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Abstract 18 

New high-resolution bathymetric data from Atlantis Massif and surrounding seafloor 19 

(30°N, Mid-Atlantic Ridge) records avolcanic extension associated with the formation 20 

of the axial rift valley floor, following the tectonic truncation of an active corrugated 21 

oceanic detachment fault system. The truncated Atlantis detachment is tectonically 22 

uplifted by a high-angle valley-bounding normal fault, formed after westward 23 

migration of the ridge at ~0.4 to 0.1 Ma.  Detachment fault remnants, with preserved 24 

corrugations, lie within the present-day rift valley seafloor, and demonstrate that a ~20 25 

km ridge section in the immediate vicinity of the Atlantis Fracture zone has not 26 

recorded any recent volcanic activity. Avolcanic extension may thus occur locally at 27 

the slow-spreading Mid-Atlantic Ridge, albeit for limited periods of time (less than a 28 

few hundred thousand years). The new fault dissecting the detachment shows a throw 29 

of ~2800 m, partly due to flexural uplift. Emplacement of the Lost City hydrothermal 30 

site occurred at a late stage post-dating the detachment truncation and avolcanic rift 31 

valley formation. From the inferred timing of the westward ridge axis shift we 32 

calculate uplift rates ≥ 7 mm/yr, possibly as high as 33 mm/yr, which are equivalent 33 

to or greater than the fastest vertical uplift rates of active normal faults measured to 34 

date on Earth (Gulf of Corinth). Geomorphologic observations also demonstrate that 35 

mass wasting efficiently reworks the seafloor topography. We obtain local incision and 36 

erosion rates ≥1-2 mm/yr locally, and as high as 4-8 mm/yr, depending on the 37 

assumed age for the rift bonding fault (0.4 vs. 0.1 Ma respectively). Our results suggest 38 

that (1) avolcanic extension may occur locally at the slow-spreading Mid-Atlantic 39 

Ridge, albeit for limited periods of time (less than a few 100s of kyrs), and (2) document 40 

that shifts in axial valley location related to the abrupt abandonment of detachment 41 

faults is a first-order process in the asymmetric accretion of slow-spread oceanic 42 

lithosphere.  43 

 44 

1. Introduction 45 
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Oceanic lithosphere formed along slow-spreading mid-ocean ridges is shaped by a 46 

balance between axial magma supply and tectonic extension. Along ridge sections 47 

with limited melt supply, deformation can localize onto a single, large-offset normal 48 

fault (detachment). Continued extension exposes lower oceanic crust and mantle at the 49 

seafloor along fault surfaces that commonly display extension-parallel corrugations 50 

(e.g., Cann et al., 1997; Tucholke et al., 1998; Parnell-Turner et al., 2018), or smooth fault 51 

surfaces identified along the ultra-slow SW Indian Ridge (Cannat et al., 2006). In 52 

contrast, greater melt supply to the brittle lithosphere promotes magmatic accretion, 53 

and formation of limited slip (100s m) normal faults, defining ubiquitous ridge-parallel 54 

abyssal hills (Smith et al, 2008; Escartín et al., 2008; Cannat et al., 2009). The transition 55 

between these accretion modes is abrupt, not gradual. Numerical models suggest a 56 

melt supply threshold, or M-value, that describes the ratio between the melt flux 57 

supplied to the brittle lithosphere and the total flux required to fully accommodate 58 

plate separation (e.g., Buck, 1988; Buck et al., 2005; Tucholke et al., 2008; Olive et al., 59 

2010; Howell et al., 2019). A model threshold of M~0.5 is consistent with the sudden 60 

changes in accretion recorded by bathymetry both along-axis (Howell et al., 2019) and 61 

across-axis, representing short periods of plate spreading (e.g., Okino et al., 2004; 62 

Smith et al., 2006; Cannat et al., 2006; 2009; Escartín et al., 2008). 63 

Widespread exposures of denuded oceanic core complex footwalls on the seafloor 64 

form at intermediate to ultra-slow spreading rates (Tucholke et al., 2008), but oceanic 65 

detachments have a limited life span from initiation to death of typically ~1 Myrs and 66 

up to ~4 Myrs (Tucholke et al., 1998; John and Cheadle, 2010; Tani et al., 2011; Ohara, 67 

2016). In addition, asymmetric seafloor spreading has been reported associated with 68 

oceanic detachments, with ~60% to >85% of the full plate separation accommodated 69 

by the active faults (e.g., Searle et al., 2003; Okino et al., 2004; Baines et al., 2008; John 70 

and Cheadle, 2010). This asymmetry prompts detachment fault migration towards the 71 

ridge axis and adjacent plate, with two possible fates due to lateral ridge shifts or 72 

migration (e.g., MacLeod et al, 2009; Cheadle et al, 2012; Reston et al., 2002; Cannat et 73 

al., 2009; Cheadle et al, 2019).  Firstly, they may be abandoned and rafted off-axis, 74 

structurally intact with a well-preserved hanging wall cut off; this is the case of the 75 
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Kane detachment at 23°N on the Mid-Atlantic Ridge (MAR) (Dick et al., 2008). 76 

Alternatively, the detachment fault can be cut by new high angle faults. The youngest, 77 

most recently exposed portion closest to the hanging wall cut off, dismembered from 78 

the rest of the detachment fault, may be obliterated by subsequent crustal accretion, 79 

including associated faulting and magmatism (e.g., Escartín et al., 2003; Cannat et al., 80 

2009), or be partially preserved on the conjugate flank, as for the MAR  5°S (Reston et 81 

al., 2002).  82 

Understanding how detachments are tectonically terminated requires constraints on 83 

the timing and rates at which subsequent faulting occurs, as well as assessing potential 84 

links to magmatic and tectonic processes on-axis. Tectonic decapitation may also 85 

transfer lithospheric remnants from the footwall of the old detachment fault to the 86 

footwall of the new fault, as exhibited by flip-flopping and cross-cutting detachments 87 

at ultra-slow spreading ridges (Reston, 2018; Sauter et al., 2013).  This material transfer 88 

across the plate boundary modulates the architecture of the oceanic lithosphere, and 89 

is key to unravel associated seafloor magnetic signals. 90 

Atlantis Massif at 30°N on the MAR (Figure 1) is one of the best-studied oceanic core 91 

complexes along the global mid-ocean ridge system (Cann et al., 1997; Schoolmeesters 92 

et al., 2012; Blackman et al., 2002; Karson et al., 2006; Früh-Green et al., 2018; Grimes et 93 

al., 2008). This detachment is adjacent to, and north of, the Atlantis Fracture Zone, that 94 

offsets the ridge axis laterally by ~70 km, or ~6 Myrs (e.g., Zervas et al., 1995).  Other 95 

core complexes are exposed on older seafloor to the west of Atlantis Massif and to the 96 

south, at the southern ridge-transform intersection (e.g., Blackman et al., 2008).  Recent 97 

high-resolution bathymetry (~20m per pixel) acquired during IODP Expedition 357 98 

(Früh-Green et al., 2017) show this detachment system cut by late, ridge-parallel, high-99 

angle normal faults, the most significant of which has a throw that decreases from >2 100 

km in the south, near the ridge-transform intersection, to <500 m at the segment center 101 

northwards (Figures 1B, 2, 3; Supplementary Figure S1).  The new high-resolution 102 

bathymetry, combined with the previous work at Atlantis Massif, makes this area 103 

particularly well-suited to study detachment termination through high-angle faulting, 104 

and to address several key questions, including a) the mechanisms and timing of 105 
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faulting involved in ‘terminating’ oceanic detachment faults, and b) the resulting 106 

lithospheric structure and composition (e.g., Reston, 2018).  107 

Here we constrain the chronology of the transition from detachment fault slip to 108 

seafloor spreading via rift valley development. We rely on a detailed interpretation of 109 

seafloor morphology, combined with existing geologic, geochronologic, and 110 

geophysical constraints. We benefit from geophysical surveys (seismic imaging, 111 

microseismicity) (Canales et al., 2008; Xu et al., 2009; Collins et al., 2012; Henig et al., 112 

2012), subseafloor sampling from three IODP expeditions (Blackman et al., 2011; Früh-113 

Green et al., 2018), and deep-sea vehicle observations and sampling (Blackman et al., 114 

2002; Karson et al., 2006). IODP Expeditions 304 and 305 drilled several boreholes 115 

across the corrugated detachment surface, including the ~1500 m deep hole, U1309D, 116 

at the center of the Massif (Blackman et al., 2011). Subsequently, IODP Expedition 357 117 

drilled shallow boreholes (to 15 m below seafloor) along the southern ridge of the core 118 

complex, parallel to the spreading direction (Früh-Green et al., 2018). With temporal 119 

constraints from thermochronologic studies of samples, as well as geological and 120 

geodynamic data, we quantify both uplift and denudation rates.  121 

 122 

2. Atlantis Massif and its detachment system 123 

Oceanic detachment systems exposing corrugated fault surfaces exposed at the 124 

seafloor were first recognized at the Atlantis Massif along the MAR at 30°N (Cann et 125 

al., 1997). This detachment fault formed on the western flank of the Mid-Atlantic Ridge 126 

immediately north of the Atlantis Fracture zone (Figure 1). The striated detachment 127 

fault surface accommodates >15 km of extension at its southern end, where it is 128 

shallowest (~700 mbsf), and underlain dominantly by peridotite intruded by gabbroic 129 

rocks outcropping at the transform valley wall (Schroeder and John 2004; Karson et 130 

al., 2006). Footwall rocks host the Lost City hydrothermal field, at mass-wasting scarps 131 

eroding the detachment (Früh-Green et al., 2003; Kelley et al., 2005), with vent fluid 132 

chemistry recording interactions with ultramafic rocks and gabbroic bodies at depth 133 

(Proskurowski et al., 2006; Seyfried et al., 2015). To the north, the domal and striated 134 
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detachment surface both deepens and its seafloor exposure tapers. Lithologic 135 

heterogeneity of the footwall is documented by 1.5 km of gabbroic rocks drilled at 136 

IODP borehole U1309D (Ildefonse et al., 2007; Blackman et al., 2011), and supported 137 

by a complex three-dimensional seismic velocity structure of the footwall (Canales et 138 

al., 2008; Xu et al., 2009; Henig et al., 2012).  139 

Along the northern Atlantis Massif a seismic reflector interpreted as the detachment 140 

fault underlies the basaltic hanging wall block, ridgeward of the hanging wall cutoff 141 

(~30°10’N to ~30°17’N; Seismic Line MEG-5, Canales et al., 2004), with a <15° eastward 142 

dip. Fault curvature is attributed to footwall flexure during extension (Lavier et al., 143 

1999), and requires significant rotations, consistent with paleomagnetic data recording 144 

up to ~50° anticlockwise rotations away from the ridge axis (Morris et al., 2009); 145 

footwall rotations of comparable magnitude are also inferred from bathymetry and 146 

paleomagnetic studies at other detachments (Garcés and Gee, 2007; Smith et al, 2008; 147 

Schouten et al., 2010; Hansen et al, 2013; MacLeod et al, 2009; Allerton and Tivey, 2001). 148 

Hydroacoustic monitoring documents microseismicity within the footwall, along the 149 

rift valley walls, and below the ridge valley floor, suggesting a complex pattern of 150 

deformation, including strike slip events (Collins et al., 2012). 151 

The spreading half-rate in this area, averaged over the last ~10 Myrs, is ~12 mm/yr 152 

(Zervas et al., 1995; Pariso et al., 1995).  Pb-U zircon ages from gabbroic rocks sampled 153 

in the footwall over ~6-7 km across the southern ridge parallel to the spreading 154 

direction yield a detachment slip rate of ~28±6.7 mm/yr over the last 1.2 Myrs (Grimes 155 

et al., 2008). This rate is of the same order as the full spreading rate, and implies 156 

significant asymmetry in plate spreading, as proposed for other oceanic detachment 157 

faults (Grimes et al., 2011; Searle et al., 2003; Okino et al., 2004; Mallows and Searle, 158 

2012; Fujiwara et al., 2003, Baines et al., 2008). Along the eastern limit of the southern 159 

ridge of Atlantis Massif, the detachment is truncated by the high-angle normal fault 160 

bounding the western side of the present-day rift valley. To the north, this fault bounds 161 

a rafted and uplifted hanging wall block (Figures 1, 3). Late, post-detachment faulting 162 

patterns suggest abandonment of the detachment system, with the development of a 163 

prominent rift valley, and the off-axis rafting of the inactive, faulted detachment.  164 
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 165 

3. Volcanic features, tectonic structure, and surface processes constrained by 166 

seafloor geomorphology 167 

A high-resolution Atlantis Massif bathymetric survey was conducted onboard RRS 168 

James Cook during IODP Expedition 357 (Früh-Green et al., 2018). These data 169 

complement the MARVEL 2000 survey (Blackman et al., 2002), and other open-access 170 

data (www.gmrt.org; Ryan et al., 2009) (Figure 1A). The 20 m resolution grid (Figure 171 

1B) is publicly available (https://doi.org/10.1594/PANGAEA.935687), and was 172 

analyzed using shaded relief maps (Figure 1B, S1A, S1B), slope maps (Figure S1C), and 173 

3D visualizations (Figures 1C, S2), to map features associated with volcanic, tectonic, 174 

and mass-wasting processes (Figures 2, 3), their interactions, and relative timing of 175 

formation. Four structural domains are defined, including: A) the Atlantis detachment 176 

system (A in Figure 1B); B) the present-day adjacent axial rift valley (RV in Figure 1B); 177 

C) seafloor conjugate to the detachment system along the eastern flank of the rift valley 178 

(C in Figure 1B); and D) the Atlantis Transform system bounding the detachment to 179 

the south (T Figure 1B). We do not interpret older seafloor in the eastern and 180 

westernmost regions, nor the full transform valley domain at the edges of the study 181 

area.  182 

We map seafloor features related to i) volcanic processes, ii) tectonic processes, and iii) 183 

surface processes (Figures 1B, 1C, 2, 3). Each set of features have implications for the 184 

cessation of extension along the detachment fault, its truncation by rift-bounding 185 

faults, and the feedbacks between volcanic, tectonic and surface processes at slow-186 

spreading MORs. 187 

 188 

Seafloor volcanic features  189 

Volcanic seafloor features include cones, ridges, and hummocky terrain (Figure 3). The 190 

present-day rift valley floor (RVF) is limited by the western and eastern rift-bounding 191 

faults (WBF and EBF). North of 30°07’N it exhibits volcanic cones, ridges, and 192 

http://www.gmrt.org/
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hummocky textured seafloor north, characteristic of volcanically resurfaced ridge axis 193 

sections (Smith et al., 1999; Yeo et al., 2011). South of 30°07’N the rift valley seafloor is 194 

smooth and lacks volcanic features (Figures 1B, 2C, 3). East of the present-day rift 195 

valley a ~10-km-wide strip of volcanic terrain, displaying both seamounts and 196 

hummocks, extends the entire segment length to the Atlantis Fracture Zone. This 197 

terrain corresponds to the paleo-rift valley floor (PRVF; Figure 3), and records a 198 

capture of the valley floor by the African plate via a westward axis jump. 199 

 On the western flank of the present-day rift valley, volcanic seafloor is restricted to 200 

the area between the hanging wall cut off and WBF (Figure 3). This terrain corresponds 201 

to hanging wall blocks rafted above the east-dipping detachment fault. Fresh volcanic 202 

deposits (glass/hyaloclastite) have also been identified above the detachment locally 203 

(v in Figure 3; Früh-Green et al, 2018), in an area lacking corrugations and with 204 

irregular surface, also lacking clear volcanic structures (Figures 1B, 3). 205 

 206 

Tectonic features. 207 

Tectonic features across the area record a protracted history of faulting. The most 208 

prominent are ridge-parallel normal faults which extend along-axis for hundreds of m 209 

to >30 km (WBF and EBF, Figure 3). The vertical throw of these faults varies both 210 

among them and along their strike, locally exceeding 2 km on the southern end of the 211 

WBF that dissects the Atlantis detachment fault (Figure 3). The Atlantis Fracture Zone 212 

and associated transform valley show numerous rectilinear, subparallel scarps and 213 

ridges related transform tectonics. 214 

Figure 3 highlights the well-preserved corrugated fault surface exposed at the seafloor 215 

of the Atlantis detachment fault system (ADS), and the hanging-wall cutoff, preserved 216 

along the northern part of the ADS. In contrast, the footwall cutoff is poorly defined, 217 

with several positions proposed (Canales et al., 2004; Schoolmeesters et al., 2012); this 218 

system lacks prominent ridges with back-tilted volcanic seafloor commonly observed 219 
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at the footwall cutoff along several MAR detachments (Smith et al., 2008; Escartín et 220 

al., 2017).  221 

We identify three potential footwall cutoff positions (FWC in Figure 3), one oblique to 222 

the axis following the eastern limit of the corrugated surface, and two axis-parallel 223 

ones from prior studies (Canales et al., 2004). Hanging-wall cutoffs are used in 224 

conjunction with geochronologic constraints (Grimes et al, 2008; Schoolmeesters et al, 225 

2012) to obtain a range of plausible total tectonic extensions, associated ages, and 226 

timing and rate of spreading accommodated by the detachment. 227 

Minor faults that are recent and may be linked to the recorded seismicity in the area 228 

(e.g., Collins et al., 2012) dissect the exposed corrugated detachment surface, 229 

displaying jagged and irregular traces, and associated small vertical throws (<5 m). 230 

These are not resolvable in shipboard bathymetry, visible only as subtle slope breaks 231 

(Figures 2A, 2B, 3). The detachment surface is not clearly identifiable at its 232 

southwestern corner, that displays complex seafloor texture that has yielded volcanic 233 

rocks (v in Figure 3), suggesting late volcanism and lava emplacement on the 234 

detachment surface. 235 

Figure 3 shows two sections of seafloor interpreted as preserved corrugated 236 

detachment fault surface fragments, both along the fault scarp dissecting the 237 

detachment, and at the rift valley floor (cds, Figure 2C). These detachment remnants 238 

are identified based on lateral continuity of corrugations (Figures 2 ,3), from the 239 

uplifted, shallowest detachment fault surface, to the rift valley floor, over flowline-240 

parallel distances of >15 km. This continuity is confirmed by axis-parallel profiles over 241 

the detachment and these remnants, showing that both the vertical amplitude and 242 

lateral spacing (along-axis) of the corrugations are consistent (Figure 4). These 243 

corrugated fault remnants are thus reliable tectonic markers to determine vertical fault 244 

displacements.  245 

 246 

Surface process features 247 
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The new high-resolution bathymetry reveals numerous features associated with 248 

surface (seafloor) processes.  Both the nodal basin at the end of the ridge axis adjacent 249 

to the Atlantis Fracture Zone, and zones along the transform valley, are flat-bottomed 250 

sediment ponds ( ‘N’ in Figure 1; ‘sp’ in Figure 2C and slope map, Figure 2D). 251 

Sediments in the nodal basin partially cover the southern part of the detachment fault 252 

remnant at the rift valley floor (Figure 4B). 253 

Mass wasting is pervasive throughout the study area. Prominent, large headwall 254 

scarps (up to several km across) are visible along the southern wall of Atlantis Massif 255 

towards the transform valley, and along the southern WBF scarp, where it is highest. 256 

This mass wasting has significantly eroded the massif, exposing footwall rocks in the 257 

upper scarp amphitheaters, and along erosional gullies down-slope. Figure 4C 258 

highlights up to 2 km northward retreat of the scarp forming the southern wall of 259 

Atlantis Massif. The scar bases often display slump and pressure ridges common at 260 

gravity-driven mass-wasted deposits. Smaller head scarps also occur over the 261 

corrugated detachment, including areas with very low topographic gradients and 262 

vertical relief.  263 

We identify several incipient head-wall scarps recording active mass wasting of the 264 

detachment. A curved, semi-circular incipient scarp, similar to larger headwall scarps 265 

on the southern side of the massif, is centered at 30°10’N. With a diameter of ~5 km 266 

and a height <10 m, it cuts the corrugated detachment, the hanging wall cutoff, and 267 

uplifted hanging wall block to the east (Figure 3). Upon collapse, this structure may 268 

preserve a down-dropped detachment remnant, as observed along the western rift 269 

valley wall. 270 

 271 

4. Age constraints 272 

To quantify the rates of deformation, tectonic uplift, and ultimately those 273 

related to surface processes (e.g., scarp erosion due to mass wasting) we require 274 

temporal constraints on the tectonic evolution of Atlantis Massif.  We focus on a) 275 

estimating the age of the footwall cutoff formation, corresponding to detachment 276 
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initiation, b) determining the duration of slip along the detachment, and c) timing the 277 

detachment truncation by rift bounding wall, associated with a westward shift of the 278 

ridge. These time constraints are based on spreading age, calculated from distances to 279 

the axis and assumed spreading rates, and from geochronologic constraints, including 280 

Pb-U and (U/Th)He zircon dates (Grimes et al, 2008; Schoolmeesters et al, 2012). With 281 

these, we seek to provide plausible age ranges for each of the major features defining 282 

the tectonic history of the Atlantis Massif. 283 

Regional surface magnetic anomalies yield a full spreading rate of ~23 mm/yr, 284 

and a modest asymmetry since anomaly 2A (~3 Ma), with 12 mm/y to the West and 285 

11 mm/yr to the East (Zervas et al., 1991). A present-day full rate of 23.6 mm/yr is 286 

predicted by the NUVEL-1 model (Argus and Gordon, 1991), while later regional 287 

magnetic study (Pariso et al., 1995) yields a full spreading rate of 24 mm/yr. U/Pb 288 

zircon geochronology independently constraints slip rates along the Atlantis 289 

detachment fault, with values of ~28±6.7 mm/yr over the last 1.2 Myrs (Grimes et al., 290 

2008). More recent estimates by Grimes et al (2011) suggest a lower slip rate of 20 291 

mm/yr. Here we adopt end member spreading rates of 12 and 24 mm/yr to bracket 292 

the maximum and minimum ages of tectonic features and events. As shown in Figure 293 

4a, we define a ‘zero age crust’ at the eastern limit of the detachment fault surface 294 

remnant, located in the middle of the rift valley along Profile A-A’. This spreading-295 

parallel profile crosses the Atlantis detachment system where it is best developed, 296 

recording the full history of detachment formation and subsequent evolution. 297 

Footwall cutoff (breakaway) age. Lacking a clear footwall cutoff ridge common at many 298 

oceanic detachments (e.g., 13‚20’N, Escartín et al., 2017), Figure 4 shows two possible 299 

footwall cutoffs, at 20 (FC2 in Figures 4a, 4c) to 24 km (FC1) away from the ridge axis, 300 

as interpreted from this and prior studies (e.g., Canales et al., 2004). Assuming a 301 

regional spreading half-rate of 12 mm/yr, the footwall cutoff age would be ~1.7 to~2 302 

Ma. However, if we assume the detachment fault slipped at the end-member full 303 

spreading rate of 24 mm/yr inferred from U/Pb zircon geochronology (Grimes et al, 304 

2011), then we have to remove the extension that occurred after the detachment fault 305 

ceased to slip. The detachment is truncated by the WBF, vertically offsetting the 306 
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detachment fault by at least ~2.8 km. Hence, the horizontal distances reported above 307 

include the tectonic extension associated with WBF, and the actual spreading distance 308 

should be reduced by ~1.7 km (assuming an initial fault dip of ~60°), to ~18.3 and 22.3 309 

km, respectively. We thus obtain footwall cutoff ages of 0.76-0.92 Ma. Together, these 310 

two end-member calculations yield minimum and maximum footwall cutoff ages of 311 

~2 and ~0.8 Ma. However, gabbroic rocks in the Atlantis Massif footwall have Pb/U 312 

zircon dates of ~1.2 Ma (Grimes et al., 2008), further restricting this time interval, as 313 

the detachment is required to develop in lithosphere of this age or older. We thus 314 

estimate the age of the detachment footwall cutoff between ~2 and 1.2 Ma. 315 

Duration of detachment fault slip.   316 

As discussed, the two possible footwall cutoffs lie at 20 to 24 km west from the ridge 317 

axis (Figure 4A). Later tectonic extension associated with the WBF accounts ~1.7 km 318 

of this distance, and so reduces the slip on the detachment to ~18.3 and 22.3 km, 319 

respectively. End-member half-spreading rates of 24 and 12 mm/yr (see above) yield 320 

detachment fault slip durations ranging from ~0.8 to ~1.9 Ma. An average slip-rate of 321 

20 mm/yr (Schoolmeesters et al., 2012) would yield slip durations between 0.9 to 1.1 322 

Ma. 323 

Detachment truncation of by rift valley bounding fault. The truncation must post-date the 324 

age of the plutonic rocks on the footwall, which were sampled to 1.5 km below seafloor 325 

(IODP Hole U1309D), and along the south wall of Atlantis Massif in HOV Alvin dives 326 

(Karson et al., 2006). The youngest Pb-U zircon date for the gabbro solidus of 800°-327 

850°C is ~1.0 Ma (Grimes et al., 2008). Based on the distribution of cooling 328 

temperatures within borehole U1309D, Schoolmeesters et al. (2012) proposed that the 329 

detachment fault stopped operating at ~0.4 Ma. These age constraints suggest that the 330 

rift-bounding fault truncated the detachment within the last 400,000 years, post-dating 331 

the youngest age provided by geo- and thermochronology of footwall rocks.  332 

 333 

5. Discussion  334 

5.1. Avolcanic rift valley formation 335 
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Our observations demonstrate that since formation of the present-day rift valley (<0.4 336 

Ma), no volcanic activity occurred along the 20 km of ridge axis adjacent to the Atlantis 337 

Fracture Zone (Figure 3). At the southern end, a flat-bottomed, sedimented nodal basin 338 

developed within ~10 km of the Atlantis Transform Fault, with a seafloor depth of 339 

4950 m.  The nodal basin transitions north to a detachment remnant paving the axial 340 

valley floor, extending ~10 km along-axis, and with corrugations matching those of 341 

the main, uplifted detachment fault surface westwards. This remnant lies ~600-700 m 342 

above the nodal basin floor (bathymetric Profile F, Figures 4b, 4c).  343 

Stacked bathymetric profiles (Figure 4b) also indicate plausible nodal basin infill 344 

thickness.  Five along-axis profiles across Atlantis Massif are shifted vertically to align 345 

the shallowest parts of the dome-shaped detachment surface. Mass-wasting along the 346 

transform wall, with associated head scarps, erodes the detachment surface 347 

northwards. Profile D samples a significant length of the detachment surface 348 

preserved from mass-wasting, along an apron extending southwards.  Assuming that 349 

the along-axis detachment shape in profile D is preserved during the life-span of the 350 

detachment, the relative relief differences between profiles F and D at the nodal basin 351 

thus provides an estimate of the maximum sediment thickness, likely exceeding 1 km 352 

locally (Figure 4b).  353 

The transition between volcanic and avolcanic rift valley floor is abrupt at ~30 °07’N; 354 

stacked profiles suggest that at distances >12 km North of the transform fault any 355 

young remnant of the detachment is disrupted or resurfaced by recent volcanism. 356 

Avolcanic seafloor has been reported along the ultra-slow spreading South West 357 

Indian ridge (e.g., “nearly amagmatic seafloor”, Cannat et al., 2019), associated with 358 

detachment faults operating on-axis; this is a type of seafloor as yet described or 359 

identified to date however at slow-spreading ridges.  The lack of volcanism along the 360 

rift valley near the Atlantis Transform is plausibly due to cooling by the juxtaposition 361 

of cold, 6-Myr-old lithosphere across the Atlantis transform. Possible cooling-related 362 

mechanisms include efficient suppression of melt production at depth, efficient 363 

entrapment of melt within a lithosphere that thickens towards the transform, or a 364 

combination of both.  365 
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 366 

5.2. Recent rift valley formation and detachment truncation 367 

Initiation of the detachment ~1.2 to 2 Myrs ago created a hanging wall cutoff that 368 

extends ~27-30 km along-axis, corresponding to the maximum along-axis length of the 369 

corrugated surface, and the preserved ridges interpreted as potential footwall cutoff 370 

remnants (Figures 3, 5a).  The detachment fault tapered to the north, accommodating 371 

extension only along ~15 km of ridge axis adjacent to the transform fault (Figures 5b, 372 

c).  The terrain formed north of the active detachment surface displays seafloor 373 

textures typical of volcanic terrains, with identifiable volcanic cones, and small offset 374 

normal faults. This suggests that the threshold in magma emplacement in the shallow 375 

crust migrated, corresponding to the transition from volcanic to avolcanic plate 376 

spreading. This volcanic off-axis terrain is dissected by the WBF that continuously 377 

extends southward towards the transform fault, also dissecting the detachment fault 378 

surface (Figure 5d).  379 

The present-day axial valley is bound to the west by the steep fault that truncated the 380 

detachment as the axis shifted westward (Figure 5e), with several consequences. In the 381 

northern part of our study area, the extent of volcanic seafloor on either side of the 382 

present-day rift valley is asymmetric about the present-day axis (Figure 3), suggesting 383 

that the new axial graben developed along the western edge of the earlier one, possibly 384 

exploiting the associated rift-bounding walls. This lateral shift also preserved and 385 

displaced a mostly unfaulted, ~10 km wide strip of seafloor eastwards (PRVF, Figure 386 

3), a width that is typical of rift valleys along many slow-spreading ridge sections (e.g., 387 

Thibaud et al., 1998). The maximum vertical throw of the WBF scarp is ~2800 m, 388 

between the eastern edge of the corrugated surface to the west, and the depth of the 389 

lowermost detachment remnant paving the rift valley (Figure 4a). WBF tapers 390 

northwards to ~1 km over ~10 km along-axis.  Based on this tectonic configuration and 391 

history, the former hanging-wall cutoff (or “termination”), neither preserved nor 392 

recognizable in the bathymetry, must be east of the detachment remnant at the rift 393 

valley. We speculate that the former hanging wall cutoff is truncated by the EBF fault 394 

(Figure 3), or covered by debris from this fault at its base. The Lost City hydrothermal 395 
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field, that records fluid flow over the last ~30 kyrs (e.g., Fruh-Green et al., 2003) was 396 

emplaced following the formation of the rift valley, and at the southern end of the 397 

tectonically uplifted and eroded detachment fault surface (Figures 3, 5). 398 

Bathymetric maps also highlight that spreading-parallel corrugations found on both 399 

the main detachment surface (dome at Atlantis Massif) and its remnants to the east are 400 

laterally continuous. Figure 4B shows the along-axis bathymetry profiles stacked along 401 

a flow line (line A-A’, Figure 4c), at the depth of the shallowest corrugations (see Figure 402 

4c, showing profile locations). The detachment surface shape is very similar on profiles 403 

B through D (distances from -2 to 10 km in Figure 4b), and the Meg-5 seismic reflection 404 

profile (Canales et al., 2004) shows the detachment fault lies beneath uplifted volcanic 405 

seafloor along the northern section of Atlantis Massif. The stacked profiles C and D 406 

(Figures 4b, 4c) are reference profiles sampling longer along-axis detachment surface 407 

sections that are well-preserved. The remaining profiles detail shorter, along-axis 408 

detachment sections, and differences in depth relative to the two reference profiles 409 

provide first-order constraints on the processes either covering or eroding the 410 

detachment.  To the North, stacked profiles E and F are progressively shallower and 411 

document the volcanic infill of the rift valley floor, with an inferred thickness of 412 

volcanic material gradually increasing to >1 km (red shading, Figure 4b). Towards the 413 

South, these profiles are also shallow, and depth differences document instead rift 414 

valley infill towards the transform (nodal basin, N in Figures 1b-c) by both sediment 415 

and rubble from mass-wasting from the rift valley and transform walls, and with an 416 

infill thickness likely >1 km (green shade, Figure 4b).  In contrast, profile B is deeper 417 

than reference profiles along the Atlantis Massif southern wall, recording incisions of 418 

a few hundreds of m, locally up to ~1 km (yellow shading, Figure 4b). 419 

Prior studies documented faulting and decapitation of corrugated detachment faults 420 

by higher-angle normal faults, with the development of high relief scarps (typically ~1 421 

km, up to ~2 km in vertical displacement), both along the Mid-Atlantic Ridge (e.g., 422 

Reston et al., 2002; Escartín et al., 2003; Reston, 2018) and the Southwest Indian Ridge 423 

(Cannat et al., 2009). Extreme relief across steep, late faults has been interpreted as 424 

flexural response of strong lithosphere, as footwall rollover of oceanic detachments is 425 
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attributed to flexure of a weak lithosphere (e.g., Schouten et al., 2010). Detachment-426 

terminating scarps have thus been interpreted to result from strengthening of the 427 

oceanic lithosphere over a short period of time (~100 kyrs or less), in the absence of 428 

pervasive weakening of the footwall by brittle damage, alteration-induced footwall 429 

weakening, or both (Cannat et al. 2009). The development of a large-throw (~2.8 km), 430 

high-angle fault across Atlantis Massif core complex is compatible with a low effective 431 

elastic thickness lithosphere. This is because in the “rolling hinge” model, significant 432 

rotation of the exposed detachment surface begins when the horizontal offset on the 433 

detachment exceeds ~3 times the (effective) elastic lithospheric thickness (Schouten et 434 

al., 2010; Olive et al., 2019). The shape of the escarpment created by a short-offset (< 5 435 

km) normal fault is thus weakly sensitive to effective elastic thickness. Consequently, 436 

detachment-terminating faults may well nucleate from one of many areas of weakness 437 

developed in the footwall.  438 

Understanding where and how such weak zones form requires a theoretical 439 

framework beyond thin plate flexure, owing to the large strains and complex 440 

deformation styles involved in footwall exhumation. Sandiford et al. (2021) argue that 441 

core complex growth involves primarily solid-body rotation near the active fault, and 442 

lithosphere unbending outboard of the hanging-wall cutoff. Most footwall damage 443 

and subsequent weakening occurs near the footwall cutoff (breakaway ridge) due to a 444 

flexural-isostatic response during initial footwall stages of extension. As extension 445 

proceeds, unbending promotes upper lithospherecompression and lower lithosphere 446 

extension, forming either antithetic or synthetic faults (e.g., Olive et al., 2016; Sandiford 447 

et al., 2021) that may dissect the core complex, a process named footwall snapping by 448 

Lavier et al. (2000). Sandiford et al.’s (2021) model also predicts the development of a 449 

fault cutting the detachment footwall but with a dip opposite to that of the WBF at 450 

Atlantis Massif. Footwall truncation there may have involved external forcing or 3-D 451 

effects not captured in 2-D models of core complex formation, such as along-axis rift 452 

fault propagation. 453 

 454 

5.3. Implications for lithospheric structure and composition 455 
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Detachment truncation has implications for the structure and composition of the 456 

oceanic lithosphere, and for its tectonic history.  Detachment decapitation requires 457 

lateral jumps of the ridge axis, possibly transferring sections of the oceanic lithosphere 458 

from one flank of the axis to the other. In the case of the Atlantis detachment, the 459 

detachment fault within the lithosphere likely underlies the volcanic terrain paving 460 

the East flank of the ridge (PVRF, Figures 3, 5e, 5f). This transfer of lithosphere across 461 

plates may be favored by asymmetric spreading associated with detachments, 462 

typically accommodating >50% of the total plate separation. This process thus requires 463 

either a migration of the detachment towards and across the ridge axis (Figures 5b-464 

5d), a jump of the ridge axis into the detachment (Figure 5E), or both, with ridge offsets 465 

growing when detachments develop next to symmetrically spreading ridge sections 466 

(Howell et al., 2019).  467 

It has been postulated that detachment and ridge axis migration results in the 468 

detachment termination due to magmatic emplacement within the footwall, associated 469 

with the lateral propagation of adjacent ridge sections (e.g., MacLeod et al., 2009). Our 470 

results from Atlantis Massif illustrate tectonic truncation instead, associated with 471 

propagation of the faults bounding the adjacent rift valley, in the absence of volcanic 472 

activity at the rift floor. The history of detachment truncation has two main 473 

implications. First, detachment-bearing seafloor often displays faulted footwalls (e.g., 474 

Escartín et al., 2003; Smith et al., 2006; Cannat et al., 2009). As a result, the composition 475 

of the lithosphere and its structure will be complex, inheriting sections transferred 476 

from one plate to another. This configuration, in the case of extreme extension at ultra-477 

slow spreading segments, has been invoked for the development of flip-flopping 478 

detachment faults (e.g., Sauter et al., 2013; Reston, 2018). Second, the detailed tectonic 479 

evolution of truncated detachment may strongly modulate seafloor magnetic data, 480 

particularly those form high-resolution, near-bottom surveys. Lateral rift shifts 481 

capturing lithospheric sections in conjugate flanks will result in a seafloor with a 482 

complex and discontinuous accretion history, direction, and age at short timescales. 483 

 484 

5.4. Normal fault tectonic uplift rates 485 
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With the bathymetry data, geomorphologic interpretations, and age constraints 486 

discussed, we quantify long-term tectonic uplift rates associated with the WBF 487 

truncating the detachment, and evaluate possible variations in these rates at 488 

geologically short time-scales (<1 Ma). With a maximum vertical throw of 2800 m, and 489 

a truncation age of ≤0.4 Ma, WBF’s minimum uplift rate is ~7 mm/yr. Assuming a 490 

fault dipping between ~60° and 45°, the minimum horizontal slip rates range from 491 

~4.0 to 7 mm/yr, with minimum dip-slip rates of ~8-10 mm/yr. These horizontal 492 

extension rates, accommodated along a single fault, represent ~15-30% of the present-493 

day full spreading rate. These tectonic rates may be significantly faster if the rift-494 

bounding fault is younger than the maximum age of 0.4 Ma inferred from footwall 495 

rock ages. 496 

In absolute terms, the time-averaged tectonic uplift rate we calculate is probably one 497 

of the fastest recorded for any active high-angle fault on Earth, and the first inferred 498 

for an active submarine fault. Dip-slip rates of 8-10 mm/yr are comparable to those 499 

reported for one of the fastest-slipping low-angle normal faults on-land of ~12 mm/yr 500 

(Mai’iu fault in Papua New Guinea; Webber et al., 2018).  These rates also compare to 501 

fast-slipping, steep continental normal faults: based on uplifted marine terraces, De 502 

Martini et al, (2004) calculate uplift rates of 7-11 mm/yr along the Aigion and Helike 503 

normal faults bounding the Western Gulf of Corinth basin, with total extension rates 504 

of ~16 mm/yr (Avallone et al., 2004).  505 

There are significant variations in the accommodation of plate separation and 506 

associated strain both on short geologic time-scales (<500 ka?), and along axis.  Along 507 

the southern part of the ridge segment, where corrugated detachment remnants are 508 

preserved at an avolcanic rift valley floor, we assume that the extension we document 509 

in bathymetry corresponds to that accommodated by the WBF and EBF faults, with 510 

throws of ~2800 m and ~750 m respectively.  If these two faults formed at the same 511 

time (~0.4 Ma or earlier) and during the westward ridge axis shift, the total horizontal 512 

extension that these faults likely accommodate is ~2000-3500 m for fault dips of 60° 513 

and 45°, respectively. Lacking volcanic repaving of the seafloor, and assuming an end-514 

member mode of avolcanic extension since the rift valley formation, this corresponds 515 
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to ~83,000-150,000 yrs of extension for a full spreading rate of 24 mm/yr. Hence, 516 

formation of the present-day rift valley may be significantly younger than the 517 

maximum of ~0.4 Myrs for the westward ridge shift. In this end-member avolcanic 518 

scenario, the WBF’s uplift rates would increase to at least 18-33 mm/yr, with dip-slip 519 

rates of up to 25-47 mm/yr or 21-38 mm/yr for 45° and 60° fault dips respectively; 520 

these slip rates would be significantly faster than any other normal fault documented 521 

on Earth to date.  The associated horizontal extension rates (10-19 mm/yr) would 522 

imply that >40% of the plate separation (~24 mm/yr) is accommodated tectonically 523 

along this WBF. 524 

Avolcanic extension is consistent with the above tectonic strain partitioning, 525 

accommodated both by bounding rift fault motion, and by distributed strain 526 

throughout the rift valley floor (e.g., fissures, small-scale faulting, or blind diking not 527 

breaching the seafloor).  However, distributed strain is likely limited, as the 528 

detachment fault remnant is well-preserved, and no late-stage faults dissecting its 529 

corrugations are observed, as at the uplifted detachment surface to the west (Figures 530 

2A, 2C, 3). Consequently, the rift valley formed earlier than ~0.4 Myrs, and not later 531 

than ~0.1 kyrs, with tectonic uplift rates on the WBF likely between a minimum of 7 532 

mm/yr and an absolute maximum of 33 mm/yr.  Finally, the volcanically repaved 533 

seafloor to the north of the study area suggests a significant melt supply gradient that 534 

likely induces along-axis variations of magmatic and tectonic strain partitioning, 535 

controlling avolcanic rift formation. 536 

 537 

5.5. Mass wasting erosion rates 538 

Mass wasting is pervasive and a significant process reshaping transform valley walls 539 

and their associated bounding scarps, in addition to ubiquitous abyssal hills (Karson et 540 

al., 2006; Cannat et al., 2013). To date we lack adequate quantification of the associated 541 

erosion rates, and on the corresponding mass fluxes of debris transported downslope, 542 

critical parameters to develop quantitative models of submarine erosion and 543 

landscape evolution 544 
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Mass wasting is clearly visible throughout the study area (Figure 3), with stacked 545 

profiles in Figure 4b revealing incision and erosion along the transform fault wall 546 

(Karson et al., 2006).  Locally, the incision of the WBF scarp reaches 900 m, with an 547 

average of ~450 m (Figure 4). These values suggest that long-term erosion rates 548 

associated with mass wasting along steep scarps may be typically ~1 mm/yr, and up 549 

to ~2 mm/yr assuming the WBF initiated 0.4 Ma.  These rates would increase to values 550 

of ~4 mm/yr, and a maximum of 8 mm/yr, if the WBF initiated at 0.1 Ma as outlined 551 

above. These values are consistent with geologic observations along the walls of rift-552 

bounding faults, where mass wasting is widely documented both by slump scarps and 553 

associated deposits, responsible for a footwall cutoff, retreat and by typical bounding 554 

fault scarp angles of ~30° (e.g., Cannat et al., 2013; Escartín et al., 2017; Olive et al., 555 

2019). This scarp morphology indicates that rift-bounding faults, with fault dips of 556 

~60° to ~45°, may be efficiently eroded as they emerge and develop on-axis if the local 557 

erosion rates are as high as those inferred here. 558 

 559 

6. Conclusions 560 

New high-resolution shipboard bathymetric data acquired over the Atlantis Massif 561 

detachment system (30°N, Mid-Atlantic Ridge) provides insights into the tectonic 562 

termination of detachment faults, and its connections to volcanic processes on-axis. 563 

We also quantify rates of both tectonic uplift, and erosion due to mass wasting. The 564 

Atlantis Massif detachment system is truncated by a high-angle normal fault reaching 565 

~2.8 km in vertical displacement, partly owing to the flexural lithospheric response. 566 

This western rift fault now bounds the present-day rift valley that formed following a 567 

westward ridge shift that has preserved the paleo-rift valley seafloor on the East flank 568 

of the ridge axis. Remnants of the corrugated detachment fault surface preserved at 569 

the rift valley floor unequivocally demonstrate that this tectonic decapitation of the 570 

detachment is linked to avolcanic extension along the ridge axis adjacent to the 571 

Atlantis transform fault, and that the seafloor is reshaped by volcanism at 572 

distances >20 km from the transform fault. Avolcanic extension may thus occur at 573 
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slow-spreading ridges, albeit for limited periods of time (less than a few hundreds of 574 

thousands of years).  575 

The rift-bounding fault dissecting the Atlantis detachment system formed less than 576 

400,000 years ago, and possibly within the last ~100,000 yrs. This implies minimum 577 

vertical uplift rates greater than 7mm/yr, and that may exceed ~30mm/yr, 578 

corresponding to the fastest rates reported in a terrestrial environment on Earth.  The 579 

bathymetry also reveals significant mass wasting along the flanks of the uplifted 580 

Atlantis Massif, on the rift valley bounding faults (degrading the normal fault scarp), 581 

and in the Atlantis transform valley.  Bathymetric profiles indicate incisions that 582 

locally exceed 900m, corresponding to erosion rates between ~1 mm/yr and 8 mm/yr 583 

for WBF formation, and assuming ages of 0.4 and 0.1 Myrs, respectively. These high 584 

erosion rates are also consistent with the low-angle of the rift bounding fault scarp 585 

(~30° or less) suggesting efficient erosion coeval with tectonic uplift, and that this 586 

efficient erosion is widespread and operates along all slow- and ultra-slow spreading 587 

ridges. 588 
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Figures 881 
 882 

   883 

 884 

Figure 1.  A) Regional bathymetric map of the Mid-Atlantic Ridge at 30° N, showing the 885 

location of the study area and the regional ridge geometry and segmentation; axial volcanic 886 

ridges indicated by red dashed lines. Dashed white box outlines location of B). B) Bathymetry 887 

of the Atlantis Massif detachment, adjacent ridge axis, and conjugate flank. Dashed black is the 888 

limit of the multibeam bathymetry survey acquired during cruise JC130 onboard RRS James 889 

Cook, gridded at 20 m, and complemented with open-access data available at www.gmrt.org 890 

(Ryan et al., 2009). This bathymetry grid is publicly available 891 

(https://doi.pangaea.de/10.1594/PANGAEA.935687). C) Perspective view of the rift valley, the 892 

Atlantis Detachment system, and the conjugate crust showing volcanic seafloor. Labels in B) 893 



Revised Feb. 2022 

31 

and C): Atlantis detachment system (A); Conjugate flank with volcanic seafloor from paleo-roft 894 

valley; Open triangles: axis of the rift valley (RV); yellow-filled triangles: hanging wall and 895 

footwall cutoffs (HWC and FWC respectively); white-filled triangle: western rift bounding 896 

fault dissecting the southern part of the detachment (F); The rift valley shows a deep nodal basin 897 

(N) adjacent to the Atlantis transform fault (T), as well as remnants of the detachment fault 898 

(R), indicated by small black triangles. Open circle: Lost City hydrothermal field; black circle: 899 

IODP Hole U1309D. Supplementary Figure S1 provides detailed bathymetry (Figure S1A), 900 

shaded relief (Figure S1B), and slope maps (Figure S1C). White boxes in B locate panels in 901 

Figure 2.  902 

  903 
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 904 

 905 

Figure 2.  Detailed bathymetric maps highlighting selected seafloor geomorphic features. A) 906 

Bathymetry of the Atlantis Massif southern summit, with the corrugated detachment fault 907 

surface (cds), with clear extension-parallel corrugations (fc, open black triangles) late small-908 

scale faults cross-cutting the corrugations (lf, black solid triangles), and the detachment 909 

termination (t), or hanging wall cutoff. The transform wall (south) and rift valley wall (East) 910 

show mass wasting structures with curved head scarps (hs, green open triangles), and gullies 911 

(g, green open triangles) separated by ridges.  B) Slope map of the area shown in A).  C) 912 

Southern end of the present-day rift valley, bound by the Atlantis Fracture Zone, showing the 913 

remnants of the corrugated detachment (cds) and associated corrugations (fc). The southern 914 
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end of the rift valley corresponds to a flat-bottomed sediment pond (sd). The seafloor on the East 915 

flank shows hummocky terrain (ht) peppered by seamounts (s). 916 

 917 

Figure 3. Geomorphologic interpretation of Atlantis Massif, showing features associated with 918 

volcanic, tectonic, and surface processes, on bathymetric slope map. The figure highlights the 919 

present-day rift valley floor (RVF), its West and East bounding faults (WBF and EBF, 920 

respectively), the interpreted paleo-rift valley floor (PRVF), its paleo-East bounding fault 921 

(PEBF), the Atlantis detachment system (ADS) limited to the West by possible footwall cutoffs 922 

(FWC?), and the Atlantis Fracture Zone (AFZ) to the South. Also shown is the location of 923 
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young and glassy volcanic rocks erupted onto the detachment (v), from shallow core 924 

descriptions recovered from IODP Expedition 357 (Früh-Green, et al, 2017). 925 

 926 
 927 
 928 

 929 
 930 
Figure 4. Across- and along-axis bathymetric profiles over the Atlantis Massif detachment 931 

system. Profile location (A through F) shown on C). A) Profile A-A’ crosses two preserved 932 

portions of the corrugated fault surface along the rift bounding fault and floor (bold line). The 933 

tectonic axis (0 km) is assigned as the eastern limit of the detachment surface at the rift floor. 934 

Intersections of section A-A’ by ridge-parallel profiles in B) shown as red triangles and 935 

associated letters (see location in C). FC: Footwall cutoff; EBF and PEBF: East boundary fault 936 

and paleo east boundary fault. B) Along-axis profiles over the two remnants of the detachment 937 

floor at the rift valley floor (F), and wall (E) and extending towards the flat-bottomed southern 938 

nodal basin, and over the main detachment surface (profiles B through D). All profiles are 939 

shifted vertically and stacked with a depth of 0 km at the crossing with profile A, to obtain a 940 

relative structural depth below the detachment fault surface. Portions of profiles across the 941 

detachment fault surface are bold. Differences in relative depth between profiles F and C to the 942 

North correspond to the volcanic infill of the rift valley floor; in the south, to the nodal basin 943 

infill.  Differences between profiles B and C and profile D (to the south) corresponds to the 944 

mass-wasted footwall talus on the transform valley wall. See text for detailed discussion.  945 
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 946 

Figure 5.  Schematic tectonic history of the Atlantis Massif detachment system. Top panels 947 

show a cross-section at the southern part of the detachment system. The bottom panels are a 948 

simplified plan view of the tectonic evolution illustrating the along-axis variations in tectonic 949 

and volcanic processes, with the open black triangles indicating the position of the across axis 950 

profile un the upper panels. The system initiated ~1.1-2 Ma ago (A), with a detachment that 951 

shortened along-axis towards the transform fault, where it is best developed (B and C). (D) A 952 

newly formed rift bounding fault dissects both the tip of the detachment and the volcanic 953 

seafloor to the north of it on the west flank, ~0.4 Ma ago or earlier. This new fault is 954 

associated with the formation of a new rift valley, paved with volcanics to the North, and 955 

remnants of the detachment surface to the south. Part of the detachment footwall is also 956 

transferred to the East flank across the newly formed tectonic axis (E). With continued 957 

extension the paleo-rift valley floor is rafted off-axis while the present-day axial graben 958 

develops. Detachment remnants, while dissected by faults, pave the rift valley floor and 959 

document avolcanic extension (F). Emplacement of the Lost City hydrothermal system 960 

occurred <35 kyrs (Fruh-Green et al., 2003), during the latest stage and post-dating the 961 

avolcanic rift valley formation (F). 962 

 963 
  964 
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Supplementary Materials 965 
 966 

 967 

Supplementary Figure 1. A) Shaded relief bathymetric map of the study area, 968 

combining moderate- high-resolution data from the IODP 357 Expedition survey 969 

(Früh-Green et al., 2018), with earlier data from the MARVEL 2000 cruise (Blackman et 970 

al., 2002), and other publicly available data through the Global Multi-Resolution 971 

Topography Data Synthesis at www.gmrt.org (Ryan et al., 2009). Data gridded at 20 972 

m resolution. Although this high-resolution gridding does not filter some of the 973 

bathymetry processing artifacts and noise, it reveals fine-scale structures associated 974 

with volcanic, tectonic, and mass wasting processes. B) Shaded relief (no depth-975 

http://www.gmrt.org/
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colour mapping) of the same data shown in A). C) Seafloor slope from the same data 976 

shown in A). 977 

 978 

Supplementary Figure 1B. 979 
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 980 

Supplementary Figure 1C. 981 

 982 

 983 

 984 
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 985 

 986 

Supplementary Figure 3. Oblique three-dimensional view of the Atlantis Massif, 987 

looking NNW. The rift axis is located to the right of the figure, and the Atlantis 988 

Fracture zone at the base of the scarp in the foreground showing mass-wasting 989 

scarps and the Lost City hydrothermal field. The view also shows the location of 990 

IODP holes drilled during Expedition 357, and the position of the 1.5 km deep IODP 991 

Hole U1309D, for reference. 992 


