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Glossary

Abyssal hill

Elevated seafloor that is elongated in the direction or the ridge axis, and often
showing regular spacing in the direction of spreading. Abyssal hills form along the
axis of mid-ocean ridges, from ultra-slow ones to ultra-fast ones, and thus are
present throughout most of the seafloor. Their length varies from a few km to a few
tens of km, and their height over surrounding seafloor from a few tens of m to a few
km. These structures are bound by normal fault scarps.

Axial magma chamber (AMC)

Magma chamber underlying the axis of mid-ocean ridges, that is the source of dikes
reaching the seafloor and feedin volcanic eruptions. AMCs are ubiquitous at fast-
spreading mid-ocean ridges, where they are often continuous over several tens of
km along-axis. AMCs lay at depths subseafloor that range from ~1 km along the
fastest spreading ridges, and deepens to ~3 km or more at sliwer spreading ridges.

Axial summit trough (AST)

Depression or graben often found at the summit of fast-spreading ridges, and that is
the source of most of the volcanic eruptions along these ridges, and where
hydrothermal vents are common. Its width is typically a few tens of m, reaching a
few hundreds of m, with depths of a few m and up to a few tens of m.

Axial volcanic ridge (AVR)

Elongated submarine volcanic construction that is elongated and likely results from
eruptions along fissure systems. AVRs are common within the rift valley of slow-
spreading ridges, but are also observed at fast-sreading ones. AVRs show a broad
range of sizes, extending from a few to several tens of km along-axis, and raising a
few tens of m to a few hundreds of m above surounding seafloor. AVRs are often
emplaced parallel to the ridge axis and faults.

Black smoker

Submarine hydrothermal manifestation characterized by high-temperature fluids,
typically exceeding 350°C, that form a plume of particles upon mixing with cold
seawate. These particles result from the precipitation of dissolved iron and sulfur in
the hydrothermal fluids as the fluid cools down and saturates, and forming a plume
that is black and smoke-like.

Central volcano
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Major submarine volcano or seamount, that forms at the center of mid-ocean ridge
segments from slow- and ultra-slow ridges. These volcanic edifices may rise a few
hundreds to a few km, and result from prolonged and sustained and focused melt

supply.

Fracture zone

Fracture zones are the traces of strike-slip plate boundaries, or transform faults that
link major mid-ocean ridge segments, and that are now inactive and preserved off
the mid-ocean ridge axis. Transform faults often show a continuous valley that may
be followed over hundreds of km,. Their trace records the changes in the direction of
plate motions over time, and the difference in age of the oceanic crusts across
fracture zones provide information on the lateral offset at the ridge axis when the
transform fault was active.

Head scarp

Steep scarp that develops at the highest part of mass wasting of the substrate. Head
scarps are commonly found along major submarine topographic scarps such as
transform and rift valley walls, and often show a convex shape with very steep
slopes (>45-50°).

Hydrothermal field

Zone of the seafloor that concentrates the discharge of hydrothermal fluids, and that
encompasses both focused flow, typically in the form of hydrothermal vents, or as
diffuse flow through the seafloor. Hydrothermal fields are found at all spreading
ridges, both on- and off-axis.

Hydrothermal vent

Zone of focused discharge of hydrothermal fluids through the seafloor, often
associated with a hydrothermal chimney formed by the precipitation of sulfides
from the hydrothermal fluids. Hydrothermal vents and the associated chimneys may
raise up to a few tens of m above surrounding seafloor, and tend to concentrate in
zones of hydrothermal discharge to from hydrothermal fields

Hummock

Small volcanic mounds, typically up to a few tens of m high and up to 100-200 m in
diameter, that coalesce to pave significant portions of the seafloor (hummocky
terrain) particularly at slow-spreading ridges, where they also contribution to the
build-up of axial volcanic ridges. These structures are likely formed by individual,
focused eruptions, with the emplacement of pillow lavas.

Inside corner
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Seafloor found at the corner defined by a mid-ocean ridge segment and a non-
transform discontinuity or transform fault. At mid-ocean ridges with significant
tectonic extension, the inside corner seafloor is elevated relative to the surrounding
areas due to tectonic uplift.

Mid-ocean ridge

One of the three major types of plate boundaries found on Earth, where adjacent
oceanic plates diverge, and where new oceanic lithosphere and seafloor form
through a combination of volcanic and tectonic processes, that also sustain
hydrothermal activity underwater. The Mid-Ocean ridge system is elevated ~2000-
3000 m above surrounding seafloor, and has a total length of ~65000 km. The global
mid-ocean ridge system is the most important active volcanic structure, as well as
the largest geological feature on Earth.

Nodal basin

Local seafloor deep commonly found at the end of mid-ocean ridge segments, and in
proximity to either transform fault or non-transform offsets. Nodal basins are often
sediment-filled, and are best developed within the rift valley of slow- and ultra-slow
spreading ridges.

Non-transform discontinuity

A type of mid-ocean ridge discontinuity, bounding ridge segments and laterally
offsetting them between a few km and a few tens of km. Non transform offsets
accommodate strike slip deformation of the adjacent plate boundaries, but lacking a
well-defined zone of localization of deformation, the tectonic structure is complex so
as to accommodate deformation over a broad area. Non-transform offsets may also
be unstable, and may migrate along-axis, leaving traces off-axis that are oblique to
the spreading direction.

Pillow lava

Lava emplaced underwater and that forms spherical, bulbous, or tubular structures.
This type of lava structure results from the rapid cooling of the basalt in contact with
seawater, forming a shell that is often striated. Pillow structures may have sizes of
up to a few m.

Ridge segment

Mid-ocean ridge sections that are volcanically and tectonically continuous, and that
do not show any lateral offset. Ridge segments are thus bound by either transform
faults, non-transform offsets, or both, and develop at all types or ridges and under
all spreading rates. Ridge segments have typical lengths that vary fro a few 10s of
km to a few hundreds of km.

Oceanic crust
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Uppermost layer of the oceanic plate that is formed magmatically, through the
emplacement and cooling of magma chambers at depth, diking, and volcanic
eruptions at the seafloor. The oceanic crust may be continuous when formed along
mid-ocean ridge sections that are magmatically robust, and may be discontinuous or
absent in ridge sections with limited melt supply, typically along soome slow- and
ultra-slow spreading ridge sections.

Oceanic detachment fault

Normal fault that develops in the oceanic lithosphere with efficient accumulation of
deformation over long periods of time, associated with the exposure of the
detachment fault surface at the seafloor and the formation of an elevated tectonic
massif. These faults may accumulate displacements of several tens of km, and when
preserved at the seafloor, they display fault corrugations that are parallel to the
direction of extension. Oceanic detachment faults also exhume deep-seated rocks
from the deeper oceanic crust and upper mantle.

Oceanic lithosphere

Uppermost layer of an oceanic plate, and that is both elastic and deforms through
dominantly brittle processes, such as localized faulting and seismogenic
deformation. The oceanic lithosphere thickness on-axis corresponds to a balance
between heat extraction (mainly hydrothermal activity) and heat supply (mainly
melt supply from the mantle) and thickens away from the axis, as the oceanic plate
cools with age. The oceanic lithosphere thus includes the oceanic crust, if formed
along magmatic ridge sections, or may be composed of mantle material primarily if
formed along magma-starved ridge sections. It is generally assumed that the base of
the oceanic lithosphere corresponds to the ~750°C isotherm, as at temperatures
above plastic deformation mechanisms may dominate over brittle ones.

Outside corner

Portion of seafloor located within the corner defined by a ridge segment, and the off-
axis trace of a ridge discotninuity (fracture zone or non-transform offset), and on the
conjugate side of an inside corner, across the ridge axis. At tectonically dominated
ridges, such as many slow-spreading ones, the depth of the outside corner is
significantly lower than that of the tecotnically uplifted inside cornier.

Rift valley

Tectonic graben formed along mid-ocean ridges that show significant tectonic
activity (primarly slow- and ultra-slow spreading ridges), that is continuous along
the length of individual ridge segments, and that is bound by normal faults along
the rift valley walls. Rift valleys have typical widths of a ~10 and up to ~30 km, and
the rift valley floor my be up to 2-3 km deeper than the adjacent seafloor outside the
rift valley. The rift valley also localizes most of the volcanic and tectonic activity
along these ridge sections.
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Slump

Type of mass wasting commonly found at seafloor and developing over hard
basement such as that found in the oceanic lithosphere near the ridge axis. Slumps
often show a head scarp that indicates the initiation of the mass wasting movement
of basement material, and a toe at its base, where the mass wasted material
accumulates.

Transform fault

Strike-slip plate boundary, that is common at mid ocean ridges, where it offsets the
ridge axis laterally. Transform faults are tectonically active, and accommodate strike-
slip deformation along a well-defined deformation zone, that is stable over long
periods of time. Transform faults often show a deep transform valley, with a linear
tectonic ridge at its floor that indicates the position of the zone of localized
deformation. Off-axis, the trace of old transform faults is visible as fracture zones,

Key words
Seafloor, submarine volcanism, submarine faulting, submarine erosion, submarine
sedimentation, deep-sea hydrothermal activity, oceanic detachments, transform
faults, mid-ocean ridges, ridge segmentation, non-transform offsets

Abstract
Most of the Earth’s surface is paved by oceanic crust formed along mid-ocean ridges,
a ~65000 km long volcanic chain, and one of the most prominent morphologic features
on the planet. Seafloor morphology is thus shaped, at large spatial scales (tens to
hundreds of km) by the overall ridge geometry, and in particular by both transform
faults and non-transform discontinuities that dissect the ridge axis, defining ridge
segments, and leave off-axis wakes in seafloor morphology. At smaller scales (tens of
km and less) morphological variability is primarily controlled by the relative
importance of tectonic and volcanic processes on-axis, in addition to hydrothermal
activity on very local scales. While spreading rate is classically invoked as a primary
control on ridge segmentation and seafloor morphology, the strongest controls are in
fact melt supply to the ridge axis and on-axis lithospheric thickness. Fast-spreading
ridges (>60 mm/yr) show relatively consistent and homogeneous morphologies,
dominated by volcanism with limited tectonic reshaping by normal faults. With
decreasing spreading rate, the variability in seafloor morphology increases, and
encompasses seafloor similar to that formed at fast-spreading ridges wherever magma
supply is important, and amagmatic spreading dominated by faulting, while also
displaying significant variations at the scale of individual ridge segments. In all cases,
tectonic deformation is pervasive, and fault-bounded abyssal hills formed on-axis are
ubiquitous throughout the seafloor. Seafloor relief is also modified by mass wasting,
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which is particularly active along tectonic scarps (e.g., normal faults, walls of rift and
transform valleys), and by sedimentation of pelagic or continental origin. This chapter
provides an overview of seascapes formed at mid-ocean ridges and interprets them as
the interaction of relief-creating and relief-reworking processes on a range of scales.



‘Mid ocean ridges’, Treatise in Geomorphology, 2nd Edition, August 2021

1. Introduction

Mid-ocean ridges are one of Earth’s most prominent geomorphic features, albeit
mostly hidden from view deep below the ocean’s surface, at an average depth of
~2500-2600 m. With a length of ~60,000 km, mid-ocean ridges crisscross the Earth’s
surface and correspond to tectonic boundaries where rigid lithospheric plates diverge.
Upward motion of the underlying mantle induces partial melting through adiabatic
decompression. The resulting magma ascends through the mantle, gets emplaced at
shallow depths below the ridge axis, and may eventually erupt at the seafloor,
forming the oceanic crust. The supply of magma to the ridge is often insufficient to
fully accommodate the rate at which plates diverge relative to one another. This
prompts tectonic extension, with the growth of normal faults that dissect and thin the
newly formed brittle lithosphere and oceanic crust. Magmatic and tectonic processes
interact within a narrow (a few km to tens of km wide), seismically and volcanically

active area, the mid-ocean ridge axis.

In addition to building the crust, magmatic and tectonic activity along ridges
leave a record in the relief and texture of the seafloor. Regionally, the axis of mid-
ocean ridges is raised by ~2-3 km relative to the surrounding abyssal plains. The
morphology of the ridge axis is extremely variable, with ridge sections featuring
marked and profound tectonic rift valleys, typically 10 to 20 km wide and up to a few
km in depth, hosting volcanic structures (Tapponnier and Francheteau, 1978). Other
ridge sections show instead an axial high associated with abundant magmatism and
volcanism at the seafloor and where faulting is less prevalent than along rift valley
sections (Lonsdale, 1983; Macdonald et al., 1984). Changes in ridge axis morphology
(e.g., Chen and Morgan, 1990; Buck et al., 2005) reflect different balances between
magmatic and tectonic activity, which are imprinted in the seafloor topography, and

provide a time record of these interactions as new oceanic crust is accreted.

In addition to faulting and volcanism, other processes contribute to shaping
seafloor topography. Magmatic heat fuels hydrothermal activity, which builds
edifices that can reach several tens of m in height and laterally extend over 100s of
meters, while hosting deep-sea chemosynthetic ecosystems when they are active (e.g.,
Corliss, 1990). Pelagic sedimentation can blanket the seafloor while filling deeper
areas (e.g., Mitchell, 1995; Webb and Jordan, 1997; 2001), which strongly alters the

morphology of old, off-axis oceanic crust (i.e., Goff and Arbic, 2010). Erosional
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processes also affect younger, tectonically active seafloor. Gravity-driven mass
wasting, in particular, takes place along the locally steep relief flanks of volcanic
structures, fault scarps, and sub-vertical hydrothermal edifices. This process operates
at all scales, from sub-meter (e.g., hydrothermal chimney collapse) to tens of km (e.g.,
sculpting large tectonic massifs with reliefs of several km), and as such can profoundly
alter the original tectonic, volcanic, and hydrothermal seafloor morphology formed
on-axis (e.g., Tucholke, 1992; Tucholke et al., 1997; Cannat et al., 2011; Mitchell et al.,
2000).

Owing to difficulties inherent to deep-sea exploration and mapping, our
understanding of the geomorphology associated with mid-ocean ridges is both
scattered and biased. To date, less than 50% of the global mid-ocean ridge system has
been mapped using shipboard multibeam bathymetry systems, with a resolution of
50-100 m, which is appropriate for regional mapping and morphological studies at
scales of 10s of km or larger. Off-axis, the data gap is much more significant, with less
than 20% of the seafloor mapped to date (Wolfl et al., 2019). Finer-scale morphological
studies rely on deep-sea vehicles that can acquire bathymetry at higher resolutions
than from ships. These include remotely operated vehicles (ROVs) and more recently
autonomous underwater vehicles (AUVs), equipped with multibeam and sonar
systems (WOl et al., 2019). Surveying close to the seafloor, at heights that may vary
from ~10-100 m, these systems provide bathymetric maps with resolutions of ~1 m,
and down to a few 10s of cm (e.g., Huvenne et al.,, 2008; Wynn et al., 2014). Such
surveys cover limited areas (typically up to a few 10s of km?) and are available only
at a handful of study areas along the global mid-ocean ridge system. Ground truthing,
with visual seafloor inspection and sampling, is achieved with both ROVs and
research submersibles, again available only at a few sites within the global ridge
system. High-resolution bathymetry and in-situ observations thus cover a minuscule

fraction of the 65,000 km of the global mid-ocean ridge system.

Direct observation of the active processes shaping the Earth’s surface is a
crucial step to interpreting the resulting landscapes and seascapes. While this is
systematically done on land, in subaerial or in very shallow-water marine
environments (e.g., coastal processes), observations of active processes at the seafloor
remain extremely scarce, sparse, and localized. For the most part, geological
observations are conducted at a specific point in time, with no repeated or long-term

data collection to document and quantify active processes such as mass wasting,
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tectonic deformation, or volcanism (among others). Existing temporal studies in the
deep sea environment primarily focus on capturing volcanic eruptions along ridges,
such as the East-Pacific Rise at 9°N and the Axial Seamount section of the Juan de Fuca
Ridge (e.g., Kelley et al., 2014; Fornari et al., 2015), where eruptions take place every
~5-10 years. Hydrothermal sites have also been instrumented and monitored through
repeated surveys, to understand their inner dynamics and links with surrounding
ecosystems (Favali et al., 2006; Juniper et al., 2007). Hence, our understanding of active
deep-sea processes along mid-ocean ridges is less advanced than in subaerial
environments, and quantitative constraints on rates of tectonic deformation or
seafloor erosion, among others, are for the most part lacking. In a broad sense,
identifying and understanding the mechanisms behind mid-ocean ridge morphology

is very much a work in progress.

In this chapter, together with a short historic perspective, we seek to provide
an overview of the mid-ocean ridge processes that build the crust and oceanic
lithosphere, and ultimately shape the global seafloor. These processes vary
continuously along the mid-ocean ridge system, resulting in a great diversity of axial
morphologies. Morphological discontinuities are also imparted by transform faults,
which are major tectonic structures that dissect the ridge into offset segments (e.g.,
Wilson, 1965), and leave permanent scars in the ocean floor called fracture zones.
While mid-ocean ridges and transform faults control seafloor morphology on a global
scale, volcanic, tectonic, and hydrothermal processes at the ridge axis sculpt the ocean
floor on regional to local scales. This fine-scale texture is then rafted off-axis as tectonic
plates diverge through the accretion of new oceanic crust. The present chapter focuses
exclusively on the morphology of seafloor underlain by oceanic lithosphere, and
excludes continental margins, which mark the transition from continental to oceanic

tectonic plates, and whose morphology is unrelated to mid-ocean ridge processes

2. Mapping mid-ocean ridges

Shallow areas in the central north Atlantic were first identified in the mid- to late 1800s
by early oceanographic and exploration campaigns which relied on line soundings to
estimate the thickness of the water column (Figure 1, Top). These areas were found to

lie more than 2000 m over the abyssal plains to the East and West (e.g., Maury, 1955).
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Later expeditions, including that of the Meteor in the early 1920s, established the
continuity of this bathymetric high, identified as the Mid-Atlantic Ridge, from the
north Atlantic to the edge of the Indian ocean. This was greatly facilitated by the
development of echo sounding systems that allowed continuous depth measurements
along ship tracks providing single-beam bathymetric profiles. With bathymetric data
being acquired worldwide, Marie Tharp and Bruce Heezen, from the Lamont-Doherty
Earth Observatory, compiled countless single-beam profiles from different ocean
basins (e.g., Heezen et al., 1959; 1964a; 1964b). With profound geological insight, they
documented the main structural and morphological features of the oceanic crust
(seamounts, mid-ocean ridges, fracture zones, and trenches, among others), and Marie
Tharp drafted these elements in three dimensional representations of the ocean floor,
or physiographic maps (Figure 1, Center). These maps were first compiled for
individual oceans or basins, and a global map in the 1960s, clearly revealing the
continuity of the global mid-ocean ridge system, straddling the world’s oceans
over >65,000 km, in addition to seamounts, fracture zones, trenches, and other seafloor
structures (Berann et al., 1977). This physiographic map provided a global framework
to interpret challenging new geological and geophysical observations. In particular,
regularly spaced, symmetric magnetic anomalies (Vine and Matthews, 1963) and the
banded distribution of oceanic seismicity (Sykes, 1967) were key elements to
understand the role of mid-ocean ridges in the emerging theory of global plate
tectonics, a scientific revolution that developed from the 1950s on, as Marie Tharp’s
maps shed unprecedented light on the morphology of ridges.

With the advent of submarine warfare, underwater military technology and
particularly echo sounding systems evolved. Multibeam instruments sounded whole
swaths of seafloor instead of providing single-beam profiles, and were first mounted
on military submarines in the 1960s, as acoustic sonar technology rapidly developed.
Civilian use of ship-mounted systems began in the 1970s and provided depth
soundings along ship tracks over a cross-track width that increased from ~1 to ~5
times the water depth over the next few decades. These systems have proven crucial
in revealing the architecture of the seafloor and the processes that shape it (Cormier
et al., 2003). Shipboard systems routinely provide seafloor maps of the deep ocean
with a resolution of ~100 m or better, in addition to acoustic backscatter data, which
provide acoustic reflectivity maps that may be related to seafloor geology (e.g.,
sediment cover, exposure of rocks or hard substrates, recent volcanic units, etc.). To

date, less than 20% of the ocean floor has been mapped at this ~100 m resolution, with
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on-going efforts to increase this coverage in coming years (https:/ /seabed2030.0rg).
While the coverage is uneven, with certain regions practically uncharted (e.g., the
southern Indian Ocean), the mid-ocean ridge system is relatively well mapped,
particularly along the Atlantic and Pacific, as ridges host processes that have attracted
numerous research projects in recent decades (volcanism, tectonism, hydrothermal
activity and associated ecosystems). In this chapter we benefit from the compiled
multibeam bathymetry data publicly available at http:/ /www.gmrt.org (Ryan et al.,
2009), that covers ~10% of the seafloor (release GMRT 3.9), in addition to additional

data from selected cruises.

Higher-resolution data are key to establish a detailed geological context for
observations, samples and measurements, and to understand how certain active
processes operate at the seafloor, particularly when these processes profoundly alter
seafloor relief over time. This is the case of tectonic deformation, volcanism, or
hydrothermal activity, with their associated ecosystems. High-resolution maps with
acoustic systems mounted on deep-sea vehicles, both remotely operated or
autonomous, can produce terrain models at resolutions of a few to less than 1 m, while
optical seafloor imaging provides not only photomosaics, but also 3D terrain models
at much greater resolution. Such high-resolution optical and acoustic data are
available at selected areas that, while they represent a minuscule fraction of the
world’s seafloor, have allowed scientists to study deep-sea processes and
environments, and in particular to advance our understanding on how mid-ocean

ridges operate, and the nature of ecosystems that develop there.

Figure 1 about here

Figure 2 about here

3. The seafloor factory

With the revolution of plate tectonics, mid-ocean ridges became the center of a new
view of a dynamic Earth paved by a set of mobile tectonic plates. In the 1960s magnetic
data acquired together with bathymetric surveys revealed anomalies that were
parallel to, and symmetrical about the axis of all studied mid-ocean ridges (Vine and

Matthews, 1963). Magnetic anomalies are the result of volcanic rocks locking in the
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orientation of the ever-reversing magnetic field of the Earth at the time of their
solidification at the seafloor. As such, they provide a means of dating the seafloor, and
a smoking gun for the then-called “continental drift”. Ageing seafloor symmetrically
partitioned about ridges indeed became clear evidence of continuous plate motions
over time, and even became a detailed record of the plates” direction and speed over
the last ~180 million years. Based on plate divergence rates calculated from the
spacing of magnetic anomalies (e.g., DeMets et al., 2010; Seton et al., 2020), ridges are
often classified as ultra-slow (<20 mm/yr), slow (20-55 mm/yr), intermediate (55-

75mm/yr), fast (75-180 mm/yr), and ultra-fast ridges (=180 mm/yr).

Plate separation is accommodated along mid-ocean ridges by the accretion of
new oceanic lithosphere —the quasi-rigid outer layer of the Earth that can withstand
large stresses before it breaks or flows— and the overlying seafloor. This is an
extremely complex process, and while numerous parameters play a role, two stand
out: the thickness of the brittle lithosphere under the ridge axis, and the amount of

magma supplied to the ridge axis from the underlying mantle (Figure 3).

The mechanical properties of the axial lithosphere depend on composition and
temperature. Brittle fracturing and faulting are the dominant deformation
mechanisms at temperatures below 800-600°C in peridotitic, gabbroic and basaltic
lithologies (e.g., Brace and Kohlstedt, 1980; Evans et al., 1995), while hotter
temperatures activate plastic deformation. The boundary between brittle (often
seismogenic) and ductile domains thus coincides with the ~650°C isotherm, which lies
at a depth that reflects an equilibrium between heat supplied from below (including
magmatic heat as discussed below) and heat lost to the ocean through hydrothermal
activity and conductive cooling (Chen and Morgan, 1990; Lowell et al., 2013; Theissen-
Krah et al., 2011). Simple thermal models that balance these two components predict
thicknesses of ~2-3 km for the brittle lithosphere at the axis of fast-spreading ridges,
and thicknesses in excess of ~10 km at ultra-slow ones, (e.g., Chen and Morgan, 1990;
Theissen-Krah et al., 2011; Fan et al., 2021). Such lithospheric thickening with
decreasing spreading rate is consistent with the observed deepening of the maximum
depth of seismic deformation (e.g., Huang and Solomon, 1988; Grevemeyer et al.,
2019), as well as the deepening of the axial melt lens that typically underlies the axis
of fast and intermediate spreading ridges (e.g., Carbotte et al., 1998) (Figure 3A). A
thick brittle lithosphere behaves as a stiff elasto-plastic plate and can support large-

amplitude relief (Qin and Buck, 2005). Such mechanical properties have important
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implications for the development of axis-bounding faults and the rift valley they
outline (e.g., Chen and Morgan, 1990; Buck and Poliakov, 1988; Behn et al., 2002).

The availability of mantle-derived magma at the ridge axis is another key
control on seafloor morphology. Plate separation drives passive mantle upwelling
below the ridge axis, which results in adiabatic decompression and partial mantle
melting. The amount of magma produced in the melting region varies along the mid-
ocean ridge system (Keen et al., 1990; Langmuir et al., 1992; Gale et al., 2014), and this
melt production determines both the amount of lava erupted at the seafloor, and the
style of this submarine volcanism (Schouten et al.). Magmatic intrusions at depth
beneath the ridge axis is the primary mode of oceanic crust accretion (e.g., Cann, 1970;
Sinton and Detrick, 1992; Cannat et al., 2009). Thermal models typically predict a melt
production flux that accounts for a ~5 to 7 km-thick oceanic crust at intermediate and
fast-spreading ridges, matching seismically-inferred crustal thicknesses (see Fig. 24 in
White et al., 2001 and references therein). Crustal thickness generally decreases to <4-
2 km at slow to ultra-slow ridges, reflecting the colder thermal state of the underlying
mantle (e.g., Bown and White, 1994; White et al., 2001; Dick et al., 2003; Lizarralde et
al., 2004). Other parameters beyond spreading rate, such as mantle composition may
either enhance or suppress melt production (e.g., Ito and Lin, 1995; Katz, 2010; see
overview by Langmuir and Forsyth, 2015). Complex three-dimensional dynamics of
magma ascent and focusing along and across-axis may also modulate the supply of
melt between and within individual ridge segments (Kuo and Forsyth, 1988; Cannat,
1996; Dick et al., 2003; Gregg et al., 2012). Broadly speaking, a ridge section that
receives enough melt to fully accommodate the long-term rate of plate separation
through repeated magmatic intrusion will experience little tectonic thinning. By
contrast, large-offset crustal-scale faults will tend to develop at ridge sections that
receive comparatively little magma. Seafloor formed in these areas will thus appear

more rugged and feature greater amplitude topography.

Both mantle upwelling and the emplacement of melt within the lithosphere or
at the seafloor are sources of heat that can drive convection of aqueous fluids across
cracks and pores throughout newly accreted crust. The most spectacular
manifestation of this phenomenon is high-temperature hydrothermal venting at the
seafloor, associated with unique chemosynthetic ecosystems (e.g., Cann and Strens,
1982; Elderfield and Schulz, 1986; Corliss, 1990; Alt, 2003; Fontaine and Wilcock, 2007).

Hydrothermal activity along mid-ocean ridges accounts for ~10% of Earth’s heat loss
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(e.g., Elderfield and Schulz, 1996; Stein et al, 1995) and results in fluid-rock
interactions that control the chemistry of the venting fluids at the seafloor and
influence the chemistry of the global ocean (e.g., Fouquet et al., 2010). At or near the
seafloor, hydrothermal fluids cool and mix with seawater, which promotes the
precipitation of dissolved molecules from the venting fluids (e.g., Cu and Fe sulfides,
talc), or seawater (e.g., carbonates) depending on local physicochemical conditions
(e.g., Haymon, 1983; Kelley et al., 2001; Humphris and Cann, 2000; Hodkinson et al.,
2015). Precipitation can build hydrothermal chimneys and mounds that can extend

over large areas, rising up to several tens of m above the surrounding seafloor.

Figure 3 about here

Overall, seafloor morphology records the interaction of all aforementioned
processes along the axes of mid-ocean ridges, over a wide range of spatial and
temporal scales, while being continuously reworked by both erosion and
sedimentation. These fine-scale volcanic, tectonic, and hydrothermal morphologies
are superimposed on large-scale, regional seafloor patterns. Most importantly, the
seafloor systematically deepens away from mid-ocean ridges, whose axes lie ~2500-
3000 m below sea level and reaches depths in excess of 4000-5000 m at the abyssal
plains. This deepening reflects an isostatic equilibrium of the oceanic crust and the
denser underlying mantle, which cools down conductively as plates separate,
becoming even denser away from the ridge axis as heat is lost to the overlying ocean
(e.g., Parsons and Sclater, 1977, Stein and Stein, 1992). Ridge axes are also
discontinuous, dissected by several types of discontinuities that often leave traces off-

axis, and record a long history of ridge segmentation during plate separation.

4. Major topographic features at or near the axis of mid-ocean ridges

4.1. Axial valleys and axial highs

To first order, the morphology of mid-ocean ridge axes can be categorized between
two well-recognized end-members (e.g., Macdonald, 1982; Chen and Morgan, 1990b).
Slow-spreading ridges often feature a fault-bounded axial rift valley that is typically
~10-20 km wide, with variable depth that may reach up to 3-4 km (Figure 4b). By
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contrast, fast-spreading ridges are often characterized by a broad axial high straddled
by a narrow (<100-200 m wide) strip of seafloor where most eruptions take place
(Figure 4a). In practice, a systematic examination of mid-ocean ridge bathymetry
reveals more complex morphological patterns that do not solely depend on spreading
rate, as illustrated in Figure 4. Axial highs are found not only at fast-spreading ridges,
but also at slow ones near hot-spots (e.g., the Reykjanes Ridge near Iceland, Fig. 4d),
likely reflecting an anomalously high supply of melt to the axis. Intermediate-
spreading ridges (Figure 4e) can feature either type of axial morphology, and even
show gradual changes from rift valley to axial high without any significant change in
spreading rate (Canales et al., 1997; Shah and Sempere, 1998). Finally, ridge sections
with a limited melt supply do not always feature a clearly delineated axial valley
flanked by regularly-spaced normal faults. They instead develop irregularly-spaced,
large-offset normal faults called detachments that shape prominent bathymetric highs
(e.g., Cann et al., 2000; Tucholke et al., 2008; Cannat et al., 2006; Olive et al., 2010).
These are identifiable either as exposed fault planes showing corrugations parallel to
spreading (Fig. 4c), or as smooth abyssal hills that lack such striations (Fig. 4f). The
latter structures form in certain sections of ultraslow ridges as a result of cross-cutting
faults exhuming mantle directly at the seafloor (Cannat et al., 2006; Sauter et al., 2013).

The variability in large-scale ridge axis morphology, particularly at slow and
ultra-slow spreading ridges (Figure 4), can be explained by the wide range of possible
lithospheric and magmatic thickness at a given spreading rate (Figure 3). When the
axial lithosphere is thicker than the magmatic thickness (and hence linked to an axial
melt supply that is relatively low), mantle material is uplifted by slip on large faults
and incorporated into the brittle lithosphere. Tectonic processes thereby account for
the lithospheric mass imparted by plate separation (e.g., Cannat, 1996). At spreading
rates >60 mm/yr, accretion is predominantly magmatic, as the lithosphere is thinner
than the magmatic crustal thickness. Such systems can sustain ubiquitous magma
chambers below the ridge axis (Figure 3), and do not undergo extensive faulting. At
rates <60 mm/yr, accretion can be both predominantly magmatic, such as along
ridges near hot-spots (e.g., Reykjanes Ridge, Fig. 4d), or tectonically dominated where
the melt supply is low relative to the overall lithospheric thickness (Figs. 4c and f).
These different modes of accretion are conceptualized in Figure 5 as a function of
spreading rate and the variable the ratio of lithospheric thickness vs. melt supply
(Olive and Dublanchet, 2020).
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4.2. Abyssal hills

Off-axis seafloor is ubiquitously paved by abyssal hills: elongated topographic highs
trending parallel to the ridge axis (e.g., Menard and mammerickx, 1967; Macdonald
et al., 1996; Goff et al., 2010; Cormier and Sloan, 2018). These structures develop along
the flanks of the mid-ocean ridge axis, and to first order consist of magnetically-
accreted crust offset and tilted by slip on regularly-spaced normal faults (e.g., Rea,
1975; Kappel and Ryan, 1986) (Fig. 3a). Much like axial valleys and axial highs, the
shape of abyssal hills reflects the balance of magmatically and tectonically
accommodated plate separation (Buck et al., 2005; Behn and Ito, 2008; Ito and Behn,
2008). In particular, ridge sections that receive a large supply of magma, either because
of their fast-spreading rate or proximity to a hotspot tend to develop low-relief (<100s
of m), closely-spaced (~1 km) abyssal hills (Fig. 4a, d). On the other hand, slower
and/or more magmatically-starved ridges form greater-amplitude (few kms), more
widely-spaced (~5-10 km) hills, which are less elongated and continuous in the along-
axis direction (Fig. 4c, f). This reflects the greater contribution of tectonic strain to
overall plate separation, manifesting as longer-lived, larger-offset normal faults
shaping taller scarps.

These variations in abyssal hill morphology are well-documented globally
(e.g., Bird and Pockalny, 1994), and show greater morphological variability among
slower-spreading ridges (Cormier and Sloan, 2018; see Goff et al., 2020 and references
therein). This trend mimics the greater variability in magma supply and lithosphere
thickness that is documented in these slow systems (Figure 3). In places where magma
accommodates ~50% or less of the total plate separation rate, large-offset detachment
faults may develop (Buck et al., 2005) and form dome-shaped bathymetric highs that
stand out from surrounding regular, elongated abyssal hill domains (e.g., Fig. 4c vs.
4b). Figure 6 illustrates how abrupt these transitions between ridge-parallel, linear
abyssal hill-bounding faults and corrugated detachment fault surfaces may be, both
in the along- and across-axis directions, and thus over short periods of time, with
distinct modes of accretion operating simultaneously (Figure 6b). These changes in
seafloor morphology thus record the thresholds in magma supply (e.g., Tucholke et
al,, 2008) that suppress or activate certain modes of crustal accretion such as
detachment faulting, as changes along-axis or over short time spans are expected to
be gradual (e.g., Howell et al., 2019).
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Figure 4 about here

Figure 5 about here

Figure 6 about here

4.3. Continuity and discontinuity of mid-ocean ridge axes, and their off-axis traces

At large scales (hundreds of km), the overall geometry of mid-ocean ridges is
relatively stable over tens of millions of years, as indicated by the well-preserved
shape of the initial rifting of Africa and South America (e.g., Bullard et al., 1965;
Heezen and Tharp, 1965) both in the present-day ridge axis geometry and in the
magnetic anomalies that cover older seafloor (e.g., Gaina et al., 2003; Perez-Diaz and
Eagles, 2014). At smaller spatial scales (<100km), ridges do shift in shape and location,
with lateral ridge jumps, or local changes in ridge geometry due to asymmetric
spreading (e.g., Marks and Stock, 1995; Okino et al., 2004; Muller et al., 2008; Macleod
et al., 2009). The discontinuous, segmented nature of the global mid-ocean ridge was
evident even in early bathymetric datasets, with the identification of major transform
faults and their off-axis traces as fracture zones (e.g., Heezen et al., 1964a; 1964b;
Heezen and Tharp, 1965; Fox and Heezen, 1965). Transform faults were recognized
early on as a new type of strike-slip plate boundary (Wilson et al., 1965) that follow
small circles around Euler poles that define the relative rotation of divergent tectonic
plates (Morgan, 1968).

Figure 7 about here

While transform faults bound major ridge sections, the ridge axis is also
segmented by smaller-scale non-transform discontinuities (see the review by Carbotte
et al., 2015, and references therein). Along ridges with a well-developed rift valley,
non-transform offsets (NTOs) show a wide variety of morphologies. NTOs with
offsets that are shorter than the rift valley width can be identified from systematic
changes in the overall texture of the rift valley, including changes in obliquity and
tectonically complex terrain (e.g., Goud and Karson, 1985; Tucholke et al., 1997; Gracia
et al., 2000).

Fast-spreading ridges are dominated by diking and volcanism at the ridge axis
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and display, among several kinds of small-scale ridge discontinuities (e.g., Macdonald
et al., 1987), overlapping spreading centers (OSCs, Figure 7e) (Macdonald and Fox,
1986; Martinez et al., 1997). OSCs show a characteristic curvature of adjacent segment
tips that overlap, outlining a topographically depressed area, and locally interact by
altering the regional stress field (Sempere and Macdonald, 1986). With continued
accretion at the segment tips, the intersegment area of the OSC grows through
magmatic emplacement, widening the OSC over time, and leading to an unstable
configuration. The OSC is thus regularly reset, a process that as in the case of NTOs
(Figure 7d), leaves a wake of fossil, failed OSCs that is well preserved in off-axis
seafloor morphology. These wakes also demonstrate that ridge discontinuities
associated with OSCs are persistent in time, and that they may also migrate along-axis
(Figure 7d).

Mid-ocean ridges often display morphological variations at the scale of
individual ridge segments (Carbotte et al., 2015). “Typical” slow- and intermediate-
spreading ridge segments with a well-developed rift valley (e.g., Figures 4b and e),
are linear, sub-perpendicular to spreading, and feature regularly spaced, linear
abyssal hills off-axis that are subparallel to the segment. They often display a
systematic deepening and widening of the rift valley from the segment center, where
the crust is thickest and the brittle lithosphere is thinnest, toward the segment end,
where nodal basins develop (e.g., Kuo and Forsyth, 1988; Fox et al., 1992; Detrick et
al., 1995; Cannat, 1996; Thibaud et al., 1998; Rabain et al., 2001). This imparts a so-
called “hourglass structure” that tends to be more accentuated at slow-spreading
segments (Figure 4b) than at intermediate-spreading ones (Figure 4e). These
systematic segment-scale variations indicate focusing of melt towards segment
centers and away from segment ends (e.g., Kuo and Forsyth, 1988; Lin et al., 1990;
Gente et al., 1995), which amounts to local changes in melt supply on short (10s of km)
spatial scales that drive straightforward along-axis variations in ridge morphology
(e.g., Howell et al., 2016). Shorter slow-spreading ridge segments, or those developing
in tectonically complex areas (e.g., oblique ridge sections, Figures 4c and f), may show
no such pattern, and display significant variability instead. Segment-scale variations
are also observed along ridges showing an axial high, with a deepening away from
the center towards its ends that is less pronounced than at rift-valley segments (see
Carbotte et al., 2015, and references therein).

Mid-ocean ridges across all spreading rates thus show systematic variations that may

be linked to magmatic and tectonic gradients, which impart changes in seafloor
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morphology (Carbotte et al., 2015). Ridge segments — bound by either fracture zones
or non-transform offsets — can be thought of as the fundamental blocks of oceanic
construction. Volcanic, tectonic and to a lesser extent hydrothermal processes interact
at scales much shorter than that of segmentation to build seafloor topography, as mass

wasting and sedimentation act to level and rework it.

5. Creating topography at ridges

5.1 Creating relief through volcanic processes

5.1.1 The extrusive oceanic upper crust

The global mid-ocean ridge system is also the most prominent volcanic structure on
Earth, running along ~65.000 km. Volcanic processes not only build the crust, but also
shape characteristic volcanic textures and landforms at the seafloor. The average
amount of melt supplied to the ridge axis corresponds to an equivalent magmatic
thickness of ~6-7 km (Figure 3), with significant regional variations (e.g., hotspots vs.
amagmatic ultra-slow ridges). A fraction of this melt is supplied to the seafloor,
building a volcanic, extrusive upper crust through successive lava eruptions, while
the rest is emplaced in the lithosphere as plutonic intrusion or dikes to form the
oceanic crust. Based on average extrusive thicknesses ranging from 250 to 1000 m (e.g.,
Blacic et al., 2004; Estep et al., 2019) and an average spreading rate of ~50 mm/yr (e.g.
Cogné et al., 2006), the volume of lava erupted yearly along the ~65000 km long global
mid ocean ridge system is in the range of ~0.9-3.5 km® per year. This volume of lava
is emplaced discontinuously, as discrete volcanic eruptions. The recurrence of these
eruptions depends on the overall melt supply to the axis and varies across ridge
sections. Along the East Pacific Rise, several eruptions have been documented with
recurrences of a few to ~10 years. Recurrence may, however, exceed hundreds or
thousands of years at less volcanically active mid-ocean ridges, primarily along slow-
and ultra-slow spreading centers.

A primary control on the style of lava flows is the effusion rate and erupted
lava volume (e.g., Gregg and Fink, 1985; Griffiths and Fink, 1995). During low-effusion
rate eruptions, seawater efficiently cools lava, freezing its surface and shaping pillows

and tubes (Moore, 1975), with sizes that may exceed 1-2 m in diameter (Fox et al.,
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1987). These structures are elongated downslope (e.g. flanks of seamounts, volcanic
ridges, scarps, etc.) and record local emplacement conditions with limited lateral
transport at the seafloor. When the lava volume and the effusion rates are sufficiently
high, well-organized sheet lava flows may develop (e.g., Ballard et al., 1979; Luyendyk
and Macdonald, 1985; Chadwick et al., 1999), with sheet flow structures, channels, and
levees, transporting melt over distances of up to several km (Soule et al., 2005; Gini et
al., Submitted). Intermediate effusion rates result in lobate lava flows, which are not
well channelized and instead spread over wide areas (e.g., Clague et al., 2013). All
these different lava flow types shape the seafloor at small scales (a few m up to a few
tens of m, typically), with spatial distributions of different types of lava flows that

vary drastically among ridges.

5.1.2. Volcanic processes and features at fast-spreading ridges

Volcanism at fast-spreading ridges and its role in building the uppermost volcanic
layer of the crust is better studied and less variable than that at slow-spreading ridges,
particularly along the fast-spreading East Pacific Rise. These systems are often
underlain by a continuous melt lens at subseafloor depths of 1-3 km (Figure 3a),
clearly imaged early on along seismic reflection profiles (Detrick et al., 1987;
Hussenoeder et al., 1987; Canales et al., 2006). This melt lens, which likely collects the
melt extracted from the mantle after it transits through several melt lenses both at
deeper levels and sometimes offset from the axis (Marjanovic et al., 2014; Carbotte et
al., 2021), supplies the lava through diking to the axial summit trough (Figure 8a), a
narrow depression (graben) that varies in width from a few tens of m to ~200 m, and
depths of a few tens of m (e.g., Fornari et al., 1998; Soule et al., 2009). Material erupted
in the axial summit trough flows off-axis, either as lobate flows extending up to a few
hundreds of m and repaving the seafloor, or as channeled lava flows, reaching
distances of up to a few km (e.g., Hooft et al.,, 1996; Soule et al.,2005). Successive
emplacement of lava flows thus builds an extrusive volcanic layer that increases from
100-300 m on-axis, to >500 m (sometimes > 1 km) off axis (Vera and Diebold, 1994;
Hooft et al., 1996; Carbotte et al., 1997). Detailed, near-bottom bathymetric and side
scan sonar maps of the seafloor reveal that the abundance and distribution of lava
channels is both variable along the axis and over distances of a few km, and also
asymmetric, probably reflecting local variations in terrain topography, in addition to

uneven supply of lava along the axial summit trough. Both fast- and intermediate-
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spreading ridges also show volcanic pillow mounds, which correspond to focused
volcanic eruptions (e.g., White et al., 2000), and may align over eruptive fissures (e.g.,
Fig. 8b, Caress et al., 2012; Yeo et al., 2013).

Figure 8 about here

5.1.3 Volcanic processes and features at slow spreading ridges

Slow-spreading ridges with a limited magma supply show much more variability in
volcanic styles than magmatic fast- and intermediate-spreading segments, although
classically it is assumed that slow-spread volcanic seafloor is primarily paved by
pillow lavas. These lavas are common and ubiquitous at the rift valley floor, and often
emanate from small axial seamounts, axial volcanic ridges, and hummocks. Pillows often
show varying degrees of fracturing, as well as sedimentation (e.g., Ballard and van
Andel, 1977; Crane and Ballard, 1981; Karson et al., 1987; Brown and Karson, 1988).
Axial seamounts are ubiquitous along the rift valley floor of numerous slow-spreading
segments. Their size varies from ~100 m in diameter to several km, the largest
structures are often found at the center of magmatically robust ridge segments. Small-
to intermediate sized axial seamounts (diameters <500 m), often pepper the rift valley
floor (Figures 4b and 9a), and may show flat-topped summits, with and without
summit craters (e.g., Kong et al., 1988; Smith and Cann, 1990; 1992; Smith et al., 1995).
Their distribution suggests that the lava required to build these structures is delivered
both along- and across the rift valley floor, and that melt supply is less focused across-
axis than at fast-spreading or magma-rich ridges, where the bulk of the volcanism
concentrates along the axial summit trough (Figure 8a). The distribution of these
seamounts shows important variations, both locally along individual ridge segments,
and regionally along ridge sections, with a strong control of the overall melt supply
to the axis (e.g., Smith et. al., 1990; Mendel and Sauter, 1997; Cochran, 2008; Yeo et al.,
2018). Numerous segments along ultra-slow to slow spreading ridges feature even
larger volcanic edifices, with diameters in excess of 10 km, which develop at the center
of segments as a result of focused and locally enhanced melt supply (e.g., Deschamps
et al., 2003; Cannat et al., 2003; Escartin et al., 2014; Klischies et al. 2019; Chen et al.,
2021).

Axial volcanic ridges are common along many slow-spreading ridge segments (Figure
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9b). As in the case of the axial seamounts, axial volcanic ridges develop over a wide
range of sizes. They include smaller structures, up to a few km in length, often
distributed throughout the rift valley floor, and observed from ultra-slow to
intermediate-spreading ridges (e.g., Luyendyk and Macdonald, 1977; Lawson et al.
1996; Grindlay et al., 1998; Chadwick et al., 2001; Michael et al., 2003; Yeo and Searle,
2013; Yeo and Clague, 2013). Larger axial volcanic ridges can extend a few tens of km
along axis (e.g., Figure 9b), developing heights of a few hundreds of m, and their
morphology suggests magmatic feeding through repeated dike intrusions over long

periods of time (thousands of years).

Hummocks are smaller, cone- or dome-shaped edifices that are equant in plan view,
and that have diameters of a few tens to ~200-300 m, rising above the surrounding
seafloor by a few tens of m. (Figure 9c¢). They lack craters, but often show summit
peaks (Figure 9c), indicating focused, short-lived volcanic eruptions (e.g., Yeo et al.,
2011). They can coalesce and blanket large areas of the rift valley floor or can be found
within individual patches throughout the rift valley floor, often referred to as
hummocky terrain (e.g., Lawson et al., 1996; Sauter et al., 2004; Deschamps et al., 2005).
These structures, which show both pillow and lobate flows, are plausibly the result of
monogenetic eruptions, and may also contribute to the build-up of axial volcanic

ridges.

Lava flows. Lava flows are observed at slow-spreading ridges, although they are less
widespread than at fast spreading ridges (e.g., Lawson et al., 1996; Sauter and Mendel,
2004; Gini et al., submitted). The recurrence time of eruptions at slow-spreading
ridges is much longer than that of fast-spreading ones, and to date no active eruption
has been directly observed at the seafloor. With the seismic monitoring of mid-ocean
ridges, however, potential volcanic events have been identified along the Mid-Atlantic
Ridge at ~37°N, with a possible 2001 diking event with no clear evidence of seafloor
eruption (Dziak et al., 2004), and along the Gakkel Ridge from acoustic and seismic
events between 1999 and 2001 (Tolstoy et al., 2001; Schlindwein et al.,, 2005;
Schlindwein and Riedel, 2010).

Figure 9 about here

Acoustic backscatter maps provide evidence of recent lava flow emplacement, owing
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to the contrast in acoustic impedance of recently emplaced, unsedimented lava flows,
relative to older sedimented seafloor. A section of the Reykjanes Ridge surveyed with
a sonar system following a microseismic swarm in 1989 showed unfaulted,
acoustically reflective lava flows suggesting a young age (Crane et al., 1997). Similar
large lava flow fields have been identified as emanating from the summit of major
seamounts or submarine volcanoes along the Gakkel ridge. These lava flows are
unfaulted, spread over several tens of km and likely result from multiple eruption
events. They are also colocated with seismic swarms that may record eruption events
in the area, and with the presence of turbidity plumes in the water column (Tolstoy et
al., 2001; Edwards et al., 2006; Schlindwein and Riedel, 2008). Other recent lava flows
have been identified at the Lucky Strike segment of the slow-spreading Mid-Atlantic
Ridge through acoustic backscatter data, showing a wide range of sizes (and hence
associated eruption volumes), with flows emplaced along-axis and extending a few

km (Figure 2, e.g., Yeo et al., 2016; Escartin et al., 2014; Gini et al., submitted).

5.1.4 Distribution of various volcanic structures along ridges

Ridge sections often display most if not all, of the various volcanic features described
above, but in variable proportions and with different spatial distributions, again
reflecting the amount of melt supplied to the ridge axis. For example, volcanic
hummocky ridges are found both at fast- and slow-spreading ridges (e.g., aligned
volcanic domes, Figures 8b and 9c for intermediate- and slow spreading ridges
respectively). At fast ridges, they are primarily found at or near overlapping
spreading centers, where melt supply may be locally reduced relative to the center of
adjacent segments (White et al., 2002). Seamounts are also common at fast-spreading
ridges (Figure 4a). Similarly, major volcanoes are also found at intermediate-
spreading ridges, as is the case of Axial volcano along the Juan de Fuca Ridge (e.g.,
Applegate et al., 1990; Johnson and Embley, 1990). This particular setting resembles
central volcanoes found along slow-spreading ridges, and experiences frequent
eruptions (every ~5 years or so: Chadwick et al., 2010; Caress et al., 2012; Cabaniss et
al.,, 2020). Small seamounts are also ubiquitous atop fast-spreading crust and are
emplaced over the volcanic seafloor formed on-axis by eruptions flowing from the
axial summit trough. The emplacement of these seamounts takes place in close
proximity to the axis, e.g., ~15 km along the East Pacific Rise (Scheirer and Macdonald,
1995; White et al 1998). This distance is comparable to the width of the axial rift valley

at slow spreading ridges and may thus be characteristic of volcanic upper crust
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emplacement processes at magmatically well-supplied ridges. More recently, off-axis
studies have also provided evidence of recent volcanism, associated with volcanic

ridges and seamounts, taking place on ~20 Myr old oceanic crust (Devey et al., 2021).

5.2 Creating relief through tectonic processes

Abyssal hills, as described above, are ubiquitous and form along the axis of mid-ocean
ridges at all spreading rates. Bound by normal faults, abyssal hills have a topographic
relief and signature that dominate seafloor morphology at scales larger than the
volcanic structures described in the previous section (see Figures 2b, 8, 9¢). These
abyssal hills are also disrupted or terminated by fracture zones as well as the wakes
of non-transform offsets that may migrate along-axis and may be discontinuous and
short-lived (Figures 4, 6, 7).

5.2.1. Tectonic relief associated with transform faults

Transform faults offset adjacent ridges laterally, with age offsets that range from a few
million years (typically >40 km) to ~45 Myrs for the Romanche Fracture zone (~900
km offset) in the Equatorial Atlantic (Heezen et al., 1994). Tectonic deformation
associated with these structures shapes some of the most important topographic
features on the Earth’s surface: narrow, extremely elongated valleys that scar the
seafloor over tens to hundreds of kilometers. Another common feature associated
with numerous fracture zones, and with some non-transform discontinuities along
slow-spreading ridges, is the development of tectonically elevated massifs, associated
with normal faults that develop larger relief at the end of the segments, and in
proximity of transforms (e.g., Severinghaus and Macdonald, 1988; Allerton et al., 2000;
Vogt and Yung, 2009). The inside corners of ridge-transform intersections are indeed
often associated with large-offset faults (oceanic detachments) which shape
prominent bathymetric highs (e.g., Cann et al., 1997; Blackman et al., 1998; Tucholke
eta., 1998).

When plate motions and spreading directions change, transform faults adjust
their orientation as they experience either transpression or transtension. This results
in profound modifications of the transform fault morphology and structures within
it. For large-offset transform faults, such as the Romanche and Vema (Figure 8a),
transpression can bend the adjacent oceanic crust and tectonically uplift it, developing

transverse ridges (Figure 7a), which are prominent ridges continuous over tens of km,
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and sub-parallel to the fracture zone bounding the transform valley (Abrams et al.,
1988; Searle et al., 1994; Bonatti et al., 2005). Within the transform valley a compressive
ridge may form (Figure 8c), with significant tectonic uplift (e.g., Pockalny et al., 1997;
Maia et al.,, 2019). Tectonic uplift, driven either by ridge-parallel normal faulting
(inside corners and detachment faulting), or along transverse ridges due to
transpression, generates vertical reliefs that may exceed 4-5 km, and develop over
short lateral distances of ~10-20 km (Figure 7). Transform faults under transtension
can show complex structures, including normal faulting and formation of oblique
grabens, which can in some cases evolve into intra-transform spreading centers; as
well as the emplacement of seamounts and volcanic ridges (e.g., Fornari et al., 1989,
Hekinian et al., 1992; Hays and Perfit, 2004). Such intra-transform volcanism may seed
the formation of rotating microplates (Bird and Naar, 1994) found along fast- and
intermediate-spreading ridges (e.g., Franchetau et al., 1987; Naar and Hey, 1991; Bird
et al., 1998).

At smaller scales, transform faults also reveal tectonic features within the
transform valley. In addition to compression ridges described above, most transform
faults show a clear and well-defined fault trace, ~100-200 m wide, and that can be
continuous over 10s of km (Figures 8a-c). This structure localizes the recent shear

deformation between adjacent plates across the transform fault.

5.2.2 Tectonic relief associated with non-transform offsets

The morphological signature of non-transform offsets along ridges displaying a rift
valley (Figs. 4b, 4e, 6, 7d, 10b-c) is much more prominent than that formed along ridge
sections with an axial high (Fig. 4a). When the lateral offset is larger than the rift valley
width, and adjacent segments develop some along-axis overlap (Figures 4a, 4e, 7d,
10c), a tectonic septum develops with either tectonically uplifted massifs separating
adjacent rift valleys, or highly deformed terrain showing complex faulting patterns
that are oblique to the ridge axis direction (Goud and Karson, 1985; Gracia et al., 2000).
These non-transform offsets leave clear wakes in seafloor bathymetry, corresponding
to the termination of abyssal hills from adjacent segments along an area that lies low
relative to the seafloor on either side of this tectonic discontinuity (Figures 10b, c). The
traces often show a jagged structure, with short along-axis excursions over short
periods of time (Figure 10c), while linear and well-defined non-transform offset traces

(Figure 10g) are less frequent. The overall traces of these structures are in most cases
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oblique to spreading, documenting along-axis migrations of these discontinuities due
to a complex segmentation history involving expansion and shrinking of ridge
segments on-axis over time (e.g., Carbotte et al., 1991; Grindlay et al., 1991; Gente et
al., 1995; Tucholke et al., 1997; Spencer et al.,, 1997). Similar non-transform offsets,
displacing the ridge axis by up to a few tens of km, also leave wakes in fast-spreading
crust associated with their propagation (e.g., Searle and Hey, 1983; Naar and Hey,
1991; Bird et al., 1998), albeit with much more subdued topography associated with
rotated traces of the paleo-axial high. In all cases, non-transform offsets lack long-lived
strike-slip deformation along well-defined shear zones, as observed along transform
faults. The relative motion of plates across the non-transform offset is accommodated
instead by distributed deformation, rotation of the crust (particularly at fast-spreading

ridges), and the growth of obliquely-striking faults (Figure 8d).

Figure 10 about here

5.2.3 Extensional high-angle normal faulting and abyssal hills

High-angle normal faults are ubiquitous and develop at all types of mid-ocean ridges
to accommodate a portion of the plate separation that may vary from a few percent at
fast magmatic spreading-centers, to ~100% along ultra-slow, amagmatic ridges
(Figure 5). These faults dissect young brittle lithosphere, and manifest as steep
seafloor scarps over a wide range of spatial scales. High-resolution bathymetric
surveys, conducted with deep-sea vehicles, show fault scarps with heights of a few m
to tens of m that are pervasive both near the axial high at fast ridges, and throughout
the rift valley floor of slow- and intermediate-spreading (Figure 2, 8¢, 9b, 10, bottom).
Incipient faults developing on-axis are associated with widespread fissuring, both
along the floor of axial rift valleys (Figures 2, 9¢, 10 top), and at or near the ridge
summit in more magmatic segments (Figure 4d, 8a). These faults and fissures dissect
and dismember the volcanic features that were previously emplaced there (Figures 2,
9¢, 10 top).

Normal faults typically lengthen along-axis and are advected off-axis as they
accumulate offset and build topography. The width of the zone of active tectonic
deformation near the axis can be estimated both from seismicity (maximum distance
of ridge-related activity), or from the evolution of fault scarp heights / length away

from the axis (distance at which these parameters cease to increase). Such estimates
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are available only at a few locations, and yield zones of active deformation, and hence
of active normal fault scarps, between ~20 and ~40 km (e.g., Alexander and
Macdonald, 1996; Crowder and Macdonald, 2000; Bohnenstiehl and Carbotte, 2001;
Smith et al., 2003; Escartin et al., 2007). Most normal faults develop at high-angles (45—
60°) and accumulate limited displacements that result in both tectonic uplift and
flexure of the faulted blocks. This process shapes abyssal hills with steep axis-facing
slopes (fault scarp) and gentle, off-axis slopes (back-tilted block) (Figures 4 and 10
bottom). Abyssal hills typically trend parallel to the ridge axis and constitute an off-
axis record of tectonic and volcanic processes active at ridges. Given the vast areas of
seafloor they straddle, abyssal hills constitute the most prominent landform at the
surface of the Earth, but are only visible sub-aerially in a few areas like the Afar region
of Ethiopia.

Systematic variations in abyssal hill morphology have been noted across ocean
basins and along the global mid-ocean ridge system. Abyssal hills formed at
magmatically robust sections of slow-spreading ridges are typically spaced by ~3-10
km, while hills formed at fast spreading ridges can be as closely spaced as ~1 km (See
compilation by Olive et al., 2015; Goff, 2020). Their topographic amplitude also
decreases systematically from several km at slow ridges to <100 m at fast ridges. As
noted earlier, hill morphology is most variable along the axis of slow and ultraslow
mid-ocean ridges, in agreement with the variability in accretion modes. These
characteristics can again be interpreted as reflecting the variability in mid-ocean ridge
magma supply (Figure 3) and resulting modes of accretion (Figure 5). Mechanical
considerations (Buck, 1993; Lavier et al., 2000; Behn and Ito, 2008) suggest that the
lifespan of a normal fault is strongly modulated by the thickness of the brittle
lithosphere they dissect. Because fault slip is difficult to sustain in thick off-axis
lithosphere, faults that have moved off-axis are quickly abandoned in favor of newly-
broken, on-axis faults. The pace at which major lithospheric faults are abandoned
determines the spacing of abyssal hills. A high supply of magma to the ridge axis often
results in faster off-axis advection, and thus quicker de-activation of normal faults,
thereby shaping closely-spaced abyssal hills that have not had time to develop
significant relief (Escartin et al., 1999; Buck et al., 2005).

Figure 11 about here

Figure 12 about here
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5.2.4 Detachment faults and tectonically uplifted massifs

Slow- and ultraslow-spreading mid-ocean ridges show the greatest variability of
tectonic structures, including entire areas that are shaped solely by faulting and
feature virtually no volcanic construct (Figures 3-5). Among these, two kinds of
seafloor features were identified early on: (1) oceanic detachment faults, with
corrugated fault surfaces, also referred to as oceanic detachment faults, oceanic
detachments, oceanic core complexes and megamullions, and (2) massifs with
significant elevation above surrounding seafloor, often associated with the inside
corner of ridge-transform intersections (see section 5.2.1) or non-transform offsets.

Oceanic detachment faults were first described in the 1990s, from both sonar
and multibeam bathymetry data acquired along the Mid-Atlantic Ridge (e.g., Cann et
al., 1997; Tucholke et al., 1998). These structures, which have been found at ultraslow
to intermediate-spreading ridges, are recognizable in multibeam bathymetry data as
massifs capped by smooth fault surfaces exposed directly at the seafloor (see Figures
4a, 6, 7b, 12). These faults often show a curvature in the extension direction (across
axis), and exhibit clear corrugations in a direction parallel to spreading (e.g., Cann et
al., 1997; MacLeod et al., 2002; Okino et al., 2004). Bathymetric corrugations (Figure
12) have lengths of several km, and are spaced laterally (along-axis) hundreds of m to
a few km. Recent bathymetric surveys using deep-sea vehicles, together with in-situ
observations, show that corrugations are observed down to outcrop scales, where
fault surface striations also develop in the spreading direction (e.g., MacLeod et al.,
2003; Parnell-Turner et al., 2018; Escartin et al., 2017; Szitkar et al., 2019). Their
occurrence thus clearly disrupts the “typical’ ridge-parallel abyssal hill terrain, which
is often present on the conjugate flank of the ridge, owing to the very asymmetric
mode of oceanic accretion that takes place in the presence of detachments (Escartin et
al., 2008; MacLeod et al., 2009; Reston & Ranero, 2011).

Slow- and ultra-slow spreading ridges also feature tectonically uplifted terrain,
particularly associated with segment discontinuities (e.g. inside corners of ridge-
transform intersections), that lack both the lineated abyssal hill structure associated
with regular axis-parallel faulting, and the corrugated fault surfaces that are found at
oceanic core complexes. Instead, these elevated massifs (~1000s of meters in relief, e.g.,
Severinghaus and Macdonald, 1988) often show irregular topographies, with

evidence of mass-wasting along their flanks (see below). They also show outcrops of
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mafic and ultramafic rocks (e.g., Tucholke and Lin, 1994), consistent with a formation
linked to large-offset normal faulting but with a long and complex history of

exhumation and denudation (e.g., Olive et al., 2019).

5.2.5 Amagmatic extension at ultra slow spreading ridges: smooth seafloor

Amagmatic extension is an extreme end member of oceanic accretion in the absence
of melt, which has been extensively described along the ultra-slow southwest Indian
ridge (Cannat et al., 2006; Sauter et al. 2013; Cannat et al., 2019). This oceanic accretion
mode results in very high relief (>3 km) abyssal hills that are elongated and
subparallel to the axis, but that lack high-angle fault scarps that are found elsewhere.
Instead, the abyssal hills have domed or curved topography in the across axis
(spreading) direction. This results in broad and wide abyssal hills with a surface that
is smooth, and that lacks identifiable corrugations in bathymetric data. Figure 5 shows
a schematic tectonic model associated with these structures, which are inferred to
result from the cross-cutting of successive, long-lived detachment faults alternating in
dip direction at the axis, resulting in the uplift of mantle material that is tectonically

incorporated in the lithosphere (e.g., Sauter et al., 2013; Reston, 2018).

5.2.6 Fissuring

Fissuring is ubiquitous at the seafloor, along all ridge system types, regardless of
spreading rates and magmatic supply. Fissure lengths span from a few tens of m to a
few km, with openings that vary from m to tens of m. Both tectonic and magmatic
fissuring along the Mid-Atlantic Ridge, has been best studied subaerially in Iceland
(e.g., Acocella et al., 2000; Dauteuil et al., 2001; Sonette et al., 2010; Tentler and
Temperley, 2007; Villemin et al., 2013), while submarine studies of seafloor fissuring
are limited. At magmatic ridge systems, such as the fast-spreading East Pacific Rise
(Wright et al., 1995; 2002) or Galapagos (e.g., White et al., 2008), fissuring is primarily
of volcanic origin, and linked either to surface deformation induced by the
emplacement of subseafloor dikes, or to eruptive fissures (Wright et al., 2002).
Fissuring is particularly intense along the Axial Summit Trough (Figure 8a), and often
dissects recent volcanic structures such as axial volcanic ridges (Figures 8b and 9c¢).
Fissuring also develops in association with tectonic extension, particularly in the early

stages of seafloor rupture and fault formation (e.g., Figures 2b, 11a, 11c). In this case,
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fissures coalesce and accumulate a vertical offset in addition to purely horizontal
extension, developing a fault scarp (Crider et al. 2015).

Fissuring penetrates to depths of a few hundreds of m subseafloor and modifies
the physical properties of the upper oceanic crust. First, there is a likely enhancement
of porosity and permeability that may facilitate water flow within the upper crust
(e.g., Hearn et al., 2003), and that may be directly linked to the location of
hydrothermal fields exploiting these fissure networks (e.g., Bohnenstiehl et al., 2000).
Second, fissures generally develop along-axis and perpendicular to extension driving
both diking and normal faulting within the rift valley floor of ridges showing
significant tectonic extension (e.g., Bohnensitehl et al., 2000; Briais et al., 2000). This
oriented fracture network results in a significant seismic anisotropy of the upper

oceanic crust (e.g., Barclay et al., 2003).

5.3 Creating relief through hydrothermal processes

Hydrothermal activity within the oceanic crust is found along all types of ridges, and
develops in a range of tectonic contexts, from the ridge axis to near- or off-axis sites
associated with detachments, non-transform offsets, or major faults (e.g., German and
Parson, 1998; Beaulieu et al., 2013; MacCaig et al., 2007; 2010). At the seafloor, the
interaction of the venting hydrothermal fluids with seawater often results in the build-
up of hydrothermal edifices and structures. The most common and best-studied
hydrothermal systems are associated with magmatic heat sources at depth (Lowell et
al,, 2013), and result from the precipitation of the dissolved sulfides in high-
temperature (>350°C) hydrothermal fluids (Figure 13a), when mixing with cold
seawater (e.g., Haymon, 1983; von Damm, 1990). Hydrothermal chimneys are one of
the most prominent and striking hydrothermal submarine features, and have typical
heights of a few m, but can reach ~10-20 m (Figure 13b). These structures often
develop on hydrothermal mounds (Figures 13a-c), which are formed by the growth
and collapse of many of these chimneys over time, in addition to fallout from the
hydrothermal plume itself. Hydrothermal venting typically concentrates at ridge
sections to form hydrothermal fields tens to hundreds of meters wide (e.g., Lucky
Strike, Figs 13b-c; TAG, Fig. 13d), while in some more magmatic systems such as the
East Pacific Rise of the Juan de Fuca Ridge, vents may be distributed throughout the
seafloor (e.g., Clague et al., 2020).

Hydrothermal activity can be associated with non-magmatic processes, and in
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particular with low-temperature alteration of mantle rocks and their hydration
(serpentinization). In these systems fluids venting at the seafloor are low-temperature
(<100°C), high pH, and rich in volatiles (methane, hydrogen), and trigger the
precipitation of carbonate from seawater upon mixing (Figure 13e; Kelley et al., 2005).
Such systems have been identified to date along the Mid Atlantic Ridge (Lost City
hydrothermal field; Kelley et al., 2005 Denny et al., 2010), and the Southwest Indian
Ridge (Lecoeuvre et al., 2021).

The structures associated with both high- and low-temperature hydrothermal
activity are small relative to other volcanic and tectonic features that develop along
mid-ocean ridges, with diameters typically <100 m, and heights <~10-20 m. These are
thus identifiable in the seafloor morphology only in high-resolution bathymetry
acquired with deep-sea vehicles (AUVs and ROVs; Figure 13) and are difficult to
identify morphologically off-axis if these systems are inactive. While some fields may
build up over thousands of years, particularly at slow-spreading ridges (e.g., Lalou et
al., 1989; 1990; 1993; Jamieson et al., 2013), these are also often obliterated by volcanic
eruptions on-axis, faulting, erosion and mass wasting, or covered by sediments off

axis.

Figure 13 about here

6. Modification and destruction of seafloor relief at ridges

Topography built at mid-ocean ridges by the combination of volcanic and tectonic
processes, and to a lesser extent by hydrothermal activity, is modified or obliterated
by two distinct processes that operate both on- and off-axis: erosion (primarily mass-
wasting) and sedimentation. Mass wasting of oceanic basement is pervasive, and
observed within the axial zone of ridges, particularly at slow-spreading ones where
significant tectonic relief develops. In most cases, sedimentation is limited on-axis,
and pelagic accumulation of sediments is only noticeable off-axis and over old
seafloor. Some ridges, however, are active near continental sources of sediment, and
thus experience significant on-axis sedimentation. Quantitative studies of these
different processes are limited, and rates of both erosion and sedimentation are
unconstrained to date, even though these significantly modify the submarine
landscape, including that of abyssal hills (e.g., Goff and Tucholke, 1997).
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6.1. Gravitational mass wasting

The slopes observed along mid-ocean ridges from submersible studies, which provide
near-seafloor measurements that are not biased by filtering, typically show values 30°-
45° (Mitchell et al., 2000; Howell et al., 2016). These slopes are also consistent with
multibeam shipboard bathymetry data along the flanks of rift valleys (see

www.gmrt.org), and with recent studies using high resolution bathymetry (Cannat et

al. 2013). Erosion of fault scarps developing on basement initiates with the formation
of gullies at small scales (Figure 14a), which may coalesce to form canyons (Tucholke
et al., 1997; Goff and Tucholke, 1997), while depositing a talus of rubble at the foot of
the scarp (e.g., Allerton et al., 1996; Figure 14a). This process is continuous, and
efficiently erodes the tectonic fault scarp and reduces its overall slopes from a high-
angle (likely >60°) to <45-30°, on-axis. At high-relief fault scarps, such as those
developed by mature faults or along transform valleys, large-scale head scarps, with
lengths of up to a few km, are common (e.g., Tucholke, 1992; Denny et al., 2015), and
result in deep incisions (e.g., Figure 14b). High-resolution bathymetry along the walls
of the Mid-Atlantic Ridge (Ferrini et al., 2013; Cannat et al., 2013) reveals mass-wasting
at intermediate scales (~ 1 km), with complex slope failures, rotated blocks, elongated
debris flows, and pressure ridges. The resulting overall scarp slopes range between
<20° in areas that are dominating by serpentinites, and >25° for basalt dominated
areas suggesting that the final fault scarp angle may be, at least in part, controlled by
the frictional properties of basement lithologies (e.g., Mitchell et al., 2000; Cannat et
al., 2013).

The processes of scarp erosion are efficient as they operate on-axis where fault
scarps are efficiently eroded to low angles (typically ~30° or less). The observed
abyssal hill morphology in older seafloor is thus shaped first by normal faulting on-
axis and reshaped significantly during its formation on-axis by mass wasting erosion
(e.g., Goff and Tucholke, 1997).

Figure 14 about here

6.2. Sedimentation

Sedimentation is a pervasive process that may affect oceanic lithosphere of all ages,

and potentially cover basement topography, resulting in smoother seafloor textures,
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and infilling of low-lying areas (e.g., Goff and Tucholke, 1997). The impact on seafloor
morphology depends on the type of sedimentation.

First, pelagic sedimentation is spatially continuous although associated with
extremely low sedimentation rates (typically less than a few mm/yr), and identifiable
on-axis as a fine sediment dust, often used to qualitatively infer differences in the age
of lava flows, particularly at fast-spreading ridges (e.g., Soule et al., 2006). While
volcanic, tectonic, and hydrothermal morphologies are well-preserved on-axis, off-
axis sediments efficiently infill depressions, and progressively blanket ageing seafloor
(Figure 15; Collette et al., 1969; Mitchell et al., 1998; Parnell-Turner et al., 2014; see also
Olson et al., 2016, and references therein), while smoothing abyssal hill scarps (e.g.,
Goff and Tucholke, 1997; Mithchell and Searle, 1998). At smaller scales, this infill of
low-lying areas requires redistribution or diffusion of sediment (e.g., Marks, 1981;
Webb and jordan, 1997), through turbidity currents and local mass wasting of unstable
sediment deposits. Turbidity currents also exploit low-lying terrain corridors, such as
fracture zone valleys, transport sediment over long distances, and contribute to local
ponding (e.g., Jaroslow and Tucholke, 1994).

Second, sedimentation can be produced locally as a result of mass-wasting.
This likely operates at the base of major topographic scarps where mass-wasting is
active (see previous section, Figure 14b). Nodal basins at the end of ridge segments,
primarily slow-spreading ones, are often surrounded by high-relief scarps pervasively
incised by mass-wasting, and show a flat bottom (e.g., Fig. 14b). This suggests that
such local sedimentation is efficient on-axis and cannot be directly associated with
pelagic sediment infill. Sediment sources in these environments can be linked to local
mass-wasting (e.g., Bonatti et al,, 1974; Tamayo Tectonic Team, 1983; Gao, 2006).
Breccias with heterogeneous basement clasts within a sediment matrix are also
identified in ophiolites that are interpreted as sections of oceanic crust formed near
ridge-transform intersections, or associated with significant extensional faulting and
detachment formation (e.g., Bonatti and Honnorez, 1976; Moores, 1982; Portner et al.,
2011).

Sediments from continents are a third source that may impact mid-ocean ridge
sections (Figure 16). Detrital sedimentation can efficiently bury volcanic and tectonic
features at the ridge axis, as it is the case of some back arc basins (e.g., Andaman Sea;
Jourdain et al., 2016) or ridges (e.g., Gulf of California or Northern Juan de Fuca Ridge ;
Lizarralde et al., 2007; Nedimovic et al., 2008), located near margins or the coast. In

the Red sea, the ridge axis is also locally covered by salt glaciers or neymars (Augustin
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et al., 2014; Feldens and Mitchell, 2015). It has been proposed that such intense syn-
tectonic sedimentation may influence the very dynamics of seafloor spreading (e.g.,
De Sagazan and Olive, 2021).

Figure 15 about here

Figure 16 about here

7. Concluding remarks

All the volcanic, tectonic, hydrothermal, sedimentary and erosional processes briefly
outlined above are active along the global mid-ocean ridge system, and their
interactions shape the morphology of the seafloor over a wide range of spatial scales,
from 10s to 100s of km (e.g., ridge segmentation, transform faults), to 10s of m (e.g.,
hydrothermal constructions). These are controlled by a wide range of factors (e.g.,
spreading rate, melt supply to the axis, type of sediment sources and distance to them,
hydrothermal circulation, etc.), that vary both regionally (within and across ocean
basins) and locally (along individual ridge segments). Figure 17 shows a detailed
geomorphologic interpretation of a single slow-spreading ridge segment (Menez
Gwenn, Northern Mid-Atlantic Ridge; Klischies et al., 2019). This segment shows a
central volcano that imparts along-axis gradients in magma supply, thereby
controlling the distribution of volcanic features, as well as the distribution of adjacent
normal faults and the shape of the associated valley. Tectonics and volcanism also
control the location, shape, and extent of sedimentary ponds, likely associated with
both pelagic sedimentation and locally-derived sediment sources (e.g., mass-wasting).

Overall melt supply to the axis, rather than spreading rate, is the key parameter
controlling the tectonic and volcanic accretion styles that shape the seafloor. For
example, at ultra-slow spreading rates lithospheric accretion can range from almost
amagmatic and avolcanic spreading, with detachment faults emplacing mantle in the
lithosphere and exposing it at the seafloor, to ridge segments with major central
volcanoes (e.g., South-West Indian Ridge; Cannat et al.,, 1996; Sauter and Cannat,
2016). Except for fast-spreading ridges, which are well-supplied magmatically and
show limited variability in accretion style, spreading rate is therefore not an accurate

indicator of the resulting seafloor morphology at scales of ~1-10 km, which changes
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as a result of variability in the availability of melt to accommodate plate separation
(Figures 3 and 5).

Figure 17 about here

While the origin and nature of different seafloor features formed along mid-
ocean ridges are now relatively well established, the dynamics of these processes, such
as the interactions or feedbacks between tectonic extension and mass wasting, require
quantification to understand submarine landscape evolution. This is still hindered by
the scarcity of data; bathymetry at a resolution of ~100 m is only available for 20% of
the ocean floor, while only a few sites have been mapped with high resolution
techniques (<10 to 1 m), or with optical data for geological ground truthing (both
requiring surveys using deep-sea vehicles). Furthermore, understanding the
dynamics of these different processes requires repeated or continuous observations.
Change detection in subaerial geology has been critical not only to identify the
mechanisms driving numerous processes (e.g., deformation, sedimentation, erosion,
volcanism), but also to quantify the associated fluxes and rates at which they occur.
As in the case of high-resolution bathymetry, temporal studies are limited to a few
sites, and are representative of a very short ridge length (a few km to tens of km in
each case). These temporal studies focus on active processes such as volcanic
eruptions, hydrothermal activity, and faulting. To date, there are no temporal
observations constraining mass wasting and sedimentation, and their links to tectonic
uplift and volcanic processes along ridges. Quantifying these interactions, which span
a wide range of temporal scales (<1 day to millions of yrs), as well as spatial ones (~1
m to 10s of km), will be key to understand the landscapes associated with the oceanic

crust, which cover more than two thirds of the Earth’s surface.
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Figure 1. a) Bathymetric map of the Northern Atlantic from line soundings compiled by
Maury (1955) and revealing the rise at the center of the basin. Center: Section of the
Physiographic map drafted by M. Tharp of the central Atlantic based on along-track
bathymetric profiles. This map is a portion of the 1957 physiographic map published as an
inset to Heezen and Tharp (1959). Bottom: Combined multibeam and satellite-derived
bathymetry for the same area as in the Center Panel, showing the accurate depiction of major

seafloor structures identified by Tharp and Heezen (data from hittp:/[www.gmrt.org).
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Figure 2. a) Shipboard bathymetry of the slow-spreading Lucky Strike ridge segment,
showing the central volcano within the marked rift valley, and the axis-parallel faults and
volcanic structures within. b) Shaded relief map of high-resolution bathymetry acquired with
an autonomous underwater vehicle (see location in a), showing lava flows along-axis volcanic
hummocks, collapses along dikes, and numerous fault scarps. c) Seafloor photomosaic of a
recent lava flow along the axis of the Lucky Strike segment, showing a flat, lineated surface
with lava coils that form shearing within the flow during emplacement. Data: Shipboard
bathymetry  from the  Sudacores cruise  (Cannat et  al, 1999;
https://doi.org/10.17600/98010080); AUV microbathymetry
(https://doi.org/10.17882/80574)  from the MOMAR'08 and Bathyluck’09 cruises
(https:/[doi.org/10.17600/8010110 &  https://doi.org/10.17600/9030040);  Seafloor
photomosaic (https://doi.org/10.17882/80447) acquired with ROV during the Bathyluck’09
cruise. Modified Gini et al. (submitted).
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Figure 3. a) Schematic of key processes shaping the axis of the intermediate-spreading Chile
Ridge (6 cm/[yr), modified from Olive et al. (2015). b) Diagram showing the plausible range of
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both lithospheric thickness and magma supply to the ridge axis, expressed as melt thickness, as
a function of spreading rate. Microseismicity at the ridge axis shows variable depth
distributions, and its maximum depth is a proxy for the depth of the base of the lithosphere.
Similarly, axial magma chambers (>1000°C), which feed volcanic eruptions at the seafloor by
diking through the overlying brittle lithosphere. The depth range of the lithosphere base (blue
shaded area) is ~2 km for very fast-spreading ridges (>12 cm/yr), but this depth range increases
with decreasing spreading rate. Magma supply to the ridge axis is also variable, with an
equivalent magmatic thickness ranges of 5-8 km at fast spreading-ridges, and show both an
overall decrease, and at the same time an increase in the variability towards slow- and ultra-
slow ridges (red shaded area). Seismic crustal thickness data corresponds to the compilation by
Christeson et al. (2019). Depth of the brittle lithosphere is constrained by the depth of
microseismicity (Wolfe et al., 1995; Katsumata et al., 2001; Wilcock et al., 2002; Tilmann et
al., 2004; de Martin et al., 2007; Tolstoy et al., 2008; Crawford et al., 2010; Grevemeyer et al.,
2013; Parnell-Turner et al., 2017; Horning et al., 2018; Schmid et al., 2021; Yu et al., 2021),
and from the depth of axial magma chambers or AMC (Morton et al., 1987; Vera et al., 1990;
Detrick et al., 1993; Mutter et al., 1995; Carbotte et al., 1996; Sinha et al., 1997; Turner et al.,
1999; Blacic et al., 2004; Singh et al., 2006)
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Figure 4. Bathymetry maps of different mid-ocean ridge sections and their corresponding full
spreading rate. Axial highs (right, a and b) are found both at fast and slow spreading ridges
that are magmatically robust (e.g., near hot-spots), while well-developed rift valleys (center),
considered to be ‘typical” of slow-spreading ridges (c) also develop at intermediate spreading
rates (d). Tectonic deformation with development of long-lived normal faults develops at slow
(e) and ultra-slow spreading ridges (f). Bathymetry in a through e is from www.gmrt.org, and
in f) from Cannat et al. (2006), acquired during the SMOOTHSEAFLOOR cruise
(https://doi.org/10.17600/10200050).
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Figure 5. Diagram showing the different modes of oceanic accretion and seafloor formation,
which reflect the balance between magma supply and brittle lithospheric thickness at the ridge
axis (see Fig. 3). The variability in modes of accretion increases with decreasing spreading
rate, and as a result of numerous factors impacting melt supply (mantle temperature and
composition, presence of volatiles, ridge geometry and obliquity) and lithospheric thickness
(hydrothermal circulation, fracturation). Modified from Olive and Dublanchet (2020).
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Figure 6. Bathymetry showing abrupt transitions from regular faulting defining linear

abyssal hills (AH) to oceanic detachment with extension-parallel corrugations (D), observed at
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intermediate to ultra-slow spreading ridges, in addition to an asymmetry in seafloor structure

across the axis. Bathymetry in a) is from www.gmrt.org, and in b) from Smith et al. (2006),

acquired during cruise KN210-05. Black arrows indicate the position of the ridge axis.
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Figure 7. The global mid ocean ridge system is discontinuous, with both major transform
faults that are stable over time (a-c), and that laterally offset the ridge tens to a few hundreds
of km. The ridge system also shows segments bound by either d) non-transform offsets (NTOs,
indicated by red triangles), that develop primarily at slow-spreading ridges, and e) overlapping
spreading centers (OSCs), with characteristic hooked ridges showing the interaction of
adjacent segments, and that are preserved off-axis (red triangles). Both NTOs and OSC are
unstable and leave wakes in the seafloor bathymetry showing along-axis propagation (dashed

white translucent lines). Bathymetry from www.gmrt.org.
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Figure 8 a) Side scan sonar image at the summit of the East Pacific Rise at ~9.8°N , showing
faulted and fissured axial summit trough, from which lava flows emanate and extend off-axis
(e.g., Fornariet al., 2004; Soule et al., 2005; 2007), indicated by the darker terrain (low acoustic
reflectivity). The grey background (higher acoustic reflectivity) corresponds to lobate lavas
flows. b) Hummocky pillow ridges along the Gorda segment of the Juan de Fuca Ridge. These
mounds correspond to aligned, focused volcanic eruptions, and have a relief of a few tens of m
(Caress et al., 2012; Yeo et al., 2013). Sonar data in a) was acquired during 2001 cruise AT07-
04 (Fornari et al., 2004), and high-resolution bathymetry in b) was acquired with an AUV

during cruise TN183 (Clague et al., 2014).
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Figure 9. Volcanic structures within the rift valley along segments from the Mid-Atlantic
Ridge. a) Rift valley of a segment south of the Marathon Fracture Zone showing numerous
seamounts peppering the floor of a well-developed rift valley. b) Large axial volcanic ridge
within the rift valley, emplaced at the end of a magmatic segment, and a discontinuity
characterized by an oblique rift valley and complex abyssal hills off-axis. c) High-resolution
bathymetry of a volcanic ridge formed by a series of coalescing hummocks along the Lucky
Strike segment. a) and b) Bathymetry from www.gmrt.org (and and b) and c) near-seafloor,
high-resolution bathymetry acquired with deep-sea vehicles (https://doi.org/10.17882/80574)
along the Lucky Strike segment (Escartin et al., 2015; Gini et al., submitted).
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Figure 10. a) Detail of the ridge along the southwestern end of the Vlahming transform fault
(Conder and Forsyth, 2001), showing the trace of the recent shear zone running along the
transform ridge, and seamounts emplaced at the vicinity of the segment end to the northwest
of the fault. b) Disruption of abyssal hills at a fracture zone that transitions to a linear and
well-defined non-transform offset that propagates southwards along the axis, associated with
the growth and waning of segments on-axis (Gente et al., 1995). c) Jagged trace of the non-
transform offset trace bounding the 29°N segment to the north (Sempere et al., 1995). This
complex geometry of the non-transform offset records a persistent ridge discontinuity that is
unstable, with short along-axis excursions, and that displays a rotation of the seafloor structure
associated with the end of abyssal hills and associated normal faults. Bathymetry from

www.gmrt.org.
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Figure 11. Fault scarps form at the ridge axis and at small scales (top), that develop and grow
both in height and along axis, forming ridge-parallel abyssal hills (bottom) and both at the
slow-spreading Lucky Strike ridge segment along the MAR (a and b, right) and the
intermediate spreading Alarcon Rise along the Gulf of California (c and d; Clague et al., 2018).
Red boxes in bottom fiqures b) and d) indicate the position of high-resolution maps shown on
top. High resolution bathymetry acquired with deep-sea vehicles at Lucky Strike in a)
(https:/[/doi.org/10.17882/80574; Escartin et al., 2015; Gini et al., submitted) and Alarcon Rise
in c) (Clague et al., 2018), and shipboard bathymetry (bottom) from www.gmrt.org.
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Figure 12. a) Oceanic detachment fault system and inside corner high south of the Kane
fracture zone (Mid-Atlantic Ridge). This detachment is long-lived, as shown by continuous
striations off-axis and over several faulted sections of the oceanic core complex. Towards the
axis two prominent inside corner highs develop adjacent to the fracture zone (e.g., Dick et al.,
2008; 2010). b) High resolution bathymetry map from the 13°20’N detachment along the Mid-
Atlantic Ridge, showing the fine-scale corrugations along the domed fault surface, as well as

its emergence from the rift valley floor, corresponding to the hanging wall cutoff (Escartin et

al., 2017; Parnell-Turner et al., 2018). Shipboard bathymetry in a) is from www.gmrt.org.
Bathymetry in b) is from Escartin et al. (2017) and available at https://doi.org/10.17882/48335.
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Figure 13. Hydrothermal edifices, mounds, and fields: a) the active Pinnacle Ridge vent (~1.5

m wide) is located at the summit of a hydrothermal mound that rises a few m above the
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surrounding seafloor. This vent is one of two active vents from the Irinovskoe Hydrothermal
Field (HF) emplaced on the 13°20’N detachment fault surface (see Figure 12b; Escartin et al.,
2017). ROV image acquired during the 2013 ODEMAR cruise. b) The active Eiffel Tower
hydrothermal chimney at the Lucky Strike hydrothermal field rises ~20 m above the seafloor
and is built over a broad hydrothermal mound. c) Microbathymetry of the Capelinhos vent
(lucky Strike Hydrothermal field), developing over a network of fissures and faults (see
Escartin et al., 2015). d) Bathymetry of the TAG hydrothermal field (Mid-Atlantic Ridge),
showing a circular platform with various phases of development (data courtesy of R. Sohn,
WHOI). e) Active carbonate hydrothermal spire, approximately ~10 m high, from the low-
temperature, serpentinite-hosted, Lost City hydrothermal site, located at the Atlantis Massif
detachment and adjacent to the Atlantis transform fault (Figure 7b). Modified from Kelley et
al. (2005).
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Figure 14. a) High-resolution bathymetry from the Lucky Strike segment center, showing
incipient fault forming within the rift valley and at the summit of the Lucky Strike volcano.
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The fault scarps develop small-scale gullies in the upper scarp and accumulate talus with
smooth surfaces at the scarp bottom. b) Multibeam bathymetry of the SE corner of the Atlantis
Massif, North of the Atlantis Transform Fault. The rift valley wall shows slopes of <30° with
mass wasting features, and clear mass wasting scarps develop along the transform wall to the
South. High resolution bathymetry in a) acquired with deep-sea vehicles at Lucky Strike
(https://doi.org/10.17882/80574; Escartin et al., 2015; Gini et al., submitted). Multibeam
bathymetry in b) from www.gmrt.org.
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Figure 15. Effects of pelagic sedimentation on the seafloor morphology from multibeam
bathymetry at the northern Atlantic oceanic crust, from the axis (right), over crust ~ 50 Ma
(center) and older crust of ~105 Ma (left). Pelagic sedimentation is minimal at the ridge axis
(right), and tends to infill low-lying areas, either between abyssal hills or along fracture zones
(center) and non-transform offsets. At older seafloor sediment thickness may be sufficient to
cover most of the basement topography, and only the summit of abyssal hills are visible (left).

Data from https:/[www.gmrt.org.
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Figure 16. Sedimented ridge segments. a) Pescadero rift, in the Gulf of California, where the
rift valley is fully sedimented and all volcanic and tectonic features are covered (e.g., Lizarralde
et al., 2007). b) Northern Juan de Fuca Ridge, near the western North American Coast,
showing sediments ponding between abyssal hills and seamounts emplaced off-axis, covering

them partially. Data from https://www.gmrt.org.
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Figure 17. Geomorphologic interpretation of the Menez Gwen segment along the Northern
Mid-Altantic Ridge. This map shows the along-axis variations of volcanic, tectonic and
sedimentary features, with an imbrication at different scales reflecting the interaction of the
different processes. Modified from Klischies et al. (2019).
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