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 6 

Successive flip-flop detachment faults in a nearly-amagmatic region of the ultraslow-7 

spreading Southwest Indian Ridge (SWIR) at 64°30'E accommodate ~100% of plate 8 

divergence, with mostly ultramafic seafloor. As magma is the main heat carrier to the 9 

oceanic lithosphere, the nearly-amagmatic SWIR 64°30'E is expected to have a very 10 

thick lithosphere. Here, our microseismicity data shows a 15-km thick seismogenic 11 

lithosphere, actually thinner than the more magmatic SWIR Dragon Flag detachment 12 

with the same spreading rate. This challenges current models of how spreading rate and 13 

melt supply control the thermal regime of mid-ocean ridges. Microearthquakes with 14 

normal focal mechanisms are colocated with seismically imaged damage zones of the 15 

detachment and reveal hanging-wall normal faulting, which is not seen at more 16 

magmatic detachments at the SWIR or the Mid-Atlantic Ridge. We also document a 17 

two-day seismic swarm, interpret as caused by an upward-migrating melt intrusion in 18 

the detachment footwall (6-11 km), triggering a sequence of shallower (~1.5 km) 19 

tectonic earthquakes in the detachment fault plane. This points to a possible link 20 

between sparse magmatism and tectonic failure at melt-poor ultraslow ridges. 21 



 

A successive flip-flop detachment fault system discovered at a nearly-amagmatic region 22 

of the ultraslow spreading Southwest Indian Ridge (SWIR; full spreading rate of 14 mm/yr) 23 

at 64°30'E reveals a previously unknown seafloor spreading mode1–3 (Fig. 1a). In this mode, 24 

the detachments accommodate nearly 100% of plate divergence, continuously cutting into the 25 

footwalls of their predecessors, with flipping polarities every 0.6-1.5 Ma1,2 (Fig. 1). The 26 

resulting seafloor morphology is the so-called smooth seafloor4, with extensive exposure of 27 

mantle-derived peridotites and only patches of hummocky basalts2. This newly-discovered 28 

seafloor spreading mode differs from the "classic" detachment-volcanic and volcanic-29 

volcanic modes at slow spreading ridges and at more magmatically-robust portions of 30 

ultraslow spreading ridges, where at least one plate is dominated by abyssal-hill volcanic 31 

seafloor4–10. 32 

Seismicity provides a means to study magmatic, tectonic, and hydrothermal processes 33 

within the lithosphere of mid-ocean ridges11–17 (MORs), and is an indirect proxy for the 34 

thermal regime by constraining the depth to the base of the seismogenic lithosphere18,19. The 35 

thickness of the axial seismogenic lithosphere is numerically predicted to increase as 36 

spreading rate decreases18 and/or as melt supply decreases20. The ultraslow spreading SWIR 37 

64°30'E, being nearly amagmatic, may be regarded as a geothermal calibration for the MOR 38 

system. 39 

In this study, we present 309 microearthquakes and 8 focal mechanisms associated with 40 

the youngest, active detachment system (DF1) at the SWIR 64°30'E (Methods), as recorded 41 

during two short (8 days for the SMSMO catalog and 19 days for the RVSMO catalog) ocean 42 

bottom seismometer (OBS) deployments (Figs. 1 and 2a). Our results demonstrate tectonic 43 

activities at the detachment damage zones and provide constraints on the thickness of the 44 

seismogenic lithosphere. We also document a two-day seismic swarm which we propose is 45 

related to the incipient volcanism witnessed by patches of hummocky basalts resting on the 46 



 

ultramafic seafloor. 47 

Results and discussion 48 

Seismicity of the detachment fault system 49 

The two short OBS deployments we report on offer snapshots in time of the seismic 50 

activity. Most microearthquakes occurred in the axial valley (Fig. 2a) between the emergence 51 

of DF1 (E1) and the breakaway of DF2 (B2), with an average seismicity rate of 11.4 events 52 

per day (8.4 and 12.7 events per day in the SMSMO and RVSMO catalogs, respectively). 53 

The highest number of events is recorded near the longitude of the P2-P2' profile, and there is 54 

an apparent seismic gap to the west of the P1-P1' profile (Figs. 2a and 2c). Earthquake 55 

hypocenters have depths between 0 and 15 km below the seafloor (bsf), and events in the 56 

shorter SMSMO catalog were mostly at less than 10 km bsf (Fig. 2b). Local magnitudes (ML) 57 

range from -0.5 to 3.2, with a magnitude of completeness of 1.1 and a b-value of 0.9 based on 58 

the Gutenberg‐Richter relation21 (Methods and Extended Data Fig. 6). Focal mechanisms 59 

correspond to normal faulting, as expected in an extensional context, except for one strike-60 

slip faulting event (Fig. 2a). 61 

Many microearthquake hypocenters plotted in the cross-axis sections P1-P1' and P2-P2' 62 

(Figs. 2d and 2e) are aligned with the trace of the subseafloor detachment fault plane as 63 

inferred from a series of subparallel seismic reflectors with a dip of 50-60°22,23. In the three 64 

profiles, and particularly along P3-P3', there are several events scattered in the detachment 65 

footwall and hanging wall. This differs from the seismicity recorded at more magmatically 66 

active detachment systems, such as the 13°20'N, TAG, and Logatchev detachment faults at 67 

the Mid-Atlantic Ridge14,17,24,25 and the Dragon Flag detachment fault of the SWIR26,27, 68 

where there are very few earthquakes in the hanging wall. Focal mechanisms of the hanging-69 

wall earthquakes display a prevalence of normal faults with an average dip of 50° at 2-7 km 70 



 

bsf (Figs. 2e and 2f). These dips are consistent with the geometry of nearby north-dipping 71 

seismic reflectors22 (Fig. 2f) and with small-offset fault scarps at the seafloor2, suggesting 72 

that these small faults are conjugate with the detachment fault. 73 

We also observe a larger number of earthquakes in the detachment damage zone and in 74 

the hanging wall, at the transition between volcanic and smooth seafloor (Figs. 2c and 2e), 75 

where intrusive magmatic sills were proposed to explain subhorizontal seismic reflectors23. 76 

Due to the low friction coefficients associated with partial serpentinization, the brittle 77 

ultramafic basement may be less prone to seismogenic rupture than the more competent 78 

crystallized basalts or gabbros. Our observations may thus provide a framework to examine 79 

earthquake generation at detachment systems, interacting with sparse magmatism. 80 

Thickness of seismogenic lithosphere and the axial thermal regime 81 

The microearthquakes constrain the thickness of the seismogenic lithosphere to be at least 82 

15 km in this nearly-amagmatic, ultraslow spreading MOR context (Fig. 2b), and this 83 

thickness is mostly uniform along the ridge axis, across the transition from smooth to 84 

volcanic seafloor (Fig. 2c). The thickness of the seismogenic lithosphere is believed to be 85 

mainly controlled by the thermal regime, with its base roughly corresponding to the 650℃ 86 

isotherm19,28,29. This is consistent with the minimum depth of 18 km bsf and 800 to 1000℃ 87 

temperature conditions, determined from petrological constraints for the high-stress ductile 88 

deformation of sheared peridotites dredged in the same area30,31. A greater maximum depth of 89 

microearthquakes (>20 km) was documented at the adjacent magma-poor SWIR 65°10'E32, 90 

but these deep earthquakes are well outside the OBS network (>10 km) and were located 91 

using a velocity model derived from the magmatically-robust segment #8 volcano33 (Methods 92 

and Supplementary Fig. 1), which could bias their depths. 93 

At slow spreading ridges detachments, the maximum depth of earthquakes reaches 6-7 94 



 

km bsf at the MAR 14°75'N and TAG17,25 and 12 km bsf at the MAR 13°N14,24. At ultraslow 95 

spreading ridges, this depth reaches 17-18 km at the Knipovich Ridge and at the SWIR 96 

13°E34,35, where highly oblique spreading produces effective spreading rates of only 7-8 97 

mm/yr. Seismic events are reported down to 18 km bsf at the magmatically-robust Dragon 98 

Flag detachment system26,27 (Methods) and 10 km bsf at the Mount Dent detachment of the 99 

Mid-Cayman Spreading Center35. Intriguingly, the more magmatically-robust Dragon Flag 100 

has a seismogenic lithosphere that is equivalent or greater in thickness to that determined 101 

here for the nearly-amagmatic SWIR 64°30'E with the same spreading rate. This questions 102 

current numerical models of the links between spreading rate, melt supply, and the thermal 103 

regime of the MOR18,20. We propose that hydrothermal removal of magmatic heat at Dragon 104 

Flag may be more efficient than modelled, as evidenced by numerous black smokers36,37. 105 

Seismicity induced by melt intrusions in the ultramafic basement 106 

A swarm of 34 earthquakes with a mean ML of 0.9 and no identifiable mainshock was 107 

observed at the transition between volcanic and smooth seafloor in the RVSMO catalog 108 

during Dec 22-23, 2016 (Figs. 3a and 3b). We did not obtain well-constrained focal 109 

mechanisms due to the lesser number of OBSs in the RVSMO deployment (Methods). 110 

Earthquakes of this swarm are divided into three nearly simultaneous clusters based on 111 

spatial distribution: deep-west (14 events), deep-east (8 events), and shallow (12 events). The 112 

deep-west and deep-east clusters occurred 6 to 11 km into the detachment footwall (Fig. 3c). 113 

The shallow cluster was concentrated at ~1.5 km bsf near the detachment fault (Fig. 3c). All 114 

three clusters extend 1 to 2 km in the east-west, along-axis direction, with no lateral 115 

migration of the activity in time within each cluster. The swarm initiated in the deep-west 116 

cluster, with events starting in the other two clusters within 6 hours. The last 3 events of the 117 

deep-west cluster are located upward and to the north (Figs. 3b and 3c), indicating an upward 118 

migration of activity by about 2 km during the last ~8 hours of the migration (Figs. 3b and 119 



 

3c). This, and its location underneath the volcanic hummocky seafloor (Fig. 3b), leads us to 120 

interpret this deep-west cluster as related to a magma injection. The nature of the deep-east 121 

cluster is not clear, but it is expected for a melt injection in this extensional context. The near-122 

fault location of the shallow cluster and the lack of events joining it to the deeper events lead 123 

us to propose that the shallow cluster is tectonic. The swarm may thus be of mixed magmatic 124 

and tectonic origins, with tectonic activity at ~1.5 km bsf in the detachment being triggered 125 

by a magma injection at 11 to 6 km bsf in the detachment footwall. This could mean that melt 126 

intruding into the brittle peridotites at depths altered the stresses in the detachment footwall, 127 

so that a shallow portion of the fault which was near to rupture broke. 128 
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 270 

Methods 271 

Microearthquake experiments 272 

The first experiment, using 14 OBSs in a cross configuration, recorded 8 days of 273 

microearthquakes in between airgun shots during the SISMOSMOOTH active seismic survey 274 

in October 2014 (R/V Marion Dufresne; SMSMO catalog; Fig. 1). The second experiment, 275 

using 6 OBSs in a hexagon configuration, continuously recorded 19 days of 276 

microearthquakes during the ROVSMOOTH cruise in December 2016 (R/V Pourquoi Pas?; 277 



 

RVSMO catalog; Fig. 1). Each OBS recorded three orthogonal ground motions plus pressure 278 

signals. 279 

Earthquake detection 280 

The internal clocks of the OBSs were synchronized on deployment and recovery, and a linear 281 

drift correction was applied. Earthquake events were detected by the CONDET program in 282 

the SEISAN software38, and an automatic picking procedure39 was used to pick P and S wave 283 

arrival onsets. These events were registered in the SEISAN database, and P- and S-wave 284 

arrival onsets were manually refined (Extended Data Fig. 1). 285 

1-D velocity model 286 

The 1-D P-wave velocity model was calculated using the VELEST program40. The initial 287 

velocity model was extracted from a seismic refraction experiment across DF1 during the 288 

SISMOSMOOTH cruise22, which is in general agreement with a broader velocity model at 289 

the same area41 (Extended Data Fig. 2). Only events with OBS ≥6 and GAP≤180° were used 290 

in the VELEST program. The best-fitting P-wave velocity model was iteratively searched 291 

(Extended Data Fig. 2). The final root-mean-square (RMS) is acceptable low at 107 ms. The 292 

S-wave velocity (Vs) model is calculated using a best-fitting Vp/Vs ratio of 1.7 (ranging from 293 

1.5 to 2.1), based on the Wadati diagram that plots travel time of P-wave versus travel time 294 

differences of P- and S- waves (S-P time; Extended Data Fig. 3). 295 

Earthquake location and relocation 296 

The initial earthquake locations were searched by the NonLinLoc software with the Oct-tree 297 

algorithm42 and the SWIR 64°30'E velocity model (Extended Data Fig. 2). 402 events of 298 

SMSMO (92) and RVSMO (292) catalogs were located with four or more stations 299 

(Supplementary Figs. 1a-1 to 1d-1). Station corrections were applied for the P and S phases 300 

(Extended Data Fig. 4), and the mean absolute station correction is only 60±40 ms in both 301 



 

catalogs. P- and S-waves travel time residuals follow the Gaussian distribution with an 302 

average RMS misfit of 34 ms (Supplementary Fig. 2). 303 

We also applied the SWIR 65-66°E velocity model32 (Extended Data Fig. 2), derived from a 304 

more magmatically-robust area than our study area22,33, to locate earthquakes recorded in our 305 

study area using the NonLinLoc software (Supplementary Figs. 1a-2 to 1d-2). Earthquakes 306 

with more distant epicenters to the OBS network tend to have deeper hypocenters to form an 307 

inverted V shape of along-axis hypocenter depth distribution (Supplementary Figs. 1b-2), 308 

which is similar to what was documented at the SWIR 65-66°E32. 309 

309 events, with horizontal and depth errors of <5 km and RMS residual of <100 ms, were 310 

relocated using the Double-Difference Hypocenter (HypoDD) algorithm43. The relocation 311 

uses both catalog and cross-correlation (Supplementary Figs. 3a-3 to 3d-3) and runs using the 312 

python module HypoDDpy44. A time window of 300 ms was applied based on pickings of P 313 

and S arrival onsets, and a correlation coefficient lower than 0.6 was rejected in cross-314 

correlation. We also tested catalog only (Supplementary Figs. 3a-1 to 3d-1) and cross-315 

correlation only (Supplementary Figs. 3a-2 to 3d-2) in HypoDD algorithm, which show 316 

stable seismicity patterns for both SMSMO and RVSMO catalogs and the improvement after 317 

relocation with applying both catalog and cross-correlation. 318 

The 18 km-thick seismogenic lithosphere at the Dragon Flag detachment system of the 319 

SWIR26,27 is derived from two different microearthquake catalogs. The early one27 recorded 320 

17.5 days on average of microearthquakes in between airgun shots in 2010 (similar to the 321 

SMSMO catalog). Hypocenters were located using the least-squares HYPOSAT routine45 322 

with a 1-D velocity model (an average value taken from several active-source tomography 323 

velocity models46–48) and relocated using the Tomog3D49 with a 3-D velocity model27. The 324 

Vp/Vs ratio was assumed as √327. 214 well-located earthquake hypocenters have depths 325 

between 0 and 18 km bsf27. The late one26 recorded more than 9 months in total of 326 



 

microearthquakes during three different cruises in 2015-2017. Hypocenters were also located 327 

using the HYPOSAT routine45 with a 1-D velocity model taken from ref.46 but relocated 328 

using the HypoDD algorithm43 with the same velocity model. The Vp/Vs ratio was not 329 

provided26. 512 well-located earthquake hypocenters have a maximum depth of 13±2 km26. 330 

We adopt the maximum depth (18 km) of two earthquake catalogs in the discussion. 331 

Earthquake magnitude calculation 332 

The definition of local magnitudes (ML) is given by50: 333 

ML = log(A) + n log(r) + K r + C, 334 

where A (in nm) is the maximum amplitude of horizontal components picked in the Wood-335 

Anderson seismogram51, r (in km) is the hypocentral distance, C is a correction for each 336 

OBS, and n and K are constants to be calculated and related to geometrical spreading and 337 

attenuation of seismic waves, respectively. The local magnitudes, parameters n and K, and 338 

station correction can be solved by a least-squares criterion that produces an optimal 339 

solution52,53. For the SMSMO and RVSMO catalogs together, we obtain n = -2.923 and K = 340 

5.85×10-3. 341 

First-motion focal mechanism 342 

To calculate best-fitting focal mechanisms, we use two first‐motion-based algorithms, 343 

HASH54 and FOCMEC55. Multiple criteria were applied: apparent first-motion polarities of 344 

P-wave onsets ≥8, azimuthal gaps ≤250°, the weighted fraction of misfit polarities <10%, 345 

RMS of fault plane uncertainty from HASH ≤35°, and similar reasonable solutions generated 346 

by both approaches. Eight acceptable focal mechanisms were found in the SMSMO catalog 347 

(Fig. 2). We did not obtain focal mechanisms in the RVSMO deployment due to the lesser 348 

number of OBSs. 349 
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 367 

Fig. 1 | OBS locations and tectonic interpretation of the flip-flop detachment fault 368 

system at the eastern SWIR. (a) Tectonic map with locations of the OBS networks: 369 

SMSMO (14 OBSs in triangles) and RVSMO (6 OBSs in squares). Geological and tectonic 370 

information (see legend for symbols) includes breakaways (B1-B6) and emergences (E1-E6) 371 

of successive detachment faults, corrugated surface, the boundary between volcanic and 372 

smooth seafloor, and linear sketches of scarps and volcanic ridges1. Yellow star is the Old 373 

City hydrothermal field56. White dashed square marks the bounds of Fig. 2a. (b) Tectonic 374 

interpretation of the successive flip-flop detachment fault system along the PP' cross-section1. 375 

Black22 and gray41 dashed lines are the 7.5 km/s velocity contours. Locations of OBSs are 376 

projected to the PP' cross-section. bsl: below sea level.  377 



 

 378 

Fig. 2 | Distribution of earthquakes and focal mechanisms. (a) Bathymetric map of the 379 

SWIR 64°30'E area showing the events of the SMSMO (blue circles) and RVSMO (orange 380 

circles) catalogs, the RVSMO seismic swarm (green circles), and all determined focal 381 

mechanisms. Geological information (see legend for symbols) includes breakaways, 382 

emergences, and the boundary between volcanic and smooth seafloor1. Best-fitting focal 383 

mechanisms have clear upward (black dots) and downward (white dots) first motions of P-384 

wave onsets (Methods). Depth profiles (P0-P0' to P3-P3') are marked as labelled white lines 385 

in Fig 2a, with white dashed squares showing the corresponding boundaries for projected 386 

earthquakes in Figs. 2c-2f. Yellow dashed square in Fig. 2a marks the location of Fig. 3b. (b) 387 

Histograms of earthquake depths below seafloor for the SMSMO (blue) and RVSMO 388 



 

(orange) catalogs, including the seismic swarm (green). (c) Along-axis depth profile P0-P0' 389 

projecting earthquakes within ±8 km off the profile (VE=1 and the same below). The 390 

classification of volcanic (pink) and smooth (green) seafloor is indicated4. Gray dashed line is 391 

the 7.5 km/s velocity contour41. Labelled gray dashed lines show depths below the seafloor 392 

(the same below). (d) and (e) Across-axis depth profiles P1-P1' and P2-P2' projecting 393 

earthquakes within ±3 km off the profiles. Black dashed lines indicate the fault plane adapted 394 

from Fig. 2f. (f) Across-axis depth profile P3-P3' projecting earthquakes within ±5 km off the 395 

profile. Dotted lines represent seismic reflectors, interpreted as DF1 damage zone22, with the 396 

main detachment fault plane tentatively drawn in the center (subseafloor solid black line). 397 

Black22 and gray41 dashed lines are the 7.5 km/s velocity contours. Focal mechanisms are 398 

projected to profiles P2-P2' and P3-P3'. 399 
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 401 

Fig. 3 | Temporal and spatial distribution of the seismic swarm. (a) Histogram and 402 

cumulative histogram of located earthquakes for the RVSMO catalog. A seismic swarm with 403 

a total of 34 earthquakes occurred during December 22-23, 2016. (b) Epicenters of the 404 

seismic swarm, superimposed on the map of seafloor reflectivity showing the distribution of 405 

volcanic hummocks (dashed pink line on less reflective peridotite smooth seafloor2). The 406 

swarm earthquakes are divided into three clusters: deep-west (triangles), deep-east (squares), 407 

and shallow (circles). Fill color of symbols indicates the time after 00:00, December 22nd, 408 

2016. (c) Across-axis depth profile P4-P4' (dashed white line in Fig. 3b) with projected 409 

swarm earthquakes (VE=1). Arrow indicates upward migration over time for the deep-west 410 

cluster. Black dashed line shows detachment fault as in Fig. 2e. Labelled gray dashed lines 411 

show depths below the seafloor.  412 



 

 413 

Extended Data Fig. 1 | Typical event waveforms. The event occurred at 64.394°E/27.883°S 414 

11.6 km below seafloor with a local magnitude of 2.3, at 10:56, 23 Dec 2016 in RVSMO 415 

catalog. The inset shows the P-wave arrival absolute time versus arrival time differences of 416 

P- and S-waves (S-P time), yielding the origin time (T0) of 10:56:32.3 and a Vp/Vs ratio of 417 

1.7. 418 
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 420 

Extended Data Fig. 2 | 1-D P wave velocity model. Starting model (gray area) at the SWIR 421 

64°30'E is extracted from a seismic refraction experiment22. The best-fitting model (black 422 

line) is iteratively searched by the VELEST program40. Red and orange lines are average 423 

velocity models in EW and NS profiles at the SWIR 64°30'E41. Blue line is the velocity 424 

model at the SWIR 65-66°E32. 425 
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 427 

Extended Data Fig. 3 | Wadati diagram. (a) P-wave onset from origin versus S-P time 428 

(Wadati diagram) for both SMSMO (orange) and RVSMO (blue) catalogs. (b) Histogram of 429 

Vp/Vs ratio Vp/Vs ratio is calculated from the slopes of the Wadati diagram. The best-fitting 430 

Vp/Vs ratio is 1.7. 431 
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 433 

Extended Data Fig. 4 | Station corrections of P- and S-wave returned by NonLinLoc. 434 
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 436 

Extended Data Fig. 5 | Histogram and cumulative histogram of located earthquakes for 437 

the SMSMO catalog. 438 
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 440 

Extended Data Fig. 6 | Distribution of local magnitude (ML). (a) Histograms of local 441 

magnitude for the SMSMO (blue) and RVSMO (orange) catalogs (left Y-axis). The 442 

cumulative number of earthquakes for both catalogs (gray circles) as a function of local 443 

magnitude (right Y-axis). Magnitude completeness (Mc) is determined as 1.1 (red star), 444 

resulting in a b-value of 0.9 (slope of the dashed line). (b) Local magnitude as a function of 445 

earthquake depth for the SMSMO (blue) and RVSMO (orange) catalogs. 446 
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 448 

Supplementary Fig. 1 | Earthquake locations. See legend for symbols. Earthquake 449 

locations using the NonLinLoc with the SWIR 64°30'E velocity model (a-1 to d-1). 450 

Earthquake locations using the NonLinLoc with the SWIR 65-66°E velocity model (a-2 to d-451 

2), compared with the NonLinLoc results with the SWIR 64°30'E velocity model (pale gray). 452 

Velocity models see Extended Data Fig. 2. 453 



 

 454 

Supplementary Fig. 2 | Frequency distribution of P- and S-wave travel time residuals 455 

for the SMSMO (blue) and RVSMO (orange) catalogs. 456 



 

 457 



 

Supplementary Fig. 3 | Earthquake relocations. See legend for symbols. Tests of 458 

earthquake relocation using the HypoDD with catalog only (a-1 to d-1), cross-correlation 459 

only (a-2 to d-2), and catalog&cross-correlation (a-3 to d-3; same results as Fig. 2). All are 460 

compared with the NonLinLoc results (pale gray) with the SWIR 64°30'E velocity model 461 

(Supplementary Figs. 1a-1 to 1d-1). 462 
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