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Abstract

Ultraslow-spreading oceanic ridges (< 20 mm/yr) comprise ~35% of the global
mid-ocean ridge system, yet their lithospheric structure and accretionary process are still
little understood. At these ridges, the interplay between plate- and mantle-driven
processes results in large along-axis variations in the accreted lithosphere and complex
relationships between intermittent volcanic seafloor and extensive nonvolcanic seafloor
domains. Geological and geophysical observations acquired at exhumed mantle domains
indicate a subsurface structure that differs greatly from the traditional 3-layer crystalline
crust topping the uppermost mantle formed at faster-spreading rates. At the eastern
Southwest Indian Ridge (<14 mm/yr; SWIR), continuous emplacement of mantle-derived
peridotites at the seafloor creates the widest nonvolcanic oceanic floor documented thus
far. Extensive geological sampling in this area indicates that the peridotites are variably
serpentinized (hydrothermally altered) and only a very minor component of crustal rocks
derived from mantle melting are present.

The SISMO-SMOOTH survey collected coincident wide-angle ocean bottom
seismometer (OBS) and multichannel seismic (MCS) data along two long (~150 km)
orthogonal profiles across (NS profile) and along (EW profile) of the SWIR axis. This
thesis discusses results based on these datasets and provides unique insights into the
mantle exhumation dynamics in the subsurface and the evolution of the tectonically
accreted topmost lithosphere. P-wave first arrivals recorded by OBSs are used to perform
traveltime tomography and produce the first detailed 2D regional velocity models across
and along an ultraslow-spreading SWIR amagmatic segment. I suggest that changes in
velocity with depth are related to changes in the degree of serpentinization and interpret
the subsurface structure to be composed of highly fractured and fully serpentinized
peridotites at the top with a gradual decrease in pore space and serpentinization to
unaltered peridotites at depth. Furthermore, a complex system of successive and
alternating polarity detachment faults across-axis is imaged in the subsurface and
constrained by the velocity structure for the first time in this thesis. A prestack depth
migrated reflection section of the NS profile provides additional constraints on the
detachment faults and serpentinization gradients. A detailed analysis of the velocity
changes with time on the NS profile provides the first-ever seismic constraints on the
evolution of the tectonically accreted topmost lithosphere. Comparing my results with the
much better-studied magmatically accreted lithosphere, I find that the tectonically
accreted lithosphere evolves much faster and in a fundamentally different way, with
significant implications for continental crust genesis and geohazards associated with
future subduction of tectonically accreted oceanic lithosphere.

Ultimately, the results shown in this thesis are applicable to other mid-ocean
ridges and other plate boundaries. Tectonically accreted lithosphere has increasingly been
reported at segment ends of slow-spreading ridges (Oceanic Core Complexes) and
variably serpentinized peridotites have also been inferred worldwide in the oceanic crust
adjacent to magma-poor rifted margins. Here, the lack of a clear understanding of the
geophysical fingerprints of these domains challenges their unequivocal identification
below thick post-rift sedimentary packages. For example, the results from this thesis may
allow a reevaluation of existing seismic velocity models offshore eastern Canada and may
assist in further detailing their identification and characterization.
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Chapter 1

Introduction

1.1 Mid-ocean ridges

The global mid-ocean ridge (MOR) system (Fig. 1.1.1), the Earth’s largest volcanic

chain, stretches for nearly 65,000 km and shows a complex interplay of tectonic,
magmatic, and hydrothermal processes (e.g., Berann et al., 1977). These volcanic ridges
are divergent plate boundaries or places where two oceanic plates move away from each
other, thus representing a fundamental piece of the Plate Tectonics Theory (e.g., Pitman
and Heirtzler, 1966; Le Pichon, 1968; Morgan, 1968; Wilson, 1965). Oceanic lithosphere,
which covers over two-thirds of the globe, has been and continues to be produced at the
MORs. The speed at which the plates spread, or spreading rates, vary with location by
more than an order of magnitude (e.g., [to and Dunn, 2009). As plates drift away from the
ridge, the oceanic lithosphere cools, thickens, and becomes denser until it is recycled back

into the asthenosphere at subduction zones.

The MORs were first discovered in the 1950s after sonar development during World War
IT and by Marie Tharp’s historic ocean floor maps (e.g., Heezen et al., 1959; Berann et al.,
1977). Seafloor spreading, the process by which the newly created oceanic lithosphere
moves away from the ridge, was first introduced by Dietz (1961) and Hess (1962) and
later corroborated by samples from the International Ocean Discovery Program (IODP)
Deep Sea Drilling Project Leg 3 (1968-1969) and by the studies of Heirtzler et al. (1968)
and Pitman et al. (1966; 1968). The earlier studies found older ages in sedimentary and
upper crustal samples collected away from the ridges than in samples taken at the ridge.
The latter studies showed an alternating pattern of positive-negative magnetic anomalies
that formed parallel to the spreading centers. These anomalies are relatable to the
geomagnetic time scale and showed older age of the oceanic crust at a greater distance

from the ridge and youngest crust at the ridge valley.
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Geological observations gathered across the MOR system throughout the 1980s and early
1990s revealed that MORs are partitioned into segments bounded by discontinuities (e.g.,
Macdonald et al., 1991). Fracture zones are major discontinuities defining the first-order
segments and transform faults are their seismically and tectonically active portions (e.g.,
Fox & Gallo, 1984; Hekinian, 2014; Macdonald et al., 1991) and a type of plate boundary
(Wilson, 1965). An example of second-order discontinuity is a non-transform
discontinuity. The higher the order of the segmentation, the shorter length and shorter-
lived the segments are, and segments at fast-spreading ridges are longer than segments at

slow-spreading ridges (Macdonald et al., 1991).

The MOR system is heterogenous and shows remarkable differences in the axial
morphology (e.g., Carbotte et al., 2016), the modes of seafloor accretion between
different ridges and ridge segments (e.g., Cannat et al., 2006) and the spreading rate,
which ranges from about 180 mm/yr at the East Pacific Rise (DeMets et al., 2010) to less
than 14 mm/yr at the Gakkel (Arctic) and Southwest Indian ridges (Cochran et al., 2003;
Kreemer et al., 2014) (Fig. 1.1.1). For example, the oceanic crust formed at faster-
spreading ridges shows, in general, relatively gentle seafloor topography and a roughly
dome-shaped rise (up to 400 m high) at the spreading axis, while the crust formed at
slower-spreading ridges generally presents a more rugged topography and a sharp and
well-developed axial rift valley (1-3 km deep) (e.g., Bach & Friith-Green, 2010; Carbotte
et al., 2016; Heezen, 1960; Buck et al., 2005). Figure 1.1.2 shows the contrasting

bathymetry for faster-spreading and slower-spreading ridges.
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Figure 1.1.2. A comparison of seafloor topographic features characteristic of fast-spreading
ridges in contrast to the typical features of intermediate- and slow-spreading ridges, after Buck et
al. (2005). Bathymetric map of an axial high at the East Pacific Rise at 9°37’N (a) shows abyssal
hill relief of ~50 m. The same structures of an axial valley at the Southeast Indian Ridge at 115°E
(b) show much greater relief including a prominent rift valley. Note differences in the vertical
scale: 15 in (a) and 5 in (b).

An axial summit trough, a volcanically modified graben at the crest of magmatically
robust MORs, such as the fast-spreading East Pacific Rise, is normally 50 m deep and
less than 500 m wide (Soule and Perfit, 2015), while fault-bounded axial valleys are
normally 2 km deep and up to 10—15 km wide and characteristic of slow-spreading ridges
(e.g., Needham and Francheteau, 1974; Sempéré et al., 1990), such as the Mid-Atlantic
Ridge (MAR). These MOR characteristics are a consequence of the style of seafloor
accretion and, ultimately, the spreading velocity. At faster-spreading ridges, the accretion

is dominated by volcanic eruptions and lava flows while tectonic processes have greater

control over seafloor accretion and spreading at slower-spreading ridges.



Oceanic crust structure and lithology

The oceanic crust is the uppermost layer of the oceanic lithosphere, and it is formed at the
MORs. The type of oceanic structure and associated lithologies depend primarily on the
spreading velocity. Oceanic crust accreted at fast (~80-180 mm/yr) and intermediate
(~55-70 mm/yr) spreading centers, as well as at the magmatically robust segment centers
of slow (~20-55 mm/yr) spreading ridges, exhibits common characteristics that are
generally described to as the layered Penrose model. Oceanic crust accreted at ultraslow
(<~20 mm/yr) spreading ridges and magma-poor segment ends (fracture zones and

transform faults) of slow spreading ridges shows remarkably more complex structure.

1.1.1 The Penrose model

Early geophysical studies investigated the seismic structure of the oceanic crust and
inferred a simple model with layers, 1, 2 and 3 (e.g., Hill, 1957; Raitt, 1963; Christensen
1970) defined by velocities of primary seismic waves (P waves). IODP early Deep Sea
Drilling Projects showed that Layer 1 comprises unconsolidated or semi-consolidated
sediments and is generally less than 1 km thick (e.g., Christensen and Salisbury 1975).
Layers 2 and 3, with a variable thickness of 1-2.5 and 3.4—6.3 km, respectively, were
proposed based on ophiolite studies and the available marine geophysical and dredging
data (e.g., Vine and Moores 1972; Christensen and Salisbury 1975). In the Penrose model
(Fig. 1.2.1.1), the uppermost mantle composed of ultramafic igneous rocks, peridotites, is
separated from the crust by the Mohorovic¢i¢ discontinuity or Moho. The oceanic crust
topping the mantle is composed of, from bottom to top: low velocity gradient Layer 3, the
lower crust, with layered gabbros at the base and isotropic gabbros at the top; and high
velocity gradient Layer 2, the upper crust, which consists of basaltic pillow lavas
overlying sheeted diabase dikes (e.g., Houtz and Ewing, 1976; Ewing and Houtz, 1979;
White et al., 1992). Layer 2 is typically further divided into layers 2A and 2B, and they
are typically interpreted as a high-porosity basaltic lava layer and lower-porosity sheeted
diabase dike complex, respectively (e.g., Christeson et al., 1992; Toomey et al., 1990).
Recent studies have debated whether the layer 2A/2B boundary may not always
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correspond to a change in lithology, particularly as the crust ages (e.g., Christeson et al.,
2007, 2010), but there still is a consensus that layer 2A/2B boundary is a result of a

decrease in crustal porosity.
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Figure 1.2.1.1. Vp and oceanic crust lithology relationship. (a) Vp-depth profiles for seismic
refraction profiles BL302 and BL309 in the Blanco Transform Fault zone (modified from
Christeson et al., 2010). The grey area comprises the average structure of young Pacific oceanic
crust (White et al., 1992). Changes in the vertical velocity gradient guide division of structure into
layers 2A, 2B, 3 and 4. (b) Schematic illustration of the “normal” oceanic crust generally
interpreted from the Vp-depth profiles such as shown in (a) following the Penrose model.

Overall, the igneous crust is well characterized in terms of the average range of seismic
velocities associated with each layer and the average thickness and vertical velocity
gradients (Fig. 1.2.1.2) (e.g., Christeson et al., 2019; White et al., 1992), especially at
intermediate- to fast-spreading ridges, where many of the early surveys were carried out.
At these spreading rates, the crustal structure and lithology show significantly less
variation between and along the ridge segments than at the slow- to ultraslow-spreading
ridges. Thus, the overall understanding of intermediate- to fast-spreading ridges is much
greater compared to our understanding of ultraslow-spreading ridges and segment ends at
slow-spreading ridges. In these settings of limited melt budget, the Penrose model often
does not apply, as marine geological and geophysical observations have evidenced broad

outcrops of exposed mantle-derived rocks, peridotites, on the seafloor (e.g., Blackman et
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al., 2002; Cannat et al., 2006; Dick et al., 2008; Ildefonse et al., 2007). Figure 1.2.1.2
shows a comparison of the expected crustal architecture formed at the two-end members:
a fast-spreading ridge (a) and an ultraslow-spreading ridge (b). The lower and upper
crustal layers at the melt-poor segments of ultraslow-spreading ridges, such as the SW
Indian Ridge, are not present or extremely diminished (e.g., Cannat et al., 2006; Corbalan
et al., 2021; Sauter et al., 2013); hence, it is more appropriate to further detail the

lithospheric structure in these settings.

__Basalt pillows - .
Sheeted d
Isotropic Gabb oo S
. sotropic Gabbro e ? ::f {-Z
0 ===
Z |Gabbro complex'gzj:__.';-_——__; B cosat
e} asa
© © "/‘-’//_?
Layered Gabbro | [— - Diabase
— [ ] Gabbro
] Moho V_=— ] Werhiite
| Dunite
Serpentinized
MANTLE [ Peridotite
[ Peridotite

Figure 1.2.1.2. Comparison of the crustal architecture at fast- (a) and ultraslow-spreading (b)
ridges, the two end members of the MOR system, after Dick et al., 2006. (a) Schematic of the
crust interpreted at the Cocos-Nazca Ridge and the East Pacific Rise following the Penrose
model, after Penrose Conference, 1972. (b) Schematic of the crust interpreted at the Southwest
Indian Ridge and the Arctic Ridges, after Dick et al., 2003.

1.1.2 Lithospheric structure at ultraslow-spreading and segment ends of

slow-spreading ridges

Slow- and ultraslow-spreading ridges display significant variations along-axis in terms of
their spreading obliquity, segmentation length, faulting style, magmatism, and volcanism.
Large-scale (>200 km) mantle thermal and compositional heterogeneities along-axis
result in significant variations in melt supply along the ultraslow-spreading Southwest
Indian Ridge (SWIR) (Cannat et al., 2008). Segment centers at MARs show negative
residual gravity anomalies suggesting a relatively thick crust topping a hot mantle, in

contrast to segment ends where positive residual gravity anomalies point out to a thin
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crust and cooler mantle (e.g., Kuo and Forsyth, 1988; Grindlay et al., 1992; Escartin and
Lin, 1995).

Similarly, seismic refraction studies at the MAR indicate a crustal thinning toward
fracture zones (segment ends) and up to 40 km away from the fracture zone axis (e.g.,
Detrick & Purdy, 1980; Sinha & Louden, 1983; Whitmarsh & Calvert, 1986). The crustal
thinning observed in seismic studies seems controlled by the magma supply and
distribution from the center of spreading segments (Whitmarsh & Calvert, 1986), i.e.,

segment centers.

Seismic and gravity observations indicate that melt distribution is not uniform along
segments and that magma is focused toward the segment centers (e.g., Lin et al., 1990).
At melt-starved ridge sections, a non-volcanic mode of seafloor spreading was first
characterized by Cannat et al. (2006), which results in broad exposures of serpentinized
peridotites with little or no axial volcanism. Recent 3D geodynamical modelling results
(Liu et al., 2022) suggest that spontaneous self-organization of magma supply controlled
by spreading rate, mantle potential temperatures, and thickness of the brittle layer,
induces bimodal spreading along melt-poor slow- and ultraslow-spreading ridges:
tectonic-magmatic spreading vs. purely tectonic spreading. The former results in hotter,
thinner, and elevated magmatic sectios, while the latter results in colder, thicker, and

subsidized amagmatic sections (Liu et al., 2022).

Higher REE (rare earth elements) and sodium concentrations of basalts, relative to values
normally associated with MOR basalts, are indicative of a lower degree of melting and
melt restriction to greater depths at segment ends, near fracture zones and transform
faults, and other areas with broad on- and off-axis exposures of serpentinized peridotites
(e.g. Dick et al., 1991; Lin et al., 1990; Meyzen et al., 2003; Seyler et al., 2003; White et
al., 2001). Furthermore, microseismicity studies at the SWIR have constrained a thick
(~20 km) brittle lithosphere based on the depth of observed earthquakes (Schlindwein &
Schmid, 2016). Seafloor sampling (dredging, drilling or direct sampling with
submersibles) along the MAR and SWIR has evidenced the presence of serpentinized
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peridotites within a variety of tectonic settings, sometimes in a complex association with
gabbros (e.g., Cannat et al., 1993, Lagabrielle et al., 1998; Sauter et al., 2013; Tucholke
and Lin, 1994).

Geological sampling of the seafloor at a melt-starved section of the ultraslow-spreading
SWIR at 64°30’E points to the absence of a continuous mafic crust (layers 2 and 3) as
~90% of the samples recovered are serpentinized peridotites (Sauter et al., 2013).
Similarly, side-scan sonar images (Cannat et al., 2012; Sauter et al., 2013) have shown
~12-km-wide surfaces interpreted as detachment fault surfaces with intermittent,
scattered, and small volcanic patches on top and a scarce, nearly negligible, sediment
cover. Similar detachment surfaces have been observed in acoustic back-scatter images at
the oceanic core complex (OCC) located at MAR 13°20'N (MacLeod et al., 2009). An
OCC is a positive seafloor structure that consists of a footwall, a detachment fault, and a
hanging wall. The footwall is characterized by a shallow, broad, striated dome-shaped
surface that exposes intrusive (diabase or gabbro) and/or ultramafic (variably
serpentinized peridotites) rocks at the seafloor (Blackman et al., 2009). The hanging wall
is adjacent and of low-lying topography and is primarily constituted of volcanic rocks
(Canales et al., 2004; Blackman et al., 2009). While mantle exhumation dynamics are still
not well understood, there is a consensus on the association of exhumed mantle seafloor
exposures with long-offset low-angle normal faults or detachments (e.g., Canales et al.,
2004; Cannat, 1993; Sauter et al., 2013; Tucholke & Lin, 1994). Figure 1.2.2.1 depicts
several schematic cross-sections to explain the flip-flop rolling hinge model suggested to
account for the exhumation of the broad mantle domains observed at the SWIR at
64°30’E (Sauter et al., 2013). Footwall flexural bending rotates steep long-offset normal
faults, rooted at depths up to 20 km (Bickert et al., 2020; Schlindwein & Schmid, 2016)
and with dips around 70° at 7 km depth below the seafloor (dbsf) (deMartin et al., 2007;
Parnell-Turner et al., 2017), to low-angle detachment faults with dips ~35° at the seafloor
(Cannat et al., 2017; 2019). The detachment faults exhume peridotites in the dome-shaped
exposed footwalls (deMartin et al., 2007; Dick et al., 2010; Escartin et al., 2003; I1defonse
et al., 2007; Smith et al., 2006; Tucholke et al., 1998). Successive detachment faults may
show an alternating change in the polarity developing a flip-flop fault mode and
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exhuming mantle-derived rock on both sides of the spreading axis (Cannat et al., 2019;
Reston, 2018; Sauter et al., 2013). Continuous exhumation of mantle-derived rocks has
been inferred to last up to ~3 Myr at the MAR (Tucholke et al., 1998) and ~11 Myr at the
SWIR at 64°30’E (Sauter et al., 2013). The latter location shows the largest exhumed
mantle seafloor domains identified thus far (Cannat et al., 2006), a result of a complex
flip-flop detachment faulting that is responsible for the asymmetrical seafloor spreading
and accommodates most of the plate divergence in this area (e.g., Sauter et al., 2013;

Reston 2018).

While most of the serpentinized peridotites found at the MAR are associated with OCCs
and fracture zones, and in complex association with gabbroic rocks, the mantle
exhumation dynamics are thought to be very similar to those responsible for the exhumed
mantle domains at the seafloor at the SWIR at 64°30’E with a negligible amount of
gabbros. At this location, detailed bathymetric and kinematic analyses (Cannat et al.,
2019; Reston, 2018) have focused on investigating the seafloor expression of the flip-flop
detachment faulting, i.e., the fault emergence on the seafloor and the fault breakaway,
where the fault initiated, found at the highest bathymetric depth of the fault surface (Fig.
1.2.2.1). These studies additionally investigated the evolution of the flip-flop detachment
faulting system and, consequently, the smooth-seafloor accretion and divergence.
Numerical models have also demonstrated that flip-flop detachment faulting can develop
in a thick brittle lithosphere by a combination of serpentinization and grain size reduction

of dynamically recrystallized olivine in the ductile axial lithosphere (Bickert et al., 2020).
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Figure 1.2.2.1. Illustration of the flip-flop rolling hinge model (Sauter et al.2013). This model
assumes initial steep-angle normal faults that are rotated and flattened to form low-angle
detachment faults during the rolling hinge phase (a) and display exhumed serpentinized
peridotites (light green shaded areas) on their footwall and along the fault plane. During the end
of the rolling hinge phase (b), the low-angle exhumation fault is abandoned, and a new steep
normal fault (thick brown dashed line) cuts up through the weakened serpentinized footwall,
initiating a new master detachment fault (c). Successive axial detachments may flip polarity
locating mantle-exhumed rocks at both flanks of the ridge and a new rolling hinge phase with
flipped polarity begins (c). Part of the footwall of the previous master fault is separated from the
exhumed fault surface and becomes the hanging wall of the new master active fault (c). Red
bodies on the seafloor in (a, b and ¢) are volcanic patches and thin solid black lines are high-angle
normal faults and dikes. The colors of the faults and the exhumed fault surfaces in (a, b and c) aid
to visualize older faults and cross-cutting relationships among them. The faults from older to
younger age are represented by green, purple, blue, and brown. The Es and Bs in (a, b and c)
indicate the emergence and breakaway, respectively, of each fault. The £s and Bs are colored
according to their faults’ surfaces.
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1.1.3 Serpentinization

The exhumed and exposed peridotites interact with the seawater and become
hydrothermally altered, or serpentinized. Serpentinization is a hydrothermal alteration
that transforms the magnesium-rich silicate minerals (e.g., olivine) in peridotites into
serpentine minerals. It is an exothermic process that releases large amounts of methane
and hydrogen to the water column (Alt et al., 2009; Mével, 2003), key to the emergence
and thriving of unique microbial communities (e.g., Frith-Green et al., 2018; Kelley et al.,
2005; Schrenk et al., 2004). An example of a serpentinite-hosted hydrothermal field
supporting microbial life is the recently discovered Old City at the SWIR (Lecoeuvre et
al., 2020). Serpentinization also has a pivotal role in the flip-flop detachment faulting by
facilitating the development of large-offset low-angle detachment faults (Ildefonse et al.,
2007; Lavier et al., 1999; Tucholke et al., 1998). Deformation experiments on peridotites
have shown that even small degrees of serpentinization (10—15%) can support the
development of detachments by promoting strain localization and weakening of the
lithosphere (Escartin et al., 2001). Particularly, lizardite and chrysotile minerals formed
during serpentinization, have low fracture strength, low coefficient of internal friction and
low coefficient of friction, reducing the strength of an altered or serpentinized peridotite

(Escartin et al., 2001).

It used to be thought that serpentinization was a top-down process aided by the thermally
induced cracks and fractures, formed as a consequence of the increasing temperature with
depth, that act as pathways for seawater to percolate downward and alter the mantle rocks
(e.g., Lister, 1974). However, more recent studies suggest that serpentinization is
primarily controlled by detachment-related tectonics (e.g., Cannat et al, 2010; 2016;
Rouméjon and Cannat, 2014). Detachment faults bring the mantle rocks up to shallower
depths and into favorable temperature conditions (<400 °C), thus enhancing the
serpentinization of the peridotites. Furthermore, multi-scale (tens of um to hundreds of
m) fractures generate a connected porosity capable of transporting hydrothermal fluids up

to 45 km dbsf (Rouméjon et al., 2015; Rouméjon and Cannat, 2014).
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1.2 Controlled-source marine seismology

Marine seismology has proven to be a very useful tool for comprehensive studies of
seafloor structures and has indeed been the primary source of our current knowledge on

the nature, formation, and evolution of the oceanic lithosphere.

1.2.1 Development

The birth of controlled- or active-source seismology dates back to 1849 when Robert
Mallet designed the first experiment to measure the speed of elastic waves in onshore
sand and rocks using dynamite explosions and to 1947 when the first land seismograms
recorded compressional (P) and shear (S) waves using a weight drop as the source and a
portable seismograph as the receiver (Mintrop, 1947). Soon after World War II, thanks to
instrumentation development and the progress in the wave propagation theory, the study
of the Earth’s crustal structure at deep ocean began (e.g., Ewing et al., 1950; Raitt et al.,
1949).

The majority of the early marine seismic refraction studies used first arrival travel times
and plotted them in time-distance graphs to fit least-square slope-intercept solutions (e.g.,
Ewing et al., 1952; Katz et al., 1953; Raitt 1956). Further instrumental developments
throughout the 1960s and 1970s, such as of Ocean Bottom Seismometers (OBS) and non-
explosive airguns, and progress on the theoretical work, such as the ray method (Cerveny
et al., 1977), together with the digital computer revolution, led to the development of
methodologies still used today (e.g., ray tracing and synthetic seismogram methods) to
study complex seafloor structures. Modern OBSs are normally equipped with a
hydrophone and a 3-component seismometer (one vertical and two horizontal) and are
sunk with an anchor to the seafloor where they continuously record seismic signals. The
instrument retrieval is performed with an acoustic release command that disconnects the
anchor from the OBS and allows the instrument to rise back to the surface. OBS surveys
are also known as wide-angle seismic experiments because the large distances between
the source and receiver permit the recording of wide-angle refraction and reflection
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arrivals. Airguns are usually placed about 10—15 m below the sea level and triggered
every tens to hundreds of m, and the OBS receivers, spaced apart several to tens of km,

are placed on the seafloor.

Simultaneously, in the 1970s large-scale (100 km or more) near-vertical incidence
seismic reflection experiments were enabled thanks to the airgun and streamer
development. Airguns release compressed air from a submerged metal cylinder and
propagate acoustic signals to distances of tens to hundreds of km and into the Earth’s
subsurface. A tuned airgun array is normally used to increase the data quality. A multi-
channel seismic (MCS) streamer is a 2—15 km long string of hydrophones linearly
arranged in a floating cable towed behind the ship to record the near-vertical incidence
reflections of signals emitted by the airguns. The relative location of the streamer(s) and
the airguns depend on the target and survey design. The streamer head is normally located
up to a few hundred metres behind the airgun array, and both airguns and streamer(s) are
usually submerged to depths of several to about 25 m. Figure 1.3.1.1 shows a conceptual
diagram of a typical MCS and OBS complimentary survey acquisition. Tail buoys at the
end of the streamer and airgun array, together with the streamer depth control birds, keep
instruments afloat and include a GPS (Global Positioning System) providing accurate

position measurements.
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Tail buoy

Figure 1.3.1.1. A simplified illustration of wide-angle profiling carried out synchronously with a
coincident near-offset multi-channel seismic (MCS) survey. For the wide-angle survey, refracted
crustal (Pg) and mantle (Pn) first arrivals are shown in solid black lines and the secondary
reflected arrivals from the Moho (PmP) are shown in dashed black lines. Direct arrivals or water
waves are shown in solid blue lines. OBS stands for Ocean Bottom Seismometer. For the MCS
survey, seafloor and sediment interface layer reflections are shown in dashed black lines.

In the 1980s, the arrival of digital recording and computer data analysis enabled imaging
of complex seafloor structures in 2D and 3D and controlled-source seismology
experiments moved toward denser data coverage and smaller inter-receiver spacing
(Prodehl and Mooney, 2012). The rise in computational resources in the 1990s and early
2000s, and consequently a considerable increase in data storing capabilities, led to further
advances in seismic data processing and interpretation, such as travel time and,
eventually, full-waveform tomography in laterally heterogeneous media (e.g., Zelt and
Smith 1992, Van Avendonk et al., 1998; Korenaga et al., 2000; Pratt, 1999; Virieux and
Operto, 2009). During these two decades, large-scale international and interdisciplinary
research programs to study seafloor and ocean structures became more frequent,
including InterRidge, founded in 1993 to share and promote worldwide MOR research

studies.
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1.2.2 Application to mid-ocean ridge studies

At fast- and intermediate-spreading rates, controlled-source seismic studies have first
identified the so-called axial magma lens (AML), which is located in the mid-crust
beneath the sheeted dikes and above the gabbroic layer 3. In reflection images AML
stands out as a bright reflection interpreted to correspond to the top of the magma
chamber (e.g., Herron et al., 1978; Kent et al., 1990; 2000), and in refraction studies it is
characterized by the top of a region of low seismic velocity and high attenuation (e.g.,
Arnoux et al., 2019; Canales et al., 2014; Dunn et al., 2000) attributed to high
temperatures. The AML discovery was followed by additional findings: (1) melt and solid
gabbro sills embedded within dunite of the oceanic Moho transition zone (Nedimovi¢ et
al., 2005); (2) melt lenses embedded within lower crustal gabbros (Canales et al, 2009);
(3) off-axis crustal melt lenses (Canales et al, 2012); and (4) sub-axial melt lenses
(Marjanovic et al., 2014; Carbotte et al., 2020, 2021). Reflection imaging and waveform
inversion of MCS data indicate that the mid-crustal AMLs are, in standard MOR settings,
usually up to several hundred meters wide and up to 100-150 m thick, while extending for
large distances along the ridge axis (e.g., Xu et al, 2014). Thicker and wider AMLs are
usually found in anomalous settings, such as the areas exhibiting hotspot-ridge interaction
(e.g., Arnulf et al., 2014). Collectively, these discoveries provide critical support for the
crustal generation hypothesis from multiple magma bodies and a much more complete
understanding of both the magma plumbing system of the largest volcanic system on

Earth and oceanic crustal accretion at fast and intermediate spreading rates.

AML-type and other magmatic sills have also been reported at the MAR, for example
beneath the Snake Pit hydrothermal area at ~1.2 km dbsf just south of the Kane fracture
zone (Calvert, 1995), the Lucky strike axial volcano at ~3.5 km dbsf (Combier et al.,
2015), and at the non-transform discontinuity where the Rainbow hydrothermal field is
located at ~2—10 km dbsf (Canales et al., 2017). Similarly, magma sills have also been
identified at magmatically-robust segments of ultraslow-spreading ridges. For instance,
the Dragon Flag Supersegment at the SWIR between the Indomed (~46°00°E) and the
Gallieni (~52°00’E) fault zones exhibit an anomalously hot mantle underlying the crust,
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estimated to be ~75°C higher than the temperature normally associated with MOR basalts
at faster spreading rates (Li et al., 2021). The authors suggest that the anomalously hot
mantle may be related to a mantle plume. A 3D controlled-source seismic refraction
experiment at the segment center at 50°28’E shows an anomalously thick robust
magmatic crust, with an average crustal thickness of 9.5 km on-axis and of 7.1 km off-
axis (Jian et al., 2016). A global average thickness for the oceanic crust formed at
spreading rates of 20 mm/yr and above is around 6—7 km (Chen, 1992; Christeson et al.,
2019; Bown and White, 1994; White et al., 1992). Furthermore, a large region with a low-
velocity anomaly at ~4-9 km dbsf indicates the presence of an AML, which suggest that

the 9.5-km-thick crust is essentially accreted by magmatism (Jian et al., 2017).

At slow- and ultraslow-spreading rates, a large along-axis crustal thickness variability
within and between segments has been determined by controlled-source experiments
(e.g., Muller et al., 1999). Magma-rich and magma-starved lithospheric accretion
processes can alternate over short periods of time (~400 to ~800 kyr) (e.g., Canales et al.,
2000a). The transition from volcanic seafloor to non-volcanic seafloor at a segment can
take place over a very short time (~80-160 kyr; e.g., Canales et al., 2000a) and over short
distances (~20-50 km; Cannat et al., 2019; Corbalan et al., 2021). This long and short
time-scale variability may mask systematic variations in the lithospheric structure related
to spreading rates in geophysical and geochemical data (e.g., White et al., 2001). The
majority of the studies at ultraslow-spreading ridges attribute the crustal thickness
variability to a thin and highly variable lower crust, Layer 3, such as on the Arctic Mohns
(Klingelhofer et al., 2000) and Knipovich ridges (Kandilarov et al., 2008), and the SWIR
at 66°E (Minshull et al., 2006). Segment ends at the SWIR at 66°E show a nearly absent
Layer 3 (Minshull et al., 2006), and similarly, the SWIR at 57°E shows systematic
thinning of crustal Layer 3, sometimes also accompanied by thinning of Layer 2, towards
the segment ends (e.g., Muller et al., 2000). Likewise, Jokat & Schmidt-Aursch (2007)
interpreted the absence of a basaltic cover or magmatic crust at the non-transform
segment end at the Gakkel Ridge, while the structure at the Atlantis Bank at the SWIR at
~57°35°E seems to indicate a nearly absent Layer 2 and a ~2-km-thick Layer 3 topping a
2-3-km-thick layer of serpentinized mantle peridotites (Muller et al., 1997).
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Serpentinized peridotites are frequently inferred in the lower crustal layer or topmost
mantle and Moho transition zone in many of the controlled-source experiments in
ultraslow-spreading ridges (e.g, Kandilarov et al., 2008; 2010; Jokat & Schmidt-Aursch,
2007; Muller et al., 1997).

The association of serpentinized peridotites with long-offset low-angle detachment faults
was first made at segment ends and OCCs at slow-spreading ridges (e.g., Cann et al.,
1997; Tucholke et al., 1998; Tucholke and Lin 1994). The first conceptual models of the
detachment faulting were supported by bathymetric and acoustic backscatter images (e.g.,
Cann et al., 1997; Tucholke et al., 1998), until the detachment geometry in depth was
imaged for the first time in the eastern Central Atlantic (Reston and Ranero, 1999). In this
study, a prestack depth migrated MCS section shows a continuous crustal reflection up to
~2 km subbasement depths, with dip decreasing from ~30° at the deepest imaged part to
~20° near the basement. Similar observations of the detachment faults on MCS sections
are detected at magma-poor rifted margins, such as the Galician margin (e.g., Nur Schuba
et al., 2018) and the Nova Scotian margin (e.g., Jian et al., 2021). Steep-dipping
reflections associated with an active axial detachment fault have also been inferred at the
ultraslow-spreading SWIR at 64°30’E (Momoh et al., 2017; 2020). Additionally, wide-
angle seismic refraction experiments at OCCs have shown large lateral variation in P-
wave velocities, with high-velocity anomalies and higher vertical velocity gradients
beneath the footwall and low-velocity anomalies and lower gradient beneath the hanging

wall (e.g., Blackman et al., 2009; Canales et al., 2008; deMartin et al., 2007).

While the geophysical observations at OCCs and magma-poor rifted margins are likely
transferable to the melt-starved ultraslow-spreading segment ridges, there still are many
unknowns about their characteristic seismic structure. Given the remarkable variability
between and within ultraslow-spreading ridges, further high-resolution seismic imaging
and velocity analysis may be crucial for addressing the remaining questions. Moreover,
the complex flip-flop detachment faulting proposed for the lithospheric accretion at the
magma-poor domains at the SWIR at 64°30’E still lacks subsurface constraints from a
well-resolved regional-scale velocity model to extrapolate to depth the geological and
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geophysical constraints on the seafloor. Coincident and complimentary MCS data can
further benefit a detailed OBS tomographic study by providing the complementary
seismic reflection structure for which true fault dips can be estimated via prestack depth

migration using the computed tomographic velocity model.

1.3 Significance, aim, scope and structure of this thesis

Ultraslow-spreading oceanic ridges (less than ~20 mm/yr) constitute about 35% of the
global ridge system (Dick et al., 2003) and yet their subsurface structure and the
associated tectonic processes are poorly understood. At these spreading rates, mantle-
derived peridotites can be exposed with little or no presence of volcanic rocks, and thus,
classical models of crustal structure do not fit geological and geophysical observations at
these ridges. The seismic signature of the exposed peridotites, which are variably
serpentinized, is not well characterized, and the processes that lead to peridotite seafloor

exposure (mantle exhumation dynamics) are poorly constrained.

Serpentinized peridotites are not only ubiquitous to slow- and ultraslow-spreading ridges
but are thought to be present along more than 50% of the world’s rifted margins, where
they were formed during early stages of amagmatic continental breakup due to mantle
exhumation and exposure to seawater (Cannat et al., 2009). Magmatic and amagmatic
rifting, and the serpentinization associated with the latter, differently impact post-breakup
processes like margin subsidence and sedimentation, which in turn impact petroleum
prospectivity of a region (e.g., Play Fairway Analysis Atlas, 2011). Serpentinized
peridotites are also widely present in the oceanic lithosphere at subduction zones where
they are thought to have a significant impact on the subduction zone processes, such as
dehydration and partial melting, and therefore, related natural hazards (e.g., Halpaap et

al., 2019).

Therefore, geophysical fingerprinting of serpentinized peridotites is relevant not only for
a better understanding of the oceanic lithosphere at ultraslow-spreading ridges but also for
deepening our knowledge about magma-poor rifted margins and subduction zones.
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However, in these latter settings, the mantle lithosphere is found deeper than at the ridges
and is generally covered by a thick post-rift sedimentary package or sedimentary
accretionary prism, which hinders the characterization of the mantle serpentinized
domains leaving ultra-slow spreading ridges as the optimal site for such studies.
Furthermore, geophysical fingerprinting of serpentinized peridotites at ultra-slow
spreading ridges appears to have the potential for far-reaching trans-disciplinary
implications, such as contributing to a better understanding of the occurrence of
serpentinite-hosted hydrothermal fields, producing base knowledge useful to the
advancement of the natural carbonation of peridotites and their potential for CO2
sequestration, or providing insights for risk analysis of future subduction of very hydrated

lithosphere formed at ultraslow-spreading ridges.

The French-Canadian marine geophysical project SISMO-SMOOTH (Leroy & Cannat,
2014) collected 2D and 3D MCS and OBS data across and along the SWIR at 64°30'E
during the Fall of 2014. Figure 1.4.1 shows the explored seafloor in the eastern SWIR and
the SISMO-SMOOTH study area. The seafloor, composed of variably serpentinized
peridotites and known as the “smooth-seafloor” (Cannat et al., 2006), exhibits a
bathymetry characterized by broad ridges that are 15 to 90 km long and 500 to 2000 m
high, with a smooth, rounded topography (Cannat et al., 2006, 2019). This thesis is
focused on the analysis and interpretation of regional 2D data collected along two
orthogonal ~150-km-long OBS and MCS profiles, the north-south (NS) profile that is
perpendicular to the spreading axis and the east-west (EW) profile that is subparallel to it.
Figure 1.4.2 shows the data acquisition and the relation of all the OBS and MCS profiles

used for this thesis work.
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Figure 1.4.1. Thesis study area and the SWIR. (a) Shaded seafloor topography image of the
eastern SWIR with an illumination azimuth of 330° (modified from Cannat et al. 2006). The red
square delimits the study area of this thesis work, and the yellow square shows a close-up image
of the non-volcanic ocean floor characterized by broad ridges with a smooth, rounded topography.
(b) ETOPOL global relief map showing the Southwest Indian Ridge and the location of (a).
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Figure 1.4.2. Thesis study area and data acquisition geometry. (a) Bathymetric map (Cannat et
al., 2006; Momoh et al., 2017) of the eastern SWIR with the SISMOSMOOTH Survey (Leroy et
al., 2015) acquisition. Shot locations of two regional orthogonal OBS profiles NS (SMOO33) and
EW (SMOOQ35) are shown with solid black lines. White and gray circles with black outlines are
the positions of OBS instruments that did and did not provide useful data, respectively. The
shooting distance outside the dashed red rectangle is 300 m and inside is 150 m. Coincident MCS
profiles (SMOO33 and SMOQO35) that share the exact same shot locations and the same variable
shooting interval are shown with thick red lines. Coincident shorter MCS profiles with a constant
shooting interval of 150 m (SMOO38 and SMOO39) are shown with thicker pink lines. The
coincident MCS profile shot every 50 m (SMOO32) is shown with an even thicker dark blue line.
Profile SMOO32, SMOO33, and SMOO39 acquisition direction is North to South. Profile
SMOQO38 acquisition direction is South to North, and SMOO35 is West to East. Dashed black
line shows the spreading axis location. Areas bounded by thick white lines delimit the smooth
non-volcanic seafloor (Cannat et al., 2019). (b, c) Magnifications of the main map within thin
black rectangles show the positions of the OBS instruments along the EW (b) and NS (c) profiles.
Only the OBS with useful data are sequentially numbered, first in NS and then EW direction.
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The SWIR at 64°30°E displays the widest exhumed mantle domains identified thus far
(Cannat et al., 2006) and it is one of the geologically most sampled areas of the ultraslow-
spreading seafloor (e.g., Sauter et al., 2013; Rouméjon et al., 2014). Geological sampling
in the area nearly exclusively recovered variably serpentinized peridotites with a minor
amount (<5%) of basalts and gabbros (Sauter et al., 2013). The dearth of mafic rocks is
important because, as experimental studies have shown (e.g., Miller and Christensen,
1997; Christensen, 2004), the range of P-wave velocities in serpentinized peridotites
(from ~5 km/s for 100% serpentinization to ~7.95 km/s for 0% serpentinization) overlaps
with the range of P-wave velocities of basalts and gabbros —as low as ~2.5 km/s for on-
axis lavas (e.g., Berge et al., 1992; Carbotte and Scheirer, 2004) and up to ~7.4 km/s for
gabbros on average (e.g., Christensen and Salisbury, 1975). While a high Vp/Vs ratio
(>1.9) can be useful to identify serpentinized mantle-derived rocks (Grevemeyer et al.,
2018a), P-to-S conversions are not very frequent at young oceanic lithosphere (<10 Ma),
making the studies of S-wave velocity (Vs) challenging, and in need of very long profiles
across the ridge (e.g., ~330-km-long; Funnell et al. 2021). Even in these cases, the S-
wave coverage may still be up to four times lower than the P-wave coverage (Funnell et
al. 2021). The easier access to the variably serpentinized mantle domains in the study area
compared to rifted margins and subduction zones, but also in comparison to other known
ridge areas, and the lack of contamination by mafic rocks, makes the SWIR at 64°30°E an
ideal natural laboratory and the globally best place for geophysical fingerprinting of

serpentinized peridotites.

The aim of this thesis work is to provide geophysical constraints on the seismic
characteristic of variably serpentinized peridotites and on the mantle exhumation
dynamics responsible for bringing them up to the seafloor. Three key questions that this
PhD work addresses are: (i) how deep does serpentinization extend, (ii) is the oceanic
Moho at ultraslow oceanic spreading ridges a serpentinization front, (iii) and what is
controlling the serpentinization and the serpentinization depth? The proposed work is
uniquely well suited for geophysical characterization of the exhumed mantle
serpentinized domains because the chosen coincidental and complimentary OBS/MCS
profiles: (1) cross the globally widest seafloor mantle domains identified so far, and (2)
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the OBS spacing is dense (average ~10 km) for traveltime tomography purposes and the
coincident MCS data were collected using a 4.5 km long streamer, thus allowing for
accurate definition of detailed regional structure via high-resolution crustal-scale velocity

models and reflection images.

This thesis consists of 5 chapters and 5 appendices, which are structured as follows:

Chapter 1: Introduction

In this chapter a concise and comprehensive introduction to key concepts and geological

context is given to better understand the following chapters.

Chapter 2: Seismic velocity structure along and across the ultraslow-spreading

Southwest Indian Ridge at 64°30'E showcases flipping detachment faults

This chapter is written in article form and was published in the Journal of Geophysical
Research: Solid Earth as Corbalan, A., Nedimovi¢, M. R., Louden, K. E., Cannat, M.,
Grevemeyer, I., Watremez, L., & Leroy, S. (2021). Seismic velocity structure along and
across the ultraslow-spreading Southwest Indian Ridge at 64°30'E showcases flipping
detachment faults (https://doi.org/10.1029/2021JB022177).

In this chapter, I present and interpret two P-wave traveltime tomographic profiles. The
two 150-km-long profiles are orthogonal to each other, one across and one along the ridge
axis of the ultraslow-spreading SWIR at 64°30'E. The resulting velocity models,
constructed by inverting first arrival traveltimes recorded by 32 OBSs (16 along each
profile), are the first detailed 2D regional P-wave velocity models developed for an
amagmatic ultraslow-spreading ridge segment. Complimentary derivative products used
to aid interpretation are velocity anomaly models, vertical velocity gradient models, and
uncertainty assessment models. Analysis of all the produced results led to the first
subsurface constraints on a system of flipping detachments, depth estimates for the extent
of serpentinization, and a hypothesis on what is controlling the serpentinization depth.
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The results also suggest that the lithosphere at the ultraslow-spreading SWIR at 64°30'E
gradually transitions from highly fractured and fully serpentinized at the top to unaltered
peridotites at depth. A major change in the lithospheric structure and composition on the
profile subparallel to the ridge is inferred westward, characterized by a change from
variably serpentinized peridotite domains in the East to predominately mafic magmatic
domains in the West. This change, supported by earlier seafloor mapping and geological
sampling, is attributed to a shift in the seafloor accretion mode propelled by an increase in
melt supply. The differences in the seismic velocities between the two orthogonal profiles
change as a function of depth in amplitude and polarity and are attributed to different

sources of seismic anisotropy.

Chapter 3: Evolution of tectonically accreted oceanic topmost lithosphere

This chapter is written in article form as Corbaldn, A. & Nedimovié, M. R. (2023).

Evolution of tectonically accreted oceanic lithosphere.

In this chapter, I present the results from the analysis of the seismic velocity changes
along the NS profile as a function of distance and age from the spreading axis. As the
lithosphere formed at spreading ridges migrates off-axis driven by mantle convection, it
ages and evolves. In this process, the lithosphere undergoes significant physical,
chemical, and mechanical changes. Thus, lithospheric evolution carries crucial
implications for ocean water chemistry, hydrothermal systems, and microbial ecosystems,
to name a few. Such evolution has been observed at magmatically accreted lithosphere as
evidenced by its seismic velocity increase. However, information on the evolution of the
tectonically accreted topmost lithosphere, which makes up for % of the global oceanic
lithosphere, is, still, lacking. Here, I show that the tectonically accreted lithosphere,
normally found at ultraslow- and segment-ends of slow-spreading ridges, also evolves but
in a faster and fundamentally different way from its magmatically accreted counterpart.
Moreover, the inferred greater water content of the tectonically accreted lithosphere
throughout the evolution process carries significant implications for past and future
subduction zone processes and associated geohazards.
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Chapter 4: Seismic reflection structure across the ultraslow-spreading Southwest
Indian Ridge at 64°30'E

In this chapter, I present and interpret the results from industry-grade MCS processing of
4 profiles across the SWIR at 64°30°E, which together make a ~180-km-long profile
coincident with the NS OBS profile. The already computed (in Chapter 2) tomographic
velocity model allows me to run Kirchhoff depth migration and calculate the true dips of
the detachment faults. Thus, the resulting prestack depth migrated section provides
additional constraints on the faults’ geometry responsible for mantle exhumation and
continuous lithospheric tectonically accretion. The active detachment fault shows a
steeper-angle dip (~45°) compared to the dip angles observed at abandoned detachments
(~25°). This is consistent with their different phases in the flip-flop rolling hinge model
responsible for lithospheric accretion. The active fault is in a new rolling hinge phase,
while the abandoned faults are at the end of the rolling hinge, with their footwalls already
rotated and flattened to lower dips. The prestack depth migrated section also provides
seismic constraints in serpentinization. Higher serpentinization gradients are found in the
footwalls of the active and abandoned detachments, while lower serpentinization
gradients are found in the hanging walls. A serpentinization front separating highly
fractured and fully serpentinized peridotites above from less fractured and less
serpentinized peridotites below is inferred beneath the dome footwall of the active fault.
Small-offset faults formed during footwall flexural rotation are identified about 16 and 33

km away from the spreading axis, amongst the inactive faults.
Chapter 5: Conclusions
This final chapter offers a summary of the most important research contributions

presented in chapters 2, 3 and 4, and includes recommendations for future work

directions.
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Appendix A, B, C, D, and E

A: Supporting Information for Chapter 2.

B: Methods for Chapter 3.
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Chapter 2

Seismic velocity structure along and across the ultraslow-spreading
Southwest Indian Ridge at 64°30'E showcases flipping detachment
faults

Key Points:
e First detailed 2D regional P-wave velocity models across and along an ultraslow-
spreading Southwest Indian Ridge amagmatic segment
e A system of flipping detachments is imaged in the subsurface for the first time
constrained by the velocity structure
e Lithosphere gradually transitions from highly fractured and fully serpentinized
peridotites at the top to unaltered peridotites at depth

2.1 Abstract

We present two ~150-km-long orthogonal 2-D P-wave tomographic velocity models
across and along the ridge axis of the ultraslow-spreading Southwest Indian Ridge at
64°30'E. Here, detachment faults largely accommodate seafloor accretion by mantle
exhumation. The velocity models are constructed by inverting first arrival traveltimes
recorded by 32 ocean bottom seismometers placed on the two profiles. The velocities
increase rapidly with depth, from 3-3.5 km/s at the seafloor to 7 km/s at depths ranging
from 1.5-6 km below the seafloor. The vertical gradient decreases for velocities >7 km/s.
We suggest that changes in velocity with depth are related to changes in the degree of
serpentinization and interpret the lithosphere to be composed of highly fractured and fully
serpentinized peridotites at the top with a gradual downward decrease in serpentinization
and pore space to unaltered peridotites. One active and five abandoned detachment faults
are identified on the ridge-perpendicular profile. The active axial detachment fault (D1)
shows the sharpest lateral change (horizontal gradient of ~1 s™!) and highest vertical

gradient (~2 s™) in the velocities. In the western section of the ridge-parallel profile, the
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lithosphere transitions from non-volcanic to volcanic over a distance of ~10 km. The
depth extent of serpentinization on the ridge-perpendicular profile ranges from ~2-5 km,
with the deepest penetration at the D1 hanging wall. On the ridge-parallel profile, this
depth (~2.5-4 km) varies less as the profile crosses the D1 hanging wall at ~5-9 km south

of the ridge axis.

2.2 Plain Language Summary

We investigate the Southwest Indian Ridge lithosphere at 64°30'E, where the Somalian
and Antarctic plates move slowly away from each other at less than 14 mm/year. This is
one of a limited number of places on Earth where mantle is currently being exhumed to
the seafloor. We use seismic sensors, placed across and along the ridge axis, to analyze
how seismic waves travel from the energy sources, through the lithosphere, to these
sensors. Our results, in the form of two-dimensional velocity models, show that the rock
velocities increase rapidly with depth. Lateral and vertical velocity changes delimit a
system of detachment faults on the ridge-perpendicular profile, responsible for bringing
mantle-derived rocks, peridotites, up to the seafloor. Based on the modeled velocities and
velocity changes, and previous extensive seafloor sampling, we suggest that ~75% of the
lithosphere in the study area is composed of highly fractured and fully hydrothermally
altered peridotites at the top with a gradual downward decrease in alteration and pore
space to unaltered peridotites at depth. We also locate the transition to lithosphere with a

magmatic component in the western section of the ridge-parallel profile.

2.3 Introduction

The global mid-ocean ridge system consists of spreading centres that greatly differ from

each other in their spreading rate, spreading obliquity, melt supply and modes of seafloor

accretion. Oceanic ridges are normally classified by their full-spreading rate as fast-

(~80-180 mm/yr), intermediate- (~55—70 mm/yr), slow- (20-55mm/yr), and ultraslow-

spreading (<~20 mm/yr) (Dick et al., 2003). The scientific community has invested

significant effort into studying the oceanic crust formed at fast- (e.g. Aghaei et al., 2014;
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Canales et al., 2003; Detrick et al., 1993; Dunn & Toomey, 2001; Grevemeyer et al.,
1998; Han et al., 2014; Vera & Diebold, 1994), intermediate- ( e.g. Canales et al., 2005;
Carbotte et al., 2006, 2008; Nedimovi¢ et al., 2005, 2008; Newman et al., 2011; Weekly
et al., 2014) and slow-spreading rates (e.g. Arnulf et al., 2012; Barclay et al., 1998;
Christeson et al., 2020; Dannowski et al., 2010; Escartin & Canales, 2011; Estep et al.,
2019; Kardell et al., 2019; Seher et al., 2010, Xu et al., 2020). Less effort has been
directed toward studying the lithosphere formed at ultraslow-spreading ridges, which thus
remains relatively less well understood. Yet, the ultraslow-spreading centers constitute
about 35% of the global ridge system (Dick et al., 2003). The comparatively smaller
effort put toward understanding the lithosphere at ultra-slow ridges is partially a
consequence of their remoteness and inaccessibility, as these ridges are located in the
Arctic (Gakkel Ridge, Knipovich Ridge, Mohns Ridge, and Kolbeinsey Ridge) and Indian
Oceans (Southwest Indian Ridge - SWIR) (Argus et al., 2011; Bird, 2003; Kreemer et al.,
2014; Miiller et al., 2008).

Early controlled-source seismic surveys (e.g. Ewing & Ewing, 1959; Houtz & Ewing,
1976, Peterson et al., 1974; Raitt, 1963; Talwani et al., 1965, 1971), in situ rock
investigations and laboratory velocity measurements on rock samples (e.g. Carlson &
Miller, 1997, 2003; Christensen, 1972; Christensen & Salisbury, 1975; Miller &
Christensen, 1997), and ophiolite studies (e.g. Christensen, 1978; Christensen &
Smewing, 1981) suggest an oceanic crustal structure composed of three seismically
identifiable layers that often correspond, from top to bottom, to an extrusive basaltic lava
layer (Layer 2A), a sheeted diabase dike layer (Layer 2B), and a Layer 3 comprised of
isotropic gabbros at the top and layered gabbros at the bottom topping the uppermost
mantle. However, the seismic boundaries do not necessarily correspond to lithological
boundaries. For instance, the layer 2A/2B boundary, which is thought to be an alteration
front or a major change in porosity, may or may not correspond to a change in lithology
(e.g., Berge et al., 1992; Carbotte and Scheirer, 2004; Christeson et al., 2007; Wilcock et
al., 1992). Igneous mafic layers 2A, 2B and 3 are often distinguished according to their
commonly associated velocity and thickness ranges, as well as their vertical velocity
gradients (Christeson et al., 2019; Grevemeyer et al., 2018b; White et al., 1992).

30



However, identified outcrops of exposed mantle-derived peridotites on the seafloor at
slow- and ultraslow-spreading ridges (e.g., Blackman et al., 2002; Cannat et al., 2006;
Dick et al., 2008; Ildefonse et al., 2007) have challenged the 3-layer paradigm at slower
spreading rates. Moreover, sampling of the seafloor at the SWIR has nearly exclusively
(~90%) recovered serpentinized peridotites (Sauter et al., 2013) suggesting the total

absence of continuous igneous mafic layers at the sampled locations.

Exhumed mantle seafloor exposures are generally associated with detachment faults (e.g.,
Canales et al., 2004; Cannat, 1993; Sauter et al., 2013; Tucholke & Lin, 1994 ) and
Oceanic Core Complexes (OCCs) at slow- and ultraslow-spreading ridges (e.g., Dick et
al., 2019; Escartin et al., 2003; Sauter et al., 2013; Smith et al., 2006; Zhao et al., 2013;
Zhou & Dick, 2013). Widespread detachment faulting indeed plays a central role in
oceanic lithosphere accretion and plate divergence accommodation at melt-poor ridge
sections of slow- and ultraslow-spreading ridges (Cann et al., 1997; Cannat et al., 2006;
Escartin et al., 2008; Sauter et al., 2013; Smith et al., 2006), particularly at segment ends
as magma is focused toward the segment centers (Lin et al., 1990) and thus is scarce at
the ends. At the slow-spreading Mid-Atlantic Ridge (MAR), the mode of asymmetrical
accretion along detachment faults can last for 1-3 Myr (Tucholke et al., 1998) while at
the SWIR continuous exhumation of mantle-derived rocks has been occurring during the
last ~11 Myr in a flip-flop detachment faulting mode (Sauter et al., 2013). Steep long-
offset normal faults rotate and flatten as footwall flexural bending occurs exposing the
ultramafic mantle peridotites on the detachment surface (deMartin et al., 2007; Dick et
al., 2010; Escartin et al., 2003; Ildefonse et al., 2007; Smith et al., 2006; Tucholke et al.,
1998). These long-offset normal faults root on a steeply dipping (~70°) interface
(deMartin et al., 2007; Parnell-Turner et al., 2017) at depths up to 20 km (Bickert et al.,
2020; Schlindwein & Schmid, 2016).

The exhumed peridotites become hydrothermally altered when in contact with seawater.
Peridotite-seawater interactions release large amounts of methane and hydrogen to the
water column (Alt et al., 2009; Mével, 2003) making serpentinization relevant to the
emergence and thriving of unique microbial communities (e.g., Frith-Green et al., 2018;
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Kelley et al., 2005; Schrenk et al., 2004). Serpentinization also plays a crucial role in the
detachment faulting and favors the development of large-offset low-angle detachment
faults (Ildefonse et al., 2007; Lavier et al., 1999; Tucholke et al., 1998). New steep
normal faults may initiate and become the new master detachment faults with the same or
reverse polarity (e.g., Reston & McDermott, 2011; Sauter et al., 2013). Successive
detachment faults that change polarity develop a flip-flop fault mode (Bickert et al., 2020;
Reston, 2018; Sauter et al., 2013) and reveal exhumed mantle domains in this process on
both sides of the spreading axis (Cannat et al., 2019; Reston, 2018; Sauter et al., 2013).
What causes the abandonment of a fault and the initiation of a new master fault with

opposite polarity is still under debate.

Coincident multichannel seismic (MCS) reflection and wide-angle ocean bottom
seismometer (OBS) refraction surveys at ultraslow-spreading ridges are critical to
understanding the crustal and uppermost mantle structure, the faulting dynamics
associated with divergence, and the mechanisms of seafloor accretion. Seismic surveys at
ultraslow-spreading ridges beyond the SWIR include work done at the Knipovich
(Kandilarov et al., 2008, 2010), Mohns (Klingelhofer et al., 2000), Gakkel (Jokat &
Schmidt-Aursch, 2007), and Mid-Cayman (Van Avendonk et al., 2017; Grevemeyer et
al., 2018a) spreading centers. At the SWIR, large efforts have been focused on the
Dragon Flag OCC at 49°39’E (e.g. Zhao et al., 2013), the anomalously thick magmatic
crust inferred at 50°28’E (e.g. Jian et al., 2016; Li et al., 2015), the Atlantis II Fracture
Zone at 57°E (e.g. Muller et al., 1997, 2000), the non-volcanic seafloor exposures at
64°30'E (e.g. Momoh et al., 2017), and the mafic crustal structure at 66°E (e.g. Minshull
et al., 2006).

In the Fall of 2014, French and Canadian scientists collaborated on the marine
geophysical project SISMO-SMOOTH (Leroy & Cannat, 2014) aboard the R/V Marion-
Dufresne to carry out a major 2D and 3D MCS and OBS survey across the SWIR at
64°30'E (Fig. 2.3.1), one of the geologically most sampled areas of the ultra-slow
spreading seafloor. This location was also selected because, albeit remote, it does not
have ice floes like the ridges in the Arctic Ocean, which allows for low-risk use of long
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MCS streamers and large groups of OBSs. The main goal of the SISMO-SMOOTH
project was to determine the seismic reflection and velocity structure of an ultraslow-
spreading ridge to investigate the geophysical fingerprints of variably serpentinized
mantle peridotites, map the lithospheric fabric, and better understand the mantle
exhumation dynamics, all in an area where the mode of oceanic lithosphere accretion has
been interpreted to form broad exposures of exhumed mantle (Cannat et al., 2006). The
first results from the analysis of the collected data were focused on the 2D and 3D MCS
reflection imaging (Momoh et al., 2017, 2020). Here, we present the results from a
tomographic analysis of two orthogonal ~150-km-long OBS profiles, the north-south
(NS) profile that is perpendicular to the spreading axis (SMOOQO33; Figs. 2.3.1a and
2.3.1c) and the east-west (EW) that is subparallel to it (SMOO35; Figs. 2.3.1a and
2.3.1b). The seismic velocity structure imaged along these two profiles provides new
information on the subsurface expression of the detachment fault system, including the
distribution of the detachment faults, the degree of exhumed mantle serpentinization and
its anisotropy, and the east-west transition from predominantly exhumed mantle to more

magma-rich lithosphere.
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Figure 2.3.1. (a) Two regional orthogonal OBS profiles NS (SMOO33) and EW (SMOO35) from
the SISMOSMOOTH Survey (Leroy et al., 2015) overlay a bathymetry map (color background;
Cannat et al., 2006; Momoh et al., 2017). Thick black lines outline shot locations, and white and
gray circles with black outlines are the positions of OBS instruments that did and did not provide
useful data, respectively. The shooting distance inside the dashed red rectangle is 150 m and
outside 300 m. Dashed black line shows the spreading axis location. Dotted black lines indicate
the magnetic anomalies isochrons C2An.y (2.581 Ma), C3An.y (5.894 Ma), and C5An.o (10.949
Ma) (Cande & Kent, 1995; Cannat et al., 2006; Sauter et al., 2008; Reston, 2018). Areas filled
with inclined thin white lines and bounded by thick white lines delimit the smooth non-volcanic
seafloor (Cannat et al., 2019). Inset in the top left shows the location of the Southwest Indian
Ridge (SWIR) relative to the Réunion Island, the Central Indian Ridge (CIR), the Melville
Fracture Zone (MVFZ), and the Rodriguez Triple Junction (RTJ). Red rectangle shows the limits
of the study area presented in the main figure. The yellow star, diamond and circle indicate the
locations of earlier SWIR investigations at S0°E, 57°E and 66°E, respectively. (b, c)
Magnifications of the main map within thin black rectangles show positions of the OBS
instruments along the EW (b) and NS (c) profiles. Only the OBS with useful data are sequentially
numbered, first in NS and then EW direction.
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2.4 Study area

The SWIR is an ultraslow-spreading center (Dick et al., 2003; Sauter & Cannat, 2010)
with a full spreading rate of <14 mm/year (Kreemer et al., 2014). Variations in melt-
supply, mantle thermal and compositional heterogeneities, and changes in spreading
obliquity along this ridge result in significant large-scale variations of the accreted
lithosphere (Cannat et al., 2008). For instance, the easternmost SWIR, east of the Melville
Fracture Zone (61°E) and west of the Rodriguez Triple Junction (70°E), is considered to
be an endmember in the global ridge system where the interplay between plate- and
mantle-driven processes results in a thin or absent mafic igneous crust with a complex
relationship between intermittent volcanic edifices, corrugated volcanic seafloor and
extensive exhumed mantle domains (Cannat et al., 2003, 2006). At 66°E the mafic
igneous crust is estimated to be 2.2-5.4 km thick (Minshull et al., 2006), less than the
global average of ~6 km (Chen, 1992; Christeson et al., 2019), while the SWIR at
50°28'E shows an anomalously thick (~9.5 km) crust (Jian et al., 2016). At 64°30'E,
which is at the center of our study area (Fig. 2.3.1), the SWIR exhibits the widest non-
volcanic seafloor documented thus far (Cannat et al., 2006) with on-axis volcanic centres

inferred to the east and west (Cannat et al., 2003; Schlindwein & Schmid, 2016).

In the last two decades, several surveys have focused on studying the SWIR at 64°30'E
and have used gravity (Cannat et al., 2006), magnetics (Sauter et al., 2008) and side-scan
sonar (Sauter et al., 2013) to identify and map the extension of these non-volcanic
seafloor domains (Fig. 2.3.1a) known as “smooth-seafloor” (Cannat et al., 2006).
Variably serpentinized mantle-derived rocks, peridotites, are the dominant lithology at the
“smooth-seafloor” (Sauter et al., 2013) and coincide with high residual mantle Bouguer
gravity anomaly (RMBA; 30-50 mGal) (Cannat et al., 2006). The seafloor topography is
characterized by rounded broad ridges with a height ranging from 500 to 2000 m and a
length ranging from 15 to 90 km (Cannat et al., 2006, 2019). Sixteen dredges collected
across-axis in the amagmatic corridor of the SWIR at 64°30'E nearly exclusively
recovered variably serpentinized peridotites with a minor amount (<5%) of basalts and
gabbros (Sauter et al., 2013). Oxygen isotope analyses on these samples suggest relatively
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high serpentinization temperatures (271-366°C) and in-situ and bulk-rock analyses of the
samples support seawater as the serpentinizing fluid, ruling out leaching of basalts or

gabbros (Rouméjon et al., 2014). Moreover, the scarcity of melt products is expected as a
result of the very low melt supply inferred in the area based on large axial depth and high

mean basalt sodium content (Cannat et al., 2008; Meyzen et al., 2003; Seyler et al., 2003).

Momoh et al. (2017) studied the 3D seismic reflection structure at the SWIR at 64°30'E
and suggested that the uppermost lithosphere consists of a 4-5 km thick layer mostly
composed of serpentinized peridotites with a small proportion of igneous rocks derived
from occasional and incipient magmatism. Two main packages of seismic reflections are
imaged across the ridge axis: (1) a group of subparallel reflections dipping south at 50—
60° in the footwall and (2) a group of north dipping reflections in the hanging wall of the
active detachment fault (Momoh et al., 2017). The former are interpreted to be related to
the damage zone of the active axial fault, and the latter are suggested to represent either
the damage zone of a previously active fault’s footwall or to be related to recent tectonic
extension occurring on the hanging wall. Similarly, Momoh et al. (2020) proposed that
the crustal-type seismic velocities are related to extensive tectonic damage and
hydrothermal alteration of both peridotites and occasional intruding gabbros.
Serpentinization and incipient magmatism are thought to occur in two successive phases:
first when mantle-rocks are exhumed on the active detachment fault footwall and later
when these rocks constitute the hanging wall of the next detachment fault (Cannat et al.,

2019; Momoh et al., 2020).

Microseismicity studies have constrained a thick (20-25 km) brittle lithosphere in the
vicinity of our study area (Schlindwein & Schmid, 2016). As a consequence of the
virtually-zero melt supply, the seafloor is largely created by successive, flipping polarity,
detachment faults that form broad unroofed mantle domains both north and south of the
spreading axis (Cannat et al., 2006, 2019; Sauter et al., 2013; Reston, 2018). Active and
abandoned detachment fault surfaces have been imaged with side-scan sonar at the SWIR
at 64°30'E (Sauter et al., 2013) and seismic reflections associated with the currently active
axial detachment fault have been observed in 3D MCS data (Momoh et al., 2017).
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Numerical models have demonstrated that a combination of serpentinization and grain
size reduction in thick brittle lithosphere can generate flip-flop detachment faulting
(Bickert et al., 2020). Detailed bathymetric and kinematic analysis have been carried out
to investigate the emergence and breakaway of the interpreted faults and explain the
mantle exhumation dynamics at detachment-dominated spreading ridges (Cannat et al.,
2019; Reston, 2018). Still lacking, however, is a well-resolved regional-scale velocity
model capturing these detachment faults, active and abandoned, to back up or rebut the

proposed lithospheric accretion models.

2.5 Data acquisition and analysis

2.5.1 Seismic experiment

The MD 199 - SISMO-SMOOTH Cruise 2014 (Leroy & Cannat, 2014; Leroy et al.,
2015) in the easternmost SWIR collected a variety of datasets including pseudo-3D MCS
(Momoh et al., 2017), 2D MCS (Momoh et al., 2020), 3D wide-angle OBS, and 2D wide-
angle OBS. The 3D MCS and 3D OBS data are focused in narrow (1.8x24 km and 20x30
km, respectively) rectangles at the ridge axis, while the 2D profiles extend ~150 km
across and along the spreading axis. In this paper, we show and interpret the results from
analysis of the regional 2D OBS wide-angle data set (Fig. 2.3.1). Shots for the 3D MCS
survey recorded by OBSs 4-13 on the NS profile (Fig. 2.3.1) were used by Momoh et al.
(2017) to form a simple velocity model for migration of the reflection signal. However,
none of the regional 2D OBS shots recorded by the 32 OBSs on the NS and the EW
profile (Fig. 2.3.1), which provide a far greater source-receiver offset range and crossing
ray area that are needed for extracting high-quality detailed velocity information, have

been analyzed prior to this study.

The seismic source consisted of two linear arrays of 7 air guns towed at an average depth
of 14 m with a total nominal volume of 6790 in3. Three different types of short-period
OBS were used to record the wide-angle data: 16 Canadian OBSs from Dalhousie
University, 7 French OBSs from the Institut National des Sciences de I’Univers du
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CNRS, and 9 micro OBSs from the National Central University of Taiwan. All the OBSs
recorded continuously at a sampling rate of 250 Hz (4 ms) with one hydrophone and a 3
orthogonal component geophone. The OBS spacing ranges from 3 to 10 km. For
presentation purposes, OBS names used during the survey were converted to sequential
numbers (Fig. 2.3.1; Table A.1). OBSs north of OBS 1, and between OBSs 3 and 4, OBSs
13 and 14, and OBSs 31 and 32 were lost during the survey or recorded unusable data.
The white circles in Figure 2.3.1 are the 32 OBS instruments used for the modeling.
These OBSs form the two ~150 km long wide-angle seismic profiles. The EW profile
(SMOO35) lies in the spreading axis direction, and the NS profile (SMOO33) is
orthogonal to and crosses the spreading axis (Fig. 2.3.1a). The NS profile cuts through the
inferred detachment faults and practically all of its OBSs lie within the previously
mapped smooth seafloor. The EW profile is presumed to transition from volcanic seafloor

in the west to exhumed mantle at the seafloor in the east.

2.5.2 Data processing

The OBSs were relocated to their true positions on the seafloor (more information in
Supporting Information) and the data were bandpass filtered using a minimum phase
trapezoidal band-pass filter with corner frequencies 1-5-18-25 Hz. PASTEUP software
(Fujie et al., 2008) was used to manually pick the first break of arrivals on the OBS
records. Two examples of OBS gathers for the NS and the EW profiles, with and without
picks, are shown in Figure 2.5.2.1. More examples are shown in Supporting Information
(Figs. A.1-A.4). The picking was carried out on unfiltered data as much as possible, with
the filtered data used only to extend the picks to further offsets. Where first arrivals are
not clear at long offsets, arrivals of the first water multiple were picked where possible
and then time-shifted until picks from the multiple for near and/or mid offsets coincided
with equivalent picks for the first arrivals. The 2D bathymetry from a previous multibeam
survey (Cannat et al., 2006) was plotted in a separate window above the OBS data
window as a function of model distance and source-receiver offset to help guide the
picking process and identify seafloor diffractions. First arrivals were picked to offsets of
up to ~90 km along the NS profile, and ~60 km along the EW profile. Assigned pick
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uncertainty is offset dependent as follows: 30 ms for high-quality waveforms at offsets
<6.5 km; 60 ms for offsets between 6.5 km and 12 km; 100 ms for offsets between 12 km
and 20 km; 120 ms for offsets >20 km; and 150 ms for time-shifted multiple arrival picks.
A total of 6,523 and 4,193 first arrival picks were made for the NS and the EW profile,
respectively. Secondary arrivals, such as Moho reflections, were not found in the OBS

records, and sediment arrivals were negligible.

N Offset (km) S w Offset (km) E
50 40 30 20 10 O 10 20 30 40
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Figure 2.5.2.1. Example OBS gathers for the NS and EW profiles (a and d) are shown together
with related first arrival traveltime picks (b and e) and calculated ray paths (c and f). (a)
Hydrophone data for OBS 5 on the NS profile and (d) vertical geophone data for OBS 29 on EW
profile after application of a reduction velocity of 7 km/s and band-pass filtering (1-5-18-25 Hz).
Insets show the linear moveout of different phase velocities in km/s. (b and e) Same as a and b but
with picked (centers of blue error bars) and modeled (yellow curves) first arrival traveltimes
superimposed. Synthetic traveltimes and raypaths were computed by ray tracing through the final
velocity model. (c and f) Raypath diagram for the modeled first arrival traveltimes in b and e.
Black thick line is the seafloor and white circles with thin black outlines show the OBS locations.

2.5.3 Traveltime tomography

We performed P-wave traveltime tomography using TOMO2D (Korenaga at al., 2000).

Traveltimes of P-wave first refracted arrivals and later Moho reflection arrivals (PmP) are
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commonly used for joint inversion of the regional 2D velocity structure in a sheared mesh
model hung from the seafloor (e.g., Watremez et al., 2015). We, however, do not model
the Moho reflection because of the lack of PmP arrivals in the data. In the TOMO2D
method, forward modeling is first applied to find the shortest raypath from the shot to the
receiver for each arrival, followed by a least-squares regularized inversion, in which the
starting velocity model is perturbed and updated until the targeted chi-squared (y?) or the
set number of maximum iterations is reached (Korenaga et al., 2000). Application of
smoothing and optional damping constraints is used to regularize the iterative inversion
process (Korenaga et al., 2000). Thus, damping and smoothing weighting factors control
the data fitting and the smoothness of the model, and similarly, the correlation lengths for
the velocity nodes control the inversion stability. The final TOMO2D product is a
minimum-structure smooth velocity model, meaning that minimum a priori information is
used to resolve the minimum or simplest structure needed to explain the data. This
approach reduces subjective input from the interpreter in the development of the final

tomographic model.

Cells in our models, which are 160 km long and 30 km deep, are 1 km wide and 500 m
high. The starting 1D velocity model is based on the 1D average velocity of Momoh et al.
(2017) and the average velocity structure reported at other ultraslow-spreading centers
bearing serpentinized mantle domains (e.g., Grevemeyer et al., 2018a; Van Avendonk et
al., 2017). We opted for simplicity and, after taking into consideration the expected
geology, settled on a 1D starting velocity model with 3 velocity-depth points: 4 km/s
velocity at the seafloor, 6.5 km/s at 2 km depth below the seafloor (dbsf), and 8.0 km/s at
5 km dbsf. For consistency, the same 1D starting velocity model extended in 2D by
hanging it off the seafloor was used for both orthogonal profiles. Figures 2.6.1.1a and
2.6.1.1d show the starting velocity model extended in 2D for both the NS and EW profile,
respectively. For the NS profile, the starting velocity model produced a y? of 11.97 and
an RMS traveltime residual of 208 ms. For the EW profile, it produced a y? of 15.37 and
an RMS traveltime residual of 261 ms. We set our inversion to run 5 iterations and use
the same parametrization values for both profiles to prevent modeling inconsistencies

(more information in Supporting Information).
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2.6 Results

2.6.1 Velocity models

Figure 2.6.1.1b shows the final velocity model for the NS profile. The model is shown
over the areas with ray coverage and the calculated raypaths are shown in Figure 2.6.1.1c
overlaying the final velocity model. The model converges to an RMS traveltime residual
of 53 ms and a y? of 1.10. Similarly, the final velocity model of the EW profile is shown
in Figure 2.6.1.1e and the calculated raypaths are shown in Figure 2.6.1.1f. The EW
model converges to an RMS traveltime residual of 55 ms and a y? of 0.86. Figure A.5
shows the evolution of y? as a function of iteration number for both models. Most of the
lateral and vertical velocity variations are found in the central parts of the models, below
the areas covered by the OBSs, and therefore in the areas where there are crossing
raypaths (Figs. 2.6.1.1c and 2.6.1.1f). Toward the profile ends, which are sections
covered by shots but no OBSs, or sections with no crossing raypaths, the velocity
structure in the final models mostly follows the seafloor topography and the starting

velocity models.

. NS Plrofile .
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Figure 2.6.1.1. Results from first arrival traveltime tomographic inversion of the NS and EW
profiles: (a, d) Starting velocity models; (b, ) final tomographic models; (c, ) raypaths (black
lines) of the first arrivals traced through the final velocity models (b, ¢), for the NS and EW
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profiles, respectively. Iso-velocity contours are shown every 0.5 km/s in (a, b, d and e); solid
black at every km/s and dashed in between. White inverted triangles show the positions of the
OBSs on the seafloor. Red triangles show the location at which the profiles cross each other.

Traveltimes are well fitted at all model distances (Figs. A.6a and A.6b) with the majority
of traveltime residuals, calculated as the difference between the observed and calculated

traveltimes, reduced by the inversion to +60 ms (Figs. A.6c and A.6d).

The final velocity models (Figs. 2.6.1.1b and 2.6.1.1¢) show that seismic velocities
increase rapidly with depth with velocities ranging from ~3.5 km/s at the seafloor to 7
km/s at 1.5-5.5 km dbsf at the NS profile, and from ~3 km/s at the seafloor to 7 km/s at
2-6 km dbsf at the EW profile. The NS profile reaches velocities in the range of 7.8-8.4
km/s, while the EW profile only reaches velocities in the range of 7.6—7.8 km/s. The NS
profile shows greater lateral changes in the velocities than the EW profile, including a
sharp lateral change (horizontal gradient of ~1 s™! at ~62 km model distance) at the
highest topographic feature. Within the area of OBS coverage, the EW profile also shows
a smooth trend of increasing velocities toward the East, which is accentuated between
OBSs 30 and 32. Similarly, a distinct increase in the velocities is observed between
OBSs 17 and 18. Both profiles show high vertical velocity gradient (velocity contours
closely spaced) in upper sections of the models (velocities <7 km/s) and a considerably

lower vertical gradient (sparse velocity contours) in deeper sections (velocities >7 km/s).

2.6.2 Uncertainty assessment

2.6.2.1 Checkerboard Tests

We assess the resolution of our models with checkerboard tests as follows. Checkerboard
patterns for a set of different horizontal and vertical cycle lengths with a £5% periodic
velocity perturbation are added to our two final velocity models. The chosen cell widths
and heights are: 25x10 km (Figs. 2.6.2.1.1a and 2.6.2.1.1d), 12.5x5 km (Figs. 2.6.2.1.1b
and 2.6.2.1.1e), and 5x2.5 km (Figs. 2.6.2.1.1c and 2.6.2.1.1f). The perturbed velocity

models are used as the starting velocity models for the inversions. The recovered
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perturbations are obtained by subtracting the input velocity models from the
corresponding final inverted velocity models for different cell sizes. The extent of
perturbation recovery at any particular section of our models is a measure of resolvability
of corresponding velocity anomalies for that model area. The input and inverted
perturbation models are compared for the two profiles in Figure 2.6.2.1.1. Full-size
checkerboard test figure is included in Appendix A (Fig. A.7). Large structures are
resolved across the profiles where there is any ray coverage (Figs. 2.6.2.1.1a and
2.6.2.1.1d). Structures 12.5 km wide and 5 km high are resolved in the areas below the
seafloor encompassing the first and last OBS location to depths of ~5 km. In these central
areas, structures as small as 5x2.5 km are also resolved but the depth or resolvability
below the seafloor is reduced to ~2—3 km. In all the checkerboard tests, the resolved cells
are smeared toward profile ends and with increasing depth, with the resolution

progressively declining.

0 N . . _ NS Profile . . S W 1 . _ EW Profile 1 . E
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Vp perturbation (%)

Figure 2.6.2.1.1. Checkerboard resolution tests for the NS (left column) and EW (right column)
profiles for perturbation cells: 25 km wide x 10 km high (a and d), 12.5 km wide x 5 km high (b
and e), 5 km wide x 2.5 km high (c and f). The input perturbed model is shown in the bottom left
inset and the recovered perturbed model is the full-size figure. White and red inverted triangles as
in Figure 2.6.1.1 caption.
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2.6.2.2 Monte Carlo Analysis

We run a nonlinear Monte Carlo analysis (e.g., Tarantola, 1987) to estimate velocity
uncertainty across our models following the strategy of Korenaga et al. (2000). For this
analysis, the input velocity model (or starting velocity model) is randomized to create a
set of 100 different input models (Fig. A.8). This is done by randomizing the velocities of
the three nodes of the starting velocity model within a £6% range and by randomizing the
depths to the two sub-seafloor layer interfaces or inflection points within a £1.1 km range.
The 100 randomized 1D starting velocity models are used to form 100 randomized 2D
starting velocity models and run 100 inversions (for both NS and EW profiles) using the
same inversion parameters applied to calculate the final velocity models (Figs. 2.6.1.1b
and 2.6.1.1e). The resulting tomographic models are averaged to produce average
velocity models for the NS and EW profiles (Figs. 2.6.2.2.1a and 2.6.2.2.1d) and compute
standard deviations of the P-wave velocities across these models (Figs. 2.6.2.2.1b and
2.6.2.2.1e). The results show that the inversion process is stable as the average velocity
models (Figs. 2.6.2.2.1a and 2.6.2.2.1d) are very similar to the final velocity models
(Figs. 2.6.1.1a and 2.6.1.1d) for both profiles. The standard deviation of seismic velocities
for most of the lithosphere at central parts of the models is <~0.1 km/s (Figs. 2.6.2.2.1b
and 2.6.2.2.1e). Larger standard deviations are observed in the areas that are less well
resolved as indicated by the checkerboard patterns (Fig. 2.6.2.1.1), in areas with lower ray
density (Figs. 2.6.2.2.1c and 2.6.2.2.1f) and especially where there are no crossing rays
(Figs. 2.6.1.1c and 2.6.1.1f), and below the seafloor where no instruments were deployed.
The ray density is presented by the derivative weight sum (DWS; Toomey & Foulger,

1989), a nondimensional relative indicator of ray coverage.
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Figure 2.6.2.2.1. Results from the Monte Carlo analysis. Averaged final velocity models for the
NS (a) and EW (d) profiles. Iso-velocity contours are shown every 0.5 km/s in (a and d); solid
black at every km/s and dashed in between. Standard deviation of the P-wave velocity calculated
via the Monte Carlo analysis for the NS (b) and EW (e) profiles. Solid black contours are shown
every 0.05 km/s in (b and e). Derivative weight sums (DWS) indicating the ray coverage for the
NS (c) and EW (f) profiles. In all panels, the dotted light grey vertical lines mark the end of the
best resolved areas, and the dashed light grey vertical lines mark the ends of the well resolved
areas. White and red inverted triangles as in Figure 2.6.1.1 caption.

2.6.3 Derivatives of the velocity models

To aid the discussion, we plot 1D velocity-depth functions (Fig. A.9) extracted at every 1
km distance within the best resolved areas of the two average velocity models (Figs.
2.6.2.2.1a and 2.6.2.2.1d). We use these functions to determine the average 1D velocity-
depth functions and the extent of the velocity-depth envelopes for both profiles (Fig. A.9).
We further augment our interpretation by computing and plotting velocity anomalies
(Figs. 2.6.3.1a and 2.6.3.1c) and vertical velocity gradients (Figs. 2.6.3.1b and 2.6.3.1d)
for both the NS and EW profile. The 2D velocity anomalies are calculated as the
difference between the average velocity models (Fig. 2.6.2.2.1a and 2.6.2.2.1b) and the
respective average 1D velocity-depth functions (Fig. A.9). The vertical velocity gradients
are calculated by computing the central first derivative of the average velocity models

(Fig. 2.6.2.2.1a and 2.6.2.2.1b).
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Figure 2.6.3.1. Velocity anomaly (top panels) and velocity gradient (bottom panels) results for
the NS and EW profiles, respectively. Dashed black contours are shown every 0.5 km/s in (a and
¢) and every 0.5 s in (b and d). The depth to the 7 km/s velocity contour is shown in (b) and (d)
in a solid light blue line. White and red inverted triangles as in Figure 2.6.1.1 caption. Vertical
dotted and dashed light grey lines as in Figure 2.6.2.2.1 caption.

2.7 Discussion

The final and average P-wave tomographic velocity models for the NS and EW profiles
give insight into the subsurface structure of the SWIR at 64°30'E. In the following
subsections, we discuss (1) the ridge structure and the distribution of the active fault and
the older and now inert detachment faults; (2) the inferred lithospheric composition and
its anisotropy; and (3) the velocity structure in our study area in the context of the known
velocity structure elsewhere at the SWIR. We limit our discussion only to the geological
structures that can be resolved as indicated by the checkerboard tests, and the areas of the
velocity models that show standard deviations of <~0.1 km/s (Figs. 2.6.2.2.1b and
2.6.2.2.1e) and/or high ray coverage (Figs. 2.6.2.2.1¢ and 2.6.2.2.11). This effectively
limits our detailed interpretation to the best resolved areas (within the dotted light grey
vertical lines in Fig. 2.6.2.2.1) with crossing rays and OBSs on the seafloor (51 to 114 km
model distance for the NS profile and 55 to 106 km for the EW profile), with the regional
interpretation extended to include the well resolved areas (within the dashed light grey
vertical lines in Fig. 2.6.2.2.1) found up to ~10 km away from the first/last OBS on both
profiles, as indicated by the Monte Carlo analysis results (Fig. 2.6.2.2.1)
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2.7.1 Ridge structure

2.7.1.1 Delineation of detachment faults on the NS profile

The information extracted from the NS profile (Figs. 2.6.2.2.1a, 2.6.3.1a and 2.6.3.1b),
which cuts across the SWIR at 64°30'E, is particularly useful for subsurface identification
of the active and abandoned detachment faults. We first interpret a sharp lateral change in
the velocities (a horizontal gradient of ~1 s™! at ~62 km model distance; Figs. 2.6.2.2.1a
and 2.6.3.1a) and a high vertical velocity gradient (1.5-2.5 s’!; Fig. 2.6.3.1b) coincident
with the shallow section (top 2 km, i.e., depth 0-2 km below seafloor) of the highest
topographic feature (~51-62 km model distance) as the seismic expression of an active
axial detachment fault (hereafter D1; Fig. 2.7.1.1.1). This bathymetric high is
characterized by higher velocity than the surrounding regions (Fig. 2.6.2.2.1a) and its top
surface has previously been interpreted as an active axial detachment fault based on side-
scan sonar (Sauter et al., 2013), bathymetric and kinematic analysis (Cannat et al., 2019;
Reston, 2018), and seismic reflection data (Momoh et al., 2017, 2020). Therefore, our
velocity model supports these earlier interpretations as it shows the footwall exhuming (or
bringing up to shallow depth) rocks of high velocities, those corresponding to lithologies
typically found at greater depths, which become superimposed by the lower velocity
rocks of the hanging wall at the topographic low immediately south. This north-south
transition at ~62 km model distance from the detachment footwall to the detachment
hanging wall is characterized by an abrupt decrease in the vertical gradient, from a high
of 1.5-2.5 s! to a low of 0.5-1.0 s™!, as well as by a switch in polarity of the largest
velocity anomaly, from 1.5 km/s to -1.5 km/s.

Elsewhere, the NS profile exhibits smoothly varying low to moderate vertical velocity
gradient values (<1.5 s!), except for several locations that show similar lateral changes in
the vertical velocity gradient to D1, with higher vertical gradients (1.5-2.0 s!) juxtaposed
with lower gradients (0—1.0 s™!) at alike depths (~top 2 km). These are found at model
distances of about 50 km, 74 km, 87 km, 101 km, and 113 km (Fig. 2.6.3.1b). The
velocity anomalies (Fig. 2.6.3.1a) at these model distances also show a similar change to
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D1, with a switch in the polarity from positive to negative anomaly, except at 50 km
where the switch in polarity is reversed. Additionally, the velocities (Fig. 2.6.2.2.1a)
across the profile show a repeat drop pattern that coincides with the changes observed in
the vertical velocity gradient and velocity anomalies. While the identified vertical
velocity gradient, velocity, and velocity anomaly changes are not as pronounced as for the
interpreted active detachment fault D1, they are clearly recognizable and we interpret
them to indicate the subsurface location of the abandoned detachment faults (D2 at ~50

km, D3' at ~74 km, D3 at ~87 km, D5 at ~101 km, and D7 at ~113 km; Fig. 2.7.1.1.1b).
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Figure 2.7.1.1.1. Comparison of a (a) conceptual model based on previous interpretations (Cannat

et al., 2019; Reston, 2018; Sauter et al., 2013) depicting the sequence of flipping rolling-hinge
faults (black dashed lines) along the NS profile and (b) the average velocity model from Figure
2.6.2.2.1a, (c) velocity anomalies from Figure 2.6.3.1a, and (d) vertical gradient from Figure
2.6.3.1b, with interpreted locations of corresponding faults (solid lines) for the best resolved area
(51-114 km). In (a), previously interpreted faults are numbered 1-8 from youngest to oldest. In (b,
¢, and d) the identified faults are named D2, D1, D3', D3, D5, D7, and are equivalent to faults 2,
1, 3,5, and 7 in (a) omitting D3’ that is not inferred in (a). D stands for detachment. D/ is the
active detachment fault (solid pink line), and the fault numbers increase sequentially to describe
older abandoned faults (solid black lines). Inset between (c) and (d) shows the interpreted
extension of each detachment footwall surface located on the seafloor. The thin rectangle in pink
limits the extension of D/ footwall surface, the black rectangles limit the extension of D2, D3’,
D3, D5 and D7 footwall surfaces, and the grey rectangles limit the extension of D2, D4, D6, and
D8 hanging wall surfaces. Iso-velocity contours are shown every 0.5 km/s in (b); solid black at
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every km/s and dashed in between. Dashed black contours are shown every 0.5 km/s in (c) and
every 0.5 s in (d). White and red inverted triangles as in Figure 2.6.1.1 caption. Vertical dotted
and dashed light grey lines as in Figure 2.6.2.2.1 caption.

2.7.1.2 Comparisons with earlier interpretations

In Figure 2.7.1.1.1, we compare our interpretation on the location of the detachment faults
with that of previous interpretations (Cannat et al., 2019; Reston, 2018; Sauter et al.,
2013), which are primarily based on observed bathymetric features, i.e., the location of
the breakaway and emergence points on the fault surfaces. For simplicity, we list the
detachment faults previously inferred from 1 to 8, with 1 being the youngest and 8 being
the oldest fault (Fig 2.7.1.1.1a). Our velocity model (Fig. 2.7.1.1.1b), the velocity
anomalies (Fig. 2.7.1.1.1c¢), and the vertical velocity gradient (Fig. 2.7.1.1.1d), provide
supporting evidence for the existence of faults 1-3, 5 and 7. The reverse polarity in the
pattern observed in the velocity anomalies at ~50 km model distance (Fig 2.7.1.1.1c), at
the interpreted location of D2, coincides with the previously interpreted location of fault 2
(Cannat et al., 2019; Reston, 2018; Sauter et al., 2013), only offset by ~1 km south. Fault
D2 was active prior to D/ and thus it shows opposite polarity. Similarly, the interpreted
location for fault D/ is comparable to the location of the previously interpretated fault 1,
only offset by ~1 km north (Fig. 2.7.1.1.1). Previously interpreted locations of faults 5
and 7 are identical to the interpreted locations of D5 and D7 in this work, respectively,
while fault 3 is offset by ~4 km north from D3 (Fig. 2.7.1.1.1). The locations of faults D/
and D3 are also consistent with previously identified south dipping reflections in MCS
data (Momoh et al., 2017, 2020) interpreted to be related to fault damage in the footwall.
The results presented here also demarcate an abandoned detachment D3’ that has not been
inferred previously. Detachment D3’ may have been missed in other models (Cannat et
al., 2019; Reston, 2018; Sauter et al., 2013) because its seafloor expression shows a
smoother emergence topography in comparison to the other interpreted faults based on
bathymetry. One possible cause for this is a relatively short lifespan of the D3’ fault,
which precluded full development of the characteristic seafloor geometry of a detachment
fault. Alternatively, the velocity signature observed at ~74 km model distance may

possibly be related to recent extensional damage occurring in the hanging wall of D/ as
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proposed by Momoh et al. (2020), since no south dipping reflections related to this fault
are imaged in MCS data (Momoh et al., 2017). However, given the resolution of our
model, the presence of fault D3’ provides an explanation that is more consistent with the
velocity, velocity anomaly, and vertical gradient patterns observed at the locations of

other interpreted faults (Figs. 2.7.1.1.1b, 2.7.1.1.1¢, and 2.7.1.1.1d).

For our study area, Cannat et al. (2019) estimated the duration of the active deformation
period for each detachment fault. The active life for these detachments ranges from 0.6
Myr to 2.8 Myr, with an average life of 1.35 Myr. Our interpretation of an additional
detachment fault (D3"; Fig. 2.7.1.1.1) combined with the adjustment in the location of D3
calls for a reevaluation of these age numbers. However, we can only estimate total fault
longevity for detachments D/ and D2, and partial longevity for faults south of D/ since
our NS velocity model does not resolve the location of the faults north of D2 (Table
2.7.1.2.1). Like Cannat et al. (2019), we estimate the partial and total fault lifespans based
on the horizontal distance between faults’ emergence and breakaway points (Table
2.7.1.2.1). The inset shown in between Figures 2.7.1.1.1c and 2.7.1.1.1d illustrates the
interpreted extension of each detachment footwall surface on the seafloor used for our
calculations. Portions of each abandoned fault footwall are located both north and south
of the spreading axis, except for the active detachment (D) that has not yet been cut off
by a new master fault and carried away from the axis. Portions of D4, D6 and DS, the
faults inferred further north of D2 but not resolved by our velocity model, are also
considered based on earlier interpretations of seafloor data (Cannat et al., 2019; Reston
2018; Sauter et al., 2013) to estimate the ages in Table 2.7.1.2.1. Our calculations point to
a duration of ~0.7 Myr for D2, half the previously suggested age, and ~0.5 Myr for D1,
larger than the previously suggested age (0.3 Myr).

50



Horizontal Horizontal .
. . Estimated
distance distance artial
from fault from fault p Estimated
Detachment # fault
. emergence breakaway . total fault
(Youngest to Dip . . duration .
to adjacent to adjacent duration
oldest) based on
fault fault . (Myr)
distance
breakaway emergence (Myr)
(km) (km) 4
D1 (active) South 7.1 0 0.51 0.51
D2 (North of DI)  North 5.0 - 0.36 0.72
D2 (South of D1) North - 5.1 0.36 )
D3’ South 5.1 Unknown 0.36 Unknown
D4 North Unknown 73 0.52 Unknown
D3 South 5.5 Unknown 0.39 Unknown
D6 North Unknown 10.2 0.73 Unknown
D5 South 34 Unknown 0.24 Unknown
D8 North Unknown 8.0 0.57 Unknown
D7 South 39 Unknown 0.28 Unknown

Table 2.7.1.2.1. Estimated detachment fault longevity based on the horizontal distance between
faults' emergence and breakaway locations of the inferred faults across the profile SMOO33 (NS

profile).

2.7.2 Lithospheric composition

2.7.2.1 Exhumed mantle area

In order to relate the modeled velocities to the subsurface lithology, we assume that the

investigated area is composed of exhumed mantle rocks ranging from variably

serpentinized and fractured peridotites at shallower depths, to unaltered peridotites at

greater depths. This is followed by conversion of the seismic velocities along the NS and

EW profiles (Figs. 2.6.2.2.1a and 2.6.2.2.1d) to degree of serpentinization (Figs.

2.7.2.1.1a and 2.7.2.1.1b) using a linear relationship for partially-serpentinized peridotites
(Fig. 2.7.2.1.1c) from Carlson & Miller (2003). These authors used empirical data
(Christensen, 1978, 1996; Miller & Christensen, 1997) to evaluate how the relationship

between P-wave velocities and the degree of serpentinization changes with different

confining pressure and temperature. We choose the relationship for a temperature of

300°C, in agreement with the high serpentinization temperatures suggested for the rock
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samples analyzed along the NS profile (Rouméjon et al., 2014). Albeit converting seismic
velocities to degree of serpentinization is a simplification of the causes for the velocity
heterogeneities, especially at the top of the model, it allows us to discuss how deep

serpentinization may extend and what may control such depth.
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Figure 2.7.2.1.1. Estimated degree of serpentinization for the NS (a) and EW (b) profiles based

on their tomographic velocities (Figs. 2.6.2.2.1a and 2.6.2.2.1d) and the linear relationship (c) of
serpentinite content with P-wave velocity from Carlson and Miller (2003) for a temperature of
300°C, in agreement with oxygen isotopes studies in the area (Rouméjon et al., 2015). Black
triangles in (c) are laboratory measurements of P-wave velocities in serpentinized peridotites at
25°C and at 200 MPa and open circles are velocity measurement at other confining pressure (up
to a 1000 MPa). Carlson & Miller (2003) collected data points from several studies (Christensen,
1978, 1996; Miller & Christensen, 1997). Dashed lines show the approximate relationships at
temperatures of 100, 200, 300, 400, and 500°C corrected from the best fitting relationship
measured at 200 MPa (solid black line). In (a) the solid black lines show the detachment faults’
locations interpreted in Fig. 2.7.1.1.1. In (b) the dotted lines show the location at which there is a
change in the lithosphere (volcanic before 59 km, non-volcanic after 69 km, and transitional in
between) as discussed in the text. Solid black contours in (a and b) show serpentinite content at
every 20% vol. White and red inverted triangles in (a) and (b) as in Figure 2.6.1.1 caption.

While our assumption of the exhumed mantle domains throughout the study area is a
simplification of the true geology, it is supported by several lines of evidence and
justified by our intent of carrying out a first-order interpretation of the subsurface
geology. First, earlier rock sampling of the seafloor in our study area (Rouméjon et al.,
2014; Sauter et al., 2013) has predominately retrieved peridotites and the extent of the
mapped smooth seafloor (Cannat et al., 2006) (Fig. 2.3.1), interpreted to represent

exhumed mantle domains, covers majority (~%4) of the area along the NS and EW profiles
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contained by the OBS instruments. Second, no reflection Moho has been identified in the
pseudo-3D MCS dataset by Momoh et al. (2017), which indicates the lack of a distinct
and seismically-well characterized Moho in our study area. Reflection Moho is often well
imaged in upper oceanic lithosphere formed at faster spreading mid-ocean ridges where a
3-layer mafic oceanic crust tops the ultramafic uppermost mantle (e.g., Aghaei et al.,
2014; Bouhalanis et al., 2020). Third, no wide-angle Moho reflected arrivals (PmP) are
identified in the OBS data examined in this work, and these arrivals are routinely
observed and picked in data collected worldwide in oceanic lithosphere formed at faster
spreading rates (e.g., Canales et al., 2000b; Horning et al., 2016). Furthermore, the lack of
PmP arrivals in our study area is consistent with observations from other ultraslow
spreading ridges dominated by magma starved spreading conditions (Grevemeyer et al.,

2018a).

We interpret the uppermost lithosphere to be composed of highly fractured and fully
serpentinized peridotites at the top with a gradual decrease in pore space volume and
serpentinization degree to unaltered peridotites at depth (Figs. 2.7.2.1.1a and 2.7.2.1.1b).
The velocities lower than 4.5 km/s at the top of the model may be representative of
peridotites that are fully serpentinized and heavily fractured. Geologically, these low
velocities could also be representative of basalts. However, this possibility is highly
unlikely because, whereas scattered low-volumetric basalts may be found across the study
area (Sauter et al., 2013), the results of the extensive seafloor studies and the lack of
Moho reflections in both wide-angle OBS and MCS data (e.g., Cannat et al., 2006; Sauter
et al., 2013; Momoh et al., 2015) clearly indicate that a continuous basaltic top layer is

not present.

While our first order interpretation is comparable to that of Momoh et al. (2017), the

higher resolution and lateral variability of the new results presented in this work make it

possible to carry out a detailed interpretation. Serpentinization seems more extensive and

penetrates deeper along the NS profile than the EW profile. For example, 20%

serpentinization extends to up to ~5 km dbsf on the NS profile and up to ~3—4 km dbsf on

the EW profile, with the anomaly being the location of the active detachment fault (D1)
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footwall where the 20% serpentinization contour is found at the shallowest depths of

~1.5-2 km dbsf (Figs. 2.7.2.1.1a and 2.7.2.1.1b).

The change from relatively large and quickly decreasing vertical velocity gradients (1.5-
2.5 s at velocities <7 km/s, to relatively low and gradually decreasing vertical velocity
gradients (<0.5 s™) at velocities >7 km/s (Figs. 2.6.3.1b and 2.6.3.1d) likely illustrates a
change in the porosity and permeability regime that impacts the serpentinization process
for the upper and lower sections of the profiles. These low and gradually decreasing
vertical velocity gradients within deeper sections of the models also indicate that the
Moho transition is not an abrupt serpentinization or alteration front, as has been suggested
for the study area and elsewhere along the SWIR (e.g., Dick et al., 2019; Mével, 2003;
Minshull et al., 1998, 2006), but rather a gradual transition from hydrated peridotites to
unaltered peridotites. The smoother gradient of seismic velocities above 7 km/s in the EW

profile suggests a more uniform upper mantle in comparison to the NS profile.

From Figure 2.7.2.1.1a, we further decipher the following: (i) Despite the similar
penetration depth of serpentinization on both sides of individual detachment faults, for
similar depths on both sides of the detachment, serpentinization is more pervasive in the
hanging walls than in the footwalls. This is possibly due to the continuous exhumation of
the footwalls that leaves hanging walls longer exposed to water at temperatures that are
more optimal for the serpentinization to take place (e.g., D1, Fig. 2.7.2.1.1a); (ii) The
depth and degree of serpentinization depends on the length of time the detachments were
active. For example, amongst the abandoned detachments south of D1, the 20%
serpentinization contour reaches deeper levels around faults D3° and D3 than around D5
and D7, which agrees with the estimated longer active life for faults D3’ and D3 (Table
2.7.1.2.1). Therefore, we suggest that the bulk of the serpentinization occurs while
detachment faults are active, with much diminished alteration after the lithosphere
migrates off-axis. The longer a particular detachment is active, the deeper
serpentinization reaches due to both more extensive deformation of the fault walls
resulting in greater porosity and permeability and longer exposure to seawater. The
overall increase in velocity and, therefore, decrease in estimated degree of
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serpentinization from the active to abandoned detachment faults is possibly caused by a
reduction in porosity by closure of cracks and fractures once fault activity stops and the

fault moves away from the ridge axis.

2.7.2.2 EW transition from exhumed mantle to volcanic seafloor

Earlier work on seafloor mapping in the study area (Cannat et al., 2006) indicated that the
EW profile crosses a transition within the uppermost lithosphere from exhumed and
serpentinized ultramafic mantle domains in the east to volcanic and magmatic mafic
domains in the west (Fig. 2.3.1). This transition was initially interpreted to occur at the
OBS 25 location (model distance ~84 km; Fig. 2.3.1) (Cannat et al., 2006). Cannat et al.
(2019) later proposed a wider transitional domain from the detachment-dominated
asymmetric topography, characteristic of non-volcanic seafloor, to the magmatic
symmetric topography, characteristic of volcanic seafloor. The authors examined four
ridge-perpendicular bathymetric profiles spread over a distance of ~50 km and observed a
change in the seafloor topography across the profiles from ridge-asymmetric topography,
indicative of non-volcanic seafloor, to ridge-symmetric topography, indicative of volcanic
seafloor. The distance between the profile showing asymmetric topography and the
closest profile showing ridge-symmetric topography is 32.6 km. A profile showing
transitional bathymetry is found in between these two profiles, which led the authors to

interpret that the transitional region occurs over a 20-30 km distance.

Our velocity, velocity anomaly, and vertical velocity gradient models (Fig. 2.7.2.2.1) also
suggest a major change in the lithospheric structure and composition along the profile.
This change occurs over a distance of ~10 km between OBSs 18 and 20 (model distance
~59-69 km; Fig. 2.7.2.2.1). In Figure 2.7.2.2.1 we plot the limits of the interpreted
volcanic and non-volcanic seafloor as proposed by Cannat et al. (2006, 2019) and in this
study. The recent interpretation by Cannat et al. (2019) put the transitional area at model
distance of ~54-86 km, which is wider but in broad agreement with the results from this

work.
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Figure 2.7.2.2.1. Comparison of the (a) average velocity model from Figure 2.6.2.2.1d, (b)
velocity anomalies from Figure 2.6.3.1c, and (c) vertical gradient from Figure 2.6.3.1d, along the
EW profile. Arrows in the top of the figure show the different interpretations of the proposed
transition from volcanic to non-volcanic lithosphere: Cannat et al. (2006) in black, Cannat et al.
(2019) in blue, and this study in pink. The blue short straight lines indicate the location of Cannat
et al. (2019) bathymetric profiles that show contrasting symmetric and asymmetric axial valleys
and constrain the transitional zone. The black, blue, and pink dashed lines extend the limits of the
different interpretations across (a, b, and c). The pink arrows also delimit the three zones in the
EW model: western, central, and eastern. White and red inverted triangles as in Figure 2.6.1.1
caption. Vertical dotted and dashed light grey lines as in Figure 2.6.2.2.1 caption.

The observed changes in velocity, velocity anomaly, and vertical velocity gradient divide
the EW profile into three distinctive zones: eastern (model distance >69 km), central
(model distance from 59 to 69 km), and western (model distance <59 km). The eastern
zone shows high and laterally variable seismic velocities at shallow depths, reaching 4—
4.5 km/s within 0.5 km dbsf and 7 km/s at depths 2—-3.5 km dbsf (Fig. 2.7.2.2.1a), an
overall positive velocity anomaly including a larger positive anomaly (0.5-1 km/s) at
model distances 99-106 km (Fig. 2.7.2.2.1b), and a high vertical velocity gradient of 1-2
st (Fig. 2.7.2.2.1¢). These characteristics are consistent with exhumed and variably

serpentinized mantle peridotites, where serpentinization extent diminishes as a function of
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depth. A low in the velocities that corresponds with a low velocity anomaly (Fig.
2.7.2.2.1b) and a more moderate vertical gradient than for the neighboring areas (Fig.
2.7.2.2.1c) is observed within model distances 81-86 km (below OBSs 24-26; Fig.
2.7.2.2.1a). We speculate that this is indicative of a ~5km-wide volcanic dike injection, a
feature resolvable in our model (Fig. 2.6.2.1.1f), that could be responsible for the lower
RMBA values (10—-0 mGal) that led to the interpretation of this area and the area further
west as volcanic seafloor (Cannat et al., 2006). Other smaller low velocity anomalies,
e.g., below OBSs 21 and 22 (model distances 73—76 km; Fig. 2.7.2.2.1b) and below OBS
28 (model distances 90-92 km; Fig. 2.7.2.2.1b) may suggest the presence of additional
smaller dikes that are not fully resolvable by our data. Detailed seafloor mapping in our
study area with side-scan sonar shows small sparse lava patches on top of the exhumation
surfaces (Sauter et al., 2013). Our results bolster the argument that the lava patches are
erupted directly onto the exhumed surface by small offset high-angle normal faults
(Cannat et al., 2019; Sauter et al., 2013), as opposed to being allochthonous rafted
volcanic blocks transported to the surface off-axis by successive detachments (Reston,
2018). Furthermore, the presented evidence of volcanic dike injections within the
“smooth-seafloor” favors the interpretation by Sauter et al. (2013) that the abandonment
of the active axial detachment fault and consequent activation of the successive

detachment fault may be a consequence of increased diking.

The western zone shows sharply lower seismic velocities that reach 3.5 km/s at 0.5 km
dbsf and 7 km/s at 4-5.3 km dbsf (Fig. 2.7.2.2.1a), a large negative velocity anomaly of -
1.5—1 km/s (Fig. 2.7.2.2.1b), and a moderate to low vertical velocity gradient of 0.5-1 s!
(Fig. 2.7.2.2.1c). These characteristics are consistent with top of the lithosphere being
partially constructed by mafic magmatic rocks. This interpretation is further supported by
analysis of the ray coverage or the DWS (Fig. 2.6.2.2.1¢). Although the ray density at all
ends of the seismic profiles is gradually reduced with increasing shot distance from the
last OBS (Figs. 2.6.2.2.1c and 2.6.2.2.1e), the reduction at the west end of the EW profile
(Fig. 2.6.2.2.11) is considerably greater than at the three other profile ends, which is
indicative of a major change in the nature of the lithosphere. This more rapid drop in ray
density also coincides in an apparent westward velocity increase at the western limit of
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the well resolved area (Fig. 2.7.2.2.1a), but this is an artifact. The inverted velocity model
follows the starting velocity model in areas of low ray coverage (i.e., outside the well
resolved area), and in the well resolved section of the western zone seismic velocities are
considerably slower than the starting velocity model. This forces a gradual lateral change
from the well resolved area. On the contrary, in the east the starting and the average
velocity models have similar velocities and no lateral change is observed across the limit

of the well resolved area.

In between the eastern and western zones is the central zone, which displays gradual
westward changes in the velocities (decreasing; Fig. 2.7.2.2.1a), velocity anomaly (from
low positive to low negative Fig. 2.7.2.2.1b), and vertical velocity gradient (vertically less
variable, Fig. 2.7.2.2.1c). We interpret this as indicative of a transition from the
amagmatic upper lithosphere of the eastern zone to the mafic magmatic rocks toping the
lithosphere of the western zone and also likely an indicator of a transitional lithosphere
that is heterogeneous in its composition with layers of mafic extrusive and intrusive rocks
laterally intertwined with layers of fully and partially serpentinized ultramafic rocks (Fig.

2.7.2.1.1b).

2.7.2.3 Anisotropy

We extract 1D velocity-depth functions at the crossing point between the NS and EW
velocity profiles (Fig. 2.7.2.3.1a) to evaluate if there is directional dependence in seismic
velocities or seismic anisotropy (Fig. 2.7.2.3.1). The difference between these two 1D
velocity-depth functions is shown in Figure 2.7.2.3.1b (dashed blue line), and the
corresponding anisotropy is shown in Figure 2.7.2.3.1c. Both velocity functions are
nearly coincident for the first 0.5 km dbsf. At greater depth, from ~0.5 to ~2.2 km dbsf,
velocities on the EW profile are faster (up to ~5% difference) than on the NS profile. The
velocity relationship reverses from ~2.2 to ~6 km dbsf, with the NS profile being faster
(up to ~5% difference). At depths greater than 6 km dbsf, the two velocity-depth

functions are again nearly coincident.
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Figure 2.7.2.3.1b also compares the difference in the two velocity-depth functions to the
standard deviation (SD) estimated for the NS and EW velocity models at their crossing
point. The SD-depth functions are similar for both profiles at the crossing point, with
most SD values being <+0.1 km/s. The P-wave velocity difference near the function
peaks reaches or approaches 0.4 km/s, which is at least several times greater than the SD
of both velocity models indicating that the difference in velocities we observe falls well
within the estimated uncertainty. While some of the differences in velocities at the two
crossing profiles may be due to the limitations of modeling wave propagation in 2D, most
of the observed differences can be attributed to seismic anisotropy thus rendering our

results a useful first-order approximation.
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Figure 2.7.2.3.1. (a) Comparison of the 1D velocity-depth functions extracted from the NS

(green) and EW (pink) profiles at their crossing point. (b) Dashed blue line shows the difference
between NS and EW velocities presented in (a), and green and pink dashed lines show the
standard deviation of the velocities presented in (a) (from Figs. 2.6.2.2.1b and 2.6.2.2.1¢). (¢)
Functional fit of % of anisotropy with depth in light blue. The horizontal dashed grey lines in (a, b
and c) indicate the depths for the anisotropy consistent with a fast axis aligned in a ridge-parallel
direction (~0.5 to ~2.2 km dbsf) and for the anisotropy consistent with a fast axis aligned in a
ridge-normal direction (~2.2 to 6 km dbsf).

The velocity differences in the shallower zone (~0.5 to ~2.2 km dbsf) are consistent with
the anisotropy reported at other ridges near the spreading axis of 1%—12% at shallow to
intermediate depths (0—3 km) and with the fast axis aligned in a ridge-parallel direction
(e.g., Seher et al., 2010; Weekly et al., 2014). This anisotropy is associated with the
alignment of vertical cracks within the crust in the ridge axis direction (Dunn & Toomey,
2001). Christeson et al. (2019) synthesized the oceanic crustal structure formed at

spreading ridges with half-spreading velocities greater than 5 mm/yr from 2D seismic
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profiles and documented that anisotropy may be restricted to the upper crust in areas near
the ridge axis. Cracks induced by stresses related to the footwall exhumation and bending
at shallow to intermediate levels both in the footwall and the hanging wall, as well as
extensive extensional damage on the hanging wall, have been suggested in our study area
(Cannat et al., 2019; Momoh et al., 2017, 2020). Therefore, we suggest the uppermost
anisotropy is due to the preferential distribution of cracks parallel or subparallel to the
axis at depths from ~0.5 to ~2.2 km dbsf. We expect that the top 0.5 km dbsf are also
characterized by axis parallel or subparallel cracks and the resulting anisotropy but, due to
the discussed limitations of our data and velocity models, this anisotropy was not possible

to resolve.

With greater depth, the increasing lithospheric pressure gradually closes the cracks thus
removing the source of the ridge-parallel anisotropy. Serpentinization also diminishes
with increasing depth leading to increased ratio of olivine minerals versus serpentine or
other alteration minerals, thus generating anisotropy with the ridge-normal fast direction
that starts to prevail at ~2.2 km dbsf. Our data can resolve the ridge-normal fast
anisotropy to 6 km dbsf, after which the model resolution is insufficient for this purpose.
Velocities from 6—7 km dbsf have diminished resolution and are already influenced by
the starting velocity model through smoothing. This uppermost mantle, ridge-normal
anisotropy is related to the lattice-preference orientation of olivine minerals in the
direction of lithospheric strain (Hess 1964), which is consistent with the near-orthogonal
spreading direction attributed to our study area (Cannat et al., 2008), and has been
reported for older oceanic crust (e.g., Ismail & Mainprice, 1998; VanderBeek et al.,

2016).

2.7.3 Comparison of velocity-depth fields
We compare the average 1D velocities and velocity field envelopes of the NS and EW
profiles (Fig. A.9) with corresponding results from previously published ridge-normal and

ridge-parallel seismic profiles, respectively, at other locations along the SWIR.
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Figure 2.7.3.1. Comparison of the average 1D velocity-depth profiles (thick black line) and 1D
velocity-depth fields (light purple areas bounded by dark purple lines) from this study with the
velocity fields from earlier studies of the SWIR at the following locations: (a) 66°E (Minshull et
al., 2006); (b) 64°30’E (Momoh et al., 2017); (c) 57°E (Muller et al., 2000); and (d) SO°E (Niu et
al., 2015). Note that the locations of the earlier work done at 66°, 57° and 50°E are shown in the
Figure 2.3.1 inset with yellow circle, diamond and star, respectively, while the work done at
64°30’E coincides with our study area.

Figure 2.7.3.1 displays a comparison of our results at 64°30'E with velocity fields from
earlier work at the SWIR. From East to West, shown are velocity fields at 66°E (Minshull
et al., 2000) (Fig. 2.7.3.1a), 64°30'E (Momoh et al., 2017) (Fig. 2.7.3.1b), 57°E (Muller et
al., 2000) (Fig. 2.7.3.1c), and 50°E (Niu et al., 2015) (Fig. 2.7.3.1d).

Our NS profile velocity envelope and that of Momoh et al. (2017) (Fig. 2.7.3.1b), both
from 64°30'E, are mostly in general agreement. Momoh et al. (2017) shows little structure
with velocities smoothly increasing with depth, from ~2.7 km/s to 4.5 km/s at the seafloor
to ~7-8 km/s at 5 km dbsf. The NS velocity model constrains the velocities at the seafloor
to a narrower and slower range (~2.5-3.7 km/s), increasing to a similar range by about
1.4 km dbsf, and becoming overall higher for depths up to ~5 km dbsf. Momoh et al.’s
(2017) velocities show smooth vertical velocity gradient changes with depth, while the
NS velocities indicate a more complex structure for how the velocity gradient changes
with depth and show a higher vertical velocity gradient at the top that it is reduced to a
lower velocity gradient for depths greater than ~2 km dbsf. While our interpretation is

broadly similar to that of Momoh et al. (2017), the NS velocity model has recovered
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deeper and more detailed velocity information thus providing more constraints on the
lithospheric structure. This is likely because the NS profile is longer (150 km vs. 43 km)
and has more OBSs (16 vs. 8) than the profiles used by Momoh et al. (2017), resulting in

denser and deeper ray coverage with a larger range of source-receiver offsets.

Minshull et al. (2006) at 66°E (Fig. 2.7.3.1a) show velocities at the seafloor ranging from
~2.3-3.5 km/s and increasing at a high vertical velocity gradient up to ~6.4—7 km/s at
~2.7 km dbsf. At depths greater than ~2.7 km dbsf, the velocities increase at a low-
velocity gradient and range from ~6.5—7 to 8 km/s. The average velocities for the NS
profile fit well with the velocity field of Minshull et al. (2006). The NS velocity field also
presents a similar range and vertical gradient for depths up to 1 km dbsf but it has a lower
low and a higher high velocity for depths of 1-3.5 km dbsf. At greater depths, the NS
profile velocities are overall higher than the velocities at 66°E. Despite the significant
similarities in velocities between the two models, large differences exist on the
lithospheric structure interpretation in these two study areas that are only ~150-200 km
apart. Minshull et al. (2006) suggested a crustal structure composed of mafic oceanic
layers 2 and 3, with a mean crustal thickness of 4.2 km, and constrained the Moho with
PmP arrivals and complementary gravity data. They interpreted that serpentinized
peridotites do not form the dominant lithology in the seismic lower crust and instead they
suggested a Layer 3 with a variable thickness (0.5-3 km) governed by melt focusing

toward segment centers.

The presence of Segment-8 volcano at ~65°40'E (Cannat et al., 2006; Schlindwein &
Schmid, 2016) could explain some of the differences between the two results and
interpretations. Velocity structure of Minshull et al. (2006) shows a higher gradient for
the top and lower gradient for the bottom of the model than the NS profile, which is
consistent with a high-gradient Layer 2 on top of a low-gradient Layer 3, while the SWIR
at 64°30'E has a gradual decrease in the vertical velocity gradient consistent with a
gradual decrease in serpentinization and pore pressure with depth. However, Minshull et
al. (2006) used a layered modeling and inversion procedure constrained by model
parametrization of two crustal layers. The wide-angle data were collected on 8 OBSs
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(~10-30 km spacing) with no coincident MCS data to guide the layered inversion.
Therefore, we speculate that a fair amount of variably serpentinized peridotites may be
present in the subsurface at the SWIR at 66°E based on the overlap of the NS profile
velocity envelope with Minshull et al. (2006) velocities, and that a denser seismic survey
followed by first arrival traveltime tomography for a single model layer would provide a

better and more detailed comparison.

The SWIR at 57°E (Fig. 2.7.3.1c¢), across the Atlantic Bank, shows velocities ranging
from 3.5 km/s to ~5.8 km/s at the seafloor (Muller et al., 2000). This velocity range
gradually narrows to 6.4—6.9 km/s for depths ~2.2—4.1 km dbsf as the vertical velocity
gradient decreases. For depths greater than 4.1 km dbsf the velocities range from ~6.8—
7.8 km/s. The authors interpreted magmatic oceanic crust composed of layers 2 and 3 on
top of the uppermost mantle rocks. The NS profile velocities are overall in disagreement
showing slower velocities for depths up to ~2.6 km dbsf and higher velocities for greater
depths. We interpret the topmost ~2.6 km dbsf on the NS profile, characterized by lower
velocities than those from Muller et al. (2000), to represent fully serpentinized and highly
fractured peridotites at the top that gradually transition to ~40% serpentinized peridotites
with minor fractures at the bottom. The NS profile velocities continue to increase with
increasing depth, though at a reduced gradient, due to continued fracture closure and
further diminishing serpentinization. The Moho at the SWIR at 57°E is constrained by
PmP reflections and gravity modeling, in contrast to our study area where the amagmatic
seismic crust lacks any shreds of evidence of a Moho. However, the results from Muller
et al. (2000) likely have greater uncertainties than our results since they use only 8 OBSs
(~5—15 km spacing) and do not have coincident reflection data, which are used to guide

layered modeling and inversion.

The velocity field at the segment center at 50°E (Fig. 2.7.3.1d, Niu et al., 2015) can be

divided in 4 sections: (1) top one (0-~0.6 km dbsf), with a mostly moderate gradient and

velocities ranging from ~2 km/s to ~4 km/s; (2) a high gradient section underneath (0.6—

2.8 km dbsf) with velocities of ~4.4—6.5 km/s; (3) a low gradient section (2.8-5.5 km

dbsf) further down with a narrow range of velocities (6.5—-7 km/s); and (4) a low gradient
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section (depth > 5.5 km dbsf) at the bottom with velocities ranging from 6.6 km/s to 8.1
km/s. The NS profile velocities are mostly in agreement within the top section, lower than
velocities of Niu et al. (2015) in the top part and in agreement with the bottom part of the
second section, are significantly higher in the third section, and somewhat higher in the
fourth section. Niu et al. (2015) interpreted layers 2A, 2B, and 3 overlying the uppermost
mantle. The investigated segment center at S0°E has an anomalously thick crust, ranging
from ~5.5 km to 10.2 km, and a robust and well-imaged axial magma chamber (Niu et al.,
2015; Jian et al., 2016, 2017). This interpretation is consistent with a magma-rich
spreading center and, as such, it differs from magma-starved spreading interpreted at

64°30'E.

2.8 Conclusions

We constrain tomographic velocity structure across- and along-axis the ultraslow-
spreading SWIR at 64°30'E by inverting first arrivals from two ~150-km-long orthogonal

wide-angle OBS profiles. Our major findings and conclusions are the following:

1. About 75% of the investigated uppermost lithosphere appears to be composed of
highly fractured and fully serpentinized peridotites at the top, with a gradual
decrease in pore space volume and serpentinization degree to unaltered peridotites
at depth. Key evidence for this are seismic velocities that increase rapidly with
depth, changing from 3—4 km/s at the seafloor to 7 km/s at depths ranging from
1.5-6 km dbsf, much lower vertical velocity gradient for velocities >7 km/s that
gradually reduces with increasing depth, and no distinct and seismically well-

characterized Moho observable in the data.

2. A system of detachment faults is imaged in the subsurface for the first time in our
study area by the profile that crosses the ridge axis. We interpret a sharp lateral
change (horizontal gradient ~1 s') in velocities, switch in polarity of the largest
velocity anomaly, from 1.5 km/s to -1.5 km/s, and high vertical gradient (~2 s™') in
the velocities coincident with the shallow section (top 2 km) of the highest
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topographic feature as the seismic expression of an active axial detachment fault.
Five abandoned detachment faults are also identified based on anomalously high
velocities and vertical gradients that characterize the footwalls on all identified
detachment faults, with the opposite characterizing the hanging walls.
Serpentinization across-axis is controlled by the longevity of detachments and
fault block movement, with longer-lived faults showing deeper serpentinization
extent and footwalls showing less pervasive serpentinization due to continuous

exhumation.

Comparison of the 1D velocity-depth functions at their crossing point between the
two orthogonal profiles suggests an up to 5% ridge-parallel fast-axis anisotropy
from ~0.5 to ~2.2 km dbsf attributed to the preferential distribution of cracks
parallel to the ridge, and a similar magnitude but reversed polarity ridge-normal
fast-axis anisotropy at >~2.2 km dbsf that we attribute to the lattice-preference

orientation of olivine minerals in the less serpentinized peridotites.

. Upper lithospheric composition along the western half of the axis-parallel profile
seems to transition over a distance of ~10 km from the variably serpentinized
peridotites domains in the East to predominately mafic magmatic domains in the
West. The exhumed mantle domains show high and laterally variable seismic
velocities at shallow depths, reaching 4—4.5 km/s within the first 0.5 km dbsf and
7 km/s at depths 2-3.5 km dbsf, a high vertical velocity gradient of 1-2 s}, and an
overall positive velocity anomaly (up to 0.5—-1 km/s). The mafic domains show
sharply lower seismic velocities that reach 3.5 km/s at 0.5 km dbsf and 7 km/s
only at 4-5.3 km dbsf, a moderate to low and smoother vertical velocity gradient
of 0.5-1 s7!, and a large negative velocity anomaly of -1.5—1 km/s. We suggest
that the change in the seafloor accretion mode is propelled by a westward increase

in melt supply.

Comparison of velocity structure from our results at the ultraslow-spreading
SWIR at 64°30'E with the velocity structure elsewhere at the SWIR has shown an
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overall agreement of our results with studies at amagmatic segments, a
disagreement with identified anomalously magma-rich segments, and mixed
results for magma-starved segments, such as the SWIR at 66° and 57° E. This
work has also demonstrated the challenges in carrying out meaningful velocity
structure comparisons when the data resolution and techniques used to determine

the velocities are not the same (e.g., layered modeling vs. tomography).
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Chapter 3

Evolution of tectonically accreted oceanic topmost lithosphere

3.1 Abstract

Oceanic lithosphere formed at the global mid-ocean ridge system makes up >60% of the
Earth’s solid surface (Ito & Dunn, 2009). Its topmost ~6 km are accreted magmatically,
where mafic melt is available, or tectonically, where this melt is absent. The
magmatically accreted lithosphere is known to evolve with age as demonstrated by its
velocity increase (Carlson, 1998; Christeson et al., 2019; Grevemeyer et al., 1999;
Grevemeyer & Weigel, 1996; Nedimovi¢ et al., 2008; Newman et al., 2011). Information
on if and how the tectonically accreted lithosphere changes with time, which represents a
quarter of the global accretion is still lacking. Here we show that the tectonically accreted
lithosphere, composed of exhumed ultramafic rocks, also evolves. The increase in
velocities from 0—6 Ma is ~53% greater than for the magmatically accreted topmost
lithosphere. Most of this velocity increase takes place at depths of 1.5—4.5 km, deeper
than for the magmatically accreted lithosphere. The overall alteration of the tectonically
accreted lithosphere relative to the magmatically accreted one is, however, greater than
what the velocity increase alone indicates. This is because progressive serpentinization
with aging of the topmost 1.5-2.5 km of lithosphere reduces velocities, thus
counterbalancing the velocity increase due to crack closure and pore infilling. Our work
implies that the tectonically accreted oceanic lithosphere evolves differently from and

much faster than its magmatic counterpart.

3.2 Introduction

At nearly 65,000 km in length, the global mid-ocean ridge system is heterogenous and
shows remarkable differences in the spreading velocity (DeMets et al., 2010), axial

morphology (Carbotte et al., 2016), and modes of seafloor accretion (Cannat et al., 2006).
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The topmost ~6 km of lithosphere formed at fast (~80—180 mm/yr) and intermediate
(~55—70 mm/yr) spreading rates, as well as at the magmatically robust segment centers of
slow (~20-55 mm/yr) spreading ridges, is characterized by a magmatically accreted 6—7
km-thick “layer-cake” or Penrose model structure called oceanic crust. From top to
bottom, oceanic crust consists of: Layer 2A, a basaltic extrusive layer; Layer 2B, formed
by injection of sheeted vertical diabase dikes; and Layer 3, composed of isotropic and
layered gabbros topping the uppermost mantle (Houtz & Ewing, 1976; Ewing & Houtz,
1979: White et al., 1992). The topmost lithosphere formed at ultraslow-spreading (<~20
mm/yr) ridges, and segment ends of slow-spreading ridges, is more heterogeneous and the
“layer-cake” model often does not apply. The melt tends to be focused on the segment
centers (Lin et al., 1990), and the crust thins in the direction of the melt-starved segment
ends where layers 2 and 3 may be discontinuous or absent (Dunn et al., 2005; Minshull et
al., 2006; Muller et al., 1999; Muller et al., 2000; Blackman et al., 2002). At slow- and
ultraslow-spreading ridge sections where the melt budget is reduced to near nil,
uppermost lithospheric accretion shifts to being tectonically controlled and wide-spread
mantle exhumation occurs along long-offset, low-angle detachment faults (Sauter et al.,

2013; Smith et al., 2006; Tucholke et al., 1998).

The topmost lithosphere formed at spreading ridges migrates off-axis driven by mantle
convection, and it is chemically, physically and mechanically differentiated in the process
(Ito & Dunn, 2009). These changes have important implications for hydrothermal
systems, ocean water chemistry, microbial ecosystems, subduction zone processes, and
heat and mass exchange between the Earth’s solid interior and the oceans (Ito & Dunn,
2009; Bach & Friith-Green, 2010). Therefore, evolution of oceanic lithosphere has direct
societal impacts (Halpaap et al., 2019). A geophysical observation that demonstrates
upper crustal evolution is the increase in seismic velocities as a function of the distance
from the ridge axis, and thus age. This velocity change has been observed in the
magmatically accreted topmost lithosphere, where Layer 2A velocities nearly double in
10-15 Ma (Christeson et al., 2019; Grevemeyer et al., 1999; Nedimovi¢ et al., 2008).
Layer 2B has also been shown to evolve, but differently and independently from Layer
2A, with its evolution being mostly confined to 0-0.5 Ma old crust (Newman et al.,
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2011). The increase in layers 2A and 2B velocities with age has been attributed to
porosity reduction by infilling of pore space with secondary alteration minerals (Houtz &
Ewing, 1976; Carlson, 2010) and/or by a change in the crack morphology (Carlson, 2014;
Wilkens et al., 1991). Velocity—lithospheric age dependency has occasionally been
observed for Layer 3 and/or the uppermost mantle, but the overall velocity increase for

these layers is minor (<~5%) (Christeson et al., 2019; Grevemeyer et al., 1998).

3.3 Velocity change in tectonically accreted topmost lithosphere

Here we examine a ridge-perpendicular P-wave velocity model crossing the Southwest
Indian Ridge (SWIR), an endmember ultraslow-spreading ridge with a full-spreading rate
of <14 mm/year (Kreemer et al., 2014), in an area (64°30' E; Fig. 3.3.1) where lithosphere
accretes tectonically (Cannat et al., 2006; Sauter et al., 2013; Corbalan et al., 2021;
Momoh et al., 2017). The velocity model (Fig. 3.3.2a) was formed by inverting first
arrival traveltimes from a 150-km-long ocean bottom seismometer (OBS) profile
(Corbalan et al., 2021), SMOO33 (Fig. 3.3.1 and Appendix C.1). Earlier geophysical and
rock sampling studies in our study area (Cannat et al., 2006; Sauter et al., 2013; Sauter et
al., 2008) have mapped the globally widest exhumed mantle seafloor domains identified
thus far (Cannat et al., 2006) (Fig. 3.3.1). These domains are characterized by variably
serpentinized mantle-derived rocks, peridotites, forming broad rounded 15-90 km long
ridges with a height ranging from 500 to 2000 m (Cannat et al., 2006; Cannat et al.,
2019). The 16 dredges collected along the SMOO33 profile recovered almost exclusively
serpentinized peridotites with a minor amount (<5%) of mafic rocks (Sauter et al., 2013).
The side-scan sonar imagery revealed active and abandoned detachment fault surfaces at
the seafloor that, together with detailed bathymetric and kinetic analysis, manifest the
flip-flop detachment faulting as the mechanism for tectonic accretion of oceanic
lithosphere by mantle exhumation (Sauter et al., 2013; Cannat et al., 2019; Reston, 2018).
The tomographic velocity model (Fig. 3.3.2a) shows the system of detachment faults in
the subsurface (Corbalan et al., 2021). The location of the fault emergences (£) inferred
from the velocity model (Fig. 3.3.2a), together with the previously inferred locations of
breakaways (B) and faults (£) resolved using seafloor imaging (Sauter et al., 2013;
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Cannat et al., 2019; Reston, 2018) (Fig. 3.3.2a,b), allow us to estimate the lithospheric
age along the SMOO33 profile (see Appendix B.1) and evaluate the relationship between
velocity and lithospheric age. Calculated ages from B3 (breakaway of fault numbered 3)

to £9 (emergence of fault numbered 9) are shown in Figure 3.3.2b.

64°00"
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64°30' 65°00'

-28°30"
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Figure 3.3.1. Location of the study area and OBS survey. (a) Regional OBS profile SMOQO33
from the SISMOSMOOTH Survey (Leroy et al., 2015) overlying a color bathymetry map (Cannat
et al., 2006; Momoh et al., 2017). Thick black line depicts shot locations, and white and gray
circles with black outlines are the positions of OBS instruments that did and did not provide
useful data, respectively. The shooting distance inside the dashed red rectangle is 150 m and
outside 300 m. Two tuned linear arrays with 7 air guns each towed at an average depth of 14 m
and with a total nominal volume of 6,790 in® were used as seismic source. Dashed black line
shows the spreading axis location. Highlighted area bounded and filled by white lines delimits the
smooth non-volcanic seafloor (Cannat et al., 2006; 2019). Inset in the top left shows the location
of the Southwest Indian Ridge (SWIR) relative to Réunion Island, the Central Indian Ridge (CIR),
the Southeast Indian Ridge (SEIR), and the Rodriguez Triple Junction (RTJ). Red rectangle
shows the limits of the study area presented in the main figure. (b) Magnification of the main map
within the thin black rectangle details the positions of the OBS instruments. Only the OBS with
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useful data are sequentially numbered in NS direction. The OBS spacing ranges from 3 to 10 km.
The color scale for the bathymetry is the same as in the main map.
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Figure 3.3.2. Tomographic velocity model with interpretation of the detachment fault locations
and lithospheric ages. (a) Results from the first arrival traveltime tomographic inversion of the
SMOO33 profile (Corbalan et al., 2021). Thick black solid and black dashed lines show
interpreted locations of abandoned detachment faults based on the velocity model and seafloor
studies (Cannat et al., 2019; Corbalan et al., 2021; Sauter et al., 2013), and based only on the
seafloor studies (Cannat et al., 2019; Corbalan et al., 2021; Sauter et al., 2013), respectively.
Thick pink solid line illustrates the active detachment fault. White inverted triangles show the
positions of the OBSs on the seafloor. Colour scale at the bottom right defines P-wave velocity.
(b) Vertically exaggerated (VE=5) seafloor topographic profile along SMOO33 with each
successive flip-flop fault surface colour coded. The location of the emergence and breakaway for
each fault is indicated by Ey and By, respectively, where N indicates the fault number. Faults are
sequentially numbered from youngest to oldest from 1 to 9. Ages for each fault surface, where
possible to constrain, are presented at the bottom of the figure. A pattern of ages increasing in an
alternating opposite direction is observed and it is consistent with the proposed mechanism of
seafloor accretion in the study area.

To avoid spatially overlapping samples and to comply with the lateral resolution limits of
our velocity model, we extract 1D velocity-depth functions 2.5 km to the right of the
identified £ and B locations (Fig. 3.3.2b) from E/ to BS. This effectively comprises the
region south of the spreading axis within the best-resolved area in our velocity model (see
Appendix C, Fig. C.1). The 1D functions sample the velocity every 0.1 km for depths
below the seafloor (dbsf) from 0.5 km to 5.5 km. We disregard depths 0—0.5 km dbsf
because they show SD >~0.1 km/s due to data and velocity model limitations and choose
to sample only up to depths where there are still crossing rays (5.5 km dbsf; Appendix C,
Fig. C.1). Next, the sampled velocities are grouped into 1 km depth ranges (0.5-1.5 km,
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1.5-2.5 km, 2.5-3.5 km, 3.5-4.5 km, and 4.5-5.5 km) and plotted in two scatter plots:
one versus distance (Fig. 3.3.3b) and other versus age (Figs. 3.3.3¢c). In Figure 3.3.3 a
general increase in the velocities with distance and age can be observed. We fit a linear
regression function and a fifth order polynomial curve to evaluate the velocity-distance
and velocity-age dependence. We refer to the linear regression to describe the general
increase in velocities with distance and age and use the fifth order polynomial fits to

support our conclusions (see Appendix C.1).
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Figure 3.3.3. Upper lithospheric velocity change at the SWIR as a function of both increasing
distance from the ridge axis and increasing age. (a) Vertically exaggerated (VE=2) seafloor
topographic profile along SMOO33 from E; to Ey, with notation for the location of emergences
(E) and breakaways (B) as in Figure 2 caption. Alternating fault surfaces are shown in black and
grey. P-wave velocity as a function of (b) distance from the ridge axis and (c) lithospheric age. In
both (b) and (c), coloured circles represent the average velocity for each of the five depth groups
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(0.5-1.5 km dbsf in pink; 1.5-2.5 km dbsf in blue; 2.5-3.5 km dbsf in orange; 3.5—4.5 km dbsf in
green; and 4.5-5.5 km dbsf in red) at each extraction location positioned 2.5 km to the right of
each E and B, starting at £/ and finishing at BS. 1D velocity-depth functions are extracted with a
depth sampling of 0.1 km and then averaged for each depth group. The standard error of the mean
pertinent to each average value of each group is shown with thin-coloured vertical lines and
horizontal bars using the same colour code as for the circles. Linear regression fits and five-
degree polynomial fits for each group are shown as solid lines and dashed lines, respectively, in
the corresponding colours (see legend in Fig. 3.3.3c¢).

The slopes of the linear models (Fig. 3.3.3b,¢) indicate that the velocity increase with
distance and age is greater at depths 1.5—4.5 km dbsf (with an average gradient of 0.022 s-
"and 0.169 km s"!/Ma, respectively) than at depths 0.5-1.5 km dbsf (gradient of 0.010 s°!
and 0.074 km s'!/Ma, respectively) and 4.5-5.5 km dbsf (gradient of 0.015 s™! and 0.121
km s7!/Ma, respectively). See Appendix C, Table C1 for the full regression values and fit
statistics. The velocity increase at 1.5—4.5 km dbsf is ~16% in 6 Ma. A velocity increase
of ~10% in 6 Ma is determined for the shallowest and the deepest depth groups.
Numerous alternative approaches to sampling of the velocity model yield similar fits and
uncertainties (Figs. C.2a-d; Tables C.2a-d), pointing to the robustness of the presented

velocity-age dependency.

A correlation in across-axis thermal changes with seismic velocity changes is dismissed.
1D geothermal evolution modelling (see Appendix B.2) shows <1% velocity variation
with modelled thermal changes for lithosphere 0—-6 Ma old at 0—6 km dbsf (Fig. C.3),
indicating that the thermal evolution has a negligible effect on the velocity. This is in
agreement with experimental studies on serpentinized peridotites (Carlson & Miller,
2003) and seafloor geological observations that evidence a slow and diffuse hydrothermal
fluid discharge at the only serpentinite-hosted hydrothermal field known at the SWIR
(Lecoeuvre et al., 2020). The same insignificant effect is observed up to 100 Myr
(Appendix C, Fig. C.4) in our geothermal modelling, which seems to indicate that
temperature has a negligible effect on velocities even at ages at which the plate is likely to

be approaching or entering a subduction zone.
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3.4 Comparison with magmatically accreted topmost lithosphere

A schematic comparison of evolution from 0—6 Ma is shown for (1) lithosphere formed at
magmatically-robust ridges, where the topmost section is magmatically accreted to form a
Penrose type layer-cake igneous crust (Fig. 3.4.1a,b), and for (2) lithosphere formed at
amagmatic sections of the global mid-ocean ridge system, where the corresponding
topmost section is comprised on tectonically accreted partially serpentinized mantle
peridotites (Fig. 3.4.1c,d). Much of the velocity increase within the Penrose type layer-
cake igneous crust is confined to Layer 2, and the bulk of that is within the several
hundred meters thick, high-porosity Layer 2A (Carlson, 1998; Grevemeyer et al., 1999;
Nedimovi¢ et al., 2008). Modern seismic velocity compilations for crust formed at
spreading rates greater than ~14 mm/yr show a global velocity increase of Layer 2A of
~31% for crustal ages 0—6 Ma (Christeson et al., 2019). This drops by nearly half to 18%
for the top 200 m of Layer 2B (Newman et al., 2011). For the same crustal age range, top
of Layer 3 shows <6% velocity increase, and base of Layer 3 <1% velocity increase
(Christeson et al., 2019). Assuming a 6.15-km-thick igneous crust with layers 2A, 2B,
and 3 thicknesses of 0.50 (Berge et al., 1992; Carbotte & Scheirer, 2004), 1.34 and 4.31
km?, respectively, and a 9% increase at the base of Layer 2B, the overall velocity increase

for the magmatically accreted oceanic crust aged 0—6 Ma is ~8.5%.
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Figure 3.4.1. Schematic comparison of evolution of uppermost oceanic lithosphere formed by
magmatic (a and b) and tectonic (c and d) accretion from 0 (a and ¢) to 6 Ma (b and d). The
magmatically accreted lithosphere is represented by layers 2A, 2B, and 3 (a and b), with
thicknesses of 0.5, 1.34, and 4.31 km, respectively, based on a recent global compilation®. The
topmost ~6 km of the tectonically accreted lithosphere is represented by a single layer of
peridotites that are progressively less serpentinized with increasing depth (c and d). Open and
filled cracks, fractures, and faults in (a—d) are displayed with white and red sub-horizontal and
sub-vertical areas, respectively. Increases in layer velocities from 0—6 Ma, reported on the right-
hand side in (b), come from literature®’, and in (d) from the work presented here. Because the
velocity increase over 6 Ma in (d) varies with depth, it is reported for 3 sublayers (0.5-1.5, 1.5—
4.5, and 4.5-5.5 km dbsf) that best summarize this velocity change. Green circular arrows in (d)
depict the area where the velocity increase with lithospheric age due to the crack closure and pore
infilling by mineral precipitation in the top 1.5-2.5 km is counteracted by the increasing volume
of serpentinites and the decreasing volume of peridotites.

If the velocity increase for the tectonically accreted lithosphere at 0-0.5 and 5.5-6 km
dbsf is the same as for the measured adjoining 0.5-1.5 and 4.5-5.5 m dbsf intervals,

respectively, our work suggests that the overall velocity increase for tectonically accreted
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top ~6 km of oceanic lithosphere aged 0—6 Ma is ~13%. This is ~53% higher than for the

magmatically accreted crust, at least in our study area.

Sealing of cracks caused by the reduction of tensile stresses (Fleitout & Froidevaux,
1982; Neves et al., 2004) and pore space reduction due to the precipitation of
hydrothermal alteration minerals (Houtz & Ewing, 1976; Carlson, 2010; Wilkens et al.,
1991) are the processes identified to drive the progressive porosity decrease and,
therefore, the velocity increase with age in the magmatically accreted crust. Typical
values of porosity in newly accreted igneous crust are 15-30% for Layer 2A (Wilkens et
al., 199; Funnell et al., 2021; Johnson et al., 2000; Pezard, 1990), <10% for Layer 2B and
<5% for Layer 3 (Carbotte & Scheirer, 2004). Therefore, there is progressively less room
for crack sealing and pore closure with increasing depth, which in turns means less
velocity change as a function of lithospheric age, as observed for oceanic layers 2A, 2B

and 3 (Figs. 3.4.1a,b).

Serpentinized peridotites exhibit a wide range of bulk porosity values: <5% in ophiolite
complexes (Bonnemains et al., 2016), <13% at the mid-Atlantic Ridge near the Kane
fracture zone (Bonnemains et al., 2016), and 0.3—-26% porosity in laboratory
measurements (Hatakeyama & Katayama, 2020), with the overall representative value of
<=10% (Hatakeyama & Katayama, 2020) that is on par with the porosity of layer 2B.
However, the tectonically accreted uppermost lithosphere composed of serpentinized
peridotites endures highly significant vertical faulting (Wilkens et al., 1991) and is in
general subjected to greater brittle deformation than its magmatically accreted
counterpart. For example, at the SWIR at 64°30" E part of the highly fractured and
weakened exhumed footwall on a detachment fault becomes part of the hanging wall of
the next detachment in the flip-flop faulting mode (Sauter et al., 2008; Cannat et al.,
2019) (Fig. C.5). As a result, the already fractured hanging wall is once again subjected to
deformation with additional faults, fissures, and cracks with larger aspect ratios
developing (Katayama et al., 2021). Thus, it is likely that the topmost sections of the

tectonically accreted oceanic lithosphere have initial porosity that is >10%, perhaps even
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comparable to the porosity of Layer 2A, with the porosity gradually reducing with depth

due to reduction in deformation and increasing pressure.

If the crack sealing and pore infilling are the main drivers for the evolution of the
tectonically accreted uppermost lithosphere, as is the case for the magmatically accreted
crust (Houtz & Ewing, 1976; Carlson, 2010; Carlson, 2014; Wilkens et al., 1991), then
the general pattern of the velocity increase from 0-6 Ma (Fig. 3.4.1) should be similar for
both with the main feature being velocity change that diminishes with depth. The main
difference would be that the tectonically accreted uppermost lithosphere would exhibit a
more gradual velocity decrease with depth, unlike the magmatically accreted crust that

shows a more layered pattern (White et al., 1992).

3.5 Serpentinization: a counteracting process

Measured velocities from 0—6 Ma for the tectonically accreted top ~6 km of lithosphere in
our study area, however, do not follow the expected pattern. The velocity increase for the
1.5-4.5 km dbsf interval of ~16% in 6 Ma is on par with the velocity increase in Layer
2B, which is expected considering similar porosities of vertical diabase dikes and
serpentinized peridotites. But this interval is nearly as thick as Layer 3, and it is surprising
that the change in velocity over the span of 6 Myr varies little within this thick interval as
a function of depth. Only at a greater depth, within the 4.5-5.5 km dbsf interval, does the
velocity change over the 0—6 Ma interval start to drop significantly to ~10%, and
presumably even more so further down. What appears most puzzling is the lower velocity
change over 0—6 Ma for 0.5-1.5 km dbsf interval of ~10%, as the greatest initial porosity
and the most voluminous hydrothermal fluid flow are expected for the shallow-most

portion of the lithosphere.

We propose that the progressive serpentinization with aging of the top 1.5-2.5 km of the
tectonically accreted lithosphere is probably as impactful for its evolution as are the crack
closure due to tensile stress reduction or pore infilling by mineral precipitation.
Serpentinization of exhumed peridotites has been well documented for tectonically
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accreted lithosphere (Rouméjon & Cannat, 2014; Rouméjon et al., 2015) but how this
serpentinization changes with depth and age has not. We suggest that the velocity
increase with lithospheric age due to the crack closure and pore infilling in the top 1.5—
2.5 km is counteracted by the increasing volume of serpentinites and the decreasing
volume of peridotites. Volume expansion during serpentinization may also cause higher
aspect ratio and a largely varied scale fractures that further reduce the velocities
(Hatakeyama & Katayama, 2020). Laboratory experiments on variably serpentinized
peridotites indicate a linear inverse relationship between P-wave seismic velocities and
serpentinization (Christensen, 1972; Christensen, 2004; Hyndman & Peacock, 2003),
from ~8 km/s at 0% serpentinization to ~5 km/s at 100% serpentinization. Rock sampling
studies in our study area show high degrees of serpentinization in rocks tens of kilometers
off-axis (Rouméjon & Cannat, 2014; Rouméjon et al., 2015). The velocities across the
SWIR at 64°30' E translate into very high degree of serpentinization for the top 0.5-2.5
km accompanied by high fracturing and indicate that the largest depth extent of
serpentinization is ~5 km (Corbalén et al., 2021).

Because serpentinization acts as a counterbalance to crack closure and pore infilling when
it comes to velocity increase with aging of the topmost 1.5-2.5 km of the tectonically
accreted lithosphere, the change in the top ~6 km of this lithosphere from 0—6 Ma relative
to the magmatically accreted crust is likely significantly greater than the 53% we
computed based on the velocity increase alone. This not only implies that the tectonically
accreted oceanic lithosphere evolves faster and in a fundamentally different way from its
magmatically accreted counterpart, but that its water content must also be significantly

greater as serpentinization is a key mechanism to chemically embed water.

None of the existing tectonically accreted lithosphere is presently subducting. However,
this must have been a common occurrence in the Earth’s past, and it will be in the future
when the Arctic, Atlantic, and Indian ocean basins start to close. Considering that the
water released from the subducting oceanic lithosphere is thought to have a first order
impact on the intraslab and subduction thrust earthquakes (Halpaap et al., 2019), as well
as on arc magmatism (Grove et al., 2012), it is likely that the geohazards associated with
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subduction of tectonically accreted oceanic lithosphere are different than what we observe
in the present-day subduction zones. For example, it is likely that the subduction of water-
rich, tectonically accreted lithosphere results in greater arc magmatism and intraslab
earthquake activity. This can, perhaps, be verified through studies of past global plate
motions and velocities to identify continental areas composed of past forearcs that have

experienced subduction of water-rich, tectonically accreted oceanic lithosphere.
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Chapter 4

Seismic reflection structure across the ultraslow-spreading Southwest

Indian Ridge at 64°30'E

4.1 Abstract

I present results from a ~180-km-long multichannel seismic reflection profile across the
spreading axis of the ultraslow-spreading Southwest Indian ridge (64°30°E). Here, the
lithosphere is tectonically accreted by long-offset, low-angle detachment faults, and
subsequent mantle exhumation. Available tomographic velocity information allows me to
run Kirchhoff depth migration and compute the true dips of the detachment faults. The
active detachment fault shows a steeper-angle dip (~45°) compared to the dip angles
observed at abandoned detachments (~25°). This is consistent with their different phases
in the flip-flop rolling hinge model responsible for lithospheric accretion. The active fault
is in a new rolling hinge phase, while the abandoned faults are at the end of the rolling
hinge, with their footwalls already rotated and flattened to lower dips. Higher
serpentinization gradients are found in the footwalls of the active and abandoned
detachments, while the hanging walls are characterized by lower serpentinization
gradients. A set of reflections identified as D reflections beneath the dome footwalls of
the active fault and the southernmost inactive fault are interpreted as serpentinization
fronts separating highly fractured and fully serpentinized peridotites above from less
fractured and less serpentinized peridotites below. Beneath two breakaways south of the
spreading axis, reflections with contrasting dip and dip direction to adjacent reflections
are interpreted as small-offset faults formed during flexural rotation of the footwall when

each block was the footwall block of an active detachment fault.
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4.2 Introduction

Ultraslow-spreading oceanic ridges (full spreading rate <~20 mm/yr) make up for ~35%
of the global ridge system (Dick et al., 2003) and yet little is known of their lithospheric
structure and associated tectonic processes. Fault style and axial morphology at slow- and
ultraslow-spreading ridges show remarkable differences from the observed at fast- and
intermediate-spreading rates. For instance, at fast rates, the seafloor exhibits a relatively
gentle topography, with a roughly dome-shaped rise flanked by normal faults and an axial
high of a few hundred meters at the crest (e.g., Buck et al., 2005; Carbotte et al., 2016;
Heezen, 1960). While at slow-spreading ridges, the topography is more rugged and
presents a 1-3-km-deep, 20-30-km-wide axial valley (e.g., Buck et al., 2005; Carbotte et
al., 2016). Inward-facing faults (dip towards the axis) are predominant at slow-spreading
ridges, while at fast-spreading ridges inward- and outward-facing faults (dip away from

the axis) are present in a similar distribution (Carbotte & Macdonald, 1990).

Long-offset, low-angle normal faults or detachments are observed at segment-ends of
slow-spreading ridges and ultraslow-spreading ridges (e.g., Tucholke et al., 1998; Sauter
et al., 2013). These detachment faults have initially steep angles (~70° at 7 km dbsf;
deMartin et al., 2007; Parnell-Turner et al., 2017) and are rotated and flattened during
their footwall exhumation, in response to isostatic rebound of the footwall block, to form
low-angle (from <20° to ~35° at the seafloor; Cannat et al., 2019; Smith et al., 2006)
detachment surfaces (e.g., Wernicke and Axen, 1988; Buck 1988). Exhumed mantle
rocks, peridotites, exposed on the seafloor along the footwalls of these detachments are
observed at oceanic core complexes (OCC) at slow-spreading ridges, such as the 13°20'N
OCC on the Mid-Atlantic Ridge (MAR) (MacLeod et al., 2009), and at ultraslow-
spreading ridges, such as the Atlantis Bank on the Southwest Indian Ridge (SWIR) at
57°10'E (Dick et al., 2019). An OCC is a shallow, broad, domal footwall, with a
corrugated and striated top surface, juxtaposed to a low-lying topography hanging wall
primarily constituted of volcanic rocks (e.g., Blackman et al., 2009; Canales et al., 2004;
Whitney et al., 2013). They are predominantly formed at segment-ends and during
episodes of rifting when tectonic stresses overplay magmatic processes (Blackman et al.,
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2009; Buck et al., 2005). Tectonic stresses are dominant over magmatic processes at
segment ends because of their limited melt-budget available, as magma is focused on the

segment centers (Lin et al., 1990).

Seafloor sampling confirms melt-starved conditions in areas where long-offset, low-angle
normal detachment faults are inferred. Along the slow-spreading MAR and ultraslow-
spreading SWIR, serpentinized peridotites are commonly observed within a variety of
tectonic settings, sometimes in a complex association with gabbros at OCCs (e.g., Cannat
et al., 1993, Lagabrielle et al., 1998; Sauter et al., 2013; Tucholke and Lin, 1994), others
in large amounts and with minor contribution of basalt and gabbros (e.g., Sauter et al.,
2013). At the SWIR at 64°30° E, smooth and low-backscatter surfaces imaged with side-
scan sonar, together with the composition of rocks samples dredged across the ridge axis,
evidence broad exposures of variably serpentinized peridotites on the seafloor
continuously covering tens of kilometers away from the ridge axis (Sauter et al., 2013).
Detachment-related tectonics seem to control serpentinization by bringing peridotites up
to shallow depths and favorable temperature conditions (<400°C) aided by a multi-scale
fracture network that can transport hydrothermal fluids up to 4-5 km dbsf (Cannat et al,
2010; 2016; Rouméjon et al., 2015; Rouméjon and Cannat, 2014). Serpentinization also
promotes strain localization and weakening of the lithosphere which supports the

development of detachment faults (Escartin et al., 2001).

Geological and geophysical observations at slow- and ultraslow-spreading ridges mark a
shift in the seafloor accretion paradigm. Oceanic crust is not only accreted by volcanism
and magmatic processes. Detachment faults may take over for a period of time and be the
loci of plate spreading and responsible for asymmetrical oceanic lithospheric accretion.
Continuous exhumation of mantle-derived rocks occurred indeed for ~11 Myr at the
SWIR (Sauter et al., 2013) and tectonic accretion at the MAR has been inferred to last up
to ~3 Myr (Tucholke et al., 1998).

Controlled-source multichannel seismic (MCS) reflection has proven to be a very useful
tool for studying seafloor structures and the ocean subsurface structure. One of the
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earliest seismic sections with geometrical constraints on detachment faults at OCCs is
from the Eastern-Central Atlantic (Ranero & Reston, 1999). A crustal reflection is traced
continuously for 2 km below the basement with dips ranging from ~20° at its shallowest
depths (near the basement) to ~30° at its deepest parts (2 km subbasement). Outward-
facing dipping reflections beneath the fault emergence and/or the hanging wall indicate
smaller dips (~6-14°) for the detachment fault at the Atlantis Massif OCC (MAR, 30°
10°N; Canales et al., 2004), and higher dips (~45-60°) for the active detachment fault at
the SWIR at 64°30° E (Momoh et al., 2017). The dips in the later study might not
represent true dips as the velocity model used for the depth conversion shows extremely
smooth lateral and vertical velocity changes. Further constraints on detachment faults’
dips are needed to better constrain the general fault geometry of oceanic detachment
faults and to compare the changes between different geological settings (e.g., broad

seafloor mantle domains versus OCCs) and across slow- and ultraslow-spreading ridges.

Another significant reflection identified at a few OCCs is the D reflection (Canales et al.,
2004). It is a sharp, coherent reflection at ~0.2-0.25 s two-way travel time (TWT) below
the seafloor across the central dome of the Atlantis Massif OCC. At this location, Canales
et al. (2004) suggested that the D reflection and the presently exposed detachment surface
are two separate detachments faults, and that the Atlantis Massif OCC formed by
sequential slip on these two faults that merge at depth. The lithosphere between these two
faults is interpreted to be composed of highly serpentinized peridotite, whereas the
lithosphere below the D reflection is interpreted to be less altered mantle, which results in
a strong impedance contrast of the D reflection. This reflection has also been inferred at
one OCC, CT2, in the Parece Vela Basin (eastern Philippine Sea), but most of the imaged
OCCs in this basin do not show organized internal reflectivity (Ohara et al., 2007).

While recent studies have provided more constraints on the seismic reflection structure of
the detachment faults at ultraslow-spreading ridges (Momoh et al., 2017; 2020), there still
are missing true fault dips computed with a well-resolved regional-scale velocity model

(Corbalan et al., 2021), and may shed light in the still debatable fault geometry and
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changes in dip with depth applicable not only to ultraslow-spreading ridges but also to
OCCs elsewhere.

4.3 Study area

The ultraslow-spreading SWIR at 64° 30’E displays the globally widest exhumed seafloor
domains identified thus far (Cannat et al., 2006; 2019). The extension of these domains
has been mapped using extensive geological sampling (Sauter et al., 2013), petrological
analyses (e.g., Cannat et al., 2008; Meyzen et al., 2003; Rouméjon et al., 2014; Seyler et
al., 2003), gravity (Cannat et al., 2006) and magnetic (Sauter et al., 2008) data, and side-
scan sonar studies (Sauter et al., 2013). Variably serpentinized mantle-derived rocks,
peridotites, are the dominant lithology with a negligible contribution of basalt and
gabbros (<5% in 16 dredges collected across-axis; Sauter et al., 2013). A very low melt
supply in the study area is further supported by high normalized REE (rare earth
elements) and sodium concentrations of recovered basalts (Meyzen et al., 2003). These
observations indicate a large axial depth, a lower degree of melting and melt restriction to
greater depths (Cannat et al., 2008; Meyzen et al., 2003; Seyler et al., 2003). Consistently,
microseismicity studies have inferred the base of the brittle lithosphere at depths of
around 20-35 km (Schlindwein & Schmid, 2016), considerably deeper than at melt-rich
mid-ocean ridge segments (e.g., ~6 km at the center and 10—15 km at the end of the

Lucky Strike segment center at MAR; Dusunur et al., 2009).

Detailed bathymetric, kinematic and side-scan sonar studies have suggested that a
complex system of cross-cutting detachment faults with alternating polarity, are
responsible for the exhumation of perdiotites and the asymmetrical oceanic lithospheric
accretion in the study area (Cannat et al.; 2019; Sauter et al., 2013; Reston 2018). The
mechanism of mantle exhumation and mode of seafloor accretion can be explained with
the flip-flop rolling hinge model (Buck, 1988; Buck et al., 2005; Sauter et al., 2013). This
model illustrates initial steep-angle normal faults that are rotated and flattened during the
rolling hinge phase to form low-angle detachment faults displaying variably serpentinized
peridotites in their exposed footwall block. When one fault is abandoned and cut by a new
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steep normal fault with opposite polarity, part of the footwall becomes the hanging wall
of the new active detachment fault. Successive and alternating polarity detachments
locate peridotites on both sides of the spreading axis and result in an asymmetrical

seafloor topography (e.g., Cannat et al., 2019; Sauter et al., 2013).

A regional-scale travel time tomographic velocity model has imaged a velocity structure
consistent with the flip-flop rolling hinge model (Corbaléan et al., 2021). A sharp lateral
change (horizontal gradient ~1 s7!) in velocities from the high-topography central dome
(interpreted to be the footwall with higher seismic velocities) to the juxtaposed low-lying
bathymetry (interpreted to be the hanging wall with lower seismic velocities) is
accompanied by a switch in polarity of the largest velocity anomaly, from 1.5 to —1.5
km/s, and a high vertical gradient (~2 s7!) in the top 2 km. Corbalan et al. (2021) interpret
these observation as the seismic expression of the active axial detachment fault. Similar
patterns of high velocities and vertical gradients juxtaposed to low velocities and vertical
gradients serve to identified five abandoned detachment faults elsewhere in the model. 3D
MCS studies in the study area have shown evidence of detachment faults (Momoh et al.,
2017; 2020) with outward-facing dipping reflections in the location of some previously
interpreted faults, but with some packages of reflections whose dip is not consistent with
the flip-flop faulting model. A group of sub-horizontal reflections are also identified in
the interpreted hanging wall and attributed to the seismic expression of a damage zone
due to recent extensional stresses NS oriented in the hanging wall or that occurred in the

previously active fault’s footwall (Momoh et al. 2017).

4.4 Seismic reflection data acquisition and processing

4.4.1 Seismic data acquisition

The SISMOSMOQOTH 2014 seismic experiment (Leroy & Cannat, 2014) was a joint
Canadian and French effort to carry out a major 2D and 3D MCS and ocean bottom
seismometer (OBS) survey across the SWIR at 64°30'E (Figure 4.4.1.1). The main

objective was to characterize the seismic reflection and velocity structure of the oceanic
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lithosphere formed at the ultraslow-spreading SWIR to understand better the mantle
exhumation dynamics that brings large areas of mantle-derived peridotites to the surface
and to examine the geophysical fingerprints of the variably serpentinized peridotites in
the uppermost lithosphere. The first results from the analysis of the 3D MCS and selected
2D MCS collected data are shown in (Momoh et al., 2017, 2020). Results from the
analysis of two orthogonal ~150-km-long OBS profiles (Figure 4.4.1.1) along and across
the spreading ridge axis are shown in Chapter 2 and Corbalan et al. (2021). Here, I
present the results from the coincident MCS across-axis profiles (Figure 4.4.1.1) with the
OBS north-south (NS) profile, which includes MCS profiles SMOO32, SMOQO33,
SMOO038, and SMOO39.

Figure 4.4.1.1. Location of the study area and
MCS survey. Inset in the top left shows the
location of the Southwest Indian Ridge
(SWIR) relative to the Réunion Island, the
Central Indian Ridge (CIR), the Southeast
Indian Ridge (SEIR) and the Rodriguez Triple
Junction (RTJ). Red rectangle shows the limits
of the study area presented in the main figure.
Main map shows the 4 MCS profiles
(SISMOSMOOTH Survey; Leroy et al., 2015)
processed in this thesis overlying a color
bathymetry map (Cannat et al., 2006; Momoh
et al., 2017). Solid blue, black, and purple lines
depicts shot locations with different shooting
distance interval. MCS profiles with a constant
shooting interval of 150 m (SMOO38 and
SMOO39) are shown with thick purple lines.
MCS profile SMOO33 with a variable
shooting distance (150 m inside the dashed red
rectangle and 300 m outside) is shown in
black. MCS profile shot every 50 m
(SMOO032) is shown with a thick dark blue
line. Areas bounded by thick white lines
delimit the smooth non-volcanic seafloor
(Cannat et al., 2019).
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To collect the SISMO-SMOOTH MCS data, a 360-channel digital streamer with a 4.5-
km-long active section was towed at a depth of 18 m for the SMOQO32 profile and 22.5 m
for the rest of the profiles. The inter-receiver spacing was 12.5 m. Recording time was 18
s, except for SMOO32 where it is reduced to 12 s. Sample rate was 2 ms for all the
profiles. The seismic source for SMOO32 consisted of two linear arrays of 11 airguns
with a total volume of 2625 in® towed at a mean depth of 12 m, and 14 airguns with a
total volume of 6790 in® towed at a mean depth of 14 m for the rest of profiles. The two
arrays of sources were fired every 20 s (~50 m at a velocity of 5 kts) for SMOO32, and
every 150 m in the central part (area inside the dashed red rectangle in Figure 4.4.1.1) and
300 m in the distal parts (area outside the dashed red rectangle in Figure 4.4.1.1) for the
rest of profiles. The differences in survey geometry for SMOO32 and the rest of profiles
is due to the fact that SMOQO32 was collected along other 2D MCS profiles, while the rest
of the profiles were collected during the collection of wide-angle long-offset seismic OBS
data. Nevertheless, considering these differences, all the data can be used together to
perform MCS data processing and later interpretation of the NS profile reflection images.

The four profiles can be used jointly or independently at all or selected processing steps.

The MCS streamer had 17 compasses placed at 300 m intervals to record the inclinations
and azimuth of the streamer at those locations at each shot and with the floating birds they
served as control depth monitors for monitoring during acquisition. Similarly, the exact
position of the research vessel and the end of the streamer were recorded by two
differential global positioning satellite (GPSs) receivers on board and another GPS
receiver placed on a tail buoy at the end of the streamer. The resulting nominal geometry
1s that the minimum distance between a shot and first receiver, offset, is 177 m and the
maximum offset is 4,665 m. The total length of the NS profile spans 180.2 km across the
axial valley (Fig. 4.4.1.1).
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4.4.2 Multichannel Seismic Reflection data processing

4.4.2.1 Navigation and geometry QC

To confidently interpret seismic reflection images is essential to know the exact position
of sources and receivers at each shot. Long MCS streamers rarely follow the projected
straight line during the acquisition because the ocean currents tend to feather (deviate) the
cable from its nominal or intended position. For example, an average value of 10°
feathering in a 4.5-km-long streamer results in a maximum deviation of ~780 m. During
the data acquisition survey, stored SEG-D data were converted to SEG-Y on board and
the correct source and receiver locations were calculated with the navigation files and the
compasses along the streamer and added to the SEG-Y headers. Thus, the SEG-Y data
used in this work have the true geometry already embedded. GMT (Wessel & Smith,
1998) plotting was used to QC (Quality Control) the source and receiver positions. I use
industry grade Omega Geophysical Data Processing SLB software for the MCS
processing. The full processing workflow is shown in a schematic form in Figure
4.4.2.1.1. The effects of each processing step are demonstrated with data examples from

the SIMOSMOOTH MCS profiles.

The first step in the processing flow is to load the SEG-Y data to Omega and the QC step.
During this step I realized that while the source and receiver positions were correct, the
data were missing the mid-point locations. I calculated the mid-points based on the
source-receiver pairs and added them to the data headers. Figure 4.4.2.1.2 shows the
survey geometry and the source, receiver and mid-point locations. Data from SMOO33
north of the dashed red rectangle in Figure 4.4.1.1 was discarded because neither the
SEG-Y nor the raw navigations files have the source-receiver locations. The rest of
SMOO33 is split into two during the processing steps, SMOO332 and SMOO333,
because of their difference in the shooting interval. The former is the central part of the
profile with a shooting interval of 150 m, and the latter is the southernmost part with a

shooting interval of 300 m.
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Load SEG-Y & QC

* Calculate mid-points

¥

Geometry

* 6.25 m CMP interval (IL direction)
e Flexible binning

9

Noise removal and attenuation

* HP filter 0-3 Hz
* Non Uniform Coherent Noise Suppression
* Anomalous Amplitude Attenuation

4

Surface-consistent amplitude
compensation

¥

Designature & dephasing

» Wavelet shaping with ghost notchs
* Deconvolution operator

A 4

Adaptive Deghosting

¥

Surface-related multiple elimination
(SRME) - only attempted

A4

Kirchhoff prestack depth migration

* Data regularization & sort to common offSet planes
* Data interpolation (COMFI)
* Traveltime catalog calculation

A 4

Post-stack & post-migration cosmetic
display corrections

Figure 4.4.2.1.1. Flowchart with the processing sequence. IL stands for Inline; CMP stands for
common-mid point and COMFTI stands for Compact Fourier Interpolation.
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To gather and sort all source-receiver pairs sharing the same common mid-point gather
(CMP), I assigned a 3D rectangular grid. Since SMOO profiles are not exactly coincident
in all their shots, I fit a linear regression line to all the midpoints in Matlab to produce a
master (horizontal) grid that it has the same azimuth (180.9°) of the fitted line and
contains all the mid-points. The 3D grid has 37,420 inlines (IL; lines in the NS direction,
the shooting direction) and 364 crosslines (XL; lines in the EW direction, perpendicular
to the shooting direction). Each cell in the grid, limited by 2 ILs and 2 XLs, is a bin. The
bin size is chosen by the processer, but it is normally chosen in relation to the survey
geometry. A standard value is to choose half the inter-receiver spacing for the IL bin size
and double the inter-receiver spacing for the XL bin direction. I choose a binning size of
6.25 m by 25 m in the IL and XL direction. However, a flexible binning approach (i.e.,
bin extension to cover all data wide-wise in one bin in the XL direction) is commonly
used throughout the processing steps to produce stacks of all lines combined along the NS
profile, along the best-fitting line for all the mid-points including data that would

otherwise lie outside of the static bin.

The survey geometry yields a nominal full-fold or common bin coverage for the
SMOO32 profile of 45 traces per CMP bin and 15 traces per CMP bin for profiles
SMOO038, SMOO39 and central parts of SMOO33. The nominal full fold for the outer
parts of SMOO33 profile is 7.5 traces per CMP bin. Fold coverage maps (Fig. D.la—¢ in
Appendix C) indicate a similar coverage with a fold coverage of 44.4 for about 46.3% of
SMOO32 data and 15.3 for 65-70% of the data pertaining profiles with a shooting
interval of 150m (SMOO332, SMOO38, SMOO039). Profile SMOO333, shot every 300
m, shows a fold coverage of 7-8 for about 88% of the data.

A stack of all lines merged along the NS profile is shown in Figure 4.4.2.1.3, using a
constant water velocity (1500 m/s) for the normal moveout (NMO) correction. Only the
area of interest for chapters 2 and 3 are shown in the stacks displayed in this chapter. This
area is the one covered with OBS on the seafloor, crossing rays in the subsurface in travel
time tomography and with a standard deviation in velocity of <~0.1 km/s in the
tomographic model (Corbalén et al., 2021).
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4.4.2.2 Resampling and spherical divergence correction

Given that our data size is not very large and that we observe useful information for
frequencies above 125 Hz (Appendix C, Fig. C2), we choose not to resample to 4 ms,
which would reduce the maximum signal frequency from 250 Hz to 125 Hz and possibly
introduce minor vertical resolution degradation. This step is commonly used to reduce
data size by half when processing large amounts of data and when there is no useful
signal above 125 Hz. Similarly, many academic studies next apply a spherical divergence
correction, although in industry this is no longer standard. It is now preferable not to
change the amplitudes permanently so early in the processing workflow and to use
amplitude corrections if needed to visualize the data. Similarly, time function gains are
used before some processing steps and immediately removed afterwards if this improves

the algorithm performance (e.g., during Anomalous Amplitude Attenuation, AAA).

4.4.2.3 Noise removal

Noise removal is the next step, in order to increase the signal-to-noise (S/N) ratio and
remove or attenuate unwanted noise that may be masking reflections from geological
structures. First, the signals were high pass (HP) filtered at 3 Hz. Figure 4.4.2.3.1 shows
an example of a common shot gather before the HP, after, and their difference to show

that only unwanted noise has been removed.
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12205 12005 12205 12005 12205 12005 IL ordinal
178 178 178 178 178 178 XL ordinal

5341634 5341434 5341634 5341434 5341634 5341434 CMP

E ¢
5 6 8
3 &
7
8
9
10
1
12
1 201 1 201 1 201 Trace number
1196 1196 1196 1196 1196 1196 Shot number
Figure 4.4.2.3.1. HP filtered shot gather before (left), after (middle) and their difference (right).

Shot gather 1196, Line SMOOQO32.

I next use a Non-Uniform Coherent Noise Suppression (NUCNS) dip filter to remove
coherent noise. The coherent noise suppression approach estimates noise in the
frequency-space (f-x) domain in common shot gathers that can be removed from the
signal. It removes coherent noise (e.g., shot-generated) with an apparent velocity in the
frequency-wavenumber (f-k) domain different to the velocity of reflected signals.
Compared to traditional f-k filters, the main advantage is that NUCNS is significantly less
prone to introduce artifacts. Fan filters are defined with corner-frequencies 0-2-4-6 Hz, a
7-traces filter length and a stop-, pass-low velocity of 5, 10 m/s, respectively, and a stop-,
pass-high velocity of 1200, 200 m/s, respectively. Additional benefits to this approach are
its anti-alias protection, to avoid wrap-around of noise fan filters toward the signal in the
f-k domain, and its additional signal protection, to minimize the possibility of the noise
model containing any signal. To protect the signal, a fan filter in the f-k domain is applied
with a pass-, stop-velocity of 1000, 8000 m/s, respectively, and a cosine taper in between.
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Figure 4.4.2.3.2 shows a common shot gather before and after the NUCNS and their

difference.
12205 12005 12205 12005 12205 12005 IL ordinal
178 178 178 178 178 178 XL ordinal

5341634 5341434 5341634 5341434 5341634 5341434 CMP

8 g
g 6 6 ¢
@ a
(] [

7 7

8 8

9 9

10 10

1 i

12 12

1 201 1 201 1 201 Trace number

1196 1196 1196 1196 1196 1196 Shot number

Figure 4.4.2.3.2. NUCNS filtered shot gather before (left), after (middle) and their difference

(right). Shot gather 1196, Line SMOQO32.

Next, a sequence of multiple AAA is applied to further attenuate unwanted noise. AAA is
commonly used in industry. The AAA algorithm discriminates anomalous amplitudes
(noise) within specified frequency bands, based on a computed threshold. If a trace or
multiple traces in a frequency band are considered anomalous because their amplitudes
exceed the threshold, the amplitudes are reduced. The algorithm calculates the median
amplitude for the selected number of traces and time window length and the median
deviation. The threshold is computed by multiplying the median deviation by a specified
factor. For instance, the first AAA applied to the SISMO-SMOOTH MCS data focuses on

removing spikes. The entire time-window length and bandwidth (0 to Nyquist), and a
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very high threshold factor (100) are employed. All the AAAs are applied only from the
seafloor downwards, as this approach introduced less artifacts and showed a better
performance. The parameters for all the AAAs are summarized in Appendix D (Table
D.1). Figure 4.4.2.3.3 shows an example of a shot gather before and after AAA
processing. Figure 4.4.2.3.4 shows an example before and after the complete sequence of

noise removal processing (HP, NUCNS, and AAAs).

12205 12005 12205 12005 12205 12005 IL ordinal
178 178 178 178 178 178 XL ordinal
5341634 5341434 5341634 5341434 5341634 5341434 CMP

E g
g 6 6 g
Q o
(2] [

7 7

8 8

9 9

10 10

11 "

12 12

1 201 1 201 1 201 Trace number

1196 1196 1196 1196 1196 1196 Shot number

Figure 4.4.2.3.3. A shot gather before (left) the applied sequence of AAA, after (middle) and

their difference (right). Shot gather 1196, Line SMOO32.
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Figure 4.4.2.3.4. A shot gather before any noise removal is applied (left), after the complete

sequence of noise removal is applied (middle) and their difference (right). Panels in the middle

and right are muted at 100 ms above the seafloor. Shot gather 1196, Line SMOO32.

Spuod%eg

A water velocity stack of the NS profile after the noise attenuation step is shown in Figure

4.4.2.3.5. Common shot gathers from each profile are processed independently in this

step and merged for stacking and presentation purposes.
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4.4.2.4 Surface consistent amplitude compensation

Following noise removal, I applied a surface-consistent amplitude compensation (SCAC)
to balance the amplitudes and correct variations related to near surface recording
conditions, such as the shot strength and the receiver coupling. The first step in SCAC
analysis is to estimate the contribution of the source, receiver, offset and the Earth’s
reflectivity (usually referred to as the CMP component) to the observed seismic trace
amplitudes and calculate scaling factors to equalize the amplitudes trace-to-trace. This is
achieved by calculating the log Root-Means Square (RMS) values for each trace and each
component and using a least-squares minimization to solve a surface-consistent model for
shot, receiver, offset and CMP. An example of the RMS amplitudes of data traces from
Line SMOO39 before and after SCAC and their difference is shown in Figure 4.4.2.4.1.
Common shot gathers from each profile are processed independently in this step and
amplitudes are scaled to RMS amplitudes. There is no clear visual difference before and
after applying SCAC, so no shot gather example is shown. A water velocity stack of the

NS profile after the noise attenuation step is shown in Figure 4.4.2.4.2.

350

Channel number
n
o
o

PR P B - i .l i [ J

20 80 140 200 260 320 380 440 20 80 140 200 260 320 380 440 20 80 140 200 260 320 380 440
Shot number Shot number Shot number

RMS amplitude

[ ———— |
360.5 13304.8 26249.2 391945 542952
Figure 4.4.2.4.1. RMS amplitude of Line SMOO039 before (left), and after applying SCAC

(middle). The difference between the two is shown in the right.
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4.4.2.5 Designature, debubble and dephase

This processing step compresses or shapes the wavelet to a sharper zero-phase wavelet,
increases the temporal (vertical) resolution, and removes reverberations (repeating
signals) due to the source bubble pulse. If the source signature wavelet is accurately
known, for example when the airguns have hydrophones placed right above, then a
deterministic convolution can be followed. However, the SISMO-SMOOTH survey did
not acquire this information, so I followed a statistical approach to first derive the source
wavelet (air gun signature deconvolution) and then carry out the debubble and dephase.
The estimated source wavelet (Appendix D, Fig. D.2) is extracted by stacking the
matching traces via autocorrelation of their spectral estimates computed from the seafloor
to 4 s below the seafloor (i.e., designature window length 4 s) and a constant
autocorrelation half-length of 2 s. All the common shot gathers from all lines were used
together in the autocorrelation. Next, a filter operator was designed (Appendix D, Fig.
D.3) based on the extracted source wavelet and a sequence of actions performed on the
wavelet: first to remove the bubble effect, I designed a deconvolution operator with a
10% white noise percentage, 73 ms prediction distance, and 2048 ms operator length;
second the zero-phase equivalent wavelet is computed; and third, I inserted the source and
receiver ghost notches in the wavelet to aid the next step of deghosting. These steps aim
to derive a wavelet closer to the true source wavelet. While common shot gathers from
each profile are processed independently in this step, the filter operator used in all profiles

stays the same (Appendix D, Fig. D.3) for consistency.

The effect of this processing step is shown in figures 4.4.2.5.1,4.4.2.5.2,4.4.2.5.3,
4.4.2.5.4. Figure 4.4.2.5.1 shows an example of a common shot gather before and after
designature and Figure 4.4.2.5.2 shows a common far-offset gather before and after
applying designature. Figure 4.4.2.5.3 shows how the frequency spectra of the data has
changed from the raw data following noise attenuation and SCAC and after applying
designature. Figure 4.4.2.5.4 shows a water velocity stack of the NS profile after this

processing step is applied.
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Figure 4.4.2.5.1. A shot gather before designature is applied (left) and after (right). Blue arrows

indicate the repeated signals typical of the air gun bubble effect existing in the (left) and removed
in the (right). Panels are muted at 100 ms above the seafloor. Shot gather 1196, Line SMOO32.
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Figure 4.4.2.5.2. A common offset gather before designature is applied (top) and after (bottom).
Blue arrows indicate the repeated signals typical of the air gun bubble effect existing in the (top)
and removed in the (bottom). Shot gather 1196, Line SMOO32.
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Figure 4.4.2.5.3. Amplitude spectra of an
unprocessed shot gather (red), same gather
after noise attenuation (blue), and after
designature (green). Amplitude spectra is
smooth by a frequency smoothing
bandwidth of 1 Hz. Shot gather 1196, Line
SMOO032.
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4.4.2.6 Adaptive deghosting

Adaptive deghosting (AD) is used to attenuate ghost reflections, originating at the source
and/or the receiver locations, which may cause loss of frequency content by destructive
interreference with the primary signal. Ghost reflections are due to energy travelling
upward to the sea surface and down to the seafloor or the receiver. A rule of thumb to
calculate the ghost frequency notches is to divide the water velocity (normally assumed to
be 1500 m/s) by 2 times the distance from the sea surface to the source location for
estimating the source ghost frequency notch, and by 2 times the distance from the sea
surface to the streamer location for estimating the receiver frequency notch. These
estimations are normally taken into consideration when designing an MCS survey, and
source and receiver depths are usually chosen so that these frequency notches are beyond
the range of frequencies of interest for the survey. In the SISMO-SMOOTH MCS data, a
source ghost notch can be expected around 62 Hz for SMOO32 and 54 Hz for the rest of
lines, and a receiver ghost notch can be expected around 42 Hz for SMOO32 and 33 Hz

for the rest of lines.

The AD algorithm used decomposes the wavefield in upgoing wavefield and down going
wavefield in the t-p domain to remove the upgoing wavefield related to the ghost
notches. The detailed methodology and mathematical theory are described in Rickett et at.
(2014). Furthermore, it can remove the effect of the source and receiver ghost notches
simultaneously in a single pass and adapts to errors in the water velocity or the
source/receiver depth. Common shot gathers from each profile are processed
independently in this step and merge together for stacking and presentation purposes. An
interpolation within each shot gather is required to fill in missing traces. As a result of the
AD process, the amplitude/frequency spectrum is broadened and flattened, and the output
data are redatummed to the sea surface. Figure 4.4.2.6.1 shows a common shot gather
from line SMOOQO32 before and after AD. Figure 4.4.2.6.2 shows the spectrum before and
after AD for another common shot gather. Figure 4.4.2.6.3 shows a water velocity stack

of the NS profile after the AD processing step is applied.
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Figure 4.4.2.6.1. A shot gather before (left) the applied AD, after (middle) and the residuals
(right). Shot gather 1196, Line SMOQO32.
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Figure 4.4.2.6.2. Amplitude spectra of a shot gather before (red) and after AD (blue). The blue
rectangle in the left show the window selected for the spectral analysis. Amplitude spectra is
smooth by a frequency smoothing bandwidth of 1 Hz. Shot gather 1206, Line SMOO32.
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4.4.2.7 2D pre-stack Kirchhoff depth migration

Seismic migration is an essential step in the processing workflow as it attempts to correct
the distortions of the geological structure inherent in the data by repositioning reflections
into their true geological position in the subsurface, and thus, in both space and time.
Reflections’ amplitudes are summed up and move up-dip along a hyperbolic diffraction
curve until the summed amplitude is located in the curve apex. Migration improves the
seismic data lateral (spatial) resolution, as it collapses the Fresnel zone, and collapses
diffractions to their point of origin. Dipping reflective events made of many diffraction
hyperbolas superposed (Huygen’s principle), are steepened and shortened because of the
migration process. The quality of the diffraction summations, the shape of the hyperbola,
and the performance of the migration process itself, is greatly controlled by the velocity
field. The advantage of using depth migration versus time migration is that it can better
handle lateral velocity variations. Normally, if no velocity information is known, one
needs to perform seismic velocity analysis in the MCS data to determine CDP stacking
velocities. Then, the most recommended approach is to employ a time migration
algorithm, such as the pre-stack Kirchhoff time migration (KTM), to obtain more accurate
velocity information, and use it to further constrain the velocity field with tomography on
the MCS data, and finally run a Kirchhoff depth migration (KDM). This approach is
frequently used both in industry and academia when there is no velocity information from

a complimentary dataset, such as a coincident OBS survey, and for sedimentary basins.

In this thesis, to take advantage of the complimentary OBS/MCS datasets available and
because there are only few reflections to pick in constant-velocity stacks (CVS) to
determine CDP stacking velocities, pre-stack KDM is employed with the velocity
information computed in Chapter 2 (Corbalan et al., 2021). Pre-stack depth migration
(PSDM) is often recommended for imaging complex structures and areas with strong
velocity contrasts (Reston et al., 2004). To carry out the migration, I first rearrange the
data from common shot gathers to common offset planes and grouped all data in 30
groups. The first group contains all data for offsets between 0-300 m, the last group
contains data with offsets between 4500—4750 m, and the 28 groups in from 300 to 4500
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m are split up every 150 m. Different arrangements were tested, but the first offset plane
with the smallest source-receiver offsets and the last offset plane always entailed a larger
offset range to counterbalance the low fold coverage at the ends of the MCS lines. The
goal was to have a similar amount of traces in each of the common offset plane. Omega
KDM algorithm manual strongly recommends this type of data sorting as input data for
optimum performance. Data is then regularized with a Compact Fourier Interpolation
(COMFI), a weighted multi-dimensional least-squares interpolation, to positioned
weighted-summed output trace in the center of each cell or bin within the offset planes. A
time-variant low-pass (LP) high-cut filter is then applied to the data to attenuate high
frequency noise in the deeper part of the section. The filter was designed with high-cut
down 3 dB at 55 Hz with a 45 dB/octave slope for 2.5-4 s below the seafloor, 15 Hz and
25 dB/octave slope for 4-7 s below the seafloor, and 10 Hz and 20 dB/octave slope from

7 s below the seafloor.

The KDM algorithm runs in a 2-step process. First, it calculates traveltimes from each
shot location to each point in the output 3D traveltime cube and creates a traveltime
catalog of all the possible raypaths based on the shot locations and 3D grid points. The
raypaths are directly controlled by the velocity cube provided. I used industry grade Petrel
E&P software to create the cube based on the velocities shown in Chapter 2, Chapter 3
and Corbalan et al. (2021). The second step is the main migration step, and it uses the
traveltime catalog created in the first step, and the regularized, interpolated and filtered
seismic data. Different values of migration aperture were tested, e.g., constant aperture vs
time-variant aperture, and the best results were found with a 5500 m varying aperture

with a 30° dip at 3.8 s, 50° at 5.5s, 60° at 7.5 s, and 89° at 9 s and below.

Figure 4.4.2.7.1 shows an example of the output migrated gathers for input data not
interpolated with COMFI, whereas Figure 4.4.2.7.2 shows an example of the output
migrated gathers for input data interpolated with COMFI. As with the migrated gathers,
the stack sections of migration performed with or without interpolation do not show

strong differences, but there seems to be a slight improvement with the interpolated data.
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Figures 4.4.2.7.3 shows an example of the mute used before stacking, and Figure

4.4.2.7.4 shows a seismic stack section of the migrated gathers with interpolated data.

20724 20724 20726 27028 20730 20730 20732 |L ordinal
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Figure 4.4.2.7.1. A common reflection point or migrated gather, output of the migration run with

no interpolated data. Line SMOO32.
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Figure 4.4.2.7.2. Same common reflection point or migrated gather than in Figure 4.4.2.7.1, but
output of the migration run with interpolated data. Line SMOO32.
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Figure 4.4.2.7.3. Same common reflection point or migrated gather than in Figures 4.4.2.7.1 and
4.4.2.7.2 showing in blue the mute selection. Data to the right of the blue line will be muted
before stacking the migrated gathers. Line SMOO32.
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The velocity model, computed from OBS data with an inherently coarser resolution than
MCS data, might not be entirely accurate and velocities might be too high as reflections
in the migrated gathers (Fig. 4.4.2.7.1 and 4.4.2.7.2), although only a few, do not appear
flat. A quick test on migrating with a velocity model derived from the MCS velocity
spectrum or semblance, seemed to flatten more the reflections in the migrated gathers, but
there was no improvement on the final stack section. Future work in Chapter 5 discusses

other approaches to constrain the velocity field better to be used in the MCS processing.

4.5 Results

The depth migrated stack section (Fig. 4.4.2.7.4) does not show much organized internal
reflectivity or many continuous coherent reflections. However, this is not entirely
surprising as previous MCS results in equivalent or same geological areas (e.g., Canales
et al., 2004; Momoh et al., 2017; 2019; Ohara et al., 2007) also do not show many
coherent reflections. The lack of organized internal reflectivity is likely due to the
complex seafloor and steeply dipping slopes of seafloor structures together with a large
acoustic impedance between seawater and peridotites exposed on the seafloor.
Furthermore, the SISMO-SMOOTH data available for this thesis come with limitations,
as the shooting interval is considerably greater than standard MCS acquisition (300/150 m
versus 37.5 m) for most lines, except for line SMOO32 which it is still larger (50 m
versus 37.5 m). This study area would greatly benefit from higher quality MCS data, such
as for example the one shown in Canales et al. (2004) with a 6-km-long streamer (versus

4.5 km) and 37.5 m shooting interval.
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Figure 4.5.1. Seismic reflection section across the SWIR at 64°30’E. Prestack depth migration
section with BP (2-5-18-25 Hz) and amplitudes in red-blue colour scale (a). In (b) the
tomographic velocity model used for the migration (Corbalan et al., 2021) is overlay with 50%
transparency on (a). Detachment faults’ locations and geometry inferred with OBS traveltime
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tomography (Corbalan et al., 2021) are drawn. Solid black line marks the currently active fault,
and the dashed black lines mark the abandoned detachment faults. The location of the emergence
and breakaway for each fault is indicated by Ey and By, respectively, where N indicates the fault
number. Faults are numbered 1-8 from youngest to oldest. The location of fault 3’, younger than
fault 3, is based only on P-wave travel time tomography (Corbalan et al., 2021). Other fault
locations are based on the tomographic model and previous studies (see Chapter 2 or Corbalan et
al., 2021). In (c) subfigure (a) is shown with my interpretation drawn on top. Identified reflections
are grouped as follows: south dipping sub-vertical planar reflections (SDPRs); north dipping sub-
vertical planar reflections (NDPRs); sub-horizontal reflections (SHRs); gently south dipping
reflections (GSDRs); and gently north dipping reflections (GNDRs). Reflections that are likely
related to faults are drawn as solid lines, while reflections that are interpreted to mark changes in
the degree of serpentinization and serpentinization gradients are delineated by dotted lines. Dip
angles corrected for the vertical scale of the section (VE~3) for 25°, 35°, 45°, 60°, 70° and 80° are
given as a reference.

Nonetheless, the results from the processing of the SISMO-SMOOTH MCS data has
yielded useful additional constraints in the detachment fault’s geometry and
serpentinization gradients. In Figure 4.5.1a, a close-up plot from 2 to 7.5 km in the
vertical depth scale is shown with amplitudes in red-blue color scale with no overlain
interpretations. In Figure 4.5.1b, the same image is overlayed by the velocity model used
for migration (Corbalan et al., 2021, and Chapter 2). Location of estimated faults from
previous OBS tomographic results (Corbalan et al., 2021; Chapter 2) are also drawn on
top and faults names are the same as in Chapter 2 (Corbalan et al., 2021). In Figure

4.5.1c, the same prestack depth migrated section is shown with my interpretation on top.

Five main packages of reflections are identified in the topmost ~1 km of the prestack
migrated data: south dipping sub-vertical planar reflections (SDPRs); north dipping sub-
vertical planar reflections (NDPRs); sub-horizontal reflections (SHRs); gently south
dipping reflections (GSDRs); and gently north dipping reflections (GNDRs) (Fig. 4.5.1c¢).
Several of the identified reflections are also observed in Momoh et al. (2020), such as the
SDPRs and NDPR associated with the largest changes in topography (near £2, E1, and
E5 in Figure 4.5.1) and the SHR between £/ and £3°. Comparison with previous results
(Momoh et al., 2017; 2020) is difficult because the published sections that are coincident
with our NS MCS section and show clearer reflectivity are time-migrated sections. The
depth-migrated section shown by Momoh et al (2020) displays a similar reflection

structure, but thicker packages of reflections. The differences mainly stem from the
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differences in the processing approach. Momoh et al. (2020) did not have a well-resolved
velocity model to be used in depth migration, so they applied poststack time migration.
The migration methodology also differs as they used an explicit finite difference time
migration, and I use a Kirchhoff depth migration. The velocities they use are a
combination of an extremely smooth velocity model with very small lateral or vertical
changes (Momoh et al., 2017) and semblance-based velocity picked on sparse seismic
reflections. They converted their time section to depth using the smooth velocity model in
Momoh et al. (2017). Dip angles are however comparable: 25° for the SDPR and NDPR
for the reflections identified in the vicinity of inactive detachment faults, and ~45° for the
reflections in the vicinity of the active detachment fault (E7). Internal reflectivity below
the active detachment exposed surface (in the footwall block) is better resolved in the
work shown in this thesis, which indicates that Kirchhoff migration handles steep dip and

large lateral variations better than finite difference migration.

4.6 Discussion

The three northernmost interpreted fault locations (£2, E/ and E3’) on the MCS data
correspond well with most faults’ location in the tomographic velocity model (Fig.
4.5.1b). The three southernmost fault locations, £3, E5 and E7 are offset by ~4.6, ~2.5,
and ~2.6 km, respectively. The seismic signature of £3 in the depth migrated section is
perhaps the less evident, and therefore, less reliable of all reflections interpreted in
relation to the detachment faults. All reflections associated to inactive detachment faults
show a dip of ~25°, and the reflections associated with the active fault which shows a
steeper dip of ~45°. I interpret this difference to be due to the different phases on which
the abandoned versus active faults are situated within the rolling-hinge flip-flop model.
The active fault is in a new rolling-hinge phase, with its footwall being continuously
exhumed and rotating, while the abandoned faults are now at the end phase of the rolling
hinge, with their footwalls rotated and flattened before their abandonment. These dips

agree with the dips suggested by Momoh et al. (2020).
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Figure 4.6.1. Depth-migrated section across the SWIR at 64°30°E. (a) Full-figure of the section
with the identifies seismic reflection drawn on top. Dip angles corrected for the vertical scale of
the section (VE~3) for 25°, 35°, 45°, 60°, 70° and 80° are given as a reference. Reflections
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grouped as in Figure 4.5.1 (SDPRs, NDPRs, SHRs, GSDRs and GNDRs). (b-¢) are magnification
of the main figure (a). Reflections that are interpreted to depict faults are drawn as solid lines in
(a) and are indicated in (b-e) with black arrows. Reflections that are interpreted to mark changes
in the degree of serpentinization and serpentinization gradients are delineated by dotted lines in
(a) and are indicated in (b-e) with green arrows.

Figure 4.6.1 shows close-up images of Figure 4.5.1c and indicates the reflections that are
likely related to the active and inactive detachment faults (black arrows) and the ones
likely related to serpentinization gradients and small faults and fluid pathways (green
arrows). GSDRs beneath the £/ and E7 footwall surfaces resemble the D reflection
identified in time-migrated sections across the Atlantis OCC (MAR at 30°10°N) and at
similar positions within the fault surface (profiles 4 and 6 in Canales et al., 2004), across
the widest are along-extension. Singh et al. (2004) showed a complex reflectivity
associated with the D reflection that can extend 0.7 s below the seafloor (Blackman et al.,
2009). There are two proposed alternatives for the origin of the D reflection with great
implications for the detachment fault system at the Atlantis OCC (Canales et al., 2004).
One is that the D reflection is a serpentinized front that separates highly serpentinized
peridotites from much less altered peridotites below. The other is that the OCC is formed
by slip on two detachment faults, and the D reflection is the seismic signature of the first
detachment and detachment two is the currently active fault. Canales et al. (2004)
suggests the latter is more likely for the Atlantis OCC because of two reasons: (1) the D
reflection is smooth and continuous and observations of the reflection in different profiles

across- and along-axis that are difficult to reconcile with the 3D fault geometry.

Furthermore, the D reflection, although less coherent, is observed in a section that is
consider mainly formed by gabbroic rocks. However, in the study area of this thesis, and
the areas where the interpreted D reflections are observed (GSDRs beneath the £/ and E7
footwall surfaces; Fig. 4.6.1) the amount of gabbroic rocks is negligible, and I suggest the
D reflections are more likely to represent serpentinization fronts between highly
fractured, fully serpentinized peridotites and less fractured, less serpentinized peridotites.
This is also in agreement with Figure 2.7.2.1.1 (Chapter 2 and Fig. 8 in Corbalén et al.,
2021). However, this serpentinization front is different from traditional interpretations of
a Moho that is a serpentinized front with serpentinized peridotites above and unaltered
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peridotites beneath (e.g., Minshull et al., 1998, 2006), as the transition from hydrated
peridotites to unaltered peridotites is gradual (Corbalan et al., 2021). I instead suggest that
the D reflections are part of a package of reflections that indicate serpentinization fronts
within a serpentinization gradient, but that only prominent changes in acoustic impedance
are imaged and that others are difficult to resolved due to the scattered returns below the

rough seafloor.
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Figure 4.6.2. Interpretation of the reflections identified in the NS (across-axis) MCS profile at the
SWIR at 64°30’E. Solid pink and black lines depict the active and inactive detachment faults,
respectively. The location of the emergence and breakaway for each fault is indicated by EN and
BN, respectively, where N indicates the fault number. Faults are numbered 1-8 as in Figure 4.5.1.
Dip angles corrected for the vertical scale of the section (VE~3) for 25°, 35°, 45°, 60°, 70° and
80° are given as a reference. Reflections that are interpreted to depict active and inactive faults are
drawn as pink and black solid lines, respectively. Reflections that are interpreted to mark changes
in the degree of serpentinization and serpentinization gradients are delineated by dotted lines.
Reflections identified as D reflections amongst them are indicated with green arrows. Reflections
with contrasting dip and dip directions between neighboring reflections are colored red.

An interpretation of the reflectivity structure at the SWIR at 64°30’ E is shown in Figure
4.6.2. The D reflections and the locations of the active and inactive detachment faults as
discussed above are included. SHRs that nearly follow the topography, GNDR and GSDR
are interpreted as corresponding to changes in the degree of serpentinization and therefore
indicators of serpentinization gradients (Figs. 4.6.1 and 4.6.2). Higher vertical
serpentinization gradients are observed on the footwall, and lower on the hanging wall,
consistent with the vertical velocity gradients (Fig. 4.5.1b). Below the footwall surface,
the area on where serpentinization gradients are identified is narrower and it gradually
widens toward the breakaway, and this area is even wider in the interpreted hanging

walls.
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A few striking reflections (marked in red in Fig. 4.6.2) are observed below the B2, B6 and
B4, in a contrasted different direction to adjacent reflections and forming obtuse angles
with the adjacent reflections. Furthermore, the dip of the reflections is similar and in the
same direction to the dip of the corresponding inactive detachment, i.e., dip of reflection
below B2 is similar to dip and dip direction below E2, and dips of reflections below B4
and B6 are similar to dips and dips direction below E3—E7. The explanation for the
reflections below E2 seems hard to discern as they are located in the hanging wall of the
currently active detachment fault that is subjected to extensive deformation. It is hard to
speculate whether they correspond to a structure formed when this block was part of the
footwall of E2 or if it is a structure formed while the block was in the hanging wall of E£7.
In contrast, I suggest the reflections below B4 and B6, located within what once was the
footwall of detachment faults further north £2, are small-offset faults that formed during

flexural rotation of the footwall.

4.7 Conclusions

Seismic reflection structure crossing the axis of the ultraslow-spreading SWIR at 64°30’E
is constrained with the SISMO-SMOOTH MCS data acquired with a 4.5-km-long active-
section streamer. Industry-grade software Omega is used for the MCS processing and the
workflow is explained with details throughout the text. The results of each processing
step are demonstrated with the SISMO-SMOOTH MCS data. A prestack depth migration
section across the spreading axis and performed with tomographic velocities computed

from a coincident OBS profile, yields the following major findings and conclusions:

1. Prestack depth migration section shows the flip-flop detachment faults’ geometry.
Abandoned detachment faults have a dip of ~25°, while the active fault displays a
steeper dip (~45°). The steeper active fault is in a new rolling-hinge phase, while
the gentler abandoned faults are at the end of the rolling hinge, with their footwalls

rotated and flattened to lower dips.
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2. Higher serpentinization gradients are found in the footwalls of the active and
abandoned detachments, and lower serpentinization gradients are found in the
hanging walls. Reflections identified as D within the serpentinized gradients are
interpreted to mark a serpentinization front separating highly fractured and fully
serpentinized peridotites above from less fractured and less serpentinized

peridotites below.

3. A few contrasting reflections in dip and dip orientation below B6 and B4 are
interpreted as the seismic signature of small-offset faults formed during flexural
rotation of the footwall when each block was the footwall block of an active

detachment fault.
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Chapter 5

Conclusions and future work

5.1 Conclusions

The ultraslow spreading (full spreading rate of <14 mm/year; Kreemer et al., 2014)
Southwest Indian Ridge (SWIR) is one of the most variable mid-ocean ridges in its
lithospheric structure and modes of seafloor accretion (e.g., Cannat et al., 2006; Dick et
al., 2003). The SWIR segment at 64°30’E is of particular interest as it shows the globally
widest exhumed mantle domains on the seafloor (Cannat et al., 2006), with very little
contribution from mafic igneous rocks (<5% gabbros and basalts; Sauter et al., 2013). A
complex detachment fault system of consecutive faults that alternate polarity is presumed
to be responsible for the continuous mantle exhumation at the SWIR at 64°30’E (Cannat
et al., 2019; Reston 2018; Sauter et al., 2013). Most previous studies have focused on
seafloor observations (e.g., Cannat et al., 2006; Reston 2018; Sauter et al., 2008; 2013),
but little is known about the structure in depth. To study the lithospheric structure at the
SWIR at 64°30’E at depth and to provide a well-resolved regional-scale velocity model to
back up or refute the proposed lithospheric accretion model, a coincident wide-angle
seismic refraction Ocean Bottom Seismometer (OBS) and a near-incident multichannel
seismic (MCS) reflection survey was carried out along a ~150-km-long profile across the
spreading axis (i.e., ridge-perpendicular). A complimentary ridge-parallel OBS/MCS
~150-km-long profile was acquired to study the seismic anisotropy at its crossing point
with the ridge-perpendicular profile. The on-axis profile is also used to study the
variability of the lithospheric structure, which transitions from an exhumed mantle
domain to a volcanic seafloor, based on previous geological mapping (Cannat et al., 2006;

2019).

Traveltime tomography performed on the two orthogonal profiles (Chapter 2) is

consistent with a topmost lithosphere composed of highly fractured and fully
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serpentinized peridotites at the top, with a gradual decrease in pore space volume and
degree of serpentinization to unaltered peridotites at depth. This interpretation is
applicable to about ¥ of the investigated topmost lithosphere. The other % is located at
the western section of the ridge-parallel profile and appears to represent transitional
lithosphere toward magmatically-robust lithosphere. A general velocity increase with
distance southward was observed along the ridge-normal profile. To investigate the
evolution along exhumed mantle domains, I focused on the ridge-perpendicular profile
from Chapter 3 onwards. Four MCS profiles, acquired along the ridge-perpendicular
profile during the MD 199-SISMO-SMOOTH Cruise 2014 (Leroy & Cannat, 2014;
Leroy et al., 2015), were processed. Industry-grade software and MCS processing
workflow were employed on the MCS data. The results from this work, shown in Chapter
4, provide additional constraints on the faults’ geometry responsible for mantle
exhumation and continuous lithospheric tectonic accretion. The already computed and
coincident tomographic velocity model allowed a Kirchhoff depth migration to determine
the true dips of the detachment faults. The active detachment fault shows a steeper-angle
dip (~45°) compared to the dip angles observed at abandoned detachments (~25°). This is
consistent with their different phases in the flip-flop rolling hinge model: the active fault
is in a new rolling hinge phase, while the abandoned faults are at the end of the rolling
hinge phase. Three groups of reflections show contrasting dip and dip orientation to
adjacent reflections, which I interpret to be related to small-offset faults formed during

flexural rotation of the footwall.

The main results of our studies at the SWIR at 64°30°E are summarized in the following

sections.

5.1.1 Ridge-normal detachment faulting system

The ridge-perpendicular velocity model and its derivatives, the vertical velocity gradient
and the velocity anomaly models, delineate a system of detachment faults cutting across
the SWIR at 64°30’E. Detachment faults are represented by high velocities, a positive
velocity anomaly, and a high vertical velocity gradient in the footwall, and low velocities,
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negative velocity anomaly, and a low vertical velocity gradient in the hanging wall. The
most pronounced changes in the vertical velocity gradient (from ~2 s'! to ~0.5 s7!), lateral
velocities (horizontal gradient ~1 s!), and velocity anomaly (from 1.5 to —1.5 km/s) are
observed at the interpreted location of the active detachment fault. Our results support the
proposed seafloor accretion model, the flip-flop rolling hinge model (e.g., Buck, 1988;
Sauter et al., 2013), and provide the first constraints at depth of the system of flipping
detachments. One active and five abandoned detachment faults are identified. All the
active and abandoned detachments are located south of the spreading axis and are south
dipping, except for one abandoned detachment identified north of the spreading axis and
with an inverted polarity (north dipping). The intersection between the footwall and
hanging wall of the active detachment fault marks the location of the spreading axis. A
new abandoned detachment is constrained by the velocity structure for the first time. It
may have been missed in previous studies based on seafloor observations (Cannat et al.,

2019; Reston 2018; Sauter et al., 2013) because of its smoothly emergent seafloor
topography.

The locations of all the active and abandoned detachments are compared to the locations
previously suggested, based on seafloor observations in Chapter 2. Calculated seafloor
ages, based on the horizontal distance between the detachment faults’ emergence and
breakaway, using a constant spreading rate of 14 mm/yr, allows us to determine the
relationship between serpentinization and longevity of the faults. Serpentinization appears
to be controlled by the longevity of the detachments and fault block movement: longer-
lived faults show deeper serpentinization extent on the hanging wall, while their footwalls
show less pervasive serpentinization due to the continuous exhumation process. A
prestack depth migrated section across-axis corroborates the first-order control of
detachment faults with serpentinization. Seismic reflections indicate that higher
serpentinization gradients are found within the footwalls of the active and abandoned
detachments, while the hanging walls are characterized by lower serpentinization
gradients. A set of reflections identified as D reflections beneath the dome footwalls of
the active fault seem to indicate a serpentinization front separating highly fractured and
fully serpentinized peridotites above from less fractured and less serpentinized peridotites
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below. Small-offset faults formed during footwall flexural rotation are identified beneath

two breakaways about 16 and 33 km away from the spreading axis.

5.1.2 Along-axis seafloor transition

The observed changes in the velocity model and its derivatives, the vertical velocity
gradient and velocity anomaly models, divide the ridge-parallel profile into three
distinctive zones: an eastern zone (model distance from 69 to 140 km) interpreted to be
composed of exhumed and variably serpentinized peridotites with serpentinization
gradually decreasing as a function of depth; a central zone (model distance from 59 to 69
km) characteristic of a transitional lithosphere; and a western zone (model distance from
~10 to 59 km) showing a sharp lateral change to lower seismic velocities and more
moderate vertical velocity gradient than eastern adjacent zones indicative of a lithosphere
partially constructed by magmatism. The transitional topmost lithosphere is considered to
be heterogeneous in its composition with intertwined layers of fully and partially
serpentinized peridotites and layers of mafic extrusive and intrusive rocks. Our results
indicate that this transition occurs over a distance of ~10 km and suggest that the change

in the seafloor accretion mode indicates a westward increase in melt supply.

Comparison of extracted 1D velocity-depth functions at the crossing point between the
ridge-parallel and ridge-normal profiles indicates up to ~5% ridge-parallel fast-axis
seismic anisotropy from ~0.5 to ~2.2 km dbsf, i.e., ridge-parallel velocities are faster than
ridge-normal velocities. A similar magnitude ridge-normal (reversed polarity) fast-axis
anisotropy exists from ~2.2 km to ~6 km dbsf. I suggest that the uppermost anisotropy is
due to the preferential distribution of cracks parallel or subparallel to the axis, and the
lowermost anisotropy is attributed to the lattice-preference orientation of olivine minerals
in the less serpentinized peridotites in the near-orthogonal spreading direction (i.e., the

lithospheric strain direction).
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5.1.3 Lithospheric evolution

A detailed analysis of the seismic velocity changes as a function of distance and age from
the spreading axis along the ridge-perpendicular velocity model provides the first
evidence for evolution of oceanic topmost lithosphere accreted by tectonic processes.
While detailed knowledge on the evolution of the magmatically accreted topmost oceanic
lithosphere, the crust, has been gathered since the 1970s through observations of seismic
velocity increase with age, how and if the tectonically accreted topmost oceanic
lithosphere evolves is still not known. Yet, the latter is representative of the lithosphere
found at a quarter of the global mid-ocean ridge system. The results from this analysis
reveal that the tectonically accreted lithosphere is not only fundamentally different in its
origin from the magmatically accreted lithosphere, but also evolves differently and much

faster that the magmatically accreted lithosphere.

The increase in velocities in 6 Ma for the topmost ~6 km lithosphere is ~53% greater than
for the magmatically accreted topmost ~6 km lithosphere in 6 Ma. The bulk of the
increase takes place at depths of 1.5-4.5 km, deeper than for the magmatically accreted
lithosphere (0.5—1 km). However, at the topmost 1.5-2.5 km, progressive serpentinization
with aging reduces the velocities and counterbalances the velocity increase due to crack
closure and pore infilling. Thus, the change in the top ~6 km of this lithosphere from 0-6
Ma relative to the magmatically accreted crust is likely significantly greater than the 53%

computed based on the velocity increase alone.

The results from Chapter 3 imply a significantly greater water content in the tectonically
accreted topmost lithosphere as it migrates off the ridge axis given that serpentinization is
a crucial mechanism to embed water chemically. Past and future subduction of water-rich
tectonically accreted topmost lithosphere likely has and likely will result in greater arc
magmatism and intraslab earthquake activity than currently observed, which has

important implications for continental crust genesis and geohazard analysis.
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The three initially proposed questions are answered through this work and summarize as

follows:

(i) How deep does serpentinization extend?
Serpentinization extends up to ~5 km and ~3—4 km below the seafloor across

and along the spreading axis, respectively.

(ii)  Is the oceanic Moho at ultraslow oceanic spreading ridges a serpentinization
front?
No distinct and seismically well-characterized Moho is observed. Most of the
investigated lithosphere gradually transitions from highly fractured and fully
serpentinized peridotites at the top to unaltered peridotites at depth.

(iii) ~ What is controlling the serpentinization and the serpentinization depth?
Detachments seem to control serpentinization and serpentinization across-axis.
Footwalls show less pervasive serpentinization than hanging walls, and

longer-lived faults show deeper serpentinization extent.

5.2 Future work

5.2.1 Extend OBS ridge-normal profile further north

The best resolved area (standard deviation of seismic P-wave velocities <~0.1 km/s) in
the ridge-normal velocity model extends ~50 km south and ~12 km north of the spreading
axis. This is the area in which I analyze the velocity increase dependency on distance and
age south of the spreading axis. Due to data coverage limitations, this analysis cannot be
extended further north. Seafloor mapping suggests that exhumed and variably
serpentinized mantle domains extend for more than 60 km north of the spreading axis
(Cannat et al., 2006; 2019). It would be interesting to extend the ridge-normal profile
further north for two main reasons. The first reason is to determine if the age/distance
dependency observed in the seismic velocities and the lithospheric evolution in the north

127



is comparable to the one observed in the south. Second, if greater distances from the
ridge axis, and longer source-receiver offsets, are achieved during data acquisition there
may be more opportunities to encounter P-to-S conversions and to produce a Vp/Vs
model to further constrain the differences between lithosphere predominantly accreted by
tectonism and by magmatism. For example, Grevemeyer et al. (2018a) give an example
of how profiles extending ~100-120 km away from the ridge axis allow for detailed
Vp/Vs modeling. While the ~50 km transect analyzed south of the spreading axis
corresponds to ~6 Ma, continuous exhumed mantle domains last up ~11 Ma north of the
spreading axis (Sauter et al., 2103). If the ridge-normal profile were to be extended up to
that age or even further north, the velocity-age dependency analysis could also be
extended to ages considered to correspond to mature crust at faster-spreading ridges (e.g.,
>7.5 Ma in Christeson et al., 2019) and to ages at which Layer 2A doubles its velocity at
faster-spreading ridges (.e.g., Grevemeyer et al., 1999; Nedimovi¢ et al., 2008).

I searched for S-waves in the OBS data acquired along the ridge-parallel and ridge-
perpendicular profiles. Only one clear S-wave was found in OBS C38, located three
OBSs before the southernmost OBS in the ridge-normal profile, which is confined to

offsets of 25-45 km (Fig. 5.2.1.1).

20 25 30 35 40 45
Distance (km)

Figure 5.2.1.1. OBS C38 vertical channel record containing the P-wave and the S-wave and the
time hand-picked in blue and red, respectively. The time vertical axis is shown with a reducing
velocity of 6.5 km/s.
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These offsets relate the S-wave to the seafloor mapped as transitional from the
nonvolcanic, exhumed, mantle-derived “smooth-seafloor” (Cannat et al., 2006) to
volcanic seafloor. Therefore, I would recommend extending the profile further north than
the smooth—volcanic seafloor transition to increase the probability of observing P-to-S
conversions. Similar to Prada et al. (2016), I plot the P-wave travel times (Tp) and S-
wave travel time (Ts) in a scatter plot and estimate the Vp/Vs ratio by fitting a linear
regression function (Fig. 5.2.1.2). The Vp/Vs ratio is 1.78+0.19, within the range of
gabbroic rocks but very close to the limit of the serpentinite range (Vp/Vs > 1.8; Carlson
& Miller, 1997). This limit, i.e., the boundary between gabbroic rocks and variably
serpentinized peridotites might not be as abrupt as presented in Figure 5.2.1.2 as Vp/Vs of
peridotites with a low degree of serpentinization might not be conclusive enough to
distinguish them from gabbros (e.g., Calvert & Potts, 1985) and dunites with ~20%
degree of serpentinization can display Vp/Vs between 1.7—1.8 (Christesen, 2004).
However, this simplification is enough to show the type of work that one would be able to
do if more S-wave arrivals were identified in the data. If the extension profile extends
further north, one might find S-waves from both the exhumed mantle and the volcanic

domains, and it would be very interesting to compare and contrast the differences.
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Figure. 5.2.1.2. Tp-Ts diagram showing the distribution of travel times of P- and S-waves (red
dots). The error bars represent picking error uncertainties. The green area limits the Vp/Vs range
characteristic of Serpentinite and the blue does for Gabbro/Diabase range, both based on
empirical analysis (Carlson and Miller, 1997). The red line depicts the linear regression function,
from which a Vp/Vs of 1.78£0.19 is derived.

5.2.2 Relationship between fault geometry and lateral velocity variations along

the OBS ridge-parallel profile

A regional eastward trend of increasing seismic velocities was observed on the ridge-
parallel profile. The velocity trend was investigated examining the lateral variations in 1D
velocity-depth functions extracted from the best resolved area (standard deviation of
seismic P-wave velocities <~0.1 km/s) of the ridge-parallel profile. The westernmost 1D
profiles (Figure 5.2.2.1a) are found at the greatest distance from the spreading axis and
overall show the lowest velocities, with velocities increasing with proximity to the widest
area along-extension of the active detachment surface, hereafter called the apex. The 1D
velocities continue to increase eastward after crossing the apex, as the distance between
the 1D profiles and the spreading axis is reduced (Figure 5.2.2.1a). The primary
geometrical cause for the velocity increase from west to east may be related to the
decrease in the shortest distance between the ridge-parallel profile and the active

detachment fault. When this distance is small, the first arriving seismic energy, following
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the path of shortest time, may have traveled off the profile and through the footwall,
which is rich in high-velocity peridotites. The shortest distance from the ridge-parallel
profile to the active detachment may be a function of both (a) the separation between the
profile and the seafloor trace of the ridge axis, and (b) the subsurface geometry of the
active detachment fault, in particular its overall dip. In Figure 5.2.2.1, the relationship
between the fault’s subsurface geometry, the distance between the ridge axis and the
profile, and the lateral velocity changes is examined. I first assign a simplify fault
geometry of 35° dip at 0 km, 70° at 5 km, and 80° dip at 15 km below seafloor based on
seafloor and geophysical observations and numerical models in oceanic detachment faults
(Bickert et al., 2020; Cannat et al., 2019; deMartin et al., 2007; Parnell-Turner et al.,
2017). Next, I can evaluate the change in the shortest distance between the ridge-parallel
profile and the active detachment, as a function of the assigned uncertainty in the fault
geometry of +£10° and the separation between the ridge-parallel profile and the seafloor
trace of the ridge axis (Fig. 5.2.2.1b). This simple exercise suggests that about half (3/5)
of the increasing velocity in the eastward direction along the ridge-parallel profile can be
attributed to the changing separation between the ridge-parallel profile and the interpreted
seafloor location of the spreading axis. In contrast, the other half (2/5) of the same effect
is attributable to the changing active detachment fault dip. Thus, it is plausible that the
active axial detachment fault dip gradually changes from gentler angles in the east to

steeper dip angles in the west, including potential termination of the fault (Fig. 5.2.2.1¢).

This hypothesis of a lateral and gradual change of fault dip along the spreading axis
would benefit from including high-quality MCS data along the profile. The MCS data
acquired during the MD 199-SISMO-SMOOTH Cruise 2014 (Leroy & Cannat, 2014;
Leroy et al., 2015) along the ridge-parallel profile has a large shooting interval (150—
300m), which, considering the highly scattering seafloor, makes it very unlikely to image
enough reflections in the subsurface and provide further constraints on the fault dip
hypothesis. Chapter 4 and the processing of the MSC lines available during this thesis is
another indication of this limitation. Furthermore, in the ridge-perpendicular profile, there
is at least one MSC line with a 50 m shooting interval, closer to a typical high-quality
MCS shooting interval of 37.5 m. Therefore, I would recommend acquiring true high-
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resolution MCS data along the ridge-perpendicular profile, to test the dip hypothesis and
further define the fault geometry and its lateral changes. Perhaps, this also would be a
good opportunity to test recently improved pneumatic sources (e.g., Tune Pulsed Source
from Sercel), that are capable of producing low-frequency signals. Such a source would
be ideal for challenging targets such as sub-basalt, below a salt-diapir, and within
exhumed mantle domains. In addition, it would help attenuate the high-frequency noise
that is highly absorbed and scattered at the top of complex geological structures (Ronen,

2022), such as the ones found on the seafloor at the SWIR at 64°30°E.
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Figure 5.2.2.1. Relationship between the variations in the ridge-parallel model velocities and the
shortest distance between this profile and the active axial detachment fault. (a) Velocity-depth 1D
profiles from the best-resolved area of the ridge-parallel profile grouped in 5 km intervals and
colored by their normal distance to the spreading axis. The average 1D velocity-depth profile for
the ridge-parallel model is shown with a thick black line for each 5 km interval. We focus on the
depth below the seafloor from 0.5 km to 5 km because (a) the top 0.5 km are not as well resolved
by tomography due to the near vertical ray paths at the top of the model, and (b) the lower
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resolution below 5 km. In (a,c) the apex refers to the widest area along-extension of the active
detachment surface. (b) Schematic illustration of a detachment fault showing how the shortest
distance between the ridge-parallel profile and the active detachment fault varies when the fault
geometry changes (top) and when the distance from the ridge-parallel profile to the ridge axis
changes (bottom). The red triangles indicate the location at where this distance is ~7 km. The grey
triangles (bottom) show the minimum and maximum horizontal distances. The grey lines (top)
show the change in the fault geometry of + 10° dip from the interpreted geometry in black. (c)
Conceptual model of the detachment fault plane (in a gradient yellow) hanging-off the spreading
axis and with the 3D bathymetry plotted in the top of the box diagram. The relative variations in
the fault dip from steeper angles at the west to gentler angles to the east are illustrated with thin
black lines.

5.2.3 Downward continuation and streamer tomography

Downward continuation of the multichannel seismic (MCS) data has proven very useful
to constrain the uppermost ~1 km P-wave velocity structure in areas of large water depth
and rough seafloor, such as the Oceanic Core complex (OCC) on the Mid-Atlantic ridge
30° N (Harding et al., 2007). Downward continuation simulates an on-bottom refraction
experiment, but with a significant increase in data coverage and resolution, typical of
MCS data and comparable to seafloor geology (Arnulf et al., 2011; 2014). In this method,
shots’ and receivers’ locations of the MCS streamer are redatummed closer to the seafloor
by collapsing the direct water wave, and crustal refractions previously found only at far
offsets and normally masked by the strong seafloor reflection at near offsets, are shifted
in front of the seafloor reflection and emerge as near-offset crustal refractions (e.g.,

Arnulf et al., 2014; Henig et al., 2012).

There are two main alternative techniques to the best of my knowledge: (1) use a
downward continuation method such as the Synthetic Ocean Bottom Experiment (SOBE),
to compute the uppermost velocity structure, in combination with a travel time
tomography method, to construct the deeper velocity structure (e.g., Arnulf et al., 2011);
and (2) use a combination of SOBE and a full waveform inversion (FWI) method to
obtain a high resolution model for the topmost velocity structure (e.g., Arnulf et al.,
2012). Given the characteristics of our MCS data acquisition, I would be more inclined to
recommend the first alternative, and perhaps use the most sophisticated velocity model to

explore other depth migration algorithms, such as Reverse Time Migration, which is
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typically considered more useful in complex geological settings and rough seafloor (such
as the SWIR at 64°30’E). However, this approach is very computationally expensive and
benefits from having an accurate high-resolution velocity model. Alternatively, I would
recommend using SOBE combined with FWI only for ridge normal MCS profile
SMOO32, which has a geometry acquisition more similar to standard high-resolution

MCS data (e.g., 50 m shooting interval compared to the standard 37.5 m).

5.2.4 Full-waveform inversion of the OBS data

Travel time tomography is useful for providing long wavelength, smoothed, gridded
velocity models. As our resolution tests in Chapter 2 have shown, the uppermost
lithospheric structure can be studied up to spatial scales of 5 km horizontally and 2.5 km
vertically. Full waveform inversion (FWI) is more suited for detailed studies of the
topmost lithosphere, as it provides higher-resolution velocity models. The main advantage
of FWI over travel time tomography is that the inversion minimizes the difference
between the calculated and the observed data taking into account not only travel times but
also amplitudes, which are more sensitive to short-wavelength structures (e.g., Shipp and
Singh, 2002; Wang et al., 2014). Travel time tomography is still a key and necessary first
step, as the computed final velocity models are excellent starting velocity models for
FWI. The latter has proven particularly useful when imaging low-velocity features, such
as an Axial Magma Chamber (AMC) (e.g., Jian et al., 2017), where seismic attenuation of
energy travelling through the centre of the low-velocity anomaly diminishes the

resolution in imaging these types of features (Jian, 2017).

Travel time tomography at the SWIR at 64°30° E (Chapter 2 and Corbalan et al., 2021)
indicates quite smoothly varying velocities, with an overall gradual increase in velocities
with depth, in accordance with seafloor observations. Perhaps the most interesting areas
to study with FWI would be the transitional and non-volcanic topmost lithosphere found
at the ridge-parallel profile (Fig. 2.7.2.2.1 in Chapter 2) and the hanging wall block in the
ridge-perpendicular profile, to look for indications of small-scale (<5km horizontally)
occasional dike injections. FWI typically benefits from very dense OBS coverage (i.e.,
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receiver spacing of 1-2 km), so another approach would be to focus on the central area of
the ridge-parallel (OBSs 4—12 as in Chapter 2) and the ridge-perpendicular (OBSs 21-31
as in Chapter 2), with the smallest receiver spacing (~2.5-3 km). If small-scale dike
injections exist in these central areas, it would then be possible to study their relationship
with the scattered volcanic patches observed in the seafloor with side-scan sonar (Sauter
et al., 2013). Nonetheless, studies such as Jian et al. (2017) have produced reliable and
interesting results employing FWI with sparse OBS data (OBS spacing between 5 and 10
km and >10 km for some OBSs) so even the first approach or a full FWI model is
plausible.

A higher resolution P-wave velocity for the ridge-perpendicular profile, even if only for
the hanging wall block, would provide additional information on the detachment fault
system. Furthermore, a combination of using downward continuation to constrain the
topmost structure and FWI to construct the deeper structure may provide higher-

resolution results.

5.2.5 Application to the Nova Scotia rifted margin

The Nova Scotia margin displays a remarkable along-strike change in rifting architecture,
as it transitions from an extremely amagmatic rift segment in the north (Funck et al.,
2004; Lau et al., 2018; 2019), to a magma-poor segment in central Nova Scotia (Wu et
al., 2006), and a presumed magma-rich rift segment in the south (Keen and Potter, 1995).
At present, the magma-rich rifting style is attributed to the southern segment based on the
high-amplitude (~300 nT) East Coast Magnetic Anomaly (ECMA) at the continent-ocean
transition (COT) and its coincidence with seaward-dipping reflections (SDRs) identified
in standard crustal multichannel seismic (MCS) data (Keen and Potter, 1995). These
geophysical observations are interpreted to be associated with the emplacement of a large
syn-rift volcanic extrusive body (Keen and Potter, 1995). While seismic velocity
constraints exist for the north and central margin (Funck et al., 2004; Lau et al., 2018;
2019; Wu et al., 2006), the southernmost wide-angle seismic reflection and refraction line
acquired along the margin in the early 2000s, Ocean Bottom Seismometer (OBS)
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SMART Line 3, has not been processed. No seismic velocity constraints exist for the SW

Nova Scotia margin.

Serpentinized mantle-derived rocks are thought to be present along more than 50% of the
world’s rifted margins, and they have indeed been inferred in the northeast (Funck et al.,
2004; Lau et al., 2018; 2019) and central Nova Scotia (Wu et al., 2006) at the COT zones.
Magma-poor ultraslow- and slow-spreading ridges are considered modern analogous of
early rifting stages (corresponding to the COT zones at modern rifted margins) at magma-
poor rifted margins (Cannat et al., 2008). However, in these geological settings, a thick
post-rift sedimentary layer covers the crust and hinders the imaging of underlying
exhumed mantle rocks. The geophysical fingerprints established at the SWIR, and in this
thesis, may allow for a re-evaluation of existing seismic velocity models and a better
understanding of the exhumed serpentinized mantle domains at these rifted margins.
Furthermore, a regional interpretation of the crustal structure and rifting style along the
Nova Scotia margin would benefit from the integration of the already acquired and
available multiple OBS (SMART Line 1 [Funck et al., 2004], OETR-2009 profile [Lau et
al., 2018], OCTOPUS profile [Lau et al., 2019], SMART Line 2 [Wu et al., 2006]) and
MCS (Shell 3D volume, NovaSPAN, and UNCLOS) datasets with a proposed
tomographic velocity model of SMART Line 3 (Fig. 5.2.5.1).
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Appendix A

Supporting Information for Chapter 2: Seismic velocity structure along
and across the ultraslow-spreading Southwest Indian Ridge at 64°30'E

showcases flipping detachment faults

Contents

Tables A.1to A.2
Figures A.1 to A.9

A.1 Introduction

We provide additional details about the data acquisition, data processing prior to first
arrival picking, and P-wave tomographic inversion for the velocity models as follows. In
the Data Acquisition section, we give information on the conversion from the OBS names
used during the MD 199 -SISMO-SMOOTH Cruise 2014 seismic experiment to the
sequential numerical values used in the paper for presentation purposes (Table A.1). In
the Data Processing section, we present the static shifts used for OBS 8, 10 and 12 to
achieve acceptable fits during the OBSs relocation process (Table A.2). In the Methods
and Results section, Figures A.1, A.2, A3, A4, A.5, A.6, A.7, A.8 and A.9 are presented

to expand on what is shown in the main text body.

A.2 Data acquisition

SMOO33 (NS profile) SMOO35 (EW profile)
Original name Converted name Original name Converted name

c37 Lost C26 17
C36 1 C25 18
C35 2 C24 19
C34 3 C23 20
C33 Bad data C22 21

11 4 T1 22

T5 5 C21 23
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12 6 16 24
T6 7 T2 25
13 8 12 26
T7 9 T3 27
14 10 17 28
T8 11 C27 29
15 12 T4 30
T10 13 C28 31
79 Lost c29 Noisy data
C38 14 C30 32
C39 15
C40 16

Table A.1. Conversion of the OBS names from the ones used during the seismic experiment
(original) to the ones in use in this work (converted). Italic typography indicates the OBSs that
were lost or had unusable data.

A.3 Data processing

The raw data were downloaded, corrected for clock drift, converted to SEGY format, and
stored on hard disks while at sea. The data were first inspected to make sure that the clock
drift was correctly implemented, and that the shot positions were accurate in all the OBS
records. Because the OBSs recorded continuously, the next step was to cut the raw SEGY
data into common receiver gathers with 60-s-long data traces pertinent to the shooting
operations for the two orthogonal profiles analyzed in this work (Fig. A.1a). The
hydrophone or vertical channel data, depending on arrival clarity and signal-to-noise
ratio, were then used to pick the water arrival up to offsets of ~8 km. To relocate the
OBSs to their true positions on the seafloor, one-way traveltimes of the direct water
waves were used as input to a least-square regression to fit the optimal latitude, longitude,
and depth locations. For most OBS surveys, including depth as a variable in the
regression is not necessary. However, given that the seafloor topography in the study area
is very rough with steep gradients present (up to ~35° along the NS Profile around the
highest topographic feature), including seafloor depth was quite helpful in determining
optimal locations of a number of OBSs. The reduced root-mean square (RMS) misfit of
arrival times translate to a horizontal position uncertainty of 11-84 m, with the true OBS

seafloor locations differing up to ~300 m from the deployment locations, which is
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expected considering the great seafloor depth and ocean currents in the study area. The
water velocity structure used for OBS relocations was constructed through a combination
of: (1) an ARGO Profile located <200 km away from the study area, at longitude 62°42'E
and latitude 27°27'S, collected on 03—11-2017 for depths <2.5 km; and (ii) the Echo-
sounding Correction Tables (Carter, 1980) for depths >2.5 km. Despite the detailed work
on OBS relocations, first arrivals from OBS 8, 10 and 12 of the French contingent needed
arbitrary static shifts to achieve acceptable fits, likely due to problems with their internal

clocks (Table A.2).

OBS name Static shift (ms)
8 -186
10 -150
12 -229

Table A.2. Static shift applied to OBSs &, 10, and 12 (SMOQO33, NS profile).
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Figure A.1. Example OBS 1 gather for the NS profile. (a and b) Vertical geophone data for OBS
5 after application of a reduction velocity of 7 km/s and band-pass filtering (1-5-18-25 Hz).
Picked (centers of blue error bars) and modeled (yellow curves) first arrival traveltimes are shown
in (b).
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Figure A.2. Example OBS 3 gather for the NS profile. (a and b) Vertical geophone data for OBS
5 after application of a reduction velocity of 7 km/s and band-pass filtering (1-5-18-25 Hz). Blue
error bars and yellow curves as in Figure A.1 caption.

w Offset (km) E
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Figure A.3. Example OBS 21 gather for the EW profile. (a and b) Vertical geophone data for
OBS 5 after application of a reduction velocity of 7 km/s and band-pass filtering (1-5-18-25 Hz).
Blue error bars and yellow curves as in Figure A.1 caption.
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Figure A.4. Example OBS 6 gather for the EW profile. (a and b) Vertical geophone data for OBS
5 after application of a reduction velocity of 7 km/s and band-pass filtering (1-5-18-25 Hz). Blue
error bars and yellow curves as in Figure A.1 caption.

A.4 Methods and results

The traveltime tomography method we use, TOMO2D, applies first a hybrid-approach for
the forward modeling that combines the graph method with a local ray-bending
refinement (Korenaga et al., 2000; Moser, 1991; Moser et al., 1992; Van Avendonk et al.,
1998) to find the shortest raypath from the shot to the receiver for each arrival. We use a
tenth-order forward star for the horizontal direction and a fifteenth-order for the vertical
direction for the graph method (Zhang & Toks6z, 1998), and a minimum segment length
of 1 km with 8 interpolation points per segment for the bending method (Papazachos &
Nolet, 1997). Tolerances for the conjugate gradient and Brent minimization are 1x10*
and 1x107, respectively. The second TOMO2D step is a least-squares regularized
inversion, in which the starting velocity model is perturbed and updated until the targeted
chi-squared (y?) or the set number of maximum iterations is reached (Korenaga et al.,
2000). We set our inversion to run 5 iterations and set the least-squares tolerance to 1 x
1073, Figure A.5 shows 2 as a function of iteration. We tested different values of
smoothing and damping to detect the values that result in the best trade-off between data
fitting and model smoothness, i.e., a low fitting error concurrent with a low horizontal and
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vertical roughness. The damping and smoothing weighting factors used are 30 and 60,

respectively. We use a horizontal correlation length that linearly increases from 2 km at

the top of the model, at the seafloor, to 6 km at the bottom of the model. Likewise, the

vertical correlation length increases from 2 km at the top to 5 km at the bottom of the

model.
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Figure A.5. Scatter plot showing the y? values
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Figure A.6. Traveltime residuals for the starting (red) and final (blue) tomographic velocity
models versus model distance for the NS (a) and EW (b) profiles. Histograms of the traveltime
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residual distributions for the NS (c) and EW (d) profiles. Bins are 20 ms wide.

Figures A.6a and A.6b show that the travel times are fitted at all distances for the NS and
EW profiles. The histograms in Figures A.6c and A.6d show that the traveltime residuals
for the starting velocity models are shifted toward positive numbers and centered around
zero for the final velocity models, which indicates that the starting velocity models are

overall slower than the final velocity models.
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Figure A.7. Full-size checkerboard resolution tests for the NS (left column) and EW (right
column) profiles for perturbation cells: 25 km wide x 10 km high (a and d), 12.5 km wide x 5 km
high (b and e), 5 km wide x 2.5 km high (c and f). The input perturbed model is shown in the
bottom left inset and the recovered perturbed model is the full-size figure. White inverted
triangles show the positions of the OBSs on the seafloor. Red triangles show the location at which
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the profiles cross each other.
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Depth below seafloor

Figure A.8. Starting 1D velocity model (thick black line) hung off the seafloor in Figures 2.6.1.1a
and 2.6.1.1d is shown together with 100 of its randomizations (thin grey lines) used for the Monte
Carlo analysis.
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Figure A.9. 1D velocity-depth profiles (dark grey) sampled every 1 km in the section of the NS
(a) and EW (b) averaged velocity models within the best resolved areas (Figs. 2.6.2.2.1a,b): (a) 51
km to 114 km and (b) 55 km to 106 km. Average 1D velocity-depth profiles are shown with thick
black lines and the velocity envelope in light grey.
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Appendix B

Methods for Chapter 3: Evolution of tectonically accreted oceanic

lithosphere

B.1 Age estimation Method

Unlike the accretion at faster spreading rates, which is continuous and to the first order
symmetric on both flanks, accretion at the SWIR at 64°30' E is discontinuous and
asymmetric, resulting in disrupted lithospheric age with increasing distance from the
ridge axis. This is a consequence of the flip-flop detachment faulting pattern in which
successive detachment faults have an alternating polarity (Sauter et al., 2013). In the flip-
flop rolling hinge faulting mode, an initially steep normal fault is rotated and flattened to
form a low-angle detachment surface on the seafloor until the fault is abandoned and a
new steep normal fault cuts through the footwall and becomes the new master fault. Each
new fault has an opposite polarity to the previous fault, whose footwall it is cutting
through. Thus, footwall surfaces of abandoned faults are split and migrate in opposite
directions, which results in footwall surfaces of abandoned faults located both north and
south of the spreading axis (Cannat et al., 2019; Reston, 2018; see also Fig. C.5). As a
consequence of this faulting mode, ages are discontinuous as a function of distance from
the ridge axis and change between emergence and breakaway of successive faults (Fig.
3.3.2b). Magnetic anomalies available for our study area (Cannat et al., 2006) are not
robust due to the overall low magnetization of serpentinized peridotites and the potential
overprinting of serpentinization-related magnetic signature of ultramafic rocks by
occasional magmatic diking and volcanic eruptions (Bronner et al., 2014; Cannat et al.,
2019). Thus, to estimate the seafloor ages we choose to use the point at which the ridge
axis, mapped as the emergence of the currently active fault, crosses the SMOO33 profile
as the marker for 0 Ma age, and unravel the rest of the ages with a constant spreading rate
of 14 mm/year using the tomographic model distance between emergences and

breakaways (Table C.3) and two simple conditions:
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Age(Eyy,) = Age(By)
Age(By) > Age(Ey),

where E stands for emergence and B stands for breakaway. N indicates the fault number.
Faults are numbered sequentially from youngest to oldest from 1 (active fault) to 9.
Figure 3.3.2b shows the location of the Bs and Es and the estimated ages for each
identified footwall surface. A pattern of ages increasing in an alternating opposite
direction can be observed consistently with the flip-flop detachment faulting mode.
Although these ages are only based on the spreading rate and not on magnetic anomaly
record, they are adequate to carry out a first-order analysis of the changes in the seismic

velocities as a function of distance from the ridge axis and lithospheric age.

B.2 Thermal modelling Method

To test if the observed velocity increase is related to changes in the geothermal regime as
the lithosphere ages, we carry out a finite-difference (FD) modelling (see Supplementary
Methods) to investigate how a 1D geothermal curve evolves in our study area. The initial
geotherm is a 3-point curve with a temperature (T) of 750 °C at 15 km dbsf (Chen et al.,
2020; Grevemeyer et al., 2019), 1260 °C at 50 km dbsf (Barruol et al., 2019; Bickert et
al., 2020), and 1350 °C at 100 km (Kelly et al., 2016). The last point represents the base
lithosphere temperature and the bottom of the 1D model (Kelly et al., 2016). FD models
to evaluate the thermal evolution are computed for a time span of 10 Myr (Fig. C.3) and
100 Myr (Fig. C.4). Thermal relaxation is achieved in ~60 Myr (Fig. C.4) and the thermal
differences in 10 Myr for the upper lithosphere (~6 km dbsf) are very small (Fig. C.3c).
These differences imply a maximum cooling rate of ~10 °C/Myr for the lithosphere up to

~6 km dbsf.

In order to better understand the effect of thermal variation on seismic velocity we
convert the 1D temperature-depth functions to velocity variation with depth using a factor

denominated here as the gamma ratio (y). Assuming that for a given serpentinization
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degree, Young’s modulus ( ¥) and Poisson’s ratio (i) are constant and their temperature

dependency is nil, the P-wave velocity formula can be rearranged as follows:

B E1l—-p) - El-w  _ [B_ B
-2+’ Plp =20+ p [pe(1—al)

In these equations, B is a constant, p is density, p, is the density at standard pressure, « is

the thermal expansion coefficient, and T is the temperature. We can then calculate y as:

:@ _ B *po(l - OCTl) _ 1 - O(Tl
Y=Vp = (Brpy(—aTy) ~ (1-aT;

While there are several studies on how the elastic properties of peridotites change with
the degree of serpentinization (Table C.4), there are only a few on how they change with
temperature. Laboratory determinations show that p for variably serpentinized peridotites
does not vary significantly with temperature (Christensen, 2004), as is the case with most
rocks (Anderson et al., 1968; Christensen 1972; Christensen 1996; Hughes & Maurette,
1956). Similarly, a negligible temperature dependency of # for olivine has been
observed (Evan & Goetze, 1979). Considering the lack of experimental studies on how ¥
changes with temperature for peridotites, we assume that the findings for Olivine are
applicable to peridotites. Thus, no thermal dependency of the elastic parameters p and ¥

has been observed for variably serpentinized peridotites.
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Appendix C

Supporting Information for Chapter 3: Evolution of tectonically

accreted oceanic lithosphere

C.1 Seismic data analysis and inversion

A total of 6,523 first P-wave arrivals are hand-picked on the OBS records to offsets of up
to ~90 km after relocating the OBSs to their true positions on the seafloor and applying a
minimum phase trapezoidal band-pass filter (1-5—18-25 Hz). The unfiltered data were
used as much as possible for the picking, with the filtered data used only to extend the
picks to further offsets. In some instances, arrivals of the first water multiple are picked
where first arrivals are not clear at long offsets. Water multiple picks were then time-
shifted until picks from the multiple for near and/or mid offsets coincide with equivalent
picks for the first arrivals. Picking uncertainties are assigned with an offset dependency as
follows: 30 ms for high-quality waveforms at offsets <6.5 km; 60 ms for offsets between
6.5 and 12 km; 100 ms for offsets between 12 and 20 km; 120 ms for offsets >20 km; and

150 ms for time-shifted multiple arrival picks.

Travel times of first arriving P-waves were next used to compute a tomographic 2D
velocity model shown in Figure 3.3.2a using the TOMO2D software (Korenaga et al.,
2000). The method results in a minimum-structure smooth sheared mesh velocity model
hung from the seafloor (Fig. 3.3.2a). TOMO2D first combines the graph method with a
ray bending conjugate gradient method for a hybrid ray-tracing approach. Next, a least-
squares regularized inversion is employed and the starting velocity model is perturbed
and updated until the targeted chi-square (x?) or the set number of maximum iterations is
reached. Smoothing and damping constraints are used to regularize the iterative inversion.
After five iterations, the model converged to a y* of 1.10 and a Root Mean Square (RMS)
traveltime residual of 53 ms. To estimate the velocity uncertainty across the model we

performed a nonlinear Monte Carlo analysis (Fig. C.1). For this purpose, the starting 1D
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velocity model is randomly perturbed to create a set of 100 randomized 2D extended
starting velocity models. These randomized models were used to run 100 inversions using
the same parametrization used for our inversion. The resulting tomographic models are
used to calculate the average velocity model (Fig. 3.3.2a and C.1a) and the standard
deviations (SD) of the P-wave velocities across the model (Fig. C.1b). The ray density in
the model is represented by the derivative weight sum (DWS; Toomey & Foulger, 1989),
a nondimensional relative indicator of ray coverage (Fig. C.1c). The checkerboard tests
computed for resolution assessment are shown in Figures C.1d, C.le and C.1f. To carry
them out, checkerboard patterns with different horizontal and vertical cycle lengths with a
+5% periodic velocity perturbation were added to our final velocity model and used as
starting velocity model for the inversion. Subtracting the input velocity models from the
final inverted velocity models gave us the perturbations that our inversion is able to
recover (Fig. C.1d-f). Thus, the resolvability of the model can be assessed with the extent

of the perturbation recovery.
C.2 Velocity change as a function of ridge axis distance and lithospheric age

We carry out linear and five-degree polynomial regressions in addition to those shown in
Figure 3 to evaluate possible effects of 1D velocity-depth function positions along the
OBS profile (their distances from the fault emergences and breakaways) and the size of
the velocity-depth group ranges. Results from this analysis are shown in Figures C.2a-d
with the specifics of the analysis carried out explained in the figure caption. A positive
trend relationship between P-wave velocity and age or distance away from the ridge axis,

like the one shown in Figure 3, is noted for all the tests carried out.

As would be expected, all the fifth order polynomial curves (Figs. 3.3.2 and C.2a-d) show
a better fit than the linear trends, i.e. lower Root Mean Squared Error (RMSE in Tables
C.1 and C.2a-d) and higher Adjusted R? (Adj R-sq in Table C.1), for each corresponding
depth group. Nonetheless, the t-Test and p values (<5% significant level) in Tables C.1
and C.2a-d for the linear regression fits show strong evidence against the null hypothesis,

i.e., that there is no linear relationship between P-wave velocity and age or distance and
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support the occurrence of a statistically significant positive trend between the studied

variables.
C.3 Thermal evolution modeling

The 1D finite-difference (FD) model used to solve for the heat flow equation and to
evaluate the thermal evolution expected at the SWIR at 64°30'E employs a Forward Time
Centered Space (FTCS) method. FTCS is an FD method normally used to solve parabolic
partial differential equations, such as the heat flow equation. It applies an explicit forward
difference scheme (first order) in time and a centered difference scheme (second order) in
space. We use 500 nodes in our FD model, and we assume the entire model domain
consists of mantle-derived rocks, peridotites. The boundary conditions are 0 °C at the
model surface and 1350 °C at the depth of 100 km (Kelly et al., 2016), which assumes the
asthenosphere is well mixed below. The model time steps satisfy the Von Neumann
stability criteria. Values used to calculate the lithospheric heat flow are: 3¢ W/m? for the
mantle heat production (Gholamrezaie et al., 2018); 4 W/m K for the thermal
conductivity (Shapiro & Ritzwoller, 2004), 1793 J/Kg K for the specific heat capacity of
mantle-derive rocks (Lesher & Spera, 2015), and 3000 kg/m (Christeson et al., 2019) for
density (Bickert et al., 2020). Results for the 1D FD thermal modelling are shown in
Figures C.3 and C 4.
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Figure C.1. Uncertainty assessment using Monte Carlo analysis (a, b and ¢) and checkerboard
resolution tests (d, e and f) for the first arrival traveltime tomographic inversion. (a) Averaged
final velocity model; (b) Standard deviation of the P-wave velocity; (c) Derivative weight sum
(DWS) indicating the ray coverage. Results from checkerboard resolution tests for perturbation
cells: 25 km wide x 10 km high (d), 10 km wide x 5 km high (e), and 5 km wide x 2.5 km high
(). In (d, e and f), the input perturbed model is shown in the bottom left inset and the recovered
perturbed model is the full-size figure. In all figures, white inverted triangles show the positions
of the OBSs on the seafloor thus outlining the best resolved area delimited by the dotted light grey
lines. This area is covered with crossing rays and shows a standard deviation (SD) in velocity of
<~0.1 km/s.
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Figure C.2a. Upper lithospheric velocity change at the SWIR as a function of both increasing
distance from the ridge axis and increasing age for depth group sizes and 1D velocity-depth
function extraction locations other than those shown in Figure 3.3.3. Figure C.2a shows the
regression analysis for extraction locations +2.5 km to the left and right of the emergences (£) and
breakaways (B). Figure C.2b shows the regression analysis for extraction locations at a regular
interval of 2.5 km from E7 to before £9. Figures C.2c and C.2d show the regression analysis for
the same data points used in Fig. 3 (+2.5 km to the right of Es and Bs) but with different depth
group sizes explored: 2.5 km and 0.5 km, respectively. In all figures (C.2a—C.2d), coloured circles
represent the average velocities for the depth groups at each extraction location. 1D velocity-
depth functions are extracted with a depth sampling of 0.1 km and then averaged for each depth
group. The standard error of the mean pertinent to each average value of each group is shown
with thin-coloured vertical lines and horizontal bars using the same colour code as for the circles.
Linear regression and five-degree polynomial fits for each depth group are shown as solid and
dashed lines, respectively. Depth groups are colour coded as shown in legend in (b).

177



Vp (km/s)

Vp (km/s)

(b)

Depth (km)
45-55
| 35-45
|| 25-35
1.5-25
I 0.5-1.5

0

Age (Myr)

Figure C.2b. Figure C.2 continuation. Please refer to Figure C.2a caption for annotation.
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Figure C.2c¢. Figure C.2 continuation. Please refer to Figure C.2a caption for annotation.
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Figure C.3. Results from the thermal analysis with the 1D finite-difference model computed for a
time span of 10 Myr. In (a) and (c) the initial geotherm is shown as a dashed black line and the
computed geotherms are shown as coloured solid lines corresponding to different ages, from 1 to
10 Myr every 1 Myr. The colour code used is provided in the legend in (d) and it applies to all
figures (a-d). Gamma (y), which is a ratio between the P-wave velocity of the aging lithosphere
and the initial P-wave velocity at zero age, is shown in (b) and (d). Top panels (a and b) show the
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full depth studied, up to 100 km dbsf, and bottom panels (c and d) show zoom to the depth range
of interest, from 0—-6 km dbsf.
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Figure C4. Results from the thermal analysis with the 1D finite-difference model computed for a
time span of 100 Myr. In (a) and (¢) the initial geotherm is shown as a dashed black line and the
computed geotherms are shown as coloured solid lines corresponding to different ages, from 10 to
100 Myr every 10 Myr. The colour code used is provided in the legend shown in (c) and it applies
to all figures (a-c). Full depth (100 km dbsf) analysis is shown in (a) and zoom to depth range of
interest from 0—6 km dbsf is shown in (c¢). Gamma (y) for the full depth is shown in (b).
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Figure C.5. A series of conceptual sketches showing the flip-flop detachment faulting system
evolution from present seafloor topography (top sketch) to the estimated topography exhibited
when the oldest identified fault was the active master fault (bottom sketch). The fault surface of
each successive flip-flop fault is colour coded as in Figure 3.3.2b. Name on the right of each
topographic profile indicates the active fault.
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Table C.1. Summary of linear and polynomial regression statistics for the data and results shown

in Figures 3.3.3b and 3.3.3c. Table annotation is as follows: ID
meters below sea floor; m = slope of the linear regression; b

layer identification; mbsf =

intercept of the linear regression;

Root Mean Squared Error; R-sq

R-squared (coefficient
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velocity-depth profiles extraction locations and depth group sizes (Figures C.2a-d). The rest of the

Table C.2a. Summary of linear and polynomial regression statistics for other explored 1D
notation as in Table C.1 caption.
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Table C.2b. Table C.2 continuation. Please refer to Table C.2a caption for annotation.
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Table C.2¢c. Table C.2 continuation. Please refer to Table C.2a caption for annotation.
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Table C.2d. Table C.2 continuation. Please refer to Table C.2a caption for annotation.
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Table C.2d continuation. Table C.2 continuation. Please refer to Table C.2a caption for

annotation.

187



Es and Bs locations 2.5 km to the right of the E/B
Distance (km) Dist. (km) Age (Ma)

B3 48.8 B3R NU NU
E2 50.8 E2R 53.3 NU
B1 55.7 B1R 58.2 NU
E1 62.8 E1IR 65.3 1.03
B2 67.9 B2R 70.4 1.42
E3 73.1 E3R 75.6 2.03
B4 80.4 B4R 82.9 2.60
E5 85.9 E5R 88.4 3.86
B6 96.1 B6R 98.6 4.48
E7 99.5 E7R 102 5.65
B8 107.6 B8R 110.1 6.15
E9 1114

Table C.3. Tomographic model distances and corresponding crustal ages for the sample locations
of 1D velocity functions used in the analysis shown in Figure 3.3.3, which are annotated with a
letter-number-letter patterns (e.g., £2L). Also listed are tomographic model distances for locations
of emergences (£) and breakaways (B), which are annotated with a letter-number pattern (e.g.,
B3). NU stands for Not Used in the analysis and it pertains to Es and Bs located north of the

spreading axis.
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Variably serpentinized peridotites

Elastic Constants 0% serpentinization 50% serpentinization 100% serp. (serpentinite)
Young's modulus (Mb) 1.76 0.83 0.38 .
Christensen 1966
Bulk's modulus (Mb) 1.34 0.84 0.47
Shear's modulus (Mb) 0.68 0.32 0.15
Elastic Constants 0% serpentinization 50% serpentinization 100% serp. (serpentinite)
Poisson's ratio 0.28 0.33 0.37
Young's modulus (Mb) 1.77 0.43 .
Bulk's modulus (Mb) 1.34 0.53 Christensen 1972
Shear's modulus (Mb) 0.69 0.16
Density (g/cm®) 2.9
Elastic Constants 0% serpentinization ??% serpentinization 100% serp. (serpentinite)
Poisson's ratio 0.30-0.31 0.34-0.35 (0.35%)
Young's modulus (Mb) 0.80-0.81 0.39-0.44 Christensen 1978
Bulk's modulus (Mb) 0.66-0.70 0.42-0.50 *reported in abstract
Shear's modulus (Mb) 0.31 0.15-0.16
Density (g/cm’) 2.62-2.87 2.51-2.55 (2.53%)
Elastic Constants 0% serpentinization 50% serpentinization 100% serp. (serpentinite) .
- - Christensen 1996
Poisson's ratio 0.26 0.33 0.36
0% serpentinization 50% serpentinization 100% serp. (serpentinite) Miller & Christensen
Density (g/cm?) 3.3 2.9 2.52 1997
Elastic Constants 0% serpentinization 50% serpentinization 100% serp. (serpentinite) .
- - Christensen 2004
Poisson's ratio 0.265 0.303 0.362
P 100% serp.
Averaged values 0% serpentinization | 50% serp. (w 1978 data) 50% serp. (w/o0 1978 d.) (serpentinipt'e)
Poisson's ration 0.27 0.42 0.32 0.36
Young's modulus (Mb) 1.77 0.82 0.83 0.41
Bulk's modulus (Mb) 1.34 0.76 0.84 0.49
Shear's modulus (Mb) 0.69 0.32 0.32 0.16
Density (g/cm?) 3.30 2.82 2.90 2.53

Table C.4. Summary of elastic parameters available in the literature for variably serpentinized
peridotites. While the variation in the elastic parameters as a function of the degree of
serpentinization has been observed and measured in experimental studies, laboratory
determinations have shown no such variation with the change in temperature (Christensen, 2004;
Evan & Goetze, 1979).
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Appendix D

Supporting Information for Chapter 4: Seismic reflection structure

across the ultraslow-spreading Southwest Indian Ridge at 64°30'E

Contents

Figures D1 to D2

D.1 Figures
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Figure D.1a. Fold coverage map for line SMOO32.
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From

-nf
1.0000
2.5500
4,1000
5.6500
7.2000
8.7500
10.3000
11.8500
13.4000
14.9500
16.5000
18.0500
19.6000
21.1500
22,7000
24,2500
25.8000
27.3500
28.9000
30.4500
32.0000
33.5500
35.1000
36.6500
38.2000
39.7500
41.3000
42,8500
44,4000
45,9500
47.5000
49.0500
50.6000
52,1500
53.7000
55.2500
56.8000
58.3500
59.9000
61.4500
63.0000

Default
To cl %
1.0000 @ 0.0%
2.5500 |l 0.1%
41000 01%
5.6500 |  0.1%
72000 @ 0.1%
8.7500 @] 0.1%
10.3000 @ 01%
11.8500 0| 01%
13.4000 @  0.1%
14.9500 @ 0.0%
16.5000 | 01%
18.0500 M| 01%
19.6000 | 0.1%
21.1500 0| 01%
22.7000 0.1%
24.2500 0.1%
25.8000 0.1%
27.3500 0.1%
28.9000 0.1%
30.4500 0.1%
32.0000 0.1%
33.5500 0.1%
35.1000 0.1%
36.6500 0.1%
38.2000 0.1%
39.7500 0.1%
41.3000 2.1%
42.8500 9.0%
44.4000 46.3%
45.9500 13.5%
47.5000 M1 15.5%
49.0500 M| 6.4%
50.6000 M| 1.3%
521500 | 1.9%
53.7000 | 0.6%
55.2500 | 0.6%
56.8000 | 0.2%
58.3500 | 0.2%
59.0000 ll  0.1%
61.4500 | 0.1%
63.0000 0.0%
Inf il 0.0%
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Figure D.1b. Fold coverage map for line SMO332.
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180
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Default

From To C % #
-nf 1.0000 W 0.0% 0
1.0000 1.5500 Wl 0.6% 49
[ 1.5500 2.1000 W 0.6% 48
2.1000 2.6500 0.0% 0
2.6500 3.2000 W 0.5% 45
3.2000 3.7s00 W 0.0% 0
3.7500 4.3000 W 0.6% 47
4.3000 4.8500 0.0% 0
4.8500 5.4000 |l 0.6% 47
5.4000 5.9500 0.0% 0
5.9500 6.5000 Wl 0.6% 50
6.5000 7.0500 W 0.6% 49
7.0500 7.6000 M 0.0% 0
7.6000 8.1500 |l 0.6% 51
8.1500 8.7000 | 0.0% 0
8.7000 9.2500 0.6% 50
9.2500 9.8000 0.0% 0
9.8000 10.3500 0.6% 48
10.3500 10.9000 0.0% 0
10.9000 11.4500 0.6% 46
11.4500 12.0000 0.0% 0
12.0000 12,5500 0.7% 60
12,5500 13.1000 2.2% 182
13.1000 13.6500 0.0% 0
13.6500 14.2000 14.0% 1158
14,2000 14,7500 0.0% 0
14,7500 15.3000 66.1% 5477
15,3000 15.8500 0.0% 0
15.8500 16.4000 5.0% 415
16,4000 16.9500 | 0.0% 0
16,9500 17.5000 B 1.9% 155
17.5000 18.0500 M 1.5% 126
18.0500 18.6000 0.0% 0
18.6000 19.1500 |l 1.4% 117
19.1500 19.7000 M 0.0% 0
19,7000 20.2500 M 0.6% 50
20,2500 20.8000 M 0.0% 0
20.8000 21.3500 0.2% 15
21.3500 21.9000 0.0% 0
21.9000 22.4500 0.1% 5
22,4500 23.0000 i 0.0% 2
23.0000 Inf I 0.0% 0
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Figure D.1c. Fold coverage map for line SMO333.
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Default
From To c % #

-nf 1.0000 W 0.0% 0
1.0000 1.2750 @ 1.1% 100
1.2750 1.5500 W 0.0% 0
1.5500 1.8250 | 0.0% 0
1.8250 2.1000 @ 1.3% 112
2.1000 2.3750 0.0% Q
2.3750 2.6500 W 0.0% 0
2.6500 2.9250 | 0.0% 0
2.9250 3.2000 @ 1.1% 98
3.2000 3.4750 0.0% 0
3.4750 3.7500 B 0.0% o]
3.7500 4.0250 |l 1.1% 96
4.0250 4.3000 B 0.0% 0
4,3000 4.5750 B 0.0% 0
4,5750 4.8500 [ 0.0% o]
4,8500 5.1250 1.2% 105
5.1250 5.4000 0.0% 0
5.4000 5.6750 0.0% 0
5.6750 5.9500 0.0% 0
5.9500 6.2250 4.9% 436
6.2250 6.5000 0.0% o}
6.5000 6.7750 0.0% 0
6.7750 7.0500 43.1% 3836
7.0500 7.3250 0.0% 0
7.3250 7.6000 0.0% 0
7.6000 7.8750 0.0% o]
7.8750 8.1500 41.6% 3697
8.1500 8.4250 0.0% 0
8.4250 8.7000 0.0% 0
8.7000 8.9750 [ 0.0% 0
8.9750 9.2500 2.8% 253
9.2500 9.5250 B 0.0% 0
9.5250 9.8000 |l 0.0% 0
9.8000 10.0750 Wl 1.5% 137
10.0750 10.3500 W 0.0% 0
10.3500 10.6250 il 0.0% 0
10.6250 10.9000 | 0.0% o}
10.9000 11.1750 i 0.2% 18
11.1750 11.4500 | 0.0% 0
11.4500 11.7250 il 0.0% 0
11.7250 12.0000 0.0% 2
12.0000 Inf l 0.0% 0
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Figure D.1d. Fold coverage map for line SMOQO38.
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1.0000 1.5500 0.4% 38|
1.5500 21000 1 0.4% 42|
2,1000 26500 1 0.0% 0
2.6500 32000 1 0.4% 45|
3.2000 37500 | 0.0% 0
3.7500 43000 1 0.4% 40|
4,3000 48500 1 0.0% 0
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7.0500 7.6000 0 0.0% 0
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18.6000 191500 | 0.8% 82|
19.1500 19.7000 @ 0.0% 0
19.7000 20,2500 @ 0.5% 49|
20.2500 20.8000 @ 0.0% 0
20.8000 21.3500 @ 0.3% 27|
21.3500 21.0000 0.0% 0
21.9000 22.4500 @ 0.0% 5
22.4500 23.0000 @  0.0% 2
23.0000 infll  0.0% 0




23000

22000

21000

20000

19000

IL Ordinal

18000

17000

16000

15000

14000

13000

Figure D.le. Fold coverage map for line SMOQO39.
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13.0750 13.6500 0.0% 0
13.6500 14.2250 13.8% 1505
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Figure D.2. HP (125-250 Hz) filtered shot gathers 1196 and 1196, Line SMOQO32.
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Appendix E

Copyright release printable license for Chapter 2: Seismic velocity
structure along and across the ultraslow-spreading Southwest Indian
Ridge at 64°30'E showcases flipping detachment faults (Journal of
Geophysical Research: Solid Earth research article

(https://doi.org/10.1029/2021JB022177).
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