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Abstract At ultra-slow spreading ridges, with full spreading rates less than ~20 mm/yr, spreading is
accommodated both by highly spatially and temporally segmented magmatism, and tectonic extension along
large-scale detachment faults that exhume ultramafic material to the seafloor. In the most magma-poor regions,
detachment faulting alternates in polarity over time, producing a “flip-flopping” effect of subsequent
detachment dips. The resulting seafloor in these regions displays a morphology termed “smooth seafloor”
comprising elongate, broad ridges with peridotite/serpentinite lithologies. We conducted tomographic travel-
time inversion of a 3-D wide-angle seismic data set acquired over a region of smooth seafloor around 64°30'E
along the Southwest Indian Ridge (SISMOSMOOTH; Cruise MD199), to produce a seismic velocity volume
through the crustal section and into the uppermost mantle. We observe patterns of velocity anomalies that
correspond with variations in the bathymetry arising from the mode of spreading and are interpreted as changes
in the degree of alteration with depth resulting from spatial and temporal variations in fluid-rock interaction,
controlled by faulting and tectonic damage processes. The detachment faults do not show simple planar
structures at depth but instead mirror the shapes of the bathymetric ridges that they exhume. Magmatic input is
overall highly limited, but there is one region on the lower part of an exhumed detachment footwall where a
thickness of volcanic material is observed that suggests a component of syn-tectonic volcanism, which could
contribute to detachment abandonment.

Plain Language Summary Ultra-slow spreading ridges are the slowest spreading type of mid-ocean
ridge. At these mid-ocean ridges, instead of spreading through volcanism, the plate separation dominantly takes
place along large shallow-dipping “detachment” faults. This process results in the formation of topographic
ridges of “smooth seafloor” where mantle rocks are exposed. We use signals from sound sources at the sea
surface recorded on receivers on the seabed to map variations in sound speed in the upper ~4 km below the
seabed at an ultra-slow spreading location on the Southwest Indian Ridge. We observe patterns in the sound
speed variation that we interpret in the context of spreading via detachment faults, which allow varying amounts
of fluid to access the subsurface, leading to varying degrees of chemical alteration. At depth, the detachment
faults show variations that mirror the shapes of the ridges they exhume, indicating that this mode of spreading is
a strongly 3-D process. There is also evidence for some limited magma input in this area, some of which may
have occurred during the end of the activity of a detachment fault.

1. Introduction

The formation of the oceanic crust at fast spreading mid-oceanic ridges typically occurs as a result of plate
separation driving decompression melting of the mantle, generating magma that rises toward the surface and
solidifies through physical and chemical fractionation processes (e.g., Kelemen et al., 1997; Natland &
Dick, 2009; Phipps Morgan & Chen, 1993). The resulting crust comprises a series of layers with differing
lithological characteristics (e.g., Christeson et al., 1992; Detrick et al., 1994; Harding et al., 1993; Sinton &
Detrick, 1992), that overlie a seismic discontinuity, the Moho, marking the base of the crust and the top of the
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lithospheric mantle (e.g., Cann, 1974; Kempner & Gettrust, 1982). The ridge full spreading rate has a significant
impact on the resulting structure of the oceanic crust (e.g., Purdy et al., 1992). Global compilations of seismic and
geochemical investigations across the ocean basins have found that, away from fracture zones and hotspots,
below full spreading rates of 40 mm/yr (i.e., slow and ultra-slow spreading ridges) there is an increased variation
in the average crustal thickness (e.g., Y. J. Chen, 1992; Christeson et al., 2019; Grevemeyer, Ranero, & Ivan-
dic, 2018; White et al., 2001). Much of this variation is accommodated in crustal layer 3, which varies in thickness
between 0.5 and 3.5 km (e.g., Jokat et al., 2003; Klingelhofer et al., 2000), while layer 2 typically retains a
relatively constant thickness of 1.5-2.5 km along-axis (Mutter & Mutter, 1993).

Along the centers of most slow and ultra-slow spreading ridge segments, plate divergence is accommodated
through a combination of both magma injection and movement along moderate-offset normal faults in the axial
region (Smith & Cann, 1999). By contrast, the segment ends of slow spreading ridges are characterized by large
offset faults (Cann et al., 1997; Escartin et al., 2008) and broad exposures of mantle-derived serpentinized pe-
ridotites (Cannat et al., 1995). Slow spreading ridges, with a full spreading rate of <40 mm/yr, comprise
approximately half of the 60,000 km-long global ridge system (Bird, 2003). Ultra-slow ridges (full spreading rate
<20 mm/yr; Dick et al., 2003) display pronounced along-axis segmentation and represent a total length of about
12,000 km. Observations of the seismic structures of the lithosphere generated at ultra-slow spreading ridges have
been made in several locations, including at the Southwest Indian Ridge (SWIR; e.g., Corbalan et al., 2021; Jian,
Chen, et al., 2017; Jian, Singh, et al., 2017; Li et al., 2015; Minshull & White, 1996; Minshull et al., 2006; Momoh
et al., 2017, 2020; Muller et al., 1997, 1999, 2000), ridges in the Arctic to the north of Iceland (e.g., Jokat
etal., 2003, 2012; Klingelhofer et al., 2000), and the Mid Cayman Spreading Center in the Caribbean (e.g., Peirce
et al., 2019, 2022; Van Avendonk et al., 2017). The segmentation of slow and ultra-slow spreading ridges results
from along-ridge variations in the magma supply, which is lower at segment ends than in the segment centers (Lin
et al., 1990; Tolstoy et al., 1993). Such segment-scale variations in magma supply may be influenced by diapiric
mantle upwelling (Lin et al., 1990; Parmentier & Phipps Morgan, 1990; Sparks et al., 1993) or along-axis melt
migration (Cannat et al., 1999, 2003; Magde & Sparks, 1997).

Buck et al. (2005) classify oceanic crust as having been formed along a spectrum between either entirely
magmatic (M = 1) or entirely tectonic processes (M = 0), where M is the fraction of the plate separation rate
accommodated by magmatic diking. At the lower end of the range of M values, a significant component of the
plate divergence occurs along large-offset detachment faults (Cann et al., 1997; Cannat et al., 2006; Escartin
et al., 2008; MacLeod et al., 2009; Sauter et al., 2013; Smith et al., 2006). These detachment faults form at depth
with initially high dip typical of normal faulting (around 70°; Martin et al., 2007; Parnell-Turner et al., 2017),
before rotating about a ridge-parallel horizontal axis as in a rolling hinge model (e.g., Lavier et al., 1999). Reston
and McDermott (2011) suggested that if flexure of the exhuming footwall induces strain weakening antithetic to
the old fault, then the polarities of successive faults may alternate, a process termed “flip-flop” detachment
faulting.

The “flip-flop” detachment model has been applied to describe the spreading patterns observed at magma-poor
parts of the SWIR (Reston, 2018; Sauter et al., 2013). The type of seafloor structure resulting from this mode of
spreading has been termed “smooth seafloor” (Cannat et al., 2006). This seafloor type is characterized by broad
axis-parallel ridges, up to 90 km in length and 0.5-2 km in height, with a smooth, rounded topography, which may
be symmetrical or steeper on their outward facing slopes (Cannat et al., 2006, 2019). Across the region mapped by
Cannat et al. (2006) around 37% of the total seafloor area was of this type. Dredge samples from these locations
display very high proportions of variably altered serpentinites and peridotites (Figure 1c; Sauter et al., 2013),
contrasting with oceanic core complex structures along the slow spreading Mid Atlantic Ridge that expose
gabbroic and basaltic rocks in addition to ultramafics (e.g., Canales et al., 2008; Cannat et al., 1995; Dick
et al., 2008; Escartin et al., 2003; Ildefonse et al., 2007).

Closer to volcanic centers to the west and east, rougher seafloor fabric is observed, with inward-facing, sym-
metrical, moderate-offset fault scarps indicative of slow spreading oceanic crust formed by a combination of
magmatism and faulting (Cannat et al., 2006, 2019). In these regions, dredged samples primarily comprise
gabbros and basalts (Sauter et al., 2013). Both types of seafloor can be traced off-axis for distances greater than
100 km, indicating that the ridge processes forming them persisted over timescales of at least 11 Myr. The
volcanic and smooth seafloor regions are not separated along-axis by ridge discontinuities (Cannat et al., 2019),
and magnetic anomalies continue along strike between the two regions (Sauter et al., 2008). Seismicity is
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Figure 1. Location maps. (a) Ship-acquired bathymetry data over the SISMOSMOOTH study area (Cannat, 2003; Leroy & Cannat, 2014a). Black crosses are OBS
locations with data used in this study, dashed gray line is the ship track over which shots were acquired. Black box shows the extent and coordinate system of the 3-D
inversion modeling space. Solid red lines are the mapped fault breakaways, dashed red lines are the emergences, as in Cannat et al. (2019). Detachment phases,
breakaways and emergences labeled as D, B, and E respectively, with sequence number increasing from the present-day phase 1 as in Sauter et al. (2013). White dashed
line shows location of bathymetric transect shown in (d). White squares show location picks of magnetic anomaly O (present-day) from Cannat et al. (2006). (b) Regional
bathymetry and tectonic context of eastern Southwest Indian Ridge from GEBCO (GEBCO Compilation Group, 2021). Ridge axes of the SWIR, SEIR, and CIR are
plotted based on Bird (2003). Black box shows study area. SWIR—Southwest Indian Ridge, SEIR—Southeast Indian Ridge, CIR—Central Indian Ridge, RTJ—
Rodriguez Triple Junction, MFZ—Melville Fracture Zone. (c) Seafloor mapped type, based on dredge sampling, seafloor morphology and backscatter analysis from
Cannat et al. (2006) and Sauter et al. (2013). Blue areas are volcanic seafloor, green areas are peridotite/serpentinite. Pie charts show locations of seafloor dredges and
compositions: blue = basalt, yellow = gabbro, green = peridotite/serpentinite. (d) S-N oriented bathymetric profile through X = 40 km, showing geometry of “flip-flop”
faulting. Detachment phases paired by color as in Cannat et al. (2019), with extensions of detachments at depth shown as dashed lines with indicative dip directions.
Detachment phases, breakaways and emergences labeled as in (a). Half-arrows indicate motion direction of footwalls during exhumation.

observed down to 15 km depth on-axis beneath the smooth seafloor region and its transition to more volcanic
terranes (J. Chen et al., 2023), indicating that the seismogenic part of the axial lithosphere is at least that thick.

A result of the large-scale detachment, tectonically dominated mode of spreading at slow and ultra-slow
spreading ridges is that some terms and concepts that have been defined for fast spread oceanic crust are
no longer appropriate in these settings. Instead of the crustal section comprising a basalt-gabbro layered
structure, separated from the peridotitic mantle by the Moho, it comprises materials which originated in the
upper mantle prior to exhumation to shallow depths along large-offset normal faults, which become variably
and heavily serpentinized through contact with seawater (e.g., Cannat, 1993; Cannat et al., 1995, 2006, 2019;
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MacLeod et al., 2009; Reston & McDermott, 2011). There is a strong linear relationship between the degree
of serpentinization and the lowering of seismic velocities below typical values for ultramafic materials (e.g.,
Carlson & Miller, 1997, 2003; Christensen, 1966, 1978, 2004; Miller & Christensen, 1997). Below this, the
Moho may instead take the form of a hydration front through which the degree of serpentinization varies (e.g.,
Minshull et al., 1998; Muller et al., 1997, 2000). Throughout this paper we refer generally to the outer
geological layer as the crustal section, regardless of its structure or composition, which lies above the seismic
Moho, whether that is a discontinuity or is gradational.

In this study we investigate a segment of the SWIR that is characterized by spreading processes strongly
dominated by large-scale detachment faulting (M ~ 0), resulting in smooth seafloor morphology at the seabed.
The primary aim of this work is to further constrain the 3-D geometry of the “flip-flop” detachment faulting
processes and to determine how the seismic structure of the lithosphere changes at boundaries between
detachment-dominated and more magmatic ridge segments, as previously addressed using long 2-D profiles by
Momoh et al. (2017) and Corbalan et al. (2021). We aim also to constrain how upper mantle rocks that are
exhumed to shallow depths are altered upon contact with seawater—for example, whether the alteration is
focused along the detachment faults or whether it is more pervasive. Thirdly, we seek to understand the
contribution of the limited and highly segmented magma supply at ultra-slow ridges to the lifespan of the large-
scale detachment faults and the structures that they generate.

To achieve the above aims, we perform 3-D travel-time tomographic inversion of signals from airgun shots
recorded on an array of ocean bottom seismometers deployed at the ridge axis as part of the SISMOSMOOTH
experiment (Leroy & Cannat, 2014a, 2024), to produce a seismic velocity structure for the subsurface. We then
integrate this model with previous geophysical observations made in this location and compare the structure of
crust formed at the ridge to that in other locations at similarly ultra-slow spreading rates.

2. Tectonic Setting

Our study area (Figure 1) is a short segment of the SWIR (segment #9 using the numbering system of Cannat
et al,, 1999), located between ~64°30’ and 64°42’E (Figure la). This segment lies within the earlier
SMOOTHSEAFLOOR study area (Sauter et al., 2013). The present-day active detachment fault dips to the
south and forms the axis-facing side of a ~2.5 km-high ridge (Sauter et al., 2013). Several reflector packages
are observed in coincident 2-D and pseudo-3-D seismic reflection data (Momoh et al., 2017, 2020), indicating
that the active detachment dips in the crust at an angle of ~50° and is associated with a km-thick domain of
tectonic damage. Including the currently active fault at the ridge axis, Sauter et al. (2013) identified eight
detachment phases of alternating polarity over an off-axis distance of ~80 km, corresponding to ~11 Myr of
spreading history. The along-axis extent of these eight detachments ranges between 25 and 95 km (Cannat
et al., 2019). Our study area focuses on the westernmost ~20-30 km of the phase 2—4 detachment structures
on the southern ridge flank, following the numbering system of Sauter et al. (2013). Hereafter we refer to
each detachment, fault emergence (called “termination” by many authors, e.g., Tucholke et al., 1998) and
breakaway as DN, EN, and BN respectively, where N is the sequence number increasing from the presently
active detachment stage D1. Figure 1d shows a N-S cross-section through the model area, displaying the
geometry and nomenclature for the “flip-flopping” of detachments and resulting bathymetric features, as in
Cannat et al. (2019).

Within our study area the seafloor is mostly smooth, but several regions of volcanic seafloor that rest on the
ultramafic rocks exposed by the detachments have been identified using a combination of seafloor morphology
and acoustic backscatter mapping and ground-truth using dredged samples (Figure 1c; Sauter et al., 2013). The
largest of these is an inverted-L-shaped region located primarily on detachment surface D3 between X = 38—
64 km and Y = 22-42 km (Figure 1c), and extending over the E3 emergence onto D4. Hereafter we refer to this as
volcanic area V1. Another volcanic area is located on D5, with additional regions also located to the east of V1,
and to the northwest of the ridge axis (Figure 1c). Several smaller volcanic patches are also present, for example,
centered at: X = 36, Y =34 km; X =35, Y =44 km, and; X =40, Y = 31 km, (Figure 1c), that represent small lava
flows, most likely from individual eruptive events.

ROBINSON ET AL.

4 of 26

85UBD17 SUOLUIOD dAITES1D) 3|ceat|dde ay) Aq peusenoB a2 ool YO ‘SN J0 Sa|NI o} Aeiqi ] 8UlUO AS]IAN UO (SUOTIPUOD-PUE-SLLIBI WD A8 | 1M Ale1q 1 pU1|U0//SANY) SUONIPUOD PUe SULB | 841 89S *[202/60/90] UO ARiqiT auluo A8|1M ‘91SBAILN auLDGI0S ap anbayloljq!g Aq £526209r202/620T OT/10p/uWod A8 im Ateiq 1 uljuo'sgndnBey/sdny ol popeojumod ‘6 ‘vZ0¢ ‘9SE669T2



 Veld
M\ Journal of Geophysical Research: Solid Earth 10.1029/2024JB029253
AND SPACE SCIENCES
a) b)
N Survey shot number S N Survey shot number S
20 40 60 80 100 120 140 160 180 920 940 960 980 10001020104010601080
2 e) X (km)
3 20 30 40 50 60
= 4 L L L L L
Q
£ Z . - 70
7 M —
2 N ) - 60
3 —
2 4
£ 1 : B
= 6 j E
7 - L 40 2
8 C ( >
60 50 40 30 60 50 40 30 B J - 30
Model space Y co-ord (km) Model space Y co-ord (km) L
-,
) d) B - 20
E Survey shot number w E Survey shot number w . )
1680 1700 1720 1740 1760 1780 1380 1400 1420 1440 1460 1480 | - 10
5 T T T T T
3
2 4
Q 5 ~
g )
£ 6 g
7 E
2 bS]
3 £
Z 4 2
£ 6 &
7 - - - -
3 0 10 20 30 40
50 40 30 50 40 30 Shot-receiver offset (km)

Model space X co-ord (km) Model space X co-ord (km)

Figure 2. OBS hydrophone records for OBS T8. (a) and (b) N-S oriented profiles directly over and off-line from OBS respectively. (c) and (d) E-W oriented profiles off-
line and near directly over OBS respectively. Data are shown with a 3-6-50-80 Hz bandpass filter. Upper panels show the predicted direct arrival based on OBS location
as a blue line. Picks are plotted as red bars, with height corresponding to size of pick error (see Table 1). Calculated travel-times through inversion model plotted as black
crosses. (¢) Locations of OBSs in model coordinate system. OBS location plotted as inverted triangle, with other locations shown as black crosses, and shot acquisition
track plotted as black line. Shot profiles shown in panels (a)—(d) are plotted as colored lines, color coded to panel labels. (f) Final model traced versus picked arrival
travel-time residuals for all picks on OBS T8, plotted against total shot-receiver offset. Blue envelope shows the bounds of travel-time errors applied to picks with
varying offset.

3. Data and Methods
3.1. SISMOSMOOTH Cruise Data

Thirty ocean bottom seismometers (OBS) collected data during the SISMOSMOOTH cruise of RV Marion
Dufresne (Leroy & Cannat, 2014a, 2024) over and to the south of the ridge axis at ~64°30'E to ~64°42'E
(Figure la). Instruments were provided by the Canadian equipment pools (Dalhousie University and the
Geological Survey of Canada), INSU in France, and the National Central University, Taiwan. All instrument
types recorded on four components—a hydrophone and three orthogonal geophone components—at a sampling
rate of 250 Hz.

Shots were fired into these instruments using a combined Bolt/G-gun airgun source with a volume of 6,790 in’,
fired at 90 s intervals, at a depth of 1018 m below the sea surface. Clock drift corrections were applied following
GPS clock synchronization of each instrument before deployment and upon recovery. Instruments were located to
their true seafloor position using a grid-search approach applied to the direct-arrival travel-times.
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Table 1 Travel-times were picked on the hydrophone component. Example data re-

Distribution of Travel-Time Errors for First Arrivals Included in Modeling cords are shown in Figure 2 and Figures S1 and S2 in Supporting Informa-

tion S1. A total of 46,904 first-arrival travel-times are included in the

Offset range (km) Travel-time error (ms) Number of picks R R .

modeling. We do not observe extensive clear evidence for PmP reflected
0-6.5 25 4914 arrivals in the data. Travel-time errors are assigned based on shot-receiver
6.5-12 50 13,217 offset (Table 1).
12-20 80 16,604
20 100 12,169 3.2. Tomographic Inversion
Total - 46,904 Travel-time picks were inverted in 3-D using FAST (First-Arrival Seismic

Tomography; Zelt & Barton, 1998). This approach treats all arrivals as diving
rays and is suitable for a data set containing only refracted arrivals and no reflections. It produces a smooth
velocity model without discrete layer boundaries other than the seabed. The overall goal of an inversion is to
minimize the travel-time residuals along ray paths to reach a y* fit of 1, which represents a fit to the specified
travel-time error bounds. If y* becomes <1, the model is “relaxed” by finding the largest value of the trade-off
parameter (which controls the balance between minimizing the data misfit and generating a model with the
minimum required structure) that results in a y* of 1.

The model was discretized at a uniform 0.1 km interval in x, y, and z, within an 80 X 80 km model footprint
(Figure 1a) and extended to a depth of 15 km below the sea surface. The origin (0, O km in X, Y) of the model
space was located at 64°12"W, 28°24’S. The seabed was constructed from swath bathymetry data (Cannat, 2003;
Leroy & Cannat, 2014a). Since there is effectively no sediment cover at this location (Momoh et al., 2017, 2020),
the seabed can be regarded as the top of the crustal section.

To create the starting models for inversions, a 1-D velocity-depth profile was hung below the bathymetry across
the model. Our starting model was based on the two-layer approach used in the intersecting 2-D study of Corbal4n
et al. (2021), with the velocity control points adjusted to reduce biases in the residual travel-times. The velocity-
depth points defining the starting model are given in Table 2. To reduce the effects of large second vertical
derivatives of velocity, the starting model was interpolated between these points using a spline fit, which results in
slightly higher velocities between the control points than would be present for a linear interpolation. The velocity
profile was extended to depths greater than anticipated ray coverage by assigning a velocity gradient to produce a
velocity of 8.0 km/s at 15 km bsf. Forward travel-time computation through the starting model shows that it has a
starting root mean squared travel-time error (Z},,,;) of 109 ms, and a corresponding ¥ fit of 4.26.

The inversion was run over a series of up to five non-linear iterations, with each iterating over five values of the
trade-off parameter, 4, that controls the relative weighting of fitting travel-time data versus solution constraints,
and which was assigned a starting value of 100 and a reduction factor of 1.41. The s, and alpha parameters, which
control respectively the relative weighting of fitting smallest versus smoothest constraint equations, and the
relative importance of maintaining vertical versus horizontal smoothness, were assigned values of 0.125 and 0.9
(Zelt & Barton, 1998), and the horizontal and vertical inverse cell sizes were 1 and 0.3 km respectively. We find

that the inversion rapidly converges to y*> = 1.00, corresponding to 7, = 55 ms, after two iterations, before

rms
continuing to y* = 0.89 (7., = 53 ms) at the end of the fifth iteration. While the > measure of fit strictly relates to
cases where errors are uncorrelated, which is not necessarily the case in tomographic inversion, we choose our
final model as that at the end of the second iteration, where y* is first less than or equal to 1, to avoid sub-optimal
performance of the FAST code at y* < 1. Hereafter we refer to this as the inversion model. Velocity anomalies are
calculated by subtracting a mean 1-D velocity-depth profile from the inversion model, calculated using samples

taken at 1 km intervals between X = 3147 km and Y = 29-51 km (Figure 3a).

Table 2
Input 1-D Velocity-Depth Values for Starting Model and Monte Carlo Testing

Depth (km, bsf)  Velocity (km/s)  Monte Carlo depth perturbation (km)  Monte Carlo velocity perturbation (km/s)

0 3.5 +0 +0.2
2 6.4 +0.2 +0.3
5 7.5 *1 +0.3
15 8.0 +0 +0.3
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Figure 3. 1-D velocity-depth profiles. (a) 1-D velocity-depth profiles at the SISMOSMOOTH study area. Gray lines are the
individual sampled 1-D profiles used for construction of the 1-D average from the 3-D inversion model, used for plotting
velocity anomalies (see Section 4). Thin dark blue and green lines are 1-D samples at individual locations shown in inset
map, crosses show OBS locations and dashed line is the boundary between volcanic and smooth seafloor (see Figure 1¢). Red
line is the 1-D average from the 3-D inversion model. (b) 1-D average from the 3-D inversion model (red) compared to N-S
(orange) and E-W (purple) 1-D averages from the 2-D study of Corbalan et al. (2021). (c) 1-D velocity-depth profiles from
previous studies at the SWIR—57°E (Muller et al., 2000); 66°E (Minshull et al., 2006). (d) 1-D velocity-depth profiles from
previous studies at Arctic Ridges—72°N, 2°E, Mohns Ridge (Klingelhofer et al., 2000); 15-45°E, Gakkel Ridge (Jokat

et al., 2003). The average from the 3-D inversion model is shown in (c¢) and (d) for comparison.

1-D vertical velocity-depth profiles through our inversion model do not exhibit a vertically layered structure
(Figure 3a), though we recognize that such layering could be difficult to resolve with the tomographic approach
applied in this study (e.g., Zelt, 1998; Zelt & Barton, 1998). We observe a decrease in vertical velocity gradient
with depth. Vertical velocity gradients in the upper ~1.5 km of the subsurface, corresponding to absolute ve-
locities of <5.5 km/s, have values of 1.2-1.6 /s and change across a ~1.8 km-thick interval to much lower values
of <0.5 /s below ~3.3-3.4 km bsf, where the absolute velocities are generally >7.0 km/s. The inversion model
agrees well with the 2-D results of Corbalan et al. (2021), who used a different inversion approach (Figure 3b).
Mean velocities in the upper ~1.6 km below the seafloor are up to 0.35 km/s slower in the 3-D inversion model
than in the 2-D models, with the difference decreasing with increasing depth, while below this there is a good
match between the two studies.

3.3. Model Testing

Testing of the 3-D inversion model is required to determine which features are robust. Zelt (1998) argues that for a
3-D tomographic inversion, horizontal resolution is primarily controlled by the ray coverage through the model,
whilst vertical resolution is controlled by both the starting model used for inversion and the vertical parametri-
zation of the inversion approach. Here we apply two types of model tests to separately appraise the horizontal
resolution and velocity uncertainty of our 3-D inversion model—respectively these are checkerboard testing and
Monte Carlo testing—the latter of which also allows us to appraise the suitability of our vertical parameterization.

3.3.1. Checkerboard Testing

Checkerboard testing was performed following the approach of Zelt (1998) to determine the minimum lateral size
of resolvable features in the model. For each test, an alternating polarity checkerboard pattern was applied to the
inversion model, where the size of the pattern discussed hereafter is that of a half-cycle, that is, a single positive or
negative polarity unit. Synthetic travel-time data were calculated by forward ray-tracing through the perturbed
model, and synthetic noise added to the picks, scaled according to the size of the travel-time uncertainties. These
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Figure 4. Averaged semblance slices from eight tested checkerboard patterns (four with phase shifts, four rotated by 45° and with phase shifts), at constant 1 km depth
intervals below sea surface. (a) 3 X 3 km, (b) 4 X 4 km, and (c) 5 X 5 km average semblance, where the lateral semblance operator size in each case has size equal to the
checkerboard half-cycle size (i.e., 3, 4, and 5 km respectively). Where depth slices do not intersect the subsurface, the area above the seabed is shaded gray. Solid white
line indicates the 0.7 semblance contour, used by Zelt (1998) as indicator of good recovery, and dashed white line is the 0.6 semblance contour. Black crosses show OBS

locations.

synthetic data were then inverted, using as a starting model the unperturbed final inversion model, to determine
recovery of the applied checkerboard pattern. To best assess the horizontal resolution of the model, the check-
erboard that we applied is columnar, varying in x and y but not in z (Figures S3 and S4 in Supporting Infor-
mation S1, left panels; Zelt, 1998). Checkerboards were tested with a 3, 4, and 5 km unit size. We found that4 to 5
inversion iterations are required to achieve a y* of 1.

The resolvability of particular length scales can be quantified using the semblance measure of Zelt (1998), who
defined a semblance threshold of 0.7 as indicating where the model was well resolved. Here we show both 0.6 and
0.7 semblance contours (Figure 4, Figures S3—S5 in Supporting Information S1). In order to account for possible
effects of alignments of the checkerboard pattern nulls with acquisition lines, and directional effects, we applied
multiple test runs for each checkerboard size with lateral shifts and rotations of the input pattern, and averaged the
results to remove any potential effects of geometric biases (Figure S5 in Supporting Information S1).

For the 3 X 3 km checkerboard, semblance >0.7 is observed only at around X = 40 km, where the instrument
spacing is smaller (Figure 4a), at depths <1 km bsf. For larger checkerboards, we observe that essentially the
entire area beneath the footprint of the OBS array lies within the 0.7 semblance contour, down to depths of at least
7 km below sea surface for both the 4 X 4 km (Figure 4b) and 5 X 5 km checkerboards (Figure 4c), corresponding
to a depth of ~3 km bsf, extending to 8 km, or ~4 km bsf in some areas, and locally to ~4.6 km bsf (Figures S3 and
S4 in Supporting Information S1). Overall, therefore, we can consider features with a lateral size of 5 X 5 km to be
well-resolved throughout down to depths of at least ~4 km bsf across the model area, corresponding to seismic
velocities >7 km/s (Figure 3a), while features with a lateral size of 4 X 4 km can be resolved through to mid-
crustal depths.
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3.3.2. Monte Carlo Testing

Monte Carlo testing was applied to appraise the robustness of the inversion model and check for any dependence
on the starting model. The testing procedure involved the generation of 100 starting models (Figure 5a), which
were inverted using the same travel-time picks and parameters as the principal inversion model. The starting
models were generated from the original starting model by applying perturbations drawn randomly from a
uniform distribution scaled to the perturbation sizes shown in Table 2, checking to ensure that velocity increases
with depth. The range of starting model x* values was ~2—15. All 100 Monte Carlo tests produced good model
convergence, with y* values of 1 almost always reached by the end of the second or third iteration of the inversion
process (Figure 5b). A few final 1-D velocity profiles show near-zero or slightly negative vertical velocity
gradients at depths >4-5 km bsf, which is below the depth of good ray coverage, indicating that these low
gradients are most likely just inherited from starting models with slower velocities at depth (Figure 5a). These
profiles do not appear to affect the robustly resolved parts of the models (Figures 5d-5g).

1-D velocity-depth profiles are taken through each of the 3-D models at the end of the second iteration at several
locations (Figures 5c—5g), and the mean, standard deviation, and 68% and 95% confidence intervals calculated at
100 m depth intervals. There is overall a very good correspondence between the mean velocity from the 100
Monte Carlo tests and the velocity from the original inversion model, down to depths of at least 4 km bsf
(Figures 5d—5g, left panels). Confidence intervals on the Monte Carlo mean velocity are small, at <+0.02 km/s
(Figures 5d-5g, right panels). These observations indicate that there are good constraints on velocities in the
upper 4 km of the basement. Below 4 km bsf we begin to observe divergence between the 1-D velocity depth
profiles, and a corresponding increase in the confidence intervals, indicating that velocity constraint is reduced
here, below the main extent of ray coverage. Overall there is better velocity constraint at these depths in the
southern part of the model (Figures 5f and 5g) than around the ridge axis region (Figure 5d). In the ridge axis
region, divergence in the individual 1-D profiles and the confidence interval on the Monte Carlo mean velocity
both increase from ~3.3 km bsf (Figure 5d), indicating that there is reduced constraint at depth in this region,
arising due to fewer ray-paths at longer offsets from the north of the ridge axis. There are also variations in the
Monte Carlo results in the shallowest 200 m below seabed (Figures 5d—5g). These variations occur due to a lack of
refracted arrivals at the shortest offsets that leads to velocity trade-off elsewhere in the model. However, the
overall tight clustering of the 1-D profiles below this region suggests that the effects of this trade-off are limited,
so there is a good constraint on the velocities in the region immediately below the seabed.

Overall, our Monte Carlo testing indicates that we have good constraints on velocity through the topmost ~4 km
bsf of our model. The strong clustering of output models also provides additional confidence that the final
inversion model structure is not significantly affected by the selection of the starting model. Additionally, these
tests indicate that our chosen vertical model parameterization is suitable, as the output models do not display
excessive vertical smoothing.

4. Results
4.1. Ridge Axis and Present-Day Spreading

The ridge axis region is characterized by an up to ~0.2 km/s slow velocity anomaly located to the south of the
present-day detachment fault emergence E1 (Figures 6a—6d and 7b, 7c, 7e, 7f; Corbalédn et al., 2021; Momoh
etal., 2017). The strength of the anomaly varies along-axis from west to east, though this may partially result from
variations in overall model constraint as there are fewer OBSs in this part of the model. Variability in the strength
of the anomaly occurs across a thickness of >2 km (Figure 6d), peaking between ~0.5 and 1 km bsf (Figures 6b
and 6¢). The slowest anomaly appears to lie between X = 3840 km and Y = 53-57 km, a few kilometers to the
southwest of the southernmost part of the E1 emergence (Figure 6f).

At X = 40 km, the slow anomaly extends up to ~8 km in width across-axis and over a depth interval of ~3 km bsf
(Figures 7b and 7c), with the slowest anomaly concentrated in the upper ~1 km. To the east, at X = 45 km
(Figures 7e and 7f), the slow velocity is less apparent, with thickness and magnitude of ~1 km and <0.1 km/s
respectively, and it is underlain by a faster anomaly, which trends in toward the ridge axis from the northeast at
depths >1.5 km bsf (Figure 6d). To the west, toward the volcanic-smooth transition (X = 30 km), the ridge axis
region has near-zero velocity anomaly over a width of ~8 km (Figures 8b and 8c).
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Figure 5. Monte Carlo model testing. (a) 100 starting models (black lines) are generated from the background starting model
(red line) by perturbing the background control points as discussed in text and Table 2. (b) Progression of normalized chi-
squared (y?) fit measurement from starting point (iteration 0) over five inversion iterations in FAST. Black lines are the 100
Monte Carlo model tests, red line is the background model. Dashed gray line shows x> = 1. (c) Locations of 1-D samples
through the 3-D models, shown by blue squares and labeled with panel ids (d)—(g). Crosses are locations of the OBSs, dashed

black line is the demarcation between volcanic and smooth type seafloor, and orange lines are the detachment fault

emergences (dashed) and breakaways (solid). (d) 1-D velocity depth profiles through the 3-D models at model location

X =39 km, Y =49 km. Left panel: Individual profiles shown as black lines. Red line is the structure through the background
model. Dashed blue line is the average of the 100 Monte Carlo test runs. Right panel: 68% (dashed) and 95% (dotted)
confidence intervals on mean 1-D velocity profile in left panel. (e)—(g) as for (d) at different locations, corresponding to

different settings within the model space.
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4.2. Exhumation Structures
4.2.1. Detachment D2

Detachment surface D2 forms the inward-dipping, south flank of the ridge axis region, between the ridge axis and
breakaway B2. The lower part of the D2 surface (Y = ~45-50 km) displays a <1 km-thick, up to ~0.1-0.2 km/s
slow velocity anomaly below the seabed (Figures 6a—6¢ and 7b, 7c, 7e, 7f). This slow anomaly is underlain by an
up to ~0.2 km/s faster anomaly, which varies from near-zero along X = 40 km where it is located below a slow
anomaly, to a larger magnitude at X = 45 km, and corresponds to absolute velocities >6 km/s. In plan-view this
faster anomaly forms an E-W to ENE-WSW trending band across the model area, for example, at 2 km bsf,
extending into the model center from the northeast (Figure 6d).

Further south from the ridge axis, below the upper part of the D2 surface (¥ = ~40—-45 km), small relatively fast
(0-0.1 km/s) velocity anomalies are observed in the ~1 km below the seabed (Figures 6a—6b and 7b, 7c, 7e, and
7f). Combined with the seabed slow anomaly down-dip, this corresponds to an up-dip velocity increase of ~0.1—
0.2 km/s. This increase is larger than the velocity uncertainty indicated by Monte Carlo testing (e.g., Figures 5d—
5g), indicating that this observation is robust. Below this, there is a 1-1.5 km-thickness, ~0.1-0.2 km/s slow
velocity anomaly extending from 1 km bsf (Figure 6¢), with its peak lying just to the north of breakaway B2
(Figure 6d). This region is separated from the ridge axis at depth by the ~E-W trending faster velocity anomaly.

The mapped B2 breakaway and E3 emergence features terminate at X = ~36 km and X = ~33 km respectively, to
the east of the volcanic-smooth transition. In the case of B2, this is at the westernmost limit of the bathymetric
ridge comprising the upper part of the D2 and D3 detachment surfaces. In this region, we observe up to ~0.2 km/s
fast velocity anomalies throughout the uppermost 2 km bsf (Figures 6a—6d). The westernmost limit of the slow
velocity anomaly below the upper part of the D2 surface aligns approximately with the termination of B2
(Figure 6d). This faster region separates the slow velocity anomalies associated with the D2 surface from the N-S
elongate slow anomaly of up to ~0.1 km/s associated with the bathymetric high adjacent to the volcanic-smooth
transition (Figures 6a—6c, 6f).

4.2.2. Detachment D3

The outward-dipping D3 surface, between emergence E3 and breakaway B2, is dominantly characterized within
our model region by a large area of volcanic seafloor, V1 (see Section 4.3). At ~2 km bsf below the S-dipping E3
emergence there is an E-W oriented, slightly positive anomaly (~0.05-0.1 km/s) band which separates two broad
slow velocity anomalies of up to 0.2 km/s beneath the ridge-facing upper slopes of the exposed D2 and D4
surfaces (Figure 6d, Y = 31-40 km). This feature can also be seen in cross-section along the N-S profile at
X =40 km, at Y = ~32-38 km, below a surface slow anomaly (Figures 7b and 7c). This structure lies in the
footwall of the D3 detachment (Figures 7b and 7¢, ¥ = 31-37 km, Z ~ 5 km), and is in a similar structural setting
to the fast anomaly described in the lower part of the D2 footwall in Section 4.2.1.

4.2.3. Detachment D4

In the southern-central part of the model area, there is an area of E-W elongate uplifted bathymetry on the D4
surface, which has its crest along the B4 breakaway at Y = ~23 km (Figure 6f) and dips ridgeward toward
emergence E3. This area connects to the west to a further large, elevated region that extends beyond the transition
to volcanic seafloor, and further to the north toward the ridge axis. In the western part of our model area, volcanic
area V1 extends south across the E3 emergence, onto the lower part of D4 (Figures 1c and 6f).

Between 1 and 2 km bsf, 0.05-0.25 km/s slow velocity anomalies are present beneath the N-dipping D4 surface
(Figures 6¢ and 6d, 7b and 7c, X = 26-32 km). At shallower depths these appear as two separate low-magnitude

Figure 6. Constant depth below seafloor (bsf) slices through inversion model velocity anomaly. Depth slices at: (a) 0 km, (b) 0.5 km, (¢) 1 km, (d) 2 km, and (e) 3.4 km
bsf. Velocity anomaly contours at 0.2 km/s intervals. Velocity anomaly is calculated by subtracting a mean 1-D velocity profile derived from profiles sampled at 1 km
intervals between X = 31-47 km and Y = 29-51 km (Figure 3a), where values are only included in the calculation where the location-depth point lies within the resolved
region defined by the 0.6 semblance contour for a 5 X 5 km checkerboard size. Models are masked using the 0.6 semblance contour from eight averaged 5 X 5 km
checkerboards (see Section 3.3.1), dashed gray line is the 0.6 semblance contour, solid gray line is the 0.7 semblance contour. (f) Model space bathymetry. OBS
locations shown as black crosses. Solid orange lines are the mapped fault breakaways and dashed orange lines are the emergences, numbered as in Figure 1 (Cannat
et al., 2019), and dotted orange line is the inferred emergence of potential detachment D3’, E3’, or antithetic fault A2’ (Corbalén et al., 2021) discussed in Section 5.4.
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Figure 7. N-S slices through inversion model showing structures associated with exhumation mode of spreading. (a)—(c)
Slices at X = 40 km. (a) P-wave velocity, contours at 0.5 km/s intervals. (b) Velocity anomaly relative to 1-D average
velocity depth structure (see Figure 3a), contours at 0.1 km/s intervals. (c) Velocity anomaly with annotated features
discussed in text. Red colors indicate slow velocities relative to the depth average, and blue colors indicate fast velocities.
(d)—(f) as for (a)—(c) for slices at X = 45 km. Models are masked using the 0.6 semblance contour from eight averaged

5 X 5 km checkerboards (see Section 3.3.1), dashed gray line is the 0.6 semblance contour, solid gray line is the 0.7
semblance contour. Blue and green bars at top of panels correspond to volcanic and smooth seafloor respectively. Labels B
and E show locations of fault breakaways and emergences numbered as in Figure 1. Thick dashed lines are interpreted
locations of detachment faults, though dips at depth are only inferred. Half-arrows indicate motion direction of footwalls
during active exhumation. Dashed gray fault with dotted motion indicator shows the location of proposed detachment and
emergence D3’ and E3’, or antithetic fault A2’ discussed in Section 5.4. Thin dotted line shows 3.4 km below seabed. Panels
are plotted at 1:1 aspect ratio, and a dip indicator is provided.
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Figure 8. N-S slices through inversion model showing structures at the volcanic-smooth transition at X = 30 km. Panels (a)-
(c) plotted as for Figures 7a—7c.

anomalies (Figure 6¢), which appear to merge at depth (Figure 6d), though they retain their separate velocity
minima. The stronger and more westerly of these slow anomalies, adjacent to the volcanic-smooth transition, is
elongate in the N-S direction and extends further toward the ridge axis, past the termination of the E3 emergence,
mirroring the bathymetry in this region (Figures 6a—6c, and 6f). This prominent elevated bathymetry displays a
<0.1 km/s slow velocity anomaly between 0 and 1 km bsf at its ridge-proximal “toe” (X ~ 40 km), transitioning to
slightly higher seabed velocities up-dip to the south (anomaly ~0-0.1 km/s, X = 25-30 km, Figures 6a—6c¢, 8b and
8c), giving a total up-dip increase of up to ~0.2 km/s.

4.3. Volcanic Area V1

Volcanic area V1 (Figure 1c¢) is the largest area of volcanic-type seafloor that is well resolved by our 3-D model.
The P-wave velocity at the seabed inside V1 is ~3.5 km/s (Figure 9a), consistent with values for extrusive
magmatic materials such as oceanic lava flows (e.g., Christeson et al., 2019). Vertical velocity gradients within
volcanic area V1 are low at 0-0.4 km bsf (~0.8—1.3 /s), higher over the next ~1 km depth (~1.5-1.7 /s), and then
lower again (~1 /s; Figure 3a, blue line) and overall are lower over the upper 1 km bsf compared to the smooth
seafloor areas away from the ridge axis (Figure S6 in Supporting Information S1).

A 0.1-0.25 km/s slow velocity anomaly underlies the interpreted volcanic-type seafloor (Figure 9b), extending
over an apparent depth interval of ~2.5 km. The boundary between the volcanic and smooth seafloor structures is
well defined, with the velocity anomaly changing significantly at the edge of V1 at X = ~39 km (Figure 9b). This
change can also be seen clearly in the 0, 0.5, and 1 km bsf depth slices (Figures 6a—6c¢).

Along X = 45 km, the anomalously slow area is clearly visible beneath detachment surface D3, between Y = 35—
39 km (Figures 7e and 7f). Below the slow velocity anomaly identified in the W-E section (Figure 9), relatively
slow velocities extend at a depth of ~2 km bsf toward the ridge axis to the north (Figures 6d, 7e, and 7f). We
associate this deeper region of slower velocities with detachment phase D2, as discussed in Section 4.2.1. The
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Figure 9. W-E slices at Y = 38 km through inversion model showing structures associated with volcanic crustal formation.
(a) P-wave velocity, contours at 0.5 km/s intervals. (b) Velocity anomaly relative to 1-D average velocity depth structure (see
Figure 3a), contours at 0.1 km/s intervals. Plotting and labeling as for Figure 7.

merging of these two slow anomalies can also be seen in the depth slice at 2 km bsf (Figure 6d). Thus, the slow
model feature associated with volcanic area V1 has a depth extent of only ~1-1.5 km, less than would be
interpreted from the W-E slice alone.

4.4. Volcanic-Smooth Transition

The transition between the areas of smooth and volcanic seafloor to the west of our study area occurs along an
approximately N-S boundary at X = ~28-31 km (Figure 1c). This boundary coincides with the westernmost
OBSs deployed in our study area, while two N-S shot profiles lie west of the transition (Figure 1a). Thus, while
there is some recovery of subsurface structure up to 8 km west of the transition, semblance reduces with depth
(Figures 4b and 4c) and the reliability of the velocities for the volcanic seafloor is limited due to the ray-paths
being unidirectional. Thus, our most robust observations lie east of X = ~30 km.

At X = 30 km (Figure 8), the seafloor emergence of the active detachment fault on the north side of the ridge axis
is ~6—7 km further north than in the center of the model area (around X = 40-50 km, Figures 6 and 7), resulting in
an apparent widening of the ridge axis (Figures la and 6f). Immediately to the west of the volcanic-smooth
transition, the deepest part of the ridge axis shallows by ~300 m. As a result, the mapped emergence location
on the N-S profile here appears to be offset to the north of the ridge axis, the central part of which also appears to
be wider than for profiles further to the east (Figure 7). In this area, the ridge axis displays a near-zero velocity
anomaly across the full recovered thickness of the model (Figures 8b and 8c), though plan-view slices show that
slow ridge-axis anomalies are present to the east (Figures 6a—6c) and extend into this region at 2 km bsf
(Figure 6d). The lack of a clear slow anomaly here may partially be attributed to a lack of OBSs north of
Y =51 km in this region.

To the south of the ridge axis, there is a large anomalously fast region extending through the entire recovered
thickness of the model (Figures 8b and 8c, Y ~ 40-50 km), peaking at ~0.5 km/s at ~2 km bsf. This area is also
characterized by a high velocity gradient through the upper 1.5-2 km bsf (Figure 8a). The position of this anomaly
aligns with the B2 breakaway (cf. Figures 7 and 8), though the mapped breakaway terminates ~5 km to the east of
the volcanic-smooth transition (Figure 6f). Below and to the south of the fast region, the 7 km/s velocity contour
lies shallower than 3.4 km bsf (Figure 8a). The fast region extends to the east of the transition to X = 35-36 km,
into the smooth seafloor area (Figures 6d and 6e) terminating to the west of the mapped limit of the B2 breakaway,
where the associated bathymetric ridge also terminates (Figure 6f).
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4.5. Top of Weakly Hydrated Mantle Zone

Depth slices at 3.4 km bsf show approximately constant velocities of ~7 km/s (Figure S7e in Supporting In-
formation S1), and negligible velocity anomalies across the model area (Figure 6e). This region is also charac-
terized by low vertical velocity gradients (Figure 3a). In N-S and W-E oriented slices the 7 km/s contour
commonly lies at ~3.4 km bsf (Figures 7a, 7d and 9a). Velocities are higher at 3.4 km bsf below and to the south
of the anomalously fast region below the D2 surface at X = 30 km, along the volcanic-smooth transition
(Figures 8a and 8b). At depths >3.4 km bsf, velocity anomalies are also near zero (Figures S8c and S8d in
Supporting Information S1). The maximum velocities in our model are ~7.6 km/s (Figure 3a, Figures S8a and
S8b in Supporting Information S1).

4.6. Integration With MCS Observations

Coincident 2-D and pseudo-3-D seismic reflection data (Momoh et al., 2017, 2020; Figure 10a; Figures S9 and
S10 in Supporting Information S1) display several reflector packages that can be associated with the faulting and
associated tectonic damage during the tectonic spreading cycle in this region of the SWIR. By converting our
velocity model from depth to two-way travel-time we can compare it with observations of subsurface reflectors
(Figures 10b and 10c).

North-dipping packages at Y = ~50 km do not clearly intersect the seafloor of the D2 fault surface, but do extend
through to between the 6.0 and 6.5 km/s velocity contours (Figures 10a and 10b). Close to the E3 emergence at the
base of the outward-facing D3 surface, the deepest packages of S-dipping reflectors penetrate through to ve-
locities of >7 km/s (Figure 10b), corresponding to a depth of ~3.4 km bsf. Profiles to the east (X = 47 km) and
west (X = 32 km) of the study area show extensively distributed packages of shallow (<1 km bsf) and deeper sub-
horizontal reflectors (Figures S9 and S10 in Supporting Information S1). The deeper reflectors lie at two-way
times corresponding to the depths of the 7-7.5 km/s velocity contours, indicating depths >3.4 km bsf.
Shallow sub-horizontal reflectors at Y = 25-33 km beneath the D4 surface along X = 32 km appear to lie along the
top of the slow velocity anomaly at depth (Figures S9a and S9c in Supporting Information S1; cf. Figures 8b and
8c, X = 30 km).

5. Discussion
5.1. Seismic Velocity Structure and Global Ultra-Slow Ridge Context

Overall, vertical velocity gradients decrease from 1.2 to 1.6 /s in the upper ~1.5 km of the crust to <0.5 /s below
~3 km bsf, with the greatest rate of change occurring at ~1.1-1.8 km bsf (Figure 3a). Corbalan et al. (2021)
interpret this change in vertical velocity profile from lower velocity/higher gradient to higher velocity/lower
gradient as a change in the porosity and permeability regime, which likely indicates the extent of tectonic damage
during exhumation, and subsequently controls the degree of serpentinization with depth. The depth of the top of
this gradient change corresponds to the depth of the change in the polarity with depth of the observed velocity
anomalies in both the down-dip (slow anomaly at the surface, overlying a faster anomaly) and up-dip (vice versa)
parts of the exhumed ultramafic basement (e.g., Figures 7b, 7c, 7e, and 7f).

Neither our model nor those of Momoh et al. (2017) and Corbalén et al. (2021, Figure 3b) show a change in
velocity or velocity gradient that could be attributed to a well-defined Moho as seen at other locations along the
SWIR (e.g., Minshull et al., 1998, 2006). Similarly, no Moho reflections have been observed in the 2-D (Corbalan
et al., 2021; Momoh et al., 2017) and 3-D OBS data. Together, these observations are consistent with a nearly
amagmatic origin for the crustal section along the smooth seafloor segments of the SWIR (Cannat et al., 2006).
This conclusion is also supported by direct rock sampling, which has recovered highly and variably altered ul-
tramafic lithologies across the smooth seafloor areas (Figure 1c; Sauter et al., 2013).

We compare the average 1-D velocity structure in our study area to velocity profiles from the Atlantis Bank,
adjacent to the Atlantis I Fracture Zone at 57°15'E, to the west of our study area (Figure 3c; Muller et al., 1997,
2000), and a nearby more magmatically robust segment of the SWIR at 66°E (Figure 3c; Minshull et al., 2006). In
both of these locations there is evidence for more magmatic crustal formation (intermediate M), with charac-
teristics of oceanic layers 2 and 3 observed. Both these areas also show along-segment variations in crustal
thickness, with thicker crust at segment centers and thinner crust at segment ends, and with the variation
particularly focused in layer 3 (Minshull et al., 2006). Below ~2 km bsf our model concurs with those of Momoh
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Figure 10. Comparison between 3-D tomography results and 2-D across axis MCS profile SMOO33-39. (a) Annotated
seismic reflection profile with labeled breakaways, emergences, and names of exposed fault surfaces labeled. Interpreted
reflectors are from Momoh et al. (2020): purple/dark blue = south dipping; green = north dipping; light blue = shallow (sub-)
horizontal; orange = deeper (sub-)horizontal. See Momoh et al. (2020) for uninterpreted sections and discussion of reflector
interpretations. (b) MCS data with N-S slice through 3-D model overlain (X = 40 km). Velocity contours drawn at 1 km/s
(bold) and 0.5 km/s (thinner) intervals. (c) as for (b), with velocity anomaly, contours at 0.1 km/s intervals.

et al. (2017) and Corbalén et al. (2021) and generally shows velocities that are faster than the layer 3 velocities in
these more magmatic regions.

The average 1-D structure is also similar to that of the ultra-slow Mohns Ridge in the Arctic (Figure 3d), which
shows a thin (4.0 £ 0.5 km) but variable crust, with most of the variation occurring within layer 3 where this is
present, and where it is absent there is a constant gradient up to relatively low upper mantle velocities of ~7.5 km/
s (Klingelhofer et al., 2000). We observe on average faster velocities than those between 15 and 45°E along the
Gakkel Ridge, also in the Arctic, where the crust is observed to be very thin, between 1.9 and 3.3 km-thick, and
where magma supply is interpreted to be overall limited but highly spatially segmented (Jokat et al., 2003).
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5.2. Crustal Thickness and Weakly Hydrated Upper Mantle

The FAST approach to inversion used in this study does not allow the crustal thickness to be constrained directly,
as it treats all rays as refracting, and does not, therefore, allow modeling of wide angle PmP reflections from the
Moho, if these were present in the data. PmP phases are commonly observed in OBS records from faster spreading
ridges (e.g., Canales et al., 2002; Grevemeyer et al., 1998; Holmes et al., 2008; Horning et al., 2016), and beneath
magmatically spreading segments at other locations along the Mid Atlantic Ridge (e.g., Wang & Singh, 2022) and
the SWIR, such as at 66°E (Minshull et al., 2006) and 50.5°E (Jian, Chen, et al., 2017), but are either absent (e.g.,
Mid-Cayman Spreading Center; Grevemeyer, Hayman, et al., 2018) or sparse (e.g., 13°20’N, Mid Atlantic Ridge;
Simdo et al., 2020) in more magma-starved areas of slow/ultra-slow spreading ridges. Due to the gradual nature of
the change between the serpentinized/altered crustal section and unserpentinized mantle below, a clear seismic
discontinuity that generates reflected phases is not expected to be present in our study location (e.g., Minshull
et al.,, 1998, 2006). Moho reflections were not identified in either the pseudo-3-D MCS data set (Momoh
et al., 2017) or along the two long 2-D wide-angle profiles at this location (Corbal4n et al., 2021).

Therefore, we do not have a direct constraint on the thickness of the crustal section in the smooth seafloor area. As
a result, we have to use other information in the form of our model testing approaches to determine to what level
we can identify the base of this section. Our model testing approaches (Section 3.3) indicate that we have con-
straints on the velocity structure down to depths of ~4—4.6 km bsf, and to maximum velocities of ~7.6 km/s
(Figures 4c and 5; Figures S8a and S8b in Supporting Information S1). Our velocity model also tends toward
approximately zero velocity anomaly around ~3.4 km depth bsf (Figure 6e), corresponding to absolute velocities
of ~7 km/s (Figure S7e in Supporting Information S1), except at X = 30 km along the volcanic-smooth transition
below the D2 surface where this velocity contour is slightly shallower. Absolute velocities of ~7-7.6 km/s
correspond to ~28% to ~6% serpentinization of peridotites, following the linear relationship of Miller and
Christensen (1997; see Section 5.3). The relative uniformity of the velocity structure below ~3-3.4 km bsf
suggests that the extent of serpentinization of the exhumed mantle at those depths is both less and less variable
than in the highly damaged zone directly adjacent to the exposed detachment faults. Direct petrological con-
straints on serpentinization extent and temperature conditions are only available from samples that come from
exposed detachment surfaces (Rouméjon et al., 2015), and are therefore not representative of serpentinization
processes occurring further from the fault in the footwall and hanging wall of successive “flip-flop” detachments
(see discussion in Cannat et al., 2019). Therefore, seismic data, such as presented here, are our best proxy to
constrain such off-fault serpentinization.

Comparison between the velocity model and the MCS section along X = 40 km shows S-dipping reflectors that
are interpreted as formed by damage related to detachment D3 penetrating through the 7 km/s contour into this
region at depths of ~3-3.5 km bsf (Figure 10b, Y = 30-35 km; Momoh et al., 2020). This comparison indicates
that serpentinization associated with the D3 fault damage at those depths is not pervasive, but restricted to
localized higher strain fault splays. The damage indicated by these reflectors may also possibly serve as a guide
for dikes feeding the V1 volcanic area (Momoh et al., 2020). MCS profiles to the east of the study area also show
extensive sub-horizontal reflectors at velocities of 7-7.5 km/s (X = 47 km; Figure S10 in Supporting Informa-
tion S1), within the zone between the crustal section and unaltered mantle. These impedance contrasts could also
result from localized serpentinization, although an origin from isolated magmatic sills in the ultramafic basement
is also possible (Momoh et al., 2020).

Our maximum resolved velocities of ~7.6 km/s are still lower than those of typical unaltered mantle (>7.8 km/s;
e.g., Christeson et al., 2019), thus suggesting that mantle hydration extends beyond ~5 km bsf. Corbaldn
et al. (2021) observe more variation in the thickness of this region along their longer N-S profile across our study
area, due to the length of their profiles with picked shot-receiver offsets of up to ~90 km, which give greater
constraint at depth than our model. They observe velocities increasing downward to ~7.8 km/s by 7 km bsf, with a
low velocity gradient, and sparse local regions at depth within detachment footwalls with velocity >8 km/s. Their
model also shows less variability in velocity in the N-S direction at increasing depth below the 7 km/s contour
than in the crustal section above. They also find up to ~5% velocity difference between the N-S (faster) and E-W
(slower) directions from the top of this section, decreasing to no difference at ~6 km bsf. Their observations
indicate that there may be a greater variation in the spreading processes and resulting crustal formation over
longer timescales, and that the weaker alteration below ~3.4 km bsf is controlled by a lower degree of more
uniform tectonic damage than that associated with the more focused alteration around the detachments. Based on
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gravity modeling, Cannat et al. (2006) inferred some variability in the crustal thickness in our study area, with
thinning of up to ~500 m relative to the reference thickness of 3.4 km (Muller et al., 1999) used in their model.
However, these variations may be explained also by density variations associated with the velocity variations
observed in our model.

5.3. Process and Role of Serpentinization

Sampled peridotites from slow and ultra-slow ridges are commonly observed to be extensively serpentinized,
with networks of microfractures providing routes for the fluids (e.g., Andreani et al., 2007; Friih-Green
et al., 2004; Rouméjon & Cannat, 2014). Observations of syn-kinematic amphiboles in sheared peridotites from
the region of the SWIR studied here, which record deformation at high temperatures (>800°C), indicate that small
volumes of hydrothermal fluids can penetrate as deep as the root zones of the detachments (Bickert et al., 2023).
Based on the maximum depth of seismicity, this root zone is at least 15 km deep (J. Chen et al., 2023; Grevemeyer
etal., 2019; Schlindwein & Schmid, 2016). In situ and bulk-rock analyses on samples from the same region of the
SWIR indicate that the fluids involved in the serpentinization had compositions near seawater and oxygen isotope
analyses indicate serpentinization temperatures of between 271 and 366°C (Rouméjon et al., 2015), suggesting
that the extensive serpentinization documented in these samples probably develops at depth along the detachment
surfaces, prior to exhumation. These reaction temperatures are consistent with the optimal serpentinization re-
action temperature window of 200°C to ~400°C (e.g., Malvoisin et al., 2012; Martin & Fyfe, 1970).

There is an approximately linear trend between serpentinization extent and P-wave velocity (e.g., Carlson &
Miller, 2003; Christensen, 1966, 1978, 2004; Miller & Christensen, 1997), increasing from 0% at ~8 km/s to
100% at ~5 km/s, which is higher than the lowest velocities present in our model. Thus, we follow Momoh
et al. (2017) and Corbalan et al. (2021) and infer that the slow velocity anomalies and absolute velocities of
<5 km/s that we observe along the shallowest up to ~1 km of the exposed detachment surfaces result from highly
fractured serpentinized material. This interpretation is supported by observations from recovered samples
(Rouméjon et al., 2015), and the MCS data which show reflectors over a 1-1.8 km-thick zone interpreted as
tectonic damage around the active D1 detachment fault (Figure 10; Momoh et al., 2017, 2020). These fracture
networks provide a pathway for seawater ingress into the ultramafic basement, leading to serpentinization and the
generation of seismic velocity anomalies and impedance contrasts, resulting in the appearance of reflection events
in the MCS data (Figure 10, Figures S9 and S10 in Supporting Information S1; Momoh et al., 2017, 2020).
However, we also observe that these and similar south-dipping reflectors associated with the earlier D3
detachment cross into higher velocity domains (>7 km/s), corresponding to <~25% serpentinized mantle
(Figure 10). Thus, we suggest that the overall downward-decreasing serpentinization trend beneath the crust is
dominated by low-degree serpentinization, which occurs first in the footwall and then in the hanging wall of
successive “flip-flop” detachments (Cannat et al., 2019), with localized and extensively serpentinized damaged
regions decreasing in frequency with greater distance from the detachments.

5.4. Tectonic Spreading Model and “Flip-Flop” Faulting

The patterns of velocity anomalies observed in the crustal section of our 3-D model can be explained through
application of the “flip-flop” faulting model (Figure 1d) and the effects this has on patterns of alteration. Ser-
pentinization is extensive across all parts of the crustal section but is focused most strongly along the detachment
faults and their associated damage zones during the active stages of fault movement (Corbalan et al., 2021). This
alteration is most focused at shallow depths (~1-1.8 km), adjacent to the fault, in both the footwall and hanging
wall of detachment faults, resulting in the relative slow velocity anomalies seen at and below the seafloor at the
down-dip ends of exhumed footwalls, for example between Y = 45-52 km on D2 (Figures 7b, 7c, 7e, and 7f).
Velocities here of <5 km/s correspond to >100% serpentinization, indicating a large degree of tectonic damage,
which is supported by MCS reflection (Momoh et al., 2017, 2020) and direct sampling observations (Rouméjon
et al., 2015). The extent of alteration is greater in the hanging walls of the detachments, which have a two-stage
history of first being exhumed in the footwall of the earlier detachment, then remaining in a hanging wall setting
for a longer time than the adjacent footwall, which progressively moves up-dip during exhumation (Cannat
et al., 2019).

At greater structural depth in the paleo-ridge proximal parts of the fault footwalls we observe fast velocity
anomalies associated with both detachment phases D2 (e.g., Y = 44-50 km along X = 40 km, and Y = 46-54 km
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along X =45 km) and D3 (Y = 31-37 km along X = 40 km, and Y = 35-39 km along X = 45 km; Figure 7) of the
fault sequence, although the lowermost part of the D2 footwall is dismembered by the present-day active
detachment. The strength of these anomalies is ~0.2 and ~<0.1 km/s respectively, with the D2 value lower than
the ~1 km/s anomaly observed in the N-S profile of Corbalan et al. (2021), which runs along X = 40 km. This
difference may be due to increased constraint in the 2-D model from longer-offset arrivals to the north, differences
in the ray-path coverage between 2-D and 3-D data, and the different inversion codes used for the two models (3-
D FAST; Zelt & Barton, 1998, and tomo2d; Korenaga et al., 2000). The lower part of the exhumed structure for
D4 is located outside our survey area, to the north of the ridge axis. These fast velocities at depth in the footwalls
are interpreted as representing material which has undergone less alteration, due to less fluid access to these
locations resulting from decreasing tectonic damage away from the detachment fault, and to shorter time periods
of exposure to fluids. The depth of the transition between the slow velocity anomaly at the surface and deeper fast
anomaly in the down-dip part of the exposed footwall corresponds approximately to the depth at which the
vertical velocity gradient most strongly begins to decrease (Figure 3a), and to the thickness of the tectonic damage
zone formed at the present-day detachment (Momoh et al., 2017, 2020), suggesting that these patterns result from
a change in the degree of alteration arising from variations in the porosity regime generated through tectonic
damage, which is greatest closer to the detachment fault.

Across the D2 and D4 detachment surfaces, the slow velocity anomalies shift from lying just below the seabed
close to the paleo-ridge axis, for example, between Y = 45 and 52 km on D2 (Figures 7b, 7c, 7e, and 7f) to deeper
levels up-dip toward the fault breakaway, for example, between Y = 39 and 44 km, suggesting that over longer
time periods alteration becomes more depth-pervasive, though the alteration is also likely of a lower grade than
that closer to the detachment surface due to downward decreasing tectonic damage.

Seabed velocities also appear to increase up-dip along the exposed detachment surfaces, for example, between
Y =40 and 45 km on D2 (Figures 7b, 7c, 7e, and 7f). While this up-dip variation is relatively small, in the region
of ~0.1 km/s, and typically the shallowest sub-seabed velocities are most sensitive to influence from the starting
model velocity, our Monte Carlo testing (Section 3.3.2, Figure 5) suggests that this variation is real. This apparent
up-dip increase in velocity at the seabed may arise due to relatively stronger damage in the down-dip region,
including the effects of hanging wall damage processes in the following detachment phase, and/or the infilling of
crack and fracture porosity by mineralization during continued hydrothermal circulation over the longer time-
scales over which the up-dip slope has been exposed to these processes (e.g., as documented for basaltic crust;
Alt, 2004).

Corbalén et al. (2021) proposed the possible existence of an additional S-dipping detachment fault, D3’, within
the inward-dipping slope on the south flank of the ridge. The inferred location of this additional detachment is
shown in Figures 6, 7c, 7f, and 8c. Therefore, the fast anomaly at depth (Figures 7c and 7f, Y = ~46-53 km, >~1—
1.5 km bsf) may alternatively sit within the lower part of the footwall of this D3’ detachment, rather than at a
similar level beneath the exposed D2 surface. However, the proposed D3’ detachment does not result in the
exhumation of a large “smooth seafloor”-type ridge as seen elsewhere in our study area (Figure 1a). A small ridge
(~200 m topography) can be seen around X = 37-50 km, Y = 46-50 km (Figure 6f) and as a break in the inward-
dipping exposed D2 slope (e.g., Figures 7a—7c¢, Y = 4648 km; Figures 7d-7f, Y = 47-49 km). The small size of
this feature was proposed to be related to a shorter timescale of exhumation (Corbalan et al., 2021). The presence
of an additional large-scale detachment, D3’, to the south of the ridge does not fit the chronology of the “flip-flop”
detachment sequence in this location, based on mapping of the detachment surfaces and breakaways/emergences
to the north and south of the axis and constraints from magnetic anomalies (Cannat et al., 2019; Sauter
et al., 2013). Instead, the small seabed ridge may be related to a relatively short-lived and small-offset S-dipping
fault formed during detachment phase D2, here called A2’. These antithetic, short-lived faults are observed in
numerical models of detachment systems at ultra-slow spreading ridges, where they are interpreted to represent
failed attempts at polarity reversal prior to continued exhumation along the principal active detachment (Bickert
et al., 2020).

While the fault breakaways are typically observed to be relatively straight, the emergences display a convex-
outward “scalloped” pattern with a wavelength of ~15-20 km, suggested to result from variations in footwall
rheology which impacts the emergence angle of the fault (Cannat et al., 2019). We observe along-axis variations
in the location of the buried, less-altered footwall material (fast velocity anomalies) associated with detachment
phases D2 and D3, which in the case of the latter mirrors the trend of the E3 emergence at the surface, suggesting
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that the complex surface shapes of the emergences extend into the subsurface. We also observe higher velocities
in the subsurface at ~0.5-2 km bsf along a ~N-S trend approximately aligned with the western termination of the
mapped B2 fault breakaway feature (Figures 6a—6d) and the limit of the associated bathymetric ridge (Figures la,
Ic, and 6f), which we interpret as indicating less active alteration occurring here due to reduced fluid focusing
along the fault.

The strength of the slow velocity anomaly in the hanging wall of the present-day detachment fault also appears to
vary along axis, being highest between X = ~38-41 km, with the variation extending through at least 2 km
thickness below the seabed (Figures 6b—6d). This slow velocity anomaly was proposed to be caused by stress
holding fracture porosity open in the proximal part of the hanging wall (Momoh et al., 2017). The variation
documented here may result from along-axis variations in the local stress. The peak anomaly lies close to the
southernmost part of the mapped present-day fault emergence at the base of the large bathymetric ridge that
bounds the ridge axis to the north (Figure la). This observation further supports the conclusion that the
detachment faults are not simply planar at depth. It is, however, also possible that there is some bias to the velocity
field due to the lower number of OBSs located immediately in this region, though the semblance measure in-
dicates that there is still overall good resolution here.

Together these observations suggest that the geometry of detachment faults is not simply planar along-axis at
depth, and that there is a link between the shape and structure of the detachment faults at depth and the
morphology of the smooth seafloor which they generate through exhumation. Large-scale serpentinite-dominated
detachments in other settings, for example, the Galicia margin (Lymer et al., 2019), are also observed to be non-
planar, indicating that the degree of serpentinization and the geometry of detachment faulting are related (e.g.,
Boddupalli et al., 2022).

5.5. Volcanic-Smooth Transition

Below the volcanic-smooth transition (X = ~30 km) the velocity structure is variable. Areas at the ridge axis
(Y = 50-56 km) and below the D4 detachment surface (Y = 26—40 km; Figures 8b and 8c) display patterns of
velocity anomalies similar to those in equivalent settings in the smooth seafloor area to the west. However,
between these features (¥ = 37-51 km) there is a strong, fast velocity anomaly (Figures 6a—6d, 8b and 8c), which
also has a different velocity gradient, and approaches at depth the termination of the mapped fault breakaway B2
at X = 36 km (Figures 6b—6d). The location of this fast anomaly in context of the “flip-flop” spreading and
variable alteration model suggests a link with the fast anomalies in the lower part of the D2 footwall (Figure 6d),
though along this region we do not find clear evidence for the S-dipping detachment D3 to separate this from the
earlier detachment phase D4 (Figures 6f and 8c). Unlike further to the west, here the fast anomaly reaches the
seafloor. If the protolith here comprised exhumed mantle peridotite, as across the rest of our study area, then it
would be expected to have undergone significant alteration during exhumation, resulting in a slow anomaly as is
seen in the smooth seafloor region to the east. Alternatively, this fast velocity anomaly may sit within the footwall
of a possible E3’/A2’ fault, if this continues west to the volcanic-smooth transition. Either way, this feature does
not simply fit within the model of “flip-flop” faulting and subsequent alteration that explains well the remainder of
the smooth seafloor region. One possibility is that the higher velocities result from the presence of gabbroic
intrusions in an oceanic core complex-type structure similar to those observed at the Mid Atlantic Ridge (e.g.,
Canales et al., 2008). This feature is at the edge of our well-resolved model region, so ultimately its origin cannot
be confirmed.

Across-axis analysis of the bathymetry and patterns of faulting show that in the volcanic seafloor area imme-
diately to the west of the volcanic-smooth transition, evidence for larger-scale faulting persists at least 10 km
away from the transition. Thus, M is still low and the volcanic-type seafloor immediately to the west of volcanic-
smooth transition in our study area is not fully characterized by normal magmatic crustal construction and is
instead still strongly influenced by faulting and mantle exhumation (Cannat et al., 2019). Analysis of a long 2-D
E-W wide-angle seismic profile by Corbaldn et al. (2021) also found that the crustal structure varies along-axis
between the two spreading mode domains over ~10 km distance. The change in crustal type in the subsurface is
thus not vertically below the seafloor volcanic-smooth transition, but instead extends toward the west. This
conclusion in turn suggests that the anomalous structures in this region are most likely associated with dominantly
fault-driven spreading, rather than more robustly magmatic spreading. These observations provide further evi-
dence for the 3-D nature of the detachments in this region.
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5.6. Role of Volcanism in Spreading/Tectonic Cycle

Volcanic area V1 displays slow (~3.5 km/s) near-seabed velocities (Figures 3a, 7d, and 9a; Figures S7a—S7c in
Supporting Information S1) consistent with extrusive basalts, and a slow velocity anomaly that appears to extend
over a thickness of up to ~1-1.5 km (Figures 6a—6c¢, 7e, 7f, and 9b). The true thickness is likely smaller than this,
and part of the slow velocity anomaly may also be contributed by mantle alteration processes. The volcanic
component must, however, be thick enough to be well captured by the model, as this region displays a 0.1 km/s
slower velocity anomaly than other regions characterized by shallow alteration close to the detachment (e.g., on
the D2 surface between X = 4649 km; Figures 7b and 7c), a 1-D velocity-depth profile distinct from that of
smooth seafloor regions (Figure 3a, blue line), and a lower vertical velocity gradient across the upper ~1 km bsf
(Figure S6 in Supporting Information S1). Our 1-D velocity-depth samples potentially also indicate a distinction
between more extrusive and intrusive material based on a change in velocity gradient at around 0.7 km bsf
(Figure 3a; Christeson et al., 1992, 2012). The thickness of this slow anomaly likely, therefore, reflects a period of
magmatism that is longer than a single magmatic event creating only surface flows, but not sufficiently robust or
continuous to build truly magmatic crust. Kinematic descriptions of the “flip-flop” faulting model suggest that
volcanic seafloor regions may form away from their present location and be rafted into place by movement up the
detachment (Reston, 2018). However, seafloor reflectivity indicates that V1 represents in situ volcanism during
the late stages of activity of D3, and the onset of D2 (Sauter et al., 2013).

Variations in magma supply have been inferred to control oceanic core complex evolution along segments of the
SWIR (e.g., Cannat et al., 2009; Zhou et al., 2022) and the Mid Atlantic Ridge (e.g., Escartin et al., 2017; Howell
et al., 2019; Simdo et al., 2020), though continued fault slip has also been inferred to occur following intrusion
(Parnell-Turner et al., 2018). Changes in melt supply and focusing are significant at ultra-slow spreading ridges
(e.g., Jokat et al., 2012; Klingelhofer et al., 2000; Minshull et al., 2006; Muller et al., 1999). The segmentation at
the SWIR is interpreted by Cannat et al. (2003) to arise due to local and transient increases in magma input at the
base of the lithosphere, which then undergoes lateral migration along-axis. Kinematic models indicate that “flip-
flop” alternating of detachment polarities remains viable with magmatic inputs up to M = 0.5 (Reston, 2018),
supporting the possibility of syn-tectonic formation of volcanic seafloor during this process.

6. Conclusions

We have investigated the structures formed by large-scale “flip-flop” detachment faulting along a segment of the
ultra-slow spreading Southwest Indian Ridge that displays characteristic smooth seafloor at the seabed, composed
almost entirely of variably altered peridotites exhumed from the uppermost mantle by faulting. By applying 3-D
travel-time tomography to seismic data recorded on 30 OBSs deployed over an area within and to the south of a
ridge segment dominated by large-scale “flip-flop” detachment faulting we find that:

- The exhumed ultramafic footwalls of the detachment faults display patterns of seismic velocities suggesting
that alteration is most strongly focused along the faults and adjacent tectonic damage zones. At depths of
<~1 km bsf, velocities are lower than those that would result from 100% serpentinization, indicating both
extensive alteration and tectonic damage within the fault walls during exhumation. Velocities show an apparent
increase up-dip along the exhumed detachment surfaces, which may result either from relatively higher down-
dip tectonic damage, which may occur during the detachment lifetime or in the hanging wall of the subsequent
detachment phase, or from the progressive infilling of shallow fluid pathways by mineralization as the crust
ages off-axis.

Lower-intensity later-stage alteration penetrates to greater crustal depths up-dip in the detachment footwalls,
due to the increased timescales over which alteration processes have occurred. This results in a transition from
fast velocity anomalies at depth in the down-dip parts of the footwall, where there is less exposure to fluids, to

slower anomalies up-dip toward the detachment breakaway. The top of this zone is demarcated by a decrease in
the vertical velocity gradient, indicating a change in the porosity regime resulting from downward-decreasing
tectonic damage at greater distance from the detachment fault.

- Below ~3.4 km bsf there is little spatial velocity variability across our study area, and the vertical velocity
gradient is low. Here velocities increase downwards from ~7 km/s, corresponding to ~28% serpentinization,
toward those of unaltered mantle compositions over a thickness of >~1.5 km, indicating a relatively spatially
uniform, low degree of tectonic damage and serpentinization arising at those depths in the footwall and hanging
walls of successive “flip-flop” detachments.
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- The geometry of the velocity anomalies at depth varies along axis, mirroring the surface trace of the fault
emergence, supporting the interpretation that the detachments are not planar at depth.

At depth, the boundary between volcanic and ultramafic seafloor regions is more gradual than its seabed
expression, consistent with geological observations pointing to a transitional region where lava flows are
present overlying previously exhumed ultramafics.

- Magmatism is very limited in the smooth seafloor segments. However, the presence of a layer of magmatic
origin is suggested by a slow velocity anomaly down to ~1-1.5 km bsf within the lower part of the D3
detachment footwall, which coincides with low seafloor velocities and a low velocity gradient. The thickness of
this layer is likely less than the observed extent of the velocity anomaly but greater than that generated by only
surficial lava flows. Here there is likely at least some component of syn-tectonic volcanism, resulting from
variations in the highly segmented along-ridge magma supply, which may have contributed to the cessation of
exhumation during phase 3 of the detachment faulting sequence.

Our observations indicate that detachment-dominated spreading resulting in smooth seafloor is a spatially 3-D
process, with variations in the detachment geometry observed along large-scale faulting-dominated ridge seg-
ments. There is also temporal evolution in the structure of the crust formed, both because of the “flip-flop” re-
versals of detachment polarity over time, and also due to varying alteration over time as exhumed ultramafic
materials are exposed to seawater.
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(Robinson et al., 2024) are available. Travel-time inversion was performed using the First-Arrival Seismic To-
mography code (FAST; Zelt & Barton, 1998). Figures were generated using Generic Mapping Tools (GMT)
version 6 (Wessel et al., 2019). Seismic Unix (Cohen & Stockwell, 2022) was utilized for OBS data processing
and visualization.
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