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Abstract At mid‐ocean ridges, the mantle temperature and composition, and the lithosphere thickness
control the melting conditions, which influence the feeding and structure of the neo‐volcanic areas. We present a
study of the eastern intersection between the Romanche transform fault (TF) and the adjacent southward
segments of the Mid‐Atlantic Ridge (MAR). A strong thermal gradient is expected along the axis. We focus on
the construction of the axial domain and on the spatial and temporal volcano‐tectonic interplays. The geological
mapping of the intersection shows a progressive variation in the orientation of the normal faults from about 30°
to 90° oblique to the spreading direction with increasing distance from the TF. This attests to the decrease of the
transform‐related shear stress component and the thinning of the axial lithosphere southward. Contextually, the
coupled thermal edge effect influences the effusion rate and magma supply which in this area are low compared
to other MAR segments. However, recent volcanic activity along the axis starts about 10 km south of the ridge‐
transform intersection. Rather than a progressive increase of the magma supply with the distance from the TF,
the volcanic activity seems to increase abruptly about 30 km south of the intersection. The segment RC2, from
∼30 to 55 km from the Romanche TF, displays more numerous and larger seamounts than the segment RC3
located ∼80 km from the TF, an observation which we interpret to result from the increased thickness of the
lithosphere under RC2, due to its proximity with the ridge‐transform intersection.

Plain Language Summary The oceanic crust forms at mid‐ocean ridges by partial melting of the
Earth's mantle. The morphology of the ridge axis varies with the amount of magma supplied to the ridge which
depends mainly on the mantle temperature and lithosphere thickness. To better understand the construction
modes of mid‐ocean ridges, we studied the eastern intersection between the Romanche transform fault (TF) and
the adjacent southward segment of the Mid‐Atlantic Ridge. In this area the mantle temperature strongly
decreases near the TF, because the hot mantle under the ridge becomes in contact with the cold, old lithosphere.
Wemapped the seafloor, identified faults, measured the volcano size, estimated the sedimentary cover and dated
samples of basalts to define the timing of some volcanic eruptions. Despite the cold mantle, volcanic activity
was observed all along the ridge axis, even close to the TF. The volcanic segment closest to the TF appears to
have larger and more numerous seamounts than the one located farther away. The direction of faults changes,
becoming less oblique to spreading with distance from the TF. We interpret both observations to result from the
thinning of the axial lithosphere with increasing distance from the TF.

1. Introduction
At mid‐ocean ridges (MOR), the temperature of the mantle controls the lithospheric thickness, the magma supply
and the structure of the neo‐volcanic zone (NVZ) (Klein & Langmuir, 1987; Langmuir et al., 1992; Phipps
Morgan &Chen, 1993). Deepening earthquakes alongMORs suggest that the lithosphere thickness increases with
decreasing spreading rate (Grevemeyer et al., 2019; Huang & Solomon, 1988). The morphology of slow‐
spreading mid‐ocean ridges is characterized by a wide and deep axial valley including an axial volcanic ridge
(AVR) and individual volcanoes (Macdonald & Luyendyk, 1977; Tapponnier & Francheteau, 1978). The ac-
cretion at slow‐spreading ridges appears to be cyclical, alternating between phases of magmatic construction,
characterized by the formation of volcanoes and narrow volcanic ridges, and phases of tectonic destruction, when
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the seafloor is affected by faults and the volcanic constructions are split (Briais et al., 2000; Mendel et al., 2003;
Parson et al., 1993; Peirce et al., 2005). The intermittent magmatic supply and the absence of long‐lasting magma
chambers beneath slow‐spreading ridges (Perfit & Chadwick, 1998) inherently result from low extent of mantle
melting (Langmuir et al., 1992; Perfit & Chadwick, 1998).

The thickness of the brittle lithosphere, defined by the 600°C isotherm (Abercrombie & Ekström, 2001; Mckenzie
et al., 2005), varies locally, notably at the intersections between ridges and transform faults (TFs), called ridge‐
transform intersections (RTI) (Grevemeyer et al., 2019; Huang & Solomon, 1988; Phipps Morgan & Chen, 1993;
Rundquist & Sobolev, 2002). Fox and Gallo (1984) first described the “cold edge effect” at RTIs, from the main
observation of a deepening of the ridge axes near TFs. They showed that the RTI morphology is mostly controlled
by the juxtaposition of an old, cold and thick lithosphere against the hot mantle, and the young and thin lithosphere
of the spreading ridge axis. This contact causes a cooling of the mantle rising beneath the axis and a thickening of
the axial lithosphere approaching the RTI. The main consequence of the "cold edge effect" is the decrease in the
degree of partial melting, and thus in the volume of magma fed to the axis in the vicinity of the TF, resulting in the
formation of a thinner crust. The lower magma supply generates temporary and isolated magma reservoirs, with
less melt mixing, eventually leading to an increase of the variability in basalt composition compared to robust
magmatic segments (Fox & Gallo, 1984; Langmuir & Bender, 1984; Phipps Morgan & Forsyth, 1988). Another
proposed consequence of this effect is the welding of the young lithosphere with the adjacent, cold lithosphere,
creating a shear couple between the two plates. This linkage causes the change in orientation of the minimum
horizontal stress from normal to oblique to the spreading direction approaching the TF (Fox & Gallo, 1984).

The slow‐spreading Mid‐Atlantic Ridge (MAR) is offset by numerous TFs, especially in the equatorial zone
between the latitudes of 5°N and 7°S which includes the large TF systems of Saint‐Paul (∼570 km cumulative
offset), Romanche (∼900 km offset) and Chain (∼300 km offset) (Figure 1a). The Romanche TF offsets the MAR
in a sinistral way resulting in a lithospheric age contrast of ∼45 Ma.

Regardless of the cold‐edge effect near TFs, the average temperature of the equatorial upper mantle has been
shown to be colder than in adjacent regions. The axis of the equatorial MAR is deeper than in other MAR
segments, reaching maximal depths of 4,000–5,000 m, compared to depths of ∼3,000–4,000 m south of the
Romanche TF (Anderson et al., 1973; Schilling et al., 1995). Lower degrees of melting relative to those observed
along other MAR segments were estimated from peridotites and basalts collected in the equatorial MAR. The
Romanche TF marks a boundary, with warmer estimated mantle temperatures at which decompression melting
begins southward (Schilling et al., 1994, 1995). Furthermore, P‐ and S‐wave tomographic models reveal the
presence of a high‐velocity zone (i.e., low temperature) in the upper mantle of the whole equatorial region
(Dziewonski & Anderson, 1984; Zhang & Tanimoto, 1992). Recent studies based on seismic data have docu-
mented the presence of a slightly thinner‐than‐normal crust, 8–70 Ma‐old, in the equatorial Atlantic Ocean
(Marjanović et al., 2020; Wang & Singh, 2022).

The Romanche TF is one of the longest in the world, therefore, a strong cold‐edge effect is expected (Bonatti
et al., 1996; Ligi et al., 2005; Schilling et al., 1994, 1995). The eastern intersection of the Romanche TF with the
MAR is influenced by the combination of the cold edge effect and the regional mantle temperature minimum
under the equatorial Atlantic. Both effects decrease to the south with increasing distance from the TF. Previous
studies on this Eastern Romanche Ridge‐Transform Intersection (ERRTI) described an unusual ridge axis pattern
with an oblique, en‐echelon structure and a poorly defined NVZ within ∼30 km of the ERRTI (Bonatti
et al., 1996). These conditions of low melt production near the intersection appear to have been steady‐state for a
large part of the Romanche life span (more than 30 Ma; Bonatti et al., 2001; Gregory et al., 2021). However, the
structure of the present‐day NVZ was not described in detail by these authors and the impact of the thermal
gradient on the mode of construction of the axial domain is poorly known. The aim of this study is to provide new
constraints on the interplays between volcanic and tectonic activity through space and time under a transitional
melt regime, from nearly amagmatic at the ridge‐transform intersection toward a more magmatic one away from
the TF.

To assess how volcanism and tectonics co‐vary as a function of the distance to the TF, we interpreted bathymetric
and backscatter data collected during the SMARTIES (Maia et al., 2019) and ILAB‐SPARC (Singh, 2018)
cruises. We augmented this interpretation with observations from manned Nautile submersible dives. The studied
dives were performed during the SMARTIES cruise, and distributed along the NVZ from∼10 km south of the TF
to ∼80 km away from it (Figure 2). From these data we describe the axial structure, including the variations of
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Figure 1. (a) Main transform faults (black lines) offsetting the equatorial Mid‐Atlantic Ridge (blue line). The red box delimits the Equatorial Atlantic represented in
(b) The red dots are hotspot locations from Basile et al. (2020) and Walowski et al. (2021). TF: Transform fault. Data source: GEBCO Compilation Group, 2022. The
MAR axis represented in b and c, is based on Bonatti et al. (1996) interpretations. (b) Bathymetric map of the MAR axis between Saint‐Paul and Chain transform faults.
TheMAR axis is marked by black solid and dashed lines and the transform fault systems by white lines. The red rectangle delimits the ERRTI (Eastern Romanche Ridge
Transform Intersection) represented in (c) Data source: GEBCO Compilation Group, 2022. (c) Bathymetric map of the ERRTI, combining swath bathymetry collected
during the SMARTIES cruise and previous cruises. The MAR axis is marked by black solid and dashed lines. Boundaries of the Romanche transform fault shear zone
are highlighted by white dashed lines and the white arrows indicate the direction of relative plate motion.
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Figure 2. Bathymetry and backscatter of the neo‐volcanic zone at the ERRTI. (a) Bathymetric map, combining swath bathymetry collected during the SMARTIES cruise
and previous cruises. The white lines are the tracks of the dives analyzed in this study. The black dashed rectangles outline the mapped areas, where figure numbers
correspond to the structural maps presented in the following sections. (b) Backscatter mosaic. High reflectivity intensity corresponds to light colors, and sedimented
terrains with low backscatter intensity are dark. Dive tracks are shown in orange and mapped areas as yellow rectangles.
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fault orientation along the axis. In order to have a first order approximation of the magma supply variations along
axis, we used lava flow morphology as a proxy for the extrusion rate (Fink & Griffiths, 1992; Griffiths &
Fink, 1992). We also report the size, shape of seamounts and their number per km2 as another indication of the
eruption dynamics and the amount of magma input (Cochran, 2008; Magde & Smith, 1995; Mendel &
Sauter, 1997; Smith & Cann, 1992). Based on visual (dive videos) and echosounder (backscatter) estimation of
sediment thickness, we determined a relative chronology of volcanic terrains, confirmed by absolute dating of
four basaltic samples.

2. Geological Setting
The Romanche TF offsets the slow‐spreading Mid‐Atlantic Ridge near the equator (full spreading rate ∼28 mm/
yr, spreading direction N78°E in the study area; DeMets & Merkouriev, 2019). The section of the MAR located
between the Romanche and Chain TF (segment eight in Schilling et al., 1994) is a ridge “super‐segment”,
composed of segments separated by non‐transform discontinuities (NTD) (Figure 1).

The southernmost segment, extending from the Chain TF to 0°15ʹS, has been described as a typical MAR segment
displaying an active spreading center with recent volcanic constructions (Bonatti et al., 1996). Its northern part is
shown in Figure 1c. The orientation of this segment is ∼N160–170°E and its northern part shows di-
rections ∼N110–120E° (Bonatti et al., 1996). Harmon et al. (2018) also described this segment as an active
spreading center associated with recent basalts and similar to those typically observed in the MAR. A second
segment was identified by Bonatti et al. (1996), between 0°10ʹS and the equator, with an orientation of ∼N160°E.
According to these authors, the axial valley disappears 30 km south of the ridge‐transform intersection, and the
morphology of the ridge‐transform intersection is poorly defined, since no deep active nodal basin or inside‐
corner high were identified. Bonatti et al. (1996) also reported the absence of a progressive deepening of the
seafloor toward the TF, contrary to what was described near other Mid‐Atlantic RTIs. Based on a limited number
of dredged samples, the 30 km‐wide band of seafloor south of the TF was interpreted to consist mostly of ser-
pentinized mantle overlaid by a thin and discontinuous basaltic crust (Bonatti et al., 1996). The study of peri-
dotites and basalts collected in the area suggested low degrees of melting, with predominantly amagmatic
extension (Bonatti et al., 1993, 1996; Schilling et al., 1995). There is no clear geophysical evidence suggesting a
present‐day influence of hotspots on the MAR axis between the Romanche and Chain TF. However, according to
Schilling et al. (1994) the mantle in the region from the Romanche to the Ascension TF (their segments 8–10) is
characterized by an overall depleted composition, containing enriched mantle lumps. These fragments would
result from a combined effect of a hotspot with delaminated subcontinental lithospheric mantle.

Ligi et al. (2005, 2008) developed numerical models of the mantle thermal structure and partial melting to es-
timate the extent of the cold edge effect for an offset similar to that of the Romanche TF. They compared their
results with the composition of basalts collected along the MAR from ∼220 km south of the Romanche TF to the
ERRTI. The models suggest a strong decrease in the degree of mantle melting approaching the transform, with no
partial melting within 30–40 km from the TF. This is consistent with the 30 km‐wide band of outcropping ser-
pentinized mantle described by Bonatti et al. (1996, 2001). The low magmatic production is also confirmed by
Gregory et al. (2021) who estimated off‐axis crustal thickness from seismic data. These authors highlighted that
the crustal thickness, investigated ∼60 km west of the ERRTI and ∼100 km south to the TF, is variable (3.5–
6 km), and thinner than that produced by magmatically robust segments of the MAR (7–9 km) (Canales
et al., 2000; Dannowski et al., 2011; Hooft et al., 2000). The ERRTI was surveyed with a network of ocean‐
bottom seismometers (OBS) installed during the SMARTIES cruise. Velocity anomalies obtained from the
OBS data show the presence of weakly serpentinized mantle in the RTI, supporting a tectonic dominated
extension (Yu et al., 2023). Based on velocity anomalies, at the axis, from ∼30 km south of the intersection, the
accretion seems to be dominated by magmatism.

3. Data Acquisition and Analysis Methods
Two scales of observations, from shipborne data, and submersible, are combined to describe the structure of the
ERRTI and the volcanic axis: segment and outcrop scales. We defined the general morphology of the axial ridge,
identified the faults, fractures, volcanic edifices and described the lithologies. The sediment cover observed
during dives and/or estimated as a function of the backscatter intensity is a proxy of relative ages of the seafloor
(Cann & Smith, 2005; Lonsdale, 1978; Mitchell, 1993; Yeo et al., 2016).
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3.1. Bathymetry and Backscatter Data

Bathymetric data were collected during the SMARTIES cruise (Maia et al., 2019) on board R/V Pourquoi Pas?
with the multibeam echo sounder RESON 7150. Due to the expected depth range, including depths larger than
6,000 m, the frequency of 12 kHz was used, with 630 beams (1° × 1°) across a 120° opening, to optimize the
cross‐track sounding spacing (∼5–15 m for seafloor depths of 2,000–6,000 m). The vertical depth resolution of
the echosounder is ∼10 m at these depths. The ship speed was 10 knt for most of the profiles. We adjusted it to 5
knt along the tracks in planned submersible dive areas, thus decreasing the along‐track spacing between sounding
pings from∼100 to∼50 m, and collected several overlaying bathymetric swaths, to ensure an improved density of
depth measurements in these areas. The bathymetric data was processed with the Globe software (IFREMER) and
combined with bathymetry data acquired during the ILAB‐SPARC cruise with the same echosounder
(Singh, 2018). These data were used to create grids of the ERRTI and the MAR axis south of it with a grid step
down to 20 m (Figure 2a). However, for 20 and 30 m grids stripes visible in the maps, they appear where
interpolation between measurements was necessary. These stripes are local artifacts and were not interpreted as
structures. For the figures presented in this article, we used the 50 m grids, which do not show these artifacts but
present smoother bathymetry.

Backscatter data were corrected for the incidence angle dependence related to the antennas directivity pattern and
compiled into mosaics down to 10 m grid spacing with SonarScope software (IFREMER). Reflectivity intensity
depends on the incidence angle (topography), the surface roughness (micro‐topography) and the nature of the
seafloor (sediments, lava flows, or scree) (Jackson et al., 1986; Lurton et al., 2015). Considering the topography,
we used the backscatter intensity as a proxy for the sediment thickness, and thus for the relative age of the terrain.
In our mosaics, high backscattering is shown in light gray, while low backscattering is shown in dark gray
(Figure 2b).

3.2. Submersible Videos and Pictures

During the SMARTIES cruise, 25 dives were carried out with the human operated vehicle (HOV) Nautile from
the French Oceanographic Fleet. Nine dives explored axial volcanic areas from 10 km to about 80 km south to the
Romanche TF (Figure 2). During the dives, videos were recorded with a fixed and a mobile camera and pho-
tographs were automatically taken every 10 seconds. We corrected the dive navigation files, analyzed the videos,
and logged the main observations for the nine dives with the Adélie Vidéo software developed by IFREMER
(Text S1 in Supporting Information S1). Basalt samples were also collected during the dives and their glass
composition was studied by Verhoest (2022).

3.3. Volcano‐Tectonic Mapping

We produced structural maps of the segments and discontinuities from bathymetric and backscatter maps, and
geological maps for each dive from outcrop observations (Figures S6–S14 and Text S3–S11 in Supporting In-
formation S1). Combining these two observation scales, we were able to describe the general structure of the NVZ
as a function of the distance from the Romanche TF, as well as variations of the size and shape of volcanic
edifices.

3.3.1. Observations at the Segment Scale

Volcanic features and faults were identified from bathymetric maps and backscatter mosaics and drawn using the
Global Mapper software (Figure S1 in Supporting Information S1). These observations were then transferred to a
QGIS software project to build the geological maps. We defined four categories of volcanic constructions:
volcanoes, hummocky areas, terraces and ridges (Figure S2 and Text S2 in Supporting Information S1). Vol-
canoes have been categorized as cones or seamounts, according to their size, where seamounts have a diameter
>500 m and a height >50 m (Searle et al., 2010; Smith et al., 1995).

We interpreted linear escarpments from 10 m to more than 300 m high as steeply‐dipping normal faults. The
active or recently active faults have talus consisting of blocks free of sediments, whose rough surfaces appear as
streaked zones on backscatter maps (Figure S3 in Supporting Information S1).
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Detachment faults are long‐lived normal faults whose rotated, smooth surface becomes nearly horizontal or
domed away from the axis, sometimes presenting corrugations parallel to the spreading direction (Cann
et al., 1997; Escartín et al., 2003).

3.3.2. Observations at the Outcrop Scale

Based on submersible observations, the seafloor geology was divided into four main categories, namely: pillow
lavas, talus, “pillow lavas and blocks” and sediments (Figure 3). The “pillow lavas and blocks” correspond to
areas where pillow lavas and fragments of broken pillows are present in the same proportions.

Some massive flows were observed in fault scarps, interbedded with pillows. They appear as continuous layers,
tens of centimeters to two m thick, which are characterized by massive facies with columnar jointing at the base
and top of the layers (Figure 4a). These outcrops are too small to be considered a main category. Peridotite and
gabbro or breccia outcrops have been described only in dive SMA1976 (Figures 2 and 4b‐c). Pillow lavas, talus,
“pillow lavas and blocks” were further distinguished according to three levels of sedimentary cover (Figure 3):
thin, moderate and thick (Colman et al., 2012; Fox et al., 1988; Yeo & Searle, 2013). This classification allows us
to compare the sediment thickness within and between dives from a same zone. When pillows were barely
discernible and blocks sparsely present, the seafloor was considered “fully sedimented”.

The observed sediment thickness is used as a proxy to define the relative seafloor age. An average sedimentation
rate of 5 mm/ka for areas younger than 10 Ma was estimated in the segment close to Chain TF from the sediment
thickness measured on seismic profiles (Agius et al., 2018). Based on this estimation, the “thin cover” sedi-
mentation should correspond to a seafloor age between 0 and ∼40 ka, the “moderate cover” to ages between ∼40
and 100 ka and the “thick cover” corresponds to ages between ∼100 and 150 ka. The topography of the seafloor

Figure 3. Photographs of the main types of seafloors (pillow lavas, talus and “pillow lavas and blocks”) observed with various sedimentary thicknesses. The “thin cover”
corresponds to an almost total absence or to a light layer of sediments on pillows or blocks and small sediment pockets observed between pillows or blocks. A “moderate
cover” is defined as a thicker sediment layer, with connected pockets, although pillows and blocks are still visible. A thick sediment blanket characterizes the “thick
cover”, where only the top of rounded pillows is still visible, and few blocks appear between sediment ponds. On pictures a, b and c the contacts between sediment and
pillow lavas are outlined by yellow lines.
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was taken into account, as sediments tend to accumulate at the base of slopes or on flat terrain rather than on steep
slopes. The intensity and the direction of near‐bottom currents can also locally influence the sediment thickness.
However, over most of the area, we observed no ripples or drifts in sediments that could indicate that their
deposition was strongly affected by currents, which supports the use of sediment cover as a proxy of relative
seafloor age. Some of the volcano summits were devoid of sediments, either because the volcanic activity was
recent or because of the localized effect of currents. In the first case, the glassy surface of the pillow was visible
(Figure S4 in Supporting Information S1).

Lava flow morphologies were carefully described because they can be used as proxies to estimate eruption
dynamics along an AVR. Laboratory experiments suggest that lava flow morphology is controlled by the balance
between the rate of cooling and the rate of extrusion of the lava (Fink & Griffiths, 1992; Griffiths & Fink, 1992).
Pillow lavas tend to form at lower eruption rates and higher viscosity, while sheet and lobate flows require higher
extrusion rates (Gregg & Fink, 1995).

Faults and fissures are present all over the study area (Figures 5a and 5b). We also used sediment thickness as a
proxy to estimate the relative age of exhumation of tectonic structures. Fissures filled by blocks covered only by a
thin sediment layer were interpreted to be recent features. If they were covered by a thicker sediment layer, they
were considered older.

The fault scarps were considered old if they were slightly or moderately covered by sediments and exposed pillow
sections covered by a manganese crust (Figure 5c), while younger fault scarps were free of sediments, and
exposed broken pillows coated by iron hydroxides characterized by an orange patina, and glass shards accu-
mulations between pillows (Figure 5d). As the iron hydroxide coating develops quickly after basalt exposition to
seawater (Alt et al., 1986; Honnorez et al., 1978; Pichler et al., 1999), this alteration suggests a recent fault
activity. Few grabens were observed, and their central block was always covered by sediments.

Figure 4. Photographs taken during HOV dives. (a) Sheet flow layer (under the red dashed line) overlaid by pillows. The white dashed lines delimit the columnar joints
(dive SMA1970). (b) massive peridotite exposed in a fault scarp. (c) Gabbro or breccia with a granular texture cut by a basaltic dike (delimited by dashed lines).
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3.4. Geological Maps

We compiled observations into morpho‐structural maps where we distinguish five different relative volcanic ages
based on the intensity of the backscatter and the sediment thickness observed during the dives. The five types of
volcanic seafloor are defined as: very recent (highest backscatter intensity), recent, sub‐recent, sub‐old, and old
volcanism (lowest backscatter intensity) (Figure S5 in Supporting Information S1). The classification of relative
volcanic age is common to all mapped zones. Maps also include sedimented areas, talus zones, fault scarps, and
detachment surfaces.

3.5. Volcanic Shape Measurements

We measured the base and summit diameters, height, and volume of individual volcanoes. The height‐to‐basal
diameter ratio and the flatness were hence used as proxies for the average eruption rate, while the size of edi-
fices and density of seamounts were used to infer the magma supply (Cochran, 2008; Magde & Smith, 1995;
Mendel & Sauter, 1997; Smith & Cann, 1992).

The morphological parameters and volume of volcanic edifices identified on bathymetric grids were measured
with Global Mapper software tools. Two perpendicular profiles were traced on each volcano. Edifice height, top

Figure 5. Photographs taken during HOV dives showing examples of observed structural features. (a) Thin fissure cutting pillows (white arrows), (b) large fissure (white
arrows) cutting pillows and partly covered by more recent pillows (yellow arrows), (c) fault scarp moderately covered by sediments, exposing the radial fracturation of
pillows, the foot of the scarp (delimited by the dashed line) is fully sedimented, (d) fault scarp without sediment, exposing sections of pillows coated by orange iron
hydroxide (black arrows); accumulation of glass shards are present between pillows (white lines), (e) sheet flows tilted ∼90° (white dashed lines) and pillows.
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and base diameters were measured and the values from both profiles were averaged. All edifices with a height
<20 m were considered too close to the vertical depth grid spacing and were not included in the analyses. The
shape of an edifice is defined based on two parameters: the height‐to‐basal diameter ratio and the flatness
(diameter top/basal diameter). The boundaries of edifices were used to obtain their volume (Geissler et al., 2020).
We estimated the seamount density by dividing the number of volcanoes identified as seamount by the surface of
the segments and NTDs containing seamounts.

3.6. Geochronology: Selection Criteria and Sample Preparation

To provide more quantitative constraints on the volcanic activity, we selected four samples for dating. 40Ar/39Ar
dating of mid‐ocean ridge basalts (MORB) is challenging (Guillou et al., 2017) because several factors limit the
effectiveness and reliability of the K‐Ar radiometric clock (i.e., the low K contents of MORB, the small decay
constant of 40K, the likely retention of mantle‐derived non‐atmospheric 40Ar, as well as low‐ and/or high‐
temperature alteration). Nevertheless, several studies (Duncan & Hogan, 1994; Guillou et al., 2017; Jicha
et al., 2012; Jourdan et al., 2012; Sharp & Renne, 2005; Turrin et al., 2008) have demonstrated that the dating of
low radiogenic 40Ar (40Ar*) samples is no longer out of reach. Small amounts of 40Ar* can be accurately resolved
from the predominantly atmospheric 40Ar in young and weakly potassic samples.

During the sample selection, glassy samples were avoided because they possibly bear argon excess caused by
rapid quenching under high hydrostatic pressure conditions. Accordingly, we selected sample pieces at least 4 cm
away from the glassy rims of the pillow lavas. Another concern is partial alteration by seawater and hydrothermal
activity that may result in gain or leaching of K with dramatic effects on the reliability of the derived K‐Ar ages.
We have used major element analyses to estimate the degree of alteration (Table S1, Text S12 in Supporting
Information S1). The loss‐on‐ignition (L.O.I.) values of the four selected samples range from − 0.43% to 0.97%.
We also used the alteration index (A.I.) of Baksi (2007) which is based on 36Ar contents to evaluate the freshness
of the samples (Text S13 in Supporting Information S1). The last parameter to consider is the K content of the
sample, since the method is based on the disintegration of 40K to 40Ar. MORBs usually range very low in K (<0.2
wt%). However, the relatively high‐K contents of the four dated samples (0.41–1.46 wt%; Table S1 in Supporting
Information S1), improve the quality of the experimental conditions, because the rocks are expected to have
developed a greater amount of 40Ar*.

After macroscopic and microscopic examinations, groundmass from fresh samples was prepared following the
method of Guillou et al. (2017). The samples were crushed and sieved to 125–250 μm size fractions and ultra-
sonically washed in acetic acid (1N) during 1‐hr at a temperature of 60°C, to remove any secondary mineral
phases. Phenocrysts and xenocrysts are potential carriers of extraneous 40Ar (including excess and inherited
components), hence in the 125–250 μm size fraction, phenocrysts, fragments with phenocrysts and possible
fragments containing secondary mineral phases were eliminated using magnetic separation and visual hand-
picking under a binocular. Phenocrysts are distinguished from the groundmass fragments by their lighter color
and their shinier appearance. The mass‐spectrometric measurements protocol is described in Text S14 in Sup-
porting Information S1.

4. Results
4.1. Structure of the Super‐Segment Between the Romanche and Chain Transform Faults

We have re‐interpreted the structure of the super‐segment between Romanche and Chain TFs to be composed of
four second‐order ridge segments, separated by non‐transform ridge axis discontinuities (NTD), offsetting the
segments by ∼5–35 km. We have named those segments RC1 to RC4 (RC for Romanche to Chain), from north to
south (Figure 6a). The SMARTIES cruise thoroughly explored the eastern part of the Romanche TF and the
adjacent first two Mid‐Atlantic Ridge segments southwards as well as the northern portion of the third segment
(RC3). The segment RC4 was studied by Harmon et al. (2018).

The first segment RC1 (∼20 km long) abuts the TF valley. The north‐western part of the segment is delimited by a
deep, heavily sedimented nodal basin. Its eastern part consists of a large oceanic core complex (OCC), which
extends to the eastern flank in a faulted dome (Figure 6b; Maia et al., 2019, 2020). The segment RC1 presents no
clear trace of recent volcanic activity such as volcanic edifices or fresh basalts (Bonatti et al., 1996; Maia
et al., 2019). The NTD1 is a ∼35 km, left‐stepping offset roughly oriented N76°E. Most faults affecting the
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Figure 6. (a) Bathymetric map of the MAR super‐segment between Romanche and Chain transform faults. The MAR axis is structured into four segments RC 1 to 4,
offset by three non‐transform discontinuities (NTD 1 to 3). The ridge axis is represented by thick black lines and discontinuities by the white boxes. Boundaries of the
transform fault shear zone are highlighted by white dotted lines and the white arrows indicate the direction of plate motion. (b) Bathymetric map of the MAR axis at the
ERRTI, from RC1 to the northern part of RC3.
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discontinuity are normal faults, oblique to the spreading direction. The NTD is delimited at its northeast part by a
peridotite hill trending ∼N105°E and at its southern part by a gentle slope (Figure 6b). Segment RC2, ∼23 km
long, has its northern tip located ∼30 km south of the Romanche TF, and has a well‐defined axial valley
oriented∼N150°E. There is a robust AVR at its center, composed of numerous volcanic edifices and standing out
up to ∼520 m above the valley floor. RC2 is the first volcanic segment away from the TF. The NTD2 offsets the
segments RC2 and RC3 by ∼25 km and includes a deep oblique basin. The segment RC3 is 50 km long and
orthogonal to the spreading direction. The magmatic segments RC3 and RC4 are offset by a small NTD
(Figure 6a).

Our study is focused on the volcano‐tectonic characteristics of the axial domain, explored during the SMARTIES
cruise, from NTD1 to the northern part of RC3, forming a ∼120 km long section of the MAR south of the ERRTI
(Figure 6b). As no clear volcanic feature was observed in RC1, it will not be discussed in this paper. In the
following sections, we summarize the observations, resulting from the analysis of submersible videos, bathymetry
and backscatter maps, made in the volcanic segments, then in the discontinuities, the morphology of seamounts
and the ages obtained on the four samples.

4.2. Segment RC2

The axial domain of segment RC2 corresponds to a valley delimited by large normal faults, with a robust volcanic
ridge in the center (Figure 7). The axial valley is bounded to the east by N120–140°E‐trending normal faults and
to the west by N120 to N170°E‐trending normal faults cut by gullies with talus.

The northern section of the main volcanic ridge is ∼12 km wide and oriented N150°E, while its southern part is
narrower (∼5 km) and trends N130°E. The height of the AVR above the valley floor decreases from north to south
(520–270 m, respectively). This ridge comprises elongated ridges, small cones, seamounts and terraces
(Figure 7). On the east side of the valley, volcanic edifice alignments and faults affecting the axial valley trend
N130–150°E, whereas to the west, the main ridge, the volcanic structures and the faults trend N160°E (Figure 7).
In the eastern and southern parts of the valley, the reflectivity intensity is low, suggesting a thicker sedimentary
cover. On the contrary, the presence of some patches of high backscatter intensity on the northwestern side of the
valley suggests more recent volcanic activity (Figures 7d and 7e). The segment shows more recent and more
robust volcanic constructions on the north and west of the axial valley.

Pillow lavas dominate the volcanic morphology, with rare sheet flows only visible within some fault scarps
(Figures S6‐9 and Texts S3‐6 in Supporting Information S1). The northwestern and northeastern parts of the ridge
were explored during dives SMA1979 (16°31ʹW, 0°01ʹS; Figure S6 in Supporting Information S1) and SMA1974
(16°27ʹW, 0°02ʹS; Figure S7 in Supporting Information S1), respectively. The central portion of the ridge was
surveyed during dive SMA1975 (16°27ʹW, 0°04ʹS; Figure S8 in Supporting Information S1) and its southern part
during dive SMA1973 (16°25ʹW, 0°09ʹS; Figure S9 in Supporting Information S1). From dive descriptions, the
eastern and southern parts of the segment appear to be covered by thicker sediments than the northern and central
parts, confirming the backscatter observations (Figures 7d and 7e). The presence of iron hydroxide and glass
shards on some fault scarps explored during dives SMA1979 and SMA1975 suggest that the tectonic activity is
recent (cf. Section 3.3.2, § 4). Along the dive paths, the faults and fractures have orientations varying between
N120 and 150°E. Along dives SMA1979 and SMA1973, located near the segment tips, some faults have an east‐
west direction (Figure 7c, and Figures S6 and S9 in Supporting Information S1).

4.3. Segment RC3

The northern part of segment RC3 displays an asymmetric axial valley. It is bounded to the west by a detachment
fault with possibly a talus at its base, while the eastern side is affected by a series of N170°E‐trending, inward‐
facing normal faults (Figures 6 and 8). The western side of the axial valley is deeper than the eastern one.

Elongated ridges, cones, hummocky terrains, seamounts and terraces constitute the neo‐volcanic ridge (Figures 8a
and 8b). Some parts of the seafloor are smooth, without visible edifices, and are possibly covered by lava flows.
The backscatter intensity suggests that the western part of the valley floor is slightly younger than the eastern
portion, an observation which was confirmed during the dive SMA1977 (16°6.9ʹW, 0°20.0ʹS) (Figures 8d and 8e
and Figure S10 in Supporting Information S1). Poorly‐sedimented pillow lavas were observed during the dive,
with only one thin sheet flow exposed in a fault scarp. The tectonic activity appears to be recent, with numerous
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Figure 7. Multibeam bathymetry (a) and (b) and rose diagrams (c) of segment RC2. Location in Figure 2. (a) Bathymetric map including the tracks of the dives
SMA1979, SMA1974, SMA1975 and SMA1973. The double arrow indicates the spreading direction. (b) Main volcano‐tectonic features reported on the bathymetric
map including axial volcanic ridge (red line), hummocky (pink line) and flat (orange line) volcanic terrains, seamounts (brownish surfaces) and faults. (c) Rose diagrams
of fault and fissure orientations for each dive (left) and at regional scale (right). Fault orientations are in black, fissures in light gray, n is the number of faults or fractures.
The red line represents the spreading direction (DeMets & Merkouriev, 2019) and the blue line the direction normal to spreading. (d) Backscatter mosaic shown with
high intensity with light tones. (e) Structural map of segment RC2.
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Figure 7. (Continued)
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fault scarps coated by iron hydroxide and displaying fresh broken up glass shards (cf. Section 3.3.2, § 4). In
addition, tectonic and volcanic events appear to alternate over a short period as attested by pillows locally flowing
over the fault scarps from the summit of the volcanoes. The faults have two main orientations, one ∼ east‐west, as
described in dives near the segment RC2 tips, and the other 160–180°E (Figure 8c).

4.4. Non‐Transform Discontinuity 1

The NTD1 (16°51.6ʹW–16°31.2ʹW) is a transtensive discontinuity marking the boundary between the segments
RC1 and RC2. The NTD is affected by normal faults trending east‐west to N120–140°E (Figures 9c–10c). This
discontinuity hosts the first volcanic edifices away from the ERRTI, with four clusters of volcanoes and some rare
narrow ridges, aligned in two directions, N90°–110°E and N140–150°E (Figures 9 and 10).

The dives explored three volcanic clusters, two in the western part of NTD1 (Figure 9): dive SMA1970 (16°
48.59ʹW–16°47.19ʹW; Figure S11 in Supporting Information S1) and dive SMA1980 (16°45.29ʹW‐16°44.28ʹW;
Figure S12 in Supporting Information S1), and one in the eastern part of the discontinuity (dive SMA1976, 16°
39.33ʹW–16°38.26ʹW, Figure 10 and Figure S13 in Supporting Information S1). Pillow lava flows dominate the
landscape, although in the cross sections provided by the fault scarps a few thin sheet flows are observed between
pillow lava layers (dive SMA1970, Figure 4a), and at the summit of two cones (dive SMA1976, Figure 5e). The
volcanic activity seems to be more recent in the shallow parts at the end of the dives SMA1970 and SMA1976

Figure 8. Multibeam bathymetry (a) and (b) and rose diagrams (c) of the northern part of the segment RC3. (b) The hatched
area represents the detachment surface. (c) Rose diagrams of fault orientations along the path of the dive (top) and at regional
scale (bottom), n is number of faults. Faults, red and blue lines, as in this figure. (d) Backscatter mosaic with high intensity
shown in light tones. (e) Structural map of the northern part of the segment RC3.
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(Figures 9d and 9e and 10c and 10d). During the dive SMA1976, peridotite and gabbro or breccia were recognized
in a fault scarp (Figures 4b and 4c). This is the only direct observation of ultramafic rocks on the floor of the inner
axial domain in our study area. The thin sediment cover observed on some fault scarps and fractures suggests
relatively recent tectonic activity. In the western part of NTD1, the faults and fractures have mainly N110–140°E
orientations (Figure 9c). Some N130–170°E‐trending faults are observed at the end of the dive SMA1970
(Figure 9c). In the eastern part of the discontinuity, faults have mainly N80–110°E orientations (Figure 10e).
Along the track of dive SMA1976, two families of secondary faults are present, one with N120–150°E orien-
tations and the other with N160–195°E orientations.

Figure 8. (Continued)
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4.5. Non‐Transform Discontinuity 2

The NTD2 has a general N110°E trend. The deep, oblique basin in its center is bounded to the east by volcanic
ridges trending N150–160°E showing terraces, and to the west by N120°E and N150–160°E structures (Figures 6
and 11). The area is affected by a small number of faults, mainly oriented N150–170°E, heavily covered by
sediments (Figures 11c–11e). The exploration of the basin during the dive SMA1978 (Figure S14 in Supporting
Information S1) shows that the outcrops of pillows are small and sparse, separated by large sedimented areas.
Pillow lava flows were observed, with rare sheet flows and a layer of compacted sediments exposed in a fault
scarp. Fractures have mainly N160–170°E directions, although some fractures and the two described faults have
N120–135°E orientations (Figure 11e).

Figure 9. Multibeam bathymetry (a) and (b) and rose diagrams (c) of the western part of NTD1. (b) The red line represents the boundary of volcanic clusters and the
purple one that of faulted area. The white dashed line represents the boundary of the oceanic core complex. (c) Rose diagrams of fault (black) and fracture (light gray)
orientations along the two dives (top) and at regional scale (bottom), n is the number of faults or fractures. Red and blue lines as in Figure 8. (d) Backscatter mosaic with
high intensity shown in light tones (e) structural map of the western part of NTD1.
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4.6. Quantitative Analysis of Volcanic Morphology

Shape parameters were measured for 129 volcanoes (Figures 12 and 13; Supporting Information S1). The
diameter of the base varies between 161 and 1199 m, the height between 21 and 132 m. The height‐to‐basal
diameter ratio varies between 0.04 (flat volcano) and 0.34 (conical). The flatness of volcanoes is between 0.18
(conical) and 0.79 (flat‐topped).

Seamounts (namely volcanoes with a diameter >500 m and a height >50 m) show more morphological vari-
ability. The flatness values are consistent with those measured for the cones, with seamounts more conical in
NTD1 (Figure 13). Seamounts are taller and more voluminous for the ridge segments than for discontinuities and

Figure 9. (Continued)
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those of RC2 tend to be the tallest (Figure 13). The density of seamounts is the highest in RC2 and is slightly
higher in NTD1 than in RC3 (Table 1).

4.7. 40Ar/39Ar Dating of Recent Volcanic Activity

The step‐heating experiments (Figures S15 and S16 in Supporting Information S1) conducted on the four samples
allow the calculation of plateau ages with 78.7%–100.0% of total gas released (Table 2 and in Supporting In-
formation S3). This is evidence that the K‐Ar clock of these samples was not disturbed and that the calculated ages
are reliable. There is also no evidence for 40Ar* excess or mass fractionation, as the 40Ar/36Ar intercept values

Figure 10. Multibeam bathymetry (a) and (b), backscatter (c) and structural (d) maps of the eastern part of NTD1. The red line in b represents the boundary of volcanic
clusters. (e) Rose diagrams of fault (black) and fracture (light gray) orientations along the dive (left) and at regional scale (right), n is the number of faults or fractures.
Red and blue lines as in Figure 8.
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calculated for the four inverse isochrons (Table 2 and Supporting Information S1, Figures S15 and S16) are,
within uncertainties, close to the current atmospheric value.

According to the loss‐on‐ignition values and the alteration index (A.I.) values (Supporting Information S3), we
consider that the samples are mostly unaltered. In samples SMA1970‐192, SMA1970‐200, and SMA1974‐279,
the A.I. values of the steps defining the plateaus vary from two to almost three times the threshold value. The A.I.
values calculated for SMA1975‐303 are four times the cutoff. These values are certainly higher than the limit
value, but of an order of magnitude compatible with that of slight to moderate alteration. Therefore, we consider
that the 40Ar/39Ar dates calculated from the step‐heating experiments (Table 2) are reliable and geologically
significant, corresponding to the eruption ages.

The 40Ar/39Ar plateau ages of the four samples (Figures S14 and S15 in Supporting Information S1) show that the
volcanic activity is recent. In the western part of NTD1 (dive SMA1970) the two ages obtained for SMA1970‐192

Figure 11. Multibeam bathymetry (a) and (b), backscatter (c) and structural (d) maps of the eastern part of NTD2. The pink line in b represents the boundary of an area
composed of narrow volcanic ridges. In b the faults are represented by black and white lines to facilitate reading in dark areas of the map. (e) Rose diagrams of fault
(black) and fracture (light gray) orientations along the dive (left) and at regional scale (right), n is the number of faults or fractures. Red and blue lines as in Figure 8.
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and SMA1970‐200 are 83.1± 19.8 ka and 56.1± 27.4 ka, respectively. The sample SMA1970‐192 was collected
in a highly sedimented fracture, located in a flat area. Its radiometric age, younger than 100 ka, is slightly younger
than the age expected for a thick sediment cover. The sample SMA1970‐200 was collected on a fault wall, where
sedimentation can be easily disturbed giving unreliable sediment‐estimated ages.

Figure 12. Median morphology parameters of cones for each segment and discontinuity. The bars are interquartile range. n is the number of counted cones.

Figure 13. Median morphology parameters of seamounts for each segment and discontinuity. The bars are interquartile range. n is the number of counted seamounts.
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The sample SMA1976‐318 collected in the eastern part of the NTD1 (dive
SMA1976), dated at 64.0 ± 17.6 ka, appears to be contemporaneous with
samples collected in the western part of NTD1. The sample was collected on a
volcano moderately covered by sediments which corresponds to an age be-
tween ∼40 and 100 ka. The radiogenic age and the relative ages established
based on the sediment cover are coherent.

The sample SMA1974‐279, collected in the eastern part of the segment RC2
(dive SMA1974)with an age of 136.5± 11.1 ka, is older than those collected in
NTD1. Its radiogenic age is also coherent with the relative age, since it was
sampled in a heavily sedimented part of the valley (estimated to∼100–150 ka).

5. Discussion
5.1. Expression of Tectonic Extension With Distance From the Romanche Transform Fault

Along the ridge segments, oblique normal faults are observed up to more than 50 km from the ERRTI. The
obliquity, that is, the angle between the fault direction and the normal to the spreading direction, varies between
∼0° and 50° in segment RC2 and between ∼0° and 30° in RC3 segment (Figure 14). The fault orientation
systematically changes along the ridge axis with the distance to the Romanche TF going from oblique in NTD1
close to the TF, to normal to the spreading direction in RC3 far from the TF (Figure 14). The rotation of the fault
system attests for a rotation of the horizontal stress field that becomes progressively more extensional away from
the TF. We interpret these variations to be controlled by the extreme transform cold edge effect.

A rotation of the stress field with an increasing component of shear stress approaching the TF was first suggested
by Fox and Gallo (1984). In their model, slow‐spreading RTIs are characterized by the presence of oblique faults
due to the shear stress induced by the welding between the axial upper mantle and the lithosphere across the TF.
This type of oblique faults has been described in RTIs along theMAR (Karson &Dick, 1983; Lawson et al., 1996;
Mamaloukas‐Frangoulis et al., 1991; Otter et al., 1984). Fox and Gallo (1984) show that the extent of this shear
stress effect increases with the size of the mantle weld, which in turn depends on the thickness of the truncating
lithosphere, or the age offset. In case of slow‐spreading ridges affected by large TF, oblique structures develop
over 20–30 km from the RTI (Fox & Gallo, 1984). The fault obliquity in our study area extends up to ∼50 km

Table 1
Summary of the Seamount Characteristics in the Neo‐Volcanic Zones of
NTD1, RC2, and RC3

NTD1 RC2 RC3

NVZ surface (km2) 119 161 152

Number of seamounts 4 7 4

Number of seamounts/100 km2 3.4 4.3 2.6

Table 2
Summary of 40Ar/39Ar Data From Incremental Heating Experiments on Groundmass Splits

Samples
Lab file #.

SMA1970‐192
FG‐3064 to FG‐3075

SMA1970‐200
FG‐3074 to FG‐3083

SMA1974‐279
FG‐3044 to FG‐3053

SMA1976‐318
FG‐3054 to FG‐3063

wt. (mg) 135 142 148 143

K/Ca (total) 0.085 0.054 0.250 0.193

Total FusionAge (ka) 93.3 ± 26.8 76.6 ± 32.0 117 ± 13.1 53.7 ± 23.9

Age spectrum Increments used (°C) 600–1171 602–1167 605–1023 668–1168
39Ar (%) 100.0 100.0 78.7 98.4

Age ± 1 σa

(ka)
83.1 ± 19.8 56.1 ± 27.4 135.3 ± 11.1 63.0 ± 17.4

MSWD 0.10 0.23 0.31 0.01

Isochron analysis n/N 10 of 10 10 of 10 8 of 10 9 of 10

MSWD 0.16 0.04 0.46 0.02
40Ar/36Ar ± 1σ intercept 299.0 ± 0.7 300.5 ± 1.2 297.7 ± 0.9 298.1 ± 0.8

Age ± 1 σa (ka) 69.6 ± 25.3 – 149.9 ± 18.3 74.6 ± 25.2

F Spreading Factor 1.1% – 3.7% 1.4%

Note. Ages calculated relative to Acs‐2 standard at 1.1891 Ma (Niespolo et al., 2017) and the total 40K decay constant of Renne et al. (2011). Plateau ages, isochron
regressions, probability of fit estimates as well as all errors were calculated using ArArCalc (Koppers, 2002) and following the criteria defined in Schaen et al. (2021).
The bold values are the plateau ages. aFull external error, included sources of systematic error: 40K(ec,p)40Ar and 40K(β‐, n) 40Ca decay constants, the 40 K/K abundance
ratio, the measurement of the primary K–Ar standard and the subsequent calibrations of the secondary 40Ar/39Ar standards (Koppers, 2002). F: Spreading factor of
Jourdan et al. (2009).
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from the ERRTI (i.e., the southern end of RC2), an extent consistent with the very large offset of the Romanche
TF and the likely large thickness of the weld region.

The 35 km‐long NTD1 is one of the longest of the MAR. Despite a trend nearly subparallel to the Romanche TF,
this discontinuity does not display a narrow shear zone. Instead, the observed normal faults have a 30–90°
obliquity (Figures 9c and 10e). These fault orientations are characteristic of discontinuities where the shear stress
component dominates with respect to the extensional stress, with a component of strike‐slip motion along the
faults (Fox & Gallo, 1984; Grindlay & Fox, 1993). It has been shown that the width of the NTDs increases with
the lithosphere thickness (Gomez et al., 2006; Mauduit & Dauteuil, 1996). The large width of NTD1 likely re-
flects the presence of a thick lithosphere under the discontinuity (Figure 14).

The mantle thermal setting inferred from the 3D mantle flow model of the ERRTI by Ligi et al. (2005) predicts
that the cold‐edge effect extends as far as 80 km from the intersection. The increase of (Sm/Yb)N ratio toward the
TF described by Ligi et al. (2005) suggests a progressive increase of the average melting depth, consistent with an
increasing lithospheric thickness toward the TF. An independent test of the lithosphere thickness can be derived
by the pressure of crystallization of the erupted basalts. The crystallization starts in the axial magma chambers
generally located at the base of the lithosphere (Wanless & Behn, 2017), hence the pressure of crystallization can
be used as a proxy of the lithosphere thickness. We calculated the crystallization pressure of basalt using the
whole‐rock composition of samples pre‐selected for the dating with the barometer of Herzberg (2004). We
noticed a decrease in the pressure of crystallization from RC2 (0.52± 0.21 GPa,∼17.3 km using a mantle density
of 3.33 g/cm3) to RC3 (0.20 ± 0.14 GPa, ∼6.8 km) (Supporting Information S1, Figure S17; Supporting

Figure 14. 3D sketch illustrating the observed structure of the MAR axis, including volcanic and tectonic structures and the possible mantle structure deduced from the
surface observations. The fault obliquity in NTD1 varies between 30 and 90°, while the faults in RC2 and RC3 have an obliquity between 0 and 50°. In NTD1, the
volcanic activity is present as clusters, the basaltic crust is sparse and thin. The oblique segment RC2 seems to be more supplied by magma than the segment RC3, since
RC2 is symmetric and includes the largest seamounts of the area. The faults and segments orientation as well as the magmatic activity suggest that the lithosphere is thick
beneath NTD1 and becomes progressively thinner southwards. The thicknesses of the crust and lithosphere are indicative, as the vertical scale is unconstrained by
geophysical data. Bottom left: bathymetric map of the MAR axis at the ERRTI, the pink line corresponds to the section trace.
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Information S4). A relatively thick lithosphere beneath RC2, that is, at ∼50 km from the RTI, could explain the
existence of oblique faults and the slight obliquity of the segment.

Oblique normal faults were also observed in dives located close to the extremities of segments RC2 and RC3
(Figures 7c and 8c). These faults are thought to accommodate the shear stress near the discontinuities (Autin
et al., 2010; Gomez et al., 2006; Spencer et al., 1997).

5.2. The Magmatic Activity Along the Axial Domain

Previous studies predicted a regional decrease of the melt production toward the TF, including a ∼30 km‐long
band where the basaltic crust would be nearly absent (Bonatti et al., 1996, 2001; Ligi et al., 2005). We
observe volcanic clusters in NTD1 (Figures 9 and 10), only 10 km away from the TF, showing that melt is
produced in this area, even if in small amounts. Further south, segments RC2 and RC3 have well‐defined AVRs
with recent lava flows, large seamounts, cones and narrow ridges (Figures 7–10 and 14). In this section, we use the
flow morphologies, as well as the size and density of seamounts along the NVZ to discuss the magma supply and
the formation of the volcanic constructions.

We observe a general decrease of the volcanic activity along axis toward the ERRTI. From the whole‐rock
composition of the samples pre‐selected for the dating, we estimated the melting conditions (temperature and
pressure) using the method of Lee et al. (2009). The progressive decrease of the cold‐edge effect with the distance
from the Romanche TF could be consistent with the calculated melting temperatures (Supporting Information S1,
Figure S17; Supporting Information S4) which on average seem to increase very slightly between RC2
(1,400± 48°C) and RC3 (1,421± 21°C). A similar and more marked trend is observed for the NTDs with melting
temperatures increasing from 1,375 ± 22°C under NTD1 to 1,442 ± 41°C under NTD2.

The landscapes in the study area are heavily dominated by pillow lavas with only rare occurrences of sheet or
massive lava flows, an observation which suggests that the effusion rates along this section of the MAR are
generally low. The rare observed sheet flows likely result from short‐term, local variations of eruption parameters
(effusion rate, lava viscosity, cooling rate or pre‐existing slope). However, dives explored mostly steep slopes to
avoid sedimented areas, so that the choice of the dive tracks might have induced an observation bias, leading us to
underestimate the abundance of sheet flows.

To gain further insights into variations of volcanic styles, we compared the seamount morphometric parameters to
those of segments of other ridges described in previous studies (Figure 15), which include the Gakkel Ridge
(Cochran, 2008), segments of the SWIR located between the Atlantis II fracture zone and the Rodrigues triple
junction (Mendel & Sauter, 1997) and segments of the MAR located between the Atlantis and Kane TFs (Smith &
Cann, 1992; Smith et al., 1995). The range in heights obtained in RC2 and RC3 (62–132 m) is similar to those
described in Gakkel Ridge (50–160 m), but smaller than those in the SWIR (60–512 m) and in the MAR (50–
650 m, Smith & Cann, 1992) (Figure 15). We do observe a few flat‐topped volcanoes in RC2 and RC3. Smith
et al. (1995) proposed that volcanoes formed at high eruption rates will preferentially pour out laterally instead of
growing up vertically. These edifices have a low height‐to‐basal diameter ratio, forming flat‐topped volcanoes.
Eruption rates in RC2 and RC3 segments appear to locally reach values that allow the formation of flat‐topped
volcanoes.

The density of seamounts in segment RC2 (∼4.3 per 100 km2) is similar to the lowest values observed in some
MAR segments (∼4.6–4.9 per 100 km2; Smith & Cann, 1992) and in theWestern Volcanic Zone of Gakkel Ridge
(∼5.2 per 100 km2; Cochran, 2008). The estimated density in the segment RC3 (∼2.6 per 100 km2) is comparable
to the lowest density calculated in the Western Volcanic Zone of Gakkel Ridge (∼2.4 per 100 km2). The size and
the density of seamounts described in segments RC2 and RC3 are comparable to those observed in Gakkel Ridge
and smaller than those of the MAR and SWIR segments. We interpret this to result from a low magmatic supply
compared to the slow spreading rate (Cochran, 2008; Mendel & Sauter, 1997), linked to the cold edge effect (i.e.,
low magma productivity and high lithospheric thickness) in our study area.

The pattern of volcanism within non‐transform discontinuities confirms the low eruption rates in the area and the
general decrease of magma input closer to the ERRTI. In NTD2, the edifices mostly form narrow volcanic ridges
and volcanoes are rare, while in NTD1 volcanoes form clusters (Figures 9–11). The size and morphology of the
volcanoes in both discontinuities (Figures 12 and 13) indicate that eruption rates are generally low. In NTD1 the
edifices are likely built with lower eruption rates than those of NTD2.
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We interpret the volcanic morphologies within segment RC2 to reflect a spatial and temporal change in magma
supply. The northern part of the AVR is wider and higher above the valley floor than the southern part (Figure 7).
We identified five seamounts in the northern part of the axial valley, against two in the southern part. In addition,
the northwestern portion of RC2 appears to be young, with recent pillow lava flows and a thin sediment cover,
while the eastern and southern parts, covered by more sediments at the outcrop and segment scales, seem to be
older (Figure 7). These observations suggest either that the magma recently migrated and was extracted in the
northern part, or that the supply of magma is more vigorous in the northern part than in the southern part.

Contrary to previous observations (Bonatti et al., 1996, 2001; Ligi et al., 2005), we documented the presence of
volcanic activity throughout the study area, including in NTD1 as close as 10 km south to the intersection. In
addition, despite its proximity to the TF, RC2 appears to be more magmatic than expected from numerical models.
Those models from Ligi et al. (2005), based on Bonatti et al. (1996, 2001) observations, modeled mantle tem-
perature and magmatic production in a steady‐state temperature regime and uniform mantle composition. The
volcanic activity in NTD1 and the magma production in the northern part of RC2 could be related to a variation in
mantle composition. Previous geochemical studies of RC2 highlighted the presence of mantle lumps enriched in
trace elements and volatiles that would melt more easily (Le Voyer et al., 2015; Schilling et al., 1994; Verho-
est, 2022). We propose that such a mantle heterogeneity might be responsible for a larger magma supply in the
northern part of RC2 and under NTD1, where the mantle temperatures are the lowest in the area (Supporting
Information S1, Figure S17).

5.3. Relationships Between Tectonics and VolcanismWith Distance From the Romanche Transform Fault

To understand the processes generating the oceanic crust near the ERRTI we evaluated how volcanic and tectonic
events interact as a function of the distance from the Romanche TF. Non‐transform discontinuities are key
geological objects in this context, accommodating the strike‐slip stresses due to axial offsets. Along our study
area, the structures of NTD1 and NDT2 show contrasting stories. NTD2, located∼60 km south of the intersection,
displays a central basin approximately 40–50° oblique to the ridge axis direction and is affected by faults normal
to the spreading direction. This is a structure similar to other NTDs observed along the MAR (Grindlay
et al., 1991; Grindlay & Fox, 1993). In this type of discontinuity (i.e., oblique shear zone discontinuities)
volcanism is limited and tends to form narrow or hummocky ridges (Briais et al., 2000; Gràcia et al., 1997;
Spencer et al., 1997). NTD1, which is closer to the TF, is a transtensive discontinuity, where sparse narrow ridges
and characteristic clusters of individual volcanoes are observed (Figure 16). In oblique mid‐ocean ridge sections

Figure 15. Cumulative number of seamounts as a function of their height, in 20 m‐wide bins, in RC2 and RC3 segments
compared to previous studies. 1Smith and Cann, 1992; 2Mendel and Sauter, 1997; 3Cochran, 2008.
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poorly supplied by magma, faults tend to be short and form an en‐echelon pattern (Gomez et al., 2006). En‐
echelon structures can restrict the size of magma reservoirs, leading to the construction of individual sea-
mounts rather than ridges (Behn et al., 2004). We interpret the volcanic clusters of NTD1 to result from fissure
eruptions of small quantities of magma. Similar volcanic centers with cones have been described in inter‐
segments of the Southwest Indian Ridge (Cannat et al., 2008). They are associated with faults oblique and
normal to the spreading. The difference in volcano‐tectonic structure of NTD1 and NTD2 supports the hypothesis
of a thicker lithosphere in the north.

Due to the cold edge effect, we could expect RC2 to be less supplied in magma than RC3. However, the height and
density of seamounts are higher in RC2 than in RC3 (Figure 13), which could be due to a thicker lithosphere
beneath RC2 and/or a temporary lower magma supply in RC3. According to Smith and Cann (1992), the height of
seamounts is related to the depth of the source which depends on the thickness of the brittle‐ductile transition
(delimited by the isotherm 750°C). The height of seamounts will also depend on the total magma supply and the
duration of the eruption (Wilson et al., 1992). Hence, a thicker lithosphere under RC2 combine with a current
lower magma supply under RC3 that RC2, can explain the difference in size of the seamounts between the two
segments (Mendel & Sauter, 1997; Smith & Cann, 1992; Wilson et al., 1992). The variations of the basalt
crystallization pressure, used as a proxy of the lithosphere thickness, with higher estimated pressures on average
under RC2 than under RC3, are consistent with the presence of a thicker lithosphere beneath RC2 (Supporting
Information S1, Figure S17). Part of the apparent contrast between segments RC2 and RC3 could thus result from
variations in the lithosphere thickness.

Another possible explanation for the lower density and size of seamounts currently observed in the segment RC3
compared to RC2 is a temporary lower magma supply in RC3. This hypothesis is supported by the observation of

Figure 16. Schematic structural map of the MAR axis, from NTD1 to the northern part of RC3. Rose diagrams of fault orientations for each segment and discontinuity.
The schematic cones represent the relative size and morphology of seamounts.
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a detachment fault in the northern part of RC3, which suggests that the magma input in this part of RC3 has
recently been lower (Behn & Ito, 2008; Buck et al., 2005; Escartín et al., 2008; Olive & Dublanchet, 2020).

Defining which segment is magmatically more robust would require estimating the crustal thickness of each
segment using high‐resolution seismic reflection and refraction profiles. It would also require a morphological
study of the entire segment RC3, which is currently not possible due to the lack of high‐resolution bathymetry.

In the northwestern part of segment RC2, faults and volcanic alignments are orthogonal to the spreading direction
(∼N150–160°E), while in the oldest terrains, they are oblique (∼N130–140°E) (Figure 7). This variation in faults
orientation is not related to minor changes in spreading direction, first because they would affect the entire axis,
including RC3, which is not observed, and second because such changes in plate motion have not been described
for recent times (DeMets & Merkouriev, 2019). It is likely due to the local magma supply. According to Cannat
et al. (2008), a higher melt supply leads to the reorientation of a ridge segment by modifying the rheology of the
axial lithosphere. In the northwestern part of RC2, the volcanoes are younger, more numerous and voluminous
than in the eastern and southern parts (Figure 7). Therefore, we interpret the orientations of the faults and volcanic
systems as reflecting a recent higher supply magma in the northwestern part of the segment, leading to a change in
the orientation of the stress field and the formation of faults normal to spreading.

The distribution of fault directions in NTD1, especially in the eastern part of NTD1, may also be related to a
recent, local pulse of magmatism. The presence of peridotite and the distribution of volcanic terrains as clusters of
volcanoes in NTD1 suggest a thin and discontinuous basaltic crust (Bonatti et al., 1996), a setting explaining the
oblique direction of most normal faults, with a component of shear (Figure 14). But in this area dominated by
shear stress, the volcanic clusters are associated with faults orthogonal to spreading (N150–160°E) (Figures 9 and
10). This suggests that the presence of magma, even in limited volume, may be sufficient to affect the rheology of
the lithosphere and fault orientation.

6. Conclusion
From submarine dive videos, bathymetric and reflectivity data, we described the NVZ of the MAR from the
eastern intersection between the Romanche TF to ∼120 km south of it. Our new geological maps present the
volcanic and tectonic structures, together with the relative ages of lava flows based on sediment thickness. These
first‐order observations were completed by the quantification of volcano morphology and by geochronological
data.

Our new interpretation of the NVZ structure shows that the studied axial domain is composed of three ridge
segments (RC1–RC3) offset by two non‐transform discontinuities (NTD1‐NTD2). The new high‐resolution
observations reveal that small amounts of magma are produced close to the ERRTI (∼10 km south) in NTD1.

We documented a general increase of volcanic activity along axis with the distance from the ERRTI. We also
noted a progressive change in the fault directions with the distance from the Romanche TF, from highly oblique in
NTD1, to normal to spreading in the segment RC3. The segment RC2 appears slightly oblique to the spreading
direction. These progressive variations could be linked to the decrease of the cold edge effect marked by a
decrease of the lithosphere thickness and of the shear stress with increasing distance from the TF.

The seamount population and lava morphologies in RC2 and RC3 suggest that both segments are magmatically
less robust than regular magmatic MAR segments. The melt production seems to increase abruptly along the axis
in the northern part of RC2, since this segment appears to be more supplied by magma than predicted by previous
numerical thermal models. The larger melt supply could result from melting of a more fusible lump of mantle
under the northern part of RC2 and NTD1. However, the presence of higher edifices and density of seamounts in
RC2 compared to RC3 could be partly due to a recent decrease of melt production in the north of RC3, to the thick
lithosphere beneath RC2, or both.

In NTD1 and RC2, which are strongly affected by the shear stresses induced by the Romanche TF, the faults and
volcanic alignments are mostly oblique to the spreading direction. In areas where the recent magma supply is
higher such as the volcanic clusters of NTD1 and in the northwestern parts of the segment RC2, we observe faults
and fractures less oblique to spreading. The local increase of magma supply modifies the rheology of the axial
lithosphere, influencing the stress field and allowing for the reorientation of faults.
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Data Availability Statement
Bathymetry grids and backscatter mosaics along the axis of the Mid‐Atlantic Ridge south of the Romanche
transform fault used for this work are available via SEANOE archive website at Grenet, Maia, Hamelin, Briais,
and Brunelli (2023). Videos from the Nautile fixed and mobile cameras on the neo volcanic zone described in this
study are available in SEANOE website at Maia et al. (2023). 40Ar/39Ar ages and major elements composition of
basalts analyzed in this study are available in SEANOE website at Grenet, Maia, Hamelin, Briais, Guillou, et al.
(2023).
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