with basalt outcrops, is marked by three east-west-lineated anomalies: from north to south, a weak positive anomaly, a strong negative anomaly, and a strong positive anomaly. We interpret this succession of anomalies as a geomagnetic polarity sequence recorded by the remanent magnetization of basalt. The transitions north and south of the strong negative anomaly correspond to the polarity reversals between the Brunhes and Matuyama periods (0.78 Ma) and between the younger part of the Matuyama period and the Jaramillo normal episode (0.99 Ma), respectively.

The southern side of the strong positive anomaly thus records the older end of the Jaramillo episode (1.07 Ma) and is therefore underlain by basalt, although no sample is available to confirm this hypothesis. The Jaramillo anomaly further continues to the west (Fig. 2.1F), as interpreted by [START_REF] Wu | An intermittent detachment faulting system with a large sulfide deposit revealed by multi-scale magnetic surveys[END_REF]. The elevated area extending farther south toward the termination of the older DF is also probably made of volcanics formed during the Matuyama period [START_REF] Tao | Deep hightemperature hydrothermal circulation in a detachment faulting system on the ultra-slow spreading ridge[END_REF].

Conversely, the weaker transition observed north of the weak positive anomaly corresponds to the lithological transition between serpentinites and basalt. These observations indicate that the OCC initiated during the Jaramillo episode between 0.99 and 1.07 Ma. The RTP anomaly over the Junhui OCC (Figs. 2.1D and 2.1G) shows weak negative anomalies. In the west, the inferred smooth seafloor does not display any significant signal. In the southeastern corner of the area, a negative east-west anomaly near the breakaway is interpreted as a polarity boundary, suggesting that this OCC also initiated during the late Matuyama period. Northward, the lithological boundary between basalt and serpentinite is inferred from a weak east-west anomaly.

Modeling

Extrusive basalt is the dominant source of marine magnetic anomalies, with additional contribution of the deeper crust and/or uppermost mantle at slower spreading rates (e.g., [START_REF] Dyment | Spreading-rate-dependent magnetization of the oceanic lithosphere inferred from the anomalous skewness of marine magnetic anomalies[END_REF][START_REF] Dyment | Contribution of serpentinized ultramafics to marine magnetic anomalies at slow and intermediate spreading centres: insights from the shape of the anomalies[END_REF]. Magnetics therefore offer an indirect means to evaluate the amount of basalt and other magmatic products, and, in fine, to approach the amount and rate of magma supply for comparison among our study areas. To this end, we use forward modeling to compute the thickness of extrusive basalt that best explains the observed anomalies.

However, in order to alleviate the fundamental non-uniqueness of potential-field methods, we adopted several simplifying hypotheses to determine what we call the equivalent thickness of extrusive basalt (ETB); i.e., the thickness of extrusive basalt if our simplifying hypotheses were correct. We assume that (1) the magnetized crust is 1 km thick beneath the seafloor-indeed, deeper sources have negligible magnetic effect at 100 m altitude; (2) the magnetized crust is made of two layers (an extrusive basalt layer overlying a serpentinite layer); (3) the basalt layer bears only thermo-remanent magnetization of 15 A/m (see section C in the Supplemental Material); and

(4) the serpentinite layer bears only induced magnetization of 2 A/m (e.g., Oufi, 2002a). We neglected geological features that do not have a significant magnetic effect. For instance, rubbles on the detachment surface are randomly oriented, therefore the contribution of their magnetization to the anomaly cancels out. The deformed fault zone may bear a consistent magnetization acquired during frictional heating, but its thickness is negligible. Within the above hypotheses, we adjusted the depth of the basalt-serpentinite interface, reflected by the thickness of the basalt layer, to account for the RTP anomaly. On detachment surfaces, the ETB is generally negligible, <100 m thick. The polarity of the basalt remanent magnetization is set to normal (respectively reversed)

where the RTP anomaly is positive (respectively negative) (Fig. S2.3).

The modeling results indicate that the synthetic and observed anomalies are in good agreement (Fig. 2). We estimate the average amount of basalt from the ETB (See Data Repository Section D) to 77.4±10.7 m (Yuhuang), 68.5±14.2 m (Longqi), and 30.1±22.1 m (Junhui). The amount of basalt decreases gradually from Yuhuang to Longqi to Junhui OCCs. As the spreading rate is the same for the three OCCs, these values are representative of the magma supply. The Yuhuang OCC is more magmatic than the Longqi OCC, and much more magmatic than the Junhui OCC. Locations of these sections are indicated as black vertical lines labeled 1 (panels A-C) and 2 (panels G-I) on the maps in the middle column (panels D-F). These maps display modeled RTP anomaly (color) superimposed on bathymetry (shadows). See text for details on forward modeling.

The ETB varies in average (on sections) from 16% (Yuhuang and Longqi) to 10% (Junhui) of the 500 m-thick basalt layer of standard oceanic crust, suggesting that this proportion of the crustal accretion is magmatic in the study area. This estimate only reflects the crustal accretion on the SWIR southern flank, as no clear OCC appears on the shipboard multibeam bathymetry of the northern flank for the considered period. In absence of high resolution bathymetric and magnetic data, no inference can be drawn for this flank, and therefore the whole area, for the last ~1.5 Ma.

Discussion

Our observations and results suggest that the geology and magnetic signature of the OCCs are causally linked to the magma supply. In decreasing order of magma supply, from the Yuhuang to Longqi to Junhui OCCs, we observe (1) gradually flattening footwall surfaces as reflected by the increasing footwall rotation angles, (2) more abundant serpentinite outcrops, and (3) less evidence of hydrothermalism, whereas (4) the RTP anomalies related to magnetic polarity become weaker, less linear, and cover less area. For even lower magma supply, previous studies of the easternmost SWIR in a nearly amagmatic environment [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF][START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF] showed smooth footwall surfaces made of serpentinite on both flanks, with consistently weak magnetic anomalies. Figure 3 presents four schematic sections in decreasing order of magmatism. The more magmatic Yuhuang OCC (Fig. 2.3A) is probably underlain by strong gabbroic cores resulting from the capture of gabbroic bodies by the footwall near the lithosphere-asthenosphere boundary, as reflected by its broad dome morphology and smaller footwall rotation [START_REF] Macleod | Life cycle of oceanic core complexes[END_REF]. At the less magmatic Longqi OCC (Fig. 2.3B), the footwall may include fewer gabbro bodies, resulting in a less-marked dome structure [START_REF] Ciazela | Mantle rock exposures at oceanic core complexes along mid-ocean ridges[END_REF], although hot gabbro bodies have not been detected so far by seismic methods in this area [START_REF] Tao | Deep hightemperature hydrothermal circulation in a detachment faulting system on the ultra-slow spreading ridge[END_REF]. Furthermore, the observation of two OCCs and an intermediate volcanic zone supports the alternance of detachment and magmatic spreading. The even less magmatic Junhui OCC (Fig. 2.3C) shows a flatter and longer serpentinite outcrop, suggesting that the footwall captures only rare gabbroic bodies. For amagmatic spreading as at the easternmost SWIR (Fig. 2.3D), the footwall of the DF is not even defined as an OCC sensu stricto because it does not display the typical dome morphology due to its exclusive serpentinite composition. There, DFs are purely tectonic, with the previously active DF being terminated by the initiation, across its footwall, of a new DF with opposite slope [START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF]. 

Conclusion

Our results suggest that magmatism and tectonics are controlling, in various degrees, the Yuhuang, Longqi, and Junhui OCCs, which all initiated in response to a decreasing magma supply at the ridge axis and will probably cease development as magmatism gradually resumes. The magma supply affects characters of the OCCs such as morphology, serpentinite outcrops and underlaying gabbro bodies, hosted hydrothermal vents, and the magnetic signature. Magmatism in this area results in the initiation and termination of detachments separated by magmatic spreading periods, in alternance. Conversely, amagmatic spreading results in the purely tectonic exhumation of serpentinite on alternating DFs, as observed in the easternmost SWIR. The variability of OCCs and DFs along ultraslow spreading centers may reflect the heterogeneity of the along-axis magma supply and therefore offers a proxy to this parameter. 

B) Mathematics of inversion method

With the assumption that magnetization in an individual prism is constant, the inversion problem can be described as searching an optimized solution of a linear Euler Equation:

d Am = . ( 1 
)
where d is observed magnetic data, A is a linear operator linking the data space and model space, m is the targeted parameter model. To reduce the unavoidable non-uniqueness during the solving process, a regularized objective function is constructed:

2 2 0 ( ) ( ) f m Am d W m m  = - + - . (2) 
W is a smooth constrain weight that is made of finite-difference of every point [START_REF] Li | 3-D inversion of magnetic data[END_REF],  is regularized constant to control the speed of convergence and balance the weight between misfit function (front panel) and stable function (latter panel) and 0

m is an original model that was set up to zero here. The optimized solution was gotten when the objective function got minimal value. The inversion problem was then converted to find the minimal value of the objective function. To find the optimized m making the objective function minimum, we calculate the derivative of () fm:

( ) 2 ( ) 2 0 TT f m A Am d W Wm  = -+ = . (4)
Then we get a new Euler equation as follow:
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We introduce a new linear operator L

TT L A A W W  =+ . (6)
Then the equation ( 5) is rewritten as:

T A d Lm = (7)
Thus, equation ( 7) can be solved with minimal residual iterative schematic 1 0,1, 2,...,

n n n n m m k I n + = - = (8) 
under the condition that L is a linear positive determined operator and m is linear Hilbert Space [START_REF] Zhdanov | Inverse theory and applications in geophysics[END_REF]. In the formulae (8), or the misfit tends to be stable for several iterations.

C) Contribution of serpentinite and gabbro to the magnetic anomalies in models

Some magnetite-rich serpentinite may have a role in shaping marine magnetic anomalies.

Most rock magnetic property studies of dredged or drilled oceanic serpentinite samples, however, emphasize their relatively lower Koenigsberger ratio (~1) with respect to basalt (>10) and therefore the predominance of induced magnetization over remanent magnetization for these samples (e.g., [START_REF] Oufi | Magnetic properties of variably serpentinized abyssal peridotites[END_REF][START_REF] Maffione | Magnetic properties of variably serpentinized peridotites and their implication for the evolution of oceanic core complexes[END_REF]Chen et al., 2021). This observation is further confirmed by the smooth and low amplitude magnetic anomalies observed where serpentinite samples have been dredged in our study areas. Although our knowledge on the serpentinization and the magnetic properties of the newly-formed magnetite remains quite limited, these observations suggest that the slow and progressive alteration of outcropping peridotite does not result in magnetite bearing a significant remanent magnetization but mostly an induced magnetization. Conversely, serpentinites formed at high temperature in highly fractured and permeable environments, such as at hydrothermal sites, do locally exhibit a strong remanent magnetization (e.g., [START_REF] Szitkar | Near-seafloor magnetic signatures unveil serpentinization dynamics at ultramafic-hosted hydrothermal sites[END_REF]. The occurrence of such serpentinite is rare and only local. As our study areas do not show any serpentinite-hosted hydrothermal sites, we are not considering a significant remanent magnetization for the serpentinite in our magnetic models. Our simple models do not take into account complexities related, for instance, to variable degrees of serpentinization, and the assumption of a uniform 2 A/m induced magnetization for the serpentinite is acknowledge by a simplification.

Another simplification of our modeling exercise is it does not consider gabbro as a separate contributor to the magnetic anomalies. The effect of gabbro underlying basalt in the magmatic crust just adds a modest contribution to that of basalt and is accounted for in the modeled basalt magnetization. The effect of exhumed gabbro bodies beneath the detachment surface is modelled as if it is due to basalt as well, which somehow accounts for their faster cooling and presumably higher magnetization with respect to the gabbro underlying magmatic crust.

D) A constraint on the absolute remanent magnetization of the extrusive basalt layer

The forward modeling exercise described in the "Modeling" subsection of the "Results" section was initially attempted with a constant remanent magnetization of extrusive basalt of 8 A/m, all other parameters being kept similar. It provided reasonable results for the Yuhuang and Junhui OCCs but led to a difficulty on the Longqi OCC, where the very strong anomaly associated to the Jaramillo episode near the breakaway of the OCC could not be accommodated with the given modelling conditions. Assuming an 8 A/m remanent magnetization for the basaltic layer in this area requires this layer to be anomalously thick, close to 1000 m, to account separately for either the positive or the negative observed anomalies. However, juxtaposing two thick sources of opposite polarity would result in cancelling out the effects of their deeper part at the observation point on the AUV track, 100 m above seafloor. Proper modelling of this anomaly requires a basaltic layer not thicker than 500 m, which can only be achieved with a remanent magnetization intensity of at least 15 A/m, which was finally chosen and presented in Figure 2. It should be noted that the analysis of this anomaly therefore constrains the maximum thickness of the basalt layer on the breakaway associated to the Jaramillo episode on Longqi OCC but also offers a suitable value of the remanent magnetization of basalt for this area. Because the OCCs investigated in this study were formed at about the same period, we have no reason to adopt different magnetization intensities and modified our initial hypothesis of 8 A/m to 15 A/m for all three of them. This anomaly therefore offered a mean to constrain the absolute magnetization of basalt in this area given our simplifying assumptions.

E) Amount of extrusive basalt on the three OCCs

We estimate the amount of extrusive basalt AEB for each area along the representative sections shown in Fig. 2A-C and G-I by dividing the ETB integrated on the section by the length of the section. This parameter AEBsection varies in average from 82.9 m (Yuhuang) to 81.7 m (Longqi) to 52.1 m (Junhui). However, to alleviate possible local variations on sections, we prefer to estimate the amount of extrusive basalt for each area on the whole grids shown in Fig. 2D-F by dividing the ETB integrated on the grid by the area of the grid. This parameter AEBgrid varies from 77.4 m (Yuhuang) to 68.5 m (Longqi) to 30.1 m (Junhui). Both determinations from grids and across-axis sections integrate the processes in time, unlike (for instance) along-axis profiles that would represent snapshots at given (and poorly known) times. We consider the value computed from the grid as more representative of the average amount of basalt for each investigated area, and we use the variation among values determined from a series of across-axis sections to estimate the uncertainty. We therefore evaluate the uncertainties on AEBgrid by computing AEBsection on the across-axis sections shown in the following figure. The final estimates of AEBgrid are 77.4±10.7 m (Yuhuang), 68.5±14.2 m (Longqi), and 30.1±22.1 m (Junhui). 

G) Hydrothermal fields and plume locations

Evaluate footwall rotation during the calculation of RTP magnetic anomaly

The magnetization acquired by young oceanic basalt at mid-ocean ridges within the last million years is approximately parallel to the present-day geomagnetic field. However, the magnetization vector direction can be affected by subsequent tectonics, such as DFs, as observed on the Mid-Atlantic Ridge at 26°N [START_REF] Szitkar | Near-seafloor magnetics reveal tectonic rotation and deep structure at the TAG (Trans-Atlantic Geotraverse) hydrothermal site (Mid-Atlantic Ridge, 26°N)[END_REF][START_REF] Szitkar | Detachment tectonics at Mid-Atlantic Ridge 26[END_REF]. It is difficult to estimate the footwall rotation at the observed OCCs in the absence of any specific structural or paleomagnetic measurements (e.g., [START_REF] Morris | Footwall rotation in an oceanic core complex quantified using reoriented Integrated Ocean Drilling Program core samples[END_REF].

To address this problem, we explored the full range of possible remanent magnetization directions, calculated their corresponding RTP anomalies, and selected the range of inclinations that make the anomalies centered on its causative source, in general basaltic features such as the linear breakaways. OCC footwall rotation axes are generally orthogonal to the spreading direction; i.e., broadly east-west for the broadly north-south-spreading SWIR. Following the dipole field hypothesis, the magnetization vector trends north and its rotation around a perpendicular axis allows the rotation angle to be estimated directly from the inclination data. The inclinations that properly deskew the observed anomalies are approximately -75° to -105° (average -90°), -75°

to -120° (average -97.5°), and -85° to -135° (average -110°) for the Yuhuang, Longqi, and Junhui OCCs, respectively. Because the inclination of the dipole field is -57° in the area, we estimate the amount of rotation as 33° ± 15°, 40.5° ± 22.5°, and 53° ± 25° for the Yuhuang, Longqi, and Junhui OCCs, respectively. Figure 2.4 shows an example of the Longqi area. We can find that the RTP anomalies calculated from the inclination -75°--120° correlate well with the geological features interpretated in above. The near-seafloor magnetic data show the effect of the OCCs on the marine magnetic anomalies with exhumed peridotite generally bearing a weak induced magnetization resulting in a locally weaker magnetic anomaly and a disturbed record of the geomagnetic polarity. However, the effect of the many OCCs on sea-surface magnetic anomalies is, at this stage, not well-defined.

Sea-surface magnetic anomalies are identifiable over some OCCs but unidentifiable on the others.

Magnetic studies on the SWIR at 64°E and on the Mid Cayman Spreading Center both present strong variations of the sea-surface magnetic anomalies on flanks that are dominantly accreted by detachment faulting [START_REF] Searle | Asymmetric generation of oceanic crust at the ultra-slow spreading Southwest Indian Ridge, 64[END_REF]Hayman et al., 2011). Conversely, the magnetic anomalies over the Atlantis Bank OCC display a recognizable shape and a rather strong amplitude [START_REF] Dick | A long in situ section of the lower ocean crust: results of ODP Leg 176 drilling at the Southwest Indian Ridge[END_REF][START_REF] Hosford | Crustal magnetization and accretion at the Southwest Indian Ridge near the Atlantis II fracture zone, 0-25 Ma: CRUSTAL MAGNETIZATION AND ACCRETION AT THE SWIR[END_REF]. The cause of this discrepancy and how the detachment fault accretion influence the sea-surface magnetic anomalies will be discussed in the next chapter.

Introduction

Magnetic studies at the Southwest Indian Ridge (SWIR) show that magnetic Chrons are scarcely identifiable in some areas [START_REF] Patriat | A Survey of the Southwest Indian Ridge Axis Between Atlantis II Fracture Zone and the Indian Ocean Triple Junction: Regional Setting and Large Scale Segmentation[END_REF][START_REF] Cannat | Formation of the axial relief at the very slow spreading Southwest Indian Ridge (49° to 69°E)[END_REF][START_REF] Patriat | From slow to ultraslow: A previously undetected event at the Southwest Indian Ridge at ca. 24[END_REF][START_REF] Bronner | Magnetic signature of large exhumed mantle domains of the Southwest Indian Ridgeresults from a deep-tow geophysical survey over 0 to 11 Ma old seafloor[END_REF]. One interpretation is that the ultraslow spreading rate shortens the intervals between adjacent magnetic polarity boundaries and makes them contaminate each other [START_REF] Tivey | Magnetization of 0-29 Ma ocean crust on the Mid-Atlantic Ridge, 25°30′ to 27°10′N[END_REF]. Another factor that may affect the anomalies at slow and ultraslow spreading centers is spreading through extension on detachment faults. The impact of detachment faults on marine magnetic anomalies tightly depends on the local degree of magmatism. The study of highresolution deep-sea magnetic and bathymetric data at three oceanic core complexes (OCCs) shows that magmatism influences the structure and evolution of the OCCs, which in turn generates different magnetic anomalies (Zhou et al., 2022). Sea-surface magnetics at the amagmatic easternmost SWIR display ubiquitously weak anomalies without any clear isochrons [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Magnetization of 0-26[END_REF], whereas magnetic anomalies at the more magmatic segments near Atlantis II fracture zone (FZ) are readily defined even over detachment surfaces [START_REF] Hosford | Crustal magnetization and accretion at the Southwest Indian Ridge near the Atlantis II fracture zone, 0-25 Ma: CRUSTAL MAGNETIZATION AND ACCRETION AT THE SWIR[END_REF][START_REF] Bronner | Magnetic signature of large exhumed mantle domains of the Southwest Indian Ridgeresults from a deep-tow geophysical survey over 0 to 11 Ma old seafloor[END_REF]. In this study, we attempt to simulate the variability of sea-surface magnetic anomalies by using a three-layer magnetic crustal structure with variable degrees of magmatism. The forward modeling results indicate that seafloor spreading at detachment faults weakens or erases the magnetic anomalies at lower degrees of magmatism. When magmatism increases, intrusive gabbro bodies underlying the detachment footwall record the geomagnetic polarity and form clearer magnetic anomalies. Conversely, we model the magnetic crustal structure along observed sea-surface magnetic profiles from segments of the SWIR showing different degrees of magmatism. This approach provides a new way to investigate the off-axis crustal structure from magnetics.

Method

In our model, sea-surface magnetic anomalies are assumed to arise from a 3 km magnetized layer made of basalt, gabbro, and serpentinized peridotite. For magmatic crust, the basalt, gabbro, After assigning the thickness and magnetization of every layer for each type of spreading (magmatic and along detachment faults), we laterally divide every layer into prisms (100 m wide in forward models of Fig 3 .2). We compute the magnetic signal at each observation point by adding the contributions of all the three-layer prism units with different depth, thickness, and uniform magnetization. The contribution is calculated by using the formulas of [START_REF] Bhattacharyya | MAGNETIC ANOMALIES DUE TO PRISM-SHAPED BODIES WITH ARBITRARY POLARIZATION[END_REF], assuming that each prism extends infinitely in the orthogonal direction (2D forward modeling).

For the forward modeling, we apply a constant half-spreading rate of 7 km/Myr and calculate the location of the geomagnetic polarity reversal boundaries, that is, the seafloor spreading Chrons, according to the timescale of [START_REF] Cande | Revised calibration of the geomagnetic polarity timescale for the Late Cretaceous and Cenozoic[END_REF]. Conversely, for the modeling of observed profiles we adjust the location of every Chron within a reasonable range to better fit the observed data and further calculate the spreading rate during each period.

Results

Parameters considered in this study include the ratio between detachment fault and magmatic crustal accretion and the thickness and magnetization of magnetized layers or gabbro bodies intruded into the detachment fault footwall. The local effects of alteration processes like maghemitisation of titanomagnetite that decreases the magnetization of basalt (e.g., [START_REF] Tivey | Reduced crustal magnetization beneath the active sulfide mound, TAG hydrothermal field, Mid-Atlantic Ridge at 26°N[END_REF] and serpentinization that increases the magnetization of peridotite (e.g., [START_REF] Szitkar | The magnetic signature of ultramafic-hosted hydrothermal sites[END_REF] at hydrothermal sites are not considered, because they generate a negligible signal on sea-surface magnetic data. We aim at investigating the effect of detachment faults on sea-surface magnetic anomalies, so the degree of magmatism M defined as the ratio of basalt exposure over the entire across-axis seafloor [START_REF] Buck | Modes of faulting at mid-ocean ridges[END_REF], the thickness and the magnetization of intrusive gabbro bodies in the detachment footwall are of primary concern.

Variation of Degree of Magmatism

The degree of magmatism M determines the modes of faulting on the seafloor, which in turn influence the expression of marine magnetic anomalies. As Figure 1 shows, we set up crustal models with M varying between 0.1, 0.3, 0.5, 0.7, and 0.9. The intrusive gabbro bodies are more abundant within the detachment fault footwall for higher M [START_REF] Ciazela | Mantle rock exposures at oceanic core complexes along mid-ocean ridges[END_REF], as confirmed by two end-members, the more magmatic Atlantis Bank, where the whole footwall is made of gabbro [START_REF] Dick | A long in situ section of the lower ocean crust: results of ODP Leg 176 drilling at the Southwest Indian Ridge[END_REF], and the amagmatic easternmost SWIR, where only rare gabbro bodies are outcropping [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF][START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF].

The results (Fig 3.1) show that, when the degree of magmatism and abundance of intrusive gabbro bodies increase, the forward reduced-to-the-pole magnetic anomaly better records the overwhelmed by gabbro intrusions, so that all magnetic polarity intervals are well recovered even over the detachment fault.

Covariance of Parameters

These results show that the abundance of intrusive gabbro bodies is an essential parameter controlling the proper record of the magnetic polarity sequence. The amount of intrusive gabbro in the detachment footwall is determined by the given value of M, and so their intensity of magnetization and thickness decides on the capability of the crust to record the magnetic polarity reversals. We compute magnetic anomalies by using varying magnetization and thickness of the gabbro bodies for each degree of magmatism M and compare them quantitatively with the anomalies computed for a purely magmatic crust (i.e., the reference anomaly model) in order to obtain correlation coefficients. As Fig 3 .2 shows, for a given magnetization and thickness, higher correlation coefficients are obtained for higher M, that is, more magmatic seafloor. In general, when M ≥ 0.7, the magnetic anomalies present a strong correlation to the reference anomaly model, whereas when M is down to 0.1, no relation can even be inferred between this anomaly and the reference anomaly model. At a given degree of magmatism, the correlation coefficients only slightly increases when the thickness of the intrusive gabbro bodies increases from 100 to 1,500 m (Fig 3 .3b). The variation of magnetization is more complicated, with the correlation increasing with gabbro magnetization at low values then, after a maximum (e.g., 10 A/m for M = 0.3 and 0.5 or 8 A/m for M = 0.7), decreasing above this value. This decreasing correlation may reflect the increasing contrast of magnetization between footwall gabbro bodies and serpentinite, whose contribution primarily depends on the gabbro body distribution. varying thickness of the intrusive gabbro bodies.

Inverse Modeling of Observed Magnetic Anomaly Profiles

The previous forward modeling exercise shows us possible magnetic signatures associated with different geological patterns. (a) The magmatic crust properly records the shape and amplitude of the magnetic anomalies; (b) Detachment footwall exclusively made of serpentinized peridotite does not properly record any magnetic anomaly; (c) The intrusive gabbro bodies beneath the detachment footwall have a variable capability to record magnetic anomalies depending on the degree of magmatism: the more magmatism, the better shape, and higher amplitude of the anomalies; (d) The conjunction of a polarity transition and a detachment footwall results in reduced amplitude of the main magnetic anomalies and eventual loss of short polarity events.

We can accordingly examine if the modeling method is able to infer the crustal structure of observed magnetic profiles. We assume the magnetization of gabbro to be 2 A/m in magmatic crust and 3 A/m when underlying a detachment fault, to reflect the faster cooling of the latter.

Peridotite is assigned a low induced magnetization of 0.2 A/m. The dipole hypothesis applies for long periods and declination is not considered. Inclination is set to -75°, close to the -71° measured by paleomagnetism on drilling site 735B at Atlantis Bank [START_REF] Dick | A long in situ section of the lower ocean crust: results of ODP Leg 176 drilling at the Southwest Indian Ridge[END_REF]. The magnetization of basalt near and far away from the ridge axis is adjusted to fit the observed anomalies. Once the type of crust and thickness of the various layers assigned, we adjust the polarity boundaries to better fit the forward-modeled magnetic anomaly to the observed one. We try to fulfill the condition that the full spreading rate of the SWIR should remain constant at ∼14 km/Myr [START_REF] Patriat | A Survey of the Southwest Indian Ridge Axis Between Atlantis II Fracture Zone and the Indian Ocean Triple Junction: Regional Setting and Large Scale Segmentation[END_REF][START_REF] Patriat | From slow to ultraslow: A previously undetected event at the Southwest Indian Ridge at ca. 24[END_REF], which means that a lower spreading rate on one flank should be compensated by a higher one on the conjugate flank.

After modeling the crustal structure of each profile, we estimate the degree of magmatism M (i.e., the ratio of magmatic crust along a profile over the entire length of the profile). Profiles on [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF], observed magnetic anomalies (blue) show low amplitude (<200 nT), central magnetic anomaly is absent and no magnetic Chron can be identified.

We therefore set up the model with only detachment footwall with a few gabbro intrusions under relatively higher amplitude magnetic anomalies. The computed magnetic anomaly (red) fits the observed anomaly well (blue), meaning that the model offers an acceptable solution although such a solution is intrinsically non-unique.

Further west (Fig 3.3b), the profile (55.2°E) lies between the Gallieni and Atlantis II FZs where several transform faults and large non-transform discontinuities separate the ridge into a series of short segments [START_REF] Sauter | The Southwest Indian Ridge between 49°15′E and 57°E: focused accretion and magma redistribution[END_REF][START_REF] Sauter | Ridge segmentation and the magnetic structure of the Southwest Indian Ridge (at 50°30′E, 55°30′E and 66°20′E): Implications for magmatic processes at ultraslow-spreading centers[END_REF]. East of the Atlantis II FZ, Atlantis Bank is a large oceanic core complex on the footwall of which only gabbro was observed and drilled [START_REF] Dick | A long in situ section of the lower ocean crust: results of ODP Leg 176 drilling at the Southwest Indian Ridge[END_REF]. The crustal accretion model is adjusted according to our relationship between magnetic anomalies and geological patterns. The strong central magnetic anomalies at the ridge axis and on Chron C5 should correspond to magmatic crust. The flat anomalies over Chron C2A on the southern flank are characteristic of reduced amplitude associated with detachment fault, and contrast with the broad positive anomaly reflecting magmatic crust on the conjugate northern flank. North of this magmatic crust, the magnetic anomaly shows near-zero amplitude except for a small oscillation over Chron C3n, so this accretion period is probably accommodated by a detachment fault with gabbro intrusions near C3n.

On the conjugate southern flank, a broad C3n anomaly with low amplitude and a large C3An anomaly are observed, which correspond to a long period of magmatic spreading. We find accordingly that the crustal accretion deduced from magnetic anomalies in this region is similar to the evolution of the SWIR at 64°E, where the magmatic crust and detachment fault spreading happen alternately on conjugate flanks [START_REF] Searle | Asymmetric generation of oceanic crust at the ultra-slow spreading Southwest Indian Ridge, 64[END_REF]. Based on the same criteria, we assign magmatic crust during Chrons C4 and C5 on the northern flank with an intermediate episode of detachment accretion. On the conjugate southern flank, magmatic crust was formed during Chron C5 and was followed by a short period of detachment spreading. Magmatic crust corresponding to a broad anomaly was created during Chron C5A. Older off-axis crust displays weaker anomalies, because the magnetic minerals have been altered by pervasive hydrothermal circulation while the crust was progressively blanketed by sediments (e.g., [START_REF] Petersen | Low temperature alteration of the magnetic minerals in ocean floor basalts[END_REF][START_REF] Tivey | Magnetization of 0-29 Ma ocean crust on the Mid-Atlantic Ridge, 25°30′ to 27°10′N[END_REF]. These weaker anomalies, usually older than 10 Ma [START_REF] Dyment | Global equivalent magnetization of the oceanic lithosphere[END_REF] do not provide much constraints. The magnetization of basalt for this profile is set to 12 A/m and 3 A/m near and far away from the ridge axis, respectively. The estimated degree of magmatism M is 0.61 in this area, close to the range of values (0.3-0.5) favorable to the development of detachment faults obtained from numerical modeling [START_REF] Tucholke | Role of melt supply in oceanic detachment faulting and formation of megamullions[END_REF]. The area between Indomed and Gallieni FZs displays the most magmatic segments of the SWIR, with the lowest mantle Bouguer gravity anomaly and Na8.0 content in basalt samples, the highest amplitude of the central magnetic anomaly, and the thickest crust [START_REF] Sauter | The Southwest Indian Ridge between 49°15′E and 57°E: focused accretion and magma redistribution[END_REF][START_REF] Sauter | The ultraslow spreading Southwest Indian Ridge[END_REF]. In this area, we select two sea-surface magnetic anomaly profiles, one (Fig 3.3c) across the Longqi OCC [START_REF] Wu | An intermittent detachment faulting system with a large sulfide deposit revealed by multi-scale magnetic surveys[END_REF], and the other (Fig 3.3d) in the middle of magmatic spreading segment 27 (Chen et al., 2021). We construct the crustal accretion model for the western less magmatic area (Fig 3.3c). Over the Longqi OCC, on the southern flank, the magnetic anomaly shows low amplitude with a small peak corresponding to Chron C2n, which may be recorded by an intrusive gabbro body on the footwall of the detachment, whereas a large magnetic anomaly with amplitude comparable to that of the central magnetic anomaly C1n should be related to magmatic crust on the conjugate northern flank. With the same alternance, a long stripe of magmatic crust, corresponding to Chrons C2Ar to C4n, comes up on the southern flank and exhibits well-defined magnetic anomalies; a detachment fault is inferred on the northern flank, although its geometry departs from the typical detachment geometry (e.g., [START_REF] Smith | Widespread active detachment faulting and core complex formation near 13° N on the Mid-Atlantic Ridge[END_REF].

Chron C5 displays clear magnetic anomalies on both flanks, resulting from magmatic crust. Given the distribution of magmatic and tectonic crust, the degree of magmatism M is 0.63 in this region.

The magnetization of basalt near and away from ridge axis is 15 A/m and 6 A/m, respectively. A large asymmetry of 77% is observed between Chrons C2 and C2A flank at the expense of the northern flank, corresponding to the development of the Longqi detachment fault on the southern flank. At that time magmatic spreading on the northern flank is slow, which probably means that most of the plate divergence was accommodated by the detachment fault during this period. After 8 Ma, a strong magmatic event happened in that area, which raised the topography, reduced the axial valley rift, and changed the spreading mode to fully magmatic. The resulting basalt magnetization is 10 A/m near the ridge axis (up to Chron C2A included) and 6 A/m further away.

While there is no alternance between detachment fault and magmatic crust in this area, the predicted spreading rates display a significant asymmetry as high as 29.5% during Chron C4r.

Discussion

Magnetization and Thickness of the Different Sources

While modeling observed magnetic anomaly profiles with different degrees of magmatism, we assume similar thickness of the basalt and gabbro layers in the magmatic crust and fix the magnetization of gabbro to 2 A/m in the magmatic crust and 3 A/m under the footwall of detachment faults. Under these assumptions, we find that the magnetization of basalt cannot be kept constant if we try to properly adjust the amplitude of the observed anomalies. Across axis, basalt magnetization is stronger at the ridge axis and decreases off-axis due to the alteration of titanomagnetite to the less-magnetic titanomaghemite [START_REF] Irving | The Mid-Atlantic Ridge at 45° N. XIV. Oxidation and magnetic properties of basalt; review and discussion[END_REF][START_REF] Johnson | Magnetic study of basalts from the Mid-Atlantic Ridge, lat 37[END_REF], as it is observed globally [START_REF] Dyment | Global equivalent magnetization of the oceanic lithosphere[END_REF]. Along-axis, the basalt magnetization also varies from 12 A/m at 55.2°E to 15 A/m at 49.7°E to 10 A/m at 50.5°E . The lower basalt magnetization on the 50.5°E profile (Fig 3.3d; Segment 27 of [START_REF] Sauter | Ridge segmentation and the magnetic structure of the Southwest Indian Ridge (at 50°30′E, 55°30′E and 66°20′E): Implications for magmatic processes at ultraslow-spreading centers[END_REF] with respect to the two other profiles (Figs 3.3b and 3.3c) probably reflects the higher degree of magmatism, which results in less fractionated basalt and a lower iron content (e.g., [START_REF] Sempéré | The Mid-Atlantic Ridge between 29°N and 31°30′N in the last 10[END_REF][START_REF] Hosford | Crustal magnetization and accretion at the Southwest Indian Ridge near the Atlantis II fracture zone, 0-25 Ma: CRUSTAL MAGNETIZATION AND ACCRETION AT THE SWIR[END_REF]. As a confirmation, the SWIR axis in Segment 27 is underlain by a magma chamber [START_REF] Jian | Evidence of an axial magma chamber beneath the ultraslow-spreading Southwest Indian Ridge[END_REF]. The different basalt magnetization shown by profiles at 55. 2° and 49.7°E (Figs 3.3b and 3.3c) is more difficult to explain, because both areas show a similar degree of magmatism (∼0.6). The difference may result from the lateral extent of the segments and observed anomalies: the 55.2°E segment (Segment 21 of (Sauter, Mendel, et al., 2004) is narrow (35 km wide) and bounded by fracture zones, whereas the 49.7°E segment (Segment 28) is wider (55 km) and in direct continuation of segment 27 eastward. The difference of magnetization may just mark the shortcomings of the 2D assumption in our forward models.

Gabbro comes in two different settings, beneath basalt in normal magmatic crust and intruding the footwall of detachment faults. We assume that the latter bears a higher magnetization (3 A/m) than the former (2 A/m) due to faster cooling and higher fractionation at shallower depth [START_REF] Pariso | Do lower crustal rocks record reversals of the Earth's magnetic field? Magnetic petrology of oceanic gabbros from Ocean Drilling Program hole 735B[END_REF][START_REF] Allerton | Magnetic polarity structure of the lower oceanic crust[END_REF]. The contribution of gabbro to the sea-surface magnetic anomaly cannot be neglected, as it provides the longer wavelength magnetic anomalies on magmatic crust and most of the magnetic signal on the detachment footwall.

The contribution of serpentinized peridotite to the sea-surface magnetic anomaly is still controversial. [START_REF] Sauter | Magnetization of 0-26[END_REF] show that a 4 A/m remanent magnetization for serpentinized peridotite properly fits observed magnetic anomalies over corrugated and smooth seafloor.

However, dredged samples show a low and variable Koenigsberger ratio (Remanent/Induced magnetizations) as a result of randomly oriented and magnetically unstable components leading to an incoherent natural remanent magnetization (NRM; [START_REF] Bronner | Magnetic signature of large exhumed mantle domains of the Southwest Indian Ridgeresults from a deep-tow geophysical survey over 0 to 11 Ma old seafloor[END_REF][START_REF] Maffione | Magnetic properties of variably serpentinized peridotites and their implication for the evolution of oceanic core complexes[END_REF].

Such a NRM would not significantly contribute to the sea-surface magnetic anomalies. These different interpretations again reflect the fundamental non-uniqueness of the potential field solutions. A more realistic crustal structure considers the contribution of both gabbro and serpentinized peridotite is constructed. In this three-layer model (basalt, gabbro, and serpentinite), we find that intrusive gabbro bodies underneath the detachment footwall can significantly contribute to the magnetic anomalies. These bodies are discontinuous, their interval depending on the degree of magmatism, which in turn create the important variability of the magnetic anomalies on the SWIR. We therefore do not need to assign a significant NRM to the serpentinized peridotite and only give it an induced magnetization of 0.2 A/m. We cannot exclude, however, that some anomalies ascribed to gabbro bodies may actually correspond to a patch of serpentinite bearing a strong NRM, although the occurrence of such patches and the law governing their distribution are still elusive.

As for the thickness of each magnetized layer, 500 m is generally adopted for the extrusive basalt layer of magmatic crust based on drilling results (Site 504B, e.g., [START_REF] Becker | Drilling deep into young oceanic crust, Hole 504B, Costa Rica Rift[END_REF]. The 1.5 and 1 km assigned to the gabbro for the magmatic crust and the detachment footwall may be thicker, to concur with the observation at drilling Site 735B [START_REF] Dick | A long in situ section of the lower ocean crust: results of ODP Leg 176 drilling at the Southwest Indian Ridge[END_REF], if a weaker magnetization is given to these magnetic sources. The adopted values represent a balance between thickness and magnetization.

Polarity and Spreading Rate

Although polarity reversals are almost instantaneous at geological scale (<6,000 years; e.g., [START_REF] Valet | Dynamical similarity of geomagnetic field reversals[END_REF], the geometry of the polarity transition in the oceanic crust is complex and reflects the processes at work-piling of lavas of different viscosities on a smoother or rougher topography, injection of dykes within the neovolcanic zone, and progressive cooling of crystal mush to gabbro (e.g., [START_REF] Kidd | A model for the process of formation of the upper oceanic crust[END_REF]. For instance, the polarity boundaries are dipping inward (i.e., toward the ridge axis) within the extrusive basalt, and outward within the gabbro layer [START_REF] Macdonald | Investigation of a Vine-Matthews Magnetic Lineation from a submersible: The source and character of marine magnetic anomalies[END_REF]. The cooling rate and the width of the transition zone also depend on the spreading rate. At the fast spreading East Pacific Rise, abundant low-viscosity lava spread over wide areas resulting in sub-horizontal polarity boundaries extending 7-8 km off-axis [START_REF] Maher | Three-dimensional magnetic stripes require slow cooling in fast-spread lower ocean crust[END_REF], whereas the axial valley walls restrict the flow of more viscous and less abundant lava at slow and ultraslow spreading ridges. As for dipping isotherms within the deeper crust, the faster cooling of exhumed gabbro at drilling Site 735B on Atlantis Bank suggests almost vertical polarity boundaries [START_REF] Hosford | Crustal magnetization and accretion at the Southwest Indian Ridge near the Atlantis II fracture zone, 0-25 Ma: CRUSTAL MAGNETIZATION AND ACCRETION AT THE SWIR[END_REF]. These remarks suggest that polarity transitions are narrow at ultraslow spreading centers. We therefore adopt vertical polarity boundaries for simplicity.

To fit the modeled magnetic anomaly with observed magnetic anomaly, we adjust the polarity intervals width and then calculate spreading rates within the different periods. The resulting spreading rates show strong, unrealistic variations, especially for the shorter intervals, reflecting uncertainties on the geomagnetic polarity time scale and the location of the polarity boundaries. We observe from Figs 3.4a-3.4d that profiles across the more magmatic segments require more adjustments to fit details of the measured anomalies. We suspect that it only reflects the higher resolution of the magmatic crust, recording all polarity reversals whereas the discontinuous gabbro bodies of the detachment footwall only provide a degraded version of the geomagnetic polarity time scale.

Conclusion

A three-layer model with detachment fault and intrusive gabbro bodies is proposed to approach the crustal structure at ultraslow spreading centers. Our forward modeling shows that the 51 occurrence of detachment fault spreading may indeed distort the sea-surface magnetic signal and explain the variability of the observed anomalies. Gabbro plays an essential role in our model, especially over detachment footwalls where the intrusive gabbro bodies are the main source of the anomalies. With increasing degree of magmatism, the gabbro bodies beneath the detachment footwall become more frequent, resulting in a better record of the magnetic anomalies. The correlation coefficients obtained between magnetic anomalies modeled for different degrees of magmatism on one hand, and modeled for purely magmatic seafloor on the other hand, also demonstrate the importance of intrusive gabbro bodies to the anomalies. Conversely, inverse modeling of observed off-axis profiles with different degrees of magmatism on the SWIR shows that the type of seafloor spreading mode-magmatic or along detachment faults-at different periods can be deduced from the observed anomalies. Additional effects should however be considered as well, such as the alteration of the extrusive basalt and the consequent reducing magnetization with time, or the fractionation related to different degrees of magmatism which affects the iron content and the magnetization of extrusive basalt. The extreme variability of sea-surface magnetic anomalies related to seafloor spreading at ultraslow spreading centers may represent a tool for first-order estimate of the spreading mode over large areas, pending more detailed investigations.

the ultraslow spreading ridges. Considering across-axis variations of magnetic anomaly gives access to the evolution of spreading modes with time, while along-axis variations provide lateral variations in the mode of spreading. In the next chapter we use this tool to estimate and compare the role of detachment fault spreading on three different ultraslow spreading ridges.

detachment faulting and magmatic spreading was found at 64°E on the SWIR [START_REF] Searle | Asymmetric generation of oceanic crust at the ultra-slow spreading Southwest Indian Ridge, 64[END_REF], a "flip-flop" detachment faulting mode was suggested on the easternmost SWIR (Sauter et al., 2013), and a succession of oceanic core complexes was deciphered on the (Hayman et al., 2011;[START_REF] Grevemeyer | Episodic magmatism and serpentinized mantle exhumation at an ultraslow-spreading centre[END_REF]. These studies indicate that detachment faulting plays a key role in the lithospheric accretion in a few ultraslow spreading windows. However, its prevalence, the controlling factors, and how it concurs with magmatic spreading to build the seafloor are questions that need to be better understood on the poorly studied ultraslow spreading ridges that cover ~25%

of the total mid-ocean ridges [START_REF] Grevemeyer | Episodic magmatism and serpentinized mantle exhumation at an ultraslow-spreading centre[END_REF]. We herein try to better characterize, through a modeling approach, the structure and mode of spreading at several representative acrossaxis magnetic profiles on the three ultraslow spreading centers, i.e., Gakkel Ridge (GR), SWIR, and MCSC.

Unlike the MCSC, the two other ultraslow spreading centers have extreme natural conditions making geological and geophysical surveys difficult. Their lithospheric structure and spreading evolution are accordingly sparsely studied, especially in off-axis areas. Fortunately, magnetic data are easy to acquire and record information on the structure and spreading history, making it an efficient tool to address the above problems. Zhou & Dyment (2022) proposed a modeling method to interpret the variability of magnetic anomalies observed on the ultraslow spreading SWIR. Here we extend their work at a global scale by using sea-surface and aeromagnetic data on a selected set of ultraslow spreading ridges [START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF][START_REF] Snow | Ultraslow-spreading ridges rapid paradigm changes[END_REF]Hayman et al., 2011) and explore their structure and spreading modes.

Data and methods

Data Acquisition and processing

The aeromagnetic data on the Gakkel Ridge were collected 300 m above the sea-surface with 250 m sampling distance and 9-17 km line spacing by the Project Magnet aircraft in 1974-1975[START_REF] Vogt | Detailed aeromagnetic investigation of the Arctic Basin[END_REF]. We selected four profiles, two in the WVZ, one in SVZ, and one in EVZ respectively. The sea-surface magnetic data on the Mid-Cayman Spreading Center were collected by Cruise Wilkes 933008 of the US Navy across the MCSC [START_REF] Rosencrantz | Age and spreading history of the Cayman Trough as determined from depth, heat flow, and magnetic anomalies[END_REF][START_REF] Leroy | An alternative interpretation of the Cayman trough evolution from a reidentification of magnetic anomalies[END_REF] in 1973. We selected four profiles with a line spacing of ~10 km and interpolated the original data to a constant 600 m sampling interval. Profiles 9-13 across the Southwest Indian Ridge were collected by Cruise Agulhas 44 of the University of Witwatersrand, South Africa, in 1986. The selected profiles were interpolated to a constant 1 km sampling interval. Profiles 14-17 are from Zhou and Dyment (2022).

Modeling method

We assume the magmatic crust to be made of three layers, from top to bottom a 500 mthick extrusive basalt layer, a 1500 m-thick gabbro layer, and a 1000 m-thick peridotite layer. On seafloor formed by detachment fault spreading, the basalt and gabbro layers disappear, and the magnetic crust is only made of a 3000 m-thick peridotite layer with occasional 1000 m-thick intrusive gabbro bodies. Basalt and gabbro bear a remanent magnetization oriented along the local IGRF (International Geomagnetic Reference Field). Their intensity of magnetization is adjusted according to the amplitude of magnetic anomalies on individual profiles. It should be noted that there is a balance between the magnetization intensity and thickness of each layer due to the nonuniqueness of potential field. These parameters therefore represent an equivalent circumstance to facilitate explore the lateral variation of lithosphere structure. The off-axis decrease of basalt layer magnetization caused by the alteration of titanomagnetite to titanomaghemite is considered. The magnetization of intrusive gabbro bodies is assumed to be stronger than that of gabbro formed during the magmatic spreading, because the former is more fractionated than the latter. The peridotite layer bears an induced magnetization of 0.5 A/m that do not significantly contribute to the magnetic anomaly. The geomagnetic polarity time scale of [START_REF] Cande | Revised calibration of the geomagnetic polarity timescale for the Late Cretaceous and Cenozoic[END_REF] is used throughout this paper. The spreading rate of each spreading ridge is used to ascribe magnetic polarity of the basalt and gabbro along the modelled profiles.

The magnetic crust, topped by the seafloor topography, is then split into uniform cubic units, each with its own magnetization. We then calculate the magnetic effect of every unit to every observation point by using the expression of Bhattacharya (1964). We assign the distribution of magmatic and tectonic seafloor according to the shape of the observed magnetic anomalies: 1) magmatic crust corresponds to stronger, well-shaped magnetic anomalies; 2) purely tectonic crust corresponds to low amplitude, almost flat anomalies; and 3) tectonic crust with intrusive gabbro bodies records weaker, poorly-shaped magnetic anomalies. The magnetic polarity intervals are further slightly adjusted to improve the fit of the computed anomaly with the observed one. During this adjustment we try to keep a full spreading rate consistent with the one calculated from the MORVEL model, which means that a lower spreading rate on one flank should correspond to a coeval higher rate on the conjugate flank.

Results

Gakkel Ridge, Arctic Ocean

The GR extends over 1800 km from the Lena Trough in the west to the continental margin of the Laptev Sea in the east (e.g., [START_REF] Michael | Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge, Arctic Ocean[END_REF]. The slowest spreading ridge does not show any significant transform fault and provides ideal conditions for the studies of mantle heterogeneity [START_REF] Liu | Ancient, highly heterogeneous mantle beneath Gakkel ridge, Arctic Ocean[END_REF], lithosphere structure [START_REF] Jokat | Geophysical evidence for reduced melt production on the Arctic ultraslow Gakkel midocean ridge[END_REF], and hydrothermalism [START_REF] Edmonds | Discovery of abundant hydrothermal venting on the ultraslow-spreading Gakkel ridge in the Arctic Ocean[END_REF]. According to the amount of volcanism, the GR is divided into western volcanic zone (WVZ) (7° W-3° E), intermediate sparsely volcanic zone (SVZ) (3-29° E), and eastern volcanic zone (EVZ) (29-85° E) [START_REF] Michael | Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge, Arctic Ocean[END_REF]. The spreading rate decreases from 12.7 km/Myr in the WVZ to 11.0 km/Myr in the EVZ, although the poor magnetic anomalies in the SVZ makes the spreading rate ambiguous there [START_REF] Jokat | Geophysical evidence for reduced melt production on the Arctic ultraslow Gakkel midocean ridge[END_REF][START_REF] Michael | Magmatic and amagmatic seafloor generation at the ultraslow-spreading Gakkel ridge, Arctic Ocean[END_REF][START_REF] O'connor | Thermochemical anomalies in the upper mantle control Gakkel Ridge accretion[END_REF].

We selected four representative profiles along the GR: two are in the WVZ, one in the SVZ, and one in the EVZ, respectively. In general, the two profiles in the WVZ shows comparatively better shaped magnetic anomalies than the one in the EVZ, the one in the SVZ being the most difficult to decipher. The modeling results show that the profiles located in the different volcanic zones present diverse lithospheric structure. The two profiles in the WVZ (Fig. 4.1B, 4.1C) both show a clear central magnetic anomaly corresponding to the magmatic spreading ridge axis. In the off-axis direction, the lithospheric structure displays an alternance of conjugate detachment faulting and magmatic spreading, which means that the magma supply can only sustain one flank accretion within a certain period resulting in a magmatic-tectonic spreading mode. On this mode, spreading is accommodated by a detachment fault on one flank whereas some magmatism is observed on the conjugate flank. Farther east, the profile in the SVZ does not show clear magnetic anomalies for the last ~6 Ma (Fig. 4.1D), which corresponds to a tectonic-tectonic spreading mode:

the plate divergence is achieved by amagmatic detachment faulting, probably alternating in a "flipflop" way as described on the easternmost SWIR [START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF]. Beyond ~6 Ma, clear

Mid-Cayman Spreading Center

The MCSC is located in the center of the Cayman Trough, a complex tectonic structure that separates the North American and Caribbean plates. This short spreading center strikes ~110 km from the northern Oriente Transform Fault to the southern Swan Islands Transform Fault [START_REF] Harding | Magmatic-tectonic conditions for hydrothermal venting on an ultraslow-spread oceanic core complex[END_REF]. The axial valley depth reaches 5000-6000 m (ten [START_REF] Brink | The nature of the crust under Cayman Trough from gravity[END_REF] indicating that the lithosphere formed from a cold mantle and low extent of melting [START_REF] Klein | Global correlations of ocean ridge basalt chemistry with axial depth and crustal thickness[END_REF]. Magnetic anomaly shows that this ridge has spread for at least 45 Myr with an average full spreading rate of 15-17 km/Myr (Hayman et al., 2011;[START_REF] Grevemeyer | Episodic magmatism and serpentinized mantle exhumation at an ultraslow-spreading centre[END_REF]. A large OCC, Mount Dent, rising ~3 km above the surrounding seafloor, was found in the central part of the western flank. This OCC hosts an ultramafic-hosted hydrothermal vent, the Von Damm Vent Field (VDVF), showing moderate temperature (~200 °C) and serpentinization degree [START_REF] Connelly | Hydrothermal vent fields and chemosynthetic biota on the world's deepest seafloor spreading centre[END_REF][START_REF] Harding | Magmatic-tectonic conditions for hydrothermal venting on an ultraslow-spread oceanic core complex[END_REF]Szitkar & Murton, 2018a). The solid circles represent the location of dredged samples. Inset map gives a regional view of Meso-America. (B-E) Modeling results of the four magnetic profiles. (B-J) modeling results of magnetic anomalies.

In the intermediate section, we selected two magnetic profiles, modified from Zhou and Dyment (2022), between Indomed and Gallieni fracture zones where the highest melt supply along the SWIR is observed, possibly in relation to the Crozet hot spot [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 calculated full spreading rate is 15 km/Myr. Profile 14 (Fig. 4.3G) cuts across the Longqi OCC on the southern flank (Zhou et al., 2022) which also match well with our modeling result.

There the seafloor displays a magmatic-tectonic mode with a calculated magmatism of 0.63.

Profile 15 (Fig. 4.3H) crosses a strongly magmatic segment [START_REF] Li | Seismic observation of an extremely magmatic accretion at the ultraslow spreading Southwest Indian Ridge: Magmatic accretion at ultraslow ridge[END_REF], with magmatic lithosphere extending on both flanks from ~10 Ma to the present. Conversely, parts of the profile older than 10 Ma display flat magnetic anomalies that reflect detachment faulting. Such a sudden change in the character of the magnetic anomalies at 10 Ma is not observed on our other profiles and we therefore disregard the alteration of basalt or the piling of thick sediments as the cause of this sudden change. Instead, we consider that this area presents the succession of tectonic-tectonic and magmatic-magmatic modes observed on the other ultraslow spreading centers. The calculated magmatism is 0.585.

East of Gallieni fracture zone, the melt supply is the lowest, the mantle temperature is the coldest along the SWIR, and both decrease eastward to the RTJ. We selected two magnetic profiles modified from Zhou and Dyment (2022). Profile 16 (Fig. 4.3I), between the Gallieni and Melville fracture zones, shows an average full spreading rate of 14 km/Myr. The modeling result shows a frequent alternance of magmatic and detachment faulting spreading with a calculated magmatism of 0.61. Profile 17 (Fig. 4.3J) between Melville FZ and the RTJ shows ubiquitous smooth seafloor (4) with a calculated spreading rate of 13 km/Myr. No significant magnetic anomaly can be identified, and the area corresponds to the tectonic-tectonic spreading mode at least within 30 km of the ridge axis.

Discussion

Magmatism and spreading rate at ultraslow spreading centers

The magmatism defined by the fraction of total seafloor spreading accommodated by the intrusion of magma determines the different modes of seafloor spreading [START_REF] Buck | Modes of faulting at mid-ocean ridges[END_REF][START_REF] Behn | Magmatic and tectonic extension at mid-ocean ridges: 1. Controls on fault characteristics[END_REF][START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF]. The intrinsic non-uniqueness of the potential field solution limits our ability to use the magnetic anomaly data to constrain the magmatic crustal thickness. Therefore, we restrict the definition of the magmatism here as the ratio of the area of magmatic seafloor over the total investigated area. The magmatism positively correlates with the spreading rates from fast to slow spreading ridges, with a strong variability on the ultraslow spreading ridges (Chen & Morgan, 1996;[START_REF] Olive | Controls on the magmatic fraction of extension at midocean ridges[END_REF]. The three ultraslow spreading ridges investigated here present different averaged spreading rates. The MCSC does not show significant spreading rate variation for the last ~20 Myr [START_REF] Leroy | An alternative interpretation of the Cayman trough evolution from a reidentification of magnetic anomalies[END_REF]. Conversely, the spreading rate varied with time, with a documented decrease of 7% at ~9-5 Ma on the SWIR [START_REF] Demets | High-resolution estimates of Southwest Indian Ridge plate motions, 20 Ma to present[END_REF]. However, such a decrease seems to be a global event [START_REF] Dalton | Evidence for a Global Slowdown in Seafloor Spreading Since 15 Ma[END_REF] that do not affect the ranking of the three investigated ridges with respect to spreading rate within the time scale of our study, i.e. the last 20 Myr. We therefore use the present spreading rate, 12 km/Myr at GR, 14 km/Myr at SWIR, and 16 km/Myr at MCSC, for comparing the three ridges, with the above caveat. This span of different spreading rates offers the opportunity to clarify the relationship between magmatism and spreading rate within the ultraslow spreading end member. We calculated the average magmatism for each area with uncertainties given by the standard deviation among the individual profiles. The SWIR was divided into three sections with respect to varying spreading rates. 

Duration of dominantly detachment faulting episodes

Studies at the slow spreading Mid Atlantic Ridge found that the majority of detachment faults have 1-2 million years duration (e.g., [START_REF] Tucholke | Megamullions and mullion structure defining oceanic metamorphic core complexes on the Mid-Atlantic Ridge[END_REF][START_REF] Macleod | Life cycle of oceanic core complexes[END_REF]. However, this value does not account for the ultraslow spreading ridges. Mount Dent OCC at the MCSC have extended ~1.2 Myr although seismicity may indicate that it is still active [START_REF] Grevemeyer | Episodic magmatism and serpentinized mantle exhumation at an ultraslow-spreading centre[END_REF]. On the SWIR magmatic segment between Indomed and Gallieni FZ, the reported active or inactive OCCs all show a longevity less than 1.5 Myr [START_REF] Wu | An intermittent detachment faulting system with a large sulfide deposit revealed by multi-scale magnetic surveys[END_REF]Zhou et al., 2022). On the SWIR magma-poor section east of Gallieni FZ, the large Atlantis Bank OCC may exhibit a ~10

Myr longevity [START_REF] Dick | A long in situ section of the lower ocean crust: results of ODP Leg 176 drilling at the Southwest Indian Ridge[END_REF] whereas corrugated surfaces east of Melville FZ show longevities of 0.3 to 4.5 Myr [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 studies altogether indicate that magmatism plays an important role in controlling the longevity of detachment fault at ultraslow spreading ridges. Our 

Seafloor spreading mode related to magmatism

Four types of conjugate seafloor morphology have been recognized on the easternmost SWIR, including Volcanic-Volcanic, Corrugated-Volcanic, Smooth-Volcanic, and Smooth-Smooth [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF]. They represent 98% of the ultraslow spreading configuration in their study area. Our magnetic models on profiles cutting across three ultraslow spreading centers offer the opportunity to revisit this observation on a larger scale. The lack of detailed multibeam bathymetry does not allow us to distinguish the corrugated and smooth seafloors, that are grouped into a single tectonic seafloor, in opposition to the volcanic / magmatic seafloor. We observe three types of conjugate seafloor associated with three modes of seafloor spreading, namely Magmatic-Magmatic (hereafter noted MM), corresponding to the Volcanic-Volcanic type of [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF], Magmatic-Tectonic (MT), the Corrugated-Volcanic and Smooth-Volcanic types of [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF], and Tectonic-Tectonic (TT), the Smooth-Smooth type of [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF].

Our across-axis modeling of magnetic anomaly data offers a first-order estimation to the long-term lithosphere accretion history and the alternance of the three spreading modes on the ultraslow spreading centers. We analyzed the spreading modes with time for all 17 investigated profiles and tried to recognize systematic evolution patterns on these profiles (Fig. The parameter underlying these different patterns of spreading mode is clearly the magmatism and its variation. A regular magma supply that can sustain asymmetric detachment fault spreading results in the MT spreading mode and its alternating detachment dip. A varying magma supply that alternately sustains magmatic and detachment fault spreading gives rise to the fault to a symmetrical magmatic spreading. Starved magma supply resulting in smooth seafloor spreading, occasionally interrupted by sudden magmatic bursts, leads to the TT-MM spreading mode. For instance, punctuated injection that cannot penetrate the cold thick lithosphere may accumulate near the lithosphere-asthenosphere boundary, in a stage when seafloor spreading is displaying the TT mode. The accumulation at the ridge axis in some large magma chamber like the one observed at the SWIR 50.5°E [START_REF] Jian | Evidence of an axial magma chamber beneath the ultraslow-spreading Southwest Indian Ridge[END_REF] may suddenly release an episode of magmatic seafloor spreading and sustain the MM mode for several million years. Such a magmatic accumulation reminds the huge storage pressure needed to explain the explosive volcanism evidenced on the eastern GR [START_REF] Sohn | Explosive volcanism on the ultraslow-spreading Gakkel ridge, Arctic Ocean[END_REF]. Finally, a strongly varying magma supply results in the Mixed spreading mode. On the GR and SWIR, the studied profiles are too sparse and too distant to allow significant profile-to-profile correlation. Conversely, the four profiles 5-8 of the MCSC are close enough to try building a consistent spreading history at the scale of the ridge segment. The older part of the four profiles shows a MM spreading episode that was active at least at 16.7 Ma on Profiles 5, 6, and 8 and ceased at 11 Ma on Profile 5, 9.7 Ma on Profile 6, 8.7 Ma on Profile 7 and 7.25 Ma on Profile 8, suggesting that this magmatic episode was progressively waning from North to South.

It was replaced by a MT spreading episode on all but one profile 7 showing a TT interval. A more local subsequent MM episode started at 4.8 Ma on Profile 7 and at 3.8 Ma on Profile 6. This example suggests that, if the magnetic data are sufficiently dense, they can help understanding variations of spreading mode both in time and along the axis.

Conclusion

Our modeling of sea-surface magnetic anomalies shows that detachment faulting is prevalent along the three ultraslow spreading centers, accommodating ~15-52% of the total lithospheric accretion calculated from modeled magnetic profiles. The magmatism, defined as the ratio of the area of magmatic seafloor over the total investigated area, and the duration of The inherent non-uniqueness of potential fields limits the ability of magnetic data to provide depth information and an unambiguous solution on the source of the anomalies such as the thickness of the extrusive basalt, the magnetization of the different rocks, and finally the degree of magmatism. More geophysical and geological studies on OCCs and across-axis profiles may help to make the magnetic modeling more accurate. In future works, we plan to select well-studied areas with sufficient geophysical data to try and model the footwall rotation, the lateral and vertical structure and evolution of the crust using magnetic modeling and constraints from other geophysical and geological data. Based on the results of such detailed studies, a large-scale geophysical study in both across-and along-axis directions would provide information on the lithospheric structure and the magmatic evolution at the ultraslow spreading ridges and, possibly, would provide a means to access the mantle dynamics that trigger them.

1 :

 1 General Introduction ..................................................................................................... 1.1 Ultraslow spreading ridges ................................................................................................... 1.1.1 Segmentation and obliquity ........................................................................................... 1.1.2 Mantle heterogeneity ..................................................................................................... 1.1.3 Volcanism ...................................................................................................................... 1.1.4 Hydrothermalism ........................................................................................................... 1.1.5 Lithospheric structure and evolution ............................................................................. 1.2 Detachment faults and Oceanic Core Complex .................................................................. 1.3 Marine magnetic anomalies on the ultraslow spreading ridges and OCCs ........................ 1.3.1 Marine magnetic anomalies on the ultraslow spreading ridges ................................... 1.3.2 Marine magnetic anomalies over Oceanic Core Complex .......................................... 1.4 Motivation, and the advantage and limitation of magnetic studies .................................... 1.4.1 Motivation .................................................................................................................... 1.4.2 Advantages and limitations of marine magnetic studies .............................................. Chapter 2: Magmatism at oceanic core complexes on the ultraslow Southwest Indian Ridge: Insights from near-seafloor magnetics .......................................................................................... Abstract ..................................................................................................................................... 2.1 Introduction ......................................................................................................................... 2.2 Data and Methods ............................................................................................................... 2.3 Results ................................................................................................................................. 2.3.1 Geological Description of the OCCs ........................................................................... 2.3.2 Magnetization Inclination and Footwall Rotation ....................................................... 2.3.3 RTP Magnetic Anomaly .............................................................................................. 2.3.4 Modeling ...................................................................................................................... XI 2.4 Discussion ........................................................................................................................... 2.5 Conclusion .......................................................................................................................... Supplementary materials ........................................................................................................... A) Supplementary figures ..................................................................................................... B) Mathematics of inversion method .................................................................................... C) Contribution of serpentinite and gabbro to the magnetic anomalies in models ............... D) A constraint on the absolute remanent magnetization of the extrusive basalt layer ........ E) Amount of extrusive basalt on the three OCCs ................................................................ F) Dredge sample locations .................................................................................................. G) Hydrothermal fields and plume locations ........................................................................ Chapter 3: Variability of sea-surface magnetic anomalies at ultraslow spreading centers: consequence of detachment faulting and contrasted magmatism? ............................................... Abstract ..................................................................................................................................... 3.1 Introduction ......................................................................................................................... 3.2 Method ................................................................................................................................ 3.3 Results ................................................................................................................................. 3.3.1. Variation of Degree of Magmatism ............................................................................ 3.3.2. Covariance of Parameters ........................................................................................... 3.3.3. Inverse Modeling of Observed Magnetic Anomaly Profiles ...................................... 3.4 Discussion ........................................................................................................................... 3.4.1. Magnetization and Thickness of the Different Sources .............................................. 3.4.2. Polarity and Spreading Rate........................................................................................ 3.5 Conclusion .......................................................................................................................... Supplementary materials ........................................................................................................... XII Chapter 4: Temporal and spatial variation of seafloor spreading at ultraslow spreading ridges: contribution of marine magnetics ................................................................................................. Abstract ..................................................................................................................................... 4.1 Introduction ......................................................................................................................... 4.2 Data and methods ................................................................................................................ 4.2.1 Data Acquisition and processing ................................................................................. 4.2.2 Modeling method ......................................................................................................... 4.3 Results ................................................................................................................................. 4.3.1 Gakkel Ridge, Arctic Ocean ........................................................................................ 4.3.2 Mid-Cayman Spreading Center ................................................................................... 4.3.3 Southwest Indian Ridge ............................................................................................... 4.4 Discussion ........................................................................................................................... 4.4.1 Magmatism and spreading rate at ultraslow spreading centers ................................... 4.4.2 Duration of dominantly detachment faulting episodes ................................................ 4.4.3 Seafloor spreading mode related to magmatism .......................................................... 4.5 Conclusion .......................................................................................................................... Chapter 5: General conclusion and perspective ............................................................................ Acknowledgement ........................................................................................................................ References .....................................................................................................................................

Fig 1 . 1 .

 11 Fig 1.1. Distribution of ultraslow spreading ridges (Snow & Edmonds, 2007). LT: Leona Trough, GR: Gakkel Ridge, KR: Knipoviche Ridge, MR: Mohns Ridge, CT: Cayman Trough, AAR:

Fig 1 . 2 .

 12 Fig 1.2. Segmentation and obliquity of ultraslow spreading ridges. a) Focused magma supply and melt migration underneath different segments (Sauter et al., 2001). b) Melt production related to

Fig 1 .

 1 Fig 1.3. Comparison of MORB composition between the SWIR and other faster ridges. a) Comparison between SWIR 9°-25°E and the global MORB composition. Solid red circles: basalts in magmatic segments; circles in other colors: basalts in oblique, magma-poorer segments (Standish et al., 2008). b) Comparison between SWIR 52 °-70 °E and the global MORB composition. Solid black boxes: basalts in the easternmost depleted segments (62°-70°E); solid white boxes: basalts in the adjacent magmatic segments (52°-62°E) (Meyzen et al., 2003). EPR: East Pacific Rise; IO: Indian Ocean. MCR: Mid-Cayman Rise. AAD-Id: Indian side of the Australian-Antarctic Discordance; AAD-Pc: Pacific side of the Australian-Antarctic Discordance; Tm: Tamayo region; RTJ: Rodriguez Triple Junction; CIR: Central Indian Ridge; AED: Atlantic Equatorial Discordance; Kb: Kolbeinsey Ridge.
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 1 Fig 1.4. Axial Volcanic zones of different-spreading-rate ridges (Standish & Sims, 2010).

Fig 1 . 5

 15 Fig 1.5. a) Predicted relationship between hydrothermal vent distribution and spreading rate on the different-spreading-rate ridges[START_REF] Baker | The relationship between near-axis hydrothermal cooling and the spreading rate of mid-ocean ridges[END_REF]. b) Frequent occurrence of hydrothermal sites
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 1 Fig 1.6. a). Crustal thickness versus spreading rate (Snow & Edmonds, 2007). b). Penrose model

Fig 1 .

 1 Fig 1.7. Axial lithospheric structure of ultraslow spreading ridges: example of the GR (Schlindwein & Schmid, 2016).

Fig 1 .

 1 Fig 1.8. Variable spreading modes on the conjugated flanks of the SWIR. A: Volcanic-volcanic spreading; B: Corrugated-volcanic spreading. C: Smooth-smooth spreading[START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF].
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 1 Fig 1.9. Mechanisms of detachment fault initiating in different magmatic environments (Escartín

Fig 1 .

 1 Fig 1.10. Detachment fault structure and evolution for different degrees of magmatism. Modified from Tucholke et al. (2008) and Sauter et al. (2013).
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 2 Magmatism at oceanic core complexes on the ultraslow SouthwestIndian Ridge: Insights from near-seafloor magnetics (Published paperZhou et al., Geology, 2022) 

  Fig 2.1. (A) Regional bathymetry at the Southwest Indian Ridge from shipboard multibeam echosounders. Black boxes show autonomous underwater vehicle (AUV) areas in (from west to east) Yuhuang, Longqi, and Junhui oceanic core complexes (OCCs). Inset gives location of the study area. (B-D) High-resolution bathymetry of Yuhuang, Longqi, and Junhui OCC areas, respectively. At Yuhuang OCC, no AUV bathymetry was acquired, and we display shipboard bathymetry instead. (E-G) Reduced-to-pole (RTP) magnetic anomaly of Yuhuang, Longqi, and Junhui OCC areas, respectively, calculated through equivalent magnetization. The vertical axes in B-G show depth below sea level.

Fig 2 . 2 .

 22 Fig 2.2. Forward modeling of reduced-to-pole (RTP) magnetic anomalies on the three investigated areas at the Southwest Indian Ridge. Each panel A-C and G-I shows, on top, a section across the structure resulting from forward modeling where green is serpentinite, red (blue) basalt with normal (reversed) polarity; and, on bottom, modeled (red) and observed (blue) RTP anomalies.

Fig 2 .

 2 Fig 2.3. Synthetic cross sections presenting oceanic core complexes (OCCs) and detachment faults from more to less magmatism, as suggested by averaged equivalent thickness of extrusive basalt. (A-C) Interpretations of the Yuhuang, Longqi, and Junhui OCCs. See Fig 2.1 for location. (D) Interpretation of the amagmatic easternmost Southwest Indian Ridge (SWIR) after Cannat et al. (2019).

Fig

  Fig. S2.2. A-C, local 2D high-resolution bathymetry map with structural interpretation as on Fig S2.1. D-F, magnetic anomalies along tracks (red positive, blue negative). G-I, Gridded Reduced-To-the-Pole (RTP) magnetic anomalies overlain by AUV tracks. J-L, interpretation of RTP magnetic anomalies, the thick black lines represent lithological boundaries between serpentinized peridotite and basalt, the red dashed lines display magnetic polarity boundaries.

Fig

  Fig. S2.3. Intermediate steps to obtain Reduced-to-the -Pole (RTP) magnetic anomaly and Equivalent Thickness of extrusive Basalt (ETB). A-C, Equivalent magnetization, D-F, ETB, and G-I geomagnetic polarity of the extrusive basalt layer considered for the forward modelling of Yuhuang, Longqi, and Junhui areas. The light green patterns show the serpentinite coverage which only bear induced magnetization and the polarity is not concerned. The dark (light) grey shades draping on the black (white) areas show the normal (reverse) polarity but are hard to define the clear boundary.

Fig S2. 4 :

 4 Fig S2.4: Location of sections used to compute the AEBsection taken into account in the estimation of uncertainties on AEBgrid.

Fig 2 . 4

 24 Fig 2.4 Estimation of footwall rotation angle according to the full-range RTP magnetic anomaly. Example of Longqi area

  and peridotite layers are 500 m, 1,500 m, and 1,000 m thick, respectively, whereas over detachment faults no basalt layer is considered and 1,000 m-thick gabbro bodies intrude into serpentinized peridotite within the detachment footwall. Basalt bears a strong remanent magnetization, gabbro an intermediate remanent magnetization, and serpentinized peridotite a low induced magnetization (15 A/m, 2 A/m, and 0.5 A/m, respectively, in the forward models of Fig 3.2). Intrusive gabbro within serpentinized peridotite on detachment faults bears a stronger magnetization reflecting their faster cooling rate at shallower depth[START_REF] Hosford | Crustal magnetization and accretion at the Southwest Indian Ridge near the Atlantis II fracture zone, 0-25 Ma: CRUSTAL MAGNETIZATION AND ACCRETION AT THE SWIR[END_REF] 4 A/m in forward models of Fig 3.2).

  magnetic polarity. When M = 0.1(Fig 3.1a), the oceanic crust is similar to the smooth seafloor, accommodated by detachment faults with seldom distributed gabbro bodies in the footwall. The succession of detachment faults with opposite polarity[START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF] is occasionally interrupted by a transient magma pulse, creating a 0.1 fraction of magmatic seafloor. The forward magnetic anomaly shows that the magmatic crust undoubtedly recovers magnetic reversals with a satisfying shape and amplitude. Over detachment faults, the intrusive gabbro bodies formed within polarity intervals (e.g., C3An or C2r in Fig 3.1a) also recover the polarities with a lower amplitude, whereas the gabbro bodies formed during polarity reversals (e.g., young Matuyama and Jaramillo or C3n in Fig 3.1a) are not recorded well. Our simplifying assumptions consider only peridotite on the footwall, and therefore magnetic anomaly presents uniformly weak amplitude and no identifiable reversal even for long polarity intervals like C2An (Fig 3.1a).When M increases to 0.3 (Fig 3.1b), the neo-volcanic zone forms a central magnetic anomaly within Brunhes (0-0.78 Ma). Again the magmatic crust reflects the magnetic polarity, for example, over C2r and C2An or on C3r. However, when reversals happen frequently in a series of short intervals as within C3n, the computed anomaly misses the detailed polarity sequence. The detachment footwall shows a similar signature as for M = 0.1. When M = 0.5(Fig 3.1c), most of the polarity intervals are identified, especially over magmatic crust. The intruded gabbro bodies contribute enough for an easy recognition of the main Chrons, but the magnetic anomaly shows low amplitude and smooth shapes lacking details of the polarity sequence. In C3n, frequent polarity reversals occurring when a detachment fault is active results in improper recording of the polarity sequence by the detachment footwall, making the resulting magnetic anomaly quite flat.When M increases to 0.7 (Fig 3.1d), all magnetic anomalies are rather well recorded and display comparable amplitude to those over magmatic crust, even over detachment faults due to the more frequent gabbro bodies. Finally, when M reaches 0.9 (Fig 3.1e), the detachment footwall is

Fig 3. 1 .

 1 Fig 3.1. Forward modeling of off-axis magnetic profiles with different degrees of magmatism (M). For every panel, Top: Crustal structure; Middle: Geomagnetic polarity; Bottom: Modeled magnetic anomaly. See text for details on model parameters.

Fig 3. 2 .

 2 Fig 3.2. Correlation coefficients between the magnetic anomaly models for different degrees of magmatism M and the reference model (i.e., M = 1) for (a) varying gabbro magnetization and (b)

Fig 3 .

 3 Fig 3.3a-3.3d span a wide range of M, from nearly zero to about one, corresponding to the variation of along-axis magma supply. On Fig 3.3a (66°E), the easternmost SWIR displays detachment faults on both flanks[START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF], observed magnetic anomalies (blue) show low

  Fig 3.3b shows a maximum asymmetry of 29.5% between the two conjugate flanks.

  The last profile(Fig 3.3d) cuts across the most magmatic segment, which lacks the deep axial valley rift typical of the ultraslow spreading centers. The profile shows well-defined magnetic anomalies of strong amplitude from Chron C4 to the present. The crustal accretion during this period was fully accommodated by magmatic spreading. However, beyond a clear topographic step on both flanks at Chron C4, the magnetic anomaly shows a very low amplitude, with only one exception on the southern flank during Chron C5n which shows a magnetic anomaly comparable to that of the previous profile for the same age and flank (Fig 3.3c).

Fig 3. 3 .

 3 Fig 3.3. Modeling of observed magnetic profiles on several Southwest Indian Ridge segments with different degrees of magmatism. For every panel, Top: Deduced off-axis crustal structure from magnetic anomaly; Upper middle: Geomagnetic polarity. Lower middle: Modeled (red) and observed (blue) magnetic anomalies; Bottom: Calculated half spreading rate.
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 2 Fig 4.2. Bathymetry map and modeling results of the Mid-Cayman Spreading Center (MCSC). (A) Regional bathymetry map of the MCSC. Magnetic anomaly profiles are projected along their track-line, with black (respectively white) patterns showing the positive (resp. negative) anomalies.

Fig 4. 3 .

 3 Fig 4.3. Bathymetry maps and modeling results on the Southwest Indian Ridge (SWIR). (A) Regional view of the SWIR and location of the four surrounding bathymetry sections showing the magnetic profile location. The red boxes show the three main SWIR sections, West of Andrew Bain FZ (WB), between Andrew Bain and Gallieni FZ (IBG) and East of Gallieni FZ (EG). The solid rectangles show the location of the four bathymetry maps. The solid circles on the bathymetry maps display the location of dredged samples. The magnetic anomaly profiles are projected along their track-lines, with red (resp. blue) patterns corresponding to positive (resp. negative) anomalies.

Fig 4

 4 Fig 4.4. (A) Magmatism (defined as the fraction of magmatic seafloor) versus axial spreading rate for the different investigated areas. (B) Duration of dominantly detachment fault episode (DDFE) versus magmatism. (C) Duration of DDFE versus axial spreading rate. The magmatism and DDFE duration (in red) are from Cannat et al. (2006) and Cannat et al. (2009).

  modelling of sea-surface magnetic anomalies allows us to recognize tectonic seafloor dominantly formed by detachment faulting, although in the absence of multibeam bathymetry we cannot infer the detailed evolution of individual detachment faults within this seafloor. The episodes during which this seafloor was formed -coined " dominantly detachment faulting episode", or DDFE, integrate several individual detachments. The DDFE duration should not be confused with the longevity of individual detachments. Nevertheless, the DDFE duration and the calculated magmatism from our modeling on the three ultraslow spreading ridges show a negative correlation (Fig. 4.4B). The least magmatic GR hosts the longest (4.18 Myr) DDFE duration in average, although scattered. Another magma-starved ridge, the easternmost SWIR, also presents a long (3.905 Myr) DDFE duration. Conversely, at the most magmatic MCSC, DDFE exhibit a short (2.65 Myr) duration. This observation suggests that the DDFE duration generally varies opposite to magmatism, as confirmed by the good negative correlation between spreading rate and DDFE (Fig. 4.4C). It should be noted that large uncertainties affect both the magmatism and the DDFE derived from our modelling, making the correlations difficult to ascertain. Conversely, uncertainty on the spreading rates determined from global geodynamic models such as MORVEL (DeMets et al., 2010) only present a negligible uncertainty in the study areas.

  4.5). Four patterns emerge from our analysis. A dominantly MT pattern is observed on 3 profiles (Fig. 4.5A) and progressively turns to an alternating MT-MM pattern observed on 4 profiles (Fig. 4.5B). The alternance of detachment faults of opposite dip in the dominantly MT pattern, giving progressively more importance to magmatic spreading episodes in the MT-MM pattern, resemble the spreading modes often observed at slow spreading centers. Conversely, the third pattern shows alternating TT-MM as observed on 6 profiles (Fig. 4.5C). This pattern results in overall symmetric ridges, smooth seafloor being suddenly interrupted by magmatic bursts. The fourth and last pattern, on the 4 remaining profiles (Fig.4. 5D), displays a random succession of mixed spreading modes, indicating locally strong variation of magmatism.

Fig 4. 5 .

 5 Fig 4.5. Spreading modes of three ultraslow spreading centers. For each profile, the side columns show the type of seafloor on each flank (Magmatic: red, Tectonic: blue), and the medium column shows the mode of seafloor spreading and their alternances (MT: yellow, MM: black, TT: green, volcanic axis: grey). Profiles from different ridges are grouped by pattern of evolution: (A) MT spreading mode, (B) MT-MM spreading mode, (C) TT-MM spreading mode, and (D) Mixed spreading mode.

  dominantly detachment fault episode respectively correlate positively and negatively with the spreading rate, indicating that the latter plays an important role in shaping the lithospheric structure of the ultraslow spreading ridges. Three modes of spreading, Magmatic-Tectonic (MT), Magmatic-Magmatic (MM), and Tectonic-Tectonic (TT), are identified from the analysis of magnetic profiles on conjugate ridge flanks, reflecting different magmatism at the time of lithospheric accretion. Subsequently, four evolution patterns, MT, MT-MM, TT-MM, and Mixed, are recognized along the three investigated ultraslow spreading ridges, and allow depicting the variation of magmatism both in time and along axis.(End of manuscript Zhou and Dyment, under review in Science Advances, 2022)In Chapter 4, we apply the same method to model the crustal structure and modes of seafloor spreading on three ultraslow spreading ridges. Detachment faults play an important role in the seafloor spreading accounting for 15 to 52% of the total seafloor on ultraslow spreading ridges. The comparison of the calculated magmatism, the spreading rate, and the DDFE (duration of dominantly detachment fault episode) indicates that the spreading rate is still a key factor influencing the lithospheric structure and evolution. We identified three modes of seafloor spreading, Magmatic-tectonic (MT), Magmatic-magmatic (MM), and Tectonic-tectonic (TT), and four evolution patterns, MT, MT-MM, MM-TT, and Mixed, reflecting the spatial and temporal variation of magma supply on the ultraslow spreading ridges.

  

  

  

  

End of paper Zhou et al., Geology, 2022)
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à travers un paramètre, le degré de magmatisme, obtenu à partir de la quantité de basalte extrusif, montre que la rotation du mur inférieur des failles de détachement, la présence de serpentinite et de corps de gabbro exhumés, et l'évolution du détachement sont tous liés à ce paramètre. L'apport de magma irrégulier le long de l'axe sur les dorsales ultra-lentes engendre donc donc des OCC ou des failles de détachement aux caractéristiques variées. Une fois connue l'influence de l'accrétion par détachement sur les anomalies magnétiques marines acquises à proximité du fond, nous essayons de déterminer si cette influence s'étend aux anomalies magnétiques mesurée en surface. Si c'est le cas, les données magnétiques acquises par les navires pourraient s'avérer un outil utile pour estimer au premier ordre la structure lithosphérique des segments de dorsale dans le temps et le long de l'axe. Les résultats obtenus pour différents degrés de magmatisme montrent la signature de différents types de fonds marins, parmi lesquels la croûte magmatique présente des anomalies magnétiques fidèles à la succession des inversions de polarité alors que les surfaces de détachement sans gabbro ne génèrent aucun signal significatif. Cependant, lorsque le degré de magmatisme augmente, les corps de gabbro exhumés plus fréquents peuvent enregistrer des anomalies magnétiques d'amplitude relativement faible. La modélisation inverse de quatre profils observés le long de la SWIR montre également la fiabilité et la capacité de cette méthode dans l'estimation des types d'expansion du plancher océanique. Nous utilisons cette méthode sur 17 profils
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Abstract

The heterogenous magma supply at ultraslow spreading ridges creates diverse seafloor morphologies and lithospheric structures. We modeled several across-axis magnetic profiles selected from the Gakkel, Southwest Indian and Mid-Cayman ridges to explore the role of detachment faulting and magmatism in lithospheric accretion along ultraslow spreading centers.

Our models suggest that detachment faulting amounts for ~15-52% of the total seafloor generation.

Correlations of the magmatism and duration of the dominantly detachment faulting episode with the spreading rate indicate that this parameter remains important in shaping the lithospheric structure of the ultraslow spreading ridges. We recognize three spreading modes and four patterns of evolution involving different alternances of these modes reflecting different magmatism and its variation in time and along axis.

Introduction

Strong variation of the magma supply at slow and ultraslow spreading centers results in a variety of crustal and lithospheric structures often involving detachment-faults, some of them juxtaposing denudated mantle rocks and volcanic ridges whereas others cut-across previous detachment faults of opposed dip in a magma-starved spreading environment [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF].

Studies on the slow-spreading Mid-Atlantic Ridge (MAR) found that detachment faults are widespread and account for >50% of the total lithospheric accretion [START_REF] Smith | Widespread active detachment faulting and core complex formation near 13° N on the Mid-Atlantic Ridge[END_REF][START_REF] Escartín | Central role of detachment faults in accretion of slow-spreading oceanic lithosphere[END_REF]. Compared with slow-spreading centers, ultraslow spreading centers display a more heterogenous along-axis magma supply, resulting in various contrasted spreading modes. Good examples along the Southwest Indian Ridge (SWIR) are the magmatic segment at 50.5 °E (Chen et al., 2021) and the nearly amagmatic segment at 66°E [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF]. A few near-axis detachment faults or Oceanic Core Complexes (OCC) were reported on the SWIR (e.g., [START_REF] Dick | A long in situ section of the lower ocean crust: results of ODP Leg 176 drilling at the Southwest Indian Ridge[END_REF][START_REF] Tao | Deep hightemperature hydrothermal circulation in a detachment faulting system on the ultra-slow spreading ridge[END_REF][START_REF] Wu | An intermittent detachment faulting system with a large sulfide deposit revealed by multi-scale magnetic surveys[END_REF]Zhou et al., 2022) and the Mid-Cayman Spreading Center (MCSC) (e.g., [START_REF] Connelly | Hydrothermal vent fields and chemosynthetic biota on the world's deepest seafloor spreading centre[END_REF]. In the across-axis direction, an alternance of magnetic anomalies are observed on both flanks and suggest that a magmatic spreading prevailed on both flanks. The lithosphere older than ~6 Ma accordingly presents a contrasting magmaticmagmatic spreading. The lithospheric structure of this profile is symmetric on both flanks, displaying an alternance of tectonic-tectonic and magmatic-magmatic modes. A similar observation is made on profile 4 in the EVZ (Fig. 4.1E), but in opposite way. The lithospheric structure evolves from magmatic-magmatic before 10 Ma, tectonic-tectonic between 10-3 Ma, and magmatic-magmatic again in the last 3 Ma. The calculated magmatism is between 0.5-0.6 on profiles 1-3 and 0.67 on profile 4. The results show that detachment faulting is prevalent in the off-axis direction and the spreading mode also presents two main scenarios, symmetrical alternance of magmatic-magmatic and tectonic-tectonic modes in profiles 7 (Fig. 4.2D), and asymmetrical alternance of magmatictectonic mode in profile 5 (Fig. 4.2B). The calculated magmatism displays a rough north-south increase from 0.483 in profile 5 to 0.857 in profile 8. The OCCs modeled from the magnetic data are generally consistent with those deciphered by the seismic data [START_REF] Grevemeyer | Episodic magmatism and serpentinized mantle exhumation at an ultraslow-spreading centre[END_REF], like Mount Dent OCC and its western extensions in profile 5, another OCC on the western side of profile 7, and the first OCC on the eastern side of profile 8. This confirms the reliability of our modeling results.

Southwest Indian Ridge

The ultraslow spreading SWIR separates the African and Antarctic plates extending on 7700 km from the Bouvet Triple Junction (BTJ) to the west to the Rodrigues Triple Junction to the east. Two major fracture zones (FZ), Andrew Bain FZ and Gallieni FZ, delimit the ridge into three main sections, with different spreading characters, melt supply, and mantle heterogeneity [START_REF] Sauter | The ultraslow spreading Southwest Indian Ridge[END_REF]. The along-axis water depth, Mantle Bouguer Anomaly (MBA), and Na8.0 content together show a stronger melt supply and hotter upwelling mantle in the intermediate section between Andrew Bain and Gallieni FZ by comparison with the two other sections East of Gallieni FZ and West of Andrew Bain FZ [START_REF] Meyzen | A discontinuity in mantle composition beneath the southwest Indian ridge[END_REF][START_REF] Sauter | The ultraslow spreading Southwest Indian Ridge[END_REF]. We selected magnetic anomaly profiles in all these three sections.

Profiles 9-13 are located West of the Andrew Bain FZ, in the segment between 20-25°E.

Unlike the highly oblique segment between 9-16°E, this segment is orthogonal to the spreading direction [START_REF] Dick | An ultraslow-spreading class of ocean ridge[END_REF]. The mean axial valley depth is 4000 m [START_REF] Sauter | The ultraslow spreading Southwest Indian Ridge[END_REF]. This area displays a higher MBA and a colder thermal structure than the area immediately west of 20°E [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]. The average full spreading rate is 16 km/Myr according to the MORVEL model [START_REF] Demets | Geologically current plate motions[END_REF]. Our modeling results (Fig. 4.3) show that the spreading modes in this area also fall in two categories, either the alternance of asymmetrical magmatic-tectonic mode as in profile 11 (Fig. 4.3D), or the alternance of symmetrical magmatic-magmatic and tectonictectonic modes as in profile 12 (Fig. 4.3 E). The eastward decreases of calculated magmatism from

Chapter 5: General conclusion and perspective

In this thesis, we investigate the magnetic signature of ultraslow spreading ridges in multiscale magnetic anomaly studies. Chapter 2 is dedicated to the small scale and uses near-seafloor magnetic data as part of a high-resolution study of three OCCs. The presence of OCCs drastically impacts the near-seafloor magnetic anomalies. The three OCCs hosted in different magmatic environments display different structure and evolution. When the degree of magmatism calculated from the ETB (Equivalent Thickness of extrusive Basalt) decreases, the rotation of detachment footwall and the exposure of serpentinized peridotite increase. Conversely, the intensity of magnetic anomalies and number of exhumed gabbro bodies decrease as suggested by the lessmarked domed structure. The heterogeneous along-axis magma supply at the SWIR triggers two main OCCs evolutions. At amagmatic segments, the initiation and termination of OCCs are accommodated by the detachment fault iteration, whereas at more magmatically robust segments the evolution of OCCs is determined by the variation of magma supply.

In Chapter 3, we propose a model with three layers of varying thickness to approach the crustal structure of ultraslow spreading ridges. The forward models for different degrees of magmatism help us to clarify the magnetic signature for different types of oceanic crust. For example, the magmatic crust provides clear magnetic anomalies reflecting the Geomagnetic Polarity Time Scale, whereas the serpentinized peridotite of tectonic crust accommodated by detachment faults does not record the geomagnetic polarity. However, intrusive gabbro bodies exhumed on the detachment footwall, whose frequency increases with increasing magmatism, can record the magnetic polarity. Clearer anomalies are therefore observed on the tectonic crust for higher degrees of magmatism, as shown by the increasing correlation coefficient between synthetic anomalies generated for a purely magmatic crust and for those modelled for different degrees of magmatism. We further test the reliability of the modeling method on four observed magnetic profiles in SWIR segments with contrasted magmatic environments. The modeling results show good correlations with the geological observations, for example with a purely tectonic seafloor at the amagmatic easternmost SWIR and purely magmatic spreading in the magmatic SWIR segment at 50.5°E.