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Tectonic termination of oceanic detachment faults, with constraints on tectonic uplift and mass wasting related erosion rates

New high-resolution bathymetric data from Atlantis Massif and surrounding seafloor (30°N, Mid-Atlantic Ridge) records avolcanic extension associated with the formation of the axial rift valley floor, following the tectonic truncation of an active corrugated oceanic detachment fault system. The truncated Atlantis detachment is tectonically uplifted by a high-angle valley-bounding normal fault, formed after westward migration of the ridge at ~0.4 to 0.1 Ma. Detachment fault remnants, with preserved corrugations, lie within the present-day rift valley seafloor, and demonstrate that a ~20 km ridge section in the immediate vicinity of the Atlantis Fracture zone has not recorded any recent volcanic activity. Avolcanic extension may thus occur locally at the slow-spreading Mid-Atlantic Ridge, albeit for limited periods of time (less than a few hundred thousand years). The new fault dissecting the detachment shows a throw of ~2800 m, partly due to flexural uplift. Emplacement of the Lost City hydrothermal site occurred at a late stage post-dating the detachment truncation and avolcanic rift valley formation. From the inferred timing of the westward ridge axis shift we calculate uplift rates ≥ 7 mm/yr, possibly as high as 33 mm/yr, which are equivalent to or greater than the fastest vertical uplift rates of active normal faults measured to date on Earth (Gulf of Corinth). Geomorphologic observations also demonstrate that mass wasting efficiently reworks the seafloor topography. We obtain local incision and erosion rates ≥ 1-2 mm/yr locally, and as high as 4-8 mm/yr, depending on the assumed age for the rift bonding fault (0.4 vs. 0.1 Ma respectively). Our results suggest that (1) avolcanic extension may occur locally at the slow-spreading Mid-Atlantic Ridge, albeit for limited periods of time (less than a few 100s of kyrs), and (2) document that shifts in axial valley location related to the abrupt abandonment of detachment faults is a first-order process in the asymmetric accretion of slow-spread oceanic lithosphere.

Introduction

Oceanic lithosphere formed along slow-spreading mid-ocean ridges is shaped by a balance between axial magma supply and tectonic extension. Along ridge sections with limited melt supply, deformation can localize onto a single, large-offset normal fault (detachment). Continued extension exposes lower oceanic crust and mantle at the seafloor along fault surfaces that commonly display extension-parallel corrugations (e.g., [START_REF] Cann | Corrugated slip surfaces formed at North Atlantic ridge-transform intersections[END_REF][START_REF] Tucholke | Megamullions and mullion structure defining oceanic metamorphic core complexes on the Mid-Atlantic ridge[END_REF][START_REF] Parnell-Turner | Genesis of corrugated fault surfaces by strain localization recorded at oceanic detachments[END_REF], or smooth fault surfaces identified along the ultra-slow SW Indian Ridge [START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF]. In contrast, greater melt supply to the brittle lithosphere promotes magmatic accretion, and formation of limited slip (100s m) normal faults, defining ubiquitous ridge-parallel abyssal hills [START_REF] Smith | Fault rotation and core complex formation: Significant processes in seafloor formation at slow-spreading mid-ocean ridges[END_REF][START_REF] Escartín | Central role of detachment faults in accretion of slow-spreading oceanic lithosphere[END_REF][START_REF] Cannat | Oceanic corrugated surfaces and the strength of the axial lithosphere at slow spreading ridges[END_REF]. The transition between these accretion modes is abrupt, not gradual. Numerical models suggest a melt supply threshold, or M-value, that describes the ratio between the melt flux supplied to the brittle lithosphere and the total flux required to fully accommodate plate separation (e.g., [START_REF] Buck | Flexural rotation of normal faults[END_REF][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 distri-bution of magma emplacement[END_REF][START_REF] Howell | Seafloor expression of oceanic detachment faulting reflects gradients in mid-ocean ridge magma supply[END_REF]. A model threshold of M~0.5 is consistent with the sudden changes in accretion recorded by bathymetry both along-axis [START_REF] Howell | Seafloor expression of oceanic detachment faulting reflects gradients in mid-ocean ridge magma supply[END_REF] and across-axis, representing short periods of plate spreading (e.g., [START_REF] Okino | Development of oceanic detachment and asymmetric spreading at the Australian-Antarctic Discordance: Geochemistry[END_REF]Smith et al., 2006;[START_REF] Cannat | Modes of seafloor generation at a melt-poor ultraslow-spreading ridge[END_REF]2009;[START_REF] Escartín | Central role of detachment faults in accretion of slow-spreading oceanic lithosphere[END_REF].

Widespread exposures of denuded oceanic core complex footwalls on the seafloor form at intermediate to ultra-slow spreading rates [START_REF] Tucholke | Role of melt supply in oceanic detachment faulting and formation of megamullions[END_REF], but oceanic detachments have a limited life span from initiation to death of typically ~1 Myrs and up to ~4 Myrs [START_REF] Tucholke | Megamullions and mullion structure defining oceanic metamorphic core complexes on the Mid-Atlantic ridge[END_REF][START_REF] John | Deformation and alteration associated with oceanic and continental detachment fault systems: Are they similar?, in Diversity of Hydrothermal Systems on Slow Spreading Ocean Ridges[END_REF][START_REF] Tani | Termination of backarc spreading: Zircon dating of a giant oceanic core complex[END_REF][START_REF] Ohara | The Godzilla Megamullion, the largest oceanic core complex on the earth: a historical review: Island Arc[END_REF]. In addition, asymmetric seafloor spreading has been reported associated with oceanic detachments, with ~60% to >85% of the full plate separation accommodated by the active faults (e.g., [START_REF] Searle | FUJI Dome: A large detachment fault near 64 E on the very slowspreading southwest Indian Ridge[END_REF][START_REF] Okino | Development of oceanic detachment and asymmetric spreading at the Australian-Antarctic Discordance: Geochemistry[END_REF]Baines et al., 2008;[START_REF] John | Deformation and alteration associated with oceanic and continental detachment fault systems: Are they similar?, in Diversity of Hydrothermal Systems on Slow Spreading Ocean Ridges[END_REF]. This asymmetry prompts detachment fault migration towards the ridge axis and adjacent plate, with two possible fates due to lateral ridge shifts or migration (e.g., [START_REF] Macleod | Life cycle of oceanic core complexes[END_REF][START_REF] Cheadle | The death throes of ocean core complexes: Examples from the Mid-Cayman Spreading Centre[END_REF][START_REF] Reston | A rifted inside corner massif on the Mid-Atlantic Ridge at 5[END_REF][START_REF] Cannat | Oceanic corrugated surfaces and the strength of the axial lithosphere at slow spreading ridges[END_REF][START_REF] Cheadle | Some things we've learned about oceanic core complexes, bue were afraid to asl[END_REF]. Firstly, they may be abandoned and rafted off-axis, structurally intact with a well-preserved hanging wall cut off; this is the case of the Kane detachment at 23°N on the Mid-Atlantic Ridge (MAR) [START_REF] Dick | Plutonic foundation of a slowspreading ridge segment: Oceanic core complex at Kane Megamullion[END_REF].

Alternatively, the detachment fault can be cut by new high angle faults. The youngest, most recently exposed portion closest to the hanging wall cut off, dismembered from the rest of the detachment fault, may be obliterated by subsequent crustal accretion, including associated faulting and magmatism (e.g., [START_REF] Escartín | Constraints on deformation conditions and the origin of oceanic detachments: The Mid-Atlantic Ridge core complex at 15°45[END_REF][START_REF] Cannat | Oceanic corrugated surfaces and the strength of the axial lithosphere at slow spreading ridges[END_REF], or be partially preserved on the conjugate flank, as for the MAR 5°S [START_REF] Reston | A rifted inside corner massif on the Mid-Atlantic Ridge at 5[END_REF].

Understanding how detachments are tectonically terminated requires constraints on the timing and rates at which subsequent faulting occurs, as well as assessing potential links to magmatic and tectonic processes on-axis. Tectonic decapitation may also transfer lithospheric remnants from the footwall of the old detachment fault to the footwall of the new fault, as exhibited by flip-flopping and cross-cutting detachments at ultra-slow spreading ridges [START_REF] Reston | Flipping detachments: The kinematics of ultraslow spreading ridges[END_REF][START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF]. This material transfer across the plate boundary modulates the architecture of the oceanic lithosphere, and is key to unravel associated seafloor magnetic signals.

Atlantis Massif at 30°N on the MAR (Figure 1) is one of the best-studied oceanic core complexes along the global mid-ocean ridge system [START_REF] Cann | Corrugated slip surfaces formed at North Atlantic ridge-transform intersections[END_REF][START_REF] Schoolmeesters | The cooling history and the depth of detachment faulting at the Atlantis Massif oceanic core complex[END_REF][START_REF] Blackman | Implications for the Evolution of an ultramafic oceanic core complex[END_REF][START_REF] Karson | Detachment shear zone of the Atlantis Massif core complex[END_REF][START_REF] Früh-Green | Magmatism, serpentinization and life: Insights through drilling the Atlantis Massif[END_REF][START_REF] Grimes | Protracted construction of gabbroic crust at a slow spreading ridge: Constraints from 206Pb/238U zircon ages from Atlantis Massif and IODP Hole U1309D[END_REF]. This detachment is adjacent to, and north of, the Atlantis Fracture Zone, that offsets the ridge axis laterally by ~70 km, or ~6 Myrs (e.g., [START_REF] Zervas | Morphology and crustal structure of a small transform fault along the Mid-Atlantic Ridge: The Atlantis Fracture Zone[END_REF]. Other core complexes are exposed on older seafloor to the west of Atlantis Massif and to the south, at the southern ridge-transform intersection (e.g., Blackman et al., 2008). Recent high-resolution bathymetry (~20m per pixel) acquired during IODP Expedition 357 (Früh-Green et al., 2017) show this detachment system cut by late, ridge-parallel, highangle normal faults, the most significant of which has a throw that decreases from >2 km in the south, near the ridge-transform intersection, to <500 m at the segment center northwards (Figures 1B,2,3;Supplementary Figure S1). The new high-resolution bathymetry, combined with the previous work at Atlantis Massif, makes this area particularly well-suited to study detachment termination through high-angle faulting, and to address several key questions, including a) the mechanisms and timing of faulting involved in 'terminating' oceanic detachment faults, and b) the resulting lithospheric structure and composition (e.g., [START_REF] Reston | Flipping detachments: The kinematics of ultraslow spreading ridges[END_REF].

Here we constrain the chronology of the transition from detachment fault slip to seafloor spreading via rift valley development. We rely on a detailed interpretation of seafloor morphology, combined with existing geologic, geochronologic, and geophysical constraints. We benefit from geophysical surveys (seismic imaging, microseismicity) [START_REF] Canales | Seismic evidence for large-scale compositional heterogeneity of oceanic core complexes: Geochemistry[END_REF][START_REF] Xu | Heterogeneous seismic velocity structure of the upper lithosphere at Kane oceanic core complex, Mid-Atlantic Ridge[END_REF][START_REF] Collins | Seismicity of the Atlantis Massif detachment fault[END_REF][START_REF] Henig | Downward continued multichannel seismic refraction analysis of Atlantis Massif oceanic core complex[END_REF], subseafloor sampling from three IODP expeditions [START_REF] Blackman | Drilling constraints on lithospheric accretion and evolution at Atlantis Massif[END_REF][START_REF] Früh-Green | Magmatism, serpentinization and life: Insights through drilling the Atlantis Massif[END_REF], and deep-sea vehicle observations and sampling [START_REF] Blackman | Implications for the Evolution of an ultramafic oceanic core complex[END_REF][START_REF] Karson | Detachment shear zone of the Atlantis Massif core complex[END_REF]. IODP Expeditions 304 and 305 drilled several boreholes across the corrugated detachment surface, including the ~1500 m deep hole, U1309D, at the center of the Massif [START_REF] Blackman | Drilling constraints on lithospheric accretion and evolution at Atlantis Massif[END_REF]. Subsequently, IODP Expedition 357 drilled shallow boreholes (to 15 m below seafloor) along the southern ridge of the core complex, parallel to the spreading direction [START_REF] Früh-Green | Magmatism, serpentinization and life: Insights through drilling the Atlantis Massif[END_REF]. With temporal constraints from thermochronologic studies of samples, as well as geological and geodynamic data, we quantify both uplift and denudation rates.

Atlantis Massif and its detachment system

Oceanic detachment systems exposing corrugated fault surfaces exposed at the seafloor were first recognized at the Atlantis Massif along the MAR at 30°N [START_REF] Cann | Corrugated slip surfaces formed at North Atlantic ridge-transform intersections[END_REF]. This detachment fault formed on the western flank of the Mid-Atlantic Ridge immediately north of the Atlantis Fracture zone (Figure 1). The striated detachment fault surface accommodates >15 km of extension at its southern end, where it is shallowest (~700 mbsf), and underlain dominantly by peridotite intruded by gabbroic rocks outcropping at the transform valley wall [START_REF] Schroeder | Strain localization on an oceanic detachment fault system, Atlantis Massif, 30°N, Mid-Atlantic Ridge[END_REF][START_REF] Karson | Detachment shear zone of the Atlantis Massif core complex[END_REF]. Footwall rocks host the Lost City hydrothermal field, at mass-wasting scarps eroding the detachment [START_REF] Früh-Green | 000 Years of Hydrothermal Activity at the Lost City Vent Field[END_REF][START_REF] Kelley | A Serpentinite-Hosted Ecosystem: The Lost City Hydrothermal Field[END_REF], with vent fluid chemistry recording interactions with ultramafic rocks and gabbroic bodies at depth (Proskurowski et al., 2006;[START_REF] Seyfried | The Lost City hydrothermal system: Constraints imposed by vent fluid chemistry and reaction path models on subseafloor heat and mass transfer processes[END_REF]. To the north, the domal and striated detachment surface both deepens and its seafloor exposure tapers. Lithologic heterogeneity of the footwall is documented by 1.5 km of gabbroic rocks drilled at IODP borehole U1309D [START_REF] Ildefonse | Oceanic core complexes and crustal accretion at slow-spreading ridges[END_REF][START_REF] Blackman | Drilling constraints on lithospheric accretion and evolution at Atlantis Massif[END_REF], and supported by a complex three-dimensional seismic velocity structure of the footwall [START_REF] Canales | Seismic evidence for large-scale compositional heterogeneity of oceanic core complexes: Geochemistry[END_REF][START_REF] Xu | Heterogeneous seismic velocity structure of the upper lithosphere at Kane oceanic core complex, Mid-Atlantic Ridge[END_REF][START_REF] Henig | Downward continued multichannel seismic refraction analysis of Atlantis Massif oceanic core complex[END_REF].

Along the northern Atlantis Massif a seismic reflector interpreted as the detachment fault underlies the basaltic hanging wall block, ridgeward of the hanging wall cutoff (~30°10'N to ~30°17'N; Seismic Line MEG-5, [START_REF] Canales | Seismic reflection imaging of an oceanic detachment fault: Atlantis megamullion[END_REF], with a <15° eastward dip. Fault curvature is attributed to footwall flexure during extension [START_REF] Lavier | Self-consistent rolling-hinge model for the evolution of large-offset low-angle normal faults[END_REF], and requires significant rotations, consistent with paleomagnetic data recording up to ~50° anticlockwise rotations away from the ridge axis [START_REF] Morris | Footwall rotation in an oceanic core complex quantified using reoriented Integrated Ocean Drilling Program core samples[END_REF]; footwall rotations of comparable magnitude are also inferred from bathymetry and paleomagnetic studies at other detachments [START_REF] Garcés | Paleomagnetic evidence of large footwal rotations associated with low-angle faults at the Mid-Atlantic Ridge[END_REF][START_REF] Smith | Fault rotation and core complex formation: Significant processes in seafloor formation at slow-spreading mid-ocean ridges[END_REF][START_REF] Schouten | Tectonic versus magmatic extension in the presence of core complexes at slow-spreading ridges from a visualization of faulted seafloor topography[END_REF][START_REF] Hansen | Mylonitic deformation at the Kane oceanic core complex: Implications for the rheological behavior of oceanic detachment faults: Geochemistry[END_REF][START_REF] Macleod | Life cycle of oceanic core complexes[END_REF][START_REF] Allerton | Magnetic polarity structure of the lower oceanic crust[END_REF].

Hydroacoustic monitoring documents microseismicity within the footwall, along the rift valley walls, and below the ridge valley floor, suggesting a complex pattern of deformation, including strike slip events [START_REF] Collins | Seismicity of the Atlantis Massif detachment fault[END_REF].

The spreading half-rate in this area, averaged over the last ~10 Myrs, is ~12 mm/yr [START_REF] Zervas | Morphology and crustal structure of a small transform fault along the Mid-Atlantic Ridge: The Atlantis Fracture Zone[END_REF][START_REF] Pariso | Temporal and spatial variations in crustal accretion along the Mid-Atlantic Ridge (29° -31°31 'N) over the last 10 Ma: Implications from a three-dimensional gravity study[END_REF]. Pb-U zircon ages from gabbroic rocks sampled in the footwall over ~6-7 km across the southern ridge parallel to the spreading direction yield a detachment slip rate of ~28±6.7 mm/yr over the last 1.2 Myrs [START_REF] Grimes | Protracted construction of gabbroic crust at a slow spreading ridge: Constraints from 206Pb/238U zircon ages from Atlantis Massif and IODP Hole U1309D[END_REF]. This rate is of the same order as the full spreading rate, and implies significant asymmetry in plate spreading, as proposed for other oceanic detachment faults [START_REF] Grimes | Cooling rates and the depth of detachment faulting at oceanic core complexes: Evidence from zircon Pb/U and (U-Th)/He ages[END_REF][START_REF] Searle | FUJI Dome: A large detachment fault near 64 E on the very slowspreading southwest Indian Ridge[END_REF][START_REF] Okino | Development of oceanic detachment and asymmetric spreading at the Australian-Antarctic Discordance: Geochemistry[END_REF][START_REF] Mallows | A geophysical study of oceanic core complexes and surrounding terrain[END_REF][START_REF] Fujiwara | Crustal evolution of the Mid-Atlantic Ridge near the Fifteen-Twenty Fracture Zone in the last 5 Ma: Geochemistry[END_REF], Baines et al., 2008). Along the eastern limit of the southern ridge of Atlantis Massif, the detachment is truncated by the high-angle normal fault bounding the western side of the present-day rift valley. To the north, this fault bounds a rafted and uplifted hanging wall block (Figures 1,3). Late, post-detachment faulting patterns suggest abandonment of the detachment system, with the development of a prominent rift valley, and the off-axis rafting of the inactive, faulted detachment.

Volcanic features, tectonic structure, and surface processes constrained by seafloor geomorphology

A high-resolution Atlantis Massif bathymetric survey was conducted onboard RRS James Cook during IODP Expedition 357 [START_REF] Früh-Green | Magmatism, serpentinization and life: Insights through drilling the Atlantis Massif[END_REF]. These data complement the MARVEL 2000 survey [START_REF] Blackman | Implications for the Evolution of an ultramafic oceanic core complex[END_REF], and other open-access data (www.gmrt.org; Ryan et al., 2009) (Figure 1A). The 20 m resolution grid (Figure 1B) is publicly available (https://doi.org/10.1594/PANGAEA.935687), and was analyzed using shaded relief maps (Figure 1B, S1A, S1B), slope maps (Figure S1C), and 3D visualizations (Figures 1C,S2), to map features associated with volcanic, tectonic, and mass-wasting processes (Figures 2,3), their interactions, and relative timing of formation. Four structural domains are defined, including: A) the Atlantis detachment system (A in Figure 1B); B) the present-day adjacent axial rift valley (RV in Figure 1B); C) seafloor conjugate to the detachment system along the eastern flank of the rift valley (C in Figure 1B); and D) the Atlantis Transform system bounding the detachment to the south (T Figure 1B). We do not interpret older seafloor in the eastern and westernmost regions, nor the full transform valley domain at the edges of the study area.

We map seafloor features related to i) volcanic processes, ii) tectonic processes, and iii) surface processes (Figures 1B,1C,2,3). Each set of features have implications for the cessation of extension along the detachment fault, its truncation by rift-bounding faults, and the feedbacks between volcanic, tectonic and surface processes at slowspreading MORs.

Seafloor volcanic features

Volcanic seafloor features include cones, ridges, and hummocky terrain (Figure 3). The present-day rift valley floor (RVF) is limited by the western and eastern rift-bounding faults (WBF and EBF). North of 30°07'N it exhibits volcanic cones, ridges, and hummocky textured seafloor north, characteristic of volcanically resurfaced ridge axis sections [START_REF] Smith | Locating the spreading axis along 80 km of the Mid-Atlantic Ridge south of the Atlantis Transform[END_REF][START_REF] Yeo | Eruptive hummocks: Building blocks of the upper ocean crust[END_REF]. South of 30°07'N the rift valley seafloor is smooth and lacks volcanic features (Figures 1B,2C,3). East of the present-day rift valley a ~10-km-wide strip of volcanic terrain, displaying both seamounts and hummocks, extends the entire segment length to the Atlantis Fracture Zone. This terrain corresponds to the paleo-rift valley floor (PRVF; Figure 3), and records a capture of the valley floor by the African plate via a westward axis jump.

On the western flank of the present-day rift valley, volcanic seafloor is restricted to the area between the hanging wall cut off and WBF (Figure 3). This terrain corresponds to hanging wall blocks rafted above the east-dipping detachment fault. Fresh volcanic deposits (glass/hyaloclastite) have also been identified above the detachment locally (v in Figure 3; [START_REF] Früh-Green | Magmatism, serpentinization and life: Insights through drilling the Atlantis Massif[END_REF], in an area lacking corrugations and with irregular surface, also lacking clear volcanic structures (Figures 1B,3).

Tectonic features.

Tectonic features across the area record a protracted history of faulting. The most prominent are ridge-parallel normal faults which extend along-axis for hundreds of m to >30 km (WBF and EBF, Figure 3). The vertical throw of these faults varies both among them and along their strike, locally exceeding 2 km on the southern end of the WBF that dissects the Atlantis detachment fault (Figure 3). The Atlantis Fracture Zone and associated transform valley show numerous rectilinear, subparallel scarps and ridges related transform tectonics.

Figure 3 highlights the well-preserved corrugated fault surface exposed at the seafloor of the Atlantis detachment fault system (ADS), and the hanging-wall cutoff, preserved along the northern part of the ADS. In contrast, the footwall cutoff is poorly defined, with several positions proposed [START_REF] Canales | Seismic reflection imaging of an oceanic detachment fault: Atlantis megamullion[END_REF][START_REF] Schoolmeesters | The cooling history and the depth of detachment faulting at the Atlantis Massif oceanic core complex[END_REF]; this system lacks prominent ridges with back-tilted volcanic seafloor commonly observed at the footwall cutoff along several MAR detachments [START_REF] Smith | Fault rotation and core complex formation: Significant processes in seafloor formation at slow-spreading mid-ocean ridges[END_REF]Escartín et al., 2017).

We identify three potential footwall cutoff positions (FWC in Figure 3), one oblique to the axis following the eastern limit of the corrugated surface, and two axis-parallel ones from prior studies [START_REF] Canales | Seismic reflection imaging of an oceanic detachment fault: Atlantis megamullion[END_REF]. Hanging-wall cutoffs are used in conjunction with geochronologic constraints [START_REF] Grimes | Protracted construction of gabbroic crust at a slow spreading ridge: Constraints from 206Pb/238U zircon ages from Atlantis Massif and IODP Hole U1309D[END_REF][START_REF] Schoolmeesters | The cooling history and the depth of detachment faulting at the Atlantis Massif oceanic core complex[END_REF] to obtain a range of plausible total tectonic extensions, associated ages, and timing and rate of spreading accommodated by the detachment.

Minor faults that are recent and may be linked to the recorded seismicity in the area (e.g., [START_REF] Collins | Seismicity of the Atlantis Massif detachment fault[END_REF] dissect the exposed corrugated detachment surface, displaying jagged and irregular traces, and associated small vertical throws (<5 m).

These are not resolvable in shipboard bathymetry, visible only as subtle slope breaks (Figures 2A,2B,3). The detachment surface is not clearly identifiable at its southwestern corner, that displays complex seafloor texture that has yielded volcanic rocks (v in Figure 3), suggesting late volcanism and lava emplacement on the detachment surface.

Figure 3 shows two sections of seafloor interpreted as preserved corrugated detachment fault surface fragments, both along the fault scarp dissecting the detachment, and at the rift valley floor (cds, Figure 2C). These detachment remnants are identified based on lateral continuity of corrugations (Figures 2 ,3), from the uplifted, shallowest detachment fault surface, to the rift valley floor, over flowlineparallel distances of >15 km. This continuity is confirmed by axis-parallel profiles over the detachment and these remnants, showing that both the vertical amplitude and lateral spacing (along-axis) of the corrugations are consistent (Figure 4). These corrugated fault remnants are thus reliable tectonic markers to determine vertical fault displacements.

Surface process features

The new high-resolution bathymetry reveals numerous features associated with surface (seafloor) processes. Both the nodal basin at the end of the ridge axis adjacent to the Atlantis Fracture Zone, and zones along the transform valley, are flat-bottomed sediment ponds ( 'N' in Figure 1; 'sp' in Figure 2C and slope map, Figure 2D).

Sediments in the nodal basin partially cover the southern part of the detachment fault remnant at the rift valley floor (Figure 4B).

Mass wasting is pervasive throughout the study area. Prominent, large headwall scarps (up to several km across) are visible along the southern wall of Atlantis Massif towards the transform valley, and along the southern WBF scarp, where it is highest.

This mass wasting has significantly eroded the massif, exposing footwall rocks in the upper scarp amphitheaters, and along erosional gullies down-slope. Figure 4C highlights up to 2 km northward retreat of the scarp forming the southern wall of Atlantis Massif. The scar bases often display slump and pressure ridges common at gravity-driven mass-wasted deposits. Smaller head scarps also occur over the corrugated detachment, including areas with very low topographic gradients and vertical relief.

We identify several incipient head-wall scarps recording active mass wasting of the detachment. A curved, semi-circular incipient scarp, similar to larger headwall scarps on the southern side of the massif, is centered at 30°10'N. With a diameter of ~5 km and a height <10 m, it cuts the corrugated detachment, the hanging wall cutoff, and uplifted hanging wall block to the east (Figure 3). Upon collapse, this structure may preserve a down-dropped detachment remnant, as observed along the western rift valley wall.

Age constraints

To quantify the rates of deformation, tectonic uplift, and ultimately those related to surface processes (e.g., scarp erosion due to mass wasting) we require temporal constraints on the tectonic evolution of Atlantis Massif. We focus on a) estimating the age of the footwall cutoff formation, corresponding to detachment initiation, b) determining the duration of slip along the detachment, and c) timing the detachment truncation by rift bounding wall, associated with a westward shift of the ridge. These time constraints are based on spreading age, calculated from distances to the axis and assumed spreading rates, and from geochronologic constraints, including Pb-U and (U/Th)He zircon dates [START_REF] Grimes | Protracted construction of gabbroic crust at a slow spreading ridge: Constraints from 206Pb/238U zircon ages from Atlantis Massif and IODP Hole U1309D[END_REF][START_REF] Schoolmeesters | The cooling history and the depth of detachment faulting at the Atlantis Massif oceanic core complex[END_REF]. With these, we seek to provide plausible age ranges for each of the major features defining the tectonic history of the Atlantis Massif.

Regional surface magnetic anomalies yield a full spreading rate of ~23 mm/yr, and a modest asymmetry since anomaly 2A (~3 Ma), with 12 mm/y to the West and 11 mm/yr to the East (Zervas et al., 1991). A present-day full rate of 23.6 mm/yr is predicted by the NUVEL-1 model [START_REF] Argus | No-net rotation model of current plate velocities incorporating plate motion model NUVEL-1[END_REF], while later regional magnetic study [START_REF] Pariso | Temporal and spatial variations in crustal accretion along the Mid-Atlantic Ridge (29° -31°31 'N) over the last 10 Ma: Implications from a three-dimensional gravity study[END_REF] yields a full spreading rate of 24 mm/yr. U/Pb zircon geochronology independently constraints slip rates along the Atlantis detachment fault, with values of ~28±6.7 mm/yr over the last 1.2 Myrs [START_REF] Grimes | Protracted construction of gabbroic crust at a slow spreading ridge: Constraints from 206Pb/238U zircon ages from Atlantis Massif and IODP Hole U1309D[END_REF]. More recent estimates by [START_REF] Grimes | Cooling rates and the depth of detachment faulting at oceanic core complexes: Evidence from zircon Pb/U and (U-Th)/He ages[END_REF] suggest a lower slip rate of 20 mm/yr. Here we adopt end member spreading rates of 12 and 24 mm/yr to bracket the maximum and minimum ages of tectonic features and events. As shown in Figure 4a, we define a 'zero age crust' at the eastern limit of the detachment fault surface remnant, located in the middle of the rift valley along Profile A-A'. This spreadingparallel profile crosses the Atlantis detachment system where it is best developed, recording the full history of detachment formation and subsequent evolution.

Footwall cutoff (breakaway) age. Lacking a clear footwall cutoff ridge common at many oceanic detachments (e.g., 13'20'N, [START_REF] Escartín | Tectonic structure, evolution, and the nature of oceanic core complexes and their detachment fault zones (13°20′N and 13°30′N[END_REF], Figure 4 shows two possible footwall cutoffs, at 20 (FC2 in Figures 4a,4c) to 24 km (FC1) away from the ridge axis, as interpreted from this and prior studies (e.g., [START_REF] Canales | Seismic reflection imaging of an oceanic detachment fault: Atlantis megamullion[END_REF]. Assuming a regional spreading half-rate of 12 mm/yr, the footwall cutoff age would be ~1.7 to~2 Ma. However, if we assume the detachment fault slipped at the end-member full spreading rate of 24 mm/yr inferred from U/Pb zircon geochronology [START_REF] Grimes | Cooling rates and the depth of detachment faulting at oceanic core complexes: Evidence from zircon Pb/U and (U-Th)/He ages[END_REF], then we have to remove the extension that occurred after the detachment fault ceased to slip. The detachment is truncated by the WBF, vertically offsetting the detachment fault by at least ~2.8 km. Hence, the horizontal distances reported above include the tectonic extension associated with WBF, and the actual spreading distance should be reduced by ~1.7 km (assuming an initial fault dip of ~60°), to ~18.3 and 22.3 km, respectively. We thus obtain footwall cutoff ages of 0.76-0.92 Ma. Together, these two end-member calculations yield minimum and maximum footwall cutoff ages of ~2 and ~0.8 Ma. However, gabbroic rocks in the Atlantis Massif footwall have Pb/U zircon dates of ~1.2 Ma [START_REF] Grimes | Protracted construction of gabbroic crust at a slow spreading ridge: Constraints from 206Pb/238U zircon ages from Atlantis Massif and IODP Hole U1309D[END_REF], further restricting this time interval, as the detachment is required to develop in lithosphere of this age or older. We thus estimate the age of the detachment footwall cutoff between ~2 and 1.2 Ma.

Duration of detachment fault slip.

As discussed, the two possible footwall cutoffs lie at 20 to 24 km west from the ridge axis (Figure 4A). Later tectonic extension associated with the WBF accounts ~1.7 km of this distance, and so reduces the slip on the detachment to ~18.3 and 22.3 km, respectively. End-member half-spreading rates of 24 and 12 mm/yr (see above) yield detachment fault slip durations ranging from ~0.8 to ~1.9 Ma. An average slip-rate of 20 mm/yr [START_REF] Schoolmeesters | The cooling history and the depth of detachment faulting at the Atlantis Massif oceanic core complex[END_REF] would yield slip durations between 0.9 to 1.1

Ma.

Detachment truncation of by rift valley bounding fault. The truncation must post-date the age of the plutonic rocks on the footwall, which were sampled to 1.5 km below seafloor (IODP Hole U1309D), and along the south wall of Atlantis Massif in HOV Alvin dives [START_REF] Karson | Detachment shear zone of the Atlantis Massif core complex[END_REF]. The youngest Pb-U zircon date for the gabbro solidus of 800°-850°C is ~1.0 Ma [START_REF] Grimes | Protracted construction of gabbroic crust at a slow spreading ridge: Constraints from 206Pb/238U zircon ages from Atlantis Massif and IODP Hole U1309D[END_REF]. Based on the distribution of cooling temperatures within borehole U1309D, [START_REF] Schoolmeesters | The cooling history and the depth of detachment faulting at the Atlantis Massif oceanic core complex[END_REF] proposed that the detachment fault stopped operating at ~0.4 Ma. These age constraints suggest that the rift-bounding fault truncated the detachment within the last 400,000 years, post-dating the youngest age provided by geo-and thermochronology of footwall rocks.

Discussion

Avolcanic rift valley formation

Our observations demonstrate that since formation of the present-day rift valley (<0.4 Ma), no volcanic activity occurred along the 20 km of ridge axis adjacent to the Atlantis Fracture Zone (Figure 3). At the southern end, a flat-bottomed, sedimented nodal basin developed within ~10 km of the Atlantis Transform Fault, with a seafloor depth of 4950 m. The nodal basin transitions north to a detachment remnant paving the axial valley floor, extending ~10 km along-axis, and with corrugations matching those of the main, uplifted detachment fault surface westwards. This remnant lies ~600-700 m above the nodal basin floor (bathymetric Profile F, Figures 4b,4c).

Stacked bathymetric profiles (Figure 4b) also indicate plausible nodal basin infill thickness. Five along-axis profiles across Atlantis Massif are shifted vertically to align the shallowest parts of the dome-shaped detachment surface. Mass-wasting along the transform wall, with associated head scarps, erodes the detachment surface northwards. Profile D samples a significant length of the detachment surface preserved from mass-wasting, along an apron extending southwards. Assuming that the along-axis detachment shape in profile D is preserved during the life-span of the detachment, the relative relief differences between profiles F and D at the nodal basin thus provides an estimate of the maximum sediment thickness, likely exceeding 1 km locally (Figure 4b).

The transition between volcanic and avolcanic rift valley floor is abrupt at ~30 °07'N; stacked profiles suggest that at distances >12 km North of the transform fault any young remnant of the detachment is disrupted or resurfaced by recent volcanism.

Avolcanic seafloor has been reported along the ultra-slow spreading South West Indian ridge (e.g., "nearly amagmatic seafloor", [START_REF] Cannat | On spreading modes and magma supply at slow and ultraslow mid-ocean ridges[END_REF], associated with detachment faults operating on-axis; this is a type of seafloor as yet described or identified to date however at slow-spreading ridges. The lack of volcanism along the rift valley near the Atlantis Transform is plausibly due to cooling by the juxtaposition of cold, 6-Myr-old lithosphere across the Atlantis transform. Possible cooling-related mechanisms include efficient suppression of melt production at depth, efficient entrapment of melt within a lithosphere that thickens towards the transform, or a combination of both.

Recent rift valley formation and detachment truncation

Initiation of the detachment ~1.2 to 2 Myrs ago created a hanging wall cutoff that extends ~27-30 km along-axis, corresponding to the maximum along-axis length of the corrugated surface, and the preserved ridges interpreted as potential footwall cutoff remnants (Figures 3,5a). The detachment fault tapered to the north, accommodating extension only along ~15 km of ridge axis adjacent to the transform fault (Figures 5b,c). The terrain formed north of the active detachment surface displays seafloor textures typical of volcanic terrains, with identifiable volcanic cones, and small offset normal faults. This suggests that the threshold in magma emplacement in the shallow crust migrated, corresponding to the transition from volcanic to avolcanic plate spreading. This volcanic off-axis terrain is dissected by the WBF that continuously extends southward towards the transform fault, also dissecting the detachment fault surface (Figure 5d).

The present-day axial valley is bound to the west by the steep fault that truncated the detachment as the axis shifted westward (Figure 5e), with several consequences. In the northern part of our study area, the extent of volcanic seafloor on either side of the present-day rift valley is asymmetric about the present-day axis (Figure 3), suggesting that the new axial graben developed along the western edge of the earlier one, possibly exploiting the associated rift-bounding walls. This lateral shift also preserved and displaced a mostly unfaulted, ~10 km wide strip of seafloor eastwards (PRVF, Figure 3), a width that is typical of rift valleys along many slow-spreading ridge sections (e.g., [START_REF] Thibaud | A systematic analysis of the Mid-Atlantic Ridge morphology between 15°N and 40[END_REF]. The maximum vertical throw of the WBF scarp is ~2800 m, between the eastern edge of the corrugated surface to the west, and the depth of the lowermost detachment remnant paving the rift valley (Figure 4a). WBF tapers northwards to ~1 km over ~10 km along-axis. Based on this tectonic configuration and history, the former hanging-wall cutoff (or "termination"), neither preserved nor recognizable in the bathymetry, must be east of the detachment remnant at the rift valley. We speculate that the former hanging wall cutoff is truncated by the EBF fault (Figure 3), or covered by debris from this fault at its base. The Lost City hydrothermal field, that records fluid flow over the last ~30 kyrs (e.g., Fruh-Green et al., 2003) was emplaced following the formation of the rift valley, and at the southern end of the tectonically uplifted and eroded detachment fault surface (Figures 3,5).

Bathymetric maps also highlight that spreading-parallel corrugations found on both the main detachment surface (dome at Atlantis Massif) and its remnants to the east are laterally continuous. Figure 4B shows the along-axis bathymetry profiles stacked along a flow line (line A-A', Figure 4c), at the depth of the shallowest corrugations (see Figure 4c, showing profile locations). The detachment surface shape is very similar on profiles B through D (distances from -2 to 10 km in Figure 4b), and the Meg-5 seismic reflection profile [START_REF] Canales | Seismic reflection imaging of an oceanic detachment fault: Atlantis megamullion[END_REF] shows the detachment fault lies beneath uplifted volcanic seafloor along the northern section of Atlantis Massif. The stacked profiles C and D (Figures 4b,4c) are reference profiles sampling longer along-axis detachment surface sections that are well-preserved. The remaining profiles detail shorter, along-axis detachment sections, and differences in depth relative to the two reference profiles provide first-order constraints on the processes either covering or eroding the detachment. To the North, stacked profiles E and F are progressively shallower and document the volcanic infill of the rift valley floor, with an inferred thickness of volcanic material gradually increasing to >1 km (red shading, Figure 4b). Towards the South, these profiles are also shallow, and depth differences document instead rift valley infill towards the transform (nodal basin, N in Figures 1b-c) by both sediment and rubble from mass-wasting from the rift valley and transform walls, and with an infill thickness likely >1 km (green shade, Figure 4b). In contrast, profile B is deeper than reference profiles along the Atlantis Massif southern wall, recording incisions of a few hundreds of m, locally up to ~1 km (yellow shading, Figure 4b).

Prior studies documented faulting and decapitation of corrugated detachment faults by higher-angle normal faults, with the development of high relief scarps (typically ~1 km, up to ~2 km in vertical displacement), both along the Mid-Atlantic Ridge (e.g., [START_REF] Reston | A rifted inside corner massif on the Mid-Atlantic Ridge at 5[END_REF][START_REF] Escartín | Constraints on deformation conditions and the origin of oceanic detachments: The Mid-Atlantic Ridge core complex at 15°45[END_REF][START_REF] Reston | Flipping detachments: The kinematics of ultraslow spreading ridges[END_REF] and the Southwest Indian Ridge [START_REF] Cannat | Oceanic corrugated surfaces and the strength of the axial lithosphere at slow spreading ridges[END_REF]. Extreme relief across steep, late faults has been interpreted as flexural response of strong lithosphere, as footwall rollover of oceanic detachments is attributed to flexure of a weak lithosphere (e.g., [START_REF] Schouten | Tectonic versus magmatic extension in the presence of core complexes at slow-spreading ridges from a visualization of faulted seafloor topography[END_REF]. Detachmentterminating scarps have thus been interpreted to result from strengthening of the oceanic lithosphere over a short period of time (~100 kyrs or less), in the absence of pervasive weakening of the footwall by brittle damage, alteration-induced footwall weakening, or both [START_REF] Cannat | Oceanic corrugated surfaces and the strength of the axial lithosphere at slow spreading ridges[END_REF]. The development of a large-throw (~2.8 km), high-angle fault across Atlantis Massif core complex is compatible with a low effective elastic thickness lithosphere. This is because in the "rolling hinge" model, significant rotation of the exposed detachment surface begins when the horizontal offset on the detachment exceeds ~3 times the (effective) elastic lithospheric thickness [START_REF] Schouten | Tectonic versus magmatic extension in the presence of core complexes at slow-spreading ridges from a visualization of faulted seafloor topography[END_REF][START_REF] Olive | Controls on the seafloor exposure of detachment fault surfaces[END_REF]. The shape of the escarpment created by a short-offset (< 5 km) normal fault is thus weakly sensitive to effective elastic thickness. Consequently, detachment-terminating faults may well nucleate from one of many areas of weakness developed in the footwall.

Understanding where and how such weak zones form requires a theoretical framework beyond thin plate flexure, owing to the large strains and complex deformation styles involved in footwall exhumation. [START_REF] Sandiford | Kinematics of Footwall Exhumation at Oceanic Detachment faults: Solid-Block Rotation and Apparent Unbending[END_REF] argue that core complex growth involves primarily solid-body rotation near the active fault, and lithosphere unbending outboard of the hanging-wall cutoff. Most footwall damage and subsequent weakening occurs near the footwall cutoff (breakaway ridge) due to a flexural-isostatic response during initial footwall stages of extension. As extension proceeds, unbending promotes upper lithospherecompression and lower lithosphere extension, forming either antithetic or synthetic faults (e.g., [START_REF] Olive | The role of elasticity in simulating long-term tectonic extension[END_REF][START_REF] Sandiford | Kinematics of Footwall Exhumation at Oceanic Detachment faults: Solid-Block Rotation and Apparent Unbending[END_REF]) that may dissect the core complex, a process named footwall snapping by [START_REF] Lavier | Factors controlling normal fault offset in an ideal brittle layer[END_REF]. [START_REF] Sandiford | Kinematics of Footwall Exhumation at Oceanic Detachment faults: Solid-Block Rotation and Apparent Unbending[END_REF] model also predicts the development of a fault cutting the detachment footwall but with a dip opposite to that of the WBF at Atlantis Massif. Footwall truncation there may have involved external forcing or 3-D effects not captured in 2-D models of core complex formation, such as along-axis rift fault propagation.

Implications for lithospheric structure and composition

Detachment truncation has implications for the structure and composition of the oceanic lithosphere, and for its tectonic history. Detachment decapitation requires lateral jumps of the ridge axis, possibly transferring sections of the oceanic lithosphere from one flank of the axis to the other. In the case of the Atlantis detachment, the detachment fault within the lithosphere likely underlies the volcanic terrain paving the East flank of the ridge (PVRF,Figures 3,5e,5f). This transfer of lithosphere across plates may be favored by asymmetric spreading associated with detachments, typically accommodating >50% of the total plate separation. This process thus requires either a migration of the detachment towards and across the ridge axis (Figures 5b-5d), a jump of the ridge axis into the detachment (Figure 5E), or both, with ridge offsets growing when detachments develop next to symmetrically spreading ridge sections [START_REF] Howell | Seafloor expression of oceanic detachment faulting reflects gradients in mid-ocean ridge magma supply[END_REF].

It has been postulated that detachment and ridge axis migration results in the detachment termination due to magmatic emplacement within the footwall, associated with the lateral propagation of adjacent ridge sections (e.g., [START_REF] Macleod | Life cycle of oceanic core complexes[END_REF]. Our results from Atlantis Massif illustrate tectonic truncation instead, associated with propagation of the faults bounding the adjacent rift valley, in the absence of volcanic activity at the rift floor. The history of detachment truncation has two main implications. First, detachment-bearing seafloor often displays faulted footwalls (e.g., [START_REF] Escartín | Constraints on deformation conditions and the origin of oceanic detachments: The Mid-Atlantic Ridge core complex at 15°45[END_REF]Smith et al., 2006;[START_REF] Cannat | Oceanic corrugated surfaces and the strength of the axial lithosphere at slow spreading ridges[END_REF]. As a result, the composition of the lithosphere and its structure will be complex, inheriting sections transferred from one plate to another. This configuration, in the case of extreme extension at ultraslow spreading segments, has been invoked for the development of flip-flopping detachment faults (e.g., [START_REF] Sauter | Continuous exhumation of mantle-derived rocks at the Southwest Indian Ridge for 11 million years[END_REF][START_REF] Reston | Flipping detachments: The kinematics of ultraslow spreading ridges[END_REF]. Second, the detailed tectonic evolution of truncated detachment may strongly modulate seafloor magnetic data, particularly those form high-resolution, near-bottom surveys. Lateral rift shifts capturing lithospheric sections in conjugate flanks will result in a seafloor with a complex and discontinuous accretion history, direction, and age at short timescales.

Normal fault tectonic uplift rates

With the bathymetry data, geomorphologic interpretations, and age constraints discussed, we quantify long-term tectonic uplift rates associated with the WBF truncating the detachment, and evaluate possible variations in these rates at geologically short time-scales (<1 Ma). With a maximum vertical throw of 2800 m, and a truncation age of ≤0.4 Ma, WBF's minimum uplift rate is ~7 mm/yr. Assuming a fault dipping between ~60° and 45°, the minimum horizontal slip rates range from ~4.0 to 7 mm/yr, with minimum dip-slip rates of ~8-10 mm/yr. These horizontal extension rates, accommodated along a single fault, represent ~15-30% of the presentday full spreading rate. These tectonic rates may be significantly faster if the riftbounding fault is younger than the maximum age of 0.4 Ma inferred from footwall rock ages.

In absolute terms, the time-averaged tectonic uplift rate we calculate is probably one of the fastest recorded for any active high-angle fault on Earth, and the first inferred for an active submarine fault. Dip-slip rates of 8-10 mm/yr are comparable to those reported for one of the fastest-slipping low-angle normal faults on-land of ~12 mm/yr (Mai'iu fault in Papua New Guinea; [START_REF] Webber | How fast can low-angle normal faults slip? Insights from cosmogenic exposure dating of the active Mai'iu fault[END_REF]. These rates also compare to fast-slipping, steep continental normal faults: based on uplifted marine terraces, De Martini et al, (2004) calculate uplift rates of 7-11 mm/yr along the Aigion and Helike normal faults bounding the Western Gulf of Corinth basin, with total extension rates of ~16 mm/yr [START_REF] Avallone | Analysis of eleven years of deformation measured by GPS in the Corinth Rift Laboratory area[END_REF].

There are significant variations in the accommodation of plate separation and associated strain both on short geologic time-scales (<500 ka?), and along axis. Along the southern part of the ridge segment, where corrugated detachment remnants are preserved at an avolcanic rift valley floor, we assume that the extension we document in bathymetry corresponds to that accommodated by the WBF and EBF faults, with throws of ~2800 m and ~750 m respectively. If these two faults formed at the same time (~0.4 Ma or earlier) and during the westward ridge axis shift, the total horizontal extension that these faults likely accommodate is ~2000-3500 m for fault dips of 60° and 45°, respectively. Lacking volcanic repaving of the seafloor, and assuming an endmember mode of avolcanic extension since the rift valley formation, this corresponds to ~83,000-150,000 yrs of extension for a full spreading rate of 24 mm/yr. Hence, formation of the present-day rift valley may be significantly younger than the maximum of ~0.4 Myrs for the westward ridge shift. In this end-member avolcanic scenario, the WBF's uplift rates would increase to at least 18-33 mm/yr, with dip-slip rates of up to 25-47 mm/yr or 21-38 mm/yr for 45° and 60° fault dips respectively; these slip rates would be significantly faster than any other normal fault documented on Earth to date. The associated horizontal extension rates (10-19 mm/yr) would imply that >40% of the plate separation (~24 mm/yr) is accommodated tectonically along this WBF.

Avolcanic extension is consistent with the above tectonic strain partitioning, accommodated both by bounding rift fault motion, and by distributed strain throughout the rift valley floor (e.g., fissures, small-scale faulting, or blind diking not breaching the seafloor). However, distributed strain is likely limited, as the detachment fault remnant is well-preserved, and no late-stage faults dissecting its corrugations are observed, as at the uplifted detachment surface to the west (Figures 2A,2C, 3). Consequently, the rift valley formed earlier than ~0.4 Myrs, and not later than ~0.1 kyrs, with tectonic uplift rates on the WBF likely between a minimum of 7 mm/yr and an absolute maximum of 33 mm/yr. Finally, the volcanically repaved seafloor to the north of the study area suggests a significant melt supply gradient that likely induces along-axis variations of magmatic and tectonic strain partitioning, controlling avolcanic rift formation.

Mass wasting erosion rates

Mass wasting is pervasive and a significant process reshaping transform valley walls and their associated bounding scarps, in addition to ubiquitous abyssal hills [START_REF] Karson | Detachment shear zone of the Atlantis Massif core complex[END_REF][START_REF] Cannat | Highresolution bathymetry reveals contrasting landslide activity shaping the walls of the Mid-Atlantic Ridge axial valley[END_REF]. To date we lack adequate quantification of the associated erosion rates, and on the corresponding mass fluxes of debris transported downslope, critical parameters to develop quantitative models of submarine erosion and landscape evolution Mass wasting is clearly visible throughout the study area (Figure 3), with stacked profiles in Figure 4b revealing incision and erosion along the transform fault wall [START_REF] Karson | Detachment shear zone of the Atlantis Massif core complex[END_REF]. Locally, the incision of the WBF scarp reaches 900 m, with an average of ~450 m (Figure 4). These values suggest that long-term erosion rates associated with mass wasting along steep scarps may be typically ~1 mm/yr, and up to ~2 mm/yr assuming the WBF initiated 0.4 Ma. These rates would increase to values of ~4 mm/yr, and a maximum of 8 mm/yr, if the WBF initiated at 0.1 Ma as outlined above. These values are consistent with geologic observations along the walls of riftbounding faults, where mass wasting is widely documented both by slump scarps and associated deposits, responsible for a footwall cutoff, retreat and by typical bounding fault scarp angles of ~30° (e.g., [START_REF] Cannat | Highresolution bathymetry reveals contrasting landslide activity shaping the walls of the Mid-Atlantic Ridge axial valley[END_REF][START_REF] Escartín | Tectonic structure, evolution, and the nature of oceanic core complexes and their detachment fault zones (13°20′N and 13°30′N[END_REF][START_REF] Olive | Controls on the seafloor exposure of detachment fault surfaces[END_REF]. This scarp morphology indicates that rift-bounding faults, with fault dips of ~60° to ~45°, may be efficiently eroded as they emerge and develop on-axis if the local erosion rates are as high as those inferred here.

Conclusions

New high-resolution shipboard bathymetric data acquired over the Atlantis Massif detachment system (30°N, Mid-Atlantic Ridge) provides insights into the tectonic termination of detachment faults, and its connections to volcanic processes on-axis. We also quantify rates of both tectonic uplift, and erosion due to mass wasting. The Atlantis Massif detachment system is truncated by a high-angle normal fault reaching ~2.8 km in vertical displacement, partly owing to the flexural lithospheric response. This western rift fault now bounds the present-day rift valley that formed following a westward ridge shift that has preserved the paleo-rift valley seafloor on the East flank of the ridge axis. Remnants of the corrugated detachment fault surface preserved at the rift valley floor unequivocally demonstrate that this tectonic decapitation of the detachment is linked to avolcanic extension along the ridge axis adjacent to the Atlantis transform fault, and that the seafloor is reshaped by volcanism at distances >20 km from the transform fault. Avolcanic extension may thus occur at slow-spreading ridges, albeit for limited periods of time (less than a few hundreds of thousands of years).

The rift-bounding fault dissecting the Atlantis detachment system formed less than 400,000 years ago, and possibly within the last ~100,000 yrs. This implies minimum vertical uplift rates greater than 7mm/yr, and that may exceed ~30mm/yr, corresponding to the fastest rates reported in a terrestrial environment on Earth. The bathymetry also reveals significant mass wasting along the flanks of the uplifted Atlantis Massif, on the rift valley bounding faults (degrading the normal fault scarp), and in the Atlantis transform valley. Bathymetric profiles indicate incisions that locally exceed 900m, corresponding to erosion rates between ~1 mm/yr and 8 mm/yr for WBF formation, and assuming ages of 0.4 and 0.1 Myrs, respectively. These high erosion rates are also consistent with the low-angle of the rift bounding fault scarp (~30° or less) suggesting efficient erosion coeval with tectonic uplift, and that this efficient erosion is widespread and operates along all slow-and ultra-slow spreading ridges.
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 2 Figure 2. Detailed bathymetric maps highlighting selected seafloor geomorphic features. A) Bathymetry of the Atlantis Massif southern summit, with the corrugated detachment fault surface (cds), with clear extension-parallel corrugations (fc, open black triangles) late smallscale faults cross-cutting the corrugations (lf, black solid triangles), and the detachment termination (t), or hanging wall cutoff. The transform wall (south) and rift valley wall (East) show mass wasting structures with curved head scarps (hs, green open triangles), and gullies (g, green open triangles) separated by ridges. B) Slope map of the area shown in A). C) Southern end of the present-day rift valley, bound by the Atlantis Fracture Zone, showing the remnants of the corrugated detachment (cds) and associated corrugations (fc). The southern
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 3 Figure 3. Geomorphologic interpretation of Atlantis Massif, showing features associated with volcanic, tectonic, and surface processes, on bathymetric slope map. The figure highlights the present-day rift valley floor (RVF), its West and East bounding faults (WBF and EBF, respectively), the interpreted paleo-rift valley floor (PRVF), its paleo-East bounding fault (PEBF), the Atlantis detachment system (ADS) limited to the West by possible footwall cutoffs (FWC?), and the Atlantis Fracture Zone (AFZ) to the South. Also shown is the location of
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 4 Figure 4. Across-and along-axis bathymetric profiles over the Atlantis Massif detachment system. Profile location (A through F) shown on C). A) Profile A-A' crosses two preserved portions of the corrugated fault surface along the rift bounding fault and floor (bold line). The tectonic axis (0 km) is assigned as the eastern limit of the detachment surface at the rift floor. Intersections of section A-A' by ridge-parallel profiles in B) shown as red triangles and associated letters (see location in C). FC: Footwall cutoff; EBF and PEBF: East boundary fault and paleo east boundary fault. B) Along-axis profiles over the two remnants of the detachment floor at the rift valley floor (F), and wall (E) and extending towards the flat-bottomed southern nodal basin, and over the main detachment surface (profiles B through D). All profiles are shifted vertically and stacked with a depth of 0 km at the crossing with profile A, to obtain a relative structural depth below the detachment fault surface. Portions of profiles across the detachment fault surface are bold. Differences in relative depth between profiles F and C to the North correspond to the volcanic infill of the rift valley floor; in the south, to the nodal basin infill. Differences between profiles B and C and profile D (to the south) corresponds to the mass-wasted footwall talus on the transform valley wall. See text for detailed discussion.
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 5 Figure 5. Schematic tectonic history of the Atlantis Massif detachment system. Top panels show a cross-section at the southern part of the detachment system. The bottom panels are a simplified plan view of the tectonic evolution illustrating the along-axis variations in tectonic and volcanic processes, with the open black triangles indicating the position of the across axis profile un the upper panels. The system initiated ~1.1-2 Ma ago (A), with a detachment that shortened along-axis towards the transform fault, where it is best developed (B and C). (D) A newly formed rift bounding fault dissects both the tip of the detachment and the volcanic seafloor to the north of it on the west flank, ~0.4 Ma ago or earlier. This new fault is associated with the formation of a new rift valley, paved with volcanics to the North, and remnants of the detachment surface to the south. Part of the detachment footwall is also transferred to the East flank across the newly formed tectonic axis (E). With continued extension the paleo-rift valley floor is rafted off-axis while the present-day axial graben develops. Detachment remnants, while dissected by faults, pave the rift valley floor and document avolcanic extension (F). Emplacement of the Lost City hydrothermal system occurred <35 kyrs(Fruh-Green et al., 2003), during the latest stage and post-dating the
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Supplementary Figure 1. A) Shaded relief bathymetric map of the study area, combining moderate-high-resolution data from the IODP 357 Expedition survey [START_REF] Früh-Green | Magmatism, serpentinization and life: Insights through drilling the Atlantis Massif[END_REF], with earlier data from the MARVEL 2000 cruise [START_REF] Blackman | Implications for the Evolution of an ultramafic oceanic core complex[END_REF], and other publicly available data through the Global Multi-Resolution Topography Data Synthesis at www.gmrt.org (Ryan et al., 2009). Data gridded at 20 m resolution. Although this high-resolution gridding does not filter some of the bathymetry processing artifacts and noise, it reveals fine-scale structures associated with volcanic, tectonic, and mass wasting processes. B) Shaded relief (no depth-